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Preface
The Eleventh American Peptide Symposium was held on the San Diego campus
of the University of California in picturesque La Jolla on July 9-14, 1989. More
than 1100 participants from around the world came to attend a scientific program
comprised of an assortment of oral presentations, posters and exhibits. Most
rewarding to us was the regular attendance at all the scientific sessions by our
registered guests despite the beautiful scenery offered by La Jolla and San Diego
county. Indeed for all of us, the purpose of the biennial American Peptide
Symposium is to try to keep up with a fast evolving and fascinating field. The
goal of the proceedings of these meetings is to provide the scientific community
unable to attend some or all of the Eleventh American Peptide Symposium
with a synopsis of current results in peptide research. Of 65 oral presentations
and approximately 390 poster displays, the Program Committee selected 393
articles for publication. A few manuscripts by distinguished invited speakers
were unfortunately not received in time to appear in these proceedings. All
manuscripts herein were selected on the basis of their originality at the time
of presentation and their significance in the development of peptide-related
research.
As in the past, this Eleventh meeting brought together scientists with a wide
range of expertise, which was harnessed to address and solve basic as well as
applied scientific problems in broad areas.
As expected, synthetic aspects of peptide chemistry, together with structural
biology, gathered the largest number of contributions. Most important were
the recognition of the usefulness of a series of new coupling reagents and, possibly
for the first time, credible evidence of the power of solid phase peptide synthesis
for the synthesis of small proteins that can ultimately be purified. Persistence
in the study of enzymes, including lipases, for peptide bond formation yielded
unique and fascinating results albeit with limited applicability to date.
The development of more potent antagonists of such peptides as bombesin,
gonadotropin releasing hormone, parathyroid hormone or vasopressin and
oxytocin, should be recognized for its intellectual value and potential impact
on human welfare. Peptide agonists that release growth hormone, whether related
to growth hormone releasing factor or derived from enkephalins, may also in
the near future become an integral part of the armamentarium of our medical
and veterinary community. Approaches to the design of more potent peptides
often take advantage of the introduction of unnatural amino acids and peptide
bond mimetics that may render specific bonds resistant to enzymic degradation,
or of conformational constraints brought about by substitutions on the peptide
backbone or through side-chain-side-chain covalent bonds (GnRH analogs, CCK
analogs, cyclosporin A analogs and others). More than ever, most analog design
was, in some ways, directed through the use of molecular modeling and/or
spectroscopic analyses.
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Major developments in analytical chemistry, as applied to peptides and small
proteins, were illustrated by original contributions in the field of mass spectroscopy and capillary zone electrophoresis.
Design of enzyme inhibitors with unique specificity and high affinity, used
as tools to modulate pathological conditions, remain an art despite a better
knowledge of a given enzyme's structures and mechanisms of action. Tremendous
progress in this area - including the search for inhibitors of the HIV protease was reported.
New peptide structures and peptide or protein precursors isolated from different
tissues, including those from mammals, marine organisms and insects, were
described; some of these peptides are still in need of a function, yet development
of antibodies and localization studies can often guide the physiologists in their
search.
As in the recent past, considerable attention was dedicated to new approaches
for structural analysis and their impact on the determination of peptide and
protein folding: among the structures studied, models for those of the leucine
zippers and zinc fingers were reported.
A few pioneering reports on the synthesis of peptide mimetics (peptide azoles
or carbohydrate-derived peptidomimetics) point in a direction that most peptide
chemists interested in developing new drugs may have to take in order to confer
oral activity to their target peptides.
Major developments in immunology resulted from the use of new immunogens,
such as those generated on resins or those generated on poly-lysine scaffolds.
Protein/DNA interactions were the subject of several presentations and
addressed the targeting of DNA sites with simple metal complexes, structural
considerations for the hydrolysis of oligoribonucleotides by basic peptides, the
design of ion-carriers and that of "sticky fingers" for peptides, among others.
Finally, part of a morning was dedicated to the peptide chemist's contribution
to the study of AIDS. Major progress in understanding the role of HIV protease
and in design of synthetic inhibitors of this enzyme was made possible by the
total synthesis and structural analysis (by two independent groups of investigators)
of this 99-amino acid aspartic acid protease. Other contributions were concerned
with the development of new sensitive tests for the determination of HIV infection,
as well as the design and synthesis of peptides for the development of neutralizing
antibodies.
Overall, we recognize that peptide synthesis per se is still a major challenge,
with the need for new strategies, coupling reagents and protecting groups, and
that custom-designed and synthesized peptides (including peptide mimetics) are
in fact the tools that have permitted such disciplines as structural biology (both
theoretical and applied), physiology, molecular biology and medicinal chemistry
to progress so rapidly.
It was indeed appropriate that this year's Pierce Award was bestowed on
Professor Murray Goodman, a scientist who, with enduring success and through
exacting efforts at integrating synthesis, spectroscopic analysis, molecular modeling and bioassay, de facto, epitomizes the renaissance peptide chemist. As
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Chairman of the Fifth American Peptide Symposium, the Editor of Biopolymers
and Mentor of numerous young scientists, Professor Goodman has exemplified
outstanding leadership and service in peptide chemistry. His memorable lecture
gave a synopsis of his research as well as illustrated the breadth of his interests.
A scientific session was dedicated to one of our cherished and outstanding
colleagues, Professor Theodore Wieland, in recognition of his many contributions
to peptide chemistry and structure activity relationships. Professor Wieland
unfortunately could not attend that most remarkable session, which was introduced and chaired by two of his respected friends, Drs. Ralph Hirschmann
and Christian Birr.
It is a pleasure for the Chairman (JER) to acknowledge the contributions
of those groups, individuals and firms who contributed intellectually, physically,
and financially to the successful meeting we all enjoyed. Both the Planning
Committee and the Program Committee were instrumental in suggestions and
recruitment for the program. The local committee "helped in solving the logistic
challenges associated with an overwhelming representation.
The Salk Institute for Biological Studies, presided over by Dr. Renato Dulbecco
and with the help of many members of its administrative staff, was supportive
in many substantive ways. Mr. Jamie Simon contributed his creative talents
to the design of the logo that merged two remarkable architectural landmarks:
the courtyard of the Salk Institute for Biological Studies and the library of
the University of California, San Diego. Members of the Salk photo-laboratory,
headed by Mr. Jim Cox, are to be commended for their efficiency in duplicating
hundreds of slides in order to allow for high quality presentations in the overflow
auditorium.
The support from the University of California, San Diego, offered by Drs.
Richard Atkinson (Chancellor) and Murray Goodman, was decisive in the warm
welcome and efficiency of services provided on campus. Ms. Lene Hartman,
Conference Coordinator for the University, was of great assistance at many
stages of the meeting.
The professional assistance of Meeting Management was outstanding in the
organizational details of the meeting, the welcome reception at the Salk Institute
and the banquet at Sea World. Our sincere thanks go to Ms. Nomi Feldman,
Ms. Shirley Kolkey, Ms. Gail Reed and Ms. Mildred Robinson for consistently
acting upon all administrative matters of the meeting with equanimity.
Also for the first time, travel grants were made available to young American
and established foreign investigators, thanks to the enlightened generosity of
one of our sponsors.
Then, there were those at the meeting who wore the deep blue T-shirts displaying
the symposium logo. These individuals are members of the research groups of
Dr. Murray Goodman and the Chairman. They were the courteous people who
never said " n o " and made the Eleventh American Peptide Symposium a success
by attending to every situation, managing audiovisual equipment, and monitoring
access to the meeting. To the following individuals go our heartfelt thanks for
their efforts: Dr. Jerry Boublik, Dr. Alastair Douglas, Dr. Carl Hoeger, Dr.
vii
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Yuji Nishiuchi, Dr. Alexander Polinsky, Dr. Albert Probstl, Dr. Mark Spicer,
Dr. Joseph Taulane, Dr. Paula Theobald, Dr. Toshimasa Yamazaki, Mr. John
Andrews, Ms. Karen Braun, Mr. Robert Feinstein, Mr. Ziwei Huang, Mr. Ron
Kaiser, Mr. David Karr, Mr. Dean Kirby, Ms. Charleen Miller, Mr. Darryl
Palmer, Mr. Duane Pantoja, Mr. John Porter, Mr. Seonggu Ro, Ms. Odile SaidNejad, Mr. Richard Schumann, Mr. Jeff Spencer, Ms. Anna Toy and Mr. Xavier
Vidal.
Publication of the proceedings could not have been accomplished without
the help of several individuals. Two editorial reviewers, Ms. Neely Swanson
and Ms. Phyllis Minick, first reviewed all manuscripts and brought order to
chaos, while Dr. Carl Hoeger and Mr. John Porter searched the literature to
update references. Dr. Elizabeth Schram, of ESCOM Science Publishers, contributed her understanding and effort to bring this volume to press in a timely
fashion with the high publishing standards that it exhibits; a book whose size
is considerably expanded over that published at the occasion of any previous
American Peptide Symposium.
Finally, there is Becky, who has truly been responsible for the success of
this meeting. Ms. Rebecca Hensley, who worked as the special project assistant
for this meeting, has earned the gratitude and respect of all those with whom
she has dealt, for her dedication to the organization of this meeting and her
ability to integrate communications between the University of California, San
Diego Campus, Meeting Management, the authors of the proceedings, the
Publisher and the Chairman's office.
Ultimately, the major contributors were all the symposium participants who
we thank for their presentations: be they in private or in public, in the form
of an oral communication or that of a written manuscript. We feel that the
quality of the proceedings volume reflects the diversity of our field and the
commitment of all authors to outstanding scientific integrity and dedication.
Jean £. Rivier
Garland R. Marshall
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Abbreviations
Abbreviations used in the proceedings volume are defined below:

AA, aa
AAA
Aab
ABTS
AC
Ac5c
Ac6c
ACE
ACh
ACHPA
Acm
ACP
ACSA
AcT
ACTH
Ada
ADR
AEC
AFP
Ahx
Aib
AIBN
AIDS
AMD
AMP
ANF
Ang,
ANG
Ang II
ANP
AP
APC
APG
APM
Apo

xn

amino acids
a-alkyl-a-amino acids;
amino acid analysis
3-aminomethyl-4-aminobutanoic acid
2,2'-azinobis(3-ethylbenzthiazoline sulfonic acid)
adenylate cyclase
aminocyclopentane
carboxylic acid
aminocyclohexane
carboxylic acid
angiotensin-converting
enzyme
acetylcholine
4-amino-3-hydroxy-5-cyclohexylpentanoic acid
acetamidomethyl
acyl carrier protein
adenylate cyclase-stimulating
activity
Afa-acetyltransferase
corticotropin
adamantyl
adriamycin
3-amino-9-ethylcarbazol
antifreeze polypeptides
aminohexyl
aminoisobutyric acid
azoisobutyronitrile
acquired immune deficiency
syndrome
actinomycin D
aminomethylpiperidine
atrial natriuretic factor
angiotensin;
angiotensinogen
angiotensin II
atrial natriuretic peptide
aminopeptidase
antigen presenting cell
azidophenyl glyoxal
aminopeptidase M
apolipoprotein

APP
APY
AR
ARC
Asu
ASW
ATR
AVP
Bab
Bal
BBB
BHAR
BHK
BK
BME
BN
BnPeOH
Boc
Boc-ON
BOI
Bom
BOP
BOP-C1
BPA
Bpoc
BPTI
Br 2 Dmb
BroP
BSA
BTD
Bum

avian pancreatic polypeptide
anglerfish peptide YG
adrenergic receptor
AIDS related complex
aminosuberic acid
artificial sea water
attenuated total internal
reflection
arginine-8-vasopressin
3,5-bis(2-aminoethyl)benzoic
acid
/3-alanine
blood brain barrier
benzhydrylamine resin
baby hamster kidney
bradykinin
/3-mercaptoethanol
bombesin
2,2-[bis(4-nitrophenyl)]ethanol
terr-butyloxycarbonyl
2-tert-butyloxycarbonylamino-2-phenylacetonitrile
2-(benzotriazol-1 -yl)-oxy-1,3dimethyl-imidazolinium
benzyloxymethyl
benzotriazolyl-oxy-tris(dimethylamino)-phosphonium hexafluorophosphate
bis(2-oxo-3-oxazolidinyl)phosphinic chloride
benzylphenoxyacetamidomethyl
biphenylylpropyloxycarbonyl
bovine trypsin inhibitor
3,5-bis(bromomethyl)benzoate
bromo tris(dimethylamino)phosphonium hexafluorophosphate
bovine serum albumin
bicyclic /3-turn dipeptide
ferf-butyloxymethyl

Abbreviations
Bzl

benzyl

CAM

computer assisted
manufacturing
cyclic adenosyl monophosphate
chloramphenicol acyltransferase
carbobenzoxy:
benzyloxycarbonyl
countercurrent distribution
cholecystokinin
circular dichroism
cardiodilatin
carbetocin
cyclohexylamine
cyclohexyl
Chinese hamster ovary;
aldehyde
charybdotoxin
chemically ionized desorption
cyclolinopeptide
chloromethyl
central nervous system
4-chlorophenylalanine
carboxypeptidase
controlled pore glass
cross-polarization/magic
angle spinning
chlorpromazine
corticotropin releasing factor
cyclosporin A
calcitonin;
chymotrypsin
chlorotrimethylsilane
cardiovascular system
capillary zone electrophoresis

cAMP
CAT
Cbz, Z
CCD
CCK
CD
CDD
CE
CHA
cHex
CHO
ChTX
CID
CLA
CM
CNS
Cpa
CPD
CPG
CPMAS
CPZ
CRF
CsA
CT
CTMS
CVS
CZE
Dab
DABITC
DBU
DCCI,
DCC
DCHA
DCM
Dcp
DCU
DDQ
DEAE
DEDTC
Deg

diaminobutyric acid
4-dimethylaminophenyl-4'isothiocyanate
l,8-diazobicyclo[5.4.0]undec-7-ene
dicyclohexylcarbodiimide
dicyclohexylamine
dichloromethane
dichlorophenyl
dicyclohexylurea
dichlorodicyanoquinone
diethylamino ethanol
TV.JV-diethyldithiocarbamate
diethylglycine

DEPC
DEPE

diethylphosphorocyanidate
dielaidoylphosphatidylethanolamine
dehydroalanine
Dha
dehydrobutyrene
Dhb
dihydroxypropyl
DHP
diisobutyl aluminium hydride
DIBAL
diisopropylcarbodiimide
DIC
diisopropylethylamine
DIEA
4,7-diphenyl phenanthroline
DIP
diketopiperazine
DKP
dilauroylphosphatidylserine
DLPS
dimethylacetamide
DMA
dimethylaminopyridine
DMAP
DMBHA dimethoxybenzhydryl amine
dimethylformamide
DMF
dimethylphosphinyl
Dmp
dimyristoylphosphatidylDMPC
choline
dimyristoyl phosphatidyl
DMPG
glycerol
dimethyl sulfide
DMS
dimethyl sulfoxide
DMSO
Dmt-OH 2,2-dimethyl-L-thiazolidine-4carboxylic acid
deoxyribonucleic acid
DNA
dinitrophenyl
DNP
dansyl
Dns
dioleoyl-sn-glycerophosphoDOPC
choline
dioleoylphosphatidylethanolDOPE
amine
diphenylalanine
Dpa
diphenylphosphorylbenzDPBT
oxazolethione
diisopropylcarbodiimide
DPCDI
dipeptidyl peptidase
DPP
diphenylphosphorylazide
DPPA
dipalmitoylphosphatidylDPPC
choline
dipalmitoyl phosphatidyl
DPPG
glycerol
1,3-diaminopropionic acid
Dpr
dimethylsulfonium methyl
DSP
sulfate
5,5-dimethylthiazolidineDtc
4-carboxylic acid
dithiobis(2-nitrobenzoic acid)
DTNB
dithiasuccinoyl
Dts
dithiothreitol
DTT
dynorphin
Dyn
EA

ergotamine
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Abbreviations
EDAC
EDRF
EDTA
EGF
ELISA
Enk
EP
EPR
ER
ESR
ET
EtA
Et3N
FABMS
Fg
FGF
FID
Fig
Fm, fm
FMDV
Fmoc
Fpa
FPLC
FRET
FSH
FTIR
GA
GABA
GAL
GC
GDA
GEMSA
GH
GHRH,
GRF
GHRP
GITC
Gla
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l-(3-dimethylaminopropyl)3-ethylcarbodiimide hydrochloride
endothelium-derived relaxing
factor
ethylenediaminetetraacetic
acid
epidermal growth factor
enzyme-linked immunosorbent assay
enkephalin
endorphin
electron paramagnetic
resonance
endoplasmic reticulum
electron spin resonance
endothelin
a-ethylalanine
triethylamine
fast atom bombardment
mass spectrometry
fibrinogen
fibroblast growth factor
flame ionization detector
fluorenylglycine
fluorenylmethyl
foot-and-mouth disease virus
fluorenylmethoxycarbonyl
4-fluorophenylalanine
fast protein liquid chromatography
fluorescence resonance
energy transfer
follicle stimulating hormone;
follitropin
Fourier transform infrared
gramicidin A
gamma aminobutyric acid
galanin
gas chromatography
glutaraldehyde
guanidino-ethylmercaptosuccinic acid
growth hormone
growth hormone releasing
hormone
growth hormone releasing
peptide
2,3,4,6-tetra-0-Ac-/3-D-glucopyranosyl isothiocyanate
D-galactopyranosyl

D-glycopyranosyl
glucagonlike peptide
guanidine
gonadotropin releasing
hormone
guinea pig ileum
GPI
GRF,
growth hormone releasing
GHRH
factor
GRP
gastrin releasing peptide
GTP
guanosine triphosphate

Glc
GLP
Gn
GnRH

hBP
HBV
hCG
hCgA
hCGRP
hCys,
Hcys
HDL
HF
HFBA
hGH
Hip

human serum binding protein
hepatitis B virus
human chorionic gonadotropin
human chromogranin A
human calcitonin generelated peptide

homocysteine
high density lipoprotein
hydrogen fluoride
heptafluorobutyric acid
human growth hormone
hydroxyisovalerylpropionic
acid
HIV
human immunodeficiency
virus
HLE
human leukocyte elastase
HMP
hydroxymethylphenoxyacetic
acid;
hydroxymercaptopropionic
acid
HMPA
hexamethylphosphoric
triamide
hNP
human neutrophil peptide
HOBt
hydroxybenzotriazole
HODhbt hydroxyoxodihydrobenzotriazine
HOHAHA homonuclear Hartman Hahn
spectroscopy
HONp
nitrophenol
HOOBt
hydroxyoxodihydrobenzotriazine
HOSu
iV-hydroxysuccinimide
HPLC
high pressure liquid
chromatography
Hpp
3-(4-hydroxyphenyl)propionyl
Hse
homoserine
HSV
herpes simplex virus
HTLV
human T-cell leukemia virus
HVE
high voltage paper electrophoresis

Abbreviations
Hyp
Hz

hydroxyproline
hertz

la

IRMA
i.v.

class II major histocompatibility complex
inhibin
inhibitory concentration
isocitrate dehydrogenase
intra-cerebro-ventricular
ion-exchange chromatography
isoelectric focusing
interferon a
insulin-like growth factor
immunoglobulin
interleukin
intramuscular;
imidazole
intranasal
insensitive nuclei enhancement by pulse transfer
indenylglycine
inositol phosphate
infrared;
insulin receptor
immunoradiometric assay
intravenous

KL
KLH

kallidin
keyhole limpet hemocyanin

Lan
LCAT

lanthionine
lecithin cholesterol acyl
transferase
lithium diisopropylamide
lactate dehydrogenase
ligand-exchange chromatography
luteinizing hormone;
lutropin
lipotropin
liquid secondary ion massspectrometry
lysine-8-vasopressin

IB
IC
ICDH
i.c.v.
IEC
IEF
IFNa
IGF
IgG
IL
i.m.
i.n.
INEPT
Ing
IP
IR

LDA
LDH
LEC
LH
LPH
LSIMS
LVP
MAb
MAG
MAP,
MAp
MAPs
MAS

monoclonal antibody
magainin
membrane anchored protein;
multiple antigen peptide;
mean arterial pressure
macromolecule associated
proteins
magic angle spinning

Mbh
MBHA
MBHAR
MBP
MBS
MCH
MCPBA
MD
MHC
MIC
MIR
MNE
MPS
MS
MSH
Msob
MT
MTC
Mtr
Mts
MuLV
MVD
Nal
Nbb
NBS
NE
NEI

methoxybenzhydryl
methylbenzhydrylamine
methylbenzhydrylamine resin
myelin basic protein
m-maleimidobenzoyl-/Vhydroxysuccinimide ester
melanin concentrating
hormone
m-chloroperbenzoic acid
molecular dynamics
major histocompatibility
complex
minimal inhibitory
concentration
main immunogenic region
magnetic nonequivalence
multiple peptide synthesis
mass spectrometry
melanocyte stimulating
hormone;
melanotropin
methylsulfinylbenzyl
metallothionein
medullary thyroid carcinoma
methoxytrimethylphenylsulphonyl
mesitylene sulfonyl
murine leukemia virus
mouse vas deferens

NPY
NT

2-naphthylalanine
o-nitrobenzamidobenzyl
.rV-bromosuccinimide
norepinephrine
neuropeptide Glutamic-Isoleucine
Af-ethylmaleimide
neuropeptide GlycineGlutamic
JV-iodosuccinimide
neurokinin
neuromedin
Af-methylmorpholine
Af-methylpyrrolidinone
nuclear magnetic resonance
JV-myristoyl transferase
nuclear Overhauser effect
neutrophil peptide;
neurophysin
neuropeptide Y
neurotensin

ONb

o-nitrobenzyl

NEM
NGE
NIS
NK
NM
NMM
NMP
NMR
NMT
NOE
NP
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Abbreviations
OPA
OPA-ME
O-Su
OT
OTf
OVLT
PA
PAB
Pac
PAF, Paf
PAGE
Pal
PAM
Pas
pBNP
PBS
PCP
Pen
Pfp
PFP
PG
PGE 2
PGF
PGPR
PhA
PHA
PHBT
Phi
pi
Pip
Piv
PK
PLP
PMA
Pmc
Pmp
PP
PPA
PPE
PPK
PPL
Ppt
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o-phthaldialdehyde
o-phthaldialdehyde-2mercapto ethanol
O-succinimide ester
oxytocin
O-triflate
organum vasculosum
laminate terminalis

Pqt

palmitic acid
/?-alkoxybenzyl
phenacyl
/7-aminophenylalanine
polyacrylamide gel electrophoresis
3-pyridylalanine
phenylacetamidomethyl
6,6-pentamethylene2-aminosuberic acid
porcine brain natriuretic
peptide
phosphate buffered saline
phencyclidine
penicillamine
pentafluorophenyl ester
pentafluoropropionyl
proteoglycan
prostaglandin E2
proteoglycan growth factor
plant growth-promoting
rhizobacteria
phenoxyacetal
phytohemagglutinin
polymeric hydroxybenzotriazole
4-iodophenylalanine
isoelectric point
piperidine
pivaloyl mixed anhydride
protein kinase
poly-L-proline
phorbol myristate acetate
2,2,5,7,8-pentamethylchroman-6-sulfonyl
3,3-pentamethylene-3mercaptopropionic acid
pancreatic polypeptide
n-propylphosphoric
anhydride
porcine pancreatic elastase
porcine pancreatic kallikrein
porcine pancreatic lipase
diphenylphosphinothionyl

PTK
Ptz

PRL
PS
PSA
PT
PTH

PTZ
PVDF
PVN
PyBOP
PYY

3-(l'-methyl-4,4'-bipyridinium-1-yl) propyl
prolactine
pancreastatin
preformed symmetrical
anhydride
pertussis toxin
phenylthiohydantoin;
parathyroid hormone
protein tyrosine kinase
3-( 10-phenothiazinyl)
propanol
phenothiazine
polyvinylidene fluoride
paraventricular nuclei
(benzotriazolyl)-iV-oxy-pyrrolidinium phosphonium
hexafluorophosphate
peptide Tyrosine-Tyrosine

RIA
RMSD,
rmsd
RNase
ROE

radioimmunoassay
root mean square
distance
ribonuclease
rotating frame nuclear
Overhauser effect
RPHPLC reversed-phase high pressure
liquid chromatography
RR
ribonucleotide reductase
RRS
rat renin substrate
RSV
rous sarcoma virus
SA
SAP
Sar
SAR
s.c.
SCLC
Scm
SCP
SDC
SDS
SEB
SEC
SEM
SFGF
SGPA
SH

symmetrical anhydrides
saporin
sarcosyl;
sarcosine
structure-activity relations
subcutaneous
small cell lung carcinoma
methoxycarbonyldithia
small cardioactive peptide
sample displacement
chromatography
sodium dodecyl sulfate;
single dose suppression
staphylococcal enterotoxin B
size exclusion chromatography
standard error of the mean
Shope fibroma growth factor
Streptomyces griseus
protease A
sulfhydryl

Abbreviations
SLE
SMPS
SP
SPPS
SPS
SRIF
SRP
Sta
Su
SV
SWM
Tacm
TASP

systemic lupus erythematosus
simultaneous multiple
peptide synthesis
substance P
solid phase peptide synthesis
solid phase synthesis
somatostatin
signal recognition peptide
statin
succinimide
simian virus
sperm whale myoglobin

S-trimethylacetamidomethyl
template-assembled synthetic
proteins
TBDMSCI fert-butyldimethylsilyl
chloride
TEA
triethylamine
TEAP
triethylamine phosphate
TFA
trifluoroacetic acid
TFE
trifluoroethanol
TFMSA
trifluoromethanesulfonic acid
transforming growth factor
TGF
THF
tetrahydrofuran
Thi
see Dtc
THTP
tetrahydrothiophene
Tiq
1,2,3,4-tetrahydroquinoleic-3carboxylic acid
TLC
thin layer chromatography
TM
transmembrane

Trnob
TMP

TSH
TT

trimethoxy benzyl
3,4,7,8-tetramethylphenanthroline
trimethylsilyl
trimethylsilyl trifluoromethanesulfonate
tumor necrosis factor
trinitrophenyl
time resolved
thyrotropin releasing
hormone
tris(hydroxymethyl)aminomethane
transferred nuclear
Overhauser effect
thyroid stimulating hormone
tetanus toxoid

UV

ultraviolet

VCD
VIP
VN
VNA
VSMC
VT

vibrational circular dichroism
vasoactive intestinal peptide
vitronectin
virus neutralizing antibody
vascular smooth muscle cells
vasotocin

WSCI

water soluble carbodiimide

Z, Cbz

carbobenzoxy;
benzyloxycarbonyl

TMS
TMSOTf
TNF
TNP
TR
TRH
Tris
TRNOE
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Let me begin by expressing my gratitude to the Awards Committee who selected
me as a recipient of the Seventh Alan E. Pierce Award. I am honored to receive
this award at a meeting chaired by Jean Rivier and to deliver the lecture in
San Diego where my co-workers can participate. They have been instrumental
in creating much of the science that will be discussed in my presentation.
I owe a great debt to my mentors. Melvin Calvin, my Ph.D professor who
in addition to introducing me to science, instilled in me the excitement of
interdisciplinary research. His insight and scientific perceptions remain benchmarks for me. John Sheehan taught me peptide chemistry. I learned synthesis
from him and recognized that he has made major contributions to modern peptide
synthetic methodologies. George Kenner and I had the temerity to attempt to
write an all-encompassing review [1] of peptide chemistry in the 1950s. From
him I learned to integrate the chemistry and biology of peptides. Last, but not
least, Herman Mark gave me my first opportunity to be an independent researcher.
He taught me many things, but above all that science is international and that
there are no national boundaries to knowledge. In fact, there is a synergism
when scientists from different countries work together.
In the time allotted, it is not possible to cover all our published work. However,
I do want to show where we have come from, where we are and, hopefully,
where we are going. To do this I must select specific topics to discuss. I cannot
list all of my co-workers and collaborators, but there is an implicit recognition
by me of each and every one of them. This lecture is a tribute to the associates,
students, postdoctoral researchers, visiting professors and collaborators who have
worked with us over the years.
Let us go back to the early 1950s, to the heady days of the discovery of
the a-helix by Linus Pauling [2,3]. Professor Pauling gave a lecture at the
University of California at Berkeley where I was a graduate student. The elegance
of the structural elucidation stimulated me as a chemist to think about characterizing certain features of the a-helix. Several years later, we commenced
our independent research with an attempt to establish the critical length that
peptide chains require to form helices.
Oligopeptides
By stepwise synthetic techniques, Schmitt prepared a series of glutamate
oligomers [4,5]. He employed reactions developed by Steuben [6-8] in our
laboratories. The chiro-optical properties of these novel structures were studied
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to establish some important physical/chemical features of their structure. In
those days there were no CD instruments available. Schmitt [9,10], Listowsky
[9-12], Boardman [10-13], Rosen [14] and Langsam [14] measured optical
rotations as a function of chain length and optical rotatory dispersions based
upon measurements in the visible and near ultraviolet spectral regions.
We were able to determine the optical rotation of oligopeptides as a function
of the number of residues in the chain and in various solvents (Fig. 1). In
dichloroacetic acid, this dependence established rotations for disordered structures in solution. In dimethylformamide, the oligoglutamates were shown to
exhibit rotations that deviated from values of disordered structures at and above
the heptamer, whereas in dioxane there was found a discontinuity in the values
of the optical rotation between the tetra- and pentapeptides. Such complex
behavior arises from the onset of secondary structure.
We also employed the Moffitt equation [15,16] in which the coefficient of
the higher term b 0 relating optical rotation to wavelength was used as an indication
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Fig. 1. Specific rotations (measured at 589 nm) of oligomeric peptides derived from ymethyl-L-glutamate as a function of solvent and number of residues. Rotations were measured
in dioxane (open circles) and dichloroacetic acid (filled circles) at 2% concentration except
the hepta- and nonapeptides in dioxane solution. These rotations were measured in a 1.43%
and 0.22% solution, respectively. Rotations measured in dimethylformamide (open triangles)
were at a concentration of 1%. Rotations in all solvents were determined at 25°C.
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of secondary structure. The characteristics of highly ordered polypeptides were
established in the seminal work of Blout [17-20], Doty [20-23] and Katchalski
[24-26]. The values for b 0 in helix supporting solvents are low for the dimer
through hexamer indicating a lack of secondary structure for these molecules.
With the heptamer, the values of b 0 increase sharply so that L-oligoglutamates
with about 20 residues exhibit essentially total helicity, i.e., showing values of
b 0 of about -600 (Fig. 2).
In the 1960s, CD became available [27]. We examined the CD for the same
series of oligopeptides through the visible and ultraviolet regions of the spectrum
[10-13,28,29]. It was shown that highly helical polypeptides exhibited enhanced
n ^ 7 r * transitions at 220 nm and a split TT^TT* set of transitions at 206 nm
and 194 nm [30]. Toniolo and Verdini [31] observed the onset of helicity in
helix supporting solvents. In solvents such as trifluoroethanol and trimethylphosphate helicity begins with a heptaglutamate (Fig. 3). Naider and Rupp [32,
33] found that a very similar relationship is observed for alanine oligopeptides
with benzyloxycarbonyl groups at the N-termini and morpholino groups at the
C-termini as shown in Fig. 4. Since that time, our laboratory and other researchers
have examined many linear oligopeptide and co-oligopeptide series [34]. Much
information on conformations has been gathered using optical rotation, optical
rotatory dispersion, CD and other techniques [34].
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Fig. 3. CD spectra of N-benzyloxycarbonyl-y-ethyl-L-glutamate oligomers in trimethylphosphate as a solvent. The curves for the molar ellipticity of each oligomer are included.
In 1958, we commenced our love affair with nuclear magnetic resonance (NMR)
spectroscopy. Following the pioneering work of Bovey [35,36] and his co-workers
on polypeptides and stereoregular polymers, we attempted to measure the NMR
spectrum of an L-glutamate heptamer in TFE. As can be seen from Fig. 5A,
no useful resonances could be discerned over the NH and aryl proton spectral
region. Masuda was able to obtain some important information on the helix
to coil transition by NMR [37]. By 1968 technology had advanced so that we
could make measurements at 220 MHz. As in Fig. 5B, Toniolo and Verdini
working with Bovey and Phillips showed that all of the NHs of an L-glutamate
hexamer could be discerned in TFE [31]. By 1978, we had available to us a
360-MHz instrument and examined the L-glutamate heptamer, as can be seen
in Fig. 5C [38]. All the NHs and most of the envelopes of the a-CH resonances
could be resolved. By techniques that I will shortly describe, we could actually
assign each of the resonances to specific residues in the chain. By 1988, we
had progressed to a 500-MHz NMR instrument that is particularly useful for
complex peptides in the 2D mode of measurement. I will return to these types
of measurements in the section of this presentation dealing with bioactive peptides.
We were able to extend our work on oligopeptides by taking advantage of
the liquid phase synthetic approach of Bayer and Mutter [39]. A series of
oligopeptides of L-glutamates tethered to polyoxyethylene (MW 5000) were
prepared by us and studied by NMR in a variety of solvents [40-43]. Mutter
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Fig. 4. CD spectra of benzyloxycarbonyl L-alanyl-N-methylmorpholinoamide oligomers
measured in a trifluoroethanol 1% sulfuric acid solvent mixture. The curves for the molar
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showed earlier that the polyoxyethylene chain does not affect the preferred
conformational characteristics of the oligopeptide chain [44]. By selective
placement of a-deuterated L-glutamates, Saltman and Ribeiro were able to assign
all the NHs and most of the a-CHs to specific residues in the oligopeptide
chain [40-43]. The effects of solvents and end groups on preferred conformations
of these peptide-polyoxyethylene conjugates were carefully examined by NMR
[40-43]. For example, chloroform favors C-7 conformations, whereas, TFE
induces a-helical preferences for the heptamer oligoglutamates [41,42].
Implicit in our study of oligopeptides was the fact that optically pure peptides
could by synthesized. To ensure such peptide bond formation, we undertook
to study racemization during coupling reactions via oxazolinone intermediates.
In our laboratories, Levine [45] and McGahren [46-49] synthesized the first
crystalline and optically active amino acid and peptide oxazolinones. The reactions
of these oxazolinones with L-phenylalanine methyl ester under typical conditions
for peptide synthesis showed that racemization is an order of magnitude more
rapid than ring opening reactions (Table 1). Glaser established that rates of
7
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Table 1 Amino acid and peptide oxazolinones
H

H

^ _ ^

/=\ rx™^\j

r\

°

-CH,-0-C-IMH

CH3

CHi

/;-x

~\j

C C
C^
1
\ „ /
0
CH3
0

2-Phenyl-L-4
benzyloxazolinone

2-( 1 '-Benzyloxycarbonylamino-1 'methyl)-ethyl-L-4-benzyloxazolinone

m.p.
[a] D 25

88-89°C
71.2° (C = 0.5, dioxane)

97.4-98.8°C
131.2° ( C = l , dioxane)

k rac (l/molmin) a
kro (l/mol-min) a

3.69
0.019

0.750
0.065

a

Second order rate constants for racemization (krac) and ring opening (kro) of oxazolinones
by phenylalanine methyl ester in dioxane at 25°C.

racemization can be substantially slowed by a-dinucleophiles such as azide ion,
^-hydroxysuccinimide, hydroxybenzotriazole and others, whereas peptide bond
formation is facilitated [50-52].
Polypeptides and Polydepsipeptides
Let us turn our attention to another important area of our research. Early
on, we became interested in high molecular weight polypeptides. Such polymers
can be prepared from a-amino acid 7V-carboxyanhydrides (NCAs) [53-56]. Our
studies were commenced by Arnon [53,54] and Hutchison [55,56], who examined
the strong base initiated polymerizations of NCAs including 7-benzyl L-glutamate
and other NCAs. Peggion extended the mechanistic studies initially with Scoffone
[57] and then in our laboratories [58]. We followed the kinetics for the initiation
and propagation reactions that produce the polymers. Our results were best
explained by an 'active monomer' mechanism. In 1977, Peggion, Szwarc, Bamford
and I showed that sodium hydride initiates polymerization of y-benzyl-L-glutamate and e-benzyloxycarbonyl-L-lysine NCAs [59]. The kinetics of these polymerizations are consistent with an 'active monomer' mechanism (Fig. 6) [59].
We have prepared many different types of polypeptides in order to understand
the forces governing conformational preferences of these biopolymers. In this
presentation, I have selected polymers that involve unusual monomeric residues
designed to illustrate specific side-chain and main-chain effects on secondary
structure. To this end, Felix made poly-5-hydroxy-L-a-aminovaleric acid by the
polymerization of O-acetyl-o-hydroxy-L-a-aminovaleric acid N-carboxyanhydride [60]. By use of chiro-optical properties, he was able to show that this
neutral water-soluble polypeptide is a highly helical structure that can be
denatured upon addition of a low concentration of lithium bromide [60]. Other
researchers established that poly /3-benzyl-L-aspartate assumes a left-handed a-
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Fig. 6. A representation of the 'active monomer' mechanism for the polymerization of an
a-amino acid N-carboxyanhydride monomer.

helix in solution [18,61]. Under the same conditions, poly /6-p-nitrobenzyl-Laspartate forms right-handed a-helices [60]. Felix and Deber prepared and studied
copolymers of /?-nitrobenzyl-L-aspartate with the benzyl-L-aspartate [60]. A
transition from left- to right-handed helix was observed as the fraction of pnitrobenzyl-L-aspartate content was increased (Fig. 7). In a related system, poly
L-/>-aminophenylalanine was synthesized in our laboratories by Peggion and
Toniolo [62,63]. This analog of poly-L-tyrosine was shown to go through a helix
to coil transition in aqueous organic solvents as the />-amino groups were
protonated. Kossoy, Falxa and Benedetti synthesized derivatives of L-/>-aminophenylalanine, which were converted to L-arylazophenylalanine [64-68]. From
these amino acids, we were able to make appropriate NCA monomers that were
polymerized and copolymerized. Irradiation of solutions of azo-polymers in the
visible spectral region, where the azo-chromophore absorbs, shows a transformation of the Cotton effect from a positive band to a negative absorption (Fig.
8). Azo-aromatic chromophores provided a basis to relate optical rotatory
dispersion to CD and the structure of the polypeptides. Following our initial
studies, work on azo-aromatic containing polypeptides has been continued and
10
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greatly expanded in the laboratories of Ciardelli and Pieroni [69,70], Irie [71],
Ueno [72,73] and Yamamoto [74,75].
During the 1960s, we turned our attention to semi-empirical calculations to
determine preferred conformations for polypeptides [76-78]. These theoretical
approaches were based on rigid geometries, torsional modes and Lennard-Jones
potentials [79,80]. Organic, physical and polymer chemists also utilized similar
semi-empirical relationships [81-87]. Peptide chemists constructed the same type
of contour maps and called them Ramachandran plots [88,89] after one of the
pioneers in this field. I want to illustrate the use of calculations for a residue
of poly ./V-methyl-L-alanine. It shows the variations of 0 and i/r while the peptide
bond cu is maintained in a planar form, trans or cis, throughout the calculations
(Fig. 9). Using this approach, Mark predicted four minima for poly ,/V-methylL-alanine as seen in Fig. 10 [90,91]. Fried [92] and Chen [93] synthesized the
polymer and model compounds and examined the CD and NMR spectra [92,93].
The nature of the Cotton effects and the chemical shifts are consistent with
the structure predicted to be the most stable by Mark's calculations, that is,
a right-handed 3-fold helix with the amide bonds all trans. The next most favored
conformation is a left-hand a-helix, which is preferred by the calculations of
Liquori and DeSantis [94].
An ester group is nearly isosteric with respect to a peptide bond. D'Alagni
11
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Fig. 8. Optical rotatory dispersion of poly-L-p-(phenylazo)-phenylalanine before (•) and
after (o) irradiation at 425 nm in trifluoroacetic acid.

examined the NMR spectra of poly-S-lactic acid and its model compound [95].
Gilon and Nissen [96] developed a general method to prepare polydepsipeptides
using sublimation of the monomeric pentachlorophenyl esters. This polymerization route was further refined by Mathias [97]. In addition, an approach to
polymerization in solution was developed by Katakai [98]. Using rigid geometry
semi-empirical calculations, Ingwall created Ramachandran plots of many
different series of polydepsipeptides and predicted their preferred conformations
[99,100]. All of the insights gained in our laboratories were extended by Becktel
who investigated the CD and helix-coil transitions of polydepsipeptides [101103]. From such studies, we have been able to present key thermodynamic
properties of polydepsipeptides, as shown in Table 2. These results are important
for understanding peptide and protein structure.
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CH3

Fig. 9. Schematic representation of a segment ofthepoly-N-methyl-L-alanine chain denoting
the internal rotation angles 4> (N-CJ and i\i(Ca-C).
Table 2 Thermodynamic parameters of a series of polydepsipeptides"
Compound

Solvent

o

AH

AH°

AS

T1

Poly(Ala-Lac)
Poly( Ala-Lac)
Poly(Val-Lac)
Poly[(Ala)2-Lac]
Poly[(Ala)2-Lac]
Poly[(Ala)3-Lac]
Poly[(Leu)2-Lac]
Poly[Glu(OCH3)2 -Lac]
Poly[Glu(OCH 3 ) 2 -Lac]
Poly[Ala-Glu(OBzl)-Lac]
Poly[Lys(Z)-Glu(OCH3)-Lac]

CHC13
THF
THF
CHC13
THF
TFE
TFE
TFE
THF
THF
THF

0.001
0.007
0.003
0.003
0.005
0.006
0.002
0.0009
0.0006
0.0006
0.0006

338
344
272
579
513
163
136
969
1156
1119
1117

627
687
544
867
770
217
205
1435
1735
1678
1766

1.33
1.47
1.04
1.81
1.67
0.67
0.55
3.13
3.73
3.63
3.83

-36.7
-40
-10.5
47.5
34.5
-30
-37
36.2
36.8
35.6
34.6

c

a

CTis the nucleation parameter from the Zimm-Bragg equations, AH is the average
enthalpy/residue for the polydepsipeptide, AH° is the average enthalpy for the amides,
AS is the average entropy/residue in the polydepsipeptide and Tc is the melting
temperature for the helix to coil transition for the polydepsipeptides.

Bioactive Peptides
When our research group moved to San Diego in 1970, we launched a major
program to study bioactive peptides and peptidomimetics. Our approach combined synthesis, spectroscopy and computer simulations together with bioassays.
From such studies, we hoped to develop structure-biological activity relationships
for a wide variety of peptidic molecules. In this presentation I wish to select
representative systems to discuss including opioids, somatostatin, neuropeptide
Y and nisin. Our early work developed from the pioneering discoveries by
Guillemin and his associates with respect to hypothalamic hormone releasing
hormones [104,105]. Gilon, Donzel, Sakarellos and Blagdon studied analogs
of TRH and GnRH by CD, NMR and molecular modeling [106-109]. They
were able to propose conformational preferences for the molecules under study.
Before considering other systems, I want to call your attention to the retro13
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contours represent 1 kcal/mol of peptide units. The corresponding energies are tabulated
in the chart below the contour map.

inverso modifications of peptide composition that Chorev and Pallai developed
over a decade ago (Fig. 11) [110-113]. To reverse a peptide bond, Chorev carefully
investigated the use of the Curtius rearrangement [114,115]. Pallai utilized the
benzene iodonium bistrifluoracetate method published by Loudon for the
generation of amines from amides [112,116]. Chorev, Pallai and Richman firmly
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so that an amino acid with reversed direction and chirality separates the diaminoalkyl and
malonyl residues. In (D) a reversed peptide is inserted between the peptidomimetic residues.

established the stereochemistry for gemdiamino alkyl and alkylated malonyldiamido residues [113,116].
In the area of opioids, Schiller and DiMaio [117] synthesized cyclic enkephalin
analogs containing a 14-membered ring. This structural feature created constraints
in the molecule that led to conformational preferences. Work in our laboratory
commenced with this parent constrained molecule and included peptidomimetic
residues such as those based upon retro-inverso modifications. Berman [118],
Richman [119] and Lucietto [120] synthesized most of these molecules. The
analogs are shown in Fig. 12. Schiller measured the biological activity and
selectivity of our analogs [121] (Table 3). Hassan, Mammi and Mierke studied
the molecular modeling and the NMR spectra [120-124]. We integrated the
constraints as seen in the NMR (NOE values) [125] with computer modeling
based on the important research of Hagler, Dauber and Osguthorpe, who
developed the system DISCOVER [126]. The molecular dynamics, with and
without NOE constraints, of these enkephalin analogs led us to propose a model
15
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Fig. 12. Structure of the cyclic enkephalin derivatives Tyr-c[D-A2bu-Gly-Phe-L and D-Leu],
and their isomeric partial retro-inverso analogs, Tyr-c[D-A2bu-Gly-gPhe-R and S-mLeuJ.
Table 3 Guinea pig ileum (GPI) and mouse vas deferens (MVD) assay of various enkephalin
and dermorphin analogs"
GPI
IC50 (nM)

Tyr-c[D-A2bu-Phe-Phe-Leu]
Tyr-c[D-A2bu-Phe-Phe-D-Leu]
Tyr-c[D-A2bu-Phe-gPhe-S-mLeu]
Tyr-c[D-A2bu-Phe-gPhe-R-mLeu]
Tyr-c[D-Glu-Phe-gPhe-L-retroLeu]
Tyr-c[D-Glu-Phe-gPhe-D-retroLeu]

1.07 ±
1.14 +
0.518 +
17.6 ±
39.0 +
2.75

Tyr-c[D-A2bu-Gly-Phe-Leu]
Tyr-c[D-A2bu-Gly-Phe-D-Leu]
Tyr-c[D-A2bu-Gly-gPhe-S-mLeu]
Tyr-c[D-A2bu-Gly-gPhe-R-mLeu]
Tyr-c[D-Glu-Gly-gPhe-D-retroLeu]

14.1 + 2.9
66.1 + 8.4
1.51 ± 0.19
25.5 + 2.0
19.4 ± 3.4

[Leu5]enkephalin
a

+1

Compound

246

MVD
IC 50 (nM)
0.09
0.12
0.099

2.8
9.3
0.63

+ 39

4.70 ±
13.9 ±
6.30 ±

117

MVD/GPI
IC 50 ratio
0.92

0.9
1.11

± 31

3.64 ±
49.1 +

0.10

9.9

81.4 + 5.8
27.1 + 1.6
7.76 + 3.17
14.9 ± 5.0
313 + 1 0 2
11.4 ±

1.1

4.39
12.2
12.2
10.1
0.09
17.9
5.77
0.409
5.14
0.584
16.1
0.0463

These determinations were carried out in the laboratories of Dr. Peter Schiller and
his co-workers at the Clinical Institute of Montreal.
Mean of 3 determinations + SEM.
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for selectivity. In Fig. 13, the superpositions of 40 ps of molecular dynamics
are shown for two pairs of peptides and peptidomimetic opioids. The parent
peptide Tyr-c[D-A2bu-Gly-Phe-Leu] is highly constrained and is similar in its
molecular topology to Tyr-c[D-A2bu-Gly-gPhe-S-mLeu] (^-selective opioid). The
peptide Tyr-c[D-A2bu-Gly-Phe-D-Leu] is much more flexible. Its molecular
topology is very similar to that found for Tyr-c[D-A2bu-Gly-Phe-R-mLeu]
(nonselective opioid). The peptide and peptidomimetics with L and S configurations at the Leu residue maintain an extended structure with maximal distance

Fig. 13. A superposition of molecular dynamics simulations in vacuo over 20 ps using
the DISCOVER program of the cyclic enkephalin analogs: Tyr-c[D-A2bu-Gly-Phe-L and
D-Leu] and Tyr-c[D-A2bu-Gly-gPhe-S andR-mLeu]. It should be noted that the parent peptide:
Tyr-c[o-A2bu-Gly-Phe-Leu] (A) exhibits the same overall restricted conformation as the
peptidomimetic: Tyr-c[D-A2bu-Gly-gPhe-S-mLeu] (B), whereas the peptide: Tyr-c[o-A2buGly-Phe-D-Leu] (C) is much more flexible and is similar in overall topology to Tyr-c[oA2bu-Gly-gPhe-R-mLeu] (D).
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between the tyrosyl and phenylalanyl aryl side chains, whereas the molecules
with the D and R configurations at the Leu residue alternate between an extended
structure and folded arrays in which these aryl groups are much closer together.
We believe that the extended structure is necessary for recognition at the guinea
pig ileum (/n) receptor and the folded form is required for activity at the mouse
vas deferens (<5) receptor. The alteration of configurations noted above leads
to nonselective opioids. Hruby and Karplus carried out conformational analysis
of a cyclic 14-membered ring enkephalin containing two D-penicillamine residues
at positions 2 and 5, Tyr-c[D-Pen-Gly-Phe-D-Pen], which is highly 5-selective.
In their studies the two aromatics are in very close proximity to each other.
These results support our model for selective activity of opioids [127].
We have extended our integrated approach to consider cyclic dermorphin
analogs in which the glycine of the Schiller parent cyclic enkephalin analog
is replaced by L-phenylalanine. Specifically, the compound Tyr-c[D-A2bu-PhegPhe-R-mLeu] was synthesized, and preferred conformations were studied by
molecular dynamics simulations and NMR spectroscopy. Figure 14 shows the
distance of the aryl group of the tyrosine residue to the aryl groups at positions
3 and 4 for the entire NOE-constrained molecular dynamics simulation. The
distance of the tyrosine to the aryl group at the g-Phe4 residue is similar to
that found for the Schiller parent enkephalin and our /u-selective enkephalins
containing peptidomimetics. It is, therefore, not surprising that Schiller found
the dermorphin analog Tyr-c[D-A2bu-Phe-gPhe-R-mLeu] to be quite potent and
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Fig. 14. Time variations of the distances between Tyr'-Phe3 and Tyr'-gPhe4 aromatic ring
centers during the molecular dynamics carried out for Tyr-c[D-A2bu-Phe-gPhe-R-mLeu] at
300 K using the DISCOVER program.
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^-selective (Table 3). At this stage, we are examining steric and electronic
contributions arising from the phenylalanine at position 3. This and other
dermorphin-like molecules have been prepared and examined by molecular
modeling and NMR spectroscopy in our laboratories by Said-Nejad, Felder,
Mierke and Yamazaki [128]. We hope to relate the structures of these compounds
to our model for opioid bioactivity and selectivity.
In a related series of experiments, we have examined cyclic hexapeptides related
to somatostatin. Veber and his associates at Merck synthesized a large number
of cyclic hexapeptides incorporating residues 7-10 of the somatostatin sequence
[129]. Some of these proved to be superactive in in vitro tests on the inhibition
of growth hormone release. We have chosen one of these, c[Phe-D-Trp-LysThr-Phe-Pro], as the parent structure into which peptidomimetics would be
incorporated. Figure 15 shows the Merck compound and two of the analogs
we have prepared. In this presentation it is impossible to discuss the synthesis
and molecular modeling for each of the compounds. Therefore, I want to
summarize the work on the analog incorporating the gSar-mPhe peptidomimetic
into the cyclohexamer structure [130].
Pattaroni synthesized the compounds c[R and S-mPhe-D-Trp-Lys-Thr-PhegSar] as shown in Fig. 16 [130]. Noteworthy in this stepwise synthetic scheme

9*7

o=^

"OH

c[Pro-Phe-D-Trp-Lys-Thr-Phe]

0=(

O
NH,

c[gSar-R,S-mPhe-D-Trp-Lys-Thr-Phe]

Fig. 15. Structures of the parent cyclic hexapeptide c[Pro-Phe-D-Trp-Lys-Thr-Phe] and
the retro-inverso modified molecules c[gSar-R and S-mPhe-D-Trp-Lys-Thr] related to
somatostatin.
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Fig. 16. Schematic representation for the synthesis of c[gSar-R and S-mPhe-D-Trp-LysThr-Phe].
are the use of benzene iodonium bistrifluoroacetate for the Hofmann rearrangement and the separation of the mixture of diastereomeric final products by
HPLC. Pattaroni and Mierke carried out extensive NMR analyses on these
diastereomers and were able to assign the configuration at the malonyl residues
for each of the diastereomers unambiguously. By use of NOEs, distance
constraints were obtained and used in the molecular dynamics simulations. From
such studies, a model for the preferred conformations of the two diastereomers
has been developed [130].
It is important to note that c[S-mPhe-D-Trp-Lys-Thr-Phe-gSar] (the S analog)
is 50% as active as the Veber compound as determined by Vale and Yamamoto
in the growth hormone inhibition assay and that c[R-mPhe-D-Trp-Lys-Thr-PhegSar] (the R analog) is inactive in the same assay. Preliminary in vivo studies
on inhibition of pentagastrin-stimulated acid release in dogs carried out by
Beglinger and Gyr show that the S analog is superactive, but the R analog
is inactive [131]. Figure 17 shows the distance of the mPhe, D-Trp and Lys
side chains from each other as a function of the simulation times of both the
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Fig. 17. Distance vs. time for specific residues in c[gSar-R and S-mPhe-D-Trp-Lys-ThrPheJ. (A) Distance between D-Trp and Lys side chains. (B) Distance between D-Trp and
Phe side chains.

S and R isomers. The side chains of the mPhe, the D-Trp and the Lys residues
in the S isomer are close to each other for much of the time, whereas in the
R isomer the side chain of the mPhe residue is far from the other two throughout
the simulation. We propose that the proximity of the side chains of the three
residues, as seen in the S isomer, is necessary for somatostatin-like bioactivity.
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Neuropeptide Y
Elucidation of the preferred conformations of the 36-amino acid neuropeptide
Y (NPY) and biologically active fragments of NPY in solution is underway using
CD and NMR techniques. This work represents a collaboration with Rivier
and Boublik of the Salk Institute and Brown of the UCSD School of Medicine
[132]. Taulane examined the CD spectra of NPY and showed that the neuropeptide
is highly helical in TFE and H 2 0 . The fragment NPY(18-36), which causes
a relatively long-term hypotension in conscious rats when administered intraarterially, is highly helical in TFE and T F E / H 2 0 mixtures with H 2 0 content
below 20% [132]. In pure H 2 0 , this fragment is only partially helical (-25%).
The NPY(1-19) is not helical in TFE or H 2 0 [132]. Feinstein has fully assigned
the protons of the fragment NPY( 18-36) by NMR in dimethylformamide-ci7
(DMF-ci7). More than 50 interresidue NOEs have been identified in DMF-rf7
[133]. The assignment of NPY(18-36) in water is underway. In addition, numerous
C-terminal NPY fragments with different biological activity are being studied.
These include Af-MeNPY( 18-36), 7V-AcNPY( 18-36), [D-Ala18]NPY( 18-36) and
the NPY series (16-36), (19-36), (20-36) and (21-36).
Molecular dynamics simulations are underway on NPY( 18-36) using the NOEs
obtained in DMF-d7. A protocol has been developed to explore the conformational space consistent with the observed NOE data. This methodology should
result in a family of preferred conformations of NPY( 18-36) in solution. The
NOE data obtained in water will be treated similarly. In addition, as the
aforementioned analogs are investigated, the postulation of structure-activity
relationships should become possible.
Nisin
Wakamiya, Shiba and their co-workers have carried out a remarkable synthetic
program on nisin, a naturally occurring peptide antibiotic [134]. Through a
collaborative study with them, we have made considerable progress in elucidating
the structure of nisin [135]. This molecule was a major focus of the research
efforts of my colleague and friend, the late Erhard Gross, who made important
contributions to this field [136,137].
Jung called our attention to the pronounced homology of nisin, subtilin,
epidermin, pep 5 and gallidermin. These structures include unsaturated amino
acids and various lanthionine bridges [138]. These bridges define conformationally
constrained segments. In a molecular aufbau approach, we have characterized
these individual segments and are assembling the resulting conformations to
aid in determining the structure of the whole molecule.
Palmer, Pattaroni and Mierke began with NMR studies of these fragments
using HOHAHA, ROESY and temperature coefficient measurements [135], These
molecules posed new computational challenges. The novel residues required new
force constants and parameters that we are developing though calculations, IR
spectroscopy, and X-ray diffraction studies [139]. Our approach to molecular
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dynamics has also been expanded. We now begin with high temperature 7501000 K) dynamics in an attempt to search thoroughly the conformational space
of each molecule. At regular intervals conformations are extracted and energyminimized. Some of these minimizations involve NOE constraints. However,
we are not trying to fit experimental data but to use these constraints as a
short-cut in our computational search. Starting from the lowest energy conformations, we proceed with molecular dynamics at 300 K. Again, at regular
intervals, we carry out unconstrained minimizations to generate families of low
energy conformations.
In such a manner, we have characterized each of the rings of nisin. Timeaveraged properties from these low temperature dynamics are in better agreement
with our NMR results than individual minimum" energy conformations [139].
One example is the observed NOE between the histidine ring and each of the
lanthionine bridges in rings D and E. The dynamics clearly show the highly
mobile side chain passing near one lanthionine and then the next. We are carrying
out additional spectroscopic measurements and calculations on the entire nisin
molecule, and several large, active fragments [139]. By our approach we hope
to elaborate on the channel-forming properties described by Jung [138].
Urethane-Protected a-Amino Acid N-Carboxyanhydrides
This presentation began with the step-wise synthesis of oligopeptides. I want
to end with an exciting, novel approach to peptide synthesis. Naider and I working
together with Fuller and his co-workers have developed a general method for
the preparation of urethane-protected a-amino acid /V-carboxyanhydrides
(NCAs):
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In the past, it has been claimed that such molecules were inherently unstable
and could not be prepared [140-145]. We have made many derivatives in which
the urethane portion of the NCA is composed of 9-Fmoc, Z and Boc [146].
The urethane-protected NCAs are crystalline, stable compounds that react rapidly
with nucleophiles such as amines to form amides or peptide bonds. The general
synthesis of urethane-protected NCAs was accomplished by allowing the NCAs
to react with the appropriate chloroformate in the presence of 7V-methylmorpholine (a base that does not promote polymerization of NCAs) [146].
We have undertaken some preliminary peptide syntheses with flow system
solid phase methodology [146]. The resin was derivatized using an appropriate
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urethane-protected NCA and 4-alkoxy-2', 4'-dimethoxybenzhydrol on a polystyrene resin. The excess hydroxyl groups were capped and the protecting groups
removed. Sequentially, the urethane-protected NCAs were added after removal
of protecting groups and washing steps to build up the desired peptide chain.
In this manner Fuller, Cohen and Shabankareh have prepared [D-Ala2]-leucine
enkephalin, the acyl carrier decapeptide and thymosin a-1 (16-28). Independently
of this work, Felix and Danho have used Fmoc-NCA chemistry in comparison
with a water-soluble carbodiimide, hydroxybenzotriazole approach to prepare
the heptapeptide CCK. Both syntheses involved batchwise methods. Figure 18
shows the HPLC for both schemes. The results are essentially equivalent, although
in the carbodiimide reactions four steps involved double coupling whereas in
the Fmoc-NCA route only one step required double coupling (i.e., the methionine
to aspartic acid linkage). We are actively examining the urethane-protected NCA
methodology as a general approach to peptide synthesis.
Concluding Remarks

I have attempted to cover more than thirty years of our research and develop
a story indicating the great challenges that remain for the future. In listening
to the talks at this Eleventh American Peptide Symposium and perusing the
posters, I see peptide chemistry and biology as a vibrant field. With the support
Ac-Tyri-iMet2-Gly3-Trp4-Met5-Asp6-Phe7-NH2
FMOC - NCA Couplings

A

DIC / HOBt Couplings

B

JQ
Fig. 18. HPLC traces of the CCK-7 products from the syntheses (A) utilizing the urethaneprotected NCA method and (B) using the diisopropylcarbodiimide-hydroxybenzotriazole
approach.

24

Seventh Alan E. Pierce Award Lecture
of people such as Dr. Pierce, peptide scientists will continue to make remarkable
discoveries. Once again, I wish to thank my co-workers, colleagues and friends.
I am honored to accept the Seventh Alan E. Pierce Award.
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Introduction
The secretion of luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) is under the stimulatory control of the decapeptide amide, gonadotropin
releasing hormone (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2). Because
mammalian GnRH assumes mostly a random coil conformation in aqueous
solution, and because the GnRH pituitary receptor has not been chemically
or structurally characterized, the nature of their physico-chemical interaction
cannot be studied spectroscopically. In order to define the 'bioactive conformation' of GnRH, we embarked on a multidisciplinary study whose aim was
to obtain a fully rigid and maximally potent analog for spectroscopic analysis.
Because we had found that bridging GnRH sequences at positions 1 and 10
or 4 and 10 led to partial agonists or antagonists repectively, and because we
have more latitude in the selection of amino acid substitutions in the design
of antagonists, we designed, synthesized and tested cyclic GnRH antagonists
[1-4]. Here, we show that some antagonists of GnRH which are bridged at
positions 4 and 10 and are equipotent to the corresponding and most potent
linear analogs [2], can be further constrained by the introduction of a second
bridge between residues 5 and 8 with retention of high potency. This major
success could be achieved through the development and implementation of a
concerted stragegy involving the use of peptide synthesis and biological testing,
computer simulations and NMR spectroscopy [2,5,6].
Methods
Peptide synthesis
Peptides were synthesized by SPPS using the Boc strategy on a MBHAR and
the general techniques previously reported by this laboratory [2] including H F
treatment. The 5/8 side-chain amide bond of 3 and 4 was generated first on
the resin using the method of Felix et al. [7] followed by the azide mediated
closure of the 4/10 ring also used for 1 and 2. Final preparative purification
was carried out with HPLC [8]. Peptides were judged to be greater than 95%
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pure using HPLC. AAA were consistent with expected values. Calculated values
for protonated molecular ions were in agreement with those obtained using
FABMS.
Bioassays
For the purpose of this limited study, analogs were tested for their ability
to inhibit ovulation in the cycling rat [9] and to inhibit LH release by the pituitary
in an in vitro cell culture assay [10].
Computer simulations
Computer simulations at the San Diego Supercomputer Center Cray X-MP/
48, were conducted using methods previously described [11].
Results and Discussion
Our approach to obtaining extremely potent monocyclic antagonists of GnRH
has been described elsewhere [2,5]. Combined molecular dynamics and NMR
studies on the constrained cyclo (4-10)[Ac-A3Pro',DFpa2,D-Trp3,Asp4,D-Nal6,
Dpr 10 ]GnRH antagonists have provided structural information [12,13].
Because of the constrained nature of this analog, this analysis will help refine
our model of the binding conformation. NMR results (J. Rizo et al., in
preparation) indicate the presence of a stable /S-turn, around the D-Nal6-Leu7
positions, a feature that has been postulated to be necessary for biological activity.
Temperature dependence of NH resonances are consistent with three transannular
hydrogen bonds involving the NHs of Asp, Tyr and Arg. By NMR, the Nterminal tripeptide of this analog displays some conformational preference,
although it is less rigid than the cyclic portion. Interestingly, molecular dynamics
calculations (S. Koerber et al., in preparation) yield two conformational families
for this peptide with the N-terminal tripeptide either below or above the ring.
NMR studies are underway to analyze whether one of these two conformational
families is preferred, or alternatively, if there is an intermediate, more dynamic
conformational distribution for the N-terminal tripeptide. However, careful
examination of the N-terminal tripeptide-down conformer indicates that the
following side chains are in close proximity, 2 and 7, 3 and 9, 5 and 6, and
5 and 8 suggesting that they may be replaced by bridging elements.
We have synthesized a large number of cyclo 2/7 antagonists of GnRH that
were at best marginally potent [3]. On the other hand the bridging of residues
5 to 8 seemed very promising. Indeed, we reported a year ago on the synthesis
and biological activity of bicyclo(4/10,5/8)[Ac-D-Nal',D-Cpa2, D-PaP,Asp4,
Cys5,D-Arg6,Cys8,Dpr10]GnRH (analog A) [3]. While this work was being carried
out, Dutta et al. [14] described the synthesis and biological potencies of several
monocyclic (5-8)GnRH antagonists. These analogs in which the side chains of
different amino acids at positions 5 and 8 were bridged using either amide bonds
or disulfide bridges in a systematic manner similar to that reported by our group
[2] are less potent (approximately 5- to 10-fold) than those having similar bridges
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at positions 4 and 10. Whether the low potency of the cyclo (5-8) analogs reported
by Dutta et al. results from the use by these authors of nonoptimized substitutions
at positions 1 through 3 or from unfavorable constraints brought about by the
bridging elements, is yet to be determined.
Table 1 In vitro and in vivo potencies and receptor affinities of cyclic GnRH antagonists
AOAa

Compounds
(Cyclo 4/10)[Ac-A3Pro',D-Fpa2,D-Trp3,
Asp4,D-Nal6,Dpr1<>]GnRH (1)
(Cyclo 4/10)[Ac-D-Nal',D-Fpa2,D-Trp3,
Asp4,D-Arg<*,Dpr'°]GnRH (2)
bicyclo(4/10,5/8)[Ac-D-Nal',D-Cpa2,D-PaP,
Asp4,Glu5,D-Nal<\Lys8,Dpri°]GnRH (3)
bicyclo(4/10,5/8)[Ac-D-Nal',D-Cpa2,D-Trp3,
Asp4,Glu5,p-Arg6,Lys8,Dpr'°]GnRH(4)
a
b

10

In vitro
potenciesb

(2/10)

2.0(1.5-2.6)

2.5 (2/10)

0.3 (0.2-0.4)

50

(2/ 8)

5

(2/10)

0.6 (0.4-0.9)

AOA-antiovulatory assay: dosage in micrograms (rats ovulating/total).
[Ac-A3Pro',D-Fpa2,D-Trp36]GnRH = 1.

Since we had reported that analog A inhibited ovulation by 86% at 200 ng
and since the Cys (5 to 8) ring was not the optimized ring size according to
Dutta et al. [14], we synthesized 3 and 4 (Table 1) which, to our knowledge,
encompassed some of the most favored substitutions. These analogs were tested
for biological activity and their structures analyzed in order to compare them
with those of analog A, and 1 and 2 resp. We found 3 and 4 to inhibit ovulation
by 75% at 50 /xg and 80% at 5 ng per rat, respectively. While 4 is the most
potent bicyclic GnRH analog ever reported, 3 is the first analog of GnRH that
does not carry a positive charge but that has significant affinity for the GnRH
receptor in an in vitro assay. A molecular mode of an homolog of 4 is shown
in Fig. 1 and provides the rationale for the introduction of additional constraints.
Conclusions
Using a model derived from theoretical studies of a 4-10 bridged monocyclic
GnRH analog (1), we observed that several pairs of amino acid side chains
were close enough in space to be bridged. We synthesized a series of bicyclic
analogs with either disulfide or amide bonds. Compounds 3 and 4 were found
to be the most potent bicyclic analogs tested so far. Preliminary theoretical
studies suggest that the conformation of the 4-10 cycle is conserved in these
analogs despite the introduction of the second ring. We realize that, because
the N-terminal tripeptide can be located either above or below (Fig. 1) the ring
formed by the 4-10 cycle, additional constraints will have to be introduced in
order to obtain a fully rigid analog. It is believed that full structural characterization of such an analog could help us understand the mechanism of action
of GnRH and the molecular basis of activation of its receptor.
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Fig. 1. ORTEP drawing of (bicyclo 4/10,5/8) Ac-D-Nal-D-Phe-D-Trp-Asp-Glu-D-Arg-LeuLys-Pro-Dpr-NH2 analogous to 4.
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Physiologically important peptidases and proteases: Ideal
targets for the design of new therapeutics
James C. Powers, Chih-Min Kam, Jozef Oleksyszyn and Toshihisa Ueda
School of Chemistry, Georgia Institute of Technology, Atlanta, GA 30332, U.S.A.

Introduction
Peptidases and proteases are involved in a wide variety of important physiological processes. Serine proteases are important for blood coagulation, the
immune defense, and the destruction of invading organisms. Metallopeptidases
and metalloproteases are involved in the processing of most hormones, including
angiotensin and enkephalins. Aspartic proteases are important in viral infections
and the control of blood pressure. Cysteine proteases process hormones, and
are involved in tumors. Protease inhibitors thus have great potential for the
treatment of many disease states. Important target enzymes for the design of
new inhibitors included human leukocyte elastase (emphysema, inflammation),
chymases and tryptases (inflammation and blistering), blood coagulation enzymes
(intravascular clotting), renin and angiotensin-converting enzyme (hypertension),
and the HIV protease (AIDS). The tertiary structures of several important
proteases, including human leukocyte elastase and the HIV protease, have recently
been determined and should be invaluable in the design of new classes of inhibitors.
Results and Discussion
Arginine fluoroketone transition state inhibitors
Arginine fluoroalkyl ketones are potential transition-state inhibitors for trypsinlike enzymes due to their ability to form tetrahedral adducts with the active
site serine residue. Seven inhibitors have been synthesized using a modified DakinWest procedure (Table 1). The structure of Bz-Arg-CF 2 CF 3 was analyzed by
19
F NMR and MS, and was shown to exist in solution primarily as a hydrate
or cyclic carbinolamine. Arginine fluoroalkyl ketones are good inhibitors of
blood coagulation serine proteases and were found to be slow binding inhibitors
for bovine trypsin with K] values of 0.2-56 /uM. Bz-Arg-CF 2 CF 3 was the best
inhibitor for bovine thrombin and human factor XIa, and inhibited thrombin
and factor XIa competitively with K] values of 13 and 62 uM, respectively.
Bz-Arg-CF3 and Bz-Arg-CF 2 CF 3 inhibited human plasma kallikrein competitivelywith K] values of 50 «M. None of the seven arginine fluoroalkyl ketones
were good inhibitors of human factor Xa and factor Xlla.
Arginine fluoroketones showed some selectivities toward various coagulation
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Table 1 Reversible inhibition of trypsin-lilce serine proteases by -arginine fluoroketonef
Inhibitors

Bz-Arg-CFj
Bz-Arg-CF2CF3
Bz-Arg-CF2CF2CF3
p-Toluoyl-Arg-CFj
Admantanoyl-Arg-CF3
l-Naphthoyl-Arg-CF3
Bz-Arg-CF2C1
a

K, OuM)
Trypsin

Thrombin

Kallikrein

XIa

0.6
7.4
6.3
56
1.9
0.2
3.8

>60
13
>90
>210
>45
>40
>56

50
52
> 170
>300
>330
>60
>80

> 410
62
>1130
> 1 130
> 1 130
>500
180

Inhibition constants were measured at 0.1 M Hepes, 0.01 M CaCl2, pH 7.5, 9% Me2SO
and 25°C. All inhibitors show slow-binding type of inhibition with trypsin and the
rates were measured after incubation of enzyme with inhibitor for 5 min.

enzymes. Bz-Arg-CF 2 CF 3 is the best inhibitor for thrombin, plasma kallikrein
and factor XIa; however, it didn't inhibit pancreatic kallikrein, human factor
Xa or human factor Xlla. Bz-Arg-CF3 inhibited pancreatic and plasma kallikrein
effectively, but not other coagulation enzymes. Although these arginine fluoroketones contain only one amino acid, their K[ values toward trypsin are
comparable to that of the tripeptide fluoromethyl ketone Lys-Ala-Lys-CH2F
(K,= 1 /uM, [1]). The tripeptide inhibitor D-Phe-Pro-Arg-CH 2 F, which contains
a thrombin specific sequence, was a 50-fold better inhibitor than Bz-Arg-CF 2 CF 3
[2].
The arginine fluoroalkyl ketones were tested in the prothrombin time (PT)
and activated partial thromboplastin time (APTT) coagulant assays. Two
fluoroketones, Bz-Arg-CF 2 CF 3 and l-naphthoyl-Arg-CF 3 , had significant anticoagulant activity. Bz-Arg-CF 2 CF 3 was found to prolong PT 1.8-fold at 120
/xM and to prolong APTT 2.4-fold at 90 uM, while l-naphthoyl-Arg-CF 3 only
prolonged APTT 1.7-fold at 100 /uM.
a-Aminoalkylphosphonates diphenyl esters
Peptidyl derivatives of a-aminoalkylphosphonate diphenyl ester [3] are effective
and specific inhibitors of serine proteases at low concentrations. Cbz-Phep(OPh)2
(8.2 juM) reacts with chymotrypsin (k o b s d /[I]= 1200 M"1 s-1) and does not react
with elastases. Cbz-Valp(OPh)2 (4.1 ,uM) reacts with HLE (280 M-i s-1) and
does not react with chymotrypsin at this concentration. The data suggest that
good interactions with the S{ pocket of the target serine protease are necessary
before nucleophilic substitution on the phosphorus atom occurs to give a stable
phosphonyl derivative (Fig. 1).
Longer peptides with a C-terminal phosphonate related to phenylalanine are
good inhibitors for chymotrypsin-like enzymes (Table 2, RMCP II = rat mast
cell protease II), but not for elastases. The best inhibitor is Suc-Val-ProPhe p (OPh) 2 , corresponding to the sequence of an excellent 4-nitroanilide substrate
for these enzymes. Only one of the two steroisomers reacts with chymotrypsin
(146000 M"1 s-». The 31P NMR of chymotrypsin inhibited by this peptide shows
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Fig. 1. Schematic drawing of the reaction of a peptidyl a-aminoalkylphosphonate diphenyl
ester with the active site of a serine protease.

one broad signal at 25.98 ppm, corresponding to the Ser195 phosphonate ester.
The best inhibitor for elastases was Boc-Val-Pro-Valp(OPh)2 with k obsd /[I] value
of 27000 M-1 s-1 for human leukocyte elastase (HLE), and 11000 M"1 s-1 for
porcine pancreatic elastase (PPE). Again, this sequence corresponds to a good
HLE substrate sequence, and at low concentrations this peptide did not react
with chymotrypsin.
Phosphonate diphenyl ester inhibitors are chemically stable, relatively easy
to synthesize, do not react with acetylcholinesterase, form very stable derivatives,
possibly due to their resemblance to the tetrahedral intermediate involved in
peptide bond hydrolysis, and have considerable potential utility as therapeutic
agents.
Isocoumarin anticoagulants
7-Amino-4-chloro-3-(3-isothiureidopropoxy)isocoumarin (ACITIC, Fig. 2),
and other isocoumarins with basic substituents have been synthesized recently
as inhibitors of trypsin-like enzymes [4]. ACITIC is a potent inhibitor of several
coagulation enzymes such as thrombin, factor Xa, factor XIa, factor Xlla, factor
Vila, kallikrein, plasmin and plasminogen activator. ACITIC inhibited trypsin,
porcine pancreatic kallikrein, and human factor XIa most effectively with k obs /
[I] values of (2.2-4.1) X IO4 M~' s_1, and inhibited human factor Xlla, plasmin,
and plasminogen activator less potently with inhibition constants in the range
of 103 M-i s-i.
Inactivated trypsin by ACITIC was quite stable and regained only 4% activity

NH,+
HoN

Fig. 2. Drawing of 7-amino-4-chloro-3-(3-isothiureidopropoxy)isocoumarin (A CITIC) showing its relationship to arginine.
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upon standing at 25°C for one day. Even with the addition of hydroxylamine
(0.29 M), the inhibited trypsin regained only 45% of the original enzymatic
activity. ACITIC is stable in plasma, and the half-lives for spontaneous hydrolysis
in human and rabbit plasma are 165 and 140 min, respectively. The stability
of ACITIC in plasma indicates that this compound should be useful as an
anticoagulant in vitro and in vivo. ACITIC has excellent anticoagulant activity
in human and rabbit plasma using the prothrombin time (PT) and the activated
partial thromboplastin time (APTT) assays. ACITIC prolongs PT ca. 1.1-2fold and prolongs APTT 3.6-4.5-fold in human or rabbit plasma at the
concentration of 20-30 /uM. ACITIC was also administered into rabbits with
continuous infusion, and prolonged APTT two-fold over the control value at
the dose of 0.4 mg/ml; whereas, at the highest dose of 1.2 mg/ml. APTT was
prolonged 3-4 times the control value.
Conclusion
It is clear that small molecular weight peptide and heterocyclic molecules
can be very effective inhibitors for serine proteases and have considerable
therapeutic potential. While some progress is being made in the construction
of specific heterocyclic inhibitors for serine proteases, introduction of specificity
into an inhibitor structure is still more easily accomplished using a peptide
backbone. Design of specific inhibitors for individual trypsin-like enzymes still
remains a major challenge.
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Approaches to renin inhibitors with increased duration of
action
Peter D. Williams, Linda S. Payne, Debra S. Perlow, G.F. Lundell,
Norman P. Gould, Peter K.S. Siegl, Terry W. Schorn, Robert J. Lynch,
John J. Doyle, John F. Strouse, Charles S. Sweet, Phyllis T. Arbegast,
Inez I. Stabilito, George P. Vlasuk, Roger M. Freidinger and Daniel F. Veber
Merck Sharp and Dohme Research Laboratories, West Point, PA 19486, U.S.A.

Introduction
A major factor limiting the duration of action of metabolically stable peptide
derivatives is hepatic uptake and biliary excretion, a problem that has been
identified with short-acting renin inhibitors [1]. Thus, we have been seeking
ways to overcome this limitation by reducing the molecular size and peptide
character of the inhibitor structure and by changing physical properties, such
as lipophilicity and ionic state. A general solution to this problem would clearly
be of great value, not only in the renin inhibitors area, but also in the many
other therapeutic areas that involve peptides as drug targets.
Results and Discussion
Our first concern was to reduce the molecular size and peptide character by
modifying the ACHPA design, so as to include a structural element that could
mimic the hydrophobic Pf side chain, and thereby obviate the necessity for
inclusion of amino acids at the C-terminus that correspond to the P2 and P3
positions. Previous attempts at enhancing potency by introducing a Pf side chain
Table 1 Conformational^ constrained'ACHPA-lactam' analogs

N-CH 3

la
lb
lc
Id

Ri

R2

IC50 (nM)a

H
H
-CH = CH2
-CH3

H
CH = CH2
H
CH3

10
8.0
2.5
1.3

'Human plasma renin assay.
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at the 2-position of statine met with limited success [2]. Our approach utilizes
conformationally constrained 'ACHPA-lactam' analogs as shown in Table 1.
The lactam ring can be utilized as a template upon which to place substituents
to map the enzyme active site in a spatially defined manner. The ACHPAlactams were synthesized by aldol addition of the appropriate lactam enolate
to Boc-L-cyclohexylalaninal. Initial studies showed that the 2S, 3S, 4S ACHPAlactam diastereomer was greatly preferred, and that a 5-membered lactam ring
size was optimal. Substitution on the 5-membered lactam ring with small
hydrophobic groups, as shown in Table 1, improved binding, with geminal
substitution bringing potency to the 1 nM range (e.g., Id). Also a variety of
Table 2 Structures of ACHPA diamine amides and quaternary ammonium derivatives
HO

O

a

Boc-Phe-His-NH V v / I X x A N r

Cf

m
2a

IC50 (nM)a

t,/2 (h)"

30

<0.5

22

2.5

13

<0.5

34

2.2

H H

2b
H H

+ OAc
CH,

2c
H H
OAc

2d
H H

2e

a
b

'•v
OAc

-Leu-N->^'
H H

0.97

1.0

"CH,

Human plasma renin assay.
Plasma half-life of drug after bolus i.v. administration to conscious, sodium-deficient
rhesus monkeys.
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substituents on the lactam nitrogen varying in size and polarity were found
to be well-tolerated (data not shown). Although potent compounds with a
reduction in molecular weight and peptide character were realized, the ACHPAactam variation was not sufficient in and of itself to improve the i.v. duration
of action, nor the oral bioavailability in the rat or rhesus monkey.
Another approach was pursued in which ACHPA diamine amides and their
quaternary ammonium derivatives were studied (Table 2). Thus, the amide of
racemic 3-aminoquinuclidine 2a and the quaternized derivative 2b derived from
the more potent 3S enantiomer were administered intravenously to conscious,
sodium-deficient rhesus monkeys. The time course inhibition of plasma renin
activity indicated that the quaternized amine possesses a much greater duration
of action. The rate of biliary excretion in the rat was demonstrably slower for
2b than for 2a, with a total of 35% of the administered dose of 2b and 40%
of the administered dose of 2a appearing in the bile after 2 h. In the rhesus
monkey, the plasma half-life of drug, as measured by bioassay after i.v.
administration, was 2.5 h for 2b, whereas the half-life of the unquaternized analog
fell within the distribution phase, and thus was too short to be measured (<0.5
h). Similarly, a comparison of the monocyclic amine 2c and its quaternized
derivative 2d showed a substantially increased half-life for 2d, indicating that
this phenomenon is not restricted to quaternary ammonium salts of quinuclidine.
The more potent tetrapeptide quinuclidinium analog 2e, which has a higher
molecular weight and an additional amide bond, exhibited a plasma half life
of 1.0 h after i.v. administration. This contrasts with previous findings where
tetrapeptide inhibitors containing polar end groups at the C-terminus were found
to be uniformly short-acting [3]. These findings suggest that a quaternary
ammonium group may be of general utility in reducing the clearance rate of
small peptides.
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Introduction
The development of renin inhibitors has significantly advanced based on the
discoveries of synthetic pseudodipeptides that mimic the proposed Pi-Pf
Leui/r[C(OH)2NH]Val tetrahedral intermediate of substrate (angiotensinogen,
ANG) hydrolysis catalyzed by this aspartyl protease. The major conceptual
approach to design such nonhydrolyzable Pi-Pf mimetics of this proposed aminol
intermediate has been related to Xaaifr[CH(OH)CH2]Yaa analogs, including those
that conserve the CH(OH) functionality but possess different C-terminal modifications [for a review, see Ref. 1]. In contrast, there exists a paucity of literature
related to synthetic nonhydrolyzable Pi-Pf Xaai/f[CH2NH]Yaa analogs [1-4].
In this study, we investigated the comparative SAR of a series of ANG-based
pseudopeptides having Pi-Pf Xaai/f[CH2NH]Yaa modifications against human
renin, pepsin, cathepsin D, cathepsin E and gastricsin. Molecular modeling of
inhibitor-renin interactions was performed as previously reported [4] using
CHARMM and a 3D computer graphics model of human renin, CKH-RENIN.
Results and Discussion
The octapeptide H-D-His-Pro-Phe-His-Phe#CH 2 NH]Phe-Val-Tyr-OH(U7053IE) is the only P^Pf Phet/r[CH2NH]Phe-modified, ANG-based aspartyl
protease inhibitor for which a crystallographic structure of the ligand, bound
to the active site of a structurally homologous enzyme, rhizopuspepsin, has been
determined [5]. The renin inhibitory activities of U-70531E derivatives are
summarized in Table 1. Noteworthy was the observation that both the P 5 and
P2-P3 residues of U-70530E (IC50 = 4.2x IO-7 M) could be eliminated to yield
a more potent pentapeptide, U-71909E (IC 5 0 = 1.3X IO-8 M). In contrast, the
contribution of P4 Pro and P3 Phe were very critical to the renin inhibitory
potency of inhibitory activity per se of these Pi-Pf Phei/i-[CH2NH]Phe-modified
*To whom correspondence should be addressed.
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Table 1 Structure-activity properties of ip[CH2NH]'-modifiedpseudopeptides
Entry

Compound3

Renin IC50 (M)b

1
H-D-His-Pro-Phe-His-Phei>[CH2NH]Phe-Val-Tyr-OH
4.2 xlO"7
2
Ac-Ftr-Pro-Phe-His-Phei>[CH2NH]Phe-Val-Tyr-NH2
3.0 X IO-9
3
Ac-Ftr-Pro-Phe-His-Phei/f[CH2NH]Phe-NH2(U-71908E)
5.6x10-'°
4
Ac-His-Pro-Phe-His-Phei/f[CH2NH]Phe-NH2
l.OxlO-8
5
Ac-Pro-Phe-His-Phe#CH2NH]Phe-NH2(U-71909E)
1.3 x 10~8
6
Ac-Phe-His-Phei/f[CH2NH]Phe-NH2
4.5 x IO"7
7
Ac-His-Phe#CH2NH]Phe-NH2
»1.0xlO-5
8
Ac-Pro-Phe-His-Phe#CH2NH]Phe-N(Me)2
2.6 XlO"6
9
Ac-Pro-Phe-His-Phei>[CH2NH]Phe-OH
'
3.7 x IO-6
10
Ac-Pro-Phe-His-Phe#CH2NH]Phe-ol
2.2 xlO"6
11
Ac-Pro-Phe-His-Phe^CHjNHJPgl-NH-j
»1.0xl0"5
12
Ac-Pro-Phe-His-Phe#CH2NH]Hph-NH2
1.5 XlO"7
13
Ac-Pro-Phe-His-Phe#CH2NH]Tyr-NH2
2.5 xlO"8
14
Ac-Pro-Phe-His-Phe#CH2NH]Phe(p-Cl)-NH2
3.8 xlO' 8
15
Ac-Pro-Phe-His-Phe#CH2NH]Phe(p-N02)-NH2
3.4 xlO"8
16
Ac-Pro-Phe-His-Chai/f[CH2NH]Cha-NH2
3.1 xlO"7
17
Ac-Pro-Phe-His-ChatA[CH2NH]Val-NH2
ca. 1 x IO-7
18
Ac-Pro-Phe-His-ChaiA[CH2NH]/?-Me-Phe-NH2
» 1 . 0 x IO"6
19
Ac-Pro-Phe-His-Chai>[CH2NH]Phe-NH2(U-79465E)
1.7xl0"9
20
Ac-Pro-Phe-His-Cha#CH2NH]Pea
6.0 xlO"6
21
Ac-Pro-Phe-His-Cha#CH2NMe]Phe-NH2
» 1 . 0 x 10~6
22
Ac-Pro-Phe-JV-Me-His-Cha#CH2NH]Phe-NH2
1.0 XlO"8
23
Ac-Pro-Hph-Af-Me-His-Chai/f[CH2NH]Phe-NH2
9.8 x IO"10
a
Ftr = A^-formyl-Trp; Pgl = phenylglycine; Hph = homophenylalanine;
Cha = cyclohexylalanine; Pea = phenylethylamine.
b
Human angiotensinogen, pH 6.0.
pseudopeptides. The conformational, topographical and enzyme active site
intermolecular binding properties of U-71909E were explored by molecular
modeling studies using CKH-RENIN.
In brief, an extended conformation of the inhibitor was determined subsequent
to molecular dynamics and energy minimization of the ligand-enzyme complex.
The Pf Phe side chain was observed to occupy a binding pocket of the CKHRENIN that was different relative to that of Pf Val-substituted derivatives having
either i/r[CH(OH)CH2] or i/r[CH2NH] modification. Also noteworthy was the
discovery that the C-terminal CONH 2 moiety was proximate and H-bonded
to the catalytic Asp residues of the CKH-RENIN active site. To test these
molecular modeling observations of U-71909E, we explored the effects of both
Pj-Pf Xaai/i-[CH2NH]Yaa and C-amide modification of the pseudopeptide by
SAR (see Table 1). Overall, we determined that the C-terminal Pf Phe-NH 2 moiety
was indeed important to the inhibitory activity of U-71909E. Substitution of
the P[ Phe by Cha in U-71909E resulted in significantly increased potency (U79465E, IC 5 0 = 1.7x IO-9 M). Based on enzyme degradation studies (data not
shown) performed on U-79465E, we observed that both elastase and chymotrypsin
cleaved the P 4 -P 2 sequence (i.e., Pro-Phe and Phe-His, respectively); however,
the C-terminal CONH 2 moeity was stable to carboxypeptidase-Y. Structure47
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activity and kinetic analysis of U-79465E (K, = 1.3 X IO"10 M, recombinant human
renin) and selected derivatives having P 4 -P 2 modifications resulted in the
identification of a highly potent and enzymatically-stable derivative, Ac-ProHph-7V-Me-His-Chai/f[CH2NH]Phe-NH2 (K;= 1.6 x IO"10 M). Finally, we further
determined the comparative aspartyl protease inhibitory SAR of three different
Pi-Pf Xaai/i-[CH2NH]Yaa-modified pseudopeptides against human pepsin, cathepsin-D, cathepsin-E or gastricsin. In summary, U-71909E, compound 17 and
U-79465E were all essentially inactive ( K ; » 1.0 x 10"6 M) to inhibit these aspartyl
proteases. Therefore, our results suggest that such Pj.-Pf Xaai/i-[CH2NH]Yaamodified ANG derivatives may be designed to exhibit high potency, metabolic
stability and aspartyl protease selectivity, and provide new lead compounds in
the development of renin-inhibitory therapeutic agents useful in the treatment
of hypertension.
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Introduction
The unique amino acid, (4R)-4-[(E)-butenyl]-4,V-dimethyl-L-threonine
[MeBmt (1)] found in the 1-position of the immunosuppressive drug, cyclosporin
A (CsA), is critical for maximal immunosuppressive activity[1,2]. In order to
determine the effects that structural changes in this residue have on immunosuppressive activity, we have synthesized a variety of 1-position analogs of CsA
(Table 1) and determined their immunosuppressive activities and binding to
cyclophilin, the CsA binding protein [3] recently shown to be identical to peptidyl
prolyl isomerase (PPIase)[4,5].
Results and Discussion
Three methods were used to synthesize the needed /J-hydroxy-a-A'-methyl
amino acids. MeBm2t (2) was synthesized (Scheme 1) by the reaction of PmzSar-O'Bu (4) with LDA at -78°C followed by condensation with 2,2-dimethyl4-hexenal (5) as described by Aebi et al. [6] for the synthesis of MeBmt (1).
Residual starting material could be separated from oxazolidinone by reaction
Schorn* I
1) LDA, THF

Xx^U

•otBu

(4)

v

H

HO

2) lA^VS^
Me'

Me

3) KOH, EtOH
4) TFA, anisole
5) (+) Ephedrine

(5)
-—

•Me

Me^"^
Me'
Me

'Me !
M 9
COOH

1J2NK0H
Reflux
2

>Dowex

H

*

(6)
OH

OH
,CO,H

•COjH
Me'
Me'

Me

NHMe

MeBm 2 t (2)

Me

NHMe

MeBmt (1)

L^^J

NHMe

3-Cyelohexyl-N-methyl-serlne
(3-CH-MoSer) (3)
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with T F A / a n i s o l e to give, after aqueous workup, a mixture of oxazolidinone
acids, which were resolved by fractional crystallization of the (+)-ephedrine salt.
The enantiomerically pure oxazolidinone (6) was hydrolyzed in refluxing K O H
and chromatographed over Dowex H+ cationic exchange resin to give the amino
acid MeBm 2 t (2) in 2 1 % yield. (2S,3R)-3-Cyclohexyl-A r -methyl-serine (3) was
prepared in the same way from cyclohexyl-carboxaldehyde in 20% yield.
The novel 3-substituted MeBmt analog, (2S,3R)-3,7-dimethyl-MeBth (7), was
prepared from nerol (Scheme 2) [7]. Sharpless asymmetric epoxidation of nerol
gave the chiral epoxide (9), which was treated with methyl isocyanate followed
by base catalyzed rearrangement to give the oxazolidinone (10). Oxidation of
the hydroxyl with K 2 R u 0 4 afforded the oxazolidinone acid (11), which was
hydrolyzed in refluxing K O H . Ion exchange chromatography over Dowex H+
gave the pure amino acid (7) in 44% overall yield. In a similar fashion, (2S,3S)3,7-dimethyl-MeBth (8) was synthesized from geraniol in 4 1 % yield. (4S)-MeBmt
was synthesized in 49% yield by using the asymmetric glycine enolate aldol
reaction of Evans and Weber [8].
Biological activities of several analogs were determined in three assay systems
by using the previously described methods [2,9]. The results are shown in Table
1. The analog prepared from 7 retained little activity in these assays. With one
exception, low immunosuppressive activity parallels low affinity for cyclophilin.
CsA's relatively specific immunosuppressive activity against defined target cells,
the existence of analogs with a range of activity, and its reasonably low K d
suggest a receptor-mediated mechanism of action. In an attempt to isolate the
CsA receptor, Handschumacher et al. [3] discovered an 18 k D a protein, called
cyclophilin. While fulfilling many of the requirements for a CsA receptor,
cyclophilin has subsequently been shown to exist in all h u m a n tissues tested,
Table 1 Biological properties of some cyclosporin analogs
MeLeu

MeVal — MeBmt1 — Abu — Sar

I
MeLeu

I
D-Ala -

Ala

MeLeu6 — Val

MeLeu

Schematic structure of CsA
Compound

Inhibition Con A
Inhibition
stimulated thymocytes IL-2 secretion

CsA
Dihydro-CsA
(3-CH-MeSer)'CsA
(MeBm2t)'CsA
(MeAla)6CsA

100
25-50
7-8
20-30
<1

"Data taken from [9].
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100
48
16
25
<1

Inhibition binding
to cyclophilin
100a
40a
7-8
<1
40 a

Structural biology
Scheme II
H
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U»BUOOH
d;H2OH *******
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^ & ,

- NaH,THF,92%1

(gj

O

!

^ar
67%

CH2OH(10)
l - ^ C O O H (11)

2) Dowex H*

100%

- ^ ^ / V ^ V ^ ^ "

^Sj^x—^^^-OjH

^

(2S,3R)-3,7-Dimethyl-MeBth (7) (2S,3S)-3,7-Dimethyl-MeBth (8)
(from Geraniol)

in all eukaryotic cells examined, and in relatively high concentration. Recently,
cyclophilin has been shown to be identical with peptidyl prolyl isomerase, (PPIase), an enzyme that catalyzes the cis to trans isomerization of acyl-prolyl amide
bonds [4,5,10].
If inhibition of PPI-ase is solely responsible for the immunosuppressive activity
of CsA, then a one to one correlation of binding to cyclophilin and immunosuppressive activity should be found. However, Durette et al. [9] found that
the CsA analog, MeAla6-CsA, lacked immunosuppressive activity even though
it bound well to cyclophilin. Our results, described here, are even more difficult
to reconcile with immunosuppressive activity being caused solely by inhibition
of cyclophilin binding, because MeBm 2 t'-CsA retains more immunosuppressive
activity than predicted by the binding to cyclophilin. Harding and Handschumacher [11] have suggested that multiple isoforms of cyclophilin exist. If so,
it is possible that other, as yet undetected, minor forms of PPI-ase exist, and
that these are more important for selective immunosuppression than the form
isolated to date. In that event, we suggest that MeBm2t'-CsA may be binding
efficiently in vivo to a minor component of cyclophilin or PPI-ase to produce
the observed immunosuppressive response. It is clear that the synthetic methods
described here have led to the discovery of a highly selective CsA analog that
can prove useful in the characterization of CsA receptors.
Acknowledgements
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Introduction
Cholecystokinin-8 (CCK-8, CCK26"33) H-Asp-Tyr(S0 3 >Met-Gfy-Trp-MetAsp-Phe-NH 2 is the C-terminal octapeptide of a larger 33 amino acid peptide
which has multiple biological activities as a hormone in the periphery, and as
a neurotransmitter in the CNS. Efforts to determine the specific biological
activities associated with the different sites of action will be greatly aided by
the design of agonist and antagonist analogs, and mimetics with high potency
and selectivity for these CNS and peripheral receptors. Indeed, recent studies
in several laboratories [e.g., 1, 2] have demonstrated that there are at least 2
classes of receptors for CCK, those primarily in the central nervous system (B
type), and those primarily in peripheral organs (A type). However, the role(s)
of each class of these receptors in the numerous putative CCK-induced biological
effects is still largely unknown. To help elucidate the role of these receptor
systems, we have sought to obtain highly receptor-selective CCK analogs. We
report here some of our studies which have led to the development of highly
potent and selective analogs for the CCK brain receptor.
Results and Discussion
In previous investigations, we [3] and others have demonstrated that replacement of both the Met28 and Met31 residues by the pseudoisosteric amino acid
norleucine (Nle) provides CCK analogs with virtually identical biological activities
to those with Met residues. This led us to the design of CCK analogs with
TV-methylnorleucine (N-MeNle) residues. The use of TV-methyl residues in peptide
design has several potential advantages related to the conformational and
physical-chemical consequences of such substitutions, including: (1) ready accessibility of the cis conformation of the peptide bond; (2) steric constraint,
including a bias of the xi angle to trans (180°); (3) no proton donating ability
of the amide bond; (4) increased basicity of the amide carbonyl; and (5) stability
of the peptide bond to enzyme degradation.
The desired CCK2*5-33 a n ( j CCK29"33 analogs were prepared by SPPS on a
MBHAR. Coupling of amino acid residues such as Trp and Tyr to the growing
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peptide chain when the N-terminal residue was N-MeNle proved troublesome
using standard coupling protocols, such as DIC/HOBt or symmetrical anhydrides. However, we found that use of the BOP reagent at room temperature
generally gave satisfactory results. Work-up and purification followed standard
RPHPLC procedures. Sulfation was performed using pyridine/S0 3 followed by
RPHPLC purification. Proof of structure included AAA, analytical TLC and
RPHPLC, and FABMS. Binding-displacement assays were performed on membrane preparations from the brain and pancreas of rats and guinea pigs using
F5I]CCK2<s-33 as the radioligand.
The affect of N-MeNle31-substitution in CCK29"33 (3 and 4, Table 1) was most
promising in that, not only was substantial selectivity for central vs. peripheral
receptors observed, but potency at the central receptor was increased almost
50-fold. When the same substitution was made in CCK26-33, however, a 200fold loss in potency at the central receptor was observed (compare 4 and 5,
Table 1), and the analogs appeared to bind better to peripheral receptors.
Interestingly, however, when N-MeNle was substituted into position 28 of
CCK26-33 a large increase in potency occurred at the central receptor, and the
analog (6, Table 1) was modestly selective for the central vs. peripheral receptor.
Most interestingly, when N-MeNle was placed in both the 28 and 31 position
of C C K 2 " 3 (Table 1), a highly potent (IC50 = 0.13 nM) and selective analog
for the B type vs. the A type receptor was seen. To the best of our knowledge,
this is the most selective analog for the B class CCK receptor reported thus
far. We have prepared a highly pure 3H-labeled derivative of
[N-MeNle28'31]CCK26-33, and preliminary binding studies in guinea pig whole
brain membranes indicate the presence of two distinct populations of binding
sites with K D s, of about 0.4 nM and 6 nM, respectively. This may suggest the
presence of two different CCK B class receptors in the brain.
Table 1 Binding of CCK2^i analogs vs. f»I]CCK^-" in rats

1
2
3
4
5
6
7

Analogs

Cortex
IC50(nM)

Pancreas
IC50(nM)

Ratio
Pane/Cortex

CCK 2633 S0 3
[Nle28.3i]CCK26-33 Bis S0 3
[Nle3l]CCK2<>-«
[N-MeNle3i]CCK29-33
[Nle28,N-MeNle3i]CCK26-33
[N-MeNle28,Nle3i]CCK26-33
[N-MeNle28.3']CCK26-33

0.32
0.70
230
4.7
980
1.45
0.13

0.13
0.30
9700
> 10000
170
47
1030

0.40
0.41
42
> 2 000
0.17
32
7 900

Sulfation (either mono or bis) led to analogs of CCK 26-33 (Table 2) with greatly
increased binding to peripheral receptors and variable (though small) changes
in binding to central receptors relative to the non-sulfated derivatives. Most
of these analogs showed only modest selectivity for A or B type receptors. One
striking exception was [N-MeNle28,Nle3']CCK26-30 Bis S0 3 " that appears to be
highly selective for the brain receptor (about 9000-fold). This unexpected result
is under further investigation.
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Table 2 Binding of CCK^-33 analogs vs. [i^I]CCK^-33 in rats
Analogs
I
8
9
10
II
12

CCK26-33 S o 3
[Nle28,N-MeNle3']CCK26-33-Mono S03"
[N-MeNle28,Nle3i]CCK26-33_Mono SO-f
[N-MeNle28.3i]CCK2<s-33-Mono SOf
[Nle28,N-MeNle3i]CCK26-33-Bis S0 3 '
[N-MeNle28.3i]CCK^-33-Bis SOf

Cortex
IC50(nM)

Pancreas
IC50(nM)

Ratio
Pane/Cortex

0.32
0.82
1.85
0.090
0.50
1.40

0.13
2.80
0.42
1.4
1.4
0.41

0.40
3.4
0.23
15
2.8
0.29

Finally, we have begun to examine the conformational features of our analogs
which may be responsible for the observed selectivities. 'H and 13C NMR studies
clearly demonstrate the presence of two conformations involving cis-trans
isomerism about the Trp30-N-MeNle31 amide bond in 4 with the trans isomer
predominating. The corresponding [N-MeNle28-31] derivative 7 shows 4 distinct
isomers (2 major, 2 minor). It is suggested that the cis isomer is preferred for
the 'biologically active' conformation in the brain system. Very recently, Carpentier et al. [4] reported on a cyclic lactam analog of CCK26"33, Boc-y-D-Glu-Tyr(S03H)-Nle-D-Lys-Trp-Nle-Asp-Phe-NH2 which is highly selective for
the B type CCK receptor. It will be interesting to determine the conformational
similarities between these two classes of compounds.
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Introduction
Gastrin-releasing peptide (GRP) is a peptide hormone containing 27 amino
acids that is structurally analogous to the amphibian peptide bombesin [1]. GRP
stimulates a wide variety of biological responses in different tissues and cell
lines, including mitogenesis in 3T3 mouse fibroblasts [2,3]. GRP has also been
proposed to play a central role in the pathophysiology of small cell lung cancer
(SCLC) via an autocrine growth mechanism [4,5]. These observations suggest
that GRP antagonists may have clinical utility as inhibitors of the pathophysiological response to GRP in human diseases.
Results and Discussion
The observation that GRP derivatives containing C-terminal ester linkages
are potent GRP antagonists in vitro and in vivo [6] suggests that other C-terminal
modifications might yield even more potent antagonists. A series of GRP
derivatives containing C-terminal ether (Table 1) and alkyl amide (Table 2) moities
were prepared and tested for GRP antagonist activity in competitive binding
inhibition and mitogenic inhibition assays in Swiss 3T3 fibroblasts [6]. Several
trends emerge from the data obtained on these compounds. All of the ether
and alkyl amide derivatives tested were mitogenic antagonists in Swiss 3T3
fibroblasts. In general, the alkyl ether derivatives displayed activity comparable
to that of the alkyl ester derivatives described previously [6], while the corresponding alkyl amide derivatives exhibit improved potency (e.g., compare
compounds 2, 5, and 14). In addition, representative ether (5) and alkyl amide
(16) derivatives were shown to competitively block GRP-dependent elevation
of intracellular calcium concentration in H345 SCLC cells in vitro [6]. This
result demonstrates that these compounds are GRP antagonists in human cancer
cells, and suggests that the GRP receptors on mouse fibroblasts and human
SCLC cells bind GRP in a similar manner.
As has been previously suggested, substitution of Ala for Gly24 of TV-acetylGRP 20-27 yields a peptide with reduced activity, while the D-Ala24 derivative
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Table 1 Activity of alkyl ether GRP derivatives in Swiss 3T3 fibroblasts

Binding
Inhibition
(nM)

Structures
20

1

21

22

23

24

25

26

Mitogenic
Stimulation
(nM)

Inhibition
(nM)

27

Ac-His-Trp-Ala-Val-Gly-His-Leu-Met-NH

0.20

2

-N-y3^

20

3.9

O

_NA^ov

8.3

_

62

N

300

81

OH

>N^O^

91

3.2

7

t

t

t

t

t

t

32

t

Ac-His-Trp-Ala-Val-Ala-His-Leu-Met-NH2

-Leu-Met-NH 2

D-Ala

3.2

410

Ala

10

180

0.20

• 300

O^yy

t

t

t

,,

|D-Ala

|

-N'

O^y

5.0

35

retains full potency (1, 8, and 9) [2]. Similar results were obtained when these
substitutions were made in the ethyl ether antagonist (5, 10, and 11). These
observations suggest that a /3-turn might be important for high-affinity binding
of both GRP and GRP antagonists to the GRP receptor [7].
The primary motivation for the development of GRP antagonists was their
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Table 2 Activity of alkyl amide GRP derivatives in Swiss 3T3 fibroblasts

#

Binding
Inhibition

Structures

Mitogenic
Stimulation Inhibition

X
12

20
21
22
23
24
25
Ac-His-Trp-Ala-Val-Gly-His-

[
N - ^ ^ ^

13

14
N

2.6

10

4.9

-

35

1.4

-

3

2.4

-

6

2.0

-

4

-

22

-

7

(R)
I

15

- f r ^ y * ^
(R.S)
1

16

1
11

17
(S)

1
18

2.8
tr^~y^—•"•—'
(R)

anticipated utility for inhibiting the growth of small cell lung cancer cells. Effects
of GRP and GRP antagonists on the growth rate of SCLC cells in vitro were
monitored in both suspension culture and in anchorage-independent growth in
semi-solid media. SCLC cell lines H345, H69, H417, H209, and N592 were
maintained in SIT medium [6,8]. Cells were transferred to insulin-free media
approximately 96 h prior to use in mitogenesis assays.
Growth of SCLC cells in suspension culture was monitored by viable cell
staining or by [3H]thymidine uptake. Under the conditions tested, ./V-acetyl-GRP
(20-27) did not stimulate growth of these cells at any concentration between
1 nM and 50 /iM. Neither 5 nor 16 inhibited thymidine uptake compared to
untreated cells at concentrations up to 10 juM\ Growth stimulation was observed
when H345, N592, or H209 cells were treated with 25 nM epidermal growth
factor, or when H345 or N592 cells were treated with 10 nM IGF-1. As expected,
neither of the GRP antagonists inhibited growth stimulation by EGF or IGF1.
SCLC cell lines H345, N592 and H69 formed colonies in soft agarose when
plated as small clumps, but not when plated as single cells [9]. No stimulation
of colony formation by ./V-acetyl-GRP (20-27) was observed at concentrations
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from 1 nM to 10 uM. Compound 16 did not inhibit colony formation at
concentrations up to 50 /xM compared to untreated cells. Assay responsiveness
was demonstrated by the addition of 5% FBS, which caused a 100-fold increase
in colony formation. However, 16 did not inhibit FBS stimulation of colony
formation.
We have described the development of GRP antagonists that are equipotent
to native GRP in competitive binding inhibition assays, are stable in human
serum in vitro, and block GRP-stimulated effects in human SCLC cells in vitro
and in murine tissues in vivo. Unfortunately, in our hands these GRP antagonists
were ineffective at inhibiting the growth of SCLC cells in vitro. Additional in
vivo studies will be required to demonstrate whether the GRP antagonists
described above might have utility as therapeutic agents for the treatment of
SCLC.
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Introduction
The antibiotic nisin was the first lanthionine and dehydroalanine-containing
peptide found in nature [1,2], and its unique structure made up of five cyclic
sulfide parts, termed rings A, B, C, D and E, was proposed by E. Gross et
al. in 1971 [3] (Fig. 1). This compound is now widely used as a food preservative
in Europe particularly because of its activity against Clostridium botulinum.
Recently, we successfully synthesized nisin and confirmed the proposed structure
synthetically [4,5]. Through the synthetic study, versatile preparative methods
for dehydroalanine and lanthionine peptides were established that were applicable
to syntheses of other natural peptides containing these amino acids.

Fig. 1. The structure of nisin. Abu — a-aminobutyric acid; Dha = dehydroalanine;
Dhb — dehydrobutyrine; Ala
Ala = lanthionine fmeso form);
L>

Abu

c

Ala = methyllanthionine (threo form).

—ij

Although some interesting biological activities, such as antimalarial activity,
in vitro release of lysosomal enzymes, induction of fetal resorption, as well as
antibacterial activity, were mentioned for nisin [6], relationships between these
activities and the structure of nisin had not yet been studied in detail. In the
present study, we aimed to elucidate the structure and antibacterial activity
relation of this compound. For this purpose, many peptide fragments were
obtained, not only by chemical degration or enzymatic digestion of natural
compound, but also synthetically.
*To whom correspondence should be addressed.
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Results and Discussion
We first isolated a degradated peptide 1 of nisin that was included in a
commercially available nisin as a by-product. This compound seemed to be formed
by a decomposition of Dha 33 residue in nisin. Cyanogen bromide degradation
of nisin gave peptide fragments 2 and 3 that were separated by preparative
HPLC. When the reaction was carried out by use of a limited amount of the
reagent, a fragment 4 was obtained, as well as the fragments 2 and 3.
A tryptic digestion of nisin produced four peptide fragments 5 to 8. The peptide
bonds between not only Asn20 and Met21, but also His 3 ' and Val32 were abnormally
cleaved during the digestion by an unknown mechanism. These fragments were
also isolated by preparative HPLC (Fig. 2).

H-lle-Dhb-D-Ala-lle-Dha-Leu-Ala-D- Abu-Pro -Gly-Ala-Lys-o-Abu-Gly-Ala-Leu-Mel-Gly-Ala-Asn-MelLys-oAbu-Ala-LvAbu-Ala-His-Ala-Ser-lle-His-Val-NH-j

2

H-He-Dht>o-Ala-ll8-Dha-Leu-Ala-o-Abu-Pro-Gly-Ala-Lys-o-Abu-Giy-Ala-Leu-Hse
se -- ii

H-Gly-Ala-Asn-Hse - i
i-Mjiy-Aia-Asn-i-ise

3

H-Lys-o-Abu-Ala-o-Abu-Ala-His-Ala-Ser-Ne-His-Val-Dha-Lys-OH
S
'

4

H-lle-Dhb-D-Ala-lle-Dha-Leu-Ala-o-Abu-ProH3ly-Ala-Lys-c-Abu-Gly-Ala-Leu-Met-Gly-Ala-Asn-Hse
se-i

(n :t

i r » c - i : homoserine lactone \
\

'—'

/

l_J

1

r

0

\

r

°

\

12

.

13/'

°

>

*

20

5

H-lle-Dhb-D-Ala-lle-Dha-Leu-Ala-o-Abu-Pro-Gly-Ala-Lys-OH

6

H-D-Abu-Gly-Ala-Leu-Met-Gly-Ala-Asn-OH

7

H-Met-Lys-D-Abu-Ala-o-Abu-Ala-His-Ala-Ser-lle-His-OH

8

H-Val-Dha-Lys-OH

Fig. 2. Compounds 1-8.
Measurement of antibacterial activity of the peptides obtained above suggested
that the N-terminal segment containing three disulfide ring moieties might be
important for the exhibition of the activity (Table 1). It was especially noteworthy
that deletion of ring C caused an extreme or rather almost complete loss of
the activity, though ring C itself did not show the activity at all. Additionally,
it was concluded that the C-terminal region in the nisin molecule, including
ring D-E and one Dha residue, was not essential for the exhibition of the activity,
but necessary for enhancement of the activity.
Since it was not easy to obtain any more fragments from natural compound,
we next carried out a synthetic work to prepare several peptide fragments for
a systematic elucidation of the SAR of nisin. On the basis of the strategy for
total synthesis of nisin, three cyclic peptide segments were first prepared by
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Structural biology
desulfurization of cystine peptides [7-9] and subjected to condensation to yield
peptides 13 to 17, as summarized in Fig. 3. Of these synthetic peptides, only
peptide 13 was active against test organisms (Table 1).

Boc-lla-Thr-OH

•

HChH-o-Ala-lle-Oha-Leu-Ala-OMe

I WSCI/HOB

Boc-o-Ala-lte-X-Leu-Ala-OMe

Boc-r>Abu-Gly-AIa-Leu-Met-Gry-Ala -OBzl

X - D h a . L-Ala, o-Ala

1

I wso-HCfCua

I HCVAcOH

1M NaOH/MoOH-dionane
HCm-o-Abu-Gly-Ala-Leu-Met-Gly-Ala-Oezl

Boc-I le-Dhb-o-Ala- lle-Dha-Leu-Ala-OMe
Boc-o-Ala-lle-X-Leu-Ala-OH
I IMNaOfVMeOH-dbxana

10

X-Dha

11

X-L-Ala

12

X-o-Ala

Boc-Lys(ClZ)-OH I WSCl-rtOBi

Boc-Lys(ClZ)-D-Abu-Gly-Ala-Leu-Mel-Gly-ALa-OBzl

Boc-lle-Dhb-o-Ala-lle-Dha-Leu-Ala-OH

1)TFA

2)HCVAcOH

9

HChH-LyslCIZ)-o-Abu-Gly-Ala-Leu-Mei-Gry-Ala-OBzl
HCIH-o-Abu-Pro-Gly-Ala-Lys(CIZ)-D-Abo-Gly-Ala-Leu-Mel-Gly-Ala-OB21 •
9, 1 0 , 1 1 , 1 2

y—s-^

I

BrxoAbu-PnvGli-AlaOl

I WSCI/HOBt

WSCUHOei

1)TFA I 2JHF/anisote
eoc-D-Abu-PfO-Gly.Ala-Lys(ClZ)-r>Abu-Gll'-Ala-Letj-Mel^3fy.ALa^)ezl

1)TFA

2)HF/anbota

H-lte-DlTf>^AIa-lre-Dha.Leu.Alao-Alxi-Pro^aly-Ala-Lys^AbuH3ly.Ala-Lefj-Mel^3iy.Ala-OH

13
Ho-Abu-Prf>Gly-Ala-LysK>Abu^3ly-Ala-Leo-Met^3ly-Ala^OH
H^-Ala-lla-X4.eu-AlrK>-Atu.Prf>Gly.Ala-Lyso-Aliu-Gly.Ala-Leu-Mel^i^-Ala<}H
1 4 X-Dha.

15

x-i-Ala,

16

17

X-o-Ala

Fig. 3. Synthetic scheme of peptide fragments related to N-terminal region in nisin.
Consequently, the N-terminal 19-amino acid segment of the nisin might be
a minimal requisite for the exhibition of antibacterial activity of this unique
lanthionine peptide. Our study is currently focused on syntheses of the following
analogs related to N-terminal (l-19)-peptide, i.e., [L-Abu2]-, [D-Abu2]-, [L-Ala5]-,
and [D-Ala5]-(1-19), to clarify the role of two dehydroamino acid residues in
the active sequence.
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Introduction
Although the first reported [1] really potent bombesin (BN) antagonist,
(Leu13i/i-[CH2NH]Leu14)-BN (A), has proved to be an effective and useful inhibitor
of BN actions in several in vitro systems (see Table 1), including growth of
human small cell lung carcinoma cells and inhibition of in vivo rat gastric acid
release [2-5], its 30-fold lower binding affinity than BN itself suggested that
further improvements to Kd and IC 50 values could be made. Indeed, in the reduced
peptide bond pseudopeptide series, it has been possible to substantially increase
binding affinity and antagonist potency, while shortening the chain length from
14 to 9 amino acids [6] (see Table 1). This was accomplished using D-amino
acid substitutions in position 6, accompanied by the removal of the first 5 amino
acids. A recent report by Heimbrook et al. [7], in which a weak antagonist
was created by removal of the C-terminal Met residue in GRP(20-27), prompted
us to examine a similar design strategy in a number of des-Met14-BN peptides
with position 6 modifications, N-terminal deletions, and alkylamide and ester
substituents at the C-terminus.
Methods
Peptides were synthesized by normal SPPS and cleaved from Merrifield resins
with an appropriate amine, hydrazine/MeOH or MeOH or EtOH containing
10% Et 3 N, in the case of the peptide esters, and, additionally, with heating
at 60°C for the latter. Antagonists were examined for their ability to displace
[i25T_Tyr4]_BN binding to guinea pig acini cells and murine Swiss 3T3 cells, and
to inhibit BN-stimulated amylase release from the former, and growth of the
latter as described [1,6].
Results and Discussion
In the pseudopeptide series [6], there was a substantial loss of activity when
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Table 1 Ability of BN analogs to bind to guinea pig acini and murine Swiss 3T3 cells
and inhibit BN-stimulated amylase release from the former and growth of the latter
Kd
A.
B.
C.
D.
E.
F.
G.
H.
I.
J.
K.
L.
M.
0.
P.
Q.
R.
S.

[i/rLeu13.14]
[i/rLeu'3.'4](6-14)
[D-Phe6,iALeu'3.i4](6-14)
[(1-13)]NH2
[(6-13)]NH2
[D-Phe6](6-13)NH2
[D-Nal<*](6-13)NH2
[ D -Phe6](6-13)0H
(6-13)ethylamide
Ac-(7-13)ethylamide
[D-Phe6](6-13)ethylamide
[D-Phe6](6-13)propylamide
[D-Phe6](6-13)butylamide
[D-Phe6](6-13)phenethylamide
[D-Phe6](6-13)methyl ester
[D-Phe6](6-13)ethyl ester
Ac-GRP(20-26)ethyl ester
[D-Phe«](6-13)NHNH2

3T3

Acini

BN analog

60
327
14
216
239
96
95
7931
95
50
16
4
p.a. a
12
7
5
10
5

IC 50
(nM)

Kd

IC50

(nM)

65
18
31
150
5
7
9
33
18
1303
41
1216
1627
24
23
29
34
28
55
1026
54
29
18
262
7
3
0.7
1.6
1.7
0.8
43
5
0.1
6
18
2
2
1
0.16
1.5
1.6
0.19
4
2
1.4
4
2
-

a

p.a. = partial agonist.

amino acids were removed from the N-terminus of the BN antagonists. Thus,
[i/i-Leu13-14]-BN(6-14) (B) was about 5 times less potent than the full sequence
analog. However, in the present des-Met14-analogs, little loss of potency was
found in going from 13 to 8 amino acids (D to E in Table 1). The presence
of D-Phe6 in both sets of shortened analogs dramatically increased binding
affinities and inhibitory potencies (C and F). The size of the aromatic side chain
appeared to be of marginal importance, as evidenced by the retention of high
potency with a D-jS-Nal analog (G in Table 1) and a variety of other aromatic
replacements (not shown).
Inhibitory potency was also greatly improved by alkyl substituents on the
C-terminal amide, with [D-Phe6]-BN(6-13) ethylamide (K) being 5-20 times more
potent than the amide. The propylamide analog (L) was even more potent, but
potency began to decrease in the acini system with the butylamide analog (M).
This peptide, however, still displayed high affinity for 3T3 cells and was
surprisingly effective in blocking their growth with an IC 50 of only 100 pM.
This particular analog also displayed partial agonist activity in the amylase release
assay and may, thus, be revealing some important differences between BN
receptors on guinea pig pancreas and mouse 3T3 fibroblasts. Work is presently
under way to examine this phenomenon using other cell preparations from
different animal species.
Another highly effective C-terminal modification strategy was that of esterification. Both a methyl and an ethyl ester (P and Q) were uniformly potent
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antagonists in all systems examined, and were in the picomolar range for inhibition
of cell growth. The presence of an acetyl group in place of D-Phe in position
6 was also quite effective (R), but the acetylated analogs were usually 2-10
times less potent than their D-Phe counterparts, depending on the assay system.
It was also found that a hydrazide group at the C-terminus also produced
a highly effective antagonist (analog S). This is a significant result, from a
structural viewpoint, since it seems to indicate that it is the electron-donating
capacities of the amide substituents, rather than their hydrophobic/hydrophilic
characteristics, that are primarily responsible for enhanced binding affinity.
Finally, [D-Phe6]-BN(6-13) propylamide has been-tested in vivo in the rat
for inhibition of BN-stimulated pancreatic amylase release, and was very potent
and relatively long-acting. A bolus injection of 100 nM/kg produced inhibition
lasting for about 60 min, whereas the same dose of the original pseudopeptide
A was without significant effect. In summary, a number of highly potent BN
antagonists now exist which should be valuable aids in elucidating the various
Gl and growth-promoting effects of endogenous BN, and which may soon lead
to therapeutically useful compounds.
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Introduction
Endothelin (ET), a potent vasoconstrictor peptide isolated from the culture
media of porcine aortic endothelial cells, is a 21 amino acid peptide having
two intramolecular disulfide bonds [1]. The structures of human and rat ET
have also been deduced from cDNA sequences; human ET was identical with
porcine ET, but distinct from rat ET [2,3]. Recently, the structures of three
types (ET-1, ET-2 and ET-3) of ET were deduced from human genomic DNA,
in which ET-1 and ET-3 were found to be identical with porcine (human) and
rat ET, respectively [4]. ET-2 differs from ET-1 at positions 6 and 7, whereas
ET-3 had six different amino acid residues at positions 2, 4, 5, 6, 7 and 14
from ET-1 as shown in Fig. 1. In previous papers, we reported the synthesis
and disulfide structure determination of ET-1, ET-3, and sarafotoxin S6b, which
is a similar vasoconstrictor peptide isolated from snake venom [5], and found
that two disulfide bonds in these molecules are located at positions 1-15 and
3-11 [6,7]. In the present study, we synthesized various ET related peptides,
including ET-2 and big ET, ET-l(l-39), and measured their vasoconstrictor
activities in order to elucidate their SAR.
Results and Discussion
ET-1, ET-2, ET-3, sarafotoxin S6b, [Asu1-15, Ala 3 ."]-ET-1 and ET-l(l-39) were
synthesized by the segment condensation procedure in solution applying our
maximum protection strategy. Figure 2 shows a typical synthetic route for ET1 (1-39), in which two sets (1 and 15, 3 and 11) of Cys residues were protected
ET-1: Cys-Ser-Cys-Ser-Ser Leu-Met •Asp-Lys-Glu-Cys-Val-Tyr-Phe-Cys-Hls-Leu-Asp-Ile-Ue-Trp
ET-2: Cys-Ser-Cys-Ser-Ser •Trp-LeU' •Asp-Lys-Glu-Cys-Val-Tyr-Phe-Cys-Hls-Leu-Asp-Ile-Ue-Trp
ET-3: Cvs-lThrl-Cvs|-Phe-Thr-Tvr-I.ys -Asp-Lys-Glu-Cys-Val-Tyr-JfyrJ-Cys-His-Leu-Asp-Ile-Ile-Trp
S6b: Cys-Ser-Cys Lys-Asp-Met-Thr Asp-Lys-Glu-Cys-IITurTyr-Phe-Cys-Hls-lLTInl-Asp-ITiTflle-Trp

Fig. 1. Structures of ET-1, ET-2, ET-3 and sarafotoxin S6b.
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Fig. 2. Synthesis ofET-l(l-39).
1) Zn/AcOH, 2) TFA, 3) WSCI/HOBt, 4) WSCI/HOOBt, 5) HF/p-cresol (85/15),
6) K3Fe(CN)6, 7) I2/MeOH.
by acetamidomethyl (Acm) and 4-methylbenzyl (MeBzl) groups, respectively,
and crosslinked the disulfide bonds specifically. Conditions for assembling the
molecule, deprotection, and crosslinking were almost the same as reported in
our previous paper [6]. The crude product was purified by DEAE cellulose
chromatography and RPHPLC, successively. Other ET-1 related peptides were
synthesized by SPPS, applying the same procedure as described in [6]. The
homogeneities of the synthetic peptides were confirmed by analytical HPLC
and amino acid analysis. The proper formation of the disulfide structure in
big ET was confirmed by comparing the enzyme mapping on HPLC using our
ET-1 as the standard. The vasoconstrictor activities of these synthetic peptides
were determined using rat pulmonary artery ring preparations; the conditions
are the same as reported previously [6,7]. The results are summarized in Table 1.
The potencies of ET-2, ET-3 and sarafotoxin S6b were one-half, one-sixtieth
and one-third that of ET-1, respectively. Such differences in biological potencies
should primarily arise from sequence heterogeneity at the amino terminal portion,
especially at position 4 to 7. The vasoconstrictor potencies of ET-1 related peptides
are also summarized in Table 2. All of the monocyclic and linear peptides showed
Table 1 Vasoconstrictor activity of ET-1, ET-2, ET-3 and sarafotoxin S6b using rat
pulmonary artery ring preparations
Potency ratio
Peptide
100a
(« = 7)
ET-1
49.0
(« = 6)
ET-2
1.9
(« = 6)
ET-3
35.1
(« = 6)
Sarafotoxin S6b
The biological potency of each peptide was expressed as % of the standard ET-1.
a
ED 50 = 0.65 ± 0.05 nM.
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Table 2 Vasoconstrictor activity of ET-1 related peptides using rat pulmonary artery ring
preparations
Peptide

Potency ratio

[Cys'-is, Cys3-i']-ET:(ET-l)
[Cys1-11, Cys3-'5]-ET
[Cys'-'s, Cys(Acm)3.H]-ET
[Cys3"11, Cys(Acm)'.'5]-ET
[Cys(Acm)i.3.".'5]-ET
[Cys1-15, Ala3."]-ET
[Ala1-15, Cys3-"]-ET
[Asu1.15, Ala3-"]-ET

00
0.8
0
0
0
29.6
0.4
0

(« =
(« =
(« =
(« =

5)
6)
6)
4)

ET(1-15)-NH2
ET( 16-21)
Ac-ET
Lys-Arg-ET
Des-Trp21-ET
ET-NH2
ET-1 (1-39)

0
0
0.5
0.2
0
5.6
1.8

(« =
(« =
(n =
(« =
(» =
(" =
(« =

6)
6)
8)
5)
5)
6)
8)

[Ala4]-ET
[Ala5]-ET
[Gly«]-ET
[Met(0)7]-ET
[Asn8]-ET
[Leu9]-ET
[Glni»]-ET
[Phe13]-ET
[Ala14]-ET
[Tyr2i]-ET
[Phe21]-ET

35.6
24.2
78.1
69.1
0.8
54.8
0
63.3

a

ED25 = 300 nM;

0b

32.8
18.4

(n = 7)
(« = 8)
(n = 6)a
( « = 8)b

(« = 2)
(« = 4)
(n = 6)
(« = 6)
(« = 7)
(n = 5)
(« = 4)
(« = 2)
(« = 4)
(n = 5)
(« = 5)

b

ED25 = 1000 nM.

greatly reduced or complete lack of activity; however, among monocyclic analogs,
[Cys1"15, Ala3>n]-ET showed one-third that of ET-1, indicating that formation
of the inner disulfide bond is not necessary for expressing its activity. Nevertheless,
its deamino dicarba analog, [Asu1'15, Ala3-U]-ET-1 was almost completely inactive.
These results indicate the importance of the terminal NH 2 group for its biological
activity. This assumption was also supported by the fact that the amino terminal
blocked or extended peptides, such as Ac-ET or Lys-Arg-ET, greatly reduced
the activity. A truncated peptide from the C-terminal, (1-15)-NH 2 , was also
completely inactive even though two disulfide bonds were formed properly in
the molecule. Although removal of the C-terminal Trp residue resulted in complete
loss of the activity, replacement of Trp residue by Tyr or Phe still retained
the biological activity. However, carboxyl terminal blocked or extended peptides
such as ET-NH 2 and ET-l(l-39) greatly decreased the potency, indicating that
the C-terminal COOH group, rather than the Trp side chain, is important for
the biological activity. Analogs [Ala 4 ], [Ala5], [Gly 6 ], [Met(O)7], [Leu9] and
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[Phe 13 ]-ET-1, substituted at the positions of Ser4, Ser5, Leu6, Met7, Lys9 and
Tyr13, respectively, still retained one-fifth to four-fifths of the potency. On the
other hand, replacement of Asp 8 , Glu10 and Phe14 by Asn8, Gin10 and Ala14,
respectively, resulted in greatly decreased potency.
Conclusion
Although two sets of disulfide bonds in the ET molecule are not always
necessary for expression of activity, terminal NH 2 and COOH groups, G J - C O O H
groups of Asp 8 and Glu10, and the aromatic moiety of Phe14 are important
for binding of the ET molecule to its receptor.
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Introduction
The neurohypophyseal hormone, oxytocin (OT), functions in parturition to
contract the uterine myometrium during labor, and the mammary myoepithelium
postpartum to elicit milk letdown [1]. During the last 20 years, structural
modifications of OT have led to the development of potent antagonists [2].

h

/

r-J-r

^ »

NH
CONH
( \

CONHj

/
Oxytocin

Fig. 1. Oxytocin and a typical antagonist, ORF22164.
One such antagonist, ORF 22164 (Fig. 1) is currently undergoing human clinical
trials for use in the prevention of premature birth [3].
We describe here a novel class of cyclic hexapeptide oxytocin antagonist.
Results and Discussion
Receptor-based screening resulted in the discovery of an extract of a fermentation broth from Streptomyces silvensis which inhibited binding of 3 H-OT to
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Fig. 2. Structures of cyclic hexapeptide oxytocin antagonists.
rat uterine receptors [4]. Isolation and structural characterization of the active
components of this extract produced L-156,373, a structurally unique cyclic
hexapeptide containing 5 unusual amino acids (Fig. 2). Features of the structure
include 3 D-residues, 2 piperazic acids, an N-OH isoleucine, and an N-Me group.
The antibacterial cyclic depsipeptide monamycins have some related structural
features such as alternating D- and L-amino acids and the piperazic acid residues
[5]. L-156,373 has moderate affinity for the oxytocin receptor ( ^ = 1 5 0 nM).
In order to improve the potency and selectivity of L-156,373, direct chemical
modifications of the structure were explored. Treatment with TiCl3 in aqueous
MeOH buffered with NaOAc resulted in selective dehydroxylation of the NOH-Ile in about 90% yield to produce the lie-containing analog (L-364,918).
This compound has 5-fold higher affinity for oxytocin receptors.
On exposure to air, L-364,918 undergoes slow oxidation to a mixture of
components that are suggested to contain 5,6-dehydropiperazic acid based on
MS and NMR analysis. Oxidation under defined conditions with tert-butyl
hypochlorite in pyridine gives in 96% yield L-365,209 in which both piperazic
acids are oxidized. L-365,209 exhibits further increased oxytocin receptor affinity
( ^ = 7 nM) and 50-100-fold selectivity over inhibition of binding of 3H-arginine
vasopressin (AVP) to V! and V2 receptors (rat liver and kidney, respectively).
It is comparable in these properties to ORF 22164 (see Table 1).
Table 1 Affinities of cyclic hexapeptide oxytocin antagonists for rat OT and A VP receptors
KinMf
Compound
L-156,373
L-364,918
L-365,209
ORF22164

[3H]OT(uterus)
150 ±23
30 ± 3.5
7.3+ 1.1
3.1+ 0.52

V.(liver)
2200 + 260
1300 ±120
370 ± 9.!
220± 19

[3H]AVP
V2(kidney)
3400 + 420
2400 + 510
820+160
79+ 4

Group mean + SE for 3-6 determinations; K?s were determined from IC50 values
generated using 5-8 concentrations of compound in triplicate.
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L-365,209 has been further characterized as an OT antagonist [4]. In the isolated
rat uterus, L-365,209 was a potent competitive OT antagonist (ATB = 1.7 nM),
but at concentrations of 100-150 nM, it did not block the contractile effects
of bradykinin or PGF 2 a . The effect of AVP in vitro were also antagonized by
L-365,209, although its potency was weaker in accord with the binding data.
In vivo L-365,209 antagonized the contractile action of exogenous oxytocin on
the rat uterus with a relatively long duration of action. At a submaximal dose
of 1 mg/kg i.v., the antagonist effect of L-365,209 was still observed after 110
min. In none of the OT or AVP assays did L-365,209 exhibit agonist activity.
Previously described OT antagonists are analogs of the native hormone and
are heterodetic cyclic peptides [2,6]. Comparison of L-365,209 with antagonists
such as ORF 22164 shows that the former compound represents a significant
structural departure from known antagonists. L-365,209 is smaller in molecular
size, with 6 amino acids compared to the usual 9. It is also a homodetic cyclic
peptide without the cystine disulfide of OT. Within the macrocycle of L-365,209
are D-amino acids and cyclic amino acids not found in other OT antagonists.
The cyclic amino acids are especially unique. Molecular modeling comparisons
suggest that the one region of correspondence between L-365,209 and ORF 22164
may be the dipeptides D-Phe-Ile and D-Tyr(OEt)-Ile. SAR studies are currently
probing this possibility.
The potency, selectivity, and novel structural features of L-365,209 make it
an important new lead toward the development of OT antagonists. This, and
related, structures will also be valuable for further defining the structural and
conformational requirements of the oxytocin receptor.
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Introduction
The proliferation of normal cells is a well-controlled and highly conserved
process that requires the regulation by hormone-like growth factors. One of
the best characterized family of growth factors is the transforming growth factor
type a (TGFa; Fig. 1) and epidermal growth factor (EGF) family, which are
small mitogenic proteins containing three disulfide linkages [1]. Homologous
members of the T G F a / E G F family now encompass a diverse group of proteins
that include domains of blood coagulation factors, extracellular matrix, DNAtumor virus early gene products, and invertebrate embryonic proteins [2].
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'
1
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1
V'VSHFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGARCEHADLLA50
Fig. 1. Structure of human transforming growth factor-a.
To understand the relationships between the structures and functions of the
50-residue TGFa, we used a systematic approach to scan two complementary
series of point-substituted analogs. In the first series (D-amino acid scan), each
amino acid was replaced singly by its corresponding D-amino acid in 41 pointsubstituted analogs mainly to examine the structural effect of D-amino acid
substitution on biological activities. Nine positions consisting of 6 cysteines and
3 glycines were not replaced in the D-amino acid scan. In the second series
(Ala scan), each amino acid was replaced individually with Ala (Ala scan) to
examine the role of the side chain in its receptor-contact roles. The D-amino
acid scan of the whole T G F a sequence has been completed, but the Ala scan
was only partially completed. By examining the ratio of biological activity due
to the D-amino acid and the Ala point-substituted analogs (DA factor analysis),
it is possible to determine residues important for the receptor-contact and
structural integrity of TGFa.
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Results and Discussion
The point-substituted analogs were synthesized by SPPS [3,4], cleaved from
the resin supports by the low-high H F method [5], refolded to the oxidized
forms by an improved and efficient refolding method [3], and purified to
homogeneity by RPHPLC. The integrity of each analog was established by fission
ion MS. The refolding strategy made use of the thermodynamic nature of the
EGF/TGFa structure and allowed them to refold to their most thermodynamic
stable form under denaturing and constant disulfide reshuffling conditions.
Essentially, the refolding method consisted of two sequential gradients: a
decreasing gradient of denaturants for refolding and an increasing gradient of
oxidants for disulfide formation. Both processes were conducted in a single
reaction vessel to minimize loss due to handling. Crude peptides were reduced,
after HF cleavage, by 0.2 M dithiothreitol in 8 M urea, 0.1 M Tris-HCl, pH
8.4. Refolding was conducted in a gradual gradient of reducing concentrations
of urea under the dialysis condition to remove dithiothreitol and other small
molecules M r < 1000 (18-36 h). At 2 M urea concentration, the peptide solution
was diluted with Tris-HCl buffer and 1 mM each of oxidized and reduced
glutathione were added to initiate the second gradient refolding method with
an increasing concentration of oxidized glutathione. The disulfide formation
monitored by HPLC showed that the peak corresponding to the refolded peptide
usually eluted 3-5 min earlier than the reduced form. This simplified refolding
procedure produced 70 TGFa analogs in this study.
In the D-amino acid scan, large variations of more than 100000-fold of
biological activities of the point-substituted analogs were observed in the
competitive EGF receptor and mitogenic assays. The largest decrease of potencies
(more than 500-fold) was found in those residues at the middle loop with the
/J-sheet structure (Thr20-Leu24) and those at the COOH domain (Val33, Tyr38,
Arg42 to Asp47), while the smallest decrease (2-10-fold) was seen with those
residues at the NH 2 domain (residues 1-14). Decrease of activity (100-500-fold)
was observed with analogs substituted at three other positions (Pro 9 , Phe15 and
Pro30). When compared with the known solution NMR structure [5], it became
evident that the D-amino acid substitution was tolerated at the structural flexible
regions such as NH 2 and COOH termini, reverse turns, or helix region (residues
10-17), but not tolerated at the /3-sheet region such as the middle loop (Thr20Leu24,Arg42-Asp47).
In contrast to the D-amino acid scan, the decrease in biological potency was
small to moderate in the Ala-substituted analogs we synthesized. Most analogs
produced less than 10-fold decrease in potency. Large decrease in potencies (40250-fold) was observed with Ala15, Ala22, Ala23, Ala38, Ala42, Ala44, Ala47 and
Ala48. To distinguish whether the lost potency is due to the structural or receptorcontact factor, we propose the use of the 'DA Factor' analysis, which computes
the relative biological potency of each analog due to substitutions by the
corresponding D-amino acid and by Ala (ActivityD.amino acid/ActiviiyAla = DA
factor). High DA factor values ( > 2 5 ) indicate that the residues are structural
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Table 1 DA factor analysis for structural/receptor-contact residues of TGFa
Structural
DA
Receptor-contact
DA
residues
factor
residues
factor
His 18 (32/l) a
Phe23(21 000/260)
Arg22(100 000/133)
Val"(100 000/20)

a

32
81
750
5000

Phel5(108/136)
Tyr38(800/78)
Arg«(4 667/1 300)
Glu 44 (2000/189)
Asp"7( 125/45)
Leu48(10/40)

1
10
4
11
3
0.3

The receptor-binding activities due to D-amino acid and Ala substitutions are in
parenthesis and expressed relative to human TGFa (TGFa= 1).

rather than receptor-contact (Table 1). These include His12, Arg22, Leu24 and
Val33. Low DA factor values ( < 2 5 ) indicate that the residues are nonstructural
and are responsible for receptor-contacting roles and include Phe15, Tyr38, Arg42,
Glu44, Asp47 and Leu48. Interestingly, those residues with low DA factor (0.510) are either invariant or highly conserved in the E G F / T G F a family and are
predicted to be centrally involved in the receptor-binding functions [2]. Since
the DA values of Tyr38 and Asp47 are still high, it is possible that Tyr38 and
Asp47 also play structural roles. Thus, based on the complementary scan approach
and DA Factor analysis, the receptor binding region is located at the carboxy
two-thirds of the molecule (residues 15-50) and located at the same face of
the molecule contributed by parts of the first disulfide (residues 15-17) and
third disulfide loops (residues 38-48).
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Introduction
Renin inhibitors block the production of angiotensins and thus represent a
possible alternative to angiotensin-converting enzyme inhibitors in the treatment
of hypertension. Our laboratory was the first one to initiate a systematic
development of stable isosteric transition-state analogs as inhibitors of renin.
These exploit the much greater binding affinity of the enzyme for the tetrahedral
transition state B than for the ground state A of its substrate [1] (Fig. 1).
Results and Discussion
The first successful transition-state mimic developed by us [2,3] was the
methylene-amino or reduced isostere -CH 2 -NH- shown in structure C (Fig. 1).
When incorporated in place of the scissile bond into the minimum equine substrate
sequence 1 comprising residues (6-13) (Table 1), it produced a 104-fold increase
in potency in vitro and a dose-related hypotensive activity in vivo [4,5] (cf.
2 in Table 1).
The S-hydroxy-ethylene analog E (Fig. 1) was found to be an even more
efficient mimic of the transition state [6]: when introduced into 3 it gave a
105-fold increase in potency (cf. 4 in Table 1) and the corresponding Boc-derivative
5 was a million times more potent than its peptide parent 3. Using such a tightbinding isostere at Pi-Pi\ it is possible to omit secondary binding sites (e.g. P 5
and P4) and still retain nanomolar potency (cf. 6 in Table 1). We have found
the Boc-protected (8-13)-hexapeptide sequence a convenient 'test-bed' for comparing the different transition-state analogs. Recently we have synthesized the
closely related .S-amino-ethylene isostere J [7] (Fig. 1), which provides an inhibitor
of comparable potency but greater selectivity than the corresponding hydroxyethylene analog (cf. 7 in Table 1).
Keto-methylene isosteres (F in Fig. 1) were first introduced by us in 1976
[8] and first used in a renin inhibitor in 1980 [3]. Although the keto-methylene
moiety F itself is not tetrahedral, it is capable of undergoing hydration to give
the geminal diol G, which is a good mimic of the transition state B. In our
'test-bed', the keto isostere produced an inhibitor of moderate potency (8 in
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Fig. 1. Stereochemical relationship of the peptide bond A and its transition state B to
the non-hydrolyzable mimics C - J.
Table 1), indicating that the equilibrium is in favor of the non-hydrated form F.
Statine (Sta) has been incorporated into renin substrate sequences both by
us [9] and by others, either as a substitute for the Pi, residue alone or to replace
the Pi-P[ dipeptide [10]. Although in neither case does it provide an isosteric
mimic of the transition state [6], inhibitors containing Sta still exhibit good
potency provided that the surrounding molecular framework contains sufficient
secondary binding sites. Clearly, the human (8-13)-hexapeptide is inadequate
to support Sta, as shown by the low potency of the Sta analog 11 (Table 1).
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Table 1 In vitro potencies of renin inhibitors
No.

Code
no.

6

7

8

9

10

P5

P4

P3

P2

Pi

11 12 13
IC50 (tiMf

H-His-Pro-Phe-His-Leu

Pf
I

P2' P3'

Leu-Val-Tyr-OH

200b

1

H-114

2
3

H-77
H-112

4

H-194

H-His-Pro-Phe-His-Leu^Hval- Ile- His-OH

0.0030

5

H-261

Boc-His-Pro-Phe-His-Leu°iiVal- Ile- His-OH

0.0002

6

H-269

Boc-Phe-His-Leu°-^Val- Ile- His-OH

0.0024

7

H-301

Boc-Phe-His-Leu—Val- Ile- His-OH

0.0065

8

H-289

Boc-Phe-His-Leu—Val- Ile- His-OH

0.095

9
10
11

H-294
H-293
H-312

Boc-Phe-His-Leu—Val- Ile- His-OH
Boc-Phe-His-Ads
Ile- His-OH
Boc-Phe-His-Sta
Ile- His-OH

H-DHis-Pro-Phe-His-Leu—Leu-Val-Tyr-OH
H-His-Pro-Phe-His-Leu
Val- Ile- His-OH

0.02b
313

0.30
0.44
>1.3

a

vs. human plasma renin
OH:-CH(OH)-CH 2 - in place of-CO-NHA: -CH(NH 2 )-CH 2 - in place of -CO-NHK: -CO-CH 2 - in place of -CO-NHb
vs. dog plasma renin
R: -CH 2 -NH- in place of -CO-NHAds: 3-(.S)-amino-deoxystatine
Sta: 3-(,S>statine
In 1985 we introduced 3(5')-amino-deoxystatine [10] (Ads) in order to provide
additional ionic binding for Sta at the negatively charged active site of renin.
It produces a more potent inhibitor than Sta (cf. 10 vs. 11 in Table 1), particularly
against rat renin.
Conclusion
We have shown that all five new transition-state mimics introduced by us
will provide active inhibitors of renin when incorporated into the human substrate
(8-13)-hexapeptide, their rank order of potencies vis-a-vis statine being: hydroxy ^ amino » keto > reduced^ Ads > Sta. Out of this series, the hydroxy
and amino isosteres promise to be the most efficient in producing potent inhibitors
of relatively low molecular weight, such as those now being sought as orally
effective antihypertensive agents.
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Introduction
Platelet GPIIbllla is an adhesive receptor for fibrinogen, fibronectin, and
von Willebrand factor. It has been shown [1] that its interaction with fibrinogen
mediates blood platelet aggregation. Since RGD-containing peptides seemed to
be implicated in adhesive reactions, we have realized a structure-function
relationship study of these peptides in the platelet system. It has led us to a
powerful in vitro antiaggregant, and this effect has been confirmed in an in
vivo antithrombotic assay in mouse.
Results and Discussion
First, a series of RGDX peptides has been synthesized and tested in vitro
on human platelets to evaluate their capacity to inhibit fibrinogen binding and
platelet aggregation after stimulation with ADP (Table 1). We observed that
the most important inhibitions in both systems were obtained by RGDX peptides,
Table 1 Inhibition of fibrinogen binding and platelet aggregation after stimulation with
ADP (5ftM)
RGDX

Hydrophilicity of X
(Hopp and Woods)

Fibrinogen
binding (IC50 MM)

Platelet
aggregation (IC50 /iM)

RGDS
RGDQ
RGDC
RGDV
RGDL
RGDY
RGDF
RGDW

+0.3
+0.2
-1.0
-1.5
-1.8
-2.3
-2.5
-3.4

55
45
35
18
7
4
9
4

170
207
175
150
48
25
37
14

in which the residue X was strongly hydrophobic. Thus, we obtained the greatest
antiaggregant effect with the peptide RGDW. This result has been confirmed
with other stimulating platelet agents (collagen, adrenalin, thrombin) and
compared with a control peptide RGGW that was inactive. We have also shown,
in vitro, that RGDW had no effect on human endothelial cell adhesion on
fibronectin.
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The peptides were subsequently tested in vivo in a mouse antithrombotic assay
[2]. After simultaneous intravenous injection of collagen, adrenalin and peptide,
we observed (Fig. la) that, at the concentration of 1.5 mg/mouse, RGDW
protected more than 90% of the mice from death or paralysis. The negative
peptide RGGW did not show any effect. For comparison, Ticlopidin, which
is used as a therapeutic drug against thrombosis, was injected per os at 2.5
mg/mouse 24 h and 1 h before testing. It gave a protective effect clearly weaker
than that of RGDW. The effect of RGDW was dose-dependent (Fig. lb) and
the IC 50 appeared to be about 0.3 mg/mouse.

p

1.5mg

1.5mg

Dose/mouse

0.2

0.4

0.6

0.S

1.0

1-2

1.4

RGDW (mg/mouse)

Fig. 1. Mouse antithrombotic assay. Protection against embolism induced by a
collagen/adrenalin mixture.
Finally, the effectiveness of RGDW, RGGW and Ticlopidin on bleeding time
in mice was measured. As RGGW, RGDW did not prolong bleeding at the
doses where it had a potent antithrombotic effect. On the other hand, Ticlopidin
showed a significant prolongation of bleeding time.
The results obtained with RGDW suggest new promising avenues for the
design of antithrombotic drugs.
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The effect of modifications to the N-terminal region of
hirudin on thrombin inhibition
Andrew Wallace, Stanley Dennis, Jan Hofsteenge and Stuart R. Stone*
Friedrich Miescher-Institut, P.O. Box 2543, CH-4002Basel, Switzerland

Introduction
Hirudin is a polypeptide of 65 or 66 amino acids (Fig. 1) that was originally
isolated from the leech Hirudo medicinalis but is now more conveniently produced
by recombinant methods. It reacts rapidly with thrombin to form a tight,
noncovalent complex (Kd = 20 fM; [1]) and shows an absolute specificity for
thrombin [2]. Its 3D structure has been determined using 2D NMR studies [3,
4]. These studies indicate that hirudin consists of three domains: a central core,
a protruding 'finger' and a disordered C-terminal region.

NH 2 -V

10
20
30
V Y T D C T E S G Q N L C I . C E G S N V C G Q G N . K C I I .

40
50
60
G S D G E . - K ' N Q . C V T G E G T E i C P Q S f f N D G D F E E I P E E Y

L

65
Q-COOH

Fig. 1. Sequence of hirudin. The sequence given is that found in [6]; Y* indicates a sulphated
tyrosyl residue.
Results and Discussion
Importance of the a-amino group
Addition of a single methionine to the N-terminus of hirudin led to a decrease
in binding energy of 26 kJ mol -1 (Fig. 2). Removal of this methionyl residue
by CNBr resulted in the recovery of full inhibitory activity. The amount by
which the binding energy decreased was dependent on the nature of residue
used to extend the N-terminus. An additional glycyl residue resulted in a smaller
(20 kJ moh 1 ) decrease in binding energy (Fig. 2).
A large part of the decrease in binding energy caused by the additional amino
acid was due to the displacement of the positively charged a-amino group, as
shown by experiments in which this group was specifically modified. In order
to conduct these experiments, a mutant was constructed in which all the other
primary amino groups were replaced by site-directed mutagenesis. Removal of
the positive charge of the a-amino group by acetylation of the mutant resulted
in a reduction of binding energy by 27 kJ mol -1 . Acetamidination of the
*To whom correspondence should be addressed.
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inding energy decrease (kj/mol)

Met

Gly
Acety
N-terminal extension

Acetamidyl

Fig. 2. Effect of N-terminal additions on the binding energy of hirudin. Hirudin was modified
by either site-directed mutagenesis to produce the Met and Gly extensions or chemically
to produce acetylated and acetamidinated extensions.
a-amino group, which adds a group of similar size to the acetyl group but
retains a positive charge, caused only a 12 kJ mol -1 decrease in binding energy
(Fig. 2). Thus, it appears that a positive charge immediately adjacent to the
N-terminal valyl residue is required for optimal binding to thrombin. The
positively charged a-amino group is presumably involved in an ionic interaction
with a carboxylate of thrombin. The results obtained by Chang [5] also indicate
that the a-amino group is involved in an interaction with thrombin. This group
is readily modified in free hirudin but is protected from chemical modification
in the complex with thrombin.
Importance of the hydrophobic N-terminal residues
The importance of the hydrophobic nature of the N-terminus to the strength
of the hirudin-thrombin interaction was demonstrated by the observation that
replacement of the two N-terminal valyl residues by polar amino acids caused
a marked decrease in the binding energy (Fig. 3). In contrast, conservative
replacements by other hydrophobic amino acids resulted in only moderate changes
in affinity (Fig. 3). By far the largest decrease in binding energy was observed
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Binding energy (-kj/mol)
80 i

none

Ile

Phe
Leu
Gly
Ser
N-terminal substitution

Lys

Glu

Fig. 3. Effect of N-terminal substitutions on the binding energy of hirudin. The paired
N-terminal valyl residues of recombinant hirudin were replaced by the amino acids indicated.
when Val1 and Val2 were replaced by glutamate. In contrast, the effect of
substitution by lysine was much smaller (Fig. 3). The differential effect observed
between the glutamyl and lysyl mutants is presumably due to the effect of the
glutamate replacement on the proposed ionic interaction made by the a-amino
group. The presence of a negatively charged residue in the first and second
positions would disrupt such an interaction. On the other hand, the positively
charged lysyl residue would also be able to participate in this ionic interaction,
while the presence of an ionized carboxyl would make it energetically less
unfavourable to bind the positively charged a-amino group in a hydrophobic
pocket.
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Interaction of the fibrin a- and /3-chain creates a
polymerization site
Kun-Hwa Hsieh
Department ofVCAPP, Washington State University, Pullman, WA 99164-6520, U.S.A.

Introduction
Fibrinogen is a soluble plasma protein (Mr 340000), consisting of two identical
units, each containing three different peptide chains."The six chains are held
together by 29 disulfide bonds in the structure of (Aa, BB, y) 2 . Following injury,
thrombin is generated locally, and its limited proteolysis of fibrinogen leading
to clot formation is central to normal hemostasis [1]. To account for the sequential
cleavage of two pairs of fibrinopeptides (FPA and FPB), accompanied by the
transformation of an initially loose (a, B, y)2 fibrin to the compact and branched
clot, fibrin polymerization has been proposed to involve a two-step mechanism:
binding of the newly exposed NH 2 termini (E domain) with the COOH termini
(D domain) of an adjacent unit results in an end-to-end aggregate of the type
I fibrin; subsequent reinforcement by lateral association generates the more
compact type II fibrin [2].
This proposed mechanism is consistent with the observation that peptide
analogs corresponding to the fibrin a-chain NH 2 -terminal region (GPRP/V, Aa
17-20) could bind to fibrinogen and inhibit fibrin polymerization [3,4]. However,
further extension of the peptide chain to Aa 17-22 or Aa 17-26 resulted in
homologs inactive in the repolymerization assay, and extensive studies showed
that the NH 2 -terminal homolog of fibrin /?-chain (GHRP, B)3 15-18) could bind
to fibrinogen, but dit not inhibit reaggregation [3,5]. Since promotion of the
lateral assembly of fibrin at the expense of linear association has been observed,
during which a reduced protofibril mass:length ratio was accompanied by a
decreased fibrin gel turbidity but an unchanged fibril density [6], the turbidity
repolymerization assay [2,3] may be inherently insensitive to lateral association.
In addition, the sequential cleavage of fibrinopeptides exposes two a-chains and
two /J-chains. Thus, D : E binding may involve simple ionic and H-bonding
interaction [7], whereas fibrin aggregation is conformation-dependent [8] and
may require dimeric and tetrameric polymerization sites.
Methods
Turbidity assay
Fibrin monomer was prepared by clotting fibrinogen with thrombin. Subsequent dispersion of the clot in bromide buffer followed by centrifugation (2000
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rpm, 10 min) removed the undispersed material. Linear aggregation of fibrin
was monitored at 350 nm, following dilution of fibrin monomer solution in
low-ionic strength phosphate buffer according to reported procedures [3,4].
Modified assay
Fibrin aggregation was initiated as above. Reaggregated fibrin was removed
by centrifugation (2000 rpm, 10 min), and % unpolymerized fibrin in the
supernatant was estimated using the absorbency constant of A280 (1%)=15.5.
The extent of polymerization was: 100% minus % unpolymerized fibrin.
This assay utilizes the principle of fibrin clottability [9] and should, therefore,
be sensitive to both linear and lateral associations. A comparison of the turbidity
and modified assay showed that GPRP inhibited fibrin polymerization to
comparable levels in both procedures (data not shown).
Results and Discussion
In corroboration of the reported studies, we observed that neither fibrin Aa
17-29 (Gly-Pro-Arg-Val-Val-Glu-Arg-His-Gln-Ser-Ala-Cys-Lys(TFA)), nor BB
15-24 (Gly-His-Arg-Pro-Leu-Asp-Lys-Lys-Arg-Glu), alone inhibited fibrin repolymerization in the turbidity assay. In the modified assay (Fig. 1), although
neither peptide alone was active, a mixture of Aa 17-29 and BB 15-24 was
at least as effective as Gly-Pro-Arg-Pro. This finding strongly suggests that
interaction of the a- and /3-chains can create a polymerization site. Because
the native sequences of BB 23-25 (Arg-Glu-Glu) and Aa 22-24 (Glu-Arg-His),
and of BB 20-23 (Asp-Lys-Lys) and Aa 29-32 (Lys-Asp-Ser-Asp), are mutually
complementary and can form multiple ionic bonds, it appears likely that ionic
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Fig. 1. Inhibition offibrin polymerization in the modified clottability assay. Symbols are:
• GPRP; A Aa 17-29; k BB 15-24; • Aa 17-29 + BB 15-24.
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interaction of fibrin a- and /3-chains may create a dimeric binding site. Whether
this site is involved in the linear or lateral association of fibrin remains to be
determined.
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RGD analog antagonists of GP Ilb/IIIa stabilized against
proteolysis are active platelet aggregation inhibitors in vivo
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Introduction
Fibrinogen (Fg) is an essential cytoadhesive molecule for the aggregation of
platelets and formation of hemostatic plugs. Recent data suggest that the platelet
glycoprotein Ilb/IIIa complex (gp Ilb/IIIa) is the Fg binding site on platelets
that mediates the adhesive function required for platelet aggregation [1]. The
binding of Fg to gp Ilb/IIIa involves determinants on both the a and the y
chains of Fg, and one essential site of interaction is the sequence RGDF (a9598) [2]. Synthetic peptides containing the RGD sequence effectively antagonize
Fg binding to gp Ilb/IIIa and prevent in vitro platelet aggregation induced
by a variety of platelet activating agents. The ability to inhibit platelet aggregation
irrespective of the activating agent by blocking gp Ilb/IIIa makes it an attractive
antithrombotic approach.
RGD peptides are relatively ineffective agents in vivo. The present study
examines the fate of RGDS and several analogs in human plasma and explores
approaches to overcome the effects of proteolysis.
Results and Discussion
RGDS and a related peptide, RGDY(Me)-NH 2 , were incubated in fresh human
plasma and their disappearance was monitored by RPHPLC. As shown in Fig.
1, both peptides were rapidly degraded. Products from the degradation of
RGDY(Me)-NH 2 were resolved by HPLC and identified as GDY(Me)-NH 2 ,
DY(Me)-NH2 and Y(Me)-NH2. The time-course for their appearance was consistent with sequential degradation from the N-terminus (Fig. 2). When bestatin,
a specific aminopeptidase inhibitor [3,4] was included in the incubation, degradation was completely inhibited. To further confirm the role of aminopeptidase
in the degradation, and to identify improved compounds for in vivo studies,
two analogs were synthesized in which the a-amino group was acetylated (AcRGDY(Me)-NH 2 ) or deleted (des-NH 2 -RGDY(Me)-NH 2 ). Both analogs were
stable in plasma; moreover, they were good inhibitors of ADP-induced platelet
*To whom correspondence should be addressed.
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aggregation (IC 5 0 =10 ^iM). In collagen-induced thrombocytopenia, an in vivo
rat model of platelet aggregation, RGDS was an ineffective inhibitor even at
high doses, —30% inhibition at a dose of 10 mg/kg. On the other hand, the
improved analogs inhibited aggregation 65-90% at 1 mg/kg.
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Fig. 1. Degradation of RGD peptides (—150 nM) in fresh human plasma: RGDS (a);
RGDY(Me)-NH2(o); RGDS(M+ 100 mMbestatin (m); RGDY(Me)-NH2 + 100 mMbestatin
(•); Ac-RGDY(Me)-NH2 (x); des-NHrRGDY(Me)-NH2 (A).
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Fig. 2. Products evolving during the degradation of 150 nM RGDY(Me)-NH2 (o) in fresh
human plasma: GDY(Me)-NH2 (A), DY(Me)-NH2 (u), Y(Me)-NH2 (m).
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MDL 28 050, representative of a new class of
anticoagulant: Development, in-vitro and in-vivo actions
John L. Krstenansky, Thomas J. Owen, Marguerite H. Payne,
Robert J. Broersma, Mark T. Yates and Simon J.T. Mao
Merrell Dow Research Institute, 2110 E. Galbraith Road, Cincinnati, OH 45215, U.S.A.

Introduction
MDL 28 050, Na-succinyl-Tyr-Glu-Pro-Ile-Pro-Glu-Glu-Ala-Cha-D-Glu-OH,
is a synthetic inhibitor of a-thrombin that acts at a site distinct from the catalytic
site of the enzyme. It has an in vitro potency of 29 nM against human a-thrombin,
and 150 nM against bovine a-thrombin. It was developed from systematic SAR
[1-4] which demonstrated that a minimal functional domain of the leech
antithrombin, hirudin, was represented in residues 56-64 of the protein [5].
Hirudin (56-65) itself had a potency of 34 000 nM against bovine a-thrombin.
Thus, MDL 28050 represents a 225-times more potent material than the
corresponding native sequence of the same length, and it also incorporates a
number of unnatural modifications that provide increased enzymatic stability.
Results and Discussion
The anticoagulant effect observed after the intravenous injection of MDL
28050 at 1 and 5 mg/kg in normal and anephric rats, is shown in Fig. 1. Doses
of 1 or 5 mg/kg result in strong anticoagulation at early time points, and at
30 min the higher dose was able to maintain this level of activity. Removal
of the kidneys led to further prolongation of the anticoagulant activity, indicating
that the kidneys represent a major route of elimination of the peptide analog.
Total protection towards thromboplastin-induced disseminated intravascular
coagulation in mice has been demonstrated. The dose required for complete
protection increases with the time of the thromboplastin challenge after dosing
with MDL 28050. Increased doses or removal of the kidneys prolongs the
anticoagulant activity, as was observed in the above ex-vivo rat studies. A similar
dose-dependent effect is seen in a rat model of stasis-induced venous thrombosis,
with anephric animals having prolonged protection.
Conclusion
We found MDL 28050 and related materials to be effective antithrombin
agents with several advantages over heparin or the coumarins. This class of
antithrombin agent does not require the presence of cofactors. They have less
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Fig. 1. Anticoagulant activity of MDL 28050 after intravenous injection (at time = 0 min)
in rats. The level of anticoagulant activity is measured by recording the O.D. 405 nm,
which is a measure of the turbidity resulting from fibrin-clot formation, of a diluted sample
of rat plasma 12 min after the addition of bovine thrombin. The basal response is established
by the readings at the -30 and -5-min time points.
of a tendency to cause bleeding, which is a major undesired result of current
anticoagulant therapy. Thus, these agents may be generally applicable when
anticoagulation is desired (even in the absence of antithrombin III), and safer
to use by having less hemorrhagic potential.
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French Laboratories, P.O. Box 1539, King of Prussia, PA 19406-0939, U.S.A.

Introduction
The antiaggregatory activity of the F(ab') 2 fragment of MAb against the platelet
fibrinogen (Fg) receptor GPIIb-IIIa in humans demonstrated the utility of
inhibition of Fg/platelet binding as antithrombotic therapy [1]. Demonstration
of thrombus formation inhibition in dogs by intracoronary infusion of Ac-RGDSNH 2 (1) established that analogs with high potency and duration could constitute
a peptide approach to antithrombotic therapy [2]. We report a series of analogs
of 1 synthesized by SPPS that culminated in analogs 21 and 22 displaying high
potency (IC50 4.0 juM) and duration of action in plasma (up to 3 h).
Results and Discussion
Side-chain modifications in 1 failed to improve potency dramatically. Modifications at the Ser residue as in 14 and 15 mainly enhanced duration of action
(Table 1). Ser could be deleted without dramatic loss of potency as in 16. Inactive
B-Asp (13) did not form in samples of 1 stored at RT for 6 months. Unlike
RGDV [3], an additional Arg residue as in 8 did not enhance potency. Cyclization
of the -RGD-sequence in disulfide analogs 18-25 proved to enhance potency
and plasma stability. In contrast to linear Af-ethylamide (17), cyclic iV-ethylamide
(22) retained good potency. The increased lipophilicity in (#,A^-diethylsuan)Arg
substitution [4] failed to enhance potency in 23. Pentapeptides typified by 20
displayed superior potency over hexapeptides of the types 18 or 24. Future reports
will describe in vivo efficacy of analogs with even greater potency.

*To whom correspondence should be addressed.
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Table 1 Inhibition" of ADP(10 nMfinduced platelet aggregation in dog PRPb of -RGDpeptides
No.

Compounds

IC50 /^M
Dog PRP/ADP

%Activity
at3hc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Ac-Arg-Gly-Asp-Ser-NH2
D-Arg
D-Asp
D-Ser
Lys
Cit
His
Ac-Arg-Arg
D-Ala
Pro
Asn
Glu
/3-Asp
Val
Tyr

91.3 + 0.1
>200
>200
138 ± 4
>200
>.200
>200
113 ± 1 4
>200
>200
>200
>200
>200
56 ± 1 4
102 ± 1 4
138 ± 1 6
>200
32.7±11

0.00"
33.3
5.9
92
98
54
100

e

NHEt
Ac-Cys-Arg-Gly-Asp-Ser-Cys-NH2
Mpr-Arg-Gly-Asp-Cys-NH2

10.9 ± 2.3

100

20

Ac-Cys-Arg-Gly-Asp-Cys-NH2

16.2± 5.9

55f

21

Ac-Cys-Arg-Gly-Asp-Pen-NH2

4.1 ± 0.6

1O0

22

Ac-Acy-Arg-Gly-Asp-Pen-NHEt

9.5 ± 2

52f
5f

19

ua

23

Ac-Cys-Arg(7V,JV-Et2B ")-Gly-Asp-Pen-NH2

82 ± 5

24

Ac-Cys-Gly-Arg-Gly-Asp-Cys-NH2

52

±18

100

25

Ac-Cys-Gly-Arg-Gly-Asp-Pen-NH2

11.4± 2

100

a

b
c

d
e
f

Measured by light transmittance in Chronolog aggregometer [Zucker, M., Methods
in Enzymology, 169(1988) 117].
PRP = platelet-rich plasma.
Activity measured after incubation in PRP for 3 h at ambient temperature, final peptide
concentration 200 juM.
ti/2 = 90min
Mpr = mercaptopropionyl, Pen = penicillamine.
Incubation of IC 50 concentration peptide, 3 h at 37°C.
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Biological activities of synthetic EGF-like domains in
blood coagulation factor IX
Linda H. Huang3, William Sweeneyb and James P. Tarn3
"The Rockefeller University, 1230 York Ave., New York, NY 10021, U.S.A.
b
Hunter College, CUNY, 695 Park Ave., New York, NY 10021, U.S.A.

Introduction
A sequential repeat of epidermal growth factor (EGF)-like domains is a
common feature among blood clotting proteins. Factor IX, Factor X, protein
S, and protein Z each have two EGF-like domains, and protein C has four
[1]. To determine the structure and function of these domains, we synthesized
the first (peptide A, residues 45-87) and second (peptide B, residues 84-128)
EGF-like domains, and a peptide containing both domains (peptide C, residues
45-128) (Fig. 1).

Fig. 1. Primary structure ofEGF.
Results and Discussion
These syntheses were performed using the Boc-benzyl protecting group
approach in SPPS. The crude and deprotected peptides, after HF cleavage from
the resin, were folded by the mixed disulfide exchange procedure [2]. All peptides
were purified using C18 RPHPLC. The AAA of all synthesized peptides were
consistent with their expected compositions. The molecular weights of peptides
A and B were confirmed by MS. The CD spectrum of peptide A is consistent
with the presence of /J-sheet structure. The NMR spectrum of peptide A also
suggests this, as a number of slowly exchangeable resonances are seen downfield
of 8 ppm, implying a hydrogen bond network, and a number of resonances
suggestive of /3-sheet structure between 4.8 and 5.8 ppm [3] are observed.
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Fig. 2. A plot of shift/[Ca++] vs. shift; the slope is equal to minus the calcium binding
constant.
None of the peptides showed an ability to compete effectively with mouse
[125I]-EGF for EGF receptors in A431 cells. Similarly, none of the peptides
exhibited significant mitogenicity in normal rat kidney cells clone 49F in culture.
However, calcium binding activity was observed. On addition of calcium ion,
a resonance in the NMR spectrum at 5.4 ppm moves upfield, with a maximum
shift at high calcium concentration of 33 Hz. A plot of shift/[Ca 2+ ] vs. shift
[4] yielded a dissociation constant of 0.4 mM, as compared to the dissociation
constant of 0.08 mM found for the high affinity calcium binding site of native
Factor IX [5] (Fig. 2). Magnesium ion at 23 mM did not induce a significant
shift in any of the resonances. Results presented here confirm that the EGFlike domain of Factor IX is a high affinity calcium binding site devoid of EGFlike activity.
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Biosynthesis and characterization of insulin-like growth
factor I (IGF-I)
R.D. DiMarchi, H. Long, J. Epp, B. Schoner and R. Belagaje
Lilly Research Laboratories, Indianapolis, IN 46285, U.S.A.

Introduction
The genetic manipulation of E. coli to code for expression of an appropriate
IGF-I fusion protein has been previously described by this laboratory [1]. A
precursor bearing a single tryptophan, immediately adjacent to the natural IGFI sequence, was expressed in the form of cytoplasmic inclusion bodies. Physical
isolation of these inclusion bodies through differential centrifugation yielded
a trp Ie'-IGF-I fusion protein of approximately 60% purity. Four previously
described methods of tryptophan cleavage were assessed with this partially pure
fusion-protein (Table 1). Two principal improvements in current methodology
were required to produce IGF-I with reasonable efficiency. The first being
elimination of cysteic acid formation without an adverse effect on cleavage yield.
The second improvement required a highly efficient and cleavage-compatible
method of methionine regeneration.
Results and Discussion
Treatment of the fusion protein with DMSO/HC1/TFA (1/1/98) formed a
nearly equal mixture of IGF-I and its methionine sulfoxide analog in approximately 40% yield. AAA revealed cysteic acid formation to have occurred at
less than 1% of the initial cysteine/cystine content. Reduction of the sulfoxide
analog of IGF-I, immediately following cleavage, was achieved in 95% yield
through DMS/HC1/TFA (10/1/89) treatment. The IGF-I was purified as its
^-sulfonate derivative by cation-exchange chromatography.
Through analogous conditions developed for proinsulin formation, natural
IGF-I was obtained from its S-sulfonate in nearly 50% yield. Unlike proinsulin,
a major single impurity was formed in this conversion at one-half the yield
of IGF-I. The impurity and IGF-I were respectively purified to near homogeneity.
Each peptide was treated with S. aureus V8 to generate a series of fragments
that were chromatographically purified and characterized by AAA and MS.
The difference between the impurity and the IGF-I was identified to exist in
the heterodimeric fragment consisting of B5-B10 and A6-A12. The impurity
was presumed to be a monomeric disulfide isomer of IGF-I.
The heterodimeric disulfide peptides of B5-B10 and A6-A12, where B7 is linked
to A6 or A7, were separately synthesized by unambiguous routes. This entailed
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Table 1 Tryptophan cleavage of IGF-I fusion protein
Amino acida

BNPSUntreated skatole[2]

NCS[3]

CNBr[4]

DMSOHC1[5]

DMSOHBr[5]

Cysteic acid
Homoserine
Methionine
Meth. sulfoxide
Meth. sulfone
Tyrosine
Cleavage

<0.1
<0.1
2.0
<0.1
<0.1
3.0
-

0.7
<0.1
<0.1
1.9
<0.1
2.8
25%

0.3
<0.1
<0.1
1.6
<0.1
2.3
33%

0.1
<0.1
<0.1
1.7
<0.1
2.9
1%

0.8
<0.1
<0.1
1.9
0.1
2.8
30%

a

0.6
<0.1
<0.1
1.7
<0.1
2.8
33%

AAA was performed following hydrolysis in 4Af-methanesulfonic acid. The results are
expressed in amino acid equivalents in the IGF-I fusion protein. The cysteine content
in untreated fusion protein is six.

the differential protection of the respective disulfides with Acm and 4-MeBzl.
In each synthesis, the A-B disulfide was formed by B-chain thiol-mediated
exchange with the A-chain S-sulfonate fragment. The second disulfide was
subsequently generated by iodide-mediated formation under acidic conditions.
The two heterodimeric isomers were chromatographically distinct by RPHPLC
analysis. Comparison of the IGF-I and impurity peptide fragmentation pattern
with the synthetic standards revealed the latter to be an A6-B7, A7-A11 disulfide
isomer of the naturally occurring A7-B7, A6-A11 structure.
Conclusion
The synthetic methodology described within this report provides a highly efficient
alternative to cyanogen bromide cleavage for the biosynthesis of peptides. The
efficient regeneration of methionine, following tryptophan cleavage, facilitates
synthesis and permits additional fragmentation, if so desired, through the action
of cyanogen bromide. For the first time, the natural disulfide bonding pattern
of IGF-I has been definitively characterized [6]. In contrast to proinsulin, a
specific isomer was formed in high yield and characterized as the monomeric
A6-B7, A7-A11 disulfide analog of IGF-I.
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Direct identification of disulfide bond linkages in insulinlike growth factor I (IGF-I) by chemical synthesis
Michio Iwai3, Masakazu Kobayashib, Kouichi Tamurab, Yoshinori Ishiib,
Hisashi Yamadab and Mineo Niwab
"Marine Technical College, Faculty of Liberal Arts, Nishikura-cho, Ashiya 659, Japan
b
Research Laboratories, Fujisawa Pharmaceutical Co. Ltd., 2-1-6 Kashima, Yodogawa-ku,
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Introduction
IGF-I, or Somatomedin C, is a 70-residue serum polypeptide with growthpromoting and insulin-like hypoglycemic activities [1]. The primary structure
of IGF-I was chemically determined by Rinderknecht and Humbel in 1978 [2],
except for three disulfide linkages that were postulated based on the homology
with insulin. We found several IGF-I derivatives in a refolding (air oxidation)
mixture of IGF-I produced by a recombinant DNA method [3]. Isomers I IV were isolated from the mixture by RPHPLC. Isomer III was identified as
[Glu 15 ]-IGF-I, and isomer IV proved to be a disulfide bond isomer of IGFI, having Cys6-Cys52, Cys18-Cys61 and Cys47-Cys48. Isomer II was identified as
natural human IGF-I with respect to its retention time on HPLC and its biological
activities, and Isomer I as another disulfide bond isomer of Isomer II around
Cys6, Cys47, Cys48 and Cys52. However, the exact disulfide bond linkage system
of IGF-I has never been proved by chemical methods. The fact that Isomer
I and IV are 8 and 68% active in [3H]-thymidine uptake stimulation, and 5
and 22.4% active in Radio-receptor Assay, like Isomer II (natural form) [3],
respectively, prompted us to determine the disulfide bond linkage system in
IGF-I to establish further its SAR.
Results and Discussion
Isomer I and II afforded, by V8-protease digestion, the characteristic peptide
fragments (Type I and Type II) with the disulfide linkage formed from Cys6,
Cys47, Cys48 and Cys52. Two possible fragments, one with Cys6-Cys47 and Cys48Cys52 (Type I) and the other with Cys6-Cys48 and Cys47-Cys52 (Type II), were
synthesized by SPPS (Fig. 1). All the blocking groups except the Acm group
were removed by HF followed by intramolecular disulfide bond formation with
air or K 3 Fe(CN) 6 oxidation to give 48-Acm IGF-I(47-53) and 47-Acm IGF1(47-53), respectively. 6-Acm IGF-I(4-9) was prepared in a similar manner to
that shown in Fig. 1. Coupling of 48-Acm IGF-I(47-53) and 6-Acm IGF-I(49) by I 2 /HCl-MeOH produced a heterodimer peptide, IGF-I(4-9, 47-53) Type
II, along with the respective homodimers (Fig. 2). Isolated IGF-I(4101
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L_
K3F-I ( 4 - 9 , 4 7 - 5 3 ) Type I

Fig. 1. Synthetic scheme of two IGF-I disulfide containing peptides, Type I and Type
II. (a) HF/anisole, (b) air or K3 Fe(CN)6, (c) I2/HCl-MeOH.
9, 47-53) Type II was identified by HPLC and AAA as the characteristic peptide
obtained by V8-protease digestion of natural type IGF-I. In a similar manner,
IGF-I(4-9, 47-53) Type I was identified as a peptide obtained from Isomer
I of IGF-I.
Thus, the disulfide bond linkage system of IGF-I was absolutely determined
to be Cys6-Cys48, Cys18-Cys61 and Cys47-Cys52, and that of the less active Isomer
I to be Cys6-Cys47, Cys18-Cys61 and Cys48-Cys52.
i
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Fig. 2. RPHPLC of the total crude synthetic products of Type I peptide (a) and Type
II (b). The peptides were loaded on YMC AP-302 200A ODS column (4.6X150 mm)
and eluted with 0.01 M TFA v.s. acetonitrile, 0-60% over a period of 0-30 min.
Flow rate, 1 ml/min. Detection was at 214 nm.

References
1.
2.
3.

102

Froesch, E.R., Burgi, H., Ramseier, E.B., Bally, P. and Labhart, A., J. Clin. Invest.,
42(1963)1816.
Rinderknecht, E. and Humbel, R.E., J. Biol. Chem., 253(1978)2769.
Tamura, K., Yamada, H., Ishii, Y., Koyama, S., Asada, T., Horiai, H., Kobayashi,
M., Niwa, M., Shibiyama, F. and Iwai, M., 8th International Congress of Endocrinology, July 1988, Kyoto, Japan, Abstr. No. 23-18-40.

Synthesis of biologically active analogs of a lipopeptide
mating pheromone from Saccharomyces cerevisiae
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Jeffrey M. Beckerb and Fred Naider3
"Department of Chemistry, College of Staten Island, CUNY, Staten Island,
N.Y. 10301, U.S.A.
b
Department of Microbiology, University of Tennessee, Knoxville, TN 37996, U.S.A.
Introduction
The recognition of yeast sex pheromones by membrane-bound receptors
provides an excellent model system for understanding the mechanism of action
of mammalian peptide hormones. Mating in Saccharomyces cerevisiae involves
the reciprocal action of two peptide pheromones, the a-factor and the a-factor.
The latter pheromone was recently shown to be a lipopeptide with a structure
YIIKGVFWDPAC(S-farnesyl)OCH 3 [1], and was synthesized using both solution-phase and solid-phase strategies [2].
Many peptide hormones are biosynthesized as preprohormones and processed
by cellular enzymes to the mature biologically active molecule. In contrast to
the a-factor, which is bio-synthesized as a long polypeptide precursor containing
a signal sequence and glycosylation sites, the a-factor appears to be synthesized
by a unique pathway [3]. In order to gain information on the mechanism of
a-factor biosynthesis and excretion, and to learn more about the SAR of this
lipopeptide, we decided to prepare analogs in which the cysteine sulfur atom
and the carboxyl terminal methyl ester were modified.
Results and Discussion
The following a-factor analogs, YIIKGVFWDPAC, YIIKGVFWDPAC(Sethyl), YIIKGVFWDPAC(SH)OCH 3 , and YIIKGVFWDPAC(S-farnesyl) were
synthesized and tested for bioactivity.
The dodecapeptides were synthesized by both solid-phase and solution phase
procedures. For YIIKGVFWDPAC(S-farnesyl), two independent routes .were
used. In one of these, a protected dodecapeptide with the structure Boc-Y(2BrZ)
IIK(2ClZ)GVFW(For)D(Chx)AC(Acm) - was assembled on a PAM resin. All
coupling reactions were carried out using three equivalents of Boc amino acid
activated with an equal amount of DIC and HOBt in DMF/CH 2 C1 2 . Each residue
was routinely double-coupled, and the completion of the coupling reaction was
monitored using ninhydrin. After removal of the Boc group, using TFA/CH 2 C1 2
in the presence of anisole (5%), the peptide was cleaved from the PAM resin
using HF. The crude peptide [YIIKGVFWDPAC(S-Acm)] was purified to greater
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than 97% homogeneity using RPHPLC. The Acm group was cleaved from this
precursor using Hg(CF 3 COO) 2 , and the free SH dodecapeptide was liberated
by treatment with H2S to remove the mercury salts. In syntheses where the
cysteine sulfur was protected with a 4-methylbenzyl group, difficulty was
encountered during HF cleavage, and complete removal of this protecting group
could only be achieved at temperatures of 10-25°C.
All attempts to directly farnesylate the sulfur atom of YIIKGVFWDPAC
with farnesyl bromide resulted in a complex reaction product. Consequently,
we protected the a-amine and the Lys side chain using the methylsulfonylethyloxycarbonyl group [Msc] [4]. The Acm group was then removed from the
di-Msc-protected dodecapeptide, as above, and the Msc-protected intermediate
was farnesylated on the sulfur atom using farnesyl bromide in the presence of
DIEA. The Msc groups were removed by treatment with 0.1 N NaOH for 5
min at room temperature, and the final peptide was isolated using RPHPLC.
The farnesylated dodecapeptide free acid was also made by saponifying the
authentic a-factor which had been synthesized by an independent strategy [2].
Both products were identical as judged by RPHPLC, and had the expected AAA
and FABMS molecular ion. The free SH dodecapeptide methyl ester was prepared
by condensing [Ala-Cys(S-)OCH3]2 with Fmoc-YIIK(Fmoc)GVFW(For)D(Ofm)P using the BOP reagent. The resulting 24-peptide was deprotected,
treated with Zn/acetic acid, and purified using HPLC. All peptides subjected
to biological assay were greater than 97% homogeneous.
The a-factor analogs were bioassayed using a strain that is supersensitive to
the pheromone (S. cerevisiae 757 MATa). Activity is reported as the lowest
amount of pheromone that results in discernable growth arrest on a lawn of
strain 757. The activities of the pheromones were: YIIKGVFWDPAC(S-farnesyl)OCH3, 6 pg/disc; YIIKGVFWDPAC(S-farnesyl)COOH, 8 ng/disc; and
YIIKGVFWDPAC(SH)OCH 3 , 8 ng/disc. All other pheromones exhibited biological activity at concentrations higher than 100 ng/disc.
These results demonstrate that neither the farnesyl group nor the methyl ester
are absolutely essential for activity of the a-mating factor of S. cerevisiae.
Nevertheless, removal of either of these groups reduces activity as judged by
a growth-arrest assay by a factor of approximately 1000. Substitution of the
farnesyl moiety by an ethyl group also results in a reduction in activity. These
findings indicate that a large hydrophobic group at the carboxyl end of the
a-factor makes an important contribution to pheromone activity.
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Solid-phase peptide synthesis of an analog of CCK-8
containing the non-hydrolyzable sulfated tyrosine residue
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Introduction
The sulfate ester of CCK-8, borne by the tyrosine residue, is a critical
determinant for its biological activity. Recently, we have described a peptide,
Ac-[L-Phe(CH2S03Na)27, Nle28, Nle3']CCK27-33, in which the OS0 3 H of the sulfate
tyrosine has been replaced by the non-hydrolyzable CH 2 S0 3 H group [1]. This
was the first described analog of CCK-8 modified on the sulfate ester which
recognizes both central and peripheral receptors that retain all the agonist
properties of CCK-8 [2]. In order to study whether or not this modified amino
acid is suitable for SPPS, Boc-(L,D)-Phe(CH2S03Na)-OH was prepared, and its
chemical stability was verified using conventional conditions associated with
the Boc/Bzl strategy. We report here the use of this synthetic amino acid derivative
for SPPS of CCK-8 analogs.
Results and Discussion
Asp-(L,D)-Phe(CH2S03H)-Met-Gly-Trp-Met-Asp-Phe-NH2 was synthesized on
MBHAR using Na-Boc protection for all amino acids and BOP as coupling
reagent [3]. Side-chain protecting groups were: Asp(OcHex), Phe(CH 2 S0 3 Na),
Met(O), Trp(CHO). The peptide was cleaved from the resin following the lowhigh H F procedure and purified by semi-preparative HPLC. Finally, diastereoisomers L (1) and D (2) were easily separated using semipreparative HPLC
and characterized by UV and NMR spectroscopy [4]. The absolute configuration
of Phe(CH 2 S0 3 H) 27 residue in compounds 1 and 2 has been unambiguously
confirmed by preparation of Boc-L-Phe(CH 2 S0 3 Na)-OH, which afforded compound 1 by SPPS.
Table 1 Biological activities of CCK-8 analogs 1 and 2
Compound

Binding K[ (M)
Amylase release
ECso ( M )
Brain
Pancreas
CCK-8 (CCK2M3)
0.28 ±0.01x10-' 0.64 ± 0.05 x 10-» 2.80 + 0.11 x 10-"
1 [L-Phe(CH2S03H)27jCCK26-33 1.00 + 0.28x10-' 1.04 ± 0.06 x 10-» 3.98 + 0.28x10-"
2 [D-Phe(CH2S03H)27]CCK2«3 2.91+0.31x10-' 1.74 + 0.03x 10-8 1.58±0.19x 10-'"
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These CCK-8 analogs, which have the same biological properties as the parent
compound (Table 1) but with an enhanced chemical stability, could be of great
interest to biochemical and, more particularly, to pharmacological studies. Thus,
the 'stabilized-CCK-8' (1), easily prepared by SPPS (yield of pure compound = 16%), could replace CCK-8.
Results are the mean + S E M of three separate experiments, each value in
triplicate.
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Introduction
It is well known that mammalian pancreatic and brain CCK receptors differ
in structure and ligand specificity [1]. Pancreatic CCK-receptor (CCK-A) is
selective for sulfated forms of CCK [2], but sulfated and unsulfated CCK-8
(and shorter C-terminal fragments, down to CCK-4) interact about equally with
the brain receptor (CCK-B) [3]. Thus, it is of interest to design CCK analogs
as specific ligands for each class of receptors, in order to assess the structural
requirements for receptor selectivity, and further study the physiological role
of CCK. Introduction of conformational constraints, i.e., by peptide cyclization,
is a way to achieve receptor selectivity that was successfully carried out in the
enkephalins series [4]. Previously described conformational studies of CCK [5]
have shown that the backbone of CCK is highly folded, and that the side chains
of the methionine residues 28 and 31 are pointing outwards. We thus investigated
the synthesis of cyclic CCK analogs in which residues 28 and 31 have been
replaced by lysines, whose side chains are linked by a succinyl bridge.
Ac-Tyr(S03H) -Lys-Gly-Trp-Lys-Asp-Phe-NH2

JMV310

LcO-(CH2)2-CCH
Ac-Tyr-Lys-Gly-Trp-Lys-Asp-Phe-NH2 JMV32 0
l-CO-(CH2)2-CO-l
H-Lys-Gly-Trp-Lys-Asp-Phe-NH2 JMV328
"-CO- (CH2)2-CO-l
Ac-Lys-Gly-Trp-Lys-Asp-Phe-NH2
'-CO-(CH2)2-CO-'

JMV332

Fig. 1. Structures of CCK analogs.
Results and Discussion
The cyclic CCK analogs obtained in this work are listed in Fig. 1. The synthesis
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was carried out in solution by fragment condensation (bridging of the lysine
side chains) and cyclization at the Gly-Trp bond by the BOP reagent. A detailed
synthetic procedure will be published elsewhere. All final compounds were
extensively characterized by >H NMR and FABMS.
Table 1 Apparent affinities of cyclic CCK analogs
]Binding

Boc-[Nle28.3i]-CCK-7
Boc-Trp-Leu-Asp-Phe-NH2
JMV310
JMV320
JMV328
JMV332

sP

Rat pancreatic
acini IC50 (nM)

Guinea pig brain
membranes IC 50
(nM) -

2.32
4000
13000
21750
28 250
16750

0.29
2.22
1.32
2.03
12.0
5.0

+
±
+
+
±
+

0.48
851
2345
2688
3 614
4 534

±
+
±
±
+
+

0.05
0.29
0.14
0.26
0.82
0.71

8.54
1884
10151
11065
2386
3 550

±
±
±
±
±
±

3.13
629
2854
2 741
463
1411

a

sf: IC50 (rat pancreatic acini)/IC50 (guinea pig brain membranes).

Compounds JMV310, JMV320, JMV328 and JMV332 were tested for their
ability to inhibit binding of [125I]-BH-CCK-8 to rat pancreatic acini and to guinea
pig brain membranes (Table 1), and were compared to the potent CCK analog
Boc-[Nle283i]-CCK-7 and to the CCK-4 analog Boc-Trp-Leu-Asp-Phe-NH2. The
cyclic CCK derivatives were weakly potent in inhibiting binding of labeled CCK8 to rat pancreatic acini, showing apparent affinities in the 10 j/M range. Thus,
they are less potent than Boc-Trp-Leu-Asp-Phe-NH2 and Boc-[Nle28'3i]-CCK7, respectively, by one and four orders of magnitude. However, all cyclic CCK
analogs were very potent in inhibiting binding of [I25I]-BH-CCK-8 to guinea
pig brain membranes ( I C S Q ^ 1-10 nM). Compounds JMV310 and JMV 320 (IC50
1.32 and 2.03 nM) were the most potent, comparable to the CCK-4 analog
(IC50 2.22 nM). These results clearly show that sulfation of the tyrosine residue
of the cyclic analog does not dramatically affect the binding to either the central
or peripheral CCK receptors. However, removal of the tyrosine residue, leading
to compounds JMV328 and JMV332, mainly affects the apparent affinity for
central receptors (IC50 12 and 5 nM, respectively). The selectivity factor, ratio
of apparent affinity for pancreatic receptors over apparent affinity for central
receptors, of compounds JMV328 and JMV332 is about that of Boc-Trp-LeuAsp-Phe-NH 2 (approximately 2000), whereas, it is equal to about 10 000 for
compounds JMV310 and JMV320. Thus, derivatives JMV310 and JMV320
appear to be the most selective CCK analogs for central receptors described
to date, and are the first example of CCK analogs modified at the C-terminal
tetrapeptide end of the hormone that are able to retain significant affinity for
central CCK receptors. They might be an interesting tool for studying the
physiological role of the CCK central receptor (CCK-B). Therefore, extensive
pharmacological and conformational studies are now in progress in our laboratory.
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Synthesis and biological activity of a cyclic analog of
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Introduction
The a-mating factor of Saccharomyces cerevisiae is a linear tridecapeptide
with the sequence of Trp-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-Gln-Pro-Met-Tyr
[1]. Numerous investigations have been carried out on the relationships between
the primary structure, the conformation, and the biological activity of the afactor. In particular, proton NMR studies in solution [2] and in the presence
of lipid [3], in combination with the biological activities of analogs that can
and cannot form /?-turns [4] have provided the evidence that the biologically
active conformation of the mating factor contained a Type II /3-turn spanning
residues 7 and 10. In order to get further insight into the mode of interaction
of this yeast-mating pheromone with the receptor, we undertook the synthesis
of a cyclic analog of a-factor, cyclo7'10[Nle12]-a-factor, in which the critical region
was constrained by a covalent link between the e-amine of Lys7 and the ycarboxyl of the Glu10.
Results and Discussion
The synthesis of the cyclic analog of a-factor used the SPPS on a PAM resin
following a strategy recently developed by Felix et al. [5]. Boc group was used
for the NQ-protection of all residues. The side-chain protection groups were
Trp(For), His(Tos), Lys(Fmoc) and Glu(OFm). Deprotection of the Boc group
was accomplished with 45% TFA/2% dimethyl sulfide in CH2C12, except for
Gin where 4 N HC1 in dioxane was employed. Neutralization was carried out with
a low concentration (5%) of diisopropylethylamine in CH2C12. After assembly of
BocTrp(For)-His(Tos)-Trp(For)-Leu-Gln-Leu-Lys(Fmoc)-Pro-Gly-Glu(OFm)
Pro-Nle-Tyr(2-BrZ)-PAM-resin, the Fmoc and OFm groups were deprotected
with 20% piperidine in DMF, and cyclization was effected on the resin by using
BOP reagent as coupling agent. The cyclized peptide was cleaved from the resin
with high H F using anisole as scavenger at 0-2°C for 1.5 h. It was found by
analytical HPLC that the crude product contained two major peaks at 12.1
and 17.1 min (Fig. 1A). The latter peak completely disappeared after treatment
of the crude product with HOBt in water and acetonitrile for 2 h. The cleaved
peptide was incubated with 1 N piperidine in DMF and water to remove the
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Fig. 1. HPLC of the synthetic cyclic peptide, (a) The crude product from HF cleavage;
(b) The purified peptide.

formyl group. However, no change in retention time was observed, indicating
that the formyl group had been completely removed during the treatment of
the resin with piperidine in DMF prior to cyclization.
The crude cyclic peptide was purified by preparative RPHPLC. The total
yield of the purified peptide (>99% homogeneous, Fig. IB) was 30%, on the
basis of the initial amino-acid content on the resin. In comparison with our
previous results on the synthesis of a-factor analogs by SPPS [6], significant
improvements were achieved in both the homogeneity of the crude product and
the total yield of the purified peptide. These improvements are attributed to
the utilization of HC1 in dioxane for the deprotection of the Boc group on
Gin, and longer duration and slightly higher temperature in the H F cleavage.
The homogeneity of the peptide was confirmed by TLC on silica gel thin layers
using two systems, and the structure was verified using AAA, FABMS, peptide
sequencing and 400 MHz NMR.
The biological activity of the synthetic peptide was investigated in the growth
arrest assay. In comparison with the linear [Nle12]-a-factor, the cyclic analog
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was 1/4 as active using a wild-type tester, 1/5 as active with S. cerevisiae 631,
and 1/20 as active against S.cerevisiae 629 and S.cerevisiae 4202-15-3. These
results show that this constrained peptide retains high biological activity and
provides further evidence that the biologically active conformation of the amating pheromone might possess a bend involving Lys7-Pro8-Gly9-Gln10 residues.
Acknowledgements
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Anti-aspartame type sweeteners, chemically stable peptides
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Department of Fermentation Technology, Faculty of Engineering, Hiroshima University,
Higashi-hiroshima, Hiroshima 724, Japan

Introduction
Since the discovery of aspartame [1] many studies have been done to establish
the molecular requirements for sweet taste. It would be most reasonable, as
reported by many workers, that the sweet taste of aspartame is elicited by the
trifunctional unit AH-B-X, were AH is an acidic proton, B is an electronegative
atom or center, and X is a hydrophobic group, as indicated in Fig. 1.

AH
NH 2

x

s X ( X' )n
H

B

Fig. 1. Aspartame (1) and a model of anti-aspartame-type sweetener (2).
Recently, during the study of salty peptides, we found that the basic dipeptides,
Gly-Lys and y-Abu-Lys, produced a sweet taste at about the same level as
sucrose [2]. In comparing the structure of these basic dipeptides to that of
aspartame, it was predicted that the e-NH2 group and the a-COOH group in
C-terminal Lys and N-terminal amino acid residue corresponded to AH, B and
X in aspartame, respectively (Fig. 1). We named these kinds of dipeptides 'antiaspartame-type sweeteners', and synthesized a series of such dipeptides to
investigate their utility.
Results and Discussion
Results of sensory analyses are shown in Table 1. In the case of Bz-GlyLys-OH and its derivatives (3-5), the sweet potencies were increased, but the
quality was not good enough because of other co-existing tastes. The Lys
derivative, however, was superior in both taste qualities and potencies to Orn
and Dab derivatives. Thereafter, the basic amino acid was chosen to be Lys.
Next, the main peptide chain (R') was elongated (6 and 7). Both compounds
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Table 1 Results of sensory analyses of anti-aspartame-type sweeteners
Compounds

T.V.(mM)

Taste

3
4
5
6
7
8
9
10
11
12
13

0.67
1.97
0.88
0.24
0.20
0.10
0.34
0.53
0.66
0.22
0.32

sweet >
sweet >
sweet >
sweet
sweet
sweet
sweet
sweet >
sweet >
sweet >
sweet >

Bz-Gly-Lys-OH
Bz-Gly-Orn-OH
Bz-Gly-Dab-OH
Bz-/3-Ala-Lys-OH
Bz-7-Abu-Lys-OH
Ph-ac-Gly-Lys-OH
Ph-pr-Gly-Lys-OH
Ph-ac-/?-Ala-Lys-OH
Ph-pr-/3-Ala-Lys-OH
Ac-Phe-Lys-OH
Ac-D-Phe-Lys-OH

sour
sour
bitter

bitter
bitter
sour
sour > bitter

Ph-ac- = phenylacetyl; Ph-pr- — phenylpropionyl; T.V. = threshold value.
had a sweet taste without bitterness, and the potency was about 20 times stronger
than that of sucrose. Further, the length of the acyl group (R) was elongated,
and phenylacetyl-Gly-Lys-OH (8) was found to have a sweet taste about 50
times stronger than that of sucrose. Compounds 10 and 11, whose peptide chains
were further elongated,had a bitter taste in addition to their sweet taste.
It is believed that aspartame produces the strong sweet taste because it has
a branched structure at the Phe moiety so that the flexibility of its X functional
group (phenyl group) is limited. Therefore, we introduced the branched structure
into our anti-aspartame-type sweeteners. Among them, Ac-Phe-Lys-OH (12) was
found to be useful with a strong sweet taste and high taste quality.
We developed the new type of sweeteners according to the AH-B-X theory
and successfully designed the anti-aspartame-type sweeteners. All the synthetic
compounds reported in this paper do not contain a methyl ester. This is one
of the more remarkable features and is thought to be a great advantage with
regard to stability in solution and nutritional problems, in comparison with
aspartame.
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Introduction
Neuromedin U-8 (NMU-8: Tyr-Phe-Leu-Phe-Arg-Pro-Arg-Asn-NH2) is a novel
neuropeptide isolated from porcine spinal cord [1]. The octa- or hepta-peptide
amide structure of NMU-8 is conserved in neuromedin U-25 [1] or rat neuromedin
U [2] at their C-terminals. The peptides have potent uterus contractile activity,
and effects on blood pressure and flow [3,4]. There is little information on the
structure requirement for the activities of NMU-8. SAR of NMU-8 and the
development of an antagonist against NMU-8 are described.
Methods
Peptide synthesis: NMU-8 and 18 related peptides (Table 1) were synthesized
by automatic SPPS using BHAR and were purified by RPHPLC.
Bioassay: Biological properties of the NMU-8 related peptides were examined
on isolated guinea pig trachea and chick crop. The method used for experiments
were essentially the same as those previously described [5].
Results and Discussion
On guinea pig trachea preparation, 2, 3, 5, 7, 10 and 12 possessed no intrinsic
activity, while the activity partially remained in 1, 4, 6, 8 and 9. None of these
analogs showed any antagonistic activity except [D-Phe2]-NMU-8(12), which
exerted some antagonistic effect (x = 5.12) against NMU-8.
On isolated chick crop, the replacement of Phe 2 , Leu3, Phe4, Arg 5 , Pro 6 , Arg7
or Asn8 with Gly, and the truncation of the N-terminal, two residues of NMU8 brought about a drastic decrease of the contractile activity (Table 1). The
substitution of the corresponding D-moiety for Phe2, Phe4, Arg5, Pro 6 or Asn8
caused a marked decrease of the agonistic activities, while the replacement of
Tyr1 with D-form enhanced the activity. Interestingly, 16 was found to act as
an antagonist against NMU-8 when 12,14,15 and 18 did not show any antagonistic
activity against NMU-8.
The systematic study of the SAR of NMU-8 revealed that (a) the active site
*To whom correspondence should be addressed.
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Table 1 Agonistic and antagonistic activities of NMU-8 analogs on isolated chick crop
Analog No.

Peptide
NMU-8
[Gly']-NMU-8
[Gly2]-NMU-8
[Gly3]-NMU-8
[Gly4]-NMU-8
[Gly5]-NMU-8
[Gly6]-NMU-8
[Gly7]-NMU-8
[Gly8]-NMU-8
NMU-8 (2-8)
NMU-8 (3-8)
[D-Tyri]-NMU-8
[D-Phe2]-NMU-8
[D-Leu3]-NMU-8
[D-Phe4]-NMU-8
[D-Arg5]-NMU-8
[D-Pro6]-NMU-8
[D-Arg7]-NMU-8
[D-Asn8]-NMU-8

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

RA3'*
1
0.40 +
<0.01
0.08 +
<0.01
<0.01
<0.01
NT
<0.05
0.53 +
<0.01
2.47 +
<0.09
0.33 +
<0.08
<0.11
0.75 +
<0.12

X6

0.10
0.02

0.14
0.17
0.02

0.18

NTC
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
5.22 + 0.12
NT
-

a

Relative affinity: antilog of [pD2 of an analog minus pD2 of NMU-8] (mean +SE).
Empirical x-intercept of the line of Scild plot as determined by the linear regression
analysis (mean + SE).
c
Not tested.
* Numbers of determinations were 6-8.
b

of NMU-8 may exist between positions 2 and 8; (b) the side chain of each
amino acid at positions 2, 3, 5 and 7 seems to be of relative importance for
the expression of contractile acitivity; and, (c) the replacement of Phe2 or Pro 6
with D-form could change the pharmacologic spectrum of NMU-8 from that
of an agonist to that of an antagonist. These results indicate important clues
in the further development of potent and specific antagonists against NMUs.
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Introduction
Cyclolinopeptide A [CLA (I), Table 1], a homodetic cyclic nonapeptide from
linseed, defends liver cells against several poisonous substances, such as phalloidin,
ethanol, cysteamine and DMSO. This strong cytoprotective activity, shared with
antamanide and somatostatin, relies on the high affinity of these peptides for
the same liver membrane proteins responsible for the uptake of toxic compounds
and bile salts [1]. Recently the conformational analysis of CLA, both in the
solid state and in solution, has been performed in our laboratories [2]. In
particular, a singular conformational state in solution, consistent with the solid
structure, has been detected in CDC13 at 214 K. This result prompted us to
develop a research program aiming to investigate the SAR of CLA and related
cytoprotective peptides in more detail. To this purpose, a few CLA analogs
have been synthesized and their conformational and biological properties
investigated.
Table 1 Chemical structure and cytoprotective activity of CLA, its analogs Ia-Ie and
of the cystin peptide II.
No.
Position no.
CD50 /uM
1

I(CLA)
la
lb
Ic
Id
le
II

2

3

4

5

6

7

P r o - - P r o - - P h e - —Phe—Leu —Ile ——Ile
Ile
rrPro—Pro—Phe—Phe—Leu—Ile

8

9

Leu -- V a l - j
Leu—Val-.

Ala

Ala
Ala
Ala
Aib—Aib
D-Ala
Boc—Cys—Val—Pro—Pro—Phe—Phe—Cys—Ome

0.84
1.2
1.3
6.2
3.2
1.8

Results and Discussion
Figure 1 shows the structure and biological activity of CLA and its analogs.
CD 50 values stand for peptide concentration required to inhibit the cholate uptake
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by 50%. In analogs la-Id each member of the postulated active sequence of
CLA, -Pro'-Pro 2 -Phe 3 -Phe 4 has been replaced by an L-Ala residue. The CD 50
values found for these compounds reveal that all of them retain biological activity.
However, the higher CD 50 value found for analog Ic indicates that the Phe3
residue plays the most important role. The introduction in analog le of constraints,
such as Aib and D-Ala residues, is likely to induce an ordered secondary structure
diminishing the mobility of the 9-membered ring. This fact is indicated by a
2D NMR study of le (CLAIB) in CDC13 solution. At room temperature, the
CLAIB structure is fairly rigid, resembling that of CLA in the same solvent
at 214 K (Fig. 1). Besides, CLA and CLAIB are characterized by almost identical
conformational features in the solid state. The biological test for this analog
is in progress.

CLA

CLAIB

Fig. 1. Comparison of 500 MHz tH NMR spectra of CLA and CLAIB in CDCl3.
Cystin peptide II has been prepared in order to obtain information on the
role of the composition and size of the ring in determining the conformation
and the biological effect of the active part of the molecule. II retains half of
the cytoprotective effect of CLA, thus demonstrating that its 5-8 sequence is
not crucial for activity.
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Introduction
The cecropins and melittin are short polypeptides produced by the silk moth,
Hyalophora cecropia, and the honey bee, Apis mellifera [1,2]. Cecropins A, B,
and D represent the principal components of the humoral immune system of
H. cecropia. Melittin is the major protein and toxic component of bee venom.
These peptides are 26 (melittin) to 37 (cecropin A) amino acids in length, and
each contains a strongly basic region and long stretches of hydrophobic amino
acid residues. However, the N-termini of cecropins are basic, whereas in melittin,
the C-terminus is basic (Fig. 1). Both the cecropins and melittin will lyse bacteria,
but the antibacterial spectrum of melittin is narrower and only melittin will
lyse eucaryotic cells.

K _W_K-L-F-K-K-I-E-K-V-G-Q-N-I-R-D-G-I-I-K-A-G-P-A-V-A-V-V-G-Q-A-T-Q-I-A-K-NH 2

+

+ + + +

G-i-G-A-V-L-K-V-L-T-T-G-L-P-A-L-I-S-W-I-K-R-K-R-Q-Q-NH 2

Fig. 1. Amino acid sequences of cecropin A (top) and melittin (bottom}.
We are attempting to determine which elements of structure are responsible
for the antibiotic and lytic properties of these molecules by constructing analogs
and hybrids of cecropins and melittin and examining their effects on procaryotic
and eucaryotic cells.
Results and Discussion
Peptides were synthesized by established procedures for SPPS [3], using MBH A
resin as the solid support. They were deprotected and cleaved from the resin
by the low/high HF method, and purified by gel filtration and RPHPLC.
Compositions, purities, and molecular weights were assessed by AAA, analytical
HPLC, and MS. Antibacterial activities were determined by inhibition zone
assays. Table 1 lists the results obtained with selected peptides.
A small change in cecropin A, deletion of the helix disrupting sequence Gly-Pro,
had the effect of enhancing the antibacterial activity 100-fold against Bacillus
120

Structural biology
Table 1 Lethal concentrations (nM) for cecropin A (CA) and melittin (M) analogs and
hybrids"
Compound

E. coli

B. subtilisb

5". aureus

5. cerevisiae

SRCC

CA(l-37)
M(l-26)
Ca( 1-22) (25-37)
M(16-26)(l-13)
CA(1-13)M(1-13)

0.2
0.8
0.4
0.7
0.5

200
0.3
2
1
0.9

>200
0.2
>300
10
2

62
13
—
25
20

>200
4-8
>300
>200
>200

a
b
c

Lethal concentrations were calculated from inhibition zones on thin agarose plates seeded
with the cells listed above [1].
B. subtilis with Medium E.
SRC — sheep red cells.

subtilis. Larger changes, such as transposing the N- and C-terminal regions of
melittin [M(16-26) (1-13)] or combining the N-termini of cecropin A and melittin
[CA(1-13)M(1-13)], greatly reduced red cell lysis with respect to melittin, and
enhanced antibacterial activity towards Bacillus subtilis and Staphylococcus aureus
with respect to cecropin A. These results demonstrate that the general approach
of synthesis and study of analogs and hybrids of these peptides can lead to
an understanding of the structural features that are important for their biological
activities, and may lead to improved antibiotics.
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Introduction
Magainins (PGS peptides) consist of two analogous peptide sequences of 23
residues [magainin 1: GIGKFLHSAG(K)KFGKAFVGEIMK(N)S, magainin 2
differs as shown in parentheses] which are the first series of antibiotics reported
to be produced by a vertebrate [1-3]. They were isolated from the African clawed
frog, and exhibited a wide spectrum of antimicrobial activity and osmotic lysis
of protozoa [3]. Substitution of Ala for Gly13 and Gly18 resulted in an increase
of up to two orders of magnitude in antimicrobial activity, and a greater propensity
for amphiphilic a-helical formation in a buffer-TFE mixture [4]. However, change
to D-Ala at positions 9, 13 and 18 yielded a peptide with no detectable hemolytic
or antimicrobial activity. We report here the synthesis of analogs with all
remaining permutations of D- and L-Ala at these positions in order to elucidate
the importance of the location of the helix in affecting biological activity.
Methods
Eight magainin 2-amide analogs, designated as F(Ala 1318 ), H(D-Ala9-13-18), J(DAla13.18), K(Ala13,D-Ala9.18), L(Ala13,D-Ala18), M(Ala18,D-Ala9.13), N(Ala18,DAla13), P(Ala13-18,D-Ala9) were synthesized by the SPPS method and purified
by preparative RPHPLC on a Vydac C4, 300 A, 15-20 n column [4,5]. CD
measurements, bacterial and hemolysis assays were similar to those described
[4], except that total bacteria growth inhibition for 24 h was the criterion for
the determination of the minimal inhibition concentration (MIC).
Results and Discussion
From observations that alternating D,L sequences, such as gramicidin A, exhibit
left handed /J-helices [6], while all-D sequences, such as RNase S-peptide, form
left handed a-helices [7], we infer a strong right handed a-helix breaking tendency
for a D-Ala residue in a predominantly L peptide. As shown in Table 1, substitution
of D-Ala reduces biological activities, retention time in RPHPLC and a-helical
conformation in a buffer-TFE mixture. It could be expected that helix potential
in the N-terminal half of the molecule is of principal importance, since the positive
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Table 1 Structure and activity relationship of magainin analogs
Peptide3

E. coli
MIC 24 \ Mg/ml

% Hemolysis
at 100 jug/ml

Retention
time (min)

% a-Helix
80% TFE

F
L (D-Ala'8)
N (D-Ala13)
P (D-Ala9)
J (D-Ala'3.'8)
K (D-Ala'.'8)
M (D-Ala9.'3)
H (D-Ala9.'3.'8)

10
50
50
125
50
250
250
>250

6.8
1.2
0.75
0.2
0.2
0.08
0.1
0.06

39.4
31.9
24.5
29.7
18.2
17.1
18.3
15.7

60
60
45
42
47
42
32
35

a

D-Ala substitution as indicated.

charges which can interact with membrane phospholipids cluster there. This
expectation is supported by the trend seen in Table 2. Clearly, modification
at position 13 or 18 is less important than at 9 in affecting antimicrobial activity,
and the cumulative effect of a modification at 9 and 13 (M) is more deleterious
than at 13 and 18 (J). Thus, molecules with the same apparent helix content
can have considerably different activity, as in the cases of N, P, J and K, because
of the particular location of the helix in the molecule.
Table 2 Comparison of antimicrobial activity (MIC) reduction resulting from D-Ala
substitution
Position 18

F(L):L(D)
10
50

N(L):J(D)
50
50

P(L):K(D)
125 250

M(L): H(D)
250 >250

Position 13

F(L):N(D)
10
50

L(L):J(D)
50
50

P(L): M(D)
125 250

K(L):H(D)
250 >250

Position 9

F(L):P(D)
10
125

L(L):K(D)
50
250

N(L): M(D)
50
250

J(L):H(D)
50 >250
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Introduction
The observation that the female African-clawed frog, Xenopus laevis, rarely
experiences infection following surgical removal of its ovaries led to the discovery
of a previously unrecognized antimicrobial host-defense system present in this
animal [1]. This observation culminated with the discovery of two compounds
- magainin 1 and 2 - having significant antimicrobial activity against a number
of bacteria species. Analysis of these compounds revealed that each was a peptide
having 23 amino acid residues. We have demonstrated that specific single amino
acid omissions in magainin 1 or 2 result in analogs having a wide range of
increased or decreased antimicrobial activity, depending on the position omitted,
and generally correlating with the concept of amphipathicity as a necessary
condition for antimicrobial activity [2]. We report here the effects on antimicrobial
potency and hemolytic activity of alanine substitution analogs of magainin 2.
Results and Discussion
A complete series of single substitution analogs of magainin 2, in which each
amino acid was individually replaced with alanine, was prepared and tested
against P. aeruginosa, E. coli and S. epidermis. Since we have demonstrated
[2] that the C-terminal amide forms of magainin 1 and 2 are more potent than
the C-terminal carboxyl forms as antimicrobial agents, the peptide analogs were
prepared as C-terminal amides using simultaneous multiple peptide synthesis
(SMPS, [3]).
In this series, alanine an a-helix promoting amino acid [4], was walked through
the sequence of magainin 2 to generate a complete set of C-terminal amide
substitution analogs. Relative to magainin 2, the analogs [Ala3]-MAG-2-NH2,
[Ala7]-MAG-2-NH2, [Ala8]-MAG-2-NH2, [Ala13]-MAG-2-NH2, [Ala' 8 ]-MAG-2NH 2 , [Ala' 9 ]-MAG-2-NH 2 and [Ala23]-MAG-2-NH2 showed equal or higher
antimicrobial activity against all the bacteria tested. These results provide support
for the nonessential nature of the side chains or lack thereof of Gly3, His 7 ,
Ser8, Gly13, Gly18, Glu19 and Ser23 on the antimicrobial activity of magainin
2. Recently, Hao-Chia Chen et al. [5] described studies of magainin 1 and 2,
in which the simultaneous replacement of Ser8, Gly13, and Gly18 with alanine
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Table 1 Antimicrobial activity and cytotoxicity of magainin 2 alanine replacements
Peptide13
Minimum inhibition concentration jug/ml)
%Hemolysisc
E. coli

P. aeruginosa

S. epidermis

MAG-2-NH2
25.0
25.0
50.0
1.0
[Ala23]-MAG-2-NH2
12.5
12.5
50.0
1.0
[Ala22]-MAG-2-NH2
25.0
25.0
100.0
1.0
[Ala2']-MAG-2-NH2
25.0
25.0
100.0
1.0
[Ala2°]-MAG-2-NH2
100.0
50.0
> 100.0
0.1
9
[Ala' ]-MAG-2-NH2
12.5
6.25
12.5
1.3
[Ala18]-MAG-2-NH2
25.0
12.5
50.0
1.0
7
[Ala' ]-MAG-2-NH2
50.0
50.0
ND
> 100.0
[Ala'6]-MAG-2-NH2
100.0
50.0
> 100.0
0.1
[Ala'5]-MAG-2-NH2 > 100.0
50.0
> 100.0
0.1
[Ala13]-MAG-2-NH2
12.5
12.5
25.0
1.5
[Ala'2]-MAG-2-NH2
ND
12.5
50.0
100.0
[Ala"]-MAG-2-NH2
100.0
100.0
> 100.0
0.1
[Ala'°]-MAG-2-NH2
> 100.0
1.0
100.0
50.0
[Ala8]-MAG-2-NH2
12.5
5.0
12.5
25.0
1.0
[Ala7]-MAG-2-NH2
25.0
25.0
50.0
[Ala6]-MAG-2-NH2
100.0
1.0
50.0
50.0
100.0
1.0
[Ala5]-MAG-2-NH2
50.0
50.0
4.0
[Ala4]-MAG-2-NH2 > 100.0
100.0
> 100.0
5.0
25.0
25.0
[Ala3]-MAG-2-NH2
25.0
50.0
0.1
[Ala2]-MAG-2-NH2
50.0
50.0
50.0
0.1
100.0
[Ala']-MAG-2-NH2 > 100.0
a
5
Approximately 10 bacteria were suspended in 225 /ul of half strength of trypticase
soy broth medium onto tissue culture plates containing a 1: 2 serial dilution of peptides.
6
Magainin 2 amide: GIGKFLHSAKKFGKAFVGEIMNS-NH2.
c
At 100 Mg/ml.
ND = not determinated.
not only increased antimicrobial activity but also hemolysis. We have found
that the single replacement of Gly3 with alanine yielded an analog with equal
activity against gram-negative bacteria and increased antimicrobial activity
against gram-positive bacteria. Replacement of Ser8 with alanine increased the
antimicrobial activity of magainin 2 against E. coli and S. epidermis, whereas
the activity against P. aeruginosa remained unchanged. These two analogs, [Ala3]MAG-2-NH 2 and [Ala8]-MAG-2-NH2, while yielding improved antimicrobial
activity relative to the parent peptide, also caused substantially increased
hemolytic activity (Table 1).
Conclusion
The most striking finding in this study is the five-fold increase in potency
upon replacement of Glu19 with Ala. The hemolytic potency of this analog,
relative to that of the parent peptide, was found to be similar at 100 ug/ml
(Table 1). Thus, substitution of alanine analogs of magainin 2 can lead to greater
antimicrobial activity than that of the starting peptide, while maintaining
the level of cytotoxicity equal to that of the starting peptide.
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Effect of histidine modification in TRH on binding to rat
pituitary and brain receptors
Virender M. Labroo3, Stefan Vonhof3, Giora Z. Feuersteinb and Louis A. Cohen3
"Building 8A, Room B1A09, NIH, Bethesda, MD 20892, U.S.A.
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Introduction
TRH (Glp-His-Pro-NH 2 ) is well known to exert a wide variety of effects on
both the central nervous (CNS) and cardiovascular systems (CVS), in addition
to governing the release of thyrotropin and prolactin. We have shown that His
modifications result in differential effects on binding to high affinity TRH
receptors and in dissociation of some of these activities [1-3]. To understand
the physicochemical parameters affecting binding to these receptors and to
investigate if individual biological activities of TRH are mediated through
different receptor subtypes, we have prepared additional [4(5)-X-Im]-TRH
analogs (X = C1, Br, I, CN and C0 2 H, Fig. 1) and determined their affinities
to TRH receptors in pituitary and various regions of the rat brain. These data
were analyzed by QSAR.
0
u

A

H
n

H
n

u0

/

i

=0

NHa
X = H, F, Cl, Br, I, CF 3 , CN or C0 2 H
Fig. 1. Structures of TRH and of its 4(5)-imidazole-substiluted analogs.
Results and Discussion
[4(5)-X-Im]-TRH (X = C1, Br or I) were prepared by direct halogenation of
TRH with one equivalent of the corresponding halosuccinimide in MeOH. TRH,
on photolysis with CF 3 I in MeOH in the presence of Et3N, furnished a mixture
of [4(5)-CF3-Im]-TRH and [2-CF 3 -Im]-TRH, which were separated by RPHPLC
(Beckman Ultrasphere C-l8 column). Both [4(5)-C0 2 H-Im]-TRH and [4(5)-CN127

V.M. Labroo et al.
Table 1 Mean values (nM) for the inhibitor constants (Kj of TRH and of its imidazolesubstituted analogs
Analogs

Pituitary

Hypothalamus

Brain stem

Cortex

0.048+ 0.013
0.033+ 0.004
0.026 + 0.010
TRH
0.019+ 0.001
7.5 ± 0.5
[4-F]-TRH
13.5 + 1.7
8.5 ± 0.8
8.3 ± 0.7
[4-Cl]-TRH
39.7 + 8.7
26.2 + 2.9
32.6 + 5.5
23.1 + 3.4
[4-Br]-TRH
2.5 + 0.09
1.93 ± 0.15
1.59 + 0.06
1.81 + 0.19
[4-I]-TRH
9.4 ± 4.5
15.4 + 5.3
6.75 + 2.46
31.1 ±10.01
[4-CF3]-TRH
±51
569
±40
465
+148
1010
+390
392
[4-N0 2 ]-TRH > 1000.0
> 1000.0
> 1000.0
> 1000.0
[4-CN]-TRH
123
+ 9.0
143
140
+ 5
150
+ 10
± 4
[4-C0 2 H]-TRH
13.5 ± 2.5
13.1 ± 1.9
9.1 + 1.5
11.3 ± 0.7

Im]-TRH were prepared from [4(5)-CF3-Im]-TRH by treatment with 0.5 N NaOH
and 4% aqueous NH 3 , respectively. The products were desalted and purified
by RPHPLC. All peptides were characterized by 'H NMR (300 MHz) and MS.
TRH and 4(5)-Im-substituted analogs were evaluated for their abilities to
compete with [3H]-[3-Me-His2]-TRH at high affinity TRH receptor binding sites
in the pituitary, hypothalamus, brain stem and cortex. K; values are given in
Table 1. Computerized QSAR analysis (Biosoft) revealed that the strength of
receptor binding of 4(5)-Im-substituted analogs of TRH is dependent on a
combination of the basicity of the imidazole ring of His and the size of the
substituent. The unexpectedly high binding for [4(5)-Br-Im]-TRH indicates that
additional factors, such as hydrophobicity, may also be involved in determining
the binding ability. Furthermore, the selectivity of an analog such as [4(5)-N0 2 Im]-TRH, which possesses only the CVS activity of TRH, is explained by its
total lack of binding to the high affinity TRH receptors, and implies that the
CVS activities of TRH and of [4(5)-N0 2 -Im]-TRH are mediated through sites
not labeled by [3-Me-His2]-TRH.
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Benzophenone analogs of pepstatin A and cyclosporine A
as potential photoaffinity labeling reagents
Petr Kuzmic, Chong-Qing Sun and Daniel H. Rich*
School of Pharmacy, University of Wisconsin, 425 N. Charter St., Madison, WI 53706,
U.S.A.

Introduction
Recently, Kauer et al. reported that /^-benzoyl phenylalanine (1, Bpa) is a
highly efficient ligand for use in photoaffinity labeling studies [1]. We have
extended these results to develop new photoreactive peptides for studying aspartic
protease active sites and cyclosporine receptors.
Results and Discussion
Pepstatin A results
Bpa (1) (Fig. 1) was synthesized by Kauer's method [1] and converted to
the corresponding statine (Sta, 2) analog (BpaSta, 3) by using a modification
of Castro's procedure [2] (65% yield, > 95% e.e.). In the stereoselective reduction
of an intermediate tetramic acid to BpaSta-lactam, conditions were optimized
so that protection of aromatic carbonyl was not necessary (slow addition of
sodium borohydride at -20°C). D-/>-Benzoyl phenylalanine (D-Bpa, 4) was
synthesized by Schollkopf s bis-lactim alkylation methodology [3] (37% yield
from 4-benzoylbenzyl bromide; 95% e.e.); in the alkylation of bis-lactim ethyl
ether derived from L-Val-Gly diketopiperazine, the benzophenone carbonyl group
was protected as the dimethylene ketal.
The Boc-protected benzophenone derivatives 1, 3 and 4 were used to synthesize
six analogs of pepstatin A (Iva-Val-Val-Sta-Ala-Sta-OH), 5-10, by using solutionphase DCC/HOBT coupling [4]; peptides 5-10 were chosen so that the benzophenone side-chain substitution would be placed in the binding subsites P 1; P 2 ,
or P3. Compounds 5-10 were tested for inhibition of penicillopepsin and porcine
pepsin, and the inhibition constants are collected in Table 1.
Cyclosporine A result
An analog of cyclosporine A (CsA) in which the key amino acid (47?)-4[(iO-butenyl]^, /Y-dimethyl-L-threonine (MeBmt,ll) was replaced by the photolabeling benzophenone analog 12, was prepared by a multistep synthesis using
the procedures developed in this laboratory [5]. In comparison with CsA,

*To whom correspondence should be addressed.
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H2rr v
HjN'' ^COOH

C-IOOH

6H

BpaSta, 3

Sta, 2

Bpa, 1
D-Bpa, 4

H 2 N' V
XOOH
6H

MeBmt, 11
Fig. 1. Structures of unusual amino acids.
[MeBBomt']-CsA showed 5% biological activity in inhibition of Concanavalin
A-stimulated murine thymocytes [6].
The use of the photochemical reactivity of the benzophenone group has been
shown to be very promising for photoaffinity labeling studies of proteins [1].
The purpose of this work was to determine how incorporation of this group
into other amino acid side chains affects the biological activity of the parent
peptides, pepstatin and cyclosporine. The biological activity of the new CsA
analog was relatively small, but considering the generally high alkylation yields
Table 1 Inhibition of aspartic proteases by benzophenone-substituted analogs of pepstatin
(Boc-X- Y-Z-Ala-Sta-OMe)

5
6
7
8
9
10

X

Y

Z

Pepstatin A
Val
Val
Val
Bpa
Val
D-Bpa

Val
Val
Bpa
Val
D-Bpa
Val

Sta
BpaSta
Sta
Sta
Sta
Sta

"Substrate: Ac-Ala-Ala-Lys-Phe(N02)-Ala-Ala-NH2, pH 5.5.
b
Substrate: Phe-Gly-His-Phe(N02)-Phe-Ala-Phe-OMe, pH 4.0.
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Penicillopepsin3
K( (nM)

Porcine
pepsinb
Ki (nM)

1.0
1.1
1.0
3.0
1.5
>50
8.5

0.05
0.07
0.05
1.1
0.5
>10
0.6
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obtained from aryl ketones in photolabeling studies, the compound still has
some potential for use in identification of cyclosporine receptors. Photochemical
experiments with CsA will be reported separately.
BpaSta (3) represents a novel analog of statine. When incorporated into the
Pi position of pepstatin, surprisingly good inhibitors of the two aspartic
proteinases tested were obtained, in spite of the substantial increase in steric
bulk from the added benzophenone moiety. The goal of our preliminary
photochemical studies was to determine whether the enzyme becomes permanently
inhibited upon irradiation in the presence of a photoreactive inhibitor. Upon
UV irradiation (Rayonet photochemical reactor, 350 nm, 30 s, 25°C) in the
presence of analog 9 (50 nM), porcine pepsin lost 75% of enzymatic activity.
Only 5% loss in activity was observed when photolysis was performed in the
absence of inhibitor. Studies to determine the amino acids in the enzyme active
sites that are alkylated by 9 and by the 1-position benzophenone (6) are in
progress.
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Introduction
In an effort to develop new leads in the treament of Chagas' disease, attention
was directed to the peptide lactone viscosin 1, which has antiviral and antimicrobial activity against various mycobacteria. Preliminary in vitro testing
against T. cruzi produced trypanosomal lysis in the absence of significant
hemolysis, which was subsequently supported by promising in vivo activity in
mice. A study was undertaken that confirmed the proposed structure of viscosin
1 by total synthesis using solid-phase techniques [1,2]. Methodology developed
in that synthesis has been used to prepare peptide analogs of viscosin designed
to explore specific features of the molecule as they relate to antitrypanosomal
activity. In addition, peptido-mimetics were prepared that replaced the peptidelactone ring of viscosin with a crown ether.
Results and Discussion
Side-chain analogs consisted of a variety of linear alkyl amides, whereas
modifications in the ring junction involved replacing the D-allo-Thr with a more
accessible hydroxy amino acid. Synthesis of these analogs relied on SPPS utilizing
Fmoc protection with acid-sensitive alkoxybenzylalcohol resin. Linear fragments
of the type: R-(OIle)-D-allo-Thr-D-Val-L-Leu-(OBzl)-D-Ser-L-Leu-(OBzl)-D-Ser
were prepared. The O-Ile branch point was formed employing a strategy of
pentafluorophenyl active ester amidation in the presence of unprotected hydroxyl
groups with a coupling order that minimized undesirable N <=> O shifting during
esterification. Illustrative of this is the synthesis of viscosin, in which coupling
of Fmoc-(OBzl)-D-Glu pentafluorophenyl ester with unprotected N-terminal Dallo-Thr yielded the corresponding amide, which was then esterified with BocL-Ile using DCC/DMAP. Cyclization of finished linear fragments was achieved
using BOPC1/TEA [1].
A second aspect of this work examined the importance of ion transport in
viscosin's anticruzi activity and involved replacement of the peptide lactone ring
with a benzo-15-crown-5 polyether. These analogs (2) differed from each other
in the side chain R which were long-chain alkylamides or simple peptides.
Preliminary antitrypanosomal activity, assayed using Leishmania donovani, has
been examined by measuring trypanosomal lysis and growth inhibition. Viscosin
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Fig. 1. Viscosin I and analogs.
itself produced both lysis and growth inhibition at 100 Mg/ml, but the corresponding linear peptide resulting from ring opening at the lactone bond (viscosic
acid) showed no activity at up to 300 /xg/ml. In the same fashion, the isolated
viscosin side-chain fragment D-/8-hydroxydecanoyl-L-Leu-D-Glu-NH2 was also
inactive. Crown ether analogs showed a range of potencies, from no lytic effect
at 300 Mg/ml, to lysis at 30 /ug/ml. Growth inhibition in some cases was evidenced
at the minimum concentration tested (10 ug/ml). Further testing is presently
in progress.
Acknowledgements
Appreciation is expressed to Sumitomo Chemical Company, Osaka, Japan
for providing a reference sample of viscosin. Some of the FABMS determinations
were carried out at the Middle Atlantic Mass Spectrometry Laboratory, a National
Science Foundation Shared Instrumentation Facility. Funding for this work was
provided by National Institutes of Health Grant No. AI-23571.

References
1.
2.

Burke, Jr., T.R., Knight, M., Chandrasekhar, B. and Ferretti, J., Tetrahedron Lett.,
30(1989)519.
Burke, Jr., T.R. and Chandrasekhar, B., J. Chromatogr., in press.

133

Synthetic, physico-chemical and pharmacological studies
on linear and cyclic analogs of antamanide modified in
position 6 and 9
Gianfranco Borina, Paolo Ruzzaa, Andrea Calderan", Monica Secchieri3 and
Marisa Carrarab
"Biopolymer Research Center, CNR Department of Organic Chemistry, University of
Padua, Via Marzolo 1, 1-35131 Padua, Italy
b
Department of Pharmacology, L.go Meneghetti, University of Padua,
1-35131 Padua, Italy

Introduction
Recently Nielsen proposed antamanide, a non-toxic cyclic decapeptide from
Amanita phalloides, as a cancer chemotherapeutic agent. Our previous studies
on F10 metastatic cells of B16 murine melanoma confirmed Nielsen's results,
but significantly higher cell-growth inhibition was found using the linear
antamanide analog and its des-Phe5,Phe6-cyclic octapeptide derivative [1].
Results and Discussion
We have synthesized, by the classical solution methods, the series of linear
and cyclic deca- and octapeptide analogs of antamanide reported in Fig. 1.
The CD spectra in acetonitrile of all cyclic decapeptides, linear [Gly6]- and
[Gly9]-decapeptides and des-Phe5,Phe6-Gly9-analogs are significantly modified
by addition of Na + , K+ and Ca2+. On the contrary, we cannot detect any ioninduced spectral change with the linear [Tyr6]- and [Tyr9]-derivatives and desPhe5,Phe6-Tyr9-analogs. The cytotoxic effects of these peptides on B16-F10
transformed cells tested after exposure during 24 and 48 h at different concentrations are reported in Table 1. Among the Gly-analogs, the linear [Gly6]decapeptide and [Gly9]-octapeptide show cytotoxic activity at IO-5 M concentration after 24 and 48 h, while the [Gly9]-antamanide, inactive after 24 h, is
cytotoxic after 48 h, both at IO"5 and IO"6 M. The cyclic [Tyr9]-octapeptide
and the linear [Tyr9]-decapeptide are also active at these two concentrations,
but after both 24 and 48 h exposures.
Conclusions
We observed cell-growth inhibition after treatment also with peptides for which
we could not detect any metal ion-induced spectral change in non-polar solvent.
Since the Na+-complexation capability of the antamanide and its analogs is
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considered a fundamental prerequisite for their biological activity against
phalloidin, our results still indicate that a different mechanism for cell-growth
inhibition should be contemplated.
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Synthesis and proteolytic cleavage of 3'-/V-peptidylAdriamycin prodrugs
H. Dalton King, Marcia K. DeVirgilio, John D. Martin, Robert D. Radcliffe and
Daniel J. Coughlin
Cytogen Corporation, 201 College Road East, Princeton, NJ 08540, U.S.A.

Introduction
One goal of our antibody-based drug-delivery program has been to develop
'conditionally unstable' cytotoxic drug-monoclonal antibody conjugates for the
in vivo treatment of cancer. In this system, the drug ideally would be delivered
to its site of action and then released there. This targeted-delivery approach
offers the potential advantages of higher efficacy, along with decreased dosage
of drug, and lowered side effects.
Depending on the pharmacokinetic requirements of this system, it might be
possible to design a linker between the drug and antibody which releases drug
upon the initiation of a secondary event after binding to the tumor. One possibility
for such an event is proteolysis of the linker by a tumor-endogenous enzyme.
Towards this end, we have developed a series of peptide-linked Adriamycin
(ADR, Doxorubicin) derivatives which serve as models for ADR prodrugs (Fig.
1). These peptides contain sequences known to be sensitive to proteolysis, and
are linked to ADR via the 3'-amino group of the drug [1,2]. Synthesis was
carried out by solution-phase methods using an Fmoc-based protecting group
strategy. It is known that 3'-acyl derivatives of anthracyclines generally have
decreased cytotoxicity compared to the parent [3]; however, degradation of these
prodrugs might release free ADR or a fragment which contains ADR.

Enzyme

Released Form

H (Adriamycin)
Ala

Elastase

ADR

Ala-Ala

Elastase

Alan-ADR(n = 0-l)

Ala-Ala-Ala

Elastase

Al v A D R (n = 0-2)

Ala-ADR

D-Ala

D-Ala-Ala-Ala
Val-Leu-Lys-Ala

Plasmin, Urokinase

Val-Leu-Lys-Val

Plasmin, Urokinase

Val-ADR

Ala-Leu-Ala-Leu

Lysosomal

ADR

Fig. 1. ADR prodrug series.
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In order to ascertain whether these prodrugs are good candidates for linkage
to monoclonal antibodies in the drug delivery system described above, we tested
them against a panel of proteases which vary widely in specificity (Table 1).
Release of drug and peptide fragments was monitored by a modified AAA
procedure utilizing 9-fluorenylmethyl-chloroformate as the pre-column derivatizing reagent [4,5]. Use of Fmoc-labeling not only provided an efficient and
sensitive assay for all amine components, but also allowed the identification
of most amino acid, peptide, and peptidyl-ADR fragments based on comparison
to synthetic intermediates. Protease selectivity and specificity of these prodrugs
were evaluated as a function of peptide sequence and length.
Table 1 Qualitative results of enzymatic degradation experiments
Enzymea

ADR analog

Elastase Chymo- Trypsin Plasmin Urotrypsin
kinase
Ala-ADR D-Ala-ADR _
Ala-Ala-ADR Ala-Ala-Ala-ADR D-(Ala-Ala-Ala)-ADR Val-Leu-Lys-Ala-ADR S
Val-Leu-Lys-Val-ADR S
Ala-Leu-Ala-Leu-ADR s

Pep- Pa- Prosin pain nase

Subtilisin

-

_
-

-

-

F
F
F

F
F
F

_
-

-

-

-

_
-

S

F
F

S
S

S
S

S

-

-

-

-

s
s

s

S
F
F

F

*(-): no cleavage observed; (S): 'slow' cleavage observed; 24 h; (F): 'fast' cleavage observed, 1 h.

Results and Discussion
(1) Alan-ADR series
In this series, all enzymes were ineffective, with the exception of the bacterial
enzymes pronase and subtilisin. Pronase seems sensitive to the proximity of
ADR on the peptide chain, since shorter-chain analogs are slower to cleave.
Analysis of the degradation products of Ala 3 -ADR shows a distinct preference
for cleavage at both P2 and P3 over P.. This is most likely due to steric bulk
associated with the drug.
(2) Val-Leu-Lys-X-ADR
Broad proteolytic activity is demonstrated by the entire panel of enzymes,
with the unexpected exception of urokinase. Trypsin shows fast cleavage at the
predicted site, next to the positively charged Lys residue, to yield X-ADR and
the free peptide Val-Leu-Lys. Elastase cleaves at multiple points along the chain,
yielding fragments Lys-X-ADR, Val-Leu, X-ADR, Lys, and free ADR. Elastase
activity may be explained by the presence of hydrophobic residues, which are
preferred cleavage sites for this enzyme. The failure of urokinase to cleave ValLeu-Lys-X-ADR was unexpected, since Val-Leu-Lys-AMC is a known substrate
for urokinase.
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(3) Ala-Leu-Ala-Leu-ADR
Cleavage by elastase and chymotrypsin was observed as expected, as well
as pronase and subtilisin. Because of the synthetic route, degradation products
could not be positively identified. It can be stated, however, that free ADR
was not released from Ala-Leu-Ala-Leu-ADR in any proteolysis.
Conclusion
This experiment demonstrates that ADR can be modified with peptide side
chains at the 3'-position to yield prodrugs which are- capable of degrading to
ADR-containing species in the presence of some enzymes. These model systems
may have applications as monoclonal antibody conjugates. Targeting of a specific
tumor-endogenous enzyme is a critical link in this drug delivery system. Once
conjugated to a macromolecule, the cleavage rates of these substrates may be
different, however, this effect is uncharacterized at this time. Nonetheless, these
results, in conjunction with those from other groups [6,7], demonstrate the
potential of developing conditionally unstable antibody conjugates of anthracycline drugs.
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Structure-activity relationship of Ac-CCK-7: Analogs with
0-, m- and /^-tyrosine sulfate and phosphate
C F . Stanfield, A.M. Felix and W. Danho
Peptide Research Department, Roche Research Center, Hoffmann-La Roche Inc.,
Nutley, NJ 07110, U.S.A.

Introduction
Cholecystokinin (CCK), a linear, 33-amino acid polypeptide hormone is located
primarily in mammalian digestive tract and central nervous system [1]. Although
various forms of CCK have been detected in vivo, the primary circulating form
of the hormone is the 26-33 fragment, CCK-8, that was originally proposed
by Gibbs et al. [2] as a satiety signal. CCK-8 suppresses feeding in several species
including man. An analog of CCK-8, Ac-CCK-7, Ac-Tyr(S0 3 H)-Met-Gly-TrpMet-Asp-Phe-NH2, possesses the full potency of the intact hormone. Thus, analogs
of Ac-CCK-7 may be useful for the reduction of food intake.
Results and Discussion
Previous studies established that the tyrosine sulfate, Tyr(S0 3 H), is important
for the satiety-inducing activity of CCK-8. The influence of the Tyr(S0 3 H) residue
was further investigated by varying two key factors: the regiochemistry (distance/
proximity to the receptor) and the stereochemistry of this key residue. Analogs
of Ac-CCK-7, in which Tyr(S0 3 H) was replaced by D-Tyr(S0 3 H), m-L-Tyr(S03H),
m-D-Tyr(S03H), o-L-Tyr(S03H), o-D-Tyr(S03H) and their corresponding phosphate analogs, were synthesized.
SPPS was used for assembling the peptides. Sulfation was carried out in solution
using pyridine acetyl sulfate. The direct phosphorylation of Ac-CCK-7 with
POCl 3 /pyridine failed to produce the phosphate analog. An alternative method
using ,/Va-t-Boc-(0-diphenylphospho)-L-tyrosine, Boc-Tyr[PO(OC6H5)2], as a monomer for SPPS was developed. This reagent was synthesized in excellent yield
by reacting Boc-Tyr-Bzl with diphenylchlorophosphate followed by hydrogenation. The monomer is stable to conditions of SPS; the diphenylphospho group
is readily cleaved with tetra( «-butyl)-ammonium fluoride (TBAF). Synthesis of
the phosphotyrosine analogs is outlined in the following scheme.
The analogs were characterized by analytical HPLC, MS, UV and IR
spectroscopy and bioassayed in vivo by the two-meal feeding assay [3] and in
vitro (receptor binding) using bovine striatum and rat pancreas [4] (Table 1).
The results can be summarized as follows: (1) Comparison of the binding efficacy
relative to food intake indicates poor correlation of pancreatic and striatum
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Boc-Phe-PAM-Resin
1. CF3COOH
2. BOP coupling of Boc-Asp(OFm)-OH
Boc-Met-OH, Boc-Trp(For)-OH, Boc-Gly-OH,
Boc-Met-OH, Boc-Tyr[PO(OC6H5)2]-OH
3. Acetylation with CH3COOH/BOP
Ac-Tyr[PO(OC6H5)2]-Met-Gly-Trp(CHO)-Met-Asp(OFm)-Phe-PAM-Resin
1.
2.
3.
4.

Piperidine/DMF
TBAF/THF
NH3 / methanol
Preparative HPLC

Ac-TyrtPOaH^-Met-Gly-Trp-Met-Asp-Phe-NHz

Table 1 Comparative activity of Ac-CCK-7 and analogs
Compound

Ac-[Tyr(S0 3 H)]-CCK-7
(reference compound)
Ac-[ D -Tyr(S0 3 H)]-CCK-7
Ac-[m-Tyr(S0 3 H)]-CCK-7
Ac-[m-D-Tyr(S03H)]-CCK-7
Ac-[o-Tyr(S03H)]-CCK-7
Ac-[o-D-Tyr(S03H)]-CCK-7
Ac-[Tyr(P0 3 H 2 )]-CCK-7
Ac-[D-Tyr(P03H2)]-CCK-7
Ac-[m-Tyr(P0 3 H 2 )]-CCK-7
Ac-[m-D-Tyr(P03H2)]-CCK-7
Ac-[o-Tyr(P0 3 H 2 )]-CCK-7
Ac-[o-D-Tyr(PQ3H2)]-CCK-7
a

Receptor binding (IC50; nM)

Feeding assay

Bovine
striatum

Rat
pancreas

Food Intake
(ED 50 ; ,ug/kg i.p.)

0.8

0.2

28
42
53
66
72
85
160
35
40
180
76

4.6
18
280
560
530
15
190
130
140
500
280

7
1
15
32
>320(23%) a
> 320 (32%)
3
> 320 (36%)
220
> 320 (19%)
>320(6%)
> 320(0%)

For compounds with ED50>320, the number in parenthesis is the percent inhibition
of food intake at a dose of 320 /ug/kg i.p.

binding with food intake. (2) Ac-[w-Tyr(S0 3 H)]-CCK-7 retains substantial
anorectic activity, whereas the Ac-[o-Tyr(S0 3 H)]-CCK-7 analog is essentially
inactive. (3) Ac-[D-Tyr(S03H)]-CCK-7 and Ac-[/w-D-Tyr(S03H)]-CCK-7 retain
substantial activity. (4) The phosphate moiety is a suitable replacement for sulfate
in Ac-CCK-7. (5) Ac-[w-Tyr(P0 3 H 2 )]-CCK-7 retains some anorectic activity
whereas the Ac-[o-Tyr(P0 3 H 2 )]-CCK-7 is essentially inactive. (6) AC-[DTyr(P0 3 H 2 )] and Ac-[wz-D-Tyr(P03H2)] are essentially inactive, in contrast to
the sulfate series, which may be due to the larger radius of the phosphate (0.15 A)
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that forces the tyrosine residue into an unfavorable conformation with respect
to the receptor. These results indicate that a negative charge in the proper location
is important for anorectic activity, but the chirality at the a-carbon is not
important.
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Introduction
Cholecystokinin-8 (CCK-8-Asp-Tyr[S0 3 H]-Met-Gly-Trp-Met-Asp-Phe-NH 2 )
effects a variety of gastrointestinal, endocrine, and CNS activities [1]. Among
the many functions proposed for the endogenous CCK peptides is its anorexigenic
(satiety) effects [2]. A number of CCK target tissues have been identified having
CCK receptors and of potential importance in satiety mediation. Among these
are the pylorus, vagal and brainstem (i.e., area postrema and nucleus tractus
solitarius), CCK receptors described [3] to be of Type-A classification. CCK
agonist binding to these Type-A CCK receptor populations is Tyr[S0 3 H]dependent in contrast to Type-B CCK/gastrin receptor populations. In some
species, such as the rat, studies [2] suggest that Type-A receptors may mediate
satiety, whereas in other species it is unclear. In this study, we explored the
comparative SAR of CCK-8 using three well-defined Type A CCK receptor
assays (i.e., rat pancreas, pylorus, and brainstem), and an in vivo anorexigenic
assay.
Results and Discussion
The methods for determination of CCK receptor binding using rat pancreatic,
pylorus and brainstem tissues has been previously described [3-5]. Anorexigenic
activities were first determined in nonfasting male Sprague-Dawley rats that
were pre-trained to ingest a daily glucose solution. CCK peptides were administered i.p. (vs. saline-injected control animals 5 min prior to monitoring food
ingestion, which was recorded in 5-min intervals during a 60-min time period.
Relative to a Ac-[Nle3.6]-CCK-8 (U-67827E), we first focused our attention on
the Tyr[S0 3 H] residue to explore its role in Type-A CCK pancreatic receptor
binding. Analogs of U-67827E included those having Phe[>-NH2], and Phe[>*To whom correspondence should be addressed.
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NHC(NH 2 ) = N] substitutions for Tyr[S0 3 H]. As shown in Table 1, compounds
having /)-amino or guanidyl modifications of the ^-sulfate ester in U-67827E
showed a 100-1000-fold reduction in potency in vitro. Deletion of the N-terminal
Asp residue of U-67827E to yield Ac-[Nle2.5]-CCK-7 (U-86317E) did not significantly alter pancreatic CCK receptor binding affinity of the compound relative
to CCK-8. The Phe[p-CH 2 S0 3 H]-substituted derivative of U-86317E was essentially equipotent to CCK-8 on the rat pancreas CCK receptor assay. A similar
result for Ac-[Phe(p-CH 2 S0 3 H) 1 , Nle3.6]-CCK-7 has been very recently reported
[6] on guinea pig target tissues. A comparison of CCK-8, U-67827E and [Phe(pNH2)2,Nle3-6]-CCK-8 to bind brainstem and pylorus CCK receptors was then
determined (Table 1). A 10-fold selectivity for [Phe(p-NH2)2,Nle3.6]-CCK-8 to
bind brainstem receptors vs. pylorus (or pancreatic) receptors was observed.
Table 1 Rat pancreas, brainstem and pyloris CCK receptor binding properties of CCK8/CCK-7 analogs modified at Tyr[S03H]
Compound
IC50 (M), CCK receptor binding
CCK-8
Ac-[Nle3.6]-CCK-8 (U-67827E)
Ac-[Phe(p-NH2)2,Nle3.6]-CCK-8
Ac-[Phe(p-NHC(NH2) = N)2,Nle3.6]-CCK-8
Ac-[Nle2.5]-CCK-7 (U-86317E)
Ac-[Phe(p-CH2S03H)',Nle2.5]-CCK-7

Pancreas

Brainstem

Pylorus

l.lxlO- 9
1.4xl0- 9
2.0x10-7
1.1x10-6
1.3x10-9
1.2x10-9

6.8 xlO- 10
5.2 xlO- 10
2.9 xlO- 8
ND a
ND
ND

1.1x10-9
4.1xl0- 1 0
7.2x10-7
ND
ND
ND

a

ND = not determined.

The [Phe(p-NH2)2,Nle3.6]-CCK-8 was only 50-fold less potent than CCK-8 in
brainstem receptor binding. These potencies were essentially identical to that
of these compounds on rat pancreatic amylase release and pyloric contraction
assays (data not shown). The anorexigenic potency of U-67827E in the rat model
was 10-100-fold greater than that of CCK-8, and the analog possessed sustained
activity in vivo (Table 2). No in vivo anorexigenic activity was observed for
the Phe(p-NH2)2-modified derivative of U-67827E at doses > 10-10000-fold the
threshold doses of CCK-8 or U-67827E, respectively. These results extend our
previous studies [8] on CCK peptide binding to specific Type-A CCK receptor
populations in vitro and the exploration of potentially significant mechanistic
pathways of satiety using a rat anorexigenic in vivo assay.
Table 2 Rat anorexigenic activities ofselected CCK-8 analogs modified at the Tyr[SOiH]site
Compound

CCK-8
U-67827E
Ac-[Phe(/?-NH2)2,Nle«]-CCK-8
a

Threshold dosea (nmol/kg), rat
anorexigenic activity
30 min

60 min

0.5
0.05
MOO

5.0
0.05
MOO

Dose of CCK analog that effects approximately a 50% anorexigenic response.
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Introduction
The C-terminal tetrapeptide of gastrin, Trp-Met-Asp-Phe-NH 2 , can elicit a
full biological response [1]. Analogs devoid of the C-terminal Phe amide are
potent competitive antagonists, the smallest being Boc-Trp-Leu-Asp-NH2 [2,3].
We synthesized [4] tripeptide analogs (Table 1) that were modified both Nand C-terminally, and that contained ./V-methylated peptide bonds [5]. The purity
of the synthetic sequences was determined by microanalysis, TLC and HPLC.
Table 1 The inhibition of pentagastrin-stimulated acid release from fundus of dogs with
gastric fistulae
Peptide

Acid release
(mmol H+/kg)

% inhibition

Boc-Trp-Leu-/3-Ala
IPA-Leu-/3-Ala.DCHA
PPA-Leu-/3-Ala.DCHA
PPA-NMe-Leu-/J-Ala.DCHA
PPA-Leu-NMe-B-Ala.DCHA

617.58
562.22
125.51
256.77
185.32

60
54
12
25
18

IPA — indole-3-propionic acid, PPA = phenyl-3-propionic acid.
Methods
The peptides were infused into dogs with gastric fistulae at a dose of 20 pmol
kg -1 h_1, in the presence of either pentagastrin (650 pmol kg -1 Ir 1 ) or histamine
(0.13 mmol kg-1 Ir 1 ). Pentagastrin-stimulated acid release, determined at 10-min
intervals, was inhibited by all analogs; Boc-Trp-Leu-/3-Ala was the most potent
(Table 1). The analogs had no effect on histamine-stimulated acid release.
None of the peptides, up to a concentration of IO"6 M, stimulated amylase
secretion from isolated pancreatic acini [6]. Neither did they inhibit amylase
secretion stimulated by CCK (10-10 M). PPA-Leu-B-Ala was a very weak
antagonist at non-physiological concentrations (10-3 M).
Biotinylated analogs of peptide hormones have been prepared to determine
the affinities for receptors [7-9], but only in the case of gonadotropin-releasing
hormone [10] and parathyroid hormone [11] have they been used to visualize
the receptors on cultured cell monolayers. Because of the apparent specificity
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Fig. 1. Photomicrograph of rat fundic mucosa after administration of Biotinyl-Trp-LeuB-Ala.
of the gastrin antagonists, Biotin-Trp-Leu-/3-Ala was synthesized as a possible
histological probe for gastrin receptors. Cryostat sections (10 jum) of rat intestinal
tissues were pre-fixed for 30 min at room temperature, using 0.04% (w/v)
paraformaldehyde in phosphate buffer (0.2 M, NaH 2 P0 4 -Na 2 HP0 4 , pH 7.2)
containing 0.15 M NaCl. The biotin-labeled peptide was dissolved in phosphate
buffer containing ethanol (10%, v/v) . Pentagastrin and gastrin 1-17 solutions
were diluted to required concentrations with phosphate buffer. All peptide
solutions were mixed with equal volumes of an enzyme inhibitor solution
containing bacitracin (1%, w/v), phosphoramidon (10 uM), 1-10 phenanthroline
(1 mM) and phenylmethylsulphonyl fluoride (100 /uM) in 10 mM Hepes buffer
(pH 7.4) containing mannitol (300 mM) and bovine serum albumin (1%, w/v).
The peptide-inhibitor solutions (250 jul) were then applied directly onto the tissue
sections. Following incubation for 30 min at room temperature, the bathing
solutions were removed and the sections were washed thoroughly with phosphate
buffer. Streptavidin-fluorescein solution (200 ul stock solution as supplied by
Amersham International Inc.) was applied to each tissue section for 20 min
at room temperature. Following washing with phosphate buffer, the tissue sections
were mounted and viewed under a microscope fitted with a UV light source.
Results and Discussion
When Biotin-Trp-Leu-B-Ala solution (250 ug ml"1) was incubated with sections
of fundus from rats that had not been fed for 48 h, submucosal cells, whose
tissue location was not consistent with parietal cells, were stained (Fig. 1). Staining
147

A.J. Douglas et al.
was observed with duodenal, ileal and colonic tissues. The probe bound to lung
alveolar tissue, apparently near blood vessels. The binding of the probe was
not observed in heart, kidney, liver or pancreas, reflecting the apparent lack
of interaction of the parent peptides with CCK receptors in pancreatic acini.
No non-specific staining was observed with biotin. When the tissue sections
were preincubated with excess Boc-Trp-Leu-/3-Ala, pentagastrin or gastrin 1-17,
fluorescent staining resulting from binding of the probe was completely prevented.
This suggests that the cellular binding site recognizes the indole and the Bcarboxylic acid structures common to all three peptides. Binding of the probe
was also inhibited in tissues taken from animals that had been fed ad libitum,
suggesting that endogenous gastrin competes for the binding sites. Thus, the
probe appears to be highly specific for a gastrin, rather than CCK receptor.
The histological results are in disagreement with conventional theories of
gastrin-stimulated acid release being mediated by a gastrin receptor on parietal
cells [2,13], but support data suggesting that gastrin acts at a histamine releasing
cell, thereby causing the release of acid from the parietal cells by the action
of histamine [14,15]. The binding of the gastrin probe to colon and lung may
indicate a growth-promoting or even cancer-supporting role for gastrin. Because
of their potency and specificity, the gastrin antagonists prepared here may have
therapeutic potential for the control of acid release and to prevent
the development of some cancers, while the probe could have diagnostic
applications.
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CCK antagonists: Investigations of the relationship
between benzotript and glutamic acid-based antagonists
James F. Kerwin Jr., Frank Wagenaar, Hana Kopecka, Chun Wei Lin,
Thomas Miller, David Witte and Alex M. Nadzan
Neuroscience Research Division, Pharmaceutical Discovery D-47H, Abbott Laboratories,
Abbott Park, IL 60064, U.S.A.

Introduction
Our laboratory's research on CCK antagonists has focused on the structural
relationships among the various classes of nonpetide CCK antagonists. Recently,
we reported on the structural similarities of glutamic acid-based CCK antagonists
represented by A-64718 and Merck's benzodiazepine antagonist L-364,718 [1].
From this work, we proposed an overlap model for CCK antagonists, and ensuing
SAR studies resulted in the potent CCK antagonist A-65186 [2]. Currently, we
have extended our SAR studies to include the weak CCK antagonist benzotript
(I) [3], which has resulted in a series of tryptophan-based CCK antagonists
(II) whose potencies approach those of our hybrid glutamic acid derivatives.

I

II

Fig. 1. Structures of benzotript (I) and N-aroyl-Trp-di-n-pentyl amides (II).
Results and Discussion
The series of ./V-aroyl-tryptophan di-«-pentyl amides (II), shown in Table 1,
was prepared from Boc-tryptophan utilizing a procedure similar to that reported
for the glutamic acid series [2]. Compounds 1-17 gave satisfactory lH NMR,
MS, and elemental analyses. Pharmacological assays were conducted as previously
described [2,4].
Conversion of I to the di-n-pentyl amides (1 and 2) improved affinity for
pancreatic CCK receptors approximately 1000-fold over that of the parent [5],
but addition of a second chloro atom to the benzoyl moiety (3 and 4, corresponding
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Structural biology
to (R) and (S)-CR 1409) did not significantly enhance affinity. Further improvements were realized by incorporation of the 2-indolyl and 3-quinolinyl functions.
In both cases, the R enantiomers (5 and 9, respectively) proved to be more
potent than the S isomers. The importance of a fused-aryl heterocycle fore potency
is apparent by comparing 5 with 8 and 9 with 11. Introduction of the 3-indolyl
and 2-quinolinyl moieties (7 and 12) afforded weaker binding analogs. The potency
of 12, however, could be enhanced by replacement with a 4-hydroxy- (13) or
a 4,8-dihydroxy- (15) but not a 8-hydroxy-2-quinolinyl function (14). Finally,
introduction of the 2-naphthyl but not the 1-naphthyl, function resulted in an
analog with enhanced affinity (16 vs. 17).
The SAR observed for the tryptophan-based antagonist series closely parallels
that reported for the glutamic acid series [2]. Both series demonstrate identical
preferences for the R-enantiomer, similar selectivities for type A (pancreatic)
over type B (cortex) CCK receptors (i.e., 157-fold for 5 and 650-fold for 9)
and identical SAR requirements for the N-ary\ function. Overall, members of
the tryptophan series exhibit potencies between one-half and one-fifth those of
the corresponding glutamic acid derivatives.

References
1.

2.
3.
4.
5.

Nadzan, A.M., Kerwin, Jr., J.F., Kopecka, H., Lin, C.W., Miller, T., Witte, D.
and Burt, S., In Wang, R.Y. and Schoenfeld, R. (Eds.) Cholecystokinin Antagonists
(Neurology and Neurobiology, Vol. 47), Alan R. Liss Inc., New York, 1988, p.
93.
Kerwin, Jr., J.F., Nadzan, A.M., Kopecka, H., Lin, C.W., Miller, T., Witte, D.
and Burt, S., J. Med. Chem., 32(1989)739.
Hahne, W.F., Jensen, R.T., Lemp, G.F. and Gardner, J.D., Proc. Natl. Acad. Sci.
U.S.A., 78(1981)6304.
Lin, C.W., Bianchi, B., Grant, D., Miller, T., Danaher, E.A., Tufano, M.D., Kopecka,
H. and Nadzan, A.M., J. Pharmacol. Exp. Ther., 236(1986)729.
Gardner, J.D. and Jensen, R.T., Am. J. Physiol., 246(1984) G471.

151

Use of a novel analog of cholecystokinin for the
photoaffinity labeling of the hormone-binding domain of
the pancreatic receptor
Ulrich G. Klueppelberg, Delia I. Pinon, Judy Lundy, Herbert Y. Gaisano,
Stephen P. Powers and Laurence J. Miller*
Gastroenterology Research Unit, Mayo Clinic and Foundation, Rochester, MN 55905,
U.S.A.

Introduction
Cholecystokinin (CCK) is the major hormonal stimulant of pancreatic enzyme
secretion. For the biochemical characterization of the CCK receptor, we have
developed a series of photoaffinity-labeling probes based on the native hormone,
with sites of cross-linking at the amino-terminus [1], mid-region [2], and carboxylterminus [3] of the receptor binding domain. Native hormone, however, has
been shown to bind to two sites, though this may represent functional states
of the same molecule.
Characterization of the binding site relevant for stimulating secretion may
be made possible by a CCK phenylethyl ester [4,5] which is a fully efficacious
secretagogue without the supramaximal inhibition of secretion typical of native
CCK, and which binds to only a single site on the pancreatic acinar cell [5].
In this work, we have incorporated photolabile residues into the positions of
Trp 30 and Phe33, in the midregion and carboxyl-terminus of phenylethyl ester
analogs of CCK to define further the hormone-binding domain of this receptor.
Methods
D-Tyr-Gly-fNle28-31, 4-N0 2 -Phe 33 ]CCK(26-33): (4-N0 2 -Phe 33 ) was prepared as
described elsewhere [3]. Phenylethyl ester derivatives were prepared similarly:
Fmoc-Asp-phenylethyl ester or Fmoc-Asp-(4-N02-phenylethyl) ester was coupled
to benzhydrylamine resin via a 4-hydroxymethylphenoxyacetic acid spacer, and
the Fmoc-octapeptide ester was prepared on the resin. After cleavage from the
resin and removal of side-chain protection, the peptide was purified and Tyr27
was sulfated using S0 3 -pyridine complex. N-a-Fmoc protection was removed,
and a site for iodination was introduced using N,0-bis-Fmoc-D-Tyr-ONSu or
4-hydroxyphenylpropionic acid-ONSu [3].
Biological activity and binding of the peptides were assessed in dispersed ratpancreatic acini and enriched pancreatic plasma membranes [5,6]. Following
*To whom correspondence should be addressed.
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affinity-labeling and resolution on SDS-PAGE, deglycosylation, using endoglycosidase F, and protease peptide-mapping experiments were performed [7,8].
Results and Discussion
Indeed, Hpp-Gly-[Nle28.31]CCK(26-32)-2-(4-nitrophenylethyl)ester (4-NO r
OPE), stimulated dispersed pancreatic acini to secrete amylase to a maximum,
without displaying supramaximal inhibition. Thus, the dose-response curve of
4-N0 2 -OPE closely resembled that of the previously reported phenylethyl-ester
analog D-Tyr-Gly[Nle28.31]CCK(26-32)-phenylethyl ester, (OPE), and the analog
also had a similar potency (ED 50 = 2.5 nM) [5]. Binding of 125 I-4-N0 2 -OPE was
inhibited by both CCK(26-33) (IC50 = 0.5 nM) and OPE (IC50 = 1 nM), suggesting
that this peptide mediated its biological effects via CCK receptors.
Upon photolysis, both 125 I-4-N0 2 -OPE and 125I-6-NO2-Trp30-OPE specifically
labeled a plasmalemmal protein of apparent M r = 85 000 - 95 000 (Fig. la).
Deglycosylation of the Mr = 85 000 - 95 000 labeled by 125I-4-N02-OPE, using
endoglycosidase F (endo F), generated a major band of Mr = 42000 (Fig. lb),
thus confirming the identity of this species as the N-linked glycoprotein previously
labeled with other CCK receptor probes [1-3, 5-8].
A)

B)
4-NO 2 -0PE 6 - N 0 2 - T r p ' ^ O P E
CCK(O.liiM)

-

+

-

+

85-95 ••
I Mr I 1 0 3 |

[Mr I 10

|

27 •»

Fig. 1. (A) 4-NOrOPE and 6-NO2-Trp30-OPE were used in affinity-labeling studies as
described [2,3] Both probes specifically labeled a species of apparent Mr = 85 000-95 000.
(B) Following affinity-labeling by 4-N02-Phe33 (left 4 lanes) or 4-N02-OPE (right 4 lanes)
and resolution on SDS-PA GE, theMr= 85 000-95 000 was cut from the gels and electrocuted.
The Mr-85000-95000 species migrated in the same position on the second gel (lanes
1 and 5). Deglycosylation with endoglycosidase F (Endo F) shifted it to a major MT - 42 000
(lanes 3 and 7) Staphylococcus aureus V8 protease (SAP) cleavage prior to (lanes 2 and
6) and after deglycosylation (lanes 4 and 8) generated similar fragments after labeling with
both probes.
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In order to elucidate further the labeling generated by 125 I-4-N0 2 -OPE and
by 125 I-4-NO r Phe 33 , we conducted staphylococcus V8 protease peptide-mapping
studies prior to and after deglycosylation. Indeed, all fragments labeled by the
native CCK analog, 125 I-4-N0 2 -Phe 33 (Mr = 32000, 22000, 17000, 16000 and
14 500) were also seen after labeling with 125 I-4-N0 2 -OPE (Fig. 2b). Even when
the labeled core proteins were digested with trypsin, both probes labeled the
same major fragment of Mr = 8000 and minor components of M r = 14000 and
Mr = 6000.
These studies provide important evidence that both native CCK and phenylethyl
ester analogs mediate their distinctive biological dose-response curves via interaction with the same CCK binding protein and similar domains of this receptor.
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Use of /V-benzylglycine as a replacement for aromatic
amino acid residues. Synthesis of [7V-benzylglycine7]bradykinin
Janis D. Young3 and Alexander R. Mitchellb
"Department of Biological Chemistry, CHS 33-233, UCLA School of Medicine, Los
Angeles, CA 90024-1737, U.S.A.
b
University of California, Lawrence Livermore National Laboratory, Livermore, CA 94550,
U.S.A.

Introduction
./V-Benzylglycine (NBzlGly) is an achiral structural isomer of phenylalanine
that may be useful as an amino acid replacement in SAR studies. The incorporation of this aromatic secondary amino acid into biologically active peptides
has not been reported. The synthesis of Arg-Pro-Pro-Gly-Phe-Ser-NBzlGly-ArgPhe was undertaken since it is known that replacement of proline7 with Dphenylalanine in bradykinin (BK) converts BK agonists into antagonists [1].
We describe the synthesis, characterization, and bioassay of [NBzlGly7]-BK.
Results and Discussion
[NBzlGly7]-BK was synthesized using SPPS [2] on a Pam-resin [3]. Boc-amino
acids were used. Side-chain protection was benzyl for serine and^-toluenesulfonyl
for arginine. Boc-A^-benzylglycine was synthesized from 7V-benzylglycine using
di-r-butyl dicarbonate [4]. The Boc-NBzlGly was incorporated into the peptide
using the symmetric anhydride coupling cycle normally used for proline. Double
couplings were used throughout the synthesis. Quantitative ninhydrin tests on
resin samples taken after each coupling indicated coupling efficiencies of greater
than 99%. The peptide-resin was cleaved with anhydrous hydrogen fluoride (0°C,
45 min) containing 10% anisole and 5% dimethylsulfide. The peptide was purified
by HPLC using a Waters C-l8 Bondapak semipreparative column employing
a water and acetonitrile gradient containing 0.1% TFA. The purified peptide
was homogeneous by HPLC and gave the expected AAA. FABMS [5] of the
peptide verified the expected sequence and molecular weight (1110). The FABMS
fragmentation pattern in the Ser6-NBzlGly7 region of the peptide is given in
Fig. 1. [NBzlGly7]-BK was bioassayed and is compared with BK, [D-Phe7]-BK
and [Phe7]-BK in Table 1. Bioassays revealed [NBzlGly7]-BK to be a potent
BK-agonist, especially in the rat blood pressure assay (337% BK potency)
following intravenous administration. BK and [NBzlGly7]-BK were identical with
respect to destruction (98-99%) on passage through the pulmonary circulation.
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-R-F-COfcH

NH2-R-P-P-G-

Fig. 1. FABMS fragmentation pattern in the region of Set*-NBzlGly7 of [NBzlGly''J-BK
Table 1 Bioassay of bradykinin and position seven analogs [1]
Analog
Bradykinin
[NBzlGly7]-Bradykinin
[D-Phe7]-Bradykinin
[Phe7]-Bradykininb
a
b

Smooth muscle

Rat blood pressure

Rat uterus

GP ileum

IA

IV

Destruction

100%
27%
1%
0.6%

100%
36%

100%
97%
2%
0

100%
337%
4%
0

99%
98%
36%
ND

0.1%

Antagonist. pA 2 = 5.7.
Unpublished results, R.J. Vavrek.
Abbreviations: Rat uterus — rat uterus contraction; GP ileum = guinea pig ileum contraction; IA — intraaortic; IV = intravenous; ND = not determined.
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Minimum structure bradykinin antagonists
Raymond J. Vavrek and John M. Stewart
Biochemistry Department B126, University of Colorado Medical School,
4200 East 9th Avenue, Denver, CO 80262, U.S.A.

Introduction
The autacoid peptide hormone, bradykinin (BK: Arg-Pro-Pro-Gly-Phe-SerPro-Phe-Arg), plays many vital physiological roles (in cardiovascular control,
renal and Gl function, reproduction, and wound healing, for example), and
is implicated in several significant pathologies (such as pain, inflammation,
rhinitis, shock, asthma and allergic responses). The development of specific and
competitive BK sequence-related antagonists [1] has provided tools for the study
of the physiologically important kallikrein-kinin system. The tissue selectivity
of many of these antagonists predicts multiple receptors for BK, each with differing
requirements for various segments of the BK molecule. In general, naturally
occurring biologically active peptides contain more than the necessary and
sufficient information within their structure to elicit a particular physiological
or pharmacological response. We report a study of the structure minimization
of the BK antagonist sequence (Arg-Pro-Hyp-Gly-Phe-Ser-DPhe-Phe-Arg) [2],
using synthetic methods, to define the minimum peptide sequence that can
antagonize a classical BK pharmacological action [such as contraction of isolated
rat uterus (RUT) or guinea pig ileum (GPI), or lowering of rat blood pressure
(RBP)].
Results and Discussion
Removal of single or multiple amino acid residues from either the C- or Nterminal of the antagonist sequence destroys antagonist activity. BK itself suffers
a similar loss of biological (agonist) activity with removal of single residues
from either end. We demonstrated that replacement of either of the Arg residues
at positions 1 or 9 of the antagonist with hydrophobic amino acids [3], or
replacement of the Arg at position 1 with hydrophobic acyl groups (i.e., benzoyl-,
phenylbutyryl-), with or without single residue deletions at the Pro positions
of the antagonist [4], does not eliminate antagonist activity.
Continuing this approach, we acylated antagonist sequences that were truncated
from the N-terminal, producing acylated heptapeptide to dipeptide fragments
of the antagonist, using acetyl-, phenylacetyl- (PAA), phenylpropionyl- (PPA),
phenylbutyryl- (PBA) and adamantylacetyl- (AAA) N-terminal groups. In all
of the cases in which antagonist sequence position 7 of the acylated truncated
peptide contained a D-Phe residue, that is, with fragments representing positions
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7-8-9 (DPhe-Phe-Arg) of the antagonist sequence, BK antagonist activity could
be demonstrated. This was especially the case in the GPI assay, in which antagonist
activity and potency was relatively constant (pA2 values of 4.7-4.9) in fragments
containing from three to seven amino acid residues that were acylated with
PBA. Acylated C-terminal dipeptide fragments, corresponding to positions 8
and 9 of both BK and the antagonist (Phe-Arg), had no biological activity.
Preliminary studies indicate that the antagonist specificity of acylated bradykinin antagonist sequences smaller than nine residues may be lost. In addition
to antagonizing BK, several hexa- and heptapeptide fragments had the ability
to antagonize angiotensin II (Angll) in the RUT assay, and some acylated tetra-,
penta-, hexa- and heptapeptide fragments antagonized the action of both Angll
and substance P (SP) in the GPI assay. Thus, the full nonapeptide sequence
of the BK antagonist is probably required for high antagonist potency and
specificity. However, the full antagonist sequence is not required for antagonist
activity.
Some acylated fragments, such as AAA-Ser-DPhe-Thi-Arg, PAA-Thi-SerDPhe-Thi-Arg, and PBA-Gly-Phe-Ser-DPhe-Phe-Arg (tetra-, penta- and hexapeptides, respectively) act as antagonists of both BK and SP in the GPI assay,
and none antagonize Ang II in either the GPI or RUT assay. Since both BK
and SP are involved in peripheral pain signal transmission, this dual antagonist
activity may predict therapeutically useful analgesics.
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A selective pseudopeptide analog of bradykinin resistant to
carboxypeptidases and angiotensin-converting enzyme
Guy Drapeau, Daniela Jukic, Nour-Eddine Rhaleb, Richard Laprise,
Noureddine Rouissi, Stephane Dion and Domenico Regoli
Department of Pharmacology, Medical School, University of Sherbrooke, Sherbrooke,
Quebec, Canada J1H 5N4

Introduction
Bradykinin (BK) and one of its fragments, des-Arg9-BK, exert potent biological
effects in a variety of organs and tissues [1]. Their actions are mediated through
two receptor types, B, and B2, that are sometimes present in the same tissue.
BK is an agonist of the B2 receptor, with practically no affinity for the B! receptor.
However, an interesting feature of the kinin system is that, in several tissues,
BK is metabolized by basic carboxypeptidases, like carboxypeptidases N or M
into des-Arg9-BK, a potent and selective B. receptor agonist.
Thus, in pharmacological studies, where this type of enzyme may be active,
the effects observed with BK may be that of its metabolite or a combined result
of the activities of both BK and des-Arg9-BK on the two receptor types. A
specific agonist of the B2 receptor would, therefore, be helpful in evaluating
the role of this receptor in physiological and pathological conditions.
In order to afford such an analog, the bond between Phe8 and Arg9 of BK
was modified by substituting it with a CH 2 -NH pseudopeptide bond to prevent
its degradation by carboxypeptidases into des-Arg9-BK. The analog obtained
[Phe8i/f (CH2NH)Arg9]-BK was tested for biological activity in several pharmacological preparations of both receptor types and was also incubated with enzyme
preparations to test its stability.
Results and Discussion
The results summarized in Table 1 on B2 preparations indicate that the
pseudopeptide [Phe8i>(CH2NH)Arg9]-BK is more potent than BK in untreated
(control) preparations of the rabbit jugular vein (RJV), and the rat blood pressure
(RBP) is, however, less potent than BK on the dog carotid artery (DCA) and
dog renal artery (DRA). In all tissues treated with captopril, an angiotensinconverting enzyme (ACE) inhibitor, the effect of BK is potentiated significantly,
whereas no significant potentiation is observed with the pseudopeptide analog.
This is interpreted as indirect evidence that [Phe8i/>-(CH2NH)Arg9]-BK is not
degraded by ACE into an inactive fragment. Evaluation on the rabbit aorta
(RA), a B, receptor preparation, indicates that [Phe8i>(CH2NH)Arg9]-BK is
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Table 1 Pharmacological evaluation ofBK and [Phe»iji(CH2NH)Arg9j-BK on B2 and B,
preparations
Receptoi
type

Control
a

B2

pD 2

RJV
DCA
DRA
RBP

7.35
8.64
9.85

B,
RA

[PheV(CH 2 NH)Arg 9 ]-BK

BK

6.22

Control

+ Captopril
a

+ Captopril

pD 2

R.A.

pD 2

R.A.

pD 2

R.A.

100
100
100
100b

8.48
9.60
10.23

1349*
912*
240*
956*

8.18
7.48
9.00

676
7
14
489

8.29
7.46
8.86

870
7
10

100

6.67

R.A.

281*

Inactive

314NS

Inactive

a

pD2 = apparent affinity evaluated from the concentration of agonist that produced 50%
of the maximum effect; R.A. — relative affinity in percent of that of BK (BK = 100).
Evaluated by i.v. injections and expressed in percent of the hypotensive activity of
BK.
* Significant potentiation. RJV — rabbit jugular vein; DCA = dog carotid artery;
DRA — dog renal artery; RBP = rat blood pressure; RA = rabbit aorta; NS = not significant.

b

inactive on this receptor type, while BK is active and its effect is potentiated
by captopril. The activity of BK on this tissue has been attributed to the release
of its metabolite, des-Arg9-BK, by carboxypeptidase N because the effect of
BK is blocked by mergetpa, an inhibitor of this enzyme [2].
BK and [Phe8i/f(CH2NH)Arg9]-BK were incubated with purified carboxypeptidase B that has an activity similar to that of carboxypeptidase N, and with
a lung powder preparation of ACE. Results with carboxypeptidase B (incubation
of 1.4 X IO-6 M of BK or [Phe8iKCH2NH)Arg9]-BK with 0.1 /ul carboxypeptidase
B (1.1 wg//xl) in 300 ul of Tris(pH 7.6)) show that, in the assay conditions,
more than 50% of BK is metabolized in 20 min (complete degradation in 40
min), while [Phe8i/f(CH2NH)Arg9]-BK was stable after 5 h of incubation. The
ACE preparation degraded BK into BK (1-7) with no marked metabolism of
the pseudopeptide analog.

References
1.
2.

160

Regoli, D. and Barabe, J., Pharmacol. Rev., 32(1980) 1.
Regoli, D., Drapeau, G., Rovero, P., Dion, S., Rhaleb, N.E., Barabe, J., D'OrleansJuste, P. and Ward, P., Eur. J. Pharmacol., 127(1986)219.

1,4-Piperazine-derived, partially nonpeptidic analogs of
substance P
E. Roubini3, C. Gilonb, Z. Selingerc and M. Chorev3
"Department of Pharmaceutical, department of Organic and'Department of Biological
Chemistry, The Hebrew University of Jerusalem, Jerusalem 91120, Israel

Introduction
The design of nonpeptidic analogs of bioactive peptides is anticipated to lead
to compounds with improved bioavailability, prolonged duration of action and
high selectivity. This approach may also lead to the development of highly potent
and selective antagonists. We have previously outlined our approach to the design
of nonpeptide peptidomimetics and demonstrated it in the synthesis of potent,
partially nonpeptidic analogs of substance P (SP), based on 4-hydroxyproline
[1]. The 1,4-piperazine system presented in this work represents a larger ring
system, as compared to the proline ring, with a greater potential for conformational flexibility. Substitution of 1,4-piperazine by the essential SP pharmacophores resulted in structure I that was examined by CPK models. Only the
(25',55')-l,4-piperazine isomer allowed close reproduction of the topological
model obtained for one of the reported low energy conformations of SP [2].
Results and Discussion
The synthetic route developed for the preparation of analog I and II allowed
the selection of substituents and chirality at C2 and C5 in the 1,4-piperazine
ring, and also provided the options either to alkylate or to acylate the heterocyclic
nitrogens (Scheme 1). The key intermediate in the synthesis of analogs I and
II, 2-keto-3,6-dibenzyl-l,4-piperazine derivative 2, was obtained by cyclization
of the pseudodipeptide 1. The biological activities of SP analogs I and II in
the guinea pig ileum (GPI) and rat vas deferens (RVD) are summarized in Table
1. The reduced potency of the piperazine analogs, despite their close resemblance
to the topological model of SP, may be due to excessive conformational constraints
induced by the substituted piperazine ring.
Table 1 Biological activities of SP analogs in GPI and RVD
Analog
I
II
[pGlu«]SP6_„

GPI
EC 50 OxM)

RVD

7.5
20.0
1.2X10-3

»20.0
»20.0
20.0

EC 5 0 (jiM)
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HCI-H-Phe-OMe
,H

MeOH, AcOH, NaCNBHj

1. NaOHaq. 2. TFA
Boc

.NH-

>,

N

0 -S!'

C02M8

2. MeOH, DIPEAA

3. DPPA, K2HP04

H* Pd/C

pGlu-N
N-Bzl

MeOH, AcOH
Leu-Met-NH2

2. TFA-H-Leu-Met-NH2
IBCF.NMM

pGlu-N
^Leu-Met-NH2

Scheme 1. Synthesis of 1,4-piperazine analogs of SP.
Conclusion
Biologically relevant topology can be derived from modeling of low-energy
conformations. Small polyfunctional, stereochemically defined heterocyclic rings
could be employed for construction of a topological model. The development
of these important non-peptidic leads into compounds with higher affinity for
the SP receptors is currently being examined in our laboratory.
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Second generation of potent parathyroid hormone (PTH)
antagonists
M. Chorev*, M.E. Goldman, E. Roubini, J.E. Reagan, J.J. Levy, R.F. Nutt,
M.P. Caulfield and M. Rosenblatt
Merck Sharp & Dohme Research Laboratories, West Point, PA 19486, U.S.A.

Introduction
Parathyroid hormone (PTH) antagonists are valuable research tools in studying
the role of PTH (84 amino acid residues) and parathyroid hormone-related protein
(PTHrP, 141 amino acid residues) as calciotrophic hormones, and as potential
drugs in treatment of calcium disorders. Sequence homology of both hormones
is limited to their amino terminus, in which 8 out of 13 amino acid residues
are identical. Recently, we have identified position 12 in both hormones as a
site relatively tolerant of structural manipulation [1]. Replacement of Gly12 with
D-Trp led to a 10-fold increase in potency compared to that of the corresponding
parent antagonists (see Table 1) [2]. We report here our recent efforts toward
the preparation of highly potent PTH antagonists.
Table 1 Binding and cyclase activity of antagonist analogs derived from PTH and PTHrP
sequences using bovine renal cortical membranes"

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Peptide analog

Bindingb
Kb (nM)

Cyclase0
K (nM)

[Nle8.'8,Tyr34]bPTH(7-34)-NH2
[Nle818,D-Trp12,Tyr34]bPTH(7-34)-NH2
[Nle8,D-Trp12.18,Tyr34]bPTH(7-30)-NH2
[Nle8,D-TrpI8,Tyr34]bPTH(7-34)-NH2
[Nle8,L-Trp18,Tyr34]bPTH(7-34)-NH2
[Nle8,D-Ala18,Tyr34]bPTH(7-34)-NH2
[Nle8.'8,D-Trp12,Lys13(e-X),Tyr34]bPTH(7-34)-NH2d
[Nle8.18,D-Trp12,Lys13(e-Y),Tyr3"]bPTH(7-34)-NH2e
[ D -Trp 12 ]PTHrP(7-34)-NH 2
[Nle 818 ,D-Trp l2 ]bPTH(7-18)PTHrP(19-34)-NH 2
[D-Trp'2]PTHrP(7-18)[Tyr3"]bPTH(19-34)NH2

145 + 10
15±5
4+1
200 ± 5
45 ± 1 0
870 + 460
4+1
35±5
50+15
190 + 30
70+15

1600 + 300
125+10
30 + 5
700+180
420 + 30
640 + 25
60+10
230 + 25
390+180
320 + 60
350 + 40

a

Values are mean (±SEM) from at least three experiments.
Inhibition of binding of 25 pM of [Nle8.18,mono-125I-Tyr3"]bPTH(l-34)-NH2.
c
Antagonizing 3 nM of [Nle818,Tyr34]bPTH(l-34)-NH2.
d X = CO(CH 2 ) 2 Ph.
<= Y = A7,Ar-[CH2CH(CH3)2]2.
b

*Present address: Department of Pharmaceutical Chemistry, School of Pharmacy, The Hebrew
University of Jerusalem, Jerusalem 91120, Israel.
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Results and Discussion
Peptides were synthesized on a ^-MBHA resin, purified and characterized
as described previously [3]. Modification of e-amino Lys13 (as in analogs 7 and
8) was achieved by coupling 7Va-Boc-./V<-Fmoc-Lys to the corresponding resinbound-peptide followed by deprotection with piperidine. Acylation with DCCmediated preformed hydrocinnamic anhydride and reductive alkylation in the
presence of NaBH 3 CN and isobutyraldehyde yielded the intermediates, which
were then extended to the corresponding analogs 7 and 8, respectively. Table
1 summarizes the binding affinities and inhibition of PTH-stimulated adenylate
cyclase activities, as determined in the bovine renal binding assay. Enhancement
of binding affinity was achieved by combining the effect of D-Trp12 with additional
hydrophobic substitutions at positions 13 and 18, sites identified as tolerant
of a wide range of structural modifications. The increase in potency due to
hydrophobic substitution in position 18 was observed only in combination of
D-Trp12 (cf. 3 and 4-6). In a similar manner, introduction of a hydrophobic
moiety on the e-NH2 of Lys13 contributed to the enhanced potency of analogs
7 and 8. It seems that the A^.A^-diisobutyl substitution may exceed the spacial
limitations at this site of interaction. The hybrids of PTH and PTHrP, analogs
10 and 11, demonstrate that the C-terminal domains of these functionally related
analogs of the calciotrophic hormones could be interchanged and still retain
potency. This finding may indicate that these structurally different C-terminal
domains interact in a similar manner with either one of the N-terminal domains
of the hormone, or with the receptor. This concept is currently being explored
in our laboratory in studies toward the design of more potent PTH antagonists.
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Structure study of human calcitonin
Masamitsu Doi3, Yuji Kobayashi3, Yoshimasa Kyogoku3, Misato Takimotob and
Keigo Godab
"Institute for Protein Research, Osaka University, Suita, Osaka 565, Japan
international Research Laboratories, CIBA-GEIGY(Japan)Ltd., Takarazuka,
Hyogo 565, Japan

Introduction
Calcitonin (CT) is well known as a key regulatory hormone in calcium
metabolism. Since the idea of an amphiphilic helix was proposed, this peptide
has been a target of conformational analyses by CD measurements and modeling.
Kaiser et al. [1] designed a model of salmon CT to optimize an amphiphilic
structure and demonstrated that this model peptide has a helical structure in
50% TFE. Salmon CT also has a helical structure in the presence of phospholipid
as Epand et al. [2] found.
We have worked to determine conformations of polypeptides in solution by
the combined use of NMR measurements and distance geometry algorithms [3].
Here, we applied our technique to analyzing the structure of human CT (hCT)
in a mixture of water and TFE.
Results and Discussion
The structural study of hCT was performed as follows. 2D NMR spectra,
such as DQF-COSY, HOHAHA and NOESY, were measured in TFE-d 3 /D 2 0
or H 2 0 (2:3, v/v). In these spectra, the peaks were assigned by sequential
assignment strategy [4].
Then, the NOEs determined from NOESY spectra, were interpreted as distances
for use in distance geometry calculations as the constraints [3,5]. The distance
geometry algorithm consists of constructing a randomly chosen initial conformation and minimizing the sum of the square root of differences between atomic
distance in the calculated structure and the value of the corresponding distances
obtained from NMR experiments.
Eight resulting structures with the lowest values of the sum, superimposed
to obtain the best fit for minimum root mean square deviation (RMSD) are
shown in Fig. 1. These computer drawings show that the center region from
Leu9 to Phe22 is in a helical conformation. This result confirms that hCT assumes
a helix structure as predicted for salmon CT and its analog [1,2].
Figure 2 indicates how this helix differs from a typical a-helix. The arrows
show the deviation of the individual residue positions from the ideal positions
of the corresponding residues in an a-helix. The deviations are observed in the
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N J

Fig. 1. Computer drawings of eight structures for hCT superimposed to obtain the best
fit for minimum RMSD. All covalent bonds between main-chain backbone atoms are shown.

Asp 15
Phe 19

Fig. 2. Helical wheel projection of the Leu9-Phe22 region.
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regions from Leu9 to Gly10 and from Phe19 to Phe22. Therefore, the region from
Thr 11 to Lys18 is found to be in an a-helix but its neighboring regions at both
ends are in an extended helical conformation. In addition, it has been revealed
that the region from Leu9 to Thr21 has an amphiphilic arrangement of the side
chains.
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Irreversible ligands for bombesin receptors
Roberto de Castiglione, Luigia Gozzini, Mauro Galantino, Fabio Corradi,
Marina Ciomei and Isabella Molinari
Farmitalia Carlo Erba R&D, Erbamont Group, Via dei Gracchi 35, 1-20146 Milan, Italy

Introduction
Peptides of the bombesin (BN)/GRP family act as autocrine growth factors
for small cell lung carcinoma (SCLC). In the search of BN antagonists as possible
therapeutic agents for this kind of tumor, a number of C-terminal BN alkylating
analogs have been synthesized and evaluated in Swiss 3T3 fibroblasts for receptor
binding affinity and for mitogenic activity, alone and in competition with BN.
Results and Discussion
The Melphalan moiety has been introduced at different positions of the NH 2 terminus of BN analogs. Its location seems to affect the binding affinity of
the compounds, position 6 being more favorable than position 3. When the
alkylating moiety has been introduced into BN structures showing good receptor
affinity and agonistic activity, a slight increase in IC50 was observed as compared
to the reference compound. Vice versa, the introduction of the same moiety
in peptides which display poor receptor binding (and are biologically inactive
or weak antagonists), induces at least a 10-fold increase in binding affinity.
Usually, in competition experiments, BN alkylating analogs with intrinsic
'antagonistic' features display comparable antagonism to 25 nM BN, both when
given at the same time as or 24 h before the agonist challenge, whereas analogs
with intrinsic 'agonistic' features display better antagonism in the sequential
than in the contemporaneous treatment.
The number of GRP receptors per cell, 24 h after treatment, is more greatly
reduced (up to complete suppression) by these alkylating analogs than by other
BN-like peptides, and, in the second challenge, the percent inhibition of thymidine
incorporation is inversely related to the number of residual receptors.
The alkylating moiety Melphalan does not bind by itself to GRP receptors
in Swiss 3T3 cells, while the alkylating analogs do not bind to other growth
factor receptors, such as the EGF receptor in A431 cells. In addition, on a
molar basis, the toxicity of these alkylating analogs (IC 5 0 >50 uM) is much
lower than that of the cytotoxic Melphalan moiety (IC 50 3.3 uM).
Peptides containing the alkylating moiety in meta position apparently are more
cytotoxic than the same peptides carrying the alkylating moiety in position para,
as in the classical Melphalan.
Probably due to higher chemical and enzymic stability, the N-terminal protected
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derivatives are more potent antagonists than the unprotected ones. Preliminary
results with selected BN alkylating analogs indicate that these compounds are
also able to inhibit the growth of SCLC cell lines in soft agar.
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Antagonist of gastrin-releasing peptide
Hidehito Mukaia, Koichi Kawaib, Seiji Suzukib, Kamejiro Yamashitab and
Eisuke Munekata3
"Institute of Applied Biochemistry and institute of Clinical Medicine, University of
Tsukuba, Tsukuba, Ibaraki 305, Japan

Introduction
Gastrin-releasing peptide (GRP), its C-terminal decapeptide (GRP-10), and
neuromedin B (NMB) are bombesin-like neuropeptides isolated from mammals
GRP-10:
NMB:

Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH2
Gly-Asn-Leu-Trp-Ala-Thr-Gly-His-Phe-Met-NH2

and are considered to be involved in the nervous regulation systems as neurotransmitters or neuromodulators, although the actual physiological functions
are not yet established. The peptides of the bombesin family have multiple
biological activities and are known to stimulate the contraction of smooth muscles,
the release of gastropancreatic hormones such as gastrin, insulin and glucagon,
the secretion of juice from pancreatic acini and the proliferation of several cell
lines. Generally, antagonistic substances play a significant role in the study of
the detailed functions of biologically active substances, such as atropine against
acetylcholine, and naloxone against opiates.
Recently, we found [1] that GRP-10 analogs, in which the amino acid residue
at position 6 is replaced by Ala or Gly, antagonize the insulin secretion induced
by GRP-10, based on SAR.
Methods
Synthetic peptides were dissolved in saline solution containing 0.2% bovine
serum albumin. In in vivo study, the peptide solution was injected into dogs,
and insulin, glucagon and gastrin levels in the plasma were studied as previously
described [2]. In in vitro study, the pancreas was isolated from dogs, and perfused
by the method of Iversen et al. [3]. Insulin (IRI), glucagon (IRG) and gastrin
levels in the plasma and the effluent perfusate were determined by RIA.
Results and Discussion
The prior injection of [Ala6]-GRP-10 into conscious dogs in doses of 45, 225
and 450 nmol/kg decreased cumulation increase in the plasma insulin level,
over a 10-min period following the injection of 4.5 nmol/kg GRP-10, to 67.4,
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49.3 and 22.1%, respectively, as shown in Fig. 1. Prior injection at doses of
4.5, 45, 225 and 450 nmol/kg reduced the plasma glucagon level to 94.0, 43.0,
48.3, 47.6 and 58.6%. Plasma gastrin levels were 94.0, 155.4 and 167% following
the injection of 45, 225 and 450 nmol/kg as shown in Fig. 2.
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In the canine pancreas perfusion experiments, insulin release stimulated by
1 nM of GRP-10 was reduced to 85 and 33% by the infusion of 10 and 100
nM of [Ala6]-GRP-10, respectively.
[D-Arg1, D-Pro2, D-Trp7'9, Leu n ]-substance P, a synthetic antagonist against
bombesin-like peptides, suppressed insulin release with 1 nM of GRP-10 to 65.9
and 24.1% by the infusion of 100 nM and 1 /uM. [D-Phe8]-GRP-10 is also known
as an antagonist of the bombesin family and reduced insulin release to 97.7,
and 15.4% by infusion of 1 and 10 uM. Insulin release was almost completely
suppressed by infusion of 100 nM of [Gly6]-GRP-10.
The results are summarized as follows:
(1) [Ala6]-GRP-10 and [Gly6]-GRP-10 are proposed to be antagonists for the
release of insulin and glucagon stimulated by GRP-10.
(2) Antagonistic activities of both peptides are approximately 10-fold that
of [D-Arg1, D-Pro2, D-Trp7.', Leu"]-substance P and 100-fold that of [D-Phe8]GRP-10.
(3) The different features of each peptide in biological activity suggest that
different receptors are involved in the secretion of insulin and gastrin.
Acknowledgements
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ICI 216140 and other potent in vivo antagonist analogs of
bombesin/gastrin-releasing peptide
R. Camble, R. Cotton, A.S. Dutta, A. Garner, CF. Hayward, V.E. Moore and
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Introduction
Bombesin (BN) and gastrin-releasing peptide (GRP) possess a number of
chemical and biological similarities. In addition to various other effects, both
BN and GRP have been identified as potent mitogens in Swiss 3T3 cells [1],
and GRP has also been proposed as an autocrine growth factor in small cell
lung cancer (SCLC) [2]. The antagonists of BN/GRP may, therefore, have
therapeutic utility in the treatment of SCLC.
Our attempts to obtain BN/GRP antagonists we based on two approaches:
(a) synthesis of truncated and side-chain deletion analogs, and (b), synthesis
of analogs based on a substance P antagonist Z-Arg-Pro-Lys(Z)-Pro-Gln-GlnPhe-Phe-Gly-Leu-OMe [3]. Incorporation of the changes which led to substance
P antagonism into the C-terminal decapeptide of GRP gave a potent BN/GRP
antagonist (compound 1, Table 1). Further modifications were then attempted
to obtain potent in vivo antagonists of BN/GRP with longer duration of action.
Methods
Synthesis
The analogs listed in Table 1 were synthesized by SPPS, purified by RPHPLC,
and characterized by AAA and FABMS.
Biological tests
In the in vitro mitogenic test (Table 1), the incorporation of 3 H-thymidine
into Swiss 3T3 cells was measured over a period of 48 h at 37°C. In the in
vivo test (Table 2), the inhibition of bombesin-stimulated amylase secretion was
measured in rats after i.v. and s.c. administration of the compounds [3].
Results and Discussion
Modifications of compound 1 by introducing D-amino acid residues in various
positions resulted in improved potency (2, 3, 8) in the in vitro test system (Table
1). Although 1-8 were potent antagonists of BN in vitro and in vivo (given
i.v.), none of these inhibited bombesin-stimulated amylase secretion in rats when
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Table 1 Chemical structures and in vitro (inhibition of mitogenesis using Swiss 3T3 cells)
activities on BN/GRP antagonists
Compound
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Structure

IC50 nM

Z-Arg-Pro-Lys (Z) -His-Trp-Ala-Val-Gly-His-Leu-OMe
Z-Arg-Pro-Lys (Z) -His-Trp-Ala-Val-D-Ala-His-Leu-OMe
Z-Arg-Pro-Lys (Z) -D-Gln-Trp-Ala-Val-D-Ala-His-Leu-OMe
Boc-D-Deh-Pro-Lys (Z) -His-Trp-Ala-Val-D-Ala-His-Leu-OMe
Ac-Pro-Lys (Z) -His-Trp-Ala-Val-D-Ala-His-Leu-OMe
Ac-Gly-Asn
-His-Trp-Ala-Val-D-Ala-His-Leu-OMe
Boc-D-Arg
-His-Trp-Ala-Val-D-Ala-His-Leu-OMe
Ac-D-Phe(C 1 )-His-Trp-Ala-Val-D-Ala-His-Leu-OMe
-His-Trp-Ala-Val-D-Ala-His-Leu-OMe
rS^^Y^l Ac-Phe
-His-Trp-Ala-Val-D-Ala-His-Leu-OMe
kjKyy+OCH2CO
-His-Trp-Ala-Val-D-Ala-His-Leu-OMe
f n y cn 2 co -His-Trp-Ala-Val-D-Ala-His-Leu-OMe
^ > NH CH 3 CH
CH23CO
CO
-His-Trp-Ala-Val-D-Ala-His-Leu-OMe
(CH 3 ) 2 CHCO
-His-Trp-Ala-Val-D-Ala-His-Leu-NHMe
CH 3 CH 2 CO
-His-Trp-Ala-Val-D-Ala-His-MeLeu-OMe

2.3
0.7
0.2
0.6
0.9
6.4
10.0
0.3
1.0
1.1
0.9
3.0
0.5
3.3
3.3

Table 2 Inhibition of BN-stimulated amylase secretion in rats by the antagonists
Compound

Dose
(mg/kg)

Route of
administration

Time of
%
administration
inhibition
(min. before BN)

1

0.5
20.0
0.5
20.0
0.5
20.0
0.5
20.0
0.5
20.0
0.5
20.0
0.5
20.0
0.25
2.0
0.5
20.0
0.25
0.02
10.0
0.5
2.0
2.0
2.0
2.0
0.1
2.0
0.02

i.v.
s.c.
i.v.
s.c.
i.v.
s.c.
i.v.
s.c.
i.v.
s.c.
i.v.
s.c.
i.v.
s.c.
i.v.
s.c.
i.v.
s.c.
i.v.
i.v.
s.c.
i.v.
s.c.
s.c.
s.c.
s.c.
s.c.
s.c.
s.c.

0
60
0
30
0
30
0
30
0
150
0
30
0
150
0
30
0
30
0
0
150
0
150
60
150
150
150
150
150

3
4
5
6
7
8
9
10
11
12
13
14
15

86
61
73
5
92
17
91
14
93
Inactive
86
13
80
Inactive
86
83
92
26
95
61
49
92
6
96
51
100
58
94
45
175
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administered subcutaneously. The heptapeptide derivatives (9 and 11) showed
modest inhibition, whereas 14 (ICI 216140) and 15 (ICI 216167) were potent
inhibitors of amylase secretion when given subcutaneously. Both of these also
displayed prolonged duration of action (> 3 h). Results on other modifications
leading to further improvements in potency and duration of action will be reported
elsewhere.
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antagonists
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Introduction
Several antagonists of Substance P (SP) containing two or more D-Trp residues
in their sequence have been reported [1,2]. Most of these antagonists show limited
selectivity for the three tachykinins receptors [3], probably because they were
designed as modifications of the SP backbone. In fact, although SP has some
preferential activity for the NK-1 receptors, it is active as an agonist at all of
the three tachykinin receptors. We attempted to obtain selective NK-2 antagonists
by introduction of D-Trp on the backbone of a NK-2 selective agonist, the Cterminal heptapeptide NKA (4-10).
Results and Discussion
The results presented in Table 1 indicate that, by introducing D-Trp in positions
6 and 8 along with pyroglutamic acid pGlu in position 4 or Nle in position
10 of NKA (4-10), selective, although weak, NK-2 tachykinin antagonists are
obtained. Similar substitutions, previously reported on the sequence of SP, gave
rise to nonselective antagonists, presumably for the limited selectivity of the
agonist used as template. Peptides 3 and 4 are interesting examples of selective
antagonists developed starting from a selective agonist. Further modifications,
like the addition of Phe in position 10 or of a third D-Trp in position 9, gave
rise to more potent but less selective antagonists, thus showing that each amino
acid substitution can dramatically affect selectivity.
Further studies are necessary for the development of peptides showing enhanced
potency along with improved selectivity.
Acknowledgements
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Synthesis and biological activity of [j/f(CH2NH)] analogs
of neurokinin A4_10
S.L. Harbeson, S.H. Buck, CF. Hassmann III and S.A. Shatzer
MerrellDow Research Institute, 2110 E. Galbraith Road, Cincinnati, OH 45215, U.S.A.

Introduction
The tachykinins are a family of peptides that share the C-terminal sequence:
Phe-Xxx-Gly-Leu-Met-NH2. In mammals, Substance P and the neurokinins have
been identified in the central and peripheral nervous system and have shown
spasmogenic activity in smooth muscle tissue. In view of Coy's discovery that
[<KCH2NH)] analogs of bombesin (<QQRLGNQWAVGHLM-NH 2 ) are bombesin antagonists [1], we have synthesized and tested a series of Neurokinin
A (NKA, HKTDSFVGLM-NH 2 ) analogs in which the amide bonds of [Leu10]NKA4_10 have been sequentially replaced with the reduced amide [</i-(CH2NH)]
bond.
Results and Discussion
The peptides shown in Table 1 were prepared according to the method of
Coy, et al. [1] using SPPS with Boc protection. Compounds I, II, IV and V
were prepared by reductive alkylation of resin-bound peptides with N-t-Bocaminoaldehydes prepared according to the method of Fehrentz and Castro [2].
Compound II was made using ./V-r-Boc-glycinal synthesized from N-t-Bocallylamine [3]. Reductive alkylation of the resin-bound peptide with succinic
semialdehyde provided compound VI. Compound VI is, therefore, a [i/i-(CH2NH)]
analog of succinoyl-NKA5_10. The peptides were deprotected and cleaved from
the resin with HF/anisole and purified by semi-prep HPLC on a Vydac C18
column (22x250 nm). The final products were characterized by FABMS and
AAA. Purity was determined by analytical RPHPLC in two different solvent
systems.
The receptor affinity of the analogs was determined by competitive binding
experiments in receptor-specific tissues: hamster bladder (NK-2), rat salivary
gland (NK-1) and rat cerebral cortex (NK-3) [4]. The in vitro data (Table 1)
show that replacement of the amide bonds in [Leu10]-NKA4_10 with the
[i/r(CH2NH)] moiety results in a pronounced loss in NK-2 receptor affinity in
all cases except in I (MDL 28564). MDL 28564 retains significant NK-2 affinity
(K, = 157 nM) with greatly reduced NK-1 (K, <=» 250 uM) and NK-3 ( K r « 500 «M)
affinities, making MDL 28564 the most selective NK-2 peptide reported in the
literature [5]. This compound showed weak partial agonism in a pi turnover
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assay («*10% of NKA), but also showed antagonist activity by its ability to
shift the dose-response curve for NKA-induced p i turnover in hamster bladder.
Table 1 Compounds synthesized, and competitive radioligand binding data
Peptide

IC50 (nM)
NK-l

I
II
III
IV
V
VI
SP
NKA
NKB

Asp-Ser-Phe-Val-Gly-Leu[i/i(CH2NH)]Leu-NH2
Asp-Ser-Phe-Val-Gly[i/i(CH2NH)]Leu-Leu-NH2
Asp-Ser-Phe-Val[iA(CH2NH)]Gly-Leu-Leu-NH2
Asp-Ser-Phe[i>(CH2NH)]Val-Gly-Leu-Leu-NH2
Asp-Ser[i/i(CH2NH)]Phe-Val-Gly-Leu-Leu-NH2
Suc[iA(CH2NH)]Ser-Phe-Val-Gly-Leu-Leu-NH2

a

250 xlO 3
ND
> 100 xlO-1
> 10X10 3 > 40xl03
ND
0.3+ 0.1
54 ± 0.5
200 ± 25

NK-2b

NK-3C

157 + 17
> 10x103
> 5x103
> 5x103
> lOxlO 3
2x103
40 +11
0.7 + 0.2
18 + 4

250x103
ND
ND
ND
ND
ND
65 ± 5
35 ± 3
2 + 0.3

a

[125I-Bolton-Hunter]-substance P with rat submandibular gland.
[125I-His']'-neurokinin A with hamster bladder.
c 125
[ I-Bolton-Hunter]-eledoisin with rat cerebral cortex.
ND — not determined.
b
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C-terminal modified bombesin and litorin analogs with
potent in vitro and in vivo antiproliferative activity
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J.-P. Moreau3
"Biomeasure Inc., Hopkinton, MA 01748, U.S.A.
b
Digestive Diseases Branch, NIH, Bethesda, MD 20982, U.S.A.
'Peptide Research Laboratories, Department of Medicine, Tulane University Medical
Center, New Orleans, LA 70112, U.S.A.

Introduction
Previous studies have shown that C-terminal modification of bombesin and
litorin by pseudopeptide bond results in analogs with high receptor antagonist
properties [1,2]. In order to study further SAR, a series of peptides with additional
C-terminal modifications were synthesized and tested in vitro and in vivo.
Materials and Methods
Synthesis of peptides was carried out by SPPS on MBHAR using commercially
available Boc-amino acids. Boc-statine and related amino acids were purchased
or prepared by a literature method [3,4]. Cleavage and deprotection of the resinbound peptide was achieved by treatment with liquid HF containing anisole
and dithiothreitol as scavengers. Purification of the crude material by RPHPLC
on Vydac C18 support yielded a product whose purity was > 9 5 % by analytical
HPLC.
In vitro receptor affinities were determined from the competition for [125I]GRP
binding to Swiss 3T3 cells, and from the inhibition of BN-stimulated thymidine
uptake by 3T3 cells. Some analogs were also tested for their ability to inhibit
BN-stimulated amylase release from isolated guinea-pig pancreatic acini.
For in vivo studies, the NCI-H69 human small-cell lung carcinoma line was
transplanted from in vitro culture by implanting athymic nude mice with the
equivalent of 5 confluent 75-cm2 tissue-culture flasks, s.c, in the right flank.
No attempt was made to disaggregate the cell agglomerates. Tumor size was
calculated as the average of two diameters, i.e., (length + width/2) mm. BN
antagonists were administered at 50 ug/injection, b.i.d., or s.c, as a perilesional
infusion. Care was taken not to inject intralesionally. There were 10 animals
in the control and 5 in the test groups.
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Table 1 Structure and in vitro activities
Analogs

Binding
(K r =nM)

Inhibition of
thymidine
uptake
(IC50 = nM)

Inhibition of
amylase
release
(IC50 = nM)

[Sta^-des-Met'4 BN
[Sta8]-des-Met9 Litorin
[D-Phe',AHPPA8]-des-Met9 Litorin
[D-Phe'.Sta^-des-Met9 Litorin
[D-Phe',ACHPA(3R,4S)8]-des-Met9 Litorin
[D-p-Cl-Phe' ,Sta8]-des-Met9 Litorin
[D-p-Cl-Phe',ACHPA (3R,4S)«]-des-Met» Litorin
[D-p-Cl-Phe',ACHPA (3S,4S)8]-des-Met9 Litorin
[D-p-Cl-Phe',Sar6,ACHPA8]-des-Met9 Litorin
[D-p-Cl-Phe' ,/3-Leu8]-des-Met9 Litorin

18
150
233
7.2
3.9
4.5
7.9
3.8
1.9
0.8

agonist
165
101
37.2
21.6
8.9
46.8
43.7
6.7
5.2

150
354
15.1
28
26
30
36
34

Statine:
AHPPA:
ACHPA:
/3-Leu:
Sar:
Bombesin:
Litorin:

(3S,4S)-4-amino-6-methyl-3-hydroxy-heptanoic acid.
(3S,4S)-4-amino-3-hydroxy-5-phenylpentanoic acid.
(3S,4S)-4-amino-5-cyclohexyl-3-hydroxypentanoic acid.
/}-homo-L-leucine.
Sarcosine.
p-Glu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2
p-Glu-Gln-Trp-Ala-Val-Gly-His-Phe-Met-NH2
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Fig. 1. Evolution of tumor size in athymic nude mice over 34 days of BN and Litorin
analogs.
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Results and Discussion
Structure and in vitro activities are listed in Table 1; in vivo activities are
shown in Fig. 1.
The replacement of the two distal C-terminal amino acids, by statine, in BN,
generated potent agonist. Surprisingly, the same kind of modification in the
litorin series produced a potent antagonist. Furthermore, replacement at the
position 1 by lipophilic D-amino acid generated even more-potent antagonists.
Stereochemistry of the hydroxyl group in the statine analogs did not seem to
change biological activity. Considering that statine and its related analogs
(AHPPA, ACHPA) are y-amino acid, a ^-leucine analog was also prepared,
which proved to be a very potent antagonist. Differences between in vitro and
in vivo activities of these compounds are under investigation.
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Introduction
Bombesin (BN) is a neuropeptide that has gastrointestinal effects. Its mammalian congener, gastrin-releasing peptide, is a circulating hormone that functions
in digestion and is ectopically produced by small cell lung carcinoma. The peptide
is an autocrine growth factor for these cells and related tumors. Analogs were
synthesized to determine the smallest biologically active sequence, and other
changes were incorporated to increase biological and chemical stability. Met
was replaced by Nle to prevent oxidative degradation, and D-Ala was substituted
for Gly to stabilize the conformation. Carboxyl-terminal fragment peptides were
synthesized, and large amino groups were attached to protect against proteolysis
and enhance activity. The partial sequence of BN that possesses activity was
further stabilized by forming an amide bond between an e-amino group in position
5 and the carboxyl group of Met at position 14, thus achieving the first active
cyclic analog.
Methods
The peptides were synthesized by SPPS on MBHAR using Boc chemistry.
Purification was by CCC [1] and preparative RPHPLC. The cyclic peptide was
synthesized on Boc-Met chloromethyl resin, purified, cyclized by reaction with
BOP-C1 and isolated by RPHPLC. The product had the correct MW as determined
by FABMS.
The peptides were analyzed for in vivo and in vitro activity [2]. The reduction
in liquid food intake by rats, following intraperitoneal injection, was measured
for 30 min. A baseline was established. Each dose of a compound was tested
in six animals. The doses were equimolar to 0, 4, and 400 ug/kg of BN. The
lower dose of BN lowered food ingestion to 27% of baseline.
The peptides caused a receptor-mediated increase in intracellular Ca 2+ levels
in small cell lung carcinoma cells (NCI-H345) due to increasing phosphatidylinositol turnover. The cells were loaded with a fluorescent dye, Fura 2AM at

185

M. Knight et al.
37°C. When BN or an agonist is added, a rise in the amplitude of fluorescence
occurs for 4 min. The effect was measured with varying concentrations to
determine the ED 50 .
Results and Discussion
Concentrations of half-maximal effects by the compounds in both assays are
given in Table 1. The agonists showed moderate potency compared to BN in
the cell receptor interaction. Not all peptides were tested in both assays. The
cyclic BN analog, 137, that displayed moderately high activity, binds to BN
receptors in SCLC, brain membranes, and other cell lines, and stimulates growth
of Swiss 3T3 cells. The smallest peptide, 136, was the most potent in the food
inhibition behavior. The bioavailability of i.p.-administered compounds is improved if they are resistant to proteolysis. For this and other reasons, these
results suggest that the smaller compounds are more efficacious. The potencies
of the octapeptide and the cyclic peptide demonstrate the feasibility of small
conformationally stabilized BN receptor-directed analogs as in vivo agents.
Table 1 Stimulation of intracellular calcium increase in SCLC cells and inhibition offood
intake by BN analogs
Ca2+
levels
ED50, ^M

Name Structure

iji
131
137

1
2 3 4 5 6 7 8 9
PCA-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala10 11 12 13 14
Val-Gly-His-Leu-Met-NH2
[CH2'2/'3,Leu14]BN [ref. 2]
[N-Ac,NleM]BN(5-14)
[cyclo Ac-LeuO^-Lys^D-Ala'^Met'^BN (4-14)

133
134
136
132
135

[N-/3-Naphthoyl,Nle">]BN(5-14)
[N-Bz,D-Ala",Nle"t]BN(5-14)
[N-Ac,D-Alai',Nle"t]BN(7-14)
[N-Bz,Nle"t]BN(5-14)
[N-^-Naphthoyl,D-Alall,NMeLeui3,Nle14]BN(5-14)

BN

I

0.005
0.2
0.2
0.3

Liquid food
intake
ED50, Mg/kg

1.3
n.d.
120
n.d.

I

0.3
0.4
0.5
0.5
n.d.

60
20
1.3
29
2500

n.d. = not determined.
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Introduction
Bombesin (BN) and related peptides are potent mitogens for several cells and
function as autocrine growth factors in the development of small cell lung
carcinoma (SCLC) [1,2]. This finding has opened the search for BN antagonists
able to inhibit the growth of this tumor. Recently, the discovery of
[LeuI3i/f[CH2NH]Leu14]-BN represented a breakthrough in the development of
BN antagonists [3]. Since structural information could be of great help both
for elucidation of the mode of action and in the formulation and development
of more selective and potent antagonists, we have undertaken a systematic study
of BN antagonists in solution by using 500 MHz and CD techniques. In particular,
[D-Phe12, Leu14]-BN and [Leul3i/r[CH2NH]Met14]-BN (6-14) nonapeptide have
been examined. NMR and CD measurements in different solvents are discussed
together with the data previously collected for the parent BN molecule. A
comparative CD investigation on spantide is also reported.
Results and Discussion
NMR measurements
The conformational properties of the two BN antagonists [D-Phe12, Leu14]BN and [Leu13i/i-[CH2NH]Met14]-BN (6-14) in solution have been studied in two
different systems: the polar proton acceptor DMSO and the polar proton
acceptor/donor H 2 0 . Two-dimensional techniques have been used to assign the
amino acid resonances.
The chemical shifts of NH and a-CH resonances in DMSO of [D-Phe12,Leu14]BN and [Leu13i/f[CH2NH]Met14]-BN (6-14) appear rather similar to each other,
and to those of the C-terminal nonapeptide of BN. The NMR spectra of
[Leu13>>[CH2NH]Metl4]-BN (6-14) show that, in DMSO, H 2 0 and the micellar
environment (SDS, 50-100 mM solution), the chemical shift values are rather
similar indicating no substantial structural modifications in going from organic
to micellar systems. Nevertheless, while in H 2 0 , the NH protons at both ends
of the peptide chain exchange rapidly with the solvent molecules; in the presence
188
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of SDS, this exchange is somewhat reduced. To gain further information on
the structural properties in solution of [Leu13i/f[CH2NH]Met14]-BN (6-14), the
temperature coefficients of amide NHs have been measured. The data obtained
show that, in H 2 0 , the coefficients are rather high and that some get smaller
in the presence of SDS micelles. This points to a reduced exposure of some
amide protons to interactions with the surrounding environment. Taken together,
the results obtained by NMR measurements demonstrate that, as for the parent
BN molecule, [D-Phe12,Leu14]-BN and [Leu 13 #CH 2 NH]Met 14 ]-BN (6-14) do not
possess a conformational preference in DMSO or H 2 0. In the presence of SDS,
which in some instances has been shown to modify the conformation of peptides
in solution, both chemical shifts and coupling constants measured for
[Leu 13 #CH 2 NH]Met 14 ]-BN (6-14), although slightly different, still represent
conformation averages. Surprisingly, however, the backbone temperature coefficients decrease in the micellar system. This cannot be taken by itself as an
indication of folding, but certainly it implies that the molecule in a membranelike environment (SDS micelles) is less accessible than in H 2 0.
CD measurements
The CD spectrum of [D-Phe12, Leu14]-BN in aqueous solution exhibits a negative
maximum at about 198 nm. As for BN, the shape of the spectrum is typical
of peptides essentially in a random conformation. In TFE and in the micellar
environment (SDS 40 mM), both BN antagonists tend to assume a more ordered
conformation. In TFE and in SDS the spectrum of [Leu13i/f[CH2NH]Met14]BN (6-14), characterized by a negative maximum at 204-205 nm and a shoulder
in the 210-220 nm range, is very similar to that observed for BN in the same
solvent, thus indicating that this analog also tends to assume a folded conformation (helix, or ^-structure) when exposed to a membrane-like environment.
Interestingly, spantide, which also possesses some inhibitory activity against BN,
seems to assume, even in H 2 0 , an ordered conformation. The CD spectrum,
indeed, shows negative maxima at 222 nm and at about 200 nm. The shape
of the curve recalls the classical CD spectrum of an a-helix. In TFE and SDS
a red shift of the 7r-7r* transition is observed and, most significantly, the intensities
[0] R 222 /[0] R 200 ratio increases, thus indicating an increase of folded conformations
in going from TFE to SDS.
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Introduction
The treatment of endocrine-dependent or hormone-sensitive tumors, such as
breast and prostatic cancers, with GnRH analogs represents a new approach
in oncology [1]. The combination of hormonal therapy with chemotherapy may
enhance the response. Such combined therapy could be provided by treatment
with highly potent analogs of GnRH that contain cytotoxic moieties. Since such
a peptide can bind to specific receptors, this can provide some target selectivity
for the cytotoxic molecule and make it 'cell specific', decreasing its nonspecific
toxicity. In this paper, we report on the synthesis of GnRH analogs containing
clinically used antitumor drug Cisplatin (cw-diamminedichloroplatinum) and
cytotoxic copper(II) and nickel(II) complexes of hydroxy-oxo compound [2].
Results and Discussion
Metal complexes were introduced into suitable modified analogs of GnRH.
The 19 metallopeptide analogs synthesized can be illustrated by the following
general formulas:
pGlu-His-Trp-Ser-Tyr-D-Lys[A2xy(Q)]-Leu-Arg-Pro-Gly-NH2
pGlu-His-Trp-Ser-Tyr-D-Lys[Ahx-A2xy(Q)]-Leu-Arg-Pro-Gly-NH2
Ac-D-Nal(2)-D-Phe(4Cl)-R3-Ser-Arg-D-Lys[A2xy(Q)]-Leu-Arg-Pro-D-Ala-NH2
wherein A2xy stands for 2,3-diaminopropionic acid (A2pr) or 2,4-diaminobutyric
acid (A2bu), Ahx is 6-aminohexanoic acid, R3 is D-Pal [3-(3-pyridyl)alanine] or
D-Trp, Q is PtCl 2 or B2Q', wherein B derived from salicyl aldehyde, 5-C1salicylaldehyde, pyridoxal or pyridoxal-5'-phosphate and Q' is Cu(II) or Ni(II).
As chelating function, an /V-diaminoacyl-D-lysine or an /V*-[6-(diaminoacyl)aminohexanoyl]-D-lysine was incorporated into position 6 of GnRH and two
of its antagonistic analogs during SPPS, or the D-Lys6 analog was acylated
thereafter with the corresponding diaminoacid. Coordination compounds of
PtCl2, in which the platinum is chelated by two amino groups of the diaminoacid
side chain (Fig. IA), could be obtained by 3 days reaction of K2PtCl4 with
peptides mentioned above. Analogs comprising of a hydroxy-oxo compound
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and a Cu(II) or Ni(II) complex could be prepared by two methods: reacting
a diamino-D-Lys6 peptide with a preformed aldehydato complex (e.g., bis(salicylaldehydato)copper(II)], or first with a hydroxy-oxo compound and then with
a metal ion. The diaminoacid forms two Schiff-bases with the hydroxy-oxo
compound that provides two -CH = N < groups and two phenolate anions for
the coordination of a bivalent metal cation, e.g., Cu++. The result is a six-fivesix-membered fused ring system in the reaction with 2,3-diaminopropyl side chain,
and a three-fused six-membered chelate ring with 2,4-diaminobutyryl group (Figs.
IB and IC). Formation of the complexes was followed by RPHPLC (C, 8 , solvents
were NH 4 OAc, pH = 7.0, and acetonitrile). The reaction of diaminoacyl-D-Lys6
analog with an aldehydato complex of copper produced a faster moving transition
metallopeptide that was transformed into the final product. We could demonstrate
the existence of the complexes of the D- and L-forms of A2pr containing agonists
and several times we could separate them by HPLC.
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The agonistic metallopeptides showed higher potency than GnRH, while some
of the antagonistic analogs exerted a powerful and long lasting inhibitory effect
on LH release in dispersed rat pituitary cell superfusion system. Most of these
peptides bind with high affinity to rat pituitary and human breast cancer cell
membrane receptors. Some of these GnRH analogs possessed significant cytotoxic
activity in cultures of human mammary cancer and prostate cancer cell line.
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Introduction
Recently, we reported [1] the synthesis and the biological activities of the
smallest potent agonists and antagonists of GnRH. The structures of these
compounds contain the (4-9) portion of GnRH coupled to a carboxylic acid
that is designed to mimic Trp 3 . As a further step towards the development of
orally active analogs of GnRH, we studied the effect of physicochemical properties
on the bioavailability of our reduced size analogs.
Methods
Peptides were synthesized using the SPPS on Merrifield resin. The peptides
were cleaved from the resin upon treatment with anhydrous ethylamine and
subsequently deprotected with anhydrous H F in the presence of anisole. The
crude peptides were purified by HPLC using a C18 reversed phase column. The
purity of the final compound was based on HPLC, FABMS and AAA.
Peptides were tested in vitro in the rat pituitary receptor binding assay [2]
and for LH release or suppression using cultured rat pituitary cells [3,4]. The
receptor binding affinities are reported as a pKi. The LH release potencies for
agonist are reported as a pD2, and LH suppression for antagonist as pA2. To
measure bioavailability, the compounds were administered in the rat by bolus
iv and id. The serum levels of the compounds were determined by a RIA using
an anti-GnRH analog antibody that recognizes the C-terminal residues LeuArg-Pro-NHEt. Bioavailability (F) was calculated as the ratio:

F =

Area under the curve (id)/dose(id)
—
—- X 100.
Area under the curve (iv)/dose(iv)

Results and Discussion
In our previous publication [1] about reduced size GnRH analogs, we reported
the SAR studies of the (4-9) GnRH series. We found that the size and the
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shape of the substituent at position 3 determines agonist or antagonist response.
Also, depending on the nature of the substituent at position 6 and 4, the biological
response may switch from antagonist to agonist and vice versa. To study the
effect of the physicochemical properties on bioavailability (F) and half life (t 1/2 )
in the 3-indolepropionyl-Ser4- (4-9) series, we varied the properties of the
substituent at position 6 from highly hydrophobic to highly hydrophilic (Table
1). It appears that a highly hydrophobic amino acid, such as D-2Nal or D-Trp,
has a beneficial effect on the binding affinity of the compounds, but tended
to give worse pharmacokinetics by shortening the duration of action (t 1/2 ) and
often increasing the volume of distribution (VD), perhaps because of more rapid
hepatic extraction and tissue uptake, respectively. On the other hand, highly
hydrophilic, and especially basic amino acids, such as D-Lys and D-Arg, are
less potent, yet significantly prolong the half life of the compounds and have
low volumes of distribution giving much better pharmacokinetics (Table 1). No
dramatic changes in absorption (F) of compounds were observed for any of
the compounds. The best increase of about six-fold was observed with D-Arg
and D-Orn derivatives.
Table 1 The effect of physicochemical properties on pharmacokinetics and bioavailability
in the N-[3-indoIepropionyl]Ser4-(4-9) series
X3-Ser-Tyr-Y6-Leu-Arg- Pro-NHEt

Compd
X
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

3

3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-(3-indole)propionyl
3-( 1 -Naphthyl)propionyl

Y

6

D-Leu
D-Trp
D-2Nal
D-Phe
D-Thi
D-Tyr
D-Cha
D-Ser
D-Arg
D-Orn
D-Lys
D-Lys(Isp)
D-Lys(Nic)
D-Lys(Pic)
D-2Nal

pK,
6.70
8.15
8.77
7.78
7.29
7.76
7.38
5.95
6.70
6.53
7.10
7.20
7.30
6.45
9.55

pD2

pA2

6.93
7.60
7.44
6.07
6.53
7.06
6.44
5.83
6.10
5.94
5.93
5.15
5.20
5.95
9.00

10.37 10.14
Leuprolide
[Ac-D-Cpa1'2,D-Trp3,D-Arg6,D -Ala'°]GnRH 10.74
9.43

vD

F
(%)
0.42
0.08
0.50

(ml)
130
109
240

25.7 0.46

384

tl/2

(min)
23.7
10
8.6

67
163
82.5
180
94.6
56.3
30
11.7

0.17
0.5
0.5
0.08
0.39
0.13
0.37
0.46

154
136
116
40
89
95
102
1878

26.3 0.08
95
0.08

146
70

D-2Nal — D-3-(2-naphthyl)-alanine; D-Thi = D-3-(2-thienyl)-alanine; D-Cha = D-3- cyclohexyl-alanine; D-Lys(Isp) — D-N-epsilon-isopropyl-lysine; D-Lys(Nic) = D-Af-epsilon-nicotinyl-lysine; D-Lys(Pic) = D-iV-epsilon-picolinyl-lysine; D-Cpa = D-3-(4-chloro)-phenylalanine).
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Conclusion
Changes in the physicochemical properties of the (4-9) GnRH series have
a pronounced effect on potency and pharmacokinetics, but only a moderate
effect on intestinal absorption.
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Synthesis of a somatostatin analog containing a tetrazole
cis-amide bond surrogate
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Introduction
In natural peptides, A^-methyl amino acids may play a special role because
of their proclivity for cis-trans isomerism of the amide bond. Over 10% of proline
residues in protein crystal structures has been found with cis-amide bonds. We
have previously suggested [1,2] the 1,5-disubstituted tetrazole ring, <A[CN4], as
an amide bond surrogate for cis-amide bonds, and reported conversion of
dipeptide esters into tetrazole derivatives without racemization. The difficulties
in the preparation and use of this dipeptide analog, as reported by Yu and
Johnson [3], have been overcome, as witnessed by the successful preparation
of bradykinin analogs containing tetrazole dipeptides [4].
We have chosen to use this cis-amide bond surrogate to replace either the
proline, or Af-methyl alanine, thought to favor a cis-amide bond in cyclic
hexapeptide analogs of somatostatin [5]. An analog of the somatostatin compound, cyclof-D-Trp-Lys-Val-Phe-TV-Me-Ala-Tyr-], has been prepared, in which
the dipeptide Phe-Af-MeAla has been replaced by a dipeptide surrogate, Phe#CN 4 ]-Ala, with the amide bond converted to a 1,5-disubstituted tetrazole ring
[2]. This ring holds the amide bond in the cis-conformer, which is presumed
to be the active conformation.
Results and Discussion
The dipeptide Z-Phe-Ala-OBzl (2.3 g, 5 mM) was reacted for 1.5 h at 10°C
with PC15 (1.05 g) and hydrazoic acid (15 ml) in the presence of quinoline (1.18
ml, 10 mM) to give the tetrazole derivative, Z-Phe-^[CN4]-Ala-OBzl, in 62%
yield after purification by flash chromatography. Careful treatment of 1.58 g
of the dipeptide with 8.2 ml of 30% HBr in acetic acid for 20 min gave HBrH 2 NPhe-^[CN4]-Ala-OBzl in 83% yield, which was extended in solution to give the
protected hexapeptide, Boc-D-Trp-Lys(Z)-Val-Phe-i/r[CN4]-Ala-Tyr-OMe, as
shown in Fig. 1. The carboxyl protecting group was removed by treatment with
chymotrypsin in DMF/water (pH 5.5), due to racemization of the tetrazole
dipeptide a-proton on base exposure. For reasons that are not understood,
*To whom correspondence should be addressed.

195

J. Zabrocki, U. Slomczynska and G.R. Marshall
DTrp

zz-

•OH

H-

BocBOC "
Boc "
Boc '

•OH

HMA

-OM*.
Z
^-OM*
Z
OH

/_

Boc-

• OH

H8r.-

OBzl

VCCty

OBzl

OBzl

MA
Hz/Pd

Boc -

OBzl

V(cry

Boc-

<f(CNJ

TFA.-

V(ct«

Boc -

OH

HMA

DMF/HjO

Chymotrypsin

OMe
OM*
OMe
OM*

V(CN4)
pH 5.5-64)

TFA. •

OH
OH

DPPA/NaHCOj

L

L

OBzl

MA

zBoe-

Tyr

Ala

Phe

Val

Lys

V(CN,)

7
7

i7g. 1. Synthesis of somatostatin analog containing a tetrazole cis-amide bond surrogate.
Abbreviations: ^(CN^ — 1.5-disubstituted tetrazole ring; MA — mixed anhydride with isobutyl
chloroformate; DPP A — diphenylphosphorylazide.
removal of the Boc group by the HC1 procedure of Brady et al. [6] was incomplete,
and TFA with the associated side reaction of r-butyl alkylation of the indole
ring was used instead. The peptide was cyclized for 3 days by use of DPPA
in DMF in 85% yield, followed by removal of the Z group on Lys. HPLC
purification yielded both the desired product as well as some 7% of side product,
presumed to be the r-butyl adduct.
Alternatively, cyclization was attempted enzymatically on hexapeptide sequences containing this amide modification by the use of trypsin. In this case, the
linear hexapeptide sequence, Boc-Val-Phe-i/r[CN4]-Ala-Tyr-D-Trp-Lys(Z)-OMe,
was prepared in a similar fashion, and the Boc and Z groups removed with
TFMSA. The free amine was generated by ion-exchange on Amberlite A-21
in methanol, and enzymatic cyclization attempted under two sets of conditions.
Water with 10% methanol at pH 8.5 gave 7.5-9% yield of the desired product,
and the remainder was dimer. Reaction in methylene chloride containing 10%
water gave 15% of the product with the rest as dimer. These results suggest
that enzymatic cyclization is a feasible approach, but that appropriate conditions
need further exploration.
While this work was in progress, a report of a cyclic hexapeptide analog
of somatostatin by Elseviers et al. [7] appeared, in which ./V-methyl-a-benzylo-aminomethylphenylacetic acid was used to replace the same dipeptide unit.
The activity of the active isomer was approximately 1% that of a similar
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somatostatin analog. This observation is consistent with the cis-amide as the
bioactive species. The lower affinity may be due to the choice of analog, in
which the Phe-A^-MeAla dipeptide has been replaced by a surrogate of GlyPhe, in which the amide has been replaced by a benzene unit. Alternatively,
the geometric similarity of this surrogate may not mimic the geometry and
conformational effects of the cis-amide bond as well as does the tetrazole unit
[2]. The biological activity (yet to be measured) of the tetrazole analog should
help to resolve these issues.
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with isosteric replacements
M. Elseviers, H. Jaspers, N. Delaet, S. De Vadder, H. Pepermans*, D. Tourwe
and G. van Binst**
Eenheid Organische Chemie, ORGC, Faculteit Wetenschappen, Vrije Universiteit Brussel,
Pleinlaan 2, B-1050 Brussels, Belgium

Introduction
One of the most active somatostatin analogs for G H release inhibition has
been synthesized by Veber et al. [1] (1 in Table 1). A complete conformational
analysis of this peptide has been performed by Kessler et al. [2], who showed
that the Phe-Pro peptide bond existed almost exclusively in the cis configuration
and that a /3-turn type II' structure was present for the core tetrapeptide (PheD-Trp-Lys-Thr). In our ongoing approach of mimicking parts of the peptide
molecules, we designed spacers that could either fix the cis structure [3], such
as the cis-olefinic dipeptide analog (2) and o-aminomethylphenylacetic acid (oA M P A ) (3a) derivatives [4,5], or fix the trans structure with a trans-olefinic
(4) dipeptide analog. In addition, we prepared the saturated equivalent (5) and
the reduced amide bond (6) in order to determine the consequences on the activity
and conformation of the increase of mobility in that part of the molecule [6].
Table 1 Somatostatin fragments and analogs
1
2
4
5
6
7a
7b
7c
7d
8a
8b
9
10
11

cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe)
Boc-Phe#Z,CH = CH]GlyOH
Boc-Phe#E,CH = CH]GlyOH
Boc-Phe#CH 2 -CH 2 ]GlyOH
Boc-Phe#CH2-AT]ProOH
cyclo(o-AMPA-Phe-D-Trp-Lys-Thr)
cyclo(Af-Me-a(R)Bzl-o-AMPA-Phe-D-Try-Lys-Thr)
cyclo(Af-Me-a(S)Bzl-o-AMPA-Phe-D-Trp-Lys-Thr)
cyclo(7V-Me-o-AMPA-Phe-D-Trp-Lys-Thr)
cyclo(Ar-Me-a(R)Bzl-o-AMPA-Tyr-D-Trp-Lys-Val)
cyclo(7V-Me-a(S)Bzl-o-AMPA-Tyr-D-Trp-Lys-Val)
cyclo(Phe i/r[E,CH = CH]Gly-Phe-D-Trp-Lys-Thr)
cyclo(Phei£[CH2-CH2]Gly-Phe-D-Trp-Lys-Thr)
cyclo(Phe>>[CH2-N]Pro-Phe-D-Trp-Lys-Thr)

*Present adress: Unilever Research Laboratories, O. van Noortlaan 120, 3133 AT Vlaardingen,
The Netherlands.
**To whom correspondence should be addressed.
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Results and Discussion
Cyclo(o-AMPA-Phe-D-Trp-Lys-Thr) (7a) was devoid of inhibitory activity on
GH release and the NMR conformation analysis showed a predominance of
a 5-turn conformation stabilized by a strong H-bond between the NH and CO
groups of o-AMPA. The lack of an equivalent of Phe11 could also play a negative
role.
This situation has been corrected by the synthesis of three new spacers: Nmethyl-a-benzoyl-o-aminomethylphenylacetic acid (3b), A^-methyl-o-aminomethylphenylacetic acid (3c) and 5-benzyl-o-aminomethylphenylacetic acid (3d) and
their incorporation in the adequate sequence by SPS. This resulted in the new
somatostatin analogs (7b,c,d).
Until now, we have been unable to prepare suitable amounts of the cis-olefinic
dipeptide analog, cyclo(Phei/r[Z,CH = CH]Gly-Phe-D-Trp-Lys-Thr). Incorporation of the trans-olefinic derivative (4) yielded analog (9), of the saturated
derivative (5), the analog (10) and the reduced amide bond (6) the analog (11).
The results of the activities are summarized in Table 2.
Table 2 Biological and conformational properties of somatostatin analogs
Analog
GH release
NMR conformation
inhibition test
7a
7b
7c
8a
8b
7d
9
10
11

inactive
active
inactive
active
inactive
inactive
very low
inactive
very low

5-turn +'B H'-turn
B Vl-turn + B H'-turn
B Vl-turn + B Il'-turn
B Vl-turn + B Il'-turn
B Vl-turn + B Il'-turn
7-turn + B Il'-turn
B VIg+-turn + B Il'-turn

Conclusions

For GH release inhibitory activity, not only the /J-turn type II' is needed
in the backbone, but also a jS-turn type VI, as a result of a cis peptide bond.
These are necessary but not sufficient conditions. The diastereomeric products
7b vs. 7c and 8a vs. 8b fulfill these conditions but the orientation of the
hydrophobic side chain (Phe side chain) plays an important role. The saturated
derivatives (10,11) also fulfill the backbone conditions but are inactive, although
the i/fPhe side chain is equatorial. A further study on the possible orientation
of the side chain in these more flexible derivatives is needed.
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Introduction
Glucagon stimulates glucose production via the second messenger cAMP (GR2
receptor). It has also been postulated that glucagon acts through another second
messenger [1]. Houslay et al. [2] showed that both glucagon and its antagonist
(THG) are capable of stimulating breakdown of phosphatidyl inositol (GR1
receptor) with an increase in cytosolic inositol triphosphate (IP 3 ), and Tager
et al. [3] have reported a high and low affinity receptor of glucagon in canine
and rat liver, though only one protein could be isolated by photoaffinity labeling
[4]. We report here that a cyclic, conformationally restricted analog of glucagon,
[Asp9, Lys12, Lys17-18, Glu21]glucagon (1), has two distinct binding modes. Only
the low affinity state showed partial agonist activity in the adenylate cyclase
assay, but glycogenolytic activity paralleled both affinity sites, indicating that
two signal transduction mechanisms operate for glucose production.
Results and Discussion
(1) was synthesized, purified and characterized by methods similar to those
previously reported [5]. Cyclization was carried out directly on the resin. Receptor
binding, adenylate cyclase activities and glycogenosis were measured as described in [1,5]. (1) was synthesized to examine the relationship of glucagon's
3D structure to its multiple biological effects. This cyclic analog showed a distinct
biphasic binding curve with IC50s of 650 nM and 6.5 nM (Fig. 1). Interestingly,
only the low affinity binding led to AC activation (10% partial agonist).
Furthermore, the cyclic analog displayed two distinct modes of glucose production
(not shown) which parallels the binding curve. Glucagon's GR2 receptorstimulated adenylate cyclase is suggested [6] to undergo desensitization/uncoupling through a cAMP-independent process that involves the stimulation of
inositol phospholipid metabolism by glucagon acting through GR1 receptors.
In the case of the cyclic analog, glucagon's GR2 receptor apparently undergoes
total desensitization/uncoupling from the GR1 receptor, resulting in two separate
pathways for glycogenosis. The high-affinity state may operate for glucagon
by mobilizing Ca 2+ .
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Fig. 1. Receptor binding and adenylate cyclase activity.

Conclusion
The conformational restrictions of glucagon via an amide bridge formation,
lead to (1) with two binding modes, one of which is independent of c A M P .
More importantly, the two signal transduction systems in glucagon follow two
separate pathways for glycogenolysis that parallel the high- and low-affinity
states.
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Antagonist properties of hydrophobic derivatives of
glucagon
Cecilia G. Unson, Keiko Iwasa, Ellen M. Gurzenda, Tracy L. Durrah and
R.B. Merrifield
The Rockefeller University, 1230 York Avenue, New York, NY 10021, U.S.A.

Introduction
The binding of glucagon to its receptor in the plasma membrane initiates
a series of reactions leading to the activation of adenylate cyclase and an increase
in intracellular levels of cAMP. Structure-activity studies have been directed
towards sorting out the chemical features that contribute to receptor recognition
and binding, and those that are necessary for the biological response. The ability
to make this distinction would allow us to design glucagon analogs that bind
but do not activate adenylate cyclase, leading to potentially useful antagonists.
Recently, we reported the synthesis [1] and biological activities [2] of desHis1 [Glu9]glucagon amide, a glucagon antagonist. Synthetic analogs, combining
des-His^Glu'Jglucagon amide with structural features designed to stabilize
putative secondary structures in a 3D model of glucagon, have resulted in seven
other antagonists of glucagon [3]. In this report, we synthesized acylated
derivatives of des-His^Glu'Jglucagon amide based on the supposition that
increasing the hydrophobicity of the peptide will also increase the binding affinity
for its membrane-bound receptor protein.
Results and Discussion
Des-His^Glu^glucagon amide was assembled by SPPS, on MBHA resin. After
Boc-deprotection, the peptide resin was acylated at its amino terminus (Ser2)
with octanoic, myristic, or 2,4-difluorobenzoic acid, by activation with DPPA
in DMF containing TEA. The succinylated derivative was prepared by reaction
with succinic anhydride in DMF. The W-octanoyl Lys12 and Lys29 glucagon
amide analogs were prepared by coupling with Na-Boc, A^-Fmoc-lysine, followed
by Fmoc-deprotection with 30% piperidine in CH2C12, and acylation with
octanoic acid/DPPA/TEA in DMF. The protected peptide resins were cleaved
by the low/high HF procedure, and the crude peptides were purified on octadecylsilica. Purity was demonstrated by analytical HPLC. MS analysis identified the
expected (M + H)+ peaks to be within ±0.3 Da of theory, and AAA yielded
the expected amino acid ratios. The acylated analogs were assayed for their
receptor-binding affinity to hepatocyte membranes, as well as the ability to
stimulate adenylate cyclase, using methods previously described [1].
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Table 1 Hydrophobic antagonists of glucagon

No. Glucagon (-G-) analog
1
2
3
4
5
6
7
8
9

Des-Hisi[Glu']-G-NH2
7V0-2,4-Difluorobenzoyl-G-NH2
[A?«-Octanoyl-Lys'2],des-His'[Glu9]-G-NH2
[Af'-Octanoyl-Lys^^.des-His'-G-NHz
W-Octanoyl, des-His'-G-COOH
Af«-Octanoyl, des-Hisi[Glu']-G-NH2
W-Myristoyl, des-His'[Glu9]-G-NH2
iV-Succinyl, des-His'[GlU9]-G-NH2
W°-2,4-Difluorobenzoyl, des-His'[Glu9]-G-NH2

Membrane
binding
(%)
41
4
5.3
8.5
25
48
12
28
75

Relative
cAMP
activation
(%)
< 0.0001

Inhibition
index
(I/A);50
12

pA2

25
47
25
4

7.5
7.3
7.4
8.5

7.2

0.1
0.63
0.14
0.22
0.02
0.10
< 0.004
< 0.008

Monoacylation of the amino groups in glucagon analogs produced peptides
with binding affinities for the receptor as high as 75% relative to glucagon,
but with low adenylate cyclase activity (Table 1). The receptor was sensitive
to the position of the fatty acid since octanoylation at the ^"-position of desHis^Glu^glucagon amide (6) bound 48%, while octanoylation at the A^-Lys12
or at JVe-Lys29 positions (3, 4) reduced receptor binding, suggesting that the bulky
hydrocarbon chain does not fit into the putative binding regions near Lys12
or the carboxy terminal Lys29. It is already known that a positive charge on
Lys12 is not necessary for binding and activity, since some /Ve-acylated derivatives
of native glucagon are reported to be full agonists [4]. The ./V-acylated derivatives
in combination with des-His^Glu 9 ] amide substitutions (6,7,8,9) were all of very
low activity in the adenylate cyclase assay (0.1-0.004% relative to glucagon)
and were potent antagonists, with inhibition indices of < 50 and good pA 2 values.
The best antagonist of this group, and the best reported to date, was Na-2,4difluorobenzoyl, des-His'[Glu9]glucagon amide, with 75% relative binding,
0.008% relative potency, an inhibition index of 4 and a pA 2 of 8.5.
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Structure-activity relationships of galanin: Importance of
the N-terminal sequence for agonist activity on smooth
muscle
James W. Aiken*, Farida G.B. Kaddis, Mark A. Connell, Douglas J. Staples,
Carol A. Bannow, John H. Kinner and Tomi K. Sawyer
Metabolic Diseases Research and Biopolymer Chemistry Units, The Upjohn Company,
Kalamazoo, MI 49001, U.S.A.

Introduction
Galanin (GAL), a 29-amino acid peptide, originally isolated from the upper
small intestine of pigs [1], may be an important modulator of a variety of
gastrointestinal, endocrine, and CNS activities [2]. Relatively low concentrations
contract the isolated stomach fundus strip of the rat [1]. In the present study
we have explored the SAR of porcine GAL (H-Gly^Trp-Thr-Leu^Asn-Ser-AlaGly 8 -Tyr-Leu-Leu-Gly 12 -Pro-His-Ala-Ile'6-Asp-Asn-His-Arg 2 0-Ser-Phe-HisAsp24-Lys-Tyr-Gly-Leu28-Ala-NH2) using the isolated stomach fundus strip of
the rat as an in vitro bioassay of agonist activity.
Results and Discussion
In the stomach fundus strip of the rat, noteworthy for its sensitivity to serotonin
[3], galanin is about 1/10 as potent (ED 50 for serotonin = 2 x l 0 - 9 M and ED 50
for galanin = 2xl0" 8 M) and galanin's maximum response is about 55% that
of serotonin. Some tachyphylaxis to galanin occurred, but it was not a problem
if exposures to agonists were at least 20 min. apart. A concentration of a
prostaglandin synthesis inhibitor, indomethacin 3 /uM, sufficient to selectively
block the response to 0.2 uM arachidonic acid, did not reduce the effects of
galanin. Likewise, a concentration of the serotonin antagonist, methysergide
3 /xM, that completely blocked the effects of serotonin, had no effect on responses
to galanin. Glyburide (3 /uM), which produces a functionally opposite effect
to galanin on ATP-sensitive K+ channels regulating insulin secretion in rat islet
tumor cells [4], failed to alter the contractions produced by galanin in the rat
stomach fundus, suggesting that this particular intracellular mechanism is not
involved in regulation of the smooth-muscle effects of galanin.
Several GAL fragment derivatives were prepared by SPPS, RPLC purification,
and their physicochemical properties determined by AAA and FABMS. Initial
studies of synthetic GAL fragment derivatives showed that the carboxy-terminal
*To whom correspondence should be addressed.
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Fig. 1. Representative experiment in which the effects of GAL (GALi.29.NHj, GALi_12_NHl,
GALj.u.NHl, GAL1_]0_NHl, GAL1.9.NH! and GALi_8_NHJ were compared. Data are plotted as
the percent of the maximum response to GAL (ordinate) produced by various concentrations
(Molar) of GAL derivatives (abscissa).
13-29 sequence was not required for full agonist activity. The amino-terminal
1-12 derivative, GAL!.12.NH2, had full efficacy and was nearly as potent (ED 50
5.6XlO"8 M) as GAL, but Ac-GAL13.29.NH2 was completely inactive. The Gly1
residue did not contribute to agonist properties of GAL, since Ac-GAL2.29.NH2
was equipotent to full-length GAL!_29_NH2. However, the Trp 2 residue was
absolutely essential for the agonist properties of GAL since Ac-GAL3_29_NH2 had
no agonist (or antagonist) activity at concentrations up to 3 X IO"6 M.
The total lack of agonist activity of GALi_8_NH2, compared to the full agonist
activity of GALI_I2-NH2> suggested that amino acids in the sequence Tyr9-Leu10Leu n -Gly 12 also contribute to agonist activity. Synthesis and testing of GAL.,.
10
1
9-NH2> GAL._10_NH2, and GAL M] _ NH2 revealed that the Leu -Leu •-amino acids
were the key residues involved. Figure 1 illustrates the fall-off in activity that
occurs as the N-terminal sequence is shortened from 12 to 8 amino acids in
length. Together, these results indicate that the key amino acids for the agonist
activity of GAL are Trp 2 and Leu'O-Leu11, and suggest that the peptide GAL 2 . n
should have full agonist activity. Indeed, synthesis and testing of Ac-GAL2_H_NH2
showed that it had full efficacy, relative to GAL, and equal potency to
GALi.^-NHj* which is approximately 1/2 to 1/3 the potency of full-length GAL.
Conclusion
In the present study, we used porcine GAL (Bachem) on a rat tissue. However,
the only differences between porcine GAL and rat GAL [5] occur near the
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carboxy terminus, distal to the sites that are important for efficacy. Our results
suggest that the amino acid sequence from Gly12 to the carboxy terminus plays
only a minor role in affinity and no role in efficacy. Further studies are required
to determine whether this relationship will hold for receptors in other tissues
and species.
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N-terminal analogs of vasoactive intestinal peptide:
Identification of a binding pharmacophore
David R. Bolina, Jeanine M. Cottrell", Nancy 0'Neillb, Ralph J. Garippab and
Margaret 0'Donnellb
"Peptide Research Department and bDepartment of Pharmacology and Chemotherapy,
Roche Research Center, Hoffmann-La Roche, Nutley, NJ 07110, U.S.A.

Introduction
Vasoactive intestinal peptide (VIP) has been shown to be a potent smooth
muscle relaxant and a principal endogenous component in the regulation of
airway tone [1]. It is postulated that improper functioning of VIP-associated
mechanisms or a reduction of VIP or VIP-containing neurons [2] may be
responsible for the bronchoconstriction hyperreactivity, and mucus secretion
found in bronchial asthma. An analog with properties superior to those of native
VIP may be of significant value as a therapeutic agent for bronchial and allergic
asthma.
Results and Discussion
VIP, as well as most other members of the glucagon family of peptide hormones,
possesses an N-terminal histidine residue. Several groups have reported that
the histidine residue is essential for full biological activity of the individual
peptides, as noted for VIP, glucagon and secretin. Our initial structure-activity
results for VIP had indicated the His1 residue to be a potential receptor binding
site. We wished to expand these results by defining the structural elements which
represent this pharmacophore.
We had previously reported analog 1 (Table 1) as having enhanced potency
(3.7-fold) over native VIP (EC 5 0 =10 nM) [3]. All indications had pointed to
the side-chain imidazole group as being the binding site of His1. However analog
2, in which the imidazole function was replaced by a hydrogen, was found to
retain full intrinsic activity and potency, and competed effectively for binding
to the VIP receptor. A^-methylation of Ala1, as in compound 3, yielded only
a slight reduction in potency. The unacetylated forms of 2 and 3, compounds
4 and 5, respectively, were, however, significantly less potent. These results
suggested that the acetyl function retained all features of the imidazole of His1
necessary for eliciting full biological activity. It is likely that receptor interaction,possibly as hydrogen bonding, occurs through the carbonyl group rather
than the amide N-H.
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Table 1 Smooth-muscle relaxant activity of VIP analogs
R-[X1,Lys12,Nle|7,Val2<i,Thr2li]-VIP

Compound
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
a
b
c

R

X

EC 50 (nM)a

Potency5

Binding (nM)c

CH 3 COCH3COCH3COHHCH3COCH3COCH3COCH 3 S0 2
CH3NHCOCH3OCOHOOC(CH 2 ) 2 COCH 3 S(CH 2 ) 2 COCH 3 SO(CH 2 ) 2 CO-

His
Ala
JV-Me-Ala
Ala
N-Me-Ala
D-Ala
Gly
j8-Ala
pyro-Glu
Ala
Ala
Ala
-

2.7
2.4
7.2
250
150
3.9
1.7
190
45
150
61
23
300
26
3.8

1.00
1.13
0.37
0.01
0.02
0.69
1.59
0.01
0.06
0.02
0.04
0.12
0.01
0.10
0.71

15
69
7.6
35
340
5.3
0.63
270
40
56
56
17
1800
19
82

EC50 for relaxation of guinea pig tracheal rings.
Potency relative to compound 1 (= 1.00).
Binding to guinea-pig lung membrane preparations by displacement of [125I-Tyr10]-VIP.

Inversion of the chirality at Ala1 or elimination of the methyl group, as in
compounds 6 and 7, respectively, did not significantly affect activity. Extending
the distance of the acyl group from the a-carbon by one methylene unit, as
in compound 8, dramatically decreased activity and binding. Compound 9, which
conserved the a-carbon-acyl distance and locked the orientation of the acyl group,
was also found to be reduced in activity. It appeared that proper distance and
spacial arrangement of the acyl group was critical for activity.
The sulfonamide 10, methyl urea 11, and methyl carbamate 12 were found
to be very weakly potent, with 12 being tenfold less potent than 2. Three analogs,
13 - 15, were prepared, by design, to be isosteric with Na-acetyl species. The
charged succinate derivative 13 was nearly inactive, whereas the sulfide 14 retained
full intrinsic and reasonable binding activity with reduced potency. The methyl
sulfoxide 15 was found to be almost equipotent to 2 in relaxant activity. This
result may be rationalized by an approximate overlap between the sulfoxide
and acetyl carbonyl groups in the two analogs.
These results have illustrated that the acyl and sulfoxide groups are effective
bio-isosteric replacements for the imidazole group of the native molecule. Both
groups, as in compounds 2 and 15, can be fit so that the oxygens overlap with
the ring NT of the imidazole in 1. This has led us to propose that either the IT
or, more likely, the lone pair electrons participate in binding to the receptor
and can be considered to be the pharmacophore at this site. Additional
investigations, including design of analogs having restricted conformational
freedom, will enhance our understanding of the nature of the binding interaction
and may lead to more stable peptidomimetics.
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Release of acetylcholine from ileum invoked by vasoactive
intestinal polypeptides (VIP) correlates with their potency
to induce contraction
Peter K. Chiang, R. Richard Gray and Richard K. Gordon
Department of Applied Biochemistry, Walter Reed Army Institute of Research,
Washington, DC 20307-5100, U.S.A.

Introduction
The neuropeptide VIP is distributed in the peripheral and central nervous
system, and is a potent stimulus of diverse biological actions [1,2]. Previous
studies [3-5] have shown that VIP either partially mediates the release of
acetylcholine (ACh) from ileum smooth muscle or that there is no effect of
VIP on contraction in this tissue.
The present experiments were undertaken to correlate the VIP-induced contraction of guinea pig ileum with the release of ACh from the ileum. Modifications
of conventional HPLC-ACh [6] methods were employed to separate ACh from
all other contaminants and allow its quantification. The amino acid sequences
of the three VIP analogs used in these studies are shown below. The differences
in amino acid substitutions are underlined.
(gp)VIP:

(hpr)VIP:

His-Ser-Asp-Ala-Leu-Phe-Thr-Asp-Thr-Tyr-Thr-Arg-Leu-ArgLys-Gln-Met-Ala-Met-Lys-Lys-Tyr-Leu-Asn-Ser-Val-Leu-AsnNH 2
His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-ArgLys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Asn-Ser-Ile-Leu-AsnNH 2

Results and Discussion
Two VIP analogs were found to cause a concentration-dependent contraction
of guinea pig ileum (Fig. 1). The VIP analog from guinea pig, (gp)VIP, was
the most potent inducer of guinea pig ileum contraction, followed by the humanporcine-rat (hpr)VIP, which differs from (gp)VIP by four amino acid substitutions.
(hpr)VIP(l-15) was inactive even at 10 uM. However, ileum contraction induced
by 1 uM (gp)VIP, the most potent VIP, was only about 50% of the maximum
observed with ACh. In the present studies, the contraction of the ileum induced
by VIP or ACh was blocked by the specific muscarinic antagonist atropine [7,8]
in a dose-dependent manner (not shown). Thus, the contractions observed in
these ileum preparations most likely involved only muscarinic receptors and
not nicotinic receptors.
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Fig. 1. Contraction of guinea pig ileum
by ACh or VIP analogs. Each point is
the mean + SEM of three or more experiments.
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Fig. 2. VIP-induced release of ACh from
guinea pig ileum. Each point is the
mean + SEM of three or more experiments.

Since the endogenous inducer of muscarinic receptor-mediated ileum contraction is ACh, the mode of action of the VIP analogs was determined by measuring
their effects on ACh secretion from the ileum. At 1 uM VIP, (gp)VIP was the
most potent inducer of ACh secretion from the ileum (Fig. 2) and caused the
largest ileum contraction. (hpr)VIP induced less ACh secretion than (gp)VIP,
and was also less potent in inducing ileum contraction. Dose-dependent secretion
of ACh from guinea pig ileum was observed for both (gp)VIP and (hpr)VIP,
but (hpr)VIP(l-15), even at 10 uM, yielded none.
In both assays for the VIP effects, ileum contraction and ACh secretion (Figs.
1 and 2), the rank order of potency of the VIP analogs was the same:
(gp)VIP> (hpr)VIP, whereas (hpr)VIP(l-15) was inactive. These results suggest
that the VIP receptor [9] in the guinea pig ileum tolerated the nonpolar amino
acid substitutions introduced into (hpr)VIP. Even though the differences in the
amino acid content were small between (gp)VIP and (hpr)VIP, the VIP receptors
of guinea pig ileum distinguished between these substitutions. However, the VIP
receptor did not recognize (hpr)VIP(l-15), thus indicating that the VIP receptor
requires a specific peptide length for recognition.
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Small, synthetic growth hormone-releasing peptides:
A new class of drugs
T.O. Yellin", W.F. Huffman3, H.W. Alilab, R.J. Gyurikb, T.O. Lindseyb and
B.E. Ilsonc
"Department of Peptide Chemistry, Smith Kline & French Laboratories, Swede/and,
PA 19479, U.S.A.
b
Smith Kline Beckman Animal Health Products, West Chester, PA 19350, U.S.A.
'Clinical Research Unit, Smith Kline & French Laboratories, Presbyterian Hospital,
Philadelphia, PA 19104, U.S.A.

Introduction
Soon after the discovery of the endogenous opioid pentapeptide [menthionine 5 ],
and [leucine5]-enkephalins [1], it was shown that, like morphine [2,3], these
peptides released growth hormone (GH) and prolactin (PRL) in vivo in the
rat [4-6]. Metabolically more stable analogs, such as [D-Ala2]-methionine
enkephalin amide [7], were extraordinarily potent stimulators of GH and PRL
release and led to the hypothesis that endogenous opiate peptides are important
regulators of neuroendocrine functions [7]. Against this background, Beckman
scientists were engaged in an effort to develop enkephalin analogs as medicinal
alternatives to opioid alkaloids when, in 1977, Bowers et al. [8] discovered that
[D-Trp2]-methionine enkephalin amide released GH but not PRL or other anterior
pituitary hormones from rat pituitary in vitro. The effect was concentrationdependent and not blocked by naloxone. As a result, the Beckman group
determined to develop specific, non-opiate GH-releasing peptides (GHRPs) as
growth promoters.
Independently, other early workers at Wyeth [9] and Sandoz [10] also observed
that the GH- and PRL-releasing activities of their enkephalin analogs diverged
from typical or expected opiate pharmacology, as well as showing differential
effects on GH and PRL. These leads and others [7], indicating the involvement
of multiple receptors in the neuroendocrine actions of enkephalins, remained
in a pregnant background. In any case, the GH-releasing activity of Sandoz
FK 33-824, [D-Ala2, A-MePhe4, Met(0)-ol]-enkephalin, was dramatically demonstrated in man [10,11].
Trial and error substitutions in the [D-Trp2]-pentapeptide, aided by conformational energy calculations, resulted in increasingly more potent analogs. This
phase of the work culminated in a peptide, Tyr-D-Trp-Ala-Trp-D-Phe-NH2 (SK&F
110520), that was 1000 times more potent in vitro than the parent enkephalin
analog, and led to the hypothesis that two sets of stacked aromatic rings, separated
by a spacer (e.g. Ala or Ser), represented the optimal bioactive conformation
of GHRPs [12]. The new pentapeptides were not active in vivo [13], but continued
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empirical modifications resulted in yet more potent analogs with in vivo activity
[14].
SK&F 110679, His-D-Trp-Ala-Trp-D-Phe-Lys-NH2, is the outstanding example
of this new class of drugs [15]. The hexapeptide, which bears no resemblance
to enkephalins or native GHRH [16], is a potent and specific GHRP in chicks,
rats, lambs, calves, and rhesus monkeys. Chronic treatment with i.p. SK&F
110679 resulted in significant acceleration of body weight gain in the rat [15].
We have extended previous investigations of SK&F 110679 by studying its
effects in the pig and in man.

-D-•-•-•-

N=4;LSD
0 meg/Kg
3 meg/Kg
10 meg/Kg
30 meg/Kg

t ^ l . T . , i f . , . T
30
60
90 120 150 180
Time (min)

SAUNE (n=8)
0 25 mcg/Vg (n=4)
0 50 mcgAg (n=4)
1 00 meg/kg [n=4,

— | (30 min infusion)

TIME POST DRUG (MIN)

Fig. 1. Effect of SK&F 110679 (i.v. bolus) on porcine plasma somatotropin levels in pigs
(a) and on human serum somatotropin levels in male volunteers (b; i.v. infusion).
Results and Discussion
In the pig, baseline GH values are low and steady for extended periods, so
it is easy to obtain unequivocal results in a few subjects. The pig also proved
to be the most sensitive to GHRPs, among laboratory animals. Bolus i.v.
administration of SK&F 110679 (3-30) Mg/kg) produced sharp, dose-dependent
increases in plasma GH levels that peaked in 15 min and returned to baseline
after an hour (Fig. la). Similar, but more sustained activity was obtained after
s.c. administration (25-100 Mg/kg)- In two of three fasted pigs, there was a
marked, prolonged rise in GH after oral administration of SK&F 110679 in
solution (0.5 mg/kg). Finally, three of three pigs responded with rapid elevation
of GH to peak levels between 45 and 75 ng/ml plasma following intranasal
administration of SK&F 110679 (200 Mg/kg in 0.4 ml), an effect that subsided
during an hour.
Our initial results in male volunteers have encouraged us to believe that SK&F
110679 may be an outstanding clinical candidate for therapeutic use in humans.
Intravenous infusions of the peptide (0.25-1.0 Mg/kg/30 min) produced dosedependent elevations in serum GH (Table 1 and Fig. lb) that peaked 45 min
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Table 1 GH response to SK&F 110679
Dose (jug/kg)
Saline (« = 8)
0.25
(w = 4)
0.50
(« = 4)
1.00
(w = 4)

Peak serum
1.9 ±0.26
17.8±6.1
38.3 ±9.2
63.0±5.4

GH (ng/ml)
(P=.03)
(P=.04)
(P=.002)

AUC (ng-min/ml)
488 ± 77
1178±228 (P=.004)
2 460 ±585 (P=.044)
4289±620 (P=.009)

after the start of the infusion and returned to baseline by the fourth hour. Serum
PRL, FSH, LH, TSH and ACTH were not significantly affected by the drug,
which was well tolerated. There were no clinically significant changes in
cardiovascular parameters, clinical chemistry or hematology. Additional clinical
investigations are in progress.
Conclusions
The advantages of a small, synthetic peptide (e.g., cost, formulation, and
administration) for present and proposed indications of GH and GHRH are
readily apparent. Indeed, compared with results reported in the literature [16],
it appears that SK&F 110679 is even more efficacious than GHRH as a GH
secretagog in man.
A recent report from Merck [17] is convincing in its arguments that GHRH
and SK&F 110679 act on separate and distinct receptors and demonstrates that
the two peptides are highly synergistic in combination. But the mechanism of
action of this unique drug remains to be discovered, and it is being explored.
We have not excluded the possibility that the action of SK&F 110679 is mediated
by an as yet unclassified opiate receptor.
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Effect of bovine serum albumin (BSA) on the degradation
rate of growth hormone-releasing factor (GRF) by
dipeptidylpeptidase-IV
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Introduction
A primary site of enzymatic degradation of GRF in vitro [1-3] and in vivo
[1] is at the peptide bond between positions 2 and 3. This cleavage, caused
by plasma dipeptidylpeptidase-IV (DPP-IV), results in virtually complete loss
of hormone activity [1,3].
BSA is the most abundant protein in bovine plasma. Zysk et al. [4] recently
reported that GRF shows some affinity towards BSA. In the present study,
we examined effects of BSA on the DPP-IV-mediated cleavage kinetics of a
bovine GRF analog, [Leu 27 ]-bGRF(l-29)NH 2 (1).
Results and Discussion
(1) was made by the solid phase method [3] and served as a model GRF
peptide. The kinetic studies were carried out using either purified porcine kidneyderived DPP-IV or bovine plasma as the DPP-IV source.
Table 1 lists the results of a series of four experiments performed to examine
the influence of fatty-acid-free BSA on the cleavage rate of GRF by purified
DPP-IV. In each case the parent peptide was enzymatically converted to [Leu27]bGRF(3-29)NH 2 . The hydrolysis rate of (1) by DPP-IV in the absence of BSA
was taken as the reference point (Expt. 1). (1) pretreatment with 4% BSA in
PBS at 37°C for 30 min. prior to the addition of DPP-IV reduced the peptide
hydrolysis rate by 29% as compared to reference (Expt. 2). The hydrolysis was
slowed by 33% and 57%, respectively, when DPP-IV or both DPP-IV and GRF
were preincubated with BSA before initiating the enzymatic reaction (Expts.
3 and 4).
These results can be accounted for, if one assumes that both (1) and DPPIV bind to BSA in an equilibrium fashion, and that it is the free forms of
both that are necessary for the enzymatic reaction to proceed. In support of
this, an intermediate inhibition of the (1) hydrolysis rate was observed in the
presence of 2% BSA (Expts. 2 and 3), as opposed to the maximum inhibition
observed in 4% BSA solution (Expt. 4).
While the present set of experiments did not directly address the BSA interaction
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Table 1 Effects of BSA on the cleavage• rate of(l)by DPP-IV*
Exp.
No.

Pretreatment
with 4% BSA
GRF DPP-IV

i i + +

i + i +

1
2
3
4

%BSA in
reaction
(w/v)

(k±SD)Xl02**
(min. -1 )

tl/2

(min.)

Relative
stability
(%)

0
2
2
4

3.04 + 0.06"
2.35 ± 0.08b
2.28±0.19 b
1.94 ±0.04'

22.8
29.5
30.4
35.7

100
129
133
157

* (l) = [Leu27]-bGRF(l-29)NH2; 0.06 mM (1) in PBS at P H 7.6 with or without BSA
was mixed 1:1 (v/v) with DPP-IV/PBS solution with or without BSA. Reaction mixture
was incubated at 37°C. Aliquots of 0.05 ml were taken at 0, 5, 10 ,15, 20, 30, 45
and 60 min, and quenched with 0.05 ml 8M guanidine HC1 in 0.5% TFA for HPLC
analysis (Vydac C18, 0.46X5 cm; 0.05% aq.TFA-CH3CN)
** k, Degradation rate of (1) was determined by nonlinear analysis based on first-order
kinetics (n — 3); values with different superscripts were statistically different at p < 0.05.
with (1) and/or DPP-IV, previous efforts to determine the (1)/BSA binding
constant clearly indicated the presence of substantial binding. Due to high
nonspecific binding of (1) (data not shown), however, precise numerical estimates
were not obtained.
When bovine plasma was used as the DPP-IV source, pretreatment of (1)
with BSA had no effect on the peptide hydrolysis rate. The amount of the intact
peptide recovered from plasma, by means of a slightly modified solid phase
extraction (1), after a 1-h incubation at 37°C was 44.4% + 4.5% vs. 42.9% ± 1.5%
with and without 4% BSA pretreatment, respectively (n = 6). No treatment effect
in this case may result from a high endogenous BSA concentration in plasma
masking effects of exogenous BSA.
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upon incubation in aqueous solution at pH 7.4
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Introduction
Growth hormone releasing factors (GRFs) are a series of closely related 4344 residue hypothalamic peptides that are involved in the regulation of the
synthesis and release of growth hormone [1]. The amino-terminal residues from
a number of species are especially conserved. GRF(1-29)NH 2 contains the full
growth hormone releasing potency of the native 43-44 residue peptides [2]. All
reported native GRFs contain Met27. However, this residue can be replaced
by Leu with essentially no change in growth hormone-releasing potency [3].
Elevation of growth hormone is associated with increased growth [4] and
lactation [5] in a number of animal species. The use of GRF for the regulation
of a long term process, such as growth, will require extended treatment. We
examined the effect of incubation of [Leu 27 ]hGRF(l-32)NH 2 (aqueous buffer,
pH 7.4) on its growth hormone-releasing potency and chemical integrity .
Results and Discussion
Upon incubation of a solution of [Leu 27 ]hGRF(l-32)NH 2 :
Tyr-Ala-Asp-Ala-Ile-Phe-Thr-Asn-Ser-Tyr-Arg-Lys-Val-Leu-Gly-Gln-LeuSer-Ala-Arg-Lys-Leu-Leu-Gln-Asp-Ile-Leu-Ser-Arg-Gln-Gln-Gly-NH2
in buffer (200 MM peptide, 20 mM sodium phosphate, 150 mM sodium chloride,
0.02% sodium azide, pH 7.4, 37°C) for 14 days (336 h), the 14 day sample
had only 22% of the growth hormone-releasing potency of the 0-day sample
from cultured bovine anterior pituitary cells (the '0' day sample and 14 day
sample had EC50s of 0.14 and 0.65 nanomolar respectively).
The incubation samples ( 0, 9, 26, 48, 97, 167, and 336 h) were examined
by HPLC. At 14 days, 32% of the original [Leu 27 ]hGRF(l-32)NH 2 remained.
Under these conditions, [Leu 27 ]hGRF(l-32)NH 2 had a calculated half-life of
193 h (Kd = 0.0037/h). Two major decomposition products, with appearance
constants of 0.0025/h and 0.00093/h, respectively and a minor decomposition
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product were observed. The predominant decomposition product (46%) was
shown to be [isoAsp 8 ,Leu 27 ]hGRF(l-32)NH 2 (AAA, same as parent peptide,
Edman sequencing, parent sequence through cycle 7, blocked at cycle 8, FABMS
(M + H)+ 3655.1, parent (M + H)+ 3654.4, comparison of HPLC retention times
to the synthesized peptide and its Clostripain map, identical). The second major
decomposition product (16%) was shown to be [Asp 8 ,Leu 27 ]hGRF(l-32)NH 2
(AAA, same as parent peptide, sequencing parent sequence through cycle 15,
FABMS (M + H)+ 3655.7, parent (M + H)+ 3654.4), comparison of HPLC
retention times to the synthesized peptide and its Clostripain map, identical).
Clostripain selectively hydrolyses peptides containing Arg residues at its carboxyl
side, and in the case of [Leu 27 ]hGRF(l-32)NH 2 gives fragments 1-11 (Cl), 1220 (C2), 21-29 (C3), and 30-32NH 2 (not observed). Only Cl fragments contain
Tyr residues and can be distinguished from C2 and C3 fragments by the presence
of UV absorption at 276 nm. The minor decomposition product (5%) was partially
characterized and may be [D-isoAsp 8 ,Leu 27 ]hGRF(l-32)NH 2 (AAA, same as
parent, sequencing, parent through cycle 7, blocked at cycle 8, Clostripain map,
modified Cl, intact C2 and C3). During Clostripain mapping of the [Asp8,
Leu 27 ]hGRF(l-32)NH 2 fraction from a degraded sample of [Leu 27 ]hGRF
(1-32)NH 2 , a second, minor, unknown C-l peak was detected. Although not
further characterized, this peak may signify the formation of [D-Asp8,
Leu 27 ]hGRF(l-32)NH 2 as well.
Deamidation of Asn and Gin residues in peptides has been reported [6].
Generally, Asn residues are more susceptible than Gin residues. Although
[Leu 27 ]hGRF(l-32) contains four Gin residues, in addition to the single Asn
residue, no Gin deamidation products were detected. Deamidation of Asn residues
is reported to involve a succinimide intermediate that gives, upon addition of
water, both the isoAsp and Asp peptides. The isoAsp peptide is usually the
predominant product [7]. Minor amounts of the epimerized D-isoAsp and DAsp peptides have also been observed.
When measured in a bovine pituitary cell culture assay for GH release, the
synthesized [isoAsp 8 ,Leu 27 ]hGRF(l-32)NH 2 was estimated to be 400-500 times
less potent and the [Asp 8 ,Leu 27 ]hGRF(l-32)NH 2 calculated to be 25 times less
potent than [Leu 27 ]hGRF(l-32)NH 2 . The loss of GH releasing potency of the
incubated [Leu 27 ]hGRF(l-32)NH 2 solution is explained by the diminished content
of parent peptide and the low potency of its degradation products.
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Introduction
'Difficult couplings' represent steps that remain incomplete under conditions
in which the majority of couplings in the same overall synthesis proceed readily
to essentially 100% reaction, and often require multiple coupling before completion is reached. Such difficult coupling steps have been generally attributed
to a sequence-dependent tendency for the growing peptide chain to self-associate,
with concomitant aggregation and/or precipitation that can impede the approach
of incoming reagents [1].
Human growth hormone releasing factor and a variety of its analogs have
been synthesized and assayed for potency (for a review, see Ref. 2). During
the solid phase synthesis of one such analog, [Ala15, Leu27, Asn28] - GRF ( 1 32)-OH, we noted that the incorporation of Boc-Gln I6 -OH was incomplete even
after 3 cycles of coupling [3]. A similar situation had been noted for the
corresponding step in the synthesis of GRF (l-27)-OH [4]. No particular feature
of primary sequence in the middle of the present analog ([Ala15, Leu27, Asn28]
- GRF (14-32) = Leu14-Ala-Gln-Leu-Ser(Bzl)-Ala-Arg(Tos)-Lys(ClZ)-Leu-LeuGln -Asp(OcHex)-Ile-Leu-Asn-Arg(Tos)-Gln-Gln-Gly32-PAM resin), nor of the
two amino acids specifically involved in the coupling (Gin16 to Leu17) provided
an immediate rationale for the observed 'difficult coupling'.
Results and Discussion
We have now obtained proton NMR spectra (500 MHz) of resin-bound GRF
analog fragments 19-32 through 14-32 in the region 3.9-5.4 ppm (Fig. 1). In
this spectral region, resonances occur for a-protons of most residues, along with
benzylic methylene protons (of side-chain protecting groups) near 5.25 ppm.
In spectra 18-32 and 17-32, superimposed broader and narrower components
are visible; at 16-32, only broad resonance envelopes appear for all protons.
Since broadening of line-widths in NMR spectra is fundamentally attributable
to a decrease in rates of local molecular motions [5], peptide chains at these
stages of the synthesis are interacting with each other, and probably also between
polymer beads, to produce particles of higher average molecular weight(s). Upon
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(19-32)

(18-32)
(17-32)

(16-32)

(15-32)

(14-32)

(PPM)

Fig. 1. >H high-resolution NMR spectra (500 MHz), a-proton region, of GRF analog (1932) through (14-32) fragment peptides bound to PAM-resin (PAM=p-phenylacetamidomethyl). Concentrations: 30 mg resin-bound peptide/ml dimethylsulfoxide-d6. Spectra (128
transients) were collected in 16400 data points; acquisition time = 2.98 s; relaxation
delay = 2.0 s; line-broadening = 0.1 Hz. Adapted with permission from Ref. 3.
addition of Ala15, the spectrum of the 15-32 peptide resolves and once again
resembles the spectral situation in fragment 19-32.
We propose that the conformational origin of the difficult coupling of Gin16
to Leu17 arises from a specific combination of peptide secondary structural
features, namely the /?-sheet//?-turn structure shown in Fig. 2. Thus, a propensity
for /J-sheet formation, for example, in the GRF linear sequence 20-27, in
conjunction with jS-turn formation 'upstream' from the difficult coupling site
(at Ala19, Arg20 as shown) folds the peptide chain to provide the requisite 'antiparallel partner' of the sheet structure, thereby converting an incipient /3-sheet
single chain into the actual two-strand structure. Although Chou-Fasman
predictive criteria [6] must be applied with caution to this system (for a discussion,
see Ref. 3), we found that the probability of a /J-turn involving GRF residues
18-21 (as depicted in Fig. 2) is strikingly higher than that of the surrounding
four-residue segments. Finally, since this scheme reflects the dominance of peptide
primary sequence in conferring specific secondary structure, addition of Ala15
must similarly produce long-range effects on peptide chain conformation, i.e.,
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Fig. 2. Schematic representation of an intermolecular B-sheet/B-turn structure for resinbound GRF(16-32) proposed to account for a 'difficult coupling' synthesis step at Gin'6
to Leu17. Residues 16-27 are shown, but the remaining residues (28-32) may also participate
in the structure. In this hypothetical scheme, intra-chain anti-parallel B-sheet structure is
nucleated by the propensity for B-turn formation around Ala19, Arg20. Once it is nucleated,
intermolecular structure can be propagated indefinitely by inter-chain H-bonding. Adapted
with permission from Ref. 3.
a net preference for intramolecular (helical?) structure in the newly elongated
segment (15-27). The /3-turn is then eliminated, the aggregates dissociate, and
the coupling steps to the growing peptide chain once again proceed normally.
These experimental observations in synthesis and spectroscopy suggest that
awareness of potential /3-sheet//?-turn sequences can guide analog design and/
or facilitate pre-programming of synthesis steps in anticipation of difficult
couplings.
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Introduction
A family of (i, i + 4) cyclic GRF analogs was designed to retain a-helical
segments. GRF analogs with a lactam ring in the central region (Asp8 — Lys12),
e.g. cyclo8>12[Asp8,Ala15]-GRF(l-29)-NH2 have been shown to retain significant
biological activity (growth-hormone release) in vitro and in vivo [1,2] (Table
1). The cyclic analogs have also been shown to have improved stability to plasma
degradation (Table 1). Although the parent peptide, GRF(l-44)-NH 2 , has been
reported to have a short lifetime in human plasma (92% degraded in 60 min
at 37°C) [3], the lifetime of cyclo8.12[Asp8,Ala15]-GRF(l-29)-NH2 is significantly
enhanced [4] (Table 1). Moreover, N-terminal-replacement analogs in the cyclo8'12GRF series resulted in improved potencies in vitro and in vivo [5]. A series
of novel (i, i + 4) cyclic GRF analogs, in which the lactam ring is near the
COOH-terminus (Lys21 — Asp25), was designed to evaluate the relative importance
of the position of the lactam with respect to potency, duration of activity and
conformation.
Table 1 Relative potencies/stabilities of substituted cyclic analogs of GRF(l-29)-NH2
GRF analog
Relative Plasma
potency degradation3
GRF(l-44)-NH2 1.0
92%
Cyclo812-[Asp8,Ala15]-GRF(l-29)-NH2 0.77
12%
Cyclo8.12-[des-NH2-Tyr',D-Ala'5]-GRF(l-29)-NH2 2.47
Cyclo21.25-[Ala15]-GRF(l-29)-NH2 1.33
23%
2
Cyclo '25.[des.NH2-Tyr1,D-Ala2,Ala15]-GRF(l-29)-NH2 1.33
1
0.69
5%
Cyclo8,12;21,25.[ASp8,Ala 5]-GRF(l-29)-NH2
8 12 21 25
2
8
15
3.91
Cyclo . ; . -des-NH2-Tyr',D-Ala ,Asp ,Ala ]-GRF(l-29)-NH2
a

% degradation after incubation in human plasma for 60 min at 37°C
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Results and Discussion
Cyclo 21 . 25 -[Ala 15 ]-GRF-(l-29)-NH 2 was synthesized by the solid-phase strategy,
cyclized on the resin, and cleaved by the HF procedure. Although this compound
retained high biological activity (potency= 1.33 relative to GRF(l-44)-NH 2 ),
N-terminal-replacement analogs did not result in further improvement in potency
as was previously observed for the cyclo8-12-GRF series (Table 1). Our recently
reported solid-phase strategy [5] using N«-Boc-amino acids together with OFm/
Fmoc side-chain protection for Asp and Lys, respectively, was then extended
to include two stepwise BOP cyclizations of Lys21 to Asp25 followed by Asp8
to Lys12 (Fig. 1). The resultant novel dicyclo-GRF analog, dicyclo8-12;2125[Asp 8 ,Ala 15 ]-GRF(l-29)-NH 2 , was equipotent to the two monocyclic peptides.
N-terminal replacements in the dicyclo8'12;21.25-GRF system resulted in increased potencies. Cyclo812;21.25-[des-NH2-Tyr1,D-Ala2;Asp8,Ala15]-GRF(l-29)-NH2
was the most active analog in the series with nearly 4 times the in vitro potency
of GRF(l-44)-NH 2 (Table 1).
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Fig. 1. Synthesis ofcyclo8-'2-2i-25-[Ala'5fGRF(l-29)-NH2 and related analogs.
Circular dichroism studies of the monocyclic and dicyclic GRF analogs revealed
substantial a-helicity in 75% methanol (>85%). Differences were observed in
water at pH 3 where helicity increased in the order [Ala 15 ]-GRF(l-29)NH 2 <cyclo 21 . 25 -[Ala 15 ]-GRF-(l-29)-NH 2 ~cyclo 8 . 12 -[Asp 8 ,Ala 15 -GRF(l-29)NH 2 <dicyclo 8 . 12 ; 2 '. 25 -[Asp 8 , Ala 15 ]-GRF(l-29)-NH 2 . Similar observations were
made from molecular dynamics calculations based on NOE-derived distance
constraints. At the receptor, these cyclic peptides should retain helicity in the
lactam-containing segments. The high biological potency of these peptides
demonstrates that the helical segments are compatible with the bioactive
conformer. Stability in human plasma increased in the order [Ala 15 ]-GRF(129)-NH 2 <cyclo 21 . 25 -[Ala 15 ]-GRF(l-29)-NH 2 <cyclo 8 . 12 -[Asp 8 ,Ala 15 ]-GRF(l29)-NH 2 <dicyclo 8 .' 2 ; 21 . 25 -[Asp 8 ,Ala 15 ]-GRF-(l-29)-NH 2 . This enhanced resi227
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stance of the dicyclo-GRF analogs to enzymatic degradation (dipeptidylpeptidase
Type IV and trypsin-like) may augment the biological activity. In vivo studies
with these cyclic-GRF and dicyclic-GRF analogs are in progress.
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Chromatography viewed as an integral part of successful
solid phase peptide synthesis
R.D. DiMarchi, G.S. Brooke, M. Johnson, H.B. Long and J.P. Mayer
Lilly Research Laboratories, Indianapolis, IN 46285, U.S.A.

Introduction
In the chemical synthesis of long peptides, the individual amino acid coupling
efficiencies are readily recognized as contributing sizably to the final yield of
product. The particular focus of this synthetic study with growth hormone
releasing factor (GRF) was the impurities resulting from incomplete amino acid
couplings, and the difficulties that they present in ultimately obtaining a
homogeneous product. These synthetic inefficiencies yield a multitude of lowlevel deletion impurities. Depending on their nature, they can be difficult to
readily identify and diminish preparative RPHPLC performance. With increasing
peptide length, the requirements for chromatographic resolution generally increase, while the resolving power tends to diminish. Consequently, synthetic
methodology that facilitates chromatographic performance becomes of increased
importance as target peptides increase in size.
Results and Discussion
Table 1 Ninhydrin analysis of GRF (1-44)-•OCH2-PAM resin"
Average coupling efficiency
Total projected deletions
Product yieldb
Product/deletions
a
b

Single

Double

Double/capping

97.8
62.4
37.6
0.60

98.4
49.3
50.7
1.03

99.5
17.2
50.7
2.95

Synthesis was performed by automated ABI 430A protocols.
Calculated as the difference between theoretical yield and measured deletion content.

In principle, the effective capping of projected deletion peptides should facilitate
chromatography. Ninhydrin analysis of coupling efficiency provides an estimate
of the remaining unreacted amine [1,2]. The synthesis of GRF by a double
coupling strategy illustrated that, while the projected product yield only increased
an absolute amount of 13.1% relative to the single coupled synthesis, the ratio
of yield to deletion peptides increased by 71% (Table 1). Analysis of the impact
of capping on the double coupled synthesis revealed an absolute decrease in
projected deletion peptides of 32.1%. This is more than double the amount
of amino group acylation that was achieved by the preceding second coupling.
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More importantly, the ratio of yield to deletion peptides increased three-fold.
The chromatographic analysis of the GRFs prepared by three different synthetic
methods, but purified identically by preparative RPHPLC, revealed a uniformly
high level of apparent purity, with only subtle relative differences. AAA was
also incapable of identifying any statistically significant differences. Preview
sequence analysis dramatically illuminated the presence of deletion peptides
(Table 2). As originally hypothesized, significant improvements in final product
purity, while not readily apparent by commonly used techniques, were achieved
by an additional coupling, and still further by acetic anhydride capping. In no
instance did the purity match that achieved by the rDNA prepared standard.
Table 2 Preview sequence analysis" ofpurified GRF (l-44)-OH
Ala1
He"
Phe5
Tyr'
Val12
Leu'3

Ser"
Ala18
Asp24
He25
Met26
Gly3i
Gly3 8
Ala39
a
b

Single cpl. (%) Double cpl. (%)

Double cpl/capped (%)

rDNA (%)

3.5
8.0
8.6
10.9
10.5
11.4
8.2
N.D.
N.D.
6.9
7.1
N.D.
25.0
22.0

0.2
N.D
N.D
N.D
N.D.
N.D
0.8
0.2
N.D
0.2
N.D
1.0
1.2
2.0

<0.1
N.D.
N.D.
N.D.
N.D.
N.D.
<0.1
N.D.
N.D.
<0.1
N.D.
N.D.
<0.1
<0.1

0.2
N.D.
N.D.
N.D.
N.D.
N.D.
1.3
1.1
1.6
1.1
N.D.
4.1
7.5
10.0

Percentage shown is that determined for the indicated previewed amino acid at each
cycle.
N.D. = not determined.

Conclusion
We have shown, in a series of GRF syntheses, that low-level deletion peptides
were not totally removed by conventional preparative RPHPLC. These impurities
were observed best by preview sequence analysis of the purified products. Given
the unknown biological nature of these impurities, their removal prior to use
in human subjects is warranted. A greater awareness of the need to achieve
near-quantitative amine acylation with a judicious selection of chromatographic
methods, followed by an extensive analysis of product purity, is required to
synthesize peptides of the quality currently obtainable by rDNA methods.
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Synthesis of GRF analogs with potent in vivo GH-releasing
activity
Imre Mezo3, Balazs Szoke3, Istvan Teplan3, Gabor B. Makarab, Gydrgy Rappayb,
Magdolna Kovacs', Judit Horvath0 and Sandor Vigh°
"1st. Institute of Biochemistry, Semmelweis University Medical School, 1444 Budapest 8,
P.O. Box 260, Hungary
institute of Experimental Medicine, Hungarian Academy of Science, Budapest, Hungary
'Institute of Anatomy, University Medical School, Pecs, Hungary

Introduction
Growth hormone (GH)-releasing hormone (GRF) analogs may have a significant role in both human medicine and veterinary application. Previously,
we found that Gaba 30 -substitution is advantageous for the synthesis and the
biological activity of such analogs [1]. Presently, we demonstrate that combinations of certain previously known substitutions enhance the in vivo potency
of our new Gaba 3 0 -GRF/l-30/-NH 2 analogs. However, the potencies of these
analogs differ, depending on the route of administration.
Results and Discussion
Synthesis
[D-Ala2,Nle27,Gaba30]-hGRF (l-30)-NH 2
(HB-495)
[D-Ala2,Leu15,Nle27,Gaba30]-hGRF (l-30)-NH 2
(HB-515)
[D-Ala^D-Arg^Leu^-Nle^-Gaba^-hGRF (l-30)-NH 2
(HB-527)
were synthesized by the usual SPPS methodology. The crude material was purified
on Sephadex G-50 column, followed by MPLC methodology (Synchroprep RPP30/um resin (C-l8)) using gradient elution with 0.25 N TEAP solution and
CH 3 CN. Desalting was performed by MPLC using 10% AcOH and isopropanol.
Peptides were characterized by TLC and RPHPLC. Interestingly, the HB-527
analog showed significantly lower k' than that of HB-515. Therefore, we expected
a remarkable difference in the conformations of the epimers. From the CD
spectra, we conclude that the L-Arg "-containing analog (HB-515) exhibits a
more ordered conformation in water than its epimer.
In vitro bioassays
Our analogs showed that the potencies were similar to that of the reference
hGRF (l-44)-NH 2 preparation.
In vivo bioassays [2]
After intravenous administration of a 2.0 «g/kg dose, HB-495 was twice as
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active, HB-515 and 527 only 1.5 times more active, than hGRF (l-29)-NH 2 .
After subcutaneous administration of a 5 ug/kg dose, our analogs caused
about the same GH release as hGRF (l-29)-NH 2 dose of 250 Mg/kg [2]; therefore,
our analogs, injected subcutaneously, are about 50 times more potent than hGRF
(l-29)-NH 2 . At the 12.5 ug/kg dose, HB-515 exhibited 1.5 times higher GHreleasing activity than HB-495 at 5 min after injection (see Fig. 1).
Intramuscular administration of 2.0 Mg/kg of our analogs elevated the plasma
GH level to 2-fold higher than the basal level. In a dose of 5 Mg/kg, HB-515
released GH 1.5-2.0 times higher than HB-495 and HB-527, respectively, at
5 min after injection (see Fig. 1).

\
Cl

c
3

3S0

11 1 ri
HB--1U5

--jj.5

+5

i."-rmn

t

45B-

_L

-521

UL

—135

-511)

+15

-iiil

LI rh

-1S-J

-'jlS

-^27

+30 w i n

Fig. 1. Comparison between intramuscular (Lm.) and subcutaneous (s.c.) GH-releasing
effects of GH-RH analogs at 5 ng/kg doses.
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Isosteric analogs of growth hormone-releasing factor
(l-29)-NH 2
Simon J. Hocart, William A. Murphy and David H. Coy
Peptide Research Laboratories, Department of Medicine, Tulane University
School of Medicine, 1430 Tulane Avenue, New Orleans, LA 70112, U.S.A.

Introduction
Previous structure-activity investigations with the f>[CH2NH] peptide bond
isostere have produced antagonists when inserted into various peptides. These
include bombesin, in which the incorporation of Leu13i/i-[CH2NH]Leu14 produced
an antagonist [1], and tetragastrin, in which Boc-Trp-Leui/f[CH2NH]Asp-PheNH 2 is an antagonist [2]. In this preliminary study, we chose to investigate
the effect of the isostere on growth hormone-releasing factor (l-29)-NH 2 (GRF).
Results and Discussion
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Fig. 1. Effect of i\i[CH2NH]GRF(l-29)NH2 analogs on GH secretion from dispersed rat
pituitary cells.
Analogs were prepared by conventional SPPS on MBHAR. The following
protocol was used on an Advanced ChemTech ACT 200 synthesizer: deblocking,
33% TFA (1 min, 25 min); DCM wash; PrOH wash; neutralization, 10 % DIEA
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Fig. 2. Effect of tft [CH2NH]GRF(1-29)NH2 analogs on GH secretion from dispersed rat
pituitary cells.
(2 washes); DMF wash; coupling of preformed HOBT esters, 45 min in DMF,
15 min DMAP; PrOH Wash; DCM wash. The isosteres were incorporated by
racemisation-free reductive alkylation with a preformed protected amino acid
aldehyde in the presence of NaCNBH 3 in acidified DMF [3,4]. The aldehydes
were prepared by reduction of the protected dimethylhydroxamates with LiAlH 4
at 0°C. The peptides were cleaved with HF and purified by gel filtration and
RPHPLC. The purified analogs were assayed in a 4-day primary culture of male
rat anterior pituitary cells for GH release as previously described (See Figs.
1 and 2) [5]. Potential antagonists were retested in the presence of GRF(129)NH2 (1 nM) (see Fig. 3). The following results were obtained: Incorporation
of the isostere at position 5-6, gave a very weak agonist with « 0 . 1 % activity
of the GRF control (see Fig. 1). Incorporation of the isostere in positions 12 and 7-8 gave weak agonists with -0.1% activity (see Fig. 2). Similarly, an
agonist with - 1 % activity was produced by incorporation at 3-4. Placement
at positions 2-3, 6-7 and 10-11 gave analogs with mixed agonist/antagonist
activity, dependent upon the dose. The analog [Ser9i/i-[CH2NH]Tyr10]GRF(l29)NH2 was found to be inactive in this assay (see Fig. 2) and was retested
for antagonist activity in the presence of a stimulating dose of GRF(1-29)NH 2
(see Fig. 3). This analog, [Ser9iA[CH2NH]Tyr'°]GRF(l-29)NH2, w a s found to
be an antagonist in the 10 MM range vs. 1 nM GRF and had no agonist activity
at doses as high as 0.1 mM (see Fig. 2). The analog [Asn 8 i/r[CH 2 NH]Ser 9 ]GRF(l29)NH2 could not be synthesized and has yet to be investigated.

234

Structural biology

1200 - /

GRF-Stimulated 0.01

0.1

1

10

Basal

Analogue Dose [|iM]
Fig. 3. Antagonism of GRF-stimulated GH secretion by Ser9i]f [CH2NHJTyr'°GRF(l-29)NH2.
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Synthesis and biological activity of growth
hormone-releasing factor analogs
J.F. Hernandez, P.G. Theobald, G. Yamamoto, J. Andrews, C. Rivier, W. Vale
and J.E. Rivier
The Salk Institute, 10010 N. Torrey Pines Road, La Jolla, CA 92037, U.S.A.

Introduction
New analogs of human (h) GRF(l-29)-NH 2 have been developed following
two approaches :
(1) It was assumed that the peptide acts at the receptor through an a-helical
secondary structure [1]. In order to stabilize this putative bioactive conformation,
leucine and alanine residues were substituted with the corresponding a-methyl
derivatives, strong helical inductors, that may also provide a higher resistance
to biodegradation.
(2) It was postulated that altering the conformation or functionality of the
peptide backbone by incorporating the pseudopeptide bond [CH 2 -NH] might
lead to antagonists that retain high receptor affinity [2], and/or to long acting
molecules [3].
Results and Discussion
The peptides, synthesized on MBHA resins, were purified by preparative
RPHPLC (>97% purity) and characterized by optical rotation, AAA and MS.
The coupling of sterically hindered Ca-methyl amino acids was accomplished
using a BOP/HOBt mixture [4]. The reduced amide bonds were incorporated
by solid-phase reductive alkylation [5] with Boc-amino aldehydes in the presence
ofNaBH 3 CN[6].
As summarized in Table 1, entries 3-5, mono Ca-substituted analogs of
hGRF(l-29)-NH 2 did not differ significantly in potency from the parent compound 2 in an in vitro assay, suggesting that local conformational restrictions
imposed by the a-methyl group were tolerated by the receptor. However, 6
and 7 with multiple a-methyl amino acid substitutions were 25-100 times less
potent than 2, indicating that methyl groups may impede some contacts with
the receptor or constrain the molecule in a less favorable conformation. The
fact that the two latter compounds give a higher helical content, as determined
by CD spectroscopy (data not shown), suggests that other parameters in addition
to helicity are important for in vitro potency. Interestingly, 6 showed, in an
in vivo assay in the rat (data not shown), a higher potency and a longer duration
of action than 2 or all of the mono-substituted analogs, suggesting a higher
resistance to biodegradation.
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The potencies of the reduced amide hGRF analogs (Table 1, entries 9-14)
were significantly lowered, relative to that of their parent compound, although
nearly full intrinsic activity was retained. These results suggest that hormonereceptor interactions are compromised by backbone modification in the region
of residues 1-7.
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Characterization of convulsant peptides related to
corticotropin-releasing factor (CRF)
Masashi Miyamoto and Motoyoshi Nomizu
Pharmaceutical Laboratory, KIRINBrewery Co. Ltd., 2-2. Soujamachi 1 Chome, Maebashi
Gunma 371, Japan

Introduction
CRF and its related peptides have some conserved primary regions. We have
taken an interest in the characteristic conserved sequence of the CRF family,
Pro-Pro-Ile-Ser, which is located in the proximal N-terminal region. Biological
function of this N-terminal region is not yet known. We synthesized several
peptide fragments of human CRF(hCRF) and sauvagine that involved either
this entire N-terminal sequence or part of it, and found several peptides caused
a transient convulsion in mice after intracerebroventricular (i.e.v.) injection. To
determine a further SAR, we examined the activity of analogs of H-Pro-ProIle-OH that seemed to be the active component.
Results and Discussion
Among 17 peptides corresponding to part of the N-terminal region of hCRF
and the frog skin peptide, sauvagine, 6 peptides that involved Pro-Pro-Ile at
their N-terminal caused a kindling-like convulsion in mice immediately after
(0-2 min) i.c.v. injection. H-Pro-Pro-Ile-OH showed the strongest activity and
was the shortest active peptide (Table 1). It seemed that this tripeptide was
an active center of the convulsant activity of these peptides.
On the other hand, the analogs in which the L-Pro residues of H-Pro-ProIle-OH were substituted with D-Pro did not cause the convulsion. Another type
of analog replaced the Ile with other amino acids which decreased the convulsive
activity. These results suggest that the convulsions are not caused by non-specific
action of H-Pro-Pro-Ile-OH. Furthermore, it was suggested that there was a
specific receptor that recognizes the structure, Pro-Pro-X, and Ile was the most
suitable amino acid residue for the X position.
When administered either intravenously or intracisternally, H-Pro-Pro-Ile-OH
did not stimulate ACTH secretion in rats. Furthermore, H-Pro-Pro-Ile-OH did
not inhibit typical radioligands of neurotransmitter receptors which bind to rat
brain membranes. These results suggested that this tripeptide had no affinity
for CRF receptors causing ACTH secretion nor to other neurotransmitter
receptors.
Weiss et al. [1] showed that the ovine CRF itself produced late onset (1-6 h
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Table 1 Potency of synthetic peptide fragments of human CRF and sauvagine causing
convulsion in mice
Peptide

(position)

Number of convulsed mice (n = 10)
Dose (nmol/head)
300

ZGPPISIDLS
ZGPPISIDL
ZGPPISI
ZGPPIS
ZGPPI
ZGPP
GPPIS
PPISI
PPISLDLT
PPISLD
PPISL
PPIS
PPI
EPPIS
EPPI
PIS
PP

(Sauvagine 1-10)
(Sauvagine 1-9)
(Sauvagine 1-7)
(Sauvagine 1-6)
(Sauvagine 1-5)
(Sauvagine 1-4)
(Sauvagine 2-6)
(Sauvagine 3-7)
(hCRF4-ll)
(hCRF 4-9)
(hCRF 4-8)
(hCRF 4-7)
(hCRF 4-6)
(hCRF-3-7)
(hCRF 3-6)
(hCRF 5-7)
(hCRF 4-5)

0
0
0
0
0
0
0
9
10
9
9
10
10
0
0
0
0

100

0
8
9
0
10
10

30

10

0
8

0

7
10

0
7

after i.c.v. administration) of kindling-like seizures in rat. Considering their report
and our results, we think our synthetic convulsant peptides could be candidates
as the ligands for a receptor, which is independent of ACTH secretion in the
central nervous system.
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Introduction
In 1988, Zhu et al. [1], isolated rabbit corticostatin (rCS), a 34-residue peptide
involving 6 disulfide-linked Cys residues and 9 Arg residues, from rabbit fetal
lung. The structure of rCS was coincided with that of one of rabbit neutrophil
peptides, NP 3-a, reported by Selsted et al. [2]. In order to evaluate the biological
activities of rCS, and examine the usefulness of trimethylsilyl bromide (TMSBr)
[3] as a deprotecting procedure for the Fmoc-based SPPS of Arg-rich peptides,
and silver trifluoromethanesulfonate (AgOTf) [4] as an S-Acm deprotecting
procedure, we undertook the total synthesis of rCS.
Results and Discussion
Fmoc-based SPPS of rCS was carried out manually according to the principle
of Sheppard et al.[5] using the following side-chain protected Fmoc amino acids:
Arg(Mtr), Cys(Acm), Ser(tBu), Glu(OtBu), and Tyr(tBu). As the starting resin,
/>-alkoxybenzyl-type polystyrene resin (0.70 mequiv./g, 0.2 mmol) was employed.
The first C-terminal residue, Fmoc-Arg(Mtr)-OH (5 equiv.), was loaded on the
resin by DPCDI (5 equiv.) in the presence of dimethylaminopyridine (1 equiv.).
Each residue was introduced by DPCDI + HOBt procedure until the resin became
negative to the Kaiser test. In the final step, the Fmoc group was removed
by treatment with 20 % piperidine/DMF, and the rest of the protecting groups,
except for the Acm group, with 1 M TMSBr-thioanisole/TFA (4°C, 60 min),
as shown in Fig. 1. Nine Arg(Mtr) residues were efficiently deprotected by this
brief treatment. The resulting Cys(Acm)-peptide was treated with AgOTf (60
equiv.) at 4°C for 60 min to remove Acm groups from the Cys residues. After
treatment with DTT, followed by gel-filtration on Sephadex G-15, the reduced
peptide was subjected to air oxidation at 4°C for 7 days in 0.1 M ammonium
acetate buffer (pH 7.5) to establish the three disulfide bonds. The crude, airoxidized product was purified to homogeneity by HPLC on TSK-GEL LS 410KG
column using a gradient elution with MeCN in 0.1% TFA.
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Acm
Acm Mtr Mtr Mtr
Acm
tBu OtBuMtr
Fmoc-Gly-Ile-Cys-Ala-Cys-Arg-Arg-Arg-Phe-Cys-Pro-Asn-Ser-Glu-Arg-PhetBu
tBu Acm Mtr
Mtr tBu
Mtr Acm Acm tBu
Ser-Gly-Tyr-Cys-Arg-Val-Asn-Gly-Ala-Arg-Tyr-Val-Arg-Cys-Cys-SerMtr Mtr
_.
Arg-Arg-OCH2-^_J-OCH2- (resin)
1.
2.
3.
4.
5.
6.

20% piperidine / DMF
IM TMSBr - thioanisole / TFA
AgOTf - anisole / TFA
Reduction with DTT
Air oxidation at pH 7.5
HPLC on TSK-GEL LS-410KG
CH CN (15-30%) in 0.1% TFA

H-Gly-Ile-Cys-Ala-Cys-Arg-Arg-Arg-Phe-Cys-Pro-Asn-Ser-Glu-Arg-Phe-

1

(—

I

Ser-Gly-Tyr-Cys-Arg-Val-Asn-Gly-Ala-Arg-Tyr-Val-Arg-Cys-Cys-Ser-Arg-Arg-OH
(yield

: 14.7%)

Fig. 1. Synthesis of rabbit corticostatin (rCS).
The overall yield calculated from the protected peptide resin was 14.6 %.
The purity of synthetic rCS, thus obtained, was ascertained by AAA after 6
N HC1 hydrolysis, analytical HPLC, and sequence analysis. In addition, synthetic
rCS proved to be a monomer by FABMS.
The disulfide array of synthetic rCS was examined by sequence analysis of
proteolytic fragments. Thermolysin treatment of a tryptic fragment of synthetic
rCS gave a two-chain fragment cross-linked with Cys5-Cys20, and a three-chain
fragment consisting of H-Ile-Cys3-OH, H-Phe-Cys10-Pro-Asn-OH, and H-Cys30Cys31-OH. The precise disulfide array of the latter three-chain fragment is under
investigation. These results suggested that synthetic rCS would have similar
disulfide structure to that of human defensin reported by Selsted et al. [6].
Synthetic rCS (0.1-10 Mg/ml) dose-dependently inhibited ACTH (100-100 pg/
ml)-stimulated corticosterone production in rat adrenal cell suspensions, but
showed no cytotoxic activity against several tumor cells (K562, P815, and EL4)
at doses less than 100 ug/ml and no bactericidal effect on several strains of
E. coli at doses even higher than 500 /ug/ml.
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b
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Background
ANF, a 28-amino acid peptide hormone secreted by atrial cardiocytes, is
involved in the maintenance and regulation of fluid volume homeostasis. Our
group has recently reported [1] the preparation and biological activity of ANF(723), a reduced-size analog of ANF(l-28), as well as a study of the solution
conformation of the molecule in SDS micelles [2]. ANF(7-23), which constitutes
the intact core region of ANF, with the N- and C-terminal tails removed, shows
full ANF agonist activity in vitro and in vivo but reduced potency compared
to ANF.
Chou-Fasman analysis of this core sequence suggested the possibility of two
loops, comprising residues 7-10 and 18-21. In contrast, NMR shows an 1821 inverse loop as well as a 14-17 loop, yet suggests that the 7-10 region may
be extended. We have made a number of substitutions in these regions to examine
the possibility of such structural features and to probe the importance of the
putative loops.

Cys-Phe-Gly-Gly-Arg-Ile-Asp-Arg-Ile-Gly-Ala-Gln-Ser-Gly-Leu-Gly-Cys
7
15
23
Results and Discussion
We began by exploring the effect of deleting individual glycine residues on
the analogs' ability to relax rabbit aortic smooth muscle rings preconstricted
with histamine (values reported as pD2, the dose providing half-maximal
relaxation; for ANF(7-23), pD2 = 5.70). Consistent with Chou-Fasman predictions, the removal of glycine within the putative loop regions results in significant
decreases in activity (des-Gly9 < 5.15; des-Gly20 < 5.15), whereas removal of those
outside such regions is better tolerated (des-Gly16 = 5.76; des-Gly22 = 6.30).
Interestingly, several combinations of deletions are also acceptable; most notably,
des-Gly9'22 is more active in this assay than the parent (pD2 = 6.24).
We also studied the effects of amino acid replacement within these structural
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regions. In the region comprising residues 7-10, these studies gave mixed results.
Replacement of Gly9 (position i + 2) with (D)-Ala led to a modest improvement
(pD2 = 5.81), but replacement with Pro was detrimental (pD2 = 5.22), suggesting
the possibility of a Type II turn. On the other hand, conversion of Gly10 to
Pro was beneficial (pD2 = 5.92). Although substitution of the 9,10 dipeptide
with either aminopentanoic (= 5.36) or aminohexanoic acid (= 5.89) was tolerated;
none of these results is consistent with a turn structure. In any event, the effects
of these changes were minimal. Changes in the 18-21 region generally supported
the possibility of a loop here; in particular, replacement of Ser19 (position i + 1)
with (D)-Ser gave a dramatic improvement in the vasorelaxant response
(pD2 = 6.68), and this residue was also successfully replaced by Pro (=5.84).
We next looked at the effects of individual side-chain groups on the functional
response. It has been reported [3] that the position-8 aromatic group is important
for inhibition of aldosterone production. We have observed that this residue
is also critical for vasorelaxation, and replacement with cyclohexylalanine
(pD2 = 6.13) leads to a more potent analog. Conversion of Arg11 to lysine gave
an equipotent compound (pD2 = 5.95) that showed significantly higher in vivo
activity (bolus injection into the rat) than ANF(7-23). Asp13 seems to be a critical
residue; even conservative substitutions, such as Glu (pD2 = 5.26), Asp-OCH 3
(<5.17), or Asn (<5.0) cause dramatic decreases in activity. Conversely, changes
in the side-chains of residues 18 and 19 are tolerated. Gin18 is readily converted
to Asn (pD2 = 5.68) or Thr (=5.79), and Glu18 is only slightly less active
(pD2 = 5.34). Similarly Ser19 may be replaced by (D)-Ala (=5.60) or by Freidinger's lactam [4] (=5.55) without loss of activity.
Conclusions
The results of our deletion and substitution studies are consistent with prior
stuctural analysis and NMR studies on ANF(7-23), suggesting a loop in the
region comprising residues 18-21. In the residue 7-10 region, where the previous
analyses produced differing conclusions, we could find no clear evidence for
either a looped or a linear conformation. Our series of side-chain replacements
led us to the conclusion that, while positions 8 and 13 contained functionality
critical for the vasorelaxant response, no critical residues were contained within
the 18-21 loop.
These studies led us to postulate that we might be able to shrink the size
of our ANF analogs further by excising this 18-21 loop entirely; removing,
in addition, the adjacent glycine residues at positions 16 and 22, which our
deletion studies had shown to be expendable, produced the decamer, Cys16
ANF(7-16). This compound relaxed rabbit aortic rings with a pD2 (=5.42)
only slightly lower than that recorded for ANF(7-23).
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Introduction
Atrial Natriuretic Factor (ANF) is a 28-amino-acid peptide secreted by the
heart which induces natriuresis and diuresis, lowers blood pressure, and decreases
renin and aldosterone in animals and man. However, the potential utility of
ANF in hypertension and congestive heart failure is limited by poor oral
bioavailability and short plasma half-life. As an alternative approach, we sought
a non-peptide agent that would potentiate the physiological actions of ANF
via inhibition of the enzyme responsible for ANF degradation in vivo.
Results and Discussion
We have demonstrated that ANF is degraded in vitro by the endopeptidase
E.C.3.4.24.11 from human and rat kidney, and that prototype inhibitors protect
ANF from degradation, a result which has been subsequently reported by others
[1]. Stepwise modification of the endopeptidase inhibitor (1) (Fig. 1) [2]
demonstrated that conformational restraint is well tolerated in the P 2 ' and the
Pi' residue (2, 3). Replacement of the backbone aza link by a methylene group
gave a substantial increase in potency (4). The cw-4-aminocyclohexane carboxylate
system (5) confers similar inhibitory potency to the 3-isomer (4) and removes
a chiral center. In contrast to the aza series (1 and 2), the aminocyclohexane
carboxylate moiety gives a clear potency advantage (5,6 and 7) in the glutaramide
series.
Compound 8 (UK-69,578) was selected for more detailed evaluation. UK69,578 blocks degradation of human ANF by human kidney homogenate
(complete inhibition at IO-6 M); increases the half-life of rat APIII from 0.96
to 2.5 min in nephrectomized rats(3 mg/kg i.v.); and potentiates the natriuretic
(250%) and diuretic (300%) action of rat APIII in anaesthetized rat (3.0 mg/
kg i.v.), with no significant change in urinary potassium excretion. UK-69,578
does not inhibit angiotensin converting enzyme, trypsin, chymotrypsin, leucine/
aminopeptidase, carboxypeptidase A or renin.
Clinical trials in hypertension and congestive heart failure are currently in
progress with UK-73,967 (S(+)-enantiomer, 9) and with UK-79,300, an orally
active 5-indanyl ester prodrug.
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Fig. 1. Inhibition of rat kidney endopeptidase 24.11.
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Introduction
Atrial natriuretic factor (ANF) is a 28 amino acid peptide exhibiting a variety
of biological functions, including vasorelaxation, natriuresis and diuresis. Initial
investigations from this laboratory of the SAR of analogs of A N F ^ g sought
to determine the relationship of individual amino acids and observed biological
activity. We reported [1] a recent investigation that provided evidence that several
amino acid residues and amino acid segments can be deleted from the full size
peptide while maintaining agonist activity. The series of small peptide analogs,
whose parent is [Cys16]ANF5_16 Phe-Arg, exhibited ANF-like agonist activity
with reduced potency. In order to define the conformations responsible for
observed biological activity, we have designed and synthesized a series of small
conformationally constrained ANF peptide analogs. Initial attempts at restricting
these small peptide analogs were directed toward replacement of the Cys7 side
chain with the more bulky penicillamine residue. Further restrictions of the peptide
analogs were done by preparing bicyclic peptide analogs of [CysI6]ANF5_16 PheArg. This report will describe the synthesis, biological evaluation and conformational study of two such bicyclic analogs:
[Cys7.1«,des-Arg11,Cys13.15a,D-Arg14]ANF5_16 Phe-Arg, 1, and
[Cys7.16,des-Arg11,Cys7a.13,D-Arg14]ANF5_16 Phe-Arg , 2.
Results and Discussion
The peptide analogs were prepared by SPPS, followed by treatment of the
resin with liquid H F (60 min, 0°C) [2]. The cyclization of the bicyclic peptides
was performed utilizing either a one-pot method involving the addition of two
equivalents of iodine in ethanol (60 min, 25°C), or a two-step method involving
treatment with potassium ferricyanide (60 min, 25°C) followed by iodine in ethanol
(60 min, 25CC). Each peptide was purified by preparative HPLC, and the integrity
of each peptide was determined by AAA, FABMS, sequence analysis and NMR
spectroscopy.
The bicyclic peptide analogs 1 and 2 were evaluated for ANF-like agonist
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characteristics utilizing rabbit adrenal receptor binding, relaxation of vascular
smooth muscle (rabbit aorta) and in vivo natriuresis and diuresis in rats [3].
Bicyclic analog 1 bound to rabbit adrenal receptors (350 nm), relaxed vascular
smooth muscle (3 um) and produced a 10-fold increase in natriuresis, as well
as a 10% decrease in blood pressure at an infusion dose of 150 /ug/kg/min.
Bicyclic analog 2 exhibited 10-fold weaker receptor affinity (3600 nm) and showed
no vasorelaxation, hypotension, natriuresis or diuresis at an infusion dose of
300 ug/kg/min.
Since bicyclic analogs 1 and 2 exhibited divergent biological properties, a
conformational study of these two analogs was undertaken utilizing 2D NMR
techniques. Figure 1 shows the backbone conformation of 1 and Fig. 2 shows
the backbone conformation of 2, determined from distance constraints obtained
from 2D NOESY experiments. The conformations of 1 and 2 are similar within
the disulfide rings; however, the backbone conformation of the amino acid
residues outside the disulfide ring differs significantly in the two cases. In bicyclic
analog 1, the N-terminal Ser-Ser peptide backbone is found in close proximity

BICYCLIC 1
Fig. 1. Backbone conformation of bicyclic analog 1.
to the C-terminal Phe-Arg, while in bicyclic analog 2, the N-terminal and Cterminal residues are more separated. Although both analogs 1 and 2 bind to
ANF receptors, only 1 exhibits additional biological properties similar to that
of ANF. The biological results, coupled with the solution conformation observations of the two bicyclic analogs, suggest that the orientation of the amino
acid residues outside the disulfide ring have no marked effect on receptor
interaction, but are important for biological activity.
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BICYCLIC 2

Fig. 2. Backbone conformation of bicyclic analog 2.
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Introduction
ANF is a circulating 28-amino acid peptide hormone that exhibits potent
vasodilatory, natriuretic and diuretic activity and inhibits aldosterone biosynthesis
and renin release. Our investigations have been directed toward determining
the relationships of individual amino acids in the native peptide to observed
biological activity. We report the design and synthesis of a series of ANF peptide
analogs and provide evidence that several amino acid residues and segments
can be deleted from the full size peptide with retention of full agonist activity.
Our initial investigation led to the discovery of a small ANF peptide analog,
[Cys16]ANF(7-16), which displayed receptor affinity and possessed vasorelaxant
activity. However, this peptide exhibited potent pressor activity in the anesthetized
rat and led to the discovery that amino acids from both the N-terminus (SerSer) and the C-terminus (Phe-Arg) are required for in vivo agonist activity.
The sequence of rat ANF is shown below. The highlighted amino acids are
those essential for full agonist activity. Also shown is the sequence of a reduced
size analog that has full agonist activity (compound 2).
7
10
15
Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-Gly-Arg-lle-Asp-Arg-lle-Gly-Ala-

-Gln-Ser-Gly-Leu-Gly-Cys-Asn-Ser-Phe-Arg-Tyr
21
25
28

(1)

5
10
15
18
Ser-Ser-Cys-Phe-Gly-Gly-Arg-lle-Asp-Arg-lle-Cys-Phe-Arg

I

(2)

I

Results and Discussion
The peptide analogs were prepared by standard SPS techniques, followed by
treatment of the resin with liquid HF (60 min, 0°C). The cyclization of the
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peptides was achieved by the addition of two equivalents of iodine in ethanol
to a dilute solution of the deprotected peptide. Crude peptides were purified
by preparative HPLC, and homogeneity was determined by amino acid and
sequence analysis, FABMS and NMR spectroscopy. Agonist activities were
determined by receptor binding to rabbit adrenal membranes (pK;), vasorelaxation
of histamine-constricted rabbit aortic rings, inhibition of ACTH-induced aldosterone biosynthesis in primary rat adrenal cells, stimulation of cGMP biosynthesis in bovine transformed aortic endothelial cells and natriuretic, diuretic
and hypotensive activity in Inactin-anesthetized normotensive rats.
Initial structure-activity studies focused on the role of the individual amino
acids in [Cys16]ANF(5-16)Phe-Arg, (2), and the relationship between receptor
affinity and vasorelaxation. These experiments confirmed our earlier work [1]
with ANF(5-28) indicating that Phe8,Ile12 and He15 were crucial for receptor
binding activity. However, the requirements for agonist activity are more exacting
than for receptor binding; e.g., the replacement of Asp13 by Ser did not alter
receptor binding but eliminated functional responses. The replacement of either
Ser5, Ser6 or C-terminal Phe by 8-aminooctanoic acid yields full agonists and
illustrates the importance of a positive charge on the N-terminus and the fixing
of the C-terminal Arg at a site most acceptable to the receptor. The importance
of a hydrophobic group at position 8 is exemplified by the fact that replacement
of Phe8 by cyclohexylalanine did not alter either receptor affinity or vasorelaxant
potency. Systematic replacement of the L-amino acids by the D-stereoisomers
resulted in 10-100-fold decrease in activity with the exceptions of Arg11 and
Arg14 where the D-amino acids were approximately 5-fold and 2-fold more potent,
respectively. Compound 2 and the D-Arg11 analog of (2) have the following
biological activities: receptor affinity, 0.2 and 0.07 uM; vasorelaxation, 2.0 and
0.24 uM; EC50 for aldosterone inhibition, 3 uM and not determined; EC50 for
cGMP stimulation, 10 and 0.7 uM. A bolus dose (300 Mg/kg) o f e a c n peptide
decreased MAP, 21 and 22 mm Hg, and increased natriuresis 8-fold and 10fold, respectively.
These results illustrate for the first time that large portions of the ANF(128) molecule can be deleted without altering the agonist properties of the molecule,
although with a 10-100-fold loss in potency.
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Introduction
The family of recently discovered peptides, atrial natriuretic peptides (ANP),
represents a new hormonal system that is integrated positively and negatively
with many physiological systems and, in particular, connected with the reninangiotensin system. Several excellent reviews cover the genesis of this discovery
[1-3] and the pharmacology [4-8] of the newly discovered system. The bioactive
peptide that is released in the circulation is a 28 amino acid long peptide, cyclic
by virtue of a disulfide bond[l-8, 10]. The integrity of the 17-membered cyclic
structure has been postulated as a requirement for biological activity [9]. Affinity
cross-linking studies have revealed the existence of two distinct types of endogenous binding proteins specific for ANP. One class of ANP-binding proteins
is associated with stimulation of guanylate cyclase activity (cyclase-coupled
receptor, CC receptor), while the other is not coupled to any known second
messenger (non-coupled or NC receptor) [11-13]. Although the circulating 28mer bind to both receptor subtypes with similar subnanomolar affinities, various
studies have indicated that they have different structural requirements for their
ligands [11-13].
Results and Discussion
We now find that some synthetic peptides, obtained by juxtaposition of nonconsecutive fragments of the ANP cyclic primary sequence, 'seco-analogs' of
ANP, recognize the guanylate cyclase-coupled receptor and are full agonist in
smooth muscle vasorelaxant assay (rabbit aorta).
We have designed several seco-peptides to test the hypothesis that the structural
elements responsible for recognition and activation of the CC receptor extend
over non-adjacent sections of the primary sequence. Thus, we have linked together
linear, cysteine-containing fragments of the ANP sequence by a cystine bridge,
leading to seco-peptide analogs (i.e., 5). This approach is restricted to cysteinecontaining fragments, but is quite attractive in view of the possibility of connecting
various non-adjacent N- and C-terminus fragments of ANP without modifying
the primary sequence surrounding the disulfide bridge in the natural compound,
a region of the peptide thought to be of importance for activity [8,10].
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RAT ANP(99-126) 1
Fig. I.

Model secopeptide

A schematic representation of ANP( 103-126) 1 and of a seco-analog.

The cysteine-containing linear fragments were synthesized by established
methodologies of solid phase synthesis as Cys(Acm) derivatives. After deprotection of the cysteines with Hg(OAc)2, the seco-peptides were assembled by
oxidative dimerization of various fragments. The desired mixed dimer was
obtained as an apparent statistical mixture with the symmetrical dimers. RPHPLC
was used for separation and final purification. Peptides were characterized by
AAA and FABMS. Biological data (in vitro binding to ANP receptors and
in vitro rabbit aorta vasorelaxation), are reported in Table 1. In the binding
experiment, 2-5 discriminate guanylate cyclase-coupled ANP receptor (CC) from
non-coupled (NC). This observation is well in line with previous reports on
structural requirements for affinity to the NC receptor [11]. However, secopeptides 2 and 3, lacking residues identified as crucial for biological activity,
have no measurable affinity for the cyclase-coupled receptor and, accordingly,
fail to induce relaxation in rabbit aorta. On the other hand, the seco-peptides
4 and 5, containing all the crucial residues display affinity for the CC receptor,
and fully relax precontracted rabbit aorta with a reduced potency. Interestingly,
6, a 'natural' seco-peptide metabolite resulting from the action of endopeptidase
on ANP(103-126) [14], has a very weak biological activity, a confirmation that
an intact peptide bond between Cys105-Phe106 is an important requirement for
activity.
Our data confirm the important role of Leu117 and Arg109 and/or He110 in
recognition of the CC receptor and indicate that the cyclic structure of ANP,
albeit not obligatory for biological activity, participates to stabilize the receptorhormone complex.
An important feature of the seco-peptide method lies in its versatility in
combining two non-consecutive linear fragments from a peptide-hormone primary
sequence that both participate in its interaction with a receptor. This method
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could have a general use in helping to identify pharmacophoric pattern(s) in
cystine-containing peptides.
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Introduction
Structure-activity studies in the ring portion of atrial natriuretic factor
R3-R-S-S-C7-F-G-G-R-I-D-R-I-G-A-Q-S-G-L-G-C23-N-S-F-R-Y28 (ANF) were
I

1

carried out in an effort to define aspects of the bioactive conformation.
Results and Discussion
The glycine residues in ANF were singly substituted by alanine, D-alanine
or proline [1]. The best substitutions in terms of activity (inhibition of methoxamine-contracted rabbit aorta or rabbit renal artery tissue) were combined
to produce composite analogs (Table 1). [D-Ala9,Ala10]ANF(3-28) was 3 times
as active as either of the singly substituted parent analogs, suggesting that a
type II' /J-turn may be part of the bioactive conformation. Incorporation of
a y-lactam /3-turn mimic [2] at position 9-10 resulted in a 10-fold loss in activity.
However, [D-Ala9,Pro10]ANF(3-28), a substitution known to stabilize /J-turns
[3] retained 75% of the activity of ANF(3-28), in contrast to [Pro 10 ]ANF(526)NH2, which is only 5% as active as its parent compound. It is known that
Phe8 is an important residue for activity [1], so conformational and steric changes
in this part of the structure may well have a profound effect on bioactivity.
A y-turn at Gly10 in the bioactive form of ANF is also consistent with some
of the data. Although there is some evidence from SAR of a turn in this region,
more conclusive data are required to make a definitive statement.
The achiral a-amino-isobutyric acid (Aib), a stabilizing residue in peptide
helical structures [4] was incorporated into the ring of ANF at two positions.
[Aib13]ANF(3-28) and [Aib16]ANF(3-28) were respectively 9% and 60% as active
as ANF(3-28), and were less potent than D-Asp and D-Ala in these positions
[5]. For comparison, [Aib13]ANF(3-28) had 50% of the activity as an uncharged
Asp replacement, [Abu13]ANF(3-28) (Abu = 2-(S)-aminobutyric acid).
Computer modeling of the ring portion of the molecule was undertaken to
evaluate various conformations on the basis of total energy (energy minimized
with AMBER [6], proximity of side chains important for biological activity,
and general fit with the observed analog activities. A working model includes
a 3 10 helix in the sequence Ile12-Gln18 and y-turns at Gly9 and Gly20. Interestingly,
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Table 1 Biological activity of multiple substitutions for glycine in ANF(3-28)
%

Substitution
analogs

9

10

1
2
3
4
5
6

D-Ala
D-Ala
D-Ala
D-Ala
D-Ala
D-Ala

Ala

22

Relative
potency

D-Ala
D-Ala

3.39
3.76
1.52
1.96
3.70
1.37

Glycine positions in ANF

Ala
Ala
Ala

16
Ala
Ala
Ala
Ala
Ala

20

Pro
Pro
Pro
Ala

inhibition of methoxamine-induced contraction of rabbit renal artery tissue.
Relative potency ANF(3-28)= 1.00 (IC50 = 0.30 nM).
the y-turn at Gly9 preminimization assumed preferentially the characteristics
of a type IF /3-turn after minimization. The side chains of Phe8, He12, He15 and
Leu21, known to be important for biological activity [1,5,7], are clustered together
in a 10 Ax 10 A surface, and may define an area for interaction with the high
affinity B ANF receptor [8]. It must be stressed that this does not represent
a definitive model of the bioactive conformation of ANF, but rather a blueprint
for approaching the design and synthesis of conformational^ constrained analogs.
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Developing a major pathway for peptide condensation:
Application of DPBT method in the synthesis of a-hANP
Gen Li, Tieming Cheng, Chongxi Li, Limin Zhang, Mengshen Cai, Ming Zhao,
Jingli Zhang, Chao Wang and Qiuyue Gu
Institute of Peptide Research, Beijing Medical University, Beijing 100083,
People's Republic of China

Introduction
In 1978, we observed that tetrahydrothiazole-2-thione (TTT) was a good leaving
group in the aminolysis of peptide synthesis [1]. Since then, many heterocyclic
compounds structurally related to T T T were studied in o u r laboratory [2], as
well as in others [3]. Some of them are benzoxazolone, benzoxazolethione, 5substituted oxadiazothione, benzimidazole, etc. The structures of most reactive
intermediates related to these acylated heterocyclics are amides, except that of
acylated benzothiazolethione. X-ray diffraction shows the acylated benzothiazolethione was a thiol ester [2]. Most of these heterocyclics are used for the first
time in peptide synthesis. The yields are satisfactory and the acylated intermediates
can be isolated a n d purified in crystalline forms.
Results and Discussion
Acylation of these heterocyclics is usually done using D C C as condensing
agent. As all peptide chemists know, these reagents cause dehydration of glutamine
and asparagine, and other complications with amino acids having hydroxyl groups
on the side chains. It is also very tedious to remove the substituted urea formed
in the reaction. T o avoid using D C C , and to increase further the activities of
the heterocyclics as leaving groups, they are allowed to react with diphenylchlorophosphate to form the corresponding amides with an active P-N bond
in the molecules [4]. We hope that
the activity of the P-N bond may
be modulated by converting the heterocyclics we studied into phos" {
^
Y =0,DPBO
z
phoramide that can be prepared
s.
s
easily by the reaction of diphe[f
Y=S, DPBT
nylchlorophosphate with the heterocyclics. The phosphoamides are fine
crystalline compounds and can be kept for a long time. We report here our
results on D P B T (diphenylphosphorylbenzoxazolethione).
Using phosphoramides for peptide synthesis, instead of D C C a n d other
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methods, the following advantages should be mentioned. In contrast to the DCC
method, the acylated intermediate is stable and can be purified before it is
aminolyzed. Racemization of the peptides synthesized by our method was found
to be less than 6% by Young's and modified Anderson's tests. Dehydration
of asparagine and glutamine was not observed. For example, Z-asparagine is
treated separately with DCC and DPBT in pyridine. After standing for 2 h,
a strong -C = N IR absorbing band is observed only with the DCC-treated sample.
Side-chain hydroxyl groups need not be protected. Both DPBO and DPBT can
be used for SPPS, as well as for coupling in solution.
Synthesis of a-human atrial natriuretic peptide (a-hANP) [5]
This important peptide has been synthesized by various methods. Because
of its strong depression effect on blood pressure, it has been studied extensively
to determine the relationship between its structure and physiological effect. It
is an octacosanoic peptide with a disulfide linkage. We used DPBT for the
synthesis by solution segment condensation procedure and this is outlined in
the following figure:
Boc-ANP(17-22)-OH + H-ANP(23-28)-OBzl ™l Boc-ANP(17-28)-OBzl
1
Boc-ANP(ll-16)-OH + H-ANP(17-28)-OBzl P™i Boc-ANP(ll-28)-OBzl
I
Boc-ANP( 1-10)-OH + H-ANP(ll-28)-OBzl DPBT Boc-ANP( l-28)-OBzl
The protected peptide is deprotected by means of hydrofluoric acid and
separated by HPLC. The physiological effects of the synthetic product on blood
pressure and immunological activity are found to be comparable with the
standard. Some segment peptides were also synthesized by the DPBO method.
The yields and their optical purity were generally higher than those obtained
by the DCC method.
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Introduction
Peptides of the endothelin (ET) family act as strong vasoconstrictor/pressor
agents in vivo and in vitro [1,2]. We have previously described cloning of human
endothelin-1 (ET-1) precursor cDNA [3]. Several proteolytic cleavages of the
212-amino acid residue-prepro-ET-1, including unusual COOH-terminal processing between Trp 73 and Val74 precede the formation of human ET-1. This
previously unknown type of peptide processing is thought to be catalyzed by
a putative ET converting enzyme. To investigate the manner of ET-1 biosynthesis,
we have expressed the human ET-1 cDNA and its derivatives in E. coli, yeast
and mammalian cells. In this work, we attempted to answer the following
questions: (i) Are recombinant E. coli and yeast cells practical tools for obtaining
ET-1 and its precursors? (ii) Does recombinant ET-1 retain biological activities?
(iii) Can mammalian cells that are not ET-producing cells achieve the unique
protein processing of ET-1?
Results and Discussion
Amounts of products produced in recombinant cells were measured by sensitive
enzyme immunoassays for ET-1 [4] and big-ET-1 [5]. The molecular sizes of
the products were determined by SDS-PAGE or HPLC. In E. coli N4830
harboring either pTS4007 or pTS4008 (Fig. 1), we detected prepro-ET-1 and
COOH-matured ET-1 having the expected molecular weights and ET-1 antigenicity [6]. These E. co/Z-derived peptides will be used as substrates for processing
studies of ET-1 and antigens for generating antibodies against the ET-1 precursors.
Saccharomyces cerevisiae 20B-12 harboring either pTS2013 or pTS2014 (Fig.
1) secreted considerable amounts (2-4 mg/1) of fusion proteins (glycosylated
mating factor al-leader/ET-1) into the culture supernatants. To obtain mature
ET-1, COOH-matured fusion protein (product of pTS2014) was treated with
arginylendopeptidase, which cleaves peptide bonds after arginine residues. The
resulting yeast-derived ET-1 was correctly folded in respect to two disulfide
bonds and had the expected molecular mass, as shown by HPLC and FABMS,
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Fig. 1. Schematic representation of coding regions expressed in this work.
respectively. Furthermore, the yeast-derived ET-1 retained a similar pressor effect
to that of native ET-1 in a conscious rat.
CHO Kl cells transformed with pTS6003 [7] (Fig. 1) secreted correctly
processed big-ET-1 and ET-1 into the culture medium, suggesting that the putative
ET converting enzyme exists widely even in cells that are originally not ETproducing cells.
The availability of these recombinant E. coli, yeast and CHO cells to obtain
ET-1 and its precursors will facilitate studies of this peptide.
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Introduction
In 1988, Yanagisawa et al. [1] reported the isolation and sequence of the
vasoconstrictor peptide, endothelin, from porcine aortic endothelial cells. They
suggested that endothelin was expressed in a pre-pro form and that an unusual
Trp-Val cleavage of a 39-residue big endothelin was involved in the processing
to a mature peptide. Later [2] they reported three isopeptides, structurally and
pharmacologically distinct from the human endothelin family, designated ET1, ET-2, and ET-3. ET-1 is identical to porcine [1] or 'classical' endothelin.
Since endothelin may be involved in a novel cardiovascular control mechanism,
we were interested in studying the conversion of big endothelin into endothelin.
We report herein the syntheses of both ET-1 and the porcine putative precursor
big endothelin (BET) by Fmoc methodology, as well as some of our initial
biological results.

CSCSSLMDKECVYFCHLDIIW CSCSSLMDKECVYFCHLDIIW 1 VNTPEHIVPYGLGSPSRS
Human or porcine ET-1
Porcine BET

Results and Discussion
Synthesis. Peptides were assembled on Sasrin™ resins with an ABI 430A
synthesizer using Fmoc NMP/HOBt/cap cycles. Cys(Trt) and Arg(Pmc) [3]
protecting groups were used. Cleavage with TFA/thioanisole/DMS/EDT
(93:3:3:1) at RT was carried out for 1-3 h. Air oxidations were performed
as in Yanagisawa et al. [4] and Kumagaye et al. [5] and furnished a 3:1 mixture
of types A and B isomers, respectively, which were separated by RPHPLC.
The desired isomers (type A) had [1-15,3-11] disulfide links, and had the shortest
retention times on HPLC. Peptides were characterized spectroscopically by
FABMS, PDMS, and NMR, and pharmacologically by receptor binding and
coronary artery contraction assays.
•Present address: Cytel Corporation, 11099 N. Torrey Pines Road, La Jolla, CA 92037, U.S.A.
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Receptor binding assays. Competition binding assays were performed using
a washed membrane fraction from porcine aortic smooth muscle media, as in
Hirata et al. [6], with [125I]ET (2000 Ci/mmol, Amersham).
Porcine coronary artery contraction assays. Fresh porcine coronary vessel strips
were mounted on SS wires and suspended from isometric force transducers in
a muscle bath (37°C) filled with Krebs bicarbonate buffer gassed with 95:5
0 2 / C 0 2 . Tissue viability was assessed via KCI and/or norepinephrine (NE)
challenge. The response of each strip to the peptides was expressed as a percent
of maximum response to KCI or NE.
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Fig. 1. Effect of endothelium and hemoglobin (Hb) on the contractile response of coronary
arteries to ET-1.
Type A ET-1 was about two orders of magnitude more potent than type
B, in agreement with the literature [5]. ET-1 competed with [125I]ET for specific
binding to aortic smooth muscle membranes with IC 50 of 0.2-0.5 nM, whereas
the major isomer (type A) of BET had IC 5 0 = 1 uM. The minor BET isomer
(type B) did not bind at concentrations as high as 0.1 mM and did not elicit
smooth muscle contraction. Figure 1 shows dose-response curves for contraction
of coronary arteries by ET-1. Responses to ET-1 were attenuated in the presence
of endothelial cells. The larger EC50 obtained in the presence of endothelium
(4.0 nM vs. 0.3 nM) could result from release of endothelium- derived relaxing
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factor (EDRF) [7], consistent with recent observations [8] that pressor effects
of circulating ET-1 are limited, in part, by EDRF. In the presence of endothelium
and added hemoglobin (Hb), the EC 50 of ET-1 was 0.15 nM. Thus EDRF may
play a compensatory role in negating the contractile effects of ET.
Interestingly, BET causes a contraction despite low activity in receptor binding
assays. Others also have reported [9] weak vasoconstrictor activity of putative
precursors in vitro. This result suggests that active ET-1 may be liberated from
inactive BET under the experimental conditions. The attenuation of activity
in the presence of endothelium is consistent with the results discussed above.
The Trp-Val cleavage required to produce ET-1 from BET is an unusual one
that could be caused by chymotryptic-like activity. Our results and those of
others [10] suggest that if endothelin can be demonstrated to regulate vascular
smooth muscle contraction in vivo, novel therapeutic agents that are based on
inhibition of 'endothelin-converting' enzymes may evolve.
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Synthesis and biological properties of endothelin and
endothelin analogs
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Introduction
The bicyclic 21-amino acid peptide endothelin (human/porcine ET; ET-1;
CSCSSLMDKECVYFCHLDIIW; intra-chain disulfide linkages at Cys 1-15 and
Cys 3-11) has been isolated and characterized from porcine aortic endothelial
cell culture supernatant [1]. ET-1 is one of the most potent vasoconstrictor/
pressors known and may be important in the regulation of the mammalian
cardiovascular system (CVS). It is also possible that dysfunction in the control
of ET production and/or changes in the sensitivity of vascular smooth muscle
cells (VSMC) to this peptide may be a causitive factor in hypertension and
spastic disorders of blood vessels [2]. In an effort to elucidate the biological
role of this peptide, we have prepared ET-1 and some ET analogs and tested
them for their ability to raise blood pressure in the conscious rat.
Results and Discussion
The individual peptides were synthesized on a Boc-L-Trp-polystyrene-1%
divinylbenzene cross-linked resin using a gradiative acidolytic (TFA/HF) approach [3]. The crude peptide obtained after HF treatment of the fully assembled
and protected peptide resin was either oxidized to the cyclic form directly [4],
or converted into its tetra-S-sulfonate for subsequent transformation to the desired
ET or ET analog by treatment with DTT [5]. After purification by HPLC
techniques, the purified peptides all gave satisfactory amino acid analyses.
The peptides examined in this study are listed in Table 1. Using a conscious
rat blood pressure assay, each peptide was tested for its ability to raise mean
arterial blood pressure (MAP) [6]. At a dosage of 0.14 nmol/kg (300 ng), ET1 produces a 30-mm Hg increase in MAP; at 0.42 nmol/kg (1 ug) this increase
is 60 mm Hg; [Thr2.5,Phe4,Tyr6.14,Lys7]-endothelin-l (ET-3; rat ET) is only 60%
as potent as ET-1 as previously reported [8]. At the high dose, a time-course
of action reveals that ET-1 elicits a rapid increase in MAP, reaching a maximum
at 10-15 min, followed by a return to near normal levels by 45 min. The ET
analogs examined are less potent (see Table 1). ET-1-4SS0 3 is only 1/3 as potent
as ET-1 but is able to produce an equivalent elevation of MAP at dosages 10-fold
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Table 1 Biological activities of endothelin and analogs
Peptide
Endothelin-1 (ET-1; human/porcine ET)
[Thr2.5,Phe4,Tyr6.'4,Lys7]-endothelin-l (ET-3; rat ET) [8]
[Cys-SS03'.3.|115]-endothelin-l (ET-1-4SS03)
[D-Cys']-endothelin-l (Tp-Cys>]-ET-1)
[D-Cys-SS03> ,Cys-SS033.'' .15]-endothelin-1 (Jp-Cys ']-ET-l -4SS03)
[Cys(Acm)'.3,ii,i5].endothelin-l ([Cys(Acm)'3.ii.i5]-ET-l)
a

Relative
potency3
100
60
33
71
16
36

Potency as defined by ability of peptide to increase mean arterial pressure (MAP) relatie
to ET-1 (n = 3 or 4 animals; p < 0.05).

higher than ET-1 with a prolonged (3-fold) length of duration. [D-Cys']-ET1 is also able to produce substantial increases in MAP at high doses (60 mm
Hg increase in MAP at a dose of ca. 5 nmol/kg) with an even longer duration
of action than ET-1 ( > 5 times), yet [D-Cys1]-ET-L4SS03 is essentially inactive.
[Cys(Acm)1'3-11'15]-ET-l has been reported to be inactive in a rat aortic strip
assay [7], yet in the conscious rat it does increase MAP at high dosages (ca.
5 nmol/kg), and is approximately as potent as ET-1-4SS0 3 without the corresponding prolongation of action. A satisfactory explanation of this observation
will require further testing of these and other linear endothelins.
Acknowledgements
Research was supported by NIH Grants HL-43154, HL-27716 (M.B.) and
HL-41910 (C.H., J.R.). We are indebted to Duane Pantoja, Dean Kirby, Charleen
Miller, Ron Kaiser, Karen Carver, and Drs. Jerry Boublik and Terry Hexum
for their expert assistance in the purification and chemical and biological
characterization of the peptides.

References
1.
2.
3.
4.
5.
6.
7.
8.

268

Yanagisawa, M., Inoue, A., Ishikawa, T., Kasuya, Y., Kimura, S., Kumagaye, S.,
Nakajima, K., Watanabe, T.X., Sakakibara, S. and Goto, K., Nature, 332(1988)411.
Itoh, Y., Yanagisawa, M., Ohkubo, S., Kimura, C , Kosaka, T., Inoue, A., Ishida,
N., Mitsui, Y., Onda, H., Fujino, M. and Masaki, T., Febs Lett., 231(1988)440.
Stewart, J.M. and Young, J.D. Solid Phase Peptide Synthesis, 2nd ed., Pierce Chemical
Co., Rockford, IL, 1984.
Rivier, J., Galyean, R., Gray, W., Azimi-Zonooz, A., Mcintosh, J., Cruz, L. and
Olivera, B., J. Biol. Chem., 262(1987) 1194.
Schwartz, G.P. and Katsoyannis, P.G., J. Chem. Soc. Perkin Trans. I, (1973)2894.
Brown, M.R., Tache, Y. and Fisher, D., Endocrinology, 105(1979)660.
Kumagaye, S., Pept. Chem., 1988, (1989)215.
Yanagisawa, M., Inoue, A., Ishikawa, T., Kasuya, Y., Kimura, S., Kumagaye, S.,
Nakajima, K., Watanabe, T.X., Sakakibara, S., Goto, K. and Masaki, T., Proc.
Natl. Acad. Sci. U.S.A., 85(1988)6964.
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studies
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Introduction
Endothelin is an endothelial cell-derived vasoconstrictor peptide with pressor
activity that Yanagisawa et al. originally isolated and sequenced from the culture
medium of porcine endothelial cells [1]. Consisting of 21-amino acid residues
with two sets of inter-chain disulfide linkages, porcine endothelin is one of the
most potent vasoconstrictors known. However, the physiological functions of
endothelin are unclear. To explore potential therapeutic targets, structurefunction studies on endothelin have been carried out.
Results and Discussion
Endothelin and related peptide fragments (Table 1) were prepared by SPPS.
Porcine endothelin contracts the isolated rat aorta with an ED 50 of ca. 7 nM;
rat endothelin was about 1/50 as active as porcine endothelin. The endothelin
end ring (Fragment 1) and center ring (Fragment 2) fragments were also prepared;
however, neither fragment displayed agonist or antagonist activity when tested
up to 1000 nM. The nucleotide sequence of porcine preproendothelin predicted
a peptide sequence from Cys100 to He130, exhibiting significant homology with
endothelin. 'Endothelin-like peptide' was synthesized and tested on the rat aorta
but was inactive at 50 nM.
Recently, the similarity of a family of snake venom peptides with human/
porcine endothelin was reported [2]. The sequence of sarafotoxin S6B, a
representative example of these peptides (Table 1), bears a strong resemblance
to endothelins suggesting that sarafotoxin S6B may have similar bioactivity.
In the rat aorta, synthetic sarafotoxin S6B mediated contraction qualitatively
similar to endothelin but was about 1/10 as active. Structure-function studies
reported here indicate that the activity of endothelin is structurally dependent
and that local changes in charge and hydrophobicity between residues 3 and
7 may affect activity.
Any attempt to dissect the endothelin molecule and discover smaller antagonists
based on the endothelin framework, is likely to be a daunting undertaking.
Endothelin and related peptides described in this study, are difficult to synthesize
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Table 1 Sequences and activity of endothelin-related peptides
Names

Sequences

Activity3

Endothelin

CSCSSLMDKECVYFCHLDIIW

[1.0]

Endothelin (rat)

CTCFTYKDKECVYYCHLDIIW

0.02

Endothelin-like
peptide (porcine)0
Endothelin,
Fragment 1

CQCASQKDKKCWSFCQAGKEI

NA"

CSSLMDKEC

NA

Endothelin,
Fragment 2

CSCSS/CVYFC heterodimer

NA

Proendothelin
(porcine)

CSCSSLMDKECVYFCHLDIIWVNTPEHIVPYGLGSPSRSR

NA

Sarafotoxin S6b

CSCKDMTDKECLYFCHQDVIW

0.1

(human, porcine) b

a
b
c
d

Vasoconstricting activity on rat aorta relative to porcine endothelin = 1 (ED 50 = 77 nM).
Disulfide bridges were determined as Cys1 to Cys15 and Cys3 to Cys11.
Sequence of preproendothelin Cys110 to He130; significant homology with endothelin.
Not active.

and exhibit solubility problems. An alternative strategy would be to inhibit a
putative 'endothelin converting enzyme'. To this end, proendothelin (40 mer)
was also synthesized. It was virtually devoid of vasoconstrictor activity on the
rat aorta; however, treatment with chymotrypsin in vitro generated endothelin
and vasoconstrictor activity [3]. Therefore, conversion of proendothelin to
endothelin may be an important step for expression of activity and a potential
target for drug design.
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A novel strategy for the deprotection of
.^-acetamidomethyl containing peptides: An approach
to the efficient synthesis of endothelin
Wen Liu, Gong H. Shiue and James P. Tarn
The Rockefeller University, 1230 York Ave.. New York, NY 10021, U.S.A.

Introduction
Human endothelin is a long-lasting vasoconstrictor hormone produced by
endothelial cells [1]. It consists of 21 amino acid residues and two disulfide
linkages. In the SPPS of endothelin, a protecting group such as 5-acetamidomethyl
(Acm) group [2] would be required. Here, we describe a novel strategy in the
deprotection of the Acm group. Conventionally, Cys(Acm) is removed after
the deprotection of side-chain protecting groups. Our strategy departs from the
conventional approach and removes the Cys(Acm) as a continuing step of the
synthetic cycles. Thus, the Cys(Acm) groups are removed in the reaction vessel
prior to the removal of other protecting groups and the cleavage of the peptide
from the solid support. In this new approach, the cleavage of Cys(Acm) is
conducted in organic solvents by a heavy metal salt, Hg(OAc)2, in the milieu
of the resins. Subsequent deprotection of the oxygen-linked benzyl side-chain
protecting groups by the sulfide-assisted deprotection conditions with trifluoromethanesulfonic acid (TFMSA) in TFA completely avoids the use of HF and
allows the deprotection to occur as sequential steps in the reaction vessel.
Results and Discussion
Human endothelin was synthesized on the Pam-resin [3] using the Boc-benzyl
strategy by stepwise SPPS. At the completion of the synthesis, Cys(Acm),
His(Dnp), Trp(For) and the oxygen-linked protecting groups were sequentially
removed while the peptide was still attached on the resins [4]. To remove the
Cys(Acm) group, the peptide-resin was treated with 0.06 M Hg(OAc)2 in DMF
in the dark at 20°C for 3 h. The Hg 2+ salt was removed by washings with
DMF and DMF-mercaptoethanol ( 9 : 1 , v/v). His(Dnp) was then removed with
1 M thiophenol in DMF. Finally, the oxygen-linked protecting groups and
Trp(For) were removed by the low-TFMSA procedure [5] using a mixture of
TFMSA/TFA/DMS(dimethylsulfide)/EDT(ethanedithiol)/>-cresol
(7.6:57.4:25:5:5, v/y) at 4°C for 1 h. After the removal of the aromatic
scavengers by repeating washings, the peptide without the protecting groups
was cleaved from the resin by a more acidic mixture of the TFMSA mixture
consisting of TFMSA/TFA/thioanisole/EDT (8: 80: 8 :4, v/v) at 4°C for 40
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min. It is important to point out that the Pam-resin or BHA-resin, which contain
a more acid stable linkage, allow this manipulation. The filtrate was collected
and the peptide precipitated by cold ether (with a few drops of pyridine). The
crude peptide was quickly dialyzed (or through gel permeation) in 4 M urea
at pH 8.2, 0.1 M Tris-HCl and refolded by the mixed disulfide method (reduced
and oxidized glutathione) in a 2 M urea solution, pH 8.2, 0.1 M Tris-HCl buffer.
Purification of the refolded and oxidized endothelin by C18 RPHPLC gave a
homogeneous product in an 8% overall yield (Fig. 1).
Piirirtod
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Fig. 1. CI8RPHPLC of synthetic endothelin. (a) Crude and reduced; (b) crude
and refolded; and (c) purified peptide.
Four advantages were observed from this approach. First, in the sequential
deprotection, particularly the removal of the Cys(Acm), a large excess of reagents
could be used singly or repeatedly to complete the deprotection reaction. Secondly,
reagents and by-products (particularly the heavy metal salts) could be removed
from the product by simple washings and filtrations. Thirdly, no loss of material
due to precipitation with the heavy metal salt was observed with multiple cysteinyl
peptides. This was in strong contrast with the synthesis of endothelin by the
conventional approach that resulted in the total loss of material due to
precipitation. Finally, selective activation of the deprotected Cys by the mixed
disulfide method could be conveniently achieved.
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Receptor binding and biophysical studies of monocyclic
analogs of endothelin
John T. Pelton, Richard Jones, Vladimir Saudek and Robert Miller
Merrell Dow Research Institute, 16 rue d'Ankara, F-67009 Strasbourg, France

Introduction
Endothelin I is a bicyclic, 21-amino acid, vasoconstrictor peptide recently
isolated and characterized from cultured porcine aortic endothelial cells [1]. An
unusual feature of this relatively short peptide is the presence of two disulfide
bonds: one between residues 1-15 and another between residues 3-11. To examine
the role of these disulfide bonds in maintaining the conformation of the molecule
and their importance to the biological activity of the peptide, we recently
synthesized endothelin I analogs in which the cysteine amino acids were replaced
by the pseudo-isosteric alanine residue.
Results and Discussion
Peptides were synthesized by standard SPPS using a Boc/Bzl protection scheme
on Boc-L-Trp-PAM resin (0.42 mmol/g). The peptides were deprotected and
cleaved from the resin with anhydrous liquid HF/anisole (10:1, v/v) and cyclized
with K3Fe(CN)6 at high dilution. Purification was accomplished by a combination
of gel filtration, ion-exchange chromatography and RPHPLC. The peptides were
characterized by AAA, FABMS, TLC and HPLC.
Endothelin I and analogs were assessed for their ability to inhibit the specific
binding of [125I]endothelin I to rat cerebellum. Binding constants and Hill slopes
are shown in Table 1. Surprisingly, the monocyclic peptides retain considerable
binding affinity in this tissue. Furthermore, these analogs are full agonists in
the blood-perfused mesenteric artery [2]. More unusual, however, is the acyclic
peptide, which has an affinity similar to that of endothelin I in the binding
assay, but is a weak partial agonist in the mesenteric bed.
The conformation(s) of endothelin I and analogs was examined by CD and
NMR. The CD spectra of endothelin I and [Ala 3 '"]endothelin I are very similar
with a strong negative absorption band around 206 nm. This negative band
is red-shifted by about 10 nm in the CD spectra of [Ala^^Jendothelin I and
the acyclic analog, the latter showing more beta-like structure with an additional
positive absorption band around 193 nm. In the NMR spectra, however, protons
in all four analogs show similar chemical shifts and coupling constants. In
endothelin I, 19 non-sequential NOEs were observed, whereas in the monoand acyclic peptides only a few such NOEs were obtained suggesting a less
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Table 1 Binding constants and Hill slopes for inhibition of [!25I] endothelin I by endothelin I
and alanyl analogs

Endothelin I
[Cys(Acm) 31 ^Endothelin I
[Ala'.'siEndothelin I
[Ala 311 ]EndothelinI
[AlaW.'SjEndothelinl

K| (nM)

Hill slope

Number of
experiments

1.29 ±0.24
12.6 ± 1 . 3
17.5 ±4.2
4.43 ±0.5
1.12 + 0.17

1.1 ±0.1
0.8 + 0.1
1.5±0.1
1.3±0.1
0.9 ±0.1

6
6
7
8
7

defined structure. Molecular modeling experiments based on the NMR data for
endothelin I yielded a compact structure for this peptide. Similar studies for
the moncyclic analogs suggest that these peptides may adopt a conformation
similar to that of the native hormone, although the conformation of the acyclic
analog is somewhat different.
The results of our present studies indicate that the bicyclic nature of endothelin
I is not an absolute requirement for biological activity. Further, the CD studies
indicate that endothelin I and [Ala3-"]endothelin I have similar conformations
in solution. This is supported by the biological studies in which the affinity
of this monocyclic peptide for endothelin I receptors is only slightly less than
that of endothelin itself. Furthermore, [Ala 3 . n ]endothelin I is a full agonist in
the blood-perfused mesenteric artery. However, conformational changes occur
with the other analogs, and although the acyclic peptide has binding affinity
for endothelin I receptors similar to the native hormone, it is a weak partial
agonist in the mesenteric bed.
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Introduction
A two-step deprotection/cleavage procedure involving a weak hard acid
treatment, trimethylsilylbromide (TMSBr) [1], followed by a stronger hard acid
for Boc-based SPPS was examined. In the first, deprotection step, protected
peptide resin is treated with 1 M TMSBr-thioanisole/TFA. In the second, cleavage
step, the peptide resin is treated with a stronger hard acid, such as trimethyl

Acm Bzl Acm Bzl Bzl
O OBzlClZ OBzlAcm
BrZ
Boc-Cys-Ser-Cys-Ser-Ser-Leu-Met-Asp-Lys-Glu-iys-Val-Tyr-Phe
Acm Jos
OBzl
CHO
-Cys-His-Leu-Asp-Ile-Ile-Trp-PAM resin
(100 mg, 0.188 mmol/g)

w

1. deprotection procedure
a) IM TMSBr-thioanisole/TFA, m-cresol, EDT, 0 °C, 1 h
+ IM TMSOTf-thioanisol/TFA, m-cresol, EDT, 0 °C, 1 h
b) HF, m-cresol, 0 °C, 1 h
c) IM TMSOTf-thioanisol/TFA, m-cresol, EDT, 0 °C, 2 h
d) Low-High HF 4 >; HF (1.3 ml), dimethylsulfide (3.3 ml),
p-cresol (250 Ul), p-thlocresol (250 mg),0 °C, 30 min
+ HF (4.5 ml), 0 °C, 30 min
2. Sephadex G-25 (50 * AcOH)

Crude (ET(Cys-Acm)]

J, 1. HPLC

Yield; a)
b)
c)
d)

Purified [ET(Cys-Acm)]
1
2.
3.
4.

42
45
44
45

mg
mg
mg
mg

(78
(83
(81
(83

*)
%)
*)
%)

AgOTf/TFA, ani3ole, 0 °C, 1 h
Sephadex G-10 (50 % AcOH)
air-oxidation
HPLC

Purified Synthetic ET-21
[yield; 15.4 % (procedure a ) , from the Protected Peptide Resin]

Fig. 1. Deprotection procedure, cyclization and purification of ET-21.
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silyltrifluoromethanesulfonate (TMSOTf) [2] or HF. The current results demonstrate the usefulness of this procedure, in comparison with other deprotection
procedures, for practical SPPS in its application for the synthesis of human
endothelin (ET-21) [3]. We applied this procedure to the SPPS of a more complex
peptide. The putative precursor of human endothelin (hET-38) was also successfully synthesized using this procedure.

a) THSBr
•TMSOTi:

20

30
Time (min)

20

c) TMSOTf

30
Time (min)

d) Low-High HF

(ABS: 280 nm)

(ABS: 280 nm)

20

30
Time (min)

0

20
30
Time (min)

Fig. 2. HPLC pattern of crude ET-21 (Cys-Acm) on Nucleosil 5CJS(4.6X 150 mm column);
gradient elution with CH3CN (25%-45% in 30 min) in 0.1 % TFA, flow rate 1.0 ml/min.
Results and Discussion
The protected 21-residue peptide resin corresponding to the linear sequence
of ET-21 was synthesized using an automated peptide synthesizer and treated
with four kinds of deprotection procedures (a)-(d). We examined the purity
of these samples using analytical HPLC. As shown in Fig. 2, procedure (a)
gave the crude Cys(Acm)-form of ET-21 with the highest purity, thus demonstrating the usefulness of our two-step procedure. Based on the above
experimental results, we successfully applied this procedure to the SPPS of hET38. Bioactivities of these synthetic peptides were tested in vitro by measuring
the contraction of rat aorta, and in vivo by recording the arterial pressure in
rats. hET-38 had less vasoconstrictor activity in vitro, but a potent pressor effect
in vivo [5]. We also found that ET-21 had the strongest vasoconstrictor activity
in vitro. The vasoconstrictor activity in vitro of other related peptides that
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elongated from C-terminal of ET-21 to hET-38, was almost comparable to hET38. Therefore, ET-21 is the optimum length for expression of vasoconstrictor
activity in vitro.
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Energy-based modeling studies of endothelin
J.C. Hempel, W.A. Ghoul, J.-M. Wurtz and A.T. Hagler
Biosym Technologies, 10065 Barnes Canyon Road, San Diego, CA 92121, U.S.A.

Introduction
Endothelin (ET), the most potent endogenous vasoconstrictor known [1], binds
to receptors distinct from those of the well-recognized vasoconstrictors [2].
Understanding of the conformational preferences of this 21-amino acid peptide
can aid in the search for constrained analogs that bind at the receptor. A new
conformational analysis strategy that identifies all regions of the molecule where
two or more conformers generated in a modeling study are similar (and, by
inference, the regions where they differ) is used to define eight families (sets
of conformers similar to within predefined tests) generated in energy-based
molecular modeling studies of porcine ET.
Results and Discussion
High-temperature molecular dynamics (MD) was used to search conformation
space. The conformer resulting from 5 ps of MD at 900 K (incorporating a
bias potential to maintain rraws-peptide bonds) was stored, the velocities
randomized and the procedure repeated. Sixty conformers were generated in
this manner, annealed (cooled to 300 K and subjected to 10 ps of MD at 300
K), and minimized. The empirical force field used in this study has been reported
previously [3].
Similarity in local backbone conformation at residue i is established when
0 is equal to within 20 degrees, and ip is equal to within 20 degrees for two
or more conformers (all peptide bonds are trans). Similarity in long range
conformation is established when a Ca to Ca distance is equal to within 0.2
A. Conformational domains are defined as groups of four or more residues that
pass all tests for local and long range conformational similarity.
The peptide backbone conformation of the ring defined by residues 3-11 was
analyzed. Cys3 and Cys11 of ET, as well as Cys1 and Cys15, are linked by a
disulfide bond [1]. Family I consists of all conformers similar to the lowest
energy conformer generated in this study over one or more conformational
domains. Succeeding families are defined using the lowest energy conformer
not included in the definition of any previous family. Two of four low-energy
families defined in this study are illustrated in Fig. 1. Family I is characterized
by repeating C-7 motifs (residues 3-5 and 9-11). Family IV is characterized
by helical backbone structure (residue 9 through 13).
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Fig. 1. Stereo representations of the peptide backbone (residues 1-15) of endothelin for
the lowest energy conformer from (top) family I at 366 kcal (note repeating C-7 motifs
for residues 3-5 and 9-11) and (bottom) family IV at 380 kcal (note helical structure extending
from residue 9 through 13).
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Introduction
We have previously reported that position 1 in Aaa-D-Tyr(Et)-Phe-Val-AsnAbu-Pro-Arg-Arg-NH 2 (A) (where A a a = 1-adamaritaneacetic acid) tolerates a
broad latitude of structural modification [1]. Here, we report a series of analogs
of (A) having D-amino acid substitutions at position 2; all directly related to
previously reported cyclic AVP antagonists [2]. We also report three series of
analogs of (A) with modifications at position 6 all and at positions 1 and 6
combined. In addition, we report 2 related cyclic AVP antagonists that have
an Arg-NH 2 residue at position 9.
Results and Discussion
The antagonistic potencies for all antagonists are presented in Table 1.
Position 2 modifications (1-6: Table 1). By analogy with cyclic AVP antagonists
[2,3], aromatic D-amino acids appear to be well-tolerated in the linear antagonists
reported here. However, the dramatic losses of anti V2 potency of 4-6, containing
aliphatic D-amino acids at position 2, is in striking contrast to the anti-V2 potency
of their counterpart cyclic AVP antagonists [2].
Position 6 modifications (7-15: Table 1). Here, the effects of basic amino acids
depend very much on the nature of the substituent at position 1. The Nva6
analogs exhibit surprisingly good V2 antagonism. Remarkably, 13 is 22 times
more potent as a V2 antagonist than as a Vi antagonist, and is, in fact, the
most selective linear V2 antagonist reported to date.
Position 9 modifications (16 and 17: Table 1). Although 16 is virtually equipotent
with its parent [3], remarkably, the substitution of Arg-NH 2 for Gly-NH 2 in
a linear antagonist [1] and in a selective V2/V,. cyclic antagonist d(CH2)5[DIle2,Ile4]AVP [4] resulted, respectively, in the most potent linear V2^i antagonist
(A) and the most potent cyclic V 2 /V, antagonist (17) reported to date.
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Table 1 Linear A VP antagonists: Modified at positions 1, 2 and 6 (1-15) and related
Arg9-NH2 cyclic A VP antagonists (16,17)

No.

1 2 3 4
5 6 7
8
9
X-Y-Phe-Val-Asn-Z-Pro -Arg-Arg-NH2
Y 2
X'
Z»

Antiantidiuretic
(anti-V2)
pA 2 "

Antivasopressor
(anti-V,)
pA2b

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

D-Tyr
Aaa
Abu
Aaa
D-Phe
Abu
D-Ile
Aaa
Abu
Aaa
D-Ile
Abuc
Aaa
D-Val
Abu
D-Leu
Aaa
Abu
D-Tyr (Et)
Aaa
Nva
Aaa
D-Tyr (Et)
Arg
Aaa
D-Tyr (Et)
Lys
Phaa
D-Tyr (Et)
Nva
Phaa
D-Tyr (Et)
Arg
Phaa
D-Tyr (Et)
Lys
Pa
D-Tyr (Et)
Nva
Pa
D-Tyr (Et)
Arg
Pa
D-Tyr (Et)
Lys
[d(CH2)5Pa1,D-Tyr2(Et),Val4,Arg9]AVPl
[d(CH 2 ) 5 Pa' ,D-Ile2,Ile4Arg9] AVP

7.54
7.23
7.04e
-5.6
-6.2 e
-5.7 e
7.72
7.98
7.70
8.06
-6.606
-6.85=
8.07
<5.2 e
<5.9 e
7.75
8.43

7.37
7.33
-6.2 e
<5.2 e
<5.2 e
<5.2 e
7.32
8.13
8.14
8.17
8.21
8.47
6.73
7.20
6.99
8.31
7.02

a
b

c
d
e

A a a = 1-adamantaneacetyl; Phaa = phenylacetyl; Pa = propionyl.
Estimated in vivo pA 2 values represent the negative logarithms of the dose (in nmol/
kg) that reduces the response seen with 2 x units of agonist to equal the response
seen with \ units of agonist administered in the absence of antagonist, divided by
the estimated volume of distribution in the rat (67 ml/kg).
Contains Gly-NH 2 at position 9.
Full chemical name: [l(/3-mercapto-/},/?-pentamethylene propionic acid) 2-O-ethyl-Dtyrosine, 4-valine, 9-argininamide]arginine vasopressin.
These peptides showed some weak agonism in these assays.
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Synthesis of 4-substituted /3,/?-pentamethylene/3-mercaptopropionic acids
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Drake S. Eggleston3, Michael L. Moore3, Nelson CF. Yim3, William F. Huffman3
and Lloyd M. Jackmanb
"Departments of Peptide and Physical & Structural Chemistry, Smith Kline & French
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Introduction
The application of conformational^ restricted amino acids has found widespread use in peptide chemistry. The utilization of /J,/J-dialkylcysteines and their
desamino derivatives in particular have produced antagonists of oxytocin [1]
and vasopressin [2] as well as enkephalin [3] analogs with 5-receptor subtype
selectivity. It has recently been found that in vasopressin antagonists, replacement
of the j6,/3-pentamethylene-/3-mercaptopropionic acid (Pmp) with cis-4'-MePmp
2 afforded a new analog 5 that displayed substantially reduced partial agonist
activity (Scheme 1). The replacement of Pmp with trans-4'MePmp 3, on the
other hand, resulted in an antagonist 6 where the effect on partial agonist activity
was less demonstrable [4]. Convenient syntheses of 2 and 3 have been accomplished via the 1,4-conjugate addition of 4-methylbenzylmercaptan to 4-methylcyclohexylidene acetic acid la or its ethyl ester lb [5]. It was found that by
varying the reaction conditions, predominant formation of either the cis or trans
isomers could be obtained. A series of experiments was then undertaken to
better understand this difference in stereoselectivity.

4 R-H

FV—(
\

X
A

I
CO-D-Tyr(OEt)-Phe-Val-Asn-Cys-Pro-Arg-NH2

5 R-cis Me
e R - trans Me

Scheme 1.
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Results and Discussion
First, reactions were investigated to test for the possible equilibration of
isomeric product. Molecular modeling results [6] showed that there was a 0.96
kcal/mol difference in energy between the lower energy cis isomer 2 and the
trans isomer 3. It was found that purified isomers of 2a,b and 3a,b [7] did
not interconvert under reaction conditions. It was also found that the change
in solvent or starting material from acid la to ester lb did not influence the
stereochemical preference (see Table 1, entries G,H and J,K). The possibility
of a radical-type mechanism was also ruled out, since in the absence of base,
addition of a radical initiator such as AIBN produced no detectable product.
These results indicate that observed reversal in isomer ratio is caused by the
change in base used in the reaction.
A series of reactions were then undertaken to investigate the effect of the
base. As seen in Table 1 (entries A-D), a marked increase in the preference
for the cis isomer is observed going from potassium to lithium counterions.
This strongly suggests that chelation is playing a role in these reactions [8].
This proposed chelation effect was abolished, as expected, by the addition of
cryptands [9] (Table 1, entries E and F). Certain amine bases were also found
to give a slight preference for the cis isomer, i.e., reactions using DBU and
Triton-B (Table 1, entries G-I) both gave ratios comparable to the cryptand
results. This implies that these bases are strong enough to abstract the proton
from the mercaptan and give reactions similar to the 'free thiolate' reactions
in the cryptand experiments. Assuming chelation occurs prior to or simultaneous
with thiolate attack, these results suggest that chelation is preferred on the axial
face to give more cis product. Inspection of a low energy model of 1 [6] indicates
that chelation with the carbonyl oxygen on the equatorial face would be sterically
hindered by the axial y3-hydrogen. This hindrance would also be more pronounced
for strong chelating metals such as lithium, where chelation with solvent and/
or aggregation would increase its effective bulk. The proximity of the carbonyl
group to these hydrogens can be seen experimentally from the anisotropic effect
in the NMR of la and lb. In contrast, amine bases not capable of chelation
or of forming thiolate ion (Table 1, entries J,K,0-R) gave reactions that favor
trans products. It has been shown that such bases instead form hydrogen bonded
complexes with mercaptans [10]. In addition, changing from primary to tertiary
amines did not significantly change the isomeric ratio, suggesting that the amine
base has no steric effect in discriminating between the two faces of 1 during
the reaction. Since chelation in these reactions cannot occur, there is no direct
interaction of the base with the axial /8-hydrogen in an equatorial attack. The
only interaction on the equatorial face comes from a torsional strain between
the developing C-S bond and the axial C-2 hydrogen bond. In this model, attack
from the top face is disfavored by steric effects between the mercaptan and
the axial C-3, C-5 hydrogens of 1 favoring the trans isomer [11]. Although
these interactions also exist in the thiolate model, it is evident from the
experimental results that the chelation effect predominates.
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Table 1 Ratio of products 2 and 3 using various bases and additives"
Entry

Base

R

Method b

%cis2

% trans 3

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R

LiN(SiMe3)2
NaH-60 w% dispersion in oil
NaN(SiMe3)2
KN(SiMe3)2c
LiN(SiMe3)2 + Kryptofix-211<>
KN(SiMe3)2c + Kryptofix-222d
l,8-diazabicyclo[5.4.0]undex-7-ene
l,8-diazabicyclo[5.4.0]undex-7-ene
Triton Be-40 w% in MeOH
piperidine1
piperidine
piperidine + acetic acid
piperidine + pivalic acid
piperidine + phenol
2,2,6,6-tetramethylpiperidine
cyclohexylamine
triethylamine
JV-methylmorpholine

Et
Et
Et
Et
Et
Et
Et
H
Et
Et
H
Et
Et
Et
H
H
H
H

A
A
A
A
A
A
A
B
A
A
B
C
C
C
B
B
B
B

83
78
76
72
65
59
65
65
68
38
38
46
47
47
37
39
31
31

17
22
24
28
35
41
35
35
32
62
62
54
53
53
63
61
69
69

a

b

c
d

e
f

Ratios determined using GLC on a HP 530 /x-20 m methylsilicone column (isothermal
190°C, 12 min). The acids (R = H) were first derivatized to their ethyl ester with H O /
EtOH @ 100°C for 1 h.
Method A: 15-20 mol % of base was used. The reaction was run in THF at ambient
temperature for 16 h with 1.2 equiv. of mercaptan. Method B: 1.2 equiv. of base was
used. The reaction was run in toluene in a sealed tube at 120°C with 1.2 equiv. of
mercaptan. Method C: 1.2 equiv. of base was used along with 1 equiv. of the acid.
The reaction was run in toluene in a sealed tube at 120°C with 1.21 equiv. of mercaptan.
KN(SiMe3)2 used was 1 N in toluene.
Kryptofix-211 =4,7,13,18-tetraoxa-l,10-diazabicyclo[8.5.5]hexacosane; Kryptofix-222 =
4,7,13,16,21,24-hexaoxa-l,10-diazabicyclo[8.8.8]hexacosane; 25 mol% of each was added
prior to addition of 1.
Triton-B = benzyltrimethylammonium hydroxide.
Only a trace amount of products was seen after refluxing overnight; no products were
seen at room temperature for 16h.

A final observation in these reactions is that amines that give high yields
of product with acid l a yield little or no product with ester l b . This turns
out not to be due to the unreactivity of the ester but to the lack of a proton
d o n o r in the reaction. F o r reaction of acid l a , no additional acid is needed
since l a can act both as the reactant and as the proton source. Addition of
a Bronsted acid (Table 1, entries L - N ) to the reaction with ester l b and amine
dramatically increased the a m o u n t of product obtained without substantially
effecting the product ratio.
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Introduction
Recently we reported that the vasopressin V2 receptor antagonist 1 displayed
unexpected agonist activity in phase-I trials [1]. Subsequent to this finding we
developed a sensitive in vivo model which might predict such agonist activity
in analogs like 1 [2]. In an attempt to eliminate this intrinsic agonist activity,
we studied the effect of D-amino acid substitution at position 6 in several potent
antagonists modified at the carboxy-terminal tripeptide [3].
Results and Discussion
The last two columns of Table 1 indicate the relative agonist activities of
these analogs. Trained, conscious, water-loaded dogs were given a bolus administration of antagonist 20 min after treatment with indomethacin. With the
exception of 11 and 13 the L-Cys antagonists display full agonist activity compared
to AVP. The D-Cys-containing analogs in general exhibit far less agonist activity
relative to their L-Cys congeners while displaying only slightly reduced in vitro
and in vivo antagonist activity. However, with the exception of 4 their affinity
for the porcine V2 receptor is about an order of magnitude less.
While the exact mechanism by which compounds such as 1 display agonist
effects is unclear, we have been able to show that this agonism can be demonstrated
in vivo. Employing this model we have found a series of analogs containing
D-cysteine at position 6 which show that this substitution is compatible with
the antagonist pharmacophore at the renal V2 receptor and with a decrease
in intrinsic agonist activity.
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inhibitors on uterus in vitro
Vladimir Pliska3 and Marvin Chartonb
"Institute of Animal Science, ETH Zurich, CH-8092 Zurich, Switzerland
b
Pratt Institute, Chemistry Department, Brooklyn, NY 11205, U.S.A.

Introduction
Recently, we have applied Free-Wilson analysis [1] to a group of 160 peptides
that act as oxytocin inhibitors on the rat uterus in vitro [2]. Results indicate
that contributions of side chains in individual backbone positions (SCC) to the
pA 2 value are both mutually independent and additive. Since SCCs (like pA 2 ,
EC50, potency, etc.) are specific descriptors of a biological activity, we assume
that methods of correlation analysis commonly used in QSAR may detect
physicochemical and structural features of side chains that determine biological
properties of a peptide molecule. This combined 'Free-Wilson/correlation'
analysis [3] may, in the future (i) facilitate the design of peptides by delimiting
optimal properties of substituents, (ii) enable analysis of intramolecular forces
that influence, in individual chain positions, the biological property in question,
and (iii) allow us the derivation (and justification) of a correlation equation
that would constitute a substitution in several positions in a generic group of
peptides.
Methods
The oxytocin analogs employed, their pA 2 values, SCC values for seven chain
positions, and additional abbreviations of amino acids have been listed earlier
[2]. The 'intramolecular force' equation (IMF) [4] was used for correlation
analysis. Structural descriptors considered were: polarizability (a) [4], localized
electrical effect parameter (o{) [5], number of hydrogen bond donors in the side
chain (n H ), number of full nonbonding orbitals (n n ), indicator variable standing
for the presence or absence of an ionized group (i), and the steric parameter
(i?) defined from van der Waals radii [6]. The analysis was carried out for positions
1 and 2, for which enough SCC values were available. IMF descriptors were
computed for the side chain in position 2 (Y), and for two substituent groups
of the terminal position 1 (for structural schemes see inserts in Fig. 1): the
group to which the SH group (if any) is bonded (X), and the group (other
than methyl) attached to the C" atom (Z). A 'dummy' parameter was further
introduced for the presence of an additional methyl on the C a atom. The values
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as a function of IMF descriptors by regression analysis (ordinate). Circles: open, Lenantiomers; closed, D-enandomers; shaded, outliers. Significance of all correlations: p < 0.01.
Inserts: substitution patterns in positions 1 and 2, respectively. Abbreviations, see Ref. 2.
of the descriptors will be published later. 'Relative importance' of the substituent
effect parameters was expressed according to [7] using histidine as a reference.
Results and Discussion
For position 1, the SCCs correlate significantly (p<0.001) with ax, aIZ, a z ,
Hz> n „ z and i z (indices X and Z denominate the corresponding group; see above),
after the omission of two outliers (cf. Fig. 1). The relative importance of group
X is, however, low (18.7%) compared to group Z (81.2%). An additional C a
methylation does not exercise a visible effect, L- and D-enantiomers in position
2 were analyzed separately. For L-forms, the dominating IMF parameter is oiY
(rel. importance 45.2%), besides tfY (28.9%), iY (13.6%), and a Y (9.3%); one
outlier was omitted. aY (71.8%) and iY (28.2%) are the most relevant parameters
for the D-forms. Results of the regression analysis are shown in Fig. 1.
The pA 2 values correlate closely with dissociation constants of the peptidereceptor complex [8] and, thus, the reported analysis permits a conclusion about
structural features influencing the binding of neurohypophyseal hormones to
the myometrial receptor. This binding is clearly influenced (in a positive sense)
by localized electrical effects as well as electrical charge of the N-terminal amino
group or its substituents, but less vigorously by the polarizability (tightly
correlating with several descriptors of hydrophobicity) of the group, which bonds
SH in position 1. Steric effects of any 1-substituent play a rather subordinate
n
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role. Opposite effects of the side-chain polarizability and electrical charge were
found for L- and D-enantiomers in position 2. Whereas decreasing polarizability
and the presence of electrical charge enhance the receptor binding, the binding
of D-enantiomers seems to be enhanced by increasing polarizability and in the
absence of electrical charge. No systematic effect of D-substitution upon binding
could be detected in comparable chains, but its nonspecific 'overall' effects are
large.
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Vasotocin prodrug analogs as specific vasopressor agonists
Carl-Johan Aurell3, Bengt Bengtsson", Franciszek Kasprzykowskib,
Karolina Lawitza, Per Melin"'* and Jerzy Trojnar2
"Research Department, Ferring Pharmaceuticals, Box 30561, S-200 62 Malmo, Sweden
institute of Chemistry, University of Gdansk, 80-952 Gdansk, Poland

Introduction
Prolonged bioactivity of synthetic analogs of vasopressin (VP) has previously
been obtained by stabilizing the molecule against enzymatic degradation [1].
One approach to achieve such properties has been the iV-acylation with one
or more amino acid residues in the N-terminus of [Lys8]VP and [Arg6]VP [2,
3] or extension of the side chain of the lysine residue at position 8 of [Lys8]VP
[1]It is generally believed that such analogs, which are low in activity, function
as prodrugs, slowly releasing the active principle by enzymatic cleavage of the
added amino acid residues. Until now, however, these modifications have
produced analogs of low potency and specificity as well as moderate duration
of effect. Based on a vasotocin (VT) derivative, [Hmp',Phe 2 ,Orn 8 ]VT, a vasopressor-specific nonapeptide, we have synthesized and biologically tested some
analogs modified by O-acylation of hydroxymercaptopropionic acid (Hmp) at
position 1 (Fig. 1) as well as N-acylation in the side chain of ornithine at position

CH, O

O

H2N - CH - C - O - CH - C S
H-Ala-

-Hmp-

Fig. 1. H-Alanine (H-Ala) acylation of hydroxymercaptopropionic acid (Hmp).
Results and Discussion
Chemical synthesis. All peptides were synthesized according to SPPS methodology, utilizing the Boc-strategy when acylated at both positions 1 and 8 with
the same amino acid, and utilizing Fmoc-strategy when differently acylated or
only O-acylated. The acylations were carried out by means of activated carbonyl
*To whom correspondence should be addressed.
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60

Minutes

Fig. 2. Time course of pressor response to vasotocin analogs with and without amino acid
extension. Intravenous doses in pmol kg-' body weight.

compounds (e.g., Boc-amino acid pentafluorophenylesters) in organic solvents,
catalyzed by 4-dimethylamino pyridine.
Bioassays. Vasopressor potency was estimated as maximal mean arterial
pressure after i.v. drug injection in anesthetized male rats without premedication;
duration of the pressure effect was given as an index of persistance values and
was based on the descending part of the pressure curve [4]. Antidiuretic tests
were performed in anesthetized hydrated rats, and potency estimation was based
on the maximal increase of urine conductivity after i.v. injections [5].
Hmp substitution at position 1 of the pressor specific nonapeptide
[Phe2,Orn8]VT more than doubled pressor potency and slightly elevated the
effect's duration compared to the Cys1 analog (Table 1). When acylated by alanine
at Hmp 1 and Cys1, respectively, the difference in both these pressor parameters
became more apparent. The combined Ala acylations at Hmp 1 and at the side
chain at position 8 resulted in some further improvement of effect prolongation
by a factor of about 12 compared to that of AVP (Fig. 2).
The relatively high potency and long-enduring effect of the present O-acetylated
analogs likely reflect the slow enzymatic cleavage of the extended amino acid
residue leaving Hmp derivatives, which themselves resist further degradation
by aminopeptidases.
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The present pharmacological data from our extended pressor-specific derivatives suggest that esterification of analogs containing Hmp instead of Cys is
advantageous in increasing potency as well as duration of effect by neurohypophyseal hormone analogs.
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Bioavailability of Carbetocin
([2-0-methyltyrosine] deamino-1-carba oxytocin) in the rat
Jifina Slaninova", Tomislav Barth3, Michal Lebla, Bohuslav Cernyb and
Jerzy Trojnar0
"Institute of Organic Chemistry and Biochemistry, 16610 Prague 6, Czechoslovakia
institute of Nuclear Biology and Radiochemistry, 14220 Prague 4, Czechslovakia
'Ferring AB, Research Laboratories, S-200 62 Malmo, Sweden
Introduction
The long-acting synthetic analog of oxytocin (OXT), Carbetocin ([2-0-methyltyrosine]-deamino-l-carba oxytocin) (CE), becomes a drug of choice in veterinary
medicine, particularly for reproductive purposes.
Results and Discussion
OXT and CE [1] were synthesized at the Institute of Organic Chemistry and
Biochemistry. Tritiated CE was prepared as described earlier [2]. Uterotonic
and galactogogic tests were performed as previously described [3]. The halflife was determined as described in Ref. 4.
Comparison of intravenous (i.v.) and intranasal (i.n.) application of OXT
and CE is shown in Figs. 1A-D. To obtain a measurable effect after i.n. application
a dose of OXT 4 orders of magnitude higher than that used for i.v. administration
was required, but with CE, the i.n. dose needed was only 2 orders of magnitude
higher than the i.v. dose. The time-course of response to both peptides applied
i.n. resembled that of CE after i.v. administration.

mm Hg

mm Hg

Fig. 1. Intramammary pressure in lactating rats after i.v. (A.B) or i.n. (C,D) administration
of OXT (A,C) or CE (B,D). (A) 1: 2.75XlO-7 mg, 2: 5.5x 10~7 mg, 3: l.lxlO-6 mg; (B)
1: 4XlO-5 mg; (C) 1: 2x10-" mg, 2: 2xl(t3 mg, 3: 2xl0~2 mg; (D) 1: lxl0~4 mg, 2:
lxl0~3mg, 3: lxl0-2mg.
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The half-life of CE determined in plasma of female rats in induced estrus
after i.v. injection of radioactive CE ( 5 x l 0 5 - l X l 0 6 cpm) in six experiments
was 8.1 min. A similarly enhanced value was found for deamino-dicarba-OXT
(7.8 min) [4], whereas for OXT the value was ca. 4 min.
Penetration of CE into the blood stream was investigated using tritiated CE
as a tracer. We followed the rate at which the radioactivity appeared in plasma
after i.n. application and the time course of the galactogogic effect. The radioactive
compounds appeared in plasma 2.5 min after application, and the plateau level
was reached in 10 min. After this time, the radioactivity in plasma increased
only very slowly (Fig. 2). The rate of absorption was relatively high and coincided
with the appearance of biological effect. However, the galactogogic response
disappeared from the plasma at a faster rate than the radioactivity.

IOOO

cpm

Fig. 2. Time-courses of the intramammary pressure (
) and the radioactivity (*—•)
in plasma of a lactating rat after i.n. administration of tritiated CE. 1-CE (2.5 x 10~3 mg+ 1
nCi of the tritiated compound) was given in a volume of 20 nlTritiated CE (4x 10-5 mg) was administered subcutaneously to lactating female
rats to establish its distribution among tissues and its possible passage into the
young rats via feeding. The lactating rats were killed after 24 h and their young
24 or 48 h after peptide administration. Radioactivity was determined in blood,
kidneys, liver, brain, reproductive organs and milk tissue. The highest radioactivity was found in kidneys of lactating rats, as well as of their young and
in the liver (about half of the amount in kidneys).
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Structure-dependent behavior function of AVP analogs
Yu-cang Du, Chao Lin, Ling-fei Xu, Zi-xian Lu, Ben-xian Gu and Ning-ning Guo
Shanghai Institute of Biochemistry, Academia Sinica, 320 Yue-yang Road,
Shanghai 200031, China

AVP plays an important role in memory processes. In a previous paper, we
reported that neonatal treatments with both [Mpr^D-Arg^AVP (DDAVP) and
hypertonic saline facilitated acquisition and subsequent maintenance of brightness
discrimination (BD) in rats [1]. Furthermore, we found that neonatal administration of [Mpr1,D-Arg8]des-(Gly9-JAVP (DDDGAVP) or [PCA4,Cyt6]JAVP < 4-8 > (ZNC(C)PR) both show significant facility for maintenance of BD
in rats, but, unexpectedly, D-Arg-ZNC(C)PR did not. We synthesized more AVP
analogs, [PCA 4 ,Cyt-Ome 6 ]JAVP<4-8>(ZNC(C-dme)PR), its D-arginine isomer DA-ZNC(C-Ome)PR, and the covalent dimer of AVP < 4-8 > i.e. (ZNCPR)2.
Rats administered with some of them showed significantly longer latency on
the maintenance of shuttle-box-avoidance response 24 and 48 h post-trial; their
ineffective doses are illustrated in Table 1. This indicated that ZNC(C-Ome)PR
and ZNC(C)PR were 100 and 10 times respectively as effective as AVP on
behavioral response, but the substitution with D-Arg dramatically decreased their
behavioral activities to the level of AVP or DDDGAVP, and (ZNCPR)2 was
totally ineffective in passive avoidance. Moreover, we found that ZNC(C-Ome)PR
was the most effective stimulator of the accumulation of inositol phosphates
in the hippocampus; the approximate concentrations resulting in half-maximal
response were 0.05 uM for ZNC(C)PR and 1 ^M for AVP. 35S-labeled ZNC(C)PR
synthesized in this laboratory showed a tight binding to the dentate gyrus and
the hippocampal pyramidal cell layer in rat brain. Since the binding sites of
Table 1 Effects of A VP analogs on retention in passive avoidance in adult rats
AVP Analogs

Effective doses*
(ng)

300- 1000
AVP
1000- 3000
[Mpr1,D-Arg8] AVP
DDAVP
DDDGAVP
[Mpr',D-Arg 8 ]AVP< 1-8 >
1000- 3000
[PCA4,Cyt6] A VP < 4-8 >
30- 3000
ZNC(C)PR
[PCA4,Cyt-Ome6] A VP < 4-8 >
3-10000
ZNC(C-Ome)PR
[PCA4,Cyt6,D-Arg8] A VP < 4-8 >
1000-10000
DA-ZNC(C)PR
300- 3000
DA-ZNC(C-Ome)PR [PCA4,Cyt-Ome6,D-Arg8] A VP < 4_8 >
[PCA4]AVP < 4-8 > dimer
> 10000
(ZNCPR)2
*The effective dose with which each rat (130-150 g) was subcutaneously injected and
the mean latency in 24-h retention test was significantly increased in comparison with
that of controlled rats (p<0.05).
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AVP or AVP < 4-9 > were reported to be CA1 and the molecular layer of the
dentate gyrus or hilus only [2], the receptor of ZNC(C)PR in the membrane
of rat hippocampus may be a new subtype.

Fig. 1. The NOE constraint molecular models of ZNC(C)PR containing L-(left) and Darginine (right). Thick lines represent main peptide chain.
In order to clarify the SAR of AVP analogs, conformation studies of ZNC(C)PR
and its D-Arg isomer using NMR were performed on a Bruker 400 MHz
spectrometer with an Aspect 3000 computer system at 25°C. All the resonance
peaks on the one-dimensional spectra have been assigned by a combination
of COSY and 2DJ spectra. 2D NOESY spectra of these two peptides in D 6 DMSO provided semi-quantitative information on proton-proton distances in
the range 2-5A. The constraint distances of some protons could be estimated
from the intensities of the cross-peaks in the NOESY spectra. Although some
strong NOE connectivities between CaH-NH [daN(i, i + 1)] indicated that protonproton distances were shorter than 3.0A, some cross-peaks existed only in the
former but not in the latter, such as Asn2 aNH to Arg5 guanidinyl wNH and
Asn2 yNH 2 to Arg5 eNH, which suggested a compact structure. It was also
postulated that the carbonyl oxygen of beta carboxyl group of Asn2 was linked
with guanidine group of Arg5 by a hydrogen bond in molecule ZNC(C)PR but
not in the D-Arg isomer. The NOE constraint molecular models of these peptides
are illustrated in Fig. 1.
Therefore, we concluded that Arg in short AVP analogs plays a critical role
in the maintenance of a relatively steady structure necessary for its behavioral
activity.
Acknowledgements
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Neokyotorphin from the brain of hibernating ground
squirrels can participate in heart activation and arousal
from hibernation
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Introduction
At present, a large number of peptides such as bombesin, opioid peptides,
CCK and others are known as potential endogenous regulators of seasonal
physiological functions of hibernating animals. The physiological spectrum of
the activity of these peptides doesn't cover all the phenomenology of hibernation,
therefore the search for new regulators in tissues of the hibernating animals
is desirable. The totality of the endogenous regulators of hibernation must contain
both the inhibitors of different physiological functions and the activators
providing the restoration of normotropic state and arousal.
Results and Discussion
The acid extract from the brain of the hibernating ground squirrel Citellus
undulatus was fractionated by ultrafiltration with Amicon PM-10 and UM-2
filters and gel-filtration on Sephadex G-25 column in 0.5 M acetic acid at 8°C.
All fractions obtained were tested on hypothermic and antimetabolic activity;
active 1000-2000 D fraction was further subjected to Nucleosil 7/C 18 RPHPLC
column. At this stage we employed a more sensitive test system based on
substantial differences between electrophysiological parameters of functioning
hearts of hibernating and nonhibernating animals. For instance, the action
potential of hibernator heart has practically no plateau phase that is characteristic
for nonhibernator heart; moreover, the former has a rather delayed phase of
repolarization [1]. We found that fractions active in hypothermic and antimethabolic tests were also able to transform action potentials on frog atrial preparations to the form typical for hearts of hibernating animals. It is well known
that the plateau in action potential is formed by Ca2+ and K+-currents, and
blockers of transport of these ions have antimetabolic and antiarrhythmic potency.
We also tested the effect of all HPLC components on Ca 2+ -currents in isolated
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70
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90

100 mV

Fig- I Effect of neokyotorphin on Ca2+-current in frog atrial fibers 1 = control, 2=peptide
5xlO-7M, 3 = washout.

atrial trabecula from frog Rana ridibunda at room temperature. Ca 2+ -currents
were recorded under voltage clamp. The sodium current was blocked by
tetrodotoxin. Among the HPLC fractions, we were able to isolate components
capable of both increasing and diminishing Ca 2+ -current.

Cor* D-600 NKT
OlmM

NKT
0.5 mM

Digitonin
2 min

Fig. 2. Effect of neokyotorphin on intracellular Ca2+-concentration in rat myocardial cells
estimated by fluorescent method (D-600 - Ca2+-blocker).

The former compound was shown by automatic Edman degradation to have
the amino acid sequence of neokyotorphin, an analgesic pentapeptide found
earlier in bovine brain [2]. Its possible role as hibernation regulator has not
yet been explored. Neokyotorphin was synthesized conventionally. Synthetic
neokyotorphin, as well as the native component in 5 X IO-7 M concentration,
activates the voltage-dependent calcium current in the frog atrial fibers (Fig.
1). At larger concentrations the peptide increases intracellular Ca 2+ in rat heart
ventricle cells (Fig. 2). In the experiments with hibernating ground squirrels,
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the i.p. injection of 0.7 mg/kg neokyotorphin speeds up arousal and sharply
increases the heart rate. Administration of the peptide to mice considerably
accelerates transition of animals from the state of artificial hypothermy to the
homeothermal state. Thus, neokyotorphin found in the brain of hibernating
ground squirrels may be responsible for the arousal of the animals from
hibernation, along with activation of metabolism and heart function in special
states.
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Cyclic disulfide analogs of [Sar1,Ile8]-angiotensin II
Elizabeth E. Sugg", Catherine A. Dolan", Arthur A. Patchett", Ray S.L. Changb,
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U.S.A.

Introduction
[Sar1, Ile8]-Angiotensin II (Ang II) is a potent antagonist [1] of the native
pressor peptide, angiotensin II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe). In an attempt
to define the bioactive conformation of Ang II antagonists, we have prepared
seven novel cyclic analogs of [Sar1, Ile8]-Ang II,-in which positions 1 and 5,
3 and 5 or 5 and 8 have been replaced with L- or D-cysteine (Cys) or L-homocysteine
(hCys).
Results and Discussion
Analogs were prepared by SPPS on Merrifield resin using standard Bocmethodology [2], cleaved by liquid HF, cyclized using K3Fe(CN)6, and purified
by gel filtration (Sephadex G-15) and RPHPLC. All compounds were analytically
pure and had appropriate 'H NMR and FABMS. [Sar1,Cys3'5,Ile8]-Ang II was
examined by ID and 2D ; H NMR and found to exist as a mixture of conformers.
Table 1 lists the receptor binding affinities and relevant pA 2 values for these
new analogs.
Poor receptor affinity was observed with [Cys1,Cys5,Ile8]-Ang II and [DCys1,Cys5,Ile8]-Ang II. Both the L-Cys1 and D-Cys1 analogs were equipotent and
the linear analog [Ser15,Ile8]-Ang II had 10-fold better receptor affinity than
the cyclic analogs. [Sar1,Cys5,Cys8]-Ang II did not bind the Ang II receptor
at concentrations up to 100 uM. However, [Sar1,Cys5,D-Cys8]-Ang II had an
IC50 of 18 /uM. Expansion of the ring from 14 atoms to 15 atoms ([Sar',hCys5,DCys8]-Ang II gave a 20-fold improvement in receptor affinity. Further analogs
in this series are under investigation.
[Sar1,Cys3-5,Ile8]-Ang II was 50 times more potent than the linear analog
[Sar^Ser^Jle^-Ang II. Expansion of the ring size from 11 atoms to 13 atoms
produced an analog ([Sar1,hCys35,Ile8]-Ang II) with nanomolar receptor affinity,
although this compound is only 5-fold more potent than the corresponding linear
analog, [Sar1,Met3'5,Ile8]-Ang II. These two cyclic analogs suggest that the
bioactive conformation has a /3-structure in this region of the peptide.
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Table 1 Receptor binding affinities and pA2 values for cyclic angiotensin II analogs in
rabbit aorta
Analog
[Sar',Val 5 ,Ile 8 ]AngII
[Cys'.5,Ile8]Ang II
[D-Cys',Cys5,Ile8]Ang II
[Ser'5,Ile8]Ang II
[Sar1 ,Cys5.8]Ang II
[Sari ,Cys5,D-Cys8]Ang II
[Sar!,hCys5,D-Cys8]Ang II
[Sar',Cys3.5,Ile8]AngII
[Sar',Ser 3 . 5 ,Ile 8 ]AngII
[Sar',hCys3.5,Ile8]Ang II
[Sar',Met3.5,Ile8]Ang II
a
b

IC50 (nM a )
0.8
8000
9000
1 100
> 100 000
18 000
800
140
7900
4
26

pA 2 b

7.1
5.3
9.16

Determined by displacement of [l25I][Sar',Ile8]-Ang II from solubilized rabbit aortic
membranes.
pA 2 = -log KB = log (IC50 dose ratio) - log [antagonist]. IC 50 ratios for Ang II determined
in the same tissues in the absence and presence of antagonists.
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The substitution of conformational^ constrained amino
acids into position 7 of angiotensin II (Ang II)
agonist and antagonist analogs
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"Smith Kline and French, Laboratories, P.O. Box 1539, King of Prussia, PA 19406-0939,
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Introduction
The reduced agonist potency of analogs 2 [1], 3 [2], and 4 [3] suggested that
[Pro7] in Ang II was critical for maintaining bioactive conformation. Position
7 conformational requirements in Ang II antagonists have not been investigated.
In native [Pro 7 ], Ang II torsion angle cb is constrained (ca. -60°), while ip is
unconstrained. Continuing the evaluation of conformational requirements for
[Pro7] in both Ang II agonists and antagonists, [Pro7] in both [Sar'jAng II and
[Sar1,Ile8]Ang II was replaced with conformationally constrained residues Aib,
(NMe)Ala, and Dtc (5,5-dimethylthiazolidine-4-carboxylic acid).
Results and Discussion
Peptides containing Dtc cannot adopt a C-7 conformation due to syn-BMeC = 0 steric interaction [4,5]. For [Phe8]-agonists, both [Aib7] and [Dtc7]
substitution dramatically reduced in vitro (rabbit aorta) activity, (see Table 1)
[1-9]. For [Ile8]-antagonists, Aib, (NMe)Ala, Sar and Dtc substitution reduced
both in vitro (rabbit aorta) and in vivo (rat blood pressure) activity (Table 1).
These results disfavor a-helical conformations (cb — -60°, <// = -60° preferred by
Aib) or more extended conformations ($ = -60°, ip= 150° preferred by Dtc) for
[Pro 7 ], suggesting that intramolecularly hydrogen-bonded C-7 conformations
($ = -60°, \\i = 90°) are preferred for native Pro 7 in both Ang II agonists and
antagonists.
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Role of protein kinase C and ion fluxes in the
desensitization of angiotensin II receptors in smooth
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Introduction
Angiotensin II (Ang II) induces a contraction in smooth muscles that is due
to activation of phospholipase C. The response is composed of a fast transient
contracture, due to inositol trisphosphate-induced Ca 2+ release from intracellular
stores, followed by a maintained tonus, whose mechanism is not well understood.
A general model for agonists that induce phospholipase C-mediated responses
proposes that the slower sustained phase of the response is due to a protein
kinase C branch activated by diacylglycerol [1]. In vascular smooth muscles,
Ang II induces a sustained increase in diacylglycerol production [2], but its
role in the maintenance of the tonic response has not been demonstrated. In
fact, it has been suggested that diacylglycerol activation of protein kinase C
causes a negative feedback by inhibiting the phospholipase C-mediated responses
triggered by the hormone-receptor interaction [3]. This inhibitory feedback
mechanism might be responsible for the homologous desensitization that occurs
during Ang II stimulation. This desensitization, also known as tachyphylaxis,
is a property that may play an important role in the physiological regulation
of vascular tone by Ang II.
In the present investigation, the effects of Ang II on Na+ and Ca 2+ fluxes
in cultured intestinal smooth muscle cells from the guinea pig ileum were studied
and correlated with the contraction and desensitization observed in whole muscles.
The possible role of protein kinase C in desensitization was also studied through
activation of that enzyme by treatment with phorbol-12-myristate-13-acetate
(PMA).
Results and Discussion
The effects of Ang II were compared with those of acetylcholine (ACh), an
agonist that acts at muscarinic receptors in the intestinal smooth muscle and
does not induce desensitization. Ang II and ACh stimulated 24Na+ influx upon
addition to the cells (Table 1), and this stimulation persisted for at least 30
min (not shown). Both agonists also stimulated 45 Ca 2+ uptake (Table 1), but
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Ang H's effect was transcient, returning to control values within 30 min, whereas
the effect of A C h persisted during that time. The decrease in Ang II-stimulated
45
Ca 2 + influx in the presence of the h o r m o n e paralleled the relaxation (desensitization) observed in the whole muscle during prolonged treatment with Ang
II.
Table 1 Effect of PMA (100 nM) on Na+ and Ca2+ influxes induced by Ang II (100 nM)
and ACh (5 nM) in cultured guinea pig ileum smooth muscle cells
Treatment

24

Na+ influx

45

Ca 2+ influx

(nmol/10 6 cells/15 s)a
Control
PMA
ACh
ACh + PMA
Angll
Ang 11 + P M A
a

21.3 + 0.5
16.6+1.6
36.3 ±2.2
37.7 + 3.2
33.5 + 2.1
37.8 ±3.2

0.48 + 0.04
0.49 + 0.03
0.71+0.07
0.76 ±0.07
0.75 ±0.08
0.58 ±0.06

Means±S.E.M.

Pretreatment of the muscle for 30 min with 100 nM PMA caused an abbreviation
of the tonic response to Ang II that mimicked the desensitization phenomenon.
Pretreatment with PMA also blocked Ang IPs stimulating effect on 4 5 Ca 2 + , but
not 24 Na+ influx (Table 1). The stimulating effects of A C h on 24 Na+ and 4 5 Ca 2 +
influxes were not affected by P M A (Table 1). Both Ang II (100 nM) and
acetylcholine (5 juM) also induced marked transient increases in 4 5 Ca 2 + efflux
(ca. 425% and 550% of basal efflux, respectively). However, Ang IPs effect
reached a maximum 60-90 s after addition of the agonist and returned to control
values after 90-120 s, whereas the effect of acetylcholine already attained a
maximum at 15 s and returned to control values by 60-90 s. The effects of
the two agonists on Ca 2 + efflux were not affected by 30 min pretreatment with
PMA. This suggests that protein kinase C-activation does not affect the initial
phase of the response mediated by release of inositol trisphosphate by phospholipase C. Thus, our findings are in agreement with the hypothesis that protein
kinase C has a modulating effect on the responses of the intestinal smooth muscle
cells to Ang II, but this effect appears to be exerted at a step in the stimulusresponse chain subsequent to phospholipase C-activation.
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The role of the histidine nitrogens of angiotensin II in
receptor binding
Richard S. Pottorf, William C. Ripka, Andrew T. Chiu and Pancras C. Wong
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Introduction
The protonated imidazole eN of His6 is suggested to be important for
angiotensin IPs (Ang II) biological activity [1-3]. More specifically, a conformational role has been proposed, such that the imidazole interacts intramolecularly with the Tyr4 phenol and the a-carboxyl group [4]. To assess the
individual role each imidazole nitrogen has as a hydrogen bond donor in receptor
binding, His6 was substituted with the nonbasic isosteres: Asn and Gin [5].

H N

* Y^OH

HiN

V^OH

V* i
•-NH<
e-Tautomer

cr

NH

Glutamine

H N

* V^OH

NHz

V
*

Asparagine

H2N

V^OH

i7
N

5-Tautomer

Results and Discussion
All peptides were synthesized by SPPS on PAM resins using standard Boc
methodology [6], cleaved by liquid HF/anisole, and purified by RPHPLC. The
compounds were judged homogenous by RPHPLC and were characterized by
FABMS and AAA. The receptor binding affinities were determined by displacement of [3H]Ang II from rat adrenal cortical microsomes (Table 1).
Study of [Asn6] and [Gin6] analogs (1-6) indicates that while the imidazole
eNH is required for both receptor binding and vasoconstrictive activity of Ang
II agonists, the SNH is not essential for either. That a basic 5N plays a minor
role is seen from the 10-fold loss in binding of 3 vs. 1, suggesting the loss of
a hydrogen bond involving the 5N. The potent binding and activity of nonbasic
3, indicates that the imidazole of Ang II is not protonated during receptor binding.
Comparing the [Sar^Ty^OCHj) 4 ] and [Sar'.Phe 4 ] Ang II series [4,7] (7-9
and 10-12), the 10-fold loss of binding (7 vs. 4) suggests that a phenol: imidazole
hydrogen bond has been removed by substitution of the 0-methyl in 7. A
substantial loss of binding results when His6 of 7 is substituted by Asn (8) and
Gin (9). One interpretation of this is that important interactions exist involving
Tyr4, His 6 , and possibly some other group. However, the improved binding
observed with the Phe4 series (10-12) compared to the Tyr(OCH 3 ) 4 series (7-9)
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Table 1 Receptor binding and contractile activity data for Ang II analogs
No. Ang II analog

Receptor binding
(IC M , nM)

Contractile activity,
in vitro3

1
2
3
4
5
6
7
8
9
10
11
12

4.2
2200
67
2.4
110
25
82
3000
2000
30
740
200

100% at 3 X 10-8 M
None
90% at 10-5 M
None
22% at IO-6 M
-

Angll
[Asn6]
[Gin6]
[Sar1]
[Sar1, Asn6]
[Sar1,Gin6]
[Sar',Tyr(OCH 3 ) 4 ] 6
[Sar', Tyr(OCH 3 ) 4 , Asn6]
[Sar'.Ty^OCHj^.Gln 6 ]
[Sar',Phe 4 ] c
[Sar1,Phe4, Asn6]
[Sar',Phe 4 ,Gln 6 ]

a

Measured by incubating analog with rabbit aortic strips, activity is expressed as %
of the maximal response to Ang II. Maximum concentration tested: IO-5 M.
b Ref. 4.
c
Ref. 7.
suggests that direct hydrogen bonding between the Tyr4 and His6 in Ang II
is not essential. The weaker binding of 7-9 may be the result of steric interactions
due to the methoxy that either prevents these analogs from attaining the proper
conformation, or interacts with some functionality on the receptor. Further studies
are aimed at distinguishing these possibilities as well as determining the effects
of Asn6 and Gin6 on other Ang II peptide antagonists.
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Introduction
NPY, a 36-residue polypeptide rich in Tyr, was recently discovered in brain
[1,2] and peripheral nervous system [3]. Its primary structure was determined
to be: Tyr-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu10-Asp-Ala-Pro-Ala-Glu-AspLeu-Ala-Arg-Tyr 20 -Tyr-Ser-Ala-Leu-Arg-His-Tyr-Ile-Asn-Leu 30 -Ile-Thr-ArgGln-Arg-Tyr-NH 2 [1]. NPY belongs to a class of peptide hormones that shares
sequence similarity with peptide YY (PYY) and pancreatic polypeptides. NPY
has been implicated in a number of central and peripheral effects in mammals
[4-7].
Synthesis of NPY by SPPS has been reported [8]. We have recently investigated
the secondary structure of NPY and its 4-norleucine analog by CD and laser
Raman spectroscopy, augmented with Chou-Fasman predictions [9]. In this
preliminary communication, the results of 2D NMR studies of NPY are briefly
discussed.
Results and Discussion
2D NMR studies of NPY in 4:1-H20 :D20 and dimethyl sulfoxide-d6
ID and 2D NMR spectra of NPY in H 2 0 and dimethyl sulfoxide-rf6 were
obtained on a Bruker AM500 NMR spectrometer. 2D COSY and NOESY
experiments were performed using standard pulse sequences [10], as previously
described in 2D NMR studies of polypeptides and proteins from this laboratory
[11]. Magnetic field was locked on deuterium resonance of the solvent.
NOESY spectrum of NPY in dimethyl sulfoxide-<3?6 at a concentration of -10
mg/ml is shown in Fig. 1. The assignments of proton resonances in the 500
MHz ID •H NMR spectra of NPY in water and dimethyl sulfoxide-cf6 are now
in the process of final confirmation. Numerous cross peaks in the NOESY
spectrum of NPY in Fig. 1, with the assignments presently known, are suggestive
of a well-defined secondary structure, consistent with earlier CD and Raman
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Fig. 1. NOESY spectrum of neuropeptide Y in dimethyl sulfoxide-d6 at a concentration
of -10 mg/ml at a mixing time of 400 min. The NOESY spectrum shown is phase-sensitive.
studies of NPY [9]. The assignment of proton resonances was facilitated by
2D COSY studies of NPY fragments. The NOE contacts derived from NOESY
studies were used as constraints in the molecular mechanics-dynamics studies
that are currently in progess.
2D NOESY spectrum of NPY shown in Fig. 1, contains an inter-locking pattern
generally observed in polypeptides and protein containing a-helical segments
[12]. Especially noteworthy are short NH-NH distances (d NN ). In addition, amide
NH protons also exhibited strong NOEs to C beta H proton and C beta proton
of the neighboring residue. Furthermore the observation of the above NOEs
was supplemented by the derivation of Ramachandran angle, c6, from the vicinal
coupling constants. At the present time, the above observation relates to the
C-terminal segment of NPY. 2D NMR evidence for the presence of /Mums
at the N-terminal regions is not completely established.
The model derived from 2D NMR and molecular mechanics studies are
consistent with previous spectroscopic studies [9].
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Introduction
Neuropeptide Y (NPY) is a 36-amino acid, C-terminally amidated peptide
that was first isolated from porcine brain by Tatemoto et al. [1] in 1982. NPY
elicits a potent vasoconstriction upon peripheral administration and so is thought
to act as a cardiovascular modulatory factor. We have been interested in defining
SAR for the hypertensive action of NPY and have previously shown [2] that
while modifications (such as deletion, N-acetylation and D-substitution) in the
N-terminal region are tolerated C-terminal modifications result in inactive
analogs. To define the minimum structure required for activity, we made
substantial N-terminal truncations and showed that NPY16"36 was the shortest
NPY fragment with measurable hypertensive activity. Further deletion to give
NPY17"36 and NPY18"36 resulted in compounds with hypotensive activity in vivo
[3]. In the present study we have synthesized NPY18"36 analogs with N- and
C-terminal modifications to probe further the structural requirements for the
hypotensive activity of this NPY fragment. We have also subjected NPY18"36
and selected analogs to 2D NMR in order to define a solution conformation
for the native fragment.
Results and Discussion
NPY, NPY18"36 and N- and C-terminally modified NPY18-36 analogs were
synthesized by manual SPPS methods and purified by preparative HPLC (Table
1). The effect of intraarterial administration on mean arterial pressure and heart
rate of these peptides was determined in a conscious rat bioassay. The. results
indicated that, while N-terminally modified analogs of NPY18"36 had no significant
hypotensive potency, C-terminal modifications gave analogs with hypotensive
potencies similar to that of NPY18"36. These data are in contrast to findings
with NPY analogs, in which C-terminal modifications resulted in a loss of
hypertensive activity, whereas N-terminally modified analogs were essentially
equipotent to NPY. N- and C-terminally modified NPY and NPY18"36 analogs
elicited parallel but more variable effects on heart rate (data not shown). These
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Table 1 HPLC retention times, purities, optical rotations and effects on mean arterial
pressure (MAP) for NPY, NPY1S~36 and N- and C-terminally modified NPY'8'36 analogs
No.

Compound

Iso RT @
% MeCN a

Purity
(%)b

[a]D«
(deg.)c

Effect
on MAPd

1
2
3
4
5
6
7
8
9
10
11
12

N PYi-36

4.3 @ 33.6
3.4 @ 30.0
4.3 @ 33.0
3.4 @ 30.0
4.5 @ 32.4
4.3 @ 30.0
4.0 @ 30.0
4.4@28.8
3.8@28.8
3.8 @ 28.2
4.1@28.2
4.8@28.8

>97
>98
>98
>97
>98
>97
>96
>97
>97
>98
>98
>97

-58.2
-46.0
-47.7
-46.4
-44.2
-46.9
-43.4
-39.4
-40.3
-41.0
-48.9
-45.9

+++

NPY18-36
[Ac-Ala18] NPY18-36
[NMe-Ala18] NPY18-36
[des-NH2-Ala18] NPY18"36
[D-Ala18] NPY18-36
[D-Arg'9] NPY18"36
[D-Arg33] NPY18-36
[D-Gln34] NPY18-3*
[D-Arg35] NPY18-36
[D-Tyr3*] NPY18-36
NPYl8"36-Tyr-OH

+
+
+
+
+

--

--

a

Isocratic retention times at specified % MeCN-in min.
b
Consensus of values from three analytical determinations.
c
Determined in 1.0 M AcOH (c-0.5).
d
Qualitative expression of the effect of maximal doses of compounds on MAP as
determined in a conscious rat bioassay.
findings may suggest that the differing cardiovascular actions of NPY and
NPY18-36 occur via mechanisms involving distinct subclasses of NPY receptors
with differing structural requirements for agonist ligands.
NMR assignment of NPY18"36, the A-methyl and A-acetyl analogs of NPY18"36
was performed, and detailed NOE data for NPY18"36 in DMF-d 7 were obtained.
Of interest was the observation that A-acetylation resulted in an obvious
disruption of the N-terminal 5-6 residues as reflected by changes in the chemical
shifts of all protons.
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Examination of an intramolecularly stabilized model for
neuropeptide Y with centrally truncated and stabilized
analogs
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Introduction
Spectroscopic studies of porcine neuropeptide Y (pNPY) [1] indicated that
it had an intramolecularly stabilized structure like that of the homologous avian
pancreatic polypeptide (APP), whose crystal structure was known [2]. Using
the available APP structure, a model of pNPY was built (Fig. 1) [3]. The model
consists of an N-terminal polyproline helix whose lipophilic face (proline residues)
is in association with the lipophilic face of a C-terminal amphipathic a-helical
region (residues 14-30).

Fig. 1. Molecular models with ribbon diagram overlay of pNPY, C7-NPY, C5-NPY and
C2-NPY (left to right). Tyr' is at the upper right of each molecule.
Results and Discussion
Previous work [4] had suggested that both the N-terminal Tyr and the Cterminal region were required for potent interaction with one (Yj) of at least
two types of NPY receptor (Y, and Y2). The intramolecularly stabilized model
of NPY places the Tyr1 and the C-terminal region in close spacial proximity.
If the purpose of residues 2 - 3 1 was to provide a stable template for presenting
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residues 1 and 32-36 to the NPY receptor, then a peptide analog devoid of
portions of the central residues should be able to bind potently to the NPY
receptor, provided the N-terminal to C-terminal spatial relationship could be
maintained. Such an analog would also lose its ability to interact with lipid,
due to the loss of the amphipathic helical regions. NPY itself is able to disrupt
liposomes to an extent even greater than that of glucagon, a hormone for which
lipid interaction is thought to be important. Thus, if lipid interaction plays an
important role in NPY receptor interaction, any interruption of that interaction
should adversely affect the receptor interaction.
Analogs were designed which progressively removed portions of the N- and
C-terminal helices. This was accomplished by removing residues from the central
turn region between the helices and spanning the gap with an 8-aminooctanoic
acid residue. A disulfide bridge spans the two helices to replace stabilization
lost from the shortening of the interacting surfaces of the amphipathic helices.
The analogs are [D-Cys7,Aoc8"17,Cys21]-pNPY, [Cys5,Aoc7"21,D-Cys24]-pNPY and
[Cys2,Aoc5"24,D-Cys27]-pNPY which are designated as C7-NPY, C5-NPY and C2NPY, respectively. The molecular models of these analogs are shown in Fig. 1.
C7-NPY (IC50 = 3 nM) is equipotent to pNPY (IC50 = 4 nM) in the mouse brain,
a tissue where C-terminal fragments bind poorly, indicating that this represents
the receptor type of interest; C5-NPY (IC 5 0 = 100 nM) and C2-NPY (IC50 = 600
nM) are less potent. In porcine spleen, all of the analogs bind well, including
the C-terminal fragments (IC50 = < 5 nM), indicating that the potency at the
receptors in this tissue exhibited by C5-NPY and C2-NPY is probably due to
the presence of C-terminal residues alone. The potency of C7-NPY on mouse
brain receptors demonstrates that residues 7-17 are not required for direct receptor
interaction. Additionally, all of these truncated analogs have a decreased ability
to interact with lipid, as demonstrated by differential scanning calorimetry and
tyrosine fluorescence.
Conclusion
Because C7-NPY and pNPY are equipotent on mouse brain tissue, we suggest
that lipid interaction is not a crucial aspect of NPY receptor interaction, and
that the amphipathic helical regions of NPY serve a structural purpose.
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JU to 8 Selectivity of opioid peptides: A comparison of
dermorphin and deltorphins
P.A. Temussi8*, D. Picone", T. Tancredib, R. Tomatis0, S. Salvadori0,
M. Marastonic and G. Balboni0
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b
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Introduction
The N-terminal tetrapeptide sequence of enkephalins, i.e. Tyr-Gly-Gly-Phe,
is generally considered essential for high 8 activity. On the other hand, the message
domain (Tyr-D-Ala-Phe) of dermorphin [1], a natural n opioid heptapeptide,
has long been considered the main cause of the high n selectivity of this peptide
and of its analogs. The discovery, in the skin of South American tree frogs,
of deltorphins [2-4] challenges this belief. The relative ju/<5 activities (S. Salvadori,
unpublished) range from 100 for dermorphin, Tyr-D-Ala-Phe-Gly-Tyr-Pro-SerNH 2 (DR), to ca. 1X 10~3 for all deltorphins: deltorphin A, Tyr-D-Met-Phe-HisLeu-Met-Asp-NH 2 (DA), deltorphin B, Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2
(DB), and deltorphin C, Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH2 (DC).
The reversal of u/<5 selectivity certainly cannot be explained on the basis of
the message domain [5], but before drawing conclusions on the relevance of
sequential changes, it is necessary to study the conformational preferences of
deltorphins in comparison to those of dermorphin, since all these peptides are
very flexible. Here we present a conformational analysis based on 'H NMR
studies in DMSO-rf6 and in a cryoprotective mixture [6].
Results and Discussion
All peptides were synthesized by classical solution methods. NMR spectra
were run on Bruker AM-400 and WM-500 spectrometers, in 6 mM solutions
of neat DMSO-rf6 at 300 K or of a 90:10 (v/v) DMSO-rf6:H20 cryoprotective
mixture at 277 K. Full proton assignments were achieved by means of 2D
spectroscopy techniques. Most chemical shifts of the labile backbone protons
in the two solvent systems employed have values consistent with standard
literature values [7]. However, sequential NH-C a H, NH-NH and many long
range intrachain NOEs indicate that the mixture of conformations present in
solution is not made up solely of random extended chains. Besides, in both
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solvent systems, the C^ protons of the second residue have unusually high-field
chemical shifts.
In particular, in the cryoprotective mixture, the B-CH2 of D-Met2 of DA are
at 1.30 and 1.37 ppm; the methyl group of D-Ala2 resonates at 0.69 ppm, both
for DR and DB, and at 0.66 ppm for DC. It had already been noticed in dermorphin
and its fragments [8] that the chemical shift of the methyl group of D-Ala2
is unusually low with respect to the standard value for alanine [7], and that
the high-field shift is paralleled by a high n activity. Thus, although some
parameters related to the backbone protons point to a disordered state, it is
possible that most conformations present in solution have a similar arrangement
of residues 2 and 3, representing a local relative energy minimum. It seems
significant that H-Tyr-D-Ala-Phe-Gly-NH2, in the type II' /3-turn conformation
consistent with a receptor model [9] based on rigid opiates, has the methyl
group of D-Ala2 and the ring of Phe3 at a short enough distance to induce
a large diamagnetic shift in the resonance of the methyl group of D-Ala. Thus,
also in the case of deltorphins, it seems reasonable to assume that the relative
arrangement of residues 2 and 3 is similar to that present in the /3-turn that
fits the model receptor we proposed for u and <5 peptides [9]. In fact, it can
be said that the sequence Tyr'-D-Xxx^Phe 3 , long believed to be characteristic
of n opioids only, is an ideal feature of both u and 8 opioid peptides. The
cause of the reversal of selectivity in going from the sequence of dermorphin
to those of deltorphins must be sought in the properties of residues 4-7.
We propose that the key factor causing n to 8 reversal is charge in the message
domain: i.e. the picture of the 8 receptor that emerges from the present work
is similar to that of the u receptor [9], with an important difference: the ability
to tolerate positive and negative charges inside (or close to) the message domain.
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DALDA: An extremely /x receptor-selective dermorphin
analog capable of inducing peripheral antinociception
Peter W. Schiller2*, Thi M.-D. Nguyen3, Nga N. Chung3, Gervais Dionneb and
Rene Martelb
" Clinical Research Institute of Montreal, 110 Pine Avenue West, Montreal, Quebec,
Canada H2W 1R7
b
IAFBioChem International, Laval, Quebec, Canada H7V 1B7

Introduction
The dermorphin-related tetrapeptide analog H-Tyr-D-Arg-Phe-Lys-NH2
(DALDA) [1] shows u receptor affinity comparable- to that of H-Tyr-D-AlaGly-Phe(NMe)- Gly-ol (DAGO) and of H-Tyr-Pro-Phe(NMe)-Pro-NH2 (PL017)
in the rat brain membrane binding assay. However, because of its extremely
low 8 receptor affinity (K^=19.2 M), DALDA displays considerably higher
receptor selectivity (K«/K« = 11 400) than DAGO (K«/K«= 1050) or PL017 (K\/
JS\= 1470). Testing in the GPI assay revealed that DALDA is a potent n agonist
that does not significantly interact with K receptors. Because of its high positive
charge (3+), DALDA is a very polar molecule not expected to cross the bloodbrain barrier (BBB) and, therefore, is of interest as a most likely peripherally
acting, highly selective « agonist.
Recently, it has been shown that in hyperalgesic or inflammatory conditions,
systemically administered opioids without access to the brain can elicit an
analgesic effect through interaction with peripheral opioid receptors. Thus, both
A-methylmorphine [2] and the relatively polar enkephalin analog BW443 [3]
were shown to produce an analgesic effect in the mouse writhing assay, a test
model detecting peripheral antinociception, and the effect of these compounds
could be reversed with A-methylnalorphine, a quaternized opiate antagonist
unable to cross the BBB. In view of these findings, it was of interest to explore
the potential of DALDA as a peripherally acting analgesic. DALDA was
synthesized by the solid-phase method [1] and the analgesic assays were performed
by following published procedures [3].
Results and Discussion
DALDA,
assay, using
s.c. 5, 20 or
indicated by

in comparison with morphine, was tested in the mouse writhing
phenyl-1,4-benzoquinone (PBQ) as irritant. Opioids were injected
60 min prior to the administration of PBQ (2.5 mg/kg, i.p.). As
the ED 50 values determined 5 or 20 min after s.c. administration,
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DALDA exerts about as potent an analgesic effect as morphine in this assay
system (Table 1). However, comparison of the ED 50 values obtained after a
60 min time interval reveals that the antinociceptive effect of the peptide analog
is of somewhat shorter duration than that of morphine. The analgesic effect
of DALDA could be antagonized by low doses of naloxone (5 mg/kg) or of
the quaternized opiate antagonist N-methyllevallorphan (10 mg/kg) administered
i.p. 20 min prior to the peptide analog. Since A/-methyllevallorphan does not
have access to the brain, its ability to reverse the analgesic effect of the
subcutaneously administered dermorphin analog suggests that DALDA does
indeed produce antinociception through interaction with peripheral opioid
receptors. Administration (i.p.) of the same dose of A-methyllevallorphan had
no effect on the analgesic activity of subcutaneously injected morphine, as it
was to be expected for this centrally acting compound. DALDA also showed
a potent analgesic effect in the writhing assay after i.v. administration and was
found to be even orally active at high doses (100-200 mg/kg). The analgesic
activity of DALDA in the mouse hot-plate assay, a test system permitting the
detection of centrally mediated analgesic effects only, was weak, as indicated
by an ED 50 value of 71.5 mg/kg determined 30 min after s.c. administration.
Interestingly, a lower ED 50 value (24.2 mg/kg) was obtained after a time interval
of 1 h, suggesting that DALDA at high concentrations may slowly accumulate
in the brain.
Table 1 Mouse writhing assay of DALDA and morphine
Compound
Time (min)a
DALDA
5
20
60
Morphine

5
20
60
a
Time interval between administration of opioid and PBQ.

ED50 (mg/kg)
0.48
0.65
2.80
0.31
0.43
0.60

Conclusion
Peripherally induced analgesia is of interest because some of the centrally
mediated side effects (respiratory depression, dependence, etc.) are no longer
implicated. The results presented here suggest that DALDA is capable of
producing a peripherally mediated analgesic effect. For this reason, DALDA
and other polar dermorphin analogs may have therapeutic potential.
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A highly selective in vitro /u-opioid agonist with atypical in
vivo pharmacology
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Introduction
Evidence for multiple opioid receptors has caused a considerable amount of
research to be focused on the development of ligands specific for each of the
major opioid receptor sub-types («, 8 and K). Specific ligands can be used to
determine differences between these receptors and to study the receptor roles
in various biological processes.
Results and Discussion
The pharmacological evaluation (in vitro binding studies) of a new enkephalin
tripeptide amide, MeTyr-D-Ala-Gly-(Et)N-CH(CH2C6H5)-CH2-N(CH3)2 (LY164929) indicate that it is a potent and selective ju-receptor ligand (Table 1).
The ju/5 selectivity ratio of 1500 makes LY 164929 one of the most selective
u-receptor peptide ligands reported to date [1]. The data from other in vitro
test systems (MVD and GPI, data not shown) indicate that LY164929 is a full
opiate agonist with no antagonist properties. In vivo, LY164929 exhibits potent
analgesic activity. Further pharmacology of LY 164929 was studied in three assays
that correlate with a drug's potential for producing physical dependence: (1)
the mouse locomotor assay [2]; (2) the mouse withdrawal-jumping assay [3];
and (3) the monkey single-dose suppression assay [4] (SDS).
Table 1 In vitro and in vivo opioid activities
Compound

LY164929
Metkephamid
Morphine

Receptor binding-IC 50,(nM)

Analge;sic activity3
ED 50 (mg/kg)

[3H]Naloxone

[ 3 H]DADL

[3H]EKC

s.c.

p.o.

0.6
2.5
5.7

900
4.4
74

>1000
>1000
167

6.6
3.1
0.93

50.4
523
7.4

a

Mouse writhing assay, ED50 measured at 30 min.

In the locomotor assay, narcotic analgesics, such as morphine, will markedly
stimulate running. However, metkephamid, an enkephalin analog that has been
shown to have a low potential to produce physical dependence [5] exhibits low
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locomotor activity. The overall stimulation of locomotor activity produced by
LY 164929 was virtually identical to that of metkephamid. Based upon these
results metkephamid and LY 164929 should have a reduced liability for the
production of physical dependence.
In the withdrawal-jumping assay, stereotypical jumping behavior can be
induced by injection of the opiate antagonist, naloxone, in mice treated chronically
with narcotic opiates, such as morphine. However, in mice treated chronically
with metkephamid, the jumping behavior was not significantly different from
that of control. Unexpectedly, in the LY164929 treated group, a very high degree
of jumping was observed. Consequently, in this test system a prediction of high
physical dependence liability can be made for LY 164929.
Finally, in the monkey SDS assay, extremely large doses of metkephamid
and LY 164929 are required to bring about suppression of withdrawal symptoms
in morphine dependent rhesus monkeys even when administered i.e.v. Metkephamid (s.c.) requires a 16-fold higher dose than morphine, and LY164929 (s.c.)
requires approximately a 100-fold higher dose than morphine (Table 2). These
data indicate that LY 164929 has a weaker morphine-like effect in vivo than
metkephamid.
Table 2 Comparison of potency of opioids in suppressing morphine abstinence in rhesus
monkeys [4]
Drugs

Dosea
(mg/kg, s.c.)

Drugs

Dosea
(mg/kg, s.c.)

Etorphine
Fentanyl
Azidomorphine
Heroin
Levorphanol
Morphine

0.001
0.04
0.2
1.0
1.0
3.0

Methadone
Meperidine
Codeine
Propoxyphene
Metkephamid
LY 164929

3.0
10.0
20.0"
15.0"
48.0
300c

a
b
c

Dose required for complete suppression of abstinence.
Incomplete suppression. A dose of this magnitude may induce convulsions.
Extrapolation based on metkephamid s.c. and i.c.v. compared to LY164929 i.e.v. data.

Thus, LY164929, which was expected to be a typical morphine-like opioid,
based on in vitro data, was found to exhibit contradictory in vivo pharmacology.
The withdrawal-jumping assay predicts that LY164929 should possess a high
degree of physical dependence liability. However, both the locomotor and the
monkey SDS assays indicate that LY 164929 should behave more like metkephamid than morphine. This atypical in vivo pharmacology may be attributable
to interactions at peripheral opioid receptors [6] or specific binding to a low
affinity [ 3 H]-DADL binding site [7].
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Analgesic activity of new cyclic enkephalin peptides
containing conformational^ constrained tryptophan
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Introduction
New cyclic enkephalin peptides have been synthesized in which the disulfide
bond used to form the cyclic peptide consists of either modified tryptophan
residues (2-thioltryptophan) or a modified tryptophan residue and cysteine. Using
the indole moiety as an integral part of the cyclic structure provides new
constraints to cyclic peptides, which differ from those obtained using cysteine/
penicillamine or carboxylic acid-amine residues. An additional advantage in using
modified tryptophan residues to form all or part of the disulfide bridge is the
added constraint of an aromatic group (indole) in the cyclic structure. These
constraints yield increased flexibility in designing new peptidomimetics. The
biological activity and preliminary molecular modeling studies of [Cys2,D-(2'SH)Trp5]enkephalin and [D-(2'-SH)Trp2,D-(2'-SH)Trp5] enkephalin are reported
here.
Results and Discussion
The cyclic peptides have unique UV spectra. Cyclization via Cys-Trp gives
an absorbance maximum around 310 nm; Trp-Trp cyclization shows an absorbance maximum at about 340 nm. This contrasts with linear enkephalin
peptides containing unmodified tryptophan, which show the usual absorbance
maximum around 280 nm.
The analgesic activity of these new cyclic enkephalin peptides has been
determined but using the mouse tailflick assay (intra-cerebroventricular injection;
15 min after injection, the mouse is tested). Both of the peptides are inactive
at 20 ug as is enkephalin at 150 nBFrom a preliminary examination of the conformation of the peptides with
the molecular modeling program, Alchemy, the phenylalanine residue in position
four of both peptides seems situated very close to the tyrosine residue, thereby
sterically hindering the interaction of tyrosine with the receptor. In both peptides,
tryptophan in position five appears to assume the aromatic position occupied
by phenylalanine in the native peptide. The distance between the tyrosine and
phenylalanine residues is about 3.5 A for both peptides. By comparison NMR
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studies of [D-Pen2,D-Pen5]enkephalin give a distance of 4.5 Abetween the aromatic
ring protons of Tyr1 and Phe4 [1]. In contrast, fluorescence energy-transfer
measurements of [D-Cys2,Trp4,D-Cys5]enkephalinamide in H 2 0 provide an estimated average intramolecular distance of 9.7 Abetween the Tyr1 and Trp 4 aromatic
rings [2].
The two peptides reported here seem to possess different backbone configurations. Cyclization with Cys-Trp used to form the disulfide ring, results in
a 16-member ring, whereas the Trp-Trp cyclic peptide has an 18-member ring.
This contrasts with the 14-member rings found in previously reported cyclic
disulfide bond enkephalin analogs. Although the two new cyclic enkephalin
peptides reported here are inactive, we have synthesized cyclic enkephalin peptides
that show good analgesic activity using this modified tryptophan procedure to
form the disulfide bond. Comparing the conformations of the active cyclic peptides
with the inactive cyclic peptides, it would appear that the structure of the peptide
backbone, which differs greatly depending on where and how the cyclization
is constructed, is not as important as the position of the phenolic side chain
with respect to the aromatic (phenylalanine) residue. The appropriate distance
between the aromatic groups in cyclic enkephalin analogs must be maintained
to retain biological activity. The peptide backbone appears to serve as the
scaffolding necessary for maintaining the suitable aromatic side-chain spacing.
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b
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Introduction
The Gly3-carbonyl in the enkephalins has been proposed to correspond to
the C6-OH in morphine [1] or to the C19-OH in PEO [2], and its modification
should, in that case, have a profound effect on the binding to the ^-opiate
receptor. We have investigated the effect of the replacement of the peptide function
by an E,CH = CH function at the 3-4 position in Tyr-D-Ala-Gly-Phe-D-LeuOH (DADLE), Tyr-D-Cys-Gly-Phe-D-Cys-NH2 (DCDCE-A) and Tyr-D-Pen-Gly.

i

i

Phe-D-Pen-OH (DPDPE). In DADLE, the 2-3 position was also modified.
Results and Discussion
The synthesis of Boc-D-Ala<A(E,CH = CH)Gly-OH and Boc-Glyi/KE,
CH = CH)D,L-Phe-OH was performed as described in [3] and [4]. Since after
incorporation of the racemic dipeptide analog, two diastereomeric peptides are
obtained, an enantioselective synthesis (Scheme 1) was used to determine the
absolute stereochemistry of the pseudo-Phe residue. In all compounds, the
replacement of the peptide function by an E,CH = CH function leads to a large
drop in affinity for the /x-receptor, but even more for the 6-receptor (Table
1). Reduction of the double bond to the saturated analogs causes a further
drop in potency. This is an indication for the importance of rigidity at these
positions, and may explain the low potencies of other flexible peptide bond
° V0Hii
1—J

20-30 %

Scheme 1. Enantioselective synthesis.
i = S-prolinol, DCC/HOBt; ii = benzylbromide; iii=6NHCl, then Boc20.
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Structural biology
modified analogs at these positions [5-7]. One analog: DCDCE-A 6 retains
considerable binding potency and in vitro activity in the GPI test. The DPDPE
analog 10 also binds to the o-receptor, although its in vitro activity is rather
low but still better than that of the flexible i>(CH2-S) or i/>(CH2-NH) analogs
[6]. Whereas the binding potency to the 5-receptor of the cyclic compound 10
is similar to that of the linear analog 4, its potency in the bioassay is much
lower. This is an unusual case where the 'efficacy' of the linear compound is
higher than that of the cyclic one. These results confirm the importance of the
Gly3-carbonyl; not only for interaction with the u-receptor, but even more for
the (5-receptor.
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The effect of chirality and polarity within the peptide
backbone
Arno F. Spatola3, Krzysztof Darlak3, William S. Wireb and Thomas F. Burksb
"Department of Chemistry, University of Louisville, Louisville, KY 40292, U.S.A.
b
Department of Pharmacology, University of Arizona, Tucson, AZ 85824, U.S.A.

Introduction
DMSO is an excellent high dielectric solvent with an established propensity
to form strong hydrogen bonds. Dialkyl sulfoxides are known to be configurationally stable, and thus able to produce a new stereogenic center when
incorporated within a nonsymmetric environment. These properties have been
investigated and exploited through the synthesis of a series of peptide analogs
containing the i/r[CH2SO] amide bond surrogate.
Results and Discussion
We have previously reported the synthesis of i/f[CH2SO] analogs of linear
GnRH [1,2], dermorphin [3], and enkephalin [4] peptides. We now report the
synthesis (previously described [4]) and separation of i/f[CH2SO] analogs in the
4-5 position of the potent DiMaio-Schiller parent peptide, Tyr-cyclo[D-Lys-GlyPhe-Leu-] [5]. As seen in Table 1, the biological potencies of the i/>-[CH2SO]
compounds reveal increased potency, a divergence in selectivity, and confirm
the importance of chirality in drug design.
Both i/»-[CH2SO] analogs (two diastereoisomers), as well as a i/f[CH2S02]
replacement (the sulfone analog - which is achiral and thus furnishes only one
isomer), can be prepared from the i/f[CH2S] pseudopeptides [4 and 6] by H 2 0 2 /
HOAc oxidation. In Fig. 1, the RPHPLC chromatogram illustrates the baseline
separation of all analogs (but now with a D-Leu5 residue). The activities of
the D-Leu series will be reported elsewhere.
The NMR and biological properties (Table 1) of the L-Leu analogs have been
contrasted. No new hydrogen bonding patterns have been discerned in these
analogs. Although it has not yet been possible to establish absolute configurations
of the sulfoxides, their biological potencies are significantly different from that
of the sulfides and from one another. The lack of opioid receptor selectivity
(n vs 5) of the i/f-fCH^O] analogs suggests that they also share the inherent
flexibility of the thiomethylene unit, even within this cyclic framework. Nevertheless, these i//[CH2SO] pseudopeptides are among the most potent surrogates
that we have prepared, and further structural analysis, as well as comparison
to the relatively unknown sulfone series, will be pursued.
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Fig. 1. HPLC profile of H-Tyr-cyclo[D-Lys-Gly-Pheip[xxxx]D-Leu] analogs.
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Cyclic Dynorphin A analogs with high selectivities and
potencies at K opioid receptors
Andrew M. Kawasaki3, Richard Knappb, William S. Wireb, Thomas Kramerb,
Henry I. Yamamurab, Thomas F. Burksb and Victor J. Hruby3'*
"Department of Chemistry and department of Pharmacology, University of Arizona,
Tucson, AZ 85721, U.S.A.

Introduction
We have designed and synthesized several cyclic disulfide-containing peptide
analogs of Dynorphin A (Dyn A) that are conformationally constrained in the
putative 'address' segment of the opioid ligand. These D y n A analogs exhibit
unexpected selectivities between the kappa (K) opioid receptor(s) of the CNS
vs. peripheral nervous system.
Results and Discussion
The analogs 1 and 2 displayed very high affinities for the K receptor but
low K vs. m u ( u ) selectivities in the G P brain binding studies (Table 1). Surprisingly,
in contrast to the high K a n d n affinities shown by 1 and 2 in the binding
assays, 1 and 2 exhibited very low potencies in the G P I (Table 2).
Table 1 Opioid receptor binding affinities and selectivities of various cyclic disulfide
Dynorphin analogs with guinea pig brain homogenate
IC 50 (nM)
3

No.

Compound

[ H]U-69593 [3H]PL-17

1

Dyn A,.i 7 -OH
[Cys5.»]Dyn A^n-NHj

0.087
0.285

2

[Cys5I1,D-Ala8]Dyn A L H - N H J

0.391

3
4
5

[Cys8.'3]Dyn A,. 13 -NH 2
[D-Cys8,Cys'3]Dyn A,_13-NH2
[D-Cys8.'3]Dyn Ai_.3-NH2

0.076
1.76
0.110

3.40
0.270
2.30
0.986
10.3
0.362

[ 3 H]DPDPE
2.74
1.63
18.6
3.97

104
14.3

U-69593 = (5a,7a,8/3)-(-)-./V-methyl-N-(7-( 1-pyrrolidinyl)- l-oxaspiro(4,5)dec-8-yl)benzene-acetamide; PL-17 = Tyr-Pro-iV-MePhe-D-Pro-NH2;
DPDPE = Tyr-D-Pen-Gly-Phe-D-Pen-OH.
The analogs 3, 4, a n d 5 displayed very different pharmacological profiles in
the peripheral bioassays when compared to 1 and 2. Analogs 3 a n d 5 showed
high potencies and displayed K selectivity in the G P I bioassay. In the binding
*To whom correspondence should be addressed.
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Table 2 Bioassays with the smooth muscle tissue of the guinea pig ileum (GPI) and the
mouse vas deferens (MVD)
No.

Compound
Dyn A,_i7-OH

1

[Cys5.i']Dyn A,_,,-NH2

2

[Cys5.u,D-Ala8]Dyn A,_ l r NH 2

3

[Cys8.|3]Dyn A,_,3-NH2

4

[D-Cys8,Cysl3]Dyn A,_|3-NH2

5

[D-Cys8-l3]Dyn A,_I3-NH2

Bioassay IC5o
(nM)

NLX

CTAP

ICI

GPI
MVD
GPI
MVD
GPI
MVD
GPI
MVD
GPI
MVD
GPI
MVD

66.7
58.8
66.7
80
y
N.D.
38.9
95.2
32.3
35.6
233
18.2

no*
no*
no
2000
50
500
no
175
256
370
no
1430

N.D.
no
N.D.
86.2
N.D.
21.3
N.D.
156
N.D.
667
N.D.
1000

2.5
22.5
1080
421
4406
1660
1.3
20.1
2.27
24.5
1.75
19.5

Ke (nM) for:

NLX = Naloxone; CTAP = D-Phe-Cys-Tyr-D-Trpi-Arg-Thr--Pen-Thr-NH2; CTP == D-Phe-

Cys-Tyr-D-Trp-Lys-Thr-Pen-Thr-NH2; ICI = ICI-174864, JVyV-diallyl-Tyr-Aib-Aib-PheLeu-OH; y = shifted DRC; no = did not shift DRC; * = CTP, not CTAP used as n
antagonist; N.D. = not determined.
assay, 3, 4, and 5 exhibited high affinities for the K opioid receptor, but only
low K vs. n selectivities.
Thus, incorporation of conformational constraint in the putative 'address'
segment of Dyn A analogs has resulted in the K opioid receptor ligands 1 and
2 possessing high K opioid receptor affinities centrally (GP brain), but only weak
activity at peripheral K opioid receptors (GPI). On the other hand, 3 and 5
display high K potencies and selectivities at the peripheral (GPI), but not at
the central (GP brain) K opioid receptor. However, in mice, 5 'is a full agonist
in vivo (ICV, A 5 0 = 10 /ug) in the hot-plate analgesia test. The lack of correlation
between the pharmacological profiles observed in smooth muscle and in the
brain binding assays suggests the existence of different subtypes of the K receptor
in the brain and peripheral nervous systems. Recent findings in the delta (5)
opioid receptor area have led to a similar proposal [1] (Yamamura, Hruby,
Shimohigashi, et al., submitted).
Acknowledgements
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Conformational analysis of galactosyl enkephalin analogs
showing high analgesic activity
J.L. Torres3, H. Pepermans b *, G. Valencia3, F. Reig3, J.M. Garcia-Anton3 and
G. Van Binstb
"Laboratory of Peptides, C.I.D.-C.S.I.C. Jordi Girona 18-26, E-08034 Barcelona, Spain
b
Organic Chemistry Laboratory, Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussels,
Belgium

Introduction
In the present work we describe the conformational analysis by 2D N M R
of a series of potent analgesic galactosyl enkephalins in D M S O - ^ 6 solutions.
The parent c o m p o u n d was [D-Met 2 ,Pro 5 ] enkephalinamide [1] (1), and the glycosyl
derivatives were [D-Met 2 ,Pro 5 ] enkephalin [N 1 5 -/?-galactopyranosyl] amide (2)
and O 15 -(/S-D-galactopyranosyl) [D-Met 2 ,Hyp 5 ] enkephalinamide (3). 3 is 50 000fold more potent than morphine and more than 1000-fold more potent than
the parent compound 1 in rats, according to both the tail immersion and paw
pressure tests of analgesia after intraventricular administration (10 animals) [2],
2 is about 100-fold more potent than 1 in the same test of analgesia [3].
Results and Discussion
Table 1 Significant NOEs observed by ROESY in DMSO-d6 solutions
Compound

1

2

3
303 K

Intra-residual
Gly NH-<x,H
Gly NH-a 2 H
Inter-residual
a;H-NH i+I
TyraH-D-Met NH
D-MetaH-Gly NH
Glya.H-Phe NH
Glya 2 H-Phe NH

D,
D2

A
B

c,
c2

+++
+++
+++
+++

333 K

+++
+++

++

+++
+++
+++
+++

+++
+++

+

+++

+

—

-

-

•Present address: Unilever Research Laboratories, 0. van Noortlaan 120, 3133 AT Vlaardingen,
The Netherlands.
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The three compounds tested present two /S-strands connected to each other
by a fairly flexible glycyl residue at position 3. For 1 and 2, experimental data
are inconsistent with a single conformation of Gly3 as indicated by both intraresidual D b D 2 ROESY cross-peaks and inter-residual C b C2 ROESY crosspeaks (Table 1). In contradistinction, 3 seems to exist preferentially in a more
rigid folded conformation as indicated by the absence of both D, and Q ROESY
cross-peaks. From these data and the measured 3JNHaia2 coupling constants,
we propose a conformation in which cb^^-30° and ipj^-HO0.
The difference in the analgesic activity of 1 and 2 did not relate to a
conformational change in DMSO solution, whereas the increment for 3 with
respect to 2 could relate to the adoption of the preferential folded conformation
proposed in this work.
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Comparative theoretical conformational analysis of
[D-Pen2,D-Pen5]enkephalin
Brian C. Wilkes* and Peter W. Schiller
Clinical Research Institute of Montreal, 110 Pine Avenue West, Montreal, Quebec,
Canada H2W1R7

Introduction
In an effort to identify low energy-conformations of the 5-selective enkephalin
analog [D-Pen2,D-Pen5]enkephalin (DPDPE), we carried out a theoretical conformational study using the software package SYBYL (Tripos) and methodology
developed in our laboratory [1].
Results and Discussion
A systematic grid search of the bare ring structure of DPDPE devoid of the
exocyclic Tyr1 residue and the Phe4 side chain generated 63 allowed conformations.
After minimization, 23 ring conformations were retained for further analysis.
The exocyclic atoms were added and a systematic search on the non-ring portions
of the 23 completed structures was then carried out. In this manner, over 130
conformations were generated and finally minimized. Among these conformers,
12 had energies within 2 kcal/mol of that of the lowest energy conformation.
Obviously, this conformationally restricted enkephalin analog still possessed some
flexibility. The four lowest energy structures are presented in Fig. 1. In the
lowest energy conformation, the Tyr1 aromatic ring folded over the 14-membered
ring in close proximity to the Gly3 residue, whereas the Phe4 side chain pointed
away from the rest of the molecule. No strong hydrogen bonds were detected
in this conformer.
Several groups performed theoretical conformational analyses of DPDPE using
various programs including CHARMM [2], AMBER [3] and ECEPP [4,5]. Using
published torsion angles, we constructed the various candidate conformers
proposed in these studies and minimized them using the SYBYL force field,
thus allowing us to compare the energies of these proposed conformations directly
with our results. All the proposed candidate structures were considerably higher
in energy than the lowest energy structure described above. The comparatively
lowest energy structure was reported in one of the ECEPP studies [5], although
it was still 4.4 kcal/mol higher in energy than the lowest energy conformer
found in this study.
*To whom correspondence should be addressed.
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Fig. 1. Low energy conformation of DPDPE. Energies are: 1, -22.35; 2, -21.90; 3, -21.41;
4, -21.33 kcal/mol.
Structural comparison revealed considerable differences between the various
proposed candidate conformers and our lowest energy structure, both in terms
of backbone conformation (hydrogen-bonding) and side-chain orientation. A
particularly interesting structural feature is the disulfide dihedral angle, which
in the present study was systematically altered (30° increments) and in the various
low-energy conformers obtained was generally about 180°. In contrast to this
result, two other analyses [2,3] had been restricted to conformers with a disulfide
dihedral angle of ± 90°.
Conclusion
We have identified conformers of DPDPE considerably lower in energy than
structures proposed by others. The fact that the intramolecular distance between
the Tyr-Phe aromatic rings in this conformer of DPDPE is considerably larger
than that in the lowest energy structure of the ^-selective analog H-Tyr-DOrn-Phe-Asp-NH 2 [1] may be relevant to the preference of these compounds
for either 8 or n receptors.
342

Structural biology

Acknowledgements
This work was supported by the MRCC (MA-10131) and NIDA (DA-04443).
References
1.
2.
3.
4.
5.

Wilkes, B.C. and Schiller, P.W., Biopolymers, 26(1987) 1431.
Hruby, V.J., Kao, L.F., Pettit, B.M. and Karplus, M., J. Am. Chem. Soc,
110(1988)3351.
Froimowitz, M. and Hruby, V.J., Int. J. Pept. Prot. Res., 34(1989)88.
Keys, C , Payne, P., Amsterdam, P., Toll, L. and Loew, G., Mol. Pharmacol.,
33(1988)528.
Nikiforovich, G.V. and Balodis, J., FEBS Lett., 227(1988) 127.

343

Synthesis and bioactivities of [2,3-methanotyrosine1]enkephalins
Charles H. Stammer, Claudio Mapelli and V.P. Srivastava
Department of Chemistry, School of Chemical Sciences, University of Georgia,
Athens, GA 30602, U.S.A.

Introduction
Since the N-terminus of the family of enkephalins must be preserved if analgesic
activity is to be maintained, the N-terminal tyrosine moiety has been compared
to the tyramine grouping in morphine. In order to test the positional requirements
of the tyramine moiety, we prepared the conformationally constrained 2,3methanotyrosine, which has the dihedral angle, xu fixed at 0° and 120° in the
Z- and E-isomers, respectively. These two isomers of the derived tyrosine were
prepared as racemates and incorporated into [D-Ala2,Leu5]-enkephalin. The GPI
and MVD assays are reported.
Results and Discussion
Table 1 Biological properties of cyclopropyl enkephalins
Analog

Assay (IC50)
GPI (/xM)

(+)V E Phe
(-)V E Phe
(-)VzPhe
(+)V z Phe
(±)V E Tyr
(±)V z Tyr
(+)V z Tyr
(-)VzTyr
a
b
c

MVD (/uM)

Agonist

Antagonist3

Agonist

Antagonist b

r

1.0
I
I
10
I
I
I
I

30
60
5
0.01
0.001
0.01
0.01
0.01

0.01

200
5
0.1
1.0
I
I
I

1.0

Tested to reverse effects of morphine (3 x IO-5 M).
Test to reverse effect of morphine (1 X IO-6 M).
Inactive ( > 300 MM).

The biological results given in Table 1 show that the analog containing the
racemic E-2,3-methanotyrosine showed an MVD/GPI ratio of 1000, while it
was 100 times more active than the Z-isomer in the MVD assay. Based on
literature data, the same E-compound is about 1/10 as active as [Leu5]-enkephalin.
We have not been able to separate the two diastereoisomeric peptides formed
from the racemic E-isomer, so that only the mixture was tested. The two peptides
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Fig. 1. Synthesis of [W^Tyr1,D-Ala2,Leu5] enkephalin.
formed from the Z-isomer, however, were separated by HPLC with difficulty,
and tested.
As in morphine, the dihedral angle corresponding to x\ in tyrosine is
approximately 80°. This is about midway between the xi angles, 0° and 120°,
of the two 2,3-methanotyrosine isomers. These results confirm the stringent steric
requirements of the N-terminal tyrosine residue for binding of the enkephalin
molecule.
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The design, synthesis and biological studies of synthetic
peptide models of dynorphin A (1-17)*
Chi-Ching Yang** and John W. Taylor
Laboratory of Bioorganic Chemistry and Biochemistry, The Rockefeller University,
1230 York Avenue, New York, NY 10021, U.S.A.

Introduction
Dynorphin A (Fig. 1), an opioid peptide, is postulated to consist of a
[Leu]enkephalin region (residues 1-5), a linker (arginine), a potential amphiphilic
/3-strand region (residues 7-15) and a disordered region [1] (residues 16-17).
The functional significance of the potential amphiphilic /8-strand region, in which
Pro10 causes an interruption of an idealized /6-strand peptide chain conformation,
has been investigated.
Dynorphin:
Peptide 1
Peptide 2
Peptide 3
Peptide 4
Peptide 5
Peptide 6

Y-G-G-F-L-R-7R-I-R-P-K-L-K-W-D 1 5-N-Q
Y-G-G-F-L-K-7K-V-K-P-K-V-K-V-K15-S-S
Y-G-G-F-L-K-7K-V-K-V-K-V-K-V-K 1 5-S-S
Y-G-G-F-L-K-'K-A-K-P-K-A-K-A-Kis-S-S
Y-G-G-F-L-0-70-V-0-P-0-V-0-V-015-S-S
Y-G-G-F-L-Dab-7Dab-V-Dab-P-Dab-V-Dab-V-Dab 1 5-S-S
Y-G-G-F-L-Dap- 7 Dap-V-Dap-P-Dap-V-Dap-V-Dap 1 5 -S-S

Fig. 1. Dynorphin A and dynorphin model peptides.
Results and Discussion
Peptide 1 (Fig. 1), with Ser as the substitute for Asn16 and Gin17, was designed
to replace the potential amphiphilic /3-strand region of the native sequence with
a sequence of alternating Lys and Val residues, while conserving Pro 10 . In 2
(Fig. 1), Pro10 was also replaced by Val, allowing us to investigate the role
of the Pro residue. Additionally, the importance of hydrophobic residues in
the 7-15 segment was studied by using 3 (Fig. 1), in which Ala substituted
for each Val in 1. Peptides 4, 5 and 6 (Fig. 1), in which ornithine ( 0 ) , L - 2 , 4 diaminobutyric acid (Dab) and L-2,3-diaminopropionic acid (Dap) residues
replaced each Lys in 1, respectively, were synthesized as well and allowed us
to study the functional importance of the length of the side chain in hydrophilic
residues in the 7-15 segment.
As summarized in Table 1,1 gives potent K receptor affinity and high selectivity
*Dedicated to the memory of Dr. E.T. Kaiser.
**Present address: Protos Corporation, 4560 Horton Street, Emeryville, CA 94608-2916, U.S.A.
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for K receptors over u and 8 receptors. However, 3 containing Ala as the
hydrophobic component in residues 7-15 exhibits even higher K receptor affinity.
The lower K receptor affinity and selectivity for K receptors over n and 8 receptors
of 2 demonstrate that Pro 10 is important to the bioactive conformation of
dynorphin A. These results indicate that a nonhomologous segment from residues
7-15, such as that in 1, can be used as a substitute for the same region in
dynorphin A. Comparing the binding studies of 1, 4, 5 and 6, 4 with propylamine
as the side chain for hydrophilic residues in positions 7-15 has the highest affinity
for K receptors. Peptide 5, with ethyleneamine as the side chain, shows the highest
JU receptor affinity. In contrast, 6 with the shortest side chain, methyleneamine,
has much lower affinity for both K and n receptors. These findings support
a crucial role for charge interactions in dynorphin-K receptor binding [3].
Table 1 Competitive binding of peptide models to opioid receptors in guinea-pig brain
membrane^
Peptide
Dynorphin A
1
2
3
4
5
6

IC50 + SEM (nM) (for radioligand displacement)
yu sites

S sites

K sites

3.16 + 0.62
4.82+1.11
4.97+1.27
5.52 + 0.85
2.65 + 0.42
1.07 + 0.16
19.11+1.56

13.1 + 2.90
39.1 + 3.20
12.5+1.80

0.63 + 0.19
0.53 + 0.04
1.86 + 0.63
0.29 + 0.02
0.32 + 0.04
0.62 + 0.14
15.31 + 3.66

All assays performed at 4°C in 50 mM Tris-HCl, pH 7.4.
For experimental details see Ref. 2.

a

References
1.
2.
3.

Tayor, J.W. and Kaiser, E.T., Pharmacol. Rev. 38(1986)291.
Tayor, J.W. and Kaiser, E.T., Int. J. Pept. Prot. Res., 34(1989)75.
Sargent, D.F., Bean, J.W., Kosterlitz, H.W. and Schwyzer, R., Biochemistry,
27(1988)4974.

347

Peptidomimetics in the study of opiate peptides
Dale F. Mierke", Odile E. Said-Nejad", Toshimasa Yamazaki3, Eduard Felder",
Peter W. Schillerb and Murray Goodman3
"Chemistry Department, University of California, San Diego, CA 92093, U.S.A.
b
Clinical Research Institute of Montreal, Montreal, Quebec, Canada H2W 1R7

Introduction
We are interested in examining the conformational requirements necessary
for biological activity of opiate peptides [1,2]. It has clearly been demonstrated
that the aromatic residues Tyr1 and Phe3 (dermorphin, morphiceptin) and Phe4
(enkephalin) are important for the opiate activity of peptides. To characterize
the role of these aromatic residues, we have synthesized a series of 14-membered
cyclic opiate analogs that contain phenylalanine at both positions three and
four (Fig. 1). In addition, we have initiated the synthesis of a series of cyclic
analogs of enkephalin incorporating a /3-(l-naphthyl)alanine residue at the fourth
position in place of the phenylalanine.
Methods
The analogs were synthesized by solution and SPPS and purified by RPHPLC.
The conformational characterization of the molecules was carried out by 'H
NMR and NOE-restrained molecular dynamics and flexible geometry energy
minimizations. The proton resonances were assigned using 2D COSY and
HOHAHA techniques. The NOEs were measured in the rotating frame (ROESY
experiments) at various mixing times, from 75 to 500 ms. Computer simulations
were carried out at the San Diego Supercomputer Center using the DISCOVER
program. The biological response of the analogs for two subclasses of opiate
receptors is shown in Table 1.
Results and Discussion
Multiple resonances were observed in the proton spectra of three of the eight
compounds shown in Fig. 1. The Tyr-c[D-A2bu-Gly-D-Nal(l)-Leu] analog contains 22% of cis configurational isomers, and two additional isomers were
observed for Tyr-c[D-A2bu-Phe-gPhe-R-mLeu] accounting for 21% and 13%.
The analog Tyr-c[D-Glu-Phe-gPhe-D-retro-Leu] is composed of only 28% of all
trans structure, with two cis amide-containing isomers accounting for 51% and
21%, respectively. We have been able to show with ROESY experiments that
the additional resonances arise from cis/trans isomerization about unsubstituted
amide linkages [3]. With saturation transfer techniques, the rate of iso348

Structural biology
Table 1 Guinea pig ileum (GPI) and mouse vas deferens (MVD) assay of various opioid
peptide analogs
MVD/GPI
Compound
MVD
GPI
IC50-ratio
IC50 [nM]
IC50 [nM]
2.49
1.15 + 0.17
Tyr-c[D-A2bu-Phe-Phe-Leu]
2.86 ± 0.37
12.2
Tyr-c[D-A2bu-Phe-Phe-D-Leu]
1.14 + 0.12
13.9 ± 0.9
12.2
Tyr-c[D-A2bu-Phe-gPhe-S-mLeu
0.518+ 0.099
6.30+ 1.11
10.1
Tyr-c[D-A2bu-Phe-gPhe-R-mLeu
117
+31
17.6 ± 2.8
3.64+ 0.10
0.09
Tyr-c[D-Glu-Phe-gPhe-rLeu]
39.0 ± 9.3
17.9
Tyr-c[D-Glu-Phe-gPhe-D-rLeu]
2.75 ± 0.63
49.1 ± 9.9
4.10
23.8 + 1.4
Tyr-c[D- A2bu-Gly-,6Nal( 1 )-Leu]
5.80 ± 0.62
4.29
266
±26
Tyr-c[D-A2bu-Gly-D-/3Nal( 1 )-Leu]
62.0 ± 6.7
0.0463
11.4 ± 1.1
[Leu5]enkephalin
246
+ 39
merization was measured and found to be similar to that measured for proline
containing compounds.
The conformational analysis employing NOE constrained molecular dynamics
has been completed for the analogs shown in Fig. 1. These results will be compared
with the findings from our studies of cyclic enkephalin analogs and applied
to our proposed model for opiate receptor selectivity.

Tyr-c[D-A2bu-Gly-(L and D)-Nal(lVLeul

Tyr-c[D-A2bu-Phe-Phe-(L and D)-Leu]

Tyr-c[D-Glu-Phe-gPhe-(L and D)-retroLeu]

Tyr-c[D-A2bu-Phe-gPhe-(S and R)-mLeu]

Fig. 1. Structures of cyclic analogs related to enkephalin and dermorphin.
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Solvation state of Leu-enkephalin in phospholipid micellar
environment as revealed by FTIR studies
N. Birlirakis3,1. Gerothanassis", M. Sakarellos-Daitsiotis3, C. Sakarellos",
B. Vitouxb and M. Marraudb
"Department of Chemistry, University ofloannina, Box 1186, 45110 Ioannina, Greece
b
LCPM-ENSIC-INPL, CNRS-UA 494, B.P. 451, 54001 Nancy Cedex, France

Introduction
Transfer of an aqueous-soluble peptide hormone such as Leu-enkephalin, Tyr1Gly2-Gly3-Phe4-Leu5, to the micellar environment of phospholipids may convert
the peptide into a conformation for eliciting biological activity. It is, therefore,
reasonable that a variety of spectroscopic techniques have been applied in
investigating the conformational state of peptide hormones in phospholipid
environment [1-5]. However, the models of site-specific solvation state of
hormones remain largely speculative. As a first step towards the solution of
specific mode solvation-hydratation effects of peptide oxygens, we performed,
for the first time, FTIR studies of [l- 13 C-Gly 2 ,Leu 5 ]- and [l- 13 C-Gly 3 ,Leu 5 ]enkephalin in dodecylphosphorylcholin (C| 2 PC) micelles.
Results and Discussion
We have recently shown that the IR difference spectra, with reference to Leuenkephalin, of the [l-C 13 -Gly 2 ,Leu 5 ]- and [l-13C-Gly3,Leu5]-enkephalins in
CH3CN/DMSO are similar, with a frequency shift of 36 cnr 1 between the 12C = O
and 13C = 0 stretching vibrations [6]. In aqueous solution, the Gly2 and Gly3
C = 0 amide I stretching vibrations of both [l- 13 C-Gly 2 , Leu5]- and [1-13CGly3,Leu5]-enkephalins are shifted to lower frequencies by 15 cm-1 and 25 cm 1 ,
respectively, thus indicating the formation of one hydrogen bond, and that the
solvation species involved are largely monohydrated [6,7]. This is in agreement
with extensive IR studies of simple model amides in which a characteristic high
frequency shift of the y(C = 0 ) vibration is observed upon disruption of a
hydrogen bond. It is, therefore, clear that the insertion or penetration of Gly2
and Gly3 peptide oxygens into the interior of the micelle and the concomitant
effective dissolvation would result in a significant shift to high frequency provided
that no conformational changes occur that could induce intramolecular hydrogen
bonding involving the peptide NH groups. However, it is found that the C = O
vibration frequencies of both Gly2 and Gly3 remain unaffected upon successive
addition of C12PC above the critical micelle concentration. Therefore it is clear
that both Gly2 and Gly3 oxygens are exposed to the solvent. The solvation species
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involved are, as in aqueous solution, largely monohydrogen-bonded. The alternative interpretation that these two peptide oxygens are inserted within the
interior of the micelle with the primary solvation (hydratation) state identical
to that in aqueous solution should be excluded since, as shown from extensive
FTIR studies on model amides, the dielectric constant of the medium should
induce significant spectral modifications for a given primary solvation state that
is not observed in our case. On the other hand, at least one of the other Tyr1
or Phe4 C = O vibration frequencies is slightly affected by the addition of C12PC,
probably due to some interaction of this peptide carbonyl within the micelle.
Conclusion
The present results suggest that the solvation state of both Gly2 and Gly3
peptide oxygens remains essentially unaffected upon addition of Ci,2PC micelles.
It is also apparent that Leu-enkephalin does not fold into an intramolecular
H-bonded 2 — 5 jS-turn structure in the lipid environment. The above results
show that FTIR of selectivily labeled 13C analogs of small peptide hormones
is a promising tool for studying specific solvation state of peptide oxygens in
micellar environment.
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Enzymatic synthesis of peptides in anhydrous organic
solvents
Alexey L. Margolin* and Alexander M. Klibanov
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139,
U.S.A.

Introduction
Enzymatic methods, with their unparalleled specificity, are an attractive
alternative to the classical techniques of organic chemistry. The use of organic
solvents as a reaction medium allowed for several transformations impossible
in water, thus significantly broadening the synthetic-repertoire of enzymes [1].
In this paper, we will consider our recent work on enzymatic peptide synthesis
in anhydrous organic solvents.
The advantages of enzymatic peptide synthesis, such as mild reaction conditions, absence of racemization, minimal protection and activation requirements,
are well recognized. Despite several successful examples, enzymatic - namely
protease-catalyzed - peptide synthesis has yet to reach the versatility of wellknown chemical methods. Three major problems should be solved before
enzymatic techniques become general routine procedure: (1) unfavorable thermodynamics of peptide synthesis in water; (2) a narrow substrate specificity
and enantioselectivity of enzymes; and (3) undesirable proteolysis of the growing
polypeptide chain. The first drawback can be alleviated by using enzymes in
biphasic aqueous organic mixtures, mixtures of water with water-miscible organic
solvents, or nonaqueous media. In our research discussed herein, we addressed
the remaining problems, namely secondary hydrolysis and strict substrate- and
stereoselectivity of enzymes.
Results and Discussion
Since lipases can catalyze the reaction of aminolysis between carboxylic esters
and aliphatic amines in anhydrous organic solvents [2], we decided to use these
nonproteases for the formation of peptide bond. We hoped that lipases under
such reaction conditions would catalyze the formation of the peptide bond.
Indeed, we succeeded [2] in synthesizing a variety of dipeptides using lipases
as catalysts in anhydrous toluene and tetrahydrofuran. The reaction procedure
was very simple. In a representative experiment, 18.5 mmol of A-acetyl-L-Phe
chloroethyl ester and 16.7 mmol of L-Leu-NH2 were dissolved in 330 ml of
•Present address: Merrell Dow Research Institute, 9550 N. Zionsville Rd., Indianapolis, IN 46268,
U.S.A.
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anhydrous toluene. Then, porcine pancreatic lipase was added and the suspension
was shaken at 45°C. The precipitated A-Ac-Phe-Leu-NH2 was extracted with
ethanol and then recrystallized to give 4.4 g (84% yield) of the pure dipeptide.
This methodology was used for the synthesis of other dipeptides. The results
obtained indicate that porcine pancreatic lipase catalyzes the reaction with other
amino acids, such as Tyr, Met, and Ala. A number of both amide and ester
derivatives of N-terminal amino acids can be used. Significantly, L and D isomers
of Leu and Ala serve equally well as nucleophiles. Porcine pancreatic lipase
was by no means a unique nonprotease to form a peptide bond. Lipases from
Chromobacterium viscosum, Pseudomonas sp., Mucor sp. and Candida cylindracea
catalyzed peptide synthesis, although their substrate specificity was different.
It is important to note that lipases did not catalyze the hydrolysis of synthesized
peptides. Thus, the use of organic solvents, instead of water, as a reaction medium
solves the equilibrum problems, and lipases, in contrast to proteases, do not
catalyze the secondary hydrolysis of peptides.
A number of biologically active peptides, including important antibiotics,
synthetic vaccines, and hormones contain unnatural and D-amino acid residues.
Enzymatic methods (as well as recombinant DNA technology) are not generally
applicable to peptides involving D-amino acids because the L-specificity of
proteolytic enzymes. The only exception has been the use of D-amino-acid
derivatives as nonspecific nucleophiles competing with water for the acyl enzyme
formed in the reaction between a protease and a protected L-amino-ester. This
approach, however, is inherently limited to the enzymatic incorporation of a
single D-amino-acid residue into a peptide's C-terminal position. We decided
to attack this problem by using anhydrous organic solvents as a reaction medium
and the microbial protease subtilisin as a catalyst. We have observed that, upon
a transition from water to organic solvents, the enantioselectivity of several
proteases dramatically relaxes [3]. We measured the ratio of specificity constants
(k cat /K m ) L /(k cat /K m ) D , which reflects enantioselectivity of an enzyme, in water
and in several organic solvents. The enzymatic reaction studied in water was
the hydrolysis of 2-chloroethyl esters of A-acetyl-L- and D-amino acids. In organic
solvents, we examined the enzymatic transesterification reaction between the
same esters and propanol. For all nonaqueous solvents tested, this enantioselectivity factor was found to be 10- to 100-fold lower. Also, there is a linear
correlation between the difference in free energy of activiation (AAG # ) for
subtilisin-catalyzed transesterification of L- and D-enantiomers of A-Ac-AlaOEtCl in 13 different organic solvents, and the hydrophobicity of the solvent
[3]. These results indicate that an enzyme's enantioselectivity decreases as the
hydrophobicity of the solvent increases. To test the generality of the observed
phenomenon, we investigated enantioselectivity of five other serine proteases
in water and in butyl ether. Elastase, a-lytic protease, subtilisin BPN, achymotrypsin, and trypsin all exhibit striking enantioselectivity in water, but
not in organic solvents: while the (k cat /K m ) L /(k cat /K m ) D in water is on the order
of IO3—IO4, in butyl ether it does not exceed even one order of magnitude. These
results demonstrate the predictable and rational control of enantioselectivity
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of enzymes by changing the reaction medium. The discovered phenomenon
allowed us to solve the problem of enzymatic synthesis of peptides containing
D-amino acid residues. Using subtilisin Carlsberg as a catalyst and tert-amyl
alcohol as a reaction medium, we synthesized several peptides with D-amino
acids (Ala, Phe, Trp, Asn) in the N-terminal position [4] (Table 1). It is worth
noting that various amino acid derivatives, including both L- and D-isomers
and dipeptides, were utilized as nucleophiles. This led us, for the first time,
to the enzymatic synthesis of a dipeptide (Af-F-D-Ala-D-Ala-NH2) constructed
of only D-amino acids. Thus, a radically altered stereospecificity of subtilisin
in organic solvents affords facile enzymatic preparation of diverse peptides
containing D-amino acids.
Another group of peptides representing a challenging and potentially useful
target for enzymatic methods is the isopeptides. These compounds, with the
bond formed with functional groups located in the amino acid side chains, may
have a number of attractive pharmacological properties. For example, the peptide
bond in A-Ac-L-Phe-(e)-L-Lys-ferf-Bu is much more stable toward proteolysis
than its a-isomer [5]. We synthesized this isopeptide from A-Ac-L-Phe-OEtCl
and L-Lys-O-rerr-Bu in tert-amyl alcohol using subtilisin as a catalyst in an
85% isolated yield [5]. The regioselectivity of this process was remarkably high
(>99%). Similar data were obtained when a Pseudomonas sp. lipoprotein lipase
was used as a catalyst of peptide synthesis. Therefore, subtilisin and lipase, when
used in anhydrous organic solvents, preserve their regioselectivity and afford
the synthesis of the unnatural e peptide linkage.
One of the most important features of enzymatic peptide synthesis is an inherent
chemoselectivity of enzymes. The property to choose exclusive a-carboxy and
a-amino groups without protection and then deprotection of highly reactive
side chains makes enzymes valuable practical catalysts. We studied a model
reaction of A-Ac-L-Phe-OEtCl with 6-amino-l-hexanol in tert-amyl alcohol and
have shown that subtilisin Carlsberg exhibits a 50-fold preference toward the
NH 2 group over the OH group [6]. We applied this procedure for the synthesis
of peptides to tri-functional amino acids (Tyr, Thr, Ser) [6]. As an illustration,
we utilized both subtilisin Carlsberg and BPN to prepare protected dipeptide
fragments (L-Tyr-L-Thr, L-Thr-L-Thr, and D-Ala-L-Ser) of the octapeptide T,
which has been reported to have an anti-HIV activity.
Conclusion
The unique combination of broad stereoselectivity and strict chemo- and
regioselectivity of enzymes in anhydrous organic solvents allowed the solution
of several problems of enzymatic peptide synthesis, thus making this technique
a valuable addition to chemical procedures.
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Site-directed labeling and identification of modified
peptides in a catalytic antibody-combining site
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10666 N. Torrey Pines Rd., La Jolla, CA 92037, U.S.A.

Introduction
The activity of monoclonal antibodies to specific haptens as enzymatic catalysts
is a topic of much current interest [1]. One implication of this research is in
the structural analysis of proteins with catalytic function. All antibodies have
a common structural motif, and therefore the determination of the structure
of an antibody-antigen complex can be approached by empirical modeling
methods [2]. Knowledge of the interactions between antibody and ligands for
the combining site can be used to construct an accurate model of the complex.
The amino-acid sequence of the esterolytic antibody [3] 50D8 has been deduced
from its cDNA sequence. Its combining site complementarity-determining regions
(CDRs) are suggested by homology to known antibody sequences (K. Bowdish
and J. Hicks, unpublished results). This sequence can be used to define a
preliminary model for the combining site and to predict the sequence of peptides
containing residues essential for the binding and catalytic activity. We have begun
to map the interactions between hapten and antibody by affinity-labeling techiques
and to identify labeled residues in its tryptic peptides. This report describes
our progress towards the characterizations of two labeling sites.
Results and Discussion
Two reagents were applied to active site-directed labeling. Tetranitromethane
(TNM) is known to nitrate a functional tyrosine residue in the active site, with
loss of catalytic activity [3]. A photoactivatable reagent, />-azidophenylglyoxal
(APG) as its hydrate, is thought to mimic the phosphonyl structure of the hapten
(Fig. 1). We report here that esterolytic activity of 50D8 is efficiently and
irreversibly inactivated by photolysis in the presence of 10 mol equivalents of
APG. Chemical modification of the antibody is conveniently assayed by loss
of the esterolytic activity in a previously described spectrophotometric assay
[3].
At concentrations of TNM in modest excess to protein (100 mol equiv.) under
standard conditions [4], the antibody's catalytic activity is reduced by more
than 60% in 20 min. Trypsin digest of the reduced (/J-mercaptoethanol) and
alkylated (iodoacetamide) protein produced a mixture of peptides detected by
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Fig. 1. Azidophenylglyoxal (APG) hydrate analog for phosphonate hapten.
RPHPLC (C18 Vydac 201 TP54). A chromatogram of the mixture at 350 nm
UV detection revealed a major peak at 20 min retention time (Fig. 2). The
peak was collected and repurified by RPHPLC by a CH 3 CN/H 2 0 0.1% TFA
0-50% in 30-min gradient elution. The purified peptide, characterized by Edman
sequencing, has in its first six positions the sequence S-G-G-I-I-YN. The residue
in the sixth position was identified as nitrotyrosyl by correspondence with an
authentic sample. The position of modification in the protein can, therefore,
be assigned based on the presence of this unique sequence in the segment contained
by trypsin cleavage sites in positions 52-53 and 64-65 on the H chain of 50D8.
The sequence 52-64 reads R-S-G-G-I-I-Y-Y-P-D-S-M-K. This fragment falls
within CDR2, and the hydroxyl group of Y58 can be proposed to contact the
carbonyl oxygen of the substrate in the complex where it can participate in
general base catalysis.

1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1
—

C-*

time (min)

Fig. 2. MAb 50D8 nitration by tetranitromethane. Tryptic peptides by RPHPLC mapping.
Gradient elution with CH3CN/H20, 2% NH4OAc, pH 7, 3-30% CH3CN in 30 min.
The modification by APG may be assumed to map a position of contact
between the protein and the para substituent of a /7-amidophenylacetate ester
substrate. Thus, the antibody was photolyzed in the presence of a 10-fold molar
excess of APG, reduced with sodium borohydride, alkylated and digested as
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5. Hunt et al.
before. The RPHPLC peptide map at 280 nm detection showed a large number
of peaks. The 280-nm chromophore is therefore of little use in identification
of labeled peptides. Since the glyoxal group in the affinity label can be reduced
to a diol with incorporation of hydride, this serves as a useful method for specific
radiolabeling of APG-modified peptides (Fig. 3). When the inactivated protein
was reduced with tritiated borohydride (NaB3H4) and digested, the HPLC map
contained a unique fraction, eluted at about 13-14 min, with significant tritium
content. This mixture has been separated by HPLC and the radiolabeled material
was collected. The purification is incomplete and a second gradient elution is
being applied to obtain a homogeneous material. The sequence of the peptide
obtained shall provide supplementary information for mapping of the combining
site. The usefulness of the APG labeling shall depend on the sequencing through
the modified residue, such that the position of modification may be inferred.
It is expected that the identification of two sites contacting the substrate or
hapten in a well-defined manner will provide sufficient constraints with which
to orient the ligand in the combining site. Further refinement of the active site
structure may then proceed from the analysis of adjacent sequences and sidechain interactions.

H
peptide ^ N ^ ^

.
n
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NaBH 3 T

H

peptide ^ N ^ - ^
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CH 2 (T)
OHH(T)

Fig. 3. Radiolabeling of APG photo-inactivated antibody.
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Synthetic substrates of the IgAl proteinase from
Neisseria gonorrhoea
Stephen G. Wood
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Introduction
The pathogenic bacteria, Neisseria gonorrhoea, secretes a high molecular weight
enzyme (106 kDA) that cleaves and inactivates human secretory IgAl [1]. The
precursor of this enzyme, upon extracellular secretion, undergoes autoproteolysis
at three sites to generate the mature enzyme [2]. The three sites all contain
a proline residue in the Pj position that is consistent with the cleavage sites
of IgAl.
Results and Discussion
Three decapeptides based on the autoproteolytic cleavage sites, as well as
two decapeptides containing the IgA cleavage sites were synthesized, along with
their possible catabolites, by SPPS (Table 1). The synthetic peptides were digested
with the neisserial enzyme and monitored by HPLC for cleavage. Two of the
decapeptides have been proven to be substrates for the neisserial enzyme.
These are the first synthetic substrates of any IgAl proteinase.
Table 1 Synthetic peptides synthesized
Autoproteolytic sites
HRP-91
Ac-VKPAPSPAAN-NH2
HRP-92
Ac-VVAPPSPQAN-NH2
HRP-93
Ac-LPRPPAPVFS-NH2
IgAl cleavage sites
HRP-94
Ac-TPPTPSPSCC-NH2
HRP-95
Ac-PSTPPTPSPS-NH2
The decapeptides were digested with the neisserial enzyme in Tris buffer (50
mM, pH 7.5) for 24 h and checked for cleavage. Upon HPLC two of the
decapeptides, HRP-92 and HRP-93, produced two peaks corresponding to their
respective catabolites. The peaks were collected and subjected to AAA and
sequencing. The results confirmed the HPLC data that cleavage had occurred.
No cleavage of the other decapeptides had occurred after 24 h incubation.
The two decapeptides were then synthesized using a high tritium label (1 Ci/mol)
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to effectively monitor the cleavage. The peptides were digested, as above, in
five concentrations. The results are given in Table 2. The tetrapeptide inhibitor,
HRP-48, was incubated along with a digest mixture containing HRP-93, and
< 3% cleavage had occurred after 6 h.
Boronate transition-state inhibitors also effectively inhibit the cleavage of the
synthetic peptides, as does human colostrum.
Both HRP-92 and HRP-93 are cleaved by IgA(+) constructs from Escherichia
coli. Neither synthetic substrate is cleaved by neisserial IgA(+) constructs.
Inhibitors of the cleavage of the synthetic substrates may also prevent
maturation of the IgAl proteinase.
Table 2 kca,/Km of synthetic peptides
K m (M)
IgAl
HRP-92
HRP-93

6

6xl01.35x10-3
3.43x10-3

kCat (pmol/h/U)

k cat /K m (x 106)

13.3
280
439

2.16
0.21
0.13
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Action of pepsin on peptide substrates containing
7V«-methyl amino acids
Jan Pohl
MicrochemicalFacility, Winship Cancer Center, Emory University, Atlanta, GA 30322,
U.S.A.

Introduction
In complexes of aspartic proteinases with inhibitors, peptides are bound at
the active site in an extended beta-strand conformation with hydrogen bonds
between the main chain of the inhibitor and the enzyme [1-3]. Hydrogen bonding
in complexes of these enzymes with oligopeptide substrates may play an important
role in their catalytic efficiency, k cat /K M , e.g., by promoting strain on the scissile
peptide bond [4]. In fact, k cat /K M increases with increased substrate length (KM
remaining unchanged). We explored the effect of eliminating substrate amide
protons (H-bond donor) on the hydrolytic efficiency of pepsin. In positions
P3 through P2 of the chromophoric octapeptide substrates [5], peptide bond
-NH- groups were replaced by -N(CH3)-, and the effect of these modifications
was quantitated.
Results and Discussion
Peptides (Table 1) were synthesized by using SPPS on PAM-resin (0.1 mmol
scale), and Boc-L-amino acids. Boc-A-methyl amino acids were incorporated
into the peptides by the symmetric anhydride coupling protocol used for leucine
and required double couplings (monitoring by quantitative ninhydrin test and
by solid phase sequencing). The peptides were deprotected and cleaved from
the resin in HF/anisole/DMS (85:10:5, 12°C, 90 min), and purified by RPHPLC; their composition was confirmed by AAA.
Pepsin cleaved peptides between residues P] and P[ (Table 1). The kinetics
are position-dependent, in the order of P 1 » P [ > P 3 , P 2 , P 2 for effects on kcat
and P [ » P2 > P3,P[ > P2 for effects on k cat /K M . The amide proton in P! is nearly
essential for hydrolysis, however, with remarkably little effect on KM. This
correlates with the view [1-3] that hydrogen bonding of the P! amide to the
carbonyl of Gly217 (pepsin numbering) is crucial for correct positioning of the
scissile peptide bond. The amide proton in Pf is not an essential structural feature,
since kcat is reduced only 20-fold. Proline was placed in Pf for comparison, and 9
was also found to be a moderately good substrate. Replacements in secondary
substrate positions, P3 and P2, have negative effects on both kcat and KM (38fold increase in P2). For the doubly substituted 12, these changes are approximately
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Table 1 Kinetics of cleavage of peptides by pepsin*
P3 P2 P,

Pf

P! P3'

Km
^cal/K-m
(s-> M-i)
(nM)
45
1930000
1 Lys-Pro-Ala-Lys-Phe-Nph-Arg-Leu
87
2 Lys-Pro-Ala-Lys-Phe-Nph-Arg-Leu
230
74000
17
4 300000
3 Lys-Pro-Ala-Ala-Phe-Nph-Arg-Leu
91
21
4 Lys-Pro-Ala-Ala-Phe-Nph-Arg-Leu
7
6400000
45
5 Lys-Pro-Ala-Pro-Phe-Nph-Arg-Leu
0.007
130
54
6 Lys-Pro-Ala-Lys-Phe-Nph-Arg-Leub
0.004
20
200
7 Lys-Pro-Ala-Lys-Nph-Ala-Arg-Leu
2900
0.8
280
8 Lys-Pro-Ala-Lys-Nph-Ala-Arg-Leu
0.04
130
300
9 Lys-Pro-Ala-Lys-Nph-Pro-Arg-Leub
5 800
3.0
520
10 Lys-Pro-Ala-Glu-Phe-Nph-Ala-Leu
5 500000
110
20
11 Lys-Pro-Ala-Glu-Phe-Nph-Ala-Leu
30
770
39000
12 Lys-Pro-Ala-Lys-Phe-Nph-Ala-Leu
-2
>2000
< 1000
a
Nph=/>-nitrophenylalanine; Af-methyl amino acid residues are underlined; at 37°C, pH
4.5,1 = 0.1 M; see Ref. 5 for methods.
b
Compare with 1.
^cat

(s-i)

additive. As shown previously [6,7], occupation of these secondary binding
subsites by small residues, e.g., Ala, despite rather large increase of kcat, does
not influence KM at all [6,7]. Therefore, in subsites S3 and S^, the main chain
amide hydrogen bonds (in pepsin to Ser219 and Gly34, respectively) are likely
to contribute to the magnitude of KM. The position least influenced is P2 for
which 4 has a slight increase in k cat /K M . Therefore, hydrogen bonding of P2
amide to Thr77 of the 'flap' is not catalytically important. In striking contrast
with the effect of A^-methyl-Ala, proline residue in P2 (5) is not acceptable. This
stresses the importance of substrate conformation in this subsite.
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Expression, refolding and characterization of recombinant
human procathepsin D
Paula E. Scarborough3, Gregory E. Connerb and Ben M. Dunn3
"Department of Biochemistry and Molecular Biology, University of Florida, Gainesville,
FL 32610, U.S.A.
department of Cell Biology and Anatomy, University of Miami School of Medicine, Miami,
FL 33101, U.S.A.

Introduction
Cathepsin D is a lysosomal enzyme that functions,"primarily, in the degradation
of intracellular and endocytosed proteins. A member of the aspartic protease
family, cathepsin D shows a great deal of sequence homology with pepsin and
renin. Cathepsin D is synthesized in the cell as a preproenzyme that must undergo
several cleavages to generate the active enzyme. In the lysosome, cathepsin D
exists in two enzymatically active forms: a single-chain form and, after further
proteolytic cleavage, a predominant and stable two-chain form that lacks seven
amino acids in the middle of the molecule [1]. To study the structural and
enzymatic properties of the biosynthetic intermediates of this enzyme, a bacterial
expression system has been developed to yield large quantitatives of procathepsin
D. The proenzyme must be refolded and activated to recover proteolytic activity.
Results and Discussion
Human procathepsin D with an initiation codon preceding an authentic aminoterminus was expressed in Escherichia coli using the plasmid pTCPSD2, derived
from the T7 phage promotor-driven cloning vector pET3a. The recombinant
procathepsin D was identified in Coomassie-stained whole cell lysates on SDSPAGE gels and confirmed on Western blots by anti-cathepsin D antibodies.
The recombinant procathepsin D accumulated in insoluble intracytoplasmic
inclusion bodies visible in electron micrographs of cells containing the pTCPSD2
construct. The insoluble inclusion bodies were isolated from lysed bacteria by
centrifugation. It was determined that procathepsin D constituted greater than
95% of the total protein in the inclusion bodies.
The purpose of this work was to optimize the conditions under which the
proenzyme material was solubilized, refolded and activated, in order to recover
the maximum amount of active enzyme possible. All conditions were evaluated
based on proteolytic activity assays of the activated enzyme using the nitrophenylalanine (Nph)-containing synthetic substrate, Lys-Pro-Ile-Glu-Phe-NphArg-Leu [2], which has an apparent Km for native human cathepsin D of 329
nM and 298 «M for the refolded recombinant human cathepsin D.
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The inclusion bodies were solubilized under strongly denaturing conditions
(50 mM CAPS, 50 mM /J-ME, 8 M urea, pH 10.7), then diluted to a concentration
of 500 pmol/ml. As determined from a pH range of 7.20 - 10.20 and time
courses up to 24 h, after dilution, it was most efficient to incubate the refolding
solution for 2 h at a pH of 8.70-8.75. Ellman's sulfhydryl quantitation studies
indicated that, within the first hour following dilution, all but a residual 5%
of cysteine residues had formed disulfide bonds. The following millimolar ratios
of reduced: oxidized glutathione were examined for their enhancement of correct
folding, each at pH 8.75 and 3.50: 10:1, 5 : 1 , 5:5, 2 : 1 , 1:1, 1:0.1, 0.5:0.5,
0.1:1, 1:2, 1:5, 1:10. A 10:1 ratio at pH 3.50 with 3 mM cysteine present
enhanced correct folding 4-5-fold. From a pH range of 3.35-4.09, the optimum
pH for activation of the proenzyme was found to be between 3.50 and 3.90.
However, proteolytic activity was detected no earlier than 24 h after the refolding
solution had been adjusted to the acidic pH. Activity was seen to increase up
to at least 96 h after the final pH adjustment.
The extensive activation times along with the observed disappearance of free
sulfhydryl groups within the first hour of refolding indicated that the initial
disulfide bonds formed might not be those of the active enzyme, which, according
to the classic model for aspartic proteases, are believed to be Cys27-Cys96, Cys46Cys53, Cys222-Cys226 and Cys265-Cys302. The refolding process is believed to
continue at the acidic pH. These statements are supported by changes in
fluorescence emission spectra and HPLC analyses of tryptic digests of the
procathepsin D at different times during the refolding and activation processes.
AAA and sequencing of collected HPLC peaks, combined with CD measurements of samples taken during the refolding and activation processes, should
yield a clearer picture of changing disulfide bonds. Determining the optimal
conditions for recovering correctly refolded, active cathepsin D is instrumental
in realizing our ultimate goal of developing site-directed mutants to further our
understanding of the cleavage mechanism.
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In vitro and in vivo inhibition of human leukocyte elastase
(HLE) by two series of electrophilic carbonyl containing
peptides
M.M. Stein, R.A. Wildonger, D.A. Trainor, P.D. Edwards, Y.K. Yee, J.J. Lewis,
M.A. Zottola, J.C. Williams and A.M. Strimpler
ICI Pharmaceuticals Group, A Business Unit of ICI Americas Inc., Wilmington,
DE 19897, U.S.A.

Introduction
HLE is a serine protease believed to be involved in the pathogenesis of
emphysema. In an attempt to find therapeutic agents for the treatment of
emphysema, we have focused our efforts on discovering new, potent, selective
inhibitors of HLE. We have previously reported on the activity of a number
of peptides containing electrophilic carbonyl groups including aldehydes, trifluoromethylketones, difluoromethyleneketones and a-ketoamides. We report
here on the synthesis and activity of peptidyl a,a-difluoro-^-ketoamides and
peptidyl a-diketones, two new series of electrophilic carbonyl-containing peptides.
Results and Discussion
a-Diketones
A series of peptidyl a-diketones of general structure (1) (where R' = aryl or
arylacylsulfonamido, R = aryl, alkyl) has been synthesized by two different routes
both utilizing peptidyl acyloins as the penultimate intermediate. In the first route,
the key step is the reaction of a peptidyl a-hydroxy-A-methyl-A-methoxy amide
[1] with excess Grignard reagent to form the acyloin (Eqn. I). In the second
route, a peptidyl trimethylsilylcyanohydrin was reacted with excess Grignard
reagent [2] to form the same acyloin (Eqn. I). Oxidation of the acyloin to the
a-diketone is best accomplished via a Swern oxidation.
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.OCH,
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OH

I
CH 3
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RMgX
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OH

OSi(Me)3
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These peptidyl a-diketones are potent, competitive, and reversible inhibitors
of HLE in vitro. For example, for compound (la) (R' = Cbz, R = Et) the
K-i(HLE) = 2.4 nM. They have comparable activity to a series of related peptides
containing trifluoromethylketones (K i(HLE) = 1.9 nM for (2) if R' = Cbz).
These peptidyl a-diketones also inhibit HLE in vivo in our acute hemorrhagic
model of lung injury. Compound (lb) (R' = C 6 H 6 S0 2 NH-terephthaloyl, R = n-Bu)
has a significant retention time in the lung and protects the lung from HLE
damage when the inhibitor is predosed intratracheally up to 6 h prior to the
enzyme.
a,a-Difluoro-B-ketoamides
A series of a,a-difluoro-j8-ketoamides of general structure (3) (where
R' = aralkoxy or arylacylsulfonamido, R = alkyl or aralkyl) has been synthesized
and evaluated as inhibitors of HLE. In vitro these compounds are potent, selective,
reversible and competitive inhibitors of HLE.

'^0
The potency of these compounds in vitro increases as the length of the peptidyl
portion is increased from a dipeptide to a tripeptide. Structural variations to
the R' group are well tolerated and arylacylsulfonamido is preferred. Structural
manipulation of R can effect potency by more than one order of magnitude
with an aralkyl side-chain preferred.
The most potent HLE inhibitor of the series (4) (Ki(HLE) = 0.04 nM) was tested
versus a wide variety of proteases and has exceptional selectivity for HLE.
This compound (4) also inhibits HLE in vivo in our acute hemorrhagic model
of lung injury when predosed intratracheally up to 24 h prior to the enzyme.
Compound (4) is prepared using standard peptide coupling and protecting
agents. The synthesis of fragment (C) involves a key Reformatskii reaction between
Cbz-Valinal and ethyl bromodifluoroacetate. After displacement of the ester
to form the amide and removal of the protecting group, one obtains the Bhydroxyde amide as a single crystalline diastereomer. The (A,B) fragment is
obtained as a crystalline calcium salt that is neutralized and coupled to fragment
(C). In the final step, the alcohol is oxidized via the Pfitzner-Moffat reaction
to obtain the final crystalline ketone.
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Phosphinates as transition-state analog inhibitors of
thermolysin: The importance of hydrophobic and hydrogen
bonding effects
Bradley P. Morgan and Paul A. Bartlett
Department of Chemistry, University of California, Berkeley, CA 94720, U.S.A.

Introduction
Substitution of the phosphonamide NH with an ester oxygen in a series of
identically bound [1] thermolysin inhibitors decreased the binding affinity by
4 kcal/mol (Table 1) [2], This reduction was attrfbuted to differences in Hbonding, solvation, and metal coordination between the inhibitors, an interpretation subsequently supported by a computational study [3]. The related series
of phosphinate analogs, 1, has been prepared to evaluate further the role of
H-bonding and hydrophobic effects, as well as validate an independent computational study.
Table 1 Tetrahedral phosphorus inhibitors of thermolysin

1:Y = Ch 2

Inhib.

2 : Y = NH

3:Y = 0

Kj (nM)

X

Y = CH 2

Y = NH

Y= 0

NH 2
Gly
Phe
Ala
Leu

1400
300
66
18.4
10.6

760
270
78
16.5
9.1

660000
230000
53000
13000
9000

Results and Discussion
Across a similar series of inhibitors (Table 1), the phosphinates are bound
an average of only 0.1 kcal/mol less tightly than the corresponding phosphonamidates. This trend is observed across two orders of magnitude in absolute
binding affinity (Fig. 1), suggesting that the phosphinate and phosphonamidate
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inhibitors bind to the active site in a similar manner and, aside from those
due to the NH group itself, with similar interactions to the protein.
The difference in binding energy of compounds 1, 2, and 3, as shown in
the thermodynamic cycle in Fig. 1, arise from steps 1 and 3. Step 1, desolvation
of the inhibitor, is expected to be more difficult for the phosphonamidate than
for the phosphinate, largely because of the hydrogen bonding capability of the
former. Step 3, association of inhibitor and enzyme, is dependent on two major
factors: the favorable interaction from the NH-enzyme hydrogen bond and the
ligand strength of the phosphorus oxyanion with the enzyme-bound zinc atom.
The difference in binding affinities can, therefore, be summarized by the following
equation: AAG = AGsolv + AG„gand + AGH.bondAssuming the differences in ligand affinities to be negligible [4], the difference
in solvation energies of the two inhibitors is approximately equal to the difference
of hydrogen-bonding. In other words, the magnitude of the hydrophobic effect
of the phosphinate inhibitors is similar to the binding energy due to the hydrogenbond of the phosphonamidate inhibitors.
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I(s) +

E

11

21

\% +

E

4t

(g) ~" EI(g, (gas phase)

Step

Difference

1
2
3
4

AGsolv
0
AGH_bond + AGiigand
-0

Desolvation
Identical
Binding
Similar

Loq Ki (NH)

Fig. 1. Comparison of inhibition constants for 1 and 2.

Fig. 2. Thermodynamic Cycle.
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The bisubstrate inhibitor concept: Application to protein
kinases C and A
A. Ricouart3, A. Tartar1" and C. Sergheraert3
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b
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Introduction
Protein kinase C (PKC) is recognized as a major regulatory enzyme and has
been involved in the control of a wide variety of physiological processes [1].
Different classes of compounds have been reported to inhibit PKC and some
of them were shown to act as anti-tumor promotors [2-4]. Most inhibitors have
been classified as interacting with the regulatory or the catalytic domain based
on competitive or noncompetitive inhibition with respect to phospholipids,
calcium, ATP and substrate.
Results and Discussion
With such an enzyme showing separated regulatory and catalytic domains
and interacting with two substrates at the active site, a bisubstrate inhibitor
can be designed that incorporates aspects of both substrates in the same molecule.
Such constructs allow the taking advantage of the binding energy of each substrate
and also adds an entropic contribution by having both binding moieties covalently
linked in one molecule. We have developed such bisubstrates by covalently linking
two competitive moieties:
(1) an isoquinoline sulfonamide (a common structure for several competitive
inhibitors of the ATP binding site of different kinases: PKC, cAMP-dependent
protein kinase (PKA) and cGMP-dependent protein kinase [5]); and
(2) a peptidic substrate based on the consensus recognition pattern of PKC
or PKA.
As an estimate of the relative disposition of substrates in the catalytic site
of PKC, we have used the X-ray structure of phosphoglycerate kinase crystallized
with an ATP and the substrate molecule [6]. From these coordinates, we could
calculate a 16.3 A distance between the carbon atom bearing the phosphorylated
hydroxyl and the adenine nitrogen bound to the ribose moiety (Fig. 1).
Several constructs were thus prepared by SPS. Their inhibiting potency for
PKC and PKA were determined and compared to those of the separated moieties.
One of these bisubstrates, isoquinoline-S02-(/J'Ala)2-Ser-Arg6, is a potent
inhibitor of PKC {K{ — A jum). Surprisingly, isoquinoline-S02-(/6Ala)2-Ser-Arg6
is also a very potent inhibitor of PKA {K,= 170 nM), strongly surpassing the
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Fig. 1. Active site of phosphoglycerate kinase: relative substrates disposition.
commercial product H7 (K, — 3 juM). In contrast to the bisubstrate, each separated
moiety: isoquinoline-SO rj 6Ala and jSAla-Ser-Arg6 does not have significant
inhibitory capacity, even when used together.
These results show that properly designed bisubstrate inhibitors can be valuable
tools to attain inhibition of protein kinases in the nanomolar range.
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Synthesis of cysteine proteinase inhibitors structurally
based on the proteinase-binding center of human cystatin C
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Introduction
Cysteine proteinases of microorganisms and mammalian" cells participate in
several important intra- en extra-cellular biological processes [1]. Several structurally related mammalian low molecular weight proteins, which inhibit the
activities of cysteine proteinases, have recently been described. These natural
cysteine proteinase inhibitors have been named cystatins and constitute the
cystatin superfamily of proteins. Cystatin C is perhaps the physiologically most
important extracellular human cystatin, and a part of the molecule involved
in the interaction with the target enzymes has been localized [2]. This work
describes the synthesis of peptide derivatives structurally related to the binding
segment of cystatin C and their proteinase inhibitory properties.
Results and Discussion
Peptides were obtained by SPPS or in solution. Diazomethane derivatives
were synthesized from the appropriate protected peptides, and diazomethane
by the mixed anhydride method. Pseudopeptides containing -CH = CH-,
O
/
\
-CHOH-CH 2 -, or -CH — CH-groups were obtained by coupling either the (e)5-aminopent-3-enoic or (RS)-3-hydroxy-5-aminovaleric acids to Z-Leu-Val-OH,
and by oxidation of the olefinic precursor.
Inhibition or inactivation (for diazomethyl ketone inhibitors) rate constants
were determined by the methods of Barrett et al. [3] and Nicklin and Barrett
[4], respectively.
Cystatin C fragments comprising residues 4-21 (GKPPRLVGGPMDASVEEE), 7-16, 8-12, and 11-15, were synthesized and tested as substrates for
papain. The three first were all good substrates and were all preferentially cleaved
at the expected Gly 11 -Gly 12 bond, while the fourth was not cleaved at all.
Therefore, peptide derivatives with the N-terminal peptide segment adjacent to
the Gly-Gly bond of cystatin C were synthesized. The synthesized compounds
were tested for inhibitory activity against papain, and four of them displayed
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Enzymology
inhibitory properties. Two of the diazomethyl ketones gave irreversible rapid
inactivation of papain and were also found to inhibit irreversibly bovine cathepsin
B and streptococcal proteinase. These inhibitors did not exert any inhibitory
activity against the tested serine- and aspartic-, or metallo-proteinases (Table
1).
Preliminary studies demonstrate that some of the peptide derivatives are
efficient inhibitors of several human cysteine proteinases, and Z-LVG-CHN 2
has recently been shown to block the replication of group A streptococci [1],
that of the protozoan, Entamoeba histolytica, and that of the herpes simplex
virus, probably by interfering with cysteine proteinases of fundamental importance of the replication processes. It has also been demonstrated in animal
experiments that ZLVG-CHN 2 might be used as a life-saving antimicrobial agent
in lethal infections caused by group A streptococci [1].
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Studies on the enzymatic degradation of peptides
corresponding to the subunit 2 C-terminus of herpes virus
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Introduction
HSV R2-(329-337) corresponds to the subunit 2 C-terminus of herpes virus
ribonucleotide reductase (RR) and VZV R2-(298-306) to that of varicella-zoster
virus RR. These two peptides as well as Ac-HSV R2-(329-337) and HSV R2(332-337), but not [Ala336]HSV R2-(329-337), specifically inhibit in vitro viral
RR activity [1]. In this report, we present data on their proteolysis, using
quantitative RPHPLC.
Results and Discussion
Under standard RR assay conditions (40 nmol of peptide and 250 nS °f HSV1 partially purified RR protein extract from BHK-21/C13-infected cells in 50
mM HEPES, pH 7.8, containing 4 mM NaF, 30 mM DTT and 50 MM CDP,
37°C) HSV R2-(329-337) was rapidly degraded, since only 17 ± 1% of the initial
concentration remained after 30 min of incubation. The proteolytic resistances
of VZV R2-(298-306), Ac-HSV-R2-(329-337), HSV R2-(332-337) and [Ala336]HSV R2-(329-337) relative to that of HSV R2-(329-337) (100%) were, respectively,
350%, 150%, 30% and 80% under conditions of linear degradation (100 nmol
of peptide and 60 ng, of protein extract). The beneficial effect of A"-acetylation
suggests that aminopeptidases play an important role in HSV R2-(329-337)
processing. Isolation and characterization of this peptide's metabolites revealed
that it was transformed into HSV R2-(330-337). This octapeptide, which possesses
13% of the nonapeptide inhibitory potency (IP) was further reduced to the
heptapeptide 331-337 (IP, 16%). These results suggest that HSV R2-(329-337)
assumes, in the RR assay conditions, a conformation that protects it against
other peptidase activities. Hence, structure modifications such as amino-terminus
shortening, internal monosubstitution (Ala336) or disubstitutions (Thr332 with
He334) could either destabilize or stabilize such a conformation. Since degradation
patterns of HSV R2-(329-337) fragments and analogs have not been elucidated,
we cannot completely exclude the participation of other proteolytic activities
in their degradation. The residual concentrations of HSV H2-(329-337), in this
RR assay were, respectively, 49 ± 1 % , 44 + 2% and 95 + 6% when 2.0 mM
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amastatin, 2.0 mM bestatin (two aminopeptidase inhibitors) or 2.5 mM bacitracin
(a broad spectrum inhibitor) were added to the incubation medium. Altogether
these findings provide a rationale for the independent study of the affinity of
RR inhibitory peptides and their metabolic resistance. They also suggest structure
modifications that may improve HSV R2-(329-337) efficacy, Ac-Tyr-Ala-GlyThr-Val-Ile-Asn-Asp-Leu-OH being totally resistant to proteolysis by RR protein
extracts.
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Introduction
The biologic role of tissue kallikrein is poorly understood. In vitro, this enzyme
produces the hormone lysyl-bradykinin from kininogen [1] and other polypeptide
hormones, such as insulin and atriopeptin, from their higher molecular weight
precursors. Kinins are involved in blood pressure regulation, in perception of
pain, and in the manifestation of rhinitis. Use of specific kallikrein inhibitors
offers a means of determining which of the active kinins are produced by tissue
kallikrein. Substrate analog inhibitors, designed around the Arg-Ser cleavage
site of low molecular weight kininogen, have been shown to specifically inhibit
tissue kallikrein [2]. The substrate analog inhibitors have K; values in the /umolar
range. In order to increase the affinity of the inhibitors, we have focused on
synthesizing inhibitors based on the amino acid sequence of aprotinin, a potent
inhibitor of tissue kallikrein. The crystal structure of porcine pancreatic kallikreinaprotinin complex is known, thus facilitating the design of inhibitors.
Results and Discussion
Peptides were synthesized by SPPS, gel filtered on a Sephadex G-15 column,
purified by RPHPLC, and characterized by TLC and AAA. Inhibition constants
were determined in a chromogenic assay at 37°C by using 0.25 units of porcine
pancreatic kallikrein (PPK) and D-Val-Leu-Arg-pNA (0.1 mM or 0.2 mM). Kinetic
data was analyzed by Dixon plots. NMR spectra in D 2 0 were recorded on a
Brucker WP-200 spectrometer. Two-dimensional experiments in D 2 0 included
COSY, RELAY and NOESY. Delays of 25 ms were used between mixing pulses
in RELAY experiments, and 50-300 ms mixing delays were used in NOESY
experiments. For samples in H 2 0 , the spectra were recorded on a Brucker WM400 spectrometer. Two-dimensional spectra included 2QF-COSY and NOESY.
A mixing time of 100 ms was used in the NOESY experiments.
Table 1 lists the peptides synthesized and their K; values for inhibiting PPK.
The residue sequences are based on the amino acid sequence of aprotinin that
is in contact with the active site of PPK. Note that a-aminobutyric acid was
substitued for cysteine. A minimum sequence of five amino acids, spanning
residues 12-16 of aprotinin, is necessary for inhibition of PPK. Addition of
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Table 1 Inhibition ofporcine pancreatic kallikrein by peptides homologous with the binding
segment of aprotinin
Inhibitor

Sequence

K;(10-4M)

KKI-40
KKI-39
KKI-38
KKI-37
KKI-36
KKI-35
KKI-34

Ac-GP-NH 2
Ac-GPX-NH 2
Ac-GPXK-NH 2
Ac-GPXKA-NH 2
Ac-GPXKAR-NH 2
Ac-GPXKARI-NH 2
Ac-GPXKARII-NH 2

Nl
Nl
Nl
2.3
2.3
5.0
1.2

Single letter abbreviations for amino acids are used: Nl = no inhibition; X = 2 a-aminobutyric acid.
residues 17 and 18 results in a poorer inhibitor, while addition of residue 19
increases inhibition. Since the octapeptide, KKI-34, inhibits PPK, its solution
structure was studied by one- and two-dimensional NMR methods for comparison
with the known structure of the segment in aprotinin that contacts PPK. Since
all chemical shifts could not be assigned from one-dimensional spectra, twodimensional experiments (COSY, 2QF, and RELAY) were performed to aid
in spectral assignments. For the purpose of assigning chemical shifts to the amide
protons, one-dimensional and 2QF-COSY spectra were obtained in 90% H 2 0
at 400 MHz. In the 2QF-COSY spectrum of KKI-34, six clearly resolved crosspeaks were observed, corresponding to each of the seven expected NH-CaH
couplings. Amide proton is absent in proline, and the amide protons of the
two isoleucine co-resonate. Thus, only six cross-peaks were observed. The
observed vicinal coupling constants ( 3j NH-CaH) measured from one-dimensional
spectra in H 2 0 were all between 5.5 and 8.0 Hz.
The range of observed coupling constants, and the absence of significant NOE
interactions suggest that KKI-34 exists as a random coil, or it rapidly samples
several restricted conformations leading to averaging of the observed coupling
constants on the NMR time scale. Thus, inhibition by the octapeptide occurs
because of its homology with residues 12-19 of aprotinin. Moreover, the absence
of a stable solution conformation, similar to the binding segment of aprotinin,
may explain the 150 000-fold increase in the K, of KKI-34 compared to that
of aprotinin.
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on human leukocyte elastase and cathepsin G
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Introduction
Eglin c, isolated from the leech Hirudo medicinalis [1], consists of 70 amino
acid residues (Fig. 1) and effectively inhibits chymotrypsin and subtilisin, as
well as leukocyte elastase and cathepsin G. It was revealed that eglin c present
in the complex with subtilisin was shortened N-terminally by 7 amino acid residues
[2], This observation indicates that eglin c derivatives, shortened from the Nterminus by up to 7 amino acid residues, should be active as an inhibitor.
This paper deals with the synthesis of eglin c (8-70) and various peptide
fragments related to eglin c, and the relationship between their structure and
inhibitory activity against leukocyte elastase, cathepsin G and a-chymotrypsin.
Results and Discussion
Peptides (I—XIII) shown in Fig. 1 were prepared by the conventional solution
method and their inhibitory effects on leukocyte elastase, cathepsin G and achymotrypsin were examined. The results are summarized in Table 1 with K[
values. Peptide (31-40) [V] inhibited cathepsin G (K; = 2.3xl0- 4 M). Peptide
(41-49) [VI] inhibited cathepsin G and a-chymotrypsin (Ki = 4.0xl0- 5 and
2.0 x IO-5 M, respectively), but not leukocyte elastase; while peptide (60-63) [IX]
10
20
30
T-E-F-G-S-E-L-K-S-F-P-E-V-V-G-K-T-V-D-Q-A-R-E-Y-F-T-L-H-Y-P-Q-Y-D-V-Y1

I

' '

II

' ' - I I I - ' '— I V — ' '— V-l —'
XIII

40
50
60
70
F-L-P-E-G-S-P-V-T-L-D-L-R-Y-N-R-V-R-V-F-Y-N-P-G-T-N-V-V-N-H-V-P-H-V-G
i _ V - 2 — i f-VI-l-i «-VI-2 —« ' — V I I — ' ' - V I I I - 1 ' - I X - 1 '
X
•
— V

• '

VI

'
i

X I

XII

Fig. 1. Primary structure of eglin c and related peptides [I-XIII]
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inhibited leukocyte elastase ( K i = 1 . 6 x l 0 - 4 M) but not cathepsin G and achymotrypsin, indicating that the interacting site of eglin c with leukocyte elastase
and cathepsin G and a-chymotrypsin might be different.
Table 1 K( values of eglin c fragments and W-Ac-eglin c"
Kj(M)
Elastase
H-(22-25)-OMe-2AcOH [III]
H-(31-35)-OMeTFA [V-l]
H-(31-40)-OMeTFA [V]
H-(41-49)-OMe-2AcOH [VI]
H-(60-63)-OMeHCl [IX]
H-(45-70)-OH [XI]
H-(41-70)-OH [XII]
H-( 8-70)-OH-9AcOH [XIII]
N°-Ac.eglin c
a
b
c

_b

2.1x10-3
1.6 xlO- 4
5.6x10-5
2.7xl0-«
5.1 x 10-"

Cathepsin G
4

8.0 xlO7.3 xlO- 4
2.3 xlO- 4
4.0xJ0- 5
7.5x10-5
1.2xl0- 7
1.5 xlO- 8

a-Chymotrypsin
7.0x10-5
2.0x10-5
NDC
ND
8.4 xlO- 9
2.2x10-9

Substrate; Suc-Ala-Tyr-Leu-Val-pNA (Km = 0.13 mM) for elastase, Suc-Ile-Pro-Phe-pNA
(Km = 0.7 and 0.05 mM) for cathepsin G and a-chymotrypsin.
Not detectable.
Not determined.

Previously, Bode et al. [2] reported that the nine residues of the binding loop
(40-48) of eglin c are involved in direct contact with subtilisin, and the
conformation of this loop is maintained by formation of electrostatic and
hydrogen bonds with the C-terminal part of eglin c. XI inhibited leukocyte elastase
with a Kj value of 5.6 X 10"5 M, but not cathepsin G; XII inhibited cathepsin
G with a Kj value of 7.5 X IO-5 M, but not leukocyte elastase, indicating that
the peptide part (41-49) in eglin c is very important for manifestation of inhibitory
activity against cathepsin G; and the peptide part (41-44) in XII might block
the access of the peptide part (60-63) to the active site of leukocyte elastase.
It is also concluded that in XII, electrostatic and hydrogen bonds to maintain
the rigid conformation of the peptide part (41-49) could not be formed.
Next, eglin c (8-70) [XIII] was prepared and its inhibitory effect on the enzymes
was examined. XIII exhibited very potent inhibitory activity against leukocyte
elastase, cathepsin G and a-chymotrypsin.
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activities of synthetic cholecystokinin-releasing peptide
(monitor peptide)
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Introduction
A 61-residue trypsin-sensitive cholecystokinin-releasing peptide (monitor peptide), purified from rat pancreatic juice on the basis of its stimulatory activity
towards pancreatic enzyme secretion, was recently reported to inhibit bovine
trypsin and possess epidermal growth factor (EGF) activities at a concentration
of 10 nM [1,2]. This monitor peptide shares about 45% sequence homology
with pancreatic secretory trypsin inhibitors (PSTIs; Kazal-type) but displays very
limited sequence homology with the EGF and lacks the characteristic cysteinyl
alignments of the EGF family. To confirm whether monitor peptide possesses
putative EGF-like growth factor activity, we have chemically synthesized the

Fig. 1. Structure of monitor peptide.
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61-residue peptide. Unlike the monitor peptide reported previously [1,2], the
synthetic monitor peptide, structurally determined unambiguously by MS and
thermolysin digestion, did not possess any putative EGF-like growth factor
activity. However, we found that the monitor peptide is a trypsin inhibitor and
residue Arg23 is crucial to the inhibitory activity.
Results and Discussion
Two peptides including monitor peptide (Fig. 1) and [Ala23,Ala47]-monitor
peptide were synthesized by a stepwise solid-phase method [3]. The reduced
peptides after synthesis were oxidized in a combination of reduced and oxidized
glutathiones [4,5]. The reaction mixture was easily purified to homogeneity by
C18 RPHPLC in about 10% overall yield.
The integrality of the purified peptides were characterized by AAA and Cf252 fission fragment MS. Enzymatic digestion with thermolysin produced
fragments corresponding to the disulfide pairings of Cys14-Cys43 and Cys2l-Cys40.
These results suggest that the disulfide pairings of synthetic monitor peptide
are similar to those of Kazal-type trypsin inhibitors [6] (Fig. 1). Trypsin inhibitory
activity was determined by bovine trypsin at 2 /ug/ml with the purified monitor
peptide or its analog in the presence of substrate, benzoyl arginine ^-nitroanilide.
Synthetic monitor peptide showed full trypsin inhibition activity similar to that
of the native product (Fig. 2). However, the analog, [Ala23,Ala47]-monitor peptide,
did not exhibit trypsin inhibition activity (Fig. 2). The reactive site P]-P'i (residues
18-19) of pancreatic secretory trypsin inhibitor (Kazal-type) [7] was reported

100x

200

400

600

BOO

1000

CONCENTRATION (ng/mL)

Fig. 2. Inhibition of bovine trypsin by the monitor peptide (o) and [Ala23, Ala47fmonitor
peptide (•).
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to be Lys-Ile for human and porcine PSTIs; Arg-Ile for bovine and ovine
inhibitors. The Arg-Ile pair in the Pi-P'i site is conserved in the monitor peptide
(residues 23-24). Thus, our results suggest that the Arg23 is required for the
inhibitory activity. Inhibition of [125I]EGF binding to the EGF-receptor was
examined by subconfluent monolayer of formalin-fixed A431 cells after 1 h
incubation at 22 °C with synthetic peptides. Incorporation of [3H]thymidine
in the mitogenic assay was measured in normal rat kidney fibroblasts, clone
49F or Swiss 3T3 cells. The synthetic monitor and its analog did not inhibit
[125I]EGF binding to A431 cells up to 0.1 wM concentration and showed no
growth stimulation effect on both NRK 49F and Swiss 3T3 cells in the mitogenic
assays. These results suggest that the monitor peptide does not possess any putative
EGF-like growth factor activity.
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Comparative molecular modeling analyses of
endothiapepsin complexes as renin model templates
Elizabeth A. Lunney and Christine C. Humblet
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Introduction
Endothiapepsin, a fungal, aspartic protease enzyme homologous to human
renin, presents a high level of residue conservation in the active site region [1].
In the absence of a 3D structure for human renin, endothiapepsin provides
a tentative, but useful template for the elaboration of a human renin model.
Results and Discussion
The X-ray structures of various inhibitors cocrystallized with endothiapepsin
[2], including PD 125967 and PD 126664 (Blundell, T.L. et al., unpublished
results), were studied. The inhibitors contain a non-amide moiety that binds
at the cleavage site. In addition, key hydrogen bonds anchor each backbone
in the bound conformation [2].
The X-ray data provide information regarding steric allowances of the bound
inhibitors. The crystal structure of PD 125967 bound to endothiapepsin shows
the expanse of the P3 and P4 pockets, while both PD 125967 and PD 126664
illustrate how the cyclohexyl moiety increases the steric occupation of the P,
pocket. The availability of multiple binding pockets is observed in the X-ray
data, and illustrated in comparing the bound conformations of H-142C39 and
L-363,564 [2].
A series of proposed renin inhibitors containing an isostere at the P 2 -P 3 junction
(Table 1) was synthesized at Parke-Davis [3]. Based upon data obtained from
the X-ray crystal structures and the docking of compounds* from this series
into the human renin model [1], we can explain the inhibitory potency effects
of various substituents present in the compounds. One of the key interactions
between the enzyme and the inhibitors is the hydrogen bond involving the P 3
carbonyl. The most potent isostere analogs have a hydrogen bond acceptor at
the P3 site. With 1, the oxygen of the hydroxyethylene isostere can form a
bifurcated hydrogen bond with the enzyme. This interaction, along with the
presence of the ACHPA residue providing strong van der Waals interaction,
supports the observation of increased potency. Compounds 5, containing a double
*The modeling work was carried out using the Sybyl software package (Version 5.2, February
1989), Tripos Associates, Inc.
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bond with Z geometry, and 7, containing an epoxide derived from 5, are both
inactive with IC 5 0 values of less than IO -4 . However, 6, containing the double
bond with E geometry, has activity in the umolar range. C o m p o u n d s with the
E double bond can bind in the cleft in the extended conformation with the
side chains at the P 2 and P 3 positions alternating on either side of the backbone.
This is not possible with the Z double bond geometry.
Table 1 Isostere analogs (3)
Compound

Structure

IC50 (/uM)
renin

1

P4
P3
P2
Pi-P,' P 2 ' P 3 '
^
Boc-Phe[CHOHCH 2 ]Gly-Achpa-Leu-NHCH 2 -U-CH 2 NH 2

5
6

Boc-Phe[Z-CH = CH]Gly-Sta-Leu-NHCH 2 Ph
Boc-Phe[E-CH = CH]Gly-Sta~Leu-NHCH 2 Ph

7

Boc-Phe[CH —CH]-Gly-Sta-Leu-NHCH 2 Ph

0.022
> 100
7.0

A
> 100

Although the majority of the compounds in this series have no side chain
at the P 2 site, umolar activity is often observed. In analyzing the crystal structure
of endothiapepsin in the absence of an inhibitor and filled with water molecules,
virtually no bound water molecule is found in the general area where the P 2
side chain of an inhibitor would be positioned. Therefore, P 2 side chains do
not seem critical, and compounds with P 2 glycine or P 2 glycine derivatives can
be potent renin inhibitors.
Conclusion
The h u m a n renin model derived from the crystal structure of endothiapepsin,
combined with the X-ray data of various endothiapepsin-bound inhibitors [5],
provide experimental data that are useful in describing and analyzing hydrogen
bonding patterns, steric requirements, van der Waals interactions and multiple
modes of binding.
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Introduction
We have reported that the tetragastrin analog, Boc-Trp-Leu-Asp-Phe-NH2,
was degraded by a vesicular membrane fraction from rat gastric mucosa, yielding
the two dipeptides, Boc-Trp-Leu and Asp-Phe-NH2 [1]. We have recently shown
that various gastrin analogs, including Boc-Trp-Leu-Asp-Phe-NH2, were hydrolyzed in vitro by angiotensin-converting enzyme (ACE) from rabbit lung (Sigma),
with release of the C-terminal dipeptide Asp-Phe-NH 2 [2]. We report here on
the degradation of gastrin analogs by a gastric mucosal cell preparation from
rabbit, enriched in parietal cells («* 50%) and containing gastrin receptors.
Results and Discussion
Rabbit (or rat, dog) fundic mucosal cells (5 millions/ml) were prepared
according to the collagenase/EDTA procedure [3,4]. They were incubated at
37°C, at different times, with the tetragastrin analogs Boc-Trp-Leu-Asp-PheNH 2 , Boc-Gly-Trp-Leu-Asp-Phe-NH2, and Boc-/3Ala-Trp-Leu-Asp-Phe-NH2. As
shown in Fig. IA, degradation is time-dependent, the gastrin analogs being
significantly degraded within the first 7 min, degradation being almost complete
after 1 h incubation. The hydrolysis appeared to be also pH- and temperaturedependent, maximal enzyme activity occurring at pH 7.4 and 37°C. Degradation
of these analogs produced the dipeptide Asp-Phe-NH2 as the main metabolite,
which was identified by HPLC. CCK-8 was also hydrolyzed by the same cell
preparation, with release of the dipeptide Asp-Phe-NH2. Hydrolysis of the gastrin
analogs by fundic mucosal cells from different species (rabbit, rat or dog) was
inhibited by metalloprotease inhibitors, such as EDTA and 1-10-phenantroline,
and more efficiently and specifically by the ACE inhibitor captopril (ICso^SO
nM) (Fig. IB). Other specific enzyme inhibitors, such as phosphoramidon,
thiorphan, bestatin, amastatin, /7-chloromercuribenzoate (PCMB), pepstatin A
and phenylmethylsulfonyl fluoride (PMSF) were not very efficient. Interestingly,
gastrin analogs synthesized in our laboratory [5-9], and acting as antagonists,
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Fig. 1. (A) Degradation of Boc-Trp-Leu-Asp-Phe-NH2 (0.1 mM) by a gastric mucosal cell
preparation (5 millions/ml) from rabbit stomach. Incubations were performed at 37°C, pH
7.4; Concentration of Boc-Trp-Leu-Asp-Phe-NH2 was evaluated by HPLC (detection at 279
nm). Each value (+ SEM) represents results of at least 5 separate experiments. (B) Effects
of captopril on degradation of Boc-Trp-Leu-Asp-Phe-NH2 after 1 h incubation in the same
conditions. Each value (+ SEM) represents results of at least 5 separate experiments.
such as Boc-Trp-Leui/f-(CH 2 NH)Asp-Phe-NH 2 , Boc-Trp-Leu-Asp-2-phenylethylamide, Boc-Trp-Leu-Asp-2-phenylethylester, Boc-Trp-Leu-Asp-NH 2 , Boc-TrpLeuiKNHCO)Asp-Phe-NH 2 , Boc-Trp-/3homo-Leu-Asp-Phe-NH 2 , and Boc-TrpGly-Asp-Phe-NH 2 , remained completely unaffected when incubated with fundic
mucosal cells under the same conditions. On the other hand, comparison of
hydrolysis of various gastrin analogs by a rabbit fundic mucosal cell preparation
with their ability to bind to gastrin receptor, showed a close correlation between
the extent of cleavage and the apparent binding affinity. However, correlation
between the gastrin receptor and the enzymatic cleavage, as well as the
participation of the enzymatic system in the mechanism of action of gastrin
remains to be determined. Nevertheless, the existence of an ACE-like degrading
enzyme, able to hydrolyze tetragastrin analogs by release of the amidated Cterminal dipeptide in the fundic mucosal cells of various species, has clearly
been demonstrated.
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Design of rigid heterocyclic phenylalanine replacements for
incorporation into renin inhibitors
Dale J. Kempf, Stephen L. Condon, Jacob J. Plattner, Herman H. Stein,
Jerome Cohen, Ed de Lara, William R. Baker and Hollis D. Kleinert
Pharmaceutical Products Division, Abbott Laboratories, Abbott Park. IL 60064, U.S.A.

Introduction
The incorporation of rigid analogs of amino acids into peptides with potential
therapeutic importance can provide information of both theoretical and practical
significance. In the course of our studies directed toward the discovery of novel
inhibitors of human renin, we have investigated a number of rigid phenylalanine
analogs in order to probe the active conformation of the P3 side chain. Recently,
we reported a potent, proteolytically stable renin inhibitor in which penylalanine
was replaced by (Z)-dehydrophenylalanine [1]. Here we describe our further
efforts in this area.
Results and Discussion
The structures and inhibitory potencies of the rigidified inhibitors against
purified human renin (pH 6), expressed as IC50 values, are shown in Table 1.
Compounds 1-7, containing dehydro-Phe at the P3 position with a variety of
A-blocking groups, are nearly comparable in activity to corresponding Phecontaining inhibitors [2], indicating that the position occupied by the side chain
of dehydro-Phe resembles that preferred for the natural substrate.
In an effort to achieve added rigidity, we eliminated the A-blocking group
of 1 and attached the nitrogen of the dehydro-Phe to the ortho-position of
the phenyl group. The resulting bicyclic inhibitor (8) retains nanomolar potency
with significantly reduced molecular weight [3]. SAR of other bicyclic inhibitors
(9-13) indicated that the indole-2-carbonyl group of 8 is optimal for binding
to the enzyme.
We next wondered whether further rigidification of 8 might be feasible by
cyclizing from the 3-position of the indole ring to the nitrogen of the P2 amino
acid, since it had previously been established that the P2 NH was not involved
in hydrogen bonding to the enzyme [1]. The inhibitory potencies of the resulting
tricyclic compounds 14-21 are given in Table 1. Comparison of 14 to 20 and
15 to 21 shows that the pyrrolidine ring of 14 apparently directs the phenylring
to a more favorable position for lipophilic binding than does the piperidine
ring of 20. Interestingly, while other nitrogen heterocycles can replace imidazole
in the P2 site in this series (16 and 17), substitution with branched lipophilic
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Table 1 Rigid inhibitors of human renin

O
RCONH
'^V^His-R-

H
H

Pit
1-7

N ^ ^COR'

RCO-His-R'

8-13

o

R

14-21

R' = (l-cyclohexyl-3(i?),4(5)-dihydroxy-6-methylhept-2(S)-yl)amino
No.

R

IC50 (nM)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

CH 3
Z-NHC(CH 3 ) 2 CH 2
H 2 NC(CH 3 ) 2 CH 2
Z-NH(CH 2 ) 5
(CH3)2N
(C2H5)2N
morpholin-4-yl
indol-2-yl
indol-3-yl
l-methylindol-2-yl
benzofuran-2-yl
bezothiazol-2-yl
3-methylinden-2-yl
imidazol-4-yl-CH2
CH 3 (CH 2 ) 2 CH 2
pyrazol-3-yl-CH2
thiazol-4-yl-CH2
thien-2-yl-CH2
(CH 3 ) 2 CHCH 2
imidazol-4-yl-CH2
CH 3 (CH 2 ) 2 CH 2

2.4
3.3
2.9
1.3
1.2
1.6
0.6
4
1500
160
10
32
200
11
20
10
8
68
>100
67
66

side chains (cf. 18 and 19) results in substantial loss of activity, in contrast
to the corresponding peptide-based inhibitors [2],
Conclusion
Heterocyclic mimics of phenylalanine have been incorporated into inhibitors
of renin without serious loss of potency. These rigid analogs provide insight
into the preferred conformation of the P 2 side chain.
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Orally active renin inhibitors containing a novel
aminoglycol dipeptide (Leu-Val) mimetic
Gunnar J. Hanson*, John S. Baran, Michael Clare, Kenneth Williams,
Maribeth Babler, Stephen E. Bittner, Mark. A. Russell, S.E. Papaioannou,
Po-Chang Yang and Gerald M. Walsh
G.D. Searle & Co.. 4901 Searle Parkway, Skokie, IL 60077, U.S.A.

Introduction
The development of highly potent renin inhibitors has come about through
the replacement of angiotensinogen (Ang) residues with ingenious amino acid
and dipeptide surrogates. For example, we have reported dipeptide glycol renin
inhibitors in which the Leu-Val (Pi-Pf position) of Ang has been replaced with
the non-hydrolyzable (2S,3R,4S)-2-amino-l-cyclohexyl-3,4-dihydroxy-6-methylheptane (1) dipeptide mimic [1]. Oral activity in marmosets, as measured by
plasma renin activity (PRA) reduction assayed at pH 6, was achieved by replacing
the P,t-P3 position with an A-morpholinocarbonyl-phenyllactic acid surrogate
[!]•

Results and Discussion
The renin inhibitor SC-46944 [1] displays favorable biochemical characteristics
[IC50 human renin = 5 nM; rhesus renin = 28 nM; cynomolgus renin = 36 nM;
dog renin =310 nM; endothiapepsin = 100 nM] and exhibits PRA lowering
activity in salt-depleted marmosets [95 + 3% reduction @ 20 mg/kg after 1 h,
i.g., n — 5, assayed at pH 7.4]. There is great interest in ascertaining the mode
of binding of SC-46944 to human renin as an important piece of information
towards de novo rational design. Because the 3D structure of human renin was
not available, we chose to use as a model of human renin a related aspartic
acid protease, endothiapepsin, whose high resolution X-ray crystal structure had
been published [2]. In addition, a published [3] X-ray structure of rhizopuspepsin
complexed to a 'reduced bond' inhibitor was used as an alignment template
to position SC-46944. The P3-P2 region of SC-46944 was mapped onto the native
endothiapepsin structure, aligning the strong hydrogen bonds from the P3 and
P2 inhibitor carbonyls to residues Thr219 and Asp77 of endothiapepsin in analogy
to the cited rhizopuspepsin-inhibitor template. The corresponding side chains
were similarly fitted and well accommodated by the endothiapepsin S3 and S2
subsites. The fitting of the critical Pi-Pf region was aided by the use of a simplified
model of the glycol moiety, (2S,3R,4S)-2-*-butyloxycarbonylamino-l-cyclohexyl*To whom correspondence should be addressed.
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Fig. 1. Model of SC-46944 complexed to endothiapepsin.

3,4-dihydroxypentane. This structure was subjected to an exhaustive conformational analysis using the MacroModel V2.5 MM2 force field. Examination of
the low energy conformers revealed a common conformational feature: an
intramolecular H-bonded 8-membered ring array, reminiscent of the C7eq (gamma)
turn found in proteins. Positioning this simplified model with the (3R)-hydroxyl
at the location of the key Asp-bound water in the native endothiapepsin, and
with the P) side chain fitted into the S{ subsite, the (4S)-hydroxyl was found
to fall within hydrogen bonding distance of the NH of 'flap' residue Gly76.
Combining the above alignment criteria, the complete inhibitor SC-46944 was
positioned and the entire inhibitor-enzyme complex was subjected to further
energy refinement. The final conformation of SC-46944 in the endothiapepsin
complex is shown in Fig. 1. The inhibitor P4, P3, P2, P, residues adopt an extended
conformation. Particularly interesting is the spatial arrangement of the P r Pf
atoms with the large side chains, cyclohexylmethyl (P]) and isobutyl (Pf) adopting
an antiperiplanar diequatorial conformation, the (3R) and (4S) hydroxyls being
positioned anti- and diaxial. The P r Pf mimic (1), adopts a conformation (cb =
-93°, ip — 59°) resembling that of an inverse gamma turn ($ = -80°, <JJ = 65°).
At the outset of our discovery of glycol-based inhibitors, it was unclear exactly
what role the (4S)-hydroxyl played. Our modeling results indicate that the glycol
(4S)-hydroxyl of SC-46944 forms a hydrogen bond to the 'flap' NH of Gly76
in endothiapepsin; in rhizopuspepsin [3], the Pf carbonyl of a substrate analog
exhibits this same interaction. The role of the (4S)-hydroxyl in glycol-based
inhibitors may very well be to mimic the function of the Pf carbonyl of
angiotensinogen.
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Dog renin inhibitors: Structure-activity and in vivo studies
Kwan Y. Hui 3 * and Helmy M. Siragy b
"Massachusetts General Hospital, Boston, MA 02114, U.S.A.
b
University of Virgina School of Medicine, Charlottesville, VA 22908, U.S.A.

Introduction

Dog models are frequently used to study the role of the renin-angiotensin
system in the maintenance of blood pressure and in a variety of experimental
forms of diseases. The availability of potent and long-acting dog renin inhibitors
will facilitate such studies. We have synthesized a series of substrate analogs
in an effort to identify SAR.
Results and Discussion
The IC 50 values of the peptides against dog plasma renin were determined
at pH 7.4 [1]. The structures of the renin inhibitors and the results of the in
vitro studies are summarized in Table 1.
A potent dog plasma renin inhibitor, compound I, was infused intravenously
(i.v.) into sodium-depleted, conscious, normotensive dogs following a published
method [2]. The in vivo activities are presented in Fig. 1.

1.0

2.0

Compound

3.0
I

4.0

5.0

(ug/kg/min)

1.0 2.0
Compound

3.0 4.0
5.0
I (ug/kg/min)

Fig. 1. Dose-response curves for changes in mean arterial pressure (u), residual plasma
renin activity (m) and urine output (A) after 45 min i.v. infusion of compound I into conscious,
Na-depleted, normotensive dogs (n = 3). Prior to each i.v. infusion, the dog was injected
i.v. with compound I at a bolus dose 4 times the per min infusion rate [2] Each value
is the mean + SEM.

*Present address: Lilly Research Laboratories, Lilly Corporate Center, Indianapolis, IN 46285, U.S.A.
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Table 1 In vitro activities of renin inhibitors of dog plasma renin
Compound
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W
X
Y
Z

Sequence
P6 P5 P4 P3 P2 P, Pf Pj Pj Pf
Ac-His-Pro-Phe-Val-Statine-Leu-Phe-NH2
Ac-Phe-Pro-Phe-Val-Statine-Leu-Phe-NH2
Ac-Tyr-Pro-Phe-Val-Statine-Leu-Phe-NH2
Ac-YOM-Pro-Phe-Val-Statine-Leu-Phe-NH2
Ac-Trp-Pro-Phe-Val-Statine-Leu-Phe-NH2
Ac-CHA-Pro-Phe-Val-Statine-Leu-Phe-NH2
Ac-NA-Pro-Phe-Val-Statine-Leu-Phe-NH2
Ac-His-Pro-Phe-Val-Statine-Leu-Phe-PAF-NH2
Ac-PAF-Pro-Phe-Val-Statine-Leu-Phe-PAF-NH2
Ac-His-Pro-Phe-Val-ACHPA-Leu-Phe-PAF-NH2
Ac-PAF-Pro-Phe-Val-ACHPA-Leu-Phe-PAF-NH2
Pro-His-Pro-Phe-Val-ACHPA-Leu-Phe-PAF-NH2
Pro-PAF-Pro-Phe-Val-ACHPA-Leu-Phe-PAF-NH2
Ac-His-Pro-Phe-His-Statine-Leu-Phe-NH2
Ac-His-Pro-CHA-His-Statine-Leu-Phe-NH2
Ac-His-Pro-NA-His-Statine-Leu-Phe-NH2
Ac-PAF-Pro-PAF-Val-Statine-Leu-Phe-PAF-NH2
Ac-His-Pro-Phe-His-ACHPA-Leu-Phe-NH2
Ac-His-Pro-Phe-Val-ACHPA-Leu-Phe-NH2
Ac-His-Pro-Phe-His-ACHPA-Leu-Phe-NH2
His-Pro-Phe-Val-Statine-Leu-Phe-PAF-NH2
Pro-His-Pro-Phe-His-Statine-Leu-Phe-NH2
Pro-His-Pro-Phe-His-Statine-Ile-Phe-NH2
Pro-His-Pro-Phe-His-Statine-Ile-His-NH2
Ac-His-Pro-Phe-Val-ACHPA-Leu-Phe-Phe-NH2
Ac-His-Pro-Phe-Val-ACHPA-Leu-Phe-His-NH2

IC50
(nM)
5.2
24
17
14
113
87
58
3.4
1.7
3.5
33
4.7
24
53
70
74
31
32
0.96
32
290
7.8
50
160
0.78
3.2

NA = 3 (l'naphthyl)alanine; PAF=/)-aminophenylalanine; YOM = O-methyl-tyrosine;
Statine = (35,4S)-4-amino-3-hydroxy-6-methylheptanoic acid; ACHPA = (3S,4S)-4-amino-3-hydroxy-5-cylcohexylpentanoic acid.
The following observations can be made:
(1) At the P5 position, a side chain with a 6-member aromatic ring or smaller
is important for optimal activity (A, B, C and D vs. E, F and G).
(2) Substitution of PAF for His at P5 results in a mild increase in potency
of the statine-containing substrate analog (H vs. I), but causes a marked decrease
in potency of ACHPA-containing analogs (J vs. K; L vs. M).
(3) At P3, Phe is preferred over CHA, NA and PAF (N vs. O and P; I vs.
Q)(4) Substitution of Val for His at the P2 position enhances potency by an
order of magnitude (A vs. N; R vs. S).
(5) The difference between statine and ACHPA in their contribution to potency
is moderate (N vs. T; A vs. S; H vs. J).
(6) N-terminal protection of the P5 position is important for optimal activity
(U vs. H). The use of acetyl or Pro as the protecting residue at the P6 position
results in equivalent potency (J vs. L; K vs. M).
(7) Substitution of Leu for Ile at the P2 position has a marked increase in
400

Enzymology
potency (V vs. W and X). Extension of the C-terminus to the P4 position has
a mild influence on potency (A vs. H; S vs. J, Y and Z).
(8) Compound I, a potent dog plasma renin inhibitor in vitro, exhibits a
dose-related hypotensive effect associated with progressive reduction of plasma
renin activity and increase in urine output when infused into conscious, sodiumdepleted dogs. These results suggest that compound I is a potent and selective
agent for the study of the renin-angiotensin system in dogs.
Acknowledgements
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Introduction
Dipeptide glycols [1] and azido glycols [2] are representatives of a new class
of renin inhibitors that contain a novel erythro-l,2-diol, functionality designed
to mimic the tetrahedral transition state of the enzyme-mediated amide bond
hydrolysis. SAR have delineated the optimum stereochemical [1] and regiochemical [2] relationships for the two hydroxyls; however, the exact nature of their
interactions with the active site of the enzyme is not known. While molecular
modeling studies [1] indicated that the second hydroxyl [3] acts as a donor
in a hydrogen bond, SAR within the azido-glycol series suggested that this
hydroxyl was, in fact, acting as an acceptor [2].
Results and Discussion
While examining a series of compounds related to the azido-glycols, we realized
that these compounds could be used to probe the interactions of the second
hydroxyl. Specifically, cyclizing this group and the amine derived from the azide
through a carbonyl linkage resulted in oxazolidinone 9, in which this oxygen
can only participate as an acceptor. Compound 9 is slightly less potent than
the parent azido-glycol 8, perhaps because it lacks a lipophilic C-terminal residue.
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CH,
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CH-CH,
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•
CH(CH 3 ) 2
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(CH 2 ) 2 CH 3
g
{CH^zOMom

Fig. 1. Synthesis of C-terminal fragments, (a) BrCH2C(CH2>C02CH3, Zn; (b) isomer
separation; (c) H2, Pd/C; (d) NaBH4; CH3S02CI, TEA; NaH; (e) MCPBA; (j) RNH2 or
NaN}; HSfCH^^SH, TEA; (g) Cl2CO, TEA; (h) Os04.
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Table 1 In vitro potencies
H OH
Boc-Phe-Hls-N^J^^

L/

Cf

% Inhibition3

ic 5 0 (nM)
No.
f

8 .e
9
10
11
12
14
15
16
17
18
19
20
21e.b
a
b
c

b

X

Y

HR

H
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CH 2
H

N3
NH
NCH 3
NCH 2 CH 3
NOCH 3
NCH(CH 3 ) 2
N(CH 2 ) 2 CH 3
N(CH 2 ) 2 OH
0
CCH 2
(S) CHCH 3
(S) CHCH 3
CH(CH 3 ) 2

0.4
4.7
1.4
0.63
0.90
0.84
1.0
0.70
9.8
0.71
0.32
1.2
1.5

At 10-5 M.
Purified human renin, pH 6.0.
Human plasma renin, pH 7.4.

d

f

C

PR

9.0
25
8.8
2.8
9.2
8.2
12
7.4
130
20
2.3
3.0
-

PP

CD")
0

0

21
0

0
0

34

7

9
0

2
0

Bovine cathepsin D, pH 3.
Porcine pepsin, pH 2.
Ref. 2.

g
b

Acyclic.
Ref. 1.

A series of oxazolidinones that contains this lipophilic group was prepared from
protected allylic alcohol 6 and these compounds were incorporated into inhibitors
10-16. Compound 11 is more potent than both unsubstituted oxazolidinone
9 and azide 8 against human plasma renin, demonstrating that an ethyl group
is optimal. That even a C-terminal proton contributes to binding is evident
upon comparison of the potencies of 9 and carbonate 17.
Although 11 possessed considerable potency, it was not clear which oxazolidinone oxygen was contributing to binding. Cyclic ether 4 was prepared from
lactone 3 that was derived from aldehyde 1. Cyclic ether containing inhibitor
20 is equipotent with lactone 19, strongly suggesting that the ring carbonyl plays
no role in binding to the active site. Compound 20 is also equipotent with diol
21, indicating that the ether oxygen does contribute to binding and must do
so acting as a hydrogen bond acceptor.
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Introduction
As one aspect of our renin inhibitor strategy, we chose to prepare modified
compounds based on the potent renin inhibitor (I) reported by Bock et al. [1].
In this way we sought to improve stability by preventing enzymatic hydrolysis
at the altered amide bond.
BOC

-

PHE

-

HIS

-

STA

-

LEU

-

NHCH 2 Ph

(I)

UJUJUJLp r P ,J LP.J L P , J
We describe the results of replacing the amide linkage connecting the P3 and
P2 sites, the only linkage in the above structure connecting two natural amino
acids, with 14 different isosteres. While several reports [2-4] have described
isosteric replacements at the P r P i ' site, only isolated reports have appeared
describing isosteric replacement at the P3-P2 site and the P4-P3 site [5,6].
Results and Discussion
Table 1 gives the structure and IC50 value of the most potent derivative prepared
from each of the 14 isosteric classes cited in this paper. While none of the
isostere-containing compounds matched the high potency of peptide model 1,
the most potent of these, 11, did approach it, being 4-fold less potent. When
2, which has a Gly in P2, was compared to isostere-containing compounds having
a Gly equivalent in P2, several compounds showed enhanced potency.
Compounds 9 en 11 were the most potent. However, not all compounds having
a hydroxyl-bearing isostere at this position were highly active, as evidenced by
the diminished potency of 8 and 10. Compound 3, containing e-double bond
isostere, and epoxide 5 derived from it, had IC 50 values in the /iM range, while
4, containing the Z-double bond isostere, and epoxide 6 derived from it, were
essentially inactive.
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Table 1 In vitro renin inhibitory activity
Compd. Structure

IC50 (nMf
0.0057b
1.1
1.3
> 100

Boc-Phe-His-Sta-Leu-NHCH2Ph
Boc-Phe-Gly-Sta-Leu-NHCH 2 Ph
Boc-PheiA[E - CH = CH]Gly-ACHPA-Leu-NHCH 2 Ph c
Boc-Phe#Z - CH = CH]Gly-Sta-Leu-NHCH 2 Ph
O
Boc-Phei//[CH - CH]Gly-ACHPA-Leu-NHCH 2 Ph

0.53

A

Boc-Phei/»[CH - CH]Gly-Sta-Leu-NHCH 2 Ph
(derived from Z-4)
Boc-Phei/([CH2CH2]Gly-ACHPA-Leu-NHCH2

> 100
CH 2 NH 2

8
9
10

Boc-Phei//[CHOHCHOH]Gly-Sta-Leu-NHCH 2 Ph
Boc-Phei>[CHOHCH=CHCO]ACHPA-Leu-NHCH 2 Ph
Boc-Phe#CHOHCHOHCHOHCO]Sta-Leu-NHCH 2 Ph

11

Boc-Phei>[CHOHCH 2 ]Gly-ACHPA-Leu-NHCH 2

12
13
14
15
16
17

Boc-PheiA[COCH2]Gly-Sta-Leu-NHCH2Ph
Boc-Phei//[CH2NH]His-ACHPA-Leu-NHCH2Ph
Boc-Phe#CH 2 NOH]His-Sta-Leu-NHCH 2 Ph
IVA-PheiA[CH2S]Phe-Sta-Ala-Sta-NHCH2Ph
IVA-Phei/f[CH2SO]Phe-Sta-Ala-Sta-NHCH2Ph
IVA-Phe#CH 2 S0 2 ]Phe-Sta-Ala-Sta-NHCH 2 Ph

a
b
c

O

0.63
1.4
0.09
11.0

CH 2 NH 2

0.02

21.0
0.2
6.5
7.4
2.0
1.5

IC50 values were determined using a standard RIA for angiotensin I. Human plasma
with a plasma renin activity of 0.68 -4.04 /ug/AI/mL/h was used in this assay.
Ref. 4 gives the IC 50 as 0.026 /xM when tested against human plasma renin.
ACHPA is 4(S)-amino-3(5')-hydroxy-5-cyclohexylpentanoic acid.
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Renin inhibiting azapeptides
Joachim Gante*, Harald Kahlenberg, Peter Raddatz and Reinhard Weitzel
E. Merck Darmstadt, Pharmaceutical Research Department, Frankfurter Strasse 250,
D-6100 Darmstadt, F.R. G.

Introduction
'Azapeptides' were described for the first time in 1962 [1]. In these peptide
analogs the a-CH of one or more amino acid residues of a peptide chain is
replaced with nitrogen (Fig. 1).
R
i

R
i

-NH - ji— C H - t - COi

peptide

;~h

-NH-!—
N — h COi
azapeptide

Fig.l.
This backbone modification is attractive, since from a purely structural point
of view there is only a minimal change in the peptidic structure: the basic 'skeleton'
is preserved and the side chains remain identical. In this respect, the synthesis
of biologically active azapeptides has become more and more important during
the last few years. Many of them exert stronger activity and - due to reduced
biodegradability - extended duration of action compared with the original
compounds [2].
In recent years renin inhibitors have been investigated as effective tools in
combating high blood pressure [3]. While a renin-inhibiting azatetrapeptide,
Azaleu-Leu-Val-Phe-OMe, with higher biological activity than the original
compound was synthesized some years ago by others [4], we designed corresponding compounds of the 'transition-state' type. This class of compounds,
at present under intense investigation in many laboratories, contains molecules
incorporating either statine or one of its analogs [5].
Results and Discussion
Exchanging one amino acid each at various positions within the peptide chain
for an azaamino acid, we synthesized analogs of the highly active renin inhibitor,
Boc-Phe-Gly-ACHP-Ile-3-pyridylmethylamide, recently synthesized in our com*To whom correspondence should be addressed.
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pany [6] with Azaphe, Azagly and Azaile (Compounds A-C) residues. Thus,
we should be able to compare the biological activity of the analogs with that
of the original compound with respect to the position of the altered residue.

B

HH:H

•.....'

O •

H / \
.

Azagly

H

II: H
OH o -

H ||

H

O

l!^ y-J

ACHP

rri"N ' ^ > V N ' / C ^ v ) r * ' N i"N "•"co_HN ^^7
o: H o : " H. O H 0 : " " '
i
Gly

ACHP

Fig. 2.
The synthesis of these compounds was carried out by a combination of
semicarbazide forming reactions and peptide couplings (see reviews, Ref. 2).
Biological activity
Inhibition of renin (pepsin, cathepsin D):
IC 5 0 =1.5 Xl0- 6 M*
A:
IC50 = 2.45xlO- 7 M
B:
IC50 = 8.5 Xl0- 7 M
C:
Boc-Phe-Gly-ACHP-IleIC50 = 2.8 x ! 0 - 9 M
-3-pyridylmethylamide:

(> IO-4 M, > 10-4 M)
(> IO-4 M, > IO-4 M)
(> 10-4 M, > 10-4 M)
(4xlO- 5 M, 6.5xlO- 6 M)

As can be seen, the analogs are significantly less potent than the original
compound. They have, however, the same high inhibitory specificity for renin
when compared with that for pepsin and cathepsin D. The relative potency
of the compounds A, B and C is about 1:6:2, i.e. that the Azagly residue
in the 'middle' of the molecule causes the strongest rening inhibition, this molecule
being about six times more potent than that with N-terminal Azaphe.
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Enzymatic degradation experiments with chymotrypsin
Interesting results were provided by enzymatic stability experiments. Because
chymotrypsin is known to cleave -Phe-CO-NH- peptide bonds preferentially,
the Azaphe (A) and Azagly (B) derivatives with an unnatural residue in front
of and behind that amide bond, respectively, were chosen as candidates for
corresponding degradation experiments.
Whereas the original compound, Boc-Phe-Gly-ACHP-Ile-3-pyridylmethylamide, exhibited significant degradation by chymotrypsin, the Azagly analog
(B) was degraded even more rapidly. On the other hand, no significant enzymatic
breakdown could be detected with the Azaphe analog (A). The experiments
show that Azagly in combination with 'normal' Phe surprisingly enhances the
breakdown whereas 'altered' Phe in this case protects the adjacent amide bond
against degradation. These observations are highly interesting in connection with
the development of orally active azapeptides.
Conclusions
It could be shown that the Aza compounds A, B and C are specific renin
inhibitors, but with significantly lower activity than the original compound. On
the other hand, chymotryptic degradation of the Azaphe derivative (A) - in
contrast to the original compound - is almost completely inhibited.
Acknowledgements
We thank Dr. A. Jonczyk (E. Merck) for running the enzymatic stability
experiments.
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The synthesis and use of 3-amino-4-phenyl-2-piperidones
and 4-amino-2-benzazepine-3-ones as conformational^
restricted phenylalanine isosteres in renin inhibitors
S.E. de Laszlo3, B.L. Bush3, J.J. Doyleb, W.J. Greenleeb, D.G. Hangauerb,
T.A. Halgrenb, R.J. Lynch3, T.W. Schorn3 and P.K.S. Sieglb
"Department of Exploratory Chemistry, Merck Sharp & Dohme Research Laboratories,
Rahway, NJ07065, U.S.A.
department of Pharmacology, Merck Sharp & Dohme Research Laboratories, West Point,
PA 19486, U.S.A.

Introduction
The goal of developing an orally effective renin inhibitor has been hindered
by the low bioavailability and sensitivity to peptidases of the inhibitors developed
to date. As part of our program in this area, we designed, through the use
of the Merck renin computer graphic model (CGM), two classes of novel
conformationally restricted renin inhibitors (compounds 1-5 and 6-9), in order
to investigate the conformation of inhibitors bound in the active site of the
enzyme, and to improve the potency of these inhibitors as well as their stability
to proteinases.

NvXNA^\<X.NH_nBa
4
IS.
2S.
3R.
4R.
5R.

R=N 3
R=BocNH
R=N3
R=BocNH
R=AcNH

6.
7.
8.
9.

R=PhlN
R=NH 2
R=BocNH
R=AcNH

/\
IC50
1001 nM
5910 nM
2300 nM
134 nM
21 nM

PhlN 1

IC50
>2000 nM
2040 nM
1730 nM
210 nM

Fig. 1. Synthetic approach and potencies of conformationally restricted renin inhibitors.
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Results and Discussion
The synthesis of the piperidones was achieved by a novel route via the aldehyde
10. The aldehyde 10 was prepared, via Evans methodology, from the fully
separated diastereomeric oxazolidinones 11, protected as the dioxolane acetals
derived from 3-phenyl glutaric acid via a 7-step synthesis. The absolute configurations of the azide and 3-phenyl substituents were determined by X-ray
crystallography of an intermediate. The aldehyde 11 was reductively alkylated
with norleucine r-butyl ester. On warming, the intermediate amines cyclized to
the piperidones 12. Deprotection of the ester and condensation with (2S,4S,5S)5-amino-6-cyclohexyl-4-hydroxy-2-isopropyl-hexanoic acid gave IS and 3R [1].
Conventional functional group conversions gave the derivatives illustrated.
The benzazepinones were prepared from the oxazolidinone 13 derived from
A-phthalyl-phenylalaninyl-norleucyl carboxylic acid. Treatment of 13 with triflic
acid gave the benzazepinone 14 with only 10% racemization [2]. The acid 14
was coupled and derivatized, as described above, and gave the inhibitors 69.
The peptides were assayed as inhibitors of human renin [3]. The most potent
inhibitor 5R was 20 times less potent than the control compound with phenylalanine at P3. This result was the product of two changes to the control:
alkylation of the P 2 -P 3 amide bond and introduction of a conformational
restriction into two rotatable bonds. The low potency evident in the series 69 is the result of the introduction of a restriction into a further bond. Evident
from this work was the increased potency of the smaller amino derivatives.
This result had been expected from our analysis of the CGM. Although both
series of structures overlay model inhibitors in the CGM well, we were surprised
to find that the 2S, 3R diastereomers 3-5 were more potent than the diastereomeric
compounds 1-2. The CGM had indicated, at the outset of the work, that the
2S, 3S diastereomer should be more potent due to its superior overlay with
the model inhibitor. Adjustments to the renin model to accomodate these results
are in progess.
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Approaches to human renin inhibitors with improved
bioavailability
William J. Greenlee3*, Jan tenBroeke3, Stephen E. de Laszlo3,
Prasun K. Chakravarty", Valerie J. Camara3, Kenneth J. Fitch3,
Carol S. Sarnella3, Arthur A. Patchett3, Peter D. Williamsb, Debra S. Perlowb,
Daniel F. Veberb, Robert J. Lynchb, John J. Doyleb, Terry W. Schornb,
John F. Strouseb and Peter K.S. Sieglb
"Exploratory Chemistry Department, Merck Sharp and Dohme Research Laboratories,
Rahway, NJ07065, U.S.A.
b
Department of Medicinal Chemistry and Department of Pharmacology, Merck Sharp and
Dohme Research Laboratories, West Point, PA 19486, U.S.A.

Introduction
As a part of a program directed toward orally-active renin inhibitors, we
studied a series of inhibitors based on the statine analog 'ACHPA' (4S-amino5-cyclohexyl-3S-hydroxypentanoic acid) that incorporate amino-terminal Nalkylated phenylalanine analogs (as the P4 and P3 elements). It was hoped that
they would show improved aqueous solubility and stability toward both chymotrypsin and aminopeptidases.
Results and Discussion
Removal of the amino-terminal Boc group from the inhibitor Boc-Phe-HisACHPA-Ile-NHCH2(pyridin-2-yl) (IC50 = 0.8 nM against human plasma renin)
[1] led to a less-potent inhibitor (IC50 = 33 nM). While A-methylation of
phenylalanine gave no improvement, large A-substituents gave more-potent
inhibitors. Particularly interesting was inhibitor 1, which incorporates a 3Squinuclidinyl substituent, and has in vitro potency nearly equal to that of the
Boc-Phe analog. Inhibitor 1 had aqueous solubility ( > 2 0 mg/ml in 0.1 M citric
acid) greatly improved relative to that of neutral inhibitors, and was stable to
the action of homogenates of liver, kidney, intestine and pancreas [2].
Intravenous administration of inhibitor 1 to sodium-depleted rhesus monkeys
produced a drop in plasma renin activity (PRA) that persisted ( > 50% inhibition)
for 2 h, and lowered blood pressure (BP) for over 1 h. Oral administration
of 1 to monkeys (10 mg/kg) resulted in nearly complete inhibition of PRA
(>97%) for 6 h with an accompanying drop in blood pressure (max. drop = -17
mm Hg at 3 h). Inhibitors 2 and 3, that incorporate an hydroxyethylene isostere
or a lactam analog of ACHPA [3], eliminate the carboxy-terminal isoleucine
T o whom correspondence should be addressed.
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Fig. 1. Inhibitors of human renin.
while maintaining high in vitro potency, but neither showed oral activity matching
that of 1. It is hoped that other modifications at the carboxy-terminus in this
series will lead to further improvements in bioavailability.
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Chromatotopography: Peptide dynamics at solid-liquid
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Introduction
Chromatographic methods have been extensively applied in recent years to
study the conformational behaviour of proteins in solution, particularly in the
presence of dissociating reagents. Typically, size exclusion chromatography, most
recently in the high performance mode (e.g. SEC-HPLC), has been employed
to evaluate the effect of mobile phases containing increasing concentrations of
urea, guanidine hydrochloride or other dissociating chaotropic reagents. Changes
in the hydrodynamic volume, Stokes radius of gyration, intrinsic viscosity and
solvation state of the protein can be directly monitored from variation in the
permeation coefficient, average retention and/or band broadening of the peak
zone. Similar methods, again with dissociants present in the eluent, have been
applied to characterize the bulk changes in the conformation of proteins with
ion-exchange and RPHPLC techniques (for a selected compendium of recent
applications see Refs. 1-6). However, such methods, as routinely employed,
provide little or no information on the molecular mechanism of the unfolding/
refolding trajectory or the location of structural regions, motifs or domains of
the protein (or peptide) which associate with their complementary ligand. In
particular, these methods, as generally employed, do no indicate structural regions
within continuous or noncontinuous sequence frameworks, which are more or
less accessible to the surrounding solvent.
Recent studies [7,8] have, however, demonstrated that modern HPLC techniques, when operated in appropriate adsorption modes, can provide information
and directives that address different aspects of these fundamental question.
Although the mosaic of experimental results is far from complete, the available
information indicates that the chemical ligand, irrespective of whether it is a
w-butyl or a n-octadecyl group as used in RPHPLC, a quaternary ammonium,
sulphate or carboxylate group as employed in ion-exchange HPLC, or another
type of chemical functionality as used in biomimetic and ligand exchange HPLC,
can function as a molecular probe to unravel the conformational vagaries and
interactive contact regions of peptides and proteins. This publication reports
further progress towards the routine use of such rapid high-resolution chromatographic methods to probe, and to analyze, induced changes in the structural
hierarchy of peptides and proteins - an application of modern HPLC for which
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the evocative term chromatotopography has been coined. In particular, this study
documents further examples of the use of RPHPLC to characterize transient
amphipathic conformations of synthetic peptides related to the (6-13)-fragment
of human growth hormone and an approach to characterize conformational
changes associated with regions of high electrostatic potential of proteins.
Results and Discussion
Methodology, instrumentation and calculation of parameters for RPHPLC
and ion-exchange HPLC were described earlier [8-10].
Over the past several years our understanding of the molecular basis of protein
function and antigen recognition in the normal and pathological state has been
dependent on the application of a variety of experimental approaches involving
(i) monoclonal antibody (MAb) mapping methods; (ii) development of computeraided predictive algorithms; (iii) analysis of immunological or biological properties of cleavage fragments of a relevant protein; (iv) arbitrary synthesis of
large numbers of overlapping peptides; (v) analysis of the effect of amino acid
substitutions and deletions in variant or homologous proteins, and (vi) spectroscopic and X-ray crystallographic analysis. All of these experimental methods
have as their common goal the elucidation of the structure of the recognitopic
regions of a protein or polypeptide and to relate these data to information encoded
within the primary sequence. For different reasons, however, all of these methods
currently have a number of significant limitations, either in terms of the restricted
applicability of the derived data to unrelated proteins, or their cost and time
required for execution of the investigations. Clearly, improved and expanded
data bases on the conformational and accessibility status of sequential, as well
as spatially assembled or discontinuous, recognitopes are required if experimental
methods of wide applicability are to be used to correlate the segmental/domain
behavior of a specific protein or polypeptide (in terms of its primary, secondary
or higher order structures) with its biological function as manifested in immune
response or receptor binding phenomena.
In order to allow molecular definition of a particular topographic region,
it is necessary to determine the composition and orientation of amino acids
which comprise the binding determinant. Early availability of predictive data
on the preferred conformational limits of a designated peptide in a particular
environment, and directives on the possible topographic contact regions of a
protein capable of interacting with relevant chemical or biological ligands would
considerably assist this molecular definition. The underlying thermodynamic and
kinetic processes observed in peptide and protein interactions with chemical
as well as biological ligands involve common physicochemical considerations.
The concept that chromatographic sorbents can be used to access and assess
surface features such as regional hydrophobic moments or electrostatic ionotopes,
thus has the capacity to transform current qualitative understanding of interfacial
behavior of peptides and proteins into more quantitative and mechanistic
relationships. Interestingly, this concept is not new, but rather has evolved over
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the past forty years or so, and forms the basis of all algorithms for structureretention prediction in partition chromatography, as well as in paper, thin-layer
and reversed-phase chromatography. Iteration of the derived retention data can
be used to derive amino acid functional group coefficients [11-13], which then
find use in the analysis of the presence of accessible hydrophobic stretches along
a polypeptide amino acid sequence by residue averaging methods. Derivation
of these coefficients and their assembly into structural motifs of defined retention
characteristics has its origin in the relationship between the thermodynamic
parameter, known in chromatography as the capacity factor k', and the compositions of the protein (or peptide), the surrounding solvent and the interfacial
microenvironment.
Knowledge of the relationship between the logarithmic capacity factor, e.g.
log k', of a peptide or protein and the mole fraction, <p, or logarithmic
concentration (log [c]) of the displacing species, e.g. solvent, salt, etc. employed
with a particular adsorption HPLC mode, can be used to evaluate in thermodynamic as well as empirical terms, preferred conformational pathways involved
in biosolute folding. Related LFER and structure-retention relationships can
be used to suggest possible molecular regions within the total structure involved
in solute-ligand interactions. Similarly, relationships between peak broadening
and chromatographic parameters can be used to provide insight into the kinetic
processes associated with solute-ligand interaction. The forms of these retention
dependencies most commonly used [7,10] to analyze data obtained from reversed
phase (hydrophobic interaction) and ion-exchange (coulombic) chromatographic
experiments are:
for reversed phase
log k' = log K0 - Sep

(1)

or
log k = C + 7

NAAh + 4.836NV - l ) v j
—

(2)

and alternatively for ion exchange
log k' = log K0 - Z log C

(3)

or
loge k' = C

2.303
RT

Z c Zi€ 2 r p ^

2D A r

K

1 + /ca

(4)

where S and Z are the slopes of the log k' vs. -o or log k' vs. log [ionic concentration];
log K0 is related to the capacity factor of the peptide and protein in neat water,
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AAh is the relative surface area of the molecule in hydrophobic contact with
the nonpolar surface, and Ac is the ionotopic surface area encompassing the
vectorial charges at the surface of the protein which are in electrostatic contact
with the coulombic surface.
In the case of ionic interactions as the electrostatic potential per unit area
increases, i.e. as the number of charge groups per unit area within the contact
region increases, retention in ion-exchange HPLC will increase for a designated
buffer and salt system of dielectric constant D, charge Z i; temperature T and
effective protein ion radius, rp. The remaining terms in Eqn. (4) relate to the
distance of closest approach, a, of the contact region to the charged ligand
and the composition of the solution, the so called /c-term which is an approximate
measure of the thickness of the ionic atmosphere or the distance over which
the electrostatic field of an ion extends with appreciable strength. Continuous
linear dependencies of log k vs. log [1/c] or log k' vs. 1/D are thus predicted
by Eqn. (4) provided the electrostatic potential per unit area, i.e. the Z c r p /A c
term remains constant for different values of [c] with a defined sorbent.
Furthermore, numerical evaluation of Zc, rp or Ac can be carried out from
appropriate experimental measurements. In the case of hydrophobic van der
Waals/Lifshitz or London force interactions as the hydrophobic contact area
AAh, or the energy required to create a cavity with the molecular dimensions
of the solute (the K* term) increase, retention will also increase. Thus, reversed
phase and coulombic modes of HPLC independently permit assessment of
hydrophobic or electrostatic patches at the surface of a protein or peptide
accessible to an appropriate ligand. Under conditions dictated by the thermodynamic near equilibrium assumptions, these contact regions will correspond
to sites of the highest hydrophobic moments or highest electrostatic charge
potential.
When changes in the contact area, electrostatic potential or charge density
arise from specific interfacial processes mediated by ion condensation of a
particular anion or cation to the protein (or sorbent) surface or via unfolding
phenomena then non-linear plots are predicted. Figure 1 illustrates one such
case observed for hen egg white lysozyme (HEWL). Knowledge of the value
of the ZcZi62rp/2DAc term and the slope and intercept of the log k' versus log
l/[c] can be used to suggest potential regions of the protein surface which may
be involved in the interfacial contact. For example, in the case of HEWL it
has been proposed [14] that the topographical region encompassing the amino
acid residues Asp48, Asp52, Asp101 and Glu35 represent the dominant electrostatic
binding domain (ionotope) recognized by the quaternary ammonium ligand found
in Q-type sorbents. Involvement of this topographical region, which is located
around the catalytic cleft, would also be consistent with the known influence
of salts, e.g. Nal, on the hinge-bending of the two domains of HEWL. Similar
bimodal dependencies of log k vs. log [1/c] as shown in Fig. 1 have also been
described [8] for the cation exchange behavior of subtilisin muteins where a
salt bridge transition influencing the ionisation state of His64 has been proposed.
Interestingly, His64 is part of the active site triad and, based on earlier
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Fig. 1. Retention plots for hen eggwhite lysozyme eluted from a Mono-Q sorbent under
different displacer salt conditions and column residency times. The displacer salts used were:
(•) KF; (m) KCI; and (A) KBr.
studies [15] showing the importance of the active site Ser in cation exchange
retention, the His64 has been proposed to form part of the chromatographic
contact region. What these studies illustrate is the potential for HPIEC to rapidly
provide, with the current generation of instrumentation, very useful insight into
the charge distribution of clusters of amino acid residues accessible at the surface
of folded or partially folded peptides or proteins in a particular chemical microenvironment.
Previously, similar concepts have been utilized in RPHPLC of peptides to
derive retention coefficients for individual amino acid residues. These retention
coefficients have been subsequently employed in various predictive algorithms
to anticipate the retention behaviour of different peptides, or used in structural
classifications such as hydropathy plots or the prediction of antigenic sites. What
is now evident is that RPHPLC is a potent tool to aid the characterization
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of amphipathic and non-amphipathic features of peptides. Because of the
dependency of log k' on the hydrophobic contact area, AAh, (Eqn. 2), the effect
of sequential changes in the secondary and tertiary structure of a specified peptide
can be readily monitored by RPHPLC from plots of log k' vs. <p (or 7) and
from van 't Hoff plots of log k' vs. 1/T. Such approaches have been successfully
applied to studies with peptides related to growth hormone, myoglobin, tropomyosin, paracelsins, ^-endorphins as well as various peptide polymers with
repeating units or amino acid residue replacement/migration along a defined
sequence.
Illustrative of these studies are the results shown in Table 1 for a series of
synthetic peptides related to the (6-13) human growth hormone sequence.
Table 1 Sequence (S) and log k0 values for peptides related to hGH(6-13)
Peptide Sequence

Link

No.
1
2
3
4
5
6
7
8

LSRLFDNA
LSRLFDNA
LSRLFENAG
LSRLFENAG
LSRLfDNA
LFDNAG
LSRLFDNG
LSRLFENG

B
imide
B
a
imide
a
B

P

C,„/0.1%

TFA

C 4 /0.1%

TFA

Cis./Bicarb

S

logK 0

s

logK 0

S

logKo

13.1
7.2
12.0
11.4
8.2
11.2
12.8
12.8

2.3
3.6
2.1
3.0
4.0
1.8
1.7
1.9

12.8
7.8
13.1
11.1
7.3
12.7
10.6
13.0

1.8
3.5
1.9
2.5
3.2
1.4
1.0
1.5

10.1
6.3
8.1

2.5
3.0
2.1

IA
13.0
8.3
9.5

3.7
2.5
1.8
1.8

f=D-phenylalanine.
Associated studies had demonstrated [16] that the parent peptide sequence
Leu-Ser-Arg-Leu-Phe-Asp-Asn-Ala is characterized by the configuration of the
side chain at position Asp6, with three alternative structures, derived from the
B-Asp rearrangement, occurring following synthesis. Only the imide form is active
as a hypoglycemic and insulin-potentiating peptide in in vitro and in vivo assays.
The smaller S value but larger log K0 value suggests a smaller hydrophobic
contact area but one of higher binding affinity to the hydrophobic surface. These
requirements would be achieved if the imide structure was more conformationally
stabilized (compared to the a- or /3-forms) as a nascent amphipathic structure
involving the amino-terminal residues. Measurement of the standard entropy
change, AS°assoc, associated with the transfer of the peptide analogs to the sorbent
surface indicated that the open chain a- and /8-peptides do in fact exist in more
flexible conformations while the helical structure generated with the imide form
is more constrained. For example, the AS°assoc value of the imide peptide 2
was 3.8 + 0.6 J m o H whilst the corresponding AS°assoc values for the a- and
/3-forms were -39.7+1.2 J m o H and -32.8 + 5.5 J m o H , respectively. The
enthalphic change, AH°assoc, for these peptides was -3.3 + 0.6, -8.7 + 0.3 and
-6.1 ± 1.0 kJ mol -1 , respectively, which indicates for the a-, B- and imido-forms
related to peptide 2, that heat is released upon adsorption of the peptide to
the hydrocarbonaceous surface. Additional spectroscopic measurements, e.g.
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COSY and NOESY NMR studies, have provided [16] further supportive evidence
for amphipathic helical stabilization to be enhanced through hydrogen bonding
between the guanidino protons of Arg3 and the imide structure.
This behavior for a folded peptide structure to exhibit smaller hydrophobic
contact areas (i.e. smaller S-values) compared to the fully unfolded structure
represents a trend, often noted anecdotally in the scientific literature. Besides
leading to divergencies in the prediction of peptide retention in RPHPLC when
algorithms are used which assume linear additivity of retention coefficients of
amino acids as defined by the primary sequence, inappropriate definition of
the contact area, as determined from Eqn. 2 also forms the basis for the limited
correlations of the predictive algorithms in the definition of antigenic determinant
sites based on the use of the same or similar coefficient values. A new approach
under development in this laboratory to remedy this situation allows multisequence frames to be read as topographical coefficient motifs, which defines
more accurately the hydrophobicity/hydrophilicity and accessibility of surface
regions of a peptide or protein. This approach has lead to a data base of over
3000 peptide sets being accumulated and analyzed in terms of structure-retention
dependencies. Based on these data, refined coefficients which describe the transfer
function of individual amino acids within a reading frame of 3,5,7,9
amino
acid residues in different conformational motifs have been developed (the
Matwindow program). This approach has been employed in these laboratories
to characterize potential continuous and non-continuous regions of biological
interest within the structures of the glycoprotein hormone subunits, inhibin
subunits and the somatotrophin family. The definition of the region (6-13)hGH
as a relevant, surface-accessible region was predicted using this Matwindow
approach. Details of these investigations will be described elsewhere.
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Introduction
RPHPLC is currently the method of choice for the rapid estimation of the
homogeneity of synthetic peptides. While mostly based on hydrophobic interactions, the exact mode of binding of peptides with the stationary lipid phase
is not fully understood. This becomes evident due to the inability of retention
coefficients (which are based solely on the amino acid composition of the relevant
peptides [1] to predict accurately peptide retention times during RPHPLC, as
we have shown in earlier work [2]. We believe this is due to the induction
of specific secondary structures in peptides by the lipid of the solid support,
or, alternatively, by the increasing organic component of the mobile phase,
analogous to a-helicity induced by organic solvents observed by circular dichroism. The increased retention times of peptides having a-helical amphipathic
structures is used here to predict immunodominant TH-cell sites in proteins.
Results and Discussion
In an ongoing study to investigate induced conformational effects determined
by RPHPLC, we have prepared a wide range of synthetic peptides analogs.
In earlier studies [3] we found that 'walking' a lysine through H-(Ala)14-NH2
yielded a series of peptides having a periodicity of their retention times that
is compatible with a a-helical conformation of the peptide as it interacts with
the C-l8 of the stationary phase. In a different series, a proline was 'walked'
through the alanines of H-Lys-(Ala)18-Lys-NH2 and the resulting 18 analogs
were examined by RPHPLC at pH 2.1 (Fig. 1).
The variation in the retention times corresponds well with the disruption and/
or destabilization of an a-helical array by proline. Thus, we believe proline
causes a bend in the a-helix, with the carbonyl of the proline and the adjacent
disrupted amide bonds now hydrogen bonding with H 2 0 [4]. This additional
bound water decreases the effective hydrophobicities, and therefore, the retention
times of the peptides [also see Ref. 9].
In another series of peptides, derived by 'walking' a lysine through H-(Pro)18NH 2 , we found a periodicity strongly indicative of a type II helix for polyproline
(3,0-helix, trans amide bonds - 3 residues per turn). Surprisingly, this series
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10
Position
Fig. 1. Proline'walked'through poly alanine.

eluted approximately 15 min earlier than would be predicted with the use of
retention coefficients. Modeling of this peptide as a 310-helix indicates that it
is twice the length of its a-helical polyalanine counterpart, and the carbonyl
groups are oriented approximately perpendicular to the axis of the helix. Both
the carbonyl orientation and overall peptide length would facilitate hydrogen
bonding with water, thereby imparting greatly reduced hydrophobicities, and
also decreased retention times for this series, relative to that predicted by retention
coefficients.
Peptides having increased retention times relative to those predicted, point
to a structural stabilization of the peptide in the two-phase partitioning RPHPLC system. We have found this to be associated with an overall amphipathic
secondary structure. The work of De Lisi and Berzofsky [5] correlates amphipathicity of peptides with immunodominant TH-cell antigenicity. If our RPHPLC
results are correct and of a general nature, we should be able to predict these
epitopes. As a model protein, sperm whale myoglobin (SWM) was examined,
for which the antigenic TH-cell epitopes are known. A nested series of 29
overlapping 15-residue peptides spanning the sequence of (SWM) were synthesized
using the method of simultaneous multiple peptide synthesis [6], followed by
RPHPLC at pH 7.2. Using this approach we were able to confirm the three
immunodominant antigenic TH-cell epitopes of (SWM) by their increased
retention times on RPHPLC, relative to those predicted through the use of
retention coefficients (Fig. 2). As can be deduced from the (SWM) crystal structure
[7], these epitopes are all associated with helical segments of the protein, and
we believe they adopt this secondary structure during RPHPLC. The same
approach was applied to the circumsporozoite protein oi Plasmodium falciparum,
and all of the known immunodominant TH-cell sites [8] were confirmed.
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We conclude that R P H P L C offers an excellent means to study induced
conformational effects of peptides at aqueous/lipid interfaces.
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Fig. 2.

Sperm whale myoglobin.
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Introduction
Over the past few years, we have developed high-performance tandem mass
spectrometry (MS/MS) [1] into a technique for the determination of the structure
of peptides up to 20-25 amino acids in length [2]. This is just the size of peptides
generated by cleavage of proteins with various proteolytic enzymes, and thus
represents the basis of a strategy for the determination of the primary structure
of proteins. The most important characteristic of MS/MS for peptide sequencing
is its speed (it takes only 1-2 min of instrument time for each peptide to collect
all the data required), and the fact that this can be accomplished with a mixture
of peptides, i.e., the digest does not have to be separated into the individual
components.
In high-performance, MS/MS [3], the sample mixture of peptides is dissolved
in a matrix, such as glycerol or thioglycerol, and ionized in the ion source of
the first double focusing MS (MS-1) by irradiation with a beam of xenon atoms
[4] or cesium ions, which causes the formation of protonated peptide molecules,
(M[ + H)+, (M2 + H)+, ... These are then separated by mass in MS-1, resulting
in the determination of the molecular weights (accurate to + < 0 . 3 Da) of the
individual peptides present in the mixture. Alternatively, it permits passing any
selected ion beam (the 12C-only specie of each M + H ion cluster) into a collision
cell filled with 10-3 torr helium, where collision-induced dissociation (CID) into
fragments takes place. Fragmentation occurs along the peptide bonds, producing
ions differing in mass by the mass increment of an amino acid [2]. These fragment
ions (Fi,, F 2 , ...) are then mass-analyzed in the second MS (MS-2). The CID
spectrum of a peptide can thus be interpreted by following the spacing (in mass)
between peaks from low mass to high mass, which reveals the sequence from
the N-terminus to the C-terminus, if the fragmentation leads to retention of
the charge at the N-terminus, and vice versa for fragments retaining the charge
at the C-terminus.
A detailed study of the CID spectra of hundreds of peptides of known or
originally unknown sequence led to a good understanding of these fragmentation
processes and their dependence upon the presence and location of certain amino
acids, especially the basic arginine and lysine. Unique fragmentation processes
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that involve the side chain of the amino acid located at the site of peptide
bond cleavage allow the differentiation of the isomeric pair leucine and isoleucine
[5]. To aid in the interpretation of the CID spectra of peptides produced under
the conditions of our experiments (monoisotopic fragment ions produced at
kilovolt collision energies), we have written a computer program (SEQPEP) that
incorporates all this information and takes an average of only 2-3 min to generate
a ranked list of sequences that are compatible with the data [6].
Since the identity and location of an amino acid is deduced from the mass
difference of consecutive peaks due to cleavage at successive, analogous peptide
bounds, this MS approach also permits the identification and location of modified
amino acids that may be produced by posttranslational modification, planned
or accidental chemical conversions, or other processes. Acylation at the aminoterminus is just one such modification, which not only does not interfere with
the methodology but also reveals the size (and usually the identity) of the acyl
group.
Results
We have developed this strategy in the course cf the determination of the
primary structure of a number of thioredoxins [7], and present here the work
on the structure of a glutaredoxin isolated from a mammalian source, rabbit
bone marrow. In contrast to thioredoxins, eukaryotic glutaredoxins tend to have
a blocked N-terminus which frustrated earlier attempts to determine the sequence
by the conventional Edman degradation. Thus, MS/MS was the obvious choice
for the determination of the structure of this protein.
A tryptic digest of the glutaredoxin was partially separated by HPLC into
a few fractions containing 1-5 peptides each. The (M + H)+ ions produced in
MS-1 ranged from m/z 542.0 to 2242.8, and of all but the last one, complete
CID spectra were obtained. One of them clearly indicated the sequence AcAQEFVNSK and must thus represent the N-terminus. Two other digests, utilizing
chymotrypsin and 5. aureus V8 protease, generated two entirely different sets
of peptides that were also analyzed by MS and MS/MS. The resulting individual
peptide sequences exhibited considerable overlap and redundancy, making it
possible to arrive at the complete 106-amino acid sequence of the rabbit bone
marrow glutaredoxin with a high degree of confidence [8]. The final structure
exhibited a large degree of homology with the related thioltransferase from pig
liver [9], but differed from the published structure of calf thymus glutaredoxin
[10] in two significant aspects. The latter was believed to have an N-terminal
pyroglutamic acid and lacked a 4-amino acid segment (TVPR), present in both
the rabbit glutaredoxin and the thioltransferase. A reinvestigation [11] by MS/
MS of the chymotryptic digest of the calf thymus protein clearly revealed that
it also had an N-terminal Ac-AQ... sequence, and the four amino acids TVPR
were indeed present at positions analogous to the other two examples.
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Discussion
These two examples clearly demonstrate that MS/MS has reached the point
that it can be used for the determination of the hitherto unknown primary structure
of a protein, as well as for quick and reliable checks of previously proposed
structures. In the latter case - as well as in other instances, such as structures
deduced from DNA sequences, mutants, synthetically modified sequences, etc.
- it often suffices to determine only the molecular weights of peptides generated
by specific enzymatic or chemical cleavage. Wherever an uncertainty remains,
it can be solved by acquiring the CID spectrum of the particular peptide(s)
to determine the sequence in question.
More recent improvements were directed toward an increase in sensitivity
of the instrumentation, to make it possible to make these measurements on
the picomole, rather than nanomole level, and to eliminate losses during the
manipulation of the material between the digestion step and the introduction
of the peptides into the ion source of the MS. For these reasons, we have designed
and constructed a focal plane detector [12] that allows the simultaneous recording
of up to 30% of the CID spectrum [13]. The complete spectrum can thus be
recorded in a number of consecutive steps, requiring only a few seconds in
total. This integrating mode increases sensitivity about 100-fold. However, in
order to translate this sensitivity increase into the capability of sequencing smaller
amounts of proteins, transfer losses have to be eliminated. Injection of the digest
into a packed capillary HPLC column that is interfaced directly or indirectly
to the first of the two MS, permits the efficient handling of digests of 50-100
pmol of protein [14].
With these improvements, peptide and protein sequencing by MS/MS should
become a useful alternative to the automated Edman degradation. The relatively
high capital investment required for the former is more than compensated by
its much higher efficiency and speed, which should be particularly important
for laboratories and organizations where a large amount of sequencing work
has to be accomplished in a timely fashion. In addition, MS/MS is a generally
applicable method suitable for many other areas of biochemistry and biotechnology beyond the specific protein structure problems outlined above.
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Introduction
Capillary zone electrophoresis (CZE) is a promising approach to the analysis
of biopolymers [1,2] that combines the instrumental convenience of HPLC with
the selectivity afforded by electrophoretic processes. Theoretical plate counts
in excess of one million have been reported for separations of oligonucleotide
mixtures in gel-filled capillaries [1]. Zone electrophoretic separations of proteins
and peptides have not yielded efficiencies as high as these, although resolution
of charge variants of human growth hormone and insulin have been reported
[3,4]. In other cases, larger proteins and glycoproteins have yielded poor peak
shapes or have not been eluted from the capillary (unpublished results). The
adverse behavior of these species may be linked to sample microheterogeneity,
e.g., due to the carbohydrate moieties in glycoproteins [2], internal wall
interactions with the capillary [5], or to Joule heating of the electrophoresis
buffer [6]. Therefore, it may be more convenient to analyze the peptides resulting
from enzymatic digestion, rather than the intact molecule. Such analyses are
well known in HPLC, where the tryptic map has become a standard tool of
analytical protein chemistry [7].
The electropherograms of the peptides resulting from digestion of human
growth hormone (hGH) with trypsin have been reported previously [3,4]. Trypsin
has the disadvantage that it can yield peptides with little differences in charge,
with many of the resulting peptides carrying a net charge of +2 at low pH,
and therefore little basis for separation in CZE. Yet acidic conditions may be
desirable in CZE because, under these conditions, interactions between the sample
and the silanols at the capillary wall are minimized, electroosmotic flow is
negligible and all the peptides electrophorese in the same direction, toward the
cathode. Therefore, in this report we will explore capillary electrophoretic maps
of peptides generated by digestion of hGH with chymotrypsin and S. aureus
V8, as well as with trypsin.
Results and Discussion
The CZE maps resulting from digestion of hGH with the three proteolytic
*To whom correspondence should be addressed.
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Fig. 1. Electropherograms of hGH digested with (A) trypsin, (B) chymotrypsin and (C)
S. aureus V8. CZE was carried out on a Bio-Rad HPE 100, in 20 cmx25 nm capillaries,
in a 100 mM phosphate buffer, pH 2.5, at 8 kV with detection at 200 nm. Tryptic and
chymotryptic digestions were carried out in 100 mM Tris-acetate buffers, pH 8.3, with
enzyme:hGH ratios of 1% for 4 h at 37°C. S. aureus V8 digestion was performed in
200 mM sodium phosphate, pH 7.8, for 18 h at 37°C with an enzyme: hGH ratio of 30%.
enzymes are shown in Fig. 1. The identities of individual peaks in the tryptic
map, Fig. 1 A, were determined by injection of fractions from the standard reversed
phase HPLC map of this mixture, as reported earlier [4]. In the CZE tryptic
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map, there is a cluster of peaks eluting around 6 min in Fig. IA that are poorly
resolved.
The chymotryptic map of hGH is shown in Fig. IB. Chymotrypsin cleaves
the protein after hydrophobic residues, so does not exhibit the charge-bias of
trypsin. The chymotryptic map shows a large number of peaks, most of them
well-resolved. Some clustering of the peaks around 4 min is evident in Fig.
IB. This result indicates that chymotrypsin provides the altered selectivity that
is expected to yield a higher resolution map in electrophoresis. The specificity
of chymotrypsin, however, is poor relative to trypsin, making it difficult to predict
where in the protein cleavage occurs. For example, assuming that chymotrypsin
cleaves after phenylalanine, tyrosine and tryptophan, there should be 22 peptides
in the tryptic map. Figure IB , and the reversed phase map of this mixture
(data not shown) both indicate that many more peptides are produced by
proteolysis under the conditions employed here.
The V8 digest map is shown in Fig. IC, and reveals the relatively smaller
number of peaks, well spaced in the electropherogram, that are produced by
cleavage after acidic residues. The low concentrations of peptides shown in Fig.
IC are indicative of the problems associated with the low yields obtained with
this protease, however, the enzyme shows much better specificity than chymotrypsin.
The results reported here indicate that some of the shortcomings of trypsin
in enzymatic digest mapping applications can be overcome by the use of different
proteolytic enzymes. Two alternative enzymes are not without their own disadvantages, however. Since trypsin is the protease of choice for studies of protein
structure, and yields peptides that may be poorly resolved in CZE, separation
based on hydrophobicity, rather than charge, may remain the method of choice
for tryptic mapping applications requiring high resolving power. CZE, since
it provides an alternative basis for separation, is a powerful supplementary
technique for confirmation of the purity and identity of the peptides isolated
by HPLC.
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Chemical recognition of terminally amidated peptides
Gordon Marc Loudon", Hee-Sung Choi" and Philip C. Andrews'1
"Department of Medicinal Chemistry and Pharmacognosy, School of Pharmacy and
Pharmacal Sciences, and bDepartment of Biochemistry, Purdue University, West Lafayette,
IN47907, U.S.A.

Introduction
Peptides amidated at their carboxy termini invariably have neuropeptide or
hormonal activity [1]. Although such peptides can, in principle, be identified
by a bioassay-directed search, a strategy involving chemical recognition of the
C-terminal amide feature would be more general, a n d could well lead to the
isolation of previously u n k n o w n peptide hormones [2,3]. We have developed
nonenzymic chemistry that should be usable to determine whether a sample
peptide is terminally amidated. The reactions take advantage of the reagent
7,/-bis(trifluoroacetoxy)iodobenzene (PIFA, 1), which has been used for other
unique chemistry of peptides [4-7] (Scheme 1).
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R—CH—NH3
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Results and Discussion
The formation of a cyanide-trapable fragment 3 is what differentiates Cterminal amides from both nonamidated C-terminal residues and the side chains
of Gin and Asn. Although the latter residues do undergo the PIFA-induced
rearrangement [7], they do not fragment further under basic conditions [8].
After testing this scheme on a number of A-acetyl amino acid amides with
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promising results, it was applied to peptide amides, with the results shown in
Table 1. In each control, an identical sample was subjected to the same procedure,
but without cyanide. Hydrolysis of the reaction mixture gave the appropriate
amino acid 5 corresponding to the C-terminal residue; in the control, this residue
was largely absent. The controls show that rearrangement takes place in nearly
quantitative yield.
Table 1 Reactions of peptides*
Peptide
(nmol used)

PIFA
(amount)

NaCN
(amount)

Recovery of C-term. residue (%)

+ CN"
no CN" (control)
a-MSH (89.5)
50 equiv.
98 equiv.
58.0
3.4
N-R-K-R-H-amide (141.1) 30 equiv.
49 equiv.
49.1
2.5
N-I-F-N-Q-amide (563.3)
21 equiv.
41 equiv.
62.5
6.9
a
Peptides were treated with large excess of PIFA in DMF/H 2 0; excess PIFA was extracted,
and the reaction mixture was treated with excess cyanide or no cyanide (control) at
140°C, 18 h in DMSO.
b
Af-Ac-S-Y-S-M-E-H-P-R-W-G-K-P-V-amide.
b

Having validated the proposed chemistry, we envision that, in future studies,
the use of radiolabeled cyanide will afford enhanced sensitivity, and will permit
us to determine whether a peptide of unknown structure is terminally amidated
as follows: we hypothesize that the trapping of imine 3 (or aldehyde hydrolysis
product) will be the only cyanide-fixing reaction observed, and thus, that
radioactivity will be irreversibly fixed in the sample only when it is a terminally
amidated peptide. Moreover, hydrolysis of the reaction mixture should yield
a single radiolabeled amino acid corresponding to the C-terminal residue. Further
work is required to validate this hypothesis.
Acknowledgements
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Affinity methods for purifying large synthetic peptides
H. Ball3, C. Grecian3, S.B.H. Kentb and P. Mascagni3
"School of Pharmacy. 29-39 Brunswick Square, London WC1N 1AX. U.K.
b
California Institute of Technology, Pasadena, CA 91125, U.S.A.

Introduction
The principal impurities arising from the stepwise nature of peptide synthesis
are truncated peptides and deletion peptides. For peptides larger than 40 residues,
the purification of the target peptide from these impurities, using conventional
chromatographic and electrophoretic methods, becomes a difficult task.
Results and Discussion
We have devised a purification scheme based on the acid-stable Fmoc-4carboxylic acid la which improves on previous work involving either attachment
of a Sulph-Fmoc group to the peptide [1], or a covalent biotin-peptide derivative
[2], la can be derivatized with one of the groups shown in Fig. 1, and introduced
via the urethane moiety onto the last amino acid of the sequence being synthesized.
After HF cleavage, the purification of the peptide, thus derivatized, should be
carried out using either reverse phase, ion-exchange or affinity chromatography.
If this purification scheme is combined with capping procedures after each
coupling step of the synthesis, then the purified peptide should also be free
of deletion peptides.
lb

R1 = NH 2 CH(CH 2 ) 7 CH 3 COOtBu

•lc

R2 = NH2CH(CH2)7CH3CONHCH(CH2)7CH3COOCH3

Id

R3 = NH2-(2CICBZ)Lys-(2CICBZ)Lys-(CBZ)Lys-OCH3

la

Fig. 1. Fmoc derivatives used in this study.
To probe our hypothesis, we synthesized FMDV VP1-143-160 using the Bocamino acid chemistry, and introducing the last residue (Gly) as the Fmoc
derivative lb. After HF cleavage, the crude peptide was eluted through a C18 reverse phase column. Figure 2 shows the HPLC chromatogram of the FMDV
derivative; the peptide containing the Fmoc derivative eluted 8 min later than
the underivatized peptide, thus confirming our hypothesis.
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r100%

30 min

Fig. 2. C-18 RPHPLC of the FMD V(143-160) derivative with lb. 1 = underivatized peptide;
2 = derivatized peptide.
Next we synthesized the 39-86 HIV-1 TAT fragment using the Boc strategy.
However, this time, capping with 20% acetic anhydride in DCM containing
5% DIEA was performed after each coupling. The resin-peptide was stored in
DMF at -70°C, and subsequently treated with TFA to remove the Boc group.
Only 20% of the peptide chains were deprotected, as indicated by a quantitative
ninhydrin test conducted after two TFA treatments.
Using a manual shaker, the Gly derivative of lc was then added as the HOBt
active ester. The incorporation was monitored by taking small aliquots of peptideresin and treating them with 20% piperidine in DMF. Readings of fluorene
UV absorbance at 270 nm were then taken. The reaction was stopped when
two successive such readings were found to be identical. After HF cleavage,
the crude peptide was eluted on a C-4 column with a AcCN linear gradient.
The derivatized peptide eluted at 68% AcCN, which contrasted with 33% for
the uncoupled peptide. RPHPLC of 15 mg of crude material allowed the
separation of these two peptides. Their molecular weight was assessed by SDSPAGE and, in both cases, found to correspond to the expected masses.
Conclusions
These experiments have shown that the proposed scheme can be successfully
applied to the purification of peptides of about 50 residues. The application
of this procedure to 100-residue peptides using Id is currently under investigation.
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RPHPLC resolution of enantiomeric A^-methyl amino acids
by GITC (2,3,4,6-tetra-0-acetyl-j6-D-glucopyranosyl
isothiocyanate) derivatization
Rainer Albert and Francois Cardinaux
Preclinical Research, Sandoz Ltd., CH-4002 Basle, Switzerland

Introduction
A-Methyl amino acids (NMe-AA) are known to occur in natural products
(e.g. cyclosporin) and are often used in synthetic peptide analogs. For the quality
control of starting materials, as well as for the analysis of racemization during
peptide synthesis, a simple and rapid method for determining enantiomeric purity
of NMe-AA is required. Existing methods [1] for the separation of NMe-AA
are unsatisfactory. The stable reagent GITC [2] was found to react rapidly with
a DL-NMe-AA forming diastereomeric thiourea derivatives [3], that are easily
separable by RPHPLC.

Xi x 2

Xl

x2
COOH

AcO

°

GITC

racemic, not separable
(X, =R, X2 = H o r X , = H, X2 = R)

^^-^

AcO

J

diastereomeric, separable

i) 0.1 mmol N-Me-AA in 5 ml CH 3 CN/H 2 0 (1/1) + 0.1 ml TEA+ 0,1 mmol GITC (39 mg);
ii) after 10 min at rt, 0,2 ml were quenched with 0.1 ml in HCI and diluted with 0.7 ml
buffer (A); 20 /xl of this solution were analysed.

Fig. 1. Reaction scheme.
Results and Discussion
Using this method we were able to determine the enantiomeric purity of a
variety of NMe-AA in starting materials (Fig. 2), as well as in natural and
synthetic peptides after acid hydrolysis (Fig. 3).
This simple and rapid method is recommended for the racemization analysis
of NMe-AA by RPHPLC on a standard support and common buffer systems.
Detection at 250 nm gives the best signal-to-noise ratio.
Acknowledgements
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and for many analyses.
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Comparison of capillary electrophoresis of pentigetide and
related peptides with HPLC, TLC and paper
electrophoresis
Thomas J. Lobl", Jo-Lynne S. Boone3, Awaz H. Ahmed3, Thomas J. Stolzer3 and
Joel Colburnb
"Quality Control/Analytical Chemistry Department, Immunetech Pharmaceuticals,
11045 Roselle Street, San Diego, CA 92121, U.S.A.
b
AppliedBiosystems Inc., 3745 North First Street, San Jose, CA 95131, U.S.A.
Introduction
Homologous polar peptides often represent a difficult RPHPLC chromatographic problem in terms of both retention and resolution. Pentigetide, a polar
peptide (Asp-Ser-Asp-Pro-Arg; DSDPR) derived from immunoglobulin E (IgE)
Fc region, is an especially good example of this problem [1], All the likely
contaminants in a synthetic mixture would be expected to have similar retention
properties to pentigetide, and therefore, would be difficult to resolve.
Pentigetide has been shown to inhibit hypersensitivity in the Prausnitz-Kiistner
reaction [2] and is being tested for the treatment of allergic rhinitis, allergic
conjunctivitis, asthma, and other inflammatory conditions [3,4]. The need to
measure synthetic impurities and decomposition products prompted us to evaluate
capillary electrophoresis (CE) as an alternate technique for RPHPLC. CE is
a sensitive, high resolution technique that separates molecules based on charge,
molecular size and shape [5-7]. It is now possible to evaluate the utility of
CE in analytical chemistry, where reproducibility and variability constraints are
rigorous. We describe now the CE studies of very similar hydrophilic peptides,
and compare them to RPHPLC, TLC and high voltage paper electrophoresis
(HVE).
Materials and Methods
Capillary electrophoresis: Capillary electrophoresis was done on a Model 270A
from Applied Biosystems Inc., using the following standard conditions: 0.1 M
NaOH wash, 20 mM sodium citrate running buffer, pH 2.5, 20 000 V, 30°C,
and monitored at 200 nm. Depending on the experiment, the voltage, temperature,
buffer, and pH were varied. Each run contained an internal standard (RKRSRKE).
The fundamental property, electrophoretic mobility (Mep)> w a s calculated for each
peptide from the equation:
MeP = [(LD)(Lt)]/[(voltage)(time)] - nm
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where L D and Lt are capillary length to detector and total length, respectively,
and ;ueo(electroendoosmotic flow) was calculated from the internal marker in
each run, based on the equation that Meo =/"apparent - MeP, where the (U(aPParent
-4
2
marker) = (L D )(L t )/(voltage)(time). /uep for the marker is 3.95 X IO cm /V-s.
HPLC: HPLC k' data was generated as reported earlier [1]. TLC: TLC was
done on silica gel (E. Merck), developed in «-butanol/acetic acid/water/ethyl
acetate ( 1 : 1 : 1 : 1 ) and visualized using ninhydrin. HVE: HVE was done on
Whatman 3 MM chromatography paper, and developed with 0.2 M Na 2 HP0 4 ,
pH 6.5 for 1 h at 2 kV, 20-25°C and -35 mA. Spots were visualized using
ninhydrin and are relative to L-aspartic acid. All peptides were synthesized at
Immunetech, as described earlier [1].
Results and Discussion
Our initial objective was to show that CE could give equivalent, or better
resolution and retention than RPHPLC. The chromatogram (Fig. la) shows
that DSDPR, D ( D S ) D P R , /3-DSDPR, DPR, PR and SDPR are resolved. The
very polar DSD comes out with the solvent front. CE is able to separate the
same compounds (Fig. lb). Unlike HPLC, where it was difficult to achieve
retention with polar compounds such as DSD, CE elutes it clearly and slowly.
The juep for DSD is 1.23X10-4 cm2/V-s (migration time (tm) = 26 min) under
standard conditions. Even the polar peptide, DSD, had long elution times due
to its low charge with these varieties of pH and buffer conditions in CE (data
not shown) [8]. The data shown in Table 1 and in Fig. 1 shows that HPLC
and CE are comparable in resolution. CE was able to separate structural isomers
with identical charge and molecular weight to pentigetide. The ability to
manipulate mobility with increasing voltage or temperature during CE of
pentigetide gives more flexibility to the methods development than HPLC [8].
Table 1 Comparison of CE with HPLC, TLC and HVE
CE /xep
(xlO- 4 cmVV-s)

HPLC
k'

TLC

Compound

Rf

HVE
mobility

/3-DSDPR
DSDPR
D(D-Ser)DPR

1.52
1.91
1.95

4.69
4.54
6.80

0.15
0.18
0.18

0.40
0.43
0.39

A second objective was the demonstration that CE was superior to TLC and
HVE in resolution capability. The electropherogram (Fig. lb) and the data in
Table 1, demonstrate that the narrow peaks and high resolution for CE show
clear superiority over the low resolution information obtained from TLC and
HVE, and the run times are much shorter (frequently 15-30 min versus more
than 1 h).
A third objective of this study was to investigate the potential of using CE
for quantitative analysis of small percentage impurities, frequently below one
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1 3

4 5

Fig. 1. (a) RPHPLC chromatogram and (b) electropherogram of pentigetide and analogs
(m = marker, 1 = DSD, 2 = PR, 3 = DPR, 4 = SDPR, 5 = DSDPR, 6=B-DSDPR, 7=D(DS)DPR.
percent. The linearity of the response to different concentrations of pentigetide,
within and between run variation and day to day variations, show that CE
has the necessary high degree of reproducibility [8]. Further, it is possible to
obtain quantitative results of small percentage impurities. The runs of bulk
manufactured pentigetide (not shown) showed no impurity peaks not seen
previously by HPLC. Further studies are needed to optimize the quantitative
analysis methodology.
Conclusion
Capillary electrophoresis was investigated as an alternative high resolution,
quantitative technique to RPHPLC, TLC and paper electrophoresis with a series
of polar peptidic analogs of pentigetide. The results show that the technique
is superior to TLC and paper electrophoresis, and equivalent, if not better than
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HPLC. CE is able to separate different structural isomers of pentigetide that
have the same charge and molecular weight. Finally, no impurities were observed
by CE that were not seen previously by HPLC.
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Identification of a thioether by-product in the synthesis of
a cyclic disulfide peptide by tandem mass spectrometry
Mark F. Bean", Steven A. Carr3, Emanuel Escherb*, Witold Neugebauerb and
James Samanen3
"Smith Kline & French Laboratories, King of Prussia, PA 19406, U.S.A.
b
Universite de Sherbrooke, Sherbrooke, Quebec, Canada J1H 5N4

Introduction
It is now well established that MS/MS on a four-sector instrument allows
much enhanced spectral information from peptides [1]. MS/MS with high-energy,
collision-induced fragmentation of peptides is able, even in complex mixtures
to sequence through N-terminally-blocked peptides, handle unusual amino acid
modifications, resolve complex amino acid insertion/deletion problems, sequence
through cystine bridges, and distinguish positional isomers of amino acids.
Clarification of these structural problems is difficult by any other method. Here
we illustrate the utility of the technique in uncovering an unusual peptide
modification in which the internal disulfide bond of a somatostatin analog has
been converted to a thioether link with retained activity.
Results and Discussion
Synthesis of small conformationally-constricted photoaffinity labels related
to sandostatin was undertaken preparatory to isolation of somatostatin receptors.
This new approach involving the di-alcohol analog of threonine as a starting
material and built up by the Boc-TFA procedure is described elsewhere in these
Proceedings [2]. Sandostatin and its labeling analogs were obtained as anticipated,
but in every case, an unidentified, active by-product was isolated as a significant
impurity.
Initial FABMS analysis showed these minor components to have masses of
32 Da lower than expected; this could be explained either by amino acid
substitutions or by a hard-to-explain loss of sulfur. High-resolution exact mass
measurements indicated that the mass difference indeed corresponded to a sulfur
loss. The putative disulfide link could not be reduced, and a thioether bridge
was suspected, although the nature of the bridge was unclear.
The tandem mass spectrum of the intact sandostatin yielded compositional
data from the i?-group losses and immonium ion fragments, as well as the identity
of the terminal amino acids, but no internal sequence information (Fig. 1). The
lack of sequence ions below m/z 840 from the intense parent ion was suggestive
*To whom correspondence should be addressed.
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T^/g^. i. MS/MS of the intact somatostatin analog. VG ZAB-SE 4F mass spectrometer;
CE. = 10 keV; 75% attenuation of parent by He; matrix: 3-nitrobenzylalcohol/DTT/DTE
(9:3:1) with 0.1% TFA; Cs ion gun operated at 35 kV.
of a cyclic peptide that might be sequenced if it could first be opened. Although
the compound was completely resistant to tryptic cleavage, proteolysis was
achieved with chymotrypsin (24 h, 35% yield). The tandem mass spectrum of
the ring-opened sandostatin is rich with sequence information (Fig. 2), and the
sulfur loss is shown to have occurred in the cystine bridge to form the unusual
thioether. We treat the smaller of the linked peptide sequences as a modification
of the cysteine of the larger peptides, and use the established ABCD/VWXYZ
nomenclature to indicate the collisionally induced fragment ions [1]. Reversing
the peptides, we employ 'A'B'C'D/'V'W'X'Y'Z.
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Methods for the automated amino acid sequencing of
peptide-resin conjugates
Doris A. Sparrow and James T. Sparrow
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Introduction
We have shown that peptide-resin conjugates are useful for the production
of antibodies [1,2]. In order to confirm the integrity of the amino acid sequence
of the peptide on the resin after HF or TFA deprotection, methods for the
sequencing of the peptide still attached to the hydrophilic resin were needed.
The programs supplied with the Applied Biosystems 477A Sequencer were used
initially. Since these programs led to poor results with the deprotected resins,
improvements in the methodology were needed.
Results and Discussion
The peptidyl-resins were synthesized on an Applied Biosystems 430A Synthesizer using a beaded glycyl-polyacrylamide cross-linked with to-acryloyl-1,3diaminopropane. The peptide was deprotected at -20°C for 3 h with anhydrous
HF containing 10% anisole and 1% ethanedithiol. The resin was washed with
ether, methanol, water, 1% acetic acid, water, 0.1 M Tris, water, 1% acetic
acid and water before drying in a vacuum desiccator. The peptidyl-resin (1 mg)
was suspended in TFA (0.5 ml) and a 5 ;ul sample immediately applied to the
glass filter disc of the sequencer. With resins containing 0.7 meq/g of starting
amino acid, this procedure resulted in the consistent transfer of approximately
1000 pmol of peptidyl-resin to the disc. The PTH-amino acids were separated
on the Model 120 PTH Analyzer using a buffer of trimethylamine (1.5 ml)/
sodium acetate (37 ml, pH 3.8; 8.4 ml, pH 4.6) in THF-water (1 liter) and
acetonitrile in the gradient in Table 1. The retention times of the PTH-derivatives
of protected amino acids [3] are given in Table 2.
When various ABI programs were used to sequence the deprotected peptides
attached to polyamide resins, we found that large amounts of PTH-amino acid
were carried over to the next cycle (Fig. 1 A). Since the programs for the sequencer
contain wash steps using hydrophobic solvents that do not swell the hydrophilic
resin, we reasoned that elimination of the apolar solvents from the program
should improve recovery and reduce carryover. Subsequently, we found that
using butyl chloride for all washes and extractions results in improved cleavage
yields and greatly reduced carry-over (Fig. IB). When these programs are used
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Table 1 Gradient for separation of protected PTH-amino acids
Time
0.0
18
25
28"

% Acetonitrile
10a
44a
44
90

Flow rate
(/^1/min)

Time

210
210
210
210

31
31.5
34.8
35

% Acetonitrile

Flow rate
(/iil/min)

90
90
90
90

210
300 c

300
5

a

Depending on column and temperature it may be necessary to increase or decrease
these percentages to separate normal PTH-amino acids in the same gradient with
protected PTH-derivatives.
b
The slope of this increase in acetonitrile concentration may need to be changed in
order to separate some of the later protected PTH-derivatives.
c
The increase in flow is needed to elute the protected PTH-tyrosines quickly.
Table 2 Retention times of various protected PTH-amino acids
PTH-amino acid

Retention time
(min)

PTH-amino acid

Retention time
(min)

AcM-Cysteine
TOS-Arginine
Formyl-Tryptophan a
MTS-Arginine
Benzyl-Aspartic
BOM-Histidine
Benzyl-Glutamic
MeO-Benzyl-Cysteine

10.8
19.2
20.9
23.2
23.4
24.1
25.2
25.3

Chx-Aspartic
Benzyl-Threonine
Cl-Z-Lysine
Chx-Glutamic
Me-Benzyl-Cysteine
Br-Z-Tyrosine
Cl2-Benzyl-Tyrosine

26.1
27.5
27.6
28.3
29.2
31.5
31.6

a

PTH-formyl-tryptophan co-elutes with PTH-phenylalanine.

to sequence protected peptides on polystyrene or polyamide, we also find about
a two-fold increase in yield and very low carryover.
The ABI programs use a cleavage temperature of 55°C that can lead to
significant side-chain protecting-group cleavage [4,5]. With the butyl chloride
washes and extractions, we found that the temperature could be lowered to
48°C greatly reducing side-chain deprotection. However, with both procedures,
we found that the recovery of PTH-serine and -threonine was poor.
We have sequenced numerous protected and deprotected peptides on polyamide
resin using the methodology described above with good results. The peptides
showed little if any pre-view and were cleanly deprotected at -20°C with HF.
The only side reaction of significance was /3-aspartimide formation when Bbenzyl aspartic acid was used for the synthesis. In conclusion, we find that
in the sequencing of peptides on polymer supports it is desirable to keep the
polymer in a swollen state to facilitate cleavage and minimize carry-over.
Acknowledgements
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Retention Tine:

Minutai

Fig. 1. The analysis of the PTH-amino acids from the first 3 cycles of the peptide,
ARDCEVHKSWFYRCTLMG, synthesized on polyamide and deprotected with anhydrous
HF for 3 h at -20° C. (A) Cycles using ABI programs. (B) Cycles using butyl chloride
for all washes and extractions. Note the decreased carryover and increased yield of PTHderivatives in cycle 2 and 3 compared to (A).
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Structural modification of recombinant consensus
a-interferon produced in E. coli
Hsieng S. Lu, Michael L. Klein, David W. Whiteley and Timothy D. Bartley
Amgenlnc, 1900 Oak Terrace Lane, Thousand Oaks, CA 91320, U.S.A.

Introduction
Mammalian proteins can be produced in high levels in bacterial expression
systems using recombinant DNA technologies. Alterations in molecular structure
of bacteria-synthesized recombinant proteins frequently occur. The most frequent
alterations may be due to incomplete processing of the N-terminal amino acids
[1], post-translational modicifation, or by chemical and physical modifications
during the purification processes. In this report, the analysis of such molecular
modification occurring in recombinant consensus a-interferon (rlFN-Conl) is
described.
Results and Discussion
Recombinant rlFN-Conl, a molecule whose sequence corresponds to the
consensus sequence of 14 human a-interferon subtypes, was expressed in E.
coli [2]. The purified protein contained two intramolecular disulfide bonds and
exhibited full antiviral activity [3,4]. When rlFN-Conl was subjected to analytical
isoelectric focusing (IEF) in the presence of urea, three distinct subforms with
apparent pis of 6.1, 6.0 and 5.7 could be observed (Fig. 1, lane 1). Each of
these different pi forms of rlFN-Conl exhibited an apparent molecular weight
of 20 kDa, indistinguishable from that of the original rlFN-Conl starting material.
Preparative IEF using Immobiline gel (1 mm thickness with a pH range of
5.5-6.5) was performed to isolate each of the individual species. Approximately
12 mg of the protein was applied, and a total of 3.8 mg of protein was recovered:
0.83 mg of the pi 5.7 band, 2.29 mg of the pi 6.0 band, and 0.71 mg of the
pi 6.1 band. The purity of each isolated pi subform was further confirmed
by analytical IEF as shown in Fig. 1 (lanes 2-4). N-terminal sequencing indicated
that the pi 6.1 subform was methionyl rlFN-Conl (M-C-D-L-P-E-T-H-S-L-G—),
whereas the pi 6.0 subform corresponded to des-methionyl rlFN-Conl. Sequence
analysis of the pi 5.7 subform showed that it contained no N-terminal sequence
signal, indicating that the N-terminus of this subform was blocked. Bioassay
results indicated that all three subforms had equivalent antiviral activity; CD
analysis revealed indistinguishable bands in the near-UV region (250-320 nm),
suggesting that there were no major differences among subforms in terms of
their tertiary structure.
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Fig. 1. IEF of recombinant IFN-Conl before and after isolation by preparative IEF. Lane
1: rlFN-Conl; Lanes 2-4: pi 5.7, 6.0 and 6.1 subforms, respectively.

Recombinant IFN-Conl was further subjected to a preparative C4 RPHPLC
(2.25x25 cm) by 0.1% TFA-acetonitrile gradient elution. The pi 5.7 subform
was separated from pi 6.0 and 6.1 subforms. Carboxymethylated [Cys(CM)]
derivatives of these subforms were prepared and subjected to trypsin digestion
and RPHPLC peptide mapping using C4 columns. Two maps were obtained:
map A for the pi 6.0 and 6.1 subforms and B for the pi 5.7 subform. Both
maps were identical except that two peptides (a and b, retention time of 33.5
and 33.7 min) in map A were absent from map B. Peptide c (37.5 min) was
found in map B, and also in small quantity in map A. When subjected to sequence
analysis, peptide a yielded the sequence corresponding to the N-terminal tryptic
peptide of methionyl rlFN-Conl [M-C-A-L-P-G-T-H-S-L-G-D-R], and peptide
b yielded the sequence of the des-Met N-terminal tryptic peptide. Peptide c isolated
from map B was sequenced and confirmed to be N-terminally blocked.
Peptides a, b and c were then subjected to AAA using the precolumn PITC
derivatization method [4]. Peptides a and b yielded compositions consistent with
data obtained from sequencing results (see above). The composition of peptide
c was identical to that of peptide b, indicating that this blocked peptide was
also a des-Met N-terminal tryptic fragment. When the blocked N-terminal peptide
was subjected to FABMS, a quasi-molecular ion [M + H], was observed at m/
z 1441. A strong signal was also observed at m/z 1382. The difference between
these two values corresponded to removal of the carboxymethyl group at the
cysteinyl residue during analysis. Since the expected mass of the des-Met Nterminal tryptic peptide of Cys(CM)-rIFN-Conl is 1398, the difference between
this value and the [M + H] value of peptide c is 43, a mass equivalent to an
acetyl group. It was thus concluded that the pi 5.7 subform present in rlFNConl preparation was acetylated, at its N-terminal cysteinyl residue. Acetylation
occurs in many proteins in vivo by processing during and after translation [5,6].
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Acetylation at the N-terminal cysteinyl residue of rlFN-Conl seems to be unique,
since similar modification of other types of recombinant a-interferons has not
been reported in bacteria expression systems.
Acknowledgements
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Synthesis and biological activities of peptides from marine
organisms
Takayuki Shioiri, Yasumasa Hamada and Kohfuku Kohda
Faculty of Pharmaceutical Sciences, Nagoya City University, Tanabe-dori, Mizuho-ku,
Nagoya 467, Japan

Introduction
Lipophilic peptides from marine organisms constitute a growing class of
naturally occurring cytotoxic and/or antineoplastic substances. Since these
peptides are structurally unique, have quite interesting biological activities, and
can be obtained in only small quantities in nature, we have had a keen interest
in the exploitation of versatile synthetic methods applicable to their large scale
production.
Using diethyl phosphorocyanidate [DEPC, (C 2 H 5 0) 2 P(0)CN] and diphenyl
phosphorazidate [DPPA, (C 6 H 5 0) 2 P(0)N 3 ] mainly for the peptide-chain elongation and for the cyclization, respectively, we have succeeded in the total synthesis
of the cytotoxic cyclic peptides (1-9) of marine origin, shown in Chart 1 [1].
Their biological activities have also been investigated [21. We describe here the
total synthesis of real dolastatin 3 (2), and cytotoxic studies on ulithiacyclamide
(7) and ulicyclamide (3).
Results and Discussion
(1) Dolastatin 3 revisited
Dolastatin 3 was isolated from an Indian Ocean sea hare, Dolabella auricularia,
by Pettit and co-workers [3]. We and others have already revealed by synthetic
studies that both the proposed structure (1) and its reversed isomer were
unaccepted [la]. Recently, the revised structure (2) was proposed for dolastatin
3 by Pettit et al. and confirmed by synthesis [4].
We also accomplished the synthesis of (2) by the 3 + 2 fragment condensation
approach, as shown in Chart 2. Instead of the L-(gln)Thz derivative, the
corresponding cyano derivative (10), prepared from Boc-L-Gln-OH, was utilized.
DEPC was used for the peptide-chain elongation, and DPPA was used for the
cyclization. The cyclized product (11) was treated with alkaline hydrogen peroxide
to give dolastatin 3 (2). Although the 400 MHz NMR spectrum of our synthetic
specimen was completely identical with that of natural dolastatin 3, the cytotoxic
activity of our specimen has been quite low (IC50 > 80/ug/ml) against both L1210
and P388 mouse leukemia cells, as compared to the high toxicity (ED 50 = 0.16
vs 0.17 Mg/ml) against the PS leukemia of native dolastatin 3 [4]. Although
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1.

clarification of this discrepancy still remains to be done in the future, apparent
lack of cytotoxicity of our synthetic dolastatin 3, having no oxazoline function,
coincides with our observation [2] that the oxazoline function is important for
cytotoxicity in the cyclic peptides (1-7) and their synthetic intermediates.
(2) Cytotoxic mechanism of ulithiacyclamide
Among the cyclic peptides (1-7) and their synthetic intermediates tested,
ulithiacyclamide (7) was found to have the most potent cytotoxic activity against
mouse leukemia L1210 cells in vitro, IC50 = 0.04 jug/ml, whose value is comparable
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(11)

or superior to those of some clinically useful anticancer drugs [2]. We now
investigated the mechanistic aspects of the cytotoxicity of ulithiacyclamide and
its effect on the cytotoxicity of several anticancer drugs using L1210 cells in
vitro.
Exposure of ulithiacyclamide (7) on mouse leukemia L1210 cells resulted in
the steep decrease in cell growth, suggesting that ulithiacyclamide might directly
interact with certain cell constituent(s) to produce lethal damage. Furthermore,
inhibition of cell growth by ulithiacyclamide was revealed to be self-destructive.
In binding experiments, it was found that ulithiacyclamide might not specifically
interact with cell membrane constituents.
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Examination of the effect of ulithiacyclamide on macromolecular biosynthesis
has revealed that ulithiacyclamide inhibits protein biosynthesis most effectively,
IC50 = 0.21 /ng/ m l- Inhibition of RNA biosynthesis follows protein biosynthesis,
but DNA biosynthesis is only slightly inhibited even at the maximum concentration, 1 jug/ml, tested.
Such a selective inhibitory effect prompted us to examine the potentiation
effect of ulithiacyclamide on the cytotoxicity of several clinically useful anticancer
drugs when used in combination. Among the drugs tested, only bleomycin and
its analog pepleomycin showed synergistic cytotoxicity with ulithiacyclamide,
while others were additively or antagonistically toxic.
(3) Cytotoxicity of ulicyclamide
Ulicyclamide (3) is also cytotoxic against mouse L1210 leukemia cells, IC50
= 13 |Ug/ml. It is interesting to note that the synthetic cyclic precursor, cyclo[LaThr-L-(ile)Thz-D-(ala)Thz-L-Phe-L-Pro], also exhibits cytotoxicity, IC 50 = 35 jug/
ml, though it has no oxazoline function. However, the linear synthetic intermediate, H-L-aThr-L-(ile)Thz-D-(ala)Thz-L-Phe-L-Pro-OH, has no cytotoxicity.
Unlike ulithiacyclamide (7), ulicyclamide (3) and its cyclic precursor do not inhibit
protein biosynthesis, but produce a remarkable inhibitory effect on both DNA
and RNA biosynthesis.
Conclusion
Lipophilic cyclic peptides (1-9) are structurally unique and biologically
interesting. Among them, didemnin B (9) is quite promising as a new antitumor
agent, and already is now in Phase II clinical trials. Since ulithiacyclamide (7)
also shows a strong cytotoxicity comparable to that of didemnin B, a new useful
antitumor drug may be derived from this after suitable structural modifications.
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Introduction
Vasopressin and oxytocin are the predominant mammalian homologs of a
larger, structurally conserved, family of neuropeptide hormones, whose members
are distributed throughout the animal kingdom [1]. These peptides all consist
of 9 amino acids with several completely conserved residues, including the two
cysteine residues in positions 1 and 6 that form a disulfide bridge, Asn5, Pro 7
and the C-terminal glycine amide. Amino acid variations occur at positions
2, 3 and 4 and most significantly, at position 8 where the change from Leu
or a related lipophilic amino acid to Arg or Lys accounts for a vasopressintype (control of water retention), as opposed to an oxytocin-type (smooth muscle
contraction) function. In all vertebrates other than mammals, vasotocin has been
chemically identified in place of vasopressin, while in non-mammalian tetrapods
and bony fish, oxytocin is replaced respectively by mesotocin and isotocin [1].
Vasopressin and oxytocin are encoded by distinct, but structurally related,
genes and synthesised as part of larger precursor molecules [2]. These contain,
in addition to the hormone moiety, a cysteine-rich protein termed neurophysin,
a carrier protein that is involved in transporting the hormone from the
hypothalamus (site of synthesis) to the neurohypophysis (site of storage and
release). The vasopressin precursor includes an additional entity, a glycopeptide
or copeptin [1] that may be the conjectured hypothalamic prolactin-releasing
factor [3].
We report here the presence of vasotocin and isotocin precursor-encoding
mRNAs in the hypothalamic region of the teleost fish, Catostomus commersoni
(white sucker), showing striking differences in their gene and precursor organization, as compared to those for their mammalian counterparts vasopressin
and oxytocin.

*To whom correspondence should be addressed.
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Results and Discussion
When a Xgtll cDNA library, constructed from mRNA of sucker brain
hypothalamic region, was screened with fully degenerate pools of oligonucleotides
deduced from the first 7 amino acids of vasotocin or isotocin [4], cDNAs clones
encoding several members of the vasotocin-isotocin hormone precursor gene
family were obtained. The DNA sequence analysis predicts precursors of similar
structures, each consisting of a putative signal peptide connected to the hormone
moiety, followed by a cysteine-rich protein with features of the neurophysin
family. Each hormone is linked to the rest of the precursor by the residues
Gly-Lys-Arg (potential signals for C-terminal hormone amidation and precursor
processing, respectively). The predicted vasotocin and isotocin precursors all
contain neurophysin sequence, that are longer at their C-termini by a tract of
some 30 amino acids compared to their mammalian counterparts. Each of these
sequences contains a leucine-rich core segment resembling that found in the
copeptin, a glycopeptide moiety present in mammalian vasopressin precursors.
They differ, however, distinct in respect to processing signals and consensus
sequence for glycosylation, raising the possibility that the mammalian copeptin
arose by the introduction of a functional cleavage signal into a larger ancestral
neurophysin.

NEUROPHYSIN
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EXONA—*-

INTRON1

-*-

-*

INTRON2

-<

EXONC-

B
• SINGLE EXON •
SP

IT

NEUROPHYSIN

Fig. 1. Structural organisation of the Catostomus vasotocin (A) and isotocin (B) genes
compared to the mammalian oxytocin gene (2). SP, signal peptide; IT isotocin; OT, oxytocin;
VT, vasotocin; the arrow head points to the position corresponding to the basic amino acid
separating the neurophysin from the copeptin moiety of the mammalian vasopressin precursor.

Each hormone is encoded by two non-allelic genes, all of which are expressed,
as indicated by Northern blot analysis. Genomic DNA amplified by the
polymerase chain reaction has been used to define exon-intron boundaries. Both
of the vasotocin genes contain introns in positions corresponding to those found
in the gene of their mammalian counterpart, vasopressin. Thus, the hormone
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and neurophysin moieties are encoded on distinct exons, although the latter
is encoded jointly by the second and third exons (Fig. 1).
In contrast, however, the isotocin genes lack introns in their protein-coding
regions, a feature that is unprecedented for genes of the vasopressin-oxytocin
family of neuropeptide hormones. This absence of introns is puzzling since isotocin
and vasotocin are conjectured to be members of distinct lineages that arose
originally from the duplication of a single gene [1]. If this is, indeed, the case,
one must suppose either that the vasotocin genes have gained introns, or that
introns have been lost from the genes for isotocin by gene conversion during
subsequent evolution. An alternative possibility is that the isotocin genes have
arisen by a mechanism involving reverse transcription and reinsertion of a
vasotocin mRNA into the Catostomus genome, eliminating introns in the process,
followed by duplication and genetic drift. To clarify this point, it is essential
to obtain further sequence and structural information for genes of the vasopressinoxytocin family from phylogenic groups that arose prior to the separation,
approximately 400 million years ago [5], of the evolutionary lines leading to
bony fish and mammals.
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Introduction
Understanding the diversity of biological effects manifested by endogenous
peptides requires a search for and SAR of new members of various peptide
families. Here a novel neurotensin-like peptide is described.
Results and Discussion
Acid extraction of bovine brain homogenate followed by several ion-exchange
and adsorbtion chromatography steps with final RPHPLC (Fig. 1) afforded the
title peptide, NRP-11, whose structure was established by gas-phase sequencing
and confirmed by FAB MS. The sequence obtained was novel, with neurotensin
being the closest analog among the known peptides.
Biological activity was assayed using NRP-11 and its 1-7 fragment (P7) prepared
by SPPS. Intraperitoneal injection of both peptides elicited no behavioral
responses in rats. When administered i.e.v. in doses over 20 /xg, NRP-11 and
P7 induced many behavioral reactions such as convulsions, rotations, grooming,
and also affected food consumption. In general, the observed effects are similar
to those of neurotensin [ 1 ]. The activity of NRP-11 and P7 in the passive avoidance
test depends on the individual features of the experimental animals.
NRP-11 and P7, contrary to NT, are practically devoid of vasopressor and
contractile activity, but are much more potent in releasing histamine from rat
mast cells. Noteworthy, considerable differences in peripheral activity were
observed among the NT congeners [2].
When assayed with several protein kinases, NRP-11, but not P7, proved to
be a highly specific substrate for Ca 2+ -dependent protein kinase C, Km 3juM,
Vmax 30 nm/min/mg, being phosphorylated at Ser7. The preliminary results
implicate NRP-11 in the activation of the phosphoinositide pool.
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Fig. 1. Isolation of NRP-11 with Ultrasphere-ODS column 4.6X250 mm, 0.1% TFA.
The NRP-11 and P7 effects on the brain muscarinic acetylcholine receptor,
as well as glutamate, /3-adrenergic, and D2-dopamine receptors were examined.
Both peptides were shown selectively to modulate ligand binding to the D2dopamine receptors, NRP-11 affecting similarly to NT [3] the [3H]-spiroperidol
interaction with the rat brain striatal membranes, and contrary to NT suppressing
[3H]-haloperidol binding to the n. accumbens membranes. P7 acted in a different
manner, inhibiting the antagonists binding to striatum and potentiating [3H]haloperidol binding to the n. accumbens membranes.
The data for NRP-11 and P7 are generally consonant with the essential role
of NT fragment 8-13 in the manifestation of its peripheral activities [4]. Obviously,
other SAR should hold for the peptide modulation of the dopaminergic system,
since either NRP-11 or P7 having substitutions or deletions in this fragment,
are equipotent with NT in the respective assays. Sharing a number of common
features with the NT family, NRP-11 might, in addition, have some distinct
functions associated with its phosphorylation.
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Introduction
Salmon melanin concentrating hormone (sMCH) is a cyclic heptadeca-peptide
first isolated from chum salmon pituitaries and characterized by Kawauchi et
al. [1]. It causes aggregation of melanin granules within melanocytes of teleosts
[1,2]. In some other fish species, reptiles and amphibians, it has the opposite
effect, i.e., it causes dispersion of melanin granules within melanocytes [3,4].
sMCH has been shown to be an inhibitor of CRF-induced ACTH and a-MSH
secretion by teleost pituitary glands in vitro [5] and is also reported to have
a similar, albeit, weaker activity on the rat pituitary [6]. An activity similar,
but not identical to sMCH was detected in several higher vertebrates including
mammals [7,8]. The role of this MCH-like activity has been difficult to study,
mainly because its structure was unknown.
Results and Discussion
Using a rabbit anti-sMCH antibody, we were able to detect sMCH-like
immunoreactivity in extracts from 60 000 rat hypothalami. These extracts were
previously used in this laboratory to isolate, among others, corticotropin releasing
hormone [9] and growth hormone releasing factor [10]. Throughout our purification, a radioimmunoassay utilizing a rabbit anti-sMCH antibody was used
to monitor activity. The purification was achieved by gel filtration on Sephadex
G-50, immunoaffinity chromatography using the rabbit anti-sMCH antibody
bound covalently to Sepharose, FPLC on Superose 12B and RPHPLC. In the
last HPLC purification step, several immunoreactive species were observed. These
were subjected separately to Edman degradation in a gas phase sequencer. The
same N-terminal amino acid sequence was obtained for all fractions extending
to up to 19 residues. The sequence of rat MCH (rMCH) is shown in Fig. 1
in comparison to that of sMCH [11]. A high degree of homology is observed,
especially in the central and C-terminal portion of the molecules. The sequence
between the two cysteines exhibits only one conservative substitution of valine
for leucine. This region of the molecule is believed to be responsible for melanin
concentrating activity in the fish skin assay [12,13]. The N-terminal region
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Rat MCH

Asp Phe Asp Met Leu Arg Cys Met Leu Gly Arg Val Tyr Arg Pro Cys Trp Gin Val

Asp Thr Met Arg Cya Met Val Gly Arg Val Tyr Arg Pro Cys Trp Glu Val

Salmon MCH

Fig. 1. Sequence of rMCH in comparison to that ofsMCH. Conserved residues are boxed.
shows an extension by two amino acids and two other substitutions. The
corresponding part of the salmon hormone was found to be essential for MSHlike (MCH antagonistic) activity [12,13].
The peptide corresponding to the experimentally determined sequence was
subsequently synthesized by SPPS [14]. After HF cleavage, the material was
purified by preparative RPHPLC [15] and the intramolecular disulphide bond
was formed by oxidation with ferricyanide.
Synthetic rMCH and fresh extracts from rat hypothalami exhibited a parallel
displacement curve in the RIA (Fig. 2). The HPLC elution position of the
hypothalamic extracts coincides with synthetic rMCH and is considerably

hypothalamus equivalent/tube
0.0001
0.001
0.01

0.1

100

80-

rat MCH
rat hypothalamus

60-

o
CD

40-

Ab:
20Tr:
0 J i-/h
0

Rabbit anti-sMCH
1/120,000 final dilution
125

|-sMCH

10
100
pg MCH/tube

1000

10,000

Fig. 2. RIA of synthetic rMCH. A rabbit anti-sMCH antibody was used. The displacement
curves of fresh rat hypothalamic extracts and synthetic sMCH are shown for comparison.
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different from that of sMCH [11]. The immunoreactive material from our initial
hypothalamic extracts exhibited a different behavior in both the RIA and its
HPLC elution position. This was probably due to deamidation of glutamine
in position 18 and oxidation of sulfur containing amino acids.
Based on the N-terminal portion of the experimentally determined amino acid
sequence, an oligonucleotide was designed. Using this oligonucleotide as a probe,
we were able to identify a DNA in a rat hypothalamic cDNA library coding
for the peptide precursor. The DNA was isolated, cloned and sequenced. From
the DNA sequence, a 165-amino acid precursor is predicted [16]. The organization
of the precusor is shown in Fig. 3. The MCH peptide sequence is found at
the C-terminus of the precursor. It is followed by a stop codon. Two putative
neuropeptides (NEI and NGE following Tatemoto and Mutt's convention [17])
are flanked by either single or paired basic residues.

N5E

NEI

"TTT
MCH
I II

Fig. 3. Organization of the rMCH precursor. Thin lines represent basic residues (arginine
and lysine), bold lines paired basic residues. The hatched box indicates the putative signal
peptide. Bold horizontal lines correspond to 5' and 3' untranslated DNA regions.
We have explored the actions of salmon and rat MCH on the basal and
CRF-stimulated secretion of ACTH by cultured rat anterior pituitary cells. No
effect is observed over a 4-h period. The location of MCH in the rat brain
in the dorsolateral hypothalamus suggests a role as a neuroregulator rather than
as a hypophysiotropic hormone.
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Introduction
Insect development is controlled by peptide hormones synthesized in the
neurosecretory cells of the brain and released by retrocerebral neurohaemal
organs. In Locusta, the storage and release site of these neurohormones are
the neurohaemal lobes of the corpora cardiaca. The insect corpora cardiaca are
of dual anatomical composition. They contain most of the axon endings from
the neurosecretory cells of the brain, serving as storage and release sites for
the brain neurohormones, and they have intrinsic secretory cells which synthesize
and release peptide hormones. In the characterization of the developmental
neurohormones of Locusta, we have been hampered by the lack of reliable
microscale bioassays. We have, therefore, started a systematic structural study
of the major peptides contained with the corpora cardiaca. The complete
characterization of these peptides will enable chemical synthesis, necessary for
probing their physiological function. In addition, physicochemical studies will
establish the secondary and tertiary structures of the synthetic peptides, necessary
for understanding their mode of action and for designing analogs and inhibitors.
The amino acid sequence of the isolated neuropeptides can also serve to devise
oligonucleotide probes to screen cDNA or genomic libraries.
In the present paper, we report the isolation and full chemical characterization
of two 6-kDa dimeric peptides contained within the secretory granules of the
glandular lobes, and of a novel 5-kDa peptide from the neurohaemal lobe of
the corpora cardiaca.
Results and Discussion
The peptides were isolated from aqueous extracts of corpora cardiaca, purified
by RPHPLC and characterized by automated microsequencing and LSIMS.

*To whom correspondence should be addressed.
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20
D-;A"!A-D-F-;A-"D-P^Y-S-F-L-Y"-R-L-I Q)-'A- E'-A'-R-K- M-S^-G-C-S^
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a-\-E-A-R-K -L-Aj-G-C-S-]

Fig. 1. A and B chains of the A-A and A-B 6 kDa peptides: 6K-I and 6K-II.
Identification of the 6-kDa peptides
Glandular lobes were extracted and subjected to C 18 -RPHPLC. Two major
compounds were isolated and shown to be structurally related dimers: one being
a homodimer (A-A chains linked via a disulfide bridge at Cys26, the second
being a heterodimer (A-B chains linked via a disulfide bridge at Cys26). A 60%
similarity exists between the two chains (Fig. 1). Wide scan and narrow scan
spectra were performed and allowed the mass determination: the protonated
molecular ion of the homodimer (6K-I) was observed at m/z = 6279.8 (expected
value 6280.0) and that of the heterodimer (6K-II) at 6282.2 (expected value
6282.1). Both peptides have been chemically synthesized and the synthetic
compounds appeared to be identical to the native 6K-I and 6K-II. Polyclonal
antibodies raised against each of these peptides demonstrated that they were
contained within the secretory granules of the intrinsic cells of the corpora cardiaca
glandular lobes. The physiological significance of 6K-I and 6K-II is unknown.
We are currently probing the biological role of 6K-I and 6K-II [1] with the
synthetic peptides.
Identification of the 5-kDa peptide
Neurohaemal lobes of corpora cardiaca were extraced and subjected to C lg RPHPLC. The predominant absorption peak was further purified by C r R P HPLC. The major compound was then characterized as a 50-residue peptide
(5K-peptide, 4978 Da). Its sequence (Fig. 2) is remarkable by its large number
of alanine residues which make up about one-fourth of the 50 amino acids;
in particular, the sequence contains a penta-alanine motif. This raises the
possibility that the 5K-peptide could be a spacer peptide. This hypothesis was
indeed confirmed by Lagueux et al. [2] who showed that the coding sequence
1

10

20

A-S-Q-D-V-S-D-S-E-S-E-D-N-Y-W-S-G-Q-S-A-D-E-A-A-E-

30

40

50

A-A-A-A-A-L-P-P-Y-P-l-L-A-R-P-S-A-G-G-L-L-T-G-A-V
Fig. 2. Structure of the 5 kDa peptide.
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for the 5K-peptide in the mRNA is flanked by sequences exhibiting significant
homology to the A and B chains of the superfamily of insulins. In the conventional
terminology used for insulins, the 5K-peptide would correspond to the C-peptide.
Interestingly, a computer search of protein sequence data banks did not reveal
any significant homology of 5K to other identified proteins [3].

References
1.
2.
3.

470

Hietter, H., Luu, B., Goltzene, F., Zachary, D., Hoffmann, J. and Van Dorsselaer,
A., Eur. J. Biochem., 182(1989)77.
Lagueux, M.,Lwoff, L., Meister, M., Goltzene, F. and Hoffmann, J., Eur. J. Biochem.,
(1989) in press.
Hietter, H., Van Dorsselaer, A., Green, B., Denoroy, L., Hoffmann, J. and Luu,
B., Eur. J. Biochem., (1989) in press.

Interaction of selected peptide fragments of tubulin with
MAP-2: A structure-function relationship
John R. Cann*, Eunice J. York and John M. Stewart
Department of Biochemistry, Biophysics and Genetics, University of Colorado Health
Sciences Center, B-121, 4200 E. 9th Avenue, Denver, CO 80262, U.S.A.

Introduction
The cytoskeleton (the internal scaffolding) of mammalian and other eukaryotic
cells is a dynamic structure giving the cell its distinctive shape and enabling
it to migrate and change shape, transport vesicles, and to divide into daughter
cells [1]. The cytoskeleton of animal cells is composed of three principal types
of protein filaments: microfilaments that are 70 A in diameter and made of
actin; intermediate filaments, 70-110 A in diameter, formed from a family of
proteins that have common a-helical coiled-coil core but are otherwise diverse;
and the ubiquitous microtubules (MT). This latter element of the cytoskeleton
is the focus of this investigation.
The MT [1-3] are hollow cylindrical structures, 300 A in external diameter
and 140 A internal diameter. They are composed of an helical array of dimeric
subunit molecules called tubulin. The MT play an essential role in several
intracellular functions, including modulation of surface receptors and secretory
activities, cellular division, and fast axoplasmic transport.
The subunit protein tubulin has a molecular weight of 100000 and consists
of two nonidentical subunits designated a- and /^-tubulin. It reassembles into
MT in vitro at 37°C via a GTP-dependent polymerization process that requires
either an assembly promoter, such as glycerol, or one of the micromoleculeassociated proteins (MAPs), in particular, either MAP-2 or tau. A large number
of biologically active substances interact with tubulin. These include the mitotic
poison colchicine [4], the antineoplastic drug vinblastine [5-7], the neurotransmitter substance P [8], and the neuroleptic chlorpromazine [9]. Each of these
substances interferes with the assembly of MT and disassembles preformed MT.
Chlorpromazine (CPZ) exerts its action on tubulin and MT by binding to
a single site on the tubulin molecule with concomitant decrease in the a-helical
content of the protein. The many biological activities of CPZ include blockade
of axonal transport, reduction in the number of MTs in spinal ganglion cells
and neuroblastoma cells, mitotic arrest, and disorganization of the organized
microtubular structure produced in cells by cAMP. We suggest that the psychotropic action of CPZ may involve interaction with tubulin as one of a set
of orchestrated mechanisms. In another vein, work in this area illustrates the
*To whom correspondence should be addressed.
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unanticipated and rewarding direction that basic research can take. Thus, Seebeck
and Gehr [10], noting the CPZ-tubulin interaction, were led to discover the
potent lethal activity of CPZ and certain other phenothiazines on Trypanosoma
brucei, with complete disruption of pellicular MT. Disruption is apparently
mediated through binding of CPZ by a protein component of the link between
the MT array and the cell membrane [11]. Different MAb against this protein
can, in turn, distinguish between different trypanosome species, which may prove
of diagnostic and epidemiologic value [11].
The study reported below probes the interaction of tubulin with MAP-2, which
binds to an essential site on the regulatory C-terminal 4-kDa moiety of the
heterodimer [12,13]. Limited proteolysis of tubulin with subtilisin produces the
cleaved tubulin heterodimer and the two C-terminal 4-kDa peptide fragments
of a- and /3-tubulin, thereby rendering assembly of tubulin into MT independent
of MAPs. In order to define more precisely the structure of the essential binding
site for MAPs, four synthetic peptide fragments of tubulin were examined in
this context. Their amino acid sequences are given in Table IA. It seemed likely
that the two anionic peptides a (430-441) and B (422-434), from the low homology
region within the 4-kDa domain, might interact with MAP-2, while the cationic
peptides a (401-410) and (8(391-400), of the high homology region adjacent to
the 4-kDa domain, might be inactive. The binding characteristics of these peptides
to MAP-2 have already been reported [12-14, R.B. Maccioni, personal communication, 1989]. Their solution conformations are the subject of this communication. A SAR has emerged from these combined studies.
Results and Discussion
The binding data summarized in Table IB confirmed that the peptide fragments
from the 4-kDa domain of tubulin bind to MAP-2, while those from the adjacent
region do not. Preferential binding of /? (422-434) compared to a (430-441)
suggests a possible composition of the binding site on the tubulin molecule,
the affinity of the ^-fragment for MAP-2 accounting for the affinity of the 4kDa peptide. Thus, the standard free energy of binding of the /6-fragment to
the first site on MAP-2 is AG° = -RTln2k a = -8.1 kcal mol"1, which is to be
compared to the standard free energy of binding of the 4-kDa peptide, AG° =
-RTlnk a = -8.6 kcal mol"1. The Chou-Fasman predictions of the in situ conformation of the four fragments, Table IB, suggests a SAR, prompting CD
and NMR studies of their solution conformations.
Comparison of the CD of each peptide in two solvents is presented in Fig.
1, from which it is apparent that each has a disordered structure in water as
solvent. However, in 95% ethanol/5% water, the MAP-2-binding peptides a (430441) and B (422-434) show characteristic a-helical spectra that analyze [16] 60%
and 82% helix, respectively. Peptide a (430-441) was also examined in 80%
methanol/20% water, in which solvent it showed (Fig. 2 in Ref. 17) a partial
a-helical conformation (30%), as confirmed by 2D ROESY 'H NMR [18], the
NMR conformation being described as an a-helical turn at the N-terminus,
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Fig. 1. Far-UV CD spectra of four selected peptide fragments of tubulin; (a) water at
pH 5 as solvent; (b) 95% ethanol/5% water. Upper panels, 10°C; lower panels, 27°C.

followed by a kinked extended section. These results are in striking agreement
with the in situ conformation predicted by the Chou-Fasman algorithm (Table IB).
The CD and NMR of the nonbinding peptides a (401-410) and B (391-400)
is contrastive. Although superficial reading of their CD in ethanol (or methanol)/
H 2 0 (Fig. 1) might suggest a degree of hydrogen-bonded structure in alcohol/
H 2 0 as solvent, ID and 2D 'H NMR of a (401-410) speak against hydrogen
bonding; none of the amide proton resonances were shifted downfield, and there
were no significant changes in coupling constants in 90% CD 3 OH/10% H 2 0
[G. Kotovych, personal communication, 1988]. Measurements on model compounds indicate that the change in CD of the peptide on going from H 2 0 to
CH 3 OH/H 2 0 is attributable to nonspecific perturbation of the CD of the four
aromatic side groups and the peptide bonds. These results point up the hazards
of superficial assignment of CD to a particular conformation.
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Conclusion
The interaction of the peptide fragments with MAP-2 conforms to a SAR;
namely, whereas the two anionic fragments from the 4-kDa domain of tubulin
with their potential for adopting an a-helical conformation bind to MAP-2,
the two cationic fragments from the adjacent region, which are nonhydrogenbonded in solution, do not bind. The specificity of the interactions has been
established immunologically [19].
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Introduction
Interleukin 1 (IL-1) has been shown to mediate a wide variety of immunologic
and inflammatory responses. It is a polypeptide hormone, predominantly
synthesized by circulating, activated monocytes or resident macrophages that
have entered tissues and differentiated, depending on their site of localization.
Some examples are Kupffer cells, alveolar macrophages, and microglia. The
name interleukin, meaning 'between leukocytes', is misleading since many nonleukocytic cells also synthesize this hormone, including synovial fibroblasts,
keratinocytes, and mesangial, endothelial, and smooth muscle cells.
IL-1 was first described as leukocytic, granulocytic, or endogenous pyrogen
(reviewed in Ref. 1). It was purified and biochemically characterized in the 1970s,
and in the last several years, two genes and their respective cDNAs have been
cloned. These genes encode the two known forms designated IL-1 a and IL1/3. The expression of these cDNAs has supplied abundant quantities of pure
recombinant IL-1 protein for further study of its biological properties and for
confirming previous reports that used natural sources.
Results and Discussion
(1) Biological effects
One of the first effects found to be associated with IL-1 was its ability to
act as an endogenous pyrogen and produce monophasic fever in rabbits [2,3].
A multitude of other dramatic biological effects include the ability to induce
the acute phase response [4,5], augment T-cell responses to antigens and mitogens
[6], stimulate B-cell proliferation [7,8], decrease plasma iron and zinc levels,
and activate endothelial cells and fibroblasts to synthesize and release PGE 2
[9-11].
IL-1, as well as TNFa, IFNa and IL-6, mediate the febrile response as a
component of the acute phase reaction [12], Currently there are two hypotheses
to explain this activity. In the first hypothesis, it is thought that plasma IL1, produced in response to injury, infection, or inflammation, enters the brain
through the organum vasculosum laminae terminalis (OVLT), which is the site
of IL-1-responsive neurons involved in changing the temperature set point.
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Increased PGE 2 is found in this area during fever, but it is not juxtaposed to
thermosensitive neurons; however, it may stimulate interneurons to mediate an
effect on thermoregulation. The exact site of action of IL-1 has not been
determined, but this hypothesis is consistent with the destruction of the OVLT
in guinea pigs, which leads to abolishment of the febrile and acute phase response
[13,14]. In a recent paper, a second hypothesis arises. Histochemical staining
of the human brain using anti-IL-1/3 shows that the most significant staining
is in the preoptic (PO) and paraventricular nuclei (PVN), both some distance
from the OVLT, the so-called main gateway for IL-1 entrance into the brain
[15]. It is unlikely that these neurons are affected by peripheral IL-1. It could
be that the IL-1 in the PO and PVN serves as its own intermediate messenger
and that these neurons may use IL-1 as a neuromodulator. This cascade may
then stimulate autocrine and endocrine pathways, resulting in the cerebral
component necessary to activate the acute phase response. We have also observed
similar histochemical staining of rat brain taken during endotoxemia [16]. Using
anti-rat IL-B, immunoreactive IL-1/? is seen in cell bodies of the anterior and
posterior hypothalamus, and the anterior and posterior lobes of the pituitary.
In all histochemical studies, binding could be inhibited with exogenous IL-1.
Other regions of the brain, such as the median eminence, may also serve as
a gateway for IL-1, possibly working in concert with the OVLT.
The ability of IL-1 to up-regulate the cellular metabolism of hepatocytes in
the acute phase response is very pronounced. IL-1 induces a dramatic increase
of many acute phase proteins, including C-reactive protein, serum amyloid A,
antiproteases, complement components C3 and factor B, a r major acute phase
protein, a, B, and y fibrinogen, and a,-acid glycoprotein [17]. The regulation
of these proteins is at the level of transcription [4,18]. Other proteins expressed
during this response in the liver, such as actin, are unchanged, whereas albumin
and transferrin synthesis are decreased. Many of the acute phase protein genes
have been cloned [19] and studies are underway to investigate the signal
mechanisms by which IL-1 enhances the transcription of these specific genes.
The liver also responds to IL-1 by synthesizing metalloproteins which bind
serum zinc and iron. The removal of iron and zinc seems to be a basic host
defense mechanism, since bacteria and tumor cells require large amounts of
iron for cell metabolism. It is believed that the acute phase proteins induced
during infection and fever are important for removing bacterial toxins and oxygen
radicals. Furthermore, elevated temperatures during fever may inhibit bacterial
growth.
Other important biological activities of IL-1 are the augmentation of T-cell
and B-cell proliferation. In an early report, IL-1 was shown to be a comitogen
in stimulating thymocyte proliferation [20]. IL-1 will not stimulate these cells
alone, but, in combination with lectins, such as Con A, it induces IL-2 and
IL-2 receptors [21]. De novo IL-2 can then work in combination with IL-1
to stimulate more IL-2 receptors and thymocyte proliferation [22]. The effect
of IL-1 on B-cells is similar to that of T-cells; it acts as a cofactor with IL4 to activate B-cells and increase antibody formation [23,24].
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(2) Structure and gene expression of IL-1
In the last several years, great advances have been made in understanding
the structure and expression of IL-1. There are two forms, IL-la and IL-1/?,
that have isoelectric points of 5 and 7, respectively. The genes and their respective
cDNAs have been isolated and sequenced for both human forms and cDNA
counterparts have been sequenced for murine, bovine, rat and rabbit [25-27].
Both forms are translated as prointerleukin-1 polypeptides of 31 kDa before
being processed to mature 17.5-kDa peptides. The exact pathway of processing
the propeptide is unclear. In macrophages, the intracellular mass of IL-1 is 31
kDa, and this is thought to be enzymatically processed when extracellular. The
IL-la form is predominantly cell associated, whereas IL-1/? is 'secreted'. Neither
form has traditional signal sequences of hydrophobic amino acids to facilitate
secretion.
There is strong amino acid homology (75%) for the same form of IL-1 when
comparing between species, and there is approximately 30% amino acid homology
between IL-la and IL-1/3. Despite the lack of amino acid homology between
the two IL-1 forms, they share nearly identical biological activities. The two
forms do have five small regions of conserved sequences designated A-E, and
it has been suggested that regions C, D and E may represent 'active sites' [28].
Regions C + D are encoded by the entire VIth exon conserved in the two human
genes [29]. Furthermore, both IL-la and /? recognize the same receptor and
have similar binding affinities [30,31]. Thus, even though the two forms are
structurally distinct, they do possess conserved regions that may be responsible
for their similar biological actions.
Although a considerable amount of information is known about the biological
activities of the two IL-ls, less is known about the expression of the genes.
Endotoxin-induced expression of IL-1/? in the monocytic cell line, THP-1, is
transient and similar to several proto-oncogenes and competence factors [3234]. There is rapid transcriptional activation after addition of endotoxin, followed
by rapid repression (expression is non-transient when stimulated with phorbol
myristic acetate). This expression is controlled at the level of transcription as
shown by nuclear run-off experiments [32]. Similar transient expression is seen
in human monocytes, endothelial, and smooth muscle cells with the peak levels
of mRNA at 2-3 h [33,35, 36]. There is differential expression of IL-la and
B when cultured monocytes are compared to peripheral blood monocytes and
alveolar macrophages [37]. In general, there is more IL-1/? mRNA relative to
IL-la in response to endotoxin, suggesting that there are separate mechanisms
regulating each gene. The ratio of /? :a ranges from 3.5 for aveolar macrophages
to 21 for cultured monocytes.
Both human IL-1 genes have been sequenced [29,38]. They each contain seven
exons and have very similar exon boundaries and inclusive amino acids [29].
To better understand the regulation of the IL-1/? gene, cis- and trans-acXmg
elements of the human prointerleukin-1/? gene have been studied using two
approaches [39]. The first approach makes use of chimeric plasmids containing
proIL-1/? DNA sequences fused to the promoter-less bacterial CAT gene to
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investigate important exacting elements. The second approach involves the
binding of proteins to important sequences of this gene, as visualized by gel
mobility shift assays. From these studies, the proIL-1/3 upstream sequences are
able to direct CAT expression, which is cell type specific, being active in monocytic
cell lines THP-1 and U937, but inactive in non-monocytic HeLa or C0I0I6 cells.
Only the first 131 base pairs of upstream proIL-1/? DNA sequence are essential
for orchestrating CAT expression, and this can be enhanced by having the first
513 or 1097 bp of upstream sequence relative to the transcriptional initiation
site.
Electrophoretic band shift assays have identified regions of the proIL-1/? DNA
sequences that bind nuclear factors (/r.ms-acting) that may mediate expression
of the gene. A specific factor from endotoxin-stimulated THP-1 and human
monocytes binds to the Hind lll-Taq I fragment whose sequence is located in
the vicinity of the TATA promoter box. One possibility is that this factor is
important for endotoxin-induced expression of IL-1/?. This factor is not found
in nuclear protein extracts of U937 cells, however, these monocytic-like cells
do not express IL-1/? in response to endotoxin.
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Introduction
The largest known family of growth factors comprises peptides structurally
related to transforming growth factor-/? (TGF-/?), a name that was first coined
in 1983 to describe a disulfide-linked homodimeric peptide of 25 000 MW that,
based on its ability to induce anchorage-independent growth of cells, was thought
to play a role in the expression of the transformed phenotype (for review see
[1]). However, in the ensuing 5 years it has become apparent that this peptide
is probably one of the most highly conserved and multifunctional of all the
known growth factors. Platelets and bone represent the most abundant sources
of the peptide, suggesting that it plays a central role in healing and repair of
both soft and hard tissues. It is both secreted by and acts on a wide variety
of cell types, often functioning as a 'master control' to regulate the activity
of other growth factors.
Results and Discussion
The family of peptides related to TGF-/? presently comprises 5 highly conserved
functional homologs, called TGF-/?s 1 to 5, which are between 62% and 84%
homologous to each other, and 8 other functionally distinct peptides, which
are only 30-40% homologous to the TGF-/?s [1]. These more distantly related
peptides include the mammalian inhibins, activins, Mullerian inhibitory substance, and the bone morphogenetic proteins, as well as the putative products
of the Drosophila DPP-C gene complex and the Xenopus Vgl gene. Although
each member of the TGF-/? family is first synthesized as a large precursor molecule
and then processed to the bioactive C-terminal peptide, the familial relationships
of these more distantly related peptides to the TGF-/?s are restricted to positional
conservation of the cysteine residues within the C-terminal mature form of TGF-/?.
In contrast, within the set of 5 TGF-/?s, homologies extend throughout the
entire precursors, which range in size from 382 to 414 amino acids; all are processed
at a tetrabasic site to release the C-terminal 112 amino acids (except TGF/?-4, which has 2 additional amino acids). This C-terminal peptide, in dimeric
form, constitutes the biologically active form of the peptide. Each of the different
types of TGF-/? is highly conserved between species, and the mature forms of
the peptides are greater than 99% conserved, either between different mammalian
*To whom correspondence should be addressed.
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species or between mammalian and avian species [1]. Thus, for example, the
amino acid sequences of human, bovine, porcine, simian, and chicken TGF/?-l are identical, and that of murine TGF-/3-1 differs by one amino acid. Although
TGF-/?s-4 and -5, cloned from embryonic chicken [2] and frog cDNA libraries
[3], respectively, have not yet been identified in mammals, it is likely that these
peptides represent new forms of TGF-/3 that also will be highly conserved between
species.
Practically speaking, this high degree of conservation means that a particular
type of TGF-/? can be used with equivalent effectiveness in almost all species,
regardless of its source. On the other hand, one must ask why so many different
TGF-/?s exist and whether they will be found to have distinct biological activities.
Recent data demonstrate that all TGF-/?s, with the exception of TGF-/?-4 that
has not yet been expressed, act interchangeably in most in vitro assay systems,
such as inhibition of cell growth or differentiation, stimulation of matrix protein
synthesis, and monocyte chemotaxis ([4], unpublished). Thus one can often speak
in a generic sense of the activities of the various TGF-/?s. However, a limited
number of specific activities are also beginning to be defined; thus TGF-/?-l
is far more potent in inhibiting the growth of endothelial cells than is TGFB-2 [5], and TGF-/?-2, but not TGF-/?-l or TGF-/?-5, is active in the induction
of amphibian mesoderm from ectodermal explants ([6]; F. Rosa and I. Dawid,
personal communication). This suggests that in vivo assay of the specific TGFB types might reveal additional selective activities.
TGF-/?s are unique among the cytokines in that they are released from platelets
and secreted from cells in a high molecular weight latent, biologically inactive
form that is unable to bind to cellular receptors [7,8]. This latent form is now
known to be a non-covalent complex between three peptides: mature TGF-/?,
the remainder of its precursor, called the latency-associated peptide, and a third
protein of about 150 kDa. Physiological mechanisms of activation of latent TGF/? probably include the action of proteases or of local acidic microenvironments,
such as might be found in the vicinity of a healing wound or of activated osteoclasts
in remodeling bone. Since many different cell types secrete TGF-/? and have
receptors for TGF-/?, it is clear that activation of the latent form of the peptide
is an important control point in regulation of the biological activity of the peptide.
The TGF-/?s as a class are some of the most potent of all known growth
factors; ED50s for in vitro activities typically range from 10 to 100 pg/ml (0.44 pM), but for certain activities, such as chemotaxis of monocytes, they are
in the femtomolar concentration range [1,9] Recent immunohisto-chemical
analysis of expression of the TGF-/?s in vivo [ 10,11] as well as in situ hybridization
studies [12] demonstrate that TGF-/? is an endogenous mediator of cell growth
and differentiation, and that it is expressed in a developmentally regulated fashion
by specific cell types at specific times, not only during early development, but
also in adult tissues, and in certain pathological states.
Evidence suggests that expression of the different TGF-/?s is independently
regulated. For example, in the sources from which TGF-/?s are typically obtained,
platelets or bone, human platelets exclusively contain TGF-/?-l, but porcine
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platelets and bovine bone contain both TGF-/?-l and -2 in approximately a
4:1 ratio [1,4]. Moreover, certain cell lines have been identified that secrete
predominantly one or the other form of the peptide [13]. Relative expression
of the various TGF-/? mRNAs is also dependent on the species. Thus, levels
of expression of TGF-/?s-l, -2 and -3, and -5 mRNAs are most prominent in
mouse, chicken, and frog embryos, respectively ([3,10]; S. Jakowlew, personal
communication). Specific probes and antibodies are now available to quantitate
the different types of TGF-/? [13]; the promoters for the different forms of TGFB are being isolated [14]. Used together, these type-specific reagents will allow
investigation of the pattern of differential expression of the TGF-/? genes in
vivo.
The action of TGF-/? is dependent on many factors including the cell type,
the state of differentiation of the target cell, and the set of other growth factors
with which it is acting [15]. As such, TGF-/? can be considered to be the
prototypical multifunctional growth factor. Numerous examples could be cited
where it inhibits a process under one set of conditions and stimulates the same
process under a different set of conditions [1]. The diversity of effects of TGF/?, together with the almost universal ability of cells to respond to TGF-/?, place
it in a unique position with regard to regulation of normal and pathologic
physiology [9,16]. Thus it plays a central role in control of many physiological
processes, including control of connective tissue function, suppression of immune
responses, regulation of growth and differentiation of both epithelial and
mesenchymal tissues, control of formation and remodeling of mineralized tissues,
as well as control of hematopoiesis and steroidogenesis. Aberrant expression
of TGF-/? is found in many connective tissue diseases, as in proliferative
vitreoretinopathy [17], and in carcinogenesis [18], where the peptide is thought
to stimulate formation of tumor stroma by mechanisms analogous to those that
stimulate formation of granulation tissue in a healing wound [9].
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Introduction
^"-Acetylation is a common co-translational modification seen in eukaryotic
proteins, but its physiological significance remains unknown. However, it is
presumed that ^"-acetylation plays a role in protein secretion and degradation.
A large number of proteins in various organisms (animal and plant) are known
to be ^"-acetylated (e.g. > 8 0 % of soluble cytoplasmic proteins in mouse Lcells and Ehrlich ascites cells [1]). Recently, the first A^-acetyltransferase (AcT)
was purified to homogeneity from Saccharomyces cerevisiae and partially characterized [2], the encoding yeast gene (AAAI) was cloned and sequenced [3],
and a null mutation (aaal-1) was created by gene replacement [4]. In comparison
to wild-type yeast cells, aaal-1 cells cannot enter stationary phase, are sporulationdefective, are sensitive to heat-shock, and display reduced mating functions for
a-type cells.
Results and Discussion
AcT catalyzes the transfer of an acetyl group to various synthetic peptides,
including human ACTH(l-24) and its [Phe2] analog, yeast alcohol dehydrogenase
1(1-24) and 11(1-24), yeast phosphoglycerate kinase (1-24), human superoxide
dismutase (SOD) (1-24), and human enolase (1-24) (Table 1). These peptides
contain Ser or Ala as their NH2-terminal residues, which together with Met
are the most commonly acetylated NH2-terminal residues [5]. The enzyme does
not acetylate other synthetic peptides, including ACTH( 11-24), ACTH(7-38),
ACTH(18-39),human /?-endorphin, yeast SOD(l-24), and yeast enolase(l-24).
In general, proteins derived from mitochondrial DNA are not acetylated.
However, certain proteins (e.g. bovine cytochrome c oxidase, subunit VI) derived
from nuclear DNA and imported into the mitochondria are acetylated. At present,
it is unclear whether acetylation of such important proteins occurs within the
mitochondria, and if so, why endogenously synthesized proteins remain refractory
to acetylation. Interestingly, two 24-residue peptides mimicking two nuclear
*To whom correspondence should be addressed.
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Table 1 Relative activity of yeast acetyltransferase for the Na-acetylation of synthetic
peptides
Substrate

Activity (%)a

ACTH(l-24)
Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-LysArg-Arg-Pro-Val-Lys-Val-Tyr-Pro
[Phe 2 ]ACTH(l-24)
Ser-Phe-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-LysArg-Arg-Pro-Val-Lys-Val-Tyr-Pro
ACTH(ll-24)
Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro
ACTH(7-38)
Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-ValTyr-Pro-Asn-Gly-Ala-Glu-Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu
ACTH( 18-39)
Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-GluAla-Phe-Pro-Leu-Glu
0-Endorphin( 1-24) (Human)
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-ThrLeu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu
Alcohol dehydrogenase 1(1-24) (Yeast)
Ser-Ile-Pro-Glu-Thr-Gln-Lys-Gly-Val-Ile-Phe-Tyr-Glu-Ser-His-Gly-LysLeu-Glu-Tyr-Lys-Asp-Ile-Pro
Alcohol dehydrogenase II( 1 -24) (Yeast)
Ser-Ile-Pro-Glu-Thr-Gln-Lys-Ala-Ile-Ile-Phe-Tyr-Glu-Ser-Asn-Gly-LysLeu-Glu-His-Lys-Asp-Ile-Pro
Phosphoglycerate kinase (1-24) (Yeast)
Ser-Leu-Ser-Ser-Lys-Leu-Ser-Val-Gln-Asp-Leu-Asp-Leu-Lys-Asp-LysArg-Val-Phe-Ile-Arg-Val-Asp-Phe

100 + 5

Cytochrome c oxidase(l-24) (Yeast, mitochondrial, polypeptide VI)
Ser-Asp-Ala-His-Asp-Glu-Glu-Thr-Phe-Glu-Glu-Phe-Thr-Ala-Arg-TyrGlu-Lys-Glu-Phe-Asp-Glu-Ala-Tyr
ATPase inhibitor(l-24) (Yeast, mitochondrial)
Ser-Glu-Gly-Ser-Thr-Gly-Thr-Pro-Arg-Gly-Ser-Gly-Ser-Glu-Asp-SerPhe-Val-Lys-Arg-Glu-Arg-Ala-Thr
Superoxide dismutase( 1 -24) (Human)
Ala-Thr-Lys-Ala-Val-Cys-Val-Leu-Lys-Gly-Asp-Gly-Pro-Val-Gln-GlySer-Ile-Asn-Phe-Glu-Gln-Lys-Glu
Superoxide dismutase(l-24) (Yeast)
Val-Gln-Ala-Val-Ala-Val-Leu-Lys-Gly-Asp-Ala-Gly-Val-Ser-Gly-ValVal-Lys-Phe-Glu-Gln-Ala-Ser-Glu
[Ala'-Thr'JSuperoxide dismutase(l-24) (Yeast)
Ala-Thr-Gln-Ala-Val-Ala-Val-Leu-Lys-Gly-Asp-Ala-Gly-Val-Ser-GlyVal-Val-Lys-Phe-Glu-Gln-Ala-Ser
[Ala'-Thr'-Lys^Superoxide dismutase(l-24) (Yeast)
Ala-Thr-Lys-Ala-Val-Ala-Val-Leu-Lys-Gly-Asp-Ala-Gly-Val-Ser-GlyVal-Val-Lys-Phe-Glu-Gln-Ala-Ser
[Ala-'-Thr'-Lys2-Ala3-Val4-Cys5]Superoxide dismutase(l-24) (Yeast)
Ala-Thr-Lys-Ala-Val-Cys-Val-Leu-Lys-Gly-Asp-Ala-Gly-Val-Ser-GlyVal-Val-Lys-Phe-Glu-Gln-Ala-Ser
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90 + 9
0
0
0
2± 2
101 ± 5
102 + 4
101 + 6

60 ± 5
76 + 6

86 + 6
0
14 + 4
54 ± 5
80 ± 5
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Table 1 (continued)
Substrate
Enolase( 1-24) (Human)
Ser-Ile-Leu-Lys-Ile-His-Ala-Arg-Glu-Ile-Phe-Asp-Ser-Arg-Gly-Asn-ProThr-Val-Glu-Val-Asp-Leu-Phe
Enolase(l-24)(Yeast)
Ala-Val-Ser-Lys-Val-Tyr-Ala-Arg-Ser-Val-Tyr-Asp-Ser-Arg-Gly-AsnPro-Thr-Val-Glu-Val-Glu-Leu-Thr
[Tyr2]Enolase( 1-24) (Yeast)
Ala-Tyr-Ser-Lys-Val-Tyr-Ala-Arg-Ser-Val-Tyr-Asp-Ser-Arg-Gly-AsnPro-Thr-Val-Glu-Val-Glu-Leu-Thr
[Ala3]Enolase (1-24) (Yeast)
Ala-Val-Ala-Lys-Val-Tyr-Ala-Arg-Ser-Val-Tyr-Asp-Ser-Arg-Gly-AsnPro-Thr-Val-Glu-Val-Glu-Leu-Thr
[Ser'-Ile2]Enolase(l-24) (Yeast)
Ser-Ile-Ser-Lys-Val-Tyr-Ala-Arg-Ser-Val-Tyr-Asp-Ser-Arg-Gly-AsnPro-Thr-Val-Glu-Val-Glu-Leu-Thr
[Ser'-Ile2-Leu3]Enolase(l-24) (Yeast)
Ser-Ile-Leu-Lys-Val-Tyr-Ala-Arg-Ser-Val-Tyr-Asp-Ser-Arg-Gly-AsnPro-Thr-Val-Glu-Val-Glu-Leu-Thr
[Serl-Ile2-Leu3-Ile5-His6-Glu9-Ilel0](l-24) (Yeast)
Ser-Ile-Leu-Lys-Ile-His-Ala-Arg-Glu-Ile-Tyr-Asp-Ser-Arg-Gly-Asn-ProThr-Val-Glu-Val-Glu-Leu-Thr
a

Activity (%)a
54 + 5
4±2
2+1
0
80 ± 5
4±5
1 + 0.5

Data reported as mean activity ± SD (« = 3-5).

genome-derived yeast mitochondrial proteins (i.e. cytochrome c oxidase, subunit
VI and ATPase inhibitor) are acetylated in vitro (Table 1), although in vivo
these proteins are not acetylated.
Since human, but not yeast, SOD(l-24) is acetylated by AcT, NH2-terminal
residues from human were progressively substituted into the yeast sequence.
After substituting 6 residues from the human sequence into yeast, the humanyeast hybrid peptide is acetylated as efficiently as the human peptide (Table
1). In addition, yeast [Tyr2] and [Ala3] enolase (1-24), whose three NH2-terminal
residues are identical to those of acetylated parvalbumins from carp and
coelacanth, respectively, are not acetylated. All higher eukaryote enolases have
blocked NH 2 -termini, and the NH 2 -terminus of the human enzyme is Ac-Ser.
In contrast, the endogenous yeast enzyme (approx. 60% identical to human
enolase in its NH 2 -terminal 24 residues) is not ^"-acetylated. Synthetic peptides
were prepared that progressively substituted the NH2-terminal sequence from
the human enzyme into that of the yeast enzyme. Although the substrate specificity
of Af«-acetyltransferase is highly dependent on the NH2-terminal residues, residues
distal to the NH 2 -terminal ten residues of enolase clearly affect ^"-acetylation
(Table 1). These results contrast with the findings of Tsunasawa et al. [6], who
suggested that only the first three NH2-terminal residues play a critical role
in determining the specificity of A^-acetyltransferase and suggest that confor-
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mation and/or sequences located more C-terminally also modulate ^"-acetylation.
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Conformation-driven, stepwise processing of three-domain
neurohypophysial hormone/neurophysin/copeptin
precursors
R. Acher*, J. Chauvet, M.T. Chauvet, B. Levy, G. Michel and Y. Rouille
Laboratory of Biological Chemistry, University of Paris VI, Paris, France

Introduction
Like most secreted polypeptides, neurohypophysial hormones are biosynthesized as protein precursors that are processed into two or three fragments prior
to secretion (for reviews see Refs. 1 and 2). Multistep processing occurs along
the pathway from the entrance of the primordial precursor into the rough
endoplasmic reticulum to the exit of mature products, packaged into secretory
granules, through exocytosis. At least four factors should be taken into consideration in this dynamic mechanism: (1) the conformations of the primordial
and intermediate precursors that serve as substrates; (2) the primary specificities
of the processing enzymes; (3) the relative mobilities of the processing enzymes,
luminal or membrane-bound, in the compartments; and (4) the successive
compartments where enzyme-substrate interactions can occur: endoplasmic
reticulum, Golgi apparatus, secretory granules, and plasma membrane. The threedomain organization of the vasopressin precursor (vasopressin/neurophysin/
copeptin) is revealed by the two-step proteolytic processing.
Results and Discussion
The first system: The dibasic endopeptidase
Many secreted peptides have, as neurohypophysial hormones, an amidated
C-terminal end, and this physiologically essential feature results from the
successive actions of three enzymes on a Gly-Lys-Arg sequence: (1) an endopeptidase splitting at the level of a pair of basic amino acids [3-5]; (2) a carboxypeptidase B-like enzyme that removes the two basic residues [6,7], and (3) a
peptidyl-glycine a-amidating monooxygenase that oxygenates a C-terminal glycine, which in turn, by dismutation, generates the amide group on the penultimate
residue [8,9].
It is assumed that a first cleavage occurs between hormone and neurophysin
as a consequence of both an accessible processing site, Lys-Arg, in the precursor,
and the 'dibasic' specificity of an endopeptidase (Fig. 1). It is important to
note that another potential dibasic processing site, Arg-Arg, present usually near
*To whom correspondence should be addressed.

489

R. Acher et al.
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Fig. 1. The first cleavage of the primordial precursor occurring at the dibasic site (KR)
releases vasopressin (AVP) and the intermediate precursor. The second cleavage at the
monobasic site (R) leads to free MSEL-neurophysin and copeptin.

the neurophysin-copeptin junction, is never split, showing that this site is
inaccessible, probably buried in the primordial precursor. No intermediate,
comprising only hormone and neurophysin domains, has ever been isolated,
whereas, in contrast, an intermediate neurophysin-copeptin has been occasionally
identified [10]. So, the first cleavage occurs in an early compartment.
The first processing systems leading to active carboxyamidated neurohormone
could be regulated at the level of each of its three enzymes. In amphibians,
along with mature vasotocin, the usual antidiuretic hormone of nonmammalian
tetrapods, processing intermediates, termed Hydrins because of their action on
water permeability of skin and bladder, have been identified. Hydrin-1 is
vasotocinyl-Gly-Lys-Arg, found in the aquatic Xenopus laevis, and hydrin-2 is
vasotocinyl-Gly, detected in semi-aquatic or terrestrial frogs and toads [11].
The second system: The monobasic endopeptidase
After vasopressin is trimmed off, a conformational change in the neurophysincopeptin fragment develops, making the second cleavage site accessible. This
latter probably occurs late in granules. An intermediate encompassing MSELneurophysin and copeptin (132 residues), representing about 20% of the primordial precursor, has been characterized in guinea pig posterior pituitary gland
[10] (Fig. 2).
To ascertain whether the slower cleavage in guinea pig was due to a variation
in the amino acid sequence or to a peculiar conformational hindrance, the
intermediate has been passed through a column of trypsin immobilized onto
Sepharose in order to mimic the passage of the intermediate on a membranebound endopeptidase. Only two cleavages, identified through microsequencing
of the products, were found in the inter-domain region between neurophysin
and copeptin (Fig. 2). These results show, on the one hand, that neurophysin
and copeptin domains are not attacked by trypsin when attached to one another
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Fig. 2. Artificial processing of the guinea pig neurophysin-copeptin intermediate precursor
by trypsin-Sepharose. Arg94 is the physiological processing site. The two tryptic cleavages
are shown by arrows (T).
in the intermediate precursor, whereas they are split when subjected separately,
on the other hand results also show that the linking arginine between the two
moieties (the second processing site) becomes accessible in the intermediate
precursor [12].
In nonmammalian terrestrial vertebrates, vasopressin is replaced by vasotocin
and oxytocin by mesotocin, but the organization of the precursors is similar
[1,2]. However, in the vasotocin precursor processing, the second cleavage
('monobasic') between neurophysin and copeptin no longer occurs, so that a
'big' neurophysin resembling the guinea pig intermediate precursor is produced
[13]. Again, when this 'big' MSEL-neurophysin is passed through a column
of trypsin-Sepharose, cleavages occur only in the putative inter-domain region;
apparently there is no conformational hindrance for monobasic endopeptidases.
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Chemical-enzymatic synthesis of emerimicin IV and III,
membrane-active pentadecapeptide antibiotics
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Slomczynska a , Janusz Zabrocki2, James B. Dunbar Jr. b and Garland R. Marshallb
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Introduction
Emerimicin IV (1, Fig. 1), the principal component, and emerimicin III (2),
the minor component of emerimicins, belong to the family of peptaibol antibiotics
that form voltage-gated ionic membrane channels. Synthesis of peptaibols is
a challenge to peptide chemists due to difficulties arising from low reactivity
of a,a-disubstituted amino acids, presence of acid-labile EtA(MeA)-Hyp(Pro)
bonds, and increased racemization risk of protein amino acids involved in the
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Fig. 1. Chemical-enzymatic synthesis of emerimicin IV (1) and III (2). Abbreviations:
MeA = a-methylalanine (or Aib), EtA = a-ethylalanine (or Iva), OPiv=pivaloyl mixed
anhydride, MA = mixed anhydride with isobutyl chloroformate, SA = symmetrical anhydride,
Ox= oxazolone, DCC=DCC and HOBt as additive.
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synthesis. Several synthetic emerimicin segments have been described since 1981
[1,2], and we report on the total synthesis in which an enzymatic approach
to final 6 + 9 coupling plays a crucial role (Fig. 1).
Results and Discussion
Initial, inefficient 9+6 coupling strategy
Ac-Phe-(MeA)rVal-Gly-Leu-(MeA)rOBzl,
segment 1-9. The 9 + 6 strategy was
chosen because it provides access to the N-terminal nonapeptide with the high
content of MeA (55%) needed for structural studies. This segment was successfully
synthesized by 4 + 5 coupling (53%, DCC/HOBt). Boc/OBzl protection was
used throughout the synthesis. Crystalline nonapeptide 1-9 proved to be an
interesting example of a natural continuous a-helix.
Z-Hyp-Gln-R-EtA-Hyp-Ala-Phol, segment 10-15. Two synthetic routes were
explored. At first, hydroxyl-protected Boc-Hyp(Bzl)-OH and 1 + n coupling
strategy were used [2] to suppress racemization risk. However, this approach
had to be discontinued because stepwise lengthening of Boc-R-EtA-Hyp(Bzl)Ala-Phol could not be accomplished beyond the tetrapeptide step. This failure
may be attributed to spontaneous cleavage of N-deprotected tetrapeptide, an
analogy to the known case of H-MeA-Pro-Trp-OH. In a successful approach,
the key segment was Boc-Gln-R-EtA-Hyp-OBzl. C-elongation (+2) followed
by N-elongation ( + 1 , OH-unprotected Z-Hyp) by means of DCC/HOBt furnished hexapeptide 10-15 in moderate yield.
9 +6 coupling. Final coupling performed by means of DCC/HOBt over many
hours furnished a complex mixture, which after extensive purification afforded
pure (HPLC, FABMS, NMR) emerimicin III in an unacceptable yield of 5%.
Serviceable 6+9 coupling strategy: Significance of enzymatic approach
The main features of the successful synthetic scheme outlined in Fig. 1 are:
the oxazolone procedure for preparation of -MeA-MeA-MeA- sequence; the key
segment Boc-Gln-R-EtA-Hyp-OBzl enabling assembly of C-terminal nonapeptide; the use of OH-unprotected Hyp throughout the whole synthesis; and the
use of papain to perform the final coupling that led to 76% and 64% yield,
respectively, in one-hour reaction time with the almost pure emerimicins
precipitating from solution. Chemical coupling (DCC/HOBt) of these same
segments furnished emerimicin III in 12% yield.
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Introduction
The anaphylatoxin C3a (77 residues) is generated during activation of the
serum complement cascade. By interacting with pharmacologically defined
receptors, C3a induces the release of histamine and other vasoactive amines,
supporting acute inflammatory reactions.
Earlier studies with synthetic peptides showed that the C-terminal pentapeptide
(73-77) is fully, if weakly, active, whereas the sequence 57-77 has nearly full
C3a potency in gp-ileum assay [1]. These results were developed further using
the 'amphipathic helix' principle propagated by Htigli (1) and Kaiser and Kezdy
[2]. There is indeed reason to believe that helical elements play a significant
role in the function of native C3a. Our goal, however, is to synthesize simple
analogs in which complex natural elements have been replaced by simpler elements
possessing similar properties.
Results and Discussion
Based on SAR of more than 70-peptides, synthesized by SPPS [3] and tested
by an ATP-release assay from gp-platelets [4], we have developed a model
describing the functional elements required for high potent C3a analogs. From
the N-terminus, these are: MEMBRANE ANCHOR - SPACER - MESSAGE
SEQUENCE.
In general, we found two elements to enhance the biological activity of short
C3a analogs. Both effects, N-terminal elongation by spacers and N-terminal
acylation by hydrophobic groups (e.g., Fmoc-, Fmoc-Ahx-, Nap-Ahx), supplement each other. Cationic spacers, based on appropriate arginine arrangements
[3], produced higher potentiation than neutral spacers (e.g., [a,w-aminocarboxylic
acids or unspecific amino acids) [4].
The degree of potentiation is maximal in short sequences (up to 4000-fold).
Augmenting the potency by a membrane anchor, and using the very sensitive
ATP-release assay, allows the design of very short, active peptides to characterize
the essential active binding site of C3a. It has been possible to reduce the previously
assumed binding site from 5 (LGLAR) to 3 amino acids (LAR). The tripeptide
LAR is only able to desensitize, but not to activate gp-platelets. N-terminal
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acylation with Fmoc-a-aminohexanoic acid generates a full agonist (0.4% C3a
activity), with a potency 40 times higher than that of the pentapeptide (0.01%
C3a activity). Unlike others, we find no relevance of amphipathic helix, other
than its ability to reduce the association event with the receptor from 3 to 2
dimensions.
Conclusions
In our studies, the C3a analogs were made amphipathic by adding hydrophilic
cationic spacers and hydrophobic residues to the N-terminus. However, we expect
a 'linear' amphipathy for our peptides, and not a 'circular' amphipathy, as with
the helical peptides of Hugh [1]. The high potency of our peptides results from
electrostatic, as well as hydrophobic, interactions with the membrane. This
approach is supported by receptor binding studies with platelets, as well as
fluorescence lifetime experiments using phosphatidyl choline liposomes.
Acknowledgements
This research was supported by BMFT grant No. 01VM86048. M. Gier holds
a scholarship from the Graduiertenforderung des Landes Nordrhein-Westfalen.

References
1.
2.
3.
4.

Hugli, T.E., In Miiller-Eberhard, H.J. and Miescher, P.A. (Eds.) Complement,
Springer-Verlag, Berlin, 1984, p. 73.
Kaiser, E.T. and Kezdy, F.J., Science, 223 (1984) 249.
Ambrosius, D., Casaretto, M., Gerardy-Schahn, R., Saunders, D., Brandenburg,
D. and Zahn, H., Biol. Chem. Hoppe-Seyler, 370(1989)217.
Gerardy-Schahn, R., Ambrosius, D., Casaretto, C, Grotzinger, J., Saunders, D.,
Wollmer, A., Brandenburg, D. and Bitter-Suermann, D., Biochem. J., 255 (1988)209.

497

The design and synthesis of nonpeptide mimetics of
erabutoxin B
Michael Kahn and Susanne Wilke
University of Illinois at Chicago, Department of Chemistry, 829 W. Taylor Street,
P.O. Box 4348 (m/c 111), Chicago, IL 60680, U.S.A.

Introduction
Peptides and proteins play critical roles in the regulation of virtually all
biological processes. However, the understanding of the relationship between
the conformation and the activity of bioactive peptides and proteins remains
one of the critical goals of contemporary biochemistry. In this regard, we are
engaged in the design and synthesis of conformationally restricted nonpeptide
mimetics of bioactive peptides and proteins. We have designed an 11-membered
ring bis-lactam (1) as a conformationally stable nonpeptide mimic of the
ubiquitously distributed /3-turn [1]. Turns, being surface-localized and containing
predominantly polar potentially reactive side chains, are implicated as recognition
sites that trigger complex immunologic, metabolic and endocrinologic mechanisms [2].
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ii

NH
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jKRJ!L~^^
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^""

W N T - * 1 Ph

(1)

^

H

(2)

One target of our studies is erabutoxin B, a low molecular weight neurotoxin
(MW = 7.2 kDa, 62 AA residues), that acts through the blockade of the postsynaptic nicotine acetylcholine receptor (kDa ~ 10- u M) in a nondepolarizing
curare-like manner [3]. It is isolated from the broad-banded sea snake. Venoms
from both Hydrophiidae (sea snakes) andElapida families (cobras, kraits, mambas)
show a common mode of action and strong structural homology. The highly
conserved region, Asp-Phe-Arg-Gly (residues 31-34), is contained within a Bturn region at the end of the longest of three loops of /3-pleated sheet, and
has been proposed to contain the residues critical for binding to the acetylcholine
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receptor protein [4]. It is this region we have chosen to mimic. Based on molecular
modeling, we have designed a type I /?-turn mimetic that exquisitely mimics
the backbone of the 'neurotoxic' /3-turn loop and appropriately orients the
neurotoxic side chains (2).
Results and Discussion
For the first generation mimetics, introduction of the charged amino acid
side chains Arg and Asp is desired. A retrosynthetic strategy for the construction
of these mimetics is outlined in Scheme 1.

CTT

COjR

NH,'

Scheme 1.
The key transformation in this scenario involves an intramolecular cycloaddition reaction of the diazodicarbonyl system (5) via in situ oxidation of the
diacylhydrazide, that subsequently undergoes cycloaddition through the less
strained exo transition state [5]. The cycloaddition reaction was modeled
successfully, and proceeded in moderate yield. The Arg guanidino moiety is
incorporated by means of the N-protected E,E diene (6), the Asp moiety through
the optically active diacylhydrazide (7). Essential for the success of this mimetic
strategy was the ease by which the resulting tricyclic lactam (4) was opened
by methanol to generate an N- as well as a C-terminus (3). Consequently, this
synthetic turn can be incorporated into a Merrifield solid phase peptide synthesis
to generate conformationally restricted mimetic chimeras [6]. The enantioselective
synthesis of (3) is nearing completion; biological studies will be published in
due course. In summary, an efficacious strategy for the generation of nonpeptide
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mimetics of the proposed neurotoxide loop is outlined, providing a unique system
to explore the relationship between peptide structure and function.
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Active domains of staphylococcal enterotoxin
Amrit K. Judd, Robert C. Humphres* and Mark A. Winters
Life Sciences Divison, SRI International, 333 Ravenswood Avenue,
MenloPark, CA 94025, U.S.A.

Introduction
Staphylococcal enterotoxins are proteins produced in food or in culture media
by various strains of staphylococci, resulting in acute food poisoning outbreaks
in humans and a limited number of other mammalian hosts. Staphylococcal
enterotoxin B (SEB) is a very potent mitogen for mouse and human lymphocytes
[1].
We report here the studies on synthetic peptides derived from the SEB sequence
[2], The selection of peptide sequences was based on computer graphic studies
of secondary structure prediction [3], hydropathicity [4], and published results
of chemical modifications of different amino acid residues [5]. We synthesized
seven peptides (Table 1). Free peptides were evaluated for their ability to stimulate
mitogenesis of murine spleen cells and antisera to free peptides, and peptide
carrier conjugates were evaluated for binding to SEB and for the inhibition
of SEB-stimulated mitogenesis.
Table 1 Amino acid sequences of the peptides synthesized
No.
Sequence
1.

E SQPDPKPDELHKSSK

2.

YQCYFSKKTNN I DSHENTKRKT C

3.

CGVTEHGNNQLDKYYR S

90

112

148

162

4.

VQ T N K K K V T A E Q L D Y

5.

CGDMMP APGNKFDQSKY

199

216

6.

229

MYNNDKMVDSKDVY
225

7.

213

239

PS K D V K I E V Y L T T K K K

Note: Underlined regions predict the probable location of reverse or /3-turns.

*Deceased.
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Results and Discussion
Antiserum against one peptide, SEB (224-239), showed significant binding
activity against native SEB after two immunizations (Day + 35, Fig. 1). The
binding activity of this serum was significantly greater than that of normal serum.
The amount of binding of SEB (224-239)-BSA to SEB (Fig. 2) was smaller
than that of free peptide (Fig. 1). This is probably because of the lower number
of (224-239) antigenic determinants available for binding in equal concentrations
of peptide and peptide-BSA conjugate. Another peptide, SEB (116-131), also
showed binding activity against SEB, but to a lesser extent.
• • SEB(224-239)
0-SEB(1-16)

04 • .

••SEB(116-131)
•-SEB(199-213)
A-SEB(216-229)
A-SEB(90-112)
OD(410)

X - normal

0.2

1:10

1:100

1:1000

antiserum dilution

Fig. 1. Binding of antiserum from mice immunized with 100 ng SEB peptides to SEB.
Results of mitogenic activity of SEB peptides are shown in Fig. 3. It was
observed that SEB (90-112) had appreciably more mitogenic activity compared
with that of control (media + spleen cells), which was negligible. SEB (116—
131) showed some mitogenic activity.
Antisera of those SEB peptides that had binding activity against native SEB,
i.e., SEB (224-239), SEB (116-131) and SEB (116-131)-KLH, were tested for
the inhibition of SEB-induced mouse spleen cell mitogenesis (Fig. 4). Anti-SEB
(224-239) serum showed some inhibitory activity.
Conclusion
The results of binding and mitogenic activities of SEB peptides raise the question
of whether these activities derive from different sites on the SEB molecule. Our
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0.5 _

•• SEB(224-239)-BSA

o

SEB(1-16)-BSA

•

SEB(116-131)-KLH

D

SEB(199-213)

0.3 . .
• • SEB(216-229)

OD410

A- SEB(90-112)-KLH
X

1:10

normal

1:100

1:1000

log antiserum dilution

Fig. 2. Binding of antiserum from mice immunized with 100 ng ofpeptide-carrier conjugates
to SEB.

4-r

••SEB(116-131)
0-SEB(199-213)
••SEB(148-162)

3..

' • • SEB(90-112)
A- SEB(224-239)
•A-SEB(216-229)

Stimulation
Index

2--

X-SEB(1-16)

jig peptide per well

Fig. 3. Induction of mouse spleen cell mitogenesis by SEB peptides.
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studies are not complete and a few more peptides need to be synthesized and
evaluated. However, from the results obtained so far, it is plausible that these
two properties of SEB might involve different sites. Our results show that SEB
(224-239) had no mitogenic activity, but antisera to these peptides bind to SEB.
On the other hand, SEB (90-112) had mitogenic activity, but antisera to it did
not bind to SEB.

•• anti

SEB

o- normal

•

am -SEB(224-239)

••

ant -SEB(116 131)

A- anti -SEBJ116

131)- KLH

percent
inhibition

1:20

1:40

1:80
antiserum

1:160

1:320

dilution

Fig. 4. Inhibition of SEB-induced spleen cell mitogenesis by serum from mice immunized
with SEB peptides.
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Development of antagonists of des-Gh^-Conotoxin Gl
Ronald G. Almquist, Srinivasa R. Kadambi, Dennis M. Yasuda,
Frederick L. Weitl, Willma Polgar, Lawrence R. Toll and Edward T. Uyeno
Life Sciences Division, SRI International, Menlo Park, CA 94025, U.S.A.

Introduction
Marine snails of the genus Conus produce a series of peptide neurotoxins
that include conotoxin Gl [1]. Conotoxin Gl is known to antagonize the binding
of acetylcholine (ACh) to nicotinic receptor sites and thereby causes paralysis
of skeletal muscle [2,3]. This process can be lethal to animals. In our work
we wanted to develop analogs of conotoxin Gl that would antagonize the lethal
effects of conotoxin. We hoped to accomplish this goal by synthesizing analogs
of conotoxin Gl that would bind to the ACh receptor site and displace conotoxin
without displacing ACh.
Results and Discussion
A series of 21 analogs of des-Glu'-Conotoxin Gl were synthesized by solid
phase synthesis on MBHAR. Since conotoxin Gl and des-Glu'-Conotoxin Gl
have comparable activities [1], we chose to make analogs of the shorter desGlu'-Conotoxin Gl to simplify the syntheses. All analogs were tested initially
for their abilities to inhibit contractions in a mouse-diaphragm-with-phrenicnerve assay. Replacement of Asn with Ala, Gly with D-Ala, His with either
Phe or Leu, or cyclization (3-13) of des-Glu'-[Asp 3 ,Dpr 13 ] Conotoxin Gl gave
analogs with comparable IC50s to that of des-Glu'-Conotoxin GL Replacement
of Tyr with Leu lowers paralytic activity by 20-fold. As can be seen in Table
1, total loss of paralytic activity occurs when Gly replaces Pro, D-Tyr replaces
Tyr, or D-Phe replaces Gly. In most cases, loss or change in length of one
of the disulfide rings eliminates paralytic activity, except with analog 15 which
is weakly active, and analog 17, which is quite paralytic. Replacement of the
Cys2-Cys7 disulfide bond with an amide bond (analog 20) greatly lowers paralytic
activity. Analog 15 (at doses of 10 /iM) was the only analog that antagonized
(by 24%) the paralytic effect of conotoxin Gl in this assay.
Table 1 gives the results of testing all analogs with low or no paralytic activity
in the mouse-diaphragm-with-phrenic-nerve assay for their abilities to antagonize
the lethal effects of conotoxin Gl in mice. Analogs 15 and 16 with equal activity
are the best antagonists in this assay. Extending the C-terminal chain of 16
or reducing it in 15 reduces antagonistic activity. It appears that the small disulfide
loop of des-Glu'-Conotoxin Gl is more important than the large loop for
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Recent bioactive peptides and biology
binding conotoxin to the portion of the ACh receptor that does not interfere
with binding ACh. The antagonist activity of 20 is probably caused by the effect
of the amide loop on the conformation of some of the binding residues that
are important in conotoxin Gl for displacing ACh from its receptor. Substitution
of D-Ala for Gly in 16 to yield 17 probably changes the conformation of this
peptide in such a way that it now displaces ACh from its receptor site and
causes toxicity.
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Dimeric interaction of Ca-binding photoprotein aequorin
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Introduction
Aequorin is a small monomeric protein (Mr = 21 400) from the jellyfish Aequorea
victoria, that emits blue light in the presence of Ca 2+ by the following intramolecular reaction [1]:
aequorin

3 Ca 2+
—». apoaequorin + coelenteramide + CO2 + hv

Aequorin consists of coelenterazine (an imidazopyrazine compound) and
molecular oxygen bound noncovalently to apoeaquorin (apoprotein). Aequorin
has three Ca 2+ -binding sites and three cysteine residues. When three Ca 2+ binds
to aequorin, a conformational change takes place and the protein is converted
to an oxygenase, catalyzing the oxidation of coelenterazine by the bound oxygen
with light emission. Aequorin may be regenerated from apoaequorin by incubation with coelenterazine, EDTA, 2-mercaptoethanol (2-ME), and dissolved
oxygen. The process involves the removal of Ca 2+ by EDTA and the dissociation
of coelenteramide from apoeaquorin, followed by binding of fresh coelenterazine
and molecular oxygen. The cDNA for apoaequorin has been cloned [2].
Results and Discussion
Dimeric interactions appear to play an important role in aequorin bioluminescence. First, the color of light from aequorin is blue, whereas, in the jellyfish
it is green. The reason for the green light emission is that there is an energy
transfer from aequorin to a hydrophobically bound green fluorescent protein
that serves as the emitter in the reaction. Second, dimeric interactions involving
intermolecular disulfide bonds appear, in general, to interfere with the regeneration of aequorin. Little is known about the function of 2-ME during
regeneration, but is is presumed to reduce disulfide bonds. From studying
molecular models and analyzing the results of site-directed mutagenesis, we find
*To whom correspondence should be addressed.
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that the role of 2-ME is to disrupt both intra- and inter-molecular disulfide
bonds and promote disulfide exchange. No regeneration of wild-type aequorin
occurs in the absence of 2-ME, and replacement of. one or two cysteine residues
with serine only serves to decrease activity, whereas substitution of all three
cysteine residues by serine leads to full regeneration of activity, albeit at a slower
rate [3]. In the case of aequorin with one cysteine and two serine residues,
the effect of an intermolecular disulfide bond cannot be neglected, since an
intra-disulfide bond is absent. Thus, all three cysteine residues play an essential
role in aequorin regeneration. The replacement of the highly conserved glycine
in Ca 2+ -binding sites 1, 2, and 3 by arginine leads to 0, 49, and 97% in relative
activity respectively [4], These results also aid in the interpretation of dimeric
interactions of aequorin.
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Purification and sequence of a new hydrophobic
polypeptide from cardiac muscle
Evelyne Terzi, Philippe Boyot, Alain Van Dorsselaer, Bang Luu and
Elisabeth Trifilieff
Laboratoire de Chimie Organique des Substances Naturelles associe au CNRS,
5, rue Blaise Pascal, F-67084 Strasbourg, France

Introduction
We have developed a method for the purification of hydrophobic polypeptides
that is characterized by the intensive use of organic solvents and exclusion of
detergent. This method was successful for the purification of cardiac muscle
phospholamban (the supposed regulatory protein of the sarcoplasmic reticulum
pump) [1], the H+-ATPase proteolipid, subunits Villa and b of the cytochrome-c
1
5
10
15
Met - t*u - Gin - f W • T-eu - He - I.v. - T,v« - Val - Tra • lie • Pro - Mat - I.v. - Prn •
-CN1-

-Tl16
20
25
30
Tvr - Tvr - Thr • Oln - Ala - Tvr - Gin - Glu - Tie • Trn - Val - Olv • Thr • Glv - Lau -CN2-FAB-MS•

31
35
40
45
Met. • Ala - Tvr - n« - Val - Tyr - Lys - De - Arg - Ser - Ala - Asp - Lys - Arg - Ser •
-CN3-FAB-MS •
HI

T4'

fr-

«
50
55
60
Lys - Ala - Leu - Lys - Ala - Ser - Ser - Ala - Ala - Pro - Ala - His - Gly - His - His.
-CN3-

-T10-

Fig. 1. Amino acid sequence of the new hydrophobic polypeptide.
degradation, CN=cyanogen bromide peptides; T= tryptic peptides.
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oxidase and the A6L protein of ATP synthase [2]. We now describe the purification
and the primary sequence of a new organic solvent-soluble mitochondrial
polypeptide of 60 residues.
Results and Discussion
The hydrophobic polypeptide was purified from an acidic chloroform-methanol
extract of bovine cardiac muscle by a combination of gel permeation and ionexchange chromatographies in organic solvents as described in [2].
The molecular weight of the HPLC-purified hydrophobic polypeptide was
mesured by FABMS and gives a protonated molecular ion of m/z 6834.1,
indicating that the polypeptide contains about 60 residues.
According to AAA, automated Edman degradation on the intact polypeptide
and on cyanogen bromide and tryptic peptides, we could determine the primary
sequence as described in Fig. 1. Sequence 17-41 was confirmed by fragmentation
peaks observed in the FABMS spectrum. The C-terminal sequence was deduced
by analysis of the tryptic TIO peptide and especially by the measurement of
its molecular mass by FABMS ([M + H+]: 1042.6).
To localize this new polypeptide, antibodies against it were raised in rabbits.
Western blots were run with a 1/1000 dilution of the serum. The pure polypeptide
was indeed detected. The antibodies also reacted specifically with a band of
the same molecular weight contained in total brain and liver mitochondrial
proteins.
Conclusion
Our method of extraction and purification characterized by the intensive use
of organic solvent, allowed the purification of a new mitochondrial hydrophobic
peptide of 60 residues.
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Isolation of a tumor-derived 186-residue peptide amide
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Introduction
Pancreastatin (PS), a 49-residue peptide amide, was first isolated from porcine
pancreas by Tatemoto et al. in 1986 [1]. This peptide has been shown to inhibit
glucose-induced insulin release from the isolated perfused pancreas.
Using C-terminal peptide-amide specific porcine pancreastatin antibody [2]
as a guide, we isolated a C-terminal a-amidated peptide related to human
pancreastatin and chromogranin A from liver metastasis of a patient with
insulinoma. The established NH 2 -terminal amino acid sequence (116-165) of
the isolated protein hPS-186 was identical to the corresponding region of its
cDNA-derived sequence of human chromogranin A (hCgA). The results are
consistent with the proposal that the isolated protein consists of 186 amino
acid residues corresponding to the human chromogranin A-116-301 (hCgA-116301).
Results and Discussion
Using our newly developed human pancreastatin RIA, we identified and isolated
three peptides containing the C-terminal glycine amide of hCgA from the tryptic
digestion of the 186 residues polypeptide. These peptides overlapped with the
29-residue peptide isolated by Sekiya et al. [3,4], and the 92-residue peptide
isolated by Schmidt et al. [5], that were shown to have the pancreastatin activity.
Figure 1 shows the positions of each of these peptides within the structure of
human chromogranin A deduced from its cDNA sequence.
The isolation and characterization of hPS-29 (273-301), hPS-48 (254-301),
and hPS-92 (210-301) generated either in vivo or in vitro, suggests the potential
proteolytic processing sites of human pancreastatin to yield smaller fragments
with retention of biological activities. The biosynthesis of various sizes of human
pancreastatin from chromogranin A (hCgA-1-439) could have initially initiated
with the synthesis of hPS-301 (hCgA-1-301) (Fig. 1), although the protein of
this size has as yet to be isolated or detected from physiological sources. hPS-301
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undergoes proteolytic processing to yield fragments of various sizes that retain
biological activities. The significance of the presence of polypeptides of different
sizes with similar biological activities is not clear.
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Fig. 1. Schematic representation of the structures of human chromogranin A-r elated peptides
generated either in vivo or in vitro.

While hPS-186 was identified as the major form of pancreastatin in a liver
metastasis from a patient with insulinoma, we are not certain that hPS-186 is
the major active form of human pancreastatin in circulation. Analysis of human
sera, derived from a patient with insulinoma, indicated the presence of an
immunoreactive polypeptide(s) eluting at or near hPS-186, and a peptide(s) that
co-eluted with a synthetic, 48-residue peptide amide hPS-48. The hPS-48 peptide
was the main proteolytic product (42%) with biological activity when hPS-186
was treated with trypsin. Finally, the corresponding major species of pancreastatin
in porcine is a 49-residue peptide amide. It would seem, therefore, that hPS48 would be an important candidate for consideration of naturally occurring
pancreastatin in human sera.
Conclusion
Biological studies on synthetic peptides, hPS-29, -48 and -52, indicated that
the molar potency of hPSs is almost equivalent to that of porcine PS-49. The
potent effect of the C-terminal fragment of pancreastatin on pancreatic secretion
suggested that this portion of the molecule is important for the biological activity
and that the C-terminal active fragments of pancreastatin may be generated
in vivo at the site where it exhibits its physiological functions.
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Isolation and properties of insulin-like materials from
crystalline porcine insulin
Shang-quan Zhu, Ying-gao Xu, Xin-tang Zhang and Da-fu Cui
Shanghai Institute of Biochemistry, Academia Sinica, People's Republic of China

Introduction
When monopeak-insulin, obtained from crystalline porcine insulin by chromatography on Sephadex G-50 column, was purified on DEAE-Sepharose CL6B column, peaks more basic than insulin were observed. Among them, only
peak 3 (called AP3) showed a single band on polyacrylamide gel electrophoresis
at pH 8.3. It was found that AP3 possessed insulin-like structure and activity.
For example, AP3 contains two peptide chains with glycine and phenylalanine
as its N-terminal residues and possesses receptor binding capacity and in vivo
biological activity of insulin. However, AP3 could be separated into three peaks
on HPLC C-8. We report here on the preparation and properties of AP3.
Methods
Crystalline porcine insulin was purchased from the Shanghai Biochemical
Factory. The monopeak porcine insulin was prepared by gel-filtration on
Sephadex G-50 column with 1 N acetic acid elution. The procedures of ionexchange chromatography and HPLC are described in Figs. 1 and 2. The insulinreceptor binding assay on human placenta membrane was carried out at 4°C
for 20 h and the in vivo activity was determined by mouse convulsion method.
Results
Figure 1 shows the separation of monopeak porcine insulin on DEAESepharose CL-6B column. Four peaks ahead of the insulin peak (peak 5) can
be identified. Among them, only peak 3 (called AP3) was homogeneous on
PAGE. The N-terminal amino acids of AP3 determined by DABITC method
[1] were glycine and phenylalanine. AP3 was hydrolyzed by trypsin more easily
than insulin under the same conditions, and tryptic hydrolysate of AP3 was
still more basic than desoctapeptide (B23-30) insulin. However, 4 peaks were
observed on HPLC C-8 after sulfitolysis of AP3, in which 3 peaks have the
same N-terminal amino acid, glycine, and another peak has phenylalanine as
its N-terminal amino acid. AP3 was separated by HPLC C-8 into 3 components,
AP3-I, AP3-II and AP3-III (see Fig. 2). AP3-I and AP3-II were collected and
rechromatographed on HPLC C-8 indicating that they are homogeneous. The
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CD
CO

Fraction No.
Fig. 1. Isolation of the insulin-like materials on DEAE-Sepharose CL-6B column (2.2X24
cm) chromatography. Eluent: 0.05 M Tris buffer, pH 8.0, containing 40% isopropanol with
salt gradient. The peak 1 and peak 6 were named API and AP6, respectively.
in vivo activity and insulin-receptor binding capacity of AP3-I and AP3-II are
shown in Table 1.
Table 1 Biological properties of AP3-I and AP3-II
Sample

Activity in vivoa

Receptor binding capacityb

Insulin
AP3-I
AP3-II

100
70
50

100
85.8
73.6

a
b

Determined by mouse convulsion method.
See Methods.

Discussion
Insulin-like materials prepared by us are unlikely to be proinsulin or its
converting intermediate materials for the following reasons.
(1) Proinsulin had been removed from the starting material by Sephadex G50 column.
(2) The N-terminal AAA of AP3 showed the presence of only glycine and
phenylalanine, but no basic amino acids as its N-terminus.
(3) PAGE of tryptic hydrolysate of AP3 showed that the difference between
insulin and AP3 is not in the C-terminus of the /3-chain, but perhaps in the
a-chain.
The mutant insulins with only one amino acid change were found in some
diabetic persons [2-4], It would be interesting to know if a mutant insulin might
also be found in some animals, such as the pig. Therefore, it is necessary to
further elucidate the structure and biological significance of insulin-like materials.
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_/*10
Elution time (min)

15

Fig. 2. HPLC separation of AP3 on C-8. Solution A: 30% acetonitrile/70% 0.03 M
ammonium bicarbonate/0.2% TFA. Solution B: 80% acetonitrile, 0.1% TFA. Column was
developed, at a flow rate of 1 ml/min, with a linear 20-min gradient from 0 to 100%
B. The column temperature was kept at 3(P C and the fractions were monitored by absorbance
at 280 nm. Each peak was collected manually. The peaks from left to right in part A
were named AP3-I, AP3-II and AP3-III, respectively.
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Introduction
All the hypothalamic-releasing hormones identified so far, more or less
stimulate the pituitary adenylate cyclase and increase accumulation of cyclic
AMP. Increase of intracellular, as well as extracellular cyclic AMP in cultured
pituitary cells is most strikingly demonstrated by GHRH, and to lesser extent
by CRF [1]. GnRH and TRH also increase cyclic AMP accumulation, though
it does not seem to be linked with secretion of these hormones [1]. It is, therefore,
likely that any hypophysiotropic-stimulating hormone, whether its target pituitary
cells are known or not, would increase intra- and extra-cellular cyclic AMP
levels in pituitary cell cultures. In this line of thought, we considered it possible
to discover novel hypophysiotropic-releasing peptides by monitoring the pituitary
adenylate cyclase-stimulating activity (ACSA) in hypothalamic extracts. The use
of ACSA in pituitary cell cultures for screening hypophysiotropic-stimulating
substances may have an additional advantage that an inhibiting factor specific
for a hormone, such as somatostatin for GH and TSH, does not significantly
interfere with the ACSA.
Results and Discussion
In the present study, we used the rat pituitary cell cultures for screening ACSA.
By determining the content of cyclic AMP in culture media with RIA, accumulation of cyclic AMP in the culture media for a 3-h incubation period was
compared with the control value and used as a response parameter for ACSA
of the test substance. Ovine hypothalami fractions (2400 g) were extracted as
indicated in Fig. 1. On the step of C-18, C and D showed considerable ACSA.
Since ACSA derived from fraction D had GHRH/CRF immunoreactivity on
further purification steps, it appeared to represent GHRH/CRF-related materials.
Our efforts were then concentrated on isolating the most potent ACSA
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Ovine

Hypothalamus (2400g)
I
Boll In water for 10 min.
I
Acidify & Homogenize (2M AcOH)
I
Acetone precipitation (66%)
I
C1B column
Elution with 10, 20, 30, 40, SO & 60% CH3CN In 0.1% TFA

SP Sephadex
Elution with IMAcOH,

2Mpyrldlne,

2Mpyrldlne/AcOH

I
Gel filtration (Sephadex G-50)
I
Ion exchange chromatography (CM)
Reverse phase HPLC (C-18)
I
Reverse phase HPLC (Phenyl)

Fig. 1. Isolation procedure of PA CAP.
substances in fraction C. After SP-Sephadex, fraction C SPIII, which had potent
ACSA, was subjected to gel-filtration chromatography on a Sephadex G-50
column. Since the fractions corresponding to molecular weights 3000-4000
showed the greatest ACSA, these fractions were pooled and subjected to cation
exchange chromatography on a CM-52 cellulose column (Fig. 2), followed by
two steps of RPHPLC. A peptide with ACSA was isolated in a pure form.

0.78

9

6
40
Fraction

60
Number

Fig. 2. Cation exchange chromatography of the ACSA fractions obtainedfrom gelfiltration
of ovine hypothalamic extract. Column: CM-52 Cellulose (Whatman, 1x20 cm). Fraction
size 4 ml/fraction. Solvent system: A linear gradient of ammonium formate (pH 6.5) from
10 mM to 0.8 M.
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The primary structure, which was determined by automated Edman degradation,
was revealed to be: His-Ser-Asp-Gly-Ile-Phe-Thr-Asp-Ser-Tyr-Ser-Arg-Tyr-ArgLys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-Ala-Val-Leu-Gly-Lys-Arg-Tyr-LysGln-Arg-Val-Lys-Asn-Lys-NH2. The peptide consists of 38 amino acids with
amidated C-terminus. Its N-terminal sequence, 1-28, shows significant homology
with VIP (68%) [2]; however, the C-terminal sequence after the 29th residue
is different from any other known peptide, as revealed by a computer-assisted
search for homology. We previously reported the isolation and partial structure
of an ovine VIP-like GH-releasing factor that stimulates GH release from rat
pituitary fragments in vitro [3]. The two peptides appear to be very closely
related. The peptide with 38 residues was synthesized by SPPS and the synthetic
peptide elicited ACSA to the same extent as the native peptide (Fig. 3). This
peptide was thus named PACAP38 (pituitary adenylate cylase activating polypeptide with 38 residues). The ACSA of PACAP38 was comparable to that
of CRF and approximately 1000 times greater than that of VIP. PACAP38
stimulated release of GH, PRL, and ACTH from superfused rat pituitary cells
in a dose-dependent manner, in a dose range between IO-10 M to 10-8 M. The
responses declined as the dose increased and showed 'bell-shaped' dose-response
curves. On the other hand, LH response was linear in a dose range of 10~910-6 M. The release of FSH and TSH was not significantly altered under the
same condition.

o
E
a.

PACAP38NH2
Native PACAP
VIP
oCRF

Q.

E

<

-10
DOSE (log M)

- 9

Fig. 3. Adenylate cyclase-stimulating activity of PACAP in rat pituitary cell culture.
Furthermore, another substance with ACSA, distinct from PACAP38 or other
known hypophysiotropic hormones, was also found in the side fractions of the
CM-cation exchange chromatography of ovine hypothalamic extract obtained
during purification of PACAP38 (Fig. 2). After two steps of RPHPLC, this
peptide was isolated in a pure form. The amino-acid sequence of this peptide
revealed it to be a (l-27)-NH 2 of PACAP38. PACAP38 contains a signal sequence
for processing and amidation [-Gly28-Lys29-Arg30-], which also suggested the
presence of PACAP27NH 2 . This peptide was also synthesized and found to exhibit
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a similar ACSA as PACAP38. Several oligonucleotides corresponding to various
portions of PACAP38 were synthesized and are being used for cloning cDNA
for the precursor protein of PACAP38. A broad range of physiological experiments are also now underway to unveil the physiological significance of these
novel peptides.
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Tyrphostins: A new class of tyrosine kinase inhibitors that
selectively blocks EGF-dependent cell proliferation
Chaim Gilon3, Aviv Gazit3, Pnina Yaishb and Alexander Levitzkib
"Department of Organic and department of Biological Chemistry, The Hebrew University
of Jerusalem, Jerusalem 91904, Israel

Introduction
We have recently reported on a new class of low molecular weight protein
tyrosine kinase inhibitors, termed 'tyrphostins' (Fig. 1), which are based on a
benzylidene malono nitrile nucleus [1]. We now describe (a) the molecular
requirements for inhibition, derived from SAR studies of a large series of molecules
with increased affinity towards the substrate site of the EGF receptor kinase
(EGFRK) domain, a comparison between the (b) inhibitory effect of some
tyrphostins on the phosphorylation catalyzed by EGFRK and insulin receptor
kinase (InsRK), and (c) the inhibition of EGF-dependent proliferation of A431/
clone 15 cells.

(HO)n
Fig. 1. Structure of tyrphostins.
Results and Discussion
Most tyrphostins were prepared by a straightforward Knoevenagel condensation of benzaldehydes or acetophenones with malononitriles, cyanoacetamides
or malononitrile dimer. The substructure responsible for the potency of the
tyrphostins appears to be polyhydroxy cis cinnamonitrile. Thus /^-hydroxy trans
cinnamonitrile is inactive, and saturation of the double bond abolished activity.
A strong increase in potencies is seen when hydroxyl groups are added on the
aromatic ring, with 10-15-fold increase in potency for one OH added, and 3 5-fold for the other OH. Addition of electron withdrawing or donating groups
on the aromatic ring makes relatively little difference. When trans substitution
is added to the cis cinnamonitrile nucleus (the a-position), improvement is
obtained. Replacement of H by OH at the /3-position increases potency, whereas
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replacement by Me lowers it. The best competitive inhibitors of the phosphorylation of the substrate poly(Glu6-Ala3-Tyr) catalyzed by purified EGF receptor
were 3,4-di-OH, a-carboxamido cis cinnamonitrile (K; = 2.3 /uM), and 3,4-diOH, a-thiocarboxamido cis cinnamonitrile (K; = 0.85 /u,M). These inhibitors
poorly inhibited the phosphorylation of poly(Glu4-Tyr) catalyzed by insulin
receptor [2] (K; = 410 ^M for the carboxamide and K; = 640 ;uM for the
thiocarboxamide). These tyrphostins also inhibited the EGF-dependent proliferation of A431/clone 15 epidermoid carcinoma cells, with little or no effect
on EGF-independent cell growth.
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Introduction
Basic fibroblast growth factor (FGF) is mitogenic for cells derived from the
primary mesenchyme and the neuroectoderm. Basic FGF has a strong affinity
for its receptor (20-50 pM) and is one of the most powerful mitogens characterized.
Antagonists for the activities of basic FGF would be particularly useful as tools
to determine the physiological role that it plays as a neurotrophic factor [1],
as an angiogenic factor [2], as a mitogen [3] and as a differentiation factor
[4] in vivo. Because it has also been recently implicated in the development
of Kaposi's sarcoma in AIDS [5,6] and the progression of melanocytes to
melanomas [7], there is considerable potential for an anti-FGF.
In an effort to characterize the importance of basic FGF in these roles, we
have synthesized a mitotoxin [8] by conjugating the ribosome-inactivating protein
saporin SAP (SAP or SO-6) [9,10]) to basic FGF. The presence of the specific
FGF receptor on cells permits the entry of SAP into the cell. SAP, in turn,
catalyzes the cleavage of nucleotide base A4324 of ribosomal RNA and causes
target cell death. Therefore, the binding and internalization of the mitotoxin
then results in cell death.
Results and Discussion
Microscopic examination of BHK cells 48 h after plating at 5000 cells per
ml in 24-well plates reveals nearly confluent cells. In wells that have been treated
with 10 nM mitotoxin, there are very few attached, morphologically normal
cells. The majority of those present have become unattached, indicating cell
death.
The treatment of bovine corneal endothelial cells with FGF-SAP (Fig. 1) elicits
a powerful cytotoxic effect at picomolar concentrations (ED 50 of 400 pM). At
low concentrations of mitotoxin, there appears to be a slight proliferative effect,
presumably because basic FGF has a strong mitogenic effect on these cells.
At no concentration does SAP alone have a mitogenic or cytotoxic effect. It
is interesting to note that a mixture of basic FGF and SAP has an effect similar
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Fig. 1. The effect of FGF-SAP on bovine corneal endothelial cells. The procedure was
as described in Lappi et al. [8]

to basic FGF alone except at the highest dose when slight inhibition of cell
number is seen. These data indicate that the mitotoxin can be a potent inhibitor
of endothelial cell proliferation and an antagonist of basic FGF for an important
target cell population of the growth factor, endothelial cells.
The efficacy of the mitotoxin, as measured by the ED 50 , is dependent on
the number of basic FGF receptors (Table 1). Five cell types were treated with
the mitotoxin and for these same 5 cell types, the number of FGF receptors
per cell was determined. The higher the number of FGF receptors on the target
cell, the greater the potency of the mitotoxin. These data indicate that, if tissues
express the receptor, the mitotoxin could be an effective tool to target FGFdependent processes in vivo.
Because basic FGF has several in vitro and in vivo activities [11], we propose
that the mitotoxin can be used as a probe to establish its physiological role
in regulating cell growth and function. Clearly, it should also be evaluated as
a potential therapeutic anti-FGF.
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Table 1 Receptor number per cell andEDS0 of FGF-SAP for various cell types
Cell type3

ED 50 (pM)b

Receptor
number per cellc

ACE
PFHR9
DC3/3
3T3
BHK

1200
3400
350
62
25

2200
2700
14000
23 000
42600

a

b
c

ACE (adult capillary endothelial cells) were obtained from primary culture according
to the method of Gospodarowicz et al. [12]. PFHR9 cells were a kind gift of Dr.
E. Engvall of the La Jolla Cancer Research Foundation. DC3/3 cells were from a
primary culture from tissue obtained from surgery for Dupuytren's contracture (R.
Fox et al., manuscript in preparation). 3T3 and BHK (baby hamster kidney) cells were
obtained from the American Type Culture Collection.
ED50s were calculated as described in Lappi et al. [8].
Receptor number was determined as described by Moscatelli [13].
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Importance of Ca 2+ in agonist-receptor interaction:
Structural studies on ligand binding site peptide of
/^-adrenergic receptor
V.S. Ananthanarayanan* and C. Home
Department of Biochemistry, McMaster University, Hamilton, Ontario, Canada L8N 3Z5

Introduction
Two fundamental questions concerning the action of hormones, drugs and
other stimulants are: (a) What is the bioactive conformation of the stimulant
(agonist)? and (b) What is the nature of the interaction between these agents
and their respective receptors in the cell membrane? Based on our recent finding
that many peptide hormones [1] and drugs [2] exhibit definitive binding of Ca 2+
in non-polar solvents, we proposed [1] that the Ca 2+ -bound form of these and
other stimulants may represent the biologically relevant conformation that
interacts with the receptor. Based on our further observation [1] that many
agonists are also capable of transversing the lipid bilayer with the bound Ca 2+ ,
we envisaged the interaction of the agonist with the receptor to be mediated
by Ca 2+ . We expected that the receptor would, itself, bind Ca 2+ as part of this
interaction. Here, we provide evidence for Ca 2+ binding by two synthetic peptides
representing the transmembrane ligand-binding domain of /62-adrenergic receptor
(0-AR).
Results and Discussion
Using covalent incorporation of a ligand, Dohlman et al. [3] have identified
the sequence 83-96 of B-AR to be the ligand binding site: G L A V V P
F G A S H I L M . We synthesized, by solid-phase techniques, the above 14-mer
(termed KC-14). Since Asp79 in B-AR has been implicated in agonist binding
[3,4], we also synthesized the sequence 79-96 of B-AR (termed KC-18) with
D L V M added to the N-terminal of KC-14. The peptides were purified by
preparative HPLC on C-l8 columns.
We obtained CD spectra of KC-14 and KC-18 in TFE in the absence and
presence of Ca 2+ . Figure 1 shows the KC-18 data. Both the peptides assume
a-helical conformation in the non-polar solvent. Ca 2+ addition significantly
destabilizes the helix. No major change in the helix content of KC-14 or KC18 was seen on the addition of phenylephrine, an adrenegic agonist, or propranolol, a ^-adrenergic blocker (data not shown). Interestingly, the structure
*To whom correspondence should be addressed.
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0 0.5
210

220
230
Wavelength (nm)

1.0
2.0
(Ca2+)/(KC-18)

3.0

Fig. 1. CD spectra of KC-18 in TFE: (A) peptide alone; (B) in 2 molar excess ofCa(Cl04)2;
(C) 2 molar excess of Ca2+ and 2.0 molar excess of phenylephrine. Inset: Ca2+ binding
isotherm (22°C) of KC-18.

of the peptide is different in the presence of saturating concentrations of Ca 2+
and drug (Fig. 1). The Ca 2+ binding isotherm of KC-18 (Fig. 1 inset) showed
a 1:1 Ca 2+ /peptide complex; detailed analysis of the data will be reported
elsewhere.
Figure 2 shows plots of the fluorescence emission intensity of phenylephrine.
A FLUORESCENCE INTENSITY
50

0.2

0.4
0.6
0.8
(KC-18) or (Ca)/(PHENYLEPHRINE)
KC-18

•CALCIUM

Fig. 2. Changes in fluorescence emission intensity of phenylephrine (excited at 270 nm)
on addition of (A) Ca2+ and (B) peptide KC-18.
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Substantial changes in the drug structure are seen in the presence of Ca 2+ and
KC-18. Two moles of drug complex with 1 mole of Ca 2+ or peptide.
The peptide sequences studied here have been identified as crucial for ligand
binding by B-AR; deletion of Asp79 results in a 10-fold decrease in agonist binding
affinity [4]. The important implications of this study are: (a) B-AR binds Ca 2+ ,
possibly in the same domain where the ligand binds; (b) the ligand (phenylephrine)
also binds Ca 2+ stoichiometrically; (c) the formation of the putative ternary
complex: receptor-Ca 2+ -ligand, may trigger the subsequent events in signal
transduction. (Mg 2+ may compete with or replace Ca 2+ in certain cases).
On the basis of our earlier and present data, we propose that the interaction
of Ca 2+ with both the stimulant and the receptor, possibly as a '-cofactor' could
be a general requirement and may represent a key event in signal transduction.
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Tucson, AZ 85721, U.S.A.

Introduction
Melanotropic peptides (a-MSH and /3-MSH) are generated from a precursor
protein (pro-opiomelanocortin) whose mRNA nucleotide sequence was previously
reported [1]. These hormones stimulate melanin pigment synthesis and distribution in vertebrates. Both a-MSH and /J-MSH have the same pentapeptide
message sequence (EHFRW), but the N- and C-terminal extensions differ in
primary structure.
It has recently been suggested that antisense peptides (peptides encoded by
a mRNA complementary to the mRNA for a specific peptide hormone) might
act as 'receptors' for the hormones (e.g., ACTH) [2]. We have designed and
synthesized several antisense peptides for /?-MSH and a-MSH based on their
mRNAs [1], and have obtained some unexpected biological results.
Results and Discussion
Eight antisense peptides related to /3-MSH, and two related to a-MSH (Table
1) were synthesized by SP methods. They were purified by HPLC and characterized by AAA, FABMS, TLC, and analytical HPLC. The primary sequences
and design of various peptides antisense to a- and to /J-MSH are described
in Table 1. The possible interaction of these antisense peptides with a-MSH
and MCH was studied in the in vitro frog and fish skin (melanocyte) bioassays,
respectively.
Peptides IB, 2A and 2B exhibited agonistic activity (melanin, dispersion, skin
darkening) in the frog skin bioassay.
Peptides 3B and 4B were full but weak agonists (melanin aggregation, skin
lightening) in the fish skin bioassay; whereas, IB and 4A were not fully effective
antagonists (Table 1). Recently, we have suggested that a-MSH and MCH
(melanin-concentrating hormone) may be evolutionarily related [3].
Affinity HPLC on a [Nle4]a-MSH affinity column was used to investigate
the binding of various antisense peptides to it. Peptides 2A and HSM1 were
the most active in binding. Testing the recognition ability of these antisense
peptides against /3-MSH is in progress in our laboratory.
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Small peptide models for side-chain-backbone interactions
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Introduction
In crystallized proteins, a quarter of the hydrogen-bonded side chains interact
with peptide atoms, and half of these main-chain-side-chain interactions are
short-range interactions that could stabilize local conformations [1]. Simple model
peptides are particularly suited to studying these local conformations, and we
have carried out a conformational analysis, using 'H NMR and FTIR spectroscopy
in solution, and X-ray diffraction on crystals, of model dipeptides reproducing
the B- and Asx-turns in order to elucidate the role of polar side chains in these
two structures.
Results and Discussion
It is known that short polar residues (Ser, Thr, Asp, Asn, His) are preferentially
incorporated in /?-turns, a structure that concerns a sequence of four residues
presenting a short contact between a peptide carbonyl and the peptide nitrogen
three residues further down the sequence [2]. The stability of this structure was
studied on the tBuCO-Pro-X-NHMe dipeptides in relation with the nature of
the X residue with the aim of looking for possible main-chain-side-chain attractive
interactions.
From the NH and C = O stretching frequencies in IR spectroscopy, and the
solvent-induced variation of the NH proton NMR signals, it appears that the
tBuCO-Pro-X-NHMe dipeptides are effectively /S-folded in solution [3]. However,
aliphatic X residues give smaller /3-turn ratios than polar residues or the weakly
polar Cys and Met and aromatic Phe and Tyr residues. The only exception
is the protonated His+ residue (Table 1).
IR and NMR data show the polar X side chain to be the proton-accepting
site from the X-NH bond, which imposes the /JI-folding mode on the peptide
backbone. This interaction, contributing to the stability of the /?I-turn, favors
the gauche+ rotamer (x 1 = 60°) of the X C - C bond, the percentage of which
varies like that of the /?-turn ratio (Table 1).
In the solid state, most polar residues induce the /?I-turn conformation with
retention of the main-chain-side-chain interaction found in solution (Table 1).
However, several /?II-turn conformations are also observed, mainly for apolar
residues, showing that this latter folding mode is also accessible to homochiral
sequences.
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Table 1 Conformational data for the tBuCO-Pro-X-NHR dipeptides (R = Me, iPr) in CHCl3
solution and in crystals
Solution

X

Leu
Phe
Tyr
Met
Cys(Me)
Cys(StBu)
Cys
Ser
Thr
Asn
Asp
Asp(OMe)
Asp-.NMe4+
His
His(NMVIe)
His(N"-Me)
His+.PF 6 -

Crystal

/81-turn
(%)a

g+ rotamer
(%)b

B-tmn
type

C°-•o»
rotamer

56
62
65
67
74
74
73
90
80
94
87
83
100
85
90
65
35

30
54
60
52
75
67
88
100
100
88
78
82
100
84
85
47
88

II
II
II

g"

II
II
I
I
I
II
II
I

g"

I
I
I
d

g+
g+
g+
g"

mc.-sc.
interaction'

r

g"

rg-

g+
g+
g"
t
g+

+
+
+
+
+
d

a

See Ref. 4.
See Ref. 5.
c
Main-chain-side-chain interaction between the X nitrogen and the X side chain (see
text).
d
The imidazolium is the proton-donating site to the pivaloyl carbonyl (see Ref. 6).
b

A clear conformational transition due to the side chain is given by the His
derivative. In the neutral form, it assumes the /3I-folding mode with a HisNH to His-N77 interaction, but protonation of the imidazole ring results in a
new conformation stabilized by a His+-N7rH to tBuCO interaction [6].
In proteins, the gauche+ rotamer appears to be favored for the short polar
residues in /?I-turns (39% occurrence against 11% for the other residues). This
suggests that the main-chain-side-chain interaction found in these dipeptides
could be responsible for the preferential incorporation of the short polar residues
in /8I-folded sequences, and could contribute to the stability of this conformation
in proteins.
The Asx-turn (Asx = Asn or Asp) is much less documented than the /6-turn.
It concerns a shorter sequence of three residues in which the Asx side carbonyl
is hydrogen-bonded to the peptide nitrogen two residues further down the
sequence [1]. This conformation is found in /J-turn and a-helix inducing sequences
[1,7], and could be involved in post-translational modifications, such as Asndeamidation [8] and Af-glycosylation [9].
In crystallized proteins, nearly 18% of the Asx residues are involved in Asxturns. A Monte Carlo analysis of the Gly-Asn-Ala-Gly sequence reveals the
existence of four Asx-turn conformers (Table 2), among which the three most
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stable types, I, II and III, exist in proteins with 70, 10 and 20% occurrences,
respectively. They differ by the trans (x1 = 180°) or gauche+ (x 1 = 60°) conformation of the Asx Ca-C0 bond, and/or by a 180° rotation of the Asx-following
amide plane.
Table 2 Conformational angles of the Asx-turn conformers predicted by a Monte Carlo
analysis of the Gly-Asn-Ala-G\y sequence
Asx-turn

Type
Type
Type
Type

I
II
III
IV

Asn

Ala

</>

*

X1

X2

-70
-70
-70
-70

121
-14
166
-37

176
66
65
-175

-152
150
-98
101

<t>
-69
59
-105
70

<A
-29
30
12
17

Enthalpy 3
(kcal/mol)
0
1.5
1.4
2.8

a

The most stable Asn-turn conformer was taken as a reference.

IR and 'H NMR experiments have been carried out on the Boc-Asx-X-NHMe
dipeptides with Asx = Asn, Asp, Asp(OBzl), Asp-.NMe4+ (Asp- standing for
the anionic form of Asp), and X = Pro or Phe. The Pro-derivatives are the shortest
molecules that clearly assume the Asx-turn in solution. The distribution of the
Asx C-CP rotamers shows that the type I Asx-turn is more frequent than type
III, with, respectively, 60 and 35% occurrences in CHC13 for Asx = Asn.
Furthermore, the Asx-turn ratio decreases in the order A s n > Asp-> Asp.
The Asx-turn also contributes to the molecular conformation of the BocAsn-X-Ser-NHMe tripeptides (X = Ala, Pro) deriving from the marker sequence
for TV-glycosylation of proteins [9]. In solution, X = Pro favors the type I Asxturn, and X = Ala favors both II and III types. Four crystal structures of these
tripeptides, one Ala- and three Pro-derivatives, have been solved so far [10].

Fig. 1. Crystal molecular structures of the Boc-Asn-Pro-Ser (Bzlj-NHMe (A) and BocAsn(Me)-Pro-Ser-NHMe (B) tripeptides (tBu omitted).
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All present the type I Asx-turn with a Ser-N to Asn-O'y distance ranging from
2.88 to 3.10 A, but both Ala-</> and <A angles differ by 50° from their Procounterparts. The Asx-turn is the unique intramolecular interaction in one case,
and it is followed by a /?I-folded Pro-Ser sequence in two cases (Fig. 1).
The study of simple model peptides is a convenient way of collecting information
on local conformations in larger peptides and in proteins. The B- and Asxturns are intrinsically stable and do not require additional long-range stabilizing
interactions. They illustrate the importance of the side chains for orienting the
conformation of the peptide chain. However, both are flexible structures with
possible transition from one conformer to another, due to long-range interactions.
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Spectroscopic studies of a chemically synthesized zinc
finger peptide: Domain structure and folding
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Introduction
About four years ago, 2 groups noted the presence of repeated amino acid
sequences in the Xenopus transcription factor TFIIIA [1,2]. At that time, the
sequences were designated as zinc fingers, based on limited proteolysis, zinc
content and sequence analysis of the TFIIIA-5SRNA complex [1,2]. Both groups
proposed that metal binding via conserved cysteine and histidine residues
stabilized the domains and that the repeated zinc finger structures were responsible
for the DNA binding properties of the protein.
Subsequent to the identification of nine zinc finger sequences in TFIIIA, the
motif has been found in a plethora of deduced amino acid sequences of putative
and demonstrated eukaryotic DNA binding proteins [3-6]. The zinc finger model
has also been directly supported by genetic and deletion analyses of zinc finger
proteins [7,8], as well as physical analysis and footprinting of the TFIIIA-5SRNA
complex [9-11], and spectroscopic studies of zinc finger peptides [12-15].
Because of the implied importance of this protein motif in sequence specific
DNA binding, several groups have been actively pursuing the structural details
of zinc finger proteins and peptides. Zinc finger models have been built, based
on conserved substructures from crystallized metalloproteins [16], and using
interactive model building followed by molecular dynamics refinement [17]. In
order to obtain structural information, our group has concentrated on applying
2D 'H NMR techniques to synthetic peptides consisting of zinc finger sequences
from the yeast transcription factor ADR1 [13-15].
We have synthesized the wild type and mutant single and double zinc finger
peptides (outlined in Fig. 1) by the stepwise solid-phase method [18,19]. To
determine the structure of a zinc finger domain, it was first necessary to ascertain
whether zinc finger peptides would fold in vitro into a single conformational
form upon the addition of metal ions. Once the folding and unfolding of single
finger peptides could be demonstrated and monitored by spectroscopy [12,13],
specific questions regarding zinc finger folding, structure, and stability could
be addressed. Models for two single finger peptides - ADRla [13] and ADRlb
[14] - have been determined from 2D NMR studies. The wild type zinc finger
*To whom correspondence should be addressed.
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Hg. 1. Amino acid sequence of zinc fingers in ADR1, and the sequences of the finger
peptides synthesized. The sequence of ADR lb is underlined; missense mutants and a deletion
mutant peptide are denoted by arrows.

structures that we have determined consist of an Af-terminal loop involving the
two conserved Cys residues, a C-terminal amphiphilic a-helix, and a tightly
packed hydrophobic core. In this report, we address the thermal unfolding
properties of ADR lb monitored by ID 'H NMR spectroscopy.
Results and Discussion
In a previous study [15], we reported the effects of cysteine thiol alkylation
and histidine imidazole protonation on the metal binding and folding characteristics of ADR la and ADR lb. We also described the inability of a mutant
zinc finger peptide (del 138, Fig. 1) to bind zinc tetrahedrally and to fold properly.
We were interested in the temperature stability of wild type single finger peptides
because it has been shown that zinc finger domains from proteins [1] and peptides
[12] are protease-resistant structures, implying that the domains are stable and
compact in their zinc-reconstituted form.
The aromatic and upfield aliphatic regions of the ID NMR spectra of ADR lb
from 17°C tot 87°C are shown in Figs. 2A and 2B, respectively. When reconstituted
in the presence of zinc, ADRlb folds into a single conformation, characterized
by downfield-shifted CaH resonances, histidine C2 and C4 proton resonances
(3 His residues, therefore, 3 separate C2H and C4H resonances, Fig. 2A) and
upfield-shifted methyl proton resonances (Fig. 2B). The spectrum of ADRlb
reconstituted in the absence of zinc is shown in Fig. 2C as an example of the
'unfolded' ADRlb spectrum.
The thermal unfolding of ADRlb, as monitored by NMR, is completely
reversible from temperatures up to 87°C (the highest temperature tested). The
spectra obtained at increasing temperatures exhibit several interesting properties.
One feature worth noting is the differential rates of deuteration (protons exchange
for deuterons and disappear from the 'H NMR spectrum) of the imidazole His
C2 protons (denoted by arrows). In folded ADRlb, the C2 protons of His122
and His118 are deuterated at a slower rate (qualitatively) than His126 which is
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Val 108

t

1.0
ppm

Fig. 2. Temperature effects on ID 'H NMR spectra of ADRlb. D20 spectra are shown
of 0.5 mM ADRlb in 50 mM deuterated Tris reconstituted in (A) the presence of 0.5 mM
ZnCl2 (aromatic proton resonances), (B) the presence of 0.5 mM ZnCl2 (aliphatic proton
resonances), and (C) the absence ofZnCl2. Methods are described in Ref. 13.
near the extended C-terminal tail of the peptide [14]. Furthermore, the resonance
of C2H of His126 also exhibits a linear dependence of its chemical shift position
on temperature that is likely to be a consequence of its rapid exchange with
solvent. All three His C2 protons are deuterated more slowly in folded ADRlb
(Fig. 2A) than in the unfolded peptide (Fig. 2C).
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The behavior observed for proton resonances in the temperature-dependent
spectra of Zn 2 + -ADRlb is complex. Some resonances exhibit slow exchange
behavior over the temperature range tested. The intensities of such resonances
gradually decrease with increasing temperature, while their chemical shift
positions remain unchanged. This type of behavior usually indicates the existence
of two species in solution, each with lifetimes that are long on the NMR timescale.
There are a variety of resonances that exhibit fast-exchange behavior; their
chemical shift positions change with increasing temperature. The thermal transition curves for the His118 C2H and His122 C2H are shown in Fig. 3A, and
for Val108 y-methyl protons in Fig. 3B. The baselines for the thermal denaturation
curves are quite flat until about 60°C, when the resonance positions of protons
change in the direction of the positions of unfolded ADRlb. These curves are
all qualitatively similar and indicate that the peptide is not completely unfolded
at 87°C (Fig. 3). Thus, it is clear that this 30-residue peptide folds into a remarkably
heat-stable structure when reconstituted with zinc.
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Fig. 3. Temperature dependence of chemical shift changes for selected protons of ADRlb.
Proton resonances are indicated using nomenclature for the corresponding residue in intact
ADR1, and assignments are detailed in Ref. 14. (A) Hislls C2H, a = approximate random
coil position =7.46 p.p.m. and His122 C2H, +=7.51 p.p.m. (B) Val108 methyl protons,
• approximate random coil position = 0.66 p.p.m.

These results contrast with those observed for PaP/3 - a 30-residue disulphidebonded peptide pair designed to mimic the native tertiary structure of a folding
intermediate of bovine pancreatic trypsin inhibitor [20]. For the PaP/3 dipeptide,
folding is thermodynamically linked to disulphide bridge formation. Thermal
denaturation curves are quite broad, and unfolding is complete at about 60°C.
The secondary and tertiary structure of ADRlb is thermodynamically and
kinetically coupled to tetrahedral zinc binding, and unfolding is not completely
achieved at 87°C. Indeed, the thermal unfolding of a zinc finger peptide is also
quite different from its pH-dependent unfolding [15]. The pH-induced unfolding
behavior is fairly simple, with all resonances exhibiting slow exchange, indicating
that the folded and unfolded species interconvert slowly at low pH. The pHdependent unfolding of a zinc finger domain can be described as a two-state
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process between the zinc-bound, unprotonated, folded form and the zinc-free,
protonated, unfolded form. In contrast, the thermal unfolding of a zinc finger
peptide does not appear to be a simple two-state process. The complication
may arise from an intermediate form that has (partially or completely) unfolded
secondary structure, but still has a zinc ion bound. Further analysis should
allow us to distinguish between the complex pH-dependent and temperaturedependent unfolding mechanisms of zinc finger domains.
The remarkable heat stability of the zinc finger structure has important
implications for protein and peptide modeling and design. It may be possible
to engineer small heat and protease-stable intracellular DNA-binding modules
using a metal binding site at the core of these domains.
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Introduction
Crystal structure analyses have shown that 7-16 residue peptides, composed
of only apolar residues and at least one Aib residue, form a-helices or mixed
3i,0/a-helices. All of these helical peptides form intermolecular head-to-tail
hydrogen bonds directly between NH and CO moieties, or through a water
or alcohol molecule intermediary. The columnar surface of the peptide is covered
with hydrocarbon side chains, and the peptide columns pack with van der Waals'
attractions. In a number of these peptide structures, water has been found in
unexpected places, that is, other than the head-to-tail region. Apolar helices
have acquired mini areas of polar surface or even amphiphilicity by the action
of water. Water molecules have been found to interact with the backbone atoms
of an apolar helical molecule in 3 different modes, as illustrated in Fig. 1.

~w

a

b

c

Fig. 1. Three modes ofhydrating a-helix backbone atoms (W= water).
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Results and Discussion
When a Pro residue is incorporated into an a-helix (Fig. la), there is a loss
of a hydrogen atom, thereby leaving a carbonyl group without a hydrogen bond.
The extra bulk of the pyrrolidine group forces a bend in the helix that exposes
the carbonyl group to the outside environment, and allows it to attract a water
molecule. The schematic diagram represents the backbone of a 16-residue peptide
(actually with 3 Pro residues [1]). A ring of water molecules surrounds the middle
of the apolar molecule in the crystal.
The second mode of hydration (Fig. lb), has been found in the structures
of Boc-(Aib-Val-Ala-Leu)n-Aib-OMe, where n = 2 and 3 [2,3]. The a-helix is
straight. In one of the normal NH—0 = C bonds that is formed in the helix,
the carbonyl participates in another hydrogen bond with a water molecule. The
surrounding apolar side chains in that part of the peptide are small, or directed
away, so that the carbonyl group is exposed to the outside environment and
allows the approach of a water molecule.
Figure lc represents the most intriguing action of water in which a water
molecule severs a normal hydrogen bond in an a-helix and inserts itself to form

""X>2
fr~~A^n

'

HYDRATION

FOUR a H-BONDS

HEAD-TO-TAIL H-BOMDS

Fig. 2. Water insertion into backbone of Boc-(Aib-Ala-Leu)3-Aib-OMe in the crystal [4]
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two new hydrogen bonds to the NH and CO groups. The decapeptide Boc(Aib-Ala-Leu)3-Aib-OMe, when crystallized from ethylene glycol, forms a nearly
ideal a-helix (to be published). When the solvent is changed to methanol/water,
water insertion occurs in the manner shown in Figs. Ic and 2 [4]. The entire
distortion of the helix is confined to rotation of the N-C" and Ca-C bonds
at Leu3 (Fig. 2), where the values of the torsion angles <b and ip become -102°
and +15°, respectively. In this case, the hydration of the apolar peptide results
in an amphiphilic mimic. In the crystal packing, on one side of the peptide,
the leucyl residues of one peptide interdigitate with the leucyl residues of a
neighboring peptide to form only hydrophobic contacts. On the other side of
the peptide, the water molecules and the exposed carbonyl groups form a
hydrophilic surface and make hydrophilic contacts with a neighboring peptide
molecule.

OMe V o-Mk

A

B

Fig. 3. Two conformers of Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe occurring in the same
crystal. Water is inserted into conformer B.
A similar insertion of a water molecule into the backbone of an apolar peptide,
but with a hydrophobic environment for the water molecule, is shown in Fig.
3 (in publication). Two different conformers of Boc-Val-Ala-Leu-Aib-Val-AlaLeu-OMe cocrystallize, side-by-side in a unit cell of the crystal. Molecule A
occurs as an a-helix, whereas in molecule B, the N(7)H--0(3) hydrogen bond
has been broken by the insertion of water (W) that forms new hydrogen bonds
W - 0 ( 3 ) and N(7)-W, 2.77 A and 2.97 A, respectively. Again, the entire
conformational change for the accommodation of the water molecule occurs
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solely by rotations at C a for Val5, where <£ = -91° and ijs = +2°. These conformers
may represent two stages in helix unfolding or folding.
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Introduction
Signal sequences are relatively short (15-30 amino acids), highly hydrophobic,
N-terminal sequences that constitute the most general requirement for protein
export and are essential for selective targeting of nascent protein chains [1].
The lack of homology among signal peptides despite performance of similar
cellular functions raises the question of the relationship between their primary
sequences and their mode of action. In previous work from this and other
laboratories, a strong preference for a-helical conformation was associated with
functional signal sequences [2]. We now report detailed conformational analysis
of synthetic peptides corresponding to the wild-type and several mutant signal
sequences of the lamB gene product (lamB) from E. coli. The wild-type signal
peptide, MMITLRKLPLAVAVAAGVMSAQAMA, contains a characteristic
core of hydrophobic residues (Leu8-Ala16), which is a hallmark of signal sequences.
When four residues (10-13) are deleted from this hydrophobic core, the resultant
deletion mutant is completely nonfunctional; no protein is exported. However,
partial activity is restored in two peptides that have point substitutions in addition
to the deletion of four residues. The first of these pseudo-re vertants (Rl, G17 —• C)
enables export of 50% of the protein, and the other revertant (R2, P9 — L) has
90% of the activity of wild-type.
Results and Discussion
CD spectra of the wild-type, deletion mutant and revertant Rl signal peptides
in 50/50 T F E / H 2 0 (by volume) at 5, 25, 50°C (Fig. 1) show significant helical
content at 25°C. The deletion mutant, which is completely inactive, has a much
lower helical content than the wild-type, while the revertant Rl, which has 50%
of wild-type activity, is intermediate in helical content. In all three peptides,
decreased helical content is observed at 50°C, while cooling to 5°C results in
an increase in helical content. The isodichroic point observed in each case is
indicative of a two-state random coil •— a-helix interconversion.
CD results yield a description of the behavior of the peptides as a whole,
but give no insight into the conformational states of specific residues within
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Fig. 1. CD spectra of lamB signal peptides in 19 mol% TFE as a function of temperature;
peptide concentration 10nM. (a) wild-type, (b) deletion, (c) revertant Rl.
the peptide. 2D NOESY yields a map of protons that are spatially close irrespective
of bonding networks, and the type and pattern of the observed short distances
(<4.5A) reveals elements of secondary structure at the level of specific residues.
In a regular a-helix: d NN (i, i + 1) —2.8A, d o N (i, i + 1) — 3.5 A, daN (i, i + 3)~3.4A,
daN (i, i + 4 ) - 4 . 2 A and dNN (i, i + 2) - 4 . 2 A [3].
The NOESY spectrum of the wild-type signal peptide (Fig. 2a) yields all
sequential NH (i)/NH ( i + 1) interactions but one between residues 10 and 24,
implying a significant population of a-helical conformation in this region. In
addition, the interactions observed between the Pro 9 5-methylene protons and
the amide protons of both Leu8 and Leu10 suggest that the helix extends from
residue 8 to the C-terminal end of the peptide. This interpretation is confirmed
by the large number of a(i)/NH (i + 3,4) interactions observed in this region.
By contrast, there are no interactions indicative of an a-helix observed in the
N-terminal part of the peptide. The observed interactions at 25°C are summarized
in Fig. 2b.
There also is a network of weak NH(i)/NH(i + 2) interactions from residues
11-18, but no interactions of this type are observed outside the hydrophobic
core. These observations suggest that the helix is more stable in the hydrophobic
core, which is confirmed by results obtained at 50°C. Both NH(i)/NH(i+1)
and a(i)/NH(i + 3,4) interactions occur in the region from residues 8-21 at the
higher temperature with a significantly greater density of these interactions in
the hydrophobic core. At 5°C, some NH(i)/NH(i+1) interactions are now
observed in the N-terminal part of the molecule, but the absence of other
interactions expected for a helix in this region shows that the helix is much
less stable in the N-terminal region, even at low temperature.
In the deletion mutant, NH(i)/NH(i+ 1), interactions are observed from Val14
(the first residue after Pro) to Ser20. The absence of a(i)/NH(i + 3,4) interactions
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mol% TFE at 25°C; peptide concentration 2 mM; mixing time 300 ms. (b) Summary of
interactions observed in the NOESY spectra of lamB wild-type signal peptide at 25°C.
suggests that the helix formed in the hydrophobic core of this peptide is only
marginally stable, which is supported by the complete loss of structure seen
by nuclear magnetic resonance (NMR) at 50°C. It should be noted that the
helix from Val14 to Ser20 comprises 7 residues, which is approximately the minimal
number for helix initiation.
By contrast, the revertant Rl is more similar to the wild-type in its behavior.
Most NH(i)/NH(i+ 1) interactions are observed from Val14 to Ala23, and some
a(i)/NH(i + 3,4) interactions also occur in this region. In addition, the Pro 9 5methylene protons and the amide protons of both Leu8 and Val14 interact. These
results suggest that the revertant Rl has a reasonably stable helix from residues
8-23. Unlike data for the deletion mutant, NMR results at 50°C show that
Rl has retained some structure at the higher temperature, but less than in the
wild-type at 50°C.
Conclusions
Our results show that even in this flexible, linear peptide, helix content can
be determined in specific portions of the molecule by NMR. In both the wildtype and the mutant peptides, the most stable part of the helix is in the hydrophobic
core. Furthermore, the functional signal peptides have more stable helices than
the nonfunctional peptides. Since the existence of a hydrophobic core is a hallmark
of functional signal peptides, these results suggest that helix formation in the
hydrophobic core may be required for proper function. Finally, our results suggest
that proline has a stronger disrupting effect on helix propagation than glycine
in these peptides. Glycine appears to be readily accomodated in the helix, whereas
proline may destabilize its N-terminal neighbors.
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Solution conformation of endothelin
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Introduction
An endothelial cell-derived 21-peptide, endothelin, (ET) shows potent and
long-lasting vasoconstricting activity [1,2]. This activity, related to a cardiovascular control system, has triggered the curiosity of biochemists and endocrinologists. Unusual in endothelin are the two pairs of disulfide bridges in its
rather short chain length. Bioactive peptides, of mammalian origin, do not usually
have such a high content of intramolecular disulfide bridges. But some patterns
in amino acid sequences similar to that of ET have been found in toxic peptides
produced by animals of lower orders.
The amino acid sequences of such homologous peptides are shown in Fig.
1. They reveal that four Cys residues are located in identical positions with
two kinds of disulfide bridge formation. Among them, the tertiary structures
of apamin [3-5] and variant-3 scorpion toxin [6] have been determined by NMR
and X-ray analyses. It is interesting to compare the conformations of ET with
that of these peptides having different activities to elucidate the SAR.
The structure determination of porcine (human) ET in solution was done
by the combined use of NMR measurements and our distance geometry algorithm
[7].
Results and Discussion
ET was synthesized and purified as previously reported [8] to provide a sufficient
amount for NMR measurements. The solvent was a 10% aqueous acetic acid
solution and the concentration of solute was 5 mM. Sedimentation equilibrium
experiments were carried out and showed that ET exists in a monomer state
under the conditions of the NMR measurements.
Two-dimensional NMR spectra of NOESY, DQF-COSY and HOHAHA were
recorded at 500 MHz. Whole peak assignments of the spectra were done by
the sequence specific assignment procedure introduced by Wuthrich [9].
The regular secondary structure elements can be elucidated by analyzing the
sequential and medium range NOEs. By investigating the NOEs, as found in
the NOESY spectra of ET and summarized in Fig. 2, a-helical conformation,
indicated by doN(i,i + 3) and dQ/3(i,i + 3), was revealed in the region from Lys9
to Cys15.
The distance geometry algorithm used to calculate the tertiary structure of
ET consists of constructing an initial conformation with random dihedral angles
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Fig. 1. Amino acid sequences of porcine ET, rat porcine ET, sarafotoxin12, MCD (mast
cell degranulating peptide)13, apamin and variant-3 scorpion toxin.

and minimizing the sum of the squared differences between mutual atomic
distances in the calculated conformation, and the corresponding distances
obtained by the interpretation of NOE intensities. The details of this procedure
and examples of its application have been given elsewhere [7,10].
Porcine (Human) Endothelin:
C-S-C-S-S-L-M-D-K-E-C-V-Y-F-C-H-L-D-l-l-W

daN
dNN
dpN

••

© • © © • 0 0 © 0 ® 0 © 0 ® 0 « «
0 0 ® 0 0 ® ® © @ @ ® © ® 0 ® 0
© ® 0 0 0 0 0 0 0 ® @ @ ® ® 0 0 © 0
O

Fig. 2. Amino acid sequence of porcine ET with a summary of sequential assignments.
Sequential connectivities daN, dNN and dpN manifested by strong, medium and weak NOESY
cross peaks are indicated by filled, doubled and open circles, respectively.

Starting from a hundred initial conformations, chosen individually and
randomly, an assembly of a hundred conformers was obtained by repetition
of the calculations. Five conformers best satisfying the distance constraints
experimentally deduced from NOEs were selected for analysis of convergence.
The root mean square distance (rmsd) value of the backbone atoms among
these five conformers was 4.1 A which indicates rather poor convergence. But
the analysis of rmsd values of individual parts of the peptide demonstrated that
convergences are good in three regions. These are the Cys'-Ser4, Ser5-Asp8 and
Lys9-Cys15 regions in which averaged rmsd values are 1.1, 0.9 and 1.0A,
respectively. The backbone structures of these three regions are illustrated,
respectively, in Fig. 3.
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(A)
Cysl

Ser4

(B)

Ser5

Asp8

Cys15

Fig. 3. Backbone folding of five calculated ET structures superimposed in the region (A)
Cys'-Ser4, (B) Ser5-Asp8 and (C) Lys9-Cys'5 by least-squares fit of backbone atoms,
respectively.

The convergence of the whole molecule is also illustrated in Fig. 4, by arranging
the backbone, to get the lowest value of rmsd among the segment of Cys1Cys15. The Lys9-Cys15 region showed a typical helical conformation with rather
nice convergence. This is consistent with the result of the sequential NOE analysis.
Furthermore, the helical structure in this region was confirmed by the deuteron

Fig. 4. Backbone folding of five calculated endothelin structures superimposed in the region
between Cys1 and Cys15 by least-squares fit of backbone atoms.
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exchange rate measurements of NH protons in D 2 0 solution. The Ser5-Asp8
region also appears well converged and shows Type I /3-turn structure. The
Cys'-Ser4 region appears not very well converged, but still indicates some defined
secondary structure.
Conformational resemblances were observed among the structures of apamin,
scorpion-toxin and ET. Those are found especially in helical regions where Ala9Gln17, Glu23-Lys32 and Lys9-Cys15 appear, respectively. It is quite interesting
that, whichever amino acid X is (Fig. 5), these helical cores are located in the
characteristic sequence Cys-X-X-X-Cys, which is linked through two Cys residues
to the other two Cys in the sequence Cys-X-Cys. Zell et al. [6] have recognized
such a pattern between apamin and scorpion toxin in spite of the different
arrangements of the Cys residues as shown in Fig. 5A and 5B, respectively.
Here we recognize the same pattern in ET with another type of arrangement
of the Cys residues as shown in Fig. 5C. We could expect a helical conformation
of the same pattern in another possible arrangement (shown in Fig. 5D) which
has not been found yet. We conclude that such a disulfide bridging pattern
of four Cys residues should be a motif to promote a helical formation regardless
of the differences among the topological arrangements shown in Fig. 5.

Fig. 5. Schematic drawing offour kinds of disulfide bridging patterns.
We have synthesized an analog of ET with a different pattern of disulfide
formation with Cys'-Cys11 and Cys3-Cys15 as shown in Fig. 5A, and compared
its activity with that of ET [11]. The activity of the analog was less than 1%
of that of native ET. The conformational analysis showed that this analog takes
a helical conformation in almost the same region as that of native ET.
It is interesting that even though there are large differences among the biological
activities of these peptides with such a helical core, all of them are considered
to be related to ion channels.
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Introduction
In recent years, emphasis has been given to the fact that globular proteins
are assemblies of compactly folded substructures, usually called domains. These
domains are almost invariably seen with proteins made up of more than about
100 amino acids, and often their existence can be recognized simply by visual
inspection of 3D models of protein molecules [1,2], or by the aid of computer
alogorithms utilizing the Ca-coordinates given by X-ray analyses [3-11]. These
algorithms, based on principles such as interface area minimization, plane cutting,
clustering, distance mapping, specific volume minimization and compactness,
allow a description of globular proteins in terms of a 'hierarchic' architecture
ranging from elements of secondary structure (helices, strands), subdomains
(supersecondary structures or folding units), domains, and whole protein molecule
[3,7].
Wetlaufer [1] was first to emphasize the structural role of protein domains
and, in addition, to propose that these protein substructures could represent
intermediates in the folding process of globular proteins. It is conceivable that
specific segments of an unfolded polypeptide chain first refold to individual
domains, that then associate and interact to give the final tertiary structure
of the globular protein, much the same as do subunits in oligomeric proteins.
The major implication of this model of protein folding by a mechanism of modular
assembly is that isolated protein fragments corresponding to domains in the
intact protein are expected to fold into a native-like structure, independently
from the rest of the polypeptide chain, thus resembling, in their properties, a
small globular protein. Indeed, independent folding of relatively large protein
fragments excised from the parent protein by limited proteolysis or chemical
cleavage has been demonstrated in a number of cases [12].
In recent years, we have addressed the question of properties of protein domains
and subdomains, examining the folding and stability characteristics of fragments
of the thermolysin molecule, a well-characterized metallo-protease isolated from
B. thermoproteolyticus [13-15]. This protein is a single polypeptide chain of 316
amino acid residues without thiol or disulfide groups, and containing a functional
zinc ion and four calcium ions. The 3D structure of thermolysin was determined
at 1.6A resolution [15], allowing establishment that this protein is constituted
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by two structural domains of equal size, with the active site located at the interface
between them [1,14]. Moreover, computer algorithms have been used by several
investigators to describe the hierarchic structural organization of the thermolysin
molecule, identifying the size and location of its domains and subdomains [3,58, 10]. On this basis, it appears that the thermolysin molecule is a most suitable
model to test the general hypothesis of an independent folding of protein fragments
corresponding to domains and, perhaps, subdomains.
Results and Discussion
Cyanogen bromide cleavage of thermolysin at the level of the two methionine
residues in position 120 and 205 of the polypeptide chain produces fragments
1-120, 121-205 and 206-316 [13,16]. By using a low amount of reagent, and
shorter reaction times it was also possible to prepare the 'overlapping' fragments
1-205 and 121-316 [16,17]. All these fragments have been isolated to homogeneity,
and their conformational properties investigated, but the most detailed studies
were carried out on fragment 121-316 [18], entirely comprising the 'all-a' COOHterminal domain 158-316, as well as fragment 206-316 [16,19-21]. Both fragments
are able to refold in aqueous solution at neutral pH into a structure of nativelike characteristics, as judged from CD measurements, and immunochemical
properties using rabbit anti-thermolysin antibodies [22]. The figures of a-helix
content of fragment 121-316 and 206-316, calculated from far-ultraviolet CD
spectra, were in essential agreement with those expected for a native-like structure
of the fragments, and calculated from the known 3D structure of thermolysin
(see Table 1). Furthermore, the fact that both fragments recognize antithermolysin antibodies, as observed by precipitin analysis and competitive binding
experiments [22], are indicative of a close structural relationship between
fragments and intact native thermolysin. In fact, antibodies elicited towards a
native globular protein are specific for antigenic determinants that are located
in the more exposed regions of the protein molecule, and thus able to probe
similarities of important details (loops, corners) of the 3D structure in the isolated
fragments and the native parent protein [23].
The independent folding of fragment 206-316 correlates well with predictions
of location of subdomains in the COOH-terminal structural domain (sequence
158-316) of the thermolysin molecule [3,5-8,10], since, for example, a subdomain
comprising residues 212-316 was computed by interface area scans [6]. Rashin
[5,24] computed the location of stable subdomains with native-like conformation
in the COOH-terminal portion of the thermolysin molecule on the basis of surface
area measurements, and predicted that subfragments of the cyanogen bromide
fragment 206-316 should have a good chance to show independent folding. The
calculated stabilities of these subfragments, starting at the COOH-terminus of
the fragment molecule are shown in Fig. 1 (all fragments corresponding to stability
minima include the COOH-terminus). Thus, these calculations predict that
fragments (approximately) 214-316, 235-316, and 255-316 should be able, in
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NUMBER OF RESIDUES
40

276

60

120

236

196

N-TERMINAL RESIDUE OF A FRAGMENT

Fig. 1. Calculated stabilities of subfragments of the cyanogen bromide fragment 206-316
including the COOH-terminus of the thermolysin molecule. Numbers indicate NHrterminal
residues of subfragments corresponding to stability minima. Vertical bars indicate standard
errors (taken from Ref. 24).
aqueous solution, to acquire a stable and native-like structure. Shorter COOHterminal fragments of 20-30 residues are, instead, predicted not to fold.
In order to study the effect of polypeptide chain length on fragment folding
and stability, fragment 206-316 was selectively cleaved with hydroxylamine at
the level of the peptide bond Asn227-Gly228, and from the reaction mixture,
homogeneous fragment 228-316 was isolated [25]. In agreement with predictions
(Fig. 1), removal of a 22-residue segment from the 111-residue chain of fragment
206-316 does not impair the stable and native-like fragment fold [25]. However,
since the sizes of both fragment 206-316 and 228-316 were dictated by the location
of specific amino acid residues sensitive to specific fragmentation by chemical
reagents (cyanogen bromide, hydroxylamine), the use of limited proteolysis was
anticipated as a most suitable approach in order to simplify fragment 206-316.
The idea was that proteolytic enzymes could easily remove chain segments that
are flexible and exposed and thus, easily attacked by the protease, leaving in
solution the more rigid, compact and folded part of fragment 206-316, and
thus, more resistant to further proteolysis (see Ref. 26 for a discussion on the
molecular mechanism of limited proteolysis of globular proteins).
Experiments of limited proteolysis of fragment 206-316 were carried out using
four different proteases (trypsin, chymotrypsin, thermolysin and subtilisin) [27].
In each case it was found that the fragment is easily digested, but a fragment
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of approximate molecular weight of 6-7000 Da was always observed when aliquots
of the individual reaction mixtures were analyzed by SDS-PAGE. This was taken
as a clear indication that a 'core' folded fragment, and thus resistant to further
proteolysis, was produced by proteolysis from the Ill-residue chain of fragment
206-316. The majority of fragments produced by proteolysis of fragment 206316 were isolated and characterized, allowing establishment of the sites of
proteolytic cleavage along the polypeptide chain 206-316. Figure 2 shows location
of the sites of cleavage in the 3D structure of this fragment (assumed in a nativelike conformation as in intact thermolysin). Of note, only the NH2-terminal
portion of the fragment is attacked by the four different proteases, leaving in
solution a 'core' fragment encompassing the three COOH-terminal helices. A
peculiar aspect shown in Fig. 2 is that subtilisin, thermolysin and chymotrypsin,
despite their broad substrate specificity, cleave at the same segment 250-255
corresponding to an exposed loop.
From the subtilisin digest of fragment 206-316, the 'core' fragment was isolated
by chromatography and shown to correspond to sequence 255-316 [27]. The
conformational and stability properties of this fragment were investigated using
CD and immunochemical measurements, allowing establishment of its folded
and native-like structure (see figures for its helical content in Table 1) [27],
signifying that indeed it is possible to isolate stable supersecondary structures
(subdomains or folding units) from globular proteins of native-like characteristics.
Moreover, as expected from typical properties of globular proteins, fragment
255-316 shows cooperative and reversible thermal unfolding, with a Tm 65°C
(cone. 0.1 mg/ml). This thermal stability is quite remarkable, if one considers
the small size of the fragment, being a simple polypeptide chain of 62 amino
acid residues, lacking disulfide bridges, cofactors, strongly bound ions, all
characteristics well known to contribute significantly to the folding and stability
of protein structures.
From the calculated stabilities of subfragments of the cyanogen bromide
fragment 206-316 shown in Fig. 1, it can be anticipated that a COOH-terminal
fragment of -20 residues, and comprising the COOH-terminal helix (see Fig.
2), should not be able to maintain a stable native-like fold in aqueous solution.
To test this hypothesis, a 21-residue peptide corresponding to sequence 296-316
of thermolysin, and thus encompassing entirely the COOH-terminal helical
segment 301-312 of the native protein, was synthesized by solid-phase methods
and purified to homogeneity by RPHPLC. The homogeneous peptide 296-316
was cleaved with trypsin at Lys307 and with Staphylococcus aureus V8 protease
at Glu302, producing the additional fragments 296-307, 308-316, 296-302 and
303-316 (see Fig. 3). Far-ultraviolet CD measurements were carried out on all
these peptides, establishing that they are unable to acquire a helical conformation
in aqueous solution to a measurable extent and thereby, an independent folding
to a stable native-like structure. CD spectra were those of typical random-coil
polypeptides, with figures for [0^22 nm ranging from -500 to -2000 deg cm2 d m o F
[31]. On the other hand, significant helicity can be induced by dissolving the
peptide 296-316 in aqueous TFE or ethanol solution. Considering that the curves
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Fig. 2. Polypeptide backbone conformation of the cyanogen bromide fragment 206-316
in the intact thermolysin (adapted from Ref. 14). The four helices are indicated. Arrows
indicate sites of proteolytic cleavage by trypsin (Tr), chymotrypsin (Ch), thermolysin (Th)
and subtilisin (Su). These sites have been deduced by isolation and characterization of the
individual peptide fragments obtained by limited proteolysis [27].
of CD spectra obtained by increasing TFE or ethanol concentration show an
isodichroic point at 203 nm, and that the spectrum observed in the presence
of 97% alcohol is typical of a-helical polypeptides with minima near 208 and
222 nm [32], it can be concluded that alcohol induces a two-state random to
helix conformational transition of peptide 296-316. From the figures listed in
Table 1, it is seen that this peptide attains in 97% TFE the same amount of
helix of the corresponding chain segment in native thermolysin. The structurepromoting effect of alcohol is also seen with subfragments of peptide 296-316
(see Fig. 3), but the most significant conformational changes (induction of helicity)
are observed with peptide SP2(303-316) and Tl(296-307) only, i.e., with subfragments encompassing at least, in part, the helical segment 301-312 of the
intact protein, whereas with subfragments SP 1 (296-302) and T2(308-316), ethanol
has marginal effect. The far-ultraviolet CD spectra of subfragments of peptide
296-316 dissolved in aqueous ethanol were evaluated in terms of content of
secondary structure, and the figures for the per cent helical structure are given
in Table 1. However, these estimates could be problematic in the present case,
since the reference CD spectra for helix and unordered form in aqueous alcohol
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Table 1 Helical content of COOH-terminal fragments of thermolysin as determined from
far-ultraviolet CD spectra"
Fragment

121-316
206-316
228-316
255-316
296-316
303-316
296-307
a

b

c

d
e
f

8

Solvent b

N u m b e r of
residues

A
B
B
B
C
D
D

196
111
89
62
21
14
12

Reference

Per cent helix
X-ray c

CD<*

45
49
62
69
57
71
58

41
45
53

[18]
[16]
[25]
[27]
[31]
[31]
[31]

63; 77 e
59*"
47 f ; 638
32f; 42«

CD measurements were carried out at 20-22°C at peptide concentrations of 0.05-0.1
mg/ml.
A, 10 mM Tris-HCl/5 mM CaCl2 buffer, pH 7.5; B, 10 mM Tris-HCl/0.1 M NaCl
buffer, pH 7.5; C, 97% TFE in 5 mM Tris-HCl/0.1 M NaCl buffer, pH 7.5; D, 97%
ethanol in Tris/0.1 M NaCl buffer, pH 7.5.
Calculated on the basis of the crystallographically determined structure of thermolysin
[14].
Calculated using the method of Chen et al. [28].
Calculated using the method of Siegel et al. [29].
Calculated using the formula of Wu et al. [30]: fH X 100 = ([0]222 nm + 2000)/([0]H + 2000),
where fH represents the fraction of helix and [9]H the reference [6)222 nm for the helix,
taken as -28 400 deg cm2 dmoH for a helix having an average length of 10 residues.
Calculated taking as reference [0]222 nm —-21 800 deg cm2 dmoH for a helix having
an average length of 6 residues [30].

is not firmly established, and since the C D signal in the far-ultraviolet region
is strongly influenced by the length of helical segments [28]. In the present case,
the helix content was calculated from C D data, taking as reference [0]222 nm
for the helix, the figure given for a helical segment of average length of both
10 and 6 residues [30]. The figures for per cent helical content of fragments
SP2 and T l , thus estimated (see Table 1), are lower than those predicted from
X-ray data, perhaps due to end-effects [33]. At any rate, the ranking of C D -

V8-PR0TEASE

TRYPSIN

Tyr-Gly-Ser-Thr-Ser-Gln-Glu-Val-Ala-Ser-Val-Lys-Gln-Ala-Phe-Asp-Ala-Val-Gly-Val-Lys

296296-

T1
SP1

302 303301 ======

12 —

307 308SP2

-316
-316

== HELIX ••

Fig. 3. Amino acid sequence of peptide 296-316 of thermolysin prepared by solid-phase
methods. Cleavages at Lys307 with trypsin and at Glu302 with V8-protease produce peptides
Tl and T2 and peptides SP1 and SP2, respectively. The helical segment 301-312 in native
thermolysin [14, 15] is also indicated.
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calculated figures is % helix of S P 2 > % helix T l , as predicted from X-ray data.
Inspection of the 3D model of thermolysin reveals that the COOH-terminal
helix 301-312 runs almost parallel to helix 281-296, and that the interface between
the two helices is characterized by a cluster of adjacent hydrophobic residues.
It appears, therefore, that in the absence of this hydrophobic interaction, peptide
296-316 is unable to attain a helical structure, whereas in a more hydrophobic
environment (such as aqueous TFE and ethanol), likely amphiphilic helix can
be formed and stabilized. In addition, the C-terminal helix 301-312 in the intact
protein is linked to the nearby helical segments by two salt bridges, namely
Glu302...Lys262 and Asp 31 '...Arg 285 [14]. Likely, absence of suitable hydrophobic,
as well as charge-charge interactions, could destabilize the helical secondary
structure in the isolated fragment 296-316 in aqueous solution.
The fact that the isolated COOH-terminal helix of thermolysin is not stable
in aqueous solution is in agreement with predictions of helix stability based
on the Zimm-Bragg equation [34], and host-guest data [35] that indicate that
helix formation should be negligible for all short peptides. However, it cannot
be excluded that peptide 296-316, or some of its subfragments, could attain,
in aqueous solution, a conformational ensemble of 'nascent helices' of extremely
low stability. It could well be that by using NMR, a more powerful analytical
technique than CD, it will be possible to identify such transient secondary
structures. In this ambit, mention should be given to recent studies showing
that the 'nascent helices' of the myohemerythrin C-helix peptide [36] or of protein
fragments of ribonuclease [37,38] that were identified by NMR could not be
detected by CD measurements (see Wright et al. [39] for references and a recent
discussion on folding of small protein fragments in aqueous solution).
Conclusion
In summary, the results of the experimental studies of folding of thermolysin
fragments, using classical methods of protein chemistry (e.g., fragmentation),
indicate that there is a minimum size of a fragment of the COOH-terminal
large structural domain of thermolysin (second half of the molecule) capable
of folding by itself into a stable and native-like structure, and that this folded
'core' is a polypeptide chain of -60 residues comprising the three COOH-terminal
helices (see Fig. 2). The stable and native-like folding of this thermolysin fragment
was predicted by computing the buried surface area of amino acid residues [24].
At the same time, from these calculations it was inferred that the synthetic
peptide 296-316 should be unable to fold, as experimentally substantiated. In
this context, it is also of interest to recall the prediction advanced by Dill [40],
based on statistical dynamics calculations, that there is an optimum chain length
for globularity and stability of protein molecules, and that polypeptide chains
of less than 70 residues should not fold. This chain length of 50-70 residues
is also that required for attainment of a functional property, such as binding
of cofactor, a metal ion, etc. (functional modules) [41]. Thus, overall, the
experimental results on folding and stability properties of COOH-terminal
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fragments of thermolysin of different chain length are in line with these
predictions. As a final comment, it should be noted that several experiments
described here were prompted by the results and models provided by theoretical
studies. This kind of interaction between experimentalists and theoreticians is
likely vital for evaluating more fully the rules governing the hierarchic 3D
organization of globular proteins.
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Synthetic a-helical model proteins: Contribution of
hydrophobic residues to protein stability
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Introduction
Proteins, as we all know, are complex molecules, and it is difficult to determine
the features in their sequences that are responsible for protein folding and protein
stability. Our approach to this problem was to carry out the de novo design
and synthesis of very simplistic model proteins [1-4] meeting the following
requirements. The protein must have a defined secondary, tertiary and quaternary
structure, with only one type of secondary structure present. The secondary
structure should be stable in aqueous solution at neutral pH and easily monitored
by such techniques as circular dichroism. The protein must have sufficient stability
to tolerate a wide range of amino acid substitutions, and still be of appropriate
size to allow the easy chemical synthesis of a large number of analogs by SPPS.
Having selected the a-helix, a minimum of two interacting a-helices would be
required to introduce tertiary and quaternary structure into the molecule. The
simplest model protein would then be a two-stranded a-helical coiled-coil. The
advantages of studying coiled-coils are many. There is no other type of structure
present, other than the a-helix, to complicate interpretation of the results, that
is, no turns, /3-sheet, or undefined structure. They are highly charged, soluble
and stable molecules in aqueous conditions of neutral pH. The hydrophobic
side-chain interactions that stabilize a-helices in coiled-coils, stabilize a-helices
in globular proteins as well.
Results and Discussion
The amino acid sequence of the 70-residue disulfide-linked two-stranded ahelical coiled-coil is shown in Fig. 1. The major factor contributing to the folding
and stabilization of proteins is the burying of hydrophobic side chains. Coiledcoils are no exception, with hydrophobic residues occurring between the two
a-helices as a result of a repeating pattern, X-N-X-X-N-X-X-X-N-X-X-N-XX-X-N..., where N is a non-polar residue. This hydrophobic repeat, first identified
by Hodges et al. [5], if often referred to as a 3-4 repeat, and results in a coiled-coil
structure as first described by Crick [6] (the a-helices are in-register; one ahelix is rotated 180° to the other; the two a-helices are tilted at an angle near
20° to one another, and a small deformation along their entire length results
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SEQUENCE
2
5
9
12
16
19
23
26
30
33
Ac-K-C-A-E-L-E-G-K-L-E-A-L-E-G-K-X-E-A-X-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-amide
g

•

I *
I

•

*

•

•

•

•

•

•

•

•

• •

•

«

•

•

•

•

•

•

•

•

•

•

•

Ac-K-C-A-E-L-E-G-K-L-E-A-L-E-G-K-X-E-A-X-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-amide

Fig. 1. The amino acid sequence of the synthetic 70-residue disulfide-linked model protein.
The L0-protein refers to the sequence where position X is occupied by leucine residues.
Similarly, I0, V„, F0, Y0 and A0 denote the substitution of leucine residues at positions 16
and 19 in each chain (position X) by isoleucine, valine, phenylalanine, tyrosine and alanine,
respectively. The subscript o refers to the oxidized protein (disulfide-linked). The hydrophobic
interactions in each heptad responsible for the formation and stabilization of the two-stranded
a-helical coiled-coil are indicated by the dots.

in the a-helices wrapping around each other like a two-stranded rope). The
criteria used for the selection of the amino acid sequence was described previously
[2], Considering the results of previous studies [3], a peptide length of 35-residues
with only leucine residues occupying all the hydrophobic positions was chosen
to meet our objectives. A disulfide bridge was introduced at the N-terminal
end of the polypeptide to maintain the two a-helices in a parallel alignment.
The disulfide bridge was also considered an important feature to stabilize further
the protein model and allow the model to tolerate the effects of destabilizing
substitutions. The amino acid substitutions were made at the hydrophobic
positions denoted by X (positions 16 and 19) in Fig. 1. The hydrophobic residues
substituted at position X were Leu, Ile, Val, Phe, Tyr and Ala. The effect these
substitutions have on protein stability were monitored by circular dichroism
during guanidine-hydrochloride denaturation studies at pH 2 and pH 7 (Fig.
2 and Table 1). These model proteins have demonstrated a wide range of stability
depending upon pH, ranging from instability in the absence of denaturant, to
complete stability in the presence of 6 M GnHCl. The L 0 ,1 0 , V0 and F 0 proteins
are essentially completely a-helical at pH 2 and 7 (Table 1) while the substitution
of Tyr or Ala in the central heptad results in a decrease in a-helical content
(65% for Y0 and 29% for A 0 at pH 7). There is an increased stability of all
the proteins at pH 2 compared to pH 7. In fact, the L0 and I 0 proteins are
essentially 100% a-helical at pH 2 in the presence of 6 M Gn-HCl (Fig. 2).
This increased stability at pH 2 is probably the result of protonation of the
glutamic acid residues and removing the charge repulsion from negatively charged
residues at pH 7 in the i and i + 4 positions in the sequence (e.g., Glu 610 ; Glu13>17
etc.). This effect must outweigh the potential ionic interactions at pH 7 between
the Glu and Lys residues (Lys1 in chain 1 to Glu6' in chain 2; Glu8-13' etc.).
The coiled-coil stability varies, depending upon the hydrophobic residue in the
3-4 repeat positions, with leucine providing the most stable coiled-coil, and
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Fig. 2. Guanidine hydrochloride denaturation profiles at pH 2 and pH 7 of the 70-residue
disulfide-linked model proteins as described in Fig. 1. 0/00 represents the ratio of ellipticity
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Fig. 3. Linear dependence of AGD on the concentration of guanidine hydrochloride. The
free energy of unfolding in the absence of guanidine hydrochloride (AG^2°) is estimated
by extrapolating the free energy of unfolding at each individual concentration of denaturant
(AGD) to zero concentration, assuming that they are linearly related (AGD = AG%!°-m[guanidine hydrochloride]), where m is the slope of the line. AGD can be determined from
the experimental data by using the equation, e-^G°/RT=([0]N-[0])/([6]-[d]D),
where [0]
is the observed ellipticity at any particular guanidine hydrochloride concentration, and [d]N
and[0]D are the ellipticities of the native and denatured states, respectively [7-9]
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alanine providing the least stable molecule. This order of stability
(Leu > Ile > Val > Phe > Tyr > Ala) is, as expected, independent of pH. From
the Gn-HCl denaturation curves, we can calculate the free energy of unfolding
at each concentration of denaturant, and by extrapolation to zero concentration,
we can determine the free energy of unfolding in the absence of denaturant
(Fig. 3, Table 1).
In summary, we have demonstrated the validity of our model protein to
quantitate the effects of various hydrophobic residues on stabilizing a-helices
in aqueous solution, and these results should be generally applicable to the de
novo design of proteins in general.
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Molecular characterization of bGH self-association
S. Russ Lehrman, Jody L. Tuls and Marilyn Lund
The Upjohn Company, Kalamazoo, MI49001, U.S.A.

Introduction
Bovine growth hormone (bGH), a 4-a-helix bundle containing 191 amino
acids, undergoes self-association when partially denatured at high protein
concentrations ( > 10 /uM). This self-associated form" of bGH has been identified
using a number of hydrodynamic and spectral characteristics [1,2]. A central
region of this protein, spanning residues 96-133, appears to be involved in
this process, since the corresponding peptide inhibits bGH self-association and
itself self-associates to form an a-helix [3,4]. Recent efforts in our laboratory
have been directed to the study of bGH self-association using bGH(96-133)
analogs as a model (Fig. 1). This model system would permit examination of
the effect of peptide structure on self-association. Validation of the model requires
that characteristics of the peptide analogs parallel protein self-association.
Previous efforts have shown that [Leu ll2 ]-bGH self-associates to a greater extent
[5] and human growth hormone (hGH) self-associates to a lesser extent than
bGH (Lehrman, Tuls and Havel, manuscript in preparation). The experiments
100
1) bGH(96-133) H-Val-Phe-Thr-Asn-Ser-Leu-Val-Phe-Gly-Thr-Ser-Asp-

-Arg-

2) [ L e u " 2 ]
3) hGH(96-134)

Ala

Tyr

Ala

Ser

Asn

110
120
1) bGH(96-133) Val-Tyr-Glu-Lys-Leu-Lys-Asp-Leu-Glu-Glu-Gly-lle-Leu-Ala
Leu
2) [Leu 1 1 2 ]
Asp Leu
Gin Thr
3) hGH(96-134)

bGH(96-133)

130
Leu-Met-Arg-Glu-Leu-Glu-Asp-Gly-Thr-Pro-Arg-OH

[Leunz]
hGH(96-134)

Gly Arg

Ser

Fig. 1. Primary sequences of bGH. Numbering corresponds to the bGH sequence. Note
that hGH(96-134) contains an insertion of one amino acid residue between positions 107
and 108 of the bGH primary sequence.
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presented here compare the ability of bGH(96-133), [Leu112]-bGH(96-133) and
hGH(96-134) to inhibit bGH self-association with the self-association of the
corresponding protein analogs. In addition, we compare the ability of these
peptides to form an a-helix as a function of pH and concentration. Our results
confirm that these peptides provide a model system for bGH self-association.
Results and Discussion
bGH(96-133) (peptide 1), [Leu112]-bGH(96-133) (peptide 2), and hGH(96134) (peptide 3) were synthesized using standard solid-phase procedures. These
peptides were determined to be at least 95% pure by RPHPLC, and their structures
were verified by liquid SIMS mass spectroscopy (m/z 4343,4328 and 4362 daltons,
respectively) and AAA.
Self-associated bGH and related proteins precipitate to varying extents on
the addition of this material into dilute aqueous buffers [5]. When bGH and
[Leu112]-bGH are treated in this manner, 72 and 85 ± 4% precipitation is observed,
respectively [5]. More recent studies have shown that no significant precipitation
of hGH occurs when this protein is subjected to the same conditions. We have
compared the relative self-association of these proteins with the ability of their
corresponding peptides to inhibit bGH self-association. Previous studies had
shown that preincubation of bGH with a 5-molar excess of bGH(96-133), cleaved
from the intact protein using mild trypsin digestion, inhibits the formation of
precipitate [3]. Using this system, peptides 1, 2, and 3 were compared for their
ability to inhibit the precipitation of self-associated bGH [3]. These peptides
reduce the precipitation of self-associated bGH by 68,83, and 5 ± 4%, respectively.
The relative ability of these peptides to inhibit bGH self-association correlates
with the self-association of their corresponding proteins.
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Fig. 2. pH and concentration dependence of a-helicity in peptides 1 (panel A), 2 (panel
B), and 3 (panel C). The peptides were dissolved in 1 mM sodium citrate, sodium borate
and sodium phosphate. Buffer pH was adjusted by the addition of concentrated sodium
hydroxide or hydrochloric acid. All spectra were obtained at room temperature.

a-Helix formation in bGH(96-133) has been previously shown to occur as
the result of peptide self-association [4]. The a-helicity of peptides 1, 2, and
3 was, therefore, determined using circular dichroism at 222 nm, as a function
of pH and peptide concentration (Fig. 2). The mean residue ellipticity, [9]222,
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was calculated for each peptide using an average amino acid molecular weight
of 114 daltons and peptide concentrations that were determined using the
bicinchoninic acid (BCA) method (Pierce Chemical Co., Rockford, IL) [6].
Although the a-helicity of all three peptides increases significantly with increasing
peptide concentration and decreasing pH, the maximum a-helicity of peptides
decreases in the following order: 2 > 1 > 3 . Under conditions where bGH selfassociation was studied, (pH 8.5), the relative a-helicity of these peptides is
maintained. Therefore, the conformations of these peptides also parallel the selfassociation of their corresponding proteins.
These experiments indicate that the observed characteristics of bGH(96-133)
analogs provide a useful model of bGH self-association. Experiments are in
progress to further validate this model and determine molecular features which
are responsible for bGH self-association.
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Conformational analysis of bioactive analogs of growth
hormone-releasing factor (GRF)
Vincent S. Madison, David C. Fry, David N. Greeley, Voldemar Toome,
Bogda B. Wegrzynski, Edgar P. Heimer and Arthur M. Felix
Roche Research Center, Hoffmann-La Roche Inc., Nutley, NJ 07110, U.S.A.

Introduction
There are a number of potential therapeutic indications for GRF in human
and animal health. Generally, a linear GRF analog will have a large ensemble
of conformations because of flexible segments. Non-polar solvents and covalent
restrictions can be used to induce order in specific segments that may be recognized
by the receptor. Conformational analysis via CD, NMR and computations has
been performed on a series of GRF analogs to determine the effects of i - (i + 4)
lactams on peptide folding, and to provide a basis for further analog design.
Results and Discussion
Analogs of GRF(l-29)-NH 2 with replacements for Asn8 and Gly15, and with
lactams formed between the side chains of Asp8 to Lys12 and/or Lys21 to Asp25
were investigated in aqueous solution at pH 3 and in 75% methanol/water at
pH 6. The CD spectra of these analogs are independent of pH within the range
of pH 3 - 7 . The percentage a-helix deduced from the CD spectra as well as
the in vitro bioactivity are reported in Table 1.
Table 1 Relative potency and percentage a-helix for GRF analogs
Analog
GRF(l-44)-NH 2
GRF(l-29)-NH 2
[Sar I5 ]-GRF(l-29)-NH 2
[Ala' 5 ]-GRF(l-29)-NH 2
Cyclo8.i2[Asp8,Ala'5]-GRF(l-29)-NH2
Cyclo 2125 [Ala 15 ]-GRF(l-29)-NH 2
Dicyclo8.12;21.25[Asp8, Alai5]-GRF(l-29)-NH 2

Potency

% a-Helix from CD

(in vitro)

In water

In 75% MeOH

1.0
0.8
0.04
4.0
0.8
1.3
0.7

-

-

20
15
25
35
35
45

90
50
90
90
90
90

Helical segments were apparent for the GRF analogs from the pattern of
consecutive i - (i + 3)NOEs in 2D spectra. For each analog, about 200 pairwise
NOEs were observed. The NOEs were converted into distance constraints using
assumptions and a classification scheme that we have outlined [1]. These distances
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were used to calculate a penalty function in a structural optimization scheme
using molecular dynamics and energy minimization in the CHARMM program
package [2], as has been described [1,3] using 0.01-3.0 for the weighting factor
(WNOE) and 2 or 4 for the exponent (ENOE) in the energy term: E = WNOE
(kT/2) [(R-R 0 )/<5R] ENOE . For each peptide, the optimization yielded 30 (49 for
the dicyclic analog in 75% methanol/water) low-energy structures that are
consistent with the experimental data. In a typical fit to the data, 75% of the
distances in the models fit the experimental ones within the estimated error,
and the remaining 25% show an additional RMS deviation of 0.1 A.
The i-(i + 4) lactams are fully compatible with the a-helical conformation.
In aqueous and methanol/water solutions, the optimization reveals well-formed
helical segments that include the region of the lactam, and extend toward the
carboxyl terminus. In 75% methanol/water, all of the peptides (except the Sar15
analog) feature a single helical segment including most of the molecule, except
for fraying of about two residues at each end. The high degree of order in
this segment is seen from the low RMS deviations from the average structure
for consecutive segments of four Ca's (Fig. IA). Nevertheless, the linear peptides
show a tendency to kink near residues 16 and 25 (see the spikes in Fig. IA).
The fraction of kinked structures is 6/30 for GRF(l-29)-NH 2 , and 9/30 for
the Ala15 analog. For comparison, this fraction is reduced to 2/49 for the dicyclic
analog, and the two monocyclic analogs had no sharply kinked structures, but
only small bends. For the cyclic analogs, the segment RMSD is large only at
the ends.

Residue Number

Residue Number

Fig. 1. RMS deviation from the average over the ensemble of 30 optimized structures for
segments of four consecutive Ca's. The bars on the abscissa mark the position of lactams
in the cyclic analogs. The symbols and line types for the analogs are: inverted triangles,
(long dash, three short dashes) = GRF(l-29)-NH2; circles (solid line) = Ala15; squares (long
dashes) = cyclo812; triangles (short dashes) = cyclo2125; and diamonds (dots) = dicyclo8-'221-25
(A) In 75% methanol/water and (B) in aqueous solution.
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In aqueous solution, the linear peptides have two short helical segments centered
near residues 11 and 25 (see Fig. IB). In the region of residues 8-14, the degree
of order is very similarfor GRF(l-29)-NH 2 and its Ala15 analog, but, surprisingly,
the native analog is less well-ordered near the carboxyl terminus. The Asp8Lys12 lactam extends the helical segment to include residues 7-17 in the monocyclic
analog, and 7-19 in the dicyclic analog. The Lys21-Asp25 lactam stabilizes a
helical segment in the 18-28 region for the monocyclic analog, but destabilizes
the 8-14 segment, which was helical for the linear peptides. In the dicyclic analog,
the C-terminal helical segment is shorter and less well-ordered than in the Ala15
or the monocyclic analogs.
The i - (i + 4) lactams stabilize a-helical segments in aqueous solution, as seen
by the larger helix content determined via CD, and the longer helical segments
obtained from the optimization constrained by NOE-derived distances. Further,
there is negative cooperativity between segments in the peptide chain: extending
one helical segment destabilizes the other.
For the biologically active peptides investigated herein, the lactam-stabilized
helical segments that are retained in aqueous solution and in 75% methanol/
water should also be retained at the receptor. Thus, we propose that the bioactive
conformer is compatible with helical segments in the vicinity of residues 812 and 21-25.
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Conformational studies on bombolitin III in aqueous
solution and in the presence of surfactant micelles
Eleni Bairaktari, Carol A. Bewely*, Stefano Mammi and Evaristo Peggion
Biopolymer Research Center, Department of Organic Chemistry, University of Padua,
Via Marzolo 1, 1-35131 Padua, Italy

Introduction
Bombolitins are five structurally related heptadecapeptides that were recently
isolated from bumblebee venom and characterized in terms of biological
properties by Argiolas and Pisano [1]. Similar to mellitin and mastoparan isolated
from bee venom, bombolitins lyse erythrocytes and liposomes and enhance the
activity of phospholipase A2 from different sources. All of these peptides, in
spite of the remarkable difference in the amino acid sequence, have a strong
tendency to fold into an amphiphilic a-helical structure. The hypothesis has
been made that the amphiphilic nature of these peptides might account for their
affinity for membranes and for their biological activity [1].
In this paper, we present preliminary results of conformational studies by
CD and 'H NMR on Bombolitin III (IKIMDILAKLGKVLAHV) in aqueous
solution and in the presence of sodium dodecylsulfate (SDS) micelles.
Results and Discussion
Bombolitin III was synthesized by the solid phase Merrifield procedure and
purified by HPLC. In dilute aqueous solution (lxlO~ 4 M or lower), the CD
spectrum indicated that the peptide is essentially, but not completely in a random
structure (Fig. 1). This is revealed by the presence of a negative shoulder at
222 nm and by the low intensity of the negative band below 200 nm. The CD
pattern is scarcely dependent upon pH changes up to 8. At strongly basic pH,
there is an increase of ordered structure (data not shown), possibly due to
deprotonation of the lysine side chains.
When SDS is added to aqueous solution at a concentration above the critical
micellar concentration, the typical CD pattern of the right-handed a-helix is
formed (Fig. 1). The helix content at a 1:1 ratio of peptide to micelles is of
the order of 60%. In the micelle-bound state, the peptide conformation is
completely pH-independent up to pH 9.
The characterization of the peptide conformation in the presence of detergent
micelles was carried out by 2D homonuclear >H NMR experiments at 40CC
using perdeuterated SDS and appropriate solvent resonance suppression
*On leave of absence from Bachem Fine Chemicals, Torrance, CA, U.S.A.
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Fig. 1. CD spectra of Bombolitin III in aqueous solution at pH 4.9 in the absence [1]
and in the presence of SDS micelles. Spectra 2 and 3 refer to solutions with a peptide
to micelles molar ratio of 1:1 and 1:10, respectively.

techniques. Using standard COSY, NOESY and sequential assignment procedures, the spin systems of all individual amino acid residues were identified,
and all proton resonances assigned. In the NOESY spectra, connectivities were
observed between NH; and NH i+1 protons spanning the entire amino acid
sequence. In addition to sequential connectivities, NOESY cross peaks were found
between residues in position i and i+3, notably between CaHj and 0 3 H j + 3 protons
(Fig. 2) and also between C a H ; and NH i+3 protons. These connectivities are
diagnostic for the presence of an a-helical structure [2] and indicate that the
helical segment in Bombolitin III comprises the central part of the peptide chain
from Met in position 4 to Val in position 13 (Fig. 3). Its length is consistent
with the helix content estimated from the amplitude of the negative CD band
at 222 nm. Because of the amphiphilic character of the helix, it is conceivable
that its axis is oriented parallel to the micelle surface, with the hydrophobic
surface in contact with the hydrocarbon side chain inside the micelle, and the
hydrophilic portion at the water-micelle interface.
The NMR results also show that there is a single set of resonance lines for
each spin system. Taking into account that in our experimental conditions the
peptide is completely in the micelle-bound state (Fig. 1), these data indicate
that a single conformation is assumed by Bombolitin III upon interaction with
SDS micelles [3].
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Similar to other amphiphilic peptides [4], Bombolitin III tends to form
intermolecular aggregates at sufficiently high concentration in aqueous solution
and in the absence of detergent. At pH 4.5, the CD spectra show an increase
of helical content upon increasing the peptide concentration above 1 mM. Thus,
aggregation favors the formation of the helical structure in individual monomeric
units, very likely stabilized by intermolecular hydrophobic interactions. Under
these conditions, different from the micelle-bound state, the CD spectrum is
strongly pH-dependent. Aggregation and consequent helix formation is substantially reduced at pH =S3.0. Since the only event taking place at this pH
is the protonation of the carboxylate function of the Asp residue in position
5, it is possible that in the aggregates this group is" involved in a salt bridge
stabilizing the helical form.
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3-Substituted prolines: Preparation and assignment of
absolute configuration to optically pure trans-3-pheny\and fra/fs-3-w-propylprolines
Mark W. Holladay, John Y.L. Chung, William A. Arnold, Catherine S. May,
James T. Wasicak and Alex M. Nadzan
Neuroscience Research Division, Pharmaceutical Discovery, Abbott Laboratories, Abbott
Park, IL 60064, U.S.A.

Introduction
An important approach toward understanding the bioactive conformation of
a peptide involves the study of conformationally constrained analogs. Proline
is a readily available conformationally constrained amino acid that is often
incorporated into a peptide in the place of other residues as a way of introducing
conformational restrictions [1-3]. However, loss of activity with this modification
could be due to loss of important interactions by the side chain of the original
amino acid. Therefore, we have investigated the use of proline analogs that
retain the side chain moieties of standard amino acids. One series in this effort
consists of 3-substituted proline analogs (Fig. 1). Here we describe our results
at providing convenient preparations of optically pure rran.s-3-phenyl- (la) and
/ra«i-3-«-propylprolines (lb) (analogs of Phe and Nle, respectively) of known
absolute configuration.
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RH

^Xs
^ N ^ 7
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U
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3

r

R

^><
N^C0

2H

Boc

5

6

a. R = Ph, P = Ac
b. R = n-propyl, P = Boc
Fig. 1. Structure of tra.ns-3-substitutedprolines and derivatives.
Results and Discussion
The preparation of racemic Af-acetyl-'ranj-S-phenylproline is illustrated in Fig.
2. The sequence is based on a literature route [4], but several modifications
lead to improved yields and simplified procedure. In particular, the acid-catalyzed
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silane reduction [5] of hydroxylactam 2 affords the pyrrolidine 3 cleanly in a
single step; performing the reduction at this stage allows subsequent steps to
proceed more cleanly and in higher yields. Base-catalyzed epimerization of ester
4 improves the trans:cis ratio, and the ability to separate the isomers by selective
saponification is retained. The 3-«-propyl series can be prepared analogously;
however, the separation of cis and trans isomers is best achieved with the selective
saponification carried out on N-Boc protected esters [6].
H
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Synthetic route to N-acetyl-3-phenyl-D,L-proline.

The racemic N-protected trans acids were resolved by coupling with S(-)a-methylbenzylamine (EDAC, HOBt) to give diastereomers of 5, which were
separated by silica gel chromatography. Total hydrolysis under acid conditions,
followed by Af-protection with Boc, provided derivatives 6 for peptide synthesis.
Table 1 shows physical data by which the isomers of 5 and 6 can be identified.
The absolute stereochemistry in the 3-phenyl series was assigned by decarboxylation (2-cyclohexen-l-one, cyclohexanol, A) [7] of the free amino acids to
3-phenylpyrrolidine, for which absolute configuration has been correlated with
optical rotation [8]. The stereochemistry of 3-n-propylproline was assigned by
stereospecific synthesis of the L-isomer from 4-hydroxy-L-proline (M.W. Holladay
and C S . May, unpublished results). The key step in this sequence was the reaction
of the pyrrolidine enamine derived from Z-4-oxo-L-Pro-OMe with allyl bromide
Table 1 Physical data for derivatives of 3-substituted prolines
Stereoisomer

R

5
TLC Rf (solvent)

2S,3R (L-trans)
2R,3S (u-trans)
2S,3S (L-trans)
2R,3S (p-trans)
a

Ph
Ph
«-Pr
n-Pr

6
2

0.24 (2.5% HOAc/EtOAc)
0.40 (2.5% HOAc/EtOAc)
0.39(1: 2 EtOAc/hexane)
0.45 (l:2EtOAc/hexane)

[o] D 24(cl,CHCl 3 )
+ 33.7°
-35.9°
-38.3°
+ 43.2°

E. Merck Silica Gel-60 precoated glass plates.
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to give, after hydrolysis, the 3-allyl-ketone in fair yield without racemization
at the a-center. Catalytic hydrogenation of the olefin, followed by reduction
of the 4-keto function to methylene (Barton-type deoxygenation of the intermediate secondary alcohol) gave a mixture of cis- and rra«.5-A/-Cbz-3-«-propylL-proline methyl esters that, after conversion to the Boc derivatives, were separated
by selective saponification as described above.
In summary, convenient procedures for the preparation of Boc-rra«^-3-phenyland Boc-fran.s-3-rt-propylproline in optically pure form with defined stereochemistry were developed. Full experimental details are forthcoming [6].
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Conformations of proline-containing segments in
membrane environments
Charles M. Deber, Mira Glibowicka and G. Andrew Woolley
Research Institute, Hospital for Sick Children, Toronto, Ontario, Canada M5G 1X8
Department of Biochemistry, University of Toronto, Toronto, Ontario, Canada M5SIA8

Introduction
Although noted as hydrophilic residues with helix-breaking potential, proline
residues are widely observed in the putatively a-helical transmembrane (TM)
segments of many channel-forming integral membrane proteins. Because of the
recognized property of X-Pro peptide bonds (where X — any amino acid) to
occur in cis as well as trans isomeric states, intramembranous Pro residues have
been proposed as conformational participants in channel regulatory events [1].
However, the tertiary amide character of the X-Pro bond [2] also confers increased
propensity for involvement of its carbonyl group in liganding interactions with
positively-charged species, and/or in specific H-bonded structures (e.g., B- and
y-turns) [3]. We have been investigating this last property of the X-Pro bond
in further detail through synthesis and conformational analysis of Pro-containing
peptides with membrane affinity. Inspection of sequence triads X-Pro-Y, occurring in TM regions of transport proteins [1], led to the choice of Leu-ProPhe as a consensus sequence typifying the environment of intramembranous
Pro residues. To model the behavior of such membrane-occurring Pro-containing
segments, we are synthesizing a series of non-polar peptides, of which t-Boc(Ala)3-Leu-Pro-Phe-OH is an initial compound.
Results and Discussion
Effects on 13C NMR spectra (75 MHz), upon incorporation of t-BocAAAL*P*F-OH (*: 13C = O isotopic enrichment) into unilamellar phosphatidylcholine (PC) vesicle bilayers, are presented in Fig. 1. The spectrum of the
free peptide dissolved to saturation (3 mM) in D 2 0 displays single resonances
for both Pro and Leu C = 0 carbonyls, likely corresponding to an all-trans
conformation at the Leu-Pro bond [4]. Stepwise additions of PC vesicles produced
a well-defined trend: the Leu C = O resonance remains essentially invariant, while
the Pro C = O resonance moves selectively upfield, where it coincides with the
Leu resonance at a PC/peptide mole ratio of 2.6. These initial results suggest
that (in lieu of any apparent lipid-induced population of cis peptide bonds)
the membrane appears instead to induce a specific conformation of t-BocAAAL*P*F-OH, as reflected by the altered local magnetic environment of the
Pro residue.
585

CM. Deber, M. Glibowicka and G.A. Woolley

L / P = 2.6

178

176

174 _ _ „ 172
PPM

170

168

Fig. 1. l3C NMR spectra (75 MHz) of Boc-(Ala)3-Leu*-Pro*-Phe-OH (3 mM, D20, 27°C)
in the region of Pro and Leu carbonyl carbons. The peptide was enriched with ,3C-atoms
during synthesis at both Pro (40%) and Leu (60%) *C=0 sites. The bottom spectrum
is the free hexapeptide. The upper three spectra result from successive addition of unilamellar
phosphatidylcholine (PC) vesicles at the indicated lipid/peptide mole ratios. Lipid concentrations were 1.89, 3.90, and 7.80 mM. Spectra were recorded on a Bruker 300 MHz
spectrometer, using 32 K data points, with 500 accumulations per spectrum, and a 4.0s pulse delay. Chemical shifts are referenced to external dioxane at 66.50 ppm. The peptide
was prepared by solution-phase techniques, using the fragment condensation approach; see
Ref. 5 for further details of synthesis and spectroscopy.

In conjunction with observation of corresponding 13C NMR spectral effects
displayed by this peptide in monolayers of mixed (50/50, w/w) lyso-phosphatidylcholine/lyso-phosphatidylglycerol micelles, and from analysis of its 'HNMR
(300 MHz) spectra in perdeuterated sodium dodecylsulfate (SDS) micelles [5],
the overall spectral results can be interpreted in terms of bilayer-stabilization
of an intramolecularly H-bonded structure, possibly an inverse y-turn conformation involving the Leu C = 0 and the Phe N-H in a hydrogen bond. The
upfield movement of Pro C = 0 likely arises from changes in local magnetic
environment due to backbone dihedral angle rotations (minimally Pro <// and
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Phe cb angles) that produce eclipsing interactions of Pro C = 0 with Pro C^
[6], as are requisite for conversion from the initially (aqueous-solvated) intermolecularly H-bonded conformation to the inverse y-turn. The 7r-electron density
of the Phe aromatic ring may also participate in creating an electron-rich pocket
[5].
Preliminary molecular modeling experiments indicate that insertion of an
inverse y-turn into a longer [e.g., 20 residue (Ala)m-Leu-Pro-Phe-(Ala)n idealized
TM] a-helical segment does impart a 'kink' to the chain, but that such a structure
may be incorporated into an a-helix without a large deviation in overall chain
direction. Alteration in domain polarity can thus lead to an alternative category
of local conformation of Pro-containing segments, a property that may be of
functional importance in membrane proteins for which channel 'opening-closing'
involves an aqueous/membrane re-location of a critical segment.
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2D NMR spectroscopy study of the spatial structure of
kinins: Bradykinin, kallidin and their cyclic analogs
J.B. Saulitis, E.E. Liepins, I.P. Sekacis, F.K. Mutulis and G.I. Chipens
Institute of Organic Synthesis, Latvian S.S.R. Academy of Sciences, Riga, U.S.S.R.

Introduction
A new methodology for quantitative evaluation of interproton distances in
peptides using the cross-peak intensities in 2D NOE spectra was developed.
The method is based on the measurement of the intensities of the cross-peaks
in the pure-phase 2D NOE spectra; and the ratios of the cross-peak intensities
=
6
6
INO/IBN (daN/dNa) and I N N /I a N = (d aN /d NN ) enable the determination of the
corresponding interproton distances dNff = d(N;H,C°jH), daN = d(C°[H, N i+1 H) and
dNN = d(NiH,N i+1 H) for several amino acid residues. The spatial structures of
bradykinin (BK), kallidin (KL) and their cyclic analogs [(9-le)Lys1,Gly6]BK
(CBK), cyclo(10-l')KL (CKL) in H 2 0 and DMSO were established by this
approach, and using routine 'H NMR conformationally dependent parameters:
3
J(NHC a H) spin-spin coupling constants and temperature coefficients of amide
proton resonances A5 NH /AT. Further, these structures are used as a crude model
in the refinement by the restraint minimization of the conformational energy.
Results and Discussion
In order to elucidate the role of the Coulombic interaction between charged
groups in the BK and KL molecules, the study under conditions with charged
(BK-I and KL-I) and neutral (BK-II and KL-II) C-terminal carboxyl groups
(peptide lyophilized from the H 2 0 at pH 7.8 and 1.5, respectively), is carried
out in DMSO. The different NOEs, 3 J(NHC a H) and A5 NH /AT values were
observed for BK-I and BK-II. The neutralization of the C-terminal carboxyl
group caused essential change of the CH-Arg 1 proton chemical shifts (A<5BK_
[BK_n = 0.20 ppm), while the chemical shifts of other protons, excepting NH
protons, changed negligibly, approximately ±0.05 ppm. For KL, the passage
from the KL-I to KL-II state also causes the changes of the proton chemical
shifts, NOEs, coupling constants and A<5NH/AT values. These data suggest that
the BK-I conformation is stabilized in DMSO by the Coulombic interaction
of the N-terminal a-amino and C-terminal carboxyl groups. The BK-II molecules
do not exhibit such interaction. For KL-I, the interaction of the C-terminal
carboxyl group with the guanidino group of Arg2 and Arg10 residues occurs
in DMSO at concentrations of 70% and 30%, respectively. As follows from
the study, the kinin BK-I and KL-I molecules form two /3-turns: Pro-Pro-Gly-
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Phe (type II) and Ser-Pro-Phe-Arg (type I), and those structures are stabilized
by intramolecular Coulombic interaction. Note that the second /3-turn appears
only in 70% of all KL-I molecules. The BK-II and KL-II molecules do not
adopt any dominant conformation in DMSO and the structures of BK and
KL in H 2 0 are also disordered. The majority (86%) of CBK molecules with
trans-configuration of all peptide bonds also possesses these /3-turns, whose
orientation is determined by H-bond Phe5-CO...NeH-Lys1. The 'H NMR data
show the three slowly exchangeable conformers of CKL molecules: CKL-I with
trans-configuration of all peptide bonds constitute 25%, CKL-II with cw-Pro3Pro 4 - 35%, whereas CKL-III with the c/>Arg2-Pro3 bond - 40%. In H 2 0 , the
populations of these conformers are 45, 25 and 30%, respectively. The assignment
of CKL conformers has been done from the 2D NOE spectra taken at various
temperatures, 303, 323 and 353 K. From the intensities of the exchange crosspeaks in 2D NOE spectra, the Gibbs free energy AGf for the cis-trans
isomerization of the peptide bond Pro 3 -Pro 4 is A G ^ 0 3 K = 7 3 . 2 kJ/mol-K, and
for the peptide bond Arg 2 -Pro 3 isomerization AG5353K = 81.6 kJ/mol-K. The
dominant conformation of CKL-I has /3-turn type III in sequence Ser-Pro-PheArg and second H-bond Pro3-CO...HN-Ser7. The most stable conformer of CKLCKL-III has a similar type II /3-turn. The CKL-II has the /3-turn encompassing
residues Ser-Pro-Phe and the additional H-bond Arg2-CO...HN-Phe6. In H 2 0
the CKL-I and CKL-III keep /3-turns, while CKL-II has an unordered structure.
In conclusion, linear kinins - bradykinin and kallidin can be stabilized by
intramolecular interaction between charged groups, therefore having the ability
to form quasicyclic structures in DMSO.
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Prothrombin fragment 1: Conformational studies and the
role of residues 35-46
Lisa M. Balbes, Lee G. Pedersen and Richard G. Hiskey*
Department of Chemistry, University of North Carolina, CB 3290, Chapel Hill,
NC 27599-3290, U.S.A.

Introduction
The three dimensional crystal structure of residues 36-156 of bovine prothrombin fragment 1 (residues 1-156, BF1) has recently been solved by Tulinsky
et al. [1]. The y-carboxyglutamic acid (Gla) domain was disordered in the absence
of metal, but folded into a specific tertiary structure upon crystallization in
the presence of Ca[II] ions (A. Tulinsky, personal communication). Tulinsky
et al. noted three turns of a-helix located in the 38-47 region of the protein.
This hydrophobic helical region is conserved in the vitamin K-dependent proteins,
and may stabilize the final folded conformation of the Ca[II]-Gla domain
complex. Pollock et al. [2] have reported the isolation of the bovine Gla domain
peptide, residues 1-45. The [ 125 I]l-45 peptide was shown [3] to bind to
phosphatidylserine/phosphatidylcholine vesicles (25:75, PS/PC) in the presence
of 2.0 mM Ca[II] ions, K d = 11.8 /uM (BF1, Kd = 0.6 /uM). The peptide dimerized
readily; increasing the NaCl concentration favored dimer formation and decreased
PS/PC binding. Ca[II] concentrations below 2.0 mM had no effect on the
monomer-dimer equilibrium; higher Ca[II] concentrations caused the peptide
to precipitate. The dimerization of the 1-45 peptide might result from interactions
of the hydrophobic portions of two 1-45 molecules. The peptide corresponding
to residues 35-46 was synthesized using a standard PAM resin protocol (Applied
Biosystems 430A). The synthetic 35-46 peptide (purified by HPLC), was also
acetylated at the amino terminus (Leu35) and Lys44 using [ 14 C]-Ac 2 0, nor
reductively methylated at these residues using [14C]-HCHO and NaCNBH 4 . The
effect of these peptides on the PL binding of 1-45 and BF1 was evaluated.
The conformations of 35-46, 1-45 and BF1 were also investigated by circular
dichroism (CD) spectroscopy [4] and by molecular modeling. Modeling was
carried out using Macromodel 1.5, AMBER 3.0 and SYBYL+ 5.05. Three distinct
homodimers were modeled: one associated via hydrophobic interactions, and
two through electrostatic interactions.
Results and Discussion
Addition of the 35-46 peptide (10-fold molar excess) to a mixture of 1-45
*To whom correspondence should be addressed.
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peptide, PS/PC vesicles, and Ca[II] inhibited the PS/PC binding of the radioiodinated 1-45 peptide (Table 1). The acetylated peptide had no effect on the
PS/PC binding of [ 125 I]l-45, while the methylated peptide led to a slight decrease
in binding. Neither the acetylated, nor the methylated peptide bound to PS/
PC, in the presence or absence of Ca[II] ions. The hydrophobic peptide (86fold molar excess) does not appear significantly to affect the PS/PC binding
of BF1, although solubility problems prevented the use of higher concentrations
of 35-46. The results of the modeling study indicated that, regardless of the
program used, the dimer conformations of the 35-46 peptide modeled were more
stable than two isolated monomers, with the head-to-tail charge dimer as the
most stable. CD spectroscopy showed that a 340 /(M solution of the 35-46
peptide contains 42 + 5% helix at 25°. The CD spectra of BF1 and 1-45 and
the effect of metal ions and NaCl concentration on the spectra were examined.
From the studies described above, we conclude that: (1) Binding of the 3546 peptide to the radioiodinated 1-45 peptide, presumably via the hydrophobic
C-terminal region, contributes to the loss in Ca[II]-dependent PS/PC binding
of the 1-45 peptide. (2) The 35-46/1-45 interaction also requires some contribution from the amines at positions 35 and/or 44. (3) The conformational
change induced in BF1 by Ca[II] ions and monitored by CD differs from that
induced by Mg[II] or Sr[II].
Table 1 Effect of 35-46 and derivatives on PL binding off25l]l-45
Molar
Inhibitor
Excess
APL bound2
ADimera
None b [' 251] 1-45
35-46
35-46
35-46
[14C]AC-35-46
[14C]Me-35-46
a
b

0.0
1.1
10.7
20.3
4.4
17

36.7%
+ 0.5%
-31.0%
- 33.5%

19.7%
+ 0.2%
+ 21.9%
+ 27.2%

+ 1%

+ 4 %

- 8 %

- 5 %

AMonomera
+
+
+

43.6%
0.7%
9.0%
6.2%
5 %
14 %

A refers to the observed difference as compared to the 1-45 control.
No inhibitor. Numbers reported are actual percent of counts in each peak.
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Conformation induction in amphiphilic peptide hormones
bound to model interfaces
John W. Taylor
The Rockefeller University, Laboratory of Bioorganic Chemistry and Biochemistry,
1230 York Avenue, New York, NY 10021, U.S.A.

Introduction
Amphiphilic structures are likely to be a common feature of the active
conformations of small, flexible peptides [1]. These active conformations are
identified more readily through studies of these peptides at model interfaces
than through more conventional analyses of their solution conformations. The
compression isotherms of the monolayers formed by several potentially amphiphilic peptide hormones at the air-water interface have previously been
analyzed to determine their surface-bound conformations [2]. However, interpretation of the results is less straightforward than for idealized amphiphilic
model peptides [see, for example, Ref. 3], because it is usually unclear which
segments of the native peptides occupy surface space and which segments are
in the aqueous subphase. To obtain more direct spectroscopic information, a
simple method has been developed that involves the adsorption of such peptides
from aqueous buffer onto siliconized quartz slides and subsequent measurement
of their CD spectra.
Results and Discussion
Four peptides, all with disordered structures in aqueous solution, were selected
as examples: /3-endorphin (/3-EP, 31 residues), which has a potential amphiphilic
a-helical structure in residues 13-31; salmon calcitonin (32 residues), which has
a potential amphiphilic a-helical structure in residues 8-22; gonadotropinreleasing hormone (GnRH), all 10 residues of which can form an amphiphilic
/3-strand, and dynorphin A(l-17), which has a potential amphiphilic /3-strand
segment in residues 7-15 [1]. Each peptide was adsorbed onto four siliconized
quartz slides by soaking the slides for 5 min in an aqueous solution of the
peptide (20-30 nM) in 20 mM NaH 2 P0 4 /NaOH, pH 7.5, containing 160 mM
KCI, and then rinsing them briefly in distilled, deionized water to remove excess
peptide solution. CD spectra were measured for each set of slides in eight slide
orientations about the lightpath. These spectra were then averaged to eliminate
linear dichroism artefacts [4] and a blank spectrum, obtained in the same way
for the same set of slides before peptide adsorption was subtracted. The results,
shown in Fig. 1, indicate that the potential amphiphilic a-helical structures
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Fig. 1. CD spectra of peptides adsorbed onto siliconized quartz slides.
in /3-EP and calcitonin, were indeed, induced upon binding to the siliconized
slides, in agreement with the behavior of these peptides at the air-water interface
[2]. Furthermore, a comparison of these spectra with those obtained for a-helical,
/3-sheet and disordered poly-L-lysine films transferred from the air-water interface
[5] suggests, interestingly, that these helices might be propagated through most
of the /3-EP and calcitonin structures. In contrast, GnRH was too poorly adsorbed
onto the siliconized slides for a useful spectrum to be obtained. This hormone
also failed to form monolayers at the air-water interface, suggesting that it has
a preferred, nonamphiphilic, folded conformation in aqueous solution. Dynorphin A(l-17) adsorbed onto the siliconized slides moderately well, in a conformation that was mostly disordered, but with a small helical component
indicated by the shoulder in the CD spectrum at 222 nM [3,5]. This is also
consistent with the behavior of dynorphin monolayers at the air-water interface,
which have a low collapse pressure (5 dyn/cm) and a limiting area (29-A2/
residue) that is larger than that observed for model amphiphilic a-helical and
/3-sheet peptides [3]. Studies of dynorphin analogs indicate that the presence
of a proline residue in position 10 in the dynorphin sequence inhibits the
amphiphilic /3-strand formed by residues 7-15 from aggregating in the form
of /3-sheets at these planar model interfaces (unpublished data). There are no
examples to date of peptide hormones that form amphiphilic /3-sheets at these
model interfaces.
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Structural studies of endothelin by CD and NMR
S.C. Brown, M.E. Donlan and P.W. Jeffs
Department of Structural and Biophysical Chemistry, GLAXO Inc., 4117 Emperor Blvd.,
Morrisville, NC 27560, U.S.A.

Introduction
Endothelin is a recently discovered peptide [1] that is the most potent
vasoconstricting substance known, though its physiological role is unclear.
'Human endothelin' (ET-1) is one of a class of 21-residue peptides containing
two disulfide bonds. Two other endothelins, ET-2 and ET-3 ('Rat'), have been
cloned from a human cDNA library and have similar biological effects, while
also having nearly identical primary sequence homology and disulfide bond
arrangements. Recent results from our laboratory on the structure of ET-1 in
various solvent systems, and bound to lipid vesicles, indicate that a helical
structure exists within the sequence K9-H16 in DMSO. ET-1 exhibits a higher
percentage of helicity in either TFE, or bound to sonicated dimyristoyl phosphatidyl glycerol (DMPG) vesicles, but not when bound to dimyristoyl phosphatidylcholine (DMPC) vesicles.
Methods
Standard 2D NMR experiments (DQF-COSY, DQF-RELAY (30 ms), HOHAHA (80 ms), and NOESY (200 ms, 400 ms)) were done on the GN-500
NMR spectrometer at the Duke University Biomedical NMR Center. We were
not able to achieve a stable solution of ET-1 (Peptides International, Louisville,
KY) in aqueous/co-solvent systems (acetic acid, acetonitrile, methanol) for
concentrations above 1 mM. Though one-dimensional spectra were obtainable,
these samples ET-1 invariably precipitated after several hours, so that 2D NMR
spectra could not be done. DMSO was selected as a solvent system for NMR
structural studies due to its high dielectric constant and the stability of ET1 solutions. All NMR experiments were done at 30°C in DMSO-rf6, at a
concentration of 3 mM ET-1. CD spectra were done at (10-100 MM) peptide
in various solvents at 20°C on an Aviv 6D spectrophotometer. Lipid vesicles
were prepared by careful sonication (50% duty cycle) at 0°C under nitrogen.
ET-1 solutions were added to stock solutions of sonicated lipid, vortexed gently,
and observed for several hours to ensure the attainment of equilibrium
Results and Discussion
Proton resonances of endothelin were assigned in DMSO-<^6 by the standard
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sequential technique using 2D NMR data from DQF-COSY, DQF-RELAY
(r m = 30 ms), HOHAHA (r m = 80 ms), and NOESY(r m = 200, 400 ms) experiments. Interproton distances were calculated from the NOESY data using the
proportional ratio method and the fixed internal H^-H^ (1.81 A) and tyrosine
H a -H t (2.51 A) distances. In this regard, we discovered that the C-terminal
tryptophan (W21) aromatic ring was rotating rapidly, exhibiting inter-proton
NOEs much reduced in intensity, compared to those of tyrosine (Y13) and
phenylalanine (F14). Twenty-one non-sequential inter-residue NOEs were confidently assigned, all of which were i, i + 2 or i, i + 3 in nature. Complete sequential
amide-amide and amide-alpha NOEs were observed, but showing relative
intensities incompatible with a single type of stable secondary structural element.
Structures were generated by the distance geometry program DSPACE (Hare
Research) using the conformational constraints derived from the NMR data
(van der Waals radii-2.5A, 2.0A-3.2A, 3.0A-4.5A). The ten structures generated
indicated a helical structure between Lys9 and His16 driven by the i,i + 2 and
i, i + 3 constraints, but a 3 10 or a-helix could not be distinguished for this region
due to incomplete data. These helical types can be distinguished only by the
relative intensities of these characteristic NOEs [2], most of which could not
be assigned in this case, due to overlap with strong intraresidue NOEs. Amide
resonance temperature dependencies and D 2 0 exchange rates were also measured,
but did not yield information distinct enough to assign hydrogen-bonded or
solvent-inaccessible amide protons. The carboxyl region [H16-W21] of ET-1 is
more dynamic and shows no non-sequential NOEs, indicating no stable structure
in DMSO. A loose type I turn is found for residues S5-K9.
A distinct negative CD band at 222 nm was only observed in 100% TFE,
a notorious helix inducer, and for ET-1 bound to DMPG vesicles (1 ET: 55
lipid). Relative helical content was measured by relative specific molar ellipticities
at 222 nm vs. the omnipresent band at 208 nm. CD experiments in aqueous
solutions indicated a slight pH dependence of the CD signal for ET-1, minimum
at pH = 6.6, and increasing at either higher or lower pH values. Measurement
in a series of alcohols indicated increasing helical content proportional to solvent
dielectric, common for helices stabilized by electrostatic interactions. Helical
content was higher in all alcohols studied vs. aqueous solutions. Neither
proendothelin nor ET-1 demonstrated a concentration-dependent CD signal (5500 juM). Finally, ET-1 showed markedly enhanced helicity in the presence of
dimyristoylphosphatidylglycerol (DMPG) vesicles, but not in the presence of
DMPC vesicles. The maximal attainable lipid/peptide ratios were found to be
75:1, so peptide-peptide interactions on the lipid bilayer are expected to be
minimal. We are currently measuring the binding properties of ET-1 to various
lipid vesicles, so it cannot be determined, as yet, whether the lack of CD spectral
change in the presence of DMPC vesicles is due merely to lack of binding.

596

Peptide/protein folding
References
1.
2.

Yanagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y., Kobayashi, M., Mitsui,
M., Yasaki, Y., Goto, K. and Masabi, T., Nature, 332(1988)411.
Wagner, G., Neuhaus, D., Worgotter, E., Vasak, M., Kagi, J.H.R. and Wuthrich,
K., J. Mol. Biol., 187(1986)131.

597

Synthesis of shortened analogs of ANP: Evidence for a
reverse turn in the C-terminal 'tail'
S.F. Brady, T.M. Ciccarone, T.M. Williams, D.F. Veber and R.F. Nutt
Merck Sharp and Dohme Research Laboratories, West Point, PA 19486, U.S.A.

Introduction
Various investigators have established a key role for the arginine residues
in atrial natriuretric peptide, ANP(l-28) He12 = rat sequence [1]. Comparison
of bioactivities of compounds in which the arginine (Arg27) in the shortened
sequence la has been deleted or replaced [2] indicates that the guanido group
contributes about 20-fold to potency and that it may be supplied by either the
N- or C-terminal 'tail' section. In addition, the reduced biological activity seen
in cyclic analogs having both 'tails' been deleted (e.g., structure Ha) has been
ascribed to lack of the critical Arg guanido function. Replacement of certain
residues in Ha by arginine, for example Gly22 (lib), has led to recovery of
significant potency [3].
(H)-Cys 13 -FGGRIDRIGAQSGLG-Cys 23 -NSF-Arg 27 -Y-(OH) la
Cyclo-(Pro-FGGRIERIGAQSGL-X 22 -Phe 23 )
Ha: X = Gly
lib: X = Arg
In the present work, we sought to define the steric positioning of the Arg
cationic moiety realtive to the hydrophobic binding elements of the ring by
preparing analogs of la. In these analogs, a proline residue was introduced
independently in place of each of the 'tail' residues (Asn24,Ser25,Phe26) to provide
the constraint of a reverse turn.
Results and Discussion
Compounds were prepared by a general route [1] in which resin-bound
precursor was carried through HF cleavage. Oxidative cyclization using iodine
in 80% HOAc was followed by final purification using preparative RPHPLC,
essentially according to procedures previously described [1]. Each analog was
characterized by FABMS and AAA.
Biological results, summarized in Table 1, are consistent with the likelihood
of a reverse turn at Phe26. The optimal Pro26 analog le is 4 times more potent
than reference analog lb. Analogs Ic and Id, although less active than lb, retain
sufficient potency to suggest that more than one backbone conformation is capable
of giving active structures.
Thus, substitutions in ANP that promote a turn conformation in the C-terminus
result in highly active analogs. A molecular model based on these findings,
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Table 1 Relative potencies of pro-substituted analogs
(H)-Cys-F G G R I D R I G A Q S G L G-Cys-Asn-Ser-Phe-Arg-(X)
7
23 24 25 26 27
No.

X

la
lb
Ic
Id
le

Tyr-OH
NH 2
NH 2
NH 2
NH 2

Residue substitution

Potency (%)a

Pro 24
Pro"
Pro 26

100b
55
72
13
211

a

Vasorelaxant activity on rabbit renal arterial rings determined as described in R.J.
Winquist et al., Eur. J. Pharm., 102(1984) 169.
f Ref. 3.
in which the C-terminus is folded back to place the Arg 2 7 side chain near the
critical hydrophobic groups of the cyclic core, is depicted in Fig. 1. This model
was constructed by setting the dihedral angles of the Phe-Arg segment equivalent
to those of Pro-X with proline in the i + 1 position of a Type I /3-turn. This
structure places the guanidine close enough to the a-carbon of Gly 22 to support
the possibility of superposition by a guanidine supplied by the Arg 2 2 in structure
lib.

Fig. 1. Molecular model of ANP(7-28) (Ua) with Phe2* and Arg27 as the i+1 and i+2
residues, respectively, of a Type I B-turn; energy-minimized using CHARMm to remove
any bad contacts. Distances between the guanido function and each of the a-carbons of
the Gly22 and Arg27 are 6.28 A and 6.34 A, respectively.
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H NMR assignments and conformational studies of
melanin-concentrating hormone in water using NOE
constraints and molecular modeling algorithms
Terry O. Matsunaga, Catherine A. Gehrig and Victor J. Hruby
Department of Chemistry, University of Arizona, Tucson, AZ 85721, U.S.A.

Introduction
Salmon melanin-concentrating hormone (sMCH) is a 17-amino acid peptide
hormone that stimulates melanosome aggregation in teleost fish. The molecule
is a disulfide-linked peptide of the following sequence:
D T M R C M V G R V Y R P C W E V . Recent evidence has suggested that peptides
of this size possess more structural integrity than previously thought [1,2]. As
a part of attempts to determine the conformational structure requirements for
sMCH at its receptor, we report the conformational analysis of sMCH in water
using 2D NMR and molecular modeling methods.
Results and Discussion
Absolute assignments and NOE data were acquired at 500.13 MHz. Assignments were made according to the sequential assignment method (Fig. 1) [3].
A total of 60 NOEs were established in 90% H 2 O/10% 2 H 2 0. Distances were
based upon the formula [4]:

/a k ,y /6
and quantitated with the use of FTNMR (Hare Research Inc.). Conformational
analysis was determined by using a combination of distance geometry (DISGEO)
[5] and restrained molecular mechanics, using the CHARMM program [6]. Of
significance was the observance of the medium range dipolar interactions d aN
between the i, i + 2 residues of Val10 and Gly8. This interaction, coupled to the
strong short-range dNN interaction between the i, i + 1 residues of Arg9 and Val10,
as well as the moderate dNN between Gly8 and Arg9 are indicative of a Type
I /3-turn [6] encompassing residues 7-10 (Fig. 2). In addition, a transannular
NOE is observed between the 2', 6' protons of Tyr11 to the CH„ of Met6 and
the NH of Val7.
All molecular modeling algorithms lead to a /3-turn in the 7-10 region [7];
however, independently, the schemes do not as yet appear to converge upon
a common structure, suggesting some flexibility in other parts of the structure.
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Fig. 1. 500.13 MHz >H phase-sensitive NOESY spectrum of thefingerprintregion of MCH,
illustrating the sequential assignments, as well as NOE secondary assignments.

(9 Arg)

(7 Val)

Fig. 2. Backbone conformation of MCH after applying NOE constraints into the distance
geometry (DISGEO) modeling program.
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A prediction of conformational domains defined by NOEs:
Human transforming growth factor alpha
J.C. Hempel3, F.K. Brown*1, S.C. Brownc, L. Mueller1-, K.D. Koppleb and
P.W. Jeffs0
"Biosym Technologies, San Diego, CA 92121, U.S.A.
b
Smith Kline & French Laboratories, Swedeland, PA 19479, U.S.A.
c
Glaxo Research, Chapel Hill, NC 27514, U.S.A.
Introduction
TGF-a, a 50-residue protein, regulates cell growth and replication. The >H
NMR spectrum has been previously reported by our group [1]. A question of
interest in modeling studies incorporating distance constraints is how to assign
confidence levels to conformational features observed in modeling studies. In
this study, conformational domains, sets of residues linked by clustered NOEs,
are defined using an ab initio analysis of the NOE assignments [2,3]. The more
highly correlated the NOEs, the more constrained will be the conformation of
the domain in modeling studies. The orientation of domains relative to one
another will reflect the number and placement of the NOEs linking the domains.
Results and Discussion
NOEs are summarized by residue in Fig. 1. Domains defined by clustered
NOEs are mapped by row in Fig. 2 (filled squares). Each residue of each domain
is linked by NOEs to two (or more) other residues of the domain [2,3]. The
protein is divided into two major domains and a loop region of seven residues.
Three residues at the N-terminus are linked by sequential NOEs as are three
residues at the C-terminus. The major domains are linked by relatively few NOEs.
NOE-derived distance constraints were used to define 3D structures.* These
are similar to structures reported in two independent studies [4,5]. Conformational
domains predicted by the ab initio domain analysis superimpose well while the
orientation of domains, with respect to one another, varies. This is consistent
with the ab initio analysis of the NOEs. The ab initio analysis can be done
before modeling studies to identify where in the molecule additional experimental
information could significantly increase confidence levels in modeling studies.
The analysis also facilitates error checking of NOE assignments and distance
bounds.

"Using distance geometry (DSPACE) and energy refinement (AMBER).
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Fig. 1. NOEs observed for TGF-a are grouped by residue. Peak heights are proportional
to the number of NOEs-linking residues indexed by row and column position. Shaded squares
group NOEs that define conformational domains (Fig. 2).
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of the domain).
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Expression of a reactive molecular perspective within the
triple helical sequence of collagen
P.V. Scaria, Keith R. Sorensen and Rajendra S. Bhatnagar*
Box 0650, University of California, San Francisco, CA 94143-0650, U.S.A.

Introduction
The structural protein collagen exists as fibers under physiological conditions.
Its interactions, including self-association, contribute to tissue biomechanical
properties, and it is a regulatory protein with profound effects on the behavior
of cells. The interactions of collagen with cells are facilitated by denaturation
and collagen-derived peptides bind to cells [1]. These observations suggest that
the cell binding domains of collagen may be released from the triple helical
conformation, for recognition and allosteric binding. The unique conformation
of collagen is related to a large content of imino residues that impart a polyprolinelike character to each chain, and to the presence of glycine in every third residue
facilitating the supercoiling of three chains into the long, rod-like triple helix
[2]. In this structure, all side chains are present on the surface and the backbone
moieties are available for interaction with the solvent. The major stabilizing
interactions in this conformation are based on stereochemical properties of the
imino peptide bonds [2], and on non-bonded interactions between imino side
chains in adjacent polypeptides [3]. Substitution of a-amino residues for imino
residues lowers the stability of the triple helix [4]. The imino-deficient domains
of collagen can be expected to be conformationally labile, and therefore they
are potential participants in interactions of collagen.
Results and Discussion
Although collagen in aqueous solutions is denatured at 41°C and fibers undergo
thermal transition above 60°C, it can be expected that the molecules on the
surface of the fiber may be destabilized because of their location at the interface
between a hydrophobic core and surrounding water. Anisotropic environments,
in which most interactions of proteins with cells occur, can be expected to induce
distinct conformations for recognition and binding. We have examined the
conformation of a 15-residue peptide, GTPGPQGIAGQRGVV (P-15), based
on the sequence around the collagenase-susceptible peptide bond located in an
imino-deficient region of a 1(1) chain. The structure was examined in aqueous
solutions and in the presence of methanol, ethylene glycol and trifluoroethanol,
and in the presence of detergents by circular dichroism and 'H and 13C NMR
*To whom correspondence should be addressed.
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spectroscopy. These conditions have been used as models for anisotropic
environments [5]. Only the CD data are presented here. P-l5 did not show
ordered conformations in aqueous solutions. In the presence of MeOH, Etglycol,
TFE, and in sodium dodecyl sulfate (SDS), a clear shift in the spectrum towards
a ^-strand-like conformation was seen (Fig. 1). A Chou-Fasman analysis of
this sequence showed a high preference for the /3-strand conformation, with
11 out of 15 residues favoring this conformation. Similar analyses on iminodeficient domains showed that large regions of collagen may share this preference.
We examined the conformation of rat tail tendon type I collagen in SDS. As
seen in Fig. 2, the conformation of collagen in SDS is quite different from
its conformation in the native or heat-denatured states. The CD spectrum of
collagen in the presence of SDS shows a high content of /3-strand structure
suggesting the induction of this conformation in certain domains. SDS has been
shown to induce this conformation in the random coil forms of polylysine [6].
Other studies in our laboratory showed that P-l5 may be recognized by
fibroblast collagen receptors since it inhibits the binding of cells to collagen
[7], induces collagen-degrading metalloproteinases and inhibits collagen synthesis
in fibroblasts in culture (in preparation). P-l5 also binds stoichiometricaily to
fibronectin and to the 40 kDa collagen-binding domain of fibronectin, inducing
major conformational changes in these proteins (submitted for publication).

200

220

240

A (nm)

Fig. 1. CD spectra of P-15 in aqueous
solution (
) , in 75% MeOH in H20
(-—-), in 50% TFE in H20 (-•-• -), and in
3
8.27xlO- MSDS(
).

Fig. 2. CD spectra ofpepsin-solubilized rat
tail tendon type I collagen, in H20 at 20° C,
in H20 at 45°C, and in 8.27xlO-3M SDS
at 20° C.

Conclusion
Our studies suggest that a reactive peptide that mimics some of the interactions
of collagen has a greater preference for /3-strand conformation than for collagen
conformation. An examination of the Ramachandran map shows that the energy
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barrier between collagen-polyproline conformations and the /3-strand conformation is quite low. It is possible that under appropriate conditions, a tautomerism
may be induced between collagen-polyproline conformation and /3-strand conformation. Since the latter conformation segregates polar and non-polar residues,
it is an amphiphilic structure favoring inter-molecular interactions [8]. Thus,
local induction of this conformation may be a mechanism for the expression
of reactive molecular perspectives within the triple helix of collagen.
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Determination of a precise interatomic distance in a helical
peptide by RED OR NMR
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Introduction
Recent advances in NMR based on nuclear Overhauser effects have allowed
the determination of the solution structure of small proteins [1]. These methods
for distance determination suffer from the need to approximate correlation times
in the context of a motional model and can have large error ranges. A new
solid-state spectroscopic technique, rotational-echo double-resonance (REDOR)
NMR [2], measures the heteronuclear dipolar coupling between pairs of labeled
nuclei and allows interatomic distances to be directly and accurately determined
without invoking simplifying assumptions. We have applied REDOR to measure
an interatomic distance in fragment 1-9 of the peptide antibiotic, emerimicin.
The crystal structure of this peptide [3] [Ac-Phe-MeA-MeA-MeA-Val-Gly-LeuMeA-MeA-OBzl, MeA = a-methylalanine] shows it to be a-helical. Emerimicin
(2-9), only one residue shorter, has a 310-conformation in the crystal [4],
emphasizing the ease of transition between these two helix types. The measurement
by REDOR of an interatomic distance previously established validates the NMR
technique and demonstrates its utility in studying a-helix-3i0-helix transitions
in peptides containing multiple a,a-dialkyl amino acids.
Results and Discussion
Molecular modeling studies suggested that placement of 13C in the carbonyl
carbon of residue i and 15N at the amino group of residue i + 4 would yield
an interatomic distance that was maximally different [1.74 A] between the a and
3 10 conformations while maintaining the absolute interatomic distances within
the experimentally observeable range. The i to i + 4 carbon-nitrogen distance
for oligo-MeA in an a-helix was estimated at 4.13A vs. 5.87A in a 3i0-helix.
The availability of [15N]-glycine and the ease of synthesis of MeA[l- 13 C] led
to the incorporation of 13C at position 2 and 15N at position 6 of the nonapeptide
[5]. This pair of atoms is involved in intramolecular hydrogen bonding in the
*To whom correspondence should be addressed.
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crystal, and the actual measured distance between them in the crystal structure
was 4.128 A.
In a solid with 13C-15N dipolar coupling, the 13C rotational spin echoes, which
form each rotor period following a 'H- 13 C cross-polarization transfer, can be
prevented from reaching full intensity by inserting two 15N n pulses per period.
The difference between spectra aquired with and without the 15N pulses is related
to the C-N dipolar coupling by AS/S = K(N c D/n r ) 2 where AS/S is the experimental ratio of the carbonyl-carbon REDOR difference signal to the full echo,
Nc is the number of rotor cycles, D is the dipolar coupling constant to be
determined, nr is the spinning speed, and K is a dimensionless constant equal
to 1.066. In this study, Nc = 8, n r =3205 Hz, and the calculated value of D
was 44.1 Hz. Using this coupling constant, an experimental standard (the CN distance in alanine [6] for which the coupling is known), and the r3 distance
dependence for dipolar coupling, a distance of 4.07 A was calculated between
the emerimicin labels. In a second experiment with Nc = 4 and nr = 2222 Hz,
the distance was determined to be 4.05 A.
Errors in the REDOR measurement due to differences in motional averaging
for alanine and emerimicin, lack of consideration of the J-coupling contribution
to the directly-bonded C-N coupling in alanine, and the presence of intermolecular
contributions to 13C-15N dipolar coupling in emerimicin are estimated to be less
than 0.1 A.
Our validation of REDOR and its inherent precision suggest that this technique
can be used to map intermolecular distances such as those seen in drug-receptor,
inhibitor-enzyme, or antigen-antibody complexes. Membrane-bound receptors
and enzymes that resist crystallization may be approached using this technique.
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constraints derived from NMR: Cyclosporin and other
small peptides
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Introduction
Structural determination of peptides and small proteins made possible by
advances in NMR has facilitated attempts to correlate biological activity with
solution conformation and dynamics. Computional methods incorporating NOE
distance constraints have been shown to be robust tools for the elucidation
of the solution conformation of small proteins at low resolution, as determined
by comparison of NMR-derived structures with their X-ray homologs [1,2].
Ideally, any effort to couple biological effects and solution conformation would
consider all possible conformations present in solution. Commonly used structure
generation methods, such as distance geometry and molecular dynamics (MD),
have not been shown to meet this criterion. The application of systematic search
to simulated and actual NMR datasets suggests that this approach does have
the potential to determine the entire ensemble of conformations consistent with
the data and may reveal conformations not found by other methods.
Results and Discussion
Solution conformations of cyclosporin A (CSA), an 11-residue immunosuppressive cyclic peptide, were determined from an NMR dataset in DMSO [3].
The crystal structure of iodocyclosporin [4] was used to generate a model for
the backbone of CSA, and the SEARCH module of the SYBYL software
package** was used to generate conformers by scanning cb and tp angles in
10° increments. Conformers were screened for unfavorable van der Waals contacts
using radii previously calibrated for proteins and peptides [5]. To speed the
calculation, the CSA model was analyzed initially as several small subproblems.
Two or three residue fragments were evaluated to determine <\>,\\i angle ranges
consistent with 55 short-range NOEs and vicinal coupling constants. Ultimately,
the molecule was analyzed in two major fragments sharing common amide bonds.
The loop fragment consisted of Ala7, D-Ala8, MeLeu9, MeLeu10, and MeVal11,
*To whom correspondence should be addressed.
**Tripos Associates Inc., 1699 S. Hanley Road, St. Louis, MO 63144, U.S.A.
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and the sheet fragment included MeBmt1, Abu2, Sar3, MeLeu4, MeVal5, and
MeLeu6. Torsional ranges for cb and \\s determined in small subsearches, five
long-range NOEs, and four hydrogen bonds were used to constrain the search
of these major fragments. Distances linking the atoms at the ends of the loop
fragment common to the sheet fragment were monitored for every valid
conformation. The resulting distance map described all possible relative orientations between terminal atoms for the loop fragment and was used as a constraint
in the subsequent analysis of the sheet fragment. In a final calculation, the distance
map generated from the sheet fragment was used to constrain a search of the
loop fragment. Use of a distance map from one fragment to constrain the search
of the other fragment ensured that not only the NMR-derived constraints were
met, but also that the ring closure requirement was satisfied. The sheet and
loop fragments were then combined to generate complete CSA structures by
matching conformer pairs that possessed identical distance map points.
A total of two and half million conformations were found to be available
to the 11 CSA backbone </>,i/r pairs. Two distinct conformational families were
found to be available to Sar3. One family was a /3II'-turn ($3 = 60°, i/r3= -120°)
and constituted -94% of the valid conformations. This is equivalent to the BW
structures reported for CSA [3] and its iodo-derivative [4] in the crystalline
state. The remaining 6% corresponded to a /3I-turn (d>3 — -50°, \\i1 = -60°). Both
families were found to be energetically acceptable. Residues other than Sar3
were conformationally less variable, having similar <p,4i values regardless of the
Sar3 conformation.
The results of this study contrast with those of two recent structural studies
based on the same NMR dataset. A 30-ps molecular dynamics simulation of
CSA [6] at 300 K found no /3I-structure, and the authors concluded that the
backbone solution conformation of CSA was similar to that of the crystal. Both
the MD simulation and the search calculations unexpectedly suggest that the
sheet region of CSA is more flexible than the loop. A second study using distance
geometry [7] alone and in combination with MD also failed to find the alternative
conformation.
In anticipation of applying systematic search to larger systems, we have
developed a hybrid approach combining grid searching with an analytical solution,
which significantly speeds the calculation. This new algorithm has been applied
to a simulated NMR dataset derived from the crystal structure of cyclo(GlyPro-D-Phe-Gly-Val) [8] and to a real data set on cyclo(Tyr-Ile-Gly-Ser-D-Arg),
an analog of the cell adhesion pentapeptide YIGSR of laminin [9].
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Introduction
The peptide antibiotic nisin is produced by strains of Lactococcus lactis, and
possesses potent antimicrobial activity against a spectrum of gram-positive
organisms. Nisin contains several atypical residues, namely dehydroalanine,
dehydrobutyrine, meso-lanthionine and (2S,3.S,6.R)-3-methyllanthionine; the latter two residues introduce thioether bridges at various locations in the molecule,
resulting in a series of cyclic units [1,2]. We report here to complete resonance
assignment of the 'H NMR spectrum of nisin in aqueous solution, and some
preliminary conformation models based on constraints derived from a series
of NOESY experiments.
Results and Discussion
Nisin was purified to homogeneity by semi-preparative RPHPLC [3]. Complete
sequence-specific resonance assignment of nisin was achieved by application of
several 2D NMR techniques [4], and the results are summarized in Table 1.
The H 2 0 resonance was suppressed by using either the SCUBA-pulse [5] or
the jump-and-return [6] sequence.
Resonances were first assigned to individual types of amino acids by observation
of relayed scalar connectivities from the peptide backbone amide protons to
the side-chain aliphatic protons (by analysis of HOHAHA spectra). The sequential
assignment that followed was based on a systematic search for short- and mediumrange NOESY cross-peaks, and confirmed by the results obtained from the
relayed-NOESY experiment, which is composed of a NOESY pulse sequence
(r m = 350 ms), followed by a MLEV-17 pulse sequence [7] (r m = 40 ms). The
occurrences of the five thioether ring systems were confirmed by the observation
of NOE connectivities across the sulphur atom (e.g. n-AbuliCBH -Alasi9CBH
NOE and D-Abu 13 C£H'-Ala s 19 Ca//' NOE-/ connectivities).

*To whom correspondence should be addressed.
613

W.C. Chanetal.
Table 1 JH NMR (500 MHz) chemical shifts of nisin (5 mM) in aqueous solution (100
mM) sodium phosphate buffer; pH 2.25; H20,85: D20,15) at 303 K
NH

CaH

CBH
S (ppm)

CyH

CSH

He1

8.22

4.19

2.16

0.95

A z Abu 2
D-Ala s 3a
He 4

9.93
8.24
7.89

4.68
4.39

6.65
3.18,3.32
2.12

1.37,1.62
1.16
1.87
1.22,1.45
0.99

0.88

AAla5
Leu 6

ns

A In 7

Ala s ' 8b
D-Abu ""1
<
Pro 9
Gly 10
Alas.'Lys 12
D-Abu 13
Gly' 4
Ala 1 5
Leu 16
Met 17
Gly'8
Ala 19

/\lds

Asn 2 0
Met 21
Lys 22
D-Abu 23
Ala 24
D-Abu 25
Ala s 26 His 2 7
Ala s 28
Ser 2 '
He 30
His 3 1
Val 32
DAla 33
Lys 34

9.85
8.94
8.27
8.88

8.70
7.96
8.64
7.60
8.29
8.35
8.57
5 8.47
7.86
8.12
7.72
8.55
8.27
8.43
7.60
8.80
5 8.24
, 9.09
1 7.87
3 8.74
J 7.90
8.47
8.13
8.65
8.32
9.71
8.50
7.60

4.47
4.60
5.16
4.48
3.66,4.45
4.07
4.39
(NeHf)
4.60
4.12,4.16
4.30
4.37
4.68
3.90,4.18
4.55
4.75
4.57
4.37
(Neff 3 +)
5.05
4.72
4.85
3.93
4.98
4.47
4.54
4.24
4.85
4.24
4.51
(NtHf)

5.49,5.61
1.78
2.99,3.11
3.61
1.77,2.50

1.69

0.94,1.00

1.40
2.22,1.90

3.50

3.07,3.70
1.86

1.44,1.54

1.75

3.66

1.37

1.51
1.78
2.15,2.32

1.70
2.53,2.70

3.01,3.04
2.86
2.04,2.17
1.90

6.94,7.60 (j8CON# 2 )
2.56,2.64
2.17
1.48,1.55
1.77

3.60
1.50
3.57
2.72,3.48
3.13,3.42
2.75,3.73
3.90
1.87
3.21,3.31
2.17
5.74
1.91,2.01

CtH

3.05

0.95,0.98
2.18

3.06

1.40
1.48
8.65 (H2)

7.35 (H5)

1.20,1.38
0.90
8.63 (HI)
1.01

0.90

1.54

1.77

7.32 (H5)

3.07

"Alanine and ba-aminobutyric acid moieties of the lanthionine and 3-methyllanthionine
residues.
Preliminary computational analysis, with input of distance constraints derived
from over 150 observed NOE data revealed that the peptide backbone adopts
a rather compact conformation. In addition, the low NMR temperature coefficient
(-A6VAT, xlO 3 ppm/K) values of the a-amide NHs of He4, Alas7, Ala s n , Gly14,
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Met17, Alas19 and Alas26 (1.2-3.1) suggest that these N//s are either solvent shielded
or involved in intramolecular H-bonding; in contrast, the solvent exposed amide
Nr7s generally displayed -A67AT in the range of 8.0-16.5.
Further work is currently in progress in structural refinement, as well as
correlating the solution structure with the structure-activity data of several nisinderived peptides.
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Conformational studies of nisin and its fragments by NMR
and computer simulations
Darryl E. Palmer", Dale F. Mierke3, Christian Pattaroni3, Kenichi Nunami3,
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Manabu Kitazawab, Hiroshi Fujitab, Tetsuo Shibab and Murray Goodman3
"Department of Chemistry, B-043 University of California, San Diego, CA 92093, U.S.A.
department of Chemistry, Osaka University, Japan

Introduction
We report recent progress in elucidating the structure of the peptide antibiotic,
nisin. Nisin contains a,/3-unsaturated amino acids and five lanthionine (monosulfide) bridged rings [1]. Similar features appear in other naturally occurring
antibiotics such as subtillin, epidermin and gallidermin, possibly playing a role
in antibiotic activity [2]. We have characterized segments containing each of
these constrained rings, (with acetyl and jV-methyl amide end groups) and the
tripeptide region linking rings C and D, (with adamantoyl and adamantamide
end groups) through NMR and MD simulations [3]. In a molecular aufbau
approach, we are assembling the resulting conformations to aid in structural
determination of the whole molecule.
Methods
Our NMR studies included HOHAHA, NOESY, ROESY, as well as t b
homonuclear J-coupling, and temperature coefficient measurements [4-6]. Additionally, we have examined the metal-binding properties of whole nisin. To
date we have worked primarily in DMSO-rf6, but we have also used chloroform
and water. We use a GE Nicolet 500 MHz spectrometer.
Computer simulations began with high temperature (750-1000 K) dynamics.
At ps intervals, conformations were extracted and energy-minimized, with or
without NOE constraints. We used NOE constraints as a short-cut in our
computational search, and not to fit the experimental data. All constrained
structures were subsequently 'relaxed' through unconstrained minimizations.
Starting from the lowest energy conformations encountered (within 3 kcal/mol
of the lowest energy conformation), we proceeded with MD at 300 K. Again
at ps intervals, we carried out unconstrained minimizations to generate families
of the lowest energy conformations. Properties time-averaged over the course
of these low temperature dynamics agreed better with NMR results than did
minimum energy conformations. All calculations were carried out on the San
Diego Supercomputer Center Cray X-MP computer using DISCOVER Ver. 2.21
software.
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Fig. 1. The lowest energy conformations determined for the rings of nisin.

The novel a,/3-unsaturated amino acid residues required new force constants
and geometric parameters that we have developed through calculations, IR
spectroscopy, and X-ray diffraction studies. Using these parameters, we have
calculated a minimum energy conformation for acetyl, alanyl TV-methyl amide,
which agrees to within 2% with bond lengths and angles from X-ray diffraction.
The calculated carbonyl stretching frequencies agree to within 0.5% with IR
spectra collected in chloroform.
Results and Discussion
In such a manner we have characterized each ring of nisin (Fig. 1). The
simulations of rings B, C, and D + E, and the C-D linker region, were in overall
agreement with the NMR observations. Ring B shows one stable and one weak
transannular hydrogen bond. Ring C, surprisingly rigid for a heptapeptide, shows
two stable hydrogen bonds. Ring D + E shows no stable hydrogen bonding,
and the histidine side chain swings from one lanthionine to the other, as indicated
by the NOE to each. However, simulations of ring A indicate that the psi torsion
of dehydroalanine is cis, and a strong NOE from DhA HB (trans) to Leu HN
indicates a trans conformation. Thus, we are continuing to refine the force
constants for dehydroalanine.
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The entire nisin molecule as well as nisin residues 1-32 have been assigned.
Our assignments deviate somewhat from results recently reported by another
group, perhaps because of TFA, which they added to increase peak dispersion
[7]. Table 1 lists interresidue NOEs (ROESY, 300 ms mixing time) observed
for the entire molecule and demonstrates how well these were reflected by NOEs
found in the isolated fragments.
Table 1 Observed NOE of nisin in DMSO-d6
Ile'HA-DhB 2 HN
Ile>HG-DhB2HG
Ile'HD-DhB 2 HG
DhB2HB-D-Ala3HN
Ile 4 HN-DhA 5 HN
Ile 4 HA-DhA 5 HN
Ile 4 HB-DhA 5 HN
DhA5HB(cw)-Leu6HN
DhA5HB(/ra«,i)-Leu6HN
Leu«HA-Ala7HN
Ala'HA-D-Abu'HN
D-Abu8HA-Pro'HDl
D-Abu8HA-Pro»HD2
D-Abu8HA-Ala"HB2
D-Abu8HB-Ala''HB2
Gly10HN-Lys12HD

P
P
P
N
P
P
S
N
A
N
A

Ala"HA-Lys l2 HN
Lys' 2 HA-D-Abu' 3 HN
D-Abu13HB-Ala19HB2
Ala'SHA-Leu'SHN
Leu"iHA-Met"HN
Met17HA-Gly18HN
Ala"HA-Asn»>HN
Asn 2 °HA-Met 2l HN
Met21HA-Lys22HN
Lys22HA-D-Abu23HN
D-Abu23HA-Ala24HN
Ala24HA-D-Abu25HN
D-Abu25HN-Ala26HN
D-Abu^HA-Ala^HN
D-Abu25HA-Ala28HB2
D-Abu25HB-Ala28HB2

P
P
P
P
S
P
P
S
P
P
P
P
N
A

Ala26HA-His27HN
His«HA-Ala 2 »HN
Ala 28 HA-Ser 29 HN
Ser29HA-Ile3°HN
Ile 3 °HA-His 3 'HN
Ile3»HG-HiS3'HN
Ile3°HG-His3>HD
His 3l HA-Val 32 HN
Val 32 HN-DhA 33 HN
Val 32 HA-DhA 33 HN
Val 32 HB-DhA 33 HN
DhA 33 HN-Lys 34 HN
Dha33HB(cw)-Lys34HN
DhA 33 HB(/ra«i)-Lys 34 HN

P
A

N

P — present in fragment spectra.
A = absent from fragment spectra.
S = suggested in fragment spectra by NOE to end group.
N = indirect NOE, not observed in fragment spectra.
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Conformation of nikkomycin X in aqueous solution
Eduardo Krainer3, L.D.S. Yadav3, Fred Naider3 and Jeffrey M. Beckerb
"Department of Chemistry, The College of Staten Island, CUNY, Staten Island,
NY 10301, U.S.A.
b
Department of Microbiology, University of Tennessee, Knoxville, TN 37996, U.S.A.

Introduction
Nikkomycin X (Fig. 1), a dipeptidyl nucleoside .antibiotic produced by
Streptomyces tendae, is a strong inhibitor of chitin synthetase from pathogenic
fungi [1]. We undertook the study of its conformation in aqueous solution as
a first step toward understanding the molecular interactions of this antibiotic
with large membrane-associated proteins, such as peptide permeases and chitin
synthetase, from pathogenic yeasts.

Fig. 1. lH NMR spectra in D20 of (a) Nikkomycin X, and (b) membrane fractions from
Candida albicans containing chitin synthetase; (c) Nikkomycin Xplus the membranefractions;
(d) NOE difference spectrum, same conditions as in (a), H-5 irradiated (3 s); (e) NOE
difference spectrum, same conditions as in (c), H-5 irradiated (500 ms).
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Results and Discussion
200-MHz [ H NMR spectra were run directly in H 2 0 , using the 1331 solventsuppression pulse sequence proposed by Hore [2]. We measured ! H NMR chemical
shifts and coupling constants in the pH range from 1 to 6, and NOEs upon
irradiation of the resolved proton signals.
The 'H NMR titration data were fit to a one-proton titration curve,
_OAH + OAlO(PH-PKa>

1 + 10(pH-pKa)
using a non-linear, least-squares curve-fitting iterative computer algorithm. The
amide proton curve showed an upfield titration shift <5A-<5AH = -0.61 ppm, and
an inflection point at pKa = 2.95+ 0.05 corresponding to the ionization of the
carboxyl group. The pKa for the pyridine moiety, deduced from the H-3"'-4'"
and H-6'" curves, was 4.34 + 0.02. The curves for H-5 and H-l' showed small
titration shifts (+0.08 and -0.03 ppm, respectively) and inflections at the pKa
of the carboxyl group. This implies an intramolecular through-space interaction
between those protons and the carboxyl group, and is consistent with a
conformation where the carboxyl group is situated above the plane of the ribose
ring and close to the imidazolinone heterocycle. The imidazolinone ring adopts
an anti conformation which brings H-5 close to the carboxyl group. It is possible
that an indirect interaction occurs between the carboxyl group and H-5 in a
syn conformation. However, we view this interaction as unlikely since both H6 and NH-3 exhibited significantly smaller changes (0.02 and ^ 0 . 0 4 ppm,
respectively) upon titration of the carboxyl group.
The coupling constant J r2 - increased gradually during titration, from a value
of 4.3 Hz at pH 1.0 to 5.9 Hz at pH 5.85. This variation corresponds to a
shift of the conformational equilibrium from XN —0.6 to XN —0.4 as the pH
increased from 1 to 6 (XN is the mole fraction of N-conformer [3]).
We measured NOEs in D 2 0 solution using long irradiation times (3.0 s). All
the enhancements were small and positive. Through-space interactions were only
observed between hydrogen atoms within a given amino acid. This supports
a conformationally flexible structure in water. NOEs were observed between
H-5 and H-2' and H-5 and H-3', supporting the existence of the anti conformation
in the nucleoside moiety. NOEs measured between H-5 and H-l' demonstrate
[4] that the syn conformation is also significantly populated (Fig. Id).
We also carried out NOE measurements in the presence of Candida albicans
membranes containing activated chitin synthetase (protein: 16 mg/ml; activity : 0.95 nmol/mg.min; pD* 6.45). As seen in Fig. Ic, the protons of the inhibitor
are clearly resolved in the presence of the membranes. Most significantly (Fig.
le), in contrast to the NOEs found in D 2 0 , all NOEs in the presence of membranes
were negative. This strongly suggests that we are observing the inhibitor bound
to the enzyme. However, it is also possible that nikkomycin binds non-specifically
to lipids or other membrane proteins, or that changes in the solution viscosity
620

Peptide/protein folding
cause the change in sign of the NOEs. Strains of C. albicans unable to synthesize
chitin are not viable. We therefore ran control experiments by measuring NOEs
for nikkomycin X in the presence of DPPC vesicles (16 mg/ml, diameter 1000 A)
and DPPC vesicles (16 mg/ml) plus BSA (16 mg/ml). In both experiments,
the sign of the Overhauser effect was identical to that measured for free
nikkomycin in solution. This result supports our conclusion that the negative
NOEs provide information on the conformation of nikkomycin bound to chitin
synthetase.
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Site-directed chemical modifications as an aid for the
three-dimentional structure studies of the toxic site of a
cardiotoxin using proton NMR and distance geometry
calculations
Christian Roumestand, Eric Gatineau, Bernard Gilquin, Andre Menez and
Flavio Toma
Service de Biochimie, Departement de Biologie, CEN-Saclay, F-91191 Gif-sur-Yvette,
France

Introduction
Toxin 7, a cardiotoxin from Naja nigricollis, is a protein containing 60 residues
with four disulfide bridges in a unique polypeptide chain [1]. Single-site chemically
modified derivatives of toxin y were prepared for residues at different positions
(Leu1; Lys2'12'16-18'23-35; Trp 11 ; Tyr22-51) in the attempt to delineate the toxic site
of the protein. It followed from this work that (i) Lysine12, and to a lesser
extent Lys35, probably play a direct role in the toxic activity, and (ii) other
residues, i.e., Trp 11 , Tyr22 and Lys23, might be rather involved in the conformational properties of the toxic site of the protein [2,3]. This paper deals with
the comparison of the 3D structures of toxin y and the three derivatives, i.e.,
(NPS-Trp")-toxin y, [(3-nitro)-Tyr22]-toxin y and [(3-nitro)-Tyr51]-toxin y.
Results and Discussion
The proton NMR spectra at 500 or 600 MHz (Bruker WM500 and AM600
spectrometers) of toxin y and of the derivatives were fully assigned in sequencespecific terms. The NOEs, backbone-coupling constants and temperature coefficients of the amide protons thus obtained, were used for generating 3D structures
by means of the DISGEO algorithm. Ten structures of toxin y compatible with
the NMR experimental data (381 distance constraints for proton pairs at <0.45
nm) were computed (Fig. 1). Root-mean-square differences for Ca positions
of the calculated structures vary from 0.275 to 0.418 nm. All of them are close
to the crystal structure of the 74% sequence-homologous cardiotoxin of Naja
mossambica mossambica V"4 [4] (Fig. 1) and, respectively, to the solution structure
of the 95% sequence-homologous cardiotoxin of Naja mossambica mossambica
Hb [5].
Three adjacent loops are present, stabilized by antiparallel /3-sheets formed
in both the solid and solution states by strands involving respectively, residues
2-4/11-13 (loop I), residues 18-24/34-40 (loop II) and residues 20-26/49-55
(loop II and III). Chemical modifications of Trp 11 in loop I, Tyr22 in loop II
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Fig. 1. Five structures of toxin y computed with DISGEO (left) and projected view of
the crystal structure of cardiotoxin Vn4 [4] (right).
and Tyr51 in loop III have no influence on the folding. On the contrary, local
or medium-range perturbations of the 3D structure appear in the derivatives
through variations in the NMR parameters (NH and Ha chemical shifts, nonsequential inter-residue NOEs). These were analyzed in detail in the Trp 11
derivative. In this, large concomitant variations of the NH chemical shifts of
residues at position 3-13 (Fig. 2) and, respectively, of the Ha of Leu1 (+0.23
ppm), Asn4 and Lys12 (-0.15 ppm) were found relative to toxin y. Moreover,
interactions of the indole side chain of Trp 11 with the backbone (positions 7,
10, 12) and other side chains (positions 2, 8, 9) disappear in the derivative.
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Fig. 2. Effect of Trp" modification on NH chemical shifts (ppm) of residues 1-60 (toxin
y vs. derivative).
623

C. Roumestand et al.
Altogether, these results indicate a strong perturbation of the 3D organization
of the antiparallel /3-sheet present in loop I.
In conclusion, this structural change appears as the major factor related to
the decrease of the toxic activity in the Trp 11 derivative of toxin y. Interestingly,
the antiparallel /3-sheet structure in loop I is conserved in natural mutants of
toxin y [4,5] that all belong to the same cardiotoxin family [1].
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Introduction
The variant-3 neurotoxin from the venom of the scorpion Centruroides
sculpturatus Ewing (range southwestern U.S.A.) is a small basic protein composed
of 65 residues [1]. It binds to the sodium channels in a voltage-dependent manner
and prolongs the inactivation of the sodium current. The crystallographic
structure for this neurotoxin has been characterized in great detail [2]. The present
study reports some preliminary results of our model building efforts for this
protein based on NMR and distance geometry calculations.
Results and Discussion
The sequence specific assignments for this protein based on 2D NMR
spectroscopic methodology have been reported by us recently [3,4]. A number
of proton spatial contacts among the different amio acids in the sequence have
been established by 2D NOESY experiments on spectrometers operating at 400,
500 and 600 MHz (Bruker WH-400, WM-500 and AM-600). From an analysis
of the sequential NOESY connectivities and some NOESY contacts between
non-neighboring residues, certain general conclusions were deduced about the
secondary structure of this protein in aqueous solutions. An a-helical conformation for residues 23-31 was suggested by the observation of N(i)-N(i+1)
and a(i)-/3(i + 3) contacts among these residues. Similarly, an antiparallel Bsheet formed by residues 1-4 and 47-50 was indicated by the presence of crossstrand a-a NOESY contacts between residues 2 and 49 and between 4 and 47.
Evidence for the participation of a third strand formed by residues 36-41 in
the antiparallel /3-sheet was also indicated by the presence of a-a NOESY contacts
between residues 41 and 46 and between 36 and 50, with a bulge involving
residues 37 and 38. The cis conformation for Pro 59 was identified from the aa contacts between residues 59 and 58. A number of interesting contacts among
the aromatic side chains were also detected.
Distance geometry calculations [5,6] were initiated to define further the overall
conformation of the protein based on the NMR data. The calculations were
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performed on a CRAY computer using the UCSF distance geometry algorithm.
In defining the constraints, a data set consisting of 237 NOESY contacts obtained
primarily from 400 and 500 MHz spectra was employed. A uniform distance
range of 2-4.2 A was used for these contacts. Some hydrogen bond distance
constraints in the a-helix and /3-sheet regions as well as some non-NOE constraints
(distances ^ 4 . 5 A) to keep some atoms apart were also introduced into the
calculations. The results of the preliminary distance geometry calculations are
shown in Fig. 1. The structures in this figure are arranged to minimize the
rms deviation with respect to the average structure. The rms deviations varied
from 1.09 A to 1.86 A. The a-helix and the antiparallel /8-sheet structures are
well-represented in the distance geometry structures. A comparison of the
backbone conformations deduced from crystallography and our preliminary
distance geometry calculations shows that they are qualitatively very similar.
The side chains for some of the residues, however, undergo a minor rearrangement.
Refinement of these distance geometry structures by inclusion of additional
NOESY constraints obtained from 600 MHz data, and by restrained MD and
energy minimization calculations, are in progress.

Fig. 1. Variant-3 neurotoxin structures obtained from distance geometry calculations.
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Introduction
The nitrogen atom in the peptide linkage is a potential source of information
on secondary structure. The application of 15N NMR to biological systems was
made possible by the relatively recent development of reverse detection methods
for observation of low sensitivity nuclei via the coupled protons. The crucial
problem in these experiments is the suppression of large unwanted signals from
the protons attached to 14N. In the case of experiments in water, or other nondeuterated solvents, an additional and even more critical source of undesired
resonances is the solvent itself. Although some methods have been suggested,
water suppression in the reverse mode still lacks a general solution.
In the reverse experiment, selection of the desired signals can be achieved
in two ways. The suppression can occur after digitization, by means of phase
cycling, thus imposing severe stability and dynamic range requirements on the
spectrometer [1]. These methods are unsuitable for experiments in water even
with the insertion of efficient water suppression schemes such as DANTE [2]
or selective excitation (Redfield 2-1-4, Jump-Return) [3,4].
A second kind of experiment achieves selection of the desired signals at each
scan, using either BIRD pulse sandwiches [5] or spin-lock pulses [6,7]. These
types of sequences ar potentially more favorable for experiments in water.
Results and Discussion
We have compared the two different classes of sequences for water suppression
in reverse experiments. Better results were obtained with sequences from the
second type. Among these, the use of the BIRD scheme in conjunction with
presaturation of the water signal is unfavorable because of the different relaxation
times of solvent and solute protons. We obtained best results employing the
sequence NEMESIS [7]. The pulse sequence is a modified version of the reverse
INEPT [8] in which the water suppression is accomplished by means for
randomizing spin-lock pulses after the initial refocused INEPT sequence. We
implemented this sequence on our Bruker AM-400 and modified it with the
insertion of a 180° refocusing pulse in the middle of the evolution in order
to eliminate heteronuclear coupling in F l .
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We applied these methods to [Nle15]-little gastrin (pEGPWLEEEEEAYGWXDF-amide) at natural abundance 15N. This peptide was shown to
have a random structure in water [9,10], but to adopt an ordered conformation
in SDS micelles [11,12]. We performed experiments using the modified NEMESIS
sequence at concentrations as low as 10.8 mM in 90% H 2 0 , both in water and
in SDS micelles in order to detect possible effects of structural variations on
the 15N chemical shift.
The proton spectrum of little gastrin in water was fully assigned by conventional
2D techniques. Our results agree with and complete the work of Torda et al.
[10]. The complete assignment of the proton spectrum in SDS was previously
accomplished [12]. From these results, we were able to assign all the 15N resonances
in water and many of the 15N resonances in SDS. In both cases, the Gly resonances
are shifted upfield relative to the other residues. From water to SDS micelles,
the biggest differences in chemical shift are found for Nle and Leu.
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Introduction
The tripeptide CHO-L-Met-L-Leu-L-Phe-OH is known to induce chemotaxis
and selective release of lysosomal enzymes in neutrophils. The extended /3-sheet
conformation has been proposed as the receptor-bound conformation from
spectroscopic analyses in solution. More recently, the X-ray diffraction structure
of the bioactive derivative CHO-L-Met-L-Leu-L-Phe-OMe indicated the preference
of the tripeptide for an 'open' folded conformation in the crystal state, helical
at the central Leu residue but extended at the terminal Met and Phe residues.
In this communication, we describe the results of a systematic, detailed biological
study (using the release of the neutrophil granule enzyme /3-glucosaminidase)
and conformation analysis (using X-ray diffraction and 'H NMR) of the tripeptide
CHO-L-Met-Xxx-L-Phe-OMe (Xxx = Aib, Ac3c, Ac5c, Ac6c, and Ac7c) and their
Boc-protected synthetic precursors as well. The a-amino acids dialkylated at
the a-carbon listed above are known to be conformationally restricted and to
favor strongly intramolecularly H-bonded forms of the /3-bend type.
Results and Discussion
The A^-formylated Ac5c, Ac6c, and Ac7c analogs are approximately 2-, 5-,
and 7-fold more active than the prototypical CHO-L-Met-L-Leu-L-Phe-OH
(ED 5 0 = 1.3-3.5 x IO"10). Conversely, the Aib and Ac3c analogs are 4- and 150fold less active, respectively. Thus, in general, the conformational restrictions
in the CHO-L-Met-Xxx-L-Phe-OMe peptides are compatible with quite high
activity. In addition, the activity increases as the hydrophobic pocket in the
receptor for position 2 is more completely occupied. In the A^-Boc-protected
tripeptides, a marked fall in activity is observed.
*To whom correspondence should be addressed.
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Our crystal-state X-ray diffraction analysis indicates that the peptide backbone
of Boc-L-Met-Xxx-L-Phe-OMe (Xxx = Aib and Ac5c) adopts a 0-bend conformation at the -L-Met-Xxx- sequence stabilized by an intramolecular H-bond
between the Phe NH and the Boc C = 0 groups. The cb,\\i values for the LMet and Xxx residues are in reasonable agreement with those expected for a
type-II /3-bend conformation. The L-Phe residue is semi-extended. The only
relevant conformational difference between the two structures is found in the
L-Met side-chain disposition, (t, t, g~) in the Aib tripeptide while (/, /, g+) in
the Ac5c analog.
The involvement of the C-terminal (Phe) NH group of the tripeptides in
intramolecular H-bonding in CDC13 solution (concn. 2 x IO-3 M) was determined
on the basis of the modest variation in chemical shift experienced upon addition
of DMSO to the CDC13 solution. Conversely, the behavior of the NH resonances
of the Met and Xxx residues strongly favors the conclusion that these NH groups
are solvent-accessible. In the different NOE spectra, obtained by irradiation of
either the Xxx NH or the Met C a H resonance, significant intensity enhancements
are observed on the Met C°H and Xxx NH resonances, respectively. These findings
support the view that in CDC13 solution these peptides are folded in an
intramolecularly H-bonded type-II /3-bend conformation, as observed in the
crystal state.
Our results establish that the conformationally restricted, /3-bend forming
formyl-methionyl tripeptides incorporating, at position 2, an a-carbon dialkylated residue, are able to induce granule enzyme secretion from rabbit peritoneal
neutrophils. Therefore, this type of folded conformation may allow highly
favorable interaction with the neutrophil formylpeptide receptor. The significant
enhancements in activity observed by an increase of the bulkiness of the side
chain of central residue indicates that peptide-receptor interactions involving
this specific site are important modulators of biological effects.
Evidence for the tendency of the highly active CHO-L-Met-L-Leu-L-Phe-OH
and its methyl ester to adopt the type-II /3-bend conformation has not been
found so far, either in the crystal state or in solution. In this connection, the
possibility that the interaction of the formylpeptides with their neutrophil receptor
involves either multiple sites or an induced-fit mechanism is one that cannot
be ignored in view of the present findings and of the published results.
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Evaluation of side-chain contributions to a-helix stability
Ping C. Lyu, Luis A. Marky and Neville R. Kallenbach
Department of Chemistry, New York University, New York, NY, U.S.A.

Introduction
Studies with natural and synthetic models show that peptides with as few
as 13 amino acids have detectable helicity at low temperature [1-3]. Co-operative
helix formation in short peptides provides an important possible model for very
early intermediates in folding natural proteins.
Factors that have, so far, been identified as important in stabilizing helical
structure in isolated peptides are: (1) The identity of the side chains of groups
within helices [4-7]. (2) The arrangement of charged side chains [8-10]. (3)
Participation of certain side chains in helix nucleation and termination [11].
(4) Temperature: helical structure in short peptides is strongly T-dependent [6,
7,10].
Results and Discussion
To evaluate quantitatively the free energy contributions of different side chains
in stabilizing a helix, we have designed and synthesized a series of peptides
(Fig. 1) of 21 amino acids that possess partial helical structure in water at low
temperature. The parent structure consists of two adjacent blocks of glutamic
acid and lysine residues [12], providing a polar and soluble matrix into which
we insert different side chains. The approach is similar to the host-guest studies
of Scheraga's group [13] but involves short peptides and only naturally occurring
side chains. By estimating the change in helix content for different side chains,
we can assess their relative helical forming propensities.
The CD spectra of the peptides in Fig. 1 at 4°C are shown in Fig. 2, and
the results of a two-state analysis of the helix content in these peptides are

EAK: Su-YSEEEEKKKKAAAEEEEKKKK-NH2
ELK: Su-YSEEEEKKKKLLLEEEEKKKK-NH2
EGK: Su-YSEEEEKKKKGGGEEEEKKKK-NH2
Fig. 1. Sequences of the three substituted peptides. Su, succinyl; Y, tyrosine; S, serine;
E, glutamic acid; A, alanine; K, lysine.
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Fig. 2. Circular dichroism spectra of the peptides EAK, ELK and EGK in 10 mM KF
(4°C, pH7).
given in Table 1. So far, we can conclude that the stability constant for alanine,
SAla, is greater than that for leucine, SLeu, and both are well above SGiy. Our
estimates of relative helix-forming potential thus differ from Scheraga's values.
In addition, the absolute values are much larger for Ala and Leu in the context
of these peptides, and the apparent enthalpies are also greater, since the helix
structure is T-sensitive. This study shows that introducing sets of test residues
into a soluble, partially helical matrix formed by repeats of E4K4 permits
assessment of relative helix-forming potential. We are extending the series to
other amino acids to develop a more complete set.
Table 1 Helix content and the free energy of substitution of the three peptides
Kh<=
P
Peptide
AGd
AAGe
-[6] 2
28 300
0.79 + 0.06
3.98+1.28
-0.73+ .18
-1.41 ±.23
EAK
4.85+1.85
ELK
23 370
0.81+0.06
-0.83+ .23
-l.50i.27
0.23 + 0.02
0.30 + 0.03
0.68+ .05
EGK
5 600
0
a
2
Mean residue ellipticity (cm deg/dmol) of the peptides at 222 nm (4°C, pH 7).
b
f=([e]-[e]V[e] -[9]°), the fraction of helix. The maximum value calculated from
[0]° — 200 cm2deg/dmol, [0]100 =-27 000 cm2deg/dmol [14], and the minimum value from
[9]° = 2 500 cm2deg/dmol, [9]100 = -32000 cm2deg/dmol [15],
c
Kh = f/l-f.
d
AG = -R T In Kh (kcal/mol).
AAG — AGEAK,ELK or EGK - AG EG K-
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Effects of a disulfide bridge on the helix in C-peptide
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Introduction
Modifications of the C-peptide of RNase A (residues 1-13) have led to analogs
of increased helicity as measured by CD at 222 nm [1]. The reference peptides
RN-21 (Ac-A-E-T-A-A-A-K-F-L-R-A-H-A-NH2) and RN-80 (RN-21 : Phe8 Tyr) are about 50% helical in H 2 0 (pH 5.3, 3CC, 0.1 M NaCl). Introduction
of an intramolecular disulfide bond across one turn of the helix might impart
increased stability to these structures; computer modeling indicated that substitution of homocysteine (Hey) in positions 7 and 11 of RN-21 with formation
of a disulfide bond would not distort the helix and would not interfere with
either the Glu 2 -...Arg 10+ ion pair or the Phe 8 ...His 12+ interaction.
I
I
RN-83 (Ac-A-E-T-A-A-A-Hcy-F-L-R-Hcy-H-A-NH2) was synthesized, and the
bridge was formed both by oxidation of the free SH peptide and by use of
the nitrophenylsulfenyl (Npys) group for disulfide-bond formation [2].
Results and Discussion
Synthesis was performed by SPPS methods using Boc chemistry; peptides were
purified and characterized by standard methods [3]. Boc-Hcy(MeB) (Chemical
Dynamics) was a gift from Peter S. Kim (MIT), and Npys-Cl was prepared
by Wieslaw Klis in our laboratory. In the N-terminal region 1-6, 0.4 M KSCN
was used in the coupling mixture in order to disrupt secondary structure of
the growing peptide resin and increase the coupling rate [4]. Cleavage of Hcy(MeB)
peptides employed a low-high HF method using anisole as the scavenger [5].
The free SH peptide, synthesized with the HF-labile MeB protection on Hey,
was reduced with DTT prior to air oxidation or was oxidized with K3Fe(CN)6.
Alternately, use of the HF-stable Npys group for protection of Hey made possible
the purification of the peptide before formation of the disulfide bond. Npys
was introduced by displacement of MeB on Hey by Npys-Cl in the completed
peptide resin. Formation of the disulfide bond proceeded by reaction of triphenylphosphine with Npys, giving either one free SH that could displace the second
Npys with concomitant formation of the S—S bond, or two free SH groups
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with S—S bond formation by air oxidation. Subsequently, RN-92 (RN83: Phe — Tyr) was synthesized in order to use the tyrosine absorbance as a
measure of peptide concentration for CD measurements. CD was performed
as previously described [1] on an AVIV 60DS spectropolarimeter.
The methods used to form the disulfide bond in RN-83 all gave an identical
major product, albeit in low yield, that was ascertained to be the desired product
by AAA and FABMS, RN-92 was synthesized by the air oxidation method.
The CD of RN-92 shows a higher helix content (0222 = -15 8OO, pH 5.3, 3°C,
0.1 M NaCl) than the reference peptide RN-80 (-12700). Partial reduction of
RN-92 causes a sharp decrease to -12400. It is not yet clear if RN-92 is purely
an a-helical structure in the oxidized form. The 222-nm minimum is shifted
slightly to lower wavelength vs. the reduced peptide. Although the temperature
dependence of 0222 shows a high Tm of 32°C, indicating a highly stable structure
(the Tm for RN-80 is 0-5°C), it extrapolates to -19000, lower than the expected
-27000. TFE titration gives a maximum 0222 of -19000 at 12.5 mol% TFE,
consistent with the temperature dependence data, whereas the reduced form
(which is probably not fully reduced as shown by the presence of S—S bonds
in the 260-280 nm region of the CD spectrum) is as high as -22000. Also,
the difference spectrum of the oxidized and reduced forms shows a miminum
between 211 and 215 nm, which is not typical of an a-helix. The disulfide bond
may have produced a kink or a twist in the backbone, and further experiments
will be needed to characterize fully the secondary structure of these peptides.
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Identifying secondary structure in mastoparan and in
gramicidin S by IR and IR-ATR spectroscopies
John W. Bean, Gary E. Zuber and Kenneth D. Kopple
Smith Kline & French Laboratories, Department of Physical and Structural Chemistry,
L-940, P.O. Box 1539, King of Prussia, PA 19406-0939, U.S.A.

Introduction
The ability of IR and IR-attenuated total internal reflection (ATR) spectroscopies to identify secondary structure in peptides was tested using two conformationally well characterized peptides, mastoparan and gramicidin S. Mastoparan, which has little ordered structure in aqueous solution, adopts an ahelical conformation in methanol and upon binding to lipid membranes, as
determined by CD, by the vicinal NH-aH coupling constants in the NMR spectra,
and by TRNOE analysis [1,2]. Deuterium NMR spectroscopy of mastoparan
bound to dilaurylphosphatidylcholine vesicles indicates that the helical axis is
oriented parallel to the plane of the membrane, and that the charged residues
of mastoparan are exposed to the aqueous solvent [2,3]. Gramicidin S has been
shown to have a /3-pleated sheet conformation in a variety of solvent systems,
and has been used in the past as a probe to test structure determination
methodologies [4]. Our IR and IR-ATR results agree with these prior results
concerning the conformations of mastoparan and gramicidin S.
Results and Discussion
The amide-I band of mastoparan in methanol and on palmitoyloleoylphosphatidylcholine (POPC) multilayers at a lipid: peptide molar ratio of 50:1
has absorption maxima at 1659 cnr 1 and 1656 cm 1 , respectively. The amideI band of gramicidin S on POPC multilayers at a lipid: peptide molar ratio
of 50:1 has an absorption maximum at 1638 cm 1 . These amide-I band maxima
concur with experimentally determined values for a-helical and /8-sheet types
of secondary structure in 21 globular proteins [5].
The deuterium-shifted amide-I band of mastoparan in D 2 0 was a broad band
centered at 1645 cnr 1 with shoulders at 1650 cnr 1 and 1638 cm-1. The transition
at 1650 cm-1 may be assigned to a-helical secondary structure based on the
band maximum of mastoparan in CD 3 OD, but it constitutes only a fraction
of the overall amide-I band area. This result supports prior evidence indicating
that mastoparan has little ordered secondary structure in aqueous solution [1].
Polarized IR-ATR spectra of mastoparan and gramicidin S on the POPC
multilayers cast on germanium crystals indicated that the transition dipoles giving
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rise to their amide-I bands were aligned parallel to the plane of the POPC
multilayer. For mastoparan, RATR = 0.81, this indicates that the a-helical axis
is oriented parallel to the plane of the lipid multilayer, and for gramicidin S,
RATR = 0.86, this indicates that the plane of the /3-sheet is parallel to the plane
of the lipid multilayer. Parallel orientation of transition dipoles, with respect
to the lipid multilayer, is not always the case, however. Dynorphin A 1-13
adopts an a-helical conformation oriented perpendicular to the plane of the
membrane, RATR— 1-44 [6]. This is an experiment and a result which we were
able to replicate.
We were unable to resolve the transitions and their dipole orientations
comprising the turns in gramicidin S. This may reflect a limit on the ability
to discern discrete structural motifs in regular secondary structures by the IRATR technique, as applied by us to peptides on lipid multilayers at ratios less
than 1:25.
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Conformational energy calculations on aminoisobutyric
acid containing peptides and thiopeptides
V.N. Balaji, Salvatore Profeta Jr.*, A. Mobasser and M. Garst
Allergan Inc., 2525 Dupont Drive, Irvine, CA 92715, U.S.A.

Introduction
a-Aminoisobutyric acid (Aib) is an unusual, sterically hindered amino acid
with predicted (</>,i//) = + (50°,40o) [1-4], confirmed from crystal-structure data
analysis [5-8]. The conformational restriction of peptide, A^-methyl peptide,
thioamide, N-methyl thioamide containing Aib residues is likely to yield stereochemical^ interesting structures. While oligopeptide containing Aib residues
favor the formation of 3 I0 or a-helical structures [3,4,8], the presence of thioamide
[9] in the helical structure will disrupt the formation of 310 or a-helical structures.
We have investigated energetics (methods as described in [9]) of dipeptide analogs
(Fig. 1) and polymers of Aib containing residues.

tf

H

R

R.

Fig. 1. Model Aib compounds (R2 = R4 = H) (I) dipeptide (R,=R3=0), (II) dithiopeptide
(R,=R3 = S), (III) peptide-thiopeptide (R,=0,R3 = S) and (IV) thiopeptide-peptide
(Rj = S,R3 = 0).
Results and Discussion
Ac-(Aib)2-NHMe (I) (Fig. 1) has minima at (</>,iA) = + (50°,40°) and local
minima, 0.5,0.9 and 1.4 kcal/mol above the global at + (-60°, 160°), + (-170°,60°),
and (+ 180°,+ 180°), respectively. The barrier from the left-handed (50°,40°) to
right-handed (-50°,-40°) conformation is about 2.0 kcal/mol. Ac-(Aib-S)2-NHMe
•Present address: Glaxo Inc., Research Triangle Park, NC, U.S.A.
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(II) has global minima at ±(-60°,140°) with local minima, 0.2 and 2.4 kcal/
mol above the global minima, at +(50°,40°) and + (-170°,60°) respectively. The
conformational energy contours for both mixed peptides, Ac-(Aib-Aib-S)- NHMe
(III) and Ac-(Aib-S-Aib)- NHMe (IV), show more similarities to I than II,
consistent with the observed NMR data [10] on model compounds (details to
be published elsewhere). For Aib-dh^V-methylpeptide), the global minima occur
at ± (50°,40°). The barrier to transition from these two conformers is more than
5 kcal/mol compared to 2 kcal/mol for Aib-dipeptide. Poly(Aib)peptide adopts
both 3 10 and a-helical structure, the former being slightly more favored than
the latter, consistent with previous reports. Poly(Aib)- thiopeptide adopts 3and 4-fold polyglycine type II helical structures [11] with C = S and NH groups
perpendicular to the helix axis. In such a structure, C = S groups point away
from the helix axis, whereas NH groups point toward the helix axis.
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Turn tendency of a-aminoisobutyric acid-containing
sequences studied by HPLC and chiroptical methods
Takashi Yamada", Masayuki Nakao3, Toshifumi Miyazawa3, Shigeru Kuwata3,
Masao Kawaib'*, Yasuo Butsuganb and Makiko Sugiurac
"Department of Chemistry, Faculty of Science, Konan University Okamoto,
Higashinada-ku, Kobe 658, Japan
b
Department of Applied Chemistry, Nagoya Institute of Technology Gokiso-cho, Showa-ku,
Nagoya 466, Japan
c
Kobe Women's College of Pharmacy, Okamoto, Higashinada-ku, Kobe 658, Japan

Introduction
The introduction of a, a-dialkylated a-amino acids, the prototype of which
is a-aminoisobutyric acid (Aib), into peptide chains has proven to restrict the
available range of backbone conformation [1]. The conformational difference
between peptide diastereomers has a definite influence on separation by HPLC.
We recently reported that diastereomers of protected tetrapeptides 1,
Z-(L-D)-Val-X-Y-L-Phe-OMe

1

containing two achiral amino acids (X and Y), exhibit marked separation in
reversed-phase HPLC, when X is such an a,a-dialkylated glycine as Aib, Deg,
Dpg, Ac5c and Ac6c [2], and Y is not bulky, e.g., Gly [3,4]. Excellent correlation
between the separation and •H NMR chemical shift difference of Val-NH between
diastereomers of 1 was found; /3-turn conformation with two parallel intramolecular H-bonds was proposed for the L-L isomers from NMR study, and HPLC
separation of diastereomers could be explained by the difference in the turn
tendency [4].
Results and Discussion
In this work we examine the turn tendency of diastereomeric tetrapeptides 2
Dnp-Val-X-Y-Leu-pNA

2

containing the X-Y sequences, Aib-Gly, Aib-Aib and Gly-Aib. Val-Aib-GlyLeu is the central sequence of alamethicin.
CD spectra of 2 show the intense Cotton effects due to the interaction between
the terminal chromophores of the L-L isomers (Fig. 1) and, thus, indicates their
*To whom correspondence should be addressed.
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Fig. 1. CD Spectra of Dnp-L-Val-X-Y-(L-D)-Leu-pNA in MeOH.
strong turn tendency [5,6]. However, none of the L-D isomers unexpectedly show
distinct Cotton effects. Marked differences between diastereomers are also
observed in HPLC, as shown in Fig. 2. Every diastereomeric pair of 2 is much
more significantly separated than that of 1 containing the corresponding XY sequence, particularly in the case of X-Y = Aib-Aib. Noticeably, the retention
order of diastereomers of 2 is reversed in comparison with that of 1.
The conformational investigation has been extended to 'H NMR, mainly to
the temperature dependence of NH resonances of 2 in DMSO-<i6. Both LeuNH and pNA-NH of the L-L isomers show much lower values of d6YdT (ppm X
10-VK) than those of X-NH and Y-NH, which are exposed to solvent (-3.2 — 5.2), as follows: Aib-GIy, -0.5, -2.0; Aib-Aib, -0.5, -0.2; Gly-Aib, -1.0, +1.0
for Leu-NH and pNA-NH, respectively. Val-NH is strongly H-bonded to the
o-nitro group of Dnp (-0.8 — -1.8). These results indicate that the L-L isomers
adopt 3 10 helices with two intramolecular H-bonds in which Leu-NH and pNANH participate, and that the stability of the conformation may be in the order
of Aib-Aib > Gly-Aib > Aib-GIy, corresponding to the order of magnitude of
Cotton effects.
On the other hand, three L-D isomers show various temperature dependences:
Aib-GIy, -1.9, -3.0; Aib-Aib, -1.2, -1.0; Gly-Aib, -2.9, -0.5 for Leu-NH and
pNA-NH, respectively. Thus, these L-D isomers also adopt turn conformations,
although the conformations differ from each other. The L-D/D-L isomer of 2
seems to prefer incorporation of an Aib residue into the left-hand corner (Nterminal side) of type II and II' /3-bend, contrary to the findings by Toniolo
et al. [7]. Two chromophores of the L-D isomer may be separated from one
another in the turn conformation, in contrast to those of the L-L isomer, which
may be considerably closer to one another. This means that the L-D isomer
has a larger hydrophobic surface than the L-L one, and thus, the latter elutes
much faster than the former in RPHPLC.
642

Peptide/protein folding

X - Y = G l y - A i b (a = 1,70)

LU

L-L

D-L

X - Y = Aib-GIy (a = 2.00)

L-L

AD-L
16

24

32

X - Y = A i b - A i b (a = 2.87)

ft

L-L
16

24

AD-L
32

40

Time (min)

Fig. 2. Separation of diastereomers ofDnp-(L-n)-Val-X-Y-L-Leu-pNA (Cosmosil 5C,8 (4.6
I.D. x 150 mm), 70% MeOH aq.).
Similar study on Dnp-Gly-Aib-L-Pro-Gly-pNA and Dnp-Gly-Aib-L-ProO C H 2 C O - p N A have shown the larger turn tendency of the former compound
being consistent with the conformational difference found in solid state [8].
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Influence of asparagine on turn formation in cyclic
pentapeptides
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Lila M. Gierasch
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Introduction
To explore the influence of asparagine on reverse turn conformations, we
have designed and synthesized model cyclic pentapeptides that incorporate Asn
residues in positions likely to reside within B- and y-turns. In this paper, we
focus on the /3-turn region and compare conformational preferences of cyclo(GlyPro-Asn-D-Ala-Pro) and cyclo(Gly-Pro-Ala-D-Phe-Pro), which incorporate Asn
or Ala, respectively, in position i + 2 of a /3-turn. We find in the model peptide
system co-existing conformers that contain type I or type II /3-turns in dynamic
equilibrium; Asn in position i + 2 of the /3-turn leads to a higher proportion
of a type II /3-turn than when Ala occupies this position.
Results and Discussion
From NMR data such as temperature dependences of NHs, 13C chemical shifts
and coupling constants, the overall backbone structures for the two cyclic
pentapeptides consist essentially of fused B- and -y-turns as previously found
for other related peptides [1]. NOE analysis revealed an interaction between
the Pro H" and the residue following it in the /3-turn, which usually indicates
of a type II /3-turn, since this interproton distance is 3.5 A in a standard type
I /3-turn and 2.1 A in a type II /3-turn (Fig. 1) [2]. To characterize these turns
more fully, we carried out quantitative NOE analysis using the build-up rates
of ID NOEs (Fig. 2). From the build-up rates, one can obtain cross-relaxation
rates (a), which then can be used to determine accurate interproton distances
with equation (1) [3]:
1/6

(1)
Here, akl was between the methylene protons of the Gly residue, whose
interproton distance can be assumed to be 1.75 A. The calculated interproton
distance, r;j, is from the proton (j) that is irradiated to the proton (i), whose
transient NOE build-up is observed. The distance determined from the Pro 2 H°
to the i + 2 NH is 2.9 A for the Pro-Ala peptide and 2.45 A for Pro-Asn.
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Fig. 1. Structures of type I and type II B-turns, showing the Ha (i + 1) to NH(i + 2) distances.

The distances consistent with observed NOE build-up rates could arise either
from a single conformation with d>,i/f angles intermediate between type I and
type II /3-turns or from interconverting species. Torsional forcing of the Pro 2
\\i angle in 5° intervals for a total rotation of 360° allowed us to calculate an
energy profile corresponding to a type I/II transition (data not shown). These
results showed that an intermediate structure was of relatively high energy (ca.
6 kcal/mol above the low-energy regions) and, hence, was unlikely to exist as
a single conformer. Therefore, we conclude that these peptides are in dynamic
equilibrium between conformers containing type I and type II /3-turns.
We can thus calculate percentages of the populations of the two turn types
for each peptide that would be consistent with the measured distances between

2

3

4

•attrition tin (ucondt)
Fig. 2. NOE as a function of irradiation time for: cyclo(Gly-Pro-Ala-D-Phe-Pro) (open
squares); cyclo(D-Ala-Pro-Asn-Gly-Pro) (open diamonds); cyclo(Gly-Pro-D-Ala-Gly-Asn)
(open triangles). NH resonance irradiated, Ha observed in all cases. For detailed analysis
see Ref. 3.
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the Pro H a and the NH of the residue following. The Pro-Ala peptide would
be in the type I conformation 80% of the time and in type II 20%, compared
to the Pro-Asn peptide 65% type I, 35% type II. The introduction of asparagine
in position i + 2 of the /3-turn has shifted the equilibrium significantly towards
type II. Interestingly, this shift parallels the behavior of Asn residues in proteins
[4,5].
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Low temperature rotating frame relaxation studies of
cyclic peptides
Cynthia A. D'Ambrosio and Kenneth D. Kopple
Smith Kline and French Laboratories, L-940, P. O. Box 1539, King of Prussia,
PA 19406-0939, U.S.A.

Introduction
The cyclic peptides c(D-Phe-D-Pro-Ala-Pro) (I), c(Phe-D-Trp-Lys-Thr-Phe-Pro)
(II), gramicidin S (III) and a-amanitin (IV) all give narrow line NMR spectra
in methanol down to -60°C. In principle, these 4 peptides could be conformationally stable or, alternatively, they could be exchanging among widely
different conformations at rates exceeding IO3 s 1 .
Rotating frame relaxation studies (T ]p ) can be used to extend the frequency
range of recognizable low frequency conformation exchange two orders of
magnitude, to < IO5 s 1 . A conformation exchange contribution to the relaxation
rate R lp of a nucleus is dependent on the rate of the exchange, and on the
square of the chemical shift difference in the different conformations [1]. To
see if internal motions of the 4 peptides have been brought into this IO5 s_1
range at lower temperature, we carried out 400 MHz NMR relaxation studies
of peptide a-protons on methanol solutions at -60°C.
Results and Discussion
For these carbon-bound protons, the only important contributions to the
rotating frame relaxation rate are those from interproton dipole-dipole (d-d)
coupling and chemical shift modulation by any chemical (conformation) exchange:
R lp (observed) = R lp (d-d) + Rlp(exchange)
The dipole-dipole contribution is estimated from measurements of the laboratory frame spin-lattice relaxation rate (R\), containing only a dipole-dipole
contribution and knowledge of a rotational correlation time TC. In these studies
we have obtained rc from the ratio:
R^selective, initial rate)/R!(nonselective)
where the selective rate is the initial rate of relaxation of a selectively inverted
proton resonance (30 ms pulse) and the nonselective rate is that from the usual
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hard pulse inversion recovery experiment. These two rates have different
dependences on the rotational correlation time [2]. The advantages of this
approach over 13C relaxation for obtaining TC are use of lower peptide concentrations and the fact that correlation times obtained refer specifically to the
interproton vectors directly involved in the dipolar relaxation. For the a-protons
of III in DMSO at 20°C, we obtain values of r c near 0.8 ns in this work; using
13
C" data, we earlier obtained values near 0.6 ns. The shorter r c values from
the 13C work could lead to overestimation of exchange contributions to R lp .
Representative results are given in Table 1.
Table 1 Relaxation data for a-protons of cyclic peptides, methanol, 213 K
I, D-Phe
R, (s-0
R h sel. init. (s-1)
r c (s)
1
RIP C )
R,p, d-d, est. (s 1 )
R lp , exch. contr. (s 1 )

1.41
1.64
0.57
5.9 + .5
4.5+ .4
~1

II, Trp
0.67
2.3
1.6
8.0+ .4
8.9 + .9
~0

III, Orn
1.68
3.3
1.0
14.6+ .4
11.3 + .8
~3

IV, Cys

IV, Gly

1.54
1.06
4.4
2.7
1.7
1.8
14.5+1. 43 + 5.
10.7+1. 17.7+1.
~4
large

Rotating frame field dependence, above the error level, was not observed (7H1
in the range 2.9-8 kHz), indicating the motions involved are at the upper end
of the range affecting rotating frame relaxation in these experiments. Exchange
contributions to Rip were not observed for all of the protons examined. However,
spectra of II, III, and IV, measured at -90°C, 30°C lower, show differential
line broadening, confirming that conformation exchange is occurring at -60°C,
even though narrow line spectra are obtained. These measurements do not suggest
specific details of the conformational motions.
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Comparison between the conformation of renin inhibitory
peptides determined by cryogenic CD and 2D exchange
NMR and molecular modeling based upon the crystal
structure of proteases
Graeme J. Anderson, Colin H. James and William A. Gibbons
The London School of Pharmacy, Brunswick Square, London WC1N 1AX, U.K.

Introduction
Although linear peptides had been thought previously to possess a wide
spectrum of conformations in solution, recent experiments using cryogenic CD,
solvent perturbation CD and 2D NMR have shown this not to be the case,
e.g., polylysine [1] and rabies virus epitopes [2]. Here we report similar studies
of a renin inhibitory peptide, RIP [3]:
H-Pro-His-Pro-Phe-His-Phe-Phe-Val-Tyr-Lys-OH
Renin inhibitory peptides were thought to have many solution conformations,
and their conformation derived from crystallography and molecular graphics
was predicted to be an extended chain conformation. Our results show RIP
to have two principal solution conformations, neither of which is an extended
conformation.
Results and Discussion
CD spectra recorded as a function of solvent polarity, pH, and temperature
revealed the presence of a two-state conformational equilibrium. The low
temperature state consisted of cis amide bonds at Pro3. The room-temperature
spectra indicated a mixture of cis and trans isomers, the ratio varying with the
polarity of solvent.
2D 'H NMR studies confirmed and refined the conclusions from CD results,
and were used to construct an approximate structure for RIP in both conformational states.
Both solution conformations differed from the enzyme-bound conformation
predicted by Blundell et al. [4]. Our energy-minimized structures have been used
to design conformationally constrained inhibitors of renin.
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Fig. 1. Circular dichroism spectra of RIP
in methanol/glycerol solution (9:1), recorded as a function of temperature.
a = +20°C; b = -13°C; c = -30°C; d=
-54°C; e = -73°C; f=-90°C; g = -108°C;
h = -142°C.
The plot of At versus temperature showed
a 'leveling off of the curve at -142°C,
consistent with the 'freezing out' of the lowest
temperature state, in this instance a structure
involving cis peptide bonds. At room temperature the curve was also level, indicating
a high temperature conformational state.

Fig. 2. CD solvent titration between 100%
MeOH and 100% TFE. The presence of an
isodichroic point was indicative of a two-state
system for RIP and represented a further step
in resolving the conformational components
of RIP in solution.
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Conformational analysis of peptides using time-resolved
fluorescence resonance energy transfer
J.F. Hedstrom3*, F.G. Prendergastb and L.J. Miller3
"Gastroenterology Unit and bDepartment of Biochemistry, Mayo Clinic, Rochester,
MN 55905, U.S.A.

Introduction
Conformation determines the pharmacophoric selectivity between a ligand
and a putative binding site. Consequently, many techniques have been employed
attempting to establish receptor preferences for specific ligand conformations.
Steady state methods can only provide static structural information about peptides
in solution. Recently developed time-resolved fluorescence resonance energy
transfer (TR-FRET) techniques [1] have paved the way for more insightful
dynamical information to be garnered from fluorescence data. TR-FRET not
only yields information about the average separation between two chromophores,
but also indicates whether a distribution of peptide conformations is more
plausible. Using TR-FRET, we investigated the conformation of a dansylated
analog of cholecystokinin octapeptide (CCK-OP): Dansyl-Asp-Tyr(S0 3 H)-MetGly-Trp-Met-Asp-Phe-NH2.
SAR were performed to ensure that the derivatization of the a-amino group
of CCK with dansyl (DNS) would not alter the biological activity of the peptide.
Results and Discussion
10-/uM samples of both the unmodified and dansyl-derivatized CCK-OP were
prepared in (i) 25 mM 7V-(2-acetamido)iminodiacetic acid (ADA) buffer with
120 mM KCI at pH 6.8, and (ii) 6 M guanidine-HCl (known to denature
polypeptides).
Fluorescence lifetimes were measured using time-correlated single photon
counting [2]. Intensity decays for tryptophan in most polypeptides is multiexponential. Lakowicz et al. [3] have shown that the donor fluorescence for
a donor-acceptor (tryptophan-DNS) pair separated by a distance r may be
expressed as
Ida(r,t) = 2 a di exp [ -t/r d i - t/r d i (R 0 /r) 6 ]

(1)

i

and the observed decay given by

*To whom correspondence should be addressed.
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Ida(t) = j 7 f(r) W r . t ) dr

(2)

with a di defined as the pre-exponential factor and r di the associated decay time
for component i of the donor fluorescence (with no acceptor). The Forster radius
R0 is 15 A for the tryptophan-DNS pair in water [4], and f(r) is the distance
distribution function.
Simulated and experimentally acquired TR-FRET decay files were fit to discrete
and Gaussian-distributed distance functions. The results presented in Table 1
emphasize the utility of TR-FRET techniques in measuring distances in polypeptides. The technique is not only extremely sensitive (permitting use of
micromolar peptide concentrations), but also yields information about the
dynamics of the system. For CCK-OP, the implication is that, at physiological
pH, the peptide has a broad range of conformations.
Table 1 Recoveredparametersfor TR-FRET decays assuming distributed or discrete distance
model functions
Sample
Gaussian simulation
distribution
discrete

Length (A)
12.04a
12.24
14.18

5.72a
5.48
-

1.04
25.17

Discrete simulation
distribution
discrete

14.19a
14.19
14.19

_
0.02
-

_
0.96
0.96

CCK in ADA buffer
distribution
discrete

10.39
12.88

5.06
-

17.22
92.77

CCK in guanidine/HCl
distribution
discrete

12.48
14.37

5.60
-

12.17
68.32

a

Values used in simulation.
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Synthesis of phenyl-substituted BTD (bicyclic-turned
dipeptide) and its incorporation into bioactive peptides
Ukon Nagai and Rika Kato
Mitsubishi Kasei Institute of Life Sciences, Minamiooya 11, Tokyo 194, Japan

Introduction
BTD has been developed as a tool to elucidate the conformation of bioactive
peptides when it binds to the receptor sites [1], It is characterized by the fixed
backbone conformation simulating the central part of type IT /3-turn. It can
be incorporated into a peptide chain and the BTD-containing peptide always
takes a folded conformation at the point of BTD substitution, since BTD cannot
take on the other conformation due to the rigid bicyclic structure. The BTDcontaining analogs of gramicidin S and GnRH were synthesized, and they retained
high biological activity demonstrating that their bioactive conformation is, indeed,
turned at the position of BTD incorporation [2,3]. During the course of
investigation, introduction of side-chain functionality on the BTD skeleton was
found necessary in order to extend its applicability to peptides containing a
functional group at the turning point which is essential for biological activity.
8-Phenyl BTD has been selected as the first target for the substituted BTDs.
Results and Discussion
The BTD skeleton can be constructed from Glu and Cys derivatives. Therefore,
/3-phenylcysteine (Fcys) is required as the building block for the synthesis of
8-phenyl BTD. Although the synthesis of chiral Fcys was first reported by O.
Ploux et al., we devised an original route to obtain all the four diastereomers
of chiral Fcys [4]. First, the addition of a mercaptan to acylamidocinnamic
ester was followed by removal of N- and S-protecting groups. The Fcys ester
obtained was resolved to threo- and erythro-isomers by recrystallization. Treatment of each of the stereoisomers with acetone afforded the corresponding 2,2dimethylthiazolidine derivative quantitatively, which was then resolved into chiral
forms by passing through a chiral HPLC column. The y-carbonyl compound
(aldehyde or ketone) of the N-protected Glu derivative was used as the second
component. Actually, two experiments were carried out using (1) Pht = Glu(CHO)-OMe and H-Fcys-OMeHCl and (2), Boc-Glu(CO-Me)-OH and H-FcysOHHC1 as sets of building blocks on the basis of preliminary experiments with
model compounds. Although the first experiment gave poor yield of the desired
product, the second experiment gave good yield of the product, Boc-6-Me-8Ph-BTD-OH (see the structure in Fig. 1). It showed no melting point up to
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300°C, but colored gradually yellow to dark brown above 220°C, and had specific
rotation value of -28.1° (c 1.0, MeOH).

BocNH
Fig.l.
Its 'H NMR spectrum proved the structure unambiguously except for the
stereochemistry of angular methyl group. This compound has a convenient form
of Boc-protected dipeptide that can be used directly for incorporation into a
peptide chain by the usual procedure.

CH,

CH,-®

CH,

H-Tyr-1KIK0-NH-CH-C0-Gly-NH2 H-TyHBH^
Dermorphin(1-4)amide

jf

CH-H©

N— CH-CO-Gly-N

CO
The target analog

Fig. 2.
The 8-phenyl BTD can be used as a substitute for the /3-turn having Phe
at the third position. So, dermorphin has been selected as the first target peptide
to incorporate the 8-phenyl BTD unit. The experiment to synthesize the 6-Me8-Ph-BTD-containing analog of dermorphine(l-4)-amide is in progress (Fig. 2).
Dermorphin is an opioid peptide isolated from frog skin by an Italian group,
and it is known that even the short-chain analog, Tyr-D-Ala-Phe-Gly-amide
retains high potency [5]. If our analog would exhibit potent activity, valuable
information on the bioactive conformation would be obtained.
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Long-range effects of single site mutations in
bacteriorhodopsin
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"Max Planck Institut fur Erndhrungsphysiologie, Rheinlanddamm 201, D-4600 Dortmund,
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b
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Introduction
The modification of biologically active peptides and proteins has been
extensively utilized in structure-function studies. However, the altered function
could not always be unequivocally associated with the modified amino acid
because the peptide accommodated the modification by long-range conformational changes. The introduction of site-directed mutagenesis into this field
together with X-ray structural analysis provided the possibility to study systematically how a modification affects stability and function (for an overview
see Ref. 1). However, this approach fails if crystal structures are not available
or if the proteins are not susceptible to solution NMR techniques. In the following,
it is shown that solid-state NMR techniques can provide data of mutational
effects on the structure of a membrane protein. As an example, bacteriorhodopsin
(bR), the light-driven proton pump form Halobacterium halobium was chosen
(for a recent review see Ref. 2).
Results and Discussion
Bacteriorhodopsin was biosynthetically modified with [4-13C]Asp [3]. The
isotope label was also found in C-ll of the Trp ring system [3]. The 13C solidstate magic angle sample spinning (MASS) NMR of this sample revealed four
classes of Asp residues distinguished by their chemical environment. Of the nine
Asp contained in bR, five residues are on the cytoplasmic surface of the membrane
protein. Two of them experience an ionic environment that is changed by removing
the C-terminal tail. Also, two protonated internal Asp could be discerned, and
two internal deprotonated Asp could be tentatively correlated with a signal at
173 ppm. Five different C-ll Trp resonances were found between 110 ppm and
115 ppm.
Three mutant strains of Halobacterium spec. GRB, with the site of mutation
in the bacteriorhodopsin gene (PM 326: Asp96-Asn; PM 374: Asp96-Gly; PM
384: Asp85-Glu) [4,5], were grown in a synthetic medium containing [4-13C]Asp.
The mutant bacteriorhodopsins, labeled with [4-13C]Asp (37-45%) and due to
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the metabolic reaction with [ll- 13 C]Trp (50-100%), were isolated as purple
membranes and solid-state 13C NMR spectra of the samples were taken.
The two Asp96 mutants lacked the signal at 171.3 ppm that was previously
assigned to a protonated internal Asp. From this observation one can conclude
that Asp96 is protonated in the ground state. The NMR spectrum of PM 384
(Asp85-Glu) differs dramatically from the wild type. However, one can assign
the resonance at 173 ppm in the wild-type spectrum to Asp85.
The distribution of the 13C isotope provides an internal antenna that monitors
the effects of single-site mutations on Trp, internal Asp residues and Asp residues
from the cytoplasmic surface. External surface Asp residues of both classes of
mutant bR are better available for hydrogen bonds as compared to the wild
type. A similar effect was also observed in a spectrum of the wild type that
lacked the C-terminal tail [3]. Apparently, the C-terminus folds over the
cytoplasmic surface, thereby protecting certain parts from the bulk phase [6].
This interaction is partially disrupted in the mutant proteins, indicating structural
changes as far reaching as from the interior of the protein to the cytoplasmic
surface.
Whereas the Asp96-Asn and Asp96-Gly mutant proteins display only little
structural changes, the functional properties of these proteins are drastically
impaired [7]. One can conclude from these observations, that the perturbations
are primarily locally confined. It is, therefore, reasonable to assume that Asp96
is functionally involved in the reaction cycle of bR and an integral member
of the proton transfer chain.
On the contrary, the Asp85-Glu mutant alters not only the chromophoreprotein interaction, as indicated by the shift of the absorption maximum from
570 nm to 610 nm and the chemical environment of the surface Asp residues,
but also two of the Trp resonances and the chemical shift of Asp115. In this
case, the altered function [7] might not necessarily be due only to the mutated
site.
In this communication, it was shown that conservative mutations like the
replacement of Asp by Glu in bacteriorhodopsin can have dramatic effects on
its structure. On the other hand, a substitution of Asp by Gly, which leaves
a gap at the location of the side chain of Asp, can be compensated locally
by the protein.
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Introduction
Putatively all hydrophobic and amphiphilic polypeptides induce ion permeation
effects in planar bilayers as far as they interact with the lipids and adopt
transmembrane structures [1]. Experiments with a series of simple helical rods
Pn [Boc-(Ala-Aib-Ala-Aib-Ala)n-OMe, n = 1-4] reveal a strongly voltage-dependent conductivity at high positive and negative voltages, but sharply distributed
open channel conductances could not be resolved [2]. This differs from ion
channels of alamethicin, which are switched on at positive and negative voltages
and display a sequence of long-lived channel states of non-integral conductance
values.
Results and Discussion
In order to impose channel-stabilizing structural elements to the icosapeptide
P4, we added aromatic residues to the termini (N-terminal dansyl-group and
C-terminal Trp-OMe), and a Pro residue was inserted Vi rod length away from
the C-terminus to yield Dns-(Ala-Aib-Ala-Aib-Ala)3-Pro-Ala-Aib-Ala-Aib-AlaTrp-OMe (I). Besides a strongly voltage-dependent conductivity at high voltages,
this a-helical polypeptide forms a channel type of weak voltage-dependence at
moderate voltages [3]. Open channel events appear in bursts (Fig. 1, upper traces),
similar to the gating characteristics of the acetylcholine receptor channel WTBy
(bottom traces in Fig. 1). Surprisingly, the model channel exhibits only one
open conductance state of 63 pS, independent of voltage. Mean lifetime analyses
of the open and the closed state within burst fluctuations reveal that its ratio,
the equilibrium distribution function, depends weakly on membrane voltage.
The formal gating charge is 0.19 elementary charge.
The synthetic a-helix I forms a bursting channel, the kinetic properties of
which resemble those of the nicotinic acetylcholine receptor. This important
result reveals that bursting behavior already is an intrinsic feature of simple
*To whom correspondence should be addressed.
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Fig. 1. Single channel current fluctuation traces of bursting ion channels. Upper traces:
bent helix 1 (Dns-P21-Trp) 50 ng/ml in cis compartment; BLM: POPC/DOPE/Chol,
85:9:6;
1.0 M NaCl, 10 mM Tris/HCl, pH 7.0, 22°C. Lower traces: Patch-clamping on skinned
Xenopus oocytes after injection ofm-RNA offetal nicotinic acetylcholine receptor of bovine
skeletal muscle (WTBy from S. Numa, Kyoto) and expression of translated receptor protein;
10 nM acetylcholine in pipette, 21 °C, conductance 40 pS.
molecules that form stable aggregates (probably 4 or 5 monomers for I) in lipid
bilayers. The weak voltage dependence of channel lifetime of I is found with
ligand-gated channels, too, indicating similar structural prerequisites. An in659

G. Boheim et al.
teresting question is that of the origin of the two closed states, one short-lived
within a burst, and another long-lived between the bursts of activity. Lateral
rearrangements of the helices within the membrane plane and a helix movement
at the Pro residue might be feasible. Pro insertion into C-terminal half of the
polypeptide chain leads to an asymmetric molecular shape. Thus, compact ion
channels with maximum hydrophobic intermolecular interactions are formed
in the parallel helix orientation. Experiments with Pro-free analogs of alamethicin
[1] and melittin indicate that a break and bend in helix axis improves aggregate
stability.
Straight a-helical voltage-dependent channel formers such as Boc-(Ala-AibAla-Aib-Ala)4-OMe [2] are lacking the stabilizing elements leading to resolved
single channel events in lipid bilayer experiments, whereas Dns-(Ala-Aib-AlaAib-Ala)3-Pro-Ala-Aib-Ala-Aib-Ala-Trp-OMe (I) exhibits the well resolved traces
shown in Fig. 1. Fluorescence quenching and time-resolved fluorescence anisotropy of Trp in different positions along 21-peptide helices gave very valuable
information about position in the membrance, and side chain and backbone
motions. In order to investigate the influence of the Pro residue on the internal
flexibility, the fluorescence energy transfer (FET) from Trp to Dns was measured
in I and Dns-(Ala-Aib-Ala-Aib-Ala)4-Trp-OMe (II). For the bent helix I the
FET measurements in methanol at RT indicated an average distance Dns-Trp
of 25 A and a halfwidth of P(r) of 12-13 A, whereas the corresponding values
for the straight helix II are: Dns-Trp 30 A and P(r) 9-10 A. Measurements in
fluid lipid membranes show a similar trend, however, with a 20-30% reduced
halfwidth of P(r) for both I and II.
According to molecular dynamics simulations for 600 ps, the broader distance
distribution between the helix ends in I compared to that in II is due to an
increased internal mobility of the bent helix. Regular angular fluctuations found
for two helical segments (characterized by the angle between two vectors from
C£ to C] 3 and C] 3 to C 20 ) for the straight helix II are around + 6 degrees.
For I, a similar type of motion ( + 6 degrees) is superimposed by jumps of 1520 degrees that appear to occur preferentially in a plane defined by the average
positions of the two helix segments. Future experiments correlating the fluorescence with the electrical signals will show if the motions of the bent helices
described here are responsible for channel opening and closing.

References
1.
2.
3.

660

Boheim, G., Gelfert, S., Jung, G. and Menestrina, G., In Yagi, K. and Pullman,
B. (Eds.) Ion Transport through Membranes, Academic Press, Tokyo, 1987, p. 131.
Menestrina, G., Voges, K.-P., Jung, G. and Boheim, G., J. Membrane Biol.,
93(1986)111.
Boheim, G., Helbig, I., Meder, S., Franz, B. and Jung, G., In Maelicke, A. (Ed.)
Molecular Biology of Neuroreceptors and Ion Channels, Springer-Verlag, Berlin,
1989, p. 401.

Conformational control in cyclic hexapeptides
Nathan Collins and Nigel G.J. Richards*
Department of Chemistry, The University, Southampton S09 5NH, U.K.

Introduction
The use of dipeptides and their analogs to control conformation in cyclic
peptides remains the subject of much investigation. We report here the synthesis
and preliminary conformational analysis of two cyclic hexapeptides, cyclo^Pro 1 D-Phe2-Gly3-Val4-Tyr5-Gln6-) 1 and cyclo(-Pro1-Phe2-Gly3-Val4-Tyr5-Gln6-) 2.
These two sequences were chosen in order to investigate the effect upon peptide
conformation and flexibility of changing the dipeptide sequence Pro-D-Phe to
Pro-L-Phe. The former sequence, when incorporated into cyclic hexapeptides,
has been shown to restrict their conformational space through its preference
for adopting a type II /3-turn [1]. The other residues were chosen because they
comprise the turn region of the 'helix-turn-helix' motif in cro repressor protein
[2]. The synthesis of 1 and 2 was achieved by solid phase methods using the
Fmoc N-protection strategy [3], followed by cyclization of the linear precursors
using DPPA.
Results and Discussion
We examined the conformational properties of 1 and 2 using both amide
temperature-dependence measurements [4] and ROESY experiments [5] using
d6-DMSO as solvent. The mixing time for the ROESY pulse sequence was usually
300 ms. Peptide 1 adopted a single preferred conformation, although peaks from
a second minor conformer could be detected. However, the ratio of these was
at least 30:1. The Pro-D-Phe segment was determined to adopt a type II Bturn, while a type I /3-turn was present about the Val-Tyr region. In addition,
the glycine residue was distorted such that the NH resonance was observed
as a doublet, the assignment being based upon a TOCSY experiment. An intriguing
feature of the modeled conformation consistent with experiment was the alignment
of 3 N-H bonds upon one face of the molecule in the type I turn region. From
statistical studies upon proteins [6] in the Brookhaven database [7] we expected
that Pro-L-Phe would not favor the formation of a type II /3-turn, and therefore
that 2 would prefer an alternate conformation to that observed for 1. Although
peptide 2 was found to exist in predominantly two conformations (in a ratio
of 3:1) in DMSO solution, the observed temperature dependence of the amide
chemical shifts in the major conformation was identical to that determined for 1.
*To whom correspondence should be addressed.
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Pro

LPhe

Fig. 1. Modeled solution phase conformations of 1 and 2 based upon coupling constant,
temperature dependence of NH chemical shift and rotating frame NOEs. (a) Major
conformation for 1 showing the turn structures and the alignment of the NH bonds about
the type I B-turn. A similar structure has been determined for the preferred conformation
of 2. (b) Minor conformation of 2 showing the type VI B -turn about the Gin-Pro residues.

Moreover, the glycine NH was again a doublet, and a similar set of rotating
frame NOEs was determined for this conformer of 2 when compared to those
of peptide 1. The gross backbone conformation of the peptide must therefore
be similar for the major conformations of both 1 and 2. Similar experiments
have also allowed us to establish that the minor conformation of 2 contains
a cw-proline linkage, and therefore possesses a type VI /3-turn about the Gln-
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Pro segment. Chemical exchange peaks in the ROESY spectrum of 2 have
established that the major and minor conformers are interconverting in solution.
Indeed, the magnitude of these peaks is comparable to those observed for linear
peptide sequences under study in our laboratory (N.G.J. Richards et al.,
manuscript in preparation). Our current models of the major conformation of
1 and the minor conformer of 2 are shown in Fig. 1. Refinement of these structures
is underway using constrained Monte Carlo searching methods [8] and MD
calculations.
Conclusion
From these results, the ability of the Pro-D-Phe sequence to control the shape
of cyclic hexapeptides does not seem to lie wholly in a structural preference
for a type II /3-turn, since 2 also exists in a similar conformation in its most
populated form. However, the substitution of D-Phe for L-Phe in the Pro-Phe
region does increase the ratio of the two most highly populated conformers
by an amount corresponding to ca. 5.7 kJ/mol in free energy, at 298 K. This
substitution also appears to decrease the conformational flexibility of the cyclic
hexapeptide. Whether the Pro-D-Phe unit exerts its influence by stabilizing the
type I /3-turn about Val-Tyr, or by destabilizing the type VI turn about GinPro, relative to the Pro-L-Phe dipeptide is the subject of current molecular
modeling studies.
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Physical and conformational properties of a synthetic
leader peptide from bovine serum albumin*
Ann Eisenberg Shinnar3**, Jennifer Howitt Anolik3, Daniel A. Johnson3 and
Thomas. J. Lobl"•***
"Department of Chemistry, Swarthmore College, Swarthmore, PA 19081, U.S.A.
b
Biopolymer Chemistry, The Upjohn Co., Kalamazoo, MI49001, U.S.A.

Introduction
In an effort to understand how the conformational and physical properties
of leader (signal) peptides contribute to their function in protein translocation
across membranes, we have chemically synthesized the 24-residue amino terminal
sequence of prepro bovine serum albumin (BSA): MKW(CHO)VTFISLLLLFSSAYSRGVFRR(NH 2 ). The primary structure of preproBSA LP exemplifies
features commonly observed in both eukaryotic and prokaryotic leader peptides,
including: (1) an Nt-region bearing a charged residue (lysine), (2) a hydrophobic
core region of 11 residues, and (3) a Ct-region with Ala and Ser occupying
the - 3 , -1 positions proximal to the cleavage site [1]. PreproBSA LP is also
predicted to have secondary structural features typical of leader peptides [2].
Application of Chou-Fasman rules [3] suggests the strong potential of forming
either a-helix or /3-sheet secondary structures in the N, and hydrophobic core
regions, and the signficant probability of a /3-turn near the cleavage site region.
These structural features are thought to be essential for the functional interaction
of leader peptides with membranes. In the CD studies described below, we report
the ability of preproBSA LP to undergo major changes in backbone structure
that are dependent upon conditions of solvent choice and peptide concentration
and thus illustrate the conformational flexibility of this synthetic leader peptide.
Results and Discussion
Size exclusion chromatography studies provide evidence that the peptide
solubilized in 1% acetic acid undergoes a monomer-oligomer equilibrium. The
minimum aggregation number is 50 and the critical micelle concentration (cmc)
is estimated to be between IO-5 and 10~4 M. CD spectra show that preproBSA
LP adopts /3-sheet structure above the cmc and aperiodic conformation below
the cmc (Fig. IA). Addition of TFE to this system shifts the backbone
T h i s work is dedicated in memory of Professor Emil Thomas Kaiser and Eleanor Howitt.
**Present address: Department of Biochemistry and Biophysics, University of Pennsylvania,
Philadelphia, PA 19104 U.S.A.
***Present address: Immunotech Pharmaceuticals, San Diego, CA 92121, U.S.A.
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conformation to a-helix, whether the peptide is monomeric or oligomeric. In
simple buffers such as phosphate or acetate, preproBSA LP exhibits CD spectra
characteristic of a mixture of a-helix and /3-sheet structures. In solvent mixtures
of acetonitrile, methanol and phosphate buffer, used in C4 RPHPLC purification,
the peptide shows a CD spectrum typical of a-helix (Fig. IB).
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Fig. 1. (A) CD spectra of preproBSA in 1% acetic acid. Above the cmc, the peptide adopts
> 80% B-sheet structure (-—-); below the cmc, the peptide shows > 60% aperiodic structure
(
) [4] (B) a-Helix is promoted by TFE and organic solvents. Addition of 40% TFE
to monomeric preproBSA in 1% acetic acid changes the backbone structure from aperiodic
to >45% a-helix content (
) . In aqueous mixtures of acetonitrile and methanol, the
peptide has>25% a-helix (• ) .
PreproBSA LP gives rise to a monomer-oligomer equilibrium, an aggregation
property that typifies surfactants, i.e., molecules exhibiting interfacial activity.
This micellization in 1% acetic acid is accompanied by a major change in
conformation from predominantly aperiodic to /8-sheet structure. The ability
of this synthetic leader peptide to assume a more ordered structure upon
encountering another peptide or protein surface could be important for receptormediated contact with biological membranes. Transition to an a-helical structure
occurs easily in organic solvents, such as HPLC mixtures of acetonitrile and
methanol, and also in hydrogen bond promoting solvents such as TFE. This
suggests that an a-helical conformation would be favored for leader peptides
inserting into the interior of a biological membrane.
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/8-Ala residues for molecular design of cyclic peptides
containing H-bonding turns
B. Di Blasio, V. Pavone*, X. Yang, A. Lombardi, E. Benedetti and C. Pedone
Department of Chemistry, University of Naples, Via Mezzocannone 4, 80134 Napoli, Italy

Introduction
The continuous and growing interest for cyclic peptides derives from the reduced
conformational flexibility that can be achieved when a topological constraint
is introduced in a linear peptide. For this reason," cyclic peptides have been
used to develop highly potent biologically active molecules. Several cyclic peptides
have been synthesized using S-S bond, amide or ester linkage. 6-Aminovaleric
acid and e-aminocaproic acid have been used to freeze naturally occurring amino
acids in a typical /8-turned conformation. With the same aim, we have undertaken
the synthesis of a series of peptides containing the /3Ala-/3Ala linkage dipeptide
as putative cyclization arm to force the remaining residues in a /3-turned
conformation.
Results and Discussion
As a part of our efforts on the conformational properties of cyclic peptides,
we report the synthesis and X-ray single crystal analysis of two cyclic peptides:
cyclo(Pro-Phe-/3Ala-/3Ala) and cyclo(Pro-Pro-Phe-/8Ala-/3Ala) (Fig. 1). The
choice of these a-amino acids residues was based on their occurrence in bioactive
molecules.
The peptides were synthesized in solution using classical methods. Cyclization
of the free tetra- and pentapeptides was achieved in DCM using DCCI as activating
agent in dilute solution («4.2 mM) in a reasonable yield (12%).
The cyclo(Pro-Phe-/3Ala-/3Ala) crystallizes in the monoclinic P2 t space group
from hot water, with two tetrapeptide and seven water molecules as an
independent moiety of the unit cell. This compound contains, in the solid state,
an intramolecular hydrogen bond between the CO group of the /3Ala4 and the
NH group of the /3Ala3 residues stabilizing a type I /3-turn conformation in
which Pro 1 and Phe2 occupy the relative position 2 and 3 of the turn, respectively.
A rather complex network of 18 hydrogen bonds involving all the remaining
CO and NH groups and water molecules is present in the crystal.
The cyclo(Pro-Pro-Phe-/3Ala-/3Ala) crystallizes in the monoclinic space group
P2] from hot water with five solvent molecules. The Pro'-Pro 2 peptide bond
is cis and the molecular conformation is stabilized by an intramolecular hydrogen
*To whom correspondence should be addressed.
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Fig. 1. Single crystal X-ray structure of cyclo(Pro-Phe-BAla-BAla) and cyclo(Pro-Pro-PheBAla-BAla).

bond between the CO group of /3-Ala5 and the NH of the Phe3 residue. The
Pro'-Pro 2 segment occupies the relative positions 2 and 3 of a type Via /3-turn,
while the /3-Ala-/3-Ala-Phe segment is incorporated in a C13-like ring structure.
The crystal packing is characterized by a network of 12 intermolecular hydrogen
bonds involving all the remaining CO, NH and the water molecules.
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Determination of peptide a-helicity in aqueous
trifluoroethanol and its use in studies of protein
secondary structure
S. Russ Lehrman, Jody L. Tuls and Marilyn Lund
The Upjohn Company, Kalamazoo, MI 49001, U.S.A.

Introduction
Linear peptides that lack well-defined secondary structure in aqueous solution
often become a-helical in less polar solvents such as TFE [1]. The relevance
of TFE-induced a-helicity to protein secondary structure is unclear. For example,
it is unknown if TFE-induced a-helicity correlates with predicted a-helicity. This
type of correlation would suggest that the a-helicity of peptides, dissolved in
aqueous TFE, can be used as an indicator of their a-helical propensity, and
would enhance the utility of peptide chemistry in studies of protein structure.
Bovine growth hormone (bGH) is a four-antiparallel-helix-bundle protein [2],
which has been shown to fold in a manner consistent with the framework and
molten-globule hypotheses [3,4,5]. Chou-Fasman analysis predicts the presence
of several helical regions in this protein [6]. We can, therefore, determine the
conformation of bGH fragments in aqueous TFE, and compare these with the
known and predicted secondary structure of this protein. We have synthesized
a series of eleven bGH fragments which span the complete primary structure
of this protein (Fig. 1), and have determined the a-helical content of these peptides
in aqueous TFE. In this report, we compare these results with the predicted
a-helicity of each peptide.
Results and Discussion
The bGH fragments were synthesized by SPPS and characterized by FABMS
and AAA. The percent a-helical content of each peptide was calculated from
the mean residue ellipticity at 222 nm ([0^22) 0 I e a c n peptide dissolved in 10
mole percent TFE. For these calculations, we used a value of 31 500 deg-cm2-dmok
', as the [0]222 f° r 100% a-helix [7]. Peptide concentrations were determined
using BCA analysis (Pierce Chemical Co., Rockford, IL) [8]. The average
variability of the [0]222 determinations is + 5%. Predictions of the a-helical content
of each peptide were determined using the Chou-Fasman method [6].
We find that most of these peptides become increasingly a-helical as a function
of TFE concentration up to 10 mole percent (data not shown). At 10 mole
percent TFE, the amount of a-helicity developed by these peptides varies from
0 to 74%. These values have been compared with the predicted a-helicity for
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Fig. 1. The primary sequence of bovine growth hormone. a-Helical regions are indicated
by dotted lines above the sequence. Regions of predicted a-helicity using the Chou-Fasman
algorithm are noted by the letter H immediately below the primary sequence. Peptide fragments
which were synthesized for use in this study are indicated by solid lines below the sequence.

each primary sequence (Table 1). For eight of the eleven peptides studied, the
predicted and TFE-induced a-helicity agree to within 20%, and are statistically
correlated (r = 0.9). Therefore, for peptides which span 75% of the bGH primary
sequence, it appears that the TFE-induced a-helicity reflects a propensity for
a-helix formation. Peptides 1, 6, and 10 do not behave in this manner, and
inclusion of these peptides in this analysis significantly lowers the observed
correlation (r = 0.6). Peptides 1 and 6 are significantly more hydrophobic than
the other peptides included in this study, suggesting that any relationship between
predicted and TFE-induced a-helicity may only be valid for hydrophilic peptides.
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Table 1 Comparisons of predicted and TFE-induced peptide a-helicity

1
2
3
4
5
6
7
8
9
10
11

Peptide

TFE-induced
a-Helicity (%)

Predicted
a-Helicity (%)*

bGH(l-17)
bGH( 12-34)
bGH(27-47)
[Ser53]-bGH(43-64)
bGH(56-80)
bGH(78-95)
bGH(96-133)
[N-Acetyl]-bGH( 130-150)
bGH(145-162)
[Ser'"]-bGH(153-80)
[Tyr'™]-bGH(179-191)

46
74
16
27
51
37
60
32
27
62
0

88
91
29
45
60
0
47
29
33
25
0

*See Ref. 6.
Conclusions
The results reported here show that, for a series of eight bGH fragments,
TFE-induction of a-helicity parallels predicted a-helicity. However, three of the
bGH fragments, two of which contain significant hydrophobic character, do
not follow this pattern. These results suggest that investigations of peptide
conformation in aqueous TFE are useful in studies of protein structure, but
with limitations to be defined.
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Positively charged amino acid residues, because of their
amphipathic nature, can increase lipid affinities of
amphipathic helixes
Y.V. Venkatachalapathi, Kiran B. Gupta, Hans DeLoof, Jere P. Segrest and
G.M. Anantharamaiah
Departments of Medicine and Biochemistry and the Atherosclerosis Research Unit, UAB
Medical Center, Birmingham, AL 35294, U.S.A.

Introduction
The amphipathic helical (AH) domains of apolipoproteins (apo), compared
to other biologically active AH domains such as polypeptide hormones and
toxins, are unique. They possess a clustering of positively-charged (+) residues
at the polar-nonpolar interface and negatively-charged (-) residues in the center
of the polar face. Synthetic peptide analogs of the AH with the charged residue
positions reversed, i.e., + residues clustered in the center of the polar face and
-residues at the polar-nonpolar interface, have significantly decreased lipid
affinity compared to apo-mimicking AH peptides [1]. From these studies, we
hypothesized that the + residues, because of their amphipathic nature, can increase
the lipid affinity of the AH.
As part of a study to understand the molecular properties of apo A-I, the
major protein component of high density lipoproteins, we synthesized analogs
for the consensus lipid-associating domain with the sequence PVLDEFREKLNEXEEALKQKLK (A-Icon) [2]. The 13th position (denoted by X) indicates
the marked polymorphism that occurs at this position in the eight 22mers of
apo A-I and is located on the nonpolar face 40 degrees from the polar-nonpolar
interface of the AH. We now describe studies of three A-Icon analogs, ([Lys13]AIcon, [Glu13]A-Icon and [Haa13]A-Icon) with X at the 13th position = Glu, Lys
and L-homoaminoalanine (Haa, an unnatural + amino acid having the same
acyl chain length as Glu) to test our hypothesis. [Haa13]A-Icon serves as a control
peptide to study the effect of acyl-chain length on the lipid affinity.
Results and Discussion
The peptides were compared for their ability to interact with multilamellar
vesicles of dimyristoyl phosphatidylcholine (DMPC), and the extent of interaction
was compared by their ability to clarify turbid DMPC suspension and to form
stable discoidal complexes. We have shown earlier that the size of the discoidal
complexes varies inversely with the lipid affinity of the peptide. As measured
by the EM and non-denaturing gradient gel electrophoresis of peptide: DMPC
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complexes (1:1 weight ratio), the [Lys13]A-Icon forms the smallest discoidal
complexes of the three (Stoke's diameters: [Lys13]A-Icon: 110 + 30 A [Glu13]AIcon: 200 + 50 A and [Haa 13 ]A-I con : 310 + 30 A). The results of the dye leakage
experiments also suggest that [Lys13]A-Icon interacts with the carboxyl fluoresceinentrapped egg PC to release the dye at least twice as effectively as the other
two. That is, [Lys13]A-Icon at 200 /ug equals Triton X-100. The other two, at
the same concentration, released about 50% of the entrapped dye.

Ky

Nonpolar face

%f

%F

Polar face
k

<yty

JXN

^ ^

A

- ^ T ^

~7XvT£
PVLDEFREKLNBELEALKQKLK

PVLDEFREKLNEB.EALXQKLK

Fig. 1. Idealized helix representation of two peptides. The mutated Lys residue [Lys'3]ABased on these results, we propose the (Snorkel) model shown in Fig. 1 for
the association of the apo class AH with lipids. The bulk of the van der Waals
surface areas of the + residues are hydrophobic. We propose that the amphipathic
basic residues, when associated with phospholipid, extend toward the polar face
of the helix to insert their charged moieties into the aqueous milieu for solvation.
We suggest that essentially all of the uncharged van der Waals surface of the
AH of the apos can be buried within the interior of a phospholipid monolayer.
Compared to the other classes of the AH, the arrangement of charged residues
found in the apos provides for a deeper helix insertion into a monolayer and
thus possess a greater lipid affinity.

References
1.
2.

Anantharamaiah, G.M., Jones, J.L., Brouillette, C.G., Schmidt, C.F., Chung, B.H..
Hughes, T.A., Bhown, A.S. and Segrest, J.P., J. Biol. Chem., 260(1985) 10248.
Anantharamaiah, G.M., Brouillette, C.J., Venkatachalapathi, Y.V. and Segrest, J.P..
Arteriosclerosis, (1989) in press.

673

Diacylaminoepindolidiones as models for /8-sheet structure
D.S. Kemp*, Christopher C. Muendel, Daniel £. Blanchard and
Benjamin R. Bowen
Department of Chemistry, Massachusetts Institute of Technology, Room 18-584,
Cambridge, MA 02139, U.S.A.

Introduction
Earlier, we introduced peptide conjugates of 1,8-diaminoepindolidiones as
models for antiparallel /3-sheet formation [1,2]. The epindolidione nucleus mimics
the H-bonding sites of a polypeptide backbone in its extended conformation
as noted in Fig. 1. Acylation with the dipeptide Pro-D-Ala that has a strong
tendency towards /3-turn formation, followed by a chain-reversing urea spacer
linked to a dipeptide dimethylamide (Fig. 2), permits exploration of biases of
amino acids for and against antiparallel sheet formation. Figure 3 shows a 1,8diacylaminoepindolidione bearing an acetyltetrapeptide residue terminated by
the turn-forming Pro-D-Ala. This system permits exploration of the nucleation
of parallel sheets.
Results and Discussion
The structures of the epindolidione derivatives were studied by NMR in DMSOd6. For some of the derivatives containing the urea linker, NH J-values, NH
A5's, and Gly methylene 5's imply that ordered conformations exist. NH
AcVAT's indicate that the amides positioned for H-bonding are sequestered from
solvent. NOE data show proximity of the entire peptide to the epindolidione
core.
In addition to NH AS's, shifts are observed in H3 on the polyheterocycle.
We have attributed this to deshielding from the adjacent anilidic carbonyl as
it is forced in proximity to the proton when a second H-bond is formed. To
test this point, three series of derivatives were made varying the fourth residue
between series and the third residue within a series. Each group reveals a linear
relationship between H3 5 and NH o of residue 4, the NH involved in the
second hydrogen bond, and the same sequence of increasing AS in all three
series.
The simple tetrapeptide derivatives (Fig. 3) incorporating permutations of the
same four hydrophobic residues exhibit similar evidence for parallel sheet
formation in DMSO. The most compelling indications are shift anisotropics,
here of H3 and the aH of residue 4. The magnitude of the last anisotropy
*To whom correspondence should be addressed.
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Fig. 1. Alignment of epindolidione nucleus with B-sheet peptide.

in particular, ranging from zero in the Ala-Ala derivative to 0.55 ppm for the
Val-Val case, closely reflects the bulk of the residues comprising the sheet. Further
evidence includes the high NH J-values of residue 4 (up to 9.5 Hz) and the
increasingly stabilized /3-turn (low A6VAT and large aryl NH AS). Finally,
difference and 2D NOE experiments of the Val-Val compound reveal a number
of spatially proximate hydrogens, notably H4 and the acetyl, and Val4 aH and
the pyridone NH, that confirm an extended structure adjacent to the epindolidione.
We have thus demonstrated the ability of a rigid polyheterocycle to direct
/8-sheet formation in both the parallel and antiparallel sense, and we have
identified parameters that report consistently on the robustness of the structure.

O
H

H T
O

H

o
H

O

R

«

H

H

H—N

Fig. 2. Dipeptide conjugate linked through
urea spacer to Pro-D-Ala-epindolidione systern.

Fig. 3. Peptide directly coupled to Pro-DAla-epindolidione system.
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Future work will focus on NMR and CD studies in water, including a quantitative
assessment of the sheet-forming propensities of the different amino acids.
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Solution phase conformation of templated proteins:
Progress in the modeling of a-helix initiation and
propagation
D.S. Kemp and James G. Boyd
Department of Chemistry, Massachusetts Institute of Technology, Room 18-584,
Cambridge, MA 02139, U.S.A.

Introduction
As reported elsewhere in these proceedings [1], owing to conformational
flexibility at the acetyl amide and 8,9 C-C bonds, peptide conjugates of template
1 (T) exist in water as a mixture of two conformers. Here, we present evidence
that concerted with conversion of the template to its trans, eclipsed form, a
helix-coil transition occurs in the linked peptide that is readily measurable by
H NMR. Peptide conjugates of 1 (Fig. 1) thus constitute a laboratory for studying
helix-coil transitions in water for small peptides.

Fig. 1. trans, Eclipsed conformation of the helix-nucleating template 1.
Results and Discussion
Scrutiny of the 500 MHz H NMR spectrum of TA 6 OH (Fig. 2) reveals two
peptide conformers present in a helix/coil ratio (h/c) of approximately 2 : 1 .
The thiomethylene protons 9a,b (Fig. 1) and the two acetyls also integrate to
2 : 1 , demonstrating the cooperative transition described above. The striking
feature of the NH spectrum of TA 6 OH is the pronounced difference in NH
chemical shift (S) between the two forms of the peptide. The helical conformer
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Fig. 2. NH resonances of hexa Ala conjugates.

has S's consistent with those of helical residues in native peptides [2]. The lower
field NH resonances, however, are the same as for AcPro 2 Ala 6 OH (Fig. 2). The
change in S with respect to temperature (AS/AT) is a test for shielding from
solvent. We observe AS/AT values for the helical amides of 3.5-5.4 x 10-3 ppm/
K. These values are consistent with values found for internally H-bonded protons
[3]. Conversely, the AS/AT values for the low field NHs range from 7.7 to
8.4 X 10"3 ppm/K, comparable with the value measured for random coil peptides.
In addition, the J„CH-NH coupling constants are 5-6 Hz, consistent with the range
predicted for helical residues [2].
To test the effect of chain length on h/c ratio, we prepared two series of
templated Ala oligomers. The first series: TA 4 6 8 ONa, shows ratios of 1.1, 1.5
and 1.7, respectively. The second series, containing a C-terminal lysine amide:
TA4_8KNH2 e-TFA salt, has ratios of 2.0, 2.3, 2.5, 2.6 and 2.7. From these
values, several points are evident. First, the template responds to small changes
in peptide structure. Second, the effect is approximately that predicted from
the Scheraga [4] Zimm-Bragg's value for alanine. Third, negative charge at the
C-terminal is destabilizing (compare TA 4 KNH 2 with TA 6 ONa).
We have also prepared a templated alanine peptide series with glycine inserted
at each position. The h/c values are shown in Fig. 3 and are in agreement
with what we predict using the accepted s value of 0.60. Finally, a striking
difference in the chemical environments of the Gly methylene protons is seen
for TGA 5 OH. The helical form in D 2 0 has two chemically non-equivalent protons
at S 3.97 and 3.90 ( J = 16 Hz). The random coil Gly methylenes, however, are
chemically equivalent and show up as a singlet at S 3.94.
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Fig. 3. h/c Ratios for positional isomers of Fig. 4. lH NMR resonances for the Gly
TGA5OH from integration of'H NMR spec- methylene group of TGAsOH.
tra.
Conclusion
Three observations were made: (1) our helix initiating template induced large
amounts of helical structure in attached peptides, (2) the bias that amino acid
residues have towards forming a helix is detectable by H NMR, and (3) this
system can be used for the assignment of helix-forming and breaking parameters.

References
1.
2.
3.
4.

Kemp, D.S., Boyd, J.G., Curran, T.P. and Fotouhi, N., In Rivier, J.E. and Marshall,
G.R. (Eds.) Peptides: Chemistry, Structure and Biology (Proceedings of the 11th
American Peptide Symposium), ESCOM, Leiden, 1990, p. 861.
Pardi, A., Wagner, G. and Wuthrich, K., Eur. J. Biochem., 137 (1983) 445.
Dyson, H.J. et. al., J. Mol. Biochem., 201 (1988) 161.
Scheraga, H.A., Pure Appl. Chem., 50(1978)315.

679

Synthetic approaches to the azole peptide mimetics
Thomas D. Gordon, Philip E. Hansen, Barry A. Morgan and Jasbir Singh
Department of Medicinal Chemistry, Sterling Research Group, Rensselaer,
NY 12144, U.S.A.

Introduction
The rational design of molecules that mimic the conformation of physiologically
important peptides is a major goal of medicinal chemists. The strategy of
conformational restriction we have adopted involves a cyclization between the
carbonyl of the residue n and the N, Ca and C/3 of the residue n + 1. We refer
to these thiazoles, imidazoles and oxazoles, etc., as 'dipeptide azoles'.
Our initial synthesis [1] of 5-substituted thiazole dipeptide mimics using a
modification of the Hantzsch [2] synthesis led to nearly complete racemization.
We envisioned that a suitably protected /3-oxo-dipeptide could serve as a key
intermediate for the synthesis of a variety of azole dipeptides of known absolute
chirality.
Results and Discussion
A search of the literature revealed that a-amino-/3-oxo-esters, such as (2),
were prepared rather laboriously via hydrolysis of oxazoles [3]. Consequently,
we have developed a general, one pot high yield synthesis of a-amino-/3-oxoesters (2), by addition of the potassium salt of Schiff s base (1) at -78°C to
a pre-cooled solution of the acyl chloride, followed by in-situ acid hydrolysis
and crystallization.
Coupling of (2) with Boc- or Z-D-Trp-OH by the mixed anhydride method,
under conditions where the free base of a-amino-/3-oxo-ester was gradually
generated in low concentrations in situ, provided the /3-oxo-dipeptide (3a) in
good yield. Treatment of (3a) with La wesson's reagent gave the crystalline thiazole
ester (4a) [4]. After several attempts, the 'formal' dehydration of (3a) to the
desired oxazole (4c) was accomplished using the conditions shown in Scheme
1. In addition, imidazole (4b) was obtained from the /3-oxo-dipeptide intermediate
(3a). The synthesis of azole dipeptide mimics (4a-c), as shown in Scheme 1,
proceeded with retention of chiral integrity. To the best of our knowledge, this
procedure constitutes the first synthesis of the 5-substituted dipeptide azoles.
Dipeptide mimics (4a-c) were introduced into [Pro6-D-Trp7>9]SP(6-ll) analogs.
Their pharmacology is reported elsewhere in these proceedings [5].
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Scheme 1. Reagents: (a) Lawessons' reagent/THF, reflux, (66%); (b)
reflux, (62%); (c) Ph3P/DBU/CCl4 in Py/CH3CN, (43%).

NH4OAc/HOAc,

Conclusion
We have developed a simple and versatile method for the synthesis of optically
pure 'azole' dipeptide mimics via /3-oxo-dipeptides as key intermediates. These
dipeptide mimics can be successfully elaborated both at the amino and the
carboxyl termini without racemization.
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Protein engineering of betabellins 9,10 and 11
Robert D. McClain", Scott B. Daniels3, Robert W. Williams'1, Arthur Pardic,
Michael Hechtd, Jane S. Richardsond, David C. Richardson"1 and
Bruce W. Erickson"
"Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599, U.S.A.
b
Department of Biochemistry, Uniformed Services University of the Health Sciences,
Bethesda, MD 20814, U.S.A.
'Department of Chemistry and Biochemistry, University of Colorado, Boulder,
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Introduction
We are pursuing the solid-phase synthesis and structural characterization of
betabellin, a beta-banel bell-shaped prote/n. Versions 3-7 of betabellin had two
identical 32-residue peptide chains cross-linked by both a symmetric diamino
acid and a disulfide bond [1-5]. Each chain was designed to fold into an
antiparallel /3-pleated sheet consisting of four /S-strands joined by 3 /3-turns,
as shown below for betabellin 9. Two amphiphilic sheets should adopt a
conformation in water involving noncovalent interactions between their hydrophobic faces. Exposure of their hydrophilic faces should render the folded
structure quite water-soluble. But these early versions of betabellin were very
hydrophobic and may not have folded properly due to the constraints of two
covalent cross-links. Betabellin 9, which lacked the diamino-acid cross-link of
betabellin 7, was much more hydrophilic than betabellin 7. Biophysical studies
showed that betabellin 9 may adopt a /8-structure. Engineering of betabellins
10 and 11 used insights from molecular mechanics calculations to optimize the
geometry of the /3-turns.
Results and Discussion
The hydrophilicity of betabellin 9 was measured as the upper phase/lower
phase solubility ratio in butanol/acetic acid/water ( 4 : 1 : 5 , v/v) as quantitated
by analytical RPHPLC. The partition ratio of betabellin 9 was 0.5, or 26 times
lower than that of betabellin 7. The increased hydrophilicity of the disulfidebridged betabellin 9 suggests that it folds into a more compact structure than
did the doubly cross-linked versions. The CD spectrum of betabellin 9 resembled
those of /8-sheet proteins but was dissimilar to those of a-helical models;
denaturation removed these features. Laser Raman analysis of betabellin 9
indicated that the peak phase, intensity, and frequency shift of the amide-I region
is most like that of the /3-barrel protein, concanvalin A, and is very different
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from that of the a-helical peptide, melittin. 2D NMR analysis revealed that
the NOESY spectrum of betabellin 9 contains several C a -C° cross peaks absent
from the COSY spectrum. These cross peaks may represent NOE interactions
between adjacent strands of an antiparallel /3-sheet.

Type I " T y p e I'

Antiparallel
strands ol a
beta barrel

Our molecular modeling calculations indicated that the use of D-amino acids
at the i + 1 and i + 2 positions of the six /J-turns of betabellin might enhance
folding into a /3-barrel by favoring the Type-I' /3-turn conformation. As shown
above, the twist of the Type-I' turn is closer than the twist of the Type-I turn
to the inherent right-handed twist of antiparallel strands of a /3-barrel [5].
MACROMODEL calculations of model hexapeptides containing an Ala-ProAsx-Ala turn indicated that the D-Pro-D-Asx chirality is more likely to preserve
the dihedral geometry of the Type-I' turn conformation than L-Pro-L-Asx. On
energy minimization, the D-Pro-D-Asn model adopted a Type-I' turn conformation and was about 9 kcal/mol more stable than the L-Pro-Asn model. In
addition, SYBYL caluclations by energy minimization with a Kollman force
field indicated that the D-Pro-D-Asn turn is much better than the L-Pro-Asn
turn at maintaining the average cross-turn distances for the Type-I' /8-turns found
in six proteins (actinidin, elastase, staphylococcal nuclease, y-chymotrypsin, alytic protease, streptococcal protease A).
Thus, betabellin 10 was synthesized with D-amino acids at all six i + 1 and
i + 2 turn positions of each sheet D-Pro8,D-Asp9,D-Pro16,D-Asn17,D-Pro24,D-Asp25).
Denaturation and reduction of the ^-sulfonated 32-residue peptide under conditions used for betabellin 9 (0.1% TFA, 25% 2-mercaptoethanol, 100°C, 10
min) resulted in substantial cleavage of the Asp15-D-Pro16 peptide bond. The
peptide fragments were identified by FABMS and Edman sequencing with
assistance from Dean Marbury and Russ Henry. The presence of D-Pro16 in
betabellin 10 might induce a local conformation that orients the carboxylate
side chain of Asp15 in a way that more efficiently catalyzes cleavage of the
Asp15-D-Pro16 peptide bond.
Betabellin 11 was designed to avoid this chain cleavage by replacing the second
turn sequence Asp' 5 -p-Pro 16 -p-Asn' 7 -Thr' 8 of betabellin 10 with the isomeric
sequence Asn 15 -p-Pro 16 -p-Asp 17 -Thr 18 , which lacks a labile Asp-Pro peptide bond
but preserved the net charge. The structural integrity of betabellin 11 is being
studied.
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A polypeptide based hemeprotein model
Tomikazu Sasaki* and Emil T. Kaiser
Laboratory of Bioorganic Chemistry and Biochemistry, Rockefeller University,
1230 York Avenue, New York, NY 10021, U.S.A.

Introduction

De novo design of functional proteins requires basic understanding of the
stability and dynamics of the folded state of polypeptide chains. Although
predicting a final folded conformation of a peptide from its primary sequences
is still very difficult, and largely depends on empirical rules, such as ChouFasman parameters, several artificial proteins have been successfully synthesized
[1] based on designed tertiary structures. We have recently reported [2] the
synthesis and hydroxylase activity of an artificial hemeprotein (helichrome, Fig.
1) by utilizing amphiphilic a-helices as a building unit. We now wish to report
the structural stability of helichrome in the presence of guanidine hydrochloride
(Gn-HCl) as a denaturant.

peptide (amphiphilic a-heliH)

f**>ff) : metallo porphyrin

: hydrophobic pocket
for substrate binding

I
peptide:

S

10

15

Rla-Glu-Gln-Leu-Leu-Gln-Glu-flla-Glu-Gln-Leu-Leu-Gln-Glu-Leu-C0NH2 1 a
Hla-Glu-Gln-Leu-Leu-Gln-Glu-Leu-CONH2

'b

Fig. 1. Design concept of helichrome as an artificial hemeprotein.

•Present address: Department of Chemistry, BG-10, University of Washington, Seattle, WA 98195,
U.S.A.

685

T. Sasaki and E. T. Kaiser
Results and Discussion
Helichrome (la) and mini-helichrome (lb) were synthesized via a segment
synthesis-condensation approach as reported previously [2]. Figure 2 shows the
CD spectrum of helichrome in an aqueous buffer solution. The helical content
was calculated to be 70% and 32% for (la) and (lb), respectively. On the other
hand, single peptide showed the typical CD pattern for a disordered confirmation
under the same experimental condition. Helichrome was found to be monomeric
based on the gel filtration chromatography and sedimentation equilibrium
experiments, indicating an intramolecularly folded state of helichrome.

240 (nm)

-- single peptide alone
— helichrome
^7-20 -

-

1a

mini-helichrome

lb

Fig. 2. CD spectra of single peptide, la and lb in 20 mM phosphate, 0.16 M KCI pH
7.5 at 27°C.
An unfolding experiment was conducted to investigate the stability and
dynamics of the folded structure of helichrome. In the presence of 7.2 M Gn-HCl,
helichrome exhibited a very similar spectrum to that of the single peptide in
a buffer solution, indicating a disordered conformation of the denatured
helichrome. The unfolding transition of helichrome induced by Gn-HCl was
followed by observing changes in the CD spectrum as a function of the
concentration of denaturant. The result was analyzed according to the published
procedure [3]. The folded structure of (la) appeared to have a comparable stability
(C0.5 = 5.2 M, m = 0.84) to that of native globular proteins.
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Minimally designed ion channels
Arlene L. Rockwell, James D. Lear and William F. DeGrado
E.I. du Pont de Nemours and Co., Central Research and Development Dept.,
P.O. Box 80328, Wilmington, DE 19880-0328, U.S.A.

Introduction
In order to investigate a simple model of large ion channel proteins, we have
synthesized a series of 21-residue amphiphilic peptides with a repeating pattern
of Ser and Leu [1]. H 2 N-(LSLLLSL) 3 -CONH 2 formed a channel only large enough
to conduct protons, consistent with an aggregate of four a-helical monomers.
Changing one Leu in each heptad to a Ser, (LSSLLSL)3, increased the size
of the central pore to allow passage of larger monovalent cations (Li+, Na+,
K+, Cs+, guanidinium+), and modeling suggested this peptide formed a hexameric
aggregate. To establish further the sequence requirements for ion channel activity,
we prepared a series of 21-residue peptides containing the two heptads LSSLLSL
and LSLLLSL in each of the eight possible combinations.
Results and Discussion
The heptads were synthesized on a /7-nitrobenzophenone oxime resin, as
described previously [2]. The protected hexamer Fmoc-Leu-Ser(Bzl)-Ser(Bzl)Leu-Leu-Ser(Bzl)-0-Polymer was cleaved from the resin by nucleophilic displacement with the acetate salt of Leu-O-t-But. After precipitation from
DCM:MeOH, the ester group was removed by TFA/anisole 9 : 1 . Chromatographically pure protected peptides were obtained in multigram quantities with
typical yields being 40-65%. The heptamers were then coupled to 4-MeBHA
resin in a 1.2 M excess with 1.6 equiv. HOBT and 1.6 equiv. DIC in NMP
overnight (Scheme 1). The extent of reaction was assessed by titration with picric
acid [3], and a second coupling done if necessary. The resin was then acetylated
with acetic anhydride (0.6 M in DCM) to cap unreacted sites, and deprotected
with 50% piperidine/DMF. This coupling/deprotection procedure was repeated
twice more with the appropriate heptamers, and the peptide cleaved from the
resin. Crude yields were typically 45-55%, based on the loading of the first
heptad onto the resin.
The 21-mers were purified by RPHPLC, using a semi-preparative PRP-1
(Hamilton) column eluted isocratically with from 63% to 78% (depending on
the peptide) aqueous acetonitrile containing 0.1% TFA at a flow rate of 4 ml/min.
Isocratic elution and careful avoidance of contamination were necessary to obtain
peptides pure enough to give channel records suitable for analysis. FABMS
confirmed the identity of the parent ions.
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Synthesis of (LSSLLSU3

DTFA
Fmoc-Leu-Ser-Ser-Leu-Leu-Ser-Leu-O-tBu
2) DIC/HOBT
HF/anisole
DTFA
Fmoc-Leu-Ser-Ser-Leu-Leu-Ser-Leu-O-tBu
2) DIC/HOBT

DTFA
Fmoc-Leu-Ser-Ser-Leu-Leu-Ser-Leu-O-tBu

Ser = O-Benzyl-Serine

2) BHA Resin,
DIC/HOBT
3) Piperidine

H 2 N-(Leu-Ser-Ser-Leu-Leu-Ser-Leu) -CONH

Scheme 1.
The purified peptides were analyzed for ion channel formation as described
previously [1], and the selectivity for conduction of protons versus other cations
was determined. The peptides indicated as 'proton channels' (Table 1) were
conductive to protons but not larger cations whereas the peptides indicated as
'ion channels' were capable of passing guanidinium cations. The heptad '332'
formed approximately equal numbers of channels of both types. These data
indicate that both the position and the type of the heptamer repeat in the peptides
are important for determining selectivity. Complete biophysical and computational analyses of the peptides are in progress.
Table 1 'Mixed heptamers' results
Proton
channels
333H2N(LSSLLSL)-(LSSLLSL)-(LSSLLSL)-CONH2
233H2N(LSLLLSL)-(LSSLLSL)-(LSSLLSL)-CONH2
332H2N(LSSLLSL)-(LSSLLSLHLSLLLSL)-CONH2
323H2N(LSSLLSL)-(LSLLLSL)-(LSSLLSL)-CONH2

x
x

222H2N(LSLLLSL)-(LSLLLSL)-(LSLLLSL)-CONH2
322H2N(LSSLLSL)-(LSLLLSL)-(LSLLLSL)-CONH2
223H2N(LSLLLSL)-(LSLLLSL)-LSSLLSL)-CONH2
232H2N(LSLLLSL)-(LSSLLSL)-(LSLLLSL)-CONH2

X
X
X
X

Ion
channels
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Peptides which stabilize membrane bilayers inhibit insulinpromoted 2-deoxyglucose uptake in rat adipocytes
Richard M. Epand, Alan R. Stafford, Laura Abbott and Louise Gorton
Department of Biochemistry, McMaster University, 1200 Main Street West, Hamilton,
Ontario, Canada, L8N 3Z5

Introduction
A number of Z-dipeptide-amides have been shown to inhibit insulin-activated
glucose uptake in adipocytes [1]. Several of these peptides inhibit membrane
fusion, and there is a relationship between the membrane bilayer stabilizing
potency of these peptides and their inhibitory effect on insulin-activated glucose
uptake [2]. It is thus possible that peptides can modulate the effects of insulin
on adipocytes through alterations in the bulk biophysical properties of the
membrane. We have investigated whether this is a general effect of membranestabilizing peptides, and have begun to evaluate the mechanism of action of
these agents.
Results and Discussion
In addition to the Z-dipeptide-amides which have been previously shown to
inhibit insulin-promoted glucose uptake [1], Z-D-Phe-Phe-Gly and Z-Phe-Gly
are also effective inhibitors of this process in isolated rat adipocytes (Table 1).
This indicates that a number of small peptides with different amino-acid
composition, sequence, and charge, can affect insulin-promoted activity. However, not all peptides have this effect. The inhibition caused by these peptides
is related to their bilayer stabilizing potency (Table 1); this activity is determined
by measuring the effect of the peptide in shifting the bilayer-to-hexagonal-phase
transition temperature of dielaidoylphosphatidyl-ethanolamine to higher temperatures [2,3]. The peptides which are the best bilayer stabilizers are also those
which show the most inhibition of insulin-stimulated glucose uptake (Table 1).
Cyclosporin A has been shown to stabilize the bilayer at low concentrations,
but to promote hexagonal-phase formation at high concentration [5]. We find
a similar biphasic effect on its inhibition of insulin-stimulated 2-deoxyglucose
uptake in adipocytes. At 100 nM, cyclosporin is very effective at inhibiting insulinpromoted glucose uptake, but this inhibition decreases at both higher and lower
concentrations of cyclosporin. This effect of cyclosporin may be responsible
for the impaired glucose-tolerance observed in cyclosporin-treated renal graft
recipients [6]. Alkanes [7] and threodihydrosphingosine [8] have the opposite
effect to the bilayer-stabilizing peptides. These hydrophobic substances lower
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Table 1 Bilayer stabilization and glucose uptake
Compound

Slope3

% Basalb

% Insulinc

Z-D-Phe-Phe-Gly
Z-Gly-Phe-NH2
Z-Phe-Gly
Z-Gly-Phe
Phe-Met-Arg-Phe-NH2
Phe-Gly

84 + 5
52 + 7
34 + 3
15 + 3
12±3
1±2

112+15
78 + 10
107+12
98+10
141+21
108+14

12+15
42+15
49+ 9
70+16
70+19
119 + 24

a
bc

Slope of plot of L,, - Hn phase transition temperature vs. mol fraction of peptide
additive. Units are degrees/mol fraction.
Ratio of 2-deoxy-glucose uptake in rat adipocytes with and without the addition of
10 ;uM peptide in the absence (b) or in the presence (c) of 1 /uM porcine insulin.
Glucose uptake assay similar to a previously described procedure [4].

the bilayer-to-hexagonal-phase transition temperature of dielaidoylphosphatidylethanolamine, i.e. they have negative slopes. Both hexane and threodihydrosphingosine are somewhat cytotoxic at higher concentrations, but at 10 /uM
they stimulate the basal activity by 20 and 30%, respectively. These results suggest
that there is a relationship between the hexagonal-phase-forming tendency of
the membrane and the regulation of glucose uptake in adipocytes.
There are many possible sites of action of these modulators of the biophysical
properties of membranes. One known effect of certain Z-dipeptide amides is
on the activity of the glucose transporter. The adipocyte glucose transporter,
reconstituted into liposomes, is inhibited non-competitively by Z-Gly-Phe-NH 2
with a Kj of 1.5-2 mM [9]. This is about 100 to 1000-fold higher than the
concentration we find to be required for the inhibition of glucose transport
in adipocytes. Thus, there are likely to be other sites of action of these peptide
inhibitors.
Another effect of insulin in adipocytes is the stimulation of protein synthesis.
It has recently been shown that amino acid transport is not insulin-dependent
[10]. Using the protocol of Marshall [10] to measure the incorporation of [ 3 H]Leu into protein, we find that 10 /iM Z-D-Phe-Phe-Gly inhibits insulin-promoted
protein synthesis to an extent comparable to the effect of this peptide on glucose
transport. Thus, two different targets of insulin-signaling, i.e. glucose transport
and protein synthesis, are affected to similar extents by a bilayer-stabilizing
inhibitor. This suggests that the insulin signaling mechanism is affected. In
agreement with this, the insulin-stimulated activity, but not the basal activity,
is inhibited by the bilayer-stabilizing peptides (Table 1).
We have directly demonstrated that insulin receptor binding and subsequent
receptor internalization in adipocytes is inhibited by Z-D-Phe-Phe-Gly. At a
concentration of 10 /uM Z-D-Phe-Phe-Gly, the binding of [125I]-insulin to its
receptor is inhibited approximately 50%, while initial receptor internalization
into the adipocyte is inhibited almost completely. Thus, insulin receptor function
is altered by Z-D-Phe-Phe-Gly.

692

Peptide/protein folding
Conclusions
Insulin signaling is modulated by the bulk biophysical properties of the
membrane. Bilayer stabilizers inhibit insulin function, while hexagonal-phase
promoters may, to a small extent, mimic the effects of insulin. The molecular
basis of these effects is currently under further investigation.
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Biophysical and structural properties of a pulmonary
surfactant peptide in phospholipid dispersions
Alan J. Waring3, Lome Taylorb, Gary Simatosb, K.M.W. Keoughb and
H.W. Taeusch"
"Department of Pediatrics, King/Drew-UCLA, Los Angeles, CA 90059, U.S.A.
b
Department of Biochemistry, Memorial University of Newfoundland, St. John's, Nfld.,
Canada AIB 3X9

Introduction
SP-C is a hydrophobic protein isolated from mammalian pulmonary surfactant.
One function of SP-C is to increase the rate of delivery of amphipathic surfactant
lipids to air-water interfaces in the lung. SP-C is a 35 amino acid residue protein
with several unique features apparent from its amino acid sequence (Table 1).
The N-terminal domain has several hydrophobic residues with prolines flanking
vicinal cysteine residues that have a low probability of forming intramolecular
disulfide linkages [1]. These residues are followed by several polar amino acids
(histidine, lysine and arginine). The more polar N-terminal segment is adjacent
to a long hydrophobic sequence toward the carboxyl end of the protein.
Table 1 Sequence of native SP-C [2] and the synthetic peptide of the N-terminal domain
of SP-C used for biophysical studies
Native Human SP-C
LIPCCPVHLKRLLIVVWVVLIVVVIVGALLMGLH
[Trp']SP-C(l-10)-OH
NH2-Trp-Ile-Pro-Cys-Cys-Pro-Val-His-Leu-Lys-COOH
Results and Discussion
In order to better characterize the structure and function of the N-terminal
domain, we synthesized this sequence (Table 1) by manually using the SPPS
method of Merrifield employing a Boc strategy (UCLA Peptide Synthesis Facility)
[3]. A tryptophan residue was substituted for leucine1 to provide a fluorescent
marker of this peptide domain.
The interaction of the synthetic peptide [Trp']SP-C(l-10)-OH with lipid
dispersions of various compositions was monitored by fluorescence spectroscopy,
electron paramagnetic resonance (EPR) with nitroxide spin-labeled lipids, circular
dichroism (CD), and by measurement of surface tension by Langmuir-Wilhelmy
surface balance and King/Clements surface adsorption device.
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The fluorescence emission of the N-terminal tryptophan of the synthetic peptide
was observed at 355 nm in 100 mM saline, 352 nm in DMPC, 355 nm in DPPC,
and 337 nm in dioleoyl phosphatidylglycerol (DOPG) at 37°C. Mixtures of lipids
consisting of DPPC: DOPC : palmitic acid (PA) (66:22:2, wt/wt) had a tryptophan emission peak at 348 nm. The blue shift of tryptophan fluorescence
in this mixture indicates that the N-terminus is located in the more hydrophobic
domains of this amphipathic lipid mixture.
The addition of the synthetic peptide also influenced the molecular ordering
of several lipid dispersions. For example, using the nitroxide spin-labeled
phospholipid 5-doxyl stearyl PC as a probe of the lipid domains adjacent to
the phospholipid polar head groups, there was an increase in the molecular
order parameter of 0.012 upon addition of 3% wt/wt synthetic peptide to the
dispersion containing DMPC, DOPG, and lipid mixtures consisting of
DPPC: DOPG: PA (66:22:9, wt/wt). In contrast, with DPPC alone at 37°C,
there was no difference in molecular order in vesicles with and without peptide.
The absence of change in the DPPC lipid molecular order in the presence of
peptide may be explained from the fluorescence emission of the peptide N-terminal
residue. Since the fluorescence emission for the peptide is the same in DPPC
and normal saline solution, the tryptophan residue of the peptide may remain
in a relatively polar environment and does not localize in hydrophobic regions
near the lipid nitroxide probe.
The specific nature of the interaction of the [Trp']SP-C(l-10)-OH with lipid
dispersions is indicated by the circular dichroism spectra of lipid-peptide mixtures.
CD spectra of the peptide in 2-chloroethanol, DMPC, DOPG, and the lipid
mixture D P P C : D O P G : P A (66:22:9, wt/wt), under non-reducing conditions
have a negative ellipticity, with a maximum from 213 to 220 nm. Addition of
DTT to the lipid-peptide dispersions and to peptide solutions (peptide in 2chloroethanol) resulted in a reduction in the magnitude of the ellipticity in the
213-220 nm range, suggesting that the peptide conformations that are associated
with lipid under oxidizing conditions are largely disulfide-linked oligomers.
Surface tension measurements with lipid-peptide mixtures on the LangmuirWilhelmy balance indicated that dispersions of DPPC: DOPG: PA (66:22:9,
wt/wt) with 3% [Trp']SP-C(l-10)-OH fell to a minimum surface tension below
10 mN/m when the surface area was compressed by 50%. DPPC: DOPG: PA
mixtures without peptide required much higher surface compression to achieve
these surface tensions. The movement of the lipid-peptide mixture from the
aqueous hypophase to the air-liquid interface was monitored by the KingClements adsorption device [4]. Rates of adsorption for the DPPC: DOPG: PAsynthetic peptide mixture were greater than rates for lipids alone, but did not
duplicate rates of adsorption found using mixtures containing native protein.
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Conformational study of synthetic MIR-decapeptides
bound to the anti-acetylcholine receptor antibodies
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Michel Marraud0 and Manh Thong Cungc
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Introduction
We have recently reported [1] the RIA binding properties of anti-MIR
antibodies (MAbs) to some synthetic decapeptides corresponding to the main
immunogenic region (MIR: a67-76 acetylcholine receptor (AChR) fragment of
Torpedo fish electric organs (residues W67 NPADYGGIK 76 )) [2]. Some of them
enhanced MAb binding, suggesting that the construction of a very antigenic
MIR is feasible. We now report on the NMR conformational study (NOESY)
of the decapeptide analogs bound to the anti-MIR MAbs. These results are
briefly analyzed in terms of mobility restrictions in the decapeptide conformation
in order to yield some insight into the structure of the a67-76 binding site
of AChR.
Results and Discussion
The MIR decapeptide of Torpedo and two analogs with particular behavior,
[A69] (important change in the free decapeptide conformation) and [A76] (enhancement of binding capacity to the anti-MIR MAbs), are examined in the
presence of the anti-MIR MAbs. The concentrations used in all experiments
were 5 mM for the decapeptides and 0.1 mM for the MAbs in D 2 0 . The NOESY
experiments were run in phase-sensitive mode with a mixing time of 200 ms.
The bound state of a ligand to MAb ( w r c » 1) exhibits opposite signs for the
cross-relaxation rates and give rise to negative NOEs. None of the three
decapeptides studied in this work showed NOEs in aqueous solution in the absence
of MAb. However, in the presence of MAb, a progressive increase in the NOE
intensities, more or less following the MAb binding potencies, was observed.
Indeed, the [A76] analog (300% of binding with reference to Torpedo decapeptide)
showed the strongest NOE cross-peaks and the [A69] analog (30% of binding)
the weakest ones. In the case of the latter, only few cross-peaks are observed.
The cross-peaks between geminal protons, which exist in the case of Torpedo
and [A76] analog, are absent in the NOESY map of [A69]. The most striking
point is the presence of strong interresidue cross-peaks in [A76] analog between
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the aromatic protons of W67 and Y72 side chains and protons of the P69, A70
and D 71 residues, respectively. In addition, the comparison between COSY spectra
of decapeptides that were obtained in the presence and absence of MAb showed
a drastic decrease, due to dynamical filtering [3], in intensity of the signals for
the five N-terminal residues; in particular, those of P69 are absent, whereas the
signals of the C-terminal part are only moderately decreased. According to [3],
the most perturbed signals denote the rigid parts of molecule.
In conclusion, the above experiments argue for the existence of a folded
structure of the decapeptide in the presence of MAb, and suggest that the structure
of the N-terminal sequence is requisite for full molecular recognition.
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Introduction
Integrins are a family of cell surface proteins that include the fibronectin
(FN) or vitronectin (VN) receptor and that mediate the adhesion of cells to
extracellular matrices or to other cells [1]. Integrins play an important role in
cell anchorage, migration, proliferation and differentiation and influence a wide
variety of biological processes ranging from tumor metastasis to blood clotting.
In many cases, the critical binding site in the matrix protein (i.e., FN and VN)
centers around a common tripeptide, arginine-glycine-aspartate (RGD), and short
peptides containing this sequence inhibit binding of the normal ligand [2,3].
The integrin receptors, however, are specific for ligand. This binding specificity
may arise from adjacent sequences and/or the conformation of 'RGD' in each
protein. In an effort to study the conformational requirements for RGD binding
and for specificity, we have studied by 'H NMR in DMSO and by MD simulations
in vacuo a conformationally constrained 'RGD' peptide analog [c(29)GPenGRGDSPCA, Pen = penicillamine] that demonstrates a 10 000-fold higher
affinity for the VN receptor than for the FN receptor [3].
Results and Discussion
NMR data suggest that this peptide exists in one preferred all-trans conformational family. An interesting finding is a series of strong NH to NH NOE
connectivities between consecutive residues from Gly3 to Ser7 (see Fig. 1). The
amide protons of Arg4, Asp6, and Ala10, as well as the eNH of Arg4 are sequestered
from solvent, since their resonances do not shift with temperature or broaden
upon titration with a paramagnetic probe, TEMPO (tetramethyl-1-piperidinyloxy). One conformation that is consistent with these observations contains a
/8-turn around Gly5 and Asp6; in this model, the NHs of Arg4, Asp6, Ser7 and
the eNH of Arg4 are hydrogen bonded to C = O of Ser7, Asp 6 side chain, Arg4
and the Asp 6 side chain, respectively. Coupling constants support a type I 0-turn.
To supplement the NMR data and to refine our model, MD simulations and
energy minimizations were carried out, both constrained by a harmonic potential
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Fzg. 7. 7 V NH to NH region of the 500-MHz >H NOESY spectrum of c(29)GPenGRGDSPCA in DMS0-d6; the mixing time is 300 ms, concentration about 5 mg/
ml, temperature was 25° C. The downfield residue is labeled first in each case.
to fit observed NOEs, and non-constrained. The lowest energy conformation
for the constrained dynamics (20.3 kcal/mol) has consecutive type I /3-turns
around GlyVAsp 6 and Asp 6 /Ser 7 , and an inverse Y-turn at Pro 8 (see Fig. 2).

Fig. 2. The lowest energy structure from the constrained molecular dynamics simulations.
Note consecutive B-turns around Gly5/Asp6 and Asp6/Ser7.
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In this structure, the eNH of Arg 4 is salt-bridged to the Asp6 side chain. The
root mean square deviation of interproton distances in this structure from the
NOE distances is 1.01 A. A similar low energy structure was also found in the
unconstrained dynamics. These structures resemble the structure that was recently
published for a linear analog, GRGDSP [4].
Our working model for the binding site conformation in VN is a structure
with a type I /8-turn around Gly5 and Asp6. Alternative conformations may
be available since preliminary NMR data in water show cis/trans isomerization,
suggesting that this peptide has some degree of conformational flexibility despite
cyclization. Subsequent work will focus on the requirements for selective binding
to the FN receptor.
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Conformational analysis of a peptide-DNA interaction by
Fourier transform infrared spectroscopy (FTIR)
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CA 92037, U.S.A.
b
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Introduction
The applicability of FTIR to peptide- and protein-DNA interactions was
explored and demonstrated in a model system consisting of the complex that
formed in aqueous solution between heterogeneous cellular DNA and a 29residue synthetic peptide. The peptide was designed, de novo: (a) to bind to
B-DNA through putative ionic contacts, hydrogen bonds and hydrophobic forces;
and (b) to adopt a regular, ordered secondary structure when bound to DNA.
Results and Discussion
The sequence of model Peptide-1 is: EERAL RESVY RQRAP ERQRE ISARV
AREE. Peptide-1 bound to DNA with a nonspecific dissociation constant of
90 X IO-6 M, as determined by electrophoretic separation of complexes from free
peptide and DNA [1-4]. FTIR spectra were acquired on peptide, DNA (calf
thymus), and peptide-DNA complexes under the following conditions: Digilab
FTS-15 spectrometer; HgCdTe detector; 8 cm-1 resolution; 2000 scans per sample;
Spectratech microcircle cell with ZnSe crystal; samples were in aqueous 5 mM
sodium phosphate at pH 7.0.
Second derivative methods [5,6] resolved the conformationally sensitive Amide
I band in the spectra of native peptide into components located at 1627 (Bstrand), 1658 (a-helix) and 1681 (turn) cm -1 with a distinct shoulder at 1647
cm -1 (disordered structure) [7-11]. Upon interacting with DNA, the band at
1681 cm-1 (turn) was no longer seen; a new band appeared at 1675 cm-1; the
1627 cnr 1 band (/3-strand) was considerably reduced in intensity; the position
of the a-helical (1658 cm-1) component remained unchanged; the shoulder at
1647 cm-' (disorder) disappeared. The new vibration at 1675 cm-' was characteristic of /3-strand structures. The asymmetric stretch (vAS) of the DNA
phosphates shifted from 1223 cm-1 (unbound) to 1229 cm-1 (bound) and the
*To whom correspondence should be addressed.
**Current address: Biotechnologies and Experimental Research Inc., 3742 Jewell Street, San Diego,
CA 92109, U.S.A.
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realtive intensities of vAS and the phosphate symmetric stretch (ps) were altered
upon peptide binding.
The data was consistent with the following conclusions: (a) DNA-binding
changed the secondary structure of the peptide; (b) disordered region(s) were
only observed in free peptide, i.e., DNA-binding stabilized and increased order
in the peptide secondary structure; (c) turn(s) changed into /8-strand and/or
a-helical conformation(s) when peptide bound to DNA; (d) a /3-strand conformation that was characterized by a 1627 cm -1 vibration was present in free
and bound peptide; (e) there was a particular /3-strand vibration/conformation
that was only present in the bound peptide; (f) a-helical region(s) existed in
both free and bound peptide; and (g) DNA phosphates participated in peptide
binding.
In summary, FTIR has revealed singificant molecular details about a peptideDNA interaction. These results provide a basis for extending this approach to
protein-DNA interactions.
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Studies on protein folding using the bis-cysteinyl hinge
peptide 225-232/225'-232' of human IgGl as a model
L. Moroder, G. Hiibener*, S. Gdhring-Romani, W. Gohring and E. Wunsch
Max-Planck-Institute of Biochemistry, Department of Peptide Chemistry,
D-8033 Martinsried, F.R. G.

Introduction
Studies on thiol-disulfide interchanges have clearly shown that no simple alkane
or arenedithiols prefer the dimeric bis(disulfide)-structure, and that large-ring
cyclic disulfides are not intrinsically highly stable structures [1].
Results and Discussion
Selective disulfide bridging of the bis-cysteinyl-octapeptide 1 to the antiparallel
dimer 3 was found to be accompanied by substantial disproportionation to the
parallel structure 2, thus leading to the discovery of the unexpectedly predominant
parallel dimerization via the thermodynamically controlled thiol-disulfide interchange occurring in the slow air oxidation process (Scheme 1) [2,3].
H-Thr(tBu)-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH

-OH
-OH

-OH

.„-!

1

-OH

4

HO-

Scheme 1.
The rate of air oxidation, as shown in Fig. 1, is influenced by the addition
of oxidized thioredoxin, but not the final product distribution (appr. molar ratio
of 2 : 3 : 4 = 90:8 :2). Conversely, the kinetically controlled oxidation of 1 with
azodicarboxylic acid dimorpholide at an oxidant/SH ratio of 0.5 :1 leads, within
minutes, to quantitative consumption of 1 with generation of the parallel and
antiparallel dimer in nearly statistical distribution (2.0:1.7), and of the cyclic
monomer to a greater extent (concentration factor); by decreasing the oxidant
to SH ratio, the intervening thiol-disulfide interchange again allows for the
thermodynamic equilibrium between the 3 species. Similarly, a thiol-disulfide
*To whom correspondence should be addressed.

704

Pep tide/pro tein folding

Fig. 1. Oxidation of the bis-cysteinyl-peptide 1 (3x IO-3 M in 0.1 M ammonium acetate,
pH 6.8) at room temperature by (i) air oxygen in absence (o—o) and in presence of oxidized
thioredoxin at a ratio ofl/thioredoxin of 100:1 (•—m) and 10:1 (A—A); (ii) azodicarboxylic
acid dimorpholide at ratios of SH/oxidant of 1:0.5 (A—A) and 1:0.25 (u—q). The oxidation
was followed by HPLC (column: n-Bondapak C-18; eluent: CH3CN/0.1M sodium phosphate,
pH 3.5, linear gradient: 13-40% CH3CN in 50 min; flow rate 2.0 ml/min; UV: 210 nm);
the product distribution was determined by approximate procedures from the peak areas.
interchange of the antiparallel dimer 3 (Fig. 2) with the bis-cysteinyl-peptide
1 (molar ratio = 5 :1), in the presence or absence of oxidized thioredoxin, leads
to thermodynamic equilibrium (again 2 : 3 : 4 = 90:8 :2). Since concomitant air
oxidation was not excluded for technical reasons, the equilibration end-point
was assessed with an additional amount of 1, but without any effect on the
product distribution. The identical results were obtained with DTT, whereby
the concurring air oxidation leads to fast consumption of free thiols, thus requiring
repeated addition of reductant to reach the thermodynamic equilibrium.

Fig. 2. Thiol-disulfide interchange of the antiparallel dimer 3(2.5x 10~3 M; 0.1 M ammonium
acetate, pH 7) with the bis-cysteinyl-peptide 1 (molar ratio of 5:1) in the absence (o—o)
andin the presence of oxidized thioredoxin; ratio of1/thioredoxin = 5:0.5 (A—A).
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Conclusion
The unique thermodynamically preferred parallel dimerization of the IgGl
hinge fragment can only be explained on the basis of sequence-dependent
structural information. This local information may also explain why the initial
step in covalent assembly of immunoglobulins is the disulfide bridging between
a nascent heavy chain and a completed chain [4]. The protein-disulfide isomerase
may, in this context, play a negligible role in terms of correct pairing, if its
involvement is not claimed in terms of speeding up the correct folding.
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Predetermined supersecondary motifs in the de novo design
of protein antigenic determinants
Pravin T.P. Kaumaya*, Anne Van Buskirk, Erwin Goldberg and Susan K. Pierce
Northwestern University, Evanston, IL 60208, U.S.A.

Introduction
The immune response to lactate dehydrogenase C4 (LDH-C 4 ) is of medical
interest because immunization with LDH-C 4 has been shown to reduce fertility
in mice, rabbits and baboons [1]. One strategy for developing this protein antigen
as a contraceptive vaccine requires mapping the antigenic structure with sequential
peptides [2]. However, as has been observed for other protein antigens, immunization with linear LDH-C 4 synthetic peptides, containing antigenic determinants, coupled to carrier proteins, elicits antibodies that bind poorly, with
greatly reduced affinity, to the native protein [3]. Recent determination of the
structure of Fab bound to their antigens show antigen-antibody binding is lockand-key-like, and highly conformation-dependent, involving amino acid sidechain interactions over 700 A2 on discontinuous chains of the antigen [4]. It
is, perhaps, not surprising that antibodies, elicited by immunization with
sequential epitopes having little or no structure, do not bind strongly to native
protein. Thus, an effective peptide immunogen must more closely mimic the
structure of the antigenic determinant in the native protein. In addition, synthetic
peptides by themselves are poorly immunogenic and require coupling to carrier
proteins that are undesirable for use in humans, as there is little control over
the antigenic determinants. This obstacle could be circumvented by incorporation
of synthetic antigenic T-cell epitopes along with a B-cell determinant, as indicated
by recent studies [5]. Our ongoing studies are directed towards understanding
the conformation dependency of protein epitopes in the induction of antibody
responses through peptide engineering, in an attempt to mimic the molecular
features of a protein antigenic site [6,7]. The basic idea of our experimental
approach uses the framework model of protein folding and a set of rules about
protein structure and stability to design a peptide able to fold into a nativelike structure. Here we show that various conformational peptides of LDHC4, even in the absence of carrier protein, do indeed yield far superior immune
responses than classical strategies in use at present.

*To whom correspondence should be addressed at The Ohio State University, College of Medicine,
Department of Obstetrics and Gynecology, 5th Floor, Means Hall, 1654 Upham Drive, Columbus,
OH 43210-1228, U.S.A.
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Results and Discussion
(1) Peptide engineering
A surface-accessible a-helical segment (sequence 310-327, a N ) of mouse lactate
dehydrogenase C4 (LDH-C 4 ) was chosen based on properties known to enhance
peptide and protein stability (e.g., electrostatic ion pairs, salt bridges, helixdipole and amphiphilicity). The amphiphilicity of the sequence was idealized
without affecting the spatial orientation of the antibody-accessible residues, as
measured with a spherical probe of radius 10 A. Mutations in the sequence were
maximized to promote hydrophobic interaction and folding of the peptide into
an aa supersecondary structure (Fig. 1). The 'heptad repeat', a 4-residue Bturn and a synthetic strategy to allow the display of an anti-parallel a-helix
to permit a crossover of 20° between the helices to yield a structure comparable
to 4-helix bundles is displayed (Fig. 1). A parallel a-helical coiled-coil structure
was designed by adding a cysteine residue at the N-terminal of a b and the
peptide was dimerized in solution. An a/8 supersecondary peptide was synthesized
by connecting ax via a 3-residue turn to a (Leu-Ser)5 sequence (Fig. 1).
(2) Synthesis and characterization
All synthetic peptides were assembled semi-manually by stepwise Fmoc-r-butyl
strategy on MBHAR support. The purity of crude synthetic peptides was in
excess of 80%. Peptides were further purified by semi-preparative RPHPLC.
Chemical characterization was by AAA, Edman sequencing and FABMS. The
conformational properties of the model peptides were investigated by various
biophysical techniques. CD spectra, typical of a-helices were obtained for a<
and a 3 , whereas a N was typically random coil [6]. The concentration dependence
of the mean residue ellipticity at 222 nm indicates that a] is a tetramer (-20310
deg cmVdmol) and a 3 is a dimer (-22485 deg cmVdmol). The free energy of
tetramerization (ax) is -20.9 kcal, and dimerization (a 3 ) is -7.8 kcal. FTIR
spectroscopic studies indicate a high degree of secondary structure for a 3 (60%),
a< (45%), and a N (14%). The SAXS data strongly suggest that the helices are
arranged in a 4-helix bundle, since the radius of gyration of 17.2A and the
vector distribution function are indicative of a prolate ellipsoid of axial dimensions
and molecular weight appropriate for the 4-helix bundle.
(3) Immune response
Both mice and rabbits were immunized with the peptides initially in complete
Freund's adjuvant, and subsequently in phosphate-buffered saline at four-week
intervals. Sera obtained at various times were tested for their ability to bind
respective peptides, heterologous peptides, and native protein by ELISA. Results
obtained in mice demonstrate that the conformational peptide a 3 is a far more
potent immunogen than the linear unstabilized sequence a, and a N [7]. Antisera
from rabbits immunized with the conformational peptides a 3 and aB conformational peptides (Fig. 2) showed high titered antibody response, recognizing
both native LDH and respective peptides. The high IgG titers obtained in response
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Fig. 1. Amino acid sequences of LDH-C4 peptides: natural sequence, aN, idealized sequence,
ah and conformational peptides a/aa-fold), a4 (disulphide bonded-dimer) and aB (aBfold). Residue substitutions are indicated in open and shaded boxes, heptad repeat indicated
in positions a and d.

to a 3 and aB, that increase with successive immunizations, suggest that the
conformational peptides are capable of stimulating memory cells. The disulphide
dimer (a 4 ) is no better in eliciting an immune response than the unstabilized
natural and idealized sequences. The antipeptide antibodies revealed specificity
for their anticipated structure, as well as sequence in the native protein, and
point to the importance of tertiary conformation in antigen recognition, as they
did not react to unrelated a-helical proteins. The immune response to the
conformational peptides shows that buried hydrophobic residues are most likely
not involved in antigen recognition per se, but merely serve to contribute to
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Fig. 2. Secondary immune response of rabbits immunized with conformational peptides
a3, aB assayed to homologous peptides, heterologous peptides, native protein (LDH-C^
and unrelated a-helical proteins by ELISA.
the overall stability of the folded structure. This conclusion bears from the fact
that the mutations introduced within the natural sequence did not result in
abolition of these peptides to induce antibodies that bind to the native protein.
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Introduction
We have previously shown [1] that good titers of antibodies to native proteins
can be produced by injecting into animals a deprotected synthetic peptide attached
to the hydrophilic polymer on which it was synthesized. The polymer is swollen
by polar organic solvents or aqueous buffers making it ideal for use in biological
systems. Peptide-resin conjugates have been used to produce neutralizing
antibodies to HBsA and HIV [2]. The corresponding peptide-resin conjugate
can also be used to detect circulating antibodies to these viruses [2]. In investigating
the general utility of this methodology and to devise methods to increase the
antigenic response, we chose to attach an amphipathic T-cell epitope [3-5] from
Staph. A. nuclease to the peptide-resin conjugate.
Results and Discussion
The peptides were synthesized automatically using Boc or Fmoc chemistry
on a beaded polydimethylacrylamide resin cross-linked with bis-acryloyl-1,3diaminopropane containing 0.7 meq/g of amino group from acryloyl-diaminopropane or -diaminohexane [6]; Boc-glycine was first attached to the resin
with DCC/DMAP and deprotected with 50% TFA. After completion of the
synthesis, the peptidyl-resin was deprotected at -20°C for 3 h with anhydrous
HF containing 10% anisole and 1% ethanedithiol. The peptidyl-resin conjugate
was washed with ether, methanol, water, 1% acetic acid, water, 0.1 M Tris,
water, 1% acetic acid, and water to neutrality; the resin was dried in a vacuum
desiccator over P2O5. The amino acid composition and peptide sequence [7]
were determined before the peptidyl-resin was homogenized in buffer and mixed
with Freund's adjuvant for injection into mice or rabbits; each animal was given
approximately 500 /ug °f peptidyl-resin conjugate per injection. Antibody titers
against the native protein were determined by an ELISA; the antibodies produced
were IgG.
The amphipathic T-cell epitope was residues 64-70 of Staph. A. nuclease and
has the sequence KMVENAK. The position of the T-cell epitope with respect
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Fig. 1. The antibody titers obtained from injection of peptide-resin conjugates into rabbits.
(A): Residues 386-403 of v-abl oncogene protein attached to a polyamide resin. •
•
peptide-resin; o
o peptide-T-cell epitope-resin; and •
• T-cell epitope-peptide-resin.
(B): Residues 22-34 of rat fatty acid binding protein. A
• peptide-resin; A
•
T-cell epitope-peptide-resin.
to the resin was found to be important to the antigenic response in rabbits
(Fig. IA). If the T-cell epitope was first synthesized on the resin followed by
the peptide, the anti-peptide titer, determined by an ELISA using the purified
v-abl oncogene peptide residues 389-403 as antigen, was similar to the titer
obtained from the v-abl peptide-resin alone, approximately 1:256. However,
the antibodies obtained did not effectively precipitate the native proteins encoded
by the gag-abl genes of Abelson murine leukemia virus. When the T-cell epitope
was synthesized on the amino terminus of the peptide, a dramatic increase in
antibody titer was obtained (1:2000) and the antibody precipitated the native
proteins (data not shown). When the same T-cell epitope was attached to the
amino terminus of residues 22-34 of rat fatty acid binding protein, the antibody
titer increased more than 5-fold (Fig. IB). Therefore, in subsequent experiments,
the T-cell epitope was synthesized on the amino terminus of the peptide.
In Fig. 2 are a number of examples of this methodology as applied to the
serum apolipoproteins. Except for apoB, it has been difficult to obtain antibodies
against these smaller amphipathic lipid-binding proteins. As illustrated here,
antibody titers are increased significantly by inclusion of the T-cell epitope from
Staph. A. nuclease. With low density lipoprotein (LDL) as the antigen in the
ELISA, the antibody titer against the receptor binding region of apoB contained
in residues 3357-3369 increased 5-fold over that found with the peptidyl-resin
(Fig. 2A). ApoC-III (33-49) alone on the resin was not antigenic in mice (Fig. 2B).
However, attachment of the T-cell epitope leads to significant levels of antibody
against apoC-III alone (Fig. 2B), or in human serum very low density lipoproteins
(VLDL) that contain apoC-II and apoC-III (data not shown). With residues
68-79 of apoC-II, a 5-fold increase in antibody titer was found with the Tcell-peptidyl-resin (Fig. 2C). With the lipoprotein lipase (LPL) activating region
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Fig. 2. ELISA of anti-sera obtained after injection of apolipoprotein synthetic peptideresin conjugates into rabbits and mice. (A): ApoB residues 3357-3369 with (A) and without
(•) a T-cell epitope. (B): ApoC-III residues 33-49 with (A) and without (•) a T-cell epitope
injected into three sets of mice. (C): ApoC-II residues 68-79-resin conjugate injected into
rabbits. (D): Apo C-II residues 56-69-resin conjugate injected into rabbits.
between residues 56 and 69 of apoC-II, a dramatic increase in titer against apoCII (Fig. 2D) or VLDL was observed by including the T-cell epitope. In addition,
the attachment of the Staph. A. nuclease T-cell epitope described above has
permitted us to obtain significant antibody titers to numerous proteins in rabbits,
sheep, and mice. The spleens from the mice have been used to generate specific
monoclonal antibody-producing hybridomas by fusion with myeloma cells.
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Conclusion
These data provide new insights into the role of primary protein sequences
in the generation of a useful humoral immune response to a specific antigen.
Our results raise the possibility that generic T-cell-specific epitopes exist in defined
synthetic peptides, and that these generic T-cell sites can be used to provide
T-cell help to a variety of antigenic sites in proteins. We believe that these sites
are contained in amphipathic regions of restricted length and can be used for
the preparation of antibodies of predetermined specificity by eliminating the
carrier protein. This approach could lead to methods for generating defined
reagents useful for diagnostic test and vaccines.
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Modular branched peptides: Synthesis of potential
branched peptide vaccines
Elisabeth Albrecht, Marisa Engel, Laura G. Melton, Brian M. Peek and
Bruce W. Erickson
Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599-3290,
U.S.A.

Introduction
A restricted immune response has been induced to a branched lysine octamer
[1] bearing multiple copies of a B-cell epitopic peptide ((NANP)4 from the
circumsporozoite protein of the malarial parasite (Plasmodium falciparum). But
effective branched peptide vaccines should include both B-cell and T-cell epitopic
peptides in order to trigger both humoral and cell-mediated immunity.
Results and Discussion
We have used a modular approach to synthesize branched peptide structures
designed to overcome genetic restriction of the immune response. For example,
structure 5 is an asymmetric dialkyl sulfide in which one alkyl group is a branched
module having two copies of a T-cell epitopic peptide and the other alkyl group
is an unbranched module containing a B-cell epitopic peptide.
We have synthesized two derivatives of 3-(Aminomethyl)-4-aminobutanoic acid
(Aab) for assembling branched peptide modules: the symmetrically protected
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derivative 9, Boc-Aab(Boc), and the asymmetrically protected derivative 13, BocAab(Z). The latter was designed for making branched peptide modules containing
different peptides. Both protected forms of Aab were derived from benzyl 3,3dicyanopropionate (6), which was produced by alkylation of the malononitrile
anion with benzyl bromoacetate. Following crystallization to remove the undesired dialkylated product 7, ester 6 was simultaneously hydrogenated and
hydrogenolyzed to yield Aab (8). Silica-catalyzed cyclization of 8 furnished 4(aminomethyl)-2-pyrrolidinone (10), which was protected as the Z derivative
11 and was converted into Boc-Aab(Z) (13) by reaction with di(terf-butyl)
dicarbonate followed by regioselective hydrolysis [2]. A related synthesis of
3,3-bis(aminomethyl)-4-aminobutanoic acid (Tab) is in progress. A branched
peptide module such as 4 could use the symmetric triamino acid Tab in place
of Aab.
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Synthesis of the branched peptide module 4 involved parallel assembly of
two identical peptide chains on Aab-Cys(4-MeBzl)-NH-resin by solid-phase
methods. It was S-alkylated in solution in 53% yield with the N-bromoacetylated
peptide module 3 to furnish the potential peptide vaccine 5, which contains
two copies of a T-cell epitopic peptide (Tpep = F-E-R-F-E-I-F-P-K-E, from
influenza hemagglutinin [3]) and one copy of a B-cell epitopic peptide (Bpep = (NA-N-P)3, from P. falciparum [4]). A variation of modular branched peptide 5
could have a branched B-cell epitopic module and a unbranched T-cell epitopic
module.
We are also pursuing alternate approaches to producing modular branched
peptides by reversing the branching roles of the sulfide and amide bonds. For
example, succinimido 3,5-bis(bromomethyl)benzoate (Br 2 Dmb-OSu, mp 171172°C), obtained by NBS bromination of succinimido 3,5-dimethylbenzoate
followed by extensive recrystallization, could be used to synthesize a Br 2 Dmbpeptide, which could be used to S-alkylate two copies of a thiol-containing peptide.
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Characterization of hardware for peptide synthesis using
Geysen's method, and epitope scanning of a malarial
protein
J. Mark Carter and Jeffrey A. Lyon
Walter Reed Army Institute of Research, Division CD&I, Department of Immunology,
Washington, DC 20307-5100, U.S.A.

Introduction
A method for synthesis of peptides on blocks of polypropylene pins was
described by Geysen [1], who used them to perform epitope mapping of sera
and MAb via ELISA. We obtained hardware and protocols marketed by
Cambridge Research Biochemicals (CRB) for this technique, and have performed
chemical characterization of the pins and their attached peptides.
Results and Discussion
To determine the quality of the peptides obtained by this synthesis method,
we performed AAA on 10 of the control pins supplied by CRB. These pins
bore the sequence Ac-Pro-Leu-Ala-Gln-Bal. The analyses (Beckman 6300) showed
wide variation in the amount of peptide between pins, but fairly good stoichiometry of amino acids on the same pin. This suggests variable loading during
derivatization with good efficiency in synthesis.
When we synthesized peptides on the pins using the Fmoc protocol recommended by CRB [2], we experienced difficulty in washing away the piperidine
from the pins after deprotection, as judged from the alkaline pH of an aqueous
solution of the wash, so we added a wash step with methanol, containing 1%
acetic acid. This resulted in complete neutralization (if not removal) of the
piperidine, thereby preventing premature deprotection of the next amino acid
added in the sequence, and potential tandem coupling.
AAA were performed on a few random pins after completion of peptide
synthesis. Results confirmed the success of the synthesis. However, successful
ELISA required prior 'disruption' of the peptides with a high-power (500 W)
ultrasonic cleaning bath; a low-power cleaner was not effective. Sonication is
apparently necessary to disrupt the unreactive conformation assumed by the
peptides after synthesis. We also observed that AAA showed higher peptide
content for the pins after sonication.
ELISA was used to identify epitopes in two malarial proteins (Plasmodium
falciparum Camp strain): gpl95 [3] and pl26 (J.L. Weber, personal communication, 1989). A number of Aotus monkey sera and mouse monoclonal Ab
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were screened, showing prominent recognition. Even weakly reacting epitopes
were reliably detected. Some of the strongest reacting epitopes were predicted
by searching for hydrophilic stretches in the sequence. However, most contained
a mixture of hydrophilic and hydrophobic amino acids in series with an aromatic
amino acid - usually Tyr.
AAA of pins after binding serum showed the appearance of 2 nmol per pin
of lysine, as well as smaller amounts of other amino acids. This implies binding
of about 0.2 nmol (30 n% as IgG) antibody (Ab) per pin. These additional amino
acids were not detectable after ultrasonic disruption, suggesting that this treatment
quantitatively removes Ab from the pins.
Next, we synthesized 8 identical pins containing the epitope TGESQTGN,
the peptide from pl26 most reactive in ELISA. The pins were allowed to bind
to serum (diluted 1/200), and then they were washed four times with PBS
containing 0.1% Tween 20 (PBST). Ab was then eluted from the pins with 0.2 M
glycine-HCl, pH 2.8, (200 ^1/well) for 10 minutes, and the eluate was neutralized
with Tris base (solid). This solution was then used without further treatment
to probe 4-mm wide strips cut from nitrocellulose blots of 8% PAGE of cultured
P. falciparum merozoites. Strips were washed three times with PBST and then
amplified by incubation for 2 h with affinity purified rabbit IgG versus Aotus
IgG (2 ml, 1 /ug/ m l i n PBS). After four washes in PBST, the strips were incubated
with 125I protein A (2 ml, 1 ng/ml in PBS, 41 mCi/mg, Amersham) for 1 h.
Finally, strips were washed five times with PBST and autoradiographed for
72 h. Results indicated that the desorbed Ab recognized the protein on the
blot.
From the overlapping octamer peptides constituting gpl95, we selected 11
pins bearing permutations of the repeated tripeptide SGT (SGTSGTSG,
GTSGTSGT, TSGTSGTS), which is the strongest reacting epitope in this protein.
After adsorbing and eluting these pins, the Ab was diluted and used to probe
blots as before. Results clearly showed that the blots can detect Ab eluted from
a single pin. However, when other epitopes were tested, only those reacting
very strongly in ELISA yielded detectable amounts of Ab.
Conclusion
Peptide synthesis on polypropylene pins was found to be an effective approach
for defining the continuous epitopes recognized by monoclonal and polyclonal
Ab. In some cases, these peptides may be used for purification of small amounts
of Ab for immunoblot experiments. Successful application of this technique
probably requires thorough removal of piperidine during peptide synthesis as
well as adequate 'disruption' of the pins prior to ELISA. The method, however,
is probably not appropriate for quantitative evaluation of Ab behavior, because
the pins are derivatized with variable amounts of peptide.
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Vaccine engineering: Chemically defined hepatitis vaccine
models
Yi-An Lu and James P. Tam
The Rockefeller University, 1230 York Avenue, New York, NY 10021, U.S.A.

Introduction
An important objective in the development of synthetic vaccines is the design
of chemically defined and multivalented vaccines with the relevant B and T
cell epitopes, but unaided by carriers. The multiple antigen peptide (MAP) system
is designed with these purposes in mind [1]. To test the importance of B and
T epitopes covalently linked in the MAP system, we designed two synthetic
peptide-vaccine models of hepatitis B virus (HBV). The models contain two
epitopes of the HBV surface protein: the a determinant of the S region consisting
of tandemly repeating residues 140-146 (TKPTDGN, designated as TN-14), and
the pre-S(2) region consisting of residues 12-26 (LQDPRVRGLYFPAGG,
designated as LG-15).
serum dilution(log)
3

•

C) » (*CT)-AJ.

C y i |«cm)-Ala

ESLC-15
HTN-14
C=DL0-15{8)MAP
EaTN-14(B)MAP
ES! Major protein
C S Middle protein

} C r * (Acm)-Ala

Fig. 1. MAP models.
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Results and Discussion
Two models (Fig. 1) referred as homologous (A, B, C) and heterologous (D)
branching epitopes were designed to produce MAPs containing two different
peptide epitopes. In the homologous branching, each epitope, TN-14 or LG15, was synthesized as an individual, mono-epitope, octameric MAP (A and
B). Oxidative linkage by iodine formed a disulfide bond, producing a heteromeric
di-epitope MAP containing TN-14 and LG-15 (C). In the heterologous branching,
both epitopes were synthesized in one octameric MAP system utilizing the aamino groups for one epitope and the e-amino groups for another (D). The
synthesis of MAP was accomplished manually by a stepwise SPPS [1,2] on BocAla-OCH 2 -Pam resin. In synthesizing the core matrix of a MAP containing two
different peptide sequences, Fmoc-Lys(Boc) was used in the third level to give
Fmoc-Lys(Boc) end groups. The synthesis of the first peptide epitope used the
Boc chemistry. The second epitope used the Fmoc chemistry. Finally, cleavage
was mediated by the low-high HF method [3] to remove the MAP from resin
support. Antibodies from New Zealand white rabbits were immunized with each
of the 8 MAP models. The secondary antibody response (Fig. 2) showed that
the mono-epitope MAP of TN-14 was a poor immunogen and produced little
antibody response, either against the peptide antigen or the cognate protein
(major protein). The di-epitope MAPs (model C and D) elicited high antibody
response to the cognate protein of the S region (major protein) and pre-S(2)
region (middle protein), as well as to the peptides LG-15 and TN-14. The controls
containing non-covalent mixture of mono-epitopes did not elicit the desired
response for TN-14. Thus, the di-epitope MAPs produce enhanced immunological
responses in animals and provide defined models for the design and engineering
of synthetic vaccines.
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New approaches to malaria vaccines: Synthesis and
immunological evaluation of a multiple (NANP)3 peptide
comprising the immunodominant epitope of
P. falciparum CS protein
Edgar P. Heimer3, Arthur M. Felix3, Timothy McGarty3, Theodore Lambros3,
Mushtaq Ahmad3, Howard Etlingerb and Fidel Zavala0
"Peptide Research Department, Hoffmann-La Roche Inc., Nutley, NJ 07110, U.S.A.
b
Central Research Department, F. Hoffmann-La Roche & Co., Ltd., Basle, Switzerland
'Department of Medical and Molecular Parasitology, New York University
School of Medicine, New York, NY 10016, U.S.A.

Introduction
Plasmodium falciparum, the parasite that is the major cause of malaria infection,
continues to be responsible for approximately one million deaths each year.
Failures to control the spread of the disease by traditional methods, including
insecticides and drugs, have caused a wide interest in the development of a
synthetic vaccine. The immunodominant epitope of the P. falciparum circumsporozoite protein (CSP) has a repetitive sequence consisting of Asn-Ala-AsnPro (i.e. NANP) [1,2]. Antibodies directed against this sequence have been shown
to neutralize CSP in vitro [3]. Recently, a synthetic tridecapeptide conjugate
consisting of Ac-Cys(Asn-Ala-Asn-Pro)3-OH linked to tetanus toxoid (TT) was
shown to be potentially useful as a first generation malaria vaccine [4]. The
peptide-conjugate evoked high anti-(NANP) 3 antibody response in mice, but
the titers in human volunteers were relatively low, possibly due to a dampening
of the immune response by TT.
Recently, Tam has developed a novel approach in which an immunogenic
peptide was multiply-linked to a branching trifunctional amino acid and assembled by SPPS [5]. The resultant multiple antigenic peptides, that are chemically
unambiguous, have been shown to elicit high titers of antipeptide antibodies
without the need for conjugation of peptide to carriers. To explore the relationship
between the molar ratio and configuration of (NANP) 3 in the conjugate, and
its ability to elicit antipeptide antibody, a novel derivative, 4, was prepared
consisting of multiple (NANP) 3 units covalently linked to Lys and containing
a spacer/diagnostic residue aminocaproic acid. This material was also (a)
conjugated to TT and (b) dimerized for immunization studies in mice.
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Aca-Cys(Dmb>-BHA-(R)
2
Bcc-Lys(Boc)-OH
3 cycles

TFA

(Lys>7-Aca-Cys(Dmb)-BHA-(R)
3

Boc-Asn-Ala-Asn-Pro-OH HF cleavage
3 cycles
HPLC purification
[(Asn-Ala-Asn-Pro)3]8-(Lys>7-Aca-Cys-NH2
.4

[(Asn-Ala-Asn-Pro^lg-CLys^-Aca-Cys-NHj
Cys

[(Asn-Ala-Asn-Pro^lg-CLysVAca-Cys-NHj

M-pUla-J-TT
Fig. 1. Synthesis, conjugation and dimerization of multiple+NANP)3 peptide.

Results and Discussion
The synthetic procedure is outlined in Fig. 1. Boc-Lys(Boc)-OH was used
in 3 cycles of SPPS and the final deprotection with TFA yielded the heptalysyl
peptide-resin, 3, containing 8 free amino groups. After 3 more cycles of SPPS
using the fragment Boc(NANP)-OH, it was cleaved and purified by HPLC. The
synthetic multiple (NANP) 3 peptide, 4, was homogeneous by HPLC and characterized by amino acid composition, sequence analysis, Ellman test and FABMS. Compound 4 was dimerized (pH 8) to form 5 and conjugated to TT (6).
In two initial comparative studies (Table 1), it was observed that both the
multiple (NANP) 3 peptide, 4, as well as the dimer, 5, elicited at least comparable
antibody response as that observed for the (NANP)3 peptide conjugate, 1, which
was used for the clinical study. The multiple (NANP)3 peptide conjugated to
TT, 6, gave no significant enhancement in antibody response. Therefore, these
novel mutiple (NANP) 3 peptide antigens may lead to malaria vaccine candidates
that would not require conjugation to a carrier protein.
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Table 1 Immunization results for (NANP)3 peptide conjugate, 1, multiple (NANP)3 peptide,
4, dimer, 5, and conjugate, 6, using different adjuvants and strains of mice
Antigen

Antibody response
15 days

1

30 days

30 days

41 days

63 days

88 days

b

2000

128000

400
8000c
2000"

275000
476000c
226000d

191000>>
330000c
397000"

229000b
228000c
687000"

5000

64000

92000e

229000e

159000e

191000=

5000

256000

275000f

229000'

110000'

132000f

5000

128000

53000c
15000d
3000

999000c
572000"
275000b

476000"
476000d
275000b

397000"
330000"
191000b

a

Groups of 5 mice (C57-BL/10) were immunized. Each mouse received 20 ng, of antigen
i.p. (emulsified in CFA). After 15 days mice were boosted (10 nS of antigen in incomplete
Freund's adjuvant). IRMA (recombinant protein).
b
BALB/C mice without adjuvant.
c
C57BL/6 mice using Al(OH) 3 adjuvant.
" BALB/C mice using Al(OH) 3 adjuvant.
e
C57BL/6 mice using IFA.
f
C57BL/6 mice without adjuvant.
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Immunogenicity of synthetic peptides specific for the major
immunogenic determinant of hepatitis B surface antigen
(HBsAg)
Kwang-Soon Shin, Joong-Ho Choi and Kyong-Ho Kim
Mogam Biotechnology Research Institute, 341 Pojung-ri Koosung-myon Yongin-kun
Kyonggi-do, 449-910, Korea

To investigate the antigenicity and immunogenicity of synthetic peptides specific
for the major immunogenic determinant of HBsAg, a nonapeptide, H2N-CysThr-Lys-Pro-Thr-Asp-Gly-Asn-Aba-COOH, which corresponds to HBsAg
amino acid residues 139-147, was synthesized by SPPS with a slight modification.
This peptide was identical in amino acid composition to the theoretical value.
The degree of purification and molecular weight were ascertained by HPLC
and MS. Using w-maleimidobenzoyl-A'-hydroxysuccinimide ester as a conjugating
agent, the synthetic peptide was conjugated to rabbit albumin and 7-globulin,
tetanus and diphtheria toxoids, and keyhole limpet hemocyanin. The conjugation
yields were 8.3, 9.5, 15.8, 13.5 and 11.2%, respectively. The antigenicity and
immunogenicity of this specific peptide were then compared with those of purified
plasma-derived natural HBsAg. Antigenicity of the synthetic peptide and the
plasma-derived natural HBsAg was determined by competition radioimmunoassay using l25I-labeled natural HBsAg. The 50% inhibition was 90.00 /ig/ml
and 0.12 ;ug/ml for the synthetic peptide and the natural HBsAg, respectively,
or about 750-fold less antigenicity for the latter (Fig. 1).
X inhibition
100
o
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*
o

*
o

*
o

o

o
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peptide, ug/ml
o—o natural HBsAg, ng/ml

Fig. 1. Competition radioimmunoassay for synthetic peptide and natural HBsAg.
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Table 1 Immune responses in rabbits against synthetic peptide
Carrier
Rabbit
Rabbit
Tetanus Diphtheria KLH
protein
albumin y-globulin toxoid
toxoid
with FCA
373
3/3
2/3
3/3
3/3
without FCA
3/3
3/3
1/3
2/3
3/3
Responding/immunized.

Free
peptide
173
1/3

Immunogenicity was determined by administering the synthetic peptide-carrier
conjugates into rabbits with and without Freund's complete adjuvant (FCA).
The 50% immunizing dose in mice of the various peptide-carrier conjugates
was 5.47, 6.00, 65.16, 31.25 and 13.03 /jg/dose, respectively, for rabbit albumin,
y-globulin, tetanus and diphtheria toxoids and keyhole limpet hemocyanin.
Natural HBsAg required 0.65 /itg/dose. So we postulated that homologous
proteins were preferable to heterologous ones as the carriers.
Despite the carrier protein used and the presence or absence of adjuvant,
positive immune responses to the synthetic peptide were observed (Table 1 and
Fig. 1). Antibody titers were higher, however, in the groups given FCA.
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Mapping of human T-cell epitopes, occurring in the
meningococcal class 1 outer membrane protein
Emmanuel J.H.J. Wiertz3, Jacqueline A.M. van Gaans3'*, Peter Hoogerhout3,
Robert C. Seid Jr.b, John E. Heckels0, Geziena M.Th. SchreudeH and
Jan T. Poolman3
"National Institute of Public Health and Environmental Protection, P.O. Box 1,
3720 BA Bilthoven, The Netherlands
b
Praxis Biologies, Rochester, NY, U.S.A.
'University of Southampton, Southampton, U.K.
d
Immunohaematology, Academic Hospital Leiden, Leiden, The Netherlands

Introduction
Immunity to disease caused by Neisseria meningitidis is associated with the
presence of bactericidal and opsonic antibodies to the capsular polysaccharides,
lipopolysacccharides and outer membrane proteins. The capsular polysaccharides
of group A and C meningococci are proven efficacious vaccines, although the
immunogenicity in infants is poor and the immunity is of short duration. The
combination with T-helper epitopes from outer membrane proteins will certainly
improve the immunogenic properties of these T-cell independent antigens. For
this reason we started an investigation to identify the location of T-cell epitopes
in the class 1 outer membrane protein.
Results and Discussion
Six MHC-typed volunteers were immunized with an experimental meningococcal vaccine. They received a boost after 4-6 weeks. One dose of vaccine
contained 25 n% of B outer membrane proteins (15: PI. 16), 25 ug of C
polysaccharide, 25 /xg of thiomersal and 0.25 mg ALP0 4 . Six months after the
first immunization, peripheral blood mononuclear cells were isolated and cultured
with the outer membrane protein for six days. The proliferative response of
T-cells was measured by a [3H]thymidine incorporation assay. Cells from
vaccinees 1-3 proliferated strongly, whereas cells from vaccinees 4 and 5 showed
an intermediate response. Vaccinee 6 was found to be a low responder.
The recent elucidation of the sequence of the N. meningitidis class 1 outer
membrane protein [1] enables a detailed mapping of its T-cell epitopes. Possible
epitopes were selected using the prediction methods of Margalit et al. [2], and
Rothbard and Taylor [3].
Peptides corresponding to the sequences 16-34, 47-59, 57-71, 103-121, 143*To whom correspondence should be addressed.
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184,153-158,190-202,215-228,241-261, 304-322, and 352-366 were synthesized
by continuous flow SPPS, applying Fmoc-polyamide chemistry [4].
The antigenicity of the peptides was measured by a similar assay as described
for the whole protein. Six out of eleven peptides induced proliferation of Tcells from one or more volunteers (Table 1). The location of a number of Tcell epitopes on the meningococcal class 1 outer membrane protein, in relation
with different MHC-types of h u m a n vaccinees, is therefore established. We intend
to continue the investigation by testing more synthetic peptides and using h u m a n
class 1 specific T-cell clones.
Table 1 Stimulation index (SI)" of synthetic peptides on the proliferation of peripheral
blood monocular cells from MHC-typed vaccinees
Peptides

Vaccinee MHC specifity

W52

3
4
5
6

b

47-59

143-184 153-158 241-261 304-322

++

++
+

++
++

+

DQ: WI W6
D R : 5 W l l W10W52 ND b
DQ: WI W3 W5 W7
DR: 3 W52
DQ: W2
DR:3 7W52W53
DQ: W2
DR: 5 W l l 7 W52 W53DQ: W2 W3 W7
DR:4W10W53
±
DQ: WI W3 W5 W8

2

a

16-34
DR:2W6W13W15

+

++
+

++

+

1+

1

+

+

-

-

±

-

-

++

+

_

ND

ND

++

Determined by [3H]thymidine incorporation (SI = cpm antigen/cpm background). + + :
S I > 6 ; +: 3 < S I < 6 ; +: 2 < S I < 3 ; -: S K 2 .
Not (yet) determined.
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Synthetic antigens: Synthesis of several active immunogens
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b
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Introduction
Polio and foot-and-mouth disease are caused by picornaviridae carrying
immunodominant antigenic sites on their capsid (VP1) proteins. The structural
framework of the capsid proteins is similar for all picornaviridae, consisting
of an eight-stranded antiparallel /2-barrel and two flanking helices [1]. In
fibrinogen, proteolytic removal of two small peptides by thrombin causes
polymerization of the resulting fibrin monomers. The proteolysis exposes a new
site on the Aa-chain (148-160), which causes degradation of a blood clot (by
plasmin), since the plasminogen-to-plasmin conversion by tissue type plasminogen
activator is enhanced [2] by this site.
Results and Discussion
Antigenic determinants
Polio virus: The spatial form of the antigenic site was mimicked by the synthesis
of compound A. The peptide, which contains three spatially adjacent fragments
of VP1, also contains two disulfide bridges to limit the number of possible
conformations.

Compound A: A c - C K Y T S K D Y C N P C S T T N K D K C F A Y P Y P E K W D - O H

I

I

Ac-C-(252-256)-D-(92-C-94-95-C-97-103-C-105-107)-( 165-171 )-OH

Foot-and-mouth disease virus: VP1-(119-21 l)-heneicosapeptide (i.e., the C733
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terminus) was prepared as a linear peptide or as a derivative (compound B1 and B-2) that could be cyclized (Ata = S-thioacetyl, Mai = e-maleinimidocaproyl, Sic = e-succinimidocaproyl):
Compound B-l: Ac-KAIKYTSQDRYKQKIIAPAKQ-OH
Ata

Mai

Compound B-2: Ac-KAIKYTSQDRYKQKIIAPAKQ-OH
C-CH2-S

Sic

O
Fibrin: The sequence Aa(148-160), assumed to be exposed solely in fibrin,
is presumably also a unique determinant in fibrin. It contains a sequence of
alternating polar-apolar aminoacyl residues. Compound C was prepared as a
determinant:
Compound C: Ata-Nle-KRLEVDIDIKIRS-OH
Syntheses
Compound A was prepared by SPPS on a SASRIN resin and B and C were
prepared on a /?-alkoxybenzyl alcohol ('Wang') resin, using Fmoc for temporary
protection and Boc for side chain protection. Arg was protected with Pmc or
Pms; condensations were by the DCC/HOBt method.
Antigens
The antigenic determinants were condensed with protein carriers as thioethers
using a linear linker in the maleimido method. This procedure was preferable,
since defined conjugation took place and formation of antibodies directed against
the linker was greatly diminished [3].
Polio virus: Conjugates of synthetic peptide derivatives comprising sequences
of site 1 of poliovirus type 1, (i.e., compound A) elicited type-specific neutralizing
antibodies when forced into the indicated loop structure. The peptides themselves
showed no priming effect for a subsequent injection with trivalent vaccine.
Foot-and-mouth disease virus: Neutralizing antibodies were formed in rabbits
upon immunization with the conjugate of compound B-l. Guinea pigs were
fully protected from foot-and-mouth disease type A10 upon a single immunization
with the adduct (to tetanus toxoid) of the linear sequence B-l.
Fibrin: A monoclonal antibody (anti-Fb-1/2) was obtained on immunization
with an antigen consisting of BSA, repeatedly condensed with compound C,
[Nle147]-fibrinogen-Aa-(147-160). Anti-Fb-1/2 constitutes a viable diagnostic for
fibrin concentration in human plasma, since fibrin can be detected in the presence of a 1000-fold molar excess of fibrinogen [4].
734

Immunology
SPPS on Sasrin-resins [5] lends itself well to the preparation of protected
peptides that are to be processed in the protected form. Here, protection was
wanted to facilitate the iodine oxidation of S-protected (Trt and Acm) cysteine
residues to disulfides [6].
The unexpected complete protection of guinea pigs (5 out of 5), which are
(in contrast to rabbits) susceptible to foot-and-mouth disease, supports the
feasibility of using synthetic vaccines for immunization. Additionally, the delicate
balance between blood coagulation and fibrinolysis can be monitored with the
monoclonal antibody described here that detects 2.5 Mg/ml of fibrin in the presence
of 1-5 mg of fibrinogen.

References
1.
2.
3.
4.
5.
6.

Hogle, J.M., Chow, M. and Filman, D.J., Science, 229(1985) 1358.
Nieuwenhuizen, W., Vermond, A., Voskuilen, M., Traas, W.D. and Verheijen, J.H.,
Biochim. Biophys. Acta, 748(1983)86.
Peeters, J.M., Hazendonk, T.G., Beuvery, E.C. and Tesser, G.I., J. Immunol.
Methods, 120(1989)133.
Schielen, W.J.G., Voskuilen, M., Tesser, G.I. and Nieuwenhuizen, W., Proc. Natl.
Acad. Sci. U.S.A, in press.
Mergler, M., Nyfeler, R., Tanner, R., Gosteli, J. and Grogg, P., Tetrahedron Lett.,
29(1988)4009.
Kamber, B., Hartmann, A., Eisler, K., Riniker, B., Sieber, P. and Rittel, W., Helv.
Chim. Acta, 63(1980)899.

735

The use of bovine serum albumin in the production of
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Introduction
Methylated bovine serum albumin (BSA-OCH3) has been used for the preparation of antibodies against basic polypeptides [1]. Since no covalent coupling
is involved before immunization, it has been proposed that the peptide is adsorbed
on the ionized surface of BSA-OCH3. Although no systematic study has yet
been done, co-injections of BSA-OCH3 with the positively charged peptides GnRH
and TRH which are peptides lacking a nucleophilic amine function, i.e. a free
N-terminus or a lysine side chain, did not elicit antibodies formation (R.B.,
unpublished results). The specificity patterns of previously described antibodies
to somatostatin (1-14) [1] suggested that a covalent transamination reaction
might occur in vivo between the nucleophilic amino groups of the Lys residues
and the methyl ester of BSA-OCH3. Therefore, we speculated that such a covalent
linkage might also exist between the methyl ester of a peptide and BSA. Indeed,
co-injection of Substance P methyl ester (SP-OCH3) and BSA to rabbits led
to high-affinity antibodies to Substance P whose reading frames were interestingly
shifted toward the center and the N-terminal region of SP.
Results and Discussion
Co-injection of SP with BSA-OCH3 yielded, as expected, high-titer, high-affinity
anti-SP whose antigenic determinant resides in the C-terminal sequence of SP,
i.e. SP (5-11). In agreement with previous negative results obtained with GnRH
and TRH, it seemed that a nucleophilic amino group in the sequence of the
peptide was a prerequisite for inducing antibodies formation with BSA-OCH 3
suggesting that a covalent amide linkage could be formed in vivo between the
peptide and BSA-OCH3, i.e. BSA-OCH3 + peptide - BSA-peptide + CH 3 OH.
However, no transamination reaction could be evidenced in vitro when tritiated
SP was incubated at 37°C with BSA-OCH3 for 1-4 weeks with or without
incomplete Freund's adjuvant (data not shown). This negative result does not
exclude that such a reaction might occur in vivo.
As speculated, SP-OCH 3 co-injected with BSA induced the formation of highaffinity antibodies which recognize both SP and SP(l-9) on an equimolar basis,
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Table 1 Antigenic determinants of anti-SP obtained after co-injection, without covalent
coupling, ofSP with BSA-OCH3, SP with BSA and SP-OCH3 with BSA
Peptides

SP
SP(5-11)
SP(6-11)
SP(7-11)
SP(l-9)
SP-COOH
[Met7] SP
[Pro'lSP
NKA
NKB

Methods:(percentage of cross-ireactivity, %)
SP-OCH3/BSA

SPA/BSA-OCH 3

SP/BSA

(a)

(b)

(c)

(d)

100
46.5
2.1
n.d.
<0.01
0.1
10
<0.01
0.02
0.3

100
100
n.d.
n.d.
0.01
n.d.
n.d.
n.d.
0.1
0.5

100
<0.01
n.d.
<0.01
100
n.d.
0.03
n.d-.
<0.01
0.02

100
n.d.
n.d.
<0.01
100
n.d.
0.03
n.d.
<0.01
n.d.

The final dilutions used in the RIA performed at 4°C were: (a) 1:800000; (b) 1:150000;
(c) 1:22000 and (d) 1:10000. The iodinated tracers were [l25I][Tyr°]SP for (a), (b) and
(c) experiments and [l25I][Tyrl2]SP for (d) experiments. EAch value is in percentage and
represents (ED50 analog/ED50 SP) X 100. Calculations are done on a weight basis, n.d. = not
determined.
whereas SP(5-11) does not cross-react at all (Table 1). As a control experiment,
SP co-injected with BSA yielded high-titer anti-SP whose antigenic determinant
resides in the C-terminal sequence of SP(5-11), and SP(l-9) does not crossreact with these antibodies. The condition, rendering a given region of a peptide
more immunogenic than another, remains elusive even if we already know that
a consistent pattern of response exists when the same conditions of immunization
are used. For example, utilization of BSA-OCH3 and antrin leads to antibodies
directed essentially toward the COOH terminus of the decapeptide [2]. The same
method applied to somatostatin-14 leads to antibodies directed mostly towards
the central region of the tetradecapeptide [1]. Whatever the exact mechanisms
operating in the selection of antigenic determinants are, this preliminary study
has already shown that: (1) a small basic amphiphilic peptide such as SP could
generate anti-SP antibodies when co-injected without coupling with BSA, and
(2) SP methyl ester co-injected without coupling with BSA yielded high-affinity
anti-SP whose antigenic determinant has been shifted toward the center and
the N-terminal region of SP. Both results have to be further analyzed with other
peptides. It would be worthwhile to apply this strategy for raising antibodies to
members of the tachykinin family for which N-terminal directed antibodies are
required.
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Immunostereochemistry of peptides related to the flap of
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Introduction
We have shown in earlier studies that it is possible to inhibit the reninangiotensin system by immunization against renin [1] or peptides [2] related
to renin and that specifically designed peptides could be recognized by antirenin antibodies. These peptides [3] (flaps 10 SS and 14 SS) were cyclized through
disulfide bridge and were able to bind respectively to five and six of our seven
anti-renin monoclonal antibodies, showing first that the flap of h u m a n renin
presents a conformation similar to that of these peptides (a /J-hairpin), and
second, that the flap of h u m a n renin seems to be an immunopotent region of
the enzyme.
Results and Discussion
F o r this study, we have synthesized numerous peptides closed by amide b o n d
or disulfide bridge and correlated their conformation to their ability to bind

CYSTGC

Flap 6 SS

CRYSTGTC
I

Flap 8 SS
i

CLRYSTGTVC
i

Flap 10 SS
i

CTLRYSTGTVSC
I

Flap 12 SS
i

CLTLRYSTGTVSGC
I

Flap 14 SS
i

I-LTLRYSTGTVSG-,
r

Flap 12 cyclo

TLRYSTGTVSYSTG-|

Flap 14 cyclo

CELTLRYSTGTVSGC
I

Flap 15 SSE
i

CLTLRYSTGATVSGC
i

Flap 15 SS A
i

Fig. 1. Sequences of the synthesized peptides.
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Fig. 2. Recognition of the peptides by seven anti-renin monoclonal antibodies. Results are
expressed in ng of monoclonal antibody giving an optical density three times as high as
the negative control serum.
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Fig. 3. Proposed model of the reversal of flap 15 SSA.
anti-renin monoclonal antibodies (Figs. 1 and 2). One non-natural peptide (flap
15 SSA) with an extra residue (with regard to the deletion that occurs when
going from the pepsins to the renins) was also synthesized. It presents the good
anti-parallel hydrogen bonds pattern as the flaps 10 SS and 14 SS, but the
reversal was composed of five residues with three NHs engaged in hydrogen
bonds with the same carbonyl (Fig. 3). The affinity of this peptide for several
monoclonal antibodies was measured, compared to that of flaps 10 SS and 14
SS, and was found better.
It is of great interest in our search of immuno-control of renin activity to
have a non-natural peptide related to the renin sequence that presents an important
antigenic property. This peptide may be a candidate for the basis of a synthetic
vaccine against renin and is actually studied for its immunogenic properties.
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A pair of peptides encoded by the same RNA but read in
the 5'-3' or 3'-5' direction are antigenically similar as
determined using monoclonal antibodies
David W. Pascual and Kenneth L. Bost
Department of Physiology and Biophysics, University of Alabama at Birmingham,
UAB Station, Birmingham, AL 35294, U.S.A.

Introduction
RNA sequences translated in the 5'-3' or 3'-5' direction often vary in their
respective amino acid sequence, but will usually have similar hydropathicity
[1]. This results from the middle nucleotide of the codon, which determines
the hydropathic nature of the amino acid. To ascertain the antigenic relatedness
of a given pair of hydropathically similar peptides, two peptides were synthesized
based on the RNA sequence CAU CAA UCC AAA GAA CUG CUG AGG
CUU GGG UCG. Reading this RNA sequence in the 5'-3' or 3'-5' directions
resulted in two peptides, HQSKELLRLGS (termed 5'-3' peptide) and
AGFGVVKKPEY (termed 3'-5' peptide), with different primary structures, but
similar hydropathicity. Mice were immunized with either peptide conjugated
to keyhole limpet hemocyanin, and monoclonal antibodies were produced to
determine if these peptides represented cross-reactive antigens.
Results and Discussion
Using an enzyme-linked immunosorbent assay, we found that the IgM
monoclonal 2F8 anti-5'-3' peptide antibody bound to microtiter wells coated
with the 5'-3' peptide in a dose-dependent and saturable fashion (Fig. 1). This
binding could be blocked with an 8-fold excess of BSA conjugated 5'-3' peptide,
demonstrating the specificity of this interaction. Similar results were obtained
with IgM monoclonal 8D2 anti-3'-5' peptide antibody's binding to 3'-5' peptide
with regard to dose-dependence, saturability and specificity (Fig. 2). The IgM
monoclonal 2F8 anti-5'-3' peptide antibody also recognized the 3'-5' peptide,
and this binding could be blocked with either peptide conjugate (Fig. 1).
Furthermore, the IgM monoclonal 8D2 anti-3'-5' peptide antibody also recognized the 5'-3' peptide, and this interaction could be blocked with either peptide
conjugate (Fig. 2). Examination of the slopes for the curves depicting 2F8 IgM
antibody binding to the 5'-3' and 3'-5' peptides at 50% saturation demonstrated
that the extent of cross-reactivity was 96%. By the same criteria, the extent
of cross-reactivity for the 8D2 IgM antibody with the two peptides was 84%.
Clearly from the evidence provided, the two monoclonal antibodies, 2F8 and
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8D2, demonstrated similar abilities to recognize either peptide. Thus, these results
support the notion that peptides read from the same RNA sequence either in
the 5'-3' or 3'-5' directions are antigenically-related despite having different amino
acid sequences.
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A blocking micro-ELISA for detection of antimalarial
antibodies in human blood based on the synthetic peptide
(NANP)20
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Introduction
Malaria from Plasmodium falciparum is widely diffused in many tropical and
subtropical regions of the world, causing great morbidity and mortality. Immunological methods for detection of antibodies to different life stages of the
parasite have recently been developed, as they are very useful tools for epidemiological studies. Anti-sporozoite antibodies have been determined by IRMA
(immunoradiometric assay) or ELISA (enzyme-linked immunosorbent assay)
using the synthetic NANP = Asn-Ala-Asn-Pro repeated sequence as supported
antigen [1-4]. Since ELISA based on the use of two microtiter plates, with
and without the supported antigen, may give false results owing to disuniformities
of both the plate and the adsorbed materials, we have overcome this difficulty
by developing an 'inhibition monoplate ELISA', based on a single (NANP) 20 coated plate: the specific value of a sample is given as the difference between
the absorbance values of the uninhibited and the fully inhibited sample; (NANP)2o
is used as specific inhibitor.
Results and Discussion
All the parameters of this 'monoplate ELISA' have been optimized. The best
results were obtained using: Dynatech M 129A plate, (NANP)20 coated without
postcoating; 1 /ug (NANP) 20 /ml TBS, pH 7.8, as coating solution; TBS, pH
7.8, 0.5% casein, 0.05% Triton X-100 and 0.005%) Thimerosal, as diluent/eluent
buffer; TBS, pH 7.8, 0.05% Triton X-100 and 0.005% Thimerosal, as washing
buffer; 1 /ug (NANP)20 per well (9 /ug/ml), as inhibitor. The uninhibited and
(NANP)20-inhibited samples are placed in adjacent wells.
Different kinds of samples were assayed: serum, plasma, whole blood, eluted
bloodspot, and mosquito bloodmeal as well. Horseradish peroxidase (HRP) and
alkaline phosphatase (AP) conjugates of goat antihuman IgG were used. The
best results were obtained with the HRP conjugate and TMB or ABTS as
substrates: in this case the results (as positive/negative detection) could also
*To whom correspondence should be addressed.
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be seen 'by eye', as difference/equality of color between the uninhibited and
the inhibited sample wells.
Highly correlating results were obtained for a number of African sera and
bloodspots assayed by this monoplate ELISA and by the commercial ELISA
kit from Sclavo S.p.A., Siena, Italy [4]. A 'rapid' monoplate ELISA has also
been developed, using an affinity-purified HRP conjugate and TMB as substrate,
in which the incubation times for sample and conjugate are shortened to 15
min, instead of the 60 min of the normal procedure: thus the overall test duration
is reduced to about 1 h.
A preliminary study on human bloodspots from an endemic area of Comores
(G. Sabatinelli et al., in preparation) has yielded results in agreement with the
known epidemiological picture, lending support to the usefulness of this test
as a sensitive and highly specific epidemiological tool.
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Introduction
Labeled recombinant interleukin-1 alpha and beta bind to a number of different
murine cell types in a specific and saturable manner, indicating the presence
of IL-1 receptors. Depending on the cell type, the binding can be classified
as either high affinity (kDa = 2 0 - 100 pM, T-cells, fibroblasts, keratinocytes and
hepatocytes) or intermediate affinity (kDa = 200-500 pM, B-cells and macrophages). The number of sites per cell is uniformly low (200-6000) [1]. Affinity
cross-linking experiments corroborate these apparent differences. Labeled IL-1
cross-links to a receptor protein of about 100 kDa on cells with high-affinity
receptors, and to an 85 kDa protein on cells with intermediate-affinity receptors.
A monoclonal antibody, specific for the high-affinity IL-1 receptor, inhibits IL-1
binding to T-cells and fibroblasts, but not to B-cells and macrophages, thus,
also differentiating between the two types of receptors. The IL-1-induced
proliferation of D10 helper T-cells or thymocytes is also blocked by this antibody,
further indicating its specificity by inhibiting the biological response of IL-1
at its receptor. The antibody studies thus indicate the possible existence of two
types of IL-1 receptors.
Results and Discussion
The availability of a cloned cDNA for the murine T-cell/fibroblast (high
affinity) type receptor mRNA [2] allowed us to determine directly the presence
of this transcript in different cell types. An SI nuclease protection assay showed
that the T-cell/fibroblast (high affinity) type receptor mRNA is, indeed, not
present in the intermediate affinity receptor-bearing cells (B-cells and macrophages), corroborating the data obtained with the antibody.
Since the levels of receptor transcripts in total RNA are low, we decided
to use a much more sensitive detection method based on the polymerase chain
reaction. Total cellular RNA was reverse transcribed into cDNA. The cDNA
was subsequently amplified with primers specific for the high-affinity receptor
mRNA. Preliminary evidence suggests that coexpression of high- and interme*To whom correspondence should be addressed.
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diate-affinity receptor mRNAs occurs in the cells tested. Both high- and
intermediate-affinity receptor-bearing cells contain detectable, steady state levels
of the high-affinity receptor mRNA, only at very different levels. The maximum
levels detected in the intermediate-affinity receptor-bearing cells constitute only
a few percent of the levels found in the high-affinity type T-cells (EL-4 cells).
It is not known whether these low amounts of receptor mRNA actually give
rise to functional protein, since the levels of protein expressed would be too
low for detection by ligand binding or antibody inhibition studies. The availability
of a cDNA probe for the low-affinity receptor will help to further clarify the
questions concerning putative receptor coexpression and its possible biological
significance.
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Introduction
Understanding the immunomodulatory role of Interleukin-2 (IL-2) and its
primary mechanism of action on the growth of T lymphocytes is a topic of
wide interest [1]. One aspect of this research receiving particular attention is
the SAR of IL-2 [2]. If receptor binding residues can be identified, selective
engineering at these sites may produce molecules possessing agonist/antagonist
activity. Despite considerable efforts in this area, knowledge of the exact binding
residues remains largely obscure. The development of IL-2 agonists/antagonists,
however, is not necessarily restricted by information regarding receptor contact
sites. It may be possible to circumvent the search for binding residues through
a design approach affecting conformation.
Results and Discussion
Using a semi-synthetic model system and the multiple simultaneous residue
replacement technique pioneered by Kaiser et al. [3], we demonstrated that IL2 contained an amphiphilic C-terminal helix prior to the availability of X-ray
diffraction data [4,5]. Furthermore, we determined that the integrity of the Cterminal helix was critical for biologic activity. [6]. Although useful, the semisynthetic two-chain derivatives displayed decreased biologic potency when
compared to the authentic single-chain protein. Therefore, we have employed
cassette mutagenesis to prepare fully recombinant single-chain proteins to explore
the applicability of multiple residue replacement for protein design. The effect
of these substitutions on biologic activity, receptor binding, conformation, and
stability are examined.
X-ray diffraction data reveals a core tertiary structure stabilized by a lefthanded, four-fold a-helical bundle. The C-terminal segment of IL-2, positions
117-133 (Helix F), participates in stabilizing this structure. In this study, helix
F (FLNRWITFCQSIISTLT) was mutated to incorporate modifications that
would be helix-stabilizing in Mutant I (FLQKWIQFAQQLLQALK),
or helixdestabilizing in Mutant II (FLPRWITF^QPIISTLT). These mutants were ex746
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pressed, purified, and refolded from E. coli inclusion-body extracts prior to
characterization. Biologic activity for both mutants was compared to the activity
exhibited by wild-type IL-2, using human peripheral blood T lymphocytes. Mutant
I retained an activity indistinguishable from that of authentic IL-2, despite the
incorporation of 10 simultaneous substitutions, while Mutant II displayed a > 100fold decrease (Fig. 1). Assessment of both mutants' receptor binding characteristics was evaluated by a competitive radioligand receptor binding assay for
the high affinity IL-2 receptor. As with the biologic activity, Mutant I displayed
an affinity similar to that of the natural ligand, and Mutant II demonstrated
a > 100-fold decrease in binding capability. Analysis of the structural integrity
of each mutant was based on far-UV CD spectra obtained at 25°, 50° and 80°C.
These spectra indicate that Mutant I, possessing helical secondary structure
virtually identical to that of the authentic protein at 25°C, is more stable toward
thermal denaturation. Mutant II, although exhibiting a noticeable decrease in
helical secondary structure, remains stable at all temperatures tested.

10

1

10° 101 10 2 10 3 10 4 10 5
[Protein]

pM

Fig. 1. The ability of IL-2 (o), Mutant I (•), and Mutant II (m) to stimulate the growth
of human T lymphocytes.
Conclusion
From this investigation, we observed that the properties of the semi-synthetic
variants were predictive of those properties possessed by the fully recombinant
mutants. We found that ten simultaneous helix-stabilizing replacements can be
made within a 17-residue segment to generate a biologically identical molecule.
Yet, only two proline substitutions are enough to reduce bioactivity and receptor
binding by > 100-fold. CD spectra suggest that secondary structural stability
is enhanced for Mutant I. Furthermore, CD confirms that Mutant II, while
possessing less helix, remains thermally stable. We conclude that, through rational
manipulation of secondary and tertiary conformation, it may be possible to
modulate bioactivity and receptor binding of protein hormones without knowledge of the exact receptor contact sites.
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Structure-function studies of interleukin-3
Ian Clark-Lewis
The Biomedical Research Centre, 2222 Health Sciences Mall, UBC, Vancouver, B.C.,
Canada V6T1W5

Introduction
Interleukin-3 (IL-3) is a T-lymphocyte-derived glycoprotein growth factor that
stimulates a broad spectrum of hemopoietic cells [1]. Its biological activities
suggest that it is a pivotal regulator of hemopoiesis, and clinical uses have been
proposed. The broad aim of this on-going study is to understand the structural
basis for the activities of IL-3 to permit engineering of IL-3 analogs with novel
properties.
Previous studies established that the chemically synthesized and folded 140
residue polypeptide chain of mouse IL-3 had similar activities to that of the
native or recombinant forms indicating that the carbohydrate moieties were not
essential for function [2]. Synthesis of cysteine-modified analogs demonstrated
that a single disulfide bridge between cysteines 17 and 80 was essential for full
activity, but cysteines 79 and 140 could be replaced by alanine without loss
of function [3].
Results and Discussion
The specific questions that were addressed in these studies were: (1) What
is the minimal structure required for full activity? (2) How can this active fragment
be purified to homogeneity for structural studies? (3) Which residues/regions
of IL-3 are essential for function?
All the analogs were synthesized as described previously [2] but with Cys79
replaced by alanine so that they folded unambiguously [3]. The analogs were
purified by RPHPLC and examined by AAA, HPLC, SDS gel electrophoresis
and isoelectric focusing.
To determine the minimal structure required for activity, a series of analogs
were constructed that were shortened at the C-terminus. IL-3 (1-127) and ( 1 118) had potencies that were equivalent to that of IL-3 (1-140) (50% of maximal
response about 1 ng/ml); however, (1-112) was 100-fold less potent and ( 1 108) lacked activity at concentrations up to 50 /xg/ml. When the corresponding
analogs were synthesized without the N-terminal 16 residues, i.e., IL-3 (17-127),
(17-118), (17-112) and (17-108), the pattern was similar; however, the Nterminally shortened analogs had about 5-fold lower potency. This is consistent
with previous data showing that IL-3 (17-140) was about 5 times less potent
than (1-140) [2]. The results demonstrate that residues 109-118 are essential
for activity and that the 102 residue fragment (17-118), represents the minimal
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structure with high biological activity. This fragment was the focus for further
studies.
For structural studies, homogeneous material is required. Experience with
IL-3 (17-118) and analogs was that a narrow cut on RPHPLC gave material
between 80% and 90% pure as judged by isoelectric focusing and capillary
electrophoresis. An additional orthogonal technique was required to reproducibly
obtain large amounts of pure material. Isoelectric focusing using the 'Rotofor'
(BioRad) system was found to have the required capacity, resolution and recovery.
Urea (8 M) was required to maintain solubility, and refocusing selected fractions
improved resolution further. Two RPHPLC steps resulted in apparently homogeneous material that will be assessed for structural characterization. Isoelectric focusing and RPHPLC represent a powerful combination for the
purification of synthetic proteins ( > 80 residues).
Although knowledge of the 3-dimensional structure is essential for rational
design of analogs, this information alone will not tell us which residues/regions
are essential for binding to the cell surface receptor and biological activity. To
begin to address this question a series of 12 analogs of IL-3 (17-118) were
synthesized in which all the residues of one particular type were substituted
in a conservative manner (e.g., all the Asp for Glu). Based on these results,
further analogs can be designed to locate individual residues that are sensitive
to modification by a process of elimination. This strategy is based on the
hypothesis that residues that are highly sensitive to minimal modification (i.e.,
result in inactive analogs) are important for function. This approach requires
no prior assumptions regarding the 3D structure.
All the IL-3 (17-118) analogs synthesized had lower activity than the wild
type and none demonstrated inhibitory effects. Analogs with every Ser converted
to Thr, Thr to Ser, Asn to Gin, Gin to Asn, Tyr to Phe and Lys to Arg had
readily detectable activity ranging between 10 ng/ml and 1 /ug/ml giving 50%
maximal response. Particularly remarkable was the lack of activity of an analog
with the single His at position 111 replaced by Lys. An analog with this residue
replaced by D-His was also inactive. However, when His111 was replaced by
Phe, the analog had activity equivalent to that of the wild type. This result
suggests that His is probably essential for structure but is not involved directly
in receptor binding. However, distinguishing between these two possibilities will
require further structural analysis. Analogs in which all Arg were converted
to Lys, Asp to Glu or Glu to Asp were inactive and, therefore, of particular
interest. Design of further analogs aims to locate the individual residues that
are sensitive to modification.
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Mapping of the neutralization epitopes of pertussis toxin
SI subunit using synthetic peptides
Pele Chong*, Margaret Sydor, Gloria Zobrist, Heather Boux and Michel Klein
Connaught Centre for Biotechnology Research, 1755 Steeles Ave. West, Willowdale, Ont.,
Canada M2R 3T4

Introduction
Pertussis toxin (PT) is a major virulence factor of Bordetella pertussis.
Antibodies raised against PT have been shown to protect mice against both
intracerebral and respiratory challenges with virulent B. pertussis [1]. Thus, PT
is the prime candidate for an acellular pertussis vaccine. Pertussis toxin is an
oligomeric A-B type toxin in which the SI subunit is an ADP-ribosyltransferase,
whereas the B-oligomer mediates the binding of the holotoxin to target cell
receptors [2,3]. The polycistronic gene coding for PT has recently been sequenced,
and the primary amino-acid sequences of the five different subunits have been
deduced from the corresponding DNA sequences [4,5]. Two regions of SI
molecule have structural similarity with the A subunit of both cholera and E.
coli heat-labile toxins (Table 1). These conserved regions may play an important
role in the NAD-binding and/or enzymatic activities of SI. We have established,
by photocrosslinking experiments, that residue Glu129 plays a critical role in
NAD-binding [6]. A recent study by Burns et al. [7] has indicated that the
C-terminal residues of S1 are necessary for its interaction with the B-oligomer.
In this paper, we describe the immunological properties of four sets of synthetic
peptide analogs corresponding to these potentially critical functional regions
of SI subunit.
Results and Discussion
Four sets of peptides were synthesized using SPPS and purified by RPHPLC.
These peptides include: the N-terminal N18-S1 (residues 1-18), and S1-P4 (residues
41-65) peptides corresponding to the first and second conserved regions of the
bacterial ADP-ribosyltransferases; the NAD-SI (residues 121-138) which contains
the contact residue (Glu129) of the NDA active site; the C-terminal C35-S1 peptide
(residues 201-235) is postulated to be the binding site for the B-oligomer (Table
1). Peptides were conjugated to KLH or BSA at a 10:1 molar ratio of peptide
over carrier, as described by Liu et al. [8]. Anti-peptide antisera raised in rabbits
(Table 2) were tested for their immunological properties (a) in the Chinese hamster
ovary (CHO) cell antitoxin neutralization assay [9]; (b) by PT- and peptide*To whom correspondence should be addressed.
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Table 1 Protein sequences of potentially critical functional regions of pertussis toxin SI
subunit
Peptides

Sequences3

Region 1
PT-S1
CT-A
E. coli HLT-A

1
18
DDPPATVYRYDSRPPEDV
NDDKL
YRADSRPPDEI
YRADSRPP

Region 2
PT-S1
CT-A
E. coli HLT-A

41
65
CQVGSSNSAFVSTSSSRRYTEVYL
VSTSI SLR
VSTSLSLR

Region 3
PT-S1
NAD-binding site

121
#"
138
GALATYQSEYLAHRRIPP

Region 4
PT-S1
B-oligomer
Binding site

201
235
CMARQAESSEAMAAWSERAGEAMVLVYYESIAYSF

a

Amino acid sequences of functionally critical regions of pertussis toxin SI subunit.
Two regions (residues 1-18 and 41-65) are structurally similar to both A subunits of
cholera and E. coli heat-labile toxins.
b
The symbol # points to residue Glu129 which has been shown to be involved in NAD
binding.

specific ELISAs [10]; and (c) immunoblot analysis [11]. The results of these
experiments are summarized in Table 2.
Rabbit antisera were shown to be monospecific for their respective immunizing
peptides except for the rabbit antiserum raised against NAD-S1-KLH, which
cross-reacted with N18-S1-BSA in peptide-ELISA (data not shown). Both N18Sl-specific and NAD-SI-specific antibodies recognized PT in PT-ELISA and
the SI subunit by immunoblot analysis (Table 2). These antibodies, as well as
antibodies raised against C35-S1, were capable of neutralizing PT toxicity in
the CHO cell clustering assay (Table 2). Although C35-Sl-specific antibodies
recognized the SI subunit in the PT-ELISA, they failed to react with SI on
immunoblots. Sl-P4-specific antibodies failed to recognize SI, as judged by both
PT-ELISA and immunoblot analysis. These data indicate that this region is
either buried inside SI or its native structural conformation is not recognized
by the anti-peptide antibodies. In contrast, NAD-SI, N18-S1, and C35-S1
sequences are exposed. Indeed, antibodies specific for these regions were shown
to interact with native SI. These three regions also contain PT-neutralizing
epitopes. In addition, the C35-S1 peptide expresses a potent T-cell epitope, since
the unconjugated peptide is able to elicit a strong antibody response.
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Table 2 Biochemical and immunological properties of rabbit antisera raised against SI
peptides or peptide-KLH conjugates
Immunogens"

Antibod}' titer
PT-neutralization
CHO cell assayb

PT-specific
ELISAC

Recognition
of SI by
immunoblot
analysis

N18-Sl(l-18-Cys)
N4-18-Sl(4-18-Cys)
N7-17-Sl(7-18-Cys)
N10-18-Sl(10-18-Cys)

1/64
0
0
0

1/10000
1/8000
1/8000
1/2000

Yes
Yes
Yes
Yes

Sl-P4(41-65)

0

0

No

NAD-Sl(Cys-121-138-NH2)
NAD-Sl-AN1(128-138-Cys)
NAD-Sl-AN2(124-138-Cys)
NAD-Sl-AN3(121-138-Cys)

1/64
0
0
0

1/32000
0"
0
0

Yes
Yes
Yes
Yes

C12-S 1(223-235)
C23-Sl(212-235)
C35-Sl(201-235)

0
0
1/32

1/200
1/800
1/10000

Yes
Yes
No

a

Two rabbits were immunized im with individual peptide-KLH conjugates, except for
C35-S1 and its analogs which were injected as free peptides in complete Freund's adjuvant.
After two weeks, each rabbit received two booster injections with the same immunogens
in incomplete Freund's adjuvant. Between 100 and 500 ng, of immunogens were used
for each injection. Rabbit sera were collected two weeks after the final booster injection.
b
The PT toxicity neutralization assay was performed according to Gillenius et al. [9].
c
The specificity of rabbit antisera was determined as previously described [10].
To further identify the residues critical for the expression of PT-neutralizing
epitopes, peptide analogs were synthesized, HPLC-purified, and coupled to KLH.
All N-terminal deleted N18-S1 peptide analogs were able to induce antibodies
against SI, as judged by both PT-ELISA and immunoblot analysis (Table 2).
However, these antibodies did not neutralize PT toxicity in the CHO-cell
clustering-inhibition assay. These data suggest that the first three N-terminal
residues of S1 are essential for the induction of neutralizing antibodies. Similarly,
the peptide analogs of NAD-S1 coupled to KLH via a C-terminal cysteine residue
were capable of inducing antibodies reacting with SI on immunoblots. In contrast
to antibodies raised against the NAD-SI sequence linked to the carrier protein
via an N-terminal cysteine residue, these antibodies failed to neutralize PT in
the CHO-cell inhibition assay, and did not recognize PT in the PT-ELISA (Table
2). This observation leads to the hypothesis that the N-terminal end of the NADSl sequence is buried in the holotoxin, whereas its C-terminus is exposed. Two
N-terminal-truncated analogs of C35-S1 peptide were capable of inducing Slspecific antibodies, but in contrast to the anti-C35-Sl antibody, they had no
PT-neutralizing activity (Table 2). This indicates that the N-terminal sequence
of C35-S1 (residues 201-212) contains neutralization epitope(s).
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Conclusion
Three exposed B-cell neutralization epitopes (residues 1-18, 121-138, 2 0 1 235) on the enzymatic SI subunit of pertussis toxin have been mapped. The
identification of these epitopes represents a first step towards the rational design
of a synthetic whooping-cough vaccine.
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Heterotypic protection induced by synthetic peptides
corresponding to three serotypes of foot-and-mouth disease
virus (FMDV)
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Introduction
Foot-and-mouth disease (FMD) is a highly contagious disease of cloven-hooved
animals and, as such, is of great concern to the agricultural economies of the
world. The measures employed to control the disease include extensive and
frequent prophylactic campaigns based on killed virus vaccines. A number of
laboratories have attempted to develop alternative vaccines based either on the
viral coat protein, VPj [1], or synthetic peptides equivalent to specific regions
of the same protein [2,3]. The 141-160 region of VP! has been clearly identified
as a major site for induction of virus neutralizing antibody. We have used it
in the specific 40-residue peptide Cys-Cys-(200-213)-Pro-Pro-Ser-(141-158)-ProCys-Gly to protect cattle against intradermolingual challenge with the virulent
0,BFS 1860 strain of FMDV [3].
A common expectation with synthetic peptide vaccines is the generation of
highly specific antibodies, such that vaccinates will not be protected against
variant viruses possessing minor mutations in their protein sequences. Indeed,
the heterogeneity of FMDV is such that it is necessary to produce conventional
killed virus vaccines against each of the seven serotypes of the virus. It is recognized
that there is little protective enhancement between virus strains included in
conventional trivalent vaccines [4]. The protective capacity of three peptides,
based on the VP] sequences of three FMDV serotypes, with particular reference
to heterotypic protection, was evaluated.
Results and Discussion
We have extended our previous FMDV studies by demonstrating that peptides
bearing two specific regions of the VP, protein in the A24 Cruzeiro, C3 Indaial,
and Oj Kaufbeuren serotypes can confer protection against viral challenge
(Table 1). The A- and O-peptides were found capable of providing complete

*To whom correspondence should be addressed.
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protection at all dose levels against their respective virus challenge. The C-peptides
provided a high level of protection, but less than complete.
Table 1 Protection of guinea pigs to homotypic FMD V challenge (28 dpv)
Peptide dose (mg)

Peptide of
immunization

1

0.2

0.04

A40
C40
O40

5/5 a
2/4
4/4

5/5
5/5
5/5

5/5
3/5
5/5

"Number of guinea pigs protected/challenged.
It was demonstrated that peptide vaccines are capable of inducing a broad
level of reactivity (Table 2). Cross-reactive antiviral antibody, as measured by
ELISA, was observed with anti-O40-peptide sera and a range of O-viruses.The
best experimental evidence for heterotypic protection was with guinea pigs,
although one cow given two doses of O40-peptide was also protected against
challenge with A24-virus. In general, high levels of heterotypic virus neutralizing
antibody (VNA) were not observed, which contrasts to the level of heterotypic
antipeptide antibody.
Table 2 Protection of guinea pigs to heterotypic FMDV challenge (28 dpv)
Peptide of
Dose (mg)
Challenge virus
immunization
A-serotype
C-serotype
O-serotype
A40
0.2
5/5"
0/5
4/5
C40
0.2
1/5
3/5
3/5
O40
0.2
1/5
0/5
5/5
A40
5.0
5/5
C40
5.0
1/5
O40
5.0
4/5
"Number of guinea pigs protected/number challenged.

1/5
5/5
1/5

3/5
3/5
5/5

The lack of correlation of protection with VNA was reported in a previous
paper from this laboratory [5] and suggests a significant qualitative difference
between the antibodies induced by peptide and viral vaccines. Cattle immunized
with virulent or inactivated FMDV mount a humeral immune response in which
the isotype profile differs significantly from that which occurs in cattle immunized
with synthetic peptide. The fact that an IgGj response is favored in virusimmunized, and IgG 2 in peptide-immunized animals may partially explain the
lower protective capacity of antipeptide antibodies against FMDV challenge.
It would appear that our peptide vaccines do not exactly mimic the immune
response of cattle or guinea pigs to virus, but, nonetheless, achieve the objective
of protection. Clearly, peptides can be used to induce a unique immune response,
in our case, heterotypic protection, that cannot be achieved with the whole virus.
This argues well for FMD and other potential peptide vaccines.
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Introduction
TGFa is a mitogenic peptide that stimulates growth in a variety of cell types
[1-3]. First isolated from medium conditioned by malignant cells in culture,
it is a single-chain polypeptide consisting of 50 amino acids, six of which are
cysteine residues [4,5]. The latter form three disulfide bonds that are required
for full biological activity and divide the molecule into three subdomains, each
defined as a disulfide 'loop' region (Fig. 1). A similar disulfide bond pattern
is found in homologous mitogenic polypeptides including EGF, vaccinia growth
factor and Shope fibroma growth factor [6,7]. Although TGFa shares 33-40%
sequence homology with EGF, antibodies against one do not crossreact with
the other. Mitogenic effects of TGFa are apparently mediated through the EGF
receptor. Addition of TGFa to certain nontransformed cells in culture results
in aberrant growth typical of a transformed phenotype. Furthermore, it has
been reported that the overexpression of cell surface receptors capable of binding
TGFa increases in certain tumor cell lines [8].
Because of the apparent importance of TGFa in the role of cellular growth
control, coupled with potential therapeutic value (e.g., wound healing), an
understanding of its interaction with the EGF receptor will provide useful
information. An approach to this problem is to use monoclonal antibodies to
identify structural determinants that compete for receptor binding. We have
raised a panel of 11 monoclonal and four polyclonal antibodies to human TGFa,
some of which neutralize/prevent receptor binding. We now report strategies
and results of mapping studies undertaken to identify the epitopes recognized
by each of these antibodies. The mapping strategies involve two different
approaches, the method of Geysen et al. [9], using synthetic peptides immobilized
on polyethylene pins containing sets of overlapping peptides based on the sequence
of hTGFa, and an improved conventional synthetic approach that yields free,
soluble peptides with a/?-hydroxybenzhydrylamine moiety at the COOH terminus
to facilitate surface association of peptides for solid-phase immunoassays [10].
Two immunodominant regions are identified unambiguously; they contain the
amino terminus residues 1-9 and residues 22-31 of the second domain or 'B'
loop (Fig. 1).
*Present address: Affymax Research Institute, Palo Alto, CA 94304, U.S.A.
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Fig. 1. Schematic representation of human TGFa. Three disulfide bonds conform the peptide
into a biologically active structure containing three 'loop' regions, designated A, B and
C, respectively. The shaded residues indicate the two immunodominant regions.
Results and Discussion
The epitope mapping results of the panel of TGFa-specific antibodies are
shown in Table 1. Of the 11 monoclonal antibodies studied, four reacted
specifically with the amino terminal region, four recognized a portion of the
'B' loop covering a putative /3-turn region and three did not show any reactivity
when studied by the Geysen method. In every case, the antibodies were exposed
to families of peptides, i.e., 4-mers, 6-mers and 8-mers, that were synthesized
based on the primary amino acid sequence of hTGFa. Members of each family
of peptides overlapped one another by a single residue; as such, the minimal
size of an epitope could be determined. For the monoclonal Tab 2, a minimal
binding epitope containing residues 4-7, His-Phe-Asn-Asp, was detected. As
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expected, the response of the four polyclonal antibodies was heterogeneous. They
reacted with both the regions identified in the case of the monoclonal antibodies,
as well as showing some reactivity with the C-terminal region containing residues
42-50 (Table 1). The results obtained using the soluble synthetic peptides
essentially paralleled the observations made with the Geysen method. Three
polyclonal antisera showed some disagreement in the two approaches, but this
discrepancy may reflect differences in conformational states between covalent
and non-covalent immobilization. Monoclonal antibodies Tab 1, 8 and 10 are
unique in that they prevent interaction of hTGFa with the EGF receptor and
they did not react with any synthetic peptide representing a continuous epitope.
These results suggest that the two immunodominant regions identified above
are not involved in receptor binding, since none of the antibodies that reacted
to these regions affect ligand-receptor interaction. It is tempting to speculate
that part of the 'A'- and 'C'-loops, as well as the C-terminal region, may be
involved in receptor binding.
Table 1 Primary antigenic sites of human TGFa-specific antibodies
Antibody

Monoclonal antibodies
A1.5
A9.1
A13.5
B4.5
B6.1
Tab 2
Tab 3
Tab 5
Tab 1, 8, 10
Polyclonal antisera
39-74
39-1le
R8
R9

Major antigenic epitope (residues)
Peptide-pin
ELISA"

Soluble peptide
ELISAb

21-31
21-31
2-12
21-31
21-31
1-12
2- 9
2-12
NRd

23-30
23-30
2-12
23-30
23-30
1- 8
1- 8
1- 8
NDi

1- 9,21--31
1- 9,21--32, 42--59
2-12, 21--31
2-12, 21--31

1- 8, 23-30
43-50
17-24
17-24, 37-44

" Determined by the method of Geysen et al. [9].
b
Assay done using soluble octamer peptide epitopes covering the entire hTGFa sequence
and overlapping by six residues.
c
A1.5, A9.1, A13.5, B4.5, B6.1 and Tab 1-3, 5 are derived from synthetic human TGFa.
d
NR, no reaction, ND, not determined.
e
39-11 derived from synthetic rat TGFa.
Conclusion
Our results show that the major immunodominant epitopes of human TGFa
are located at the amino terminus (residues 1-9) and the /3-turn of the second
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disulfide loop domain (residues 21-31). This conclusion is derived from results
obtained by two different approaches to systematic mapping of all possible
continuous or linear epitopes occurring in the hTGFa sequence.
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Introduction
The FMDV viral capsid consists of 60 copies of each of four proteins: VP-1,
-2, -3, -4. Four FMDVs (A, B, C and USA) of serotype A-subtype 12 and
the synthetic peptides corresponding to the major antigenic site [1] (VPI 141160) are distinguishable in cross-neutralization and cross-precipitation tests [2].
According to these tests the four viruses and peptides were grouped into two
distinct pairs: A with C and B with USA.
141
148
153
160
Gly-Ser-Gly-Val-Arg-Gly-Asp-Ser-Gly-Ser-Leu-Ala-Leu-Arg-Val-Ala-Arg-Gln-Leu-Pro
Ser
Ser
Leu
Phe

Pro
Pro

A
C
B
USA

In light of these serological tests, peptides A and USA were selected as
representatives of the two classes for solution conformation studies. These were
particularly relevant since the recently published [3] three-dimensional structure
of the virus of serotype O revealed that, although the major antigenic site was
exposed on the surface of the virus, its structure could not be specified because
of poor definition of the electron density map in this region.
Results and Discussion
CD spectra in H 2 0 or the cryogenic substitute ethanediol-H 2 0 2:1 (Fig. 1)
showed that the structure of peptide USA was similar to that of poly-L-lysine
[4]. At 20°C, no more than 20% of peptide USA (Fig. 1) was in the left-handed
helical form (in poly-L-lysine it was 50%) [4]. Computer simulations [5] of the
CD spectra of peptide A in ethanediol-H 2 0 (2:1) and at 20°C indicated a
50:20: 30 (left-helix, a-helix, /8-turn I/III-3 10 ) [6] ratio. Low temperatures showed
an increase in the a-helical content with a 44:28:28 ratio present at -100°C.
At room temperature and in TFE, a solvent known for supporting H-bonded
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A12-A
• "

tl +20* C at-IOO'C -

A12-USA
"
"

st +2VC at -96* C

AE

^-'

250
Fig. 1.

185

CD spectra of peptides A and USA in ethanediol-H20

2:1.

structures [7], the CD spectra of peptide A and USA were qualitatively similar
with a-helix and 310-helix contributions. At lower temperatures the differences
between the two peptides were emphasized. The CD intensity of peptide A at
220 m doubled on cooling from +40° to -33°C as the fraction of a-helix component
increased, whereas peptide USA was less temperature sensitive. Computer
simulations [6] indicated that, at -|-20oC, the ratio of left-helix, a-helix, /3-turn
I/III was 37:33:30 and that there was a substantial y-turn [8] of the a-helix

250
Fig. 2.

X <nm)

185

CD spectra of peptides A, B, C and USA in TFE.
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A12-A

A12-USA
Fig. 3. MD simulations for peptides A (left) and USA (right).
component. When peptides B and C were studied in TFE (Fig. 2), the CD
spectra showed that the four peptides clearly fell into the same two groups
deduced from the serological tests. For peptide A, NMR temperature studies
indicated that the N-H of residues 150, 151, 152, 153 and 157, 158, 159 were
likely to be H-bonded. J(NH-a) coupling constants and NH-NH NOEs between
adjacent residues were consistent with three highly structured regions (140-145
left-handed helix; 146-153, a-helix; and 154-159, 310-helix. However, peptide
USA, which had one less a-helical turn (Pro replaces Leu153), showed an additional
H-bond for Arg'54 and Ala152 NH Pro1538 and Argi54«-Pro153« NOEs that were
consistent with a 'y-turn'. The NMR parameters were used as constraints for
computer molecular modeling and energy minimization calculations. The structures of the two peptides (Fig. 3) were then refined by molecular dynamics
simulations over 10 ps.
Conclusion
The hypothesis stemming from immunological studies that the four viruses
owe their serological differences to conformational changes attributable to
mutations of positions 148 and 153 of the VP[ protein were correlated and
confirmed by extensive CD and NMR studies of all four peptides.
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Fine-specificity of antisera raised against a multiple
antigenic peptide from foot-and-mouth disease virus
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Introduction
For an optimal production of antibodies against low molecular weight synthetic
peptides, large carrier proteins like KLH or combinations with lipopeptides,
for instance, have been used. An attractive alternative is a peptide bound to
a branching lysine core [1]. Three successive lysine couplings lead to an octameric
structure of the peptide. This multiple antigenic peptide (MAP) can be synthesized
directly in SPPS, and the well-defined high molecular weight product can be
used as immunogen without further conjugation procedures.
Results and Discussion
In this study, antibodies were raised in rabbits against a MAP containing
the sequence VP 1(141-160) of foot-and-mouth disease virus (FMDV) type O,
as well as against VPl(141-160)-Cys coupled by MBS or GDA with KLH. The
MAP induced a very high antipeptide response (see serum dilutions in PEPSCAN,
Table 1); the peptides conjugated with KLH induced a lower response. However,
neutralization titers of all antisera were similar.
We tested the specificity of the antisera in PEPSCANs. In the PEPSCAN,
we used overlapping peptides from the region 134-165 of VP1 of FMDV type O,
Table 1 Titers of rabbit antisera, 8 weeks after immunization
No. Antiserum
a
b
c
d
e
f

MAP e
peptide f /MBS/KLH
peptide f /GDA/KLH

PEPSCAN"

pEa,b

MNT",C Core sequences'1

4.3
5.0
3.5
3.0
4.0
3.5

4.4
5.0
4.1
4.3
4.8
4.4

1.5
2.1
1.8
2.1
2.7
2.4

VPN
VPN
NLRGDL, DLQVLA, VART
VPN, RGDLQVL, TLP
PNLR, DLQVLA
DLQVL, VARTLP

"titers are expressed as - log(serum dilution).
b
Peptide ELISA.
c
Micro Neutralization Test.
"•Shortest reactive peptides from PEPSCANs.
c
Ac-VPl (141-160)8-Lys4-Lys2-Lys-/3Ala.
f
Ac-VP 1(141-160)-Cys-amide.
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ranging from tri- to nonapeptides (Fig. 1 shows scans of octapeptides). The
results reveal that a large population of antibodies raised against the MAP is
specific to the 'free' N-terminal amino acids, and that both rabbits seem to
give a similar response (Fig. la,b). In contrast, antibodies raised against the
peptides conjugated with KLH react with different sequences, and each individual
rabbit gives a different response (Fig. lc,d or le,f). Thus, the MAP produced
a better controlled antipeptide response.
2n

'405

iii

lit

Fig. 1. PEPSCANs of antipeptide sera. Vertical lines represent extinctions at 405 nm in
the antibody binding ELISA. Each group of lines represents a set of overlapping octapeptides
synthesized on polyethylene rods and used in the ELISA. The sequence scanned VP1(134165): CRYNRNAVPNLRGDLQVLAQKVARTLPTSFNY(FMDV, type 0) a andb: anti-MAP;
c andd: anti-VPl(141-160)Cys/MBS/KLH; e andfi anti-VPl(141-160)Cys/GDA/KLH.
In earlier experiments [2], we found that antiviral antibodies reacted with
the sequences GDLQVL and DLQVLA. Similar reactivities were found in the
anti-peptide/KLH sera (Fig. lc,d,e,f) but not in the anti-MAP sera. Therefore,
we assume that the antibodies raised against the MAP block the RGD cellattachment site of FMDV by reaction with the sequence VPN, which is very
close to the RGD sequence. A careful selection of the sequence to be used
in the MAP may result in antisera with even higher virus-neutralizing activity.
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Synthesis of Agaricus bisporus metallothionein (MT) and
related peptides and examination of their heavy metalbinding properties
Yasuhiro Nishiyama3, Yutaka Matsuno3, Yoshio Okada", Kyong-Son Minb,
Satomi Onosakab and Keiichi Tanakab
"Faculty of Pharmaceutical Sciences and bFaculty of Nutrition, Kobe-Gakuin University,
Nishi-ku, Kobe 673, Japan

Introduction
Metallothioneins (MTs) are low-molecular-weight, cysteine-rich and heavy
metal-binding proteins. They participate in heavy metals (Zn, Cu) metabolism
and detoxification of heavy metals (Cd, Hg), although their precise biological
role is not well understood. To help clarify MTs' functions, we synthesized various
kinds of MTs and related peptides, and examined their heavy metal-binding
properties. This paper deals with the synthesis of Agaricus bisporus MT and
related peptides by conventional solution method, and examination of their heavy
metal-binding properties.
Results and Discussion
A. bisporus MT consists of 25 amino acid residues (Fig. 1). The amino acid
sequence is similar to the N-terminal region of mammalian MTs [1]. For the
construction of the pentacosapeptide, 7 kinds of peptide fragments were prepared
using newly developed /J-2-adamantyl aspartate [2] in order to suppress the imide
formation. Final deprotection was achieved by HF method. Metal-binding
activities of various peptides obtained were assessed by measuring the increase
in absorbance of mercaptide at 250 nm or at 265 nm as a function of the
concentration of Cd2+ (CdCl2) or Cu 2+ (CuCl2) and Cu+ [Cu(CH 3 CN) 4 C10 4 ],
respectively.
H-Gly-Asp-Cys-Gly-Cys-Ser-Gly-Ala-Ser-Ser-Cys-Thr-Cys-Ala-Ser-Gly-Gln-CysThr-Cys-Ser-Gly-Cys-Gly-Lys-OH

Fig. 1. Structure of Agaricus bisporus metallothionein.
Metal-binding properties of various peptides are illustrated in Fig. 2a,b,c. Their
Cu+ or Cu 2+ -binding properties were similar to each other (Fig. 2a and b),
whereas Cd 2+ -binding properties of peptides were fairly dependent on their
structures (Fig. 2c). These results are compatible with those in the case of
Neurospora crassa MT [3] and would provide an answer to the role of the
additional C-terminal residues in further evolved MTs.
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a)

Binning of Peptides vdth Cu""

0-025

0.050

0.075

0.100

Concentration of Cu++ (jrrt)

^J )

H,-n^<rvj 0 £

0.025

pe^jces with Cu'"

0.050 0.075

0.100

Concentration of Cu* (nM)

C J pirviirvj of Peptides with CoT*-

0.025
0.050
0.075
Concentration of cd*-*- (n*0

/Yg. 2. Binding properties of peptides with heavy metals (a) with Cu2+, (b) with Cu+,
(c) with Cd2+. Peptide, 0.15 mM as SH in 3 ml of Tris-HCl (10 mM, pH 7.0). (m) A.
bisporus MT(l-25), (A) (7-25), (a) (14-25), (o) (4-25), (•) (11-25), (A) (16-25).
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Solid phase synthesis and immunological properties of
cyclic peptides of the hemagglutinin of influenza virus
S. Plaue3*, S. Muller3, J.P. Briand3, S. Valetteb, M. Aymardb and
M.H.V. Van Regenmortel3
"I.B.M.C, 15, rue Rene Descartes, F-67000 Strasbourg, France
b
Universite Claude Bernard, Lyon, France

Introduction
In recent years, the potential use of synthetic peptides as a new generation
of vaccines, has received considerable attention. With viruses such as hepatitis
B, foot-and-mouth disease, poliovirus and influenza, it has been shown that
synthetic peptides are capable of inducing partial protective immunity [1].
Influenza virus appeared to be an excellent model for studying the potential
role of synthetic peptides in vaccination since the 3D structure of the hemagglutinin is known [2] as well as the location of the major antigenic sites [3].
In order to mimic a loop structure corresponding to site A, eight cyclic peptides
derived from the region 139-147 of Strain V3A and X31 were synthesized.
Results and Discussion
Chain elongation was performed using SPPS and cyclization was achieved
with the peptide still attached to the resin prior to final cleavage. Ring closure
was performed in two different ways providing peptides of different loop size.
In the first case, the ring closure was made between the N-terminal amino group
and the /8-carboxyl group of an aspartic acid placed after residue 147; these
peptides were called small loop peptides (SLP) (see Table 1). In the second
case, ring closure was achieved by a succinimidyl linker between the N-terminus
and the e-amino function of an additional lysine placed at position 148; these
peptides were called large loop peptides (LLP) (see Table 1). We studied the
rate of cyclodimerization as a function of resin substitution (0.1 - 0.6 mmol/
g), and we found that the proportion of cyclodimer increased from 8% to 19%
in the crude product, while the rate of polymer remained stable. These results
were obtained when DIC/HOBt was used for the cyclization reaction. However,
when the BOP reagent was used for the cyclization (in the same conditions),
up to 25% of polymeric material was found. In the case of 7V-a-Fmoc protection,
we have observed that the blocking of the side chain of aspartic acid with benzyl
ester led to 30% of an imide side product. When cyclohexyl ester was used
for side-chain protection, no imide was detected.
•Present address: NEOSYSTEM S.A., 7, rue de Boulogne, F-67100 Strasbourg, France.
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Table 1 Formulae of cyclic analogs of site A of hemagglutinin of influenza virus
corresponding to strains V3A andX31.
139

147

0)

V3A

SLP

rCys4.ys-Arg-Qly-Pro-Gly-Ser-Asp-Phe-Asp-Tyr-NH2

(II)

V3A (Sen39)

SLP

rSer-Lys-Arg-Gly-Pro-Gly-Ser-Asp-Phe-Asp-Tyr-NHz

(III)

V3A

LLP

pCys-Lys-Arg-Gly-Pro-Gly-Ser-Asp-Phe-Lys-Tyr-Nhfe
I

(IV)

V3A(Ser139)

LLP

CO-CH2-CH2-CO

1

rSer-Lys-Arg-Gly-Pro-Gly-Ser-Asp-Phe-Lys-Tyr-NH2
I

CO-CH2-CH2-CO

1

(V) X31

SLP

|-Cys-Lys-Arg-Gly-Pro-Gly-Ser-Gly-Phe-Asp-Tyr-NH2

(VI)

SLP

j-Ser-Lys-Arg-Gly-Pro-Gly-Ser-G!y-Phe-Asp-Tyr-NH2

LLP

T- Cys-Lys-Arg-Gly-Pro-Gly-Ser-Gly-Phe-Lys-Tyr-NI-fe

X31(Ser139)

(VII) X31

-CO-CH2-CH2-CO-

(VIII) X31(Ser139)

LLP

rSer-Lys-Arg-Gly-Pro-Gly-Ser-Gly-Phe-Lys-Tyr-NI-fe

I

CO-CH2-CH2-CO

!

The ability of these peptides to react in ELISA with anti-virus antibodies
was measured. Anti-peptide antibodies were raised in rabbits and tested for
their ability to react with the viruses. An antiserum to whole virus (strain
NT 60/68) recognized the cyclic peptides when they were conjugated to ovalbumin
through the N-terminal tyrosine via bisdiazobenzidine, but not when they were
conjugated or coupled through the cysteine139 or lysine140.
In ELISA inhibition experiments, we observed that the unconjugated SLP,
but not the LLP, was able to inhibit the binding of anti-virus antibodies up
to 60%. The capacity of the peptides to induce a protective immune response
was tested in 10 mice (strain OF1) that received 4 injections at 10 days interval
with 50 n8 °f conjugated or unconjugated cyclic peptides. After 6 weeks, the
mice were challenged with an infective dose sufficient to kill 50% of the mice.
The unconjugated SLP had little protective effect (20%), whereas the LLP and
SLP, when coupled through the tyrosine, protected 70% and 80% of the mice
respectively.
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Biologically active retro-inverso analogs of thymopentin
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Introduction
The pentapeptide thymopentin [TP5: Arg-Lys-Asp-Val-Tyr (1)], corresponding
to the active fragment 32-36 of the thymic hormone thymopoietin, retains all
the biological activities of the parent polypeptide [1]. TP5 has shown immunomodulatory effects on several immune system components: it promotes
differentiation in immature prothymocites and exerts a regulatory influence on
more mature effector T-cells in immune disbalance states.
TP5 has already found clinical use in the treatment of immune-depressed
conditions, autoimmune diseases and as adjuvant in vaccinations; the clinical
potential of TP5 is, however, reduced by the critical design of the therapeutic
regimen, due to the difficult determination of effective dosing [2]. This result
is probably related to the fast breakdown by plasma and membrane peptidases:
the half-life of TP5 in human plasma is about 1 min [3].
We applied the approach of retro-inverso modification of the peptide bond
to increase the stability of TP5 toward enzymatic degradation and investigated
the effect of a prolonged half-life on immunostimulatory activity.
Results and Discussion
The synthesis of the peptides was performed according to previously described
procedures [4] or by means of a new methodology based on the use of Meldrum's
acids, as activated derivatives of the corresponding malonic acids, for the
condensation with the gemdiamino compound [5].
The dose eliciting the maximum immunostimulatory activity of the analogs
in the plaque-forming cells assay and the relative potency expressed as percent
of the control response of mice receiving the antigen alone is shown in Table 1.
The half-life (ti/2) and the degradative pattern of the analogs in human plasma
were monitored chromatographically.
The increase in immunostimulating effect parallels the augmented half-life
in plasma. The results agreed with the study of Tischio et al. [3] who located
the main sites of enzymatic breakdown at the bonds adjacent to Arg and Lys,
resulting in inactive compounds, while the hydrolysis of the Val-Tyr bond
772
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Table 1 Biological activity and enzymatic stability
Peptide

1
2
3
4
5
6
7
8

Control
Arg-Lys-Asp-Val-Tyr
gArg-(R,S)mLys-Asp-Val-Tyr
Arg-Lys-Asp-gVal-(R,S)mTyr
Arg-Lys-gAsp-(R,S)mVal-Tyr
gArg-(R,S)mLys-Asp-gVal(R,S)mTyr
gArg-(R,S)mLys-gAsp-(R,S)mValTyr
gArg-D-Lys-D-Asp-D-Val(R,S)mTyr
gArg-(R,S)mLys-Asp

Immunostimulating activity

t'/2 (min)

(dose in ng)

% control

_
100
100
100
100

100
137
237
190
132

1

231

>360

100

196

>360

100
100

220
137

>360
>360

_
1.5
22
2.5
10

proceeded more slowly. As expected, the retro-inverso modification at the Nterminal amide bond (2) slowed the enzymatic cleavage yielding an analog with
prolonged half-life in human plasma and an increased activity. Moreover, 2
showed an alteration of its degradative pathway: the more susceptible site
becoming the Asp3-Val4 bond. This breakdown gave rise to 8, as the main,
still active, metabolite. Analog 6, bearing a second retro-inverso modification
at the Asp3-Val4 bond to block the enzymatic activity at this site, resulted in
the most potent compound, over 200-fold more potent than the parent compound.
Further studies are planned to test the immunomodulatory effects of these
analogs in several pathological states.
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The immune response of haptenic peptides is dictated by
the specific attachment position and carrier protein
Clemencia Pinilla*, Jon Appel and Richard A. Houghten
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CA 92037, U.S.A.

Introduction
A sequence derived from the hemagglutinin protein of the influenza virus,
YPYDVPDYASLRS (HA1:98-110 ) was used to study peptide-specific immune
responses. Two different proteins, KLH and tetanus toxoid (TT), were used
as carrier molecules for this peptide attached to the carrier through an additional
cysteine at either the N-terminal or C-terminal position. This resulted in four
different conjugates. These conjugates were used to generate polyclonal antisera
in rabbits in order to study the effect of the attachment point and/or carrier
protein on the immune response of haptenic peptides.
To study the effect of peptide conjugation efficiency on the immune response,
three concentrations of the above peptide were conjugated through its C-terminal
cysteine to KLH and antisera raised separately in rabbits against each conjugate.
These antisera were tested for their titers against the peptide, and the antigenic
determinants of the peptide were located using a series of omission analogs
of the original peptide. For the preparation of the conjugates, the heterobifunctional, crosslinking reagent, SPDP, was used [1]. This reagent allows the
monitoring of both the protein modification reaction and the peptide conjugation
reaction.
Results and Discussion
The antisera raised against the four different peptide-carrier immunogens were
assayed by ELISA using omission analogs of the peptide to locate the antigenic
determinants (Table 1). Each of the antisera was found to recognize the native
protein from which this peptide was derived. The position of the cysteine in
the peptide, which is used to conjugate the peptide to the carrier protein, plays
an important role in the overall specific peptide immune response. This can
be seen by the location of the antigenic determinants recognized by the antisera.
No significant difference, however, was found in the immune response as a result
of the two different proteins used as carriers. The antisera for the two N-terminal
cysteine conjugates recognized the same antigenic determinants. The two antisera
•Present address: Torrey Pines Institute for Molecular Studies, 10955 John Jay Hopkins Drive,
San Diego, CA 92121, U.S.A.
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Table 1 Identification of antigenic determinants using antisera raised against different
peptide-carrier conjugates
Carrier protein
KLH
TT

Location of peptide
attachment to carrier
C-terminal
N-terminal

Peptide3

C-terminal
N-terminal

YPYDVPDYASLRS
YPYDVPDYASLRS

YPYDVPDYASLRS
YPYDVPDYASLRS

a

Residues in the antigenic determinant are underlined.

for the C-terminal cysteine conjugates, while not identical, shared four common
residues. The antisera raised against the C-terminal cysteine peptide conjugated
to TT had a 10-fold lower titer to the peptide than the other three conjugate
antisera.
A tritiated form of this C-terminal cysteine peptide facilitated the quantitation
of the amount of peptide conjugated to KLH. Three concentrations (40, 100
and 200 ;ug peptide/mg KLH) were prepared. The resulting antisera displayed
significantly different titers to the peptide (Fig. 1). The difference in the observed
titers was a direct result of the amount of peptide injected (all animals were
injected with identical amounts of KLH). The low titers found when 40 /ug
of haptenic peptide was injected was not the result of poor immunization or
low responsiveness by those animals, since the titers to KLH were the same
to the 100 and 200 /ug peptide antisera. Also, these antisera did not recognize
a clear antigenic determinant when assayed with omission analogs by ELISA,
whereas the other two antisera recognized a clear, four residue antigenic
determinant (data not shown).

2.5
• 200 ug peptlde/mg KLH
A 100 ug peptlde/mg KLH
o 40 ug peptlde/mg KLH

50,000
100,000
Reciprocal of Antisera Dilution

150,000

Fig. 1. Antisera titer curve for Ac-YPYDVPDYASLRS-NH2.
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We conclude that the immune response to haptenic peptides is dictated by
their attachment position regardless of the carrier protein used and that antisera
having low titers to haptenic peptides, are often the result of an insufficient
amount of the peptide actually coupled to the carrier protein.
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invasion by Plasmodium falciparum merozoites
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Introduction
Malaria constitutes a major cause of morbidity in most tropical areas in the
world. In view of its dramatic worldwide resurgence due to the spreading of
drug-resistant P. falciparum parasite strains and to the absence of antimalarial
vaccines, we developed a new therapeutic approach based upon the mechanism
of the molecular interactions between erythrocytes and merozoites. By use of
peptidic substrates with a fluorogenic 3-amino-9-ethylcarbazole group (AEC),
a specific parasite neutral endopeptidase has been detected, isolated and characterized [1]. This enzyme, which specifically recognizes the Val-Leu-Gly-Lys
(VLGK) sequence, is a cysteine protease assumed to play a key role in the
invasion process of erythrocytes [2]. In order to block this crucial step during
malarial infection, various specific peptidic and pseudopeptidic inhibitors were
synthesized. In this report, we present preliminary data on their inhibitory activity
on the purified protease and on the reinvasion of erythrocytes by merozoites
in in vitro experiments.
Results and Discussion
Peptidic inhibitors were synthesized by the classical DCC method. Their Nterminal end was acylated by a hydrosolubilizing gluconoyl group (GlcA) [3]
that also prevents them from aminopeptidase degradation. Reversible inhibitors
were prepared by replacing the AEC group of the GlcA-Val-Leu-Gly-Lys-AEC
substrate by ethyl- or diethylamine, (R)-2-amino-l-butanol (AB) or 2-amino
propanediol (AP), and N-methyl glycine (Sar) or 2-amino-L-isobutyric acid. In
order to increase the enzyme resistance of the peptidyl-ethylamide substrate,
its amide bond, at the proteolytic cleavage site, was modified by a pseudopeptidic
i/f[CH2NH] bond. A peptidyl-nitrile was also synthesized.
As the P. falciparum neutral endopeptidase has been characterized as a thiol
protease [2], we also synthesized a peptidyl-diazomethyl ketone and a peptidylfluoromethyl ketone, derivatives known as specific inactivators of this class of
enzyme.
All the substrates and inhibitors were purified by preparative RPHPLC.
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Experiments were performed with cultured P. falciparum FRC3 Gambian strain
synchronized at the schizont stage. The purification of the specific neutral
endoprotease was achieved as already described [1].
The activity of the competitive inhibitors and suicide substrates was determined
in the presence of purified protease. With compounds GlcA-VLGK-R, where
R is iA[CH2NH]Et, CHN 2 , Sar-OH, CH 2 F or NHEt, the K{ and the IC 50 values
increased from 0.05 to 0.5 mM and from 0.08 to 0.5 mM, respectively.
In the in vitro tests of erythrocytes reinvasion by P. falciparum merozoites,
the % of inhibition was expressed as % inhibition = 100- (R/R 0 X 100), where
R is the number of ring stage that appeared in the presence of inhibitor, and
R0 the number in the absence of inhibitor. At a 1 mM concentration, GlcAVLGK-R compounds, where R is i/r[CH2NH]Et, AB, AP, Sar-OH or NHEt,
the percentage of inhibition was in the range from 100% to 72%; 0.1 mM of
GlcA-VLGK-«/r[CH2NH]Et still gave 60% inhibition.
On the basis of the in vitro data, and in order to increase the apparent affinity
of these inhibitors for the enzyme by an avidity effect [4], the synthesis of
hydrosoluble macromolecular poly-inhibitors expected to have high in vivo lifetime and efficiency is in progress.
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Murine major histocompatability complex polymorphism
and T cell specificities: Mapping I-Ad'k and I-Ed>k restricted
T-cell epitopes of staphylococcal nuclease
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Introduction

Major histocompatability complex (MHC) genes are exceedingly polymorphic.
Such genes code for receptors for 'processed' peptides that, after they are bound,
are displayed to specific T-cell receptors. Balb/c (I-A d /I-E d ) and A / J (I-A k /
I-Ek) mice were immunized with purified recombinant staphylococcal nuclease
(Nase), and murine T-cell hybridomas were prepared and screened for T-cell
proliferation when stimulated by Nase or a Nase peptide, according to established
procedures [1].
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Results and Discussion
Among 167 hybrids (2 fusions) derived from Balb/c mice, 86% were I-Adrestricted, and a nested set of synthetic Nase peptides identified three T-cell
epitopes: Nase(61-80)(84%), Nase(l-20) (15%), and Nase(101-120) (1%) (Fig.
1). Additional Nase peptides were used to identify two discrete I-Ed-restricted
epitopes: Nase(21-35) (83%) and Nase(l 12-130) (17%).
Among 80 hybrids (2 fusions) derived from A / J mice, 96% were I-Ek-restricted
(77 hybridomas), and a nested set of synthetic peptides identified four T-cell
epitopes: Nase(81-100) (70%), Nase(l 12-130) (21%), Nase(121-140) (6%), and
Nase(61-80) (3%). Four I-Ak-restricted clones recognized Nase(91-100).
Finnegan et al. [2] have also localized an I-Ek epitope to residues 81-100
of Nase, as well as localized an I-Ab epitope to residues 91-110.
These data regarding the precise location of these disparate T-cell antigenic
sites in Nase provide a starting point from which to dissect certain of the
biochemical mechanisms that underlie protein antigen processing [3] and presentation [4].
Acknowledgements
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Introduction
The class-I molecules of the major histocompatibility complex (H-2 in mouse,
HLA in humans) are membrane proteins composed of a polymorphic heavy
chain associated with B2 microglobulin. Extensive studies have shown that class1 molecules present peptides derived from processed antigens to the receptor
of cytolytic T cells [1,2]. Particularly in the H-2d haplotype, the synthetic HLAA2 170-185 peptide (RYLENGKETLQRTDAP) can be recognized on Kd-bearing
target cells by Kd-restricted cytolytic T-cell clones specific for the 170-185 region
[3]. This peptide bears determinants which interact either with the TCR ('epitopes')
or with the MHC class I molecules ('agretopes').
Using synthetic substituted analogs of this peptide, we have investigated the
agretopic and the epitopic residues. The structural requirements of our CTL
clones have been elucidated from a combination of biological studies, molecular
modeling, and comparative studies by 'H NMR spectroscopy (400 MHz) of
the native peptide and its substituted D-Ala175 analog.
Results and Discussion
Several substituted analogs of HLA A2 170-185 were tested on two CTL
clones lytic for P 815 cells presenting this peptide. By cytolysis and competition
tests, we have distinguished between residues important for presentation by H2 Kd from those important for CTL recognition, and those whose substitution
had no effect. The results show that Glu173 and Glu177 are epitopic determinants
for the clone 332/2A, and only Glu177 for the clone 223/14. For both clones,
Thr178 and Gin180 belong to the agretopic region, and the last four residues
Thr182 to Pro 185 are not implicated in the recognition phenomenom. Then we
substituted Gly175 by D-Ala175 in this peptide in order to verify the importance
of relative spatial disposition of Glu173 and Glu177 side chains. In this substituted
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analog, only the epitope is modified because this peptide is inactive in cytolysis
test, but competition test reveals its good affinity for H-2 Kd.
Then NMR experiments and molecular modeling were used to investigate the
agretopic and epitopic components at the molecular level. ! H NMR experiments
were performed in H 2 0 and D 2 0 using two-dimensional homonuclear spectroscopy (HOHAHA, relayed COSY). Results obtained from titration of the HLA
A2 170-185 protons were in good agreement with those obtained by molecular
modeling of the peptide conformation derived from the alpha carbons coordinates
of the published structure of the HLA A2 molecule [4]. This peptide has a
helical structure from Arg170 to Arg181, followed by a random coil part from
Thr182 to Pro185. In the helical part, which is the only important region for
CTL and H2 Kd recognition, the two epitopic determinants Glu173 and Glu177
are on the same side of the peptide. On the opposite side there are three
hydrophobic side chains, Tyr171, Leu172 and Leu179, surrounded by Thr178 and
Gln18«.
:
H NMR experiments were then performed on the D-Ala175-substituted analog.
We found that the helical and linear part is conserved, but the most important
difference occurs at Glu177 level. In the native peptide, the side chain of Glu177
was pointing up, far from other side chains. In contrast, in the D-Ala substituted
analog there is a spatial proximity between the Asn174 and Glu177 side chains.
So the relative movement of Glu177 and the consecutive steric hindrance of Asn174
modify the epitopic determinant, aborting the CTL recognition without modification of the agretope.

References
1.
2.
3.
4.

782

Babbitt, B.P., Allen, P.M., Matsueda, G., Haber, E. and Unanue, E.R., Nature,
317(1985)359.
Bouillot, M., Choppin, J., Cornille, F., Martinon, F., Papo, T., Gomard, E., FournieZaluski, M.C. and Levy, J.P., Nature, 339(1989)473.
Martinon, F., Cornille, F., Gomard, E., Fournie-Zaluski, M.C, Abastado, J.P.,
Roques, B.P. and Levy, J.P., J. Immunol. 142(1989)3489.
Bjorkman, P.J., Saper, M.A., Samraoui, B., Bennett, W.S., Strominger, J.L. and
Wiley, D.C, Nature, 329(1987)506 and 512.

Session VII
Protein/DNA interactions
Chair: Robert Schwyzer
Swiss Federal Institute of Technology
Zurich, Switzerland

Targeting DNA sites with simple metal complexes
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Introduction
In my laboratory we have been interested in exploring those factors which
govern the specific recognition of DNA sites. How can one target chemistry
to a particular site along the DNA helix? Proteins which bind to DNA and
regulate gene expression are able to discriminate among DNA sites with high
specificity. Restriction enzymes, whose discovery marked the beginnings of
recombinant DNA technology, bind to their 4-8 base pair recognition sequences
of DNA with IO4 times greater affinity than to other sequences. In each case,
it is likely that a discrete peptide domain is responsible for the site-specific
recognition. Yet the principles which govern this recognition are still far from
well understood. In order to begin to design peptide mimics or other small
molecular structures which bind DNA sites with high specificity, so as to develop
rationally based DNA-binding pharmaceuticals, we need to determine those
factors which contribute to the recognition of a particular site along the DNA
helix.
What are the factors which are likely to be important in the discrimination
of a particular site? Originally it was proposed that some sort of code might
exist, involving the matching of individual amino acid residues, or perhaps pairs
of residues, to the different nucleic acid bases [1]. Through a series of hydrogen
bonding interactions, one might then imagine a one-dimensional readout of the
particular DNA sequence by the DNA-binding peptide. It has, however, become
quite clear, from the few crystallographic determinations of proteins bound to
specific DNA sequences, that such a code does not exist [2,3]. Indeed double
helical DNA is not one-dimensional. Instead DNA is quite polymorphic in its
3D structure, [4,5] and the variations in structure along the strand, both those
that are subtle and perhaps not so subtle, provide a basis also to discriminate
among different DNA sites. In addition to hydrogen bonding, one might then
consider that another basis for site recognition could be found in both the
stabilizing van der Waals interactions and destabilizing steric clashes which result
from associations of peptide and nucleic acid structures one with another. Another
component of recognition could therefore be considered to be that based upon
the recognition of the local shape or conformation associated with a nucleic
acid sequence.
*Present address: Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, U.S.A.
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A major focus of our laboratory has been to explore the recognition of DNA
sites based upon their local variations in shape [5]. Can molecules be designed
which target DNA sites based upon their local conformation and, if so, with
what level of selectivity? Can molecules so designed be applied also to probe
the variations in structure that arise along the strand so as to develop some
rules which govern the 3D structures associated with different nucleic acid
sequences? From this perspective, we have designed a series of simple transition
metal complexes of well-defined shapes and symmetries which target different
local nucleic acid conformations. Complexes have been constructed which target
the various conformations of double helical DNA, and even subtle variations
within the most common B-form family. Remarkably, high levels of recognition,
based solely upon considerations of shape, may be achieved.
Results and Discussion
Features of the metal complexes
There are several features which the transition metal complexes we will describe
share and which have been proven to be extremely useful to this investigation.
First, and importantly, the complexes all are coordinatively saturated octahedral
complexes which are inert to substitution. The metal center does not coordinate
directly to the polynucleotide. Instead it is the matching of the shape of the
metal complex to that of the DNA which is important. The complexes, therefore,
bind DNA through an ensemble of weak, non-covalent interactions. From that
standpoint, another important feature shared by the metal complexes under study
which is important is that the complexes are quite rigid in structure. Then,
if we know some aspect of the binding mode and orientation of the complex
on the DNA helix, we know in detail the orientation of all the atoms on the
complex with respect to the double helical structure. In addition, another feature
that appears important to establish specific interactions with DNA is that all
the complexes are chiral. Thus the diastereomeric interactions of the complexes
with the DNA helix provide a basis for site discrimination and means also to
explore symmetry-dependent structures along the helix [6].
Perhaps most critical is that the complexes all contain a transition metal at
their center. The metal serves several functions. First, as described above, it
is the metal that defines the structure, symmetry, and shape of the molecule.
But the metal also provides the means to probe the binding interaction.
Ruthenium(II) complexes have been extremely valuable as spectroscopic probes
for binding, owing to their intense metal to ligand charge transfer transitions
and to the fact that these transitions are perturbed on DNA binding [7-9].
More recently, nickel(II) and chromium(III) analogs have been employed as
paramagnetic broadening agents in 'H NMR experiments [10]. Lastly we have
taken advantage of the photoredox properties of cobalt and rhodium complexes
to develop complexes which upon photoactivation cleave the DNA strand at
their binding site [11,12]. This conversion of a DNA-binding molecule to a DNAcleaving molecule has been extremely useful in analyzing the recognition
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characteristics of the various metal complexes. The cleavage reaction, in breaking
the phosphodiester backbone at the binding site, sensitively marks the site of
binding. This technique permits our detection of where the complex has bound
along the strand to single nucleotide resolution using biochemical methods.
Shape-selective recognition

Fig. 1. The tris(phenanthroline)-metal complexes. Shown on the left is the A-isomer, a
left-handed propeller-like structure, and on the right, the A-enantiomer, a right-handed
propeller-like structure.
Complexes were first designed which recognize and distinguish the A- and
Z-conformations of DNA. Other complexes that have been prepared recognize
substantial deviations in DNA tertiary structure and still others detect small
variations in twist and tilt within an ostensibly B-form helix.
The compelexes we have explored for the most part represent derivatives of
the parent tris(phenanthroline)-metal complex [6,13], shown in Fig. 1. As
determined by photophysical [7,8] and NMR [10] studies, the tris(phenanthroline)metal complexes bind to DNA predominantly through two non-covalent binding
modes: (i) intercalation and (ii) surface or groove binding. The groove binding
interaction, a common mode of association of small molecules with DNA, is
likely stabilized by hydrophobic and electrostatic interactions and occurs in the
minor groove of the helix. For this binding mode, the A-isomer, with a symmetry
complementary to the helix, is preferred. The other binding mode, again a common
association of small molecules and DNA, is an intercalative interaction, where
likely one ephenanthroline ligand inserts partially and stacks in between the
base pairs, anchoring the complex relative to the helix. For this binding mode
it is the A-isomer that is favored and the intercalation appears to occur from
the major groove of the helix.
Based upon the intercalative interaction, the probe for Z-DNA was derived.
The chiral discrimination favoring the A-isomer for intercalative binding arises
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because of the matching of the symmetry of the metal complex to that of the
helix. With the A-isomer bound intercalatively into a right-handed helix, there
are steric clashes between the ancillary non-intercalated phenanthroline ligands,
disposed in a left-handed fashion, and the sugar-phosphate backbone, having
the right-handed helicity. Hence to probe Z-DNA, a lefthanded helix, the Aisomer would be an appropriate choice. The complex Ru(DIP) 3 2+ (DIP = 4,7diphenylphenanthroline), with bulkier ancillary ligands to completely preclude
binding of the A-isomer to a right-handed helix, is shown in Fig. 2. This complex,
which binds avidly to Z-DNA and shows no detectable binding to the B-form,
was our first spectroscopic probe for left-handed helical structures [14].

CH,
CH,

Fig. 2. Probes for Z- and A-DNAs. Shown on the left is Ru(DIP)32+. The A-isomer provides
a spectroscopic probe for left-handed helical structures. Ru(TMP)32+, a photoreactive probe
for A-form helical structures, is shown on the right.

The probe for A-form helices was derived, based upon a matching of shapes
rather than of symmetries. The A-form helix is characterized by a shallow minor
groove surface and an inaccessible major groove pulled deeply into the interior
of the right-handed helix. The complex, Ru(TMP)32+ (TMP=3,4,7,8-tetramethylphenanthroline), also shown in Fig. 2, was designed so as to target preferentially
the A-form helix [15,16]. The methyl groups, situated about the periphery of
the phenanthroline ligands, limit intercalative stacking, owing to their bulk, and
should promote surface binding, owing to their increased hydrophobicity. But
the surface of the Ru(TMP) 3 2+ is simply too big to fit well against the grooved
structure of a B-form helix. The surface is instead well-matched to the shallow
A-form groove. Consistent with this model, preferential binding of Ru(TMP) 3 2+
to A-form polymers is indeed observed.
A striking example of the specificity that may be associated with shape-selective
recognition is evident in photoactivated cleavage reactions with Rh(DIP) 3 3+
[17,18]. This complex, like its ruthenium(II) congener, recognizes altered conformations such as Z-DNA. Furthermore, upon photoactivation, the rhodium
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Fig. 3. Rh(DIP)33+, shown above, targets cruciform structures through double-stranded
cleavage upon photoactivation. A cruciform from pBR322 is illustrated below and the arrows
mark the sites of cleavage by Rh(DIP)33+ adjacent to the cruciform.
and cobalt [19,20] analogs promote strand cleavage at these conformationally
distinct sites. Interestingly, among the sites targeted have been cruciform
structures. In particular Rh(DIP) 3 3+ targets cruciform structures through doublestranded cleavage [17].
Cruciforms, one of which is illustrated schematically in Fig. 3, correspond
to unique tertiary structures of DNA which may arise at palindromic sequences
under supercoiled stress; at such palindromes, each strand of DNA may extrude
out so as to form an intrastrand base-paired segment, relieving some torsional
strain associated with the supercoiling. Such structures may be important elements
in gene recombination. Although we depict cruciforms easily as a 2D basepaired array, our understanding of the complex 3D structure at such cruciform
789

J.K. Barton
sites is poor. Certainly, the cruciform represents a grossly altered shape extruded
along the double-helical polymer and one which is targeted by Rh(DIP) 3 3+ based
upon its shape with high specificity.
Plasmids containing extruded cruciforms show site-specific double-stranded
fragmentation after photolysis in the presence of Rh(DIP) 3 3+ at sites directly
adjacent to the extruded cruciform (Fig. 3) [17]. Cruciforms of different sequences
and lengths from different supercoiled DNAs have been targeted; it appears
only that it is the conformation, not the sequence directly, which is important.
Moreover, if a supercoiled DNA containing the cruciform is first linearized,
relieving the torsional strain and hence the cruciform, and then incubated and
irradiated in the presence of Rh(DIP) 3 3+ , no specific cleavage is evident. What
the complex appears therefore to recognize is the shape associated with a
cruciform, its folded tertiary structure. Possibly, cleavage occurs adjacent to
the cruciform owing to the formation of a hydrophobic pocket for the rhodium
complex generated by two close, almost coaxial helices. Clearly the specificity
of the targeting is one governed by shape selection and one therefore indirectly
encoded by the sequence, since it is the sequence that determines the local
conformation.
If cruciform targeting is an example of the recognition of grossly altered
structures, then an example of a more subtle discrimination of sites based also
upon shape selection may be found in experiments conducted with rhodium
complexes of phenanthrenequinone diimines (d>) [21]. The d>-ligand was designed
so as to maximize its planar surface for intercalation between the base pairs,
and metal complexes containing the d>-ligand appear to bind DNA quite avidly
by intercalation [9]. One can furthermore compare site-selectivities of rhodium
complexes containg the d>-ligand but differing in their ancillary ligands. Shown
in Fig. 4 are Rh(phen)2</>3+ and Rh(d»)2bpy3+. These complexes both bind to
DNA with affinities > IO7 M"1 and, upon photoactivation, efficient DNA strand
cleavage is observed [21].
What are the differences in site-selectivities associated with these complexes?
For Rh(phen)2d>3+, it is the <£-ligand that intercalates and two phenanthrolines,
which lack hydrogen bonding substituents, maintain ancillary positions. For
Rh(0)2bpy3+, with one cb intercalated, the remaining cb, occupying an ancillary
site, is well poised for hydrogen bonding between the imine hydrogen and the
guanine 0 6 oxygen atom (based upon molecular modeling). On the basis of
hydrogen bonding considerations, then, one might argue that, of the two
complexes, Rh($) 2 bpy 3+ ought to display the greater (though not high) sequence
selectivity. In fact what is oberved is the contrary. Rh(d>)2bpy3+ cleaves DNA
in essentially a sequence-neutral fashion. Indeed the complex serves as an efficient
and widely applicable reagent for photofootprinting experiments [22]. Instead
it is Rh(phen)2d>3+ that shows some level of sequence-selectivity, and one which
necessarily must be dependent upon a recognition of shape rather than hydrogen
bonding. Indeed we find that the sequences cleaved preferentially by Rh(phen)2d>3+
are those which may be characterized as being more open in the major groove
[21]. This shape-selection is understandable since if the d>-ligand is to intercalate
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Rh(phen) 2 (phi) 3 *

Rh(phiL(bpy) 3 +

Fig. 4. Shape-selective cleavage by phenanthrenequinone (cb) complexes of rhodium(III).
Shown on the left is Rh(phen)2cb3+, which targets open sites in the major groove of Bform helices on the right is shown Rh(<f>)2bpy3+, which cleaves DNA in essentially a sequenceneutral fashion and provides a versatile reagent for photofootprinting. Both complexes bind
DNA avidly by intercalation and in the presence of light induce strand cleavage. The basis
for the differences in recognition characteristics is illustrated schematically below. For
Rh(phen)24>3+, steric clashes between the base pairs and the ancillary phenanthroline ligands
preclude intercalation of the ijt-ligand unless the base-pair site is open, while with Rh(<j>)2bpy3+,
the steric bulk of the complex is back from the axial coordination axis (shown by the arrows),
permitting a facile sampling of all intercalation sites.

intimately from the major groove direction, steric clashes may ensue between
ancillary phenanthroline hydrogen atoms and bases above and below the
intercalation site if the site is not one which is more 'open' (owing to basepair unwinding, tilting, or propeller twisting). For Rh(0) 2 bpy 3+ , in contrast, the
steric bulk of the molecule is predominantly pulled back relative to the axial
coordination axis, and thus a similar basis for site-discrimination is not available;
Rh(d>)2bpy3+ can sample all sites equally well. Subsequent experiments revealing
chiral discrimination associated with the site-selection by Rh(phen)2d>3+ has
allowed us, using considerations of shape and symmetry selection, to distinguish
DNA sites which are open based upon propeller twisting from those opened
owing to base tilting [23]. Such schemes for recognition based upon these subtle
as well as the more gross distinctions between local DNA conformations are
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surely ones which Nature may exploit in targeting DNA-binding proteins to
a specific site.
Metal-peptide complexes
We might also consider whether shape-selection might govern at least in part
the interaction of peptide residues and complexes with DNA. Perhaps such
considerations regarding shape are important only in the absence of appropriate
hydrogen bonding groups on the DNA binding molecule, such as with phenanthroline ligands. A series of cobalt complexes containing coordinated dipeptides was therefore prepared and its recognition of DNA, explored [24].
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Fig. 5. The R-(left) and S-(right) isomers of bis(dipeptidato) cobalt(III). Each dipeptide
forms a tridentate ligand about the octahedral metal center. R) and R2 indicate peptide
side chains.
Shown in Fig. 5 are two isomers of bis(dipeptide) complexes of cobalt(III).
In these complexes, the metal is again coordinatively saturated and inert to
substitution. Each dipeptide provides a tridentate ligand for the metal with
coordination through the amino terminus, the deprotonated peptide nitrogen
atom and carboxylate oxygen. In such complexes, the metal serves then to
constrain the peptide; the orientation of each of the side chains is fixed by
the coordination. We restricted our consideration to complexes of the form
Co(Arg-X)2+ and Co(X-Arg)2+, (where X = Phe, Ile, Leu, Ser, Gly and Tyr)
so as to preserve an overall positive charge on the complex and therefore some
electrostatic interaction with the helix. The question of interest was whether
the recognition characteristics on the helix would be determined primarily by
X, the varied peptide residue.
Upon photoactivation, these bis(dipeptide) complexes of cobalt all induce DNA
strand cleavage, albeit inefficiently. Most interesting, however, is the recognition
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characteristics associated with these cleavage reactions. Complexes of the form
Co(Arg-X)2+ all appear essentially sequence-neutral in their cleavage of DNA.
The binding to the helix is low, irrespective of the side chain. The shape of
the complex, highly spherical with polar substituents dispersed equally about
the metal center, may be poorly suited to maximize contacts with the helix.
Complexes of the form Co(X-Arg)2+, in contrast, all showed some sequence
preferences and the sites were equivalent among the series; the complexes cleaved
primarily at AT-rich sequences with a 3'-cleavage asymmetry that is characteristic
of association from the minor groove. Importantly, again the recognition
characteristics appeared essentially the same for the different complexes in the
series Co(X-Arg)2+ irrespective of the side chain. The recognition therefore
appeared to depend less upon the nature of the X-residue and instead more
upon the shape of the resultant coordinated complex (the overall molecular
shape is of course shared by members of the family, independent of the nature
of X). For the family of Co(X-Arg)2+ complexes, the guanidinium groups are
disposed axially in the molecule, perhaps neatly poised for association with the
sugar-phosphate backbones, and the X-residues are disposed in an isohelical
fashion out from the center of the molecule, likely generating a surface which
maximizes associations in the groove.
In sum, then, shape selection appears to govern also the recognition characteristics of these simple oriented peptide complexes. Certainly for these simple
families of metal-pep tide complexes, it appears that the first order interactions
may result more from the nature of the molecular shape and how well that
shape matches that of the DNA structure, than from the nature of the individual
peptide residues themselves.
Conclusions
Simple transition metal complexes have been prepared which contain rigid,
well-defined structures and symmetries and these have been targeted to DNA
based upon shape selection. The complexes bind to DNA through non-covalent
interactions which appear to depend upon the shape associated with the complex,
and how well that shape is matched to that of the local conformation of DNA.
The transition metal complexes distinguish variations in DNA secondary and
tertiary structure, and they may become useful in probing the sequence-dependent
variations in structure along the strand. Not only grossly altered local DNA
conformations but also the subtleties of base tilting and propeller twisting may
be detected and selectively targeted based upon shape and symmetry considerations. Indeed a high level of site discrimination may be accomplished through
shape selection. The same considerations apply in the targeting of metal-peptide
complexes to sites along the double helix. Bis(dipeptide)-metal complexes have
been prepared which target DNA, and here as well the pattern of recognition
appears to depend more upon the molecular shape associated with the peptide
complex than upon the individual peptide residues.
It is tempting to consider, given the polymorphic nature of DNA, that such
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factors play a role also in determining the recognition of D N A sites by proteins.
Surely in the design of constrained peptides and smaller molecular analogs for
D N A binding proteins, the contributions from shape-selective targeting might
be considered.
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Biomimetic design of ion-carriers
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Introduction
No living cell exists without possessing mechanisms for uptake or release of
metal ions. Nature invented many ways to perform this function, including iontransport across the cell membrane by molecular vehicles named ion-carriers.
Indeed, a large number of ion-carriers with specific and highly optimized
properties are found in nature. They all function by similar principles, although
they vary widely in details. They all bind a particular metal ion in a well-suited
internal cavity by virtue of polar ligating groups, and generate a hydrophobic
envelope. In the case of Fe 3+ -carriers, siderophores, the ion uptake is receptordriven and the envelope matches the receptor surface. The design and synthesis
of synthetic ion-carriers should incorporate the above-listed desired properties
into otherwise simple and easy to synthesize molecules.
Molecular Design
The general concept of design of the families of ion-carriers discussed here
is that of binding 3 identical short chains to a common anchor at their one
end, and to 3 identical bifunctional ion-binding groups at their other end. The
ion-binding groups are chosen according to their known ion-specificity. The
branches, linked to the common anchor by peptide or ester bonds, are designed
to endow the molecule with the desired hydrophobicity, shape and chirality,
and to bring the 3 ion-binding groups together to form an ion-binding octahedral
cavity suited to the particular ion. A similar design with 2 branches is chosen
for ions that prefer a tetracoordination. After choosing the general outlines of
a family of molecules, the empirical force field method is used to calculate the
equilibrium conformations of its individual members and the conformational
distortions and strain energy imposed on the molecule by binding the target
ion [1].
Results and Discussion
The two families of molecules described here mimic the two natural siderophores (Fe 3+ -carriers), enterobactin and ferrichrome, respectively.
1. Enterobactin analogs (Fig. 1). Enterobactin 1 is the most powerful natural
siderophore [2-4]. It is composed of 3 L-serines, linked to each other by ester
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bonds, and to 3 catecholes by amide bonds. The ferric ion strips the catechols
of their hydroxylic hydrogens, and the catecholates surround the ion in a righthanded (A-cis) propeller-like conformation [5]. Only the ferric complex of native
enterobactin, and not its synthesized enantiomer, is biologically active, being
taken up by Escherichia coli [6].
A combined experimental-theoretical analysis of enterobactin [7] showed that
the A-cis propeller conformation is also the preferred conformation of the free
enterobactin. It is stabilized by H-bonds between the oxygens of the ring and
their closest amide hydrogens. Upon complexation, these weak H-bonds are
broken, and much stronger H-bonds are formed between the amide hydrogen
and the closest catecholate oxygens.
The potency of enterobactin as a siderophore has stimulated the synthesis
of a large number of analogs, with 1,3,5-mesitylene-triscatecholamide 2, being
the most efficient synthetic binder [8], although it still lags behind enterobactin
by several orders of magnitude of its binding constant. Our calculations [7]
indicated that the difference is only partly due to the strain imposed by
complexation, higher in 2 than in 1 by about 2 kcal/mol. The rest may be
due to entropy differences, since the uncomplexed mesitylene analog, being
achiral, has a larger conformational freedom than enterobactin. We modified
2 by interjecting one amino-acid residue between the mesitylene ring and the
ends of the side chains. A combined experimental-theoretical analysis of members
of the family of these tripeptides indicated that, since the side chains carry two
amides each, they tend to form a circularly organized structure stabilized by
inter-chain H-bonds between different amides [9]. When the end groups are
catechols and the amino acids are L-leucines, a siderophore 3 is obtained that
binds ferric ions somewhat better than 2, with a preferred A-cis configuration
[10], similar to enterobactin. Whether 3 or other members of the family possess
biological activity comparable to enterobactin has still to be investigated.
2. Ferrichrome analogs (Fig. 2). Among the natural siderophores, the hydroxmate-based binders are the most abundant [2-4,11]. The microbial ferrichrome
Fe3+-carrier 4, resembles the enterobactin siderophore by being a macrocyclic
molecule with three L-amino acids and three ligating side chains [2-4]. It differs,
however, from the latter by lacking C3 symmetry, by using hydroxamates instead
of catecholates as binding sites, and by forming Fe3+-complexes of opposite
absolute configuration, A-cis.
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Our ferrichrome analogs have the general formula 5 [12]. The three chains
are here again found by IR and NMR studies to be circularly organized through
inter-chain hydrogen bonds. The ferric complexes of ligands 5 are found by
CD to prefer, like ferrichrome, the A-cis configuration.
The L-amino-acid residues incorporated in 5 were leucyl, propyl, sarcosyl and
alanyl. Their biological activity as growth promoters was tested by Dr. T. Emery,
Utah State University, on Arthrobacter flavescens. This bacterium possesses
ferrichrome-specific receptors, but lacks the capability to produce ferrichrome,
and its growth depends on externally supplied ferrichrome. Some of these synthetic
analogs proved to match the activity of ferrichrome as growth promoters [13].
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The use of linear gramicidins as model peptides for the
investigation of peptide-lipid interactions:
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Introduction
When incorporated into a lipid bilayer, gramicidin A (HCO-Va^-Gly^Ala 3 D-Leu^AlaJ-D-Val^VaF-D-ValS-Trp^D-Leu^-Trp^-D-Leu^-Trp^-D-Leu 14 Trp 15 -NH-C 2 H 4 OH) forms an ionic channel through a head-to-head dimerization
process. Therefore, gramicidin-containing monolayers can be considered as
representing half a bilayer, thus providing a good model for the investigation
of membrane peptide-lipid interactions. Information is obtained through two
types of measurement that are, on the one hand, the surface pressure and, on
the other hand, the surface potential.
Results and Discussion
Several gramicidins, containing either tyrosine (Tyr), phenylalanine (Phe), or
naphtylalanine (Nal), instead of the Trp residues in all four positions, or containing
both Nal and Trp residues in various numbers or positions ('hybrides'), have
been studied at the air-water interface. All the gramicidins show the same trend,
characterized by a phase transition around 220-250 A2 and is detected in the
surface pressure (inflexion of plateau depending on the nature of the aromatic
side chain) and in the surface potential measurements (Fig. 1). Variations of
the surface potential with the molecular density can be divided into three different
domains. The first one (a), below the phase transition, is characterized by an
increase of the potential V with the molecular density n, i.e., when the molecular
area is reduced. When no charged groups are involved, as is the case for linear
gramicidin, V is given by the relationship: V=K n n cos0 with K = 1 2 7rl0 3 ,
n in Debye, n is the number of molecules per A2, V in mV and cost) the vertical
component of the dipole moment. Comparison of the experimental and theoretical
(calculated using Urry's [1] model) values leads to 0 = 84, 67, 26 and 80° for
GA, GM, GN and the 'hybrides' respectively, suggesting that the Trp-containing
gramicidins have their helical axis parallel to the air-water interface, while GN
and GM, which are more hydrophobic, have their axis perpendicular to this

*To whom correspondence should be addressed.
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mN/i

Fig. 1. Variations of the surface pressure and surface potential for GA, GM and GN9-15
(GN2T2).
direction. The second domain (b), corresponding to the inflexion or to the plateau
of the pressure-area curves, is attributed to a phase transition of the monolayers.
The last domain (c), obtained at high molecular density, is characterized by
a decrease of V when n is increased. Such a trend, corresponding to a general
behavior for polypeptides, is attributed to a compensation of the dipoles by
multilayer formation on compression. The same behavior is observed for mixed
(GA- or GM-DOPC) monolayers which would also indicate, from pressurearea curves, that both components are not miscible [2].
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Introduction
In O-glycoproteins, the first sugar moeity is linked to serine, threonine,
hydroxylysine or hydroxyproline residues. These amino acids are well known
to be frequently involved in reverse turn structures of proteins. In an attempt
to study the effect of glycosylation on the conformation of the peptide backbone,
a series (1) of peracetylated D-gluco-, D-galacto-, and D-mannopyranoside
derivatives of Boc-X-L,D-Ser-NHCH3 dipeptides (2, X = L-Pro,L-Val or Gly) has
been synthesized (Fig. 1).
Boc-X-(L,D)-Ser-NHCH 3
a

(AcO)*
3

(OAc)

Fig. 1. 2e,3e,4e,6e-tetra-0-acetyl-D-glucopyranosyl (TAc-Glcp), 2e,3e,4a,6e-tetra-0-acetyl-D-galactopyranosyl (TAc-Galp, 2a,3e,4e,6e-tetra-0-acetyl-D-mannopyranosyl (TAcManp).
Results and Discussion
Boc-dipeptide A^'-methylamides (2) were prepared using classical methods of
peptide synthesis. 2,3,4,6-tetra-O-acetyl-l-a-bromo-D-glucopyranose, -1-a-bromo-D-galactopyranose, and -1-a-chloro-D-mannopyranose were used to convert
the protected dipeptides into their peracetylated pyranosides [1]. According to
HPLC and 400 MHz 'H NMR studies, the method resulted in practically pure
*To whom correspondence should be addressed.
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/3-anomers of D-gluco- and D-galactopyranosides and 4:1 mixtures of the aand /3-anomers of D-mannopyranosides.
Circular dichroism (CD) spectra of the parent peptides and their glycosylated
derivatives were measured in CH 3 CN, TFE and water. In acetonitrile, the
glycosylated Pro-L-Ser and Val-L-Ser models were found to show typical C spectra
according to the classification of Woody [2], while glycosylated Pro-D-Ser and
Val-D-Ser derivatives gave B or C spectra [2]. In some cases, class C, B or
C spectra were also obtained in aqueous media. This suggests that peracetylated
glycosides of Pro-L-Ser and Val-L-Ser dipeptides have a tendency to form type
I(III) /J-turns, while the Pro-D-Ser and Val-D-Ser models will likely adopt type
II or distorted type II /3-turn conformations. Based on CD data, the configuration
at C-2 of the carbohydrate residue [gluco, (galacto) or manno] has no effect
on the turn-forming ability of the peptides.
Infrared (IR) spectra of the glycosylated models were measured in CCL 4 and
CH2C12 at different concentrations. The intensity ratios of the free and intraH-bonded NH bands showed that models 1 are present as mixtures of singleand double H-bonded conformers in dilute nonpolar solution, and the glucoand galactoconjugates (equatorial acetoxy group at C-2) have a higher tendency
to form double H-bonded conformers than the mannoconjugates (axial acetoxy
group at C-2). The peracetylated models (1) have a great variety of weak proton
acceptor groups (glycosidic and ring oxygens, as well as acetoxy groups) which,
based on molecular mechanical calculations and experiments with Dreiding
models, have the potential to form C5, C7, Ci0 or C12 glyco-turns in addition
to the peptide intramolecular H-bonds. Our studies indicate that the C = O of
an equatorial acetoxy (or acetamido) group at C-2 is a favored acceptor, and
the formation of an H-bonded glyco-turn does not affect the backbone conformation and intramolecular H-bond system of the parent peptide. Further
studies are needed to explore the possibility of the formation of the other types
of glyco-turns which are fixed by an intramolecular H-bond between a peptide
C = O and the NH of the 2-acetamido group.
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Derivatization of amino acids with 2,3,4,6-tetra-O-acetyl/3-D-glucopyranosyl isothiocyanate and resolution of their
diastereomers by RPHPLC
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Introduction

To synthesize large quantities of high purity peptides useful as drug substances
for evaluation in human clinical trials, it is essential to determine the chiral
purity of amino acid derivatives to be used in the synthesis. This is especially
true of the D-amino acid derivatives or of any other amino acids that are not
derived from natural sources. This knowledge is especially critical when determining if racemization may have occurred during synthesis. This problem
was recently presented to us during the synthesis of clinical supplies of the
vasopressin antagonist, SK&F 105494 (1). This synthesis required supplies of
Boc-D-Arg(Tos), Boc-D-Tyr(Et) and Boc-w-benzyl-6,6-pentamethylene-2-aminoL-suberic acid [Boc-L-Pas(Bzl)] of known chiral purity with an accuracy greater
than obtainable from specific rotation data. Chiral capillary gas chromatography
was not applicable to Boc-D-Arg(Tos) because of difficulty in preparing volatile
derivatives.

o

CX

JL

D.-Tyr(Et)-Phe-Val-Asn-L-NH-CH-CO-Arg-ri.-Arg-NHz
-CH,
SK&F 105494

CHj,

Scheme 1.
Methods

Boc-amino acid (5 mg) was deprotected with 1.0 ml 1:1 (v/v) TFA/CH 2 C1 2
for 30 min. The reaction mixture was concentrated by a rotary evaporator and
the residue was washed several times with CH2C12 to remove excess TFA. The
remaining oil was redissolved in aqueous CH 3 CN (1:1) containing 0.4% (w/v)
triethylamine to give a final volume of 10 ml. To a 100 ^1 aliquot of this solution
802

Protein/DNA interactions
was added 100 ^ of 0.2% (w/v) GITC in CH 3 CN. The mixture was allowed
to stand at room temperature for 30 min. A 5 n^ aliquot of this reaction mixture
was injected into the HPLC.
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OAc

+

HJN-C-COJH
•

H
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—*-

s
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GITC = 2,3,4,6-tetra-0-acetyl-/8-D-glucopyranosyl isothiocyanate
Scheme 2.

Results and Discussion
Enantiomeric peptides often have different pharmacological properties. In
peptide synthesis, racemization is occasionally unavoidable. SK&F 105494 has
7 residues including D-Tyr(Et), L-Pas and a C-terminal D-Arg. D-Enantiomers
of amino acids are made synthetically and may contain trace amounts of the
L-enantiomers. Without prior knowledge of the chiral purity of Boc-D-Arg(Tos),
it is very difficult to determine how much racemization may have occurred during
SPPS. Optical rotation is insufficiently sensitive for detecting small amounts
(below 10%) of the wrong enantiomer and it requires Boc-D-Tyr(Et) and BocL-Pas(Bzl) of high chemical purity. Boc-L-Pas(Bzl) is an unnatural amino acid
synthesized via a Kolbe reaction [3] and standard reference material was not
available. It has been reported in the literature [1,2] that diastereomeric thiourea
derivatives (3) of simple amino acids can be formed using GITC (2) and separated
by RPHPLC. We have implemented this method to determine the chiral purity
of Boc-D-Arg(Tos), Boc-D-Tyr(Et) and Boc-w-benzyl-6,6-pentamethylene-2amino suberic acid [Boc-L-Pas(Bzl)]. Resolution of the resulting diastereomers
on RPHPLC using a C18 Ultrasphere Beckman column does not require isolation
of the pure derivatives. Resolving diastereomers of these amino acids provided
information of how much of the wrong enantiomer was present. This knowledge
helped to set up analytical specifications on large batches of incoming amino
acids to be used for synthesis of peptides for clinical trials. Minimizing the presence
of the wrong enantiomer simplifies the purification of the target peptide since
fewer impurities are present in the crude peptide. All amino acid derivatives
analyzed by this method gave baseline separation allowing quantitation of
enantiomeric impurities in the 0.1% range.
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Introduction
The synthesis of glycopeptides normally involves, as the last step, the deblocking
of protective groups both on the peptide and carbohydrate portions without
affecting the chemically sensitive glycosidic linkage. During the synthesis, sugar
hydroxyl functions are usually protected as ethers or esters. Benzyl etherprotecting groups can be cleaved by catalytic hydrogenolysis and acyl-protecting
groups are removed under basic conditions. Side reactions such as incomplete
removal, racemization, and/or ^-elimination may occur, and unsuccessful attempts to obtain fully deblocked synthetic glycopeptides have been reported.
In order to simplify the final deblocking steps and to avoid possible side reactions,
the use of O-glycosylated Fmoc-threonine derivatives, unprotected at the sugar
hydroxyl functions, in the synthesis of glycopeptides was investigated.
Results and Discussion
Four tuftsin (Thr-Lys-Pro-Arg) derivatives containing a D-glycopyranosyl (Glc)
or a D-galactopyranosyl (Gal) unit covalently linked to the hydroxy side-chain
function of the threonine residue through an either a, or B, O-glycosylated Fmocthreonine derivative were synthesized.
To explore the possibility of utilizing the sugar-unprotected, O-glycosylated
threonine derivatives in the solid phase glycopeptide synthesis, /6-galactosylated
tuftsin was also prepared by the continuous flow variant of the Fmoc-polyamide
method.
Z-Thr[a-Glc(OBzl)4]-OBzl and Z-Thr[a-Gal-(OBzl)4]-OBzl were prepared
from the tetra-0-benzylated sugar, and Z-Thr-OBzl by the trichloroacetimidate
method [1,2] in the presence of TMSOTf, and converted into Fmoc-Thr(a-Glc)OH and Fmoc-Thr(a-Gal)-OH by catalytic hydrogenation followed by acylation
with Fmoc-OSu.
/3-Glycosylation was carried out by reacting the proper per-O-acetylated sugar
with Z-Thr-OBzl and boron trifluoride ethyl etherate by the neighboring group
assisted procedure [3]. Catalytic hydrogenation of the ^-glycosylated threonine
derivatives, followed by acylation with Fmoc-OSu and deacetylation with

804

Protein/DNA interactions
methanolic hydrazine yielded Fmoc-Thr(j8-Glc)-OH and Fmoc-Thr(0-Gal)-OH,
respectively. The 0-glycosylated threonine derivatives were reacted with HLys(Z)-Pro-Arg(N02)-OBzl [4] by the DCC-HOBt procedure, and the resulting
glycosylated tuftsin derivatives were fully deblocked by catalytic hydrogenation,
purified by HPLC or ion exchange chromatography, and characterized by optical
rotation, AAA, and 'H NMR.
In the SPS of /?-galactosylated tuftsin, the symmetrical anhydride obtained
from Fmoc-Arg(Mtr)-OH and Fmoc-Lys(Boc)-Pro-OH was used for introducing
the first 3 amino acid residues. The last residue was incorporated into the peptide
chain by using Fmoc-Thr(/?-Gal)-OPfp as the acylating agent. After completion
of the synthesis, the Fmoc protecting group was removed, the final peptide
was cleaved from the 4-hydroxymethyl-phenoxyacetyl-norleucyl derivatized Kieselguhr-supported polydimethylacrylamide resin with 95% TFA, and purified
by ion-exchange chromatography, yielding a /3-galactosylated tetrapeptide analytically indistiguishable from that obtained by the solution synthesis.
The procedure used for the solution synthesis was satisfactorily applied to
the preparation of the a- and /J-glycosylated tuftins (la and IB). In the case
of both the a- and /}-galactosylated derivatives, two main products were formed
by catalytic hydrogenation. One of them (Ila and IIB) showed the expected
amino acid composition after acid hydrolysis, while, apparently, the threonine
residue is missing in the other one (Ila' and HB'). Surprisingly, in all cases
•H NMR data were consistent with the synthesized compound, and threonine
protons were unambigously assigned, even in those galactosylated derivatives
(Ila' and II/?') that according to the AAA, are lacking this residue. With the
exception of a slight upfield shift in the Thr Ha resonances (Ila 4.035, Ila'
3.915; HB 3.895, HB' 3.805), the increase in the proton-proton vicinal coupling
constants Ja.p (Ila 4.58 Hz, Ila' 5.49 Hz; IIB 3.89 Hz, 110' 3.80 Hz), and the
appearance of a new signal integrating three protons (Ila' 2.67, UB' 2.64), the
spectra of Ila and Ila' or HB and HB' are practically superimposable. According
to FABMS, peptide Ila' provided a molecular mass 14 daltons higher than that
of Ila.
Further experiments are under way to explain these data that could indicate
that a partial modification (methylation?) occurred at the threonine amino group
during the final deblocking of the galactosylated tuftsins.

References
1.
2.
3.
4.

Schmidt, R.P., Angew. Chem. Int. Ed. Engl., 25 (1986) 212.
Wegmann, B. and Schmidt, R.P., J. Carbohydr. Chem., 6(1987)357.
Paulsen, H., Chem. Soc. Rev., 13 (1984) 15.
Rocchi, R., Biondi, L., Filira, F., Gobbo, M., Dagan, S. and Fridkin, M., Int.
J. Pept. Protein Res., 29(1987)2501 (and refs. cited therein).

805

Carbohydrate derivatives of insulin: Preparation of
Phe(Bl) monoglycated and Gly(Al),Phe(Bl) diglycated
human insulin by reaction with glucose in non-aqueous
solvents
John B. Halstrem3, Klavs H. Jargensen3, Gustav Bojesenb, Mogens Christensen3
and Anders R. Serensen3
"Novo Research Institute, Novo AIM, DK-2880 Bagsvaerd, Denmark
b
Odense University, Department of Chemistry, Campusvej 55, DK-5230 Odense M,
Denmark

Introduction
Monomeric, rapidly absorbed insulin mutants have been obtained recently
[1] using a strategy of introducing charge repulsion into the monomer-monomer
interface by protein engineering.
The present approach aims at achieving a similar rapid absorption by covalent
attachment of 1-deoxy-D-fructose residues to the N-termini of the A and B chains
of human insulin using a new method of glycation.
Results and Discussion
In order to suppress substitution at the epsilon amino group of Lys(B29),
we looked for conditions which would direct glycation preferentially to the more
weakly basic a-amino groups. Extending a study of non-aqueous glycation of
peptides [2] to insulin, we found that in methanol/acetic acid without added
water, insulin is converted by excess D-glucose into 3 main products, of which
2 (mono- and diglycated insulin) successively predominate and may be isolated
in substantial (30-60%) yields. The time course is followed by RPHPLC, allowing
the point of maximum formation of each to be determined. From two preparative
glycations at 40°C for 8 and 16 h, the major components of each reaction mixture
were purified by semi-prep RPHPLC, using an H 3 P0 4 -acetonitrile system [3].
After desalting, they were characterized by FABMS, quantitative AAA before
and after borohydride reduction, and bioassays (see Table 1). Gly(Al) monoglycated insulin does not appear to be a major product, presumably because
of its rapid conversion to the A1,B1 diglycated species. Triglycated insulin forms
very slowly ( < 1 0 % after 10 h), probably due to protonation of the epsilon
amino group. Thus, the amino groups react in the order B 1 > A 1 » B 2 9 , in
contrast to conventional glycation in water at pH 7-8 [4], where Lys(B29) is
also extensively glycated.
The rates of s.c. absorption in pigs of 125I-labeled Gly(Al), Phe(Bl) diglycated
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human insulin and human Actrapid insulin were compared (see Fig. 1). The
result: mean T 5 0 % ±SEM: 1.47 h + 0.14 h vs. 2.33 h + 0.24 h shows that it is
possible by appropriate hydrophilic substitution of human insulin to increase
significantly the rate of s.c. absorption relative to a conventional rapid acting
insulin. The potential utility of such derivatives in the treatment of diabetes
is being investigated.
100

(
(

T

) A1.B1 diglycated insulin
) Human Actrapid insulin

50%

Fig. 1. Absorption study in pigs (for methodology see Ref. 1).
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Conformational approach to the TV-glycosylation of the
Asn-Xaa-Ser/Thr marker sequence
Guy Boussard3, Abdelilah Abbadi3, Michel Marraud3, Virginie Pichon-Pesmeb and
Andre Aubryb
"CNRS-URA 494, ENSIC-INPL, BP 451, F-54001 Nancy Cedex, France
b
CNRS-URA 809, Universite de Nancy I, BP 239, F-54506 Vandoeuvre, France

Introduction
./V-Glycosylation, a co-translational event, requires the signal sequence AsnXaa-Ser/Thr on the nascent polypeptide chain. This enzymatically controlled
process [1], that takes place at the luminal face of ER, consists in the block
transfer of a preformed oligosaccharidic chain on to the Asn side chain.
Since Ac-Asn-Ala-Thr-NH 2 , the simplest tripeptide that has ever been glycosylated in vitro, fulfills most of the necessary conditions, and since Xaa can
be any of the coded amino acids, possibly excepting Pro, we believe that conformational features are of great importance in giving preference to one of the
two proposed hypothetical enzymatic mechanisms of A^-glycosylation [2, 3].
Results and Discussion
A series of Boc-Asx-Xaa-Yaa-R tripeptide derivatives was carefully designed
and synthesized with Asx = Asn, Asn(Me), Asn (GlcNAc), Xaa = Pro, Ala,
Yaa = Ser, Ser (Bzl), Thr and R = OMe, NHMe in order to obtain a maximum
of informative and clear-cut conclusions concerning their conformational features,
either in organic solution by means of NMR and FTIR spectroscopies or, whenever
possible, in the crystalline state by X-ray diffraction, and finally to afford
arguments for what the active conformation in the enzymatic process would
be.
All the compounds were studied in organic solvents (DCM, DMSO, chloroform,
acetonitrile), that were supposed to imitate, as closely as possible, the highly
lipophilic microenvironment in which /V-glycosylation takes place.
The chemical nature of the required tripeptide sequence suggests that, in
addition to the usual main chain-main chain interaction, the polar Ser and
Asn side chains may give rise to main chain-side chain and/or side chain-side
chain interactions resulting in a complex hydrogen bonding network. Thus, both
Ala- and Pro- unglycosylated families exhibit a variable percentage of a wellstructured conformer characterized by a B-tum with Xaa and Ser as corner
residues and imbricated in an Asx-turn stabilized by the intramolecular side
chain-main chain (Asn) C">'0'>'...HN(Ser) hydrogen bond. The existence of this
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particular disposition is confirmed by the crystal structure of two derivatives
of the Pro-family [4].
Nevertheless, in solution such a conformer is less frequent for Ala-sequences
because of the larger number of accessible Ala-d> values, as reflected in the
greater flexibility of the Ala family. For example, the spectroscopic properties
and the geometrical dimensions of the Asx-turn show that an Asn-side chain
t-disposition (Xi = 180°) is more frequently adopted by Pro-derivatives while
a g+-disposition prevails in the case of the Ala-family. Moreover, if we refer
to all 3 J Na and 3 J a/3 measured coupling constants, an Ala-0 angle of ^ + 80°
is compatible with a certain type of Asx-turn which excludes the presence of
an imbricated /8-turn of any type.
The side chain-side chain (Asn) CTO>'...HO'>'(Ser) hydrogen bond, closing a
13-membered ring, has been evidenced in the crystal structure of Boc-Asn(Me)Ala-Ser-OMe [5]; an interaction put forward by Marshall with reference to the
enzymatic process, and also in a theoretical conformational analysis of Ac-AsnAla-Thr-NH 2 .
None of our results suggest that a (Ser)HO?...HNH a (Asn) type of hydrogen
bond exists to a significant extent in any of the compounds studied.
The chemically prepared Af-glycosylated compounds do not seem to be affected
in the general conformation of their main polypeptidic backbone, although the
Asx-turn vanishes. In addition, some NMR results (NOESY) seem to indicate
the presence of new interactions between the Ser side chain hydroxyl function
and the 0 6 H and 0 3 H alcoholic functions of the GlcNAc monosaccharide. Thus,
the glucosidic part would bend over the main oligopeptidic backbone leading
to shielding and masking of the polypeptide chain, as is the case in proteins.
Taking into account these last results, one may argue that the role of the
(Asn) CTO'>'...HN(Ser) hydrogen bond, which stabilizes the Asx-turn, would seem
to be catalytic rather than conformational. In addition to the (Asn)
Ci'Oi'...HO'>'(Ser) intramolecular interaction, this bond facilitates the heterolysis
of one of the two (Asn) N°H2 protons, as suggested by Marshall's enzymatic
mechanism. However, neither of the two putative mechanisms [3] refers to the
occurrence of the Asx-turn stabilized by the (Asn) C">'0'»'...HN(Ser) intramolecular
hydrogen bond.
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'Sticky fingers' for peptides
L. Moroder and H.-J. Musiol
Max-Planck-Institute of Biochemistry, Department of Peptide Chemistry,
D-8033 Martinsried, F.R. G.

Introduction
Attachment of lipid-derived hydrophobic moieties to peptides and proteins
is expected to affect strongly their association to outer lipid bilayers of cell
membranes and related translocation processes, as well as their insertion into
liposomes or proteosomes.
Results and Discussion
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>95v.
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£
|

CH2-SH

RCO = p a l m i l o y l , m y r i s t o y l , retinoyl

Fig. 1. Synthetic scheme for compounds 2 and 3.
The observation that the maleimide function is sufficiently stable under certain
conditions of peptide synthesis to allow for its insertion at preselected chain
positions [1,2], compelled us to develop thiol-functionalized lipid derivatives
for the selective linkage of 'sticky fingers' to peptides via the maleimide-thiol
principle. For this purpose, 3-mercaptoglycerol was selected as starting compound
and protected at the thiol function as unsymmetrical disulfide using l-tertbutylthio-hydrazine-l,2-dicarboxylic acid dimorpholide as rerr-butylthio donator
[3]. Compound 1 (Fig. 1) was then acylated with palmitic, myristic and retinoic
acid via the DCC/DMAP procedure to generate in high yields the homogeneous,
symmetrical l,2-di-0-acyl-3-/erf-butyldithio-3-deoxy-rac-glycerols 2. For the synthesis of the unsymmetrical diglycerides (Fig. 2), compound 1 was tritylated
at the primary hydroxyl function and then selectively acylated with palmitic
acid in position 2. By detritylation of 5, via silicic acid/boric acid [4] or ZnBr2 [5],
acyl migration was suppressed to minimal extents (=?4% according to ! H NMR).
Subsequent acylation of 6 with myristic and retinoic acid produced the mixedacid diglyceride derivatives 7. Reduction of 2 and 7 with (C4H9)3P in aqueous
trifluoroethanol/ether proceeded quantitatively without noticeable isomerization
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Synthetic scheme for compounds 4 to 8.

(O —S acyl migration), yielding the symmetrical and unsymmetrical 1,2-di-Oacyl-3-mercapto-rac-glycerols 3 and 8, respectively, as suitable reagents for their
addition to maleoyl-peptide derivatives (Fig. 3). Their reaction with 3-maleimidopropionic acid as model compound produced the lipophylic addition products
in good yields. •H N M R spectra revealed the presence of 2 diastereoisomers
resulting from the additional chiral center formed in the succinimide moiety.
CH2-0-R1
CH -0-R2 9

?
N-(CH2)n-C0-Peptide

CH

2"S—T

N-(CH2)n-C0-Peptide

0
Rl = R2 : patnriitoyl or myristoyl etc.
R1 * R2

Fig. 3.

Maleoyl-peptide derivatives.

This novel approach should be well suited for the preparation of lipopeptide
and lipoprotein derivatives for biological and immunological studies.
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Molecular targets of HIV that are candidates for rational
drug design
John J. McGowan*, Nava Sarver, H.S. Allaudeen and Margaret M. Johnston
Developmental Therapeutics Branch, AIDS Program, National Institute of Allergy and
Infectious Diseases, National Institute of Health, Bethesda, MD 20892, U.S.A.

Introduction
The last three years have witnessed a revolution in the discovery, development
and approval process for drugs to treat people infected with HIV. In particular,
many laboratories within the private, academic and government sectors are
utilizing the knowledge and reagents generated through basic research in the
rational design of drugs and the development of selective biochemical assays
to facilitate the search for anti-HIV drugs by random drug screening [1].
Examination of the life cycle of HIV reveals a number of steps that appear
sufficiently distinct to serve as molecular targets for antiviral therapy (Fig. 1).
These targets include the cellular CD4 receptor, virus-encoded enzymatic activities
(reverse transcriptase, RNase H, integrase, proteinase), regulatory proteins critical
for activation of viral transcription (tat, rev, nef), processing of viral mRNAs,
processing of viral proteins (e.g., glycosylation, myristoylation), assembly at the
plasma membrane, and maturation and budding of virus particles. Already, drugs
have been identified through screening and rational drug design that inhibit
these steps in replication (Fig. 1).
In this article, the focus will remain on the rational approaches to the discovery
and design of anti-HIV drugs that will be blocking viral attachment or processing
of viral proteins.
Results and Discussion
CD4-based therapies
Basic research on the HIV viral glycoprotein (gp 120) and the identification
of the receptor for the virus on T-cells led to the design and biologic production
of recombinant soluble forms of the receptor (sCD4) as a drug. CD4 is a membrane
glycoprotein that protrudes from the surface of glial, muscle and fibroblastic
cells. The extracellular region of the glycoprotein has four domains that share
homolgy to immunoglobulin variable domains. CD4 has been used to identify
a sub-population of T-cells (CD4+) that interacts with class II MHC molecules
[2,3]. The evidence that CD4 is the receptor for HIV includes the following:
high binding affinity of gp 120 for CD4 (KD~ IO-9 M; [4]), antibodies to CD4
*To whom correspondence should be addressed.
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Attack Points to Stop Life Cycle of HIV
HIV

Steps in Viral Replication

Identified Therapeutics

Attachment

1)

2)

Uncoating

2)

None

3)

Reverse Transcription

3)

AZT. ddC, ddl, d4T, AZdU,
Foscarnet, Other
Nucleosides

4)

RNAseH Degradation

None

5)

DNA Synthesis of
Second Strand

None

6)

Migration to Nucleus

6)

None

7)

Integration

7)

None

B) Transcription or
RNA Processing

8)

None

9)

9)

Compound Q

1)

Protein Synthesis

Soluble CD4
Second generation
soluble CD4
Dextran Sulfate?
Castanospermine
Monoclonal Antibodies
Passive Immunotherapy

10)

Protein Processing

10)

Castanospermine

11)

Assembly of Virus

11)

Castanospermine
N-Butyl DNJ

12)

Release ol Virus

12)

None

13)

Other

13)

Hypericin
Immunomodulators
Cell Killers

Fig. 1. Life cycle of HIV.
block HIV infection of T-cells [5], cells that are not infectable with HIV become
susceptible if CD4 is expressed, by transfection, on the cell surface, and soluble
forms of CD4 bind gp 120, block HIV binding, syncytia formation and HIV
infectivity [2,3,6-9].
At present, Biogen, Genentech and Smith Kline and French have developed
a first-generation sCD4 therapeutic. Each company has sponsored a phase I
evaluation of their product. No untoward toxicities have been observed in the
studies, nor have auto-antibodies to CD4 been reported from patients who
received sCD4 for 8 weeks.
The first generation products of sCD4 were approximately 370 nucleotides
in length. A number of second generation sCD4 being examined as possible
clinical candidates include:
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- sCD4 linked to toxins that prolong serum half life and selectively kill HIVinfected cells;
- sCD4 fused with antibodies (immunoadhesins) that prolong serum halflife may have other immune effector functions (e.g., Clq and Fc 7-binding
activities);
- shorter versions (-118 nucleotides in length);
- cells genetically engineered to produce sCD4 in vivo;
- chemically modified synthetic peptides (11-12 amino acids in length) that
are stable and more potent than those already published.
Of particular interest to this conference, benzyl-derivatives synthetic peptides
of sCD4 (sCD4 region 81-92; [10]) that inhibit "HIV are not coincident with
the gp 120 binding site identified by others for CD4 (region 40-56; [10-12]).
The data suggest that the binding, attachment and entry of the virus into a
CD4-positive cell may be more complicated than originaly thought.
Each of the second-generation sCD4 identified raises some concern. Changes
in the size of the product (shorter or longer) may cause antigenic recognition
of newly exposed epitopes. Antibodies are likely to be generated with a short
period of time to those sCD4 molecules with toxins attached. The long-term
effect of the toxins is unknown. sCD4-toxin linked may kill a significant number
of HIV-infected cells resulting in a substantial increase in the viral load in the
patient. More data are needed to quantitate the amount of HIV released from
cells killed by toxins to address this point. The large size, site of protein fusion
and potential folding of immunoadhesins may lead to increased antibody
formation. Finally, the bioavailability of sCD4 beyond the vascular system may
be extremely limited. Despite these potential pitfalls, the sCD4 may prove to
be an important, non-toxic therapy that will be useful in the successful management of HIV in those people infected.
HIV protease inhibitors
Another viral target that has received considerable attention recently is the
HIV-encoded proteinase [13]. The proteinase mediates the post-translational
cleavage of HIV polyproteins that are critical for virus assembly. In particular,
protease processing of viral gag (p55) and gag-pol (pi60) precursors has been
characterized (Fig. 2; [14]). It has been suggested that the proteinase may mediate
the cleavage of mature nucleocapsid protein in the early steps of HIV infection;
the implications of this event in HIV replication are not known [15].
The HIV proteinase is an excellent target for rational drug design. It is essential
for viral replication [14,16,17]; responsible for the cleavage of the HIV polyproteins at specific sites (cellular proteinases cannot cleave at the unique sites
present in retroviral proteins [14,18]; and amenable to rational drug design without
knowing the structure of the protein. Further, the structure and base of
information established on known retroviral and aspartyl proteinases are being
used to solve the structure of the HIV proteinase [19-23]. The HIV proteinase
has been cloned, chemically synthesized, sequenced and characterized
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[13,16,17,23-25]. Several groups have designed and are using rapid assays for
evaluating agents for their ability to inhibit this enzyme.
The HIV proteinase is structurally related to other aspartyl proteinases studied
to date. The active site of other retroviruses (e.g., Rous Sarcoma Virus), HIV
and other aspartyl proteinases are superimposable within 0.5 A [26,27]. Navia
and coworkers of Merck Sharp and Dohme Research Laboratories have recently
published the crystal structure of the enzyme to a 3 A resolution [28].
Though similar in structure, significant differences exist between the published
crystal structure of HI V and that of other aspartyl proteinases [27]. HI V proteinase
appears to possess:
- a strict 2-fold axis of symmetry where other aspartyl proteinases have an
approximate 2-fold axis;
- unique topologies at both the N- and C-terminus;
- a 4-stranded /3-sheet where other aspartyl proteinases have a 6-stranded
/?-sheet;
- no strict counterpart of the highly conserved 'flap' structure of other aspartyl
proteinases;
- an active site that is the interface of two homologous peptide chains (99
aa in length), rather than of two domains along a single peptide chain (- 200
aa in length).
These differences require confirmation of the crystal structure to a higher
resolution. [Note in proof: See Ref. 29 for more detailed structure and corrections.]
Already, computer-generated docking models are being used to search drug
repositories and data bases for compounds that 'fit' into the enzyme-active site,
and classical approaches of using synthetic peptides coupled with chemical groups
have led to the discovery of potential proteinase inhibitors that may reach clinical
trials next year [20,21,6]. Small peptide inhibitors are being synthesized that
contain a reduced amide bond at the cleavage site, or amino acid substitutions
on either side of the cleavage site, or other modifications that confer resistance
to proteinase-mediated cleavage while maintaining a strong affinity for the active
site.
The design and development of an inhibitor of HIV proteinase require the
identification of an active prototype inhibitor in a biochemical screening assay
and confirmation of antiviral activity in cell culture followed by animal and
human studies. The inhibitor must have a sufficient 1/2 in serum to establish
an effective intracellular concentration to block the viral proteinase. While oral
administration of the antiviral is the preferred route, many proteinase inhibitors
are peptide analogs and may not survive digestion by gastric enzymes or be
poorly absorbed.
The HIV proteinase is active at the interface of the viral/cellular membrane
and remains active in the cleavage of the gag-pol precursor during the process
of virus budding and assembly. Evidence suggests that the viral proteinase
associated with the membrane is critical in budding and assembly of the virus
818

HIV and related areas
particle by transforming the local high concentration of polyproteins to form
virus particles [22,25,30]. Proteinase cleavage continues after the incomplete virus
particle buds from the host cell membrane until a complete infectious virion
is formed. Elucidation of the structure and inhibitor binding characteristics of
the gag-pol precursor may yield valuable information on viral structure, viral
assembly and cellular processes that take place within the cellular/viral membrane.
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Introduction
Diagnostic test
The measurement of circulating antibodies to HIV-1 has played a vital role
in detecting carriers of HIV-1 as well as monitoring contamination of blood
products. Several rapid agglutination assays for antibodies to HIV-1 have been
developed including those based on latex beads [1], gelatin beads [2] and turkey
red cells [3]. We have developed a whole blood rapid agglutination test for
antibodies to HIV-1 that uses the patient's own red cells as the indicator [4].
This is analogous to the procedure pioneered by Coombs et al. [5], except that
autologous red cells are used rather than exogenous ones. A non-agglutinating
monoclonal antibody against human red blood cells is chemically cross-linked
to the immunodominant synthetic peptide epitope of gp41. When this reagent
is added to a drop of blood, the patient's red blood cells are coated with the
synthetic viral antigen antibody conjugate. Agglutination of the patient's own
red blood cells occurs if the blood contains antibodies to the immunodominant
viral antigen.
The monoclonal antibody to human red cells was selected using the criterion
that it was non-agglutinating when added to whole blood but caused agglutination
in the presence of anti-mouse antibody. The monoclonal antibody recognized
glycophorin as an abundant antigen on red blood cells.
Antiviral peptides
We have identified conserved regions of gpl20 and gp41 that may be important
in forming contacts between these proteins. Synthetic peptides corresponding
to these regions have antiviral activity as measured by reverse transcriptase
activity.
Results and Discussion
Blood samples from a series of HIV-infected patients, normal healthy blood
donors and hospital patients with unrelated conditions were tested. The auto821
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logous red cell agglutination test detected 42/43 known HIV-1-positive individuals, giving a sensitivity of 98% compared to 100% (43/43) using the Abbott
commercial test. With hospital patients there were 3/66 false positive tests, giving
a specificity of 95%. The number of false positive results with blood donors
was only 1/873 giving a specificity of 99.9% comparable to the regular EIA
test. These results indicated that the red cell agglutination test principle could
be used to develop a test with the sensitivity and specificity approaching the
commerical EI test [4]. In order to reduce the level of false positive tests among
hospital patients as well as reduce the amount of blocking monoclonal antibody
required, we investigated the use of Fab fragments of the anti-red blood cell
antibody. The antibody was treated with pepsin to generate Fab 2 fragments
and the inter heavy chain disulphides were reduced with mercaptoethylamine
and protected with Ellman's reagent, as described previously by Brennan et
al. [6]. The resultant TNB-protected Fab fragments were purified by chromatography on S-200 (Pharmacia) and reacted with reduced synthetic peptide. The
residual sulphydryl groups were blocked with iodoacetamide and the conjugate
purified by cation-exchange chromatography on mono-S (Pharmacia). The Fabpeptide conjugate could be used without the addition of blocking antibody.
Blocking the residual sulphydryl groups with iodoacetamide greatly enhanced
the stability of the reagent.
The antigen used in any test is a vital determinant of the sensitivity and
specificity of the test. Recombinant proteins are replacing viral lysate material
because of the need for batch-to-batch consistency and inclusion of adequate
amounts of cricital epitopes. The autologous red cell agglutination test described
here used synthetic peptide antigens for ease in cross-linking to the antibody.
It was initially thought that recombinant antigens would be needed for a
autologous red cell agglutination test kit suitable for clinical use. However, recent
findings from a number of laboratories indicate that synthetic peptide antigens,
particularly those including the immunodominant epitope on the envelope
glycoprotein gp41, may be adequate for a 'front line test' [7-11]. They indicated
that sensitivities of 98-99% and a false positive rate of < 1% (specificity > 99%)
are attainable.
Antiviral peptides
The functional regions of the HIV envelope glycoproteins have been studied
in a number of laboratories [12,13]. The binding site for CD4 is located in
the carboxyl-terminal region of gpl20, whereas the amino-terminal 300 residues
of gpl20 are important for the association between gpl20 and gp41. We found
that the peptide gpl20(105-129) interfered with virus replication as indicated
by reverse transcriptase activity. Since this is located in the region involved
in the interaction between gpl20 and gp41, we inspected the sequence of gp41
for a possible complementary structure. This revealed a region in gp41(571591) with four matching charged residues spaced in the same juxtaposition as
corresponding residues in the region gp 120(99-119). The alignment of these two
sequences is illustrated below. The matched charged residues are underlined.
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Both regions, gpl20(99-117) and gp41(571-591), are highly conserved across
all known isolates of HIV-1 and HIV-2 and have a propensity to form amphipathic
a-helices with three complementary charged residues and complementary hydrophobic residues. The synthetic peptide corresponding to the region gp41(571591) was prepared and found to have antiviral activity analogous to that seen
for the complementary gpl20 peptide [14]. One interpretation of these results
is that the antiviral action of these peptides is due to their disturbing the
interactions of the envelope proteins, perhaps analogous to ribonucleotide
reductase from HSV where a 9-residue peptide from the carboxyl terminal of
the /8-subunit inhibited the enzyme [15].
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Introduction
The human immunodeficiency virus (HIV-1), a retrovirus, has been identified
as the causative agent of acquired immune deficiency syndrome (AIDS). A critical
step in the life cycle of retroviruses is the proteolytic cleavage of initially translated
polyproteins to mature and functional proteins. This processing step is carried
out by a virally encoded protease belonging to the aspartyl protease family.
For HIV-1, a region that encodes a 99-peptide with sequence homology to other
retroviral proteases has been identified in the viral genome [1]. A single point
mutation in the putative active site of this protease eliminates proteolytic activity
of the protease as well as production of noninfectious virus [2]. These findings
support the rationale that inhibitors of this enzyme are potentially useful
therapeutic agents for the treatment of AIDS. To set up screening efforts for
inhibitors, the need for adequate supplies of the protease became a critical issue
for us. Therefore, the chemical synthesis of the 99-residue protease was carried
out [3]. Additional studies have focused on the preparation and isolation of
this synthetic enzyme with increased purity and full biological activity.

Bzl
For
Tos
Bzl
C1Z
15
Pro-Gln-Ile-Thr-Leu-Trp-Gln-Arg-Pro-Leu-Val-Thr-Ile-Lys-IleClZ Chx
Chx Bzl
Chx Chx 30
Gly-Gly-Gln-Leu-Lys-Glu-Ala-Leu-Leu-Asp-Thr-Gly-Ala-Asp-AspBzl
Chx Chx
Bzl
Tos For C1Z
C1Z 45
Thr-Val-Leu-Glu-Glu-Met-Ser-Leu-Pro-Gly-Arg-Trp-Lys-Pro-LysC1Z
Tos
BrZ Chx 60
Met-Ile-Gly-Gly-Ile-Gly-Gly-Phe-Ile-Lys-Val-Arg-Gln-Tyr-AspChx
Pmb
Bom C1Z
Bzl
75
Gln-Ile-Leu-Ile-Glu-Ile-Cys-Gly-His-Lys-Ala-Ile-Gly-Thr-ValBzl
Tos
90
Leu-Val-Gly-Pro-Thr-Pro-Val-Asn-Ile-Ile-Gly-Arg-Asn-Leu-Leu-

Bzl
Pmb Bzl
99
Thr-Gln-Ile-Gly-Cys-Thr-Leu-Asn-Phe-PAM RESIN
Fig. 1. Protection scheme for protease assembly.
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Results and Discussion
The 99-peptide sequence of the postulated HIV-1 protease was synthesized
by the SPPS [3]. Successful assembly of peptide-resin as shown in Fig. 1 was
ascertained by chemical characterization of products at intermediate and final
stages of the synthesis before and after HF cleavage.
Cleavage of peptide from the resin was accomplished by reaction with HF.
The cleaved reaction product was purified by size permeation chromatography
using Sephadex G-50F and G-75F in 50% HOAc. Fractions that contained a
major peak when analyzed by HPLC (Fig. 2) were combined and used for
preparation of the folded enzyme. Proteolytic activity could be obtained upon
folding under reducing conditions, in the presence of ethylene glycol, glycerol
and bovine serum albumin, and at the slightly acidic pH of 5.5 [3].
In an attempt to purify the synthetic enzyme further, the active enzyme was

J

Fig. 2. HPLC of HIV-1 protease. I: After HF cleavage and size exclusion chromatography;
II: after folding and ion-exchange chromatography. Conditions: Vydac C4, 10 nm, 300 A;
Abs = 210 nm; Buffers: A = 0.1% TFA, B= 0.1% TFA-CH3CN; Gradient: 70% A to 50% A
over 30 min.
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isolated under non-denaturing conditions. Upon size permeation chromatography
of the folded material, it was discovered that enzymatic activity was associated
with a product of dimeric molecular weight. More efficient isolation of active
material could be accomplished by ion-exchange chromatography. Use of a silica
based carboxyethyl column (Baker CBX) and a solvent gradient of 0-0.5 M
NaCl at pH 5.5 under reducing conditions afforded material with specific
enzymatic activity of 6800 units (nmol of substrate VSQNYPIV cleaved/min/
mg of enzyme). This activity represented a 10-fold enhancement of potency over
that previously reported [3] and was comparable to the activity observed for
microbially expressed protease (P. Darke, personal communication). HPLC
analysis (Fig. 2) of the isolated product indicated essentially a single peak, and
preview sequence analysis confirmed the improvement in purity. At cycle 21
of the analysis, only 0.5% preview of Ala was observed which was indistinguishable
from background. This result compares favorably with 4.6% preview observed
at the same position for the product analyzed directly afte size permeation
chromatography.
Conclusions
In summary, the chemical synthesis of a 99-peptide HIV-1 protease has been
accomplished. A synthetic product of high purity and of full biological activity
was isolated. Synthetic material was used to characterize the protease as to
substrate and inhibitor specificity. A diversity of substrate cleavage sites was
shown to be intrinsic to the HIV-1 protease. The high speed of synthesis and
the availability of active material allowed the expedient establishment of screens
for inhibitors as potential therapeutic agents for the treatment of AIDS.
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Introduction
The HIV tat protein transactivates genes that are expressed from the viral
long terminal repeat, and tat is essential for viral replication. The sequence of
the 86-residue protein is rich in arginines, cysteines and glutamines and presents
a complex test for synthetic methodology.
Results and Discussion
Peptides from tat were synthesized to determine the requirements for biological
activity. Noteworthy features of the syntheses include automated Fmoc-methodology (Milligen/Biosearch 9600 synthesizer), with the BOP + HOBt coupling
method [1], protection of the 8 Gin residues with trimethoxybenzyl (Tmob)
[2], protection of Arg side chains with 2,2,5,7,8-pentamethylchroman-6-sulfonyl
(Pmc) [3] and the use of PAL polystyrene resin, to prepare the peptides as
their C-terminal amides. Peptides were cleaved and deprotected using a novel
cocktail, dubbed Reagent R, formulated from TFA/ethanedithiol/thioanisole/
anisole in the ratios of 9 0 : 3 : 5 : 2 .
To test the use of trityl groups for protection of the 7 cysteines of tat, (contained
within the sequence 22-37) and for histidine, an 18-residue peptide, 21-38, was
prepared as its C-terminal amide using PAL resin. This peptide had previously
been prepared by Boc-synthesis and found to be capable of forming metal-linked
dimers [4], similar to those formed by the natural protein [5]. The presence
of adjacent His(Trt) and Cys(Trt) residues was expected to provide a stringent
test because of possible steric hindrance. The high purity of the 18-mer product
showed that this selection of protecting groups could be successfully used with
the BOP + HOBt coupling method.
To determine which regions of the 86-residue tat protein are important for
transactivation, several peptides were synthesized (Table 1). Two syntheses were
carried out, each starting at residue 58, and aliquots of resin were removed
at appropriate points. The final products from both syntheses were identical.
Also shown are 5 peptides, prepared by sampling a synthesis started at Phe38,
and a single peptide, 37-62 prepared from Ser62. After cleavage and deprotection
*To whom correspondence should be addressed.
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with Reagent R for 4 h, each peptide was isolated by precipitation with cold
anhydrous ether.They were then reduced with dithiothreitol, purified by preparative RPHPLC, and carefully characterized. Each peptide was tested for its
ability to transactivate the HIV-1 promoter by scrape-loading peptides into HeLa
cells (HL3T1) that contained an integrated HIV LTR controlling expression
of the chloramphenicol acetyltransferase (CAT) gene [6].
Table 1 Biological activity of tat peptides
Origin

Sequence

Activity3

Origin

Sequence

Activity3

Bacterial
Bacterial
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic

1-86
1-72
1-58
5-58
10-58
15-58
21-58

700
350
34
10
N.D."
N.D.
N.D.

37-62
1-38
4-38
10-38
15-38
21-38
1-47

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.; inhib.
N.D.

Synthetic

38-58

N.D.

Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Chymotryptic
fragment
Chymotryptic
fragment

48-86

N.D.

3
b
c

Activity is expressed as the -fold increase in HIV promoter activity in the presence
of peptide, as measured by chloramphenicol acetyltransferase activity.
Not detectable.
21-38 showed nonspecific inhibition of promoter activity at high peptide concentrations
(see text).

Of the synthetic peptides, only tat 1-58 showed high levels of transactivation.
Deletion of as few as 4 residues from the amino-terminus significantly decreased
the activity, and removal of the first 9 residues abolished activity. After we
had prepared tat 38-58 and found it to be inactive, a similar peptide, tat 3762, was reported to retain most of the activity of the full protein [7]. We
resynthesized this peptide, and now report it to be completely inactive in our
assay system, even at a concentration 100-fold higher than that used with 158.
Since tat is essential for replication of HIV, an effective inhibitor of tat might
be used to treat AIDS. Consequently, all peptides shown in Table 1 were assayed
for possible inhibitory activity. At high peptide concentrations, 21-38 did inhibit
transactivation. Using the recommended procedures and a manual simultaneous
synthesis technique [1], a series of 7 peptide analogs of 21-38 were made in
which each cysteine was systematically replaced with serine. Further variants
replacing Cys22 with Cys(Acm), Cys(Me) and Cys(tBu) were made, as well as
variants replacing His33 and Tyr26 with Phe. None of these analogs possessed
higher inhibitory activity than 21-38. Indeed, further study showed that the
inhibition observed with 21-38 was nonspecific in that it also blocked expression
from the SV40 early promoter at similar concentrations.
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Conclusions
The synthetic methodology reported provides a reliable recipe for the synthesis
of complex peptides and small proteins. The structure activity data assembled
on the tat sequence show that the N-terminal, the cysteine-rich region, and the
basic region are all necessary for transactivation [8]. No partial sequence possesses
specific inhibitory activity.
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Development of fluorescent substrates for viral proteinases
Jeffrey R. Weidner, Raymon F. Roberts and Ben M. Dunn
Department of Biochemistry & Molecular Biology, University of Florida, Gainesville,
FL 32610, U.S.A.

Introduction
Proteolytic processing of virally encoded polyproteins is an essential step in
the maturation of many RNA viruses including picornaviruses and retroviruses.
Picornaviruses (e.g., polio) synthesize their entire genome as a single polyprotein
that is cleaved by two viral cysteine proteinases, 2A and 3C, whereas the retrovirus
human immunodeficiency virus (HIV) uses a viral aspartic proteinase (HIVPR) to process its gag and gag-pol polyproteins. These proteinases appear to
be highly specific and present an attractive target for antiviral therapies. The
development of a convenient, continuous spectrophotometric assay should be
useful for characterizing these enzymes.
Fluorescence energy transfer is a useful principle for the design of substrates
for continuous assay of proteinase activity [1]. Cleavage of the substrate results
in an increase in the distance between the fluorescence donor and acceptor pair
and a relief of fluorescence quenching, which can then be used to study the
kinetics of the reaction.
Results and Discussion
Peptides based upon all eight known poliovirus 3C cleavage sites were examined
for their ability to act as substrates for 3C in an HPLC assay. One of the best
substrates, POLIO 1.2: (Ac-Arg-Cys-Nle-Glu-Ala-Leu-Phe-Gln-Gly-Pro-LeuGln-Tyr-Lys-Asp), was selected for modification to develop a fluorescence assay.
This peptide was readily cleaved with a Km of approximately 1 mM. The cysteine
and lysine moieties also presented excellent sites for attachment of reporter groups.
a-N-acetyl POLIO 1.2 was derivatized with two equivalents of maleimidyl
coumarin (Molecular Probes, Eugene) at pH 7.5 in 20% DMF for 1 hour and
purified by RPHPLC. The resulting peptide, POLIO 1.2-C, had a coumarin
moiety attached to the cysteine, as verified by AAA and fluorescence and UVVIS spectroscopy.
DABITC (4-dimethylaminophenylazophenyl-4'-isothiocyanate) (Molecular
Probes, Eugene) was added to the e-NH2 of the lysine at pH 9.5 in 50% acetonitrile
to yield POLIO 1.2-CD. The DABTC-lysine quenched the coumarin's fluorescence and added an appropriate absorbance peak at 480 nm. POLIO 1.2-CD
was soluble in aqueous solution but only to 150 /JM, much less than the 1
mM Km for the parent substrate peptide.
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A large, time-dependent increase in the fluorescence of a POLIO 1.2-CD
solution was observed following the addition of polio 3C proteinase. This
approximate ten-fold increase in fluorescence occurred concomitantly with
cleavage of the substrate peptide, as evident by the appearance of two new
HPLC peaks and a decrease in the size of the substrate peak. These peaks
represented the expected cleavage product peptides as confirmed by AAA and
fluorescence and UV-VIS spectra.
The rate of increase in fluorescence was directly proportional to the amount
of 3C proteinase added and was also linear with substrate concentration below
3 uM; however, the rate of fluorescence change fell off above this concentration.
Cleavage still occurred at the higher substrate concentrations as evident from
HPLC; therefore, the decrease in the rates of fluorescence change could be
attributed to a decrease in fluorescence yield, perhaps due to inter-filter effects.
This non-linear increase in fluorescence yield at concentrations above 3 ^M
was also noted in solutions of POLIO 1.2-CD alone and in cleaved reaction
mixtures. This problem might be avoided by the choice of different donoracceptor pairs with less spectral overlap or by decreasing the path length in
the cuvette.
In addition, POLIO 1.2-CD has been used to evaluate several potential
inhibitors of the 3C proteinase, including chicken egg white cystatin, a cysteine
proteinase inhibitor. An apparent K{ of 42 /uM was determined by assuming
that [S]«.rY r n and K^IC^.
This is close to the value of 18 uM determined
by HPLC assay. Thus, despite the limited concentration range, this assay should
be useful for screening potential inhibitors of the proteinase.
Principles used in the design of this substrate are currently being applied to
the development of similar assay systems for HIV-PR. In addition, other reporter
pairs are being evaluated for their suitability in this approach. Efforts are also
underway to increase the solubility of these derivatives and to increase the useful
concentration range of the assay.
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Tetrazole analogs of HIV-1 protease substrate peptide:
The role of cis-proline in enzyme recognition
Assunta Garofalo, Celine Tarnus, Jean-Marc Remy, Raymond Leppik,
Francois Piriou, Bruce Harris and John Tom Pelton
MerrellDow Research Institute, 16 rue d'Ankara, F-67084 Strasbourg, France

Introduction
The HIV-1 retrovirus, the causative agent of acquired immune deficiency
syndrome (AIDS), codes for a virus-specific protease known to be essential for
retrovirus maturation and replication. An unusual feature of this aspartyl protease
is its ability to cleave on the N-terminal side of proline. To further understand
the role of proline in the cleavage site of this enzyme, we have recently expressed
the HIV-1 protease in E. coli and examined its ability to cleave synthetic peptides.
The heptapeptide Ser-Gln-Asn-Tyr-Pro-Ile-Val-NH2, corresponding to one of
the native sequences in the gag precursor protein processed by the retroviral
protease, was found to be a substrate for the enzyme. NMR studies of this
heptapeptide indicated that it exists in two major conformations: (1) 70% as
an extended peptide with all trans peptide bonds; and (2) 30% with a m-proline
peptide bond. Molecular modeling of the heptapeptide with cw-proline yields
a molecule with a pronounced 'kink' that may be important for protease
recognition. To examine the role of the cw-proline bond in enzyme recognition
and binding, we have synthesized the tetrazole analog, Ser-Gln-AsnPhei/r[CN4]Ala-Ile-Val-NH2. This peptide bond surrogate has been proposed as
a means of mimicking the cis configuration [1].
Results and Discussion
The tetrazole dipeptide Phei//[CN4]Ala-OH was synthesized as previously
described [2] except that alanine was protected as the 7-butyl ester so as to
avoid the base-promoted racemization of the C-terminal residue; benzyloxycarbonyl was used for phenylalanine. The protecting groups were removed with
freshly prepared TFMSA-TFA and the amino terminus reprotected with the
Boc group. The tetrazole analog was coupled to the peptide resin with HOBt/
DCC and the synthesis completed by standard methods. Gel filtration and
preparative HPLC afforded the pure peptide as determined by TLC and analytical
Cig RPHPLC.
AAA after acid hydrolysis gave the expected molar ratios (+7.0%) of the
constituent amino acids. The FABMS molecular ion ([MH+] = 802.4 expt; 802.1
calc.) and fragmentation patterns were in agreement with the amino acid sequence
and composition.
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Fig. 1. Overlay of the tetrazole peptide and the substrate peptide Ser-Gln-Asn-Tyr-ProIle-Val-NH2 which contains a cis-peptide bond.
NMR studies of the tetrazole analog in D 2 0 indicate a random coil structure.
Chemical shifts and coupling constants of the a and B protons were found
to be similar to those observed in the cw-heptapeptide, except for the Phe and
Ala aCH protons that were observed at lower field (5.40 and 5.25 ppm,
respectively).
Both the substrate heptapeptide and the tetrazole analog were modeled using
the SYBYL [3] program. A suitable starting structure for each molecule was
generated by sequentially adding amino acid building blocks in a random coil
conformation, followed by energy minimization. Overlay of the two peptides
through a 'fit' program shows a good correlation between the conformation
of the tetrazole analog and that of the cis proline substrate (Fig. 1). Studies
with the expressed HIV-1 protease indicate that the tetrazole analog is not a
substrate for, nor an inhibitor of, this enzyme. This result may indicate that
the cis-amide bond is not important for enzyme recognition. Alternatively, the
increased steric bulk of the tetrazole analog at the cleavage site may prevent
effective binding of the peptide to the protease.
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Introduction
Inhibition of the HIV protease as a means of therapeutic intervention in the
treatment of AIDS is a logical strategy. HIV protease cleaves the virally encoded
polyprotein at several sites to liberate the gag proteins (pl7, p24, pl5), as well
as the protease (PR) itself, and reverse transcriptase (p66). Schneider and Kent
[1] have prepared peptide substrates of 20 or more residues corresponding to
all of these cleavage sites and demonstrated that their synthetic enzyme cleaved
each at the appropriate site. Darke et al. [2,3] showed that both expressed and
synthetic enzyme cleaved larger synthetic peptides at the proposed processing
sites. The minimal length peptide substrate that was shown to be cleaved (at
90% of the rate of the octapeptide) was a heptapeptide, SQNYPIV. Either
SQNYPI, QNYPIV, or acetyl-QNYPIV failed to be cleaved. Billich et al. [4]
have also reported that heptapeptide substrates were cleaved by HIV-1 protease.
In studies on the protease from the retrovirus, avian sarcoma-leukosis virus
(ASLV), Kotler et al. [5,6] examined decapeptide substrates and suggest that
the minimal size for cleavage with ASLV protease is longer than six residues.
In contrast, we show that hexapeptides still retain sufficient binding affinity
to function as substrates and serve as a basis for inhibitor design.
In an analogous approach to that of Szelke et al. [7], we have prepared shortened
peptide substrates containing dipeptide analogs of Met-Met, Leu-Pro, Tyr-Pro
and Phe-Pro, known cleavage sites of retroviral proteases, in which the amide
bond has been reduced to give the i/r[CH2NH] linkage. A report of decapeptide
*Present address: Department of Chemistry, La Trobe University, Bundoora, Victoria, Australia
3083.
"Present address: Smith Kline & French Laboratories, King of Prussia, PA 19406-0939, U.S.A.
***To whom correspondence should be addressed.
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substrate analogs, VSFNF-#CH 2 N]-PQITL and CTLNF-y[CH 2 N]-PISPI, and
of HIV substrates (N- and C-terminal sites of the protease) containing the reduced
amide bond that showed inhibitory activity (50% inhibition around or below
125 juM concentration) has appeared [4] since this work was completed.
Experimental
Solid phase synthesis of HIV protease substrates and inhibitors
Acetyl hexapeptide amides, with and without reduced internal amide bonds,
were prepared by conventional SPPS using thep-MBHAR. The dipeptide analogs
having reduced peptide bonds were prepared, either in solution and incorporated
as a unit in the solid phase protocol, or in situ by reductive alkylation with
4 equivalents of Boc-amino acid aldehyde prepared by the procedure of Fehrentz
and Castro [8] and coupled according to Sasaki et al. [9].
HIV protease assay
The HIV protease assay was conducted using either synthetic HIV protease
[1] in which the two Cys residues (Cys67, Cys95' had been replaced by the isosteric
a-aminobutyric acid to eliminate the complications of free sulfhydryl groups
(Clawson and Kent, unpublished), or cloned material expressed in E. coli supplied
by Dr. George Glover of the Monsanto Company. In all cases examined, the
cleavage patterns and inhibition results were identical. Synthetic protease (1 mg/
ml) was dissolved in a buffer (20 mM PIPES, 0.5% NP-40 detergent, 1 mM
DTT, pH 6.5). Substrates were also dissolved in the same buffer at 1 mg/ml
concentration. Five microliters of substrate and 5 ul of HIV protease were added
to an Eppendorf tube that was centrifuged and then incubated at 25°C for the
desired time. The reaction was stopped by the addition of 50 ul of 10% TFA.
The sample was diluted with 200 /ul of water and applied to a C4 HPLC column
developed with 0.1% TFA for 5 min, followed by a gradient of 0-50% acetonitrile
in 50 min. For inhibitor studies, 5 ul of the protease solution was preincubated
for 10 min with the 5 pi of inhibitor (dissolved in DMSO and diluted to 1
mg/ml with buffer). Then 5 ul of test substrate, Ac-Thr-Ile-Met-Met-Gln-ArgNH 2 , was added in order to determine inhibition of cleavage. Reactions were
stopped and cleavage rates were monitored by HPLC, according to procedures
described above.
Results and Discussion
In contrast to the reports of Darke et al. [2,3] on HIV protease, and the
studies of Kotler et al. [5,6] on ASLV protease, hexapeptides function as good
substrates, provided that their charged amino and carboxyl termini are blocked,
although both are not essential. The p24/pl5 hexapeptide, Ac-Thr-Ile-Met-MetGln-Arg-NH 2 , was characterized with a K m = 1.4 mM and a Vmax = 725 nmol/
min/mg. This compares favorably with the data of Darke et al. [2,3] for most
of the longer peptide substrates.
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The significant point is that the reduced amide transition-state inhibitor strategy
has yielded inhibitors in all four substrate sequences to which it has been applied
(Table 1).
Table 1 Reduced amide bond inhibitors of HIV protease
Cleavage site

K,3

Peptide

pl7/p24
(HIV-2)

Ac-Gln-Asn-Tyr-i/f[CH2N]-Pro-Ile-Val-NH2
Ac-Gly-Asn-Tyr-i/r[CH2N]-Pro-Val-Gln-NH2

P 24/pl5

Ac-Thr-Ile-Met-#CH 2 NH]-Met-Gln-Arg-NH 2
Ac-Thr-Ile-Nle-#CH 2 NH]-Nle-Gln-Arg-NH 2
Ac-Thr-Ile-Leu-#CH 2 NH]-Leu-Gln-Arg-NH 2
Ac-Thr-Ile-Nle-#CH 2 NH]-Leu-Gln-Arg-NH 2
Ac-Thr-Ile-Nle-i/([CH2NH]-Phe-Gln-Arg-NH2
Ac-Thr-Ile-Nle-i/f[CH2NH]-Nle-Gln-D-Arg-NH2
Ac-Thr-Ile-Nle-i/r[CH2NH]-Ile-Gln-Arg-NH2
Ac-D-Thr-Ile-Nle-^[CH2NH]-Nle-Gln-Arg-NH2
Ac-Thr-Ile-Nle-#CH 2 NH]-Nle-Gln-NH 2
Ac-Ile-Nle-.>[CH2NH]-Nle-Gln-Arg-NH2

pl5/PR
(HIV-2)
PR/p66
(HIV-2)
a

Ac-Phe-Asn-Phe-#CH 2 N]-Pro-Gln-Ile-NH 2
Ac-Ser-Phe-Asn-Phe-#CH 2 N]-Pro-Gln-Ile-NH 2
Ac-Leu-Ala-Ala-#CH 2 N]-Pro-Gln-Phe-NH 2
Ac-Leu-Asn-Phe-i/r[CH2N]-Pro-Ile-Ser-OH
H2N-Thr-Leu-Asn-Phe-i/f[CH2N]-Pro-Ile-Ser-OH
Ac-Leu-Asn-Leu-i/f[CH2N]-Pro-Val-Ala-NH2
H 2 N-Ser-Leu-Asn-Leu-#CH 2 N]-Pro-Val-Ala-OH

17.2 uM

++
+++
789 nM
734 nM

+++
+++
++
+++
++
++
++
++
++
+
++
++
++

13.1 /iM

Under these assay conditions, pepstatin A had a K[ = 5.46 uM. The compounds whose
affinities have not been fully characterized are classified into four categories based
on comparative inhibition studies: + + + = submicromolar; + + = 1 - 1 0 0 micromolar;
+ = greater than 100 micromolar; - = inactive.
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Introduction
Retroviruses such as human T-cell leukemia virus (HTLV1) code for a virusspecific protease that is essential for the proteolytic cleavage yielding the mature
viral protein. A 115-residue polypeptide, encoded at the 5' end of pol gene, has
been proposed as the putative HTLV1 protease. Analysis of the retroviral protease
sequence led to the suggestion that this enzyme was a member of the aspartyl
protease family, on the basis of the conserved characteristic Asp-Thr-Gly active
side sequence and the observed in vitro inhibition by the protease-specific
inhibitor, pepstatin A [1]. The recently described structures of the Rous sarcoma
virus (RSV) protease [2] and of the human immunodeficiency virus (HIV) protease
[3] show, for such enzymes, a dimeric structure with a high structural homology
to other aspartyl proteases [4]. On examining the cleavage sites of the viral
polyprotein gag and pol precursors, a preference for the Leu-Pro sequence can
be noted. Nevertheless, the proline residue is not essential.
In order to investigate the requirements for the protease inhibition, synthetic
peptides with either reduced bond at the cleavage site or a substitution by statine
were synthesized. The crystal structure of one of them, Pro-Gin-Val-Sta-AlaSta, is reported.
Results and Discussion
The hexapeptide was synthesized according to the Merrifield solid phase
procedure [5], and using a Boc-statine prepared as described by Rich et al.
[6]. Crystallization was carried out in Corning depression glass plates by the
vapor diffusion method [7]. All diffraction data were collected from one crystal
obtained from a solution containing 30 mM hexapeptide, 30 mM sodium
cacodylate (pH 6.0), 20% (g/ml) 1,6-hexamethylenediol by equilibration with
a reservoir of 100% 2-methyl-2,4-pentanediol. The crystal structure was solved
by direct-phase determination using the random-start multi-solution procedure
in the SHELXS-86 computer program [8]. The molecule crystallizes as a
pentahydrate in the P2; monoclinic space group, with a = 10.874(3), b = 9.501(2),
c = 21.062(6) A, B= 103.68° and Z = 2 . The molecular structure shown in Fig.
1 can be succinctly described as extended. The crystal-state conformation is
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characterized by a N-terminal /3-pleated sheet conformation followed, at the
hydroxyl group level, by another extended structure.

Pro
Fig. 1. Molecular structure for Pro-Gln-Val-Sta-Ala-Sta.
The comparison with other acidic-protease inhibitors described previously
(inhibitor-endothiapepsin complexes) [9] shows a good agreement in the general
shapes of the molecules. The orientations of the main chains and side chains
of the first 4 residues are very similar. The hydrogen bonding arrangement,
as far as these residues are concerned, corresponds to the classical antiparallel
pleated-sheet scheme for the isolated molecule as well as for the molecular
complexes. Therefore, the conformation of the first four residues observed for
Pro-Gin-Val-Sta-Ala-Leu should provide a good model for the design of the
N-terminal end of HTLV1-protease inhibitors. On the other hand, the Ala and
Leu side chains are extended in opposite directions compared to that of the
corresponding inhibitors' side chains in the site of endothiapepsin.
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Introduction
A critical event during HIV infection is the binding of virion ligand protein
to the cellular receptor. An important step in the viral infection involves binding
of envelope glycoprotein gpl20 to the CD4 complex [1]. The presence of this
receptor on T-helper cells and many monocytes/macrophages make these cells
the primary HIV-1 targets. Virion cell adherence or syncytium formation between
infected cells can be inhibited by animal sera to an envelope region [2]. The
variability of these regions explains why neutralization-escape is a common finding
with individual isolates.
By modification of the natural amino acid sequence of a part of the CD4
binding region, we discovered a peptide to which the majority of both HIV1 and HIV-2 infected persons have a strong seroreactivity. Previous experiences
with cyclic peptides in virology have sometimes shown enhanced serological
reactivities to peptides where the natural sequence permits cyclization. In the
present case, we introduced an artificial sequence in order to enhance antibody
reactivity and to acquire a stable peptide.
Results and Discussion
Several peptides synthesized according to the linear sequence of HIV-1 (strain
HTLV-III B ) [3] were assayed for seroreactivity in ELISA. The strongest and
most frequent reactivity was seen with the peptide JB-8p (Table 1). Other linear
or cyclic peptides covering the C-terminal of the CD-4 binding region displayed
weaker reactivity with sera. The N-terminus of the CD4 binding region also
revealed some reactive sera. This reactivity was not obviously enhanced when
cyclization was performed.
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Fig. 1. Development of anti-JB-8p and anti-JB-4p antibodies by testing sequential sera
from two primary HIV-infections (A and B). WB = reactivity in Western blot.

Predicted structure [4-6] of JB-8p is shown in Table 1. The peptide has
hydrophobic and hydrophilic stretches, as well as two cysteines or a methionine
and prolines. These amino acids should participate in a strongly structured
compound. By exchanging M to C (position 434) it was possible to form an
artificial loop between positions 434 and 445. When the resulting JB-8p peptide
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was used with HIV-1 seropositive sera, 93% of the patients showed a clear
seroreactivity. The figure for HIV-2-infected persons [7] was 73%. Anti-JB-8p
antibodies developed in primary HIV-1 infection (Fig. 1). The time course was
closely related to that of antibodies to a peptide representing gp 41 [8]. Obviously
the conformational change imposed on the peptide JB-8p revealed and exposed
stretches recognized as immunogens in the patient, but not well discovered by
linear peptides.
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Introduction
Recent studies have emphasized the immunological role of the preS2 region
of the hepatitis B virus (HBV) surface antigen in mediating responses to the
S region [1]. In addition, studies have shown that truncated versions of preS2
conjugated to appropriate carriers can produce protective antibodies in chimpanzees [2]. Our studies extend these observations by demonstrating that alum
adsorbed unconjugated synthetic peptide containing the full 55-amino acid
sequence of preS2 (Fig. 1) can be used to immunize and protect chimpanzees
from an infectious HBV challenge [3]. This report describes the synthesis,
purification, and characterization of preS2.
NH 2 -Met-Gln-Trp-Asn-Ser-Thr-Ala-Phe-His-Gln-Ala-Leu-Gln-Asp-Pro-ArgVal-Arg-Gly-Leu-Tyr-Leu-Pro-Ala-Gly-Gly-Ser-Ser-Ser-Gly-Thr-Val-Asn-ProAla-Pro-Asn-Ile-Ala-Ser-His-Ile-Ser-Ser-Ile-Ser-Ala-Arg-Thr-Gly-Asp-Pro-ValThr-Asn-OH
Fig. 1. Sequence ofpreS2.
Results and Discussion
The chemical synthesis of the 55-amino acid-containing preS2 was the primary
objective of our studies. Assembly of the peptide was achieved automatically.
Selection of side-chain protection was made in an effort to minimize the formation
of by-products [e.g., Asp(cHex), Glu(cHex), His(Bom)] during synthesis and
HF deprotection. A double-coupling protocol was used for peptide resin assembly.
Coupling efficiency was monitored by ninhydrin analysis and found to be greater
than 98.5% in all cycles. The final 55-peptide resin was cleaved from the resin
using the high H F procedure in the presence of /?-cresol and /Khiocresol (1:1)
*To whom correspondence should be addressed.
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as scavengers. The crude product was purified by preparative HPLC on a C4
silica reverse-phase column using a 0.1% aqueous trifluoroacetic acid-acetonitrile
gradient. After a single pass, the product appeared to be about 90% pure, as
determined by analytical HPLC. A second purification using a 0.1% ammonium
bicarbonate-acetonitrile gradient on C4 gave a product that was > 9 8 % pure
in a 5% overall yield.
The product was characterized for confirmation of structure and homogeneity.
Amino acid composition following acid hydrolysis showed ratios within + 5 %
of expected values. Sequence analysis of preS2 carried out for 45 cycles produced
no detectable preview. Proton NMR in D 2 0 established that the methionine
had not oxidized to methionine oxide. The NMR also indicated that alkylation
of side-chain functionalities had not occurred. Evidence of correct molecular
weight (5734) was confirmed by FABMS that gave an M + H of 5735. Analytical
RPHPLC in several buffer systems indicated that the product was > 9 8 % pure.
Following adsorption into alum, the preS2 peptide was inoculated into four
chimpanzees, as described earlier [3]. Each animal was subsequently challenged
with infectious doses of HBV. All of the peptide-inoculated chimpanzees were
found to be fully protected.
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Introduction
In addition to encoding the classic structural proteins of retroviruses (gag,
pol, env), the human immunodeficiency virus (HIV) [1] genome encodes regulatory
proteins (tat, rev, nef,...), one of which, the nef (negative regulatory factor) [2,3],
is secreted and plays a keyrole in the pathophysiology of AIDS. This protein
of 205 amino acid residues for HIV-1 is involved in the down-regulation of
HIV replication, thus establishing and maintaining virus latency [4-6].
As a negative factor of HIV replication, nef appears to be produced before
any detectable expression of gag/env proteins. Nef may thus be the target of
antibodies that appear early in the course of HIV infection [7,8].
Results and Discussion
To investigate the immune response to nef, the prevalence of anti-ne/-positive
sera was assessed in HIV-infected patients, and immunodominant epitopes were
mapped with synthetic peptides [9,10]. Human sera were tested for the presence
of anti-«e/antibodies by RIA with recombinant radiolabeled [l25l]nef expressed
in E. coli. Of the 300 HIV-positive sera tested by RIA, 70 + 5.3% were found
to be anti-ne/-positive at a dilution of 1:200. Anti-«t?/ antibodies bound to nef
with a high affinity (K05 — 2.2 X 10"9 M). The specificity of anti-nef antibodies
was further analyzed on 31 of the anti-n<?/-positive sera by ELISA with large
synthetic peptides ranging from 31 to 66 amino acid residues and spanning the
total sequence of nef from HIV-1 (LAV bru isolate).
Stepwise assembling of the peptide chains was carried out automatically on
4-(oxymethyl)-PAM resin using Boc-/benzyl-based protecting groups. Two elongation protocols were used depending on the peptide chain length: a standard
cycle, mainly characterized by a single coupling step (Boc-amino acid symmetrical
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anhydride in DMF) and an optimized one for large peptides, based on a double
coupling strategy (Boc-amino acid symmetrical anhydride first in DMF, then
in DCM). Final cleavage of the peptide from the solid support was with anhydrous
HF, and crude peptides were purified by C18 medium pressure LC. The purified
peptides were characterized by analytical HPLC, AAA and CD both in polar
(H 2 0) and non-polar (TFE) environments.
Of the 31 anti-«e/-positive sera tested by ELISA, 26 responded against the
C-terminal peptides (i.e., sequences 141-205 and 171-205), and 16 reacted with
the N-terminal peptide (i.e., sequence 1-66). Three sera elicited a positive reaction
with sequence 65-109, whereas 4 and 10 sera reacted with sequences 118-167
and 93-122, respectively. All 31 anti-we/-positive sera reacted strongly with a
mixture of the N- and C-terminal peptides.
These results showed some heterogeneity of the recognized epitopes in the
sera tested and the presence of at least four major antigenic sites within nef
(i.e., sequences 1-31, 32-64, 93-122 and 171-205), the immunodominant epitopes
being located close to the N- and C-termini of the molecule.
Besides indicating the possible usefulness for vaccination [11], this study
provides a means for early diagnosis of HIV infection based on the detection
in human sera of anti-ne/antibodies with synthetic peptides.
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Introduction
A 55 kDa T-cell surface glycoprotein, CD4, has been suggested as the cellular
receptor for human immunodeficiency viruses (HIVs). This molecule exhibits
high affinity for the surface glycoprotein (gpl20) of these viruses [1]. CD4 also
seems to interact with non-polymorphic regions of MHC class II antigen, thus
mediating the interactions of T-helper cells and antigen presenting cells [2].
Through extensive genetic analyses and epitope mapping studies, the site of
interaction of gpl20 has been located in the V[ domain of CD4 which is known
to have homology with the V/c domain of immunoglobulins (Ig) [3]. Recent
studies have implicated several different residues from this domain to be
responsible for the binding to gpl20. Additionally, there is evidence that the
sequences analogous to the complementarily-determining region 2 (CDR2) of
Ig VK domains are most likely responsible for this interaction. We have attempted
to delineate the regions of CD4 responsible for the binding to gpl20 and HLA
class II molecules using PEPSCAN technology, as developed by M. Geysen
et al. [4] and commercialized by Cambridge Research Biochemical.
Results and Discussion
Overlapping hexameric sequences, covering the entire Vj (1-92), J, (93-103),
V2 (104-164) and J 2 (165-181) domains of CD4 (1-189) were synthesized on
polystyrene pins. Three different sets of pins were made. The first set of pins
was incubated with cultured HIV ( 2 x l 0 6 reverse transcriptase units), washed,
and incubated with the pool of human anti-160, -120, -40 and -24 IgGs in human
serum. The binding of IgGs was monitored using a Vector Elisa kit suitable
for the detection of human IgG. The second set of pins was incubated with
Raji B-lymphoblastoid cells (HLA class 11+) which were previously labeled with
125
I anti-HLA class I antibodies. The binding of these pins to the cells was
*To whom correspondence should be addressed.
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monitored using a gamma counter. The third set of pins was used to map OKT4a
antibody using Geysen et al.'s method. Results of these experiments are shown
in Fig. 1. Pins containing peptides from the regions 26-72, 105-134 and 175—
189 reacted with HIV; pins from the regions 52-90 and 141-183 reacted with
HLA class Il-positive cells; and pins from the regions 57-65, 68-76 and 8092 reacted with OKT4a. We have synthesized several peptides of varying length
from these regions and found that none of these peptides showed activity in
competition assays.

Fig. 1. Binding of CD4 peptides to HIV (A), Raji B-lymphoblastoid cells (B) and OKT4a
antibody (C).
Consistent with several recent studies reporting binding sites for gpl20, HLA
class II and epitopes of OKT4A, our results indicate that the first immunoglobulinlike domain of CD4 (V t ) contains several binding regions for these molecules.
However, other domains of CD4 may also participate in the interactions. Landau
and Warton [5] and Mizukami et al. [6] have also implicated the residues from
V2 domains. Our attempts to find soluble peptides that will block the binding
of CD4 to gpl20 and HLA class II failed, although Jameson et al. [7] have
reported that a peptide encompassing residue 23-56 blocked syncytium formation.
Similarly, Mazerolles et al. [8] have reported that the peptide from the region
54-65 exhibited specific dose-dependent inhibitory effects on antigen-induced
HLA class Il-restricted T-cell proliferation and in vitro antibody synthesis, thus
implicating this region to be responsible for interaction with HLA class II
molecules.
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Introduction
In order to evaluate the development of the immune response to epitopes
simulated by synthetic peptides during the course of HIV-1 infection, we
synthesized the following peptides from HIV-1 gag(l-20, 320-338, 335-351) and
from env (503-520, 581-599, 583-589, 586-606, 602-622, 848-863). The peptides
were synthesized by SPPS, purified by preparative HPLC and characterized by
analytical HPLC and AAA.
Results and Discussion
In a follow-up study of 34 (16 asymptomatic and 18 symptomatic) HIV-1
seropositive persons with the above synthetic peptides, over a time period of
0.5 - 3 years, we found that the antibody reactivity with a peptide deduced
from the immunodominant region HIV-1 env (600-625) did not decrease with
increasing degree of HIV-related illness, whereas reactivities with several other
peptides deduced from env and gag sequences did. The temporal serological
patterns from four patients is presented. The first patient seroconverted simultaneously with an acute encephalitis, probably due to HIV-1. The patient
recovered without sequelae. Antibodies to sequences env (606-620) and env (848863) rose most rapidly to high values, later followed by env (581-599, 583-599
and 586-606) [1]. The reactivity with peptide env (503-520) rose first, and then
declined to zero. We have noted that antibodies to this sequence vary more
than antibodies to other HIV-1 peptide sequences. Among the gag sequences,
antibodies to peptide gag(\-2Q) rose rapidly and then stabilized at a lower level.
The second person was a healthy HIV-1 seropositive person clinically judged
as being in a stable condition. Conventional serological parameters (HIV-1 EI A
and EIB) did not change during the period. However, in peptide serology we
see that the situation was not stable. Although there were relatively minor changes
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in env peptide serology, a more significant change occurred in gag serology,
where the patient seroconverted to the sequence of gag (335-351), without any
change in antibodies to the other gag sequences.
The condition of the third patient, who was referred to the ARC (AIDS related
complex) category already in 1985, slowly deteriorated during the period. All
peptide serological parameters, except antibodies to env (606-620), were low.
The gag peptide serology was completely negative, and it is not shown. This
serological situation is rather typical of the later stages of HIV-related disease.
However, the last person (No. 4) also in the presence of advanced disease (AIDS
with Pneumocystis carinii pneumonia) exhibited an increasing synthesis of IgG
reactive with only one of the HIV env peptides: i.e. env (586-606). Antibodies
to gag peptides were not detected.
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Fig. 1. Schematic representation of the results obtained with the 34 patients in the followup study. Results prevalent at the end of the study are shown. A, not done; o, unreactive.
We interpret these serological results in the following way. Absorption of
gag and env specific antibodies by an increasing production of HIV and removal
from the circulation during progression to AIDS is probably a major mechanism.
However, the high and stable reactivity with peptides from HIV env (600-625),
even in advanced disease, indicates that these B-cell clones produce much more
antibody than other clones commited to HIV antigens. Even in patients with
advanced disease, we have observed increases in antibody activity to peptides
in or in the vicinity of this region. Healthy patients, who are 'stable' in conventional
HIV serological tests, can have drastic changes in IgG reactivity with single
peptides.
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The mechanism behind antibody variation during the progression of HIVrelated diseases, thus, is complex. Synthetic peptides derived from HIV env and
gag proteins can be used to gain further insights into these events.
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Introduction
Human immunodeficiency virus (HIV), a member of the retrovirus family,
is recognized as the causative agent in acquired immunodeficiency syndrome
(AIDS). Molecular organization of the HIV genome comprises gag, pol and
env as genes necessary for viral replication. During viral replication, these genes
are expressed as polyproteins that undergo enzymatic cleavage to generate the
functional proteins of the mature virus. Genetic and biochemical studies have
demonstrated that a virally encoded aspartyl protease is responsible for the release
of itself, reverse transcriptase, integrase and other proteins from the gag-pol
fusion proteins [1]. Recently, the HIV-1 aspartyl protease has been proven to
be essential for viral maturation; site-directed mutagenesis of this enzyme leads
to the loss of viral infectivity [2]. Crystallographic studies on HIV-1 aspartyl
protease have also recently contributed to our knowledge of the structural and
mechanistic properties of the enzyme [3,4]. In this report we document recombinant HIV-1 aspartyl protease inhibition by pepstatin and several GAG 128135 based octapeptide derivatives, of which one provided a highly potent and selective
inhibitor based on comparative studies performed on human renin.
Results and Discussion
Recombinant HIV-1 aspartyl protease was investigated by a series of synthetic
substrate analogs of the generic formula H-Val-Ser-Gln-Asn-Xaa-Yaa-Ile-ValOH (GOP, GAG128"135 octapeptide). Specifically, several GOP derivatives having
Xaa-Yaa substitutions, including Tyr-Pro (GAG-derived substrate peptide, GSP)
or one of several nonhydrolyzable pseudodipeptides (i.e., Sta, Phei/r[CH2N]Pro
or Leu^[CH(OH)CH 2 ]Val), were prepared using previously described methods
[5] of pseudodipeptide and SPPS, purification and physicochemical analysis.
The synthetic substrate H-Val-Ser-Gln-Asn-Tyr-Pro-Ile-Val-OH (GSP; Vmax =1.5
mol/min/mg, Km = 1.7 mM at pH 5.5) was used to determine the HIV-1 aspartyl
*To whom correspondence should be addressed.
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Table 1 HIV-1 aspartyl protease inhibition SAR
Entry
Pepstatin
U-85549E
U-84645E
U-85550E
U-85072E
U-85548E

Compound
Iva-Val-Val-Sta-Ala-Sta-OH
H-Val-Ser-Gln-Asn-Sta-Ile-Val-OH
H-Val-Ser-Gln-Asn-Phe#CH2N]Pro-Ile-Val-OH
H-Val-Ser-Gln-Asn-Phe#CH2N]Pro-NH2
Ac-Phei/f[CH2N]Pro-Ile-Val-OH
H-Val-Ser-Gln-Asn-Leu#CH(OH)CH2]Val-Ile-Val-OH

K](nM)
362
3 690
3 520
> 10000
> 10000
<
10

Table 2 Human renin inhibition SAR
Entry

Compound

K,(nM)

Pepstatin
U-85549E
U-84645E
U-85548E

Iva-Val-Val-Sta-Ala-Sta-OH
H-Val-Ser-Gln-Asn-Sta-Ile-Val-OH
H-Val-Ser-Gln-Asn-Phei/f[CH2N]Pro-Ile-Val-OH
H-Val-Ser-Gln-Asn-Leui/f[CH(OH)CH2]Val-Ile-Val-OH

4450
> 20 000
> 20 000
17000

protease inhibition kinetic activities. The angiotensinogen-derived substrate
peptide, H-Pro-His-Pro-Phe-His-Leu-Val-Ile-His-D-Lys-OH (RSP; kcat = 94 s-1,
Km = 25 uM at pH 5.5), was used as a reference substrate for the measurement
of renin inhibition kinetic activities. As summarized in Tables 1 and 2, pepstatin
competitively inhibited the HIV-1 aspartyl protease ( ^ = 362 nM), as well as
human renin (KT = 4450 nM). The GOP inhibitors varied markedly in their
selectivity vs. the HIV-1 aspartyl protease and renin. The P 5 -P 2 and P2-P3
sequences of the P,-Pf Phei/f[CH2N]Pro substituted GOP derivative (U-84645E)
were requisite for inhibition of the HIV-1 protease. Noteworthy was the discovery
of a highly potent and selective inhibitor, H-Val-Ser-Gln-Asn-Leui/f[CH
(OH)CH2]Val-Ile-Val-OH (U-85548E; K , < 1 0 nM, HIV-1 protease; 1^=17 000
nM, human renin). A structurally-related Pi-Pf Leui/f[CH(OH)CH2]Val-containing compound, Boc-His-Pro-Phe-His-Leu</f[CH(OH)CH2]Val-Ile-His-OH(H261), has also been recently reported [6] to be a potent inhibitor (Kl= 15 nM)
against HIV-1 aspartyl protease. Interestingly, H-261 is a well-known [7] angiotensinogen-based inhibitor of renin K] = 0.1 nM), as well as certain other aspartyl
proteases. Thus, the selectivity of H-261 to inhibit HIV-1 aspartyl protease versus
renin is approximately 100000-fold inferior to that of U-85548E. In summary,
the inhibitor U-85548E is the first reported HIV substrate-based inhibitor having
a Leui/f[CH(OH)CH2]Val moiety at the P,-P{ site.
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Approaches to the protein folding problem through study of
peptide-template conjugates
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Introduction
Despite recent progress with the protein folding problem, the field lacks a
workable description of the rules and processes that underlie the transformation
of a freely orientable random coil into the compact, well-defined structure of
a native protein. We have approached this problem unconventionally with the
ultimate aim of synthesizing and studying small chimeric proteins in which
sequences of natural amino acid residues are bridged at key sites with nonpeptide functions that bear structure-inducing and reporting functions. With
this long range in mind, several immediate goals can be set.
First, it must be possible to achieve reliable, convergent chemical synthesis
of proteins in the 60-130 amino acid size range, using semisynthesis as a realistic
option, and with a higher state of product homogeneity than appears to be
possible using existing methodologies.
Second, it must be possible to prepare conjugates between peptides and chimeric
functions that stabilize the common regional elements of protein structure, and
structural and thermodynamic information must be available from their study.
Although we have projects under development to model tertiary structure in
this manner, the obvious starting point is the modeling of the three global types
of protein secondary structure - parallel /3-sheets, antiparallel |8-sheets, and ahelices.
Results and Discussion
(1) Progress toward reliable protein synthesis by thiol capture
Recently we have reported application of thiol capture ligation to the synthesis
of the C-terminal 29-peptide sequence of BPTI [1], and completion of the BPTI
synthesis, as well as that of the 63-peptide ROP are in progress. The potential
versatility of thiol capture is revealed by the clean coupling of a side-chain blocked
octapeptide with a 21-peptide CRAKRNNFKSAEDCMRTCGGA, for which
only the Cys thiol residues were blocked. The method thus meets a primary
requirement for semisynthesis, compatibility with peptide fragments that lack
side-chain protection, and we are currently exploring applications of the methodology to semisynthesis. Generalizing from a half-dozen couplings of medium-
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sized peptides, we find that the thiol capture methodology has worked well;
the major complication observed thus far has been incomplete and side-reaction
prone couplings of Arg and His residues during the solid phase synthesis of
precursor fragments.
(2) Template-peptide conjugates with helix-forming properties
The premise that a preexisting sequence of secondary structure is likely to
nucleate and stabilize the structure in a linked peptide of proper amino acid
sequence underlies and defines our interest in template-peptide conjugates. We
define a nucleating template as a rigid molecule that embodies one or more
of the key structural features that stabilize adjacent regions of a particular type
of secondary structure. Oriented C = 0 and N - H functions capable of polar
or hydrogen bonding interactions have dominated our choices of templates thus
far. Earlier [2], and elsewhere in this volume we have reported results demonstrating the nucleation of both parallel and antiparallel /3-sheets by 2,8diacylamino-epindolidione templates. Here we outline aspects of our studies of
helix nucleation.
We have recently synthesized structure 1 with a tricyclic constraint [3] and
structure 2 with a macrocyclic constraint (Fig. 1). Each orients a peptide backbone
in the geometry characteristic of an a-helix, and 1 can be regarded as a
conformationally locked form of Ac-Pro-Pro. Peptide conjugates of 1 have been
y P

fT o
0 >¥

u
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Fig. 1. Structures 1 and 2.

prepared, and their conformations have been studied by >H NMR in a variety
of organic solvents as well as in water.
The template portions of conjugates of 1 are found to exist (Fig. 2) in two
conformations that undergo an interconversion that is slow on the NMR time
scale, thereby allowing determination of their concentration ratio. Figure 3
illustrates the conformational change that occurs in the series Temp-Ala n -OtBu
in CDC13. COSY and NOE analyses establish that Temp-OMe adopts the scis, staggered conformation of Fig. 2b, and members of the series Temp-AlanOtBu(n = 3,4,5) adopt the s-trans, eclipsed conformation of Fig. 2a. For TempAla n -OtBu(n= 1,2), mixtures of these two states are observed.
The s-trans, eclipsed conformation has the correct orientation for helical
nucleation. Examination of the peptide JaCH-NH values, and the solvent and
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Fig. 2. Two major conformations of 1 that differ in the orientations about the acetyl amide
and the C-8, C-9 C-C bonds. The template nucleating conformation (a) has an .s-trans
amide and 8-9 eclipsed orientation; the nonnucleating conformation (b) has an s-cis amide
and an 8-9 staggered orientation.
temperature dependence of N H <5's establish that helical conformations of a
hybrid 3i 0 -a type are adopted in the n = 3, 4, 5 cases, as shown in Fig. 4. Selective

H

11

3.2

3 0

I
2 6

9

I
2 4

Fig. 3. >H NMR spectra in CDCl3 of TempAla„-OtBu (n = 0-5). The resonances ofH-9 and
H-13 are shown.

Fig. 4. Proposed hybrid 310-a templatehelix conjugate, showing bifurcated hydrogen bonds.
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irradiation of the three NH resonances of Temp-Ala3-OtBu show the following
strong NOE interactions: NH 1: Ala 2 NH, H-2, H-5, H-6, H-8, Ac-CH 3 ; NH
2: Ala 1 NH, Ala 3 NH, H-2, H-5, Ac-CH3; NH 3: Ala 2 NH, H-5. These
interactions establish the existence of a tight, helical coupling between the amino
acid residues and the template.
Similar results are observed in other solvents, with the notable complication
for the polar solvents water, DMF, and DMSO, that the template-peptide
conjugate always exists as a mixture of s-cis, staggered and s-trans, eclipsed
states with the former bearing a peptide with spectroscopic features expected
for a random coil, and the latter bearing a helical peptide. From these studies,
the order of helix stabilization has been found to be: CDC1 3 >CD 3 CN>
DMF-fi? 7 >H 2 0>DMSO-d 6 . Lengthening the peptide chain or strengthening its
helical bias results in a shift in the measured ratio of s-trans/s-cis template
populations. The template 1, when linked to peptides, can therefore be regarded
as a two-state helix/coil switch that selectively nucleates helix in the s-trans
state and also reports the presence of helical peptide at the template-helix junction.
Studies in water are reported elsewhere in this volume and establish that peptidetemplate conjugates provide a very promising approach for resolving fundamental
questions concerning the initiation and stabilization of secondary structure. When
the studies now in progress are complete, it should be possible to quantitate
the contributions of the relevant energetic factors to the stabilization of short
helices in solution and, ultimately, by a kind of biophysical aufbau principle,
to the stabilization of helices and sheets in proteins.
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Peptides with sulfide bridges and dehydroamino acids:
Their prepropeptides and possibilities for bioengineering
Giinther Jung
Institut fur Organische Chemie, Universitat Tubingen, D-7400 Tubingen, F.R.G.

Introduction
We proposed the collective name lantibiotics [1] for a group of complex
polycyclic peptide antibiotics which contain the thioether amino acids mesolanthionine (Lan) and (2S,3S,6R)-3-methyllanthionine (MeLan). Besides Lan and
MeLan, many of the lantibiotics contain dehydroalanine (Dha) and dehydrobutyrine (Dhb), and some have /?-hydroxyaspartic acid, lysinoalanine or Saminovinyl-L-cysteine as unusual constituents. Lantibiotic-producing strains have
the interesting capacity to synthesize prepropeptides on ribosomes which, via
a number of post-translational modification steps, are transformed to rather
complex peptide structures containing several sulfide bridges.
A well-known lantibiotic is the food preservative, nisin [2]. The pentacyclic
34-peptide structure has been elucidated by E. Gross and J. Morell [3] and
the synthesis performed by the group of T. Shiba [4]. The earlier chemical work
on nisin and other lantibiotics was done by E. Gross and coworkers, e.g., on
subtilin [5], cinnamycin and duramycin [6]. Recently, the sequences of epidermin
[7] and gallidermin [8] have been determined; both compounds may have
therapeutic potential for the treatment of acne due to their high and specific
antimicrobial activity against Propionibacterium acne. Other lantibiotics may act
as enzyme inhibitors, e.g., ancovenin [9], or be effective against Herpes simplex,
e.g., lanthiopeptin [10]. Ro 09-0198 [11] has been reported to be effective as
immunopotentiator. Recently, lanthiopeptin, Ro 09-0198 [11], and cinnamycin
[6] were found to be identical [10]. Furthermore, duramycin was reported to
be [Lys2]-cinnamycin [10] and gallidermin [8] can be called [Leu6]-epidermin.
This suggests that although many more lantibiotics might be found in the near
future, most of them will belong to the ring structure groups already known.
Multicomponent mixtures, as known for other large polypeptide antibiotics, e.g.,
alamethicin, are not produced in the ribosomal lantibiotic biosynthesis. The
structure elucidation of the largest lantibiotic found so far, Pep5 [12,13], revealed
a novel structure of a particularly basic 34-residue-peptide with membrane
modifying properties. The occurrence of several sulfide rings and dehydroamino
acid residues prevents routine sequencing unless chemical modifications are made
[3,5-14]. In addition, for Pep5 we found the N-terminal 2-oxobutyryl [12,13],
and for epidermin and gallidermin, an S-aminovinyl group as the C-terminal
amide [7,8,14].
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Results and Discussion
Our interest in the possible exploitation of lantibiotic-producing microbial
strains and enzymes involved in the post-translational modification concerns
two major aspects. Firstly, the construction of new analogs of lantibiotics with
enhanced antimicrobial activities, and secondly, the novel biosynthetic possibilities which may enable the design and fermentative production of peptides
with unusual constituents. For the realisation of these goals, the isolation of
the enzymes responsible for the conversion of the ribosomaliy synthesized
prelantibiotics is an essential step, followed by studies of the structure, mechanisms, and assembly of the enzymes. The versatility of the enzymes catalyzing
the transformation of precursor polypeptides to lantibiotics is remarkable, and
we may expect great potential for achieving useful biotransformations not only
in vivo but also in vitro. Based on its chemical structure, the biosynthetic precursor
of epidermin has been proposed [14], and using synthetic wobbled DNA probes,
the corresponding structural gene for the lantibiotic epidermin could be isolated
from a plasmid, and sequenced [1]. Within a very short period, the structural
genes of subtilin [15], nisin [16,17], gallidermin [18], and Pep5 [19] were sequenced
from plasmids or chromosomal DNA. The sequencing of the structural gene
of preproepidermin [1] from Staphylococcus epidermidis was the first experimental
confirmation of the hypothesis that lantibiotics originate from ribosomaliy
synthesized precursors, such as those postulated for epidermin [14]. These
precursors consist of an N-terminal leader sequence followed by a prolantibiotic
part containing Ser and Thr residues, which are dehydrated to Dha and Dhb.
The sulfide rings are formed via stereoselective addition of cysteine thiol groups
to the double bonds of Dha and Dhb. (An intermediate phosphorylation of
Ser, Thr must also be taken into consideration.) Thereby, the original Lconfiguration of the C a -atom of Ser or Thr is changed to the opposite
configuration. Thus, from meso-Lan and (2S,3S,6R)-MeLan in lantibiotics, one
can derive corresponding Ser, Thr and Cys positions in the prelantibiotics for
constructing synthetic oligonucleotides (Fig. 1).
In contrast to 'typical' signal peptides [20], the leader regions of lantibiotics
contain many charged amino acids but no cysteine, and a-helix propensity is
predicted, except for a short amphiphilic /3-sheet in the middle, which may interact
with a signal recognition particle (SRP). The prolantibiotic part is rich in turns
and more hydrophobic. The cleavage sites for signal peptidases of prelantibiotics
are highly conserved: residue (-1) is positively charged or polar, (-2) is always
Pro, (-3) negatively charged or polar, (-4) hydrophobic, and (-5) charged or
polar. Prelantibiotics do not exhibit hydrophobic stretches longer than 3 residues
within the signal region. We assume a specific cooperation of the leader region
with the prolantibiotic part during modification and export.
A reasonable working hypothesis is that, after having been anchored via SRP
to a multienzyme complex, the prelantibiotics are modified at their C-termini.
Thus, the prolantibiotic part with its high turn propensity moves along the
phosphorylating, dehydrating, ring forming, etc., active enzymic sites and across
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of the membrane. The modification imposes a highly hydrophobic and compact
C-terminus with membranophilic properties and a high dipole moment. The
leader region may act as a protective principle for the various cysteine thiol
groups before ring formation takes place.
Detailed 2D lH NMR experiments (COSY, NOESY, HOHAHA) at 500 MHz
in DMSO and H 2 0 on epidermin and gallidermin, as well as on their tryptic
fragments and molecular dynamic simulations with NOE constraints, show a
rather compact and stable solution structure, regardless of whether free MDS
or the approaches of van Gunsteren/Behrendsen or Karplus/Briinner are used.
This conformational rigidity is in agreement with CD spectra, which are almost
independent of temperature and solvent.
The tetracyclic gallidermin (and epidermin) folds into two wide helical turns.
Three positive charges are accumulated on one side, and lipophilic residues on
the other side of the helix. This amphiphilic structure is in close agreement
with the proposed modification mechanisms and the membrane channel-forming
activities (see below). The enzymic cleavage site (Lys13-Dhb14) [7,8] is exposed
on the polar face of the helix and accessible by trypsin. The pronounced dipole
of 53 Debye units for epidermin is comparable with that of voltage-dependent
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channel formers such as alamethicin (about 70 D). This result explains the voltagegated membrane pore formation of the cationic lantibiotics epidermin and
gallidermin, which is very similar to that described for Pep5 [21].
Practical targets for possible applications of the biosynthetic machinery of
lantibiotics are analogs of hormones, inhibitors, immunomodulators, vaccines,
and antibiotics of higher chemical and enzymic stability with modified activities.
Sulfide rings may be formed having any ring size from 4 to 8 residues from
C-terminal L-cysteine to N-terminal Ser, Thr (resp. Dha, Dhb) residues. Using
the biosynthetic possibilities of cinnamycin producers, sulfide bridges with reverse
orientation (C-terminal D-configuration of Lan) and lysinoalanine bridges may
also be incorporated. In addition, the incorporation of Dha, Dhb, hydroxyaspartic
acid, as well as N-terminal and C-terminal blocking groups, should be achievable.
Molecular dynamic simulations with NOE constraints have already been performed for the neutral, globular, cinnamycin-type lantibiotic (Ro 09-0198,
lanthiopeptin) and the amphiphilic, positively charged, helical type gallidermin
and its [Ile6]-analog epidermin. The nisin, subtilin, and Pep5 solution structures
will soon be available. All of these structures may then serve as a basis for
bioengineering novel metabolites. Cooperation between microbiologists and
peptide chemists has opened a challenging new field with hopefully few limitations
with respect to both structural goals and genetic possibilities.
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The substitution of an amide-amide backbone hydrogen
bond in an a-helical peptide with a covalent hydrogen
bond mimic
Thomas Arrhenius and Arnold C. Satterthwait
Department of Molecular Biology, Research Institute of Scripps Clinic,
La Jolla, CA 92037, U.S.A.

Introduction
We have proposed that the replacement of putative amide-amide hydrogen
bonds with covalent mimics may serve as a general method for the conformational
restriction of peptides to bioactive forms [1]. On average, every other amino
acid in globular proteins engages in this bonding and, furthermore, different
hydrogen bonding patterns define different structures. The replacement of a
weak hydrogen bond at selected positions along the peptide chain could yield
a variety of conformers determined by the position of substitution and the amino
acid sequence.
Results and Discussion
To test this proposal, a hydrazone-ethylene bridge (N-N = CH-CH 2 -CH 2 ) was
substituted for an (i, i + 4) backbone hydrogen bond (N-H 0 = CR-NH) in one
turn of an a-helix to give cyclic peptide A as outlined in Fig. 1. Conformational
analysis of A in deuterated trifluoroethanol [2] utilizing NMR was consistent
with a structure perhaps best described as a 'relaxed' helical turn that locates
the three carbonyl oxygen atoms on the same face but lacks pitch. To confirm
this conformation, a pentapeptide was added to the carboxyl terminus of A
to give B (Fig. 1) with the expectation that, if correct, it would serve as a nucleation
site in deuterated trifluoroethanol and fold the appended pentapeptide from
a relatively disordered structure into an a-helix.
The conformations of the pentapeptide before and after appending it to the
potential nucleation site A were compared by examining three properties of
the amide NH protons using NMR experiments which are summarized in Table
1. All NH signal assignments were made on the basis of 2D COSY and ROESY
spectra [3], except for those of the three final residues of the acetyl-peptide,
which were made by analogy [4].
Spin-spin coupling constants 3JHNa which measure cb angles, all decrease in B
as predicted for the formation of an a helix [5]. Significantly, the 3 J N H« values
for B show a regular increase from Al to E5 indicating little or no distortion
of the presumed helix in its interaction with the nucleation site [4]. Nuclear
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Table 1 NMR Experiments on amide protons
Pentapeptide sequence
1.

3

Al

E2

E3

E4

E5

5.7(7.22)
3.8(7.42)

6.1(7.84)
4.6(8.24)

7.0(7.78)
5.9(7.72)

7.8(7.67)
7.3(7.73)

7.8(7.57)
7.5(7.62)

>10
2

10
5

a

J NH „, cps(<5)
Acetyl-pentapeptide
Peptide B

2. NOEs, dnn(i, i + 1 )
Acetyl-pentapeptide
Peptide B
3. H / D Exchange Rates0
Acetyl-pentapeptide
Peptide B
a
b
c

b

>10
1

>10
1

>10
2

Chemical shifts relative to CF 3 CDHOH at 3.88 ppm.
Overlapping NH signals prevent observation.
Relative rates determined at ambient temperature on mixtures of the two peptides,
wihich showed no apparent aggregation. Rates are approximate due to overlapping
signals.

Overhauser enhancements (NOEs) between N H s of adjacent residues identified
in 2 D ROESY spectra indicate their close spatial proximity (C3.5A) as expected
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of an a-helix [5]. Each of the NH protons in the appended peptide shows the
predicted reduction in hydrogen-deuterium exchange rates for the hydrogen bond
network characteristic of an a-helix.
The NMR experiments provide good evidence that cyclic peptide A can serve
as a nucleation site. Since a-helix formation requires several interactions between
the appended peptide and the cyclic peptide, the cyclic peptide is probably close
to being helical as well, establishing the hydrazone link as a functional covalent
hydrogen bond mimic.
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Helical preferences of peptides containing multiple
a,a-dialkyl amino acids
Garland R. Marshall3*, Denise D. Beusen3, John D. Clark3, Edward E. Hodgkin3,
Janusz Zabrocki1* and Miroslaw T. Leplawyb
"Department of Pharmacology, Washington University School of Medicine, St. Louis,
MO 63110, U.S.A.
b
Institute of Organic Chemistry, Politechnika, 90-924 Lodz, Poland

Introduction
The presence of a,a-dialkyl amino acids in microbial natural products, such
as the peptaibol antibiotics, requires novel biosynthetic pathways to produce
and incorporate these unusual amino acids, which argues strongly for a special
role related to function. One aspect is the conformational restrictions imposed
by these amino acids as first pointed out by Marshall and Bosshard [1]. Despite
the variety of conformations theoretically available to a,a-dialkyl amino acids,
which are also observed experimentally [2], the impact of multiple substitutions
of this type of amino acid on the overall conformation of a peptide is dramatic.
The crystal structure of alamethicin [3], which contains eight a-methylalanine
(MeA) residues out of 20, is predominantly a-helical, with NMR data [4]
supporting a similar solution conformation in methanol. A review [5] of crystal
structures of 28 tri-, tetra- and pentapeptides containing MeA indicates that
all but one show characteristics of the 310-helix. Crystal structures of longer
MeA-containing peptides show significant a-helical content, while other MeAcontaining peptides of seven or more residues are predominantly 310-helices.
Much conjecture regarding the factors determining either a- or 310-helical
conformations has appeared in the literature [6-9]. Recently, Karle et al. [10]
have reported two crystalline forms of a decapeptide containing three MeA
residues that switch from a predominantly a-helical hydrogen bonding pattern
to a mixed 3 10 /a-helical pattern, depending on the solvent of crystallization.
What is needed is a theoretical basis for understanding the relative stability
of a- and 310-helical structures.
Results and Discussion
We can argue that the free energy difference between the a-helix and 310helix conformations for a given peptide can be approximated by the following
equation:

*To whom correspondence should be addressed.
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AG(310 to a) = AG(end effects) + n(AG(MeA)) + m(AG(AA))
where n = number of MeA residues, m = number of normal amino acid residues,
and end effects = difference at both N- and C-terminals between two conformations.
All AG terms consist of AH-TAS. While it is feasible to estimate the AH
components through differences in energy minimizations, the TAS components
are more problematic.
Estimation of AH of the end effect and AH per residue was achieved by
calculating the energy of each type of helix for (MeA)n and (Ala)n over a range
of values of n from 1 to 15. The difference in the slopes gives the relative helix
stability per residue. The intercept with the energy axis represents the termination
end effect, It. The calculations reveal that the a-helix of (MeA)n gains approximately 1.94 kcal/mol/residue in stability over the 310-helix in the gas phase,
as compared with the estimate of between 0.3 and 3.6 kcal/mol/residue by Prasad
and Sasisekharan [11]. The equivalent number for the alanine peptides is 2.36
kcal/mol/residue, with previous [11] estimates between 3.3 and 3.6 kcal/mol/
residue. These calculations are consistent with the small number of observations
of 310-helix in proteins [12] as well as the increased probability of 310-helix with
increased content of MeA residues. The intersections, I t , should reflect the fact
that the 310-helix has one more hydrogen bond due to 4-to-l hydrogen bonding,
rather than the 5-to-l hydrogen bonding of the a-helix. The difference, I t (a)It(310), for a distant-dependent dielectric of 4 r is 8.60 for MeA. Substituting
these values into the equation gives:
AG(310 to a) = [8.60 -TAS(end effects)] + n[-l.94 - (TAS(MeA)] + m[-2.36- (TAS(AA)]
If one assumes that the TAS differences are small (preliminary molecular
dynamics calculations suggest 0.5 kcal/mol/residue at 300 K in favor of the
310-helix), then a plausible explanation of the experimental data emerges. In
solution, a length of peptide is reached where the inherent increased stability
of the a-helix dominates the energy contribution of the single additional hydrogen
bond formed in a 3i0-helix, as compared with an a-helix of the same length.
While literature estimates show considerable variation, 7 kcal/mol was the average
hydrogen bond strength in a simulation of liquid N-methylacetamide by Jorgensen
and Swenson [13]. Consequently, in short peptides, a 310-helix conformation
is favored in solvents of low dielectric constant due to one additional hydrogen
bond that can be satisfied. As the peptide length increases, the inherent stability
of the a-helix compensates for the lost hydrogen bond, and the a-helix becomes
dominant in solution. While the exact transition length will depend on the solvent
and peptide sequence, we can estimate that most nonpolar solvents would require
a length longer than seven residues for the a-helix to be favored over the 3 10 helix.
Evidence from solution NMR studies may support the conjectures regarding
helix stabilities and transitions as a function of solvent polarity. Pentapeptides
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containing repetitive MeA-Ala or MeA-Val sequences showed [14] three intramolecular hydrogen bonds in both CDC13 and (CD3)2SO consistent with 310helical structure. Heptapeptides of similar sequence [14] had five hydrogen bonds
in CDC13 (implying a 310-helix), but only four hydrogen bonds in the more
polar (CD 3 ) 2 SO, consistent with a-helical conformation in accord with the
considerations above. Balaram et al. [15] have reported that two decapeptides,
Boc-MeA-Val-MeA-MeA-Val-Val-Val-MeA-Val-MeA-OMe and Boc-MeA-LeuMeA-MeA-Leu-Leu-Leu-MeA-Leu-MeA-OMe, show the presence of eight intramolecular hydrogen bonds in CDC13, but only seven hydrogen bonds in
(CD 3 ) 2 SO, consistent with a transformation from 3i0-helix to a-helix upon
increasing the polarity of the solvent and decreasing the hydrogen bond strength.
While these studies are suggestive, the absence of the assignment of the amide
protons in any of the above studies to specific residues leaves the helixtransformation interpretation of the data speculative, particularly due to the
known propensity of these peptides to aggregate in a head-to-tail fashion.
While the factors that dictate helical preference in solution undoubtedly play
a role in the crystal, intermolecular interactions become important and may
actually dominate. The predicted enhanced stability of the a-helix in solution,
once a critical length is reached, stands in contrast to the observation of 310helical structure in crystals for numerous oligomers of MeA, as well as polyMeA [16] itself. One factor governing the crystal structures in poly-MeA is an
improved packing for the 310-helix as compared with the a-helix. This arises
from the interdigitation of the methyl side chains, which is accommodated by
the 310-helix and an increased stabilization by van der Waals interaction, estimated
at approximately 0.5 kcal/mol/residue per helix-helix dimer interaction. Another
major aspect is electrostatic, as the 310-helix has a smaller radius (1.9 vs. 2.3
A) than the a-helix, and a similar dipole moment, resulting in a stronger
electrostatic interaction during antiparallel helical stacking. The calculations of
Hoi and De Maeyer [17] on the a-helical crystals of Boc-Ala-MeA-Ala-MeAAla-Glu(OBzl)-Ala-MeA-Ala-MeA-Ala-OMe show the electrostatic interaction
energy [17] between a helix and its neighbors was approximately -23 kcal/mol.
With a distance between a-helices of 9.4 A, the poly-MeA 310-helix has [16]
a shorter packing distance than expected between helices of 7.5 A due to
interleaving of MeA side chains. The approximate 20% reduction in distance
would result in an increase of approximately 73% in electrostatic energy, as
dipole-dipole interactions have an r~3 dependency. If the undecapeptide could
pack as efficiently as a 310-helix, it would gain a maximum of -16.7 kcal/mol,
or -1.52 kcal/mol/residue, in electrostatic stabilization, which is not significantly
different from the estimate of the enthalpic stabilization of the a-helix. If one
considers both the estimated entropic stabilization, as well as increased van der
Waals stabilization of the 3I0-helix in the crystal of poly-MeA, then the 310form appears more energetically favored. The a-helical peptides containing
multiple a,a-dialkyl amino acids seen in crystals, therefore, arise when the
sequence of residues leads to unfavorable packing of the 310-helix. The correlation
seen between MeA content and 310-helicity reflects the decreased bulk of the
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side chain. The replacement of the pBrBz group by acetyl-Phe at the N-terminus
and replacement of the methyl ester by the more bulky benzyl ester in emerimicin
1-9 causes crystallization in the a-helix, rather than the 310-helix for the emerimicin
2-9 analog [18]. It is of interest that parallel packing of a-helical peptides occurs
and has also been reported with 3i0-helices [8]. While it is certainly true that
a-helices often pack in true parallel arrays (for a discussion of helical packing,
see Ref. 19), the same observation for 3i0-helices is infrequent. Packing within
a particular layer may be parallel, but alternate layers pack in an antiparallel
fashion. In reality, the helices are packed antiparallel in a hexagonal array with
four antiparallel and two parallel nearest neighbors.
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Introduction
The rational design of therapeutic agents that attenuate the pharmacologic
effects of peptides is currently a major focus of medicinal chemistry. In addition
to possessing appropriate pharmacologic activity in vitro, these 'peptide-mimetics'
must be chemically and enzymatically stable and should possess acceptable
bioavailability and pharmacokinetics. A wide variety of peptide mimetic strategies
have been described in recent years, ranging in complexity from single atom
substitution in the amide group, to ambitious de novo design of multiple residue
mimetics. In general, the success of the design strategy has been limited, and
advances have usually originated from empirical approaches, such as the screening
of natural products [1]. In an attempt to utilize the structural variety exhibited
by peptide-related secondary metabolites as a source for idea generation, we
examined these structures [2] for repeating motifs. Some of these features, such
as chiral inversion or A^-methylation have been used to good effect for some
time in the design of peptide analogs; however, others, such as the thiazole
moieties embedded in molecules such as bleomycin [3] and dolostatin 3 [4],
had not been incorporated into the design of peptide analogs. This feature,
in which the carbonyl group of residue n and the N, Ca and CB of residue
n + 1 are constrained in a thiazole ring, met our criteria for consideration as
potential peptide mimics: conformationally constrained moieties that could be
synthesized by flexible routes from readily available chiral materials. Thus, we
envisioned that the dipeptide (1) could be formally replaced by the thiazole
(2). In addition, unlike the naturally occurring thiazole containing peptides, we
would not be limited to the substitution R 2 =H. We chose to apply this strategy
to the hexapeptide neurokinin antagonist [5] [Pro6,D-Trp7>9]SP(6-ll).
Results and Discussion
Chemistry
Our initial targets included the 'D-Trp-Phe' thiazole (4b, X=S). The Hantzsch
thiazole synthesis [6], involving, in this case, condensation of an TV-protected
amino acid thioamide with a /}-halo-a-keto-ester yielded a product with low
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optical activity that was further elaborated [7] to yield the desired hexapeptide
mimic as a mixture of two diastereoisomers (8 and 9) that could be separated
chromatographically. The corresponding Phe-D-Trp thiazole (4a, X=S) could
not be synthesized by a Hantzsch approach, as indole-3-carboxaldehyde could
not be converted into the required /3-halo-a-keto-ester. However, based on the
work of Oikawa and Yonemitsu [8], we envisioned that Xxx-Trp thioamides
should cyclize to thiazoles on treatment with DDQ. Consequently, we were pleased
to observe that treatment of the thioamide (3a, X=S) with DDQ in tetrahydrofuran provided the desired thiazole (4a, X=S) in excellent yield. Furthermore,
the product had a significant optical rotation ([a D ] = -33.2°, C = 1, DMF) and
gave no indication of diastereoisomer content on elaboration to the hexapeptide
mimic (12), suggesting that this thiazole synthesis was free of racemization.
Unfortunately, this route was applicable only to Xxx-Trp thiazoles, and we
required a more general synthesis. We presumed that cyclization of thioamide
(3a) with DDQ proceeded by a mechanism that did not give rise to equilibria
involving sp2 hybridization at the a-carbon bearing the R\ substituent, and
envisioned that /8-oxo-dipeptide thioamides such as (6, X=S) should cyclize by
an analogous mechanism with retention of chiral integrity.
O

H .Ri H
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O H
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(3a,4a) Y = R, = CH 2 Ph, R2 = 3-indolyl, R3 =Me
(3b,4b) Y = CH 2 Ph, R, = CH2-3-indolyl, R2 = Ph, R3 = Me
The synthesis of suitable thioamides from /J-oxo-dipeptides (6, X = 0 ) via
hydrolysis and acylation of the Schiff s base (5) is described in detail elsewhere
in these proceedings [9]. We were pleased to find that these compounds, that
could not be isolated, cyclized spontaneously to yield the desired thiazoles with
excellent retention of chiral integrity, confirming that intermediates such as (6)
could serve as flexible synthons for the target thiazoles. Under other conditions
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[9] the /?-oxo-dipeptides (6, X = 0 ) could be converted into the corresponding
imidazoles (4, X=NH) or oxazoles (4, X = 0 ) .

Ph

OR,
Ph

O^

^ „
R2
(5)

(6)

Pharmacology
Guinea-pig myenteric plexus longitudinal muscle strips were prepared and
pA 2 values for antagonism of substance P (SP) calculated as previously described
[5]. The data for azole substitution at positions 7-8(trp-Phe) and 8-9(Phe-trp)
of the hexapeptide (7) are shown in Table 1.
Discussion
For convenience, we have extended the #...] nomenclature [10] to represent
the azole modification: thus, i/f-[thzl] implies that the fragment (2, X=S) has
been substituted in place of the corresponding dipeptide. Incorporation of the
thiazole moiety into the hexapeptide (7) at residues 7-8 to give analog (8) resulted
in an increased potency of one pA 2 unit: interestingly, the diastereoisomer (9)
was also more potent than (7). Insertion of the imidazole and oxazole moieties
yielded analogs (10) and (11). The relative potency for the series at this position
was [thzl](8)>[imzl](10)>[oxzl](ll) = (7). Insertion of the thiazole moiety at
the 8-9 dipeptide yielded (12), with an accompanied reduction in pA 2 relative
to (7).
Table 1
Structure
( 7)
( 8)
( 9)
(10)
(11)
(12)

Pro
Pro
Pro
Pro
Pro
Pro

-

trp
trp
Trp
trp
trp
trp

iA[thzl]
i/f[thzl]
i^[imzl]
i/r[oxzl]
-

pA2vs SP
Phe
Phe
Phe
Phe
Phe
Phe

i/f[thzl]

trp
trp
trp
trp
trp
trp

-

Leu
Leu
Leu
Leu
Leu
Leu

-

Phe-NH 2
Phe-NH 2
Phe-NH2
Phe-NH2
Phe-NH 2
Phe-NH 2

6.4
7.4
6.9
6.7
6.3
5.9

Conclusions
We have shown that an appropriately substituted azole moiety (2) can mimic
a dipeptide, and, on substitution into a series of SP antagonist mimetics (8-12),
can display up to 10 times the potency of the unmodified hexapeptide (7). We
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have developed a general racemization-free synthesis of azoles (4, X = S , 0 , N H ) ,
and shown that they can be elaborated into peptide-like structures such as ( 8 12). In addition, this methodology can be adapted to yield a facile route to
the thiazole-containing natural products such as dolastatin 3.
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Introduction
The search for peptidomimetics has been the subject of intensive investigations
for several years. Successful mimetics range from agonists known since antiquity,
to antagonists discovered through screening, such as morphine and asperlicin
[1], respectively. Approaches to the design of novel mimetics have also varied
greatly, including pseudopeptides [2], retro-inverso peptides [3], mimics of Bturns [4,5], and others. The principal objectives have been the discovery of
molecules with improved transport properties and longer half-lives.
S-8307 [6,7], an angiotensin antagonist apparently discovered by screening,
is an example of a peptidomimetic that has no amide backbone. We have initiated
a program that seeks to discover such compounds by design.
Results and Discussion
Investigations in serveral laboratories [8-10] have shown that not all of the
14 amino acids of somatostatin (SRIF) are required for biological activity. For
example, c-(Pro-Phe-D-Trp-Lys-Thr-Phe) (1) is about 1.7 X as potent as SRIF
[9] in vitro, and the 'super-active' MK-678 (2) is about 50 X as potent. These
studies also focused attention on the importance of the /3-turn for activity [9].
SARs indicated no specific requirement for a Thr side chain in the i +3 position
of the jS-turn. With 1 as a guide, we designed (Fig. 1) and synthesized 2-indol3-ylethyl 6-0-(5-aminopentyl)-2,3,4-tri-0-benzyl-/?-D-glucopyranoside (3) in 10
steps from glucose. Modeling suggested that the spatial relationships of the C1 and C-6 substituents of 3 resembled those of the Lys and Trp side chains
in 1, and that the 2-O-benzyl group mimics Phe7 (SRIF numbering throughout).
The 4-OBzl was included to mimic that Phe of 1, located between Thr and
Pro. The 3-O-Bzl was included only to simplify the synthesis. 3 completely
displaced [125I]CGP 23996 (des-Ala1,Gly2-desamino-Cys3-[Tyr11]-dicarba3.14*To whom correspondence should be addressed.
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^ - 0 * ° HtToH

Cyclic Hexapeptide L-363,301

Crn
2-lndol-3-ylethyl 6-0-{5-aminopentyl)2,3,4-tri-O-benzyI-p-D-glucopyranoside

Fig. 1. Peptide template 1, and mimetic 3.
somatostatin) from SRIF receptors on membranes of pituitary, cerebral cortex
and AtT-20 cells. Subsequent studies were carried out only with the AtT-20
cells, where 3 had an IC50 of about 9.5 X IO"6 M. MK-678 had an IC 50 of about
60 nM and SRIF ca. 9.3 nM.
The following results encourage us to believe that the SRIF receptors do indeed
recognize 3 as a mimic of 1: (1) Elimination of the lysine-like substituent gave
a compound that did not bind, and the 4-des-Bzl analog had an IC 50 of about
1X 10"4 M. By contrast, the analog 4 (Fig. 2), lacking the 'superfluous' 3-Bzl,
had an IC50 of about 1.3 /xM (Fig. 3). (2) The chemical shift of the ' 7 ' CH 2
in the aminopentyl group of 3 (5=1.28 ppm), when compared with that of
5-aminopentanol ( 6 = 1.40 ppm) or that of the des indole analog of 3, suggests
that the indole side chain of 3 can assume a position shielding the aminopentyl
side chain of 3.
It is of considerable interest that the H 6 protons of 3 are dramatically shifted
upfield (5 ca. 2.6-3.0 ppm) by the 4-Bzl substituent. Molecular modeling based
on this information and subsequent energy minimizations suggested that the
4-Bzl group, though still contributing some hydrophobic binding, does not occupy
a position comparable to that of the side chain of Phe next to Thr in 1. Thus,
3 may more closely resemble c-(Pro-Phe-D-Trp-Lys-Thr-,4/a), which is 30 X less
potent than 1 in vitro [9]. This observation has important implications for future
design.
An advantage of the AtT-20 cells is that they contain both SRIF and Badrenergic receptors, facilitating study of the specificity of our compounds. 3
also bound to the latter receptor, but at a 5-fold higher concentration. We are
encouraged that the more potent 4 had an IC 50 for the /3-receptor nearly one
order of magnitude higher than that for the SRIF receptor, suggesting that further
enhancing of potency will also further enhance specificity. This would not be
without precedent.
Our results suggest that only three of the four /?-turn side chains of SRIF
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are needed for binding, and that there is no requirement for H-bonding between
the SRIF receptors and the peptide backbone.

_ ca

•si?
— a

89

•

Somatostatin (SRIF) 1050 = 9.3x10' M.

»

MK-678 IC50 = 6x10" fl M.

•

Corrpand4 C50=1.3x1<r5M.

O

CompoindS IC60 = 95x10' 6 M.

4

L-363,301 IC50 = 1.87x10"eM.

Concentration

Fig. 3. Displacement of [125I]CGP-23996 by compounds 3, 4, MK-678, L-363,301 and
SRIF.
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Introduction
BOP 1 (Fig. 1) was designed as a peptide coupling reagent 15 years ago [1].
It has been repeatedly used in our group since that time, in solution [2] or
in solid phase [3] synthesis. In our group, strategies using Boc/TFA deprotection
were almost exclusively used. Recently, it has been more and more widely used
in other laboratories [4], often with Fmoc/morpholine deprotection system.
BOP's high effectiveness is now widely recognized.
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Fig. 1. Structure of the different coupling reagents.
Results and Discussion
BOP in peptide coupling
BOP reacts exclusively on carboxylate salts ; mixtures of BOP and a carboxylic
acid remain indefinitely stable. In usual Boc synthesis, to the mixture of the
new Boc-amino acid, the C-terminal protected peptide TFA salt and BOP is
added a tertiary base, preferably DIEA in a minimal quantity of solvent.
In every case, the reaction mixture has to be kept rather basic in order to
insure a fast coupling. Three equivalents of base are necessary to neutralize
the carboxylic acid, the amine salt, and the acidic hydroxybenzotriazole. In such
conditions, the coupling rate is so high that racemization is negligible in urethaneprotected amino acid couplings, and fairly low, though not negligible, in segment
coupling [5]. The excess of acid and BOP is typically 1.1 molar equivalent in
solution synthesis; in solid phase synthesis, excesses from 1.5 to 3 equivalents
are commonly used.
It is very characteristic that this procedure allows the skipping of a separate
neutralization step, either in solution or in solid phase synthesis using the Boc/
TFA strategy. This is not only time-saving but also useful to minimize diketopiperazine formation during the third step of a synthesis.
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Trifluoroacetate anion is not activated by BOP; hence trifluoroacetylation
side reaction is never observed.
Another facility offered by BOP is the possibility to couple DCHA salts,
due to the high rate ratio of amino acid coupling towards dicyclohexylamine.
This feature is especially useful in SPPS where the small amount of dicyclohexylamide formed is easily washed out. The main application of that procedure
lies in the introduction of histidine as the cheap and easily accessible Boc-His(Boc)OH. Up to three histidine residues could be introduced in the synthesis of human
renin substrate tetradecapeptide.
Finally, the water- and DCM-soluble byproducts, HMPA and hydroxybenzotriazole, allow very easy washing of reaction product, contrasting with DCC
condensation where elimination of insoluble urea can be a problem.
New insights on mechanism
The breakthrough made by BOP in certain difficult coupling circumstances,
where it appears to be really superior to DCC/HOBt, indicated that a completely
different mechanism was followed, contrasting with the formerly proposed
mechanisms involving the intermediacy of a benzotriazolyl active ester in both
cases.

RCOCT , HNR3+ + BOP+ , PF6" ..

>

RCOO", BOP+ + HNR3+ , PF6"

RCOOP+ , BO" + HNR3+ , PF6"
acyloxyphosphonium salt

RCOO....HOB

U

oxazolone
RCOCr, HNR3+
RCOOB + 0=P
active ester

(RCO)20 + 0=P
anhydride

Fig. 2. Postulated reaction mechanism for BOP.
Various intermediates can be postulated in the case of BOP, as summarized
in Fig. 2, including the acyloxyphosphonium intermediate, the symmetrical
anhydride, the HOBt active ester and the oxazolone. In order to discriminate
between these intermediates, we have realized competition experiments: one
equivalent of Z-Val-OH, activated by various means, was opposed to a mixture
of 1 equivalent of H-Val-OMe and 1 equivalent of H-Phe-OMe. The selectivity
ratio, Z-Val-Val-OMe/Z-Val-Phe-OMe was measured in each case and reported
in Fig. 3, together with the result obtained for DCC/HOBt.
It is clear from these data that BOP coupling differs from the other activations;
the higher ratio of the more hindered product is indicative of the importance
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of an entropic barrier. The direct intermediacy of the acyloxyphosphonium salt,
presumably through the cyclic complex suggested in Fig. 4, is likely.
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Fig. 4. Structure of a prepared
intermediate.

New analogs of BOP
PyBOP Manufacturing BOP, as well as its use, involves hexamethylphosphoric
triamide (HMPA), the respiratory toxicity (carcinogenicity) of which has been
the subject of numerous reports [6]; HMPA has been recently included in the
'Seveso list' of dangerous chemicals [7]; its industrial availability is now limited
and its rejection in the environment when using BOP may cause problems. Hence
it was essential to find a replacement product for BOP. Two main criticisms
could be made about HMPA, its relative volatility and the presence of numerous
methyl groups that may confer to it alkylating properties in metabolization
conditions.
The replacement of the phosphorous atom by a carbon could be attractive;
however, the corresponding benzotriazolyl-tetramethyl-uronium salt (HBTU) and
its analogs [8] are related to tetramethylurea, which is devoid of neither volatile
and has methyl groups. Furthermore, some cytotoxic properties were reported
for tetramethylurea [9].
The very straightforward replacement of methyl groups by ethyl, that we first
tried, afforded an EtBOP analog with very poor coupling properties: the coupling
of Boc-Phe-OH with H-Gly-OEt requires 5 h instead of a few minutes. The
same behavior was observed in BOP analogs where dimethylamino groups were
replaced by morpholino or piperidino groups.
However, the use of pyrrolidino groups on phosphorus afforded a new reagent
nicknamed 'PyBOP®' 2, allowing coupling rates as good as, if not better than
those observed with BOP. Coupling tests in solution show that even better results
are obtained in racemization tests. For a SPPS test, we used two model peptides,
the rat renin substrate tetradecapeptide (RRS) and the acyl carrier protein (6574) (ACP(65-74)) decapeptide. The excellent results obtained will be reported
in another paper.
BroP It was striking to observe that BOP is not well suited for N-methyl amino
acid coupling, whereas other reagents such as BOP-C1 and Dpp-Cl are more
effective for this purpose. We have recently found that the corresponding
halophosphonium salts, particularly the bromoderivatives such as BroP® 3 or
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PyBroP® 4, are especially well suited for such coupling reactions. F o r example,
the coupling of Z-(N-Me)Val-OH on H-(NMe)Val-OMe yielded 80% of the
dipeptide at room temperature within 1 h; the racemization was undetectable.
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Unexpected dimerization in the reactions of activated Bocamino acids with oxygen nucleophiles in the absence of
tertiary amine
N. Leo Benoiton and Francis M.F. Chen
Department of Biochemistry, University of Ottawa, Ottawa, Ont., Canada K1H8M5

Introduction
As part of continuing studies on the chemistry of activated forms of amino
acids, we have examined the reaction of the mixed anhydride (MxAn) of Bocvaline which had been purified by edulcoration (removal of soluble salts by
washing with aqueous solutions) [1] with methanol, and the EDAC-mediated
reaction of Boc-valine with />-nitrophenol (HONp), in the absence of tertiary
amine. Extensive dimerization was encountered in both cases. Recall that
unisolated MxAn's, in the presence of the strong base DMAP and alcohols
or phenols, generate esters [2,3], that the MxAn method was used to prepare
A^-succinimidyl esters years ago [4], and that activated esters are usually obtained
by the use of DCC in pyridine [5] or inert solvents.
Results and Discussions
Boc-Val-O-COOMe [1] was left in methanol for 72 h, the solvent was removed,
and the neutral fraction was examined by proton NMR spectroscopy after
edulcoration. Two products, Boc-Val-OMe and Boc-Val-Val-OMe, had been
formed in the ratio of 1:9. Since MxAn's react slowly with alcohols and
decompose by cylization to the 2-alkoxy-5(4/f)-oxazolone (AlkOx) [1,6], we had
expected that the AlkOx would react with the alcohol to give Boc-Val-OMe.
In order to confirm our suspicions that the AlkOx had decomposed, we examined
its reaction with 1.5 equiv. of methanol in CDC13. One-half of the AlkOx remained
after 72 h; the reaction was complete after 6 days. Products were estimated
to be present as follows: Boc-Val-OMe, Boc-Val-Val-OMe, tBu-O-Me, Vak/Vcarboxyanhydride and polymer, in the ratio 7 : 2 : 2 : 1 . Our interpretation of the
results of the reaction of Boc-Val-O-COOMe with methanol is that the AlkOx
initially formed underwent methanolysis to give Val-NC A and tBu-O-Me (Scheme
1, A). Val-NC A then reacted with methanol to give H-Val-OMe which captured
intact MxAn or AlkOx to generate Boc-dipeptide ester. Methanolysis at the
alkoxy group of the AlkOx is consistent with the finding that hydrolysis of
2-tBuO-4-iPr-5(4i7)-oxazolone does not give Boc-Val-OH, but ferf-butanol and
Val-NCA instead [6]. This contrasts with 2-PhCH20-4-Bzl-5(4i7)-oxazolone which
undergoes hydrolysis at the carbonyl function to give Z-Phe-OH which is
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captured by AlkOx generating symmetrical anhydride [6]. In accordance with
this, Z-Val-O-COOMe in methanol gave the expected Z-Val-OMe, and not ZVal-Val-OMe.
Boc-Val-OH, HONp, NMM and EDAC were left in DCM for 24 h, and
the neutral fraction was purified by edulcoration. The product was Boc-ValONp (70%), with the expected 'H NMR spectrum. On the other hand, the same
reaction in the absence of NMM produced Boc-Val-ONp and Boc-Val-Val-ONp
in a 1:3 ratio. A 2:1 ratio was obtained using DCC. 2-tBuO-4-iPr-5(4//)oxazolone and 0.5 equiv. of HONp were left in DCM for 24 h, and the neutral
fraction was examined after edulcoration. It contained Boc-Val-ONp, Boc-ValVal-ONp, Val-NCA, tBu-O-Np and another component. The ether was isolated
by reacting the mixture with dimethylaminopropylamine, followed by edulcoration. The observation was made that a solution of AlkOx and a deficiency
of HONp is yellow until consumption of AlkOx is complete, at which time
the color disappears. We attribute the yellow color to the nitrophenoxide anion
released by protonation of the oxazolone, which would facilitate its reaction
with the nucleophile. No color was generated when HONp was added to a MxAn.
Our interpretation of the results of the EDAC-mediated reaction of Boc-ValOH with HONp is similar to that for the MxAn reaction above, namely the
intermediate AlkOx is decomposed by acidolysis by the HONp, successively
generating Val-NCA, H-Val-ONp and the dimer (Scheme 1,B). The difference
is that the electrophile in the aminolysis reaction is the symmetrical anhydride
and not the MxAn. The generality of the reactions remains to be established.
The results demonstrate the possibility of side reactions associated with the
coupling of ./V-alkoxycarbonylamino acids bearing an acid-sensitive A^-a-protec890
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ting group when the activated form is not immediately captured by an incoming
nucleophile. The side reaction issues from the formation and decomposition
of the AlkOx by acidolysis. Evidence for the decomposition of Boc-amino acids
during activation has been reported [7]. It is apparent that the side reaction
is suppressed by tertiary amine. On this basis, it would seem that BOP, requiring
a tertiary amine [8], is a most appropriate reagent for coupling Boc-amino acids.
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Solid-phase synthesis of ubiquitin
R. Ramage, J. Green and O.Y. Ogunjobi
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ,
Scotland, U.K.

Introduction
In the area of polypeptides and small proteins, the chemical approach to
the synthesis of biologically significant systems has much to offer, particularly
in analog design employing unnatural a-amino acids, thus complementing sitespecific mutagenesis. For polypeptides made of up to 40 a-amino acids there
is an excellent chance of success using existing methods of synthesis [1,2].
However, for small proteins of 75-150 a-amino acids the results to date indicate
a real need for more efficient chemical methods of amide formation, protecting
group strategy and purification. Recent examples of chemical synthesis of large
polypeptides are interleukin-3 [3], porcine cardiodilatin 88 [4] and the 99 residue
protein corresponding to the putative HIV-1 protease [5]. All of these syntheses
employed a Merrifield strategy based upon strong acid final deprotection to
reveal the final peptide. In our work at Edinburgh we have investigated the
fundamental chemistry of N<*-protecting groups related to the Fmoc group of
Carpino [6], which is the basis of an alternative strategy [7] that does not
necessitate the use of strong acid during the synthesis.
Results and Discussion
Although synthesis of proteins by gene-based methodology has led to the
production of many proteins and their analogs via site-specific mutagenesis,
we felt that there was a role for chemical synthesis of small proteins and large
polypeptides in studying the thermodynamic factors involved in controlling
tertiary structure. The initial target selected for investigation was ubiquitin [8],
which is a polypeptide made up of 76 amino acids having a stable tertiary structure
and therefore may be classified as a small protein. As the name implies, ubiquitin
is thought to be present in all eukaryotic cells and exhibits a most remarkable
evolutionary sequence conservation. The crystal structure at 1.8 A resolution [9]
shows it to be a compact, globular protein with a hydrophobic core and a high
degree of secondary structure, which accounts for the high resistance of ubiquitin
to denaturation by heat, acid or alkali. This stable structure is achieved without
the aid of intramolecular S-S links.
Ubiquitin is an interesting target for chemical synthesis from two complementary standpoints. Firstly, it is a highly defined target against which to measure
the efficiency of new reagents in SPS of polypeptides so that this can be extended
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to larger systems of ca. 15,000 Da molecular weight. Secondly, the chemical
synthesis of ubiquitin can be adapted to incorporate unnatural a-amino acids
and also to afford a range of large fragments of ubiquitin. In this way, 3dimensional structural comparisons can be made between a segment of ubiquitin
studied in isolation and when incorporated in the entire system. It is hoped
that this will lead to a measure of the intramolecular interactions associated
with the primary structure that integrate to the controlled folding, leading to
the tertiary structure.
The approach to the SPS of ubiquitin utilized the A^-Fmoc/TFA-labile sidechain protection strategy of Sheppard [7]. However, polystyrene was used as
the resin to which was appended the TFA-labile linker devised by Wang [10].
In the course of this work we designed a TFA-labile NG-protecting group for
arginine that can be used for the synthesis of peptide sequences containing several
arginines [11]. During the repetitive cycles of the synthesis, we designed a method
for observing the deprotection of iVa-Fmoc groups that was continuously
monitored by UV at 313 nm, giving a composite assessment of the coupling
and deprotection stages. The amide-forming steps were accomplished by first
coupling with the Fmoc amino acid, symmetric anhydride, then followed by
a second coupling using the 7V-hydroxybenzotriazole (HOBt) activated ester of
the Fmoc amino acid, both in two-fold excess. Exceptions to this protocol were
the incorporation of Fmoc-Gly (single symmetric anhydride); Fmoc-Arg(Pmc)OH, Fmoc-Asn-OH and Fmoc-Gln-OH employed only the DIC/HOBt method
of activation in a double coupling. After each coupling phase, any unreacted
NH 2 function was capped using acetic anhydride. After final cleavage of the
side-chain protecting groups, using 5% H 2 0 in TFA containing thioanisole and
ethylmethylsulphide as carbocation scavengers, the crude product was successively
purified by G50 Sephadex gel filtration (under denaturing conditions), CMcellulose followed by DEAE and FPLC on a mono-P column. Throughout the
purification stages, the solution conditions were varied to encourage renaturation
of the synthetic product. The eluants from the columns were scrutinized by
Phast isoelectric focusing, by comparison with authentic bovine ubiquitin. Finally
the synthetic product was shown to have identical behavior with natural material
on HPLC and was finally purified on a C8 reversed-phase column. The synthetic
ubiquitin was sequenced by Dr. Linda Gilmore and Linda Kerr (WELMET
Unit, Edinburgh University), and was also subjected to oxidation of Met-1,
893

R. Ramage, J. Green and O. Y. Ogunjobi
followed by tryptic digestion. The fragments so obtained were isolated, whereupon
a portion was dansylated and hydrolyzed and the remainder subjected to
hydrolysis and amino acid identification. It was found that the synthetic ubiquitin
gave the same tryptic pattern as bovine ubiquitin; however, with the additional
fragment (64-72). This interesting divergence would suggest that the synthetic
product did not have the identical tertiary structure as the erythrocyte-derived
material, with respect to the C-terminal region, which is also the case with the
ubiquitin component of the lymphocyte-homing receptor [12].
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Orthogonal solid-phase synthesis of human gastrin-I under
mild conditions
Nancy Kneib-Cordonier, Fernando Albericio and George Barany*
Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, U.S.A.

Introduction
The advantages of segment condensation procedures for the synthesis of large
peptides in solution are well known [1], but to date there have been difficulties
in establishing analogous polymer-supported metho.ds [2]. This report showcases
several anchoring linkages recently developed in our laboratory, which were
applied together with Afa-Fmoc and side-chain tert-butyl protection for the
preparation of the 17-peptide amide human gastrin-I (Scheme 1). The chosen
target [3] provides a stringent test for mild methodology because of the high
density of acid-sensitive residues, including tryptophans (positions 4 and 14)
and five consecutive glutamates (residues 6-10).
OIBu

OBu

I

I

OSu

I

OlBu

OSu

I

I

Su

I

OIBu

I

pGlu-Gly-Pro-Trp-Leu— Glu—Glu—Glu—Glu—Glu -Ala—Tyr-Gly-Trp-Met-Asp-Phe-NH2

t

ir

Scheme 1. Structure of protected human gastrin-I. The arrows indicate the positions at
which the segment couplings are carried out. The required C-terminal amide is established
with a 'PAL' linker (see Scheme 2 and text).
Results and Discussion
The overall plan and yields are summarized in Scheme 2, and structures of
the handles used to initiate syntheses of the various segments are drawn in Scheme
3. The N-terminal pentapeptide pGlu-Gly-Pro-Trp-Leu-OH was prepared using
a/>-alkoxybenzyl (PAB) ester linkage created by our published, preformed-handle
strategy (Scheme 3, top structure) [4]. Cleavage was with the new Reagent M:
TFA-DCM-/JME-anisole (70:30:2:1), which was optimized to preserve the labile
tryptophan residue.
A new, preformed-handle procedure expedited SPPS of the protected 'middle'
hexapeptide, Fmoc-(Glu(0-fBu)) 5 -Ala-OH, anchored as an o-nitrobenzyl (ONb)
ester. The key derivative (Scheme 3, middle structure) facilitated quantitative
introduction of the C-terminal alanine onto amino-group-containing supports,
*To whom correspondence should be addressed.
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Overview of segment synthesis of human gastrin-I.
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Scheme 3. Three preformed handles used for the preparation of protected peptide segments
in orthogonal solid-phase synthesis of human gastrin-I.

while obviating separate protection/deblocking steps involving the handle carboxylate. Chain assembly with this Fmoc/ONb combination entailed relatively
little loss of chains from the support (> 85% retained throughout the synthesis,
as judged by AAA and comparison to an 'internal reference' amino acid). These
results are more promising than those found by Atherton et al.[5], who reported
30% diketopiperazine formation in this system. Final photolytic cleavage (350
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nm) in toluene-TFE (4:1) gave the protected peptide in good yield. DCM must
be avoided as a co-solvent, since small amounts of HC1 are released under the
photolysis conditions and serve partially to remove tert-butyl esters.
Both protected intermediates were purified by simple gel filtration, and
comprised a single component by analytical HPLC. Proton NMR and FABMS
data were entirely consistent with the expected structures. Lastly, the C-terminal
hexapeptide, Tyr(rBu)-Gly-Trp-Met-Asp(G-/Bu)-Phe, was assembled on our new
tris(alkoxy)benzylamide support (starting handle shown in Scheme 3, bottom
structure) [6]. For the polymer-supported segment condensation, the middle and
N-terminal pieces were respectively added in > 9 8 % and 89% yields (judged
by AAA and solid-phase sequencing), by overnight BOP/HOBt/NMM couplings
in DMF. Racemization was 4% and 11%, respectively, at Ala and Leu. Cleavage
with Reagent M and chromatography gave pure gastrin-I in an overall isolated
yield of approximately 30%. These results compare favorably with those from
stepwise assembly.
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Mapping of a monoclonal antibody to FeLV gp70
Kuldip Singh, Patrick Sheridan, Lois Aldwin and Danute E. Nitecki
Cetus Corporation, 1400 53rd Street, Emeryville, CA 94608, U.S.A.

Introduction
Recently, Geysen et al. [1] have introduced a method for rapid synthesis and
binding assay of large numbers of peptides. The approach involves SPPS on
the surface of polyethylene rods arranged in a microtiter plate format. The Nacetylated, deprotected peptides, still on the rods, are assayed for binding of
an antibody using ELISA methods. We have used this method and the
commercially available kit from Cambridge Research Biochemicals (CRB, Cambridge, U.K.) to confirm a determinant in the FeLV coat protein gp70. A synthetic
14-mer, having sequence 213-226, MGPNLVLPDQKPPS, had been found to
inhibit neutralization by a virus-neutralizing mouse monoclonal antibody cl.25
[2] at micromolar concentration.
Results and Discussion
We have synthesized 4 sets of 18 overlapping hexapeptides, shifted by one
amino acid, starting with amino acid 208 and finishing with amino acid 230
from the gp70 sequence. These deprotected peptides, as well as 10 control
hexapeptides, were compared in ELISA format for binding of monoclonal
antibody cl.25. The synthesis, using minor variations of CRB protocols, utilized
Af-Fmoc-pentafluorophenyl ester chemistry. Many control hexapeptides were
hydrolyzed and analyzed for amino acid composition. Representative analyses
are shown in Table 1.
Table 1 Examples of amino acid analyses of hexapeptide pins (nmol)
Peptide

1

2

3

4

5

ADGKLN
GPNLVL
TVVADL
PQRSVS
MNPQRV
KLMNPR
DGKLMP
GKLMNQ

2.07
1.69
0.8
2.93
1.17
1.61
1.27
2.8

1.42
2.36
1.89
1.06
0.66
4.21
3.63
1.01

4.58
0.78
1.89
0.99
9.58
2.56
1.66
2.61

1.36
4.65
3.41
3.85
1.19
1.0
2.98
1.81

4.05
4.37
2.3
7.18
1.18
9.23
1.88
1.03

6
1.42
4.65
8.95
3.85
16.6
1.65
10.61
2.61

/3-Ala
9.04
8.95
20.64
24.73
28.98
23.65
18.79
21.70

Internal ratios were rather unsatisfactory, ranging several-fold within a given
peptide; nor were we able to achieve the levels of peptides close to that of
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the anchoring /8-alanine. Nevertheless, ELISA assay with cl.25 of all 4 sets of
hexapeptides indicated binding of the same region, albeit maximally binding
pins were not identical in each set and the binding epitope shifted slightly. The
'consensus' epitope was found to reside in the sequence 212-220. We believe
these inconsistencies to be a reflection of poor homogeneity of the peptide
sequences on an individual pin. The antibody cl.25 binding to the hexapeptide
pins could be inhibited by a soluble 9-mer peptide 211-219, with sequence AcQAMGPNLVL-OH but not by shorter peptides. We found relatively low ratios
of binding to background in ELISA, as compared to those found in [1];
purification of monoclonal antibody from ascites fluid through a SepharoseProtein A column improved the signal to noise ratio considerably, yet our best
assays showed only a 6:1 ratio.
Mimotope mapping of monoclonal cl.25 did not show binding above background to any dipeptides from the linear epitope in the region indicated. We
synthesized 3 sets of pins containing 400 dipepfides and some control pins for
hydrolysis; a fourth set was obtained from CRB. All four sets indicated binding
of highly hydrophobic and aromatic dipeptides. Table 2 shows the 5 highest
binding dipeptides from all 4 sets. The striking feature is the presence of aromatic
residues in all but one of the dipeptides.
Table 2 Dipeptides showing maximum binding in each set
SET
1
2
3
4

IF
YY
YY
WI

IY
LY
YR
YL

IR
YL
LY
YY

GY
YL
YC
YF

WN
YC
WY
FY

The region 208-230 that binds this monoclonal cl.25 does not contain a single
aromatic residue. It is entirely possible that these mimotope mapping attempts
are, in fact, binding to some region outside of the antigen binding site. This
is not entirely unexpected, because antibody is a busy polyfunctional molecule
involved in a variety of binding events in a living animal (complement binding,
Fc binding, placental transport, etc.).
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BROP: A new coupling reagent for /V-methyl amino acids
B. Castro, J. Coste, M.-N. Dufour and A. Pantaloni
CCIPE, Rue de la Cardonille, F-34094 Montpellier Cedex 2, France

Introduction
The usual peptide-coupling reagents often fail when coupling JV-methylated
amino acids [1]. For example, BOP 1 [2a] has been used by Wenger [3], but
was occasionally not very effective [1,4]. It is noteworthy that BOP-C1 [1,5]
and Dpp-Cl [6], which are effective reagents, produce this kind of coupling
without HOBt, the usual additive for peptide coupling [7]. This led us to study
BroP 2 [2b] (bromo tris (dimethylamino) phosphonium hexafluorophosphate),
a compound which, unlike BOP, does not contain the oxybenzotriazole residue
(see Scheme 1). This reagent proved to be excellent for coupling TV-methylated
amino acids.
Results and Discussion
The results summarized in Table 1 show that the reagent BroP is very effective,
since it rapidly (1 h) produced high yields of non-racemized peptides. The absence
of appreciable racemization was shown using 'H NMR (360 MHz) to compare
isomeric compounds obtained by the same pathway (e.g. see entries 4 and 5,
11 and 12,13 and 15). In contrast, the results with BOP are variable.
The yields were high with BroP even when the steric constraints were very
strong (entries 7, 9, 11, 12, 13 and 15). With BOP, however, when the steric
factor was too great (entries 6 and 10), the main compound formed was the
'active ester' [7] of oxybenzotriazole of the N-protected amino acid. This
intermediate reacted very slowly: in entry 10, for instance, only 40% dipeptide
had been produced after 16 h of reaction, which was, moreover, 70% racemized.
The formation of this derivative explains the poor efficacity of BOP.

N - - P - Y PF
R

Scheme 1.
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1 BOP: R = R' = Me
2 BroP:
R = R' = Me
3 PyBroP: R,R' = ( CH )

Y = OBt
Y = Br
Y = Br
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Table 1 Coupling reactions" with reagents 1, 2 and 3
Entry

Peptide

Reagent

Yield %

1
2

Z-Val-(Me)ValOMe

BOP
BroP

67
71

3
4

Z-(Me)Val-ValOMe

BOP
BroP

87
90

5

Z-(Me)DVal-ValOMe

BroP

85

6
7
8

Boc-Pro-(Me)ValOMe

BOP
BroP
PyBroP

25
82
91

9

Boc-Pro-(Me)LeuOMe

BroP

75

10
11

Z-(Me)Val-(Me)ValOMe

BOP
BroP

5
70

12

Z-(Me)DVal-(Me)ValOMe

BroP

80

13
14

Z-(Me)Leu-(Me)ValOMe

BroP
PyBroP

89
84

15

Z-(Me)DLeu-(Me)ValOMe

BroP

89

a

One-pot reactions in DCM for lh at room temperature, with one equivalent of reagent
and of N-protected amino acid, 1,1 equivalent of C-protected amino acid and three
equivalents of DIEA.

Conclusion
Thus, BroP is an excellent reagent for coupling A^-methylated amino acids.
It gives results comparable to those of BOP-C1 [5] and Dpp-Cl [6], but in much
shorter times. Another advantage of the reagent is its stability, which facilitates
storage and use. The homologous compound 3 (PyBroP) gives identical results
(entries 8 and 14).
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Use of BOP in SPPS: Application to incorporation of
7VG-unprotected arginine
Marie-Line Ceccato3, Jacques Chenua, Jacques Demailleb, Bernard Calasb and
Anne Laurentb
"Sanofi-Recherche, 195 Route d'Espagne, F-31036 Toulouse Cedex, France
b
CNRS, UPR 8402 et INSERM U.249, BP 5051, F-34033 Montpellier Cedex, France

Introduction
At this time, BOP is used in SPPS at basic pH, but we observed that couplings
may be conducted in slightly acidic conditions. With a protocol (Table 1) in
which the basic washes used to deprotonate the «-NH 2 group after BOC cleavage
were avoided, it became possible to build peptides easily with ^-unprotected
arginine.
Table 1 Protocol for a synthetic cycle using BOP at pH 5-7
Deprotection:
50% TFA in DCM 1x2 min
50% TFA in DCM 1 x30 min
Washes:

DCM
DMF

3x1 min
3x1 min

Coupling:

2 equiv. amino acid, 2 equiv. AT-methylmorpholine in DMF, add to
the resin, shake for 2 min.
2 equiv. BOP in DMF, add to the resin, shake for 2 min.
Adjust pH to 6 with Af-methylmorpholine, shake for 30 min.

Washes:

DMF
DCM

2x1 min
4x1 min

Results and Discussion
Using the protocol reported in Table 1, we have synthesized the tridecapeptides
1 and 2: RFARKGXLRQKNV (X = Ser 1, X = Ala 2). 1 corresponds to the
amino acid sequence between residues 19 and 31 of protein kinase C (PKC);
2 is a specific inhibitor of PKC. The resin used was 'Expansin' (Societe Expansia,
BP 6, Aramon, 30390, France). C-terminal Val was linked to the support through
a glycolamidic anchorage [1]. Side chains were protected as follows: Lys, 2 C1Z;
Ser, Bzl and Arg, H + . t-Boc was used to protect the a-NH 2 . After completion
of the synthesis, the partially protected peptides were cleaved from the resin
by using 5 equivalents of NaOH in iPrOH-H 2 0 (70-30). Side chains were
deprotected with 1 M TFMSA in TFA.
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Fig. 1. HPLC of 1. Aquapore RP 300
(0.46x20 cm). Elution was at 1 ml/min in
a linear gradient from 0% buffer B to 60%
buffer B in 30 mm. (Buffer B: 0.1% TFA
in CH3CN; buffer A: 0.1% TFA in water.)

10

20

min.

30

Fig. 2. HPLC of 2. Aquapore RP 300
(0.46x20 cm). Elution was at 1 ml/min in
a linear gradient from 0% buffer B to 60%
buffer B in 30 min. (Buffer B: 0.1% TFA
in CH3CN; buffer A: 0.1% TFA in water.)

HPLC of crude peptides indicated good homogeneity (Figs. 1 and 2). AAA
of peptides 1 and 2 are in good agreement with the proposed structure; no
ornithine was detected indicating the absence of acylation on the guanidino
groups of arginines. Peptides were purified by ion-exchange chromatography
followed by semi-preparative RPHPLC (Nucleosil 300, 5 /*M, Cg, 2 5 x 2 cm).
With t-Boc strategy, the guanidino group of arginine is routinely protected
by Tos or Mts. These groups are difficult to cleave and require drastic acidic
conditons (HF or TFMSA). Use of our protocol with Boc-Arg-(HCl)-OH greatly
simplifies the synthesis of peptides including in their sequences several arginyl
residues.

References
1.

Calas, B., Mery, J., Parello, J. and Cave, A., Tetrahedron, 41 (1985)5331.
903

Chaotropic salts improve SPPS coupling reactions
Wieslaw A. Klis and John M. Stewart
Department of Biochemistry, University of Colorado Medical School, Denver,
CO 80262, U.S.A.

Introduction
Many peptide chemists have found it difficult to obtain complete coupling
in SPPS of certain sequences in the length range of 8-16 residues from the
resin. In one case, secondary structure of the growing peptide on the resin was
found to be a source of trouble. Such structures can make the N-terminal
inaccessible for peptide synthesis. Deber et al. [1] confirmed the existence of
/?-sheet//S-turn structure in a 'difficult coupling' of a 16-residue peptidyl-resin
fragment of human growth hormone releasing hormone. Complicated, stable,
three-dimensional protein structures often cause difficulties for biological and
biochemical research. Traditionally, those difficulties have been overcome by
the use of salts and other chaotropic reagents. Possibly chaotropic salts decrease
secondary structure formation in growing peptide chains and also perturb
potential interactions between the peptide and the resin, thus exposing the Nterminal to the coupling reaction. We thought that perturbing the secondary
structure might make synthesis easier. This idea had been tested in SPPS by
using 1.5 M urea in DMF when adding glutamine as an active ester [2]. But
urea is not a favorable additive in DCC types of peptide synthesis.
Results and Discussion
An analog of so-called C-peptide, the N-terminal fragment of ribonuclease
A, was chosen as a model peptide. This peptide, Ac-AETAAAKFLRAHA-NH 2
has a strong tendency to adopt a-helical structure in cold water and can be
expected to show a greater tendency for structure formation in non-polar solvents
used in peptide synthesis. When synthesizing this peptide, difficult couplings
were encountered in the coupling of alanines 6-4 and threonine 3. We sought
to determine how chaotropic salts (KSCN, NaC10 4 , LiBr and others) would
affect the coupling of those residues. We used presynthesized heptapeptidyl resin
(Boc-K(ClZ)FLR(Tos)AH(Bom)A-MBHA) as our precursor to study the coupling reaction. To achieve a satisfactory salt concentration D M F : DCM = 1 : 1
was selected as the working solvent system. The progress of coupling was
monitored by the quantitative ninhydrin test [3]; completion of peptide coupling
was verified by the qualitative Kaiser test. Figure 1 shows the progress of coupling
Boc-Thr(Bzl) to AAAK(ClZ)FLR(Tos)AH(Bom)A-MBHA under several conditions, all with 10-fold excess DCC and Boc-AA. Under standard conditions,
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Fig. 1. Progress of DCC-mediated coupling of Boc-Thr(Bzl) (10-fold excess) to AAAK(ClZ)FLR(Tos)AH(Bom)A-MBHA in DMF:DCM (1:1) as shown by absorbance in the
quantitative ninhydrin test.
the reaction rate was very slow, and coupling was not complete. When the reaction
was run in 0.4 M KSCN or 0.4 M NaC10 4 the rate accelerated and coupling
was complete in 1 h. LiBr solution seemed to slow down the reaction. For
difficult couplings of other residues tested, the picture was even more clear.
With salt coupling, the reaction was complete in 30 min, whereas double coupling
was required under standard conditions. In alanine coupling reactions, LiBr
was as effective as KSCN. Salt coupling was extended to typical 2.5-fold BocAA excess and worked very well. To obtain complete coupling of Thr 3 under
these conditions, DCC/HOBt or DCC symmetric anhydride preactivation was
used; BOP reactions were also accelerated.
The series of experiments presented clearly shows that chaotropic salts are
useful in SPPS to disrupt secondary structures and increase the rate of difficult
coupling reactions. The effectiveness of salt synthesis seems to increase with
the length of the peptide involved. The salts interact with the peptide chain
and disturb or disrupt intramolecular interactions; prewashing the peptide-resin
with salt solution is effective. The most effective salt concentration appears to
be 0.4 M. The appropriate salt should contain a large anion, such as perchlorate
or thiocyanate and a cation that does not form complex compounds easily,
such as sodium or potassium. In some cases, KSCN has a tendency to catalyze
O-acylisourea rearrangement, but perchlorate does not have such activity. Salts
with small anions essentially do not enhance synthesis. Similarly, cations that
form coordination compounds easily (Zn 2+ , Ba 2+ , Co 3+ ) inhibit the coupling
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reaction for Boc-Amino acids, which possess strong complexing activity due
to side chain functional groups.
Acknowledgements
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Peptide synthesis using bis(2-oxo-3-oxazolidinyl)phosphinate esters of 7V-hydroxy compounds:
Remarkable effects of solvent and varying amounts of
tertiary amine on racemization suppression
Kusuo Horiki
Shionogi Research Laboratories, Shionogi & Co., Ltd., Fukushima-ku, Osaka 553, Japan

Introduction
We reported previously that bis(2-oxo-3-oxazolidinyl)phosphinate (1) of ethyl
2-hydroximino-2-cyanoacetate is very effective in the synthesis of simple peptides
[1]. Diphenyl phosphate (2) of 3-hydroxy-3,4-dihydroquinazoline-4-one has been
found to be equally useful (Fig. 1).

Fig. 1. Structures of reagents used in this study.
Results and Discussion
This paper describes the application of the highly sensitive Young test (the
synthesis of Bz-Leu-Gly-OEt, 3) to 1 and 2. Selected examples obtained by direct
coupling under various conditions are shown in Table 1.
Polar solvents, or excess amounts of triethylamine (TEA) in nonpolar solvents,
may reduce racemization by increasing the effective concentration of free GlyOEt via large dissociation of hydrogen-bonded ion pairs of Gly-OEt*HCl and
TEA. The increasing amount of free Gly-OEt would preclude the accumulation
of a reactive species, whatever it may be, by rapid aminolysis, giving the less
racemized 3.
Next, the synthesis of 3 was attempted by the preactivation method using
1 in acetonitrile at RT. Surprisingly, 1 did not afford 3, and many uncharacterized
byproducts formed, which sharply contrasted with the results of the direct
coupling. This result indicates that in an aprotic dipolar solvent, the less solvated
carboxylate anion generated from Bz-L-Leu is very reactive, giving rise to
degradation of 1. At the initial activation stage of Bz-L-Leu in acetonitrile in
the pre-activation method, degradation of 1 would occur exclusively, probably
due to a slower collapse of the trigonal bipyramidal intermediate, [A] or [B]
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Table 1 Selected examples of the Young test using 1 and 2 by the direct coupling procedure"
L-Isomer (%)b

Reaction

Amount of

Yield (%)

solvent

TEA (equiv.)

1

2

1

CH2Cl2

2
3

36.3
18.1

79.1
71.9

66.5
90.6

65.9
82.4

Ethyl acetate

2
3

21.3
26.9

80.0

47.9
83.5

55.6

Acetonitrile

2
3

27.8
18.8

76.3
70.0

92.1
97.4

87.4
82.9

DMF

2
2

40.6
43.8C

68.4

97.9
98.2C

92.9

2

" All reactions were carried out atRTfor 16 h. Initial concentration: 1 or 2 = Bz-L-Leu — GlyOEfHCl = 0.1 M in DMF and 0.04 M in other solvents.
b
Excluding L-isomer present as the racemate.
c
Initial concentration: 1 — Bz-L-Leu = Gly-OEf>HCl = 0.04 M.
(formed after pseudorotation or other), either to the mixed anhydride, 4, or
to the active ester, 5 (Fig. 2). Alternatively, in the direct coupling method, the
formation of either an intermediate or a transition state, [C], involving GlyOEt, may be responsible for the formation of 3. If this mechanism is correct,
the low level of racemization with 1 may also be reasonably explained.

+
BH

yy, r
yy, r
_0-N^02Et+
_0-N=<C02Et
Q
BH
R>i>-R
"?>P-0C0R1
RlCOOPR2 RlCOON=*CN
OCOR1
[A]

R
[B]

+

CN CO,Et
j,
_fO' <,Hs+

C 2Et

°

H

BH

R
°A^/•R1

R'PB^
[C]

R

l*\

O-

Fig. 2. Schematic illustration of either intermediates ([A], fBJ, 4, 5 and [C] or a transition
state fCJ. B = TEA; R = 2-oxo-3-oxazolidinyl; R'=Bz-Leu moiety; R2= Gly-OEt moiety.
In the case of 2, the formation of either an intermediate or a transition state,
like [C], seems to be sterically unfavorable. However, it is still uncertain which
of the two alternative pathways (i.e., the mixed anhydride pathway or the active
ester pathway) is predominant.
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Increased coupling efficiency in solid-phase peptide
synthesis using elevated temperature
David H. Lloyd", Gordon M. Petrie3, Richard L. Noble3 and James P. Tamb
"AppliedBiosystems Inc., Foster City, CA 94404, U.S.A.
b
The Rockefeller University, New York, NY 10021, U.S.A.

Introduction
Despite many advances in SPPS, sequence-dependent coupling inefficiencies
continue to be a problem. Approaches to defeat these have included multiple
couplings and the addition of co-solvents. During the synthesis of big gastrin
and TGF-a, it was found that difficult couplings could be driven to completion
by re-coupling at 50°C for 1-2 h [1,2]. It was felt that this effect was primarily
due to thermal disruption of inter-chain aggregates that normally inhibited
complete coupling. This communication describes preliminary data on the use
of elevated temperatures in automated peptide synthesis.
Results and Discussion
Syntheses were carried out using an ABI 430A synthesizer. Preformed tBocamino acid-HOBt esters (4 equiv.) were coupled in NMP. A reaction vessel
heater and controller (activated and de-activated by a relay on the 430A) were
used to maintain an elevated temperature during the coupling. The reaction
mixture attained the desired temperature within a few minutes of heating. At
the completion of the coupling phase, the peptide-resin was cooled by evaporation
of DCM.
The peptide QFFYCNTTQLFNN (Q13N) provided a good example of a
sequence-dependent coupling problem beginning at the ninth cycle of synthesis.
Thirty-minute couplings (roughly half the duration of standard cycles) were used
at room temperature, 40, 50 and 60°C. Yields, determined by quantitative
ninhydrin assay (Fig. 1), indicate a temperature-dependent increase in reaction
completion. When the peptide-resins were cleaved (HF/anisole/thiocresol, 60
min, -3°C) and analyzed by RPHPLC, it appeared that the 60°C synthesis
provided the cleanest product. However, FABMS analysis of this sample indicated
the presence of significant amounts of dehydrated material not present in the
standard ambient temperature synthesis. Clearly, a compromise exists between
improved couplings and dehydration that occurs at elevated temperatures.
Rat ANF(l-28) contains a commonly described [3] failure sequence and
appeared to be another good model to test the effect of heated reaction cycles.
Syntheses were carried out using the same cycles as used for Q13N at 60°C,
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as well as using standard (unheated) cycles for comparison. Coupling data (Fig.
2) showed significant improvements for the heated reactions in the failure region
(cycles 14-17). In addition, it is interesting to note that heating did not markedly
improve the incomplete couplings in the amino-terminal region. HPLC analysis
of crude cleaved materials indicate fewer side products for the heated synthesis,
and FABMS analysis of the purified peptide revealed no discernable dehydration
products for this (heated) synthesis.
100

i i

Q F F . Y C N T T Q L F N N

Fig. 1. Temperature effect on coupling
efficiency for Q13N

i i

i i i

i

i i I I i

i i

SLRRSSCFGCRIDRIGAQSGLGCNSFRY

Fig. 2. Temperature effect on coupling
efficiency for ANF(l-2i).

Conclusions
Coupling efficiencies of some difficult sequences increase in a temperaturedependent manner, allowing shorter coupling cycles. In the case of one peptide
(Q13N), significant amounts of dehydration also occurred with heated couplings.
Characterization of side-reactions (racemization, aspartimide and pGlu formation, and other side-chain modifications) and their temperature-dependence will
be necessary before heated couplings can be routinely used in SPPS.
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BOP reagent for the coupling of pGlu and Boc-His(Tos) in
solid-phase peptide synthesis
Mylene Forest and Alain Fournier
Institut National de la Recherche Scientifique-Sante, Universite du Quebec,
245, boul. Hymus, Pointe-Claire, Quebec, Canada H9R 1G6

Introduction
The BOP reagent proposed by Castro et al. [1] is ideally suited for SPPS
and the rate of coupling using BOP compares favorably to other methods of
activation [2,3]. In the course of a previous study [3], it has been demonstrated
that BOP couplings are practically racemization-free. However, in this study,
the model peptides synthesized with BOP reagent were not containing histidine,
a residue known to racemize easily. Racemization is favored in highly polar
solvents such as DMF, and is influenced by the amount and chemical character
of the organic base added to the reaction mixture. Therefore, we investigated
the effects of the coupling conditions with BOP (i.e. DMF or NMP as solvent
and DIEA as organic base) for the incorporation of histidine in the model peptide
TRH. The derivative Boc-histidine(tosyl) was chosen in order to verify the
feasibility of using the tosyl side-chain protecting group with BOP reagent. Indeed,
according to the activation mechanism proposed by Castro et al. [4], BOP would
generate hydroxybenzotriazole in the reaction mixture. It has been reported that
histidine detosylation occurs when this reagent is used, for instance, as an additive
for DCC-mediated couplings [5a]. We also investigated the compatibility of
pyroglutamic acid (pGlu), the first residue of our model peptide TRH, with
BOP coupling conditions. pGlu is usually introduced in peptide chain as a
benzyloxycarbonyl (Z) derivative (ZpGlu), primarily because of its superior
solubility characteristic in a non-polar solvent, such as DCM [5b]. The solubility
problem of pGlu is not encountered in DMF or NMP.
Results and Discussion
A comparative racemization study for the synthesis of TRH and [D-His2]TRH
using either BOP or symmetrical anhydride-mediated couplings was carried out.
With BOP reagent (3 equiv.) and DIEA (3 equiv.), crude products contained
approximately 0.5% of diastereoisomer as estimated from HPLC. On the other
hand, the crude material obtained when using the symmetrical anhydride
procedure for the peptide bond formation showed the presence of up to 1%
of racemate suggesting that at least 0.5% of C"-proton exchange occurred during
the coupling of Boc-His(Tos), assuming that up to 0.5% of epimer might have
been already present in the starting material.
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We did not verify if detosylation occurred during Boc-histidine(tosyl) (3 equiv.)
couplings with BOP (3 equiv.) in DMF, in presence of an equimolar amount
(3 equiv.) of DIEA. However, the low racemization levels observed with BOP
suggest that detosylation probably did not occur, or only to a very low extent,
even if these conditions might allow the formation in the mixture of a little
amount of the conjugate acid of HOBT. The conjugate acid is the chemical
form of HOBt that is believed to be responsible for the tosyl removal from
the imidazole moiety. Moreover, the extraction of the resin with TFA after
HF cleavage gave a strongly absorbing side-product (retention time: 10.7 min)
that has been identified after isolation by HPLC. NMR characterization (AA'BB':
7.713, 7.686, 7.243, 7.217 ppm; -CH 3 : 2.362 ppm) and MS (m/z: 172 [M+.];
91 [tropylium cation]) showed this to be /Koluenesulfonic acid, thus confirming
the presence of tosyl protection on the histidine side chain when the completed
peptide was cleaved from the resin. This material was still present in the polymeric
support, even after numerous washings with ether. When using 30% acetic acid
for the extraction, most tosyl by-product is absent from the crude material
suggesting that care must be taken when interpreting the peptide content and
purity of post HF products when extractions are made with TFA.
We checked the effect of an increased amount of organic base by carrying
out the coupling reaction of Boc-His(Tos) (3 equiv.) with BOP (3 equiv.) in
DMF in presence of 9 equiv. of DIEA. The HPLC of the resulting crude TRH
showed approximately 3% of [D-His2]-TRH, clearly indicating that a racemization
problem is encountered when Boc-His(Tos) coupling is carried out with BOP
in presence of excess DIEA. This situation would be particular to histidine since
previous investigations of the coupling conditions for other residues in different
peptides did not reveal any major racemization problem when adding excess
DIEA as organic base to the reaction mixture.
Since BOP couplings are favored in DMF, a polar aprotic solvent, rather
than in DCM [3], we checked the possibility of using NMP in replacement of
DMF for BOP-mediated couplings of Boc-amino acids. NMP containing 20%
DMSO was already described by McCurdy and Otteson [6] as a useful solvent
mixture in SPPS, with the use of the DCC/HOBT coupling method. The major
advantage of this solvent system, or of NMP itself, is its very effective ability
to swell the peptide-resin during coupling. Thus, a synthesis of TRH was carried
out entirely with BOP (3 equiv.) in NMP, but this time in presence of 5 equiv.
of DIEA. Indeed, as proposed by Le-Nguyen et al. [7,8], a protocol involving
the concomittant steps of 'neutralization' and coupling was used for this synthesis
that explains the use of a larger amount (5 equiv.) of DIEA in the coupling
mixture. As observed on RPHPLC the crude material obtained after HF cleavage
and 30% AcOH extraction was of excellent quality. The extent of racemization
for the histidine residue was also estimated to be less or equal to 0.5%. These
results confirmed the compatibility of BOP with NMP as solvent, and the
practicality, as well as the usefulness, of the simultaneous TFA salt displacement
and Boc-amino acid coupling. Moreover, although no precise kinetic studies
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were carried out, all couplings were completed in time periods equivalent to
those observed with DMF.
The first residue of TRH is pGlu. This amino acid is usually introduced into
the peptide chain as ZpGlu, primarily because of its superior solubility in a
non-polar solvent, such as DCM [5b]. This solubility problem is not encountered
in DMF or in NMP, and thus, we verified the feasibility of BOP-mediated
couplings of pGlu under its free form, in DMF, as well as in NMP. We observed
that the peptide bond formation with this derivative was satisfactorily achieved
in both solvents in a single step of coupling. Therefore, its use in conjunction
with BOP reagent in solvents such as DMF or NMP represents a real advantage
over the conventional coupling procedures carried out in DCM, and requiring
the much more expensive ZpGlu.
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New logically developed active esters for solid-phase
peptide synthesis
Derek Hudson
MilliGen/Biosearch, 81 Digital Drive, Novato, CA 94949-5728, U.S.A.

Introduction
Although of adequate reactivity, currently available active esters (e.g., PFP,
Dhbt) fall short of ideality.
Results and Discussion
Numerous active esters of Fmoc-valine were prepared and used in a modification of the competition and comparison assays previously used to assess
direct coupling methods [1]. The results showed the following order of reactivity:
D n p > D h b t > P f p = T D O > M p p . All other derivatives were much less active.
Mpp is the abbreviation given to the enol ester of 3-methyl-l-phenyl-2-pyrazolin5-one [2] (Fig. 1, R2= a = b = c = b ' = a' = H; i?' = CH 3 ). Its activity was
unexpectedly high. Since Mpp itself is made simply by heating phenylhydrazine
with ethyl acetoacetate [3], variants modified at Rl, R2, and a, b and c are
immediately accessible, and several have been prepared (see Table 1).

R

o

C H , - 0 — C — N H—C H—C—O

Fig. 1. Structure of Mpp.
Npc (10), derived from 2-carbethoxycyclohexanone, is of dramatically reduced
activity, compared to Mpp, presumably a result of distortion of the pyrazoline
ring. The monochloro derivative, PClp (5), is markedly more active than the
corresponding dichloro derivative, DClpp (8). With Npp (3), a very high level
914

Synthetic methodologies and peptide bond mimetics
of activity is obtained, further increased in Pnp (la) by the extra conjugation
provided when Rl is a phenyl ring (compare also Mpp with Dpp). Although
highly reactive towards aminolysis, Npp esters are unreactive to hydroxyls.
Anchiomeric assistance really may contribute to the aminolytic reactivity of these
compounds. With Pnp and Npp esters, coupling can be facilely monitored. Ionized
Npp, formed in the presence of unreacted amino groups, absorbs at 488 nm,
a wavelength free from interference. During coupling, a blood red color appears
on the support, and this rapidly fades, leaving a residual golden appearance.
Ten Fmoc-amino acid Npp esters have been prepared in high yield and crystallinity. Several relatively simple peptides have been made in good yield, and
visual observation of completion, normally occurring within 5 min, was found
to be reliable.
Table 1 The relative efficiency of several phenyl-pyrazolinone enol esters compared to
other selected active esters
Rank

Ester

R'

i?2

1-subst.

M.p.

% Val inc.

la
lb
3
4
5
6
7
8
9
10

Pnp
Dnp
Npp
Dhbt
PClp
Dpp
PFP
DClpp
Mpp
Npc

Ph
Me
Ph
Ph
Ph
Me
-(CH 2 )

H
H
H
H
H
H
4-

c = N02
c = N02
c = Cl
allH
a = c = Cl
allH
c = N02

168-169
112-113
195-197
106-109
112-113
147-149
117-118
146-149
148-149
183-185

95a
95
92
82
77
59
56
50
32
7.4

"Identical values obtained with tBoc-Val-OPnp (m.p. 120-122).
Conclusions
Novel enol esters of substituted 1-phenyl-pyrazolinones have been developed
and found to possess remarkable properties. They possess a unique blend of
reactivity and stability, are highly crystalline, do not require catalysts, and are
'self-indicating'. They are prepared from easily accessible intermediates that are
non-toxic, non-carcinogenic and environmentally safe. Indeed, they have therapeutic applications [4]. The new active ester derivatives described promise
to be widely applicable.
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Thio derivatives of amino acids as a carboxyl component in
peptide synthesis catalyzed by papain
Yuri V. Mitin", Nina P. Zapevalova3, Hans D. Jakubkeb and Anne K. Pattb
"Institute of Protein Research, U.S.S.R. Academy of Sciences, 142292 Pushchino,
Moscow Region, U.S.S.R.
b
Karl-Marx University, Leipzig, G.D.R.

Introduction
Papain, a cysteine protease, can be successfully used for the synthesis of various
peptides starting from alkyl esters of the Af-protected amino acids and the
corresponding amino component. Thanks to the wide papain specificity, this
approach permits the synthesis of peptides consisting of any amino acids except
proline [1]. A drawback of this method is the low solubility of the mentioned
alkyl esters in water.
Results and Discussion
In attempting to find suitable esters for this kind of peptide synthesis, we
studied thio derivatives: Z(Boc)NHCHRCOSR' (R' is H or SCH 2 COOH). These
substances can be easily synthesized starting from appropriate A^-hydroxysuccinimide esters and Li2S (thio amino acids) or HSCH 2 COOH (carboxymethyl
thio ester). The carboxymethyl thio esters (R' is SCH 2 COOH) are highly soluble
Table 1 Peptides synthesizedfrom thio derivatives of N-protected amino acids in the presence
ofpapain at pH 8-8.5
Synthesized peptide
Time
Yield
(min)
(%)
From thio amino acids
Z-Ala-Val-NH2a
60
99
Z-Ala-Gly-Phe-Leu-OH
30
98
Z-Glu(OBu')-Val-NH2
60
88
Z-Tyr(Bzl)-Gly-Ala-NH2
20
77
From carboxymethyl thio esters
Z-Lys(Boc)-Val-NH2
Z-Glu(OBu')-Ala-Glu(OBut)-Asn-OH
Z-Val-Glu(OBu')-Glu(OBu')-Ala-Glu(OBut)-Asn-OH
Z-Asp(OBu')-Val-NH2
Z-Phe-Leu-NH2b
a
Longer hyphens indicate the formed peptide bond.
b
Chymotrypsin was used at pH 10.
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30
20
60
30
5

74
83
85
36
83
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in water at p H > 6 , and stable at storage. In contrast, thio amino acids (R'
is H) are very easily oxidized to corresponding SS derivatives. But in the form
of potassium salts, they are very stable. The synthesized thio derivatives of amino
acids readily interact with papain in a water medium and form an intermediate
active substance (acyl enzyme) that can react with the amino component,
producing peptide. Peptides can be synthesized with a sufficiently high yield
if a two-fold excess of thio derivatives is used. A maximal peptide yield (8095% after 15-60 min) was obtained at pH 8-8.5. No organic solvents are required
for this reaction. Thio amino acids with bulky side groups, for example, ZIleSH, Z-Asp(OBu')SH, give peptides with a low yield. Thio amino acids readily
interact only with papain, while in the case of carboxymethyl thio esters, not
only papain, but also other enzymes with esterase activity are suitable for peptide
synthesis.
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Optical resolution of amino acids using lipases
Toshifumi Miyazawa3, Hitoshi Iwanaga3, Shinichi Uejib, Takashi Yamada3 and
Shigeru Kuwata3
"Department of Chemistry, Faculty of Science, Konan University, Higashinada-ku,
Kobe 658, Japan
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Kobe 657, Japan

Introduction
Enantiomerically pure (or enriched), unusual amino acids are useful building
blocks for the synthesis of analogs of biologically active peptides. The enzymes
commonly used for the optical resolution of amino acids, e.g., acylase I, may
not always be applicable in the case of unusual amino acids. This report concerns
the results of our extended research on the utilization of lipases for the resolution
of amino acids via the asymmetric hydrolysis and transesterification of their
N-protected esters.
Results and Discussion
Enzymatic hydrolyses were carried out in phosphate buffer (pH 7) at 25°C.
The Z group was found to be suitable for the N-protection of an amino acid
[H 2 NCH(R)C0 2 H] compared with other protecting groups. The 2-chloroethyl,
2,2,2-trifluoroethyl, or 2,2,2-trichloroethyl esters of the Z-derivatives of a number
of amino acids were substrates for several commercially available lipases. A
part of the results of experiments on the first derivatives of several unusual
amino acids has already been reported [1], describing the high enantioselectivities
shown by Aspergilus niger lipase. This was confirmed further by subsequent
investigations on several aromatic amino acids: R, % conversion, % enantiomeric
excess (e.e.) of the resulting acid; Ph, 28, 87; 4-FC 6 H 4 CH 2 , 26, 91; 4-ClC 6 H 4 CH 2 ,
28, 87; PhCH 2 CH 2 , 25, 84; PhCH 2 (CH 2 ) 2 , 30, 79.
For some amino acids, porcine pancreatic lipase (PPL) was found to be superior
to the microbial lipases in both the reaction time and enantioselectivity. The
results of experiments on the hydrolysis of the 2,2,2-trifluoroethyl esters are
summarized in Table 1. Table 1 suggests a correlation between the side chain
length of an amino acid and the optical purity of the resulting acid.
The preferential hydrolysis of the L-enantiomers by all the enzymes studied
here was revealed by comparison with authentic samples, if available, or suggested
from the regularity of the elution order on HPLC.
The reactions of the 2,2,2-trifluoroethyl esters of Z-amino acids with methanol
in such an organic solvent as isopropyl ether proceeded smoothly in the presence
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Table 1 PPL-catalyzed hydrolysis of Z-NHCH(R)C02CH2CF3
R

% Convn.

CH 3
C2H5
n-C3H7

39
40
39
H-C4H9 38
/-C4H9
40
n-C5H„ 40
«-C6H13 33
allyl
38

% e.e.a

R

% Convn.

% e.e.a

21
97
98
92
98
87
61
93

Ph
PhCH 2

44
40
40
40
28
30
17
44

97
>99
95
90
94
71
36
89

3-FC6H4CH2

4-FC 6 H 4 CH 2
4-ClC6H„CH2
PhCH 2 CH 2
PhCH 2 (CH 2 ) 2
4-thiazolylmethyl

Enantiomeric excess of the resulting acid.
of some microbial lipases. Among the enzymes tested, lipases from Pseudomonas
fluorescens and Rhizopus javanicus afforded methyl esters of the L-configuration
with fairly high enantioselectivities (Table 2).
Table 2 Lipase-catalyzed transesterification between Z-NHCH(R)C02CH2CF3 and methanol in isopropyl ether
Lipase
R. javanicus

P. fluorescens

R
«-C3H7
H-C4H9
B-CSHJ,

«-C6H13
PhCH 2

% Convn.

% e.e.a

% Convn.

% e.e.a

38
38
35
36
42

91
89
87
90
73

38
32
44
37
38

88
90
83
78
84

Enantiomeric excess of the methyl ester.
In conclusion, the procedures employing lipases were found to complement
conventional enzymatic methods for the resolution of amino acids.
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Cysteine A^^-blocking through thiazolidine formation for
amide ligation by means of thiol capture
D.S. Kemp and Robert I. Carey
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139,
U.S.A.

Introduction
Peptide synthesis by prior thiol capture [1] (Scheme 1) is a methodology for
the chemical ligation of medium-sized polypeptides that uses a rationally designed
spacing element or template [2] to effect the efficient intramolecular O,N-acyl
transfer across a cysteine disulfide function, as shown in Scheme 1. In this strategy,
the cysteine at the amino terminus of a peptide must be activated for unsymmetrical disulfide formation by conversion to its methoxycarbonyldithia (Scm)
derivate. The temporary blocking group that is used to mask the cysteine N
and S functions during the synthesis of the peptide must therefore not only
be compatible with all the steps of the thiol capture method but must also
allow for efficient conversion to the Cys(Scm)-activated peptide.
HFIP

o

&tiMs

Scheme 1. Principle of the thiol capture methodology.
Results and Discussion
Ar-?err-butyloxycarbonyl-2,2-dimethyl-L-thiazolidine-4-carboxylic acid, BocDmt-OH (1), is a versatile form of cysteine protection for this purpose (Fig.
1). Rate studies of coupling and racemization confirmed that 1 has a high coupling
efficiency (k c o u p =3.2x IO"2 M"1 s-' with H-Val-OMe in THF at 22°C) under
the conditions required for solution and SPPS. The particular stability shown
by the pentafluorophenyl ester of 1 to racemization (no change in optical rotation
after 144 h, 7 X excess triethylamine, 22°C, THF) is consistent with previous
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»-\X=« J=!=L. H X ^

. J W ^

*at*r

FJ#. i. Formation of Boc-Dmt-OH.
literature reports that showed thiazolidines to resist racemization [3]. Boc-Dmtpeptides can be converted to Cys(Scm)-peptides with or without prior Boc cleavage
by any of the three different pathways shown in Scheme 2.
Boc-Dmt-OH has been used as the temporary protection for each cysteine
in the 4 + 4 acyl transfer and thiol capture preparation of the Scm-activated
C-terminal octapeptide fragment of BPTI (51-58), H-Cys(Scm)-Met-Arg-ThrCys(Dnp)-Gly-Gly-Ala-OH (Dnp = 2,4-dinitrophenyl), fully demonstrating the
ability of 1 to be compatible with each of the steps in the thiol capture cycle.
Our synthesis of the Scm-activated ColEl ROP fragment (52-63), H-Cys(Scm)Leu-Ala-Arg-Phe-Gly-Asp-Asp-Gly-Glu-Asn-Leu-OH, also used 1 as temporary
cysteine protection.
Reversible thiazolidine formation at amino-terminal cysteines offers a potential
route to a thiol capture strategy of semisynthesis. For peptide or protein fragments
containing multiple cysteine residues, the amino terminal cysteine can be reversibly
blocked as a thiazolidine. Masking of the internal thiols followed by hydrolysis
of the thiazolidine, and conversion to the Scm-activated peptide provides a
semisynthetic fragment that can be coupled through the thiol capture method.
Work toward realizing this goal is under investigation.

0^N^%

Peptid

>v
H
I

0

ft

"

H +^r

V

H

Pepti«e

>v

' V / " N
SH

^

V

SScm

Scheme 2. Conversion of the Boc-Dmt-peptides into Cys(Scm)-peptides.
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Fluorenylmethyl-based side-chain protecting groups:
Towards a new strategy of peptide synthesis
F. Albericio, J. Rizo, E. Nicolas, M. Ruiz-Gayo, F. Cardenas, C. Carreiio,
D. Andreu, E. Pedroso and E. Giralt
Department of Organic Chemistry, University of Barcelona, E-08028 Barcelona, Spain

Introduction
Synthesis of peptides requires a protection scheme with three different classes
of protecting groups: temporary protecting groups for the a-amino function
and two types of permanent protecting groups, one for the side chains and
the other for the carboxyl group of the C-terminal residue, which in SPPS links
the growing peptide chain to the support. Thus, the most efficient protection
scheme should contain the maximum degree of chemoselectivity between these
three classes of protecting groups. In this paper, we describe a new orthogonal
strategy [1] of peptide synthesis based on fluorenylmethyl (Fm)-type groups for
side-chain protection and the Boc group for the a-amino function. These two
protecting groups, and with the photocleavable o-nitrobenzamidobenzyl (Nbb)resin [2], exhibit three independent dimensions of orthogonality.
Results and Discussion
(1) Synthesis and stability of protected amino acids
H-Lys(Fmoc)-OH was prepared by reaction of Fmoc-azide with the Cu(II)
complex of lysine, followed by destruction of this complex with EDTA. However,
this method fails for other amino acids due to the poor solubility of the complexes.
For aspartic and glutamic acids, we have investigated the method described
by Nefkens and Zwanenburg [3], for dual protection, and thus, the corresponding
/?,/?-boroxazolidones have been prepared from the amino acids and triethyl borane
in refluxing THF. The resulting complexes were not isolated and were allowed
to react with fluorenylmethanol (FmOH) in presence of catalytic amounts of
DMAP. The <u-fluorenylmethyl esters of Asp and Glu were isolated as the
hydrochlorides after bubbling hydrogen chloride through the solutions of the
crude reactions. H-Cys(Fm)-OH was obtained by reaction of FmO-tosylate with
cysteine in presence of DIEA. The introduction of the Boc group was carried
out, by using 2-rerr-butyloxycarbonyloxy-amino-2-phenylacetonitrile (Boc-ON).
These Fm-based protecting groups are stable to the conditions used for the
elongation of the peptide chain in SPPS (TFA-DCM, 3:7; DIEA-DCM, 1:19).
The cysteine derivative, however, is completely stable to anhydrous HF. Likewise,
all these groups can be removed by piperidine solutions, although the cysteine
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derivative requires higher concentrations of piperidine in DMF (1:1), and longer
reaction time (2 h). Tetrabutylammonium fluoride can also remove, in a few
minutes, the Fmoc group of the a-amino and the Fm carboxylic protecting
groups, but not the corresponding of the e-amino of lysine nor of the thiol
of cysteine. Cleavage of Fm of cysteine in the presence of thiols (/?-mercaptoethanol or DTT) leads to free cysteine, whereas, in their absence, the cystine
is formed directly. Finally, Cys(Fm) is stable to I 2 -DMF (1:19) and B-mtrcaptoethanol-DMF (1:19), implying that Fm protection for cysteine is orthogonal
with Acm and S-tBu, thus, in principle, allowing selective formation of disulfide
bridges.
(2) Orthogonal solid-phase peptide synthesis
Boc-Val-Lys(Fmoc)-Asp(OFm)-Gly-OCH2-Nbb-resin was chosen as a model
to demonstrate the feasibility of this strategy. Assembling of amino acids was
carried out by a standard procedure [2]. Photolysis of the peptide-resin gave
Boc-Val-Lys(Fmoc)-Asp(OFm)-Gly-OH (I), which-was > 9 0 % pure by HPLC.
To obtain the completely free peptide, two routes were tested. Thus, I was
successively treated with TFA-DCM (1:1) for 10 min and piperidine-DMF (1:1)
for 1 h. After extractions with CHC13, H-Val-Lys-Asp-Gly-OH was obtained
with an excellent degree of purity as judged by HPLC. Alternatively, this peptide
was also obtained with a comparable degree of purity by interchanging the order
of treatments: first piperidine, and then TFA. All these peptides were characterized
by AAA and NMR at 200 MHz.
(3) Convergent solid-phase peptide synthesis
One of the main problems associated with this strategy is the purification
of the protected peptides due to their poor solubility. An alternative can be
the selective deprotection of the side chains of Lys or Asp/Glu in order to
enhance solubility, followed by the purification and reprotection before coupling
to the growing peptide-resin. Thus, Boc-Val-Ala-Leu-Leu-Lys(Fmoc)-Ala-LeuTyr(Dcb)-Gly-OH, synthesized on a Nbb-resin, was treated with piperidine-DMF
(1:1), and the resulting peptide (>90% pure by HPLC) was easily purified using
a reversed-phase preparative column eluting with H 2 0-MeOH mixtures. Finally,
reaction of the purified peptide with ethyl trifluoroacetate led to the corresponding
trifluoroacetyl peptide.
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Introduction
Fmoc amino acid chlorides (FAAC) have been applied in the case of rapid,
racemization-free coupling in the two-phase system CHCl 3 /Na 2 C0 3 [1,2]. Initial
studies involving the use of amino acid chlorides in SPPS demonstrated that,
with equimolar amounts of tertiary amines, the coupling reactions proceed
relatively slowly, and racemization occurs when an excess of amine is used [3].
However, very fast and racemization-free couplings were achieved in the presence
of pivalic acid/triethylamine mixtures [3]. In this communication we report the
effect of related salts on solid-phase coupling reactions.
Results and Discussion
Table IA demonstrates the remarkable effect of binary salts on such coupling
reactions, with the combination HOBt/DIEA being most appropriate as both
Table 1 Speed of coupling reactions of Fmoc-AA-chlorides (A) and Fmoc-AA-OPfp esters
(B) in the presence of various t-amines and N-hydroxy compounds
Base (equiv.)

A^-hydroxy
compound

Coupling time
(min)

Extent of
coupling

Racemization

(%)

(%)
A

B

Pyridine ( 4)
Pyridine (40)
DIEA (4)
TEA
DIEA
DIEA
DIEA
DIEA

_
DIEA

a
b
c

HOBt
HONSu
Af-OH-Phthalimide
HOOBt
HOBt
HOBt
HOBt

10
10
10
5
3
3
3
2
3
3

62a-c
100c
90a
100c
15
20a
100a
100a'c
37b
100"

<0.1
1.4

<0.1
_
_
<0.1
_
0.1

Fmoc-Val-Cl + H-Leu-Pepsyn-KA, 4 equiv. of acylating agent (0.1 M) and 4 equiv.
of binary salt or t-amine alone in DMF.
Fmoc-Ile-OPfp + H-Ile-PepSyn-KA.
Fmoc-Phe-Cl + H-Phe-Gly-OCH2CO-BHA, 3 equiv. of acylating agent (0.18 M/DCM).
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catalyst and HC1 acceptor. Other A^-hydroxy compounds, such as HONSu and
N-hydroxyphthalimide, are less effective in combination with DIEA, whereas
HOOBt is of nearly the same activity. The bases investigated so far (TEA, NMM
and DIEA) are equally effective, although DIEA is superior in preventing possible
premature liberation of the Fmoc group (no deblocking of Fmoc-Ile-resin in
the presence of HOBt/DIEA within 4 h). All couplings carried out in the presence
of the salts listed in Table IA took place without any racemization, as shown
by gas chromatography or HPLC. Also, anchoring to hydroxymethyl resins via
FAAC results in racemization-free coupling in the presence of these additives
(so far investigated for Ala, Phe, Leu). HOBt/DIEA also remarkably catalyzes
the aminolysis of Fmoc amino acid pentafluorophenyl esters as demonstrated
in Table IB. However, Fmoc-Asn-OPfp and Fmoc-Gln-OPfp rapidly decompose
in solutions of HOBt/DIEA in DMF. (For the more than ten-fold enhancement
of the reaction rate of 2,4,5-tri-chlorophenylesters by the potassium salt of HOBt,
see [4]).
Table 2 Efficiency of Fmoc-Val-Cl couplings in comparison with other methods*
Fmoc-Val-X
(0.1 mmol)
X

Coupling reagent
(mmol)

HOBt
(mmol)

DIEA
(mmol)

Yield
(%)

OH
OH
OH
OPfp
OBtb
Cl

BOP/0.1
BOP/0.1
TBTU/0.1
BOP/0.1
-

_
0.1
0.1
0.1

0.25
0.25
0.25
0.1
0.25
0.1

83
78
79
81
88
96

a

Addition of coupling reagent or activated Fmoc-Val-X to a solution (2 ml DCM/
DMF 1:1) of all other components using 100 mg MBHA-resin, 3 min (p-methylbenzhydrylamine, PS/1 % DVB, 0.55 mmol/g), reaction at ambient temperature for 3 min,
washing with DMF and DCM with UV determination (301 nm) of Fmoc-incorporation
(treatment with 20% Pip/DMF, 15 min).
b
This experiment was performed by treatment of Fmoc-Val-OH with BOP/DIEA for
15 min at ambient temperature.
In Table 2, the coupling rates of Fmoc amino acid chlorides and pentafluorophenyl esters are compared with BOP- and TBTU-mediated couplings.
The acid-chloride method gave the highest Fmoc-Val incorporation, demonstrating the high reactivity of acid chlorides with amino groups and/or with
HOBt. To prove the utility of this novel method, we synthesized several shortand medium-sized peptides, either exclusively using FAAC, or in combination
with pentafluorophenyl esters using both polystyrene and polyacrylamide resins
Leu-enkephalin, Substance P analogs, ACP(65-74), Prothrombin(l-9). In most
cases the crude peptides were of good purity. The synthesis of Leu-enkephalin
on Pepsyn KA-resin was carried out using the Pepsynthesizer (Milligen 9050)
with a cycle time of 20 min, thus demonstrating the usefulness of Fmoc amino
acid chlorides as highly reactive, inexpensive reagents in automated SPPS.
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New approaches to prevention of side reactions in Fmoc
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Introduction
For the majority of Fmoc amino acids, several different loading protocols
utilizing PSA have been found effective (reviewed in [1]). Certain amino acids
are more problematic to load, such as Fmoc-Pro, Fmoc-Arg(Mtr/Pmc), FmocAsn, Fmoc-Gln and Fmoc-His. Fmoc-Pro PSA loads slowly and Fmoc-Arg(Mtr/
Pmc) PSA is not completely stable [2,3]; the formation of PSA results in extensive
racemization of Fmoc-His and side-chain dehydration of Fmoc-Asn or FmocGln (reviewed in [1]). Fmoc-Pro, Fmoc-Arg(Mtr) and Tmob side-chain protected
Fmoc-Asn and Fmoc-Gln are efficiently loaded in situ, using a mixed solvent
system of DCM/DMF/NMP. Fmoc-Gln can also be loaded as an HOBt ester.
DMF was used to keep the amino acid soluble and low temperature was used
to reduce DMAP-induced racemization [4], FABMS showed dehydration of Gin
and dipeptide formation to be negligible. Alternatively, Fmoc-Asp(OH)OtBu
or Fmoc-Glu(OH)OtBu HOBt esters may be loaded to an amide linker [5];
TFA cleavage converts the initial side chain carboxylic acid to an amide (R.L.
Noble, unpublished results). Loading of r-nitrogen protected Fmoc-His (i.e.,
Boc, Trt) as a pentafluorophenyl (Pfp) ester is sluggish, although in situ loading
is extremely efficient. 7r-nitrogen protected Fmoc-His (i.e., Bum) may also be
loaded efficiently in situ using an excess of DMF. Loading results are summarized
in Tables 1 and 2.
A specific concern of Fmoc chemistry is the modification of Trp by arene
sulfonyl groups during TFA deprotection of Arg residues [2,6]. Peptides prepared
to study Trp modification were:
Peptide 1: Fmoc-Cys(Trt)-Pro-Asp(OtBu)-Phe-Gly-His(Trt)-Ile-Ala-Met-Glu(OtBu)-Leu-Ser(tBu)-Val-Arg(Pmc)-Thr(tBu)-Trp-Lys(Boc)-Tyr(tBu)
Peptide 2: X-Arg(Pmc)-X-X-X-Arg(Pmc)-X-Trp-X-X-X-X-Lys(Boc)-NH2
Peptide 3: Fmoc-X-X-X-Trp-X-Trp-X-Trp-Trp-X-Trp-Arg(Mtr/Pmc)Arg(Mtr/Pmc)
Standard cleavage included a 1 h treatment with 82.5% TFA/5% phenol/
5% H 2 0 / 5 % thioanisole/2.5% ethanedithiol (Reagent K) (D. King, personal
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Table 1 Efficiences of loading Fmoc amino acids
Amino acid
Fmoc- Pro
Fmoc- Pro
Fmoc- Arg(Pmc)
Fmoc- Arg(Pmc)
Fmoc- Asn(Tmob)
Fmoc- Gln(Tmob)
Fmoc- Gin
Fmoc- Gin
Fmoc- Asp(OH)OtBu
Fmoc- Glu(OH)OtBu
Fmoc- His(Trt)
Fmoc- His(Boc)OPfp
Fmoc- His(Bum)
Fmoc- His(Bum)
Fmoc- His(Bum)

Resin

Method

% Loading"

HMP
HMP
HMP
HMP
HMP
HMP
HMP
HMP
(DPAM)PM b
(DPAM)PM b
HMP
HMP
HMP
HMP
HMP

1
2
1
2
1
1
3
4
4
4
1
5
4
6
7

95
37
83
52
95
95
88
22
100
100
90
59
26
59
82

a

Quantitated by spectrophotometric analysis of the fulvene-piperidine adduct at 301
nm using e = 7800 M-'-cnr1.
b
(DPAM)PM — 4-(2',4'-dimethoxyphenylaminomethyl)phenoxymethyl.

Table 2 Methodologies for Fmoc amino acid loadings
No.

Solvent
ml/mmol

composition

1

24.8

2
3
4

38.5
40.6
17.0

5
6

38.5
17.0

7

17.0

DCM/NMP/DMF
(50:44:6)
DCM
DCM/DMF (3 :2)
DCM/DMF
(25:75)
DCM
DCM/DMF
(25:75)
DCM/DMF
(25:75)

A.A.
(equiv.)

DCC/DIC
(equiv.)

HOBt
(equiv.)

DMAP
(equiv.)

Time
(h)

4
3
3

4
3
3

3

0.16
3
3

1
4
4

2
3

2
-

2
-

0.16
3

1
6

4

2

-

0.16

1

2

2

-

0.16

1

All reactions proceeded at room temperature, except nos. 2, 3 and 5, which were carried
out at 4°C for the first hour and then at room temperature. Loading by protocol no.
4 to (DPAM)PM required no DMAP.
communication). Products were characterized by HPLC analysis [2], FABMS
and/or Edman sequencing.
Cleavage of peptides 1, 2, or 3 by Reagent K yields one primary product
of the proper composition. Elimination of phenol or replacement of thioanisole
by 3% EMS has little effect on the homology of the cleaved products. Replacement
of H 2 0 with 3% anisole results in a lowered yield of the desired products and
an increased yield of: (i) peptide 1 containing Arg(Pmc), (ii) peptide 2 containing
Lys modified by Pmc, and (iii) peptide 3 extensively Trp modified by either
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Pmc or Mtr. Replacement of EDT with either 1 mg/ml indole or 1% dimethylaminophenol during cleavage of peptide 1 results in heterogeneous product
profiles. The use of 2 mg/ml indole instead of EDT, or TFA cleavage mixtures
containing 2.5% EDT/10 mg/ml kynurenine or 1% EDT/4% H 2 0 does not
prevent Lys modification by Pmc in peptide 2. For peptide 3 cleavage, replacement
of EDT by either 2 mg/ml kynurenine or 2-3 mg/ml indole greatly increases
the amount of Trp modification by Pmc, but reduces Trp modification by Mtr.
Trp modification by Mtr does occur during Reagent K cleavage of peptide 3
when the reaction time is extended to 2 h. Poor results were obtained when
peptides 2 and 3 were cleaved for 4 or 24 h with TFA containing 5-7%
pentamethylbenzene. These studies have shown that H 2 0 is an essential scavenger
for reducing Pmc/Mtr modification of susceptible amino acid residues during
TFA cleavage, and that anisole is not as effective a scavenger as H 2 0 .
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Efficient solid-phase peptide synthesis using an a-amino
deprotecting procedure with methanesulfonic acid
Yoshiaki Kiso, Yoichi Fujiwara, Tooru Kimura, Makoto Yoshida and Kenichi Akaji
Department of Medicinal Chemistry, Kyoto Pharmaceutical University, Yamashina-ku,
Kyoto 607, Japan

Introduction
We reported previously that the methanesulfonic acid (MSA) system (0.5 M
MSA/CH 2 Cl 2 -dioxane (9:1)) was suitable for the removal of N°-Boc groups
in SPPS, and superior to TFA systems in terms of stability of semipermanent
side chain-protecting groups and undesired pyroglutamyl formation form Nterminal glutamine in peptide-resin [1]. Using this MSA deprotection system,
we have developed an efficient peptide synthesis on an acid-stable phenacyl ester
linkage (Pac)-resin [2] cleavable with fluoride ion [3-5].
Results and Discussion
First, we synthesized BK potentiating peptide 5a (BPP5a) from Boc-Pro-Pacresin. In combination with the acid-labile Boc group for N"-protection, amino
acid derivatives bearing protecting groups removable with fluoride ion were
employed, i.e., Boc-Trp(Ppt)-OH [3] (Ppt = diphenylphosphinothioyl) and BocLys(Fmoc)-OH [3,4]. To reduce the termination in the amino acid-Pac-resin
[6], we omitted the base-wash with DIEA and employed BOP [7] or the
new 2-(benzotriazol-1 -ly)oxy-1,3-dimethyl-imidazolidinium hexafluorophosphate
(BOI) [8] as a coupling reagent. In this method, an appropriate amount of DIEA
and BOP or BOI reagent-activated N"-protected amino acid derivatives was added
to the N<*-deprotected peptide-resin, which was masked as its MSA salt. This
in situ neutralization method reduced side reactions such as cyclization, because
the terminal amino group was less exposed as a nucleophile by MSA masking
and the coupling reaction was rapid when using BOP or BOI.
SPPS of BPP5a was achieved at 25°C, and the homogeneous peptide was
obtained in excellent yield (67-68%). Similarly, we successfully synthesized Leuenkephalin (79%) and neuromedin-N (59%). In these syntheses, we employed
a new amino acid derivative bearing a protecting group removable with fluoride
ion, Boc-Tyr(Dpp)-OH, (Dpp = diphenylphosphinyl).
Next, we applied our method to the automated SPPS of porcine brain natriuretic
peptide (pBNP). The fully protected pBNP-resin was assembled from BocTyr(BrZ)-Pam resin (Fig. 1) and treated with HF in the presence of m-cresol
and dimethylsulfide at 0°C for 60 min to deprotect the protecting groups except
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Boc-Tyr-O-CH;,-/

VcH2-COOH + N^-CH;,-/

^—(§)

|
BrZ

^_>^

Boc-Tyr-0-CH2-^

'

o

V-CH2-C-NH-CH2-/

/ =

.

\—®

for each amino acid
i) 0.5M MSA In CH 2 CI 2 -dioxane (9:1)
ii) 2% pyridine in CH 2 CI 2
iii) BOP reagent, Boc-amino acid, and
diisopropylethylamine in DMF-CH2CI2
iv) 0.3M ACjO in DMF-CH2CI2
OcHex Bzl
Tacm
Tos Tos
OcHex Tos
Bzl
Bzl
I
'
•
I
I
I
I
•
•
Boc — Asp — Ser — Gly-Cys — P h e - G l y - A r g — Arg — Leu-Asp — Arg-lie-Gly—Ser—Leu—Ser-Gly —
Tacm

Tos

Tos

BrZ

Leu —Gly — C y s - A s n - V a l - L e u - A r g - A r g — T y r - 0 - C H 2 - ^

O
VCHJ-C-NH-CHJ-^

V ®

(Protected porcine BNP-resin)
Fig. 1.

SPPS of porcine BNP.

for the .S-trimethylacetamidomethyl(Tacm) [9] group. The crude [Cys(Tacm) 4 - 20 ]p B N P was purified and then treated with iodine to form a disulfide bond as
described previously [9]. The synthetic p B N P was obtained in 10% yield.
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Facile synthesis of peptides having C-terminal asparagine
and glutamine by Fmoc-based solid-phase peptide synthesis
Gerhard Breipohl", Jochen Knollea and Werner Stiiberb
"Hoechst AG, Postfach 800320, D-6230Frankfurt am Main 80, F.R.G.
b
Behringwerke, Postfach 1140, D-3550Marburg 1, F.R.G.

Introduction
SPPS of peptides having C-terminal Asn and Gin has always been troublesome,
especially with Fmoc-based chemistry, because the carboxamide function of the
lateral chain gives rise to side reactions. Among these, dehydration to the cyano
group or formation of imides are predominant [1].
Side reactions of this type can be avoided if a protecting group (e.g., Mbh)
is used. A major problem, however, is the coupling [2] of the protected FmocAsn(Mbh)-OH or Fmoc-Gln(Mbh)-OH to the/7-alkoxybenzylalcohol type of resin
normally used in Fmoc-based SPPS. The sterical hindrance of the side-chain
protecting group requires large excess of amino acid and special reaction
conditions.
Results and Discussion
Based on our work in the development of new linkers [3,4] for the preparation
of peptide amides by Fmoc-based SPPS, we found a very simple solution to
these problems by using our acid-sensitive handle for peptide amides as the
protecting group for the amide function of the side chain in asparagine and
glutamine.
COOtBu

I
Fmoc-NH-ChHCH^-CONH

CH2CH2-CONH C H - ( p )

0

^^Q^-O^ ™
/
H3CO

1

This special type of linker (1) then releases, upon treatment with TFA, Fmocasparagine or Fmoc-glutamine or the corresponding peptides. Synthesis of a
resin with these properties is easily achieved by anchoring Fmoc-Asp-OtBu or
Fmoc-Glu-OtBu with their side chain to a resin functionalized with our TMBPA
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amide linker by standard Fmoc-protocol, e.g., by DIC/HOBt. Thus, peptides
were synthesized according to our usual protocol with in situ preactivated amino
acids or preformed HOBt esters.
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Synthesis of conformationally constrained phenylalanines
and their incorporation into tachykinins
G. Chassaing, H. Josien and S. Lavielle
Laboratoire de Chimie Organique Biologique, CNRS UA 493, Universite Paris VI,
4 place Jussieu, F-75005 Paris, France

Introduction
Structure-activity relationship and NMR analysis of SP and SP analogs (cyclic
peptides, A^-methylated amino acids or proline-containing peptides) led us to
propose a model for the bioactive conformation of NK-1 agonists [1]. In order
to determine the side-chain orientation (tg+, gg or tg-) of the Phe7 and Phe8
in the hydrophobic pocket of NK-1 type receptor, five conformationally constrained phenylalanines were introduced in the sequence of SP.
Results and Discussion
The syntheses of fluorenylglycine (Fig), diphenylalanine (Dpa) and indenylglycine (Ing) were based on the alkylation of the Schiff base of the ethyl glycinate
[2] [(C6H5)2-C = N-CH 2 -COOCH 2 CH 3 ] by 9-bromofluorene (yield 80%), bromodiphenylmethane (yield 85%) and 1-bromoindane (yield 60%), respectively.
The two diastereoisomers of Ing were separated by silica gel chromatography.
The corresponding Boc racemic amino acids have been synthesized by classical
methods.
Table 1 Biological potencies of SP analogs on guinea-pig ileum
Arg-Pro-Lys-Pro-Gln-Gln-Phe7-Phe8-Gly-Leu-Met-NH2
Substitution
in position 7

EC50 (nM)

R.A. (%)

Substitution
in position 8

EC 50 (nM)

[L-Dpa7]SP
[D-Dpa7]SP
[L-Flg7]SP
[D-Flg7]SP
[L-Tiq7]SP
[Ac-Dic 7 ]SP(7-ll)

70
1800
n.d.
n.d.
80
5000

1.1
0.04
0.9
0.01

[L-Dpa8]SP
[D-Dpa8]SP
[L-Flg8]SP
[D-Flg8]SP
[L-Tiq8]SP
SP

5.8
44
1.9
70
25
0.75

R.A.
(%)
13
1.7
40
1.1
3
100

The L-2,3-dihydroindole-2-carboxylic acid (Die) and the L-l,2,3,4-tetrahydroisoquinoleic-3-carboxylic acid (Tiq) have been prepared according to the literature
[3,4].
Peptide syntheses were carried out manually, starting from MBHAR. The
crude peptides were purified by low-pressure RPC. The D-diastereoisomer analogs
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of SP have been tentatively assigned on the basis of their HPLC retention times
and their biological activities.
The hydrophobic pocket of NK-1 receptor recognizes both tg~ and tg+ rotamers
of the Phe8, whereas it accepts either tg_ or tg+ rotamer of Phe7.
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Asymmetric synthesis of unusual amino acids: Synthesis of
Tyr and Phe analogs
Ramalinga Dharanipragada, K.C. Russell, Ernesto Nicolas, Geza Toth and
Victor J. Hruby
Department of Chemistry, University of Arizona, Tucson, AZ 85721, U.S.A.

Introduction
Substitution of the diastereotopic /3-hydrogens of many a-amino acids provides,
in principle, an approach to topographic control of peptide structure. Asymmetric
synthesis of the desired amino acids is needed to facilitate these studies. We
have succeeded in extending the chiral imide enolate bromination methodology
[1] to the successful synthesis of all the four individual isomers of jS-methylphenylalanine in very high enantiomeric purities.
Results and Discussion
Commercially available racemic 3-phenylbutyric acid was resolved [2] into
its optical isomers via fractional crystallization of the diastereomeric salts formed
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Scheme 1. Asymmetric synthesis of Phe analogs.
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with (S)-(-)-methylbenzylamine. The (S)-(+)-acid, thus obtained, was treated with
pivaloyl chloride to give the mixed anhydride 1 (Scheme 1). Acylation of the
anhydride 1 with lithiated chiral auxiliary derived from L-Phe gave the N-acyl
oxazolidinone 2. Treatment of 2 with a 1 M solution of dibutylborontriflate
in DCM at 0°C gave boron enolate 3. Diastereoselective bromination of 3 was
followed by SN2 displacement to give the a-azidocarboximide 4. Diastereoisomeric
purity of 4 was > 99% as judged by >H NMR. Removal of chiral auxiliary and
reduction of the resulting azido acid 5 by transfer hydrogenation with ammonium
formate gave (2R.3R) /J-methylphenylalanine. Starting with (R)-(-)-3-phenylbutyric acid, and utilizing the same chiral auxiliary, gave (2R,3S) /?-methylphenylalanine. The other two isomers, i.e., (2S,3S) and (2S,3R) j8-methylphenylalanine,
were obtained utilizing the chiral auxiliary derived from D-Phe. Similar strategies
were utilized for the synthesis of /3-methyltyrosine analogs (Scheme 2).
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Scheme 2. Asymmetric synthesis of Tyr analogs.
In conclusion, we have found that extension of the chiral imide enolate
bromination methodology [1] allows convenient access to optically pure isomers
of /8-methylphenylalanine and /8-methyltyrosine.
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Preparation of carboalkoxyalkylphenylalanine derivatives
from tyrosine
Jefferson W. Tilley, Ramakanth Sarabu, Rolf Wagner and Kathleen Mulkerins
Roche Research Center, Hoffmann LaRoche Inc., Nutley, NJ 07110, U.S.A.

Introduction
Tyrosine phosphorylation by tyrosine kinases represents an important control
point for cell growth and differentiation [1]. In addition, a number of neurohormones and secretory peptides such as gastrin [2], cholecystokinin [3],
fibronectin [4], and leucosulfakinin [5] contain a sulfated tyrosine that is necessary
for expression of their biological activity. In view of the ionic character and
instability of tyrosine phosphates and sulfates, it would be of interest to have
access to analogs incorporating less polar and more stable mimics of these groups
for SAR. As part of an effort to address the stability problem, recent reports
have described methods for the preparation of phosphono- [6], phosphonomethyl[6] and sulphomethylphenylalanine [7] derivatives. In our own work, we have
considered the possibility that tyrosine phosphates and sulfates might be
productively substituted by carboxylalkylphenylalanines. Thus, we have developed procedures for the conversion of suitably protected tyrosine derivatives
to the corresponding carboalkoxyalkylphenylalanines.
Results and Discussion
For the preparation of carboalkoxymethylphenylalanines (5, n = 1), the tyrosine
triflate derivative 1 is coupled with allyltributyl tin in the presence of (Ph3P)2PdCl2
and lithium chloride to give an allylphenylalanine 2. The allyl moiety is then
subjected to a two-stage oxidation using ruthenium tetroxide/sodium periodate
followed by sodium chlorite in phosphate buffer to give the acid 3. Appropriate
esterification of the newly formed carboxylic acid and selective deesteriftcation
then completes the synthesis of 5, n = 1.
For the synthesis of carboalkoxyethylphenylalanines (5, n — 2), palladiumcatalyzed coupling of 1 is effected with an appropriate acrylate ester or preferably
a 2-trialkylstannylacrylate, to give the phenylalanineacrylate 4. Hydrogenation
of this material over palladium on carbon serves to simultaneously reduce the
double bond and cleave the benzyl ester to afford 5, n = 2. To ascertain whether
racemization occurred during these transformations, the end-products were
hydrolyzed, esterified with isopropanol and acylated with perfluoropropanoic
anhydride prior to gas chromatographic analysis on a Chirasil-Val chiral column
[8]. Employing conditions under which a racemic mixture gave two peaks of
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.CHJCOJH

OSO3CF;

(CHj)„C02R'

Scheme 1.
equal area, compounds 3 and 5 were determined to be >96.5% enantiomerically
pure. Since 1-2% racemization typically occurs during the hydrolysis procedure,
it is apparent that the synthetic steps proceed with minimal racemization.
The chemical approaches outlined above provide a general entry to protected
phenylalanine derivatives for use in the SPPS bearing carboxyalkylphenylalanines
in the place of tyrosine phosphates and sulfates. Minor modifications to these
procedures should permit the synthesis of intermediates with suitable carboxylprotecting groups to accommodate various peptide synthetic strategies.
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Stereoselective synthesis of {IS, 32?)-7V-(Boc)- [3-2H]
[4-13C]valine via regioselective opening of a chiral epoxide
Joseph P. Meara and Daniel H. Rich
School of Pharmacy, University of Wisconsin at Madison, 425 N. Charter St.,
Madison, WI53706, U.S.A.

Introduction
Isotope-edited 2D NMR has recently been used to probe the conformation
of an enzyme-inhibitor complex [1]. Isotope editing of NOESY spectra allows
only NOEs arising from the protons attached to the labeled heteronucleus (e.g.
13
C or 15N) to be observed, thus greatly simplifying spectral interpretation.
Deuterium labeling is used to help confirm NOE assignments by their presence
or absence in the isotope-edited spectra. In order to apply this technique to
inhibitors bound to aspartic proteinases, we have developed a stereoselective
synthesis for a series of chirally-labeled 13C and 13 C/D valine derivatives for
incorporation into pepstatin analogs. Here, we present a route for (2S,3R)-N(Boc)-[4-13C][3-2H]valine employing the Sharpless epoxidation to set the stereochemistry at what will become the a and B carbons of the labeled amino
acid [2].
Results and Discussion
The synthesis (Scheme 1) commences with the LAH reduction of 2-butynel-ol (1), followed by D 2 0 quenching to give the C-3 and O-deuterated transcrotyl alcohol. The deteroxy deuteron was exchanged with hydrogen by passing
it through a short silica gel flash column (yield 2, 68%), because otherwise the
alcohol gave poor results in the subsequent two reactions. Catalytic Sharpless
epoxidation [3] of 2 was followed by in situ derivatization of the resulting epoxy
alcohol by triphenylmethyl chloride to afford deuterated 3 in 52% yield [4].
The unlabeled material was obtained in 58-60% yield. The triphenylmethyl group
directs the subsequent ring opening to C-3, greatly simplifies isolation of the
epoxy alcohol, and allows for enantiomeric enrichment to > 9 5 % e.e. via simple
recrystallization.
Unlabeled 3 was converted to 4 in 73-77% yield using two equivalents each
of (CH 3 ) 2 CuLi (from halide-free methyl lithium) and B F 3 E t 2 0 at -78°C. However,
the use of methyl lithium containing a full equivalent of Lil resulted in a substantial
amount (35%) of the iodohydrin, but only 40% of the desired product, 4. Hence,
[13C]-methyl lithium will be made from [13C]-chloromethane [5] rather than [13C]iodomethane, to avoid this problem. (This work is currently in progress.)
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Scheme 1. X= 1 and Y= 12 in the unlabeled series. X=2 and 7 = 13 in the labeled series.
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The monoprotected diol 4 was converted to the mesylate (2 equiv. MsCl,
2 equiv. TEA) and deprotected (p-TsOH (cat.), MeOH) in 81% yield to give
alcohol 5. The azide 6 was obtained in 69% from 5 by refluxing overnight with
4 equiv. tetramethyl-guanidinium azide in a 1:1 solution of dichloromethane/
cyclohexane. Catalytic hydrogenation over 10% Pd-C in the presence of TFA,
and subsequent A^-protection (Boc-ON, TEA, 1:1 dioxane/water) afforded Bocvalinol (7) from 6 in 93% yield. Ru0 4 oxidation under Sharpless conditions
[6] gave A^-Boc-L-valine in 70% yield.
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Synthesis of substituted homoprolines
Robert T. Shuman, Paul L. Ornstein, Jonathan W. Paschal and
Paul D. Gesellchen
Lilly Research Laboratories, Eli Lilly & Company, Indianapolis, IN 46285, U.S.A.

Introduction
New and general routes for the synthesis of unnatural amino acids are of
considerable importance. Syntheses of homoprolines (sometimes called pipecolinic acids, or 2-carboxy-piperidines) have been reported [1-6], but these procedures generally suffer from low overall yields. Many of these procedures involve
a cyclization reaction, cumbersome reaction schemes or chromatographic purifications.
Methods
We now report an improved, general synthesis of substituted homoprolines
(Scheme 1). The key to this synthesis is the selective 2 cyanation of pyridines
and quinolines via the corresponding N-oxide. By using a modification of the
Reissert-Henze reaction, reported by Fife [7], high yields (nearly quantitative)
of 2-cyano-pyridines were obtained. The resulting nitriles were hydrolyzed to
the corresponding pyridine-2-carboxylic acids using 3 N hydrochloric acid and
refluxing for 24 h. Subsequent reduction of the aromatic ring with platinum
oxide in ethanol/water at 60°C and 60 psi of hydrogen in a Parr shaker apparatus
gave the homoprolines in yields [8] of 80-100%. In this fashion 3, 4 and 6substituted homoprolines were generated with good elemental, field desorption
mass spectral and NMR analyses.
Results and Discussion
Several of the homoprolines generated by this procedure were converted to
their corresponding A^-rerr-butyloxycarbonyl (Boc) derivatives in good yields.
When attempts were made to protect the amino group of 5b, the yields were
unacceptably poor (i.e., 1% of Boc-5b was isolated and judged pure by 'H NMR),
presumably due to steric hindrance by the methyl substituent at C6.
The stereochemistry of the disubstituted amino acids 5b, 5c, and 5d was
examined by 'H NMR decoupling and NOE experiments at 500 MHz. Taken
collectively, the data indicate that a cis configuration is present in all three
compounds.
The amino acids generated by this synthetic protocol are racemic (DL-CW)
due to the non-stereoselective nature of the final hydrogenation step [9]. However,
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procedures have been published for the chemical [10] or enzymatic [11] resolution
of DL-a-amino acids. Furthermore, the use of racemic amino acids during peptide
synthesis results in a pair of diastereomeric peptides that often are separable
by RPHPLC techniques [12].
In summary, the present method for the synthesis of substituted homoprolines
allows the ready access to this class of unnatural amino acids. This procedure
uses inexpensive reagents, generally gives high yields and eliminates the need
for chromatographic purifications.
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Solution and solid-phase synthesis of phosphopeptides
relevant to phosphorylase kinase a (PKa) from rabbit
muscle
Fidy Andriamanampisoa, Jean-Michel Lacombe and Andre A. Pavia*
Universite d'Avignon, Laboratoire de Chimie Bioorganique, 33 rue Louis Pasteur,
F-84000 Avignon, France

Introduction
Most of the few chemical syntheses of phosphopeptides reported to date reflect
phosphorylation of the appropriate Ser, Thr or Tyr residue of a preformed peptide
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peptide protecting groups.
*To whom correspondence should be addressed.
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obtained by the standard procedure [1,2]. In one example of SPPS, phosphorylation was performed after completion of the peptide and before its removal
from the resin [3]. In this communication, we wish to report preliminary results
obtained in our search for a suitable, efficient route to synthesizing phosphopeptides in wich phosphorylserine and/or phosphorylthreonine are sequentially
introduced into glycopeptides just as are glycosylserine and glycosylthreonine
residues [4,5].
Results and Discussion
Our first efforts aimed at selecting protecting groups compatible with both
the requirements of peptide synthesis and the lability of Ser/Thr phosphate moiety
due to facile /J-elimination. In that respect, Fmoc protection must be precluded.
Treatment with such mild bases as piperidine or even morpholine resulted in
the removal of phosphate and conversion of serine into dehydroalanine residue.
In the first approach, diphenylphosphorochloridate [Cl-PO(OPh)2] was used
as the phosphorylating reagent. Hydrogenolysis of Z or Bzl protecting groups
had no effect on phenyl protection. Several phosphorylserine (1) and phosphorylthreonine (2) derivatives were prepared as well as two O-phosphorylserinecontaining tripeptides 3 and 4 relevant to isocitrate dehydrogenase (ICDH) from
E. coli and of PKa from rabbit skeletal muscle, respectively. Phenyl and/or
benzyl groups from precursors of compounds 1, 2, 3 and 4 on either peptide
or phosphate moiety, upon hydrogenolysis, were removed without problem.
Ac-NH-CH-COO-CH 3

Ac-NH-CH-COO-CH 3

I

I

CH 2 -OP0 3 H 2
1

I

CH 3 CH-OP0 3 H 2
2

Arg-Leu-Ser-OMe

Arg-Ser-Leu-OMe
CH 2 -OP0 3 H 2
3

Boc-Arg(Z2)-Leu-Ser[OPO(OPh)2]-Ile-Ser-(OBzl)-Thr(OBzl)-OBzl

I
CH 2 OP0 3 H 2
4

5

In contrast, deprotection of the phosphohexapeptide 5 from PKa upon
hydrogenolysis proved unsuccessful. Whatever the experimental conditions were,
deprotection was incomplete, leading to a mixture of partly protected compounds.
In the second approach, phosphorylation was achieved by reacting allyloxycarbonylserine-p-nitrobenzyl ester (Alloc-Ser-0/?NO2Bzl) with A^-diethyl
diterrbutylphosphoramidite [NEt2P(OtBu)2] followed by oxidation from treatment with w-chloroperbenzoic acid to give compound 6 with orthogonal
protecting groups R1, R2, R3.
R 2 -NH-CH-COOR 3

I
CH 2 OPO(OR') 2
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6: R1, /-Bu; R2, Alloc; R3,/>-N02Bzl
7: R', f-Bu; R2, Alloc; R3, H
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Treatment of compound 6 with Zn/AcOH afforded the key compound 7,
which was used in SPPS of compounds 8, 9 and 10 according to the general
scheme reported below for compound 8. Peptide coupling was achieved with
the BOP reagent.
8 Arg-Ser*-Leu-Ile
9 Arg-Leu-Ser*-Ile
10 Arg-Leu-Ser*-Asn

(* = -OP0 3 H 2 )

Structures described in this communication were assigned by >H and 13C NMR
spectroscopy. The presence of a phosphate group was shown by chemical shifts
of both protons (downfield chemical shift for H„- and H^-Ser) and carbons
(downfield chemical shift for C^-Ser and upfield chemical shift for C a -Ser). In
addition H-P and C-P couplings were observed (JH-P, 5-6.5 Hz; JC.P, 5-9.5 Hz)
in all phosphorylated compounds. To our knowledge, this work constitutes the
first SPPS of phosphopeptides involving the sequential incorporation of an
adequately protected phosphoryl serine residue.
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Deprotection of peptides containing Arg(Pmc) and
tryptophan or tyrosine: Elucidation of byproducts
Bernhard Riniker and Albert Hartmann
Pharmaceuticals Division, CIBA-GEIGYLtd., CH-4002 Basle, Switzerland

Introduction
The Fmoc group for N°-protection in SPPS allows the side-chain substituents
and C-terminal bond with the resin to be labile by mild acidolysis. For arginine,
Ramage et al. have recently developed the Pmc group [1,2]. Its lability in TFA
is in good agreement with that of /.-butyl protections and with trityl for Cys,
His [3], and the <o-trityl derivatives of Asn and Gin [4]. We have used Arg(Pmc)
with good success for the synthesis of many peptides. The observation of
byproducts when these contained Trp or Tyr prompted us to examine the cleavage
of Pmc by TFA more closely.
The final product of the cleavage is pentamethylchroman [1], but in anhydrous
solution, a mixed anhydride of TFA and the sulfonic acid 1 must be primarily
formed. Similar compounds have been shown to form sulfones with suitably
activated aromatic hydrocarbons [5,6]. By reaction of the mixed anhydride with
nucleophiles present in the cleavage solution, various byproducts can be formed,
some of which are described in the following.
Results and Discussion
Cleavage of Fmoc-Arg(Pmc)-OH with TFA
Fmoc-Arg(Pmc)-OH (2 g) in 20 ml TFA was evaporated after 8 min at 22°C
and the mixture separated on a Si0 2 column. Besides Fmoc-Arg-OH (200 mg),
1 as Na-salt and 2 (120 mg) were obtained. The free acid 1 is unstable in the
solid state at room temperature. After 3 h, instead of 8 min, 400 mg 3 were
obtained as an isomeric mixture with S0 3 H in positions 2 or 3. With 90% TFA,
only traces of 1 and 2 (120 mg), no 3, were formed (Fig. 1).
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Fig. 1. Byproducts resulting from the cleavage of Fmoc-Arg(Pmc)-OH.
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Formation of byproducts with Trp and Tyr
After 1 h at 30°C Fmoc-Arg(Pmc)-OH (1 g) and Ac-Trp-OH (0.5 g) in 20
ml 100% TFA gave 350 mg 4 and 80 mg of an isomeric mixture with Pmc
in pos. 5 or 6 of indole. In 90% TFA, the yield of these compounds was 2 3 times lower. From Fmoc-Arg(Pmc)-OH (1 g) and Ac-Tyr-OH (0.5 g) in 20 ml
100% TFA, 1 h 30°C, 90 mg 5 and 100 mg 6 were obtained. In 90% TFA,
no 5 and only traces of 6 were found (Fig. 2).

Q
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5

CHXO-NHCH-COOH

Fig. 2. Byproducts resulting from the cleavage of Fmoc-Arg(Pmc)-OH in the presence of
Trp or Tyr.
Synthesis of a model peptide
As a hard test for the utility of the Pmc group, peptide 8a was synthesized
on a polystyrene resin with the Wang linker. Fmoc-AA-OTcp's, HOBt, and
DIEA were used in a 3-fold excess DMA for 1 h. (Fmoc-Arg(Pmc)-OTcp was
obtained crystalline from THF-hexane, m.p. 146°C). The protected, resin-bound
7 was cleaved for 5 min with 100% TFA (a), 95% TFA (b), or TFA-H 2 0ethanedithiol 76:4:20 (c). The peptides were precipitated and treated with the
same solutions for 1 h at 30°C (a) and (b)/or for 2 h (c), again precipitated
and analyzed by LC. (a) 100% TFA produced no 8a, a major peak of 8b, and
several unidentified smaller peaks (LC diagram not shown), (b) The crude product
with 95% TFA contained 8b as the main component, 35% of the desired peptide
8a, and some 8c and 8d (LC, left panel). 8d originated from substitution of
Trp by the Wang linker [7]. (c) With this mixture, 8a was the main component
(62%), and again 8b (28%) and 8c (6%) were present (LC, right panel) (Fig.
3).
Pmc Pmc Pmc Pmc

I

I

I

'
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^-OCHj-/

V ©

TFA
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Ac • Trp - Arg • Atg - Arg - Arg • Val • OH
8a: R - H

1*1
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8 c : R . Pmc In pos. 5 or 6 (mixture)
8 d : R - CHj-C,Hs-OH In pos. 2
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Fig. 3. Structures of model peptide and its byproducts upon TFA cleavage.
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The results demonstrate that, in anhydrous TFA, the Pmc group may be
transferred to the side chains of Trp or Tyr, or give rise to the formation of
sulfonated compounds. Most of these byproducts can be avoided by addition
of water to the cleavage solution. In the presence of Trp, large amounts of
scavengers are needed to obtain maximal suppression of substitution products
by the Pmc residue.
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A facile method for decomposition of amino acid
complexes using dithiocarbamates
Bjarne Due Larsen, Ole Buchardt and Arne Holm
Center for Medical Biotechnology, Chemical Laboratory II, The H. C. 0rsted
Institute, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen, Denmark

Introduction
Alteration of the side chain functional group in amino acids such as lysine,
ornithine or tyrosine is usually done after masking the alfa-amino- and the
carboxyl group with cupric ion which forms a stable chelate.
In order to recover the free amino acid derivative, it is necessary to decompose
the copper complex. Present methods include the use of EDTA [1], KCN [2],
HC1 [1], H2S [3-5], thioacetamide [6] or #,AMialkyl-A^benzoyOthiourea [7],
but they suffer from certain drawbacks, such as toxicity of the reagents,
unsatisfactory yields or long reaction times. Furthermore, they may require
heating in strongly acidic solutions and the CuS formed may be in a colloidal
state.
Results and Discussion
We report a new method for the decomposition of amino acid metal complexes
using A^-diethyl dithiocarbamate (DEDTC), producing an easily removed
copper dithiocarbamate complex within 30 min at room temperature and
affording side-chain substituted amino acids, such as ornithine or lysine in high
yields and purity. The reagent is not destructive in a reductive way, such as
H 2 S, thereby allowing introduction of the trinitrophenyl (TNP) group without
complications.
The copper complexes of H-L-Lys-OH, H-L-Orn-OH, H-L-Lys(Z)-OH, H-LOrn(Z)-OH, H-L-Orn(TNP)-OH, H-L-Lys(TNP)-OH, and of H-L-Orn(Biotinyl)OH were prepared according to known methods [3,8,9] and decomposed using
the following general procedure: DEDTC (20 mmol) was added to a solution
of the amino acid copper complex (2 mmol) in water (200 ml). The reaction
mixture was stirred for 30 min at room temperature, filtered through celite which
was washed with water (the solubility of the product/complex may be increased
by adjusting the pH in the range < 7 with HC1) and the combined filtrate
evaporated to dryness. The crude material was washed with 5x25 ml of
chloroform and the residue was dried over night. In the case of H-L-Lys(Z)OH and H-L-Orn(Z)-OH, the crude material was redissolved in 2 N HC1, and
the product precipitated by adjusting the pH to 7 with ammonia.
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Table 1 Yield and physical constants of amino acid derivatives
Amino acid

Yield (%) Melting point

[a]' 20

1.
2.
3.
4.

90
90
86
91

15.7; (15.1) [7]
18.8a
17.0; (17.4) [7]
26.8"

a
b

H-L-Lys(Z)-OH
H-L-Lys(TNP>OH,HCl
H- L -Orn(Z)-OH
H-L-Orn(TNP)-OH,HCl

250-252; (248-250) [7]
203-204(dec); (198-199) [9]
248-250; (248-250) [7]
234-236 (dec.)

c = 0.5 in acetone/4 N HC1 (1:1).
c = 1.0 in acetone/2 N HC1 (1:1).

D E D T C may be prepared as follows: diethylamine (20.6 ml; 0.2 mol) was
dissolved in pentane (50 ml) and cooled to 0°C. Carbon disulfide (6.1 ml; 0.1
mol) was added very carefully to the stirred solution (heat evolution). The resulting
precipitated D E D T C was collected, washed with pentane (50 ml), and dried
in vacuo. Yield, 19.3 g (87%). M.p. 80-80.5°C (reported: 81-82°C).
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Improved procedures for Na/liquid NH3 deprotection and
ion-exchange chromatography in large scale synthesis of
oxytocin, vasopressin and DDAVP
Luiz Juliano, Regina S.H. Carvalho and Paul Boschcov
Department of Biophysics, Escola Paulista de Medicina, rua Tres de Maio 100,
04044 Sao Paulo-SP, Brazil

Introduction
The removal of benzyl-type and tosyl-protecting groups by Na/liquid NH 3
reduction is particularly useful for large scale procedures in peptide synthesis.
However, its applications are limited by side reactions that are related to the
reaction stoichiometry, nature of protecting groups and amino acid composition.
The classical blue end-point is not necessary for the complete removal of protecting
groups and the undesired side reactions are due to sodium excess [1,2]. In the
present work the optimal conditions for Na/liquid NH 3 reductions, with regard
to the amount of Na and the usefulness of additives (urea or sodium amide),
were determined for deprotection of oxytocin, [Lys8]vasopressin and DDAVP.
Oxytocin, vasopressin and their analogs are usually purified by counter current
distribution, partition and filtration chromatography on Sephadex [3]. A continuous free-flow electrophoresis procedure was described for large scale purification of DDAVP [4]. In order to avoid the concentration and lyophilization
of large volumes of solution during the purification of oxytocin, [Lys8]vasopressin
and DDAVP in batches larger than 20 g, ion-exchange chromatography conditions were developed that allowed concentration, desalting and purification
of the peptides during the same chromatography step.
Results and Discussion
Oxytocin, [Lys8]vasopressin and DDAVP were synthesized by solution methods
in scales of 10-100 g using benzyloxycarbonyl and benzyl protection for amino
and thiol groups, respectively, and tosyl for Lys and Arg side chains. After
deprotection, disulfide-bond formation was accomplished by potassium ferricyanide [5]. Reductions in Na/liquid NH 3 were done in 10-20 g scale using
a convenient all-glass burette, which was designed to introduce gram quantities
of Na, previously dissolved in NH 3 , into the reaction vessel, in a controlled
and quantitative way. The products of the Na/liquid NH 3 reductions were
monitored by HPLC, and the best conditions for the reductions are as follows:
(a) oxytocin: stoichiometry 2 : 1 (Na: protecting group) without blue color endpoint, urea (5 X excess) reduces the amount of side product (Cys-Pro bond
955

L. Juliano, R.S.H. Carvalho and P. Boschcov
cleavage) with significantly increased yield ( > 8 8 % ; (b) [Lys8]vasopressin: stoichiometry 2:1 with persistent blue color, and urea as for oxytocin; (c) DDAVP:
stoichiometry 1.5 : 1 , with persistent blue color with urea having no effect.
Sodium amide in 10-fold molar excess, which is 5 times less than previously
prescribed [6], presented highly deleterious effects, as yields were drastically
decreased - (< 30%), and at least one unidentified peak in HPLC was generated.
Bio-Rex 70, analytical grade, a weakly acidic cation exchange resin with
carboxylic group on a macroreticular acrylic polymer lattice, was used to purify
oxytocin and DDAVP. Carboxymethylcellulose (cellex-CM, Bio-Rad) was used
for the purification of [Lys8]vasopressin. The following conditions were used:
(a) oxytocin and DDAVP: column size 3.8x11 cm, loaded with 5 1 of crude
peptide solution (-1 mM), and washed with 2 1 0.01 M ammonium acetate
(desalting), 2 1 0.1% acetic acid (elution of side product of Na/liquid NH 3
reduction), 4 1 acetic acid (0.3% for oxytocin and 1% for DDAVP) (elution
of 80-90% of monomer, 1 1 50% acetic acid (elution of dimers); (b) Lysvasopressin; column size 3.8x13 cm, washings and elution were the same as
for oxytocin. The flow rate of approximately 3.0 ml/min for all chromatographies
was controlled by gravity. Crude peptide solutions and resins were equilibrated
at pH 5. The purity for the three peptides was higher than 96% by HPLC.
Using a set of 8 columns in a parallel configuration, up to 40 1 of 1 mM oxytocin
were purified in only one run.
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A new side reaction in solid-phase peptide synthesis: Solid
support-dependent alkylation of tryptophan
Paul D. Gesellchen, Robert B. Rothenberger, Douglas E. Dorman,
Jonathan W. Paschal, Thomas K. Elzey and Charles S. Campbell
The Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN 46285, U.S.A.

Introduction
The increasing use of the base-labile Fmoc-protecting group in SPPS has
required the development of new acid-labile polymeric supports (resins). Recently
the use of a 2,4-dimethoxybenzhydrylamine (2,4-DMBHA) resin, 1 (Fig. 1), has
been advocated for the production of peptide amides [1,2]. We used this support
for the Fmoc-aminopentafluorophenylester-mediated synthesis of tetragastrin (HTrp-Met-Asp-Phe-NH2). After removal of the final Fmoc group, the peptide
was cleaved from the support by treatment with TFA in the presence of 4.5%
phenol and 0.5% ethanedithiol for 16 h (as recommended by the supplier of
the resin*. Subsequent RPHPLC analysis indicated that a major (5-10%) side
reaction had occurred during this treatment. Results from 'H NMR decoupling,
NOE, 2D ! H NMR and MS experiments showed that the tryptophan residue
of the tetrapeptide amide had been alkylated at the C-2 position of the indole
ring to give the impurity, 2 (Fig. 1).

(1)

(2)

Fig. 1. Structural formulas of 2,4-DMBHA (1) and compound 2.
Results and Discussion
There is ample precedent for the alkylation of tryptophan residues during
*Rapid Amide™ Resin. Available commercially from E.I. du Pont de Nemours and Co. (Inc.),
Biotechnology Systems Division.
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prolonged treatment with acid; however, these by-products usually arise from
cationic species that are generated from side-chain protecting groups such as
Boc [3-5] or Z(OMe) [6]. In the current study, the solid support (2,4-DMBHA
resin) served as the source of the cationic species that produced the by-product
2, Trp[2'(2,4-DMB)]-Met-Asp-Phe-NH2. The intermolecular nature of this alkylation was shown by isolation of impurity 2, following incubation of purified
tetragastrin with a sample of Fmoc-Phe-(2,4-DMB resin) and TFA. Substitution
of the tryptophan residue by a tyrosine or a histidine residue completely eliminated
the side reaction, and thus verified the specificity for the indole moiety. Masking
the amino group of tryptophan (Fmoc) or moving the tryptophan residue to
the interior of the peptide (e.g., Met-Trp-Asp-Phe-NH2) resulted in a significantly
higher percentage of the 2,4-DMB impurity peptide. Furthermore, if the amino
group was removed completely, the alkylated peptide became the major product.
These data suggest that the alkylation reaction was mediated by a cationic species.
The alkylation reaction could be prevented by protection of the indole nitrogen
of tryptophan with a formyl group. This result suggests that the initial reaction
may be the kinetically controlled alkylation of the indole nitrogen group followed
by rearrangement to the thermodynamically more stable C-2' position.
We cleaved the peptide-resin and generated high levels of pure tetragastrin
with little or none of the 2,4-DMB impurity using standard liquid HF conditions.
The absence of the impurity following the HF reaction may result from the
instability of the Nin-2,4-DMB moiety [5].
Over 50 alternative TFA-based cleavage conditions were examined for the
effect of scavenger on the production of the impurity. One of these procedures
(TFA/thioanisole, 4:1) has been advocated for rapid ( < 3 h) removal of Cterminal phenylalanine peptides from the 2,4-DMBHA resin [2]. However, we
find that these conditions result in incomplete peptide cleavage and also give
high levels of the 2,4-DMB impurity peptide, 2, along with a second major
impurity (not characterized). We recommend the cleavage mixture of T F A / D M S /
EDT/m-cresol (65:25 :5 :5) for routine use. This recommendation is based upon
the 2,4-DMB (and other) impurity levels, the color of the final peptide and
the compatibility of the scavenger mixture with a polystyrene-based resin.
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Side reactions in post-HF workup of peptides having the
unusual Tyr-Trp-Cys sequence: Low-high acidolysis
revisited
Berta Ponsati, Ernest Giralt and David Andreu
Department of Organic Chemistry, University of Barcelona, E-08028 Barcelona, Spain

Introduction
Low-high HF is now widely recognized as a reliable and effective method
of peptide-resin acidolysis and has been adopted by many laboratories for routine
cleavage and deprotection of complex synthetic peptides. The original work [1]
pointed out some complications in the workup of crude Trp-containing peptides.
We wish to describe some recent results which suggest that Trp-Cys is a
particularly troublesome sequence in this respect.
Results and Discussion
The following peptides, related to one of the multigenic families of African
swine fever virus [2] and having in common the unusual Tyr-Trp-Cys sequence
at the C-terminus, were synthesized by solid-phase method on MBHAR:
AGGHLRSTDNPPQEELGYWC-NH 2
LQGFSTDNLLEEELRYWC-NH 2
LVGQLRPTEDPPEEELEYWC-NH 2

[U124-20]
[U104-18]
[VI18-20]

As shown in Fig. IA, low-high HF of V118-20 resin gave a crude of satisfactory
purity (>90% by HPLC) which, after lyophylization, became a complex mixture
from which the original peptide was practically absent. The other two sequences
suffered similar degradation, to an extent unparalleled by any other Trpcontaining peptides in our experience. Purification (RPLC) and analysis (FABMS
and 'H NMR) of these modified peptides allowed their identification as methyl
(M + 14), benzyl (M + 90), bromobenzyl ( M + 169; M + 171) and /?-tolylthiocarbonyl (M+150) substitution products at position 2 of tryptophan. Their
formation was interpreted as resulting from nucleophilic attack by Trp on the
various sulfonium salts derived from Me2S and the different side-chain protecting
groups.
Specific involvement of the Cys residue in the side reaction was demonstrated
by the synthesis of the model peptides Ac-Tyr-Trp-Cys-NH2 and Ac-Tyr-TrpAla-NH 2 . Whereas the former behaved similarly to the previous ones, the latter,
lacking the Cys residue, showed no alteration of its low-high H F crude after
960
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Fig. 1. A: HPLC analysis of crude V118-20 after low-high HF (experimental conditions
as described in Ref. 1). Column: Vydac 218TP54. Elution: linear 5-65% gradient of MeCN
(0.035% TFA) into water (0.045% TFA) over 30 min. B: Same crude after lyophilization
from 10% HOAc.
lyophilization. More specifically, these findings suggested the possibility of
anchimeric assistance from the thiol group of Cys in the Trp substitution reaction,
possibly through one of the mechanisms outlined in Fig. 2. This hypothesis
is further supported by molecular mechanics and AMI calculations for Ac-TyrTrp-Cys, which gave an energy minimum conformation with a hydrogen bond
between the carbonyl oxygen of Tyr and the amide proton of Cys in which
the distance between the thiol and the C-2 of the indole ring is less than 2.6 A.
Finally, we have found two work-up procedures effective in circumventing
this side reaction. In one of them, lyophilization is simply avoided and the crude
peptide (usually in 10% HOAc solution) is loaded onto an RPLC column and
promptly purified. Alternatively, tryptophan (ca. 10 equiv.) is added to the crude
to act as a scavenger during lyophilization.
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Selective cysteine alkylation in unprotected peptides:
A useful tool for peptide side-chain modification
Yat Sun Or*, Richard F. Clark and Jay R. Luly
Abbott Laboratories, Pharmaceutical Products Division, Abbott Park, II60064, U.S.A.

Introduction
One of the first steps toward the optimization of biologically active peptides
is the systematic replacement of individual residues with natural or unnatural
amino acids. The range of substitutions that allows the determination of the
importance of charge, steric bulk, hydrophobicity, aromaticity and chirality at
each position is greatly extended by the use of unnatural amino acids. However,
these studies, which involve the synthesis of unnatural amino acids, are sometimes
rather time-consuming and tedious. We have recently developed an expedient
method that allows modification of the amino acid residue side chain through
selective cysteine alkylation of unprotected peptides. Alkylation of the thiol group
in cysteine has been extensively used in protein modifications [1] and affinity
labeling [2]. Selective alkylation of thiol is possible because of its high reactivity
relative to other protein side chains. Although much of the thiol chemistry applied
to protein derivatization should also be applicable to cysteine in small peptides,
derivatization of cysteine in unprotected peptides has not found widespread
application.
Results and Discussion
In order to test the general applicability of the cysteine alkylation methodology,
an unprotected cysteine-containing peptide possessing several potential competing
nucleophilic functionalities such as amino, hydroxy and carboxyl groups was
chosen as a model peptide. The model tetrapeptide, H-Ser-Lys-Cys-PheOH-2TFA, 1, was synthesized by standard SPPS using Merrifield resin, cleaved
with H F and purified by RPHPLC. All solvents used for the extraction and
purification were saturated with helium to eliminate oxygen. After lyophilization,
the purified tetrapeptide was obtained as white amorphous powder and could
be stored under nitrogen in the freezer for more than six months without any
sign of disulfide formation by RPHPLC analysis.
For a typical alkylation, reaction of unprotected peptide 1 with 1.3 equivalents
of various alkylating agents in saturated ammonia in methanol at 0°C proceeded
cleanly to yield single alkylation products within 1 h, as shown by RPHPLC
analysis. For the less reactive alkylating agent ethyleneimine, a large excess of
*To whom correspondence should be addressed.
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reagent was used in saturated a m m o n i a in D M F at room temperature. In most
cases, acidic, basic, and neutral side chains were introduced by this method
in over 80% yield after isolation of products.

H N

* v^A
V.

0

1

OH

EX

B

Yield. %

C1CH2C02H

CH2C02H

84

CH2=CHC02Me

CHzCfyCOjMe

80

BrCH2Ph

CH2Ph

84

C r k -CH7

CHJCHJNHJ

81

i

The methodology is also applicable to the synthesis of cyclic peptides by
intramolecular cysteine alkylation. Iodoacetyl-Ser-Lys-Cys-Phe-OH-TFA, 3, prepared and purified as described before, was cyclized cleanly to 4 in refluxing
liquid ammonia in 87% yield.
HjN

O. NH | X
V - -*>^ NH
NHj

0

^-^NH

O

1

J*.
I'

NH JL
I

>r~-CM

All the alkylation products were characterized by NMR, FABMS, AAA and
elemental analysis. The indication of selective thiol alkylation was provided by
NMR analysis and further verified by AAA. The methodology of peptide
derivatization through the alkylation of unprotected peptides provides a facile
way of synthesizing a large number of analogs. It is also applicable to the synthesis
of cyclic peptides through intramolecular cysteine alkylation, and provides a
useful alternative to cyclizations that occur through disulfide- or amide bondforming reactions.
References
1.
2.
964

Means, G.E. and Feeney, R.E., Chemical Modifications of Proteins, Holden-Day,
San Francisco, CA, 1971.
Jacoby, W.B. and Wilchek, M., (Eds.) Methods in Enzymology, Vol.46, Academic
Press, New York/London, 1977.

Formation of chirally pure /V-acyl-A^TV-dicyclohexylurea
in DCC-mediated peptide synthesis
Aleksander M. Kolodziejczyk, Marek Slebioda and Zbigniew Wodecki
Department of Organic Chemistry, Technical University of Gdansk, 80-952 Gdansk, Poland

Introduction
Because of our interest in the mechanism of activation of amino acids by
DCC as it relates to optical integrity, we have studied the formation of chirally
pure A7-acyl-A/,AP-dicyclohexylurea in DCC-mediated peptide synthesis.
Results and Discussion
Utilizing HPLC on chiral stationary phases, we found that the A-acylureas
4 preserved their chiral integrity, although the peptides formed simultaneously
R
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I

0=C-0H
+
C„H„-N=C-N-C,H„

1
2

O-OO
•
I
C,H„-NH-C-N-CaH„

i

1

symmetrical anhydride, 5

peptide, 7

R

I
0 C=0
—X—»
II I
3
CeH„-NH-C-N-C,H„

4

J
5(4H)-oxazolones, 6

Scheme 1. Reaction products of DCC-activated amino acids.
were racemized to a high extent (Table 1). Since the probability of chiral stability
of O-acylisourea is rather low [1,2], the high chiral purity of Af-acylurea 4 indicates
that they are not formed from O-acylisourea 3.
Table 1 Chiral purity ofpeptides and N-acylureas formed in the reaction:
X-L-AA + L-LeuOMe

DCC
„ m ^ „, , »
25°C, 24 h

Peptide (LL + DL) + N-acylurea
%, Contamination of

X-L-AA

Solvent

DL-Peptide

D-Af-acylurea

Bz-Phe
Ac-Leu

THF
dioxane

56.7
28.2

<0.1
<0.1

A new, efficient method (Table 2) for the synthesis of chirally pure A^-acylureas
was found. Its basis is a dropwise addition of A^-protected amino acid or peptide
solution to a boiling solution of DCC. Despite the nature of the A^-protecting
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group (acyl- or urethane type), and the drastic reaction condition, all A^-acylureas
were obtained in high yield and were chirally pure (more than 99.9 %).
boiling
X-AA + DCC

N-acylurea
THF or dioxane

Why is the chiral integrity of acylamino acid residues in A^-acylureas preserved,
while the same residues in peptide moieties are racemized to a high extent?
Table 2 Reaction yields and physicochemical data of some N-acylureas
Af-acylurea

Yield (%)

M.p. (°C)

[a]25(l,EtOH)

Ac-Phe-DCU
Ac-Leu-DCU
Boc-Ala-DCU
Z-Val-DCU
Z-Gly-Phe-DCU

78
92
76
93
85

60- 61
130-132
135-137
127-128
148-152

+
+
+
+
+

67.0
53.0
32.4
49.0
2.7

In our opinion it is very likely that the carboxyl group activation by DCC
begins as a 4-center addition, and the formed transient intermediate 8 is converted
to Af-acylurea 4 or O-acylisourea 3. Af-Acylurea is stable, whereas O-acylisourea
undergoes racemization and could be converted to other, less active intermediates
(5, 6), or directly aminolyzed to a peptide 7.
R
0=C-0H

R
1

C,H„-N=C=N-CSH1,
2

0nC-0H
C.H„-N-CMN-C,H„
8

H£!

. 0-acyl i sourea - 5+6+7

•
BH

.N-acylurea
4

^ - - ^ ^

3

Scheme 2. Proposed mechanism of N-acylurea formation.
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Studies on racemization associated with the coupling of
activated hydroxyamino acids
Rene Steinauer, Francis M.F. Chen and N. Leo Benoiton
Department of Biochemistry, University of Ottawa, Ottawa, Ontario, Canada K1H8M5

Introduction
Segment couplings are traditionally done at glycine or proline, which are
residues not subject to chiral inversion. Activation at other residues implies the
possibility of racemization, the extent depending, among others, on the nature
of the side chain. Knowing which residues racemize least would allow one to
plan the points of chain assembly that are likely to generate products with the
lowest content of diastereomers. Limited information on the tendency of different
residues to racemize is available. (See Ref. 1 for a review.) The present study
issued from the work of Kitada and Fugino [2], who reported unusually low
levels of epimerization (1-3% epimer) in the DCC-mediated couplings of BocAsp(OBzl)-Thr-OH with four dipeptide esters (solvent unspecified). Prompted
also by the findings that the DMAP-catalyzed reaction of Bpoc-Thr(Bzl)-OH
with HOCH 2 -anchor-resin showed no epimerization [3], we decided to examine
the chiral lability during coupling of side-chain protected and unprotected
hydroxyamino acids.
Results and Discussion
The stereomutation associated with the couplings of Z-Asp(OBzl)-Thr-OH
and Z-Gly-Xxx(R)-OH with H-Val-OBzl.HCl.NMM, where Xxx = Ser, Thr and
Tyr, and R = H, Bzl and tBu, was examined. Epimeric products were determined
by RPHPLC after deprotection [4]. In contrast with the results of Kitada and
Fugino [2], we found extremely high levels of stereomutation (27-40% epimer
using DCC in DCM; 17-40% epimer using BOP [5] in DMF) (Tables 1 and
2). Moderately lower levels can be expected with BOP if the base is DIEA,
instead of NMM [6,7]. BOP gave cleaner HPLC profiles than DCC. In summary,
we conclude that Af-Protected-Asp(OBzl)-Thr-OH is not exceptionally resistant
to epimerization during coupling, and tyrosine and the two hydroxyamino acid
residues, whether side-chain protected or not, undergo as much stereomutation
when coupled as other residues for which more data have been collected.
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Table 1 Stereomutation of Z-Gly-Xxx(R)-OH during coupling"
Xxx(R)

DCC/DCM

BOP-NMM/DMF

DCC-HOBt/DCM

Ser
Thr
Ser(tBu)
Ser(Bzl)
Thr(Bzl)
Tyr

40.3b
33.1
27.1
34.3
40.4
36.8

26.9
17.3C
23.0
26.6
40.7
30.8

<0.3
<0.15
<0.2
0.8d

a
b
c
d

1.4<»

With H-Val-OBzl.HCl.NMM. %Epimer formed.
Coupling with H-Leu-OBzl.HCl.NMM.
BOP-DIEA/DCM, 2.9%.
Could be due to optically impure starting material.

Table 2 Epimerization of Z-Asp(OBzl)-Thr-OH" during couplingb
DCC/DCM
EDAC/THF
DCC-HOBt/DCM
BOP-NMM/DMF
a
b

26.9%
35.1%
< 1.5%
21.8%

Oil, characterized as dicyclohexylammonium salt, m.p. 137-138°C, [<*]D' + 9.4°
(1, MeOH); C,H,N.
With H-Val-OBzl.HCl.NMM. %epimer formed. HPLC on /xBondapak C18 column (4),
eluted with 0.01 M KH 2 P0 4 , pH 3.2 (96%), MeCN (4%) t(Llx) 8.08 min, t(LDaUoL) 11.75
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Synthesis of a saralasin derivative completely modified at
every amide bond with a methyleneamino isostere
James S. Kaltenbronn, Dana E. DeJohn, James P. Hudspeth,
Christine C. Humblet, Elizabeth A. Lunney, Ernest D. Nicolaides,
Joseph T. Repine, W. Howard Roark and Francis J. Tinney
Parke-Davis Pharmaceutical Research Division, Warner-Lambert Company, Ann Arbor,
MI48105, U.S.A.

Introduction
The reductive amination [1] of amino acid-derived aldehydes to prepare the
methyleneamino isostere, i/r[CH2NH], has been used in both stepwise and
fragment condensations to prepare a saralasin derivative completely modified
at every amide bond.
Methods (Scheme 1)
The requisite aldehydes were prepared by both reductive [2] and oxidation
[3] procedures. Partial racemization occurred in the preparation of Boc-Tyr(OBzl)[CHO]. This aldehyde was elaborated to 1 in which the diastereomers
present could be separated. Partial racemization also occurred in the preparation
of Z-His(Trt)[CHO]. This was converted to 3 in which the diastereomers present
were separated. A reductive amination between all combinations of 2a and 2b
with 4a and 4b gave four diastereomers of 6. Stepwise deprotection gave four
diastereomers of 7, designated as 7a (fast-fast), 7b (fast-slow), 7c (slow-fast),
and 7d (slow-slow).
Results and Discussion
Earlier results from these laboratories [4] showed that angiotensin II (Ang
II) analogs with one or two modifications at the amino-terminus maintained
high potency when tested for their ability to inhibit [125I]Ang II binding to rat
adrenal homogenates, whereas three modifications caused a 34-fold drop in
potency. The completely modified derivatives described here were essentially
inactive. Although molecular modeling showed that 7 could reasonably adopt
conformations compatible with our current Ang II receptor-bound template,
the energy required to overcome the loss of hydrogen bond stabilization and
the dramatic increase in overall flexibility prevented an appropriate association
with the receptor.
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Scheme 1
Z-Sar[CHO] ±+

Z-Sari/r[CH2NZ]Arg(N02)-OCH3

^

Z-Sar#CH 2 NZ]Arg(N0 2 )[CHO]

^

Z-SariA[CH2NZ]Arg(N02)i/r[CH2NZ]Val[CHO]

h

± ^ Z-Sar^[CH 2 NZ]Arg(N0 2 )#CH 2 NZ]Val#CH 2 NZ]Tyr(OBzl)i/«-[CH 2 NZ]IleN(CH 3 )OCH 3
la fast eluting diastereomer
lb slow eluting diastereomer

_l^Z-Sar#CH 2 NZ]Arg(N0 2 MCH 2 NZ]Vali/r[CH 2 NZ]Tyr(OBzl)i/f[CH 2 NZ]Ile[CHO]
2a,b
Z-His(Trt)-N(CH 3 )OCH 3 L^,

Z-His(Trt)[CHO]

_U.Z-His(Trt)i/f[CH 2 N]Proi^[CH 2 NBoc]Ala-0-t-Bu
3a fast eluting diastereomer
3b slow eluting diastereomer
_!_». His(Trt)#CH 2 N]Proi/f[CH 2 NBoc]Ala-0-t-Bu
4a,b
2 + 4 _i^Z-Sari/f[CH 2 NZ]Arg(N0 2 )./r[CH 2 NZ]Val l /r[CH 2 NZ]Tyr(OBzl)i/f[CH 2 NZ]IlelA[CH2NH]His(Trt)^[CH2N]Prol/f[CH2NBoc]Ala-0-t-Bu
6
! ^

a

Sar^[CH2NH]Argl/r[CH2NH]Vali/([CH2NH]Tyr^[CH2NH]Ilei/f[CH2NH]His^[CH2N]Proi/f[CH2NH]Ala
7

(a) Arg(N0 2 )-OCH 3 , NaCNBH 3 , 3A molecular sieves, (b) ZC1. (c) NaOH. (d)
CH 3 NHOCH 3 , DCC, HOBT. (e) LAH. (f) Valinol, NaCNBH 3 , 3A molecular sieves,
(g) C1COCOC1, DMSO. (h) Tyr(OBzl)l/f[CH2NZ]Ile-N(CH3)OCH3, NaCNBH 3 , 3A
molecular sieves, (i) Proi/r[CH2NBoc]Ala-0-t-Bu, NaCNBH 3 , 3A molecular sieves, (j)
H 2 , Pd/C. (k) NaCNBH 3 , 3A molecular sieves. (1) HOAc, H 2 0. (m) HC1 gas in dioxane.
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A novel non-hydrolyzable isostere of the peptide transition
state and a new synthesis of the hydroxy-ethylene isostere
D. Michael Jones", Brenda J. Leckieb, Lennart Svenssonc and Michael Szelke3
"Ferring Research Institute, Southampton University Research Centre, Chilworth,
Southampton SOI 7NP, U.K.
b
MRC Blood Pressure Unit, Western Infirmary, Glasgow Gil 6NT, U.K.
'AB Hassle, S-43183 Mblndal, Sweden

Introduction
In recent years, much attention has been focused on the synthesis of renin
inhibitors as potential antihypertensives [1]. A major strategy in their design
has been to take a partial sequence of angiotensinogen and replace the scissile
bond in the Pi-P'i dipeptide with structures (e.g. the hydroxyethylene isostere
2) that mimic the transition state 1, thereby giving tighter binding to the enzyme
(Fig. 1).
iBu H H

O

HO OH jpr

iBu
-NH"^r"
X
2 X = OH

I

O

TPr
3 X = NH.

Fig. 1. Structure of isosteric replacements.
Results and Discussion
The active site of renin carries a net negative charge on two aspartic acids.
We reasoned that replacing the hydroxy group of 2 by an amino function should
lead to tighter interaction with renin by virtue of electrostatic attraction (e.g.,
see our work on amino statine [7]). We now report the synthesis of the
aminoethylene isostere 3 (Scheme 1). Reductive amination of the keto-isostere
4 [5], followed by protection and separation of the diastereomers gave the required
isostere 5 (proof of stereochemistry will be provided in a separate publication).
4
Boc-NH' > f
,nets,
[J

" V
fp r

lZ_».Boc-NH
(iiUia)

>"
ZNH

>TPr

^

^H-301

Reaction conditions: (i) NH 4 OAc MeOH. NaCNBH 3 ; (ii) ZONSu. CHjClg, EtjN;
(iii) separate diastereomers. Partisil(lll)O0S, 40% MeCN-HgO-0.1% TFA.

Scheme 1.
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Table 1 Structures and biopotencies of analogs of angiotensinogen fragments
Structure
Com(numbering
as
in
human angiotensinogen)
pound
No.
7 8 9 10
11 12 13
H-269 Boc-Phe-His-LeuOHlVal-Ile-His-OH
H-301 Boc-Phe-His-LeuA^-Val-Ile-His-OH

„

IC5o(nM) vs
. . _
. , Ace+

Rpnin+

Ppp<!in+

2.4
6.5

42700
> 107

Potency ratio
R/P

R/ACE

15 000
1.8 XlO 4 6.3X103
10'
> 1.5 XlO 6 1.5 XlO 5

*OH=-CH(OH)-CH2- in place of -CONH-; A =-CH(NH2)-CH2- in place of -CONH-;
+ = human enzyme.
Incorporation of 3 into the human angiotensinogen (8-13) hexapeptide gave
an inhibitor of human renin H-301 with potency comparable to that of the
corresponding hydroxyethylene analog H-269 (Table 1). However, H-301 shows
a hundred times greater selectivity vis-a-vis pepsin and ACE than H-269. This
greater selectivity may be exploited to advantage in the design of novel inhibitors
intended for clinical use.

Jk
Br
Ph ^ ^

0)

6

.A^ 4 ^->^2 Ph (in
X' ^
• Boc-NH' "Y
i
. . . »Tcboc-NH
( i)l V)
OH R2
" '
TBDMSO
4S isomer predominates
.

.
'

„

._ _„

XOoH
a,

._.„..

.^.

" i = 'Bu, -CHj-cydohexyl; R 2 = Me, iPr
Tcboc = CljCXMe^COf^O).

Reaction condition*: (i) Boc-L-Leucinal or Boc-L-cycbhexylalaninal, Mg, THF; (ii) HCI-dioxan. TcbocONSu;
(iii) TBDMS triflate; (iv) Ru0 2 , Nal0 4 , H 2 0 . EtOAc

Scheme 2.
We also report an improved synthesis of the hydroxyethylene isostere which
we introduced in 1981 [2]. Our original synthesis [3] was long and lacked adequate
steric control. Other, more recent syntheses [4] have serious disadvantages, among
them lack of versatility and incompatibility of the protecting groups used for
subsequent incorporation into peptides. Our new synthesis (Scheme 2) begins
with chiral bromides 6 (available by easy resolution from substituted phenylpropionic acids [6]). After Grignard reaction with protected a-amino aldehydes,
followed by protection and separation of the major diastereomer, the phenyl
substituent is degraded to a carboxyl group with Ru0 4 . Overall yields are high
(30-40% from the protected aldehydes) and the route is amenable to scale-up.
Protecting groups were chosen to be suitable for easy incorporation of the isosteres
into peptidic enzyme inhibitors.
Acknowledgements
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Electron density deformation and electrostatic potential in
peptides
Mohamed Souhassou3, Claude Lecomte3, Virginie Pichon-Pesme3,
Nour-Eddine Ghermani", Andre Aubry3, Roland Wiestb, Marie M. Rohmerb,
Marc Benardb and Michel Marraud0
"UA-CNRS-809, University of Nancy I, BP 239, F-54506 Vandoeuvre Cedex, France
b
Laboratoire de Chimie Quantique, Strasbourg, France
'UA-CNRS-494, ENSIC-INPL, BP 451, F-54001 Nancy Cedex, France

Introduction
Chemical modifications of the peptide backbone can induce conformational
and electronic perturbations. In order to estimate the influence of a,/?-dehydrogenation on the electronic distribution in peptides, we have studied Ac-TrpNHMe (Trp) and Ac-A-Phe-NHMe (A-Phe) by low temperature (100 K) Xray diffraction. Several multipole fits to the electron density were applied in
order to get reliable structure factor phases [1-3], and thermal motion was
calculated in terms of rigid group libration [4]. On the basis of the experimental
electronic distribution, calculation of the electrostatic potential is in progress,
giving some interesting preliminary results. Ab initio calculations have been
performed using HF-SCF molecular wave functions [5], and theoretical results
have been compared to the experimental ones.
Results and Discussion
Theoretical and experimental electron density maps are generally in good
agreement (Fig. 1). No difference was found in theoretical maps between the
two peptide groups for both Trp and APhe. The same is true for Trp experimental
maps. Some small but significant differences appear between the two A-Phe
peptide groups for the experimental maps drawn from [3]. The electron density
and the electrostatic potential increase for the C-terminal carbonyl predict a
greater nucleophilicity due to electronic conjugation with the C a = C<9 double
bond. We also observe a shift of the density deformation towards the N-atom
for the N-terminal amide bond. This effect could contribute to explain the
increasing resistance against enzymatic biodegradation for some a,/8-dehydropeptides [6].
Analysis of thermal motion in terms of rigid group libration [4] is explicit
in Table 1, in which the magnitude and axis of the libration mode together
with the rigid groups involved are specified.
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^ffi;

/

—

\

Fig. 1. Dynamic model deformation density maps from [3]for A-Phe: (a) is the N-terminal
peptide link, (b) the C-terminal and (c) is the theoretical map for the C-terminal link.
Table 1 Thermal motion analysis in terms of librational rigid groups
Rigid groups

Libration axis

APhe

Trp

N-terminal amide group
C-terminal amide group
Phenyl or indole ring
Phenyl ring

N-O*

4.4°
3.5°
1.7°
1.5°

6.0°
4.7°
1.7°

c«-c
C°-C^
C° - C - C?
through C#
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Subtle amide bond surrogates: The effect of backbone
thioamides on the physical properties, conformation, and
biological activities of peptides
Leszek Lankiewicz, Douglas B. Sherman and Arno F. Spatola
Department of Chemistry, University of Louisville, Louisville, KY 40292, U.S.A.

Introduction
We and others have been interested in the effects of the thioamide substitution
within the peptide backbone. Thioamides are useful probes for studying the
role of the amide carbonyl because of the decreased electronegativity of sulfur
and its larger covalent radius compared to oxygen. Following the synthesis of
the first examples of cyclic thiopeptides [1], we have extended our efforts to
the area of new linear peptide analogs and enzyme inhibitors. We now report
the synthesis and biological activities of thyrotropin releasing hormone (TRH)
analogs (Fig. 1) that contain a thionated pGlu (or Top) [2] residue, and we
compare these results with those reported by Kruszynski et al. [3] for pGluHis-Pro«/r[CSNH]H.

HN
X

O
O
II
II
CH-C-NH-CH-C-N

^J

Y
II
CH-C-NH 2

CH. k ^

V
I
H

X
X
X
IV: X
II:

=
=
=
=

Y=
0, Y
S, Y
Y=

0
= S
= 0
S

Fig. 1. Structures of TRH and thionated analogs.
Results and Discussion
The thionated analogs shown in Fig. 1 were prepared by solution-phase
methodologies. Top precursors were prepared by two different routes. In the
first, pGlu-O'Bu was thionated using Lawesson's Reagent (LR) in THF at 25°C
for 60 min (94% yield). Following workup, the ester was hydrolyzed by H O /
dioxane (89% yield), and Top-OH was coupled to either His(Dnp)-Pro-NH 2
or His(Dnp)-Prot>[CSNH]H with EDAC/HOBT in 70-80% yield. In the second
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route, pGlu-OTcp was prepared and thionated under identical conditions as
above (74% yield). Top-OTcp was then coupled to the dipeptides listed above
in 85-87% yields. Dnp was removed using mercaptoethanol, and the final peptides
were purified by gel chromatography and RPHPLC. Each compound displayed
the correct molecular ion peak on FABMS, gave correct AAA, and displayed
consistent NMR spectral data. Overall, the yields were « 4 0 % and 41% by the
free acid and active ester routes, respectively.
The physical properties shown in Table 1 confirm the expected lipophilic nature
and characteristic chemical shift values for thioamide analogs. Although preliminary, the biological activity trends suggest the non-essentiality of the two
carbonyl oxygens [3]. Conformational studies in progress should allow for further
analysis of these subtle differences.
Table 1 Properties of thionated TRH analogs
Compound

Retention
time (min)a

TRH
[Pro 3 #CSNH]H]-TRH'J
[Top']-TRH
[Top i ,Pro3i/r[CSNH]H]-TRH

5.17
9.99
9.62
14.59

Thiocarbonyl
13C (ppm)b

Preliminary
biol. activity0

206.25
204.99
205.02, 206.42

100%
«100%
> 100%
< 100%

a

5-35% CH3CN/0.05% TFA, Vydac 4.6x250 mm ODS, flow 1.0 ml/min.
"In DMSO-rf6 at 30°C.
c
TSH-releasing activity in vitro.
d
Prepared according to the procedure in Ref. 3.
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Toward development of peptidomimetics: Diketopiperazine
templates for the Trp-Met segment of CCK-4
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Introduction
CCK elicits a number of actions in mammalian peripheral tissues that are
mediated via the type-A (e.g., pancreas) receptor. In the CNS, the majority
of CCK-binding sites is of the type-B (e.g., cortex) class, which can be
differentiated from type-A by their relative affinities for CCK fragments [1].
CCK has been hypothesized to modulate dopaminergic mechanisms based on
their co-localization in the CNS. Attenuation of striatal dopamine release by
CCK at the type-B receptor suggests that type-B selective compounds may
ameliorate hyperactive dopaminergic states believed to underlie symptoms of
schizophrenia [2]. The development of such a therapeutic agent will require
its penetration into the CNS, but it is unlikely that peripherally administered
CCK-4, a selective type-B ligand, would achieve significant levels in the brain.
We have initiated efforts to design peptidomimetics of CCK-4 to improve the
likelihood of CNS permeability. Restrained analogs of CCK-4 containing a
diketopiperazine (DKP) nucleus were prepared to provide rigid templates for
the eventual design of peptidomimetics.
Results and Discussion
The compounds were prepared by alkylating an amino acid benzyl ester 1
with methyl bromoacetate followed by coupling the Af-alkylated product 2 with
a Z-amino acid. Warming the dipeptide 3 in the presence of palladium and
hydrogen gas effected the deprotection and cyclization to form directly the DKP
4, which was coupled with the C-terminal dipeptide fragment to produce the
final compound. The compounds were evaluated by radioligand binding studies
in the guinea pig pancreas and cortex [3] and calcium mobilization studies in
small cell lung cancer lines [4].
DKP analogs 5a and 6a lacking an R< group interacted poorly with typeA and type-B CCK receptors (Table 1). Introducing an alkyl appendage to the
diastereomer (5b) containing L-Trp produced no improvement. However, using
D-Trp to invert the optical center on the DKP nucleus yielded a potent and
selective type-B ligand 6b. Extending the aliphatic side chain by an additional
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methyl group improved potency (6c, 6d). A critical placement of the aromatic
moiety in space for favorable receptor recognition was suggested by the difference
in potencies exhibited by the 1- versus 2-naphthyl derivatives (6e, 6f).
Additional restraints were incorporated into the Asp-Phe-NH 2 segment of the
DKP-containing tetrapeptide. The dually constrained analogs (6g, 6h, 6i) containing various conformationally restrained Phe replacements were less potent
Table 1 Binding affinities of DKP-based analogs

5a
5b
6a
6b
6c
6d
6e
6f
6g
6h
6i
7

Ri

R2

R3

IC50 nM
Type-B
(cortex)

IC 50 nM
Type-A
(pancreas)

H

Asp-Phe-NH 2
n-Propyl Asp-Phe-NH 2
Asp-Phe-NH 2
Asp-Phe-NH 2
Asp-Phe-NH 2
Asp-Phe-NH 2
Asp-Phe-NH 2
Asp-Phe-NH 2
Asp-(N-Me)Phe-NH2
Asp-Tiq-NH 2 a
Asp-APhe-NH2t
Asp-Phe-NH 2

—
—
3-Indolyl
3-Indolyl
3-Indolyl
3-Indolyl
1-Naphthyl
2-Naphthyl
3-Indolyl
3-Indolyl
3-Indolyl
—

> 10000
> 10000
> 10000
150
36
38
1760
167
204
> 10000
565
1300

> 10000
> 10000
7 200
15 000
13 800
14 500
> 10000
> 10000
14000
> 10000
5000
> 10000

H
n-Propyl
n-Butyl
wo-Butyl
uo-Butyl
wo-Butyl
wo-Butyl
wo-Butyl
ire-Butyl
iso-Butyl

a Tiq = (S)-1,2,3,4-Tetrahydro-3-isoquinolinecarbonyl.
b APhe = Dehydro-Phe.
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than the parent compound. In addition, replacement of the DKP with a more
conformationally restrained hydantoin nucleus produced analog 7 with significantly lower affinity for cortical receptors.
DKP analog 6d was tested in an intracellular calcium mobilization assay of
small cell lung cancer cell lines that express type-B CCK receptors. The DKP
analog was shown to possess full intrinsic activity relative to CCK-8 and CCK4 in stimulating calcium mobilization.
We are currently investigating the possible low-energy conformations adopted
by the DKP-containing portion of our analogs. Identification of such conformations will provide a structural template from which the future design of
peptidomimetics for the Trp-Met segment of CCK-4 will be possible.
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L-2-Thiolhistidine: A tool for the introduction of
conformational constraints in peptides
Linda L. Maggiora, Clark W. Smith, Richard A. Hsi and Dennis E. Epps
The Upjohn Company, Kalamazoo, MI 49001, U.S.A.

Introduction
Conformational features, important for the interaction of peptides with their
target molecule (receptor, enzyme, etc.), can often be" probed through the use
of conformationally constrained peptide analogs. The use of disulfide or thioether
linkages between cysteine side chains is an often-used method to restrict
conformational freedom [1]. A limitation of this method is that the side chain
of the residue being replaced may be important to the biological activity of
the peptide. To the repertoire of amino acids with derivatizable sulfur-containing
side chains, we now offer the L-2-thiolhistidine residue, 1 (HisS). Because the
pK of the imidazole nitrogen of HisS is greater than that of histidine [2], (pK
8.5 vs. pK 6.5), it is a possible surrogate, not only for a protonated histidine
residue, but for a conformationally constrained lysine residue as well.
CH.
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Hr/NvJH
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H 2 N - ^ C 0•>2
2H

H 2 N-^-C0 2 H
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1a

1

Na/NH3
)

a-bromox |ene

I

y

HNAN
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y
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C0 2 H

Results and Discussion
The protected amino acid, 2, was prepared from commercially available 1
by alkylation of the sulfur in Na/NH 3 with a-bromo-/>-xylene. The a-amino
group was subsequently protected with the r-butyloxycarbonyl group. The Na/
NH 3 reaction yielded exclusive derivatization of the sulfur, as determined by
13
C NMR. No alkylation of the a-amino nitrogen or imidazole nitrogen was
detected. Incorporation of 2 into a peptide was accomplished using standard
Boc SPPS with 'BOP reagent' [3] for coupling. Although treatment with H F
to remove the peptide from the resin did not cleave the 4-methylbenzyl protecting
group from the HisS residues, it was successfully removed by treatment with
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sodium in liquid ammonia. The re-alkylation of the HisS residues could then
be accomplished in the same pot by adding the desired bromoalkane directly
to the ammonia solution. If, on the other hand, it is desired to isolate the
completely deprotected peptide, no precautions against oxidation are necessary
because, by analogy with 2-thiolimidazoles, HisS exists predominately in the
thioketo tautomeric state [4]. In fact, HisS does not give a positive Ellman's
test [5], and air oxidation or 1,2-diiodoethane treatment fail to yield disulfidebonded products.
Table 1 Substituted 2-thiohistidine renin inhibitors
Y

NH^N

NH^N

W

A c - N - V-Pro—Ph&-N^C-Phe
H

Cmpd

O

H

¥[CH2NH]Phe-NH2

0

a

X

Y

Kd molar

3

-H

H

1.5 x 10"8

4

-S-CH 3

-S-CH 3

5.9 x 10"7

5

-S-CH 2 CH 2 CH 3

-S-CH 2 CH 2 CH 3

1.3 x 10"7

6

-S-(CH 2 ) 6 -S-

9.2 x 10"7

a
Kd determined by displacement of a fluorescent inhibitor from human renin as detailed
in Ref. 7.

To explore the generality of the alkylation reaction of HisS residues under
high dilution, and to obtain a series of HisS modified inhibitors of the aspartic
acid proteinase, renin, we synthesized several analogs of peptide 3 (See Table
1, 4-6). All of the alkylation reactions were carried out with 0.05 mmol of
peptide in 150 ml of ammonia. For the dimethyl, dipropyl and cyclic hexamethylene peptides, 100,10 and 1.5 equivalents of methylbromide, propylbromide
and 1,6-dibromohexane were used, respectively. Mono-propyl peptide was
produced in about equal quantity to peptide 5, but good yields of 4 and 6
(approximately 80 and 70% by HPLC, respectively) were obtained. The yield
of 6, using only 1.5 equivalents of 1,6-dibromohexane, is evidence for the ease
of intramolecular thioether bond formation in this system.
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The dissociation constants from renin of the inhibitor peptides are listed in
Table 1. The number of methylenes chosen for the bridge in 6 was determined
for an extended conformation of 3, with the His residues oriented on the same
side of the peptide. This conformation was derived with computer-assisted
molecular modeling techniques using dynamics simulations and energy minimization calculations, as described for docking renin inhibitory peptides to a
model of human renin [6]. The magnitude of the decreased renin binding
interactions shown by the 3-7-fold higher Kd values for the cyclic vs. the linear
inhibitors (6 vs. 4 or 5) indicates that the hexamethylene bridge of the peptide
imposes conformations that are allowed, but not preferred, for binding to renin,
as compared to the linear peptides. In itself, the formal replacement of His
by alkyl-HisS caused at least a 10-fold increase in the Kd.
We have demonstrated that L-2-thiolhistidine residues can be used to form
constrained peptide analogs via thioether bridges: No precautions are necessary
to prevent oxidative polymerization of HisS-containing peptides. Conversely,
ring closure cannot be achieved through symmetrical or asymmetrical disulfide
bond formation. The specificity for alkylation of sulfur vs. nitrogen that is
achieved in ammonia as a solvent allows this strategy of cyclization to be applied
to peptides containing amino acid residues with free amino groups.
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A new route to prepare conformationally restricted cyclic
peptides as demonstrated by a potent NK-1 selective
substance P analog
Gerardo Byk3, Erez Gur3, David Halleb, Michael Chorev0, Zvi Selingerb and
Chaim Gilon3'*
"Department of Organic Chemistry, bDepartment of Biological Chemistry and'Department
of Pharmaceutical Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

Introduction
Cyclization of linear peptides is generally used to confer metabolic stability
and to restrict conformation and, thus, alter biological activity. Cyclization is
usually achieved by end-to-end, side-chain-to-side-chain or end-to-side-chain
connection. Recently, we have shown [1] that the tachykinin NK-1 receptor
selective analogs, Ac-Arg-Septide {[Ac-Arg6, Pro 9 ]SP°- n } [2], have predominantly
a type-I ^-conformation in solution. Molecular models of the predominant
conformation have indicated that further conformational restriction could be
imposed on the peptide by cyclization. This cyclization in which Pro is replaced
by N(y-aminopropyl Gly) and the 7-amine is attached to the carboxyl end of
succ-Arg locks the /3-turn conformation. This cyclic SP analog was synthesized
and characterized, and was found to be a highly selective and potent NK-1
agonist.
Results and Discussion
Peptide 1 was synthesized on a MBHA resin using Boc for A7" protection,
Fmoc for side-chain protection of the N (amino propyl)-amino acid and Tos

H s f h r 5 5MH
^"

O

Peptide 1
*To whom correspondence should be addressed.
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for Arg. BOP was used for coupling and for cyclization on the resin after removal
of the Fmoc protecting group. Succinylation was done by succinic anhydride
and DMAP. The cyclic peptide was cleaved from the resin by HF and purified
on semiprep RPHPLC. The pure peptide was characterized by NMR, FABMS
and AAA. Evaluation of biological activity showed that peptide 1 is an NK-1
selective agonist with an IC 50 of 1 x IO"8 M.
Conclusions
Cyclization of peptides via the backbone, as demonstrated in this article, opens
new routes to impose conformational restriction on linear peptides.
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Design and synthesis of peptide ligand for exploration of
the thiol group in opioid receptors
Hiroaki Kodama3, Yasuyuki Shimohigashib, Kaori Soejima3, Teruo Yasunaga3 and
Michio Kondo3
"Department of Chemistry, Faculty of Science and Engineering, Saga University,
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b
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Introduction
Larsen et al. [1] suggested that, in the opioid receptors, there are at least
two different types of thiol groups sensitive to A-ethylmaleimide. The first is
the B-thiol of the cysteine residue of a r subunit in the GTP-binding protein
G ; [2]. A second one has been suggested at or near the ligand binding site
in the receptor protein [3], but no direct evidence for its presence has yet been
reported. In the present study, to locate a thiol group(s) in the receptor protein,
we have designed and synthesized enkephalin analogs containing leucinthiol as
an affinity ligand for opioid receptors.
Results and Discussion
Leucinthiol [4] contains the mercaptomethyl group (-CH2SH) instead of the
carboxyl group of leucine, and its thiol group in the enkephalin molecule was
activated by S-thiomethylation or 5'-3-nitro-2-pyridinesulfenylation (Fig. 1). Both,
Enk-SSCH 3 and Enk-SNpys, have an asymmetric disulfide bond that can react
with free receptor thiol(s) by the thiol-disulfide exchange reaction.
CH3 .CHj
N
CH
CH 2
H-Tyr-D-Ala-G!y-Phe-NH-CH-CH 2 -S-S-CH 3

Enk-SSCH3

CH3 CH3
S
CH
CH 2
N=\
H-Tyr-D-Ala-Gly-Phe-NH-CH-CH 2 -S-S-<d/>

Enk-SNpys

N02

Fig. 1. Chemical structures of thiol-activated enkephalin analogs.
In the assay using the longitudinal muscle of GPI, in which the thiol of G ;
is considered hidden, Enk-SSCH 3 or Enk-SNpys exhibited the activity profile
shown in Fig. 2. Incubation (10 min) of 1 ^M Enk-SSCH 3 or Enk-SNpys with
GPI resulted in continuous stimulation of the /x-receptors even after many
repeated washings. This sustained GPI activity was completely reversed with
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the ^-antagonist naloxone (1 nM), and subsequent washings elicited again the
full activity. This activity was completely eliminated by treatment with 1 mM
DTT (30 min). These results suggest that S-activated enkephalin analogs interact
with the /i-receptors and bind covalently to the receptor protein through the
thiol-disulfide exchange reaction. It appears that such a receptor-thiol is present
at the ligand binding site, a little apart from the naloxone binding site.
washings (>x20)

washings

washings

1 "

W

3

St
u t
t- Si

c <a
o—
U

A
Enk-SNpys

NAL

DTT

10 _6 M

1CT 7 M

icr 3 M

Fig. 2. Activity profiles of Enk-SNpys in the GPI assay.
In the MVD assay, the incubation with 1 /uM Enk-SNpys retained considerable
activity (51%) after washings. This activity varied exactly in the same manner
as seen in GPI. When MVD was pre-treated with Enk-SNpys, DAGO (/^-selective
ligand: H-Tyr-D-Ala-Gly-MePhe-Gly-ol) was 7-10 times less active than in normal
MVD, whereas DADLE (5-selective ligand: H-Tyr-D-Ala-Gly-Phe-D-Leu-OH)
was equally active in both treated and untreated MVD. These results indicate
that Enk-SNpys selectively binds to the /i-binding site in MVD.
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'Pseudo'-polyamino acids: New polypeptide mimetics
Qin-Xin Zhou, Gwendalyn C. Baumann and Joachim Kohn3
Department of Chemistry, Rutgers, The State University of New Jersey,
New Brunswick, NJO8903, U.S.A.

Introduction
In analogy to the term 'pseudopeptide' [1], polyamino acids that contain nonamide backbone linkages may be defined as 'pseudo-polyamino acids'. Such
polymers have been investigated as immunologically active adjuvants [2], and as
implantable biomaterials for drug delivery and other medical applications [3,4].
Results and Discussion
Here we report on our studies of poly-L-serine ester (3), a structural isomer
of conventional poly-L-serine (Fig. 1). Poly(Z-L-serine ester) (2) (Mw = 50000
Da) was synthesized by the ring-opening polymerization of N-Z-serine-/3-lactone
(1) [5], followed by removal of the Z group by hydrogenation.
CH2- -o
Z-NH-CH- -c=o

OH
-0-CH2-CH-C—
NH-Z

(1)

Fig. 1.

(2)

Synthesis of

-0-CH2-CH-C—
I

NH3*
(3)

-NH-CH—C—
(4)

poly-L-serine.

In order to ascertain the optical purity of (2), the polymer was hydrolyzed.
No D-serine was detected in the hydrolysate by GC on a chiral column [6]
(limit of detection: - 0.2%).
Spectroscopic analysis of aqueous solutions of (3) revealed the IR ester peak
at 1759 cm-1 and a CD maximum at 208 nm (Fig. 2). The CD spectra of optically
active polyesters, such as S(-)-poly(a-methyl-a- ethyl-/?-propiolactone) [7], also
exhibit a positive Cotton effect at about 210 nm. Since these polymers are believed
to exist in a random coil conformation, we postulate, by analogy, that poly(Lserine ester) (3) also assumes a random coil conformation.
When the pH of aqueous solutions of (3) was adjusted to pH 8.5, the O—-N
shift of serine [8] resulted in the spontaneous rearrangement of (3) to polyL-serine (4). The rearranged polymer was unambiguously identified as poly-Lserine, based on 13C NMR, 'H NMR, and FTIR spectral analysis, and by
comparison with an authentic sample of poly-L-serine.
a

To whom correspondence should be addressed.
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200

220

240
nanometers

260

280

Fig. 2. Curve A: CD Spectrum of unprotected poly(L-serine ester-HCl) (3) in water. Curve
B: CD spectrum of the polymer after rearrangement to poly-L-serine (4). The spectra (average
of 3 scans) were recorded on a model 60DS Aviv Spectropolarimeter (Aviv Associates,
Lakewood, NJ), using a 1-mm cylindrical cell.
The CD spectrum of the rearranged polymer (Fig. 1) was deconvoluted into
its component parts. The results were 67% /J-pleated sheet, 3% /J-turns, and
30% random coil. The predominantly /3-pleated sheet structure of the rearranged
polymer corresponds to observations by Fasman and Urry who had assigned
a /3-pleated sheet conformation to poly-L-serine [9,10].
While the chemical backbone rearrangement took place, changes in the CD
spectrum of the solution were recorded at fixed wavelength (211 nm) (Fig. 3).
A rapid change (half life approximately 10-15 min) from the positive Cotton
effect of the ester to the negative Cotton effect of the amide was observed.
In all previous structural studies involving synthetic polyamino acids, per-
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Fig. 3. Change in ellipticity as a function of time during the backbone rearrangement
of (3) to (4) at 211 nm. Sample concentrations were 3.81 mg/ml of poly(L-serine ester-HCl)
in4.75Xl0-2MNaHCO3.
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turbations of the secondary structure were induced by physical changes. Our
studies appear to be the first report of the spontaneous formation of secondary
structure in a polyamino acid, induced by the chemical rearrangement of the
polymer backbone. Furthermore, considering that high molecular weight polyL-serine is not readily available via serine-A'-carboxyanhydride, the formation
of high-molecular-weight poly(L-serine ester) (3) followed by backbone rearrangement to (4) may be an attractive synthetic alternative.
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Didemnins synthesis: The crucial cyclization step
Joel Poncet, Patrick Jouin and Bertrand Castro
Centre CNRS-INSERM, rue de la Cardonille, F-34094 Montpellier Cedex 2, France

Introduction
A symbiotic association between a Didemnid Ascidian and a unicellular alga
[1] is responsible for the production of a highly potent antineoplastic group
of natural cyclodepsipeptides [2]. Didemnin B, la, the major component of the
tunicate Trididemnum cyanophorum [3], is active -against a variety of DNA and
RNA viruses; it is also effective against B16 melanoma, P 388 and L 1210 leukemias
[2]. The determination of the mechanism of action of didemnins awaits further
investigation.

1
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Results and Discussion
As part of an ongoing program devoted to the study of this last problem,
we have developed an efficient synthesis of natural nordidemnin B, lb, [4] which
exhibits analogous biological properties to didemnin B (S. Cros, personal
communication). This synthetic strategy conveniently allows the production of
analogs. The key step is the cyclization between the carboxylic function of the
threonyl residue and the amino group of the y-amino acid. When this cyclization
was first performed in the heterogeneous conditions suggested by Shuman et
al. [5], using DPPA as coupling reagent, the expected monomeric cyclic compound
was isolated with an inadequate yield (Table 1, entry 7) that was dramatically
improved by replacing DPPA with BOP reagent (54%) [4].
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Table 1 Cyclization of compound lc
Entry

Coupling
conditions

Temp. (°C)

Time (h)

Cone (M)

Yield (%)

1
2
3
4
5
6
7
8

KHCO3/BOP
KHCO3/BOP
KHCO3/BOP
NaHC0 3 /BOP
CS 2 C0 3 /BOP
NMM/BOP
KHC0 3 /DPPA
HOBt/DCC

20
20
20
20
20
20
0
0

2
5
24
5
2
2
72
72

10-1
10-2
10-3
IO-2
IO"2
IO"2
IO"2
10-2

44
56
41
53
46
42
14
45

From these results, we further explored this process with regard to enhancing
the yield of coupling. This study was carried out on the analog lc. All reactions
were conducted in DMF. As shown in Table 1, BOP proved to be superior
to either DPPA or DCC in terms of yield and reaction rate (entries 2, 7, 8).
Moreover, BOP was more efficient in heterogeneous than in homogeneous
conditions (entries 2, 6), and a possible template effect was evaluated using
cesium cation. In this condition, the rate of the reaction was increased but with
a lower yield (entry 5). Finally, for preparative purposes, the most efficacious
concentration was determined to be 10 mM (entries 1, 2, 3).
Conclusion
Following this strategy, an average cyclization yield of 55 to 60% is routinely
reached using BOP. Improvements are expected from new coupling reagents
developed in our laboratory.
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Synthesis of cyclic (Asu1»7)-eel calcitonin by segment
synthesis condensation on solid support
Pat Ho*, Dario Slavazza, Ding Chang, Kamaljit Bassi and Kang Chang
Peninsula Laboratories Inc., 611 Taylor Way, Belmont, CA 94002, U.S.A.

Introduction
Eel calcitonin, 1, was isolated in 1974 by Otani et al. [1]. Calcitonins, which
act to lower Ca+2 concentrations in the blood, have been used clinically in the
treatment of osteoporosis. Eel calcitonin has one of the highest activities among
natural calcitonins [1]. The [Asu 17 ] analog, 2, in which L-a-aminosuberic acid
is substituted for cysteine in sequence positions one and seven of eel calcitonin,
has similar activities, but 2 is a more stable compound because it is more resistant
to hydrolysis and degradation [2]. In 1976, Morikawa et al. reported the synthesis
of [Asu''7]-eel calcitonin, 2, by a conventional solution method [2]. However,
solution procedures for peptide synthesis are tedious, extremely time consuming
and expensive.

R,-Ser-AsrvLeu-S«-Thr-RI-VaReu-Gr>-Lys-LJ6U-Ser-Gln^lu-Le^

1 Eel Calcitonin: R,-R,-Cys, R.-R.-S

2 (Asu")-E«l Calcitonin: R,-NH, R,-Asu. R,-(CHJ5. R.-CO

Recently, side chain-to-side chain cyclization and side chain-to-amino terminal
cyclization have been carried out on a solid support using either an active ester
procedure or DCC and HOBT method [3]. The solid support cyclization generally
required several days as well as repeated addition of fresh activating reagents
and gave a rather low yield. In connection with our interest in the synthesis
of cyclic peptides, we also extensively studied the solid-phase cyclization reaction
and simple and efficient synthesis of [Asu'^j-eel calcitonin achieved under our
conditions. Our synthetic approach is unique in that the synthesis, cyclization
and segment condensation of our target peptide were all done on a solid support.
Results and Discussion
We have used two synthetic strategies. In the first approach, two fragments,
6 and 8, were prepared separately (Scheme 1). 3 was synthesized on the resin
by a combination of Fmoc protection of the amino function with benzyl protection
*To whom correspondence should be addressed.
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of the side chain functions. This was followed by TFA deprotection to yield
4. The cyclization was performed on the resin using two equivalents of BOP,
HOBT, and DIEA in dry DMF for 48 h to give 5 [4]. This was then treated
with H F to yield the cyclic peptide 6, which was purified by HPLC and confirmed
by AAA and FABMS. During this time fragment 8 was synthesized by standard
SPPS techniques. A small amount was cleaved by HF to be checked for purity
on HPLC and for composition by AAA. The final coupling was a segment
condensation using 8 still on the resin and one equivalent of 6, with two equivalents
of BOP, HOBT, and DIEA in dry DMF for 48 h. The peptide was then cleaved
from the resin by HF and purified to give pure [Asu17]-eel calcitonin, identical
in all respects to the authentic sample.

R,-CO-(CHJ,
I
R^Ser-Asn-Leu-Sor-Thr-Asu-Vad-Lau-Gly-R,
I
I
I
Bzl
Bzl Bzl
3 H.-Boc, R,-OBul, R,-ORx
i R,-NH2, R.-OH. R..ORH

CO
(CHJ,
I
I
> HN-S»r-Asn-Leu-S«-Thr-A*u-V«J-Leu-Gly-R
I
I
I
R,
R, R,
5 R -ORx, R,-Bzi
S R,-COOH, R,-H
1 •qub.fi

R-Ly«-Leu-Ser^ln^lo-L^-HI«-Ly«-L«u^3ln-Tnr-Tyr-Prf>Arg-TfV-Aap-Val^5ly-Ala^3ly-'rhr-Pr<HDMeBHA-R)(
I
I I I
I I
I I I
I I I
I
CZ
Bzl Xan OBzl Tot CIZ
Xan Bzl CI,Bzl Tos Bzl OBzl
Bzl
2 R-Boc

> 2

(Atu,J) - Ed Calcitonin

J . R-NH,

Scheme 1.
In the second approach, the entire sequence, H2N-[2-Asu17-31]-pMeBHA-Rx,
was synthesized on the resin along with the cyclization by a similar technique
to that used for 3. The peptide was cyclized using six equivalents of BOP, HOBT,
and DIEA in dry DMF for 24 h. Finally, HF cleavage and purification with
preparative HPLC yielded better than 95% pure [Asu^J-eel calcitonin. Comparison of the cyclized and non-cyclized crude products by HPLC showed that
the cyclization reaction proceeded to better than 90% completion in both
approaches.
Conclusion
Our approach has been successful for the preparation of eel calcitonin analogs
and is simple and straightforward. Using this methodology, a complete peptide
can be synthesized within a few days on a multimolar scale. The cyclization
does not require a large volume of solvent, and in the case of the segment
condensation approach, only a one-to-one equivalent of fragment 6 to fragment
8 is used. The second approach results in a complete peptide with good purity
for crude [Asu'-^-eel calcitonin. We believe that this method can be applied
to the synthesis of many other carbocyclic peptides.
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Cyclization of disulfide-containing peptides in solid-phase
synthesis
Carlos Garcia-Echeverria", M. Antonia Molinsa, Robert P. Hammerb,
Fernando Albericioa-b, Miquel Pons3, George Baranyb>* and Ernest Giralta
"Department of Organic Chemistry of University of Barcelona, 08028-Barcelona, Spain
b
Department of Organic Chemistry, University of Minnesota, Minneapolis,
MN 55455, U.S.A.

Introduction
Preparation of disulfide-containing peptides hinges on reliable chemistry to
form disulfide bonds. Usually, a linear sequence is assembled by solid-phase
or solution methods, and then protecting groups (as well as the anchoring linkage
in the solid-phase case) are cleaved. There follows non-specific oxidation in dilute
solution in order to minimize unwanted dimerization and oligomerization. The
alternative of carrying out deprotection and oxidation of the cysteines, while
the peptide chain remains anchored to the support, has been little studied [1,
2]. Such an approach takes advantage of the pseudo-dilution phenomenon which
is expected to favor intramolecular processes [3]. In the present work, a
tetrapeptide sequence known to prefer a /3-turn conformation [2], and the
nonapeptide amide oxytocin, are used as models to probe factors that influence
disulfide bridge formation.
Results and Discussion
Linear sequences were assembled smoothly using Boc or Fmoc for A^-amino
protection. The /3-thiols of cysteine or /?,/3-dimethylcysteine (penicillamine) have
been protected using S-Acm and 5-fluorenylmethyl (Fm). Anchoring to polystyrene supports was provided either with an MBHA linkage (HF-labile) in Bocbased syntheses, or via our new tris(alkoxy) or o-nitro benzylamide handles,
which cleave under milder conditions and are used in conjunction with Fmoc
[4]. Deprotection and/or oxidation of the peptide-resins, followed by cleavage,
released crude peptide mixtures into solution that were assayed by HPLC. The
amount of desired disulfide-containing peptide was calculated by comparison
of HPLC areas with those of standard solutions of pure peptide of known
concentration.
1. Type-II B-turn sequence: Ac-L-Cys-L-Pro-D-Val-L-Cys-NH2
The best yields, 94% of the correct peptide [2], were obtained when the precursor
*To whom correspondence should be addressed.
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bis(Acm)-tetrapeptide-resin was treated with Tl(tfa)3 [5] (1.1 eq.) plus anisole
(4.5% v/v) at 0°C, 1 h in TFA. The corresponding reaction in solution gave
a 63% yield of the 14-membered cyclic disulfide. Returning to the resin-bound
case, a range of solvents were explored. Yields were acceptable in DMF (72%),
less so in propionic acid (45%) or DCM (37%). The principal by-product was
unreacted bis(Acm)-tetrapeptide.
2. Penicillamine analog: Ac-L-Pen-L-Pro-D-Val-L-Cys-NH2
Under comparable conditions, yields for deprotection/oxidation of the peptideresin with Tl(tfa)3 were best in TFA (75%), marginal in propionic-acid/aceticacid ( 1 : 1 , v/v) (48%), and worst in DMF (35%). The solution oxidation of
the bis(Acm)-tetrapeptide in TFA occurred in 66% yield. Evidently, penicillamine
slows the oxidation due to steric hindrance, but the desired bridges can still
be created.
An alternative approach started with the bis(Fm)-tetrapeptide-resin. Removal
of the Fm group with Piperidine (Pip)/DMF ( 1 : 1 , v/v), 25°C, 3 h gave directly
the disulfide (60% yield).
3. Oxytocin: H-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2
Several routes have been explored. The bis(Fm)-nonapeptide-MBHA-resin,
treated with Pip/DMF ( 1 : 1 , v/v), 25°C, 3 h, gave directly a 47% yield of the
20-membered cyclic disulfide. Yields were improved somewhat by using a twostep deprotection/oxidation sequence. Thus, removal of the Fm group under
argon with Pip/DMF//?ME (10:10:0.7, v/v), 25°C, 3 h, gave the peptide-resin
with cysteine residues as the free thiols. Subsequent oxidation with air or with
DTNB (0.5 equiv.), while the resin was suspended in buffered DMF, gave fair
yields of oxytocin (60-65%).
Direct oxidation of a bis(Acm)-nonapeptide-MBHA-resin under the best
Tl(tfa)3 conditions reported earlier gave moderate amounts (42%) of the desired
disulfide. A larger excess of the oxidizing agent in fact lowered the yield. Nonoptimized oxidations carried out on bis(Acm)-nonapeptide-resins assembled with
Fmoc chemistry with either of our new handles [4] gave modest amounts of
oxytocin (15-20%). It is encouraging that treatments with either Tl(tfa)3 or I2
did not adversely affect the yields of acidolytic or photolytic cleavage from the
appropriate supports.
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Air oxidation of peptides and separation of their reduced
and intra-chain disulfide-bridged forms by RPHPLC
Kok K. Lee", James A. Blackb and Robert S. Hodges3
"Department of Biochemistry, The Medical Research Council (Canada) Group in Protein
Structure and Function, Edmonton, Alberta, Canada T6G 2H7
b
The Alberta Peptide Institute, University of Alberta, Edmonton, Alberta, Canada T6G 2H7

Introduction
The ability to obtain intrachain disulfide-bridged peptides in their purified
forms is highly desirable, as many biologically active peptides and fragments
of proteins are found to be disulfide-bonded in their native states. Whether
the peptides are isolated as native fragments or prepared synthetically, a simple
procedure is required to monitor easily the oxidation state of the peptide and
to verify the purity of the disulfide-bridged form with respect to contamination
by the reduced conformer.
Results and Discussion
In this study, the intra-chain disulfide bridge was formed by air oxidation
of the peptides in volatile reagents. The retention behavior and rate of oxidation
of the reduced and oxidized forms of 14 peptides were monitored using RPHPLC. These peptides varied in length (9-29 residues), amino acid sequence,
and in the number of amino acid residues within the disulfide loop (4-15 residues),
as shown in Table 1. Reduced peptides were dissolved in 0.1 M ammonium
bicarbonate (0.1 mg/ml) and air-oxidized by stirring at room temperature.
Ammonium bicarbonate, unlike Tris or phosphate salts, can be removed by
repeated freeze-drying. In this manner, a pure preparation of oxidized peptides
can be obtained without further desalting of purification steps. The low peptide
concentration reduces the possibility of interchain disulfide bridging that would
lead to oligomer formation. It was observed that peptides have different rates
of oxidation. For example, peptides 2, 5, 6 and 9 were completely oxidized
after 1.5, 3, 6 and 20 h, respectively. The differences in rate of oxidation were
not related to the size of the loop alone, as peptides 5, 6 and 9 have the same
number of residues within the loop. Peptide conformation, an inherent property
of the peptide sequence, has been suggested by White [1] to affect the rate
of oxidation.
As shown in Table 1, most reduced and oxidized conformers can be separated
by RPHPLC using a linear AB gradient (1% acetonitrile/min; flow of 1 ml/
min; Aquapore C8 220 X 4.6 mm I.D. column; pore size of 300A), where A
is 0.1% aqueous TFA and B is 0.1% TFA in acetonitrile. With the exception
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Synthetic methodologies and peptide bond mimetics
of peptides 2 and 9, the ARt for the reduced and oxidized conformers of the
12 peptides ranged from 0.63 to 3.25 min. In each instance where resolution
occurred, the oxidized peptide was eluted before its corresponding reduced
conformer. This result suggested that, on formation of the disulfide loop, some
residues in the peptide were not as accessible to interact with the support as
in the reduced peptide. In other words, the loop formation decreases the
hydrophobicity of the peptide-binding domain.
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Fig. 1. The separation of reduced and oxidized forms of peptide 9 following modification
of the reduced peptide with NEM. The NEM-modified peptide is denoted by M. The column
used was an Aquapore RP-300 C-8 column of 220 X 4.6 mm I.D., 7 nm particle size
and 300A pore size. The mobile phase consisted of a linear AB gradient of 1%
B/min, where Eluent A is 0.05% aqueous TFA, and Eluent B is 0.05% TFA in
acetonitrile (pH 2.0). Flow rate was 1 ml/min.
To verify peptide purity and the extent of oxidation, baseline resolution by
RPHPLC of the reduced and oxidized conformers is required. This baseline
resolution was obtained by modification of the reduced peptide with Nethylmaleimide (NEM), a thiol-specific reagent [2]. The oxidation state of the
peptide was followed by adding samples of the oxidation mixture (10 /ig of
peptides) at various time intervals to 10 /ul of a solution (1 mg NEM/ml of
0.1% aqueous TFA) containing a 16 molar excess of NEM to peptide. This
solution was incubated for 15 min at room temperature prior to RPHPLC.
The NEM reagent increases the hydrophobicity of the reduced peptide (modified
peptide denoted by M), resulting in an increase in retention and separation between
the oxidized and modified peptide. As shown in Fig. 1, the change in retention
time increased from zero to 3.8 min for peptide 9. The oxidized peptide did
not react with NEM, and excess reagent was eluted off the column after 12
min. This simple procedure allows one to monitor by RPHPLC both reduced
1001
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and oxidized peptide in an oxidation reaction, without the need for electrochemical
detectors. It also has the advantage over titration methods such as Ellman's
reagent [3] that only quantitates the amount of reduced peptide.
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Automated multiple peptide synthesis with BOP activation
H. Gausepohl, M. Kraft, Ch. Boulin and R. W. Frank
European Molecular Biology Laboratory, Meyerhofstr. 1, D-6900 Heidelberg, F.R. G.

Introduction
BOP
(benzotriazole-l-yl-oxy-tris-(dimethylamino)-phosphoniumhexafluorophosphate) [1] has been demonstrated to be excellently suited for activation
of Fmoc-amino acids [2,3] in SPPS. Employing oiir experience with BOP
activation and with a robotic workstation [4], we constructed a fully automated
instrument for the simultaneous synthesis of multiple peptides. The synthesis
is performed either in microscale on polyethylene pins [5], or in mg quantities
on conventional solid supports. A dedicated software was developed to compile
peptide sequences from a protein sequence and to control all functions of the
robot.
Results and Discussion
The design of the instrument is based on independent modules which were
partly obtained from a commercial autosampler (Gilson M222). The modules
include a robot arm with linear X-Y-Z movement, a microdispenser, a multineedle assembly which is connected to a valve block, and a workbench carrying
reagent containers and reactors (see Fig. 1). The system is controled by a

DISPENSER NEEDLE ( X Y / )
\f

^

MULTI NEEDLE ASSEMBLY (X,Z)

®@®©@
@©@®@
®@®@®
@©®@®
ROBOT ARM

B COLUMN
' REACTOR

AMINO ACID
RESERVOIRS

©©
0®
ACTIVATING
REAGENTS

Fig. 1. Schematic layout of the robot workstation as seen from the top.
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Macintosh microcomputer, with software written using the Macintosh HyperCard
package. The program generates peptide sequences of defined length and overlap
from a given protein sequence, and calculates all steps neccessary to carry out
the synthesis of the specified peptides. It also allows for very flexible specification
of the chemistry to be performed, and calculates the amounts of reagents required.
Peptides are synthesized either covalently attached to polyethylene pins [5],
that are immersed in a 96-well microtiterplate, or in mg amounts on conventional
solid supports (1% crosslinked polystyrene, kieselguhr composite support),
contained in a 48 column reactor. The synthesis cycles for the multi-column
reactor are fully automated, and no operator intervention is required. Fmocamino acids are activated in situ by BOP and are distributed by the robot via
the dispenser needle to the individual columns. DMF for washing, and 20%
Pip/DMF for deprotection, are delivered by a multi-needle assembly also carried
by the robot arm. Reagents and wash solutions are removed from the columns
by a vacuum applied to the space below the supporting frit filters. For the
final cleavage of the peptides from the resin, the waste manifold below the column
array is simply replaced by an array of 48 sample tubes to collect the eluate.
A 4-fold excess of amino acids is used, and the ratio of BOP to NMM is 1:2.
For a 25-jumol synthesis, the cycle time is 2 h and coupling is performed for
1.5 h.
Conclusions
A versatile robotic system for multiple peptide synthesis on either polyethylene
pins or standard resins is presented. It employs in situ activation of Fmocamino acids by BOP in an open reaction system. In our laboratory, the workstation
has shown excellent performance in the synthesis of sets of overlapping peptides
for immunology (Pepscan method), as well as peptide analogs for systematic
investigations, e.g., the characterization of the epitopes of neutralizing antibodies
against human tumor necrosis factor at single amino-acid resolution (manuscript
in preparation).
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Z-DSP, Boc-DSP, Fmoc-DSP and pMZ-DSP: New agents
for amino-protection in aqueous solution
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"Sanshin Chemical Ind. Co. Ltd., Hirao, Yamaguchi 742-11, Japan
b
Department of Fermentation Technology, Faculty of Engineering, Hiroshima University,
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Introduction
In 1987, we reported that /7-hydroxyphenyldimethylsulfonium methyl sulfate
(HODSP) was found to be an excellent reagent for the peptide synthesis in
aqueous solution [1]. We also pointed out that HODSP has the same high
reactivity as that of conventional active ester reagents, such as /7-nitrophenol
or AT-hydroxysuccinimide. By employing the HODSP active ester method, FMRFamide (Phe-Met-Arg-Phe-NH2), a molluscan neuropeptide from the ganglia of
the clam Macrocallisa nimbosa [2], was synthesized [3,4].
Since we established the peptide synthesis using a water-soluble active ester,
we then set out to develop a new type of water-soluble acylating reagent. We
selected four amino protecting groups (Z-, Boc-, Fmoc- and pMz-) that are
widely used in peptide synthesis and whose deprotecting conditions are all
different. [/>-(Benzyloxycarbonyloxy)(phenyl)]dimethylsulfonium methyl sulfate
(Z-DSP), [£>-(?-butoxycarbonyloxy)phenyl]dimethylsulfonium methyl sulfate
(Boc-DSP),
[^-(9-fluorenylmethyloxycarbonyloxy)phenyl]dimethylsulfonium
methyl sulfate (Fmoc-DSP) and [/>-(/?-methoxybenzyloxycarbonyloxy)phenyl]dimethyl-sulfonium methyl sulfate (pMZ-DSP) were prepared and allowed
to react with amino acids in aqueous media.
Results and Discussion
Preparation of water-soluble acylating reagents
Z-DSP, Boc-DSP, Fmoc-DSP and pMz-DSP were all easily synthesized from
the reaction of HODSP with Z-Cl, (Boc) 2 0, Fmoc-Cl and pMZ-Cl, respectively,
in CH 3 CN. These compounds were stable and did not undergo decomposition
when stored below 10°C.They were soluble in water (solubility > 30 wt%) and
very soluble in DMF, alcohol, CH 3 CN and CHC13.
Preparation ofZ-, Boc-, Fmoc- andpMZ-amino acids
Reactions of water-soluble acylating reagents with amino acids were carried
out in water using TEA or NaOH as a base. All amino acid derivatives were
obtained in good yields.
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Selective acylation of amino groups on the side chain of Lys and Orn
The other merit of the reaction in water is that we could presume selective
acylation of amino groups of side chains of Lys and Orn. Z-DSP was allowed
to react with Lys by controlling the pH of the reaction mixture automatically.
The highest yield of H-Lys(Z)-OH was obtained at pH 11.5 (75%), and this
condition kept the yield of Z-Lys(Z)-OH, which was obtained as a by-product
and can be washed out with EtOAc easily, below 5.4%. Ornithine was also
treated with Z-DSP in the same condition and converted to H-Orn(Z)-OH in
an 80% yield. Presently, side-chain derivatives of Lys and Orn were prepared
via the Cu(II) complex. This procedure needs three steps and decreases the yield
of the product. By employing our water-soluble acylating reagent, those sidechain derivatives can be prepared in one step.
We dealt with four typical Af-protecting groups in peptide synthesis. We also
showed that the introduction of these groups into amino acids using the watersoluble active ester was carried out successfully. It is clear that the water-soluble
active ester method can be applied to other urethane-type amino-protecting
groups. Additionally, side-chain protected amino acids, such as H-Lys(Z)-OH,
H-Orn(Z)-OH and others, can be prepared using the water-soluble active ester
very easily. We believe that the water-soluble acylating reagent will also be a
powerful tool for the chemical modification of proteins in the aqueous solution
without causing conformational changes. We will soon show this elsewhere [5].
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Use of azides as intermediates in large-scale peptide
synthesis
Robert B. Miller*, John C. Tolle and Kenneth W. Funk
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VvHN^
H2N \

II

i

A-64662 (Fig. 1) has been designated a clinical candidate for the renin inhibitor
venture by Abbott Laboratories. A 17-step process was developed to produce
kilogram quantities of A-64662. In the step to prepare the intermediate BocHis-Amino Diol, (Fig. 2), the yield was always less than 45%. In addition,
racemization of histidine during coupling made isolation difficult. A thorough
study of the reaction was done to optimize this step.

Fig. 2. Boc-His-Amino Diol.

*To whom correspondence should be addressed.
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Results and Discussion
The original coupling procedure used a WSCI coupling with the hydrochloride
salt of Amino Diol [1] and Boc-L-histidine in the presence of NMM and HOBt.
In an attempt to improve on the original procedure, various iterations of DCC
coupling were investigated, including different stoichiometries, other racemization
suppressants and the use of the unprotonated Amino Diol. The results of these
experiments are shown in Table 1.
Table 1 His-Amino Diol coupling results
Coupling conditions3
(1)
(2)
(3)
(4)
(5)

Boc-His, 1 equiv. HOBt
Boc-His, 2 equiv. HOBt
Boc-His, 2 equiv. HONb
Boc-His, 1 equiv. HOBt, 1 equiv. DMAP
Boc-His, 2 equiv. HONb, unprotonated Amino
Diol
(6) Z-His, 2 equiv. HOOBt
(7) Z-His, 2 equiv. HOSu
(8) Z-His, 2 equiv. HONb
(9) Z-His, BOP-C1
(10) Z-His, BOP-C1, 2 equiv. HOBt
a
Standard conditions: DIEA and the coupling agent
amino acid, Amino Diol-HCl, and additive.

Yield (%)

Optical purity (%)

48
45
42
45

90
91
92
86

54
94
54
96
59
91
40
92
16
95
35
96
added to stirred mixture of the

Few conditions were found to give adequate coupling conditions for the largescale production of Boc- or Z-His-Amino Diol. The best of the trial reactions
(coupling with 2 equiv. of HONb and the unprotonated Amino Diol) was selected
for scale-up. Five kg Boc-His-Amino Diol have been prepared in this manner.
However, the following problems were encountered in scale-up: the yields ranged
from 65% to 50%; removal of DCU was difficult; the level of histidine racemization
in the reaction mixture ranged from 8% to 10%; the material was isolated in
about 91% purity, with 3-5% of the unwanted D-His diastereomer. Substitution
of Z-histidine as starting material did not improve the reaction.
In spite of the various additives, the diimide-type coupling had reached its
potential. The search for readily available and inexpensive histidine derivatives
led to Z-His hydrazide [2] as starting material for coupling to Amino Diol via
an azide reaction. Z-His hydrazide can easily be made in house, or be purchased
at less cost than Boc-histidine. This reaction was examined to determine its
suitability for preparation of the His-Amino Diol intermediate. The results are
shown in Table 2.
The reaction of Z-His azide prepared in situ and Amino Diol consistently
produced better than 65% yields. In addition, the Z-His-Amino Diol crystallized
directly from the reaction mixture and could be isolated in 99 + % purity, with
no evidence of contaminating D-His diastereomer.
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Table 2 Z-His-Amino Diol azide couplings
Coupling conditions3
(1) 1.2 equiv. hydrazide, 1.5 equiv. nitrite
(2) 1.6 equiv. hydrazide, 2.4 equiv. nitrite
(3) 2.0 equiv. hydrazide, 3.0 equiv. nitrite
(4) 2 +NMM
(5) 2 +HOBt
(6) 2 + HOOBt
(7) 2 +no DMF

Yield (%)
41
48
34
58
23
20
78

Optical purity (%)
100
100
100
100
100
100
100

a

Standard conditions: see Ref. 2; reaction solvent is 1:1 DMF-EtOAc.
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Total solid-phase synthesis of ubiquitin using BOP reagent:
Biochemical and immunochemical properties of the
purified synthetic product
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b
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Introduction
The presence of auto-antibodies to ubiquitin and ubiquinated histones has
been found in the serum of patients with systemic lupus erythematosus (SLE)
[1,2]. During the course of this study, we found that the ubiquitin preparation
was not pure and, in particular, that it was contaminated by ubiquitinated histone
complexes (U-H2A, U-H2A - U-H2B) only detectable by specific antibodies
in immunoblotting experiments. Exploration of the potential use of ubiquitin
in diagnostic assays, as well as the investigation of the properties of ubiquitin
in vivo or in vitro systems necessitates the availability of ubiquitin, and particularly
ubiquitin analogs and derivatives under a pure form. This type of study precludes
the use of natural ubiquitin, and thus, the chemical synthesis of the ubiquitin
molecule (76 residues long) was carried out.
Results and Discussion
Assembly of the protected peptide chain was achieved by SPPS using BOP
as coupling reagent [3]. Boc-Gly-PAM-resin (0.1 mmol) (200 mg) was placed
in a 20-ml reaction vessel of a NPS 4000 synthesizer (NEOSYSTEM, France).
Boc-amino acids (5 equiv.), BOP (5 equiv.) and HOBt (5 equiv.) were dissolved
in 4 ml of 25% NMP/DCM (v/v) and the activation was performed in the reactor
with 7.5 equiv. of DIEA. After 15 min, pure NMP (2.5 ml) was automatically
added. The total coupling time was set at 30 min; monitoring with ninhydrin
tests showed that all the couplings were complete within this time and no
recoupling was necessary.
Removal of the protecting groups and cleavage of the peptide chain from
the resin was performed by the low-high HF procedure. The crude product
was purified by gel filtration, then by middle pressure liquid chromatography,
and finally by ion exchange chromatography. These three purification steps
yielded a ca. 95% pure peptide as determined by gradient elution on aquapore
RP300 C8 column. In isocratic elution, synthetic ubiquitin appeared as a single
symmetrical peak. The yield calculated from the starting Gly resin was 1%.
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Fig. 1. Ion-spray spectra were obtained on a VG PMA-3000 quadrupole MS (VG Analytical
Ltd., U.K.). Data were collected in the MCA mode. The final concentration of ubiquitin
was about 1 ng/ml and 10 nl were injected.
Mass measurements were performed using two different techniques: LSIMS
and ion spray. The spectrum obtained by ion spray is presented in Fig. 1. The
average mean value calculated from the 5 major multiply charged ions generated
is 8563.7 (expected value: 8564.9); this clearly shows that the major peak purified
from the crude product has the correct sequence and does not correspond to
an ubiquitin derivative containing modified amino acids. It is worthwhile to
note that synthetic ubiquitin appears rather pure from the ion-spray spectrum.
Synthetic ubiquitin was found to be antigenically active in ELISA and
immunoblotting experiments; it bound antibodies raised against natural ubiquitin
and the synthetic peptide 22-45. Contrary to some recent claims, neither the
synthetic ubiquitin nor a commercial ubiquitin preparation in our own experiments exhibited any proteolytic activity. The successful total synthesis of
ubiquitin opens the way to the preparation of various stable analogs that should
be useful for studying the intracellular metabolism of this molecule and its
involvement in the protein degradation pathway.
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An efficient facilitated method for solution phase peptide
synthesis
David B. Head
Laboratory of Rational Drug Design, University Hospital E336, Boston University School of
Medicine, Boston, MA 02118, U.S.A.

Introduction
Despite the popularity of solid phase methods, classical solution phase methods
of peptide synthesis still offer advantages, e.g., ease of scale-up, better coupling
efficiency, and fully characterizable intermediates. Classical methods [1] are often
overlooked however, due to unpredictable solubilities and tedious purification
of the intermediates. An improved method [2] facilitating the solution phase
synthesis of peptides has been developed. The C-terminal residue is protected
as an iodocholestane ester that provides a crystalline, homogenous 'handle'.
This allows the growing peptide, after addition of each residue, to be purified
by gel filtration on Sephadex LH-20.
Although Sephadex LH-20 is a popular method for purification of peptide
sequences [3], as a standard tool it only becomes useful after several residues
have been coupled. The bulky 'handle' reported here allows Sephadex LH-20
purification after the very first coupling. Also, use of a cholestane moiety as
the 'handle' overcomes some of the problems of soluble heterogeneous carriers
[4] and confers the advantage of crystallizability and resistance to diketopiperazine
formation on the peptide.
Results and Discussion
To demonstrate this method, the Merrifield model tetrapeptide (LAGV) was
synthesized using Fmoc protected pentafluorophenyl (OPfp)-activated amino acid
esters. It is evident, though, that the method is not limited to this strategy.
The C-terminal Fmoc-[3H]Val residue (2 eq.) was protected by esterification
to 2-cholestene (1 eq.) in quantitative yield, by addition of Af-iodosuccinimide
(NIS) [5] (1.3 eq.) to a solution of the above in chloroform. The product was
the novel iodohydrin ester of the amino acid, 2-(Fmoc-[3H]Valyl)-3-iodocholestane, or Fmoc-Val-OICh.
After a simple workup (wash with aq. sodium carbonate followed by aq.
sodium thiosulfate), the A-terminus was selectively deprotected by removal of
the Fmoc group (dimethylamine/DMF) followed by solvent reduction and
purification on Sephadex LH-20 (IM toluene in DMF). Columns were loaded
300 mg/175 mL Sephadex (swelled resin), although as much as 2 - 3 g of
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Fmoc-Val
>
Chloroform

'
(Fmoc-Val-OICh) 100%

1) Remove Fmoc
2) Sephadex LH-20
3) Fmoc-AA-OPfp
1) Zn/HOAc

-^-> Fmoc-LAGV-OICh 91%

-^

Fmoc-LAGV

70%

2) Sephadex LH-20
Fig.l.

A^-deprotected material can be purified by one loading on this size column. Elution
was accelerated under air pressure increasing flow rate six-fold; elution (175
mL column) was accomplished in about 45 min.
Fractions containing the product, Val-OICh (determined by scintillation
counting), were combined and coupled to Fmoc-Gly-OPfp by adding the activated
ester directly to the combined fractions. Couplings were judged complete (TLC)
within a few minutes. After coupling, A-deprotection was carried out as before,
followed by Sephadex. The cycle was repeated for Ala and Leu residues. For
each intermediate, after elution from Sephadex, a small portion of the eluted
fractions was removed and fully characterized after solvent removal without
any further purification (see Table 1).
Table 1
Elution vol (ml)
MW MW
(calc) (FABMS) Sephadex LH-20
836
Fmoc-Val-OICh
835
614
115
613
Val-OICh
111
671
Gly-Val-OICh
670
Ala-Gly-Val-OICh
741
742
104
Leu-Ala-Gly-Val-OICh
854
855
97
Fmoc-Leu-Ala-Gly- Val-OICh 1177 1178
88
626
625
Fmoc-Leu-Ala-Gly-Val
Compound

Optical MP
rotation
+
+
+
+
+
+

21.0
49.5
45.0
40.5
22.5
22.5
-

76-78
78-80
72-74
123-126
164decomp

The fully protected tetrapeptide (Fmoc-LAGV-OICh) was isolated in 91%)
overall yield. The iodohydrin ester was cleaved selectively over the Fmoc
protecting group treatment with excess zinc in acetic acid to afford the C-terminal
residue deprotected Fmoc-LAGV in 70% yield (non-optimized).
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Conclusion
A repetitive method simplifying solution phase peptide synthesis to a routine
process that provides analytically pure intermediates as part of the standard
purification cycle has been developed. The cholestene iodohydrin ester, as a
C-terminal protecting group, is selectively removable under mildly reductive
conditions and functions well as a bulky modifier of amino acids. A combination
of features imparted by this group, i.e., simplification of purification protocols,
selective removal, peptide solubility enhancement, and solution phase coupling
efficiency may make its use ideal for the preparation of difficult peptide sequences
for fragment condensations.
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Introduction
Because of the recognized need for more efficient methods for the formation
of ?m-butyl esters and for new supports in SPPS, we have recently investigated
the use of tert-butyl fluorocarbonate (Boc-F) for the formation of tert-butyl
esters and independently, the use of an allylic anchor group.
Results and Discussion
ttrt-Butyl esters
A new access to the rerr-butyl esters of A-protected amino acids by the use
of Boc-F was developed. The catalytic ability of 4-dimethylamino-pyridine to
produce esters from mixed carboxylic-carbonic anhydrides [1] of amino acids
has been sparsely exploited for the preparation of tert-butyl esters. This general
process involved the use of an alkyl chlorocarbonate that was not available
in the case of the tert-butyl analog, so isopropenyl chlorocarbonate in the presence
of rerr-butanol had to be used [2].
A simple and convenient, high-yield synthesis of tert-butyl esters of A-protected
amino acids resulted from the use of Boc-F in the presence of triethylamine
and 4-dimethylamino-pyridine in dichloromethane. The esters formed were easily
purified by usual workup. The use of rerf-butanol in the solvent enhanced the
yield of the method. We demonstrated that the reaction proceeded without
observable racemization.
Further studies for selective ?er?-butylation of aspartic and glutamic acids
using Boc-F are under active investigation in our laboratory.
Table 1 Preparation of tert-butyl esters with Boc-F
Amino ester

Yield (%)

Z-Phe-OtBu
Z-Pro-OtBu
Z-Cys-(Bzl)-OtBu
Z-Met-OtBu

91
88
92
96

Mp°C (lit.)
78-79 (81-82)
42-43 (44-45)
54-56 (oil)
oil

[a]20D (lit, c, solvent)
- 7 (-9.9, 2, MeOH)
-55 (-52, 2, EtOH)
-25 (-30, 2, MeOH)
-35 (-27, 5.7, EtOH)
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Allylic anchor group to solid phase supports
The use of an allylic anchor group and its palladium-catalyzed hydrostannolytic
cleavage in the SPPS was developed.
In recent years, we and others have emphasized the potentialities of the
allyloxycarbonyl groups that can be removed under very specific and mild
conditions using homogeneous palladium catalysis [3]. A recent report relative
to peptide synthesis on allyl-functionalized cellulose disks prompted us to disclose
our own results [4].
We started with the inexpensive CK-2-butene-l,4 diol (1) for the elaboration
of the allylic handle [4]. Volhard analysis on (5) gave a chloride content of
0.43 mequiv./g resin (80% functionalization based on starting amino substitution)
that could not be improved by repeating the reaction.
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Fig. 1. Allylic handle for solid phase synthesis.
Capping of the residual active sites was carried out with PhCOCl/EtN(iPr) 2 .
Boc Tyr(Dcb) was attached to the handle (5) by the Gisin method. The assembly
of the model peptide Pyr-His-Trp-Ser(Bzl)-Tyr(Dcb) (6) was performed by the
standard Boc methodology. Compound 6 was finally obtained after palladiumcatalyzed hydrostannolytic cleavage from the resin.
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A convenient preparation of C-terminal peptide alcohols by
solid-phase synthesis
Joseph Swistok, Jefferson W. Tilley, Waleed Danho, Rolf Wagner* and
Kathleen Mulkerins
Roche Research Center, Hoffmann-La Roche Inc., Nutley, NJ 07110, U.S.A.

Introduction
Peptide alcohols occur in nature and are also of interest as analogs of
bioactive peptides. These materials have generally been synthesized by
hydride reduction of a peptide containing a C-terminal ester function [1,2],
by a condensation strategy involving solution-phase coupling of a preformed
peptide with an amino alcohol [3], or ammonolysis of the resin-bound peptide
using the /3-aminoalcohol [4]. The limitations of these methods prompted
us to develop a more practical synthesis of these compounds.
Results and Discussion
We have found that N-protected /3-aminoalcohols 1 react readily with
succinic anhydride in the presence of 4-dimethylaminopyridine (DMAP) and
pyridine in DMF to give the corresponding hemisuccinates 2. These monoacids were coupled to a benzhydrylamine resin (BHA) using DIC/HOBT,
to provide the resin bound intermediates 3, that can be further elaborated
O
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by conventional SPPS. In order to illustrate this process, we have employed
DIC/HOBT couplings of Boc-protected amino acids with TFA deprotections
to construct a series of tetrapeptide derivatives. Liberation of the tetrapeptide
alcohols 4a through 4g from the resin was accomplished by treating the
intermediate succinic esters with ammonia/MeOH in a pressure bottle (7296 h), or with an excess of hydrazine in DMF (24 h). As indicated in Table
1, both hydrolysis methodologies provide comparable yields. The benzylprotecting group was removed from the tetrapeptide 4e by simple Pd/C
catalyzed hydrogenolysis in glacial acetic acid.
Table 1 Peptide yields after ammonolytic cleavage
Hydrolysis (% yield) [5,6]
4a
4b
4c
4d
4e
4f
4g

Leu-Ala-Gly-Val-Glycinol
Leu-Ala-Gly-Val-Isoleucinol
Leu-Ala-Gly-Val-Cyclohexylalaninol
Leu-Ala-Gly-Val-Phenylalaninol
Leu-Ala-Gly-Val-L-Serinol(Bzl)
Leu-Ala-Gly-Val-Methioninol
Leu-Ala-Gly-Val-Prolinol

NH 3

N2H4

14
28
50
78
85
44
77

17
41
62
78
77
38
79

The method is compatible with Boc/OFm and Fmoc/OtBu strategies,
provided that the timing of side-chain deprotection is appropriate. An
exceptionally facile route to peptide alcohols has been described, and the
application of this technology to the construction of biologically active
peptide alcohols will be reported in due course.
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Solid-phase synthesis of C-terminal peptide alcohols
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Department of Pharmacology, Faculty of Medicine, University of Sherbrooke,
Sherbrooke, Quebec, Canada J1H 5N4

Introduction
C-terminal hydroxymethyl peptides have earned rapid success as proteolysisresistant and highly selective analogs of naturally occurring peptide hormones.
The most successful are probably the enkephalin analog, DAGO [1], and its
analogs and the somatostatin analog, Sandostatin [2], an octapeptide already
in clinical use. Until now, all these peptides have been prepared by the classical
solution method because the hydroxymethyl function does not permit use of
the commonly applied anchoring procedures on solid support. For larger analog
series necessary for SAR studies, this disadvantage may become quite important.
Therefore, we sought and found a reaction scheme suitable for SPPS of peptide
alcohols (see Scheme 1), and several analogs of enkephalin and somatostatin
were prepared (see Table 1).

BocNHCHRCH2OH+

\_J

F ridine

y

»

BocNHCHRCHjOCOCHjCHjCOOH

i)CsHCOr 2) Merrif. „,. BocNHCHRCK^OCOCH^C^COOCH^-Resin
PEPTIDE-OCOCHjC^COOH
R=H(Gly-o/)

Na0H

1} SPS 2) HF

'

,

» PEPTIDE-oZ

= CHCHjOH (Thr-oZ)

Scheme 1.
Results and Discussion
Compounds 1-4 are enkephalin analogs [1], specific for the ^-opiate receptor;
peptides 3 and 4 are precursors of potential photolabels. Peptide 5 is the
sandostatin analog of somatostatin [2], and peptides 6 and 7 are the precursors
of potential photolabels of the somatostatin receptor.
The C-terminal amino alcohol was first A-protected with Boc-TCE and then
esterified with an excess of succinic anhydride in pyridine. The resulting
hemisuccinate was neutralized with CsHC0 3 and esterified [3] to chloromethyl1020
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Table 1 Gly-o\ = ethanolamine, Thr-ol = (2R,3R)-2 aminobutane-l,3-diol, NMePhe = 'Nmethyl-L-phenylalanine
1.

H-Tyr-D-Ala-Gly-NMePhe-Gly-o/ (DAGO)

2.

H-Tyr-D-Ala-Gly-Phe-Gly-o/

3.

H-Tyr-D-Ala-Gly-NMePhe(4--N02)-Gly-o/

4.

H-Tyr-D-Ala-Gly-Phe(4'-N02)-Gly-o/

5.

D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-o/

6.

D-Phe(4'-N02)-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr-o/
I

7.

I

D-Tyr-Cys-Phe(4'-N0 )-D-Trp-Lys-Thr-Cys-Thr-o/
I
I

ated polystyrene-1% divinylbenzene. The peptide sequences were built up using
the Boc-TFA procedure; the completed peptides were cleaved from the solid
support and the side-chain protecting groups by liquid HF (lh, 0°C anisol).
Ammonolysis as an alternative was also considered but not used because of
incompatibility with the cleavage of side chain protection, especially if Asp or
Glu were present in the sequence. Disulfides were obtained immediately after
cleavage (MeOBzl as thiol protection) by K3Fe(CN)6. The resulting hemisuccinate
peptides were purified by gel filtration on LH-20-DMF, saponified with 0.3
N NaOH in MeOH and purified on preparative RPHPLC. Peptides were assessed
for purity in analytical HPLC and TLC; quadrupole FABMS was used to identify
the final products. Peptides 1, 2 and 6 were also identified by co-elution with
commercial reference material on HPLC. Purified peptides were obtained in
yields of 6-7.5% (5-7) and of 15-26% (1-4).
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Introduction
Owing to the advantages of peptide synthesis with high-titer resins, and
following our studies of swelling properties of differently loaded benzhydrylamine
resins (BHAR) and peptide-BHAR beads [1], we have investigated the influence
of solvents other than DCM or DMF routinely employed in different steps of
the synthetic cycle. In experimental protocols for syntheses involving heavily
loaded resins, we have analyzed inter-chain aggregation by correlating swelling
and ESR spectroscopy data.
Results and Discussion
The studies of swelling were done with the (NANP) 4 sequence anchored to
a high-loaded BHAR (1.4 mmol/g), allowing a 68% (weight/weight) peptidecontent resin. Solvation in DCM, DMF, ethanol, DMSO and TFE was examined
by direct microscopic measurements of beads, and the swelling ratios found
for BHAR and peptide-BHAR are shown in Table 1. For unprotonated forms,
DCM is clearly the best solvent for BHAR. However, the polar peptide chain
in (NANP)4-BHAR caused it to be swollen by DMSO and TFE almost four
and three times more, respectively, than by DCM and even DMF, which so
far has been the solvent of choice for high-loaded peptide resins [2]. This outcome
Table 1. Swelling ratio" of BHAR and (NANP)rBHAR beads (1.4 mmol/g) in unprotonated
and protonated forms
Compound
DMSO TFE
DMF
DCM
EtOH
BHAR
(NANP)4-BHAR

4.3
21.6

3.9
17.4

4.9
13.1

9.6
5.4

1.9
4.5

BHARH+ (TFA-)
(NANP)4-BHARH+ (TFA-)

13.5
34.5

5.7
28.2

6.3
18.2

2.8
3.9

5.5
5.9

a

Relative to dry styrene-1%-divinylbenzene taken as 1.
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suggests the alternative use of DMSO and TFE for the unprotonated forms
of these resins in the coupling and washing steps (after neutralization). In addition,
the swelling behavior of protonated forms (Table 1) indicates again the lack
of solvation in DCM, DMSO, TFE and DMF (in that order) are the more
appropriate solvents for the washing step after deprotection in TFA.
The neutralization (with TEA) and deprotection (with TFA) steps were also
evaluated comparatively in DCM and DMF by using the same 68%-peptidecontent resin. For the TFA treatment, swelling in DCM was 6-fold that in DMF,
whereas for the TEA treatment, swelling in DMF was 3-fold that in DCM,
indicating the need for replacing DCM by DMF in the neutralization of highloaded resins.
An ESR approach to monitor swelling [1] indicated extensive site-site interactions in high-titer BHAR and NANP-BHAR- beads spin-labeled with the
nitroxyl Boc-amino acid 2,2,6,6-tetramethylpiperidine-A-oxyl-4-amino-4-carboxylic acid (Boc-TOAC) [3]. Site-site interactions, as evidenced by spectral line
broadening, were proportional to the degree of labeling.
In a subsequent step, we examined the swelling properties of several lowlabeled Boc-TOAC-BHAR (0.01 -0.4 mmol/g) in DCM and DMF. A preliminary
analysis of the spectral line broadening in terms of spin exchange, yielded minimal
'effective' concentration inside the bead and maximal site-site distances that
still allow interactions. These values (9 mM and 60 A, respectively) were obtained
by using the known degree of labeling, the swelling data (volume of solvent
inside the bead, number of beads per gram, number of sites per bead, etc.)
of each resin and assuming a uniformly distributed cubic lattice of sites in the
solid matrix. These results are in reasonable agreement with those obtained for
Boc-TOAC free in solution and suggest that the coupled swelling-ESR strategy
should provide a better understanding of the molecular events inside the beads
during SPPS.
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A novel Fmoc-based anchorage for the synthesis of
protected peptides on solid phase
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Introduction

Several reports have appeared in the literature describing base-labile anchor
bonds for use in solid-phase peptide synthesis using the Boc/benzyl strategy.
Recent interest on the use of the 9-fluorenylmethyl-group for carboxyl protection,
and as a handle in SPPS, has prompted reports on 9-(hydroxymethyl)fluorene4-carboxylic acid as the base-labile anchoring ligand for a polymer supported
peptide synthesis [ 1,2]. Although the 9-(hydroxymethyl)fluorene-4-carboxylic acid
system has been reported to be stable to all stages during peptide assemblage,
including neutralization with DIEA, alternative bifunctional reagents are being
developed which may be more stable to premature anchor bond cleavage. We
have developed an homologous bifunctional reagent which has been evaluated
for its application to the SPPS of protected peptide fragments using the Boc/
benzyl strategy.
Results and Discussion
A new bifunctional compound, 9-(hydroxymethyl)-2-fluoreneacetic acid, 5, was
synthesized in 4 steps starting with 9-fluorenylmethanol, 1, in overall yield of

CO-COOEt

CH2COOEt

Scheme 1. Synthesis of9-(hydroxymethyl)-2-fluoreneacetic acid.
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40.9% (Scheme 1). The coupling of 5 to benzhydrylamine-resin to give 6 was
mediated with DCC and subsequent conversion to 7 was achieved by D C C /
DAMP coupling with a variety of N a -Boc amino acid (Scheme 2). Conventional
SPPS (Boc/benzyl strategy) was carried out using 7. The target protected peptides
with a free C-terminal COOH-function were released from the resin by the Belimination reaction with 15% piperidine in DMF.
The stability of the anchor bond of 7 to the basicity of free amino groups
was evaluated at 25°C in DCM or DMF using a variety of free NH2-functions
[Gly, Val, Arg(Tos), Phe, Ser(Bzl)] to determine the extent of premature cleavage.

~o-®

H 2 N-CH

CH 2 COOH
DCC

CH 2 CONH-CH
6

Boc-AA,(X,)-OH

DCC/DMAP

CHjCONH-CH
Boc-AAr(X,)-0

fc

7
SPPS

CH 2 CONH-CH
Boc-AA 1 (X,)....AA n {X n )-0-l

Cleavage

8

15%Piperidine/DMF

Boc-AA 1 (X,)....AA n (X n )-OH

Scheme

2.

SPPS using

9-(hydroxymethyl)-2-fluoreneacetamido-BHA-resin.
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Although the anchor-bond was stable in DCM, there was evidence in DMF
for partial anchor-bond cleavage by the free NH2-functions of Gly, Phe and
Ser(Bzl). This premature cleavage was suppressed by the addition of HOBt in
DMF which resulted in anchor-bond stability for all free NH 2 -functions, with
the exception of Phe.
Several protected peptides were synthesized with this new support in overall
yields ranging from 38% to 75% after purification (Table 1).

Table 1 Protected peptides synthesized on
resin 6
Structure

9-(hydroxymethyl)-2-fluoreneacetamido-BHAYield
(%)a

TGF(l-7)
Boc-Val-Val-Ser(Bzl)-His(Tos)-Phe-Asn-Lys(Z)-OH
46
GRF( 1 -6)
Boc-Tyr(Bzl)-Ala-Asp(Ochex)-Ala-Ile-Phe-OH
64.1
GRF(7-11)
Boc-Thr(Bzl)- Asn-Ser(Bzl)-Tyr(Bzl)- Arg(Tos)-OH
46.7
GRF( 12-17)
Boc-Lys(Z)-Val-Leu-Gly-Gln-Leu-OH
62
GRF( 18-22)
Boc-Ser(Bzl)-Ala-Arg(Tos)-Lys(Z)-Leu-OH
75.3
GRF(23-28)
Boc-Leu-Gln-Asp(OcHex)-Ile-Met-Ser(Bzl)-OH
38
Calculated from the loading value of first amino acid after purification.

FABMS
1153(M-Tos4-1)
971(M+1)
1164(M+1)
891(M+1)
1052(M+1)
978(M+1)
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Membranes as novel solid supports for peptide synthesis
Scott B. Daniels, Michael S. Bernatowicz, James M. Coull and Hubert Krister
MilliGen/Biosearch Division of Millipore, 186 Middlesex Turnpike, Burlington,
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Introduction
The specific objectives of this work were the synthesis of high-quality peptide
products with speed, simplicity, convenience and versatility, the potential for
new applications, and the reduction of overall synthesis cost. It was decided
that these goals, at least in part, could be achieved through the use of the Fmocprotecting group strategy with a novel solid support and improvements in the
chemistries used for anchoring Fmoc-protected amino acids to the solid support.
A polypropylene membrane coated with cross-linked polyhydroxypropylacrylate (Solvex™ manufactured by Millipore Corp.) was chosen for evaluation
as a peptide synthesis support, because of its attractive physical and chemical
properties, which include mechanical and chemical stability, good flow characteristics in a continuous-flow system, compatibility with aqueous solutions, and
ease of handling. In contrast to conventional beaded supports, a sheet of porous
contiguous polymer lends itself more easily to rapid simultaneous synthesis of
large numbers of peptides, miniaturization of automated devices and novel reactor
devices. Chemically, this membrane support allows for sufficient functionalization
of the surface for synthesis and cleavage of the final peptide product, as well
as ihe possibility of leaving the peptide covalently attached to the support to
allow for affinity purification of biomolecules, new methods of epitope mapping,
diagnostic testing and covalent sequence analysis.
H
Fmoc

"Xij

1) Carbonyldllmldazola/DMF
2) 1,3-Dlamlnopropana/DMF
'
3) 4 aq Fmoc-Amlno Aold-Llnkar-ODCP/
4 aq pyrldlna/DMF

When the Fmoc-protecting group strategy is used for peptide synthesis, the
C-terminal amino acid is generally attached by chemical activation of the carboxyl
group and its subsequent esterification to 4-alkoxybenzyl alcohol functionalized
polymers. To achieve appropriate levels of polymer functionalization by such
a process, it is necessary to use an acylation catalyst such as DMAP which
can promote racemization and produce anchored dipeptide by-products. An
attractive alternative method described here utilizes novel 2,4-dichlorophenyl1027
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N°-Fmoc-aminoacyl-4-oxymethyl-phenoxyacetates (Scheme 1) for direct acylation of amine-functionalized polymers. These derivatives incorporate the acid
labile 4-oxymethylphenoxyacetyl linkage. A series of Fmoc-amino acid-linker
derivatives have been prepared and coupled to a variety of amino polymers
[!]•

Results and Discussion
The usefulness and performance of this novel support were tested by the
assembly of four target peptides, prothrombin 1-9 (ANKGFLEEV-OH), acyl
carrier protein 64-75 (VQAAIDYING-OH), neurotensin (< ELYENKPRRPYILOH) and Fos oncogene protein 147-172 (CVEQLSPEEEEKRRIRRERNKNAAA-OH) [2]. These peptides, varying in length (9-25 residues) and synthetic
difficulty, were assembled on the membrane and two beaded support, PepSyn
KA™ (polydimethylacrylamide on a kieselguhr matrix), and aminomethyl
polystyrene. Each of these beaded supports has been routinely used to prepare
many different peptides, and serves as a yardstick for comparing products
assembled on membranes.
The racemization-free acid-cleavable linker was introduced by reaction of the
appropriate Fmoc-amino acid-linker compound with the amino membrane (see
Scheme 1) or aminomethyl polystyrene. PepSyn KA™ is available with the Cterminal amino acid connected to the resin by the same linkage. The amount
of Fmoc amino acid loaded on PepSyn KA™ and the membrane was 0.1 mmol
per g, and on polystyrene was 0.5 mmol/g. The PepSyn KA™ and polystyrene
resins were packed in columns, while the membrane was positioned and sealed
into a prototype disposable polypropylene cartridge. The syntheses were performed using a continuous-flow MilliGen/Biosearch 9050 PepSynthesizer with
the same protocol for each support examined and at a standard 0.2-mmol scale.
After the synthesis was complete, the peptide was cleaved from the support
with TFA containing 5% scavengers. All four target peptides were obtained
in crude yields > 8 5 % regardless of the solid support used. Amino-acid analysis
and MS data confirmed the identity of the products. HPLC data showed that
the peptides assembled equally as well on the membrane as on the beaded supports.
The combination of this racemization-free linker technology with the use of
these novel membrane supports has provided a system which gives reproducibly,
high-quality synthetic peptides, is simple and convenient to use, opens the door
to a variety of new applications, and should lower the overall cost of synthesis.
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Introduction
The evaluation of SAR on peptides and proteins requires series of different
peptides. In this respect, the SMPS turned out to be very useful [1]. We want
here to report on a novel method of fully automatic simultaneous multiple peptide
synthesis in micromolar scale that allows the quick and economic evaluation
of structure-activity data by screening the crude peptides in biological or
immunological assays.
Results and Discussion
Peptides are synthesized in 5 /xM scale in the wells of a microtiterplate applying
Fmoc strategy. All reagent and solvent handling is fully automatically performed
by a robotic sample processor (Fig. 1). Special software has been developed
allowing free choice of sequences and chain length [2].
The sample processor has two arms, one being responsible for dosage of reagents
(Fmoc amino acid, HOBt, DIC for coupling reactions and piperidine/DMF
solution for Fmoc deprotection), the other one performs all washing steps. Sucking
off all solubles from the wells and dosage of DMF for washing of the resins
are performed by a cannula connected to a motor driven syringe transferring
all solutions to the waste. To avoid loss of resin, the tip of the cannula is protected
by a narrow stainless steel net. Resin sticking to the net is rinsed back to the
wells by dosage of DMF through a small attached cannula, thus initiating the
next washing step. After all these operations, the tips of arm one and two are
intensively washed in a wash station before proceeding to the next well to avoid
cross-contamination.
To demonstrate the usefulness of the new method, 31 overlapping linear hexaand heptapeptide segments of endothelin [3] have been synthesized, replacing
all cysteines by alanine. 170 double couplings have been performed using 10
equivalents of coupling reagents each. Despite this, high excess syntheses are
extremely economical due to the small scale. In total, for all 31 endothelin
segments, 6.7 g of Fmoc amino acids were used. The yield was between 3 and
5 mg of crude peptides, which were analyzed by HPLC and FABMS, giving
evidence for high purity. Only the C-terminal heptapeptide fragment exhibited
a slight affinity in the endothelin radio-receptor assay.
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rack tor tubes with
Fmoc amino acids

storage bottles with
DIC and piperidin

aluminum rack with
polypropylene wells
loaded with resins

storage bottles
for DMF

Fig. 1. Schematic representation of the automatic SMP synthesizer.
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Introduction
It is recognized that the chemistry for building peptide chains is less prone
to routine when compared to that used in digonucleotide synthesis. We have
utilized CAM (computer-assisted manufacturing) with the aid of the PSS-80™
from Applied Protein Technologies, Boston, to synthesize pharmaceutical peptides [1].
Results and Discussion
When coupling efficiencies reach the range of better than 99%, the precision
of automatic Dmt monitoring has been checked reproducibly with spectroscopic
transformation control measurements based on ninhydrin reaction (Table 1).
Table 1 Precision of CAM in the peptide synthesis of HIV p24 PIVQNIQGQMVHQAISPRTLNAWVKV with chemical feedback control as cross-checked with ninhydrin
reaction spectroscopy
Coupling onto
BHA resin

Chemical feedback data
Dmt measurement3

Ninhydrin reaction

Fmoc-Val
Fmoc-Lys(Boc)
Fmoc-Val
Fmoc-Trp
Fmoc-Ala

99.01 % i) 99,58 % 2)
99.60
99.70
99.70
99.60

98.70')
99.80
99.77
99.40
99.65

99.80 2)

a

Preset efficiency control level 99.5 %.

For the non-destructive release of pharma peptides from polymer phase (Fig.
1) we have introduced HYCRAM™ [2]. The catalyst is (triphenyl phosphine) 4
Pd(°) complex applicable in organic/aqueous solvents [3]. There are no hazardous
operations required, as in HF, TFMSA or HBr/TFA cleavages. For this
environmental reason, industrial scale-up of solid-phase production technologies
of pharma peptides is no longer inhibited by legal concerns (Table 2).
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PEPTIDE-C-0-CH 2 -CH=CH-C-NH-CH 2 -. . . p o l y m e r

PEPTIDE-C-O-CH^-CT^CH'-C-NH-CHj-

polymer

C-Ai
O

0

n

g

(0)

P e p t i d e - C - 0 + Acc-CH 2 -CH=CH-C-NH-CH 2 -. . . p o l y m e r + Pd

Fig. 1. Peptide ester with hydroxycrotonoylamidomethyl (HYCRAM™) linkage to solid
phase becomes activated by Pd°) catalyst followed by allyl acceptor-mediated peptide acid
release at neutral pH.
Thymosin-aj-related peptides have been synthesized via C A M and H Y C R A M
and tested in vivo in bone marrow, thymus, lymphnodes, spleen, and peripheral
blood. D a t a , as summarized in Table 3, are indicative of new therapeutic
developments towards polyarthritis and allergy.
Table 2 Computer-assisted manufacturing (CAM) of pharmaceutical peptides in polymer
phase via HYCRAM release technology
Pharmapeptide a
GnRH
Eledoisin
Somatostatin
Thymopentin
ANP
Thymosin-a,
(13-28)
Calcitonin
a
b
c

Yield-%a on

Peptide released from HYCRAM

HYCRAM resin

Raw (%)b

Final (%y>*

90
92
85
93
85

77
72
82
85
78

15
12
12
28
8

b) 80
b) 78

68
70

24
3

a)
b)
a)
b)
b)

Synthesis strategy: a) Y>dz-/tert. butyl-, b) ¥moc-/tert. butyl-.
Yields based on initial load on polymer.
Deprotected.

Table 3 In vivo activity ofThymosin-a, (13-28) om the immune system, as determined by
flow cytometry on 5-FU suppressed mice
Sample

A(%)

B(%)

C(%)

D(%)

E(%)

Blank
Supp. + placebo
Supp. + T, 3

1.5+1
8.0 + 5
4.0 + 2*

1+0
5+1
7+1*

40 + 0
18+10
5 + 2*

12 + 2
45 + 5
56 + 6*

7.5 + 2
9.5 + 2
12.5 + 2*

A:
C:
E:
*

theta-T cells, bone marrow;
immat. T. cells, Thymus;
T-supp. cells, periph. blood.
Significance P>0.05.
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D

pre-thymocytes, thymus;
T-helper cells, thymus;
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Introduction
Increasing importance of peptides in many areas of biological and biochemical
research places new demands on peptide chemistry. A large number of peptides
must be synthesized in a short time, and this requirement can only be met by
automated synthesis processes. Several research groups have developed a variety
of manual solid-phase techniques [1,2] to synthesize a large number of peptides
simultaneously. We have recently developed a procedure that allows for the
simultaneous synthesis, cleavage and purification of several peptides in a single
run. The technique is based on the synthesis of multiple peptides on a single
solid-phase support and is easily adapted to manual or to automated methods.
Results and Discussion
This method has been employed in the synthesis of a series of magainin 2
and angiotensinogen analogs. In the coupling of the Boc-amino acid mixtures
to the peptide resin, DCC/HOBt proved to be superior to DCC alone in achieving
nearly uniform product ratios; it appears to be the coupling of choice. As
demonstrated in the synthesis of angiotensinogen analogs (Fig. 1), the preferred
conditions are easily and efficiently adaptable to automated operation; the method
utilizes the standard program for the Applied Biosystems model 430A peptide
synthesizer. The outstanding resolution of RPHPLC makes it possible to separate
completely mixtures of closely related products, which is an essential element
of the MPS3 method. Moreover, recent advances in FABMS provides a rapid,
accurate assignment of the peptides in the synthetic mixture that dramatically
facilitates the purification process. The MPS3 technique offers not only a reduction
in the synthesis time, but more importantly, it also reduces the time required
for the cleavage and purification, where the bottleneck normally occurs.
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Fig. 1. HPLC of the crude porcine [Lys", Gin", Gly",Ala", Pro", Val",Leu"fangiotensinogen 1-14 peptides, Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser on a
Vydac C-18 column (5 nm; 10 mmx25 cm). Solvent A: 0.05% TFA in acetonitrile;
solvent B: 0.05% TFA in water. Gradient: 22-24% solvent A in 60 min then 2435% solvent A in 40 min. Flow rate 3 ml/min. Detection at 215 nm.
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Introduction
Solid supports based on long-chain polystyrene-grafted polyethylene film
matrices [1] can be handled as individually labeled and readily separable sheets,
thus enabling a new, practical way of carrying out simultaneous synthesis of
multiple-peptide analogs. We report here a rapid parallel synthesis of 13
melittin(7-21) analogs on a film support.
Results and Discussion
7
12
14
Boc-Lys(ClZ)-Val-Leu-Thr(Bzl)-Thr(Bzl)-Gly-Leu-Pro-Ala-Leu-Ile-Ser(Bzl)21
Trp(CHO)-Ile-Lys(ClZ)-PAM-film
and twelve analogs derived from substitutions in position numbers 12 and 14
were assembled stepwise on 13 discrete sheets (each sheet: 1.5x3 cm, ca. 50
nm thickness, ca. 40 mg, substitution = ca. 0.6 mmol amino groups/g support)
of 285 wt % long-chain, polystyrene-grafted polyethylene film (ca. 75% of the
film is polystyrene). The common steps of deprotection, neutralization, washings,
and coupling of identical amino acids were performed in a single reaction vessel,
while the coupling of different amino acids was carried out in separate vessels,
i.e., following a scheme similar to that outlined for Houghten's 'tea-bags' [2].
A standard solid-phase procedure employed double DCC coupling (3.5 equiv.,
0.05 M, in 30%) DMF/DCM) of all residues except Boc-Gln and Boc-Asn, and
residues coupled after Gin, where the usual precautions were taken. Final
deprotection and release of the peptides from the sheets were accomplished by
the low/high-HF method [3]. From 1 cm2 sheet (23.2 mg) of fully protected,
film-bound melittin(7-21), the free 15-residue peptide was obtained in an overall
synthetic yield of ca. 70%, and a homogeneity of unpurified product [see Fig. 1(A)]
*To whom correspondence should be addressed.
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Fig. 1. Analytical HPLC chromatograms of
(A) crude melittin(7-21) after low/high HFcleavage. and lyophilization, and (B) purified
melittin(7-21). Buffer A, 5% CH3CN/95%
H20/'0.0445% TFA; bufferB, 60% CH3CN/
40% H20/0.0390% TFA; linear gradient, 595% of buffer B in 30 min; flow rate, 1.5
ml/min; column, Vydac Cl8 (0.46x25 cm).
comparable to that obtained from other solid supports. Preparative RPHPLC
afforded 3.2 mg of pure peptide [Fig. 1(B)] with the correct composition and
molecular weight. The other twelve analogs were obtained in similar yield and
purity.
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Use of carboxypeptidase Y for the introduction of probes
into proteins via their carboxy terminus
Meir Wilchek3, Alexander Schwarzb, Christian Wandreyb and Edward A. Bayer3
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Introduction
Most labeling, or cross-linking, procedures result in a random group-specific
modification of amino acid side chains (e.g., lysines, cysteines, etc.). In some
cases, vectorial cross-linking can be achieved using heterobifunctional reagents,
although the sites of modification of the two protein species generally occurs
randomly. A more selective method for cross-linking two proteins involves their
conjugation via the C-terminal group of one protein to the N-terminal residue
of the other by genetic engineering, resulting in fused proteins. However, a simple
chemical method for the selective incorporation of reporter groups at a given
site in proteins is still lacking.
The pioneering work of Morihara, et al. [1,2] demonstrated the modification
of porcine insulin to human insulin in which the C-terminal threonine residue
was replaced by alanine. By using a similar enzymatic approach, we reasoned
that a variety of potentially useful derivatized amino acids would also be subject
to incorporation by this procedure. The present communication describes the
labeling of proteins at their C-terminus with biocytin amide or Ae-maleimidopropionyl-L-lysine amide using the nonspecific protease carboxypeptidase Y
(CPD-Y). The procedure may also be used to label proteins with other probes
(based on other trifunctional amino acid derivatives), provided that the probecontaining amino acid amide has a free a-amino group.
Methods
CPD-Y-mediated modification of proteins. Biocytin amide [3] or Ae-maleimidopropionyl-L-lysine amide (100 mg/ml) was dissolved in a mixture of water/
dimethylformamide/ethanol (2:1:1), and the pH of the solution was adjusted
to 8.5 with 5 M NaOH. To this solution, the target protein and CPD-Y in
a molar ratio of 100:1 were added, and the reaction was carried out overnight
with shaking at 4°C. Free reagent was separated from the modified protein
by subjecting the reaction mixture to gel filtration on Sephadex G-25 eluted
with 1 M acetic acid. The solution was dialyzed against water or buffer and
concentrated by lyophilization or ultrafiltration.
Analysis of biotinylated proteins. The incorporation of biotin into proteins
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was demonstrated by dot blots of the biotinylated protein which were stained
with avidin-complexed alkaline phosphatase and a suitable, precipitable, colored
substrate [4]. The C-terminal-biotinylated protein was further characterized by
SDS-PAGE and blot transfer onto nitrocellulose membrane filters, followed by
a similar staining procedure.
The percentage of biotinylated protein was determined by applying the
preparation to an avidin-Sepharose affinity column. The fraction of protein which
bound to the column was indicative of that which underwent biotinylation.
Analysis of maleimido-proteins. The modified protein (and unmodified controls)
were subjected to treatment with cysteine, and the residual free cysteine was
assayed colorimetrically using 5,5'-dithio-bis(2-nitrobenzoic) acid.
The percentage of maleimido-protein was also" estimated by interaction of
the preparation with SH-Eupergit. The immobilized protein was washed extensively with mercaptoethanol, and the percentage of free protein was determined.
Results and Discussion
The following proteins have been successfully labeled with the biotin moiety
at the C-terminus: insulin; lysozyme; ribonuclease; trypsin; myoglobin; and
cytochrome-c. By adsorption on an avidin-containing column, the fraction of
biotinylated protein molecules could be determined. About 70% of the given
protein sample was biotinylated in each case. Experimental verification of the
incorporation of the maleimido derivative was accomplished by reaction of the
resultant protein with cysteine or by adsorption of the modified protein onto
thiol-containing polymers. The average yield of the incorporation of the maleimido group was about 60%, but was dependent on the protein species, varying
between 75% for cytochrome-c and 40% for insulin.
The biotinylated proteins can be further cross-linked through their C-terminal
residue using avidin, which has four binding sites for biotin. The maleimidoprotein can be cross-linked to available protein SH groups (either native or
introduced through chemical means). The cross-linking can also be performed
through a C-terminal cysteine introduced into a second protein species by the
enzymatic approach described here.
In the CPD-Y-mediated approach, the use of a good nucleophile results in
a more efficient coupling to the target protein. Thus, an amino acid amide is
superior to the corresponding underivatized amino acid. Amino-acid esters should
not be employed in combination with CPD-Y due to multiple coupling and
resulting oligomerization [5].
The reaction appears to proceed via transpeptidation, since we were unable
to couple biocytin amide to the C-terminal proline of ovalbumin. Consequently,
one limitation of the above-described approach is that proteins bearing a Cterminal proline are not susceptible to such modification. Nevertheless, examples
of such proteins are relatively rare. It should also be noted that the reaction
is usually incomplete; modified and native protein species should, therefore,
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be separated by suitable means, e.g., HPLC, ion-exchange chromatography, gel
filtration, or affinity chromatography using a column that selectively adsorbs
the incorporated probe. This approach is currently being applied for the
incorporation of fluorescent groups onto the C-terminus of proteins.
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(PAS-57) of the human calcitonin precursor and
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Introduction
The N-terminal peptide (1-57) (PAS-57) of procalcitonin has been isolated
[1] from a human medullary thyroid carcinoma (MTC) and its structure found
to be consistent with the cDNA-sequence [2]:
APFRSALESSPADPATLSEDEARLLLAALVQDYVQMKASELEQEQEREGSSLDSPRS
We report a stepwise SPPS, a fragment-condensation synthesis approach on
the resin, and monitoring of immunoextracted PAS-57 in normal humans and
in MTC patients.
Results and Discussion
Syntheses: Stepwise Fmoc-SPPS with OBut, But and Pmc side-chain protection
was performed on Wang-resin [double couplings (99.3% average yield) with
DPCDI preformed HOBt esters (3 equiv.) in NMP at 45° for 40 min, Ac 2 0
capping, 2 x 6 0 min TFA/water/ethanedithiol 93/5/2 (vol), RT, for cleavage
and deprotection]. After reduction of the Met-sulfoxide peptide and purification
(gel filtration, CCD, RPHPLC) the overall yield was 6%. FABMS of the product
and of protease digests was compatible with the structure. The apparently
homogeneous peptide [HPLC (Fig. lb), isoelectric focussing (pi = 4.2), SDSelectrophoresis, TLC] still contained by-products (ca. 15%) according to capillary
electrophoresis (CE) (Fig. lc).
Protected fragments 1 (1-14), 2 (15-27) and 3 (28-49) were synthesized on
an extremely acid-labile resin in high yields as described [3]. Fragments 3, 2
and 1 (2 equiv.) were coupled to resin-bound fragment (50-57) (BOP/DIEA in
DMSO/NMP 1/1, 45°, 20-65 h) with 65%, 43% and 5% yield (Fmoc-determination).
Identification of PAS-57 in human plasma: Affigel-10 coated with antibodies
to PAS-57 was used for immunoextraction. The binding capacity of the antibodycoated gel was higher than 10 ng synthetic PAS-57 per 10 /ul of gel. Extracts
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Fig. 1. HPLC of (a) crude peptide, (b) purified peptide and (c) CE of purified peptide.
were analyzed by HPLC as previously described [4]. PAS-57 was measured by
a homologous and a specific RIA in plasma extracts and in HPLC fractions.
Immunoreactive components showed retention times on HPLC like those of
synthetic PAS-57 and its sulfoxide.
Conclusion
The high yields described here clearly demonstrate the usefulness of stepwise
Fmoc-SPPS for the efficient synthesis of large peptides. The detection of byproducts wit CE in the apparently HPLC-homogeneous product exemplifies once
more the need for great care in characterizing synthetic products. Coupling of
large fragments (14-22 aa) on the resin was severely hampered; whether shorter
segments can be coupled more efficiently on the resin has not been shown.
This approach seems not to be generally applicable.
PAS-57 represents a major calcitonin gene-derived product in the circulation
of normal humans and of MTC patients. Much like calcitonin, circulating PAS57 is increased in MTC patients and is stimulated by Ca and pentagastrin given
intravenously to normal subjects (3-fold) and to MTC patients (3.5-fold). In
normal subjects, significantly larger amounts are found in men (194 + 27 pgequiv./
ml) than in women (102 ± 1 0 pgequiv./ml). The biological functions of PAS57 remain to be elucidated.
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Activating peptide fragments for conformationally
catalyzed resynthesis of proteins
Carmichael J.A. Wallace and Lori A. Campbell
Department of Biochemistry, Dalhousie University, Halifax, NS, Canada B3H 3N4

Introduction
Many examples exist of noncovalent complexes- of two or three protein
fragments that adopt the conformation of the parent protein. If the match is
exact, the novel termini are correctly oriented in close proximity, essential
prerequisites for the catalysis of religation; but synthesis of peptide bonds from
-COO" and NH3+ is thermodynamically unfavorable. However, when fragments
are generated by CNBr cleavage, the terminal carboxylate is esterified as the
homoserine lactone. Thus, [Hse65]cytochrome-c can be formed from a mixture
of fragments 1-65 and 66-104 of the protein on standing in neutral aqueous
solution [1]. We have attempted to mimic this process artificially and make
a general method of it, because it has considerable advantages over traditional
chemical methods of fragment condensation.
Conformationally catalyzed resynthesis is absolutely specific, so there are no
side reactions, and no protection and deprotection are required. Furthermore,
the synthesis proceeds to high yield under the mildest of conditions. The
thermodynamic barrier to synthesis is overcome by esterification, but homoserine
lactone is generally insufficiently activating. We have determined that dichlorophenyl (Dcp) esters are ideal [1,2]. They can be introduced using the proteolytic
enzyme used for fragment generation, under special conditions in which it acts
in reverse to catalyze the condensation of peptides and free amino-acyl dichlorophenyl esters. The approach has proved successful using trypsin [1-3]. In the
present study, we have examined the potential of chymotrypsin (CT), since this
is also a cheap and versatile enzyme.
Results and Discussion
The generation of contiguous two-fragment complexes with a site of CT
specificity at the break point has been achieved in the roundabout ways shown
in the flowchart (Fig. 1).
Activation of the 1-36 and 1-59 fragments and product purification followed
the methods previously established with the substitution of CT for trypsin [1,2].
We found that better yields were obtained at room temperature, suggesting CT
is sensitive to denaturation by the cosolvent, 1,4-butanediol, at higher temperatures. pH was varied in the range 5.6-7.1, and an optimum of 6.8 determined.
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Fig. 1. Reaction schemes as described in text.
This contrasts with that of 5.5 found for trypsin under analogous circumstances.
There were marked differences between 1-36 (C-terminal Phe) and 1-59 (Trp)
in the yield for extension with Ala-ODcp, and between Ala-ODcp and PheODcp for the extension of 1-36, suggesting a strong sequence dependence for
the cleavage/resynthesis equilibrium. Yields of extended-fragment Dcp esters
were generally 20-50%, not as high as with trypsin, but nonetheless useful.
Couplings to complementary fragments were performed under conditions that
with the 1-39/40-104 system gives up to 60% religation [1]. In neither of the
present cases was the yield of resynthesized product greater than 5%. This result
was anticipated in the case of the 1-60/61-104 system, since this is a 'weak'
complex. It can be explained for the strong complex 1-37/38-104 by the putative
role of Gly37, the residue we are attempting to substitute. It is the obligatory
i+2 residue of a type-II 3 10 bend [4]. Presumably with Ala or Phe, the folding
required for conformationally catalyzed coupling is difficult to achieve.
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Despite the limited success in coupling with these two complex systems, it
is clear from our results to date that chymotrypsin can be as useful for activation
in this approach to protein engineering as trypsin [1-3].
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Introduction
Toward the total synthesis of 126-amino acid residue pro-atrial hormone,
human cardiodilatin (hCDD)/rANP, CDD-related peptides, ahANP/hCDD(99126) and hCDD(l-38) were synthesized by fragment assembly to suppress the
formation of deletion peptides and the loss of the resin-bound peptides [1].
Results and Discussion
The fragment assembly in SPPS is summarized as follows: (1) Preferred Cterminus of the fragment was a Gly residue. Gin, Ile, Pro, Val in the N-terminus
and Ile, Val in the C-terminus were avoided. (2) A a Fmoc, Bzl-type side-chain
protection was employed. /2-Carboxyl function was protected by the 2-adamantyl
ester (02Ada) [2] to suppress the ^-rearrangement. Arg was protected by the
mesitylene-2-sulfonyl (Mts) group. Both 02Ada and Mts contributed to the
superior solubility of fragments. (3) Benzyloxybenzyl alcohol resin was used
for polymer support to allow cleavage with TFA. PAM-resin can also be used
for the C-terminal fragment. Preparation of fragments with super acid labile
resin [3] was attempted, but the resin was not economical, less stable during
the synthesis, and side-chain protection was not suitable for the preparative
HPLC employed. (4) First, amino acid was incorporated onto the Bzl-alcohol
resin by the Mitsunobu reaction [4] to avoid racemization or Gly-Gly formation.
(5) Assembly was carried out using protected fragment (2-3 fold excess), BOP,
HOBT, and NMM (mol. ratio 1:1:1:1.5) in DMF with monitoring by ninhydrin
test [5]. The reaction was generally performed in 1-2 h. Capping with 1 M
acetyl imidazole was carried out. Incorporation of the fragment was almost
quantitative [6]. (6) After removal of the A a Fmoc group, the peptidyl resin was
cleaved with HF. And (7), HPLC, AAA, FABMS with isotope distribution,
and sequencing were performed to characterize the peptides. D/L-analysis of
acid hydrolysate was carried out using GC (CAT, Tubingen).
Synthesis of ahANP/hCDD(99-126). All fragments for ohANP (Fig.l) were
easily prepared by stepwise SPPS. After HF-cleavage, the resulting Bis-AcmahANP (Fig. 2a) was treated with iodine and purified by HPLC to give biological
active ahANP. No significant racemization was observed. As previously
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14-

3)
8)
9- 13)
14- 18)
19- 23)
24- 28)
( 29- 38)
( 99-100)
(101-108)
(109-114)
(115-118)
(119-126)

Fmoc-N-P-M;
Fmoc-Y(BrZ)-N-A-V(Bzl);
Fmoc-N-A-D(02Ada)-L-M;
Fmoc-D(02Ada)-F-K(CIZ)-N-L;
Fmoc-L-D(02Ada)-H-L-E(OBzl);
Fmoc-E(OBzl)-K(CIZ)-M-P-L;
Fmoc-E(OBzl)-D(02Ada)-E(OBzl)-V-V-P-P-Q-V-L-Bzl.oxy-bzl-resin;
Fmoc-S(Bzl)-L (solution synthesis);
Fmoc-R(Mts)-R(Mts)-R(Mts)-S(Bzl)-C(Acm)-F-G-G;
Fmoc-R(Mts)-M-D(02Ada)-R(Mts)-l-G;
Fmoc-A-Q-S(Bzl)-G;
Fmoc-L-G-C(Acm)-N-S(Bzl)-F-R(Mts-Y(BrZ)-PAM-resin.
[hCDD99-126) = ahANP].

Fig. 1. Protected hCDD-fragments used for assembly.
described [1], the conventional SPPS with Boc-Bzl strategy for ah ANP required
triple or quadruple coupling to obtain the highest purity.
Synthesis of hCDD(l-38). Seven fragments (Fig. 1) were prepared stepwise,
purified by preparative HPLC (yield 60-70%), and used for the assembly. After
cleavage with HF, the crude peptide (Fig. 2b) was easily purifed by HPLC.
hCDD(l-38) was assembled stepwise with the standard protocol of BOP/HOBT
on TentaGel-Harz AC. To suppress nitrile formation, the side-chain amides
were protected with trimethoxybenzyl group. The hCDD(l-38)-resin was cleaved
with TFA, and the crude peptide (Fig. 2c) was purified on HPLC. The amount
of D-Met in hCDD(l-38) prepared by the fragment method was 2-3-fold higher
than that by stepwise synthesis.

3
Column: YMC-RODS (4.6X250 mm), Eluate: A - COIN HO, B - CH.CN, Flow rate: 1.0 ml/min, Absorbance: 210 nm,
a: A/B - 85/15-55/45 (30 min), b & c: 75/25-45/55 (30 min)

Fig. 2. HPLC profiles of HF-peptides, (a) Bis-Acm-ahANP/hCDD(99-126); (b) hCDD(l38) by fragment assembly; (c) hCDD (1-38) by stepwise assembly.
In conclusion, the advantages of the present method are: the excess acyl
components as protected fragments can be easily recovered, purified and reused and the method generates various useful intermediate fragments. There
were no significant differences for 30-40 amino acid residue peptides between
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the methods in purity or cost. Further elongation and production of CDD
(stepwise with 100 coupling vs. fragment assembly with 20 coupling) is in progress.
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Introduction
A possible strategy for the total synthesis of horse heart cytochrome c would
require: (i) the synthesis of apocytochrome c; (ii) the stereochemically specific
covalent attachment of the heme to Cys14 and Cys17 residues. Although the
latter problem could be solved by using cytochrome c synthetase [1], the chemical
synthesis of a peptide chain of over 100 residues remains a difficult task.
Interestingly, as recently observed [2], the two CNBr fragments [Hse>65]
(1-65) and (66-104) of horse heart cytochrome c bind non-covalently to the
ferric heme segment (1-25) H to form a non productive three-fragment complex.
Moreover, when the heme remains reduced at pH 5.6 for 48 h at 25°C, the
peptide bond between the lactone activated Hse65 C-terminal residue of fragment
(1-65) and the Glu66 N-terminal residue of the (66-104) fragment is restored
to form [Hse65] apocytochrome c with 20-40% yield. The [Hse65] apocytochrome
c thus obtained forms a complex with the ferri (1-25)H segment, which is
indistinguishable from the analogous complex between the ferri (1-25)H segment
and native apocytochrome c based on the intensity of the 695 nm absorption
band, the rate of reduction by lactate dehydrogenase and CD spectra. Therefore,
the present system, allowing the conformationally driven covalent semisynthesis
of apocytochrome c, represents a useful tool for the preparation not only of
the entire sequence of apocytochrome c, but also of analogs selectively modified
both in the C-terminal and in the N-terminal regions of this important molecule.
The SPPS, purification and characterization of the C-terminal (66-104)
fragment has been presented elsewhere [3]. Here we wish to report new data
relative to the hexahexaconta peptide corresponding to the (1-66) N-terminal
sequence.
Results and Discussion
The peptide corresponding to the (1-66) native sequence of horse heart
cytochrome c has been synthesized by standard SPPS on a fully automated
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peptide synthesizer on PAM resin [4]. Double coupling with preformed symmetric
anhydrides of Boc amino acids was used for each residue. In general, the first
coupling was in DMF, the second in DMF/DCM. Asn, Gin and Arg were
added as HOBt preformed active esters. Gly was activated in situ with DCC.
Incompletely acylated peptides were capped with 20% acetic anhydride in
pyridine. The following side-chain blocking groups were used: Asp(OBzl);
Glu(OBzl); Thr(Bzl); Arg(Tos); Met(O); Tyr(Br-Z); Lys(Cl-Z); Cys(Acm). Fifty
per cent TFA in DCM was added for removal of the Boc groups, and a
10% DIEA solution in DCM for neutralization. Couplings were monitored
by a quantitative ninhydrin test. After H F cleavage from the resin and partial
deblocking, the crude peptide showed a complex pattern in RPHPLC and was,
therefore, submitted to a purification scheme involving: (i) preparative HPLC
on a Waters SP-5PW cation exchange column eluted with a linear gradient of
KCI in sodium acetate buffer, pH 5.0; (ii) preparative RPHPLC on /uBondapak
C18 eluted with a gradient of acetonitrile in 20 mM TEAP buffer, pH 2.2; (iii)
preparative PRHPLC on /uBondapak C18 column eluted with a linear gradient
of acetonitrile in 0.1% TFA. The purified peptide eluted as a single peak in
analytical HPLC. After acid hydrolysis, the amino acid composition was as
expected. The presence of Trp 59 has been used to assess and monitor the
homogeneity of this purified material, which showed a typical absorbance
maximum at 280 nm and a fluorescence emission maximum at 350 nm upon
excitation at 280 nm. To characterize the purified synthetic product further,
tryptic and chymotryptic peptide mapping were also performed. Analysis of
the peptides obtained by RPHPLC separation was in agreement with the expected
fragmentation scheme. Better results [4] were obtained by removing the Acm
protecting group immediately before the CNBr cleavage, which transforms the
Met65 residue in the activated Hse65 lactone derivative.
In conclusion, the present approach based on the SPPS of the (1-66) sequence
of apocytochrome c, followed by ion-exchange and RPHPLC purification, has
allowed us to obtain milligram quantities of highly purified material. This peptide
is at present used for the conformationally driven covalent semisynthesis of Hse65
apocytochrome c in combination with native (1-25)H and the synthetic (66104) fragment.
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Semisynthesis of carboxy-terminal fragments of
thermolysin
Vincenzo De Filippis and Angelo Fontana
Department of Organic.Chemistry, Biopolymer Research Centre of CNR, University of
Padua, Via Marzolo 1, 1-35131 Padua, Italy

Introduction
In recent years, great interest was devoted to protease-catalyzed 'semisynthesis'
of protein molecules, defined as the rebuilding of a polypeptide chain from
two components, one of which is obtained by chemical synthesis [1,2]. The
advantages of this procedure lie in the possibility of obtaining large polypeptides
with minimum use of protecting groups and chemical manipulations, and without
the undesirable side-products usually generated in the chemical (solid-phase)
synthesis of long peptides. Moreover, the procedure allows the introduction of
unnatural or labeled amino acids at desired locations in the polypeptide chain,
thus complementing current methods of protein engineering using genetic methods
[3]. In this report we describe a high-yield procedure for the semisynthesis of
long polypeptides encompassing the COOH-terminal region of thermolysin [4].
Results and Discussion
The semisynthesis procedure takes advantage of the availability of the COOHterminal fragment 205-316 of thermolysin, obtained in high yields by specific
autolysis of the 316-residue chain of the metalloprotease in the presence of EDTA
[5]. This fragment, which autonomously folds into a stable and native-like globular
structure, is a single polypeptide chain of 112 amino-acid residues, lacking
disulfide or thiol groups, and contains a single glutamic acid residue in position
302 of the chain. This peculiar structural feature was exploited for specifically
cleaving fragment 205-316 at Glu302 with Staphylococcus aureus V8 protease
[6], and for preparing in high yields and homogeneous form fragment 205302. This last fragment was coupled using V8-protease in the presence of organic
solvents [2] to the peptide 303-316 (Val-Ala-Ser-Val-Lys-Gln-Ala-Phe-Asp-AlaVal-Gly-Val-Lys) prepared by SPPS and purified to homogeneity by HPLC.
The protease-mediated synthesis of the peptide bond Glu302-Val303 between
fragment 205-302 and peptide 303-316 (molar ratio 1:5) was carried out in
0.1 M ammonium acetate buffer, pH 6.0, in the presence of 50% glycerol. The
time-course of the resynthesis was followed by reverse-phase HPLC analysis
of aliquots taken from the reaction mixture (Fig. 1). In the presence of V8-protease,
a new peptide component was generated, eluting from the HPLC column after
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Fig. 1. Left. RPHPLC analysis of the V8-protease-catalyzed semisynthesis of the COOHterminal thermolysin fragment 205-316. The analysis was carried out utilizing an Aquapore
RP-300 C-8 column (4.6x100 mm) eluted at room temperature at a flow rate of 0.8 ml/
min with a gradient of acetonitrile in 0.05% (v/v) aqueous TFA, as shown by the dashed
line. The semisynthesis reaction was carried out dissolving fragment 205-302 (0.55 mg;
52 nmol) and the synthetic peptide 303-316 (0.4 mg; 281 nmol) in 100 nl of 0.1 M ammonium
acetate buffer, pH 6.0, containing 50% glycerol and adding 3 nl °fa solution of V8-protease
(2 ng/ml in acetate buffer). (A) without V8-protease; (B) with V8-protease added to the
reaction mixture and after 90 h incubation at 2CPC. Numbers near the chromatographic
peaks refer to the identities of the peptide material eluted from the column. Right. Timecourse of the yields of V8-protease-mediated semisynthesis of fragment 205-316. The analysis
was carried out by HPLC on aliquots taken from the reaction mixture incubated at 20
or 37° C. The experimental conditions of semisynthesis were those described above.
fragment 205-302, and at the same position as authentic fragment 205-316.
Moreover, amino-acid composition and tryptic peptide mapping of the new
component were as expected for fragment 205-316. These data led to the
conclusion that, under the given experimental conditions, very efficient semisynthesis occurred, with 90% yields of coupling after 120 h of incubation at 20
or 37°C. An additional peak is seen in the RPHPLC chromatogram of the reaction
mixture after 90 h reaction, preceeding the peak of peptide 303-316 (see Fig.
1, left). The peptide material of this peak gave an AAA consistent with sequence
303-311, indicating that, under the given experimental conditions of the semisynthesis reaction, V8-protease can cleave the synthetic peptide 303-316 at the level
of the Asp311-Ala312 peptide bond [6].
The semisynthetic procedure was also employed to obtain fragments 205315 and 205-311 by V8-protease-mediated coupling of fragment 205-302 with
5 equivalents of peptide 303-315 or 303-311. These last peptides were prepared
by proteolytic digestion of the synthetic peptide 303-316 (see above) with
carboxypeptidase B and V8-protease, respectively, and isolated to homogeneity
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by semi-preparative HPLC. The yields of fragments 205-315 and 205-311
determined by HPLC analysis were -90 and -48% (based on fragment 205302), respectively.
The novel procedure of semisynthesis described here provides new opportunities
for additional studies on the structure-folding-stability relationships of COOHterminal fragments of thermolysin, previously prepared in our laboratory by
chemical and enzymatic fragmentation of the protein and shown to possess
'protein domain' properties [7-9]. Mutants of fragment 205-316 with aminoacid exchanges expected to alter the stability of the globular fragment, as well
as mutants containing a tryptophan residue in position 310 of the polypeptide
chain to be used as a fluorescent marker, are being synthesized and characterized.
The results of these studies will be reported in subsequent publications.
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Examples of the combination of solution-phase and solidphase synthesis
H.U. Immera*, I. Eberle3, E. Moser", E. Bernathb and R. Pipkorn>>
"Novabiochem A G, CH-4448 Ldufelfingen, Switzerland
"Novabiochem GmbH, D-6902 Sandhausen, F.R. G.

Introduction
The assembling of large peptides from protected fragments prepared by SPPS
is an attractive approach. We describe examples of this tactic using Fmocchemistry in conjunction with the hyper-acid-labile resin 1 developed by Rink
[1] for the synthesis of appropriately protected fragments. BOP was used as
coupling reagent for the stepwise elongations, as well as for the fragment couplings
on the resin and in solution.
OMe

OH

0 C H

2\

y—Poly™er

l

Glucagon fragments 2, 3, 4, and 5 served as models to optimize the solid
phase procedures.
Methods
B o c - H 1 s - S e r - G ln-G 1 y - T h r - P h e - T h r - S e r - A s p - R
Trt t B u
tBu
tBu tBu OtBu

2.

F m o c - T y r - S e r - L y s - T y r - L e u - A s p - R 3.
tBu tBu Boc tBu
OtBu

F m o c - S e r - A r g - A r g - A la-G 1 n-Asp-R
tBu Pmc P m c
OtBu

4_

F m o c - P h e - V a 1 -G 1 n - T r p - L e u-R

5.

1 was synthesized and substituted with Fmoc-Asp(OtBu)-OH, Fmoc-Leu-OH,
Fmoc-Tyr(tBu) and Fmoc-Ile-OH as described [1]. The substitution was, in all
cases, « 0.5 mM/g (determined by UV measurement at 300 nM of a cleaved
aliquot). SPPS was done manually in a Milligen 504 shaker. Fmoc-cleavage:
20% Pip in DMA (20 ml/g resin; 20 min); icewashings after deprotection and
couplings: 3 X DMA, 3 Xisopropanol, 3 X DMA. For couplings, the reagents were
*To whom correspondence should be addressed.
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added in the following order: 3 eq. DIEA (0.5 m solution in DMA), 0.5 eq.
HOBt (0.5 m solution in DMA), 1.5 eq. Fmoc-AA (0.5 - 0.2 m solution in
DMA), 1.5 eq. BOP (0.5 m solution in DMA). Coupling times of 15 minutes
were found to be sufficient in all couplings studied (monitoring by the Kaisertest). In preliminary experiments, BOP was substituted successfully by PyBOP
(benzotriazolyl-A-oxytris-[pyrrolidino]-phosphonium hexafluorophosphate) [2].
Cleavage from the resin: 10% AcOH in DCM (20 ml/g resin; 4 h).
Results and Discussion
Successive couplings in solution of 5 and 4 to 6 (prepared in solution), led
to 7 (coupling conditions: 1.1 eq. BOP; 2 eq. DIEA, 0°; Fmoc-cleavage 10%
diethylamine in DMF). Deprotection (TFA/ethanedithiol 4:1) afforded glucagon
16-29 in good yield and high purity after Mplc purification. No racemization
was observed at the crucial Asp21 and Leu26.
H-Het-Asn-Thr-0tBu
tBu

6.

H-Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr-OtBu
tBu P m c P m c
OtBu
tBu

7.

Synthesis of sarafotoxin S6b (16) [3]
Fragments 8 (free acid), 9 (resinbound) and 10 (free acid) were synthesized
as outlined for glucagon fragments. 10 was coupled with H-Trp-OtBu to afford
11 after Fmoc cleavage. Racemization to an extent > 10% was observed at Ile.
The two diastereomers were separated by silica gel chromatography.
Boc-Cys-Ser-Cys-Lys-Asp-R
I
i
I
I
Acm tBu Trt Boc

_8

Fmoc-Phe-Cys-Hls-Gln-Asp-Val-Ile-R
I I
i
Trt Trt
OtBu

10
—

H-Met-Thr-Asp-Lys-Glu-Cys-Leu-Tyr-R
tBu OtBuBoc OtBuTrt
tBu

9

H-Phe-Cys-His-Gln-Asp-Val-Ile-Trp-OtBu
Trt Trt
OtBu

1_1

Coupling of 8 with 9 on the resin was done in the same way as described
for single Fmoc AA (reaction time was extended to 30 min.). After cleavage
from the resin and crystallization from DCM/MeOH the linear fragment 113 (12) was obtained in 60% yield (based on 9). Cyclic 13 was obtained by
I2 oxidation in DCM/TFE as described for endothelin [4].
The linear peptide 14 was obtained without evidence of racemization (BOP
at 0°C; 2 eq. DIEA). The oxidative ring closure with I2 in MeOH to obtain
15 is analogous to that used in our endothelin synthesis [4]. The protecting
groups were removed by TFA treatment with 2-methylindole as scavenger.
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Boc-Cys-Ser-Cys-Lys-Asp-Het-Thr-Asp-Lys-Glu-Cys-Leu-Tyr-OH
Acm tBu Trt Boc OtBu
tBu OtBuBoc OtBuTrt
tBu

ll_

Boc-Cys-Ser-fcys-Lys-Asp-Met-Thr-Asp-Lys-Glu-Cys-Leu-Tyr-OH
(
i
l
l
i
i
i
i
\
Acm tBu
Boc OtBu
tBu OtBuBoc OtBu
tBu

13.
—

Boc-Cys-Ser-Cys-Lys-Asp-Met-Thr-Asp-Lys-Glu-Cys-Leu-Tyr-Phe-Cys-Hts-Gln-Asp-Val-Ile-Trp-OtBu
tBu
T^t Trt
OtBu

I£

Boc-Cys-Ser-fcys-Lys-Asp-Het-Thr-Asp-Lys-Glu-tys-Leu-Tyr-Phe-Cys-Hls-Gln-Asp-Val-Ile-Trp-OtBu
|
tBu
Boc OtBu
tBu OtBuBoc OtBu
tBu
I
Trt
OtBu

1_5

H-Cys-Ser-Cys-Lyj-Asp-Met-Thr-Asp-Lys-Glu-Cys-Leu-Tyr-Phe-Cys-His-Gln-Asp-Val-Ile-Trp-OH

jj>

Purification:

Mplc on V y d a c C 1 B , 20 - 30 m i c r o n s . 3 0 0 A In 0.1 X TFA. w i t h a
CH3CN gradient.
AAA: all AA In t h e e x p e c t e d r a t i o .
R a c e m i z a t i o n at c r u c i a l AA: A s p 0.2 X : Tyr 0.8 X : Ile 3.1 X
F A B - H s : H* at 2 5 6 6
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Comparison of solution with solid-phase synthesis of
thymosin /?4
Wolfgang Voelter, Hartmut Echner, Hubert Kalbacher, Afroditi Kapurniotu and
Peter Link
Abteilungfiir Physikalische Biochemie, Physiologisch-chem. Institut, Universitat Tubingen,
Hoppe-Seyler-Str. 4, D-7400 Tubingen, F.R.G.

Introduction
Thymosin B4 (Ac-SDKPDMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES-OH) is most widely distributed in "the vertebrate kingdom and
present in quantities of up to 100-200 Mg/g tissue of different origin (thymus,
lung, kidney, and so on [1]). Thymosin B4 has been reported to induce terminal
deoxynucleotidyl transferase activity in bone-marrow cells [2], or to stimulate
the hypothalamic secretion of LH/FSH-RH [3]; however, its real physiological
function still remains uncertain. So far, only one solution [4] and one SPPS
[5] of natural thymosin B4 were described in the literature. Herewith, we report
an improved solution and 2 different SPPS of the polypeptide.
Solution synthesis: the solution synthesis is performed by stepwise condensation
of the following 5 fragments I-V [4] starting with the two C-terminal segments
IV,V:Ac-Ser(Bu0-Asp(OBu')-Lys(Boc)-Pro-Asp(OBut)-Met-Ala-Glu-(OBut)-IleGlu(OBu')-OH(I),Z-Lys(Boc)-Phe-Asp(OBut)-Lys-(Boc)-Ser(But)-Lys(Boc)-Leu
-Lys(Boc)-Lys(Boc)-OH (II), Z-Th^BuO-Gl^OBuO-Th^BuO-Gln-Gl^OBuOLys (Boc)-OH (III), Z-Asn-Pro-Leu-Pro-Ser(Bu<)-OH (IV) and Z-Lys(Boc)Glu(OBu')-Thr(Bu t )-He-Glu(OBu t )-Gln-Glu(OBu t )-Lys(Boc)-Gln-Ala-Gly-Glu(OBut)-Ser(Bu')-OBut (V). For the condensations of these fragments, the BOP/
HOBt coupling method proved to be the most efficient. The fully protected
thymosin B4 was deblocked by TFA/ethyl methyl sulfide/ethanedithiol (90/
5/5). The crude synthetic product containing the sulfoxide of thymosin B4 as
well as thymosin B4 was further purified by preparative HPLC [MarchereyNagel Nucleosil C18 column (250 X 10 mm, 7 /^m particle size); gradient from
5% to 90% B in 30 min (A: 0.05% TFA in H 2 0 , B: CH 3 CN/H 2 0/TFA (600/
400/0.5); flow rate: 3.1 ml/min; detection: UV at X = 214 nm].
SPPS I, continuous-flow method (MilliGen 9050 PepSynthesizer, polymer:
Fmoc-Ser(Bu')-PepSyn KA resin [6]; 2 g, 0.1 mmol/g). For couplings, pentafluorophenyl esters with tert-butyl, side-chain protecting groups were used, except
for Ser and Thr (HODhbt esters) in DMF. Fmoc groups were removed with
20% piperidine in DMF. All Fmoc amino acids, except the C-terminal one,
were added automatically and delivered to the column as 0.33 M solutions in
HOBt/DMF. Four-fold excess of acylating reagent was used in all cases. The
N-terminal serine was acetylated with acetic anhydride/pyridine for 45 min, and
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the peptide resin treated with a mixture of TFA/thioanisole/ethanedithiol (10/
2/1) for 2 h, then precipitated with ether and purified by HPLC (see above).
SPPS 11, batch method (Biotronik Synostat P, polymer: Fmoc-Ser(Bu')-OH
linked to p-benzyloxybenzyl alcohol resin [7]; 0.5 g, 0.3 mmol/g). The side chains
of the Fmoc amino acids were protected as in SPPS I; however, for Asn and
Gin, Mhb protection was used. The Fmoc amino acids HOBt and BOP were
automatically dissolved in DMF in a four-fold excess and transferred to the
reaction vessel. After addition of 8 equivalents of DIEA, coupling was carried
out twice for 30 min. Deprotection was performed first with 50% piperidine/
DMF (5 min) and second with 25% piperidine/DMF (15 min). The N-terminal
serine was acetylated with acetic anhydride/pyridine (ten-fold excess) in DCM
(60 min). The acetylated peptide resin was treated with a mixture of T F A /
thioanisole/ethanedithiol (16/4/1) for 3 h; following precipitation with ether,
the peptide was washed with cold ether and DCM. The crude peptide mixture
was purified on a TSK-HW 40 S column (1.6x70 cm) using 5% acetic acid
as a solvent and then the fractions containing thymosin /34 were lyophilized.
All three synthetic and purified thymosin B4 samples are identical with that
isolated from bovine thymus tissue, according to HPLC comparison, AAA and
gel electrophoresis.
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Continuous solid-phase synthesis
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"Institute of Organic Chemistry and Biochemistry, Flemingovo 2, 16610 Prague 6,
Czechoslovakia
b
AdWder DDR, Institut fur Wirkstofforschung, Alfred-Kowalke-Str. 4, 1136-Berlin, G.D.R.

Introduction
In SPPS, material containing the starting functional group, usually the first
amino acid, is placed into the reactor, and all steps of the synthesis are performed
without isolation of intermediates. However, at the end of synthesis, the product
must be taken out and worked up separately. Obviously, a system allowing
for continuous input of starting material and reagents and continually producing
the desired peptide would be very useful.
The idea of continuous SPPS may have come to the mind of peptide chemists
after the introduction of SPPS by Merrifield [1], since it represents the next
logical step in the development of this technology. However, its verification
was possible only after continuous carriers became available. We have proven
the soundness of continuous peptide synthesis with the use of cotton strips.
However, the use of carriers modified only at the surface layer, allowing for
a very high coupling rate, would be optimum.
Results and Discussion
The key component of the continuous synthesizer is the continuous carrier,
which allows simultaneous performance of all synthetic steps at different locations
of the carrier. During all operations, the carrier moves from one compartment
to another, and the time of exposure to a particular bath is determined by
the path length through this bath and the velocity of carrier movement. The
carrier is led through the system of stirred or shaken baths in which washing
is performed. To increase the effectiveness of washing, the carrier is, before
reaching the next solution, compressed between two cylinders along with porous
material (paper, textile), which removes the liquid from the previous wash. Use
of the Fmoc protecting group requires less washing solution than using Boc
protection. After deprotection in a bath containing the cleavage solution (in
our case 20% piperidine in dimethylformamide) and thorough washing, the carrier
is introduced to the solution of activated amino acid, and coupling proceeds.
The exposure in this compartment must be determined experimentally to assure
complete coupling. The most convenient method is continuous monitoring by
bromophenol blue [2] which consists of observing decolorization of the blue
carrier during coupling. After the coupling, the carrier again undergoes washing
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and it is ready to enter the next segment in which another amino acid is coupled
to the peptide chain. In the last compartment of the synthesizer, the carrier
is introduced to the cleavage solution, which releases the peptide from the carrier.
The search for a suitable carrier led us to use cotton, which had shown the
most promising mechanical and chemical properties. Our experimental set-up
on which we tested continuous peptide synthesis consisted of only one set of
rollers and shaken baths; therefore, all the transfers had to be made manually.
We used cotton strips 3 cm wide onto which Boc-glycine or Boc-alanine is coupled
by the action of dicyclohexylcarbodiimide in the presence of dimethylaminopyridine. It is necessary to pretreat the cotton with trifluoroacetic acid and
diisopropylethylamine before the coupling. Without this pretreatment, the
coupling of protected amino acid onto the cotton is much less efficient. This
carrier has a capacity of 3.1 umol/cm 2 or 0.1 mmol/g. After cleavage of the
Boc protecting group by TFA, we continue the synthesis with Fmoc-protected
amino acids or attach onto the first amino acid the acidolytically cleavable handle
(oxymethylphenoxypropionic acid) and perform the synthesis on this handle.
The time required for complete coupling is determined by bromophenol blue
monitoring, i.e., until the cotton strip looses its blue color. After the last step,
the carrier is treated either with the 50% solution of trifluoroacetic acid and
5% dimethylsulfide in dichloromethane (for syntheses performed on the handle)
or with a 1 M solution of sodium hydroxide. The products are purified by
RPHPLC, and characterized by FABMS, then elemental and AAA. We have
prepared the following peptides: Tyr-Gly-Phe-Met, Tyr-Gly-Gly-Phe-Met, TyrGly-Gly-Phe-Met-Gly, Pro-Leu-Gly-Ala, Leu-Pro-Gly-Ala, Leu-Phe-Pro-ValAla, Leu-Phe-Pro-Val-Gly-Ala, Cys(Acm)-Tyr-Ile-Gln-Asn-Cys(Acm)-Pro-LeuGly, Cys(Acm)-Tyr-Ile-Met-Asn-Cys(Acm)-Pro-Leu-Gly.
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Chemical synthesis of the A-chain of human insulin
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Lilly Research Laboratories, Indianapolis, IN 46285, U.S.A.

Introduction
The chemical synthesis of the insulin A- and B-chains has been reported by
classical [1] and solid-phase methods [2]. Previously, we reported a sizable
synthetic loss in the automated synthesis of EGF that was directly attributable
to the presence of multiple cysteine residues [3J. Therefore, the insulin A-chain,
by virtue of four cysteine residues among its total of twenty-one (Gly-Ile-ValGlu-Gln-Cys-Cys-Thr-Ser-Ile-Cys-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-CysAsn), was envisioned to represent an appreciable synthetic challenge.
Results and Discussion
The synthetic protocol for peptide chain assembly was as prescribed by Applied
Biosystems, for use with their 430A instrument. Double couplings were followed
by acetic anhydride capping of any remaining unreacted amine.
The total length of A-chain is of a size that the last residues in the synthesis
extend to a region where amino acid couplings are generally less efficient. To
compound the synthetic difficulty, an isoleucyl-valine sequence exists within this
region. The presence of a single glycine as the first amino acid provides a diagnostic
signal that can be used to monitor synthetic efficiency when compared to the
C-terminal residues. AAA at various points in the synthesis of A-chain are shown
in Table 1.
The resin analyses for synthesis with and without acetic anhydride capping
are similar, with a single, notable exception. The glycine incorporation in the
uncapped synthesis exceeded that in the capped by an absolute amount of 15.2%.
This difference presumably represents peptide chains that had been purposefully
terminated in the capped synthesis by acetylation, following incomplete couplings.
The 65.5% incorporation of glycine in the capped synthesis indicates that
approximately two-thirds of the initial asparagine had completed the synthesis.
This equates to a 97.9% average efficiency at each step over the course of the
twenty cycles.
The total synthetic yield was approximately 9%, with the major loss being
attributed to adverse reactions. This specific step yield of 29% was calculated
by analysis of the A-chain content immediately following cleavage and solubilization as the ^-sulfonate. Losses prior to this analysis point were accounted
for by amino acid content of the peptide resin before and after HF-cleavage.
The adverse reactions represent the sum total of loss due to peptide modification
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Table 1 AAA" of synthetic peptides
Residue

Std.

Asp
Thr
Ser
Glu
Gly
Cys
Val
Ile
Leu
Tyr

100.0
82.3
62.4
101.0
99.0
92.5
97.8
82.0
103.0
97.0

Peptide resin

HPLC purified

Capped

Uncapped

Capped

Uncapped

100.0
72.0
64.3
83.3
65.5
79.8
53.6
64.0
91.1
95.3

100.0
74.9
65.1
88.0
80.7
84.4
60.4
69.6
97.8
100.2

100.0
86.4
76.7
99.6
97.4
92.4
89.7
76.7
101.0
95.1

100.0
82.2
64.7
100.0
99.0
92.2
97.5
79.6
101.0
97.6

Expressed as a percentage relative to aspartic acid which was set at 100%.
in automated synthesis, HF-cleavage, and conversion to the .^-sulfonate derivative. To determine the relative loss due to the specific presence of the four
cysteine residues, an additional synthesis was completed in which each cysteine
was substituted with glutamic acid. The amino acid content of this peptide resin
was nearly identical to that of the previous synthesis, with the exception of
the expected changes in cysteine and glutamic acid. In the analog synthesis,
the yield of A-chain-related peptide was dramatically observed to be increased
by more than two-fold relative to that of the previous syntheses. Slightly more
than 10% of this increase was a result of increased recovery of peptide in the
HF-cleavage step. Presumably, this resulted from improved solubilization of
the product, and not from increased cleavage from the support.
Conclusion
As previously observed in the synthesis of EGF [3], the presence of multiple
cysteine residues sharply diminished the synthetic yield of A-chain S-sulfonate.
The inefficiency in chain assembly, attributed to a diminished yield but a high
level of purity was, nonetheless, attained through the application of preparative
RPLC. Small differences were detected in the peptides prepared by the uncapped
and acetic anhydride capped syntheses.
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Progress on the process-scale synthesis of pentigetide
G.R. Nagarajan*, M.S. Verlander** and H. Jayakumar
Immunetech Pharmaceuticals, 11045 Roselle Street, San Diego, CA 92121, U.S.A.

Introduction
Pentigetide ( D S D P R ) , derived from the e heavy chain of h u m a n IgE (Immunoglobulin E), was shown to inhibit hypersensitivity in the Prausnitz-Kustner
reaction [1]. Subsequent clinical studies of the peptide demonstrated its therapeutic potential in humans for the treatment of allergic rhinitis, with none
of the side effects commonly associated with anti-allergy drugs [2,3].
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Scheme 1. Synthesis of pentigetide.
MA = mixed anhydride coupling method using isobutyl chloroformate/N-methylmorpholine. A 5-10% molar excess of carboxyl component was used in each
case.
*To whom correspondence should be addressed.
••Present address: Bachem Inc., 3132 Kashiwa Street, Torrance, CA 90505, U.S.A.
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Results and Discussion
In order to develop a commercial-scale (multikilogram) synthesis of this
potential drug, the classical, global-protection strategy has been investigated in
conjunction with the mixed-anhydride method of coupling and only minimal
purification of intermediates at each step (precipitation and/or trituration;
Scheme 1). While yields by this procedure were good (75-95% for individual
coupling steps), a number of persistent contaminants, attributed to the 'wrongopening' of the mixed anhydride during the coupling reaction, were noted in
the intermediates and the final protected pentapeptide. The side-product formation was maximum in the second coupling (Asp to Pro-Arg), and this coupling
reaction was thus chosen as a model for optimization studies. For comparison,
all four possible 'wrong-opening' products (N-isobutyloxycarbonyl-terminated
peptides) were synthesized by direct acylation of the appropriate intermediates
(A, II, IV, VI in Scheme 1) with isobutyl-N-succinimidyl carbonate, formed
in situ.
Other coupling methods, such as the pivaloyl mixed anhydride, appeared to
eliminate the side reaction, but the reaction rates were much slower and the
yields disappointing. Addition of 1-hydroxy-benzotriazole (HOBt) as an additive
[4,5] in the coupling step essentially eliminated the 'wrong-opening' product,
and the tripeptide intermediate was obtained in excellent yields and high purity
(Table 1). Similar results were obtained by this modified procedure in the third
and fourth couplings as well. Surprisingly, however, the side-product formation
was increased dramatically during the first coupling (Pro to Arg). Our results
suggest that addition of HOBt to mixed-anhydride coupling reactions to suppress
the urethane formation should be investigated carefully for each individual
coupling.

Table 1 Effect of addition of 1-hydroxybenzotriazole on purity and yields of intermediated
]Sformal

Intermediate
(I)
(III)
(V)
(VII)
a

b

conditions

With HOBt

Yield

Iboc-peptide (%)

Yield

Iboc-peptide (%)

85-92%
83-90%
85-95%
85-92%

1 - 2
10 -16
1.0- 1.5
0.3- 0.5

90%
88%
92%
94%

5-15c
<0.8
<0.3
<0.05

1-Hydroxybenzotriazole (1 equiv.) and N-methylmorpholine (1 equiv.) were added to
the preformed mixed anhydride (-15°C) 15 min prior to addition of the amine component.
After 20 min reaction, the pH was adjusted to approximately 6.5 with N-methylmorpholine. Reaction mixtures were analyzed by RPHPLC using a gradient of 30-60%
acetonitrile in 0.1 M sodium phosphate, pH 4.5, comparing with synthetic standards.
b
Refer to Scheme 1 for structures of intermediates.
c
Various conditions were studied, including the literature conditions [5] in which the
reaction mixture was adjusted to pH 8.0.
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Deprotection of the protected pentapeptide was accomplished in two steps,
first by catalytic hydrogenation (palladium on carbon or palladium black at
atmospheric pressure in methanol:acetic acid:water 8:1:1), followed by acidolysis of the N-terminal t-Boc group with TFA in CH2C12 (room temperature,
30 min). Purification of the final product was achieved by ion-exchange
chromatography on DEAE Sephadex.
The optimized process described above has routinely resulted in Pentigetide
of high purity (Fig. 1) and good yield (about 40% overall) from kilogram-scale
batches.

C
Fig. 1. Analytical HPLC of (a) purified pentigetide; (b) mixture of 1 (DSDPR), 2(B-DSDPR)
and 3 [D(D-Ser)DPR]. Conditions: Ultrasphere ODS (4.6 mmx25 cm); linear gradient
of 0-12% acetonitrile in 0.1 M sodium phosphate, pH 4.5 over 30 min then isocratic for
15 min. Flow rate = 1 ml/min (see [6]).
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SPPS of the a and /8 domains of human liver
metallothionein 2 and the metallothionein of
Neurospora crassa
Thomas L. Ciardelli3, Kristen G. Dillonb, Timothy E. Elgrenb, F. Jon Kullb,
Michael F. Reedb and Dean E. Wilcoxb
"Department of Pharmacology and Toxicology, Dartmouth Medical School, Hanover,
NH 03756, U.S.A.
b
Department of Chemistry, Dartmouth College, Hanover, NH 03755, U.S.A.

Introduction
Metallothionein (MT) [1] is a ubiquitous, small (61 residue) Cys-rich protein
which binds both essential [Cu(I), Zn(II)] and toxic [Cd(II), Hg(II)] metal ions
in vivo. Its biosynthesis is induced by several metals, and MT is thought to
be involved in metal-ion homeostasis. All the cysteines are involved in metalthiolate bonding and, as shown by 113Cd NMR [2], proteolysis [3], X-ray
crystallography [4] and 2D 'H NMR [5], the protein consists of two domains:
the N-terminal or B domain binds three dipositive metals with its 9 cysteines,
and the C-terminal or a domain binds four dipositive metals with its 11 cysteines.
MT from the fungus Neurospora crassa (NcMT) [6] contains only 25 residues;
however, its 7 cysteines are homologous to the first 7 of the B domain of
mammalian MT.
Results and Discussion
Using SPPS, we have synthesized the a and B domains of human liver MT2 and NcMT; we have also prepared a modified form of the B domain with
Cys26 — Ser and Cys29 — Ser substitutions, resulting in a B domain with the same
number, as well as homology, of cysteines as in NcMT. Figure 1 shows the
sequences of these peptides. Standard t-Boc chemistry, and low-high H F cleavage

a domain: - K S C C S C C P V S C A K C A Q G C I C K G A S D K C S C C A
Pdomain: A c - M D P N C S C A A G D S C T C A G S C K C K E C K C T S C ( K ) NcMT:
GDCGCSGASSCNCGSGCSCSNCGSK
Pdomain: Ac-M D P N C S C A A G D S C T C A G S C K C K E C K £ T S £ K(modified)
Fig. 1. Amino acid sequences of the synthesized peptides.
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from the resin and amino-acid deprotection have been employed. RPHPLC
purification led to peptide products with the yield and purity, as determined
by analytical RPHPLC designated in Table 1. AAA indicated that the correct
residue content was achieved for each synthetic peptide.
Table 1 Properties of the synthetic peptides
Peptide

Yield

a domain
P domain
N crassa MT
modified B domain

4%
3%
6%
4%

(50
(30
(39
(18

mg)
mg)
mg)
mg)

Purity (%)

Metal binding (mol
equiv.)

90
90
95
91

Cd(II):
Cd(II):
Cd(II):
Cd(II):

4 Cu(I): -6
2.5 Ag(I): 5
2 Cu(I): 6
2.5

To demonstrate that these synthetic peptides are identical to the natural
domains and NcMT, we have determined their metal binding properties and
compared our results with those reported for the proteolytically derived domains
from rat and rabbit liver MT-2 and the natural NcMT. The stoichiometrics
of Cd(II), Ag(I) and Cu(I) binding by the peptides (see Table 1) were determined
by AAA and match those found for proteolytically derived domains [7] and
NcMT [8]. UV absorption and CD spectroscopy were also used to monitor
metal binding by the peptides. Electronic features in the 220-300 nm region
were observed upon binding metal ions to MT and have been assigned [9] as
thiolate-to-metal charge-transfer transitions. Titrations of the synthetic peptides
with Cd(II) or Cu(I) led to the appearance of these bands at similar energies
as reported for the native proteins. These absorption and CD features showed
systematic changes in intensity until the maximum metal-to-protein stoichiometry
was achieved, thus supporting the atomic absorption analysis of metal ion binding.
Finally, 113Cd NMR spectral data for Cd(II) binding to the synthetic a domain
were obtained and compared to those reported for the a domain from rat liver
MT-2 [10] and the a domain Cd(II) ions of whole human liver MT-2 [11].
These results show that, in the synthetic a domain, three of the Cd(II) ions
are in environments identical to those in the whole protein and in the proteolytically derived a domain; the chemical shift of the fourth Cd(II), which
is located near the junction with the B domain, indicates that this metal ion
is in a somewhat different environment than in the native protein.
The modified B domain was prepared to study differences between NcMT
and the B domain, particularly the role of the non-Cys residues in metal ion
binding. If the Cys residues predominantly determine metal ion stoichiometry
and spectral properties, then this modification should result in a B domain with
NcMT metal binding properties. Although the Cd(II) binding stoichiometry does
not appear to be altered, the CD spectroscopic features of this modified B domain
now resemble more closely those of NcMT. This suggests that the intervening
residues play some role in determining the metalloprotein structure.
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Conclusion
In this study, we have shown that it is possible to use SPPS to prepare the
individual domains of metallothionein and the entire Neurospora crassa protein.
This demonstrates the successful use of SPPS for peptides with high Cys content,
and now provides a methodology for the facile-sequence modification of MT.
Synthesis of the modified B domain indicates the potential for using this
methodology to elucidate the biophysical properties of these Cys-rich metalbinding proteins.
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Synthetic studies on the K+-channel antagonist
charybdotoxin
Elizabeth E. Sugg3, Maria L. Garciab, Bruce A. Johnson0,
Gregory J. Kaczorowskib, Arthur A. Patchett" and John P. Reubenb
"Department of Exploratory Chemistry, department of Membrane Biochemistry and
Biophysics and 'Department of Biophysical Chemistry, Merck, Sharp & Dohme Research
Laboratories, P.O. Box 2000, Rahway, NJ07065, U.S.A.
Introduction
The isolation and characterization of charybdotoxin (ChTX) from the venom
of the scorpion, Leiurus quinquestriatus, was recently reported [1] as shown below.
ChTX is a potent and selective inhibitor of the high conductance Ca 2+ -activated
K+-channel in primary bovine aortic smooth muscle cells [1]. A second peptide,
iberiatoxin (IbTX), was recently isolated from the venom of the scorpion Buthus
tamulus. IbTX, with > 6 0 % sequence homology to ChTX (see sequence below),
interacts noncompetitively with ChTX-binding sites.
ChTX
IbTX

pQFTNVSCTTSKECWSVCQRLHNTSRGKCMNKKCRCYS
pQFTDVDCSVSKECWSVCKRLFGVDRGKCMGKKCRCYQ

We now report the synthesis of ChTX and IbTX and of two hybrid analogs,
ChTX'-^IbTX 20 " 37 and IbTX'-^ChTX 2 "-". Assignment of the disulfide bonds
of ChTX was accomplished by AAA of the fragments obtained from selective
hydrolysis of native and synthetic ChTX with chymotrypsin and trypsin.
Results and Discussion
Analogs were prepared by SPPS on a Milligen 9050 using Fmoc-pentafluorophenyl ester methodology. The peptides were cleaved from the resin using
TFA, cyclized by air oxidation at pH 8, and purified by gel filtration (Sephadex
G-25) and RPHPLC. All four analogs were analytically pure by RPHPLC.
Synthetic ChTX was equivalent with native ChTX in the displacement of
[125I]-ChTX from bovine aortic sarcolemmal membrane vesicles (IC50 = 0.02 nM).
Synthetic IbTX, and the hybrid analogs ChTX'-'MbTX 2 "- 37 and IbTX1"19ChTX20"37, were about 30-fold less potent in this binding assay. Native and
synthetic IbTX were non-competitive in the displacement of labeled ChTXbinding sites. The hybrid IbTX^^-ChTX 20 " 37 was a competitive inhibitor of ChTX
binding, while the hybrid ChTX'-^-IbTX 20 " 37 was noncompetitive. The IbTX1"19ChTX20"37 hybrid had an electrophysiological profile very similar to ChTX on
cultured bovine aortic smooth muscle membrane patches [2], while the profile
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for ChTX1-'9-IbTX2o-37 resembled that of IbTX. This suggests that the C-terminal
17 amino acids are important for ChTX and IbTX-receptor selectivity.
Native and synthetic ChTX was treated with chymotrypsin and trypsin, and
the resulting fragments were isolated by RPHPLC and treated with performic
acid prior to AAA. Since tyrosine and tryptophan are destroyed by the performic
acid treatment, the presence of Tyr and Trp was inferred from the UV intensity
of the RPHPLC peaks. Table 1 lists results from AAA, and the assigned disulfide
bonding pattern.
Table 1 Fragments obtained from hydrolysis of ChTX with trypsin and chymotrypsin
Peak3 Amino acid composition
Sequence assignment
15
His(0.84), Arg(1.2), Asx(1.3), Thr(1.2), Ser(1.4), Leu(l)
L^-H-N-T-S-R25
20
Lys(2.6), Asx(1.9), Thr(3), Ser(2.6), Cys(2.1), Val(l),
T-N-V-S-C7-T-T-S-K
Met(O)(0.86)
C28-M-N-K
21
Arg(l.Ol), Lys(0.94), Val(0.91), Glx(1.2), Ser(2.7),
S-V-C17-Q-R C35-Y
Thr(l.l), Asx(0.94),Cys(2.1)
31
Arg(l.l), Glx(1.3), Cys(2.0)
E-C'3-W C33-R
a
Elution time (min) on Vydac C-l8 (4.6 mmx25 cm), 0-20% acetonitrile in 0.1%
TFA aq., 0.5%/min.
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Synthetic calcium binding EF hands: Testing the Acid Pair
Hypothesis
Ronald E. Reid
Faculty of Pharmacy, University of Manitoba, Winnipeg, Manitoba, Canada R3T2N2

Introduction
The Acid Pair Hypothesis was formulated to explain the differences in calcium
affinity of the highly sequence-homologous EF hands found in such proteins
as calmodulin (CaM), troponin C (STnC), S-100, calbindin, calcyclin and
parvalbumin. The hypothesis assumes that the calcium affinity of EF hands
can be described by the chemical nature of amino acids in positions 1, 3, 5,
7, 9 and 12 in the 12-residue loop region of the EF hands (Fig. 1). It evolved
from the cobalt complex studies of Cotton and Bergman [1,2] who found that
a polyatomic ligand, in which two chemically equivalent atoms are held much
closer together in the cation complex than if the atoms were independent of
each other, has a tendency to interact with the cation through the chemically
equivalent atoms in such a way that the mean positions of the pairs of atoms
lie roughly at the vertices of one of the usual coordination polyhedra.
The EF hands fulfill both requirements of polyatomic ligands with chemically
equivalent atoms, and therefore, Cotton and Bergman's hypothesis was extended
to the interaction of EF hands with calcium [3-5]. To test the hypothesis as
it pertains to individual EF hands, a model peptide system was prepared using
the sequence of bovine brain calmodulin calcium binding site III [6].
Results and Discussion
To determine the importance of the 6 amino acids in positions 1, 3, 5, 7,
9 and 12 of the loop region, a hybrid peptide of rabbit skeletal TnC site III
(A98STnC) and bovine brain calmodulin site III (L109CaM) was synthesized (Fig.
1). The hybrid peptide (NDDL/4XZ CaM) consists of the natural sequence
of calmodulin with the exception of the residues in positions 1, 3, 5, 7, 9 and
12 of the loop region that are identical to those of TnC site III (note: residue
109 was also changed from Met to Leu for synthetic reasons). The A98STnC
sequence has four acid residues paired on the x and z axes (Fig. 1) and has
high affinity for calcium (Kd = 28 uM). The L109CaM sequence has low affinity
(735 MM), while the hybrid (NDDL/4XZ CaM) has a Kd for calcium of 19
nM, which is to be expected according to the Acid Pair Hypothesis.
The importance of the above 6 residues in calcium binding is obvious from
the hybrid study. However, a more direct test of the hypothesis would come
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Fig. 1. Amino acid sequences and calcium dissociation constants of the synthetic analogs
of the model helix-loop-helix calcium binding unit (EF hand).
from peptide analogs of CaM site III with 3 acidic residues and pairing of 2
of the 3 acid residues on axes of the coordinating tetrahedron. The first analog
(NDL/3X CaM) has 3 acidic residues in the loop region at the x, -x and -z
coordinating positions and is found to have a Kd for calcium of 524 /uM. This
affinity for calcium is slightly better than that of the natural sequence (L109
CaM), but the increase in affinity is not considered large. The second analog
(NDL/3Z CaM) has 3 acidic residues in the loop region at the x, z and -z
coordinates. The affinity of this peptide for calcium (A^d = 54 /iM) is 14 times
better than that of the natural CaM fragment (L109 CaM) and 9 times better
than that of the fragment with the acid pair on the x axis (NDL/3X CaM).
These results support the Acid Pair Hypothesis as an explanation for a
molecular distinction between high and low calcium affinity in the EF hand
calcium binding units. Additionally, we found that the acid pair on the z axis
has greater effect on the calcium affinity than the acid pair on the x axis when
the site contains 3 acidic residues in chelating positions in the loop region.
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Synthesis of a 32-residue peptide inhibiting trypsin and
carboxypeptidase A
Dung Le-Nguyen and Bertrand Castro
CCIPE, Rue de la Cardonille, F-34094 Montpellier Cedex 2, France

Introduction
We recently described the synthesis [1] and NMR study [2] of EETI II, a
28-residue peptide isolated from the Cucurbitaceae Ecballium elaterium [3]. This
highly potent trypsin inhibitor (Kd=10" 12 ) contains 6 Cys residues, the three
Cys of the N-terminal half being connected with those of the C-terminal half
in identical order. The molecule exhibits a compact structure in which the third
disulfide bridge crosses a macrocycle limited by the two first ones. These
topological characteristics are quite analogous to those described for CPI, a
carboxypeptidase A (CPA) inhibitor found in potatoes [4]. The comparison
between the 3D structures of EETI II and CPI is presented in Fig. 1.

EETI II
Fig. 1. 3D-structure comparison between CPI and EETI II.
A sequence alignment based on Fig. 1 shows that the CPI chain was elongated
on both ends (Fig. 2), with the C-terminal tetrapeptide Pro-Tyr-Val-Gly being
responsible for the inhibitory activity. These findings prompted us to synthesize
a chimeric compound consisting of the EETI II molecule extended at its Cterminus by Pro-Tyr-Val-Gly in order to obtain a double-headed inhibitor named
trypsin-carboxypeptidase A inhibitor (TCPI) acting on both trypsin and CPA.
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EETI II
PCI

Fig. 2. CPI and EETI II: Sequence alignment.
Results and Discussion
The synthesis was performed by the SPPS using 1% crosslinked chloromethylated (CM) resin and BOP for coupling following the procedure described
previously [5]. Starting from Boc-Gly-CM resin (0.5 mmol Gly/g), the fully
protected peptide was assembled manually. The reactive side chains of the amino
acids were protected as follows: Tos for Arg; 2-C1Z for Lys; Mob for Cys;
Xan for Asn and Gin; OcHx for Asp; Bzl for Ser; and Deb for Tyr; Met was
used unprotected. The couplings, monitored with ninhydrin tests, were all
achieved within 30 min, the first five couplings requiring less than 10 min; no
recoupling was needed.
After the synthesis was accomplished, the peptide resin was treated for 60
min with liquid HF at 0°C in the presence of anisole and DMS. The crude
peptide was recovered in 20% AcOH in H 2 0 after washing with ether, and
lyophilized. It was then dissolved in H 2 0 at pH 8 (with DIEA) and allowed
to oxidize under vigorous stirring. During the cyclization process, the pH as
monitored with moistened pH paper progressively dropped; it was then readjusted
with DIEA when necessary. The reaction was monitored by RPHPLC and
Ellman's reagent [6]. For this purpose, samples (1 drop) of the mixture were
collected every hour and allowed to react with 1 drop of a solution containing
dithiobis (2-nitrobenzoic acid) in IM K 2 HP0 4 buffer (pH 8). The cyclization
was completed after 36 h stirring. Semi-preparative RPHPLC was utilized to
purify the synthetic compound. The reaction mixture was filtered, pumped onto
a Whatman M20 ODS-3 column (2.2x50 cm, 10 /im) and then eluted with
a 0.1% TFA/CH 3 CN gradient. One unique fraction was collected and lyophilized
to yield the expected TCPI (yield for the cyclization-purification step: 9%). AAA
were in agreement with the expected structure.
The antitrypsin activity was determined, as previously described [3], using
A-benzoyl-L-arginine ethyl ester as the substrate. It was assayed after 5 min
preincubation of the enzyme with TCPI. For anti-CPA assays, sodium A-hippuryl/3-phenyllactate was utilized. TCPI was shown separately to inhibit trypsin
( K d = 1.8 x IO-9) and CPA (Kd = 3x IO-9). On another hand, it was shown that
the enzymes could be inhibited concomitantly following a specially designed
protocol. These results will be published elsewhere.
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Light-harvesting peptides
Brian M. Peek, Sondra E. Vitols, Thomas J. Meyer and Bruce W. Erickson
Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599-3290,
U.S.A.

Introduction
We are engineering a new class of peptides that convert light energy into
stored chemical or electrical energy. These light-harvesting peptides will contain
three new classes of amino acids: metal-ligand chromophores, electron donors,
and electron acceptors. A metal-ligand complex, such as Ru n (bpy) 3 2+ , serves
as the chromophore. Light absorbed by a metal-ligand complex promotes an
electron from a d orbital of the metal Ru11 to a IT* orbital of the 2,2'-bipyridine
(bpy) ligand field. The resulting metal-ligand charge-transfer complex
{Rum[(bpy)3-]}2+ is both a powerful reductant and a powerful oxidant. The
oxidized metal Ru111 can accept an electron from an electron donor, such as
phenotiazine (PTZ), and the reduced ligand field (bpy)3- can donate an electron
to an electron acceptor, such as paraquat (PQ 2+ ), which regenerates the initial
chromophore. The net reaction is the light-induced transfer of an electron from
PTZ to PQ 2 + to create a redox-separated state (PTZ"+, PQ" + ) having stored
chemical energy.
Meyer et al. [1] covalently attached PTZ, PQ 2+ , and Ru u (bpy) 3 2+ to polystyrene
and transiently observed the absorbance spectra of the free radicals PTZ"+ and
PQ"+ produced by light harvesting. But electron transfer was not observed for
a ternary mixture of PTZ-polystyrene, PQ2+-polystyrene, and RU n (bpy) 3 2+ polystyrene unless 9-methylanthracene was present to serve as an energy-pluselectron shuttle between the separate polymer strands [2]. Nonproductive backelectron transfer was slower for both polymeric systems than for a mixture of
the three monomeric species. But proximity of the redox sites, due to their random
spacing on the polystyrene strands as well as the flexibility of the polymer
backbone, promoted rapid quenching of the redox-separated species. Segregation
of the three types of redox sites on separate polymer strands further reduced
the quantum efficiency of light harvesting.

Boc-Lys(Ptz)-OH
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Boc-Gln(Pqt)-OH

B.M. Peek et al.
Results and Discussion
We are exploring the design and synthesis of peptide structures containing
these three redox sites. We have synthesized amino acids containing an electron
donor or an electron acceptor by modifying the side chain of lysine or glutamic
acid. We made Boc-L-Lys(Ptz)-OH, where Ptz is 3-(10-phenothiazinyl)propanoyl,
and used it for SPPS of electrochemically active peptides, such as Lys(Ptz)Lys(Ptz)-Ala. We have also synthesized Boc-L-Gln(Pqt)-OBzl, where Pqt is 3(l'-methyl-4,4'bipyridinium-l-yl)propyl, and used it to prepare Boc-Lys(Ptz)Gln(Pqt)-OBzl in solution. In this dipeptide, the electron donor Lys(Ptz) had
a half-wave potential versus the sodium-saturated calomel electrode (0.70 V)
close to that of the parent PTZ (0.74 V), and the electron acceptor Gln(Pqt)
(-0.39 V) was close to that of the parent PQ 2 + (-0.40 V). A synthesis of the
amino acid Boc-Lys(BRu)-OH bearing a metal-ligand chromophore is in progress.
Once these three redox amino acids are available and characterized, novel
molecular devices will be assembled by SPPS. Construction of a-helical peptides
will allow control of the distances between redox centers. Peptides containing
these redox modules will be assembled on an electrode surface bearing amino
groups. Proper spacing of the chromophore C, acceptor A, and donor D should
allow conversion of light energy into electrical energy (Fig. 1). For example,
light absorbed by the chromophore Lys(BRu) of the peptide-modified electrode
will generate the redox-separated state (Lys(Ptz"+), Gln(Pq"+). The high-energy
electron of Pqt"+ could be transferred sequentially to a soluble electron acceptor
A', to another electrode, through an external circuit, and back to the peptidemodified electrode to be accepted by Ptz B+ . This molecular device would be
a peptide-based solar cell.

A'

Fig. 1. Proposed scheme for electron transfer.
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A novel oligopeptide delivery system for poorly absorbed
peptides and drugs
Istvan Toth, Richard A. Hughes, Michael R. Munday, Paolo Mascagni and
William A. Gibbons
School of Pharmacy, University of London, 29-39 Brunswick Square,
London WC1N 1AX, U.K.

Introduction
The development of biologically active peptides and other poorly absorbed
compounds continues to be hampered by the absence of an effective means
of delivering them. In an attempt to overcome this, a delivery system has been
developed based on a-amino acids with long alkyl side chains, the so-called
fatty amino acids (1) (see Fig. 1). The fatty amino acids can be condensed to
form biodegradable and biocompatible oligopeptides (2) that possess structural
similarities to the lipid bilayer of cell membranes.
Covalent conjugates of fatty amino acids or their oligopeptides with poorly
absorbed peptides and drugs can be formed by linking the desired compounds
to the N- or C-terminus of the fatty peptide via an amide, a simple ester or
other easily cleavable connection. The conjugates should show increased membrane solubility and translocation characteristics over the parents, thus improving
oral absorption and enhancing the activity of drugs that act at membranes.
Results and Discussion
The benzoquinolizine acid 3a has antiinflammatory activity but is poorly
absorbed. A series of fatty peptide derivatives of this compound 3b were prepared
by condensing the free amine of C-protected fatty peptides with the carboxylic
acid function of the alkaloid. The oral absorption of C2-3H labeled benzoquinolizine conjugates 3b in mice was found to be at least five-fold greater than
that of the parent compound 3a.
The berbane alkaloid 4a is a highly selective a 2 -adrenoceptor antagonist, but
is of limited clinical use due to poor oral absorption. A series of esters of this
compound with N-protected fatty peptides have been synthesized (4b) and tested
for a 2 -receptor antagonism.
A variety of compounds with GABA agonist properties have been investigated
as a means of overcoming the limited passage of GABA across the blood-brain
barrier. Examples 5 and 6 illustrate the use of two prodrug-type linkages between
the active compound and the fatty oligopeptide delivery system. These conjugates
are being evaluated for their ability to deliver and release GABA into the CNS.
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Fig. 1. Illustration of structures (for details see U.K. Patent appl. No. GB 2217706A;
International Patent appl. No. PCT/AU89/00166).
Analogs (7) of the peptide GnRH, containing fatty amino acids at the Nor C-terminus and within the sequence have been synthesized by SPPS. The
absorption of radiolabeled analogs following oral administration is currently
under investigation. The study will be extended to other peptides and vaccines
of biological interest.
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Ion
binding 134
channels 658,688
carriers 795
-exchange chromatography 955
-spray 1010
IR studies
of enkephalin 351
on hydration 351
Isoaspartyl 220
Isocoumarins 38
Isoquinoline sulfonamide 373
Isostere 198,331,387,404,409,969
Isotocin 459
Isotope enrichment 655
Isovaline 493
Kallidin 588
Kallikrein
inhibitors 380
SAR 380
structure 380
Kinetics, decomposition of GRF
Lactam, ANF agonists 244
lamB signal sequences 548
Lanthionine 616
Lantibiotics 865
LDH-C4 709
Leader peptides 664
Leukocyte elastase 382
Light-harvesting peptides 1076
Linkers
acid-labile 895,996
photolabile 895

220

spacer 1017
Lipases 355
Lipid
interactions 672
membrane 637
Lipoconjugates 811
Lipopeptides 811
mating pheromone 103
Lipophilic, cytotoxic, cyclic peptide,
marine origin 455
Litorin analogs 182
Liver metastasis, insulinoma 512
Loading of resin, Fmoc synthesis 928
Locusta migratoria 468
Low-temperature relaxation
measurement 647
LY 164929, /^-opioid agonist 326
Lysine protection 1005
Lysosomal 367
Magainins 124
Main immunogenic region (MIR)
acetylcholine receptor 697
Major histocompatibility complex
(MHC) 779
Malaria 721,742
peptide vaccine 726
Maleimide thiol addition 811
MAP
see Multiple antigen peptide
Mass spectrometry (MS) 426, 468
Mastoparan 637
a-Mating factor 111
MCH
see Melanocyte-concentrating
hormone
MDL 28,050, anticoagulant 92
Mean arterial pressure 267
Medullary thyroid carcinoma 1041
Melanin-concentrating hormone
(MCH) 464,600
Melanocyte-stimulating hormone
(MSH) 530
Melittin 120
analogs 1036
Membrane
anchors 496
bilayers 691
-bound peptides 585
environments 585
peptide 658
supports 1027
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Metal
-binding
property 767, 1066
to DNA 785
to peptides 785
-ligand chromophores 1076
Metallothionein 767, 1066
Methionine reduction 99
a-Methylalanine 493, 608, 873
Af-Methyl amino acids 365, 437, 900
4-Methyl-/3,/3-pentamethylene-/Jmercaptopropionic acid
(4MePmp) 283
a-Methylleucine 236
j3-Methylphenylalanine 937
/3-Methyltyrosine 937
Metkephamid 326
Micelles, bombolitin III 578
Microbial lipases 918
Mimic, hydrogen bond 870
Mimotope mapping 898
Mitochondrial polypeptide 510
Mitogenesis enterotoxin fragments 501
Mitotoxin 524
Mixed anhydride 889, 1063
Modification of lantibiotic
propeptides 865
Modular-branched peptides 718
Molecular modeling 33,46,387,781
of turns 682
Molecular dynamics simulations 3, 341,
575, 616, 658
Monitor peptide 384
Monitoring of coupling 1059
Monoclonal antibody 697, 758
conjugates 137
reactivity 744
Morphiceptin 348
Morphine 326
mRNA coexpression 744
MSA deprotection 931
MSH
see Melanocyte-stimulating hormone
Multiple peptide synthesis 1003, 1036
antigens 724, 726, 765
Muscarinic receptors 211
Muscle contraction 264
A^-acetylation 485
^"-acetyltransferase 485
A^-acylureas 965
N-benzylglycine 155
Af-carboxyanhydride
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N-glycosylation 809
AT-methyl amino acids 365, 437, 900
N-terminal processing 449
Na/liquid NH 3 955
nef Protein HIV 847
Neisseria gonorrhea 363
Neisseria meningitidis 731
Neokyotorphin 302
Neurokinin A
antagonists 180
fragments 180
SAR 180
Neuromedin U-8 116
Neuropeptide Y
conformation 314,319
cyclic analogs 319
shortened analogs 3, 317, 319
Neurosecretory peptides, Locusta 468
Neurotensin-like peptide (NRP-11) 462
Neurotoxin 498,505
Neutralizing
antibody to FeLV 898
epitopes mapping 751
N G -unprotected arginine 902
Nickel-carrying peptides 190
Nikkomycin X, NMR studies 619
Nisin 3, 613, 616
fragments 60
p-Nitrophenol 889
Nitrophenylsulfenyl, disulfide
formation 635
NK-2 analogs 177
NKA analogs 177
NMR
see Nuclear magnetic resonance
Novel anchor groups 933, 1020
Nuclear magnetic resonance
ACh receptor fragment 697
Aib peptides 641
amino acids 941
AVP analogs 299
bombesin antagonist 188
bombolitin 841
l3
C 655
calcitonin 165
chemotactic peptides 630
cyclic pentapeptide 644
cyclolinopeptide A 118
endothelin 552
gastrin, 15N 628
GRF 575
HLA A2 hexapeptide 781
hydrogen bond mimic 870

Subject index
kinins 588
lamB 548
MCH 600
monitoring 223
neuropeptide Y 3,314
Af-glycosylation marker sequence 809
nisin 613, 616
NOE distance constraints 3, 165,
249, 339, 575, 600, 603, 610, 613,
616, 625, 644, 674, 870
oligopeptides 3
opioid peptides 3, 321, 339, 348
proline peptides 585
REDOR 608
relaxation 647
renin inhibitory peptide 649
resin-bound peptides 223
scorpion neurotoxin 625
structure 165
templated proteins 677
TGFa 603
toxin y 622
tubulin 471
zinc fingers 539
Nucleation
b-sheets 674
helices
861
O-acylureas 965
O-glycosylated threonine 804
O-glycosylated tuftsins 804
Omission analogs, hemagglutinin 774
O.N-&cy\ transfer 920
Opiate receptor 337, 986
Opioid n agonists 323, 326
Opioid peptides 3, 321, 348, 592
Opioid receptor ligand, ^i-selective 323
Optical resolution 918
Oral absorption 1078
Organic solvents, enzymatic
synthesis 355
Orthogonality, SPPS 895, 923
Outer membrane protein, epitope
mapping 731
Oxazolidinone 402
Oxidation 999
/8-Oxo-a-amino esters (synthesis) 877
Oxytocin 955,996
analogs 283,290
antagonist 72
inhibitors 290
synthesis 996

P. falciparum sporozoite 742
Palladium cleavage 1015
Pancreas 152
Pancreastatin-like
immunoreactivity 512
Papain 916
Parallel 0-sheets (NOEs) 674
Parallel synthesis 1036
Parathyroid hormone (PTH)
antagonists 163
related protein 163
Partial trypsin digestion 512
Penicillamine, deprotection/
oxidation 996
Pentafluorophenyl ester 914
Pentigetide 439, 1063
Pep 5 3, 865
PEPSCAN 765,849
Pepsin 365
Pepstatin A analogs 129
Peptaibol 493, 608
Peptides
Aib-containing 544
affinity chromatography 435
/3-Ala-containing 667
alcohols 1017, 1020
analogs
antithrombotic 82
bombesin 185
CCK-8 552
conotoxin G-l 505
melittin 1036
nisin 60
somatostatin 198
vasotocin 293
VIP 208
antibiotics 122,613
antisera 740, 765
azoles 877
bombesin 56, 65, 168, 174, 182, 185,
188
carrier conjugation 774
conformation 582, 592, 613, 628,
839, 1012
cyclization 252, 667
design 122
diazomethyl 375
-DNA interaction 702
drugs 411
electron density maps 974
folding 535
hormones 433
hormone receptor 152
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inhibitors 378
large-scale synthesis 1007, 1063
lipid interactions 798
Locusta neurosecretory 468
mapping 99,430
membranes 585
metabolism 378
mimetics 404, 815, 877
modifications 963
oxazolinones 3
-polyoxyethylene conjugates 3
processing 262
production 1031
-resin conjugate 714
secondary structure
determination 702
sequencing 426,446
simplification 244
structure 527
structure minimization 157
substrates 365, 373
sweeteners 114
synthesis 103, 111, 134, 355, 446,
635, 714, 916, 923, 965, 978, 1012,
1069
synthesis on pins 721, 898
thermal motion 974
vaccines 718, 755
Peptidomimetic 132, 195, 393, 881, 978
Peptidomimetics
non-peptidic 161,498
Perturbation of single-site
mutations 655
Pertussis toxin 751
pGlu, BOP coupling 911
Pharma peptides 1031
Pharmacological studies 134
Phenylephrine-Ca2+ interaction 527
1-Phenylpyrazolinone 914
Phenylthiohydantoin 446
Phorbol ester 310
Phospahtidylcholine bilayers 585
Phosphinate 371
Phospholipids 590
interactions 694
Phosphonamidate 371
Phosphopeptide 947
Phosphorylated tyrosine analogs 939
Photoaffinity labeling 129, 152
Photon counting 651
Physical dependence 326
Picornavirus, synthetic antigens 733
Pipecolinic acid 944
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1,4-Piperazine system 161
Piperazic acid 72
Plasmodium falciparum 726, 777
circumsporozoite protein 726
Platelet aggregation 82, 94
inhibitors 90
Platinum-carrying peptides 190
/3-Pleated sheet formation, polyamino
acids 988
Poliovirus 733
Poly-L-serine 988
Polyacrylic resin 902
Polyamide resins 446, 714
Polyamino acid mimetic 988
Polydepsipeptides 3
Polystyrene-grafted polyethylene 1036
Porcine
growth hormone (pGH) 214
pancreatic lipase 918
somatotropin (pST) 214
Potassium channel blockers,
synthesis 1069
Potentiation of ANF activity 247
Precursor peptides
lantibiotics 865
putative, of human endothelin 276
Preparation of C-terminal peptide
alcohols 1017
PreS2 region hepatitis B virus 845
Preview in sequence analysis 229
Prior thiol capture method 920
Pro-ANF 1046
Processing enzymes 489
Prodrugs 137, 293,1078
Proendothelin 269
Prohormone processing 489
ProIL-1/3 gene 476
Proline-containing peptides
analogs 307
modeling/NMR 585
structure in membranes 585
Proteases/proteinases
assay 831
inhibition 84,835
in synthesis 355
peptide mapping 152
substrate of 363
synthesis of 367
Protected fragments 1054
Protective immune response 769
Protein
co-translational modification 485
design 685,709
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-DNA interaction 702
domains 557, 1051
engineering 749, 1043.
folding 557, 632, 825
kinases 373
modifications 1038
-peptide interactions 571
-protein interaction 84
self-association 571
sequencing 426,464
stability 566
Proteolysis 137
Prothrombin 590
Proton channels 688
Pseudo-peptide
bradykinin 159
chemistry 988
cyclization 161
cystatin C 375
enkephalin 331,334
GRF 233,236
inhibitors of Plasmodium
falciparum 111
neurokinin A 180
renin inhibitors 46
PTH
see Parathyroid hormone,
Phenylthiohydantoin
PyBOP 885
QSAR
see Quantitative structure activity
relationships
oxytocin 290
TRH 127
Racemization
activated hydroxyamino acids 967
free linkages 1027
suppression, mechanism 907
A?-acyl-Ar,A/,-dicyclohexylureas 965
Radioimmunoassay (RIA) 464, 512
RapidAmide resin 957
Receptor
j82-adrenergic 527
affinity 182
affinity labeling 986
antagonists 65, 171
binding 106, 140, 312
bombesin interactions 168
-bound conformation 608
Ca 2+ interaction 527
opioid 337

probe 146
selectivity 108, 149, 321
subtypes 171
K Receptor 337
Recombinant
a-interferon 449
endothelin 262
Redox amino acids and peptides 1076
Reduced amide bond isostere 233, 835,
999
Renin
amide bond isosteres 78
fragments 738
inhibitors 43, 46, 78, 387, 393, 396,
399, 402, 404, 406, 409, 411, 649,
981, 1007
transition state analogs 78
Reporter templates 861
66-Residue peptide 1049
Resolution Af-Me-amino acids
(HPLC) 437
Retro-inverso
bonds, TP5 772
modifications 3
Retroviral protease 825
Retrovirus protease inhibitors 839
Reverse detection 628
Reverse proteolysis 1043
RGD 699
analogs 90
degradation 90
RGDS 94
RIA
see Radioimmunoassay
Ribonucleotide reductase 378
Rigid analog of phenylalanine 393
RNA-PCR 744
RPHPLC
see High performance liquid
chromatography
S. aureus V8 430
S-Npys 986
S-thiomethylation 986
Saporin 524
SAR
see Structure activity relationships
Sarafotoxin S6b 269, 1054
Saralasin 969
Scaffold, multiple peptide
synthesis 724, 726, 765
Scorpion neurotoxin 625
Secondary structure
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chaotropic salts in SPPS 904
growth hormone 571
a-helix 669
HPLC 415
lamB 548
/3-sheets 674
supersecondary motifs 709
Seco-peptides, ANP 254
Segment condensation 895
Selective linear antagonist 281
Semisynthesis 861, 920, 1043, 1051
Sequencing
C-terminal amides 433
tandem MS (MS/MS) 443
Serine proteases 38
Serology 841
0-Sheet 674
0-Sheet//3-turn structure 223
Side-chain interactions 535
Signal peptides 664
Silver trifluoromethanesulfonate 241
Site-directed mutagenesis 84, 508
Site-site interaction 1022
SK&F 110679 214
Smooth muscle cells 310
Smooth muscle contraction 116
SMPS instrumentation 1029
Sodium fluxes 310
Solid-phase peptide synthesis (SPPS)
see also Synthesis and Solution peptide
synthesis
angiotensin II 68, 305, 307, 310, 312,
969
antagonists
cyclic disulfide analogs
ANF 909
apocytochrome c fragment 1049
betabellin 682
bradykinin potentiating peptide 931
cardiodilatin 1046
CCK-8 106
CCK-releasing peptide 384
charybdotoxin 1069
cleavage 1015
coupling problems 223
C-terminal peptide alcohols 1017
cyclization 993
EGF 97
endothelin 271, 276
gastrin I 895
GnRH antagonists 33
GRF 229, 233, 1024
hemagglutinin fragments 769
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hepatitis B virus
preS2 region 845
fragment 845
surface antigens/immunogenic
determinant 729
vaccine models 724
HIV-1
env fragments 852
gag fragments 852
protease 825
tat fragments 828
melittin 1036
metallothionein-2 fragments 1066
multiple on single support 1034
«e/protein fragments 847
oligopeptides 1022, 1059
oxytocin 996
phosphopeptides 947
picorna virus/vaccines 733
PKC inhibitors 902
potassium channel blockers 1069
prothrombin fragments 925, 1027
S1 subunit of pertussis toxin
fragments 751
sarafotoxin S6b protected
segments 1054
side reactions 928, 957
substance P 161,877,935,984
supports 1036
TGFa 75
thymosin 04 1057
trypsin inhibitor 1073
ubiquitin 892
use of chaotropic salts 904
zinc finger fragments 539
Solid-state NMR 608, 655
Solution peptide synthesis
see also Synthesis and Solid phase
peptide synthesis
cyclosporin A 49
LAGV 1012
pentigetide 1063
subtilisin Carlsberg 355
Solution conformation 610, 622, 625
Somatomedin 101
Somatostatin 195, 198
receptors 881
mimetic 881
analogs 3, 443, 1020
SP
see Substance P
SPDP ([N-succinimidyl 3-(2pyridyldithio)propionate]) 774

Subject index
SPPS
see Solid phase peptide synthesis
Stability of Arg(Pmc) in TFA 950
Staphylococcal
enterotoxins 501
nuclease 779
protease 1051
Stereoselective synthesis 941
Streptomyces tendae, nikkomycin X,
antibiotic 619
Structure activity relationships (SAR)
a-mating factor 103
ANF/ANP 244, 252, 254, 258, 598
Angiotensin II 307
angiotensinogen fragment 971
AVP 299
bombesin 168, 174, 182, 185, 188
bradykinin 157
CCK antagonists 143, 149
cyclolinopeptide A 118
CRF 239
cyclosporin A 49
endothelin 269, 274, 552, 1029
enterobactin 795
ferrichrome 795
galanin 205.
gastrin 146
GnRH 33, 192, 592, 653
GRF 226,231
interleukin III 749
magainins 122, 124
metallothionein 767
neuromedin U-8 116
neurotensin resembling peptide 462
nisin 60
NPY 317
oxytocin 290
PTH 163
renin inhibitors 78, 399
somatostatin 198
substance P 177
tachykinins 935
TGFa 75
TP5 7587
vasotocin 293
VIP 208
Structure determination
see Conformational analysis, Circular
dichroism, Nuclear magnetic
resonance
Substance P (SP)
antagonist 877
analogs 161,935

antibodies 736
selective analogs 984
topological model 161
Substituted proline 582
Substrates of IgA 1 proteinase 363
Subtilin 3
Sulfated tyrosine analog 939
Sulfhydryl modifications 963
Sulfide bridges 718,865
Sulfo-methyl phenylalanine 106
Surfactant peptide 694
Sweeteners 114
Swelling of resins 1022
Synergistic cytotoxicity 455
Synthesis
see also Solution peptide synthesis and
Solid phase peptide synthesis
active esters 914
amino acids 944
a-amino-/3-keto ester 680
calcium binding EF hands 1071
charybdotoxin 1069
didemnin 991
enkephalin analogs with pseudo-amide
bonds 331
enterotoxin fragments 501
on cotton 1059
on pins 758
protected peptide fragments 1024
renin inhibiting azapeptides 406
peptide alcohols 1017
sarafotoxin S6b 1054
(NANP)20 742
tachykinin 177, 680, 736, 935
T-cell epitope
S. aureus nuclease 714, 779
N. meningitidis membrane
protein 731
T-Cell, antigenic site 779
Tachykinin 736
analogs 935
antagonists 680
selective antagonist 177
Tandem mass spectrometry (MS/
MS) 426,443
TASP 677
Tetragastrin 957
analogs 390
Tetrazole 195,833
TGFa
see Transforming growth factor a
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TGF/8
see Transforming growth factor B
TH-cell antigenic sites 423
Thermal structural stability 539
Thermodynamics of helix
formation 632
Thermolysin
digestion 384
folding 557
inhibitors 371
C-terminal fragments 1051
Thiazole-containing amino acids 877
Thiazolidine 920
Thioacids 916
amides 976
esters 916
ether 443
ether bridged peptides 981
peptides 976
Thiol anchimeric assistance 960
Thiol capture amide ligation 861
2-Thiolhistidine 981
a-Thrombin inhibitor 92
Threonine, O-glycosylated 804
Thrombosis 82
Thymic peptides 1031
Thymosin B4 1057
Thyrotropin-releasing hormone
(TRH) 127,976
Tissue distribution and action of
carbetocin 297
TMSBr
see Trimethylsilylbromide
Troponin C (TnC) 1071
TP5
enzymatic cleavage 772
retro-inverso bonds 772
SAR 772
trans-acting transcriptional factors 476
Transcriptional factors, cis- and transacting 476
Transcript levels 744
Transforming growth factor
-a (TGFa) 75,603
epitope mapping 758
-B(TGFB)
481
Transition-state analog 835
TRH receptor binding 127
Trifluoroethanol 669
Trimethylsilylbromide (TMSBr) 241,
276
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Tris(alkoxy)benzylamide linker 895
Trp alkylation 960
Trp-Cys sequences 960
Trypsin 430
Trypsin inhibitor 384, 1073
Tryptic peptides 360
Tryptophan cleavage 99
Tubulin peptides and fragments 471
Tuftsins O-glycosylated 804
Tumor necrosis factor (TNF) 1003
0-Turns 111, 223, 535, 644, 809
conformations 682
eleven-membered ring 498
in chemotactic peptides 630
mimetic 653, 881
model peptide 996
7-Turn 307
Two-step hard acid 276
Tyrosine phosphate 140
Tyrosine sulfate 140
Tyrphostins 522
Ubiquitin 892, 1010
UK-69,578 247
UK-79,300 247
Vaccine 731, 845
Valine, labeled 941
Vasoactive intestinal polypeptide (VIP)
ACh release 211
adenylate cyclase activating
peptide 518
analogs 208
bioactivity of analogs 208
receptors 211
Vasoconstrictor
activity 276
peptide 264
Vasopressin/neurophysin/copeptin,
vasopressin precursor 489
Vasopressin (AVP) 283, 287, 293, 299,
955
antagonists 72,281
Vasotocin 293,459
VIP
see Vasoactive intestinal polypeptide
Viral protease 831
Viscosin 132
Vitronectin 699
Water in hydrophobic pockets
Western blot 721
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X-ray diffraction analysis 118
0-Ala containing peptide 667
chemotactic peptides 630
HTLV1 hexapeptide
inhibitor 839
Af-glycosylation marker sequence
peptides 809

Young test

907

Zinc finger fragments

539
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