CHEMISTRY AND BIOLOGY OF PEPTIDES

OXYTOCIN STRUCTURE

Proceedings of the 3rd American Peptide Symposium

| MEIENHOFER
| AT
PFtP



CHEMISTRY AND BIOLOGY OF PEPTIDES

PROCEEDINGS OF THE THIRD AMERICAN PEPTIDE SYMPOSIUM






CHEMISTRY AND BIOLOGY OF PEPTIDES

PROCEEDINGS OF THE THIRD AMERICAN PEPTIDE SYMPOSIUM

Edited by

Johannes Meienhofer
The Children's Cancer Research Foundation and
Department of Biological Chemistry, Harvard
Medical School, Boston, Massachusetts 02115

P.O. BOX 1425 ® ANN ARBOR, MICHIGAN 48106

_‘
g ann arbor science pPuBLISHERS INC.



®© Ccopyright 1972 by Ann Arbor Science Publishers, Inc.
P.O0. Box 1425, Ann Arbor, Michigan 48106

Library of Congress Catalog Card No. 72-84758
ISBN 0-250-40001-4

Printed in the United States of America
All Rights Reserved



PREFACE

The Third American Peptide Symposium in Boston on June
19-23, 1972, was attended by ,three hundred scientists in-
cluding over sixty colleagues from other countries. The
meeting was held at the Jimmy Fund Auditorium of the
Children's Cancer Research Foundation. The keen interest
in this Symposium was due to an unprecedented upsurge of
scientific and industrial interest and involvement in pep-
tides in the past few years.

The increasing interaction of traditional peptide
chemistry with physically and biologically oriented dis-
ciplines was reflected in this Symposium by a series of
invited lectures. NMR in the conformational analysis of
polypeptides was reviewed by F. A, Bovey. Properties of
antamanide were presented by Th. Wieland. R. A. Bradshaw
elaborated on a comparison between nerve growth factor and
insulin. Angiotensin was discussed in terms of its physio-
logical roles by M. J. Peach and its conformations by P.
Fromageot. K. Hofmann reported on the progress toward the
synthesis of ribonuclease Tj. N. Izumiya illustrated the
problems involved in synthesizing this protein by the
solid-phase technique. The significance of the hypothalamic
hormones in physiology and medicine was elucidated by R.
Guillemin.* The precision and sensitivity of amino acid
analysis was reviewed by S. Moore, and S. Udenfriend re-
vealed a fluorometric assay in the picomole range. E. Gross
structural relationships in peptides containing a,8 unsat-
urated amino acids. Many thanks are extended to the invited
speakers for their outstanding presentations and the efforts
in preparing the manuscripts.

*Admirably presented by R. Burgus when hurricane Agnes
prevented Dr. R. Guillemin's travel from Washington, D.C.
to Boston.



The large number of contributions presented during the
ten sessions of the meeting placed high demands on the in-
dividual presiding chairmen., Their skillful and excellent
performance is gratefully acknowledged. Nine papers on
structure and conformation emphasized the usefulness of
NMR and especially the high potential of carbon-13 NMR.
Studies on oxytocin, deamino lysine-vasopressin, proline-
containing cyclic hexapeptides, and on model aromatic
dipeptides, tetra- and pentapeptides were reported. Solvent
exposure of peptide protons was determined by NMR. Partic-
ularly fruitful proved to be conformational analysis of
cyclic peptides, and this was again part of the lively
forum discussion. Discourses on synthetic problems, side-
reactions during cyclization and chemical behavior alter-
nated with those on biological aspects, in particular,
antamanide, neurohypophyseal hormones, valinomycin and
actinomycin. Nineteen contributions dealt with solid-phase
synthesis. Methodical studies on modified solid supports,
improved protecting groups, insoluble coupling reagent and
active esters, and the use of oxidation~reduction conden-
sation and o-nitrophenyl esters were reported followed by
accounts on problems and difficulties. Long-chain solid-
phase syntheses with target sequences as lysozyme or
ribonuclease Ty apparently experienced many difficulties.
Improved solid-phase syntheses of LH-RH/FSH-RH and enceph-
alitogenic peptides and preparations of valine-gramicidin
B and C and of semisynthetic noncovalent protein (nuclease)
complexes were presented. Synthetic advances by conven-—
tional methods in solution and progress in synthetic
procedures were covered by sixteen papers. Complex syn-
theses of ribonuclease T, a porcine gastric inhibitory
polypeptide and porcine proinsulin are very close to com-
pletion. Single crystals were obtained of (Pro-Pro-Gly)ig
and human ACTH was synthesized according to the corrected
structure. Syntheses of hypothalamic hormones are currently
pursued in many laboratories. Several novel amine protect-
ing groups were disclosed. Amide protection, new catalytic
agents, problems of racemization and of cystine peptide
syntheses continue to be of interest. Broad coverage was
given to biological aspects. Ten presentations in the
session on biologically active peptides dealt with antamanide,
scotophobin, tuftsin, nerve growth factor, vasopressins,
biosynthetic actinomycins, fibrinogen peptides, bradykinin-
potentiators, a polypeptide from the lung and a l-glutamine
antimetabolite. An entire session with thirteen papers was
devoted to angiotensin, its pharmacology, its in vivo
generation, and its conformation as well as structure-activity
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relationships and syntheses of inhibitors. Hormonal mes-
sengers, such as hypothalamic factors, B-lipotropin, cyclic
AMP, and gastrointestinal hormones, and studies on structure
and function of ACTH were presented in six papers. The
eleven papers in the session on analytical techniques were
concerned with amino acid analysis, fluorometric assay in
the picomole range, sequence analysis by (a) mass spectrom-
etry of hydrolysis mixtures, (b) thermal degradation, and
(c) automated Edman degradation. Structure elucidation of
viomycin and a human plasma alipoprotein were also covered.
Probable future trends of the field were examined in a
forecast at the end of the meeting.

The discussions were very lively and stimulating. The
difficulties of preserving meeting discussions in print
cannot easily be resolved. At the end of each chapter I
have attempted to summarize various points of general in-
terest raised during the discussions. The already large
volume of the book required that these comments be brief.
They were taken from the tape recordings without trying
to identify individual discussants.

I am very indebted to all members of the Program
Committee for their many valuable suggestions during the
organization of the program and for their devoted help in
editing manuscripts. R. Walter undertook the difficult
task of editing the forum discussion on cyclic peptides.

Generous financial support to the Symposium fund has
greatly assisted organizing the meeting. We wish to thank
the following sponsors for their contributions: Abbott
lLaboratories; Armour Pharmaceutical Company; Ayerst Research
Laboratories; Beckman Instruments, Inc.; Children's Cancer
Research Foundation, Inc.; CIBA-GEIGY; Hoffmann-La Roche
Inc.; Merck and Company, Inc.; Norwich Pharmacal Company;
Pierce Chemical Company; Sandoz Pharmaceuticals; Schering
Corporation; G. D. Searle and Company; and The Dow Chemical
Company.

The Planning Committee entered into an appointive
three-term membership system, and the terms of office of
G. W. Anderson, M. Bodanszky, M. Goodman, R. B. Merrifield,
M. A. Ondetti, and B. Weinstein expired. Their services
are deeply appreciated. The new committee appointed Dr.

R. Walter to organize the fourth symposium in New York.

J. Meienhofer October 1972
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ABBREVIATIONS

The abbreviations used in this book are listed below. For
amino acid residues and several protecting groups they are
those recommended by IUPAC-IUB Commission on Biochemical
Nomenclature in Biochemistry 5, 1445, 2485 (1966); 6, 322
(1967); J. Biol. Chem. 241, 2491 (1966); 247, 977 (1972).

AT
A IT
A II'

AA

Abu

Ac

Acm

AcOH, HOAc
Acpe

ACTH

(Alk) 3N
apoLp-Gln II
AVP

Boc

Bpoc
BPTI
m-BrBzl
o0=BrZ
p-BrZ
Bu*0cOC1
But

Bz

Bzl

Angiotensin I

Angiotensin II

Angiotensin II amide
([Asnl]—Angiotensin I1)

Antamanide

L~a-Aminobutyric acid

Acetyl

Acetamidomethyl

Acetic acid

l1-Aminocyclopentanecarboxylic acid
(Cycloleucine)

Adrenocorticotropin

Trialkylamine, t-amine

Apolipoprotein II (Gln C-terminal)

Arginine-~vasopressin

t-Butyloxycarbonyl
2-(p-Biphenylyl)isopropyloxycarbonyl
Bovine pancreatic trypsin inhibitor
m-Bromobenzyl
o0-Bromobenzyloxycarbonyl
p-Bromobenzyloxycarbonyl

Isobutyl chloroformate

t-Butyl

Benzoyl

Benzyl

xvii



CCD

Cb

Cha

CHO
4-CH30Bz1 (MeOBzl)
2,6-Cl9oBzl
2,4-Cly2
2,6-Cl27Z
3,4-Cl92Z
CcM

CP-B

CT

cyclic AMP
Cys (Cm)

DCC, DCCI
DCHA
DEAE

DFP
Dipmoc
DLVP

DMF
DMSO
Dnp
Dns

DTP

Ec
EDAC

EDTA
EEDQ

Et3N, NEtg
EtOH

FDNB
FSH
FSH-RH

<Glu

GRF, GRH

Countercurrent Distribution
Circular dichroism
B-Cyclohexylalanine

Formyl

4—Methyloxybenzyl
2,6-Dichlorobenzyl
2,4-Dichlorobenzyloxycarbonyl
2,6-Dichlorobenzyloxycarbonyl
3,4-Dichlorobenzyloxycarbonyl
Carboxymethyl (cellulose, Sephadex)
Carboxypeptidase B

Cobrotoxin

cyclic Adenosine-3',5'-monophosphate
S-Carboxymethylcysteine

Dicyclohexylcarbodiimide

Dicyclohexylamine

Diethylaminoethyl

Diisopropyl fluorophosphate

Diisopropylmethyloxycarbonyl

1-Desamino lysine-vasopressin,
(1-(B-mercaptopropionyl] -lysine-
vasopressin

Dimethylformamide

Dimethylsulfoxide
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NMR IN THE CONFORMATIONAL ANALYSIS OF POLYPEPTIDES,
ESPECIALLY CYCLIC POLYPEPTIDES

F. A. Bovey. Bell Laboratories, Murray Hill, New
Jersey 07974

SUMMARY--The application of proton and C-13 NMR to the study
of the conformations of polypeptides, particularly cyclic
polypeptides, is discussed. Proton NMR is considerably
further developed for this purpose at the present time than
C-13 NMR. Main chain conformations can be deduced from the
J coupling of the a- and NH protons, together with informa-
tion concerning internal hydrogen bonds from measurement of
the NH resonance positions as a function of temperature,
from observations of e¢is-trans isomerization of X-Pro peptide
bonds, and from energy calculations. In C-13 spectroscopy,
no coupling information is available and one must rely on
chemical shifts, at least some of which (particularly in
proline residues) appear to be sensitive to conformation.
The use of NMR is illustrated for cyclic hexapeptides, for
antamanide, and for oxytocin and its open chain precursor
peptides.

INTRODUCTION

OF THE SPECTROSCOPIC METHODS useful for the study of poly-
peptide conformations, high resolution NMR has recently
emerged as one of the most powerful. Many studies in our
laboratory and in others have amply demonstrated that proton
NMR (pmr) can provide large numbers of spectral parameters,
i.e. chemical shifts and spin-spin couplings. If they could
be fully interpreted, these data would give a fairly complete
conformational picture of these molecules. As yet, such a

3
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complete interpretation is usually not possible but never-
theless certain features of the spectra can be made to
yield information concerning the main-chain conformations
of polypeptides and oligopeptides. Of the latter, cyclic
polypeptides, both synthetic and naturally occurring,
have been the objectives of particularly intensive inves-
tigation in our 1aboratory and in many others.

Limited C-13 NMR (emr) data have also been recently
published for several amino acids,2 di- and tripeptides,2
a cyclic polypeptide (gramicidin S),3 a linear polypeptide
(poly-y-benzyl-L-glutamate),“ a cyclic depsipeptide
(valinomycin)® and a protein (ribonuclease A). c-13
studies are in course of publication from our laboratory
on oxytocin and its precursor peptides, valinomycin and
its kKt complex,8 antamanide,9 and antamanide-sodium
complex.10 I will mention certain aspects of this work
today. 1In addition, C-13 investigations of synthetic
cyclic hexapeptides, carried out in collaboration with
Professor Blout's group at Harvard, are in course of pre-
paration for publication. This work will be discussed in
part in this presentation, and also in a separate paper by
Dr. Deber. We may note also several other C-13 studies to
be presented in this meeting, including one by Smith et al.
on both oxytocin and deamino lysine vasopressin and their
precursor peptides.

The greater part of the 15 years since natural abundance
C-13 spectroscopy was first described!!s12 has been a period
of extensive data collecting with relatively little inter-
pretation in terms of structure or conformation. One reason
for this state of affairs is the very large range of C-13
chemical shifts, over 350 ppm, or roughly 30 times the
range usually observed for protons. This is in itself
attractive, since it promises fine discrimination, but it
has tended to baffle fundamental understanding, although
there is a considerable bod{ of empirical correlations.
Another reason is that 1 H J couplings have not as yet
groved particularly useful in conformational analysis, as

H-1H couplings are, and in any case are banished from
present day C-13 spectra by double irradiation in order to
improve the signal-to-noise ratio. Thus, in polypeptide
C-13 spectra we have only chemical shifts to help us. I
will show, however, that these may be helpful and in fact
can supply data which are not provided, or at best more
ambiguously provided, in proton spectra.
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Proton NMR

The proton parameters which can be most incisively
interpreted in terms of main chain conformation, i.e.
rotation angles, are as follows:

1. The vieinal coupling of the Cy proton and the NH
proton, termed Jyy, which can be interpreted in terms of
a Karplus-like relationship to give the rotation angle ¢:

\ﬁ / '\ SN
o R \H r'.‘

Jno 1s measured as the spacing of the NH multiplets,
usually observed in the 1.5 - 2.5 T range and appearing as
doublets for all residues except glycine. An appropriate
relationship has been found to be:

8.5 cos2¢' ( 0°

Ine = { z 207
Nov 9.5 cos2' (90° <

<
< 180°) )
where ¢' is the dzhedral angle, not ¢ as defined by the
196613 or 19701% angle conventions.

2. The temperature coefficient of the NH chemical shift
gives information concerning the participation of these
protons in hydrogen bonds. Upfield shifts with increasing
temperature are expected for protons capable of forming
hydrogen bonds and are attributed to the breaking of an
increasing fraction of such bonds. This dependence should
be small for intramolecular hydrogen bonds but substantial
for those capable of forming only external hydrogen bonds
to solvent. The method is very useful but is not always
straightforward. For example, the occasional observation
of negative slopes instills caution.

Observations of Cis-Trans Peptide Bond Isomerism.
It is well known that because of the planar nature of the
peptide bond, the angle w must be either 0° (¢trans) or
180° (cis), major departures from these values being costly
in terms of energy. The ¢Zg structure can normally be
adopted only by N-substituted residues, i.e. prolines or
(more rarely) sarcosine. The energy barrier separating the
cis and trans conformations of X-Pro bonds is of the order
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of 20 kcal. The nmr correlation of these familiar facts

is the appearance of separate c¢is and trans spectra when
both forms are present, owing to the relatively slow
equilibration between them. Since most biological poly-
peptides contain proline and the more intriguing conforma-
tional behavior of synthetic polypeptides often depends

on the presence of proline residues, this is an observation
of major importance. Strong emphasis has been placed on
proline in much of our work, both in pmr and cmr.

4., Peptide NH Exchange Rate. The NH proton exchange
rate with hydroxylic solvents can be monitored analytically
by observing NH peak intensity reductions in deuterated
solvents, usually Dy0. More rarely, fast exchange rates
can be measured in HoO by peak broadening. It is a little
difficult to know what to say about this type of study,
which is, of course, an old and well established one for
proteins, using isotopic tracers. It can be helpful when
marked retardation of rate can be correlated with internal
hydrogen bond formation, as observed, for example, by
Stern, Gibbons, and Craig in their pioneering study of
gramidicin S.lg Like others, we have found it useful, but
we have also found it to be erratic; for some compounds,
rates have been observed to vary inexplicably by orders of
magnitude between different preparations of the same poly-
peptide solution. We now treat results of such measurements
with great reserve.

5. Energy Calculations. For simpler polypeptides,
particularly if cyclic, NMR alone may be sufficient to yield
a conformational structure fairly unambiguously. For more
complex polypeptides, the NMR data alome, although very rich,
cannot be completely and unambiguously interpreted in terms
of conformation. Ab initio energy calculations are virtually
impossible because of the large number of possible conforma—
tions. However, by incorporating NMR data into the energy
calculations, it is found that self-consistent structures
(or groups of structures) can be arrived at. This is dome
by eliminating from comsideration all structures having one
or more residues which do not correspond to the observed
Jyg or to a low conformational energy.

Let us now look at a few applications of these methods.
The use of criteria 1, 3 and 4 is well jillustrated in the
study of gramicidin S by Stern, Gibbons, and Craig.!S We
shall consider here two simpler hexapeptides:
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These compounds illustrate well the typical features of
the NMR spectra of cyclic polypeptides and turn out to
exhibit some surprising conformational behavior; the
conclusions drawn by NMR are fully supported by energy
calculations.l® 1In Figure 1 are shown the spectra of

CYCLIC (PRO-SER-GLY),
IN D,0
B-CH
y-CHp
PRO
HDO a-CH
SER 8CHp
PRO
a-CH — B-CH
PRO PRO
1 1 | 1 1 1 1
5 6 7 8

T

Figure 1: 220 MHz spectrum of cyelo(-Pro-Ser-Gly-Pro—Ser-
Gly-) in D20 and (upper left) in Hp0-CH3COOH, 98:2 by
vol.; 22°, The Hp0 solution is made acidic to retard
exchange of NH protons with solvent (ref. 17).
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eyelo (-Pro-Ser-Gly-Pro-Ser-Gly-), abbreviated e-(PSG)g, in
D20 and (inset) in H20.17 From the spacings of the Gly NH
"triplet" (actually a quartet from coupling to two Gly B
protons) and the Ser NH doublet, INg is determined and
limits for the ¢ angles for these residues are established.
(There is, of course, no NH resonance for Pro residues,
but this is not important as in this case ¢ is fixed at
ea. 120° by the pyrrolidine ring.) In D20, the NH protons
are exchanged for deuterium and these couplings cannot be
measured, but the o-proton spectrum is now simpler to
analyze. The assignments of the glycine and serine a-
protons are shown in Figure 1; the former appear as an AB
quartet in the asymmetric environment of the serine and
proline residues; the latter is effectively a triplet,
although actually the X part of an ABX system. The proline
ring protons give a complex spectrum, the assigmments being
based on extensive previous study.le' 1

In dg-dimethylsulfoxide (dg-DMSO), the spectrum (not
shown) of ¢-(PSG)2 is essentially similar to Figure 1; in
this solvent, the NH protons are not exchanged and appear
in the same relative positions as in Figure 2 (inset).

2.6

2.4

Figure 2: Temperature
dependence of the Gly and
and Ser NH protons of

22 eyelo (-Pro-Ser-Gly-Pro-

Ser-Gly-) in dg-DMSO;

. 22° (ref. 17).

2.0

T°C
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In Figure 2, the glycine and serine NH peak positions are
plotted vs. temperature. The results strongly suggest
that the glycine peptide protons participate in internal
hydrogen bonds whereas those of the serine residues are
externally hydrogen bonded; the relatively greater de-
shielding of the latter probably reflects principally the
strong hydrogen bond acceptor properties of DMSO.

The observation of a single spectrum for each pair of
like residues in ¢-(PSG)9 demonstrates Cy symmetry. The
evidence for glycine NH hydrogen bonding together with
the values of Jy, for the glycine (ea. 4.0 and 5.0 Hz)
and serine (8.5 Hz) residues are compatible only with the
conformations shown in Figure 3 in both water and DMSO.

Figure 3: The Bp and Bj, conformations of cyelo(-Pro-Ser-
Gly-Pro-Ser-Gly-). Angles: all u = 0°;

BD: ¢Pro = 2900; (¢9¢)Ser = 240°a 2100; (¢sw)G]_y = 3300:
60°.
BL,: ¢Pro = 290°; (¢,¢)Ser = 24009 2100; (¢’¢)G1y = 3009

0°.
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In these structures, all peptide bonds are trans and the
glycine and serine residues are in somewhat distorted anti-
parallel B-type conformations. That designated 81, has
glycine angles appropriate for an L-residue B-structure,
while in the Bp conformation the glycine residues have
angles appropriate to a D-residue RB-structure. Calcula-
tionsl® show these conformations to be of nearly equal
energy, while the middle-range values of Jy . for both the
glycine protons indicate an averaging of these couplings
corresponding to rapid equilibration of the two forms.
The two hydrogen bonds stabilizing this form involve
glycine C=0 and NH groups only.

The Bp Z By, conformations of ¢c-(PSG)y are the principal
but not the only ones present. The peptide proton spectrum
(Figure 1, inset) shows minor resonances appearing as equal
pairs of glycine NH triplets and serine NH doublets.
‘(Related resonances can be seen upon close inspection of
the a~CH region, e.g. near 5.5 t1.) Variation of tempera-
ture and solvent does not alter the relative intensities
of these resonances, but does alter somewhat their ratio
to the principal spectrum. They correspond to an asymmetric
conformation, designated A, with one proline residue now
els, and the other trans, in equilibrium with the major
symmetric conformation. Their temperature dependence is
consistent with one intramolecular glycine NH hydrogen
bond, the other glycine and both serine NH protons being
exposed to solvent. A proposed structure for this confor-
mation is shown in Figure 4. Its observation is particularly

Figure 4: The A conformation of cyclo(-Pro-Ser-Gly-Pro-
Ser-Gly-). Angles: Gly(NH H-bonded): w = 180°; all
other w = 0°, '
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significant because it tells us that structures which
appear to have C2 (or higher) symmetry from the structural
formula alone need not actually have such symmetry.,

The retroisomeric hexapeptide eyelo(-Ser-Pro-Gly-Ser—
Pro-Gly-), designated c¢-(SPG)y, shows different conforma-
tional behavior from e-(PSG)2. In H20, the NMR spectrum
indicates a_conformation similar to the By structure of
the latter.22? The Bp structure is excluded as its energy
is substantially higher. The serine and glycine residues
have now reversed roles, the serine NH being internally
hydrogen bonded, as shown by its small temperature depen-
dence (Figure 5), whereas the glycine NH protons are

-~
2.2} v
e
-
rd
2.0 _ ~ _
SER () .~ P
-~ ~
1.8} - ~ .
P - Figure 5: The temperature
jfﬁﬂﬁ:ﬁ___——————jj“__— dependence of the chemical
16~ - shifts of the NH resonances
avide -~ (a) of cyelo(-Ser-Pro-Gly-Ser-
oL semag ~ Pro-Gly-) in (a) Hp0-CHj3
-“—// COOH, 98:2 by vol.; (b)
4 < dg-DMSO (ref. 22).
SER(B_ 7} ~
2.0 —_—
. P
SETﬁyi:’//
. 18 GLY(R¢)
—
-~ (b)
el GLY (BTl
: ~
| i ] L
20 40 60 80

T °C

exposed to solvent. This conformer is designated Byt and
is shown in Figure 6 (top). A minor fraction of another
symmetrical conformer can be detected in the spectrum. In
dg-DMSO solution this becomes the major conformation.
Figure 7 shows the appearance of the NH spectrum as a
function of solvent composition. The NH temperature de-
pendence demonstrates that this second form has no internal
hydrogen bonds; this observation and the Jyy values are
consistent with a conformation, ¢, in which both proline
residues are c¢is (Figure 6 bottom). It is strongly folded
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Figure 6: The Byt and Q¢ conformations of cyclo(-Ser-Pro-
Gly-Ser-Pro-Gly-). Angles for Byy: all w = 0°; (9,¥)ger
= 30°, 330°, Pro ¢ = 300°; (¢,¥)gyy = 300°, 150°.
Angles for Qg: (¢,V,w)gey = 25°, 325°, 180°; (¢,¥)pyo =
300°, 0°5 ($,¥,w)g1y = 240°, 90°, 0°.

rather than planar like Bjyp. Energy calculations are at
present unable to deal with such solvent interactions, and
so even when dramatic changes such as those of c-(SPG)j
occur, the most that can be concluded is that both the By
and Q¢ conformations represent low energy forms.

The even more striking conformational behavior of the
related cyclic hexapeptide, cyelo(-Pro-Gly-)j3, will be
described by Dr. Deber later in this meeting.

Of the many cyclic polypeptides of more complex struc-
ture which have been investigated by pmr, let us briefly
mention here the mushroom toxin antidote antamanide,?,!0,23-26
an all-L decapeptide having no element of symmetry:

8§ 9 10 1 2
Pro-Phe-Phe-Val-Pro

Pro-Phe-Phe-Ala-Pro
7 6 5 4 3
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Figure 7: The 220 MHz NMR spectrum of the NH protons of
eyelo(-Ser-Pro-Gly-Ser-Pro-Gly-); (a) in H90-CH3COOH,
98:2 by vol.; (b), (c), and (d) in dg-DMSO:Hp0-CH3COOH
(98:2); (e) in dgDMSO. In (a) through (e) the mole
fraction of dgDMSO is 0.0, 0.5, 0.7, 0.8, and 1.0. Each
spectrum is the result of 15-30 accumulated CAT scans
(ref. 22).

Figure 8 shows the 220 MHz pmr spectrum of antamanide in
CD3CN at 34°. I will not discuss it in detail but show

it as illustrative of the spectra of the more complex
polypeptides which lack symmetry. The main parameters we
need are the values of Jy,, each assigned if possible to

a specific residue in the sequence. An essential procedure
is the association of the NH resonances (at 2-3 T) with
their corresponding a-protons (5-6 1) and the association
of these with the side-chain B-protons at higher field,

and so on. This is done by double resonance. The irradia-
tion of an o-CH multiplet causes the associated NH doublet
to collapse to a singlet; the assignment may be confirmed
by reversing the procedure and observing the resulting
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27.5°
20°
13.5°

h
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1 l | | I L
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8 7 4 3 2| 1
Afa” Phe

Phe

Phe /

phe’ Vol Pro

Pro —---

Pigure 8: The 220 MHz proton spectrum of antamanide in
CD3CN at 34°, The lines below the spectrum connect NH,
o~ and B-protons shown by double resonance to be
vicinally coupled. The inset spectra above show the
temperature dependence of the NH portion of the spectrum,
which in this solvent is relatively small.

perturbation of the a-region of the spectrum. This opera-
tion is then extended to the B, vy, etc. protons of the
side-chain. The lines in Figure 8 connect multiplets
corresponding to groups of spins demonstrated by this means
to be (vicinally) coupled. From the form of the a-CH and
sidechain multiplets the residues can be assigned by type
but not specific sequence position., All the Iy, had
relatively large values of 6.0 - 8.5 Hz. 1In CD3CN and in
CD3C0,H temperature coefficients were small for the chemical
shifts of all six of the peptide NH doublets, two Phe
resonances showing somewhat larger slopes than the other
four residues. There are thus four strong intramolecular
hydrogen bonds and two weaker ones. (An earlier study of
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antamanide in CDC132“% showed fast exchange rates for aqll

NH resonances.) In strong hydrogen bond accepting solvents
such as dioxane and N,N'-dimethylformamide, antamanide as-
sumes a different conformation in which all peptide NH
protons are exposed to solvent.

The proton studies of antamanide are hampered by the
difficulty of having no entirely clear-cut test of whether
the proline residues are c¢is or trans or both, although
there does appear to be a correlation between the form of
the pro a-CH multiplet and the state of the X-Pro bond
(quartet for trans and "doublet" for eis). As we shall
shortly see, however, cmr can provide very useful and
important information on this point.

Antamanide is known to complex Na't quite strongly,
probably by folding to form a cavity in which several
carbonyl groups can bond to the ion. It is found!! that
on adding NaSCN to a CD3CN solution of antamanide, the
peaks broaden as the mole ratio of Nat to polypeptide
approaches 0.5 and then narrow again while assuming new
positions corresponding to the Nat complex. There is no
actual "doubling" of the spectrum at any point. Analysis
of this behavior shows that the barrier in the process

Afit-Nat + Ant 7 A#t-Nat

is no greater than ca. 15 kcal. and that therefore no
significant alterations in X-Pro peptide bond conformations
occur on complexation. Again, cmr, which we now discuss,
provides important confirmatory informatiom.

23,26

Carbon-13 NMR

As is well known, the inherent observing sensitivity of
C-13 is low owing to a natural isotopic abundance of 1.1%
and a gyromagnetic ratio only about one-four.h that of the
proton. This disadvantage has been very successfully over-
come in the last 3-4 years by multiple scan techniques and,
still more recently, by Fourier transform spectroscopy.
Further increase in signal-to-noise ratio is accomplished
by abolishment of 13c-1g J couplings using a noise-modulated
proton decoupling field; this has the further advantage of
an accompanying nuclear Overhauser enhancement of as much
as 3-fold. As we have seen, one is repaid for all this
extra trouble by a range of chemical shifts ca. 30-fold
larger than for protons, with corresponding increase in
discrimination of structural and conformational features.

Tn a general way, the chemical shift positions of
carbon resonances in polypeptide spectra (commonly, as here,
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expressed with respect to 13CSZ as zero) are fairly well
understood,z‘10 but there are marked perturbations arising
from secondary influences, probably chiefly conformational,
of which only a glimmer of understanding can be claimed at
present. It is fortunate that such perturbations occur,
for if a C~13 spectrum were only a summation of the reson-
ances of the individual amino acid residues it would not
be very informative.

In Figure 9 are shown the C-13 spectra of the precursor
peptides of oxytocin’ from Pro-Leu-Gly-NH, (a) through
the nonapeptide (g) and finally closing the ring (h);
[D-Proj])-oxytocin is shown as (i). I will comment only in
a general way on these spectra, my purpose in showing them
being to indicate the general appearance of C-13 spectra
of polypeptides. In the least shielded region, between
10 and 30 ppm, are the carbonyl resonances of the peptide
groups and the Asn, Gln, and Gly-NH, carboxamide groups.
Aromatic resonances of Tyr and the %Lbenzyl, O-benzyl, and
carbobenzoxy blocking groups ( and the carbobenzoxy carbonyl)
appear between 35 and 74 ppm. The a-carbons appear between
130 and 150 ppm, Gly being the most shielded and Pro the
least. Benzylic methylene carbons of Tyr-O-benzyl, of
carbobenzoxy, and of Cys-S-benzyl appear just below and

Figure 9: 25 MHz C-13 spectra of the precursor peptides
of oxytocin; oxytocin; and [7-D-prolinel]-oxytocin.
(a) Pro-Leu-Gly-NH,
(b) Cys(Bzl)-Pro-Leu-Gly-NHj
(c) Z-Asn-(5-Bzl)Cys-Pro-Leu-Gly-NH2
(d) Z-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NH9
(e) Z-Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NHo
(f) Z-Tyr(Bzl)-Ile-Gln-Asn—Cys(Bzl)-Pro-Leu~-Gly-NHo
(g) 2-Cys(Bzl)-Tyr-Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NHo
(h) oxytocin
(1) [D-Pro7l
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just above this range of chemical shifts, respectively.

The large multiplet at ca. 150 ppm is that of the dg-DMSO
solvent; the deuterons are not decoupled by the proton
decoupler, and give a 1:3:6:7:6:3:1 septet with ca. 20 Hz
spacing; in the oxytocins, this masks the peaks of AsngB,
LeuB, Cys1B, and CysgB. The Pro &-carbons appear at ca.
146 ppm in all spectra. Between 152 and ca. 167 ppm the
B-carbons appear and beyond this up to 182 ppm are the

Pro y-carbons and those still further out on the Leu and
Ile sidechains. The latter can be unambiguously identified
by use of the empirically derived rules for carbon chemical
shifts in alkanes.27-30

Careful analysis of these spectra permits detailed
assignments of all the carbon peaks. These are shown in
schematic form in Figures 10, 11 and 12; dotted lines
comnect peaks for corresponding carbons in different
spectra. Little deviation occurs in the open-chain poly-
peptide spectra beyond what can be readily attributed to
end-groups. But when the nonapeptide is closed to yield
oxytocin, there are alterations of many resonance positions,
particularly of the a-carbons. The assignment of the Cys
peaks in oxytocin is based on deuterium labelling, which
causes the labelled carbon resonance to broaden and vir-
tually disappear. Some of these assignments await further
confirmation.

Extensive further study and interpretation will be
required before the power of cmr in such investigations is
fully realized. The most immediately useful result of our
present studies is the determination of the cis- or trans
state of the X-Pro bond. As we have seen, pmr is ambiguous
for this purpose; it clearly reveals both forms when present
but does not identify them. Cmr is more positive in this
regard, although not always entirely unambiguous. Figure
13 shows schematic cmr spectra of proline and a number of
simple proline derivatives and peptides, including poly-L-
proline I and ITI. The assignments are based on the obser-
vations of the polyprolines and of a number of simple
amides3! and appear to be secure. The heights of the lines
indicate approximately the apparent proportions of cis and
trans conformers. One can see that whereas the a, § and
(particularly) carbonyl resonances do not show a fixed
pattern of relative chemical shifts for c¢is and trans, the
pattern of the B and y carbons is, with only minor pertur-
bations, entirely consistent. These resonances show the
"back-to-back" intensity pattern to be expected if the B-
and y-carbons experience the same relative environmental
influences when sun or anti to the carbonvl eroun. (The
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origin of these chemical shift differences is not at pre-
sent clear; electric field effects have been suggested as
a possible cause.3?) A similar pattern appears in the o

and § resonances for some compounds but for others it is

reversed.

Application of these criteria to larger molecules will
clearly be significant. Examples are illustrated in
Figure 14. For example, the Pro B- and y-carbon resonances
in gramicidin A (data of Gibbons et al.3) are unmistakably
in the trans positions, confirming the structure deduced
for this molecule.3,15,33 The eight line B- and y-carbon
pattern of antamanide® shows a grouping into two eis and
two trans X-Pro bonds, resolving the ambiguity of the
proton spectrum. At the same time, the close spacing of
the lines in each group confirms the near two-fold symmetry
of the proposed conformation in acetonitrile.? (There is
an extra line, assigned to Val B, in the lowest field group.)
Of equal significance is the fact that this pattern 1s
retained with little change in the spectrum of the Nat
complex. This is consistent with the conclusion from
proton studies, discussed earlier, that no X-Pro bond
conformations are altered when the complex is formed. The
conformation deduced from pmr and emr?>10 for antamanide
is shown in Figure 15, and for the Nat complex in Figure
16.

In Figure 14 are also shown the assigned resonances
for Pro o, B, Y and § carbons in the oxytocin precursor
peptides, extracted from Figures 10 and 11. When Cys is
added to Pro-Leu-Gly~NH,, c¢is and trans X-Pro conformers
become possible and are observed. But when Asn is added,
the cis conformer is suppressed. The last finding agrees
with the findings of Smith et al., reported in this meet-
ing. The Pro carbons maintain a consistent irams pattern
in the open-chain peptides and upon closing the ring.
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Figure 15: Two views of the "1,6-cis-I" conformation of
antamanide in weakly hydrogen bond acceptor solvents
(CD3CO0H and CD3CN); all peptide NH are internally
hydrogen bonded. (Phenyl groups are omitted for clarity.)
Main chain rotational angles are:

Vall,Phe6 Proz,Pro7 ProS,Pro8 Ala'*,Phe9 PheS,Phe10

) 60° 120° 120° . 30° 60°
v 330° 330° 270° 120° 120°
w 180° 0° 0° 0° 0°

(ref. 9).
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Pigure 16: Two views of the Na' complex of antamanide.
(Phenyl groups are omitted for clarity.) Main chain
rotational angles are:

Vall,Phe6 Proz,Pro7 Proa,Pro8 .Ala”,Phe9 Phes,Phe10

¢ 30° 120° 120° 120° 90°
v 330° 360° 120° 120° 120°
w 180° 0° 0° 0° 0°

(ref. 10).
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A CARBON-13 NUCLEAR MAGNETIC RESONANCE STUDY OF
NEUROHYPOPHYSEAL HORMONES AND RELATED OLIGOPEPTIDES

Ian C. P. Snith, Roxanne Deslauriers. Division of
Biological Sciences, National Research Council of
Canada, Ottawa, Canada K1A OR6

Roderich Walter. Department of Physiology, Mount
Sinai School of Medicine, City University of New
York, New York, New York 10029

PROTON MAGNETIC RESONANCE (PMR) has been useful for deriving
conformational information and constructing molecular models
for oxytocinl'3 and lysine-vasopressin*~® in solution.
However, the twenty-fold greater range of chemical shifts
for carbon-13 implies that much better resolution of indi-
vidual resonances could be obtained. The chemical shifts
of 13C have been shown to be very sensitive to conformational
effects in small molecules.?»10 Coupling constants between
carbon and hydrogen,11 and carbon and phosphorus,lzr13 have
also been shown to be conformation-dependent. The relaxation
times, Ty, of individual carbon atoms are indicative of
mobilities of different regions of a molecule.l* The value
of 13c magnetic resonance (CMR) has not yet been conclusively
demonstrated in conformational studies on peptides other than
valinomycin.15

We have obtained the CMR spectra of oxytocin (Figure 1),
lysine-vasopressin (LVP), l-deamino lysine-vasopressin (DLVP)
(Figure 1), and arginine-vasopressin (AVP) in deuterated
dimethylsulfoxide (DMSO-dg) and deuterium oxide (D20). As
expected, a high degree of resolution was obtained, with
separate resonances being observed for almost every carbon
atom in the molecule. However, due to the large number of
similar resonances, and to slight changes in chemical shifts
associated with neighbour effects, it was not possible to



‘proe oruorxdoxdoizdeorsu-g = ady *9p-0SHA Fo sdnoad £qp oy woiz sjyoTdriTnm SUT] UIASS

urejuod wdd gy e suol8ex ay] °popae8sasTp 2q pPLNOYsS pue JOBFTIIL JUAUNIISUT UB ST UTD03LXO JO

un13oads oyl ur wdd zg{ I® 2uyy daeys °yJ *SPUODIS y°*( JO SWIJ UOTIISINbe Ue YITM POIRTNUNIOE

axam (sjutod 9g0Y%) ®BIBP PuR ‘ZH 000G ST Yaprm deems oyl -usSoapLy jo Buridnodap (ostou)

pueq peoiq £q eBi3doods oy} WOAJ poAowsl Uddq 2ary sSurTdnodo utds usSoapLy-uoqie) °J,Lf I® Ip-0SKA

Ut (SUOFIRTNUNIIR (OO°ZTIT ‘TW Z'0/3w Q%) urssoadosea-aursA[ oujwesp-T pPue (SUOTIBTNUNIIE (0Q°YY
‘Iu z°0/3u Qgy) uroolfxo jo eajdads (GT-00T-IX UBTIABA ‘2ZHR 9T°SZ) YWD POWIOISUBI] I9TINOI [ 2anbig

(SWL 1DusRix3 woly) Wdd

o] o4 014 09 08 ool ocl ovl 03| 08l 002
T I T T T T T T T T T
SWL
NISSIHJOSVA 3NISAT ONIWY3Q - |
2HN =~ K19 -5A7 - oid
|
U9 — usy — sA)
| |
aud — 1A —JdN
(SWL (Dw3ixa woiy) Ndd
(¢} Ge oy 08 08 jolo]} Qat [0)4] o9l 08l 00¢
SIWL T T I T T T T T I T

VI WO TPRE VTIPS TTIRBUTI ATy AT 4
AT TY 1141.: b b A d

NIDOLAXO

2HN - A9 -no7 - oiy
[
U9 - usy —shy

I -JA| — shD

30




Carbon-13 NMR 31

assign all the resonances by reference merely to data for
the constituent amino acids or model dipeptides. We there-
fore obtained the CMR spectra of the constituent peptides
of oxytocin, from the carboxamido-terminal tripeptide to
the partially protected, uncyclized nonapeptide. Thus we
were able to follow the influences of specific neighbouring
groups, and of cyclizing the nonapeptide. Detailed assign-
ments of the various spectral® cammot be presented here;
they are available on request and will be published else-
where. We discuss herein some of the observed effects and
their significance.

Discussion

In the CMR spectra of the peptides, Z-Pro-Leu-Gly-OEt
and Z-Pro-Leu-Gly-NH2, two resonances were observed for the
o, B, and § carbons of Pro (the y resonance is obscured
partly by the § of Leu, and doubling cannot be easily de-
tected). We attribute this to the presence of both c¢is and
trans isomers of the carbobenzoxylated Pro in these tri-
peptides. Elongation of the deprotected tripeptide to the
protected tetrapeptide, Z-Cys(Bzl)-Pro-Leu-Gly-NHp, results
in loss of one set of Pro resonances, as is the case with
all higher-membered peptide intermediates studied as well
as with the hormones. This indicates a strong preference
for the trans conformation of Pro. PMR (220 MHz) of the
protected tetrapeptide confirms the absence of the cis
conformer,!” and the presence of the cis conformer in the
tripeptide.18

In successive additions of protected N-terminal residues
to the oligopeptides, the principal changes in 13¢ chemical
shift were observed in the penultimate residue. For example,
on adding Z-Gln to Z-Asn-Cys(Bzl)-Pro-Leu-Gly-NHy, the only
observed changes in chemical shift are for Asn (o, -2.0;

B, -0.3; carbonyl, +0.2 ppm). The one exception to this
rule is Pro, whose o resonance is insensitive to N-peptide
formation, possibly because it is a secondary amine to be-
gin with. Further studies of proline-containing peptides
are required in order to test the generality of this obser-
vation. The protecting groups (Z, Bzl, etec.) affect mainly
the resonances of the protected amino acids.

The deprotected oligopeptides were studied in both D,0
and DMSO-dg. This served as a measure of direct (non-
conformational) solvent effects. In general the chemical
shifts in DMSO-dg relative to those in D)0 were: a to
higher field; B to higher or lower, depending on the amino
acid: CHa to lower field: carbonvl 2.8 ppm to higher field.
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This demonstrates that caution must be taken in interpreting
data taken in non-aqueous solvents, and in comparing them
with data taken in water.

Cyclization of the protected nonapeptide to form oxytocin
gives rise to numerous changes in the CMR spectrum. The
major changes are in the a and carbonyl carbon resonances
of the amino acids of the cyclized portion. This in itself
suggests that the effects have a conformational origin, as
do temperature studies (vide infra). In general the a
resonances move to lower field on cyclization. Formation
of hydrogen bonds, as have been pr0posed3 between the pep-
tide NH of Asn and the carbonyl of Tyr, and between the
side peptide NH of Gly and the carbonyl of Cys-6, should
result in downfield shifts of the carbonyl resonances in-
volved.l!?:20 To estimate the magnitude of the downfield
shift, we studied the system guanosine-cytidine in DMSO-dg.
PMR has shown that these compounds form dimers by hydrogen
bonding.z1 Under optimal conditions for hydrogen bonding,
we observed low field shifts in the hydrogen-bonded carbonyls
of 0.27 ppm (cytidine) and 0.66 ppm (guanosine). Displace-
ments of this magnitude, in addition to displacements caused
by other effects of cyclization, makes unambiguous assignment
of the carbonyl resonances difficult. In an attempt to
resolve this problem, we studied a series of closely related
hormones.

Figure 1 compares the CMR spectra of oxytocin and DLVP,
which differ in three positions. Expected differences are
the two Ile methyl resonances at 12.8 and 17.1 ppm in the
spectrum of oxytocin, the five aromatic Phe resonances cen-
tered around 130 ppm in the spectrum of DLVP and the cysteine
in position 1, in which the NHy has been replaced by H.

There are of course greater differences between the spectra
of oxytocin and the vasopressins, than there are between the
spectra of the various vasopressins themselves. In particu-
lar, the o resonances of Asn and Cys-6 differ by +1.2 and
-0.4 ppm, respectively, on comparing oxytocin and DLVP.

Most of the other spectral differences can now be interpreted,
although there remain uncertainties regarding our assigmments
in the carbonyl region.

Elevation of the temperature of oxytocin solutions in
DMSO-dg results in changes in only a few resonances. 1In
particular, the B resonance of Gln and the ¢ resonance of
Ile move towards the values found for the protected nonapep-
tide of oxytocin. This suggests that both the Gln B and
Ile o resonances are conformationally sensitive.

Comparison of the CMR spectra of LVP and AVP reveals
very few differences in the chemical shifts of the amino
acids held in common.



Carbon-13 NMR 33

Differences in the spectra of the various hormones in
D20 or DMSO-dg parallel for the most part the solvent-induced
changes in the uncyclized peptides. We have therefore no
evidence for any dramatic conformational differences for the
hormones in these two solvents; however, this may be a
limitation in the sensitivity of 13¢ chemical shifts to
small conformational changes in peptides.

Conclusion

The CMR spectra of the nonapeptide hormones manifest
the expected high resolution. By studying the constituent
oligopeptides almost all resonances can be assigned. For
some resonances a study of slightly modified hormones is
required for a complete assignment., Carbonyl and a-carbon
resonances appear to be conformationally sensitive, but
models for the observed behaviour cannot be constructed
until further information is available on conformational
influences on 13C chemical shifts. Using the chemical
shifts arbitrarily, one can say that the conformations of
LVP, DLVP and AVP are very similar. It appears that the
conformations of the hormones are similar in DMSO-dg and
D,0.
2 Although the conformational effects on 13¢ chemical
shifts are relatively small (1-2 ppm), they should be useful
for determining the structures of such hormones in solution.
Considerable difficulty may be encountered with larger pep-
tides, however, and enrichment of specific amino acids in
13¢ may be necessary. The measurement of relaxation times
in such systems should also prove fruitful, especially in
those with enriched amino acids where the time required for
the experiment becomes reasonable. Couplings between carbon
and hydrogen also provide hope for future conformational
insight via CMR.
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ENERGY REFINEMENT OF THE NMR STRUCTURE OF OXYTOCIN AND ITS
CYCLIC MOIETY

David Kotelchuck. Department of Chemistry, Cornell
University, Ithaca, N.Y. 14850 and Department of
Physiology, Mt. Sinai School of Médicine of the City
University of New York, New York, N.Y. 10029.

Harold Scheraga. Department of Chemistry, Cornell
University, Ithaca, N.Y. 14850,

Roderich Walter. Department of Physiology, Mt. Sinai
School of Medicine of the City University of New York,
New York, N.Y. 10029.

IT HAS PREVIOUSLY BEEN SHOWN!>? that the combined use of
conformational energy calculations and NMR measurements

can resolve ambiguities present in both techniques, and
thereby provide structural information about polypeptides
in solution. The main ambiguity in the computational
method [which was encountered in earlier calculations on
oxytocina] is the existence of many local minima in the
energy surface of the peptide; in the NMR method a major
ambiguity presently resides in the inability to obtain a
unique structure from the limited available experimental
data. However, if a possible structure is proposed for a
polypeptide on the basis of the NMR data, its energy and
that of its variants can be examined to assess the pos-
sible validity of the proposed structure. This was done
for the proposed NMR structure of oxytocin,'+ which consists
of two B-turns, involving the sequences Tyr-Ile-Gln-Asn in
the six-residue ring and Cys-Pro-Leu-Gly-NH, in the acyclic
tail (Figure 1). The resulting conformation is valid only
if the proposed structure is close to the correct one, and
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Figure 1: Proposed conformation of oxytocin in DMSO. 4

if reliable geometry parameters and energy functions are
used in the computations.

The isolated six-residue ring of oxytocin, the cyclic
moiety, was examined first. 1Initial dihedral angles were
measured from space-filling models based on the proposed
structure. Twenty related conformations were generated
by allowing the dihedral angles to vary randomly up to
£30° from these measured values. After minimization, none
of the 20 conformations had two backbone hydrogen bonds in
the ring, and only four had a single hydrogen bond. Fur-
thermore, the average final energy of the four conformations
with a single hydrogen bond was the same as that for con-
formations without a hydrogen bond. To assure that no
low-energy hydrogen bonded states existed that were in-
accessible from the above conformations because of the
existence of local minima, an exhaustive examination of
conformation space was conducted looking for structures
with hydrogen bonds. Out of 1134 ring conformations



Energy Refinement of Oxytocin NMR Structure 37

examined, only 16 had geometries with two hydrogen bonds,
of which four were selected for further study (Table I).
Table I

Selected Conformations of the Tyr-Ile-Gln-Asn Sequence
with Two Hydrogen Bonds

Confor- Tyr Ile Gln Asn

mation o ee—

Number ¢ v ¢ v ¢ v ¢ ]
1 -140 170 =50 =40 =120 30 -140 140
2 -170 170 -50 120 120 -30 =170 140
3 =140 170 -70 =20 =90 0 -170 110
4 -140 170 ~70 120 90 0 -140 110

Energy minimization of these four broke all initial hydrogen
bonds, except for one weak hydrogen bond in the Conformation
3 of Table I. The final energies of the four conformations
were the same or greater than the average of the 20 confor-
mations examined above. When the acyclic tripeptide tail
was added to each of the four conformations, forming a
complete oxytocin molecule, all but one of the initial ring
hydrogen bonds broke during energy minimization. We con-
clude that oxytocin conformations with two hydrogen bonds

in the ring do not form, while conformations with a single
hydrogen bond in the ring can form, but have the same
energies as those without such bonds. This result is con-
sistent with the one hydrogen bond proposed for the ring of
oxytocin," but in disagreement with the two hydrogen bonds
proposed for the ring of deamino-oxytocin.® The discrepancy
could be due to differences in solvation between DMSO and
water-—the measurements were made in DMSO and the calcula-
tions for water as a solvent. (Calculations ruled out any
direct effect of the terminal amino group on hydrogen
bonding in the ring.)

As regards the tail of oxytocin, in three of the four
conformations considered the proposed hydrogen bond between
the Gly peptide NH and the Cys-6 C=0 remained intact after
minimization. The hydrogen bond between the Leu peptide
NH and the Asn side chain C=0, which was proposed to form
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when the tail is over the ring, did not form in any of these
cases. However, a study of the dependence of the energy on
the angle ¥ of the Cys-6 residue shows an allowed conforma-
tion with the tail over the ring, as in the proposed struc-
ture,“ as well as one with the tail away from the ring.

The Tyr side chain also appears to have two allowed orien-
tations--one folded over the ring, and the other stretched
away from it.

In summary, the structures calculated for oxytocin are
not inconsistent with the proposed NMR structure, making
allowance for the use of water as a solvent in the calcula-
tions and DMSO in the NMR studies. However, the range of
allowed conformations, all of roughly equal energy, suggests
that there may be considerable flexibility in the oxytocin
molecule. Fuller details are given in reference 6.
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PROTON AND 13C NMR STUDIES OF CONFORMATIONS OF CYCLO
(-PRO-GLY-) 3

C. M. Deber, E. R. Blout. Department of Biological
Chemistry, Harvard Medical School, Boston, Massachusetts
02115

D. A. Torchia,* D. E. Dormen, F. A. Bovey. Bell
Laboratories, Murray Hill, New Jersey 07974

IN CONTRAST TO SEVERAL CYCLIC hexaEeptides whose solution
conformations have been studied, 1 the presence in cyelo
(-Pro-Gly-Pro-Gly-Pro-Gly-) (abbrev1ated c—(PG)3) of three
L-prolyl residues in alternating positions precludes the
formation of intramolecularly hydrogen-bonded antiparallel
B-type structures. Instead, this peptide may have a con-
formation with a 3-fold symmetry and in this way resembles
eyelo(tri-L-prolyl).5 1In e-(PG)3, however, glycyl residues
intervene between each prolyl residue, resulting in a
situation where the three Pro-Gly peptide bonds must be
trans, while the three Gly-Pro peptide bonds may be either
eis or trans.®,”

220 MHz proton NMR spectra have shown8 that e- (PG)3
dissolved in methylene chloride-dj (CD2C12) exists pre-
dominantly in a Cq-symmetric conformation, as judged by
the magnetic equivalency of the three Pro-Gly units. The
Gly NH region of the spectrum, shown in Figure la, consists
of a single resonance indicated as S, coupled to the Gly
CoHy protons with Jy, of 2.5 and 4.0 Hz. This information,
taken in conjunction with symmetry requirements and other
indications from molecular models, suggests that the backbone

*Present address: Polymer A-209, National Bureau of Stan-
dards, Washington, D. C. 20234
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Figure 1: Peptide NH region of the proton NMR spectra of
cyclo(-Pro—Gly-)3 at 220 MHz. Solvents: (a) CDClp;
(b) DMSO-dg; (c) DMSO-dg + NaSCN. In (c¢), the molar
ratio NaSCN/e-(PG)3 = 7. Chemical shifts (t scale)
given in ppm downfield from TMS.

conformation of ¢-(PG)3 in methylene chloride consists of
three cis Gly-Pro peptide bonds, three cis' Pro C,-C=0
bonds, and three sets of Gly (¢,¥) angles of ca. (0°,0°).

The striking sensitivity of ¢-(PG)3 conformations to
solvent is seen in Figure 1b., Upon changing from CD9Clo
(la) to dimethylsulfoxide-dg (DMSO-dg), the three Gly NH
protons now appear as three resonances of equal area,
demonstrating that the predominant structure is asymmetric
in DMSO-dg solution Mixed CDoClp- DMSO-dg solvent studies
demonstrated® a dynamic equilibrium between the two ¢-(PG)3
conformers, and minor populations of each conformer can be
seen in both pure solvents (Figures la and 1b).
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Figure 2: 13C WMR spectra of eyelo(-Pro—Gly-)5 at 25.2 MHz.
Solvents: (a) CD2Cly; (b) DMSO-dg; (c) DMSO—d6 + NaSCN.
In (¢), the molar ratio NaSCN/e-(PG)3 = 7. The Gly Cy
resonances are obscured by solvent in (b). A resonance
for the SCN- carbon atom appeared in (c¢) near 62 Egm.
Chemical shifts given in ppm upfield from 13cs,.
spectra have been redrawn from the original spéctra for
clarity.

Addition of sodium thiocyanate to DMSO-dg solutions in
increasing molar amounts converts the asymmetric structure
to a new Cz-symmetric conformer, as shown in Figure lc,
where ~90% of ¢-(PG)3 molecules are C3-symmetric when the
molar ratio NaSCN/e¢-(PG)3 = 7. This transformation may be
attributed to the formation of a stable cyclic peptide~
sodium thiocyanate complex, and analysis of its complete
NMR spectrum suggests8 a backbone conformation containing
three trans' Pro Cy—C=0 bonds and three ftrans Gly-Pro
peptide bonds. Other alkali metal cations also convert
e-(PG)3 to C3-symmetric conformers in DMSO-dg. Under
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conditions similar to those used with NaSCN, the following
percentages of complexed cyclic peptide were observed:

K+, 75%; Lit = Rb*, 50%; and Cst, 25%. Models suggest that
either the three Gly carbonyl groups and/or the three Pro
carbonyl groups in the all trans'/trans c-(PG)3 conformer
are well-oriented to bind metal cations, but the overall
stoichiometry of the complex is presently undetermined. A
2:1 peptide-cation "sandwich" complex, where the ion is
bound to six peptide carbonyl oxygens between two cyclic
peptide molecules, seems possible.

In addition to the proton spectra of c-(PG)3, it was of
interest to examine the corresponding 13¢ mr spectra to
ascertain if these various conformational transitions could
be effectively monitored with this method; if further con-
formational information would become available; and to
deternine if chemical shift differences between the spectra
could be related to conformational features with confidence.
Figure 2a, b, ¢ shows the complete 13¢ spectra of e-(PG) 3
under the conditions corresponding to Figure la, b, c.

Both the Gly and Pro peptide carbonyl carbon atoms may be
seen in 2a, whereas in proton NMR, proline residues give

no resonance in the peptide NH region. (Assignments of
carbonyl resonances were made by synthesizing ¢-(PG)3 ~60%
enriched with 13C in one Gly carbonyl of the linear hexa-
peptide precursor Gly-Pro-Gly-Pro-Gly-Pro-nitrophenyl ester
hydrochloride, which gives, after cyclization, ¢-(PG)3 with
each Gly carbonyl enriched ~20%.)

The asymmetry induced by dissolving ¢-(PG)3 in DMSO-dg
is reflected clearly in the carbonyl region of 13¢ spectrum
2b, where three carbonyl resonances are present for both
the three non-equivalent Gly carbonyl carbons and the non-
equivalent Pro carbonyls., Furthermore, when sodium thio-
cyanate is added to the DMSO-dg solution of ¢-(PG)3 in about
7-molar excess, spectrum 2-c demonstrates the transformation
back to three-fold symmetry, as observed in proton NMR. The
downfield movement of the Pro carbonyl carbon while the Gly
remains constant (compare 2a versus 2c) suggests involvement
of the Pro carbonyls with salt. A similar effect has been
recently observed in valinomycin-Kt complexation.®

The upfield portions of spectra 2a and c¢ also indicate
the C3-symmetry present in contrast to the asymmetry evident
in 2b. Assignments of resonances are made by comparison
with a number of proline 13¢ spectra.l? Chemical shifts
are generally in regions ''mormally" observed for most pro-
line peptides,10 with the notable exception of the Pro Cg-
carbon resonance in 2a, which falls about 4 ppm upfield
from the position expected for a proline residue involved
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in a c¢is peptide bond. Since e¢-(PG), dissolved in CD5Clp
is a proline peptide proposed to contain eis' Pro C,~C=0
bonds, the upfield shift may be diagnostic for this con-
formational feature which, to date, has not been directly
observed experimentally.
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CARBON-13 NUCLEAR MAGNETIC RESONANCE OF SOME PENTAPEPTIDES
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Department of Chemistry, Indiana University, Bloomington,
Indiana

THE FOLLOWING PROGRESS REPORT deals with 13C NMR studies on
a series of pentapeptides. The peptides were constructed

as models for comparison with observations on proteins. A
previous report has indicated that the central residue of

a pentapeptide is fairly well isolated from terminal-residue
effects, whereas the central residue of a tripeptide may not
be so well isolated.! The peptides reported here all have
glycyl residues in the first, second, fourth and fifth posi-
tions with some particular L-amino acid represented in the
third position. The solid phase technique was used for
synthesis, with ¢-Boc-diglycine employed to reduce the

number of steps. Cleavage from resin and deblocking were
done in trifluoracetic acid-HBr. Several standard variants
were used and will be presented in full publications. Purity
was checked by amino acid analysis, thin-layer chromatography
and by the 13¢ MR itself.

Samples were prepared of the order of 1¥ solutions in
water with an internal dioxane standard. The pH was adjusted
with 5V NaOH or 6N HCl and measured at 25°, NMR observations

of the 13C nucleus at natural abundance were made at 15.1
MHz under 1lH decoupling conditions. The pulsed Fourier
transform mode was used. Resolution was taken to about 0.12
ppm. Chemical shifts were expressed as parts per million
upfield from CSZ,1 with dioxane taken as 126.3 ppm on this
scale. Measurements were made at 26 to 28°. The pulse-delay
sequence (Inversion Recovery Method) for measurements of the
spin-lattice relaxation time, T, has been described.2=%

*Present Address: Department of Chemistry, University of
Queensland, St. Lucia, Q1d. 4067, Australia
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The Broader Objective

Before showing the types of results obtained, it is
useful to have in mind the objectives in protein chemistry
that this study is intended to serve. These are to estab-
lish chemical shift positions to be expected for the carbon
nuclei in amino acid residues in the interior and at the
ends of polypeptide sequences, to determine the effects of
changes in protonation state at nearby sites, and to gain
a picture of the T values observed in a short, free segment
of peptide chain. In the long term the most important appli-
cations to protein studies will probably come from enrichment
in which the skill of the peptide synthetic chemist will be
decisive. Carboxymethylation with enriched bromoacetate
has recently shown that a single enriched locus can be
observed by 13¢ ™R with such proteins as myoglobin and
ribonuclease A.%

Chemical Shifts

The main point to note about the chemical shift results
1s that a given carbon nucleus in a central residue of a
pentapeptide does seem to fall in a position matching its
attribution in a denatured protein spect:rum.'+ Of nearly
equal importance is the strong pH dependence of the shifts
of nuclei close to sites of variable protonation. Some
examples of magnitude and direction of changes in chemical
shift with pH, and of the corresponding pK values, are
shown in Table I. Such effects may prove useful in proteins
for observing the influence of an ionizing group on a near
neiﬁgbor, especially 1if the latter is enriched with respect
to .

Relaxation Studies

In addition to a number of spectral measurements at
various pH values to obtain the information outlined above,
relaxation measurements have been made to obtain T; values,
often at two pH values for each pentapeptide. The technique
1s like other perturbation techniques in which the time
course of the reestablishment of equilibrium is followed.
For molecules in the size range under consideration the
13¢-1g dipolar relaxation mechanism is dominant for carbons
attached directly to protons. The spin-lattice relaxation
time, T;, describes this exponential process.3s% For
molecules in this size class it is also characteristic that
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Table T

Chemical Shifts and pK Values for Some Central Amino Acids
in Gly-Gly-X-Gly-Gly Pentapeptides

All chemical shifts are expressed as ppm upfield of CSj.
Titrations were performed on ca. 1M peptide solutions and
pPK values were obtained by computer fitting to a simple
Henderson-Hasselbalch curve

Tyrosine Histidine
Carbon.  S4cid  SBase pX 84cid  SBase pK
cY 64.9 71.7 10.01 64.4 60.0 6.76
ct 62.4  62.4 - 75.4  75.4 -
ce 77 .4 74.1 9.95 59.2 56.6 6.75
ct 38.2 27.7 10.02

those protonated carbon nuclei undergoing the most rapid
tumbling motion will generally show the longest values of Tj.

Figure 1 is a diagram showing T; values in milliseconds
for the pentapeptides containing the following central
residues: (A) alanine, (B) lysine and (C) tyrosine. The
T; values shown are the actually measured values multiplied
by the number of directly attached hydrogens for direct
comparison (Z.e. NT1). In each case the peptide backbone
is represented only by the a-carbons. All side chain car-
bon values are shown, including CY and C% of tyrosine which
are not directly protonated and have much longer values of
T. that are not interpretable in the same terms.

For each of the three cases, and for the others that
we have studied as well, the a-carbon NT; values are greater
at the ends of the peptide chains than in the center, with
intermediate values for C% of residues 2 and 4. The result
for CP of the alanine peptide presumably reflects contribu—
tion from the spinning of the methyl group around the C%-C
axis. The side chain carbon nuclei of the lysine residue
show a gradation in NT; that fits qualitatively with the
idea that rotational motion is freer the farther out the
chain that one considers. This idea parallels the argument
in explanation of the longer values for the C® nuclei of
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(4)

Gly-Gly-Ala-Gly-Gly
670-400-294-400-662 o

1350 8

(B) ©)
Gly-Gly-Lys-Gly-Gly Gly-Gly-Tyr-Gly-Gly
508-302-180-302-524 o 667-258-180-258-598 a

232 8 232 8

432 v 1762 v

690 8 242 242 §

914 € 242 242 ¢

1687 ¢

Figure 1: Schematic representation of NT7 values for the
pentapeptides in neutral solution: A, glycylglycyl-L-
alanylglycylglycine; B, glycylglycyl-L-lysylglycylglycine;
C, glycylglycyl-L-tyrosylglycylglycine. The values for
a—-carbons are shown horizontally.

the terminal glycine residues compared to the more central
residues.*ﬂf ese interpretations follow those of Allerhand
and his coworkers in similar situations.3:® The observa-
tions on the tyrosine peptide are interesting in that NT,
is comparable for all the hydrogen-bearing carbons of the
side chain. The simplest explanation is that here motion
is dominated by components in which the side chain revolves
about its axis of attachment to the peptide chain, again
a type of behavior observed in a somewhat similar system
by Allerhand's group.’ Information of this type, treated
with suitable caution, should be of value in interpreting
observations on proteins.®
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STUDIES ON THE CYCLIZATION TENDENCY OF PEPTIDES

M. Rothe, R. Theysohn, D. Milhlhausen, F. EisenbeiB,
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Universitdt Mainz, Germany

CYCLO-PEPTIDES CAN BE synthesized according to two basic
approaches: (1) by ring closure of activated linear pep-
tides at high dilution, and (2) by insertion reactions into
preformed rings, e.g. by aminoacyl incorporation into
diketopiperazines.

As to the first approach, the phosphite method has
proved to be particularly useful in our group.! In the
meantime we succeeded in preparing biological active cyelo-
peptides, e.g. gramicidin S and its analogues, fungisporin
(M. Zamani) and valinomycin oligomers (W. Kreiss). Unpro-
tected peptides react with a chlorophosphite or pyrophos-
phite to give a mixed anhydride which cyclizes spontaneously.
The main advantages of this method are the experimental
simplicity and the high yields up to 80%.

We also used this method as well as the active ester
cyclization in our investigations on the formation tendency
of cyclo-peptides. In particular, the influence of the
chain length of the peptides as well as the peptide concen-
tration, and the nature and configuration of the amino
acids have been studied.

As 1s well known, the cyclization tendency is particu-
larly high in the case of the 6-membered cyclo-dipeptides.
On the contrary, 7-membered peptide rings containing one
B-amino acid are not formed spontaneously. The product
obtained by Sekiguchi? from B-alanyl-glycine using the
azide method has been found not to be the 7-membered cyclo-
dipeptide, as envisaged, but the l4-membered cyclo-
tetrapeptide (mp<350°). TIts structure was determined by
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incorporation of two R-alanine residues into glycine
diketopiperazine. Using the phosphite method, the much
more soluble 7-membered ring (mp 171-172°) could be isolated
by gel filtration. In more concentrated solutions (0.01 ¥),
the 14- and 2l1-membered dimers and trimers are formed in
yields of 28% and 4.5%, respectively (monomer: 287%).

If glycine is replaced by proline which contains a rigid
N-C, bond, the cyclization tendency will be increased con-
siderably. Even at the relatively high concentration of
0.01 M, 417 of the highly strained eyclo(-Pro-BAla-) was
obtained without any formation of higher ring homologues.
Model studies show that both peptide bonds must deviate
considerably from planarity (by about 30% each).

It is well known that 9-membered cyclo-tripeptides can
only be obtained in exceptional cases from linear peptides
containing tertiary peptide bonds. As the first example,
we could synthesize ccho-triprolyl3 in yields of more than
80%. Later on, cyclo-trisarcosyl has been prepared by
Dale.* 1In order to obtain a series of cyclo-tripeptides
in which proline is successively replaced by sarcosine, we
now have synthesized cyclo(-Sar-Pro-Pro-) and cyelo(-Sar-
Sar-Pro-).

During the cyclization of the tripeptides containing
sarcosine, a series of oligomeric ring peptides is formed,
even at high dilution, in addition to the cyclo-tripeptides
(Figure 1). In more concentrated solution, the corresponding
18-, 27-, and 36-membered cyclic hexa-, nona-, and dodeca-
peptides could readily be isolated by gel chromatography.
The amount of the higher homologues increases with increasing
flexibility of the peptide chain, Z.e. with decreasing con-
tent of the rigid proline rings. Accordingly, cyeclo-
trisarcosyl has been formed only in small amounts in addi-
tion to cyclic hexa-, nona-, and dodecasarcosyl. On the
contrary, the introduction of 1 or 2 proline residues leads
to cyclo-tripeptides, even in considerably higher concen-
trations (0.01 M), along with the higher rings up to
dodecapeptides.

As side products, the corresponding diketopiperazines
are formed in each case by peptide cleavage, especially at
higher temperatures. This is pronounced in the cyclization
of trisarcosine with predominant formation of cyelo-
disarcosyl. The prevailing formation of eyclo(-Pro-Sar-)
from Pro-Sar-Sar active esters shows that the cleavage is ef-
fected essentially from the amino end (cf. 3).

Table I shows that the formation of cyclic tripeptides
increases very much with increasing number of proline resi-
dues, even in relatively concentrated solution. The high
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¢ {Pro-Sar)
n=3
n=4
332 322 289 225 189 166
Ve +—
n=2+3
n=6
n=9
n=12
285 218 184 165
Ve +—

Gel chromatography of tripeptide cyclization
(A) Pro-Sar-Sar-QPcp (¢, 0.01 M in pyridine)
giving ccho(—Pro—Sar—Sar—)n (B) Sar-Sar-Sar-0OPcp (c,
0.001 ¥ in pyridine) giving cyeclo (—Sar—)n Ve, elution
volume, Merckogel PGM 2000 column, 1.7 x 100 cm, water

Pigure 1:
reactions.
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Table I

Formation of Cyclic Tripeptides (and Hexapeptides)
from Linear Tripeptides*

yica™ 4

<<0.01 0.01
Pro-Pro-Pro 83 60 (=)
Sar-Pro-Pro 28 (38)
Sar-Sar-Pro 11 3 (33)
Sar-Sar-Sar 16 - (38)

*Cyclization of the tripeptide pentachlorophenyl esters in
pyridine

yields found in the synthesis of cyclo-triprolyl can be
attributed to the easy occurrence of an all-c¢is conformation
of the linear tripeptide resembling the transition state of
the cyclization. According to model considerations as well
as NMR and CD studies it corresponds to one helix turn in
polyproline T.

The yields of the cyclo-hexapeptides formed are given
in parentheses. Cyclo-hexaprolyl is not formed at all be-
cause the chain ends of hexaproline are fixed in a rigid helix
with two turns and therefore cannot react with each other.

A similar behaviour is shown by Sar-Pro-Pro and Sar-
Sar-Pro although these peptides are less rigid and can
increasingly form cyclo-hexapeptides. It is quite inter-
esting that the CD spectra of these cyelo-tripeptides
(Figure 2) resemble strongly those of the corresponding
polytripeptides. From these results and from mutarotation
studies we assume that poly (Sar-Pro-Pro) exists in two
solvent-dependent conformations similar to polyproline.
Hence, the peptide chromophores of the form I polymer must
be similarly arranged as in the rigid cyclo-tripeptide
which corresponds to a helix turn with the same number of
units and the pitch of zero.

Introduction of 1 or 2 B-alanine residues into linear
tripeptides should lead to medium-sized cyclo-peptides
with 10, and 11 ring atoms. The phosphite cyclization of
Gly-Gly-BAla and of Gly-BAla-BAla in 0.01 ¥ solution, how-
ever, led to a predominant formation of the corresponding
20- and 22-membered cyclo-hexapeptides. In addition, the
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Figure 2: CD Spectra of cyclic tripeptides.
cyelo(-Pro-Sar-Sar-) —--—-—-
eyclo (-Pro-Pro-Sar-) ovoocoo
ceyclo (-Pro-Pro-Pro-)
in trifluoroethanol

30- and 40-membered ring homologues could again be separated
by gel filtration. However, the less strained ll-membered
cyclo—-tripeptide with two B-alanine residues is readily
formed, in contrast to the l0-membered cyclo-tripeptide of
Gly-Gly-BAla which could not be found at all.

On the other hand, we succeeded in preparing this
cyclo-tripeptide as well as others, e.g. cyclo(-BAla-Gly-
Pro-), by aminoacyl incorporation from R-alanyl diketopiper-
azines with the intermediate formation of cyclols. The
synthesis of 9-membered cyclo-tripeptides, however, was
not possible in this way.

Instead of the cyclo-tripeptides, bicyclic acylamidines
(I) or ketene aminals (II) have been obtained in this case
by elimination of water® (Equation 1). They have been
identified by spectroscopic methods in the case of the
reaction products of the N-glycyl derivatives of glycine
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anhydride and glycyl-sarcosine anhydride (+I), and of the
N-prolyl derivatives of glycine anhydride, glycyl-sarcosine
anhydride, and glycyl-L-proline anhydride (+II). Because
of the close steric proximity of the peptide groups in the
medium-sized ring, they are formed in a transannular re-
action via cyclol intermediates.

Cyclodimerizations may also occur with tetrapeptides
and pentapeptides. We have cyclized by the phosphite method
various linear pentapeptides containing the sequence of
gramicidin S and its analogs in which the D-Phe in position
4 is replaced by L-Phe or Gly’ (Table II). Again, the

Table II

Gramicidin S and Analogs
Cyclization of Linear Pentapeptides by the Phosphite Method*

Pkt (or Boc) e Yield eyelic
H-Val-Orn-Leu-X-Pro-OH (M) (%) Pentapeptide:Decapeptide
X = D-Phe 0.005 87 62 38

0.01 92 57 43
L-Phe 0.005 60 40 60
0.007 66 26 74
Gly 0.001 45 91 9
0.005 67 80 20
0.01 70 57 43
0.04 41 54 46

*Diethyl phosphite as solvent; 30 min, 100°, Njp
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doubling reaction was found to depend on the peptide con-
centration. Moreover, the nature and the configuration of
the amino acids involved play an important role. Incor-
poration of a D-amino acid which shortens the distance
between the chaln ends yielded considerably more cyclic
pentapeptide than decapeptide. At the same time, steric
interaction caused by bulky side chains apparently exists
as can be shown by the remarkable difference in yields
between the Gly and the L-Phe analogues.

Finally, the nature of the solvent seems to be very
important. During the cyclization of the pentapeptide
active esters of gramicidin S in pyridine, Izumiya8 obtained
relatively more cyclo-decapeptide than pentapeptide (ratios
55:45, 0.0003 M, and 68:32, 0.003 M, resp.) even in ten-fold
higher dilution as compared with our studies. This can be
explained by a stronger association occurring in pyridine
rather than in diethyl phosphite used in the phosphite
method., Accordingly, in the latter solvent we found
reversed yield ratios of both the ring peptides under
comparable concentrations (38:62, 0.005 M).
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FORMATION OF CYCLIC DIPEPTIDES AND BI- AND TRICYCLIC
PRODUCTS FROM LINEAR TETRAPEPTIDES

Kirsten Titlestad. Kjemisk Institutt, Universitetet 1
Oslo, 0Oslo 3, Norway

IN THE COURSE OF OUR SYNTHESES of cyclic tetrapeptides for
conformational studies,ls2>3 we have noticed that not all
linear tetrapeptides cyclize to the corresponding cyclic
tetrapeptides. Cyclic dipeptides and bicyclic and tricyclic
products have all been encountered.

First observed was the formation of cyclic dipeptides
from several linear tetrapeptides of sarcosine combined
with either alanine or glycine.l+ Their 2,4,5-trichloro-
phenyl esters were heated in pyridine, and the results
(Table I) illustrate that the sequence of the linear
tetrapeptide is important both for the size and type of
cyclized products. Whenever cleavage of the peptide bond
occurs, it is always the central amide bond which breaks,
proving that the cyclic dipeptides are formed directly
from the linear peptide and not from an initially formed
cyclic tetrapeptide. It 1s also obvious that the second
amino acid plays an important role. If it is a N-methylated
aminc acid (such as sarcosine) a ¢is configuration is
about as likely as a trans configuration. The free amino
end (I) can then easily move close to the second carbonyl
group and may react with it to form the unstable cyclol
(IT).° This splits up to a cyclic dipeptide (III) and a
dipeptide active ester (IV), which subsequently cyclizes
to a second molecule of cyclic dipeptide. The presence of
a V-methylated amino acid at the fourth position will, how-
ever, mean that the active ester group can also be close to
the free amino end (V), and formation of the cyclic tetra-
peptide (VI) will then be preferred to formation of the unstable

59



PTOTL 19MOT INg ‘3ITNSai swes 3yl Yyirm

*optadedip oTT240 JO

oGZ I8 QUTWRTLYIO9TI3-9PTWEWIOITAYISWIP UT PIZITO4D OSTVxy

*1AusydoaoTyoTal-c%z = doJ0

Chemistry and Biology of Peptides

L06€E< NoquhﬂwnummlhﬁwaummlvomeU dojo-£19~-aeS-£19-1BS-H
(-eTv-1
o06€< %0¢€ -aeS-BIV-(-IBS-) QNO\U do10-eTV-1-1BS-BTV-0-1BS-H
o8TE  %ST (-L19-taes-)070f0 dog0-1eg-aBS-1BG-ATD-H
*1qns
oSTE  %ST (-e1y-1-taeg-)ogofo do1o-1eS-1BS~18S-BTY-T-H
o06E<  %gE¥ (-Yaes-)og0fo do1po-i1e8-aBS-IBS-I18S-1
%65 (-1g-£19-)070h0 suou AnmhaU|NummlvoN0m0 #d010-£T9-3e5~105~ATO-H
20T (-C4T19=)070f0
‘96T AlmumwnvoNumu s90v1]} A|N%H01Nummlvomum0 doJ0-A19-A19-IBS-1BS-H
L0TE  %0T (-CA19-Carg-) 070h> dog0-185-AT9-ATO-18S-H
%1 (-Celv-T-)010h0
‘%06 (-Caeg-)oz0fio suou (-CZely-1-Caeg-)o7ofo  dog0o-BIV-T-BIV-T-IBS-I18S-H
‘Iqns
006C %01  (-Cely-T-Caeg-)ogofio  dolo-1eS-BIV-1-BTV-T-318S-H
5 dod » 5 é I
spje1h ‘sepigdedip 0170R) *dw preifi eprgdedvagaz 0370R) aprydadvageq JaoauULT

oGIT 3® 2urpradg ut sspridadexls] jJo UOTIBZITIL)

60

I ©1qBlL



Cyelic Dipeptides and Linear Tetrapeptides 61

0
Me I Mey |

SR N S

0= RN O RN =0
NH R Hyy =0 NH R /\KN
0o=cC \Me
1 A 0Cp
l 0=CNocp l

Me
it _—
l 0= Nocp
Me 0 0
N ~2 H i
|
0¥ N\R A Il

cyclol. TIf, on the other hand, the second amino acid is
alanine or glycine, the N-H amide bond prefers the trans
configuration, cyclol formation no longer occurs and
cyclic tetrapeptide is formed (Table I). NMR spectroscopy
has proved to be a particularly useful technique for
studying these cyclic tetrapeptides. The spectrum of
ccho(—Sarz-L-Ala -) is shown (Figure 1) and clearly il-
lustrates the favoured ring conformation with its ectis,
trans, ¢is, trans arrangement, even when, as in this case,
one of the N-H amide bonds is forced into a cis
configuration.

It was now of interest to try to prepare a cyclic
tetrapeptide which does not adopt this conformation. The
cyclic tetrapeptide of o-methylalanine was chosen since
four trans amide bonds are needed to accommodate the four
gem-dimethyl groups in their preferred corner positioms.

Peptides of a-methylalanine” " were activated by forma-
tion of the 2,4,5-trichlorophenyl ester. Cyclization of the
dipeptide yielded the diketopiperazine with unexpected
difficulty, while the larger peptides only formed polymers.
The more reactive acid chloride was then prepared by treating
the tetrapeptide with PClg in acetyl chloride. A precipitate
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was deposited, and its infrared spectrum showed bands at
1790 (indicating an acid chloride), 1730 and 1590 cm~l.
Attempted cyclizations of this precipitate in pyridine,
however, produced two crystalline compounds, a bicyclic
imidazolone (XI) and a tricyclic bis—imidazolone (XID).
Direct sublimation of the precipitate produced these
products in a very low yield.

\
Sy X
)Sﬁ ) N)%%N
\2<3(3.) 1><\ \><3
N N
0 N
)V( b x ;W( b
4(1') 4

In marked contrast, treatment of the tripeptide with
S0C1, formed the oxazolone (IX) characterized by an infra-
red gand at 1820 em~l. Kenner et al.®,7 had shown that
this oxazolone can be cyclized to the bicyclic imidazolone
(XI), but this reaction is unique to the tripeptide, as
the tetra- and higher peptides formed polymers.

To gain further insight into the mechanism, the methyl
groups in o-methylalanine were fully deuterated, and the
tri- and tetrapeptides synthesized with one deuterated
residue in various positions (Table II). l4¢ labelling
experiments7 had shown that the last amino acid in the
tripeptide oxazolone ends up in the imidazolone ring, and
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Table II

Results of the Deuteration Experiments

biecyelic XI tricyclic XII
Melting point 255° 253°
Yield from tetrapeptide 26% 10%

Double bond abs. in IR 1730, 1670, 1640 em~1 1720, 1630 cm™l

NMR shifts (ppm)

in CDCl3 1.35, 1.68, 1,78 1.33, 1.89
Relative intensities:
From tetrapeptide 1:1:1 2 :2
From tetrapeptide dg in1 1 :1 :1 1 2
From tetrapeptide dg in 4 1 : 1 : 0.2 2:1
From tripeptide dg in 3 0:1:1 ---

this information allowed us to assign the line at 1.35 §
(Table II) to the gem-dimethyl groups in this ring. By
analogy the lines at 1.33 and 1.89 § in the tricyeclic com-
pound can be assigned to the methyl groups in the five- and
six-membered rings respectively. The reactions of the
deuterated tetrapeptide showed that the imidazolone (XI) is
formed with loss of the first amino acid residue, while in
the bis-imidazolone (XII) takes the specific sites indicated
on the diagram. This absence of scrambling indicates that
the reaction does not go via a mono cyclic tetrapeptide, and
leads us to propose the reaction mechanism VIII -+ X XiI.
a-Methylalanine peptides with their N-H amide bonds wi {
prefer to adopt trans configurations and the chain will be
folded at the a-carbon positions. In the tripeptide (VII)
with the amino end protected as the hydrochloride, the acid
chloride can only attack the 2-carbonyl oxygen leading to
the oxazolone (IX).

The alternative possibility, imidazolone®:? occurs in
the case of the tetrapeptide as this then brings the acid
chloride close to the amide group of the first peptide
linkage and cyclization to a fused piperazime system (X)
can occur. This can then either eliminate the side-chain
yielding the bicyclic imidazolone (XI) or cyclize to the
bis-imidazolone (XII) after liberation of the amino group.
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In conclusion, it should be noted that all the cyclice

tetrapeptides we have been able to prepare seem to adopt
the same configuration with alternating e¢is and trans amide
groups. It would therefore appear that this is an important
factor in controlling the reactioms.
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CONFORMATIONAL STABILIZATION OF SIDE CHAINS IN AROMATIC
DIPEPTIDES

Henry Joshua, Charles M. Deber.* Merck Sharp &
Dohme Research Laboratories, Division of Merck & Co.,
Inc., Rahway, New Jersey 07065

Nuclear Magnetic Resonance Spectral Differences Between
Diastereomeric Dipeptides

Differences in the NMR spectra of some aromatic
diastereomeric dipeptide pairs have been noted for some
timel»2 and have been used to quantitatively determine
racemization in coupling reactions.3s* 1In particular,
these studies showed an upfield shift for the protons of
an aliphatic side chain in an L-D (or D-L) dipeptide con-
sisting of an aliphatic and an aromatic amino acid residue
when compared to the L-L (or D-D) compounds.

Recently we have demonstrated® that this upfield shift
is most pronounced for the y-methylene protons of the
aliphatic side chains in L-Phe-D-Abu® and L-Phe-D-Nva'

(See Table I).

When the side chain of the aliphatic residue terminates
in a polar group attached to the B position as in Asp and
Asn the upfield shift of the B-methylene protons is un-
affected. However, when the polar group terminating the
aliphatic side chain is attached to the y, § or e positions,
the magnitude of the upfield shift increases and it is the
v-methylene protons which are most affected.

*Present Address: Department of Biological Chemistry,
Harvard Medical School, Boston, Massachusetts 02115
+Abu, o-Aminobutyric acid; Nva, norvaline.
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Table I

Chemical Shifts and Chemical Shift Differences for
C-Terminal Side Chain Protons of
Diastereomeric Dipeptides

Compound Protons Chemical Shift Appm
L-L L-D )
Phe-Abu B 2.03 1.86 0.17
Y 1.18 0.91 0.27
Phe-Nva B 2.01 1.80% 0.21
Y 1.61 1.22%,% 0.39
8 1.21 1.09% 0.12
Phe-Asn 8 3.05 2.84 0.21
Phe-Asp B 3.13 2.90 0.23
Phe-Gln 8 2.40 2.06 0.34
¥ 2.58 2.06 0.52
Phe-Glu B 2.36 2.10 0.26
> 2.66 2.16 0.50
Phe-Argh 8 2.00 1.82 0.18
Y 2.00 1.31 0.69
8 3.52 3.28 0.24
Phe-Lys (Ac) #,7 8 2.04 1.71 0.33
Y o 1.77 1.20 0.57
s o177 1.71 0.06
Cha-Gln#, ** B 2.40
Y 2.70
Ala=Gln B 2.40
Y 2,69

NMR spectra were recorded at 100 MHZ on samples of 15-20 mg
dipeptide/500 ul solvent at 32° in Dy0. Chemical shifts are
given in parts per million (ppm) downfield from hexamethyl-
disiloxane (HMS) as external standard. Values of pH were
adjusted to fall between 5.5 and 7.5 and each row of dipep-
tides was compared at constant pH * 0.5 pH unit. For peptides
containing Asp and Glu, the pH was 3.5.

*#The enantiomer D-Phe-L-Nva was used in this case.
TDue to complex spectra, values given are estimated * 0.03 ppm.
#Proton assignments were confirmed by spin-decoupling
experiments.
/Values for Appm for e-protons of Lys were less than 0.1 ppm.
**Cha, B-Cyclohexylalanine.
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The chemical shifts of the aliphatic side chain protons
for some diastereomeric dipeptide pairs are listed in Table
I.

Lande® as well as Lemieux and Barton’ have proposed
conformations for diastereomeric dipeptides which require
a trans peptide bond as well as a trans relationship of
both a-hgdrogen atoms in the plane of the peptide bond.

We found” that the Jy, vicinal coupling constants of some
representative L-L and L-D dipeptides are 7.5 # 0.5 Hz,
which is consistent® with the two general regions of pre-
ferred backbone conformations proposed by Lande.® In
either of these two cases, if one considers the peptide
bond as a virtual single bond between the two ¢-carbons,
then the side chains would have a trans and gauche rela-
tionship in the L-L and L-D dipeptides, respectively.

The gauche relationship of the side chains allows
shielding of the aliphatic side chain protons by the
aromatic side chain in an L-D dipeptideg thus accounting
for the upfield shifts. Models suggest® that the y-methy-
lene protons in particular can be positioned close to the
face and center of the aromatic ring.

The increase in the upfield shift of the y-methylene
protons due to polar substituents on the aliphatic side
chains indicates a closer proximity on a time averaged
basis of these protons to the aromatic ring due to an intra-
molecular attractive interaction of the side chains. The
nature of this interaction may be similar to that causing
folding of aromatic side chains in diketopiperazinesg'1“
and isjbrobably due to an association of the polarizable
m electrons of the aromatic ring with the positive end of
the dipoles of the polar substituents.

This interpretation is supported by the following:

(1) This type of association has been invokedl® to
explain the forces responsible for the intermolecular col-
lision complexes which display upfield shifts of the same
magnitude as the increase in upfield shift due to the pre-
sence of polar groups in the aliphatic side chains of L-D
dipeptides.

(2) The increase in upfield shift of the y-methylene
protons in going from L-Phe-D-Wva (0.39)* to, for instance,
L-Phe-D~Gln (0.52) is eliminated® on moderate heating from
32° to 80°C indicating a weak interaction with thermodynamic
parameters similar to those found!® for intermolecular
collision complexes.

(3) The increase in upfield shift of the side chain
y-methylene protons for L-Phe-D-Glu (0.50) at pH 3.5 over

*Chemical shift difference ppm. See Table I.
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L~Phe-D-Nva (0.39) is absent at pH 11.5, Z.e. the postulated
attractive interaction giving rise to the increase in upfield
shift is eliminated when the net partial positive charge of
the polar substituent is removed as in going from carboxyl
to carboxylate. The increase in upfield shift for L-Phe-D-
Gln is unaffected by pH changes.®

(4) Elimination of the aromaticity of the Phe residue
in L-Phe-D-Gln by hydrogenation to L-B-cyclohexylalanyl-D-
glutamine brings the chemical shift of the Gln side—chain
protons of the latter compound into equivalence with those
of L-Ala-L-Gln® (see Table I).

Parallel chemical shift differences have been observed
in diastereomeric dipeYtide ¥airs of reversed sequence such
as Arg-Phe and Ala-Phe =3,5,16 (Table II). Replacement of

Table II

Chemical Shifts and Chemical Shift Differences for
N-Terminal Side Chain Protons of Diastereomeric Dipeptides

Compound Protons Chemical Shift Appm
L-L L-D

Ala-Phe B 1.84 1.58 0.26
Abu-Phe B 2.24 2.02 0.22
Y 1.29 0.95 0.34
Arg-Phe B 2.22 1.94 0.28
Y 1.94 1.34 0.60
) 3.50 3.26 0.24
L-Ala-(R) Amphetamine B 1.99 } 0.26

L-Ala-(S) Amphetamine B8 1.73% *

NMR spectra were recorded at either 60 or 100 MHZ on samples
of 15-20 mg/500 ul D70 at 32° pH ~ 2. Chemical shifts are
given in part per million downfield from hexamethyldisiloxane
as external standard.

*The downfield doublet of two overlapping methyl doublet
pairs, the higher one centering at 1.69.
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the C-terminal carboxyl group by methyl in 1L-L and L-D
Ala-Phe gives L-Ala-(R)-Amphetaminel!? and L-Ala-(S)-
Amphetamine respectively. As listed in Table II, this
chemical transformation hardly affects the direction and
magnitude of the chemical shift differences between the
diastereomeric pairs and proves that the C-terminal carboxyl
group 1s not necessary for the conformational preferences

in these compounds to be observed.

Chromatographic Behavior of Diastereomeric Dipeptides

The conformational preferences of diastereomeric di-
peptides which are proposed to explain the NMR patterns in
the preceding section are also consistent with their observed
relative chromatographic behavior on paper,18 silica gel?
and the neutral polystyrene based Amberlite XAD-2,1°

Chromatography on silica gel and paper showed consis-
tently?s18® a higher R¢ value indicating a lower polarity
for the L-L isomer of a diastereomeric dipeptide pair.

On XAD-2, however, we found that L-~L dipeptide dias-
tereomers eluted first (Table III) indicating a higher
polarity. This apparent contradiction can be resolved

Table III

Relative Chromatographic Behavior on XAD-2 Resin of
Diastereomeric Dipeptides and Some Standards

Compound Peak Cut Number (1.5 ml/cut)
L-L L=-D
Acetic Acid 10
L-Ala 9
L-Gln 8
L-I1le 12
L~Phe 23
Ala-Phe 33 68
Phe-Ala 28 71
Phe~-Gln 20 44
Ile-Ala 13 26

The column used was 0.9 x 30 cm filled with sieved crushed
XAD-2 resin 200-325 mesh; upflow elution was employed with
distilled degassed water for 40 cuts (60 ml) followed by a
1:1 linear gradient of 50 ml H20 and 50 ml 10% ethanol.

The charge consisted of 0.5 ml containing 10-20 mg dipeptide.
The elution was monitored by UV or by ninhydrin spotting of
cuts.
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considering the adsorption mechanisms involved. Aromatic
and aliphatic areas of a molecule are adsorbed by hydro-
phobic or van der Waals-London forces, whereas ionic groups
repel the resin., It follows that an L-D dipeptide dias-
tereomer with non-ionized side chains is more susceptible
to adsorption on XAD-2 since the side chains are on the
same side of the peptide bond and simultaneously accessible
to the resin.

In contrast, the mechanism of adsorption on paper and
silica gel involves ionic~polar interactions. There too
the L-D dipeptide diastereomer is more susceptible to
adsorption since it has both the N-terminal amino group
and the C-terminal carboxy group on the same side of the
peptide bond, and both polar groups can interact simul-
taneously with the polar adsorbent.
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DETERMINING SOLVENT EXPOSURE OF PEPTIDE PROTONS BY PROTON
MAGNETIC RESONANCE

Kenneth D. Kopple, Thomas J. Schamper. Department of
Chemistry, Illinois Institute of Technology, Chicago,
Illinois 60616

MODELS OF CYCLIC PEPTIDE CONFORMATION based on proton
magnetic resonance studies rely in part on assigoment of
peptide (N-H) protons to internal and solvent-exposed
categories. Such assignments have been made as interpre-
tations of temperature-induced chemical shift changes that
occur in hydrogen bond accepting solvents. They have also
been inferred from relative exchange rates measured in
solvent mixtures containing exchangeable deuterium. Cor-
respondence between slow exchange and small temperature
coefficient is not always observed.!=® This should not

be surprising, since neither phenomenon measures solely
solvent exposure of exchangeable protons. Any hydrogen
bonded proton can be expected to have a temperature-dependent
chemical shift;"“ and the exchange rate depends on the prob-
ability of peptide and solvent molecules reaching an
appropriate transition state, which probability is only
indirectly related to the equilibrium conformation of the
peptide.

A more direct measure of solvent exposure would be the
effects of solvent variation on the N-H resonances, pro-
vided the resulting spectral changes can be shown not to
result from conformational transitions. Effects of transfer
of cyclic peptides to trifluoroacetic acid from more basic
solvents have been known for some time,s’6 but their inter-
pretation has been doubtful because of the high acidity of
trifluoroacetic acid and its known structure-breaking
effects on amino acid polymers.
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Urry and Pitner’ reported recently that the resonances
of the phenylalanine and ornithine protons of the cyclic
decapeptide gramicidin S, solvent exposed according to both
temperature dependence and exchange studies, move stromngly
upfield on transfer from methanol to trifluoroethanol,
probably because they are no longer hydrogen bonded to
solvent in the latter. The resonances of the internal
leucine and valine peptide protons of gramicidin S are
relatively unaffected by this solvent change.

We have been using hexafluoro-2-propanol (HFiPA) in
the same kind of studies, and have examined gramicidin S,
the cyclic heptapeptide evolidine,! the cyclic hexapeptides
eyelo(-Gly-L-Leu-Gly-), and acho(—Gly-—L—Tyr—Gly—)?_,8 and
the cyclic pentapeptide, cyelo(-L-Ala-L-Tyr-L-Asp-Gly-
Gly—-dz-).* Assignment of peptide proton resonances of the
HFiPA solutions to particular residues was carried out by
following the resonances through continuous change of solvent
composition from a solvent in which assignments were known
from H-N-C,-H decoupling studies. Decoupling studies in
HFiPA are not possible because the a-proton region is masked
by intense solvent absorption. In the cases we studied, the
change from dimethyl sulfoxide (DMSO) to HFiPA brings about
only small changes in the H-N-Cy-H coupling constants,
making tenable the assumption of no major conformational
change.

Given the conformational conclusions reached for these
peptides on the bases of temperature dependences, H-N-Cy-H
coupling constants, and model building, the solvent-dependent
changes in chemical shift are consistent with weakened hydro-
gen bonding of the solvent-exposed protons in the fluorinated
alcohol. On going from DMSO to HFiPA, protons considered to
be internal move from 0 to 0.5 ppm downfield, and protons
considered to be freely exposed to solvent move upfield up
to 2 ppm. N-Methylacetamide moves upfield 1.3 ppm.

We have measured the peptide proton temperature coeffi-
cients of cyclo(-Ala-Tyr-Asp-Gly-Gly-do-) in HFiPA; these
run parallel with the coefficients determined for DMSO
solutions of the same peptide, and range from 0.3 to 6.0
X 10-3 ppm/degree. The existence of so large a range, which

*In this peptide, on which a detailed report will be made
elsewhere, there appears to be a B-turn of the L-L type
formed by the residues -Gly-d;-Ala-Tyr-, with the peptide
proton of the aspartic acid residue is intexnal, transannu-
larly hydrogen bonded, and diamagnetically shielded by the
1 cloud of the Ala-Tyr peptide bond.
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is no less than what we observe for DMSO solutions, indicates
that there must be a temperature dependent interaction of the
peptide protons with HFiPA, possibly hydrogen bonding of the
type

Q=
N-H.....F-C-

In this connection we should report that in mixtures
of N-methylacetamide and HFiPA the chemical shift of the
amide protons is relatively independent of the mole frac-
tion amide (at low amide), while the HFiPA hydroxyl proton
resonance shifts from 4.6 ppm in pure HFiPA to about 6.2
ppm in 25 mole per cent amide. Thus the alcohol acts as
proton donor and the amide as acceptor in association of
the two.

Figure 1 presents a correlation between the temperature
coefficient of peptide proton chemical shift in dimethyl

3,

TEM HRaTIWE CFFFICIENT TN DMSC, 107k ppm/degree

. 1 L 1

[0 on commc
h) 3
X cyclo(-Gly-Leu-Gly-), and eyclo{-Gly-Tyr-Gly
O  cyclo(-Ala-Tyr-Asp-Gly-Gly-)
A Evalidine cyclo(-Ser-Phe-Leu-Pro-Val-Asn-Le:
L s s

-1 .t o ok 1 1.4 2.0 2.5
SHIFT UPFIELL ON GOING FHOM LMG" TO HEXAFLUORO-2-#ROFANOL

Figure 1: Correlation between shift upfield of peptide
proton resonances on transfer from solution in dimethyl
sulfoxide to solution in hexafluoro-2-propanol (HFiPA)
at 30° and temperature coefficient of chemical shift of
the same resonances in dimethyl sulfoxide solutiom.
Shifts upfield are positive.
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sulfoxide and the upfield shift on changing solvent from
dimethyl sulfoxide to HFiPA, The line is a least squares
fit excluding the evolidine points (triangles), and repre-
sents the correlation to be expected between the two kinds
of observation in those cases where weak internal hydrogen
bonds or specific solvation is not involved.

The effects of a change in solvent probably reflect the
average solvent exposure of peptide protons more closely
than do temperature coefficients or exchange rates, but
peptides will not always be conformationally stable to the
required change in environment. We recently reported9 that
hydrogen bonded association of peptide protons with the
nitroxide free radical 3-oxyl-2,2,5,5-tetramethyloxazolidine
produces line broadening that can be used to identify solvent-
associated peptide protons at radical concentrations of under
three per cent; in such measurements the perturbation of
peptide enviromment is minor. In the gramicidin S test
case, extensive broadening of the lines of the external
phenylalanine and ornithine peptide protons, with relatively
little change in width of the internal leucine and valine
peptide proton lines, occurs at two per cent radical in
methanol.

Infrared studies (Avp_g) of the association of 3-oxyl-
2,2,5,5-tetramethyloxazolidine with phenol and with HFiPA
in dilute carbon tetrachloride solution indicate that,
according to published correlations,l’ the radical is a
hydrogen bond acceptor of basicity comparable to acetone
or an ether, but is less basic than dimethyl sulfoxide.

It exhibits most obvious effects on peptide proton resonances
in methanol or HFiPA solutions, although distinctions are
also possible in dimethyl sulfoxide., Figure 2 illustrates
the effects of added radical on the spectrum of evolidine

in methanol.

It is difficult simply to express quantitatively the
extent of line broadening by the radical, but we suggest
expressing this as a linewidth increment, the increase in
width at half height across both components of the doublet
for each per cent of radical added, in the range 0-3 per
cent radical. Our observations on the peptides listed
earlier are that those protons with DMSO - HFiPA shifts less
than zero (See Figure 1), which include the gramicidin S
valine and leucine protons not in the figure, have line-
width increments comparable to that of tetramethylsilane,
of the order of 1-2 Hz/7 in methanol or HFiPA and 3 Hz/%
in DMSO. Protons to the right of the zero line of Figure 1
are increasingly sensitive to the presence of radical
(5-15 Hz/%), but, because of overlaps, there are few pre-
cisely enough known data to make more quantitative distinctions.



79

Solvent Exposure of Peptide Protons

*1 @ouaiajai ul pessodoad uorjzeEUIOIUOD BYJ ST UMOYS DANIONIAIS
9yl ‘soduruosai uojoad sprided ay3z uo (Yg-0) SUIPTIozZEXO-TAYjsweilai
-GGz ¢~14x0o-¢ poppe JO 2199I39 °y3 3urmoys ¢ Q¢ TOUBYISW UT SUIPFIOAd JO
(@ousa239x GRL moT9q wdd g-7) wniazoeds edueuosaxa uojoad zHW 057 g Banbig

o¥4 08 06
_

oUd
Tsy UsY Jdas /N7

€
— 2 'e)
usy jm‘_ H Jqu& S NGUOI
. NIU. \U.,.U\ /U\ /Z\ /Uv
HO" N” oxr. KX B OHIH
ok O{ N
HOSIN Ul S WO
aUIPIOAT o apae H_umng_
SN A O-NTR S
Ao NSO Ry
4 H [
O H _




80 Chemistry and Biology of Peptides

It is clear from our observations that both the DMSO-
HFiPA shift and the line broadening by radical measure
solvent exposure of peptide protons. Therefore it is
interesting to note that the temperature coefficients of
the five most solvent-shielded protons in Figure 1 range
from -1.0 to 4.8 x 103 ppm/degree. We suggest that these
differences in temperature coefficient result from differ-
ences in stability of intramolecular hydrogen bonds, not
from differences in solvent exposure., An additional source
of the variation might, however, be temperature dependent
changes in the average conformation of magnetically
anisotropic side chain groups.
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SYMPOSIUM DISCUSSIONS

Summarized by Johannes Meienhofer

THE MAJORITY OF QUESTIONS and comments about the application
of proton and carbon-13 nuclear magnetic resonance spec-
troscopy to the study of the conformations of peptides
were concerned with the difficulties and problems of
assigning signals and peak positions and of interpreting
spectra in terms of conformational change. This is a
consequence of the present limitations, since a complete
interpretation of a given spectrum is usually not possible.
Additional complications arise from the fact that plots of
the upfield shifts of NH signals with temperature are not
always linear and occasionally even negative slopes have
been observed. This renders correlations with deuterium
exchange rates for the determination of external hydrogen
bonds to solvent very problematic, and it was recommended
to approach such studies with great care and caution. The
comment was made that room temperature is actually an
arbitrary point for taking NMR spectra. On cooling reson-
ances might separate while on warming colaescense can be
observed. Therefore, taking both high temperature and low
temperature NMR spectra could provide a wider range of
information. Several questions and comments concerned
solvent effects and whether the observed spectral changes
might perhaps be caused by conformational changes. The
fashionable question which conformation might most closely
resemble that assumed during interaction with cellular
receptors remains at present open to everybody's guess.
Much consideration was given to conformational analyses of
oxytocin and related peptides (pp 16-24, 29-33, 35-38).

It was pointed out that differences in the NMR spectra of
unprotected and protected model peptides can be attributed
to the protecting groups present and that the effects of
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protecting groups have to be calibrated for meaningful
interpretation of spectral changes. The NMR spectrum of
reduced oxytocin has not yet been studied, but it was agreed
that this should be very interesting. Energy calculations
were applied to oxytocin as a supplementary technique for
the refinement of the conformation derived from NMR studies
(pp 35-138). Only the ¢-y space in the region corres-
ponding to the observed JN, was investigated, and it was
pointed out that ab initio energy calculations for oxytocin
or vasopressin have not been successful because of the large
number of possible conformations.

For some peptides (angiotensin, cyclic proline-containing
peptides) two forms have been separated by Sephadex chroma-
tography or thin film dialysis, but unfortunately no dif-
ference in CD spectra could be observed, perhaps due to
interconversion. Whether these forms were conformational
isomers or due to aggregation phenomena remained unresolved.
It was pointed out that for cyclo(-Pro-Ser-Gly-); (p 7) an
asymmetric form was observed, however, it does not become
the exclusive form and occurs to the extent of 10-15% of
the symmetric form. In the retro isomer, however, the
eis-cis form can become almost the exclusive form when
working with dimethylsulfoxide. Observations of asymmetric
conformers of symmetrical molecules are very remarkable and
somehow contrary to a, probably quite common, preference
for aesthetically pleasing symmetrical shapes.

The question was raised whether in cyclic peptides, as
cyelo(-Pro-Gly-)3 (pp 39 to 43), which bind Nat or other
metal ions, these ions could catalyze conformational tran-
sitions, and this might indeed be the case. Whether Nat
is or can be incorporated into the cavity of cyclo (-Pro-
Gly-)3 in complexed form was discussed without a definite
conclusion at this time.

The point was also made that carbon-13 NMR spectra
will be a useful supplement to proton NMR spectra for ob-
serving c¢is and trans isomers of proline-containing peptides
especially since the proline side~chain carbon atoms also
give rise to separate resonances for the two forms.
Carbon-13 NMR studies (pp 45 to 49) of myoglobin and
ribonuclease, treated with [Cl3]-enriched bromoacetate,

did not yet allow the location of the carboxymethyl groups,
but their signals have been very well identified.

The description of side product formation (diketopiper-
azines, bicyclic compounds) during cyclization of tetra-
peptides (pp 59 to 65) lead to an inquiry about the driving
force of diketopiperazine formation. This was left open
during the discussion. In my opinlon it might be explained
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by the removal of the diketopiperazine (III) from an
equilibrium between the unstable cyclol (structure II on

p 61) and the linear tetrapeptide (I) as discussed for the
decomposition of D-Val-Pro-Sar to form cyelo(-D-Val-Pro-)
and sarcosine.! The suggestion was made that tetrapeptide
cyclization at lower temperature than that used (115°)
might minimize diketopiperazine formation. Apparently
that was not the case, even at room temperature; but the
overall cyclization yield was considerably smaller at
lower temperatures.

Reference
1. Meienhofer, J., Y. Sano, and R. P. Patel. In Peptides:

Chemistry and Biochemistry, Weinstein, B., and S. Lande,
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OVCHINNIKOV: Ladies and Gentlemen: Dr. Blout, my co-Chairman,
was very kind to give this microphone to me and to suggest
that I say a few words. I would first of all like to express
my deep gratitude for the flattering invitation to this Third
American Peptide Symposium. I was really very surprisged to
see so many of my European colleagues in this hall.

It is not surprising and it is highly gratifying that the
organizers of the Symposium should allocate a special forum
discussion to cyclic peptides. Cyclic peptides are in a
special position among the peptide substances, being actually
the starting points of the modern study of their linear
counterparts and of the more involved proteins. The study
of these compounds is not only a school for the learning of
various aspects of peptide and protein chemistry in which
many scientists have received their training but, moreover,
different concepts have been subjected to stringent tests.
Cyclic peptides attract attention in their own right. Among
them we encounter multifarious biologically active compounds:
antibiotics and hormones, toxins and antitoxins, alkaloids
and other types of substances strongly affecting the bodily
functions. Cyclic peptides have become powerful tools in
the hands of biochemists and have served as the means whereby
great strides have been made in the study of a number of
biochemical processes. One need only mention the role of
actinomycin D in the study of protein biosynthesis and of
valinomycin in the study of membranes. The cyclic peptides

87



88 Chemistry and Biology of Peptides

are also unique from a chemical standpoint. Here we meet
with a wide range of ring sizes, with members containing
unusual, non-protein amino acids, including N-methylamino
acids and D-amino acids, and with the weak interactions
resulting from the ring constraint. It is apparently not
accidentally that nature has chosen a non-ribosomal path
for cyclic peptide synthesis, as has been shown for example
with gramicidin S. Surprises await us when studying the
spatial structure of the cyclic peptides; thus, we have the
pleated sheet conformation of gramicidin S, the tennis ball
seam of the closely related antamanide, the disc of enniatins
and the bracelet of valinomycin.

In the study of such structures, many of which are highly
medium-dependent, X-ray crystallography does not assume a
predominant role despite the power of this method; success-
fully competing with it are methods for studying the con-
formation of cyclic peptides in solution, and a proper
balance is being struck between them. I believe that the
same will be true of proteins and in the study of cyclic
peptides we are breaking the trail to these coveted
substances.

It is a pleasure to see here practically all the leading
figures in the area of cyclic peptide chemistry. Hopefully
each will avail himself of the opportunity to take the floor.

BLOUT: 1 will get to the more practical matters because
time is somewhat limited. If you will look at the forum
participants I am sure probably everybody realizes that each
one of the members could speak for the full two hours and

do it interestingly. However, since this forum is in the
nature of an experiment, we're going to try to limit any
presentation, including any formal presentation, to a maximum
of five minutes and hope that the audience will participate
in the discussion. Professor Ovchinnikov and I decided to
divide the morning into two parts, interrelated but somewhat
different, namely, the problems of synthesis of cyclic pep-
tides and the problems of conformational determinations.

So, with no further ado we should like to call on the man
who has volunteered to start off the morning, Professor
Rothe.

KOTHE: 1 wish to discuss briefly a cyclization reaction
which occurs during solid-phase synthesis and which was
mentioned by Drs. Khosla and Brunfeldt (see Section III).
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POSSIBLE SIDE-REACTIONS DURING SOLID-PHASE PEPTIDE SYNTHESIS.
II.1 REACTION BETWEEN NEIGHBORING CHAINS. FORMATION OF
HYDROXY GROUPS ON THE RESIN AND THEIR CONSEQUENCES

Manfred Rothe, Jan Mazdnek. Organisch-Chemisches
Institut, Universitat, Mainz, Germany

WE HAVE OBSERVED TWO HITHERTO unknown possibilities of
formation of undesired side products during solid-phase
peptide synthesis: (1) the esterification of the hydroxy-
methyl groups formed on the polymer support during
cyclization of the peptide chain with the Boc-amino acid
used for chain lengthening, (2) an aminolytic cleavage of
the benzyl ester bond of the resin-bound amino acid by a
neighboring peptide chain leading to peptides with extended
sequences which can couple in subsequent steps. As we
could show these reactions may be important during the
first two steps of the synthesis; in particular, cycliza-
tion at the dipeptide stage may cause considerable diffi-
culties during the synthesis of higher peptides. 1Imn
principle, both reactions can lead to cyclic dipeptides
(diketopiperazines) and consequently to hydroxymethyl
groups (a) by cyclization of a resin-bound dipeptide
aaz-aal—resin—>»[aaz-aai1 + HO-resin (aa, amino acid) (a)
(b) by formation of a new peptide in side reaction (2) which
may cyclize subsequently, e.g. during the first step of the
synthesis

aal—fesin——a-aal-aal—¥es1nn—e>[aal—aag + H0-¥es1n (b)
aaj OH OH

Reaction (b) has been investigated with resins esterified
with glycine, sarcosine, and proline (capacity 0.82, 0.77,
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and 0.98 meq/g, respectively). In the combined filtrates
of the neutralization reaction (triethylamine in CHyClj,
10 min) after deprotection and of the subsequent washing
operations (4 x CH2Clp, 5 min each), we could show the
presence of the corresponding cyclic dipeptides cleaved
from the resin., Their amount was about 0.1% of the
original substitution with the three resins examined. It
increased after 20 hr shaking in CH2Cl2 to about 0.67% and
after a total of 100 hr to about 1%. The dipeptide-resin
which is not cyclized can react further in the following
coupling steps, e¢.g. with the formation of chains of the
type resin--aaj-aaj-aaz-... As the extent of this side
reaction is small with low amino acid substitution,

it appears to be not significant under the usual condi-
tions of solid-phase synthesis. However, it should be
considered that it can occur in each step increasing the
amounts of side products which can no longer be neglected.

From these results it may be concluded that the forma-
tion of cyclic peptides and consequently of hydroxy groups
can occur especially at the dipeptide stage [equation (a)].
Indeed, in certain cases we could show the formation of
considerable amounts of diketopiperazines.

In order to examine the reaction (a), all possible
dipeptide-resins of glycine, sarcosine, and proline have
been investigated. The deprotection and neutralization
(total 30 min) reactions were carried out as usual. From
these filtrates and after shaking the resin in methylene
chloride (60 min) we could isolate the corresponding cyclic
dipeptides in chromatographically pure state (Table I).

Forum Discussion Table I

Formation of Cyclic Dipeptides During
Solid-Phase Peptide Synthesis

Percent Cyclie Dipeptide
(Diketopiperazine) Formation

Dipeptide-resin 30 min 90 min
Gly-Gly 5 6
Pro-Gly 3.5 4
Sar-Gly 4.5 6
Gly-Pro 15 17
Pro-Pro 20 46
Sar-Pro 22 24
Gly-Sar 29 48
Pro~-Sar 42 62

Sar-Sar 61 73
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Their amounts correspond to the hydroxymethyl groups formed.
Table I shows that the cyclization tendency depends on the
nature and sequence of the amino acids. As expected, it
has been found to be particularly high with N-alkylated
amino acids and amounts up to 907 with Sar-Sar and Pro-Pro
after 24 hours. The formation of diketopiperazines does

not only decrease the substitution of the resins. The
hydroxymethyl groups formed on the polymer support can
react in each coupling step with the Boc-amino acid and
carbodiimide with the formation of esters and thus become
starting points for new peptide chains. Although this
reaction occurs only in low yields,! even small amounts of
amino acids bound in this way can lead to peptide mixtures
which are no longer separable. Just this was observed by

R. Pudill in our group during the synthesis of an antamanide
sequence starting with a Pro-Pro-resin. Beginning with the
tripeptide stage small amounts of the amino acid used for
chain lengthening as well as further products formed from
these new starting points could be detected as impurities
during each of the following steps of the synthesis.

Reference

1. Rothe, M., and J. Mazének. Angew. Chem. 84, 290 (1972);
Angew. Chem., Int. Ed. 11, 293 (1972).

GOODMAN: 1In the course of a general procedure using the
resin-bound amino acid dipeptide, what would you say the
competition would be from cyclization? I see here you allow
them to sit 30 or 90 min without adding another amino acid.

ROTHE: The usual time for neutralization and washing the
substituted resin requires 30 min. T think we have to
shorten this time in the Merrifield synthesis.

BODANSZKY: TFor which other amino acids did you check the
percentage of cyclodipeptide formation?

ROTHE: We found it also when tyrosine was coupled with
resin-bound serine. Zahn found it with Gly-Leu and Gly-
Val, I believe, but it's far more pronounced with Pro-Pro.

BODANSZKY: The formation of diketopiperazines from dipep-
tide esters is not unexpected. They will form more readily
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when one amino acid belongs to the L and the other to the
D configuration. This was the case in the study reported
by Merrifield.
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FACTORS FAVORING CYCLIZATION OF PEPTIDE CHAINS

C. M. Deber. Department of Biological Chemistry,
Harvard Medical School, Boston Massachusetts 02115

SINCE THE CYCLIZATION STEP in the synthesis of cyclic pep-
tides frequently proceeds in poor yield, it is of importance
to examine the features which play a dominant role in
determining the propensity of a given peptide chain to
undergo cyclization. For this purpose, the qualitative
mechanistic outline of a cyclization reaction (in this
instance of the linear tripeptide active ester I) shown

in Figure 1 is helpful. The synthesis of the cyclic pep-—
tide is viewed here in terms of a series of most-probable

NH zHg NH?JH(IC‘,') NHZH(‘:? OX CYCLIZE NHEHEJ') (11)

2 - - - II
(1) 13.)
“pouBLE”

g Q Ra Ra
NH,CHC —ENHCHE J— NHCHE — ox  (IID)

: l

“OLIGOMERIZATION"F l“CYCLODIMERIZATION"
R R O R O R o] R H R
H— NH(IJHg— NHCHE — NHCHE - ox ¢H—£—r;l—éH—9— f—GH
N-H H o) ¢=o
n=34,5..... o= 0 H H-N
(v) & ¢ ' '
H—N—C—?H—N— —CH
1 1 1
R H R o &
()

Forum Discussion Figure 1: Proposed reaction pathways of
linear tripeptide active ester.
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events Iin a reaction sequence of alternative pathways.
The starting tripeptide I may "cyclize" directly to give
cyclic tripeptide II, it may ''double" linearly to give
hexapeptide active ester III, which may subsequently
"eyclodimerize" to cyclic hexapeptide IV, or continue to
"oligomerize" linearly to the series of extended chain
peptides V. Which pathway will predominate, and what
factors will determine this?

A survey1 of the approximately 100 homodetic cyclic
hexapeptides whose syntheses have been reported to date
revealed that in all cases (where products were well
characterized) the peptide chain contained either (a) a
D residue, (b) a Gly residue, and/or (c) an imino acid
residue such as proline or sarcosine. Also, only those
chains consisting entirely of imino acids (Pro-Pro-Pro,2
Pro—Pro-Hyp,3 Pro-Pro-Sar,'+ Pro—Sar-Sar,L+ and Sar—Sar—Sars)
gave cyclic tripeptides. Thus, it appears that an LD se-
quence in the chain (or an L-Gly sequence) provides an
elbow-1like bend in the peptide backbone which aids in
accomplishing the objective of bringing reactive amino and
activated carboxyl termini into reaction proximity. Then,
stabilized by intramolecular hydrogen bonds in transition
states such as suggested by Schwyzer, cyclization of the
chain occurs.® However, numerous peptide chains containing
imino acids (lacking amide protons in positions necessary
for intramolecular H-bonding) nevertheless give good yields
of cyclic products, suggesting that a further conformational
influence at or near the transition state of the cyclization
may be the presence of cis-peptide bonds. Such bonds are
"allowed" when the sequence X-imino acid is present, and
models indicate that their effectiveness in bringing chain
ends together may be greater than that of the LD sequence.
Only when the two existing peptide bonds of a precursor
tripeptide I are eis-allowed (Z.e. in Pro-Pro-Pro) will
cyclic tripeptide formation be an important pathway.

Note that ITIT is the same material which is used as
the starting material when cyclic hexapeptides are synthe-
sized directly from linear hexapeptides (which is essential,
of course, in the absence of sequential Co-symmetry). In
fact, about two-thirds of the known synthetic cyclic hexa-
peptides were prepared in this manner. It seems likely
that this linear hexapeptide active ester III is a discrete
intermediate in reactions leading to cyclic hexapeptide via
cyclodimerization of tripeptide active esters, as distin-
guished from a concerted ring closure involving simultaneous
formation of two new peptide bonds. Experimental support
for this suggestion is presently lacking, however. If one
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considers a hypothetical case in which cyclization leads
initially to a palr of "kinetic" cyclic peptide conforma-
tions, Z.e. conformers differing by eis-trans peptide bond
isomers formed in varying relative ratios depending, perhaps,
upon the point of ring closure of the incipilent cyclic
peptide, it may become possible to define the role of III.

In our laboratory cyclo(~-L-Pro-L-Ser-Gly-), was synthesized’
by three different routes: from cyclodimerization of Pro-
Ser-Gly-ONp; from cyclodimerization of Ser-Gly-Pro-OPcp;

and from cyclization of Pro-Ser-Gly-Pro-Ser-Gly-ONp. How-
ever, when the solution conformations of these three prepara-
tions were compared by 220 MHz NMR spectroscopy, identical
populations of major conformer (85%, all trans peptide

bonds) and minor (15%, asymmetric conformer, one cis Gly-
Pro peptide bond) in two polar solvents, Hy0 and DMSQ were
observed. These results imply that the establishment of
"thermodynamic" ratios of conformers had already occurred,
and perhaps cyclization and NMR studies in less polar media
will be preferable.

Temperature may also profoundly influence the pathways
of a given peptide cyclization reaction. Preliminary ex-
periments in our laboratory (and results of Dale and
Titlestad®»8) suggest that formation of cyclic tetrapep-
tides (from linear tetrapeptide active esters) in good
yield may require elevated temperature (Z.e. refluxing
pyridine). Attempts to cyclize the same tetrapeptide chain
at room temperature might produce only small yields of the
cyclodimer cyclic octapeptide (and perhaps a small yield
of cyclic tetrapeptide). These results reflect the differ-
ence in reaction rates as a function of temperature for the
cyclization process, due to different activation parameters
for each pathway, and suggest that the outcome of the over-
all reaction could be directed to favor a desired product
by adjusting the temperature.

This discussion has presented in speculative terms how
the working hypothesis shown in Figure 1 can be used
empirically to make an informed estimate as to which con-
ditions, and which configurational vs. conformational
features will guide the cyclization reaction. Of course,
the choice of the method of activation of the linear chain
is also of primary importance. A more thorough understanding
of the diverse factors controlling peptide cyclization
mechanisms would clearly be desirable.
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PROBLEMS OF PEPTIDE CYCLIZATION ON SOLID SUPPORTS

T. Wieland. Max-Planck-Institut fiir medizinische
Forschung, Abteilung Chemie, Heidelberg, Germany

I WOULD LIKE TO ASK SOME QUESTIONS of the audience. Every-
body who works on cyclic peptides tries to get as high a
yield as possible in the cyclization step, and one of the
methods which seemed very promising was to synthesize the
linear peptide precursor of desired length on a solid sup-
port, and then bring about the cyclization by activating
the carboxyl group of the peptide on the resin. Five years
ago or so, I reported with C. Birr! that it is possible to
have the activated carboxyl group of an amino acid or pep-
tide attached to a phenol resin which possesses a nitro
group in the o-position or a sulfonyl group in the p-
position. Patchornik independently reported at the same
time that he had succeeded in making cyclic peptides in
very good yields by the same principle. Therefore, we
continued our attempts to make cyclic peptides by this
method, and we proceeded in the following manner: T. Lewalter
in my laboratory esterfied p-hydrazinobenzoic acid onto a
polystyrene resin, and then the first amino acid in the
solid-phase synthesis could be coupled to the hydrazino
group. Proceeding stepwise, he finally got a linear pep-
tide with the antamanide sequence. On oxidation of the
substituted hydrazine with N-bromosuccinimide, the N-bound
carboxyl was activated. The activation of this linkage
was proved by its great reactivity with benzylamine or
other amino compounds. Although aminolysis was very good,
the internal cyclization reaction which occurred on depro-
tonation of the protonated amino end yielded only traces

of the cyclic peptide.
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The other approach was to introduce a handle which
consists essentially of a glycol grouping:

HO - CH, -(ll-QResin

OH

This was shown by P. Fleckenstein, who esterified the first
amino acid in a Merrifield synthesis with the primary
hydroxyl of the resin-bound glycol and proceeded stepwise
to get a peptide chain of 10 or more residues. The activa-
tion of the carbonyl group occurred by elimination of water
by treatment with trifluoroacetic acid, which yielded an
enol-ester. This enol-ester is an activated ester as was
shown by virtue of its reactivity towards amines. However,
also in this case no cyclization, or almost no cyclization,
occurred. So, I put the question to the audience: has
anyone of you ever tried to make cyclic peptides on a solid
support by an approach similar to the one just described?

MITCHELL: 1 have been working (initially with R. W. Roeske
and now with R. B. Merrifield) on the development of a
polystyrene support that will allow (1) a stepwise synthesis
of a linear peptide and (2) a non-racemic removal of the
peptide from the support via an intramolecular aminolysis
by the N-terminal amino group of the peptide resin. Wieland's
work? in which the p-hydrazinobenzoylated resin failed to
give significant cyclization complements our data which
indicate that the polystyrene backbone may be sterically
hindering the desired intramolecular aminolysis of peptide
resin. We are investigating the use of hydrocarbon bridges
to increase the separation of peptide and leaving group
(e.g. p-nitrophenol, p-hydrazinobenzoic acid, catechol)

from the polystyrene backbone. This approach will allow us
to determine the effect of polystyrene proximity on the
efficiency of cyclic peptide formation via intramolecular
aminolysis of peptide resin.

PATCHORNIK: There are polymers which are very sterically
hindered and you are not even successful in forming a
diketopiperazine. For example, if you remove the N-
carbobenzoxy group—-or for that matter any blocking group--
from a dipeptide attached to a nitrated styrene resin
(Novolak), you obtain after neutralization no diketopipera-
zine. On treating this dipeptide active ester with a free
peptide or an amino acid ester, you get peptides in nice
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yields. However, there are instances where steric hindrance
will interfere even in these reactions. Several years ago
we reported that we were able to obtain tetraalanine, and
glycyltrialanine.3 We are checking now cyclization of
longer linear peptides on ''mew polystyrene' derivatives
hoping to achieve a good cyclization weaction. Similar
experiments are being carried out in our laboratory on the
formation of cyclic ketones on a polymeric support.

GOODMAN: 1 should like to make a comment to that. In
passing, I think, Dr. Patchornik may have indicated a way
of avoiding the side reaction that was alluded to by Dr.
Rothe. Namely, that if one uses a Merrifield resin with
sufficient steric hindrance, then one might avoid the
diketopiperazine side-reaction that can arise in the dimer
stage.

OVCHINNIKOV: 1 would like to mention that Dr. Patchornik
sent his substances to our laboratory for mass spectrometry,
and it proved to be a real cyclic tetrapeptide, at least in
the case of eyclo(-Ala-Ala-Ala-Ala-).
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PREPARATION OF GRAMICIDIN S ANALOGS AND EFFECTS OF RING
SIZE ON ANTIBACTERIAL ACTIVITY

Nobuo Izumiya. Laboratory of Biochemistry, Faculty of
Science, Kyushu University, Fukuoka, Japan.

WE HAVE BEEN CARRYING OUT studies on the structure-activity
relationship of gramicidin S (GS) and tyrocidines through
syntheses of their analogs. Here I would like to talk on
synthetic methods used to prepare GS and its analogs and
then on the effect of ring-size of GS on its antibacterial
activity.

For many years we have been synthesizing GS and its
analogs by cyclization of the linear peptide p-nitrophenyl
esters in pyridine as described by Schwyzer and Sieber.!
Yields are usually 40% to 50%. Recently, we found that the
N-hydroxysuccinimide ester (Figure 2) or azide methods give
better yields, usually 607 to 70%.

z
Boc-(Val-Orn-Leu-D-Phe-Pro) 7-OH (a)

z J HONSu + DCC
Boc—(Val—Ofn-Leu—D—Phe—Pro)2-0NSu
. lmx, 5 min (0°C)
TFA*H-(Val-Orn-Leu-D-Phe-Pro) ,-ONSu
7 pyridine, 2 hr (25°C)
eyelo (-Val-Otn-Leu-D-Phe-Pro-) o (78% from a)
Hy-Pd in HC1-CH30H
GS-2HC1  (90%)

Forum Discussion Figure 2: Synthesis of gramicidin S (GS) via
N-hydroxysuccinimide ester-mediated cyclization
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Some years ago we synthesized semiGS. Recently, we
prepared sesqui- and diGS as the macro-ring analogs. As
the control peptides, several linear peptides were also
synthesized (Table II).

The ORD of several cyclic and linear peptides was
measured in ethanol and 8 M urea (Figure 3). The "troughs"

[a] X 1073, Degree

I R T NN SR R |
220 250 280 220 250 280
WAVELENGTH, nm

Forum Discussion Figure 3: ORD of cyclic and linear
analogs of gramicidin S (GS). Solvent: a, ethanol; b,
8 M urea. I, sesquiGS; II, diGS; III, decapeptide;
IV, pentadecapeptide; V, eicosapeptide.

of GS remained constant in both solvents. On the contrary,
the position of the troughs of sesquiGS, diGS, linear
deca-, linear pentadeca-, and linear eicosapeptide changed
in 8 M urea. These results suggest that the conformation
of the macro-ring analogs is similar to that of the linear
analogs; whereas the conformation of GS is very stable
even in 8 M urea as suggested already by Hodgkin, Schwyzer,
Craig, and other investigators.
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The antibacterial properties of the macro-ring analogs
were similar to those of the corresponding linear analogs
(Table II). For example, compare diGS with the linear
eicosapeptide. Furthermore, the activity increased with
increasing molecular size. These results afford an addi-
tional support for the contention that the decapeptide
sequence in GS is important to form the rigid structure,
which is required for the high and specific activity of
the cyclic decapeptide.

Reference

1. Schwyzer, R., and P, Sieber. Helv. Chim. Acta 40, 624
(1957).

SCHWYZER: 1 think the hydroxysuccinimide method will prove
to be very valuable. There is just one question: how good
are the yields in the preparation of the hydroxysuccinimide
decapeptide? With the nitrophenyl esters prepared by the
DCCI method you have low yields, and one has to use the di-
p-nitrophenyl sulfite to get high yields.

IZUMIYA: 1 believe about 70 or 80%.
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SYNTHESIS OF A HYDROPHOBIC ALKALI ION BINDING CYCLIC PEPTIDE

B. F. Gisin. Department of Physiology, Duke University
Medical Center, Durham, N.C. 27710.

R. B. Merrifield. Rockefeller University, New York,
N.Y. 10021.

THE SO-CALLED "ION CARRIERS" are able to complex with alkali
ions and render them soluble in non-polar media. This
quality is of great interest in the study of the ionic
permeability of membranes, and it also provides a tool to
investigate the relationship between primary structure and
properties of a given molecule. Here we report the syn-
thesis of a neutral cyclic peptide designed to solubilize
alkali salts in an organic phase through complexation with
the cation.!

Clues necessary to devise a peptide sequence which would
contain all the information to display such a property are
found in the well established three-dimensional structure
of the potassium complex of valinomycin, c%clo(-L—valyl-D-
a—hydroxyisovaleryl—D-valyl-L—lactyl—)3.2s It exhibits
the two main features of molecular architecture that are
common to all of the ion carriers: there is a polar in-
terior and a non-polar exterior. All six ester carbonyl
oxygens point towards the center where they encompass the
potassium ion. The backbone of this cyclododecadepsipep-
tide encircles the cation in three complete waves, thus
forming six loops. Each peptide carbonyl is engaged in a
hydrogen bond with the closest peptide NH to form a bridge
across each of the loops. These hydrogen bonds are con-
sidered essential in stabilizing this symmetrical folding
of the backbone. All of the side chains point outwards
and thus shield the potassium ion and the hydrogen bonds
from the solvent.
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Space-filling models show that the choice of changes in
the nature or chirality of the hydroxy and amino acid resi-
dues that would not distort the symmetrical arrangement of
the coordinating atoms is very limited. Every other residue
should provide an NH which can stabilize the "active con-
formation" through hydrogen bonding. The orientation of
the side chains (which is dictated by the optical configura-
tion of the individual hydroxy or amino acid residues)
should be so chosen that they could not prevent the formation
of these hydrogen bonds. The models indicate the overall
geometry of the molecule is not significantly altered if
the ester groups are substituted by amide groups. Never-
theless, to exclude additional NH groups that might stabilize
other conformations through hydrogen bonding or decrease
the lipophilic character of the compound, these amide bonds
should be part of an imino acid, such as proline.

Based on these considerations we chose to synthesize
cyelo(-L-Val-D-Pro-D-Val-L-Pro-)3. The solid phase method"
was used with the aid of an automatic Beckman Peptide Syn-
thesizer. The tendency of H-D-Val-L-Pro sequence to cyclize
to give D-Val-L-Pro diketopiperazine5 was particularly high
for H-D-Val-L-Pro-resin in the presence of a carboxylic
acid.® Therefore, DCC was added prior to the Boc-amino acid
in the ceupling step. In the "regular" DCC coupling the
loss of dipeptide was ca. 70% and with this "reversed" pro-
cedure ca. 10-207. The loss of peptide chains during the
synthesis was monitored by the picric acid method.” It in-
dicated an amine content of the resin of 75% of its original
value at the tripeptide and 65% at the pentapeptide stage,
and it remained at that level throughout the synthesis. The
linear dodecapeptide was purified by gel chromatography and
cyclized with Woodward's Reagent K. The crystalline cyelo-
dodecapeptide gave the expected elemental analysis and showed
the calculated molecular weight of 1176 by mass spectrometry.
Amino acid analysis according to Manning and Moore® indicated
equimolar amounts of 1-Val, D-Pro, D-Val and L-Pro.

The macrocycle was demonstrated to bind alkali ions as

follows. A known amount of the peptide was dissolved in
CH2Cl2 and solid potassium picrate (which is insoluble in
this solvent) was added. The yellow picrate went immediately
into solution and its spectrophotometric determination in-
dicated a 1:1 complex with the peptide. Upon evaporation

of the solvent the compound was obtained in large crystals.
In CH,Cl,-H,0 the peptide was able to extract Li, Na, K, Rb,
and Cs picrate into the organic phase. In contrast,
valinomycin does not extract Li or Na picrate under these
conditions.
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The IR spectra of the peptide and its potassium complex
are shown in Figure 4. The two stretch bands of the

uncomplexed peptide indicate the presence of both free (3397
em~1l) and hydrogen-bonded (3317 cm-1) amide hydrogens. Upon
complexation these bands merge and undergo a bathochromic

shi{t to form a single sharp band at a frequency of 3280
cm”-,
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Forum Discussion Figure 4: Infrared spectrum of the free
peptide (broken line) and of its potassium picrate complex
(solid line) in CHyCl2 (e, 2.5 x 1073 M). The potassium
thiocyanate complex gave the same spectrum.

The NMR spectrum (Figure 5) shows the presence of
several non-equivalent amide hydrogens (6.5 to 8.2 ppm) in

the free peptide while there is only one NH signal in the
complex (8.12 ppm).
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eyclo- [L-Val-D-Pro-D-Val-L-Pro]

250 MHz NMR Spectrain CDCl5

Uncomplexed

1
9.0 7.0 5.0 3.0 ppm

K+—complex

I ) ) I
9.0 7.0 50 3.0 ppm

Forwn Discussion Figure 5: 250 MHz NMR spectrum of the free
peptide (top) and its complex with potassium trinitro-
cresolate (bottom) in CDCl3. The sodium complex also
showed a single NH signal (6§ = 7.53 ppm).

The data for the free peptide are consistent with the
presence of a mixture of conformers with varying degrees
of intramolecular hydrogen bonding. Complexation, on the
other hand, appears to eliminate all non-hydrogen-bonded
amide hydrogens in favor of one single type of hydrogen-
bonded NH as would be required for a symmetrical compact
structure analogous to the valinomycin-potassium complex.
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PATEL: T should like to ask you whether you intend replacing
the proline by other amino acids? The choice of proline was
very good because the conformational maps of an L-proline

and an L-ester residue are similar.

GISIN: Yes, we are planning to synthesize analogs where the
prolines are replaced by other residues.

WIELAND: What was the yield on the cyclization reaction,
please?

GISIN: Cyclization was with Woodward's Reagent K according
to a procedure by Rudinger. The yield of pure crystalline
peptide was 167.

WIELAND: Do you know something about the binding constant
of the peptide with the potassium ion, as compared with
valinomycin?

GISIN: 1In the two-phase system I have mentioned it is
comparable to or higher than for valinomycin.

OVCHINNIKOV: T would just like to mention that if you
replace in the valinomycin molecule any ester bonds for
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N-methylamide, just replacing lactic acid by N-methylalanine,
you can get complexation two orders of magnitude greater
than with valinomycin itself. We have synthesized two such
analogs.

GISIN: Did you replace all of the hydroxy acids?
OVCHINNIKOV: Both or elther one of them.

GOODMAN: We can expand on that if we take something which
is a valine analog in the ester field, this is hexahydro-
mandelic acid. It has the steric restriction of a kind of
isopropyl side chain plus the ester rigidity; and then one
gets what Dr. Patel was alluding to, a very specific con-
formational region allowed. When we get a chance, I'd
like to report on our synthesis where we do the same thing
with the idea of restricting the orientation of the carbonyl
groups so that complexation can take place. This is
alternating L-valine and D-hexahydromandelic acid cyclic
hexamer.

EDITOR: Here we insert the manuscript of Yu. A. Ovchinnikov
(Chairman) who courteously restrained from giving his talk
to allow others ample speaking time,
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THE CONFORMATION OF ANTAMANIDE IN NON-POLAR SOLVENTS

Yu. A. Ovehinnikov, V. T. Ivanov, V. F. Bystrov,

A. I. Miroshnikov. Shemyakin Institute for Chemistry
of Natural Products, USSR Academy of Sciences, Moscow,
USSR

STUDIES OF ANTAMANIDE (Figure 6) are of interest not only
for the purpose of ascertaining the mode of its antitoxic
action, but, of course, also as a compound selectively
stimulating Nat permeability in biological and artificial
membrances. It is a truism to say that the biological
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Forum Discussion Figure 6: Antamanide.
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activity of peptides is highly dependent upon their confor-
mational properties and antamanide is certainly no exception
to this rule, so that a necessary condition for comprehending
the peculiarities of its biological behavior is knowledge

of its conformational states under various conditions.

On the basis of TR, NMR spectra and ORD studies we
postulated1 the Nat complex of antamanide to have the rigid
conformation shown in Figure 7, stabilized by four intra-
molecular hydrogen bonds (IaMHB) and possessing a pseudo
axis of symmetry. The sodium ion enclosed in this structure
interacts more strongly with two of the carbonyls than with
the other four, a fact unequivocally confirmed in a study
of the 13CMMR spectra of [Va16, Ala9]-antamanide and its
Nat complex.?

@Nu' ot Qo0 ®N = H-bond

Forum Discussion Figure 7: Conformation of the Nat complex
of antamanide (side view).
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Free antamanide, on the other hand, as evidenced by
spectral data, exists in the form of a highly involved
conformational equilibrium whose position depends upon the
composition of the medium. TIn non-polar media, what we
have called form A, containing six IaMHB is predominant
whereas on gradually passing over to alcoholic media several
new forms successively appear in which the IaMHB system is
more and more broken down. When passing from chloroform
to dimethylsulfoxide a new form appears with c¢is amide
bonds. The content of this form in the mixture can attain
a value of 607%.

The structure of form A was established by systematic
examination of all possible antamanide conformations pos-
sessing a twofold symmetry axis and six IaMHB. Of these
the conformations were picked whose NH-CH protons were
oriented in compliance with the requirements of the BJNH—CH
values determined from the NMR spectra, taking into account
the possibility of both ¢is and trans amide bonds. The
analysis showed that only two structures were in accord
with the above requirements (all ¢trans amide bonds). One
of these structures was considered of little probability
because of its high energy level according to the conforma-
tional energy maps and the poor agreement between the
experimental and calculated dipole moments (5.2 - 5.8 D vs.
2.4 D). The second structure has the following parameters:

Vall,Phe6 Proz,Pro7 Pro3,Pro8 A1a4,Phe9 PheS,Phe10
¢ -80 -60 =55 -100 60
] 165 =40 =40 10 =70

and the dipole moment (4.5 D) is in good agreement with the
experimental values. As can be seen from Figure 8 this
structure has two IaMHB of the type 3 - 1 and four IaMHB

of the type 4 -+ 1; the latter securing the proline residues
in a conformation corresponding to a 370 helix. Figure 9
shows. that the conformations of the peptide chain of form
A and of the Na-complex of antamanide are much the same

and as a first approximation one may represent transition
of the complex conformation into the form A conformation

as a twist of the planes of the secondary amide groups
formed by Pro3 and Pro8. Thereby the c03 and co8 groups
are shifted from the middle of the molecule to its periphery,
while the NH4 and NH? groups approach €Ol and €06 to form
with them IaMHB. Concurrently, there is a certain shift

of the col, CO6, €05 and col0 groups from the center of

the internal cavity. Hence, whereas in the complex the

six carbonyls are spatially nearer to one another and point
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Forum Discussion Figure 8: Conformation of antamanide in
non-polar solvents (side view).

within the molecule, in the free antamanide molecule these
groups are much more remote from each other, excluding any
significant dipole-dipole repulsion.

It is noteworthy that Tonelli et al.,® on the basis of
CD and NMR data similar to ours, have arrived at quite
different conclusions regarding the antamanide structure.
The authors believe that antamanide has the same confor-
mation in all the media they investigated (dioxane,
chloroform, methanol, etec.), characterized by the absence
of IaMHB and by location of all carbonyls on the same side
of the average plane of the ring. However, the dipole
moment of this structure, calculated on the basis of the
¢ and Y values they presented, is 16.6 D, while localiza-
tion of the amide A bands in the 3350 - 3300 cm~l region
of the IR spectrum leaves no doubt as to the existence of
IaMHB. Thus this conformation cannot be the prevailing
one in non-polar solvents, although it cannot be excluded
for polar media.

Prof. Th. Wieland in a private communication has in-
formed us that he and his coworkers“ have now accepted the
conformation proposed by us, which has been reported at the
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Granada Symposium (May, 1971).° At the same time consider-
ing the intensity of the Cotton effects at 223 nm on the
antamanide CD curves in polar solvents Wieland and co-
workers suggested that the amide bonds in the Pro3-Ala’

and Pro8-Phe? fragments were nonplanar. We believe, how-
ever, that this requires further confirmation, since the
deviation from planarity should lead not only to augmented
intensity but to a red shift of the n>m* transition (as
observed by Deber et al.® on the example of cyclo-triproline).
There is no such shift in the case of antamanide.
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I HAVE JUST A FEW MINUTES to present a lot of information,
so all T can really do is to bring out some highlights from
the various crystal structure determinations. In some sense
the great advantage of doing structure determination in the
solid state is that all the atoms are in fixed positions

so that the conformations and geometries can be determined
very exactly. On the other hand, this is a rather artificial
state for the molecule, and it is possible that its confor-
mation is different when it is actually reacting. Figure
10 is an historic one: the structure determination was
made 10 years ago. However, it is very instructive, and
that is why I bring it up now. The material is cyclic
hexaglycyl and in the same cell there are four different
conformations for the molecule. Altogether there are 8
molecules in the unit cell, four of conformation a, two of
b, and one each of ¢ and d. Since these conformers co-
crystallize, obviously, they must have fairly equivalent
energies. The conformers b, ¢ and d do not have any in-
ternal hydrogen bonding, whereas conformer ¢ has two in-
ternal hydrogen bonds. You are now quite familiar with
this particular type of intermal hydrogen bonding. It
must be a fairly basic characteristic of polypeptides. It
has been found since in the crystalline state of several
other hexapeptides. In the valinomycin molecule, a cyclic
decapeptide, it occurs four times (there are also two
hydrogen bonds of another type). It occurs in an analog
of viomycin, which is an approximate cyclic pentapeptide.
It even occurs in linear peptides. It is found in the
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Forum Discussion Figure 10: A stereodiagram of four dif-
ferent conformers which exist in one unit cell of eyclo-
hexaglycyl-1/2 HyO0. The differentls}ze spheres depict
C, N and O atoms in order of size. *
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tetrapeptide from the carbon terminal of oxytocin, and since
the conformation in the region of the internal hydrogen bond
1s the same as in conformer a, the linear peptide is not
really linear but curled up into a C.

Now, if we take a look at the individual peptide groups
shown In Figure 10, each one is in a trans conformation.
What represents the difference between the conformers is
the arrangement of the residues., If we examine the portion
from nitrogen to nitrogen in conformer a, for instance, we
will see a ¢ig arrangement, another cis, then trans, cis,
eis, trans. When we look at conformers b, ¢ and d, we see
not only a trans and a c¢is type of conformation, but also
what T have called skew, that is, about 60° away from the
trans, Each one of the conformers b, ¢ and d, has a number
of skew residues. As I have already mentioned, all the
peptide groups are trans and are planar. Under what con-
ditions or where do we find c¢is peptide groups? Figure 11
shows the actinomycin molecule. The structure analysis was
performed by Sobell.? Actinomycin has two pentapeptide rings
which are the same. Let us examine the bottom one. I have
indicated the a-carbon atoms by the black coloration. Here
you see that there is a ¢i¢ conformation for the peptide
group containing the prolyl moiety and also a c¢is conforma-
tion in the peptide group adjacent to the prolyl group.
Viomycin also has a l6-membered ring similar to the one in
actinomycin, but in viomycin the conformations for all the
peptide groups are trans. Figure 12 shows a cyclic tetra-
depsipeptide. The a-carbon atoms are at the corners of
the cyclic part of the molecule. The two ester groups (top
and bottom) are in the trans conformation whereas the two
peptide groups (on either side) are in the ¢is conformation.

Figure 13 shows a cyclic dipeptide which, of course,
contains a diketopiperazine ring. Here the peptide groups
are constrained to be c¢is and they are planar, or essentially
planar, as in all the studies of diketopiperazine rings of
which I am aware. On the other hand, the diketopiperazine
ring takes on various conformations. Sometimes it is planar
and sometimes it is a twist-boat. Here the diketopiperazine
ring is very definitely in the boat conformation. There
is a fold along the line joining the o-carbon atoms with a
dihedral angle of about 140° between the planes of the two
peptide groups. There are two ways in which the side groups
can be attached, either in the equatorial position or, if
the diketopiperazine ring is folded in the opposite direc-
tion, in the axial position. From the small amount of
information we have so far in the solid state, it seems
that the attachment is in the equatorial position when the
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actinomycin molecule, In the lower geptide ring the
shaded atoms are the o-carbon atoms.
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Forum Discussion Figure 12: The structure of the cyclic
tetradepsipeptide D-HyIv-L-MeIle-D-HyIv-L-MeLeu."“

Forum Discussion Figure 13: A stereodiagram of cyclic
L-Pro-L-Leu.’

side group is aliphatic, as in this case. Hence the two
hydrogen atoms on the a-carbons are in the axial positions
and quite close together. However, if one of the side
groups is aromatic, the axial position for attachment
appears to be preferred and the side chain with the
aromatic ring is folded over the diketopiperazine ring.

I know that this presentation is a bird's eye view,
but limited time prevents a more thorough discussion.
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BLOUT: Thank you, Dr. Karle. It is remarkable to me that
with the power of the X-ray method there has been so little
discussion of X-ray results of peptides at this meeting,
although we have had lots of discussion of solution con-
formation results. I wonder if somebody .ould like to
comment on or to contrast the solution results in specific
cases with solid-state X-ray diffraction results?

KOTELCHUCK: 1 was surprised, when we began doing energy
calculations on oxytocin, to discover the degree of flexi-
bility of its proposed structure--that in fact, we couldn't
find a unique low energy conformation. Today Dr. Karle

has reported on the many structures found in X-ray crystals,
and previously there were reports of loose structures in
NMR. Thus, it seems to me that we ought to consider the
peptides, not as having a unique structure, but rather a
range of related structures, as found with oxytocin. I
think we are seeing evidence at this symposium, from dif-
ferent points of view, that this is the case.

PATEL: 1T will try to answer your question on comparison
between solution, theoretical calculations and X-ray methods.
For metal complexes like valinomycin-K and enniatin-Na, the
solution conformations derived from spectroscopic studies
coupled with theoretical calculations are in excellent
agreement with the crystallographic results. The solution
conformations of uncomplexed peptides and depsipeptides

are highly solvent dependent. For instance, studies from
Professor Ovchinnikov's and our laboratory suggest that
valinomycin exists in different conformations in hydro-
carbon, polar and aqueous media. These conformations which
exhibit three-fold symmetry have been defined in terms of
their backbone rotation angles. The crystal structure for
valinomycin has just been reported and does not exhibit
three-fold symmetry. The backbone rotation angles are
considerably different from those predicted for the solvent
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dependent conformations in solution. In this particular
case, solution and crystallographic analysis are in dis-
agreement. A comparison can be made between a conformation
for actinomycin-D calculated by DeSantis! from conformational
analysis and a crystal structure analysis by Sobell? on
actinomycin-D deoxyguanosine (1:2) complex. There is ex-
cellent agreement between the two studies for the structure
of the antibiotic. In the crystal, the two pentapeptide
lactones are related by a dyad symmetry axis while the solu-
tion data and conformaticnal calculations suggest a small
nonequivalence between the conformations of the two rings.
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BOVEY: 1 just wanted to make a very brief contribution to
the subject that's been alluded to: the comparison between
the solution structure as observed by NMR and the crystal
structure. There is one other example (perhaps still others
that I don't know of) of a simpler compound other than what
has been mentioned so far, namely, cyclo (-D-Ala-D-Ala-Gly-
Gly-Gly-Gly-). Here the crystal structure was determined
by Dr. Karle and her assoclates a couple of years ago, and
somewhat later the NMR and energy calculations were reported
from our laboratory by Tonelli and Brewster. There is an
obvious discrepancy between them which is perfectly all
right, but just illustrates the point that the solution
structure may be very different. According to NMR and
according to energy calculations, the solution conformation
of this molecule in dimethyl sulfoxide probably has about
24 or 25 oscillating structures between which it is
equilibrating quite rapidly. None of these correspond at
all to the crystalline structure, which was actually very
similar to the hexa-Gly shown as a on your first slide

(see Figure 10), if I'm not mistaken. The reason for the
difference is that there are three molecules of water of
crystallization in the crystals and, as Dr. Karle's work
has shown, a very efficient system of hydrogen bonds: 9
hydrogen bonds to the water of crystallization, one intra-
molecular hydrogen bond, as shown in one of the hexa-Gly
structures, and also one intermolecular hydrogen bond
between peptide molecules, for a total of 12 hydrogen
bonds. Multiplied by a nominal value for the hydrogen
bond energy this clearly enables this structure to exist
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in the crystal, although according to energy calculations it
is about 16 kilocalories above the solution conformation.
So here is one clearcut case of a difference between the
crystal and the solution structure.

RUDINGER: 1 should like to propose a very primitive con-
sideration which suggests why the solution conformation of
smaller peptides might differ more from the crystal con-
formation that we have got used to seeing with proteins.
If we assume, very crudely, that the conformation-holding
forces, which operate in the "interior" of the molecule,
are proportional to the volume of the molecule, and the
intermolecular forces, acting superficially either in the
crystal or in solution, are proportional to the surface
area, then we would expect that the larger the molecule,
and hence the higher the volume-to-surface ratio, the more
the conformation-holding forces will predominate over the
intermolecular forces and the less sensitive the conforma-
tion will be to the molecular enviromnment (solution or
crystal).

GURD: On the other hand, I think from the point of view
of the protein chemist you must be very careful to leave
plenty of room for differences around your surface where
you're making your point. I think this has to be remem-
bered. The argument you have here pleases me because I
think what you have been putting forth fits in with what
we have to contend with in the protein field all the time,
i.e. discrepancies between crystal and solution structure
and detail. You can't possibly have a structure sitting
prefectly still at the active site of an enzyme while it's
working, and that kind of thing.

GLICKSON: T would like to cite some experimental evidence
in support of Dr. Rudinger's contention that proteins are
generally more rigid than peptides, and that consequently
with proteins crystal structures are better approximations
to the solution structures. In the course of NMR studies
of the denaturation of proteins by heat, acid, and chemical
denaturants, Drs. McDonald, Phillips, and I observed that
unfolding of proteins was usually slow on the NMR time
scale. As a result, one generally observes in the transi-
tion range an NMR spectrum which is the weighted super-
position of spectra of the native and denatured protein.!
By contrast, most of the conformational changes of peptides
that have been studied by NMR spectroscopy are fast on the
NMR time scale, and throughout the transition a single
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spectrum is observed which continuously changes its char-
acteristics from the spectrum of the initial state in the
transition to the spectrum of the final state. There are,
of course, some exceptions to this rule; but, for the most
part, peptides unfold more rapidly than proteins, which
implies that more free energy must be expended to overcome
the greater cohesive forces which stabilize protein con-
formations. This evidence together with various comparisons
of protein structure in the crystalline state and in solu-
tion? explains why x-ray studies are generally more relevant
to solution studies of proteins than of peptides. The
cyclic peptide~cation complexes mentioned by Dr. Gisin

are notable exceptions to this generalizationm.

Because of evidence that proteins such as hen egg white
lysozyme, whose crystal structure has been characterized
by x-ray diffraction, for the most part retain this struc-
ture in solution, it is possible to use these proteins to
assess the extent to which the temperature dependence of
NH resonances reflects the exposure to the solvent of NH
hydrogens. Inspection of the three dimensional model of
hen egg white lysozyme shows that the indole NH protons
of Trp-28, Trp-108, and Trp-111 are internally hydrogen
bonded, whereas those of Trp-62, Trp-63, and Trp-123 are
for the most part exposed to the solvent. Recently, Drs.
Phillips, Rupley, and I assigned the five resolved
tryptophan indole NH resonances of hen egg white lysozyme
to their specific tryptophan residues.3 In Figure 14, we
display the temperature dependence of the chemical shifts
of these resonances. For comparison, we have also included
the indole NH resonances of the amino acid tryptophan and
the six fold degenerate indole NH resonance assoclated
with thermally denatured hen egg white lysozyme. The
indole NH hydrogens associated with the free amino acid
and denatured protein are all exposed to the solvent. It
is apparent from this figure that there is no obvious cor-
relation between intra- and intermolecular hydrogen bonds
and temperature dependence. Thus, the two resonances
associated with intramolecularly hydrogen bonded indole
NH protons (Trp-28 or 111 and Trp-108) yield similar
slopes to the resonances associated with the exposed
indole NH protons of Trp-62, Trp-63, tryptophan, and the
tryptophan residues of denatured hen egg white lysozyme.
This serves to illustrate that, at least in aqueous
solution, temperature dependence of NH resonances is not
a reliable criterion for distinguishing between intra- and
intermolecular hydrogen bonds. Whereas these studies were
confined to indole NH resonances, peptide NH resonances
are expected to behave similarly.
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Forum Discussion Figure 14: The temperature dependence of
the chemical shifts of indole NH resonances (at 220 MHz)
in Hy0."
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WALTER: 1 would like to take this opportunity to discuss
two conformational assignments in the neurohypophyseal
hormone field which left me unsatisfied. The first concerns
one of the conformational assignments of the B-turn in the
tail portion of lysine-vasopressin (LVP) in dimethyl-
sulfoxide (DMSO) considered by Von Dreele et aZ.,l and the
second the suggestion by Hruby et al.? that in the tetra-
peptide, H-L-Cys(Bzl)-L-Pro-L-Leu-Gly-NHy, the lone electron
pairs on the sulfur and the carboxamide nitrogen might
interact.

Figure 2 in Ref. 3 shows the proton NMR assigmment of
LVP, which is similar to that reported by Von Dreele et al.t
In passing, I would like to mention that both groups have
used a different approach for the assigmment of LVP., Von
Dreele et al.l followed the route we introduced some years
ago with oxytocin.5 That is, in their study resonances
were assigned progressively from spectra of the C-terminal
dipeptide, tripeptide, etc., through the acyclic nonapep-
tide of LVP, and then, when possible, this information was
applied to the assignment of the LVP spectrum. We abandoned
this approach for the assignment of the proton NMR spectra
of neurohypophyseal peptides, because it suffers from some
intrinsic difficulties. In retrospect, we can say that
considerable changes occur in the chemical shifts of
resonances of certain residues upon ring closure of the
nonapeptide precursor of oxytocin to the hormone, and that
similar effects were observed with other neurohypophyseal
peptides. Therefore, we felt a more unequivocal way to
assign the proton NMR spectrum of a previously unassigned
neurohypophyseal hormone analog would be via a comparison
of its spectrum with the assigned spectrum of oxytocin.

The positions of resonances (side chain resonances and, by
subsequent spin decoupling experiments, the corresponding
peptide NH resonances) associated with residues present in
the analogs but not in oxytocin were estimated on the basis
of the study by McDonald and Phillips.® This approach was
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found to be very satisfactory not only with LVP, but also
with other neurohypophyseal peptides investigated subsequently.

Returning to the conformational analysis of the tail por-
tion of LVP, it will be noticed that the a~CH-NH coupling
constants of Lys in LVP and Leu in oxytocin are similar, as
are theilr peptide NH temperature coefficients. The same
holds for the NH peptide resonances of the Gly residues in
both hormones.

This data was part of the evidence which suggested to
us that in DMSO the peptide NH of Gly is hydrogen-bonded
to the C=0 of Cys-6 to form in LVP a B-turn comprised of
the sequence -Cys-Pro-Lys-Gly-; the residues Pro and Lys
occupy the corners of the B-turn. This conformation of
the tail portion of LVP seems to be less preferred and
much more sensitive to small changes in solvent composition
than the B-turn in oxytocin, comprised of the sequence
-Cys-Pro-Leu-Gly-. The conformational assignment of the
latter seems to be well supported in view of the presenta-
tion by Dr. Kotelchuck, pp 35-38, in which he confirmed
that conformational energy calculations starting with the
proposed solution conformation of oxytocin are in agreement
with the formation of such a B-turn. In addition, Rudko
et al.’ find an identical conformation of the crystal
structure of (S-Bzl)-Cys~Pro-Leu-Gly-NHj.

I wonder why Dr. Von Dreele or Dr. Bovey did not con-
sider such a conformation for LVP but instead prefer as a
possible structure for LVP in DMSO at room temperature one
which would contain a hydrogen bond between the trans NH
of Gly-NH9 and the C=0 of proline. On the basis of our
experiences with H-Pro-Leu-Gly-NH,, where we believe that
such a B-turn does exist (vide infra), we would expect a
large difference between the position of resonances of the
cis- and trans-protons of the Gly-NH, in the LVP spectrum.
However, the differences in chemical shift between these
carboxamide protons are small and just about the same for
oxytocin and LVP.

Hruby et al.2 noted a large decrease in the differences
of chemical shift between the nonequivalent Gly-NHo protons
when they compared the proton NMR spectra of H-Pro-Leu-Gly-
NH2 and (5-Bzl)-Cys-Pro-Leu-Gly-NHp. As mentioned above,
it was suggested that this effect is due to interactions
between the carboxamide -NH7 and the sulfur atom. However,
in the very same publication Hruby et al. show that Z-Pro-
Leu-Gly-NHy, which does not contain the sulfur, likewise
exhibits a small difference in chemical shift in the
resonances of the ¢iZs and trans Gly-NHy protons. Similar
data were obtained when the proton NMR spectrum of (1,6-
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aminosuberic acid, 2-alanine)-oxytocin, an analog in which
the disulfide group is replaced by an ethylene bridge
(Sakakibara et al., unpublished) was recorded in DMSO.
Also, in the carbon-13 NMR study of Deslauriers et al.®

no changes in chemical shifts other than those associated
with the Pro residue were seen in comparing Z-Pro-Leu-Gly-
NHy with Z-Cys(S-Bzl)-Pro-Leu-Gly-NH>. My question is
whether Dr. Hruby still retains his original proposal?
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HRUBY: No, not necessarily, this was only a suggestion.
Clearly, one can suggest a number of other functional groups
that could cause the quite small chemical shift changes
(0.1 to 0.3 ppm) resulting in the nearly identical chemical
shifts observed for the glycinamide carboxamide hydrogens.
The important observation is that the effect is apparently
caused by the presence of a group or groups attached to the
proline nitrogen, and this can be taken to imply that the
tripeptide and tetrapeptide you mentioned spend at least
some of their time in DMSO in a conformation which enables
the amino and carboxyl terminal ends of these peptides to
interact. The problem, of course, as you point out is to
unambiguously identify these interactions. The major point
of our paper was that cis,trans isomerism obtains about the
X-proline bond in the two peptides, and this seems firmly
established.
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KOPPLE: 1'm not as familiar as I should be with all the

ins and outs of the NMR spectra of these hormones, but some
of the conclusions do seem to be dependent on the tempera-
ture dependence of the chemical shift of amide protons.

I would like to ask if anyone has reasons to say that a

zero chemical shift dependence necessarily means a trans-
annular hydrogen bond? I don't think it does so necessarily.
It may mean no hydrogen bond at all.

WALTER: 1 would agree with Dr. Kopple that a zero tempera-
ture shift does not absolutely have to be equated with the
presence of an intramolecular hydrogen bond, but the
assignment--I think you are referring to the intramolecular
hydrogen bond assignment in oxytocin--is not based solely

on the temperature plot but also on proton-deuterium exchange
studies.!

Reference

1. Walter, R., R. T. Havran, I. L. Schwartz, and L. F.
Johnson. In Peptides 1969, Scoffone, E., ed.
(Amsterdam: North-Holland Publ. Co., 1971) pp 255-265.

GOODMAN: 1 think that we have a case where this is actually

proved, that there isn't a hydrogen bond if the temperature

dependence is essentially zero.

KOPPLE: That seems reasonable. If there 1s nothing around
the hydrogen, its environment will not change with temperature.

BLOUT: 1In what solvent, Murray?

GOODMAN : In various solvents, the one I quote, I think, is
carbon tetrachloride. It also is the case in cyclohexane.
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HAS THE MSH-RELEASE-INHIBITING HORMONE A PREFERRED
CONFORMATION?

Roderich Walter. Department of Physiology, Mount
Sinai School of Medicine, City University of New York,
New York, and Brookhaven National Laboratory, Upton,
New York.

Ivan Bernal. Brookhaven National Laboratory, Upton,
New York.

LeRoy F. Johnson.® Varian Associates, Palo Alto,
California.

HAVING PRESENTED EVIDENCE that the C-terminal tripeptide

of oxytocin is the natural factor inhibiting the release

of melanocyte-stimulating hormonel--a finding substantiated
by the isolation of an active principle with this structure
from bovine hypothalamiz-—we turned to the question of
whether this small peptide, H~Pro-Leu-Gly-NH2(I) possesses
a detectable preferred conformation.

The particular synthetic sample of I used in this in-
vestigation crystallized as a hemihydrate from water and
exhibited the properties described by Zaoral and Rudinger.
The proton nuclear magnetic resonance (PMR) spectrum of T
taken in deuterated dimethylsulfoxide (DMSO-dg) at 300 MHz
is shown in Figure 15. The assignments, determined by spin-
decoupling experiments, agree with those previously re-
ported" except for the chemical shifts of the a-CH proton
resonance of proline (Figure 16). Splitting due to coupling
between Pro B-CH and NH cannot be seen; this may indicate a
J of zero, or, more likely because of the broad signal
around 3.2 ppm, may result from rapid exchange of the Pro
NH proton with H,O.

3

*Present Address: Transform Technology, Inc., Palo Alto,

California.
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Forum Discussion Figure 15: 300 MHz PMR spectrum of
MSH-release-inhibiting hormone.
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Forum Discussion Figure 16: Expansion of Figure 15 in the
3.75 to 3.50 ppm region, which shows the chemical shifts
and splitting patterns of the CHy of the glycine residue
and the o-CH of the proline residue.
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Note the conspicuously large difference in chemical
shift between the resonances of the trans and eis carboxamide
protons of the glycinamide moiety; in oxytocin this difference
amounts to only 0.05 to 0.07 ppm.° We presently believe
this large chemical shift difference suggests the presence
of a hydrogen bond between the trans carboxamide proton and
the C=0 of proline, to form a l0-membered B-turn. In systems
of at least four amino acid residues the Type I or II struc-
tures of Venkatachalambf--which are likewise 10-membered B-
turns--seem to be generally preferred; such conformations
have been found for the sequence -Cys-Pro-Leu-Gly-NHy in
oxytocin’ as well as for the isolated tetrapeptide® and
for -Cys-Pro-Lys-Gly-NH2 in LVP.? However if there are
only three amino acid residues involved and the chemical
prerequisites exist for the formation of an intramolecular
hydrogen bond, then a conformation as suggested for I may
be the peptide's choice. Hydrogen bonding between carboxa-
mide protons and carbonyl oxygens has been reported in the
literature, e.g. for succinamide.!? The fact that the NH
of proline does not enter into hydrogen-bond formation with
either a carbonyl oxygen or the oxygen of a water molecule
is in line with the low electrophilicity of the proton on
the secondary nitrogen.

There is also preliminary evidence for the proposed
conformation of I in the crystalline state. Two monomers
would be held together by one Hy0 molecule as shown in
Figure 17, in which both protons of water interact with
the carbonyl oxygens of the glycinamide residues of two
molecules of I. An analogous situation has been described
for the structure of glycyl-L-tryptophan -2H20.11 More-
over, the model is consistent with the crystallographic
data listed in Table III. Given the crystal space

Forum Discussion Table III
Crystallographic Parameters of H~Pro-Leu-Gly-NHp:1/2 Hp0

Space Group: P6122 or P6522 Density (measured) : 1.20(2)
a=b: 10.594(1) &  Density (calculated) : 1.19

-]

c 50.355(8) A No. molecules/cell : 12 tripep-
tides, 6H,0

Chemical Composition: C13H2304N;°1/2 Hp0; thus there is a
crystallographic requirement that the
H90 molecules be located at two-fold
axes of the space group.
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Forum Discusstion Figure 17:
Preferred conformation
of H~Pro~Leu-~Gly-NHjp
monomer and its packing
in the crystalline state.

group, cell constants, and density, the dimeric model has
to be placed on a two-fold axis for either choice of these
space groups, all of which is consistent with conformation
of the dimer shown in Figure 17. A detailed X-ray crystal-
lographic investigation of I is in progress.
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VON DREELE: Let me begin by saying that it would have been
impossible to obtain the results which I am going to explain
today without the cooperation of a very talented engineer by
the name of Dr. Joseph Dadok. Much of the structural infor-
mation which is contained in a proton NMR spectrum of an
oligopeptide is obtained from the peaks arising from the
peptide protons in the form of coupling constants, tempera-
ture dependence on the chemical shift, and the HD exchange
data which are related to dihedral angles, hydrogen bonding,
or conformational interchange. In order to use this infor-
mation to obtain the 3-dimensional structure of the oligo-
peptide, we must be able to assign each NH peak to a
particular proton in the molecule. This assignment is
generally made by establishing the spin decoupling rela-
tionships between each NH peak and a C-a-H peak, and then
between that C-o-H peak and the C-f-H peaks and then using
the chemical shifts and the splitting patterns of the

C-B-H protons to assign this set of the coupling-related
peaks to a specific amino acid in the molecule. When one
attempts to perform this experiment in water, one generally
fails, since the C-a-H protons are located under the large
Hp0 peak and when you attempt to irradiate them you experi-
ence experimental difficulties with the instrument. There-
fore, most of the work that has been done so far on
oligopeptides has been done in dimethylsulfoxide. This

has led to a number of discussions which we have heard
earlier this week as to whether a structure is necessarily
the same in dimethylsulfoxide as it is in water, and whether
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the peptides that you recover from dimethylsulfoxide have
been chemically modified by the solvent (see p 580).

I would like to describe a series of decoupling experiments
which have enabled us to avoid these problems by simply
working directly in Hy0. The main problem in a decoupling
experiment in any aqueous solution is the strong H90 signal
entering the NMR spectrometer each time the second radio-
frequency field irradiates a line close to the water peak.
The strong signal will usually saturate one or more amplifier
stages and the lock or signal channels or both channels. A
saturated amplifier stage will prevent the proper function
of the appropriate channel and we lose the internal lock

or obtain a distorted spectrum or both. The most probable
stages to be overloaded are the last audiofrequency stages
and the audiofrequency synchronistic detectors. A success-
ful decoupling experiment can be performed if we prevent
the saturation at any stage in the spectrometer by properly
adjusting the amplification along the path of the signals.
In the course of this work we have noted that under certain
circumstances the success of this decoupling experiment is
much more difficult to achieve than under others. It is
difficult if the C-a-H proton is located under the H90
peak, but not at the Hp0 resonance frequency. It is easy
if the C-a-H proton being irradiated is not located under
the Hy0 peak or is located at the resonance frequency of
Hy0. I have brought along with me today two slides which
will show successful experiments decoupling under the
water peak, and illustrate both an easy case and a hard
case. Figure 18 is that of oxidized glutathione. The NH
protons are located in the region near 8.1 ppm. The C-a-H
protons are located near 4.0 ppm under the very large water
peak which has been truncated, and the C-B-H protons are
located from 1.4 to 3.0 ppm. We have expanded the region
of the NH protons and it is shown in the insert. There is
a doublet from the cystine residue and a triplet from the
glycine residue. The frequency 4000 Hz is an off-resonance
frequency. The easy case corresponds to irradiating the
glycine residue where the C-o-H protons appear out from
under the water peak, and we see that if we irradiate it

at 895 hertz, we obtain the collapse of the characteristic
glycine triplet to a singlet. This then is an easy case
where the C-o-H peak is out from under the water. Another
easy case occurs when the C-o-H peak is directly at the
resonance frequency of the water, since irradiation at that
frequency saturates the water signal as well. An illustra-
tion of this is the cystine residue which happens to occur
at a frequency of 1095 Hz which is exactly the resonance of
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the water frequency in this spectrum. We see the collapse
of the characteristic doublet of the cystine to a singlet.
Figure 19 shows a more difficult case, Z.e., the C-o-H
protons occur at intermediate frequencies., This NH region
has again been expanded in the insert and 3000 Hz is an
offset frequency of irradiation. We notice that if we
irradiate first at 930 hertz we collapse the characteristic
triplet of glycine to a singlet peak. As we move then in
towards the water and irradiate at 970 hertz, we collapse

a doublet to a singlet in the NH region, and if we observe
the C-f-H region we see a three-proton doublet has been
collapsed to a singlet. This is characteristic of the
behavior of alanine, and permits us to assign this particular
NH proton by a direct irradiation to the alanine resonance.
If we move further in towards the water peak and irradiate
at 1000 megacycles, we see a collapse of another doublet to
a singlet peak. There are also changes in a region which
is characteristic of the C-8-Hy region of arginine. I have
shown you today the first proton spectrum in which we were
able to obtain selective NH, C-a-H decoupling of C-o-H
protons located under the H90 peak in an aqueous solution
of the oligopeptide. It is no longer necessary to work in
dimethylsulfoxide. We can now establish the NH to C-o-H

to C-B-H spin decoupling relationships and do the concomitant
peak assignments directly in the biologically interesting
solvent, water.

COMMENT: Would you mind saying again what the instrumental
modification was that ....

VON DREELE: There isn't any modification, it's just a very
nice instrument. The success of the experiment depends in
part upon the dynamic ranges of the amplifiers in the in-
strument, You have to be able to hold in your amplifier
both the very small NH signal and the very large Hy0 signal
which you obtain when irradiating at frequencies where the
H,0 signal has a substantial amplitude. To do this without
saturating the amplifier (which will introduce beats and
otherwise distort the spectrum) depends upon your ability
to control the settings on each amplifier that is in the
instrument. Some of the commercial instruments may have
preset values on the control knobs on the amplifiers or
amplifiers which do not have a large enough dynamic range.
This is something which you can ascertain by going over
your instrument with an oscilloscope and checking that

each amplifier is not saturated. When these conditions

are satisfied, you should be able to do this experiment,
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just as I do this experiment, and therefore working directly

in water rather than in dimethylsulfoxide.

WALTER:

LYSINE VASOPRESSIN

139

I would like to show you the assignment of the
proton magnetic resonances of lysine vasopressin (Figure 20).
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Forum Discussion Figure 20:

Effect of progressively varying

the solvent from pure DMSO to water, on the chemical shifts
of NH (—) and aromatic CH (---) resonances of lysine
vasopressin. The concentration of each hormone was main-
tained at 3% w/v throughout the titration and the spectra
were recorded at 24°C.

This work was carried out in collaboration with Drs. Glickson
and Urry. Starting with the assignments of the hormone in
DMSO, the chemical shifts of individual resonances are
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followed through the stepwise transition of the solvent
from DMSO to water. Advantages of this titrimetric method
are: a) its ability to detect conformational changes
accompanying the solvent transition, and b) its applica-
bility to the assignment of uncoupled resonances, e€.g.
carboxamide protons. Happily, several methods--each with
some special advantages--seem to emerge for studying pep-
tides in water. Besides our titrimetric method, the
lowering amplification gain of the spectrometer below the
saturation level as described by Dr. Von Dreele is promising
and also the INDOR method as applied to peptides by Gibbons
et al.! looks hopeful.

Reference

1. Gibbons, W. A., H. Alms, R. S. Bockman, and H. R.
Wyssbrod. Biochemistry 11, 1721 (1972).
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SIDE CHAIN INTERACTIONS AND METAL ION COMPLEXES IN CYCLIC
PEPTIDES

R. Schwyszer. Institut fiir Molekularbiologie und
Biophysik, Eidg. Technische Hochschule Ziirich-
Honggerberg, Zirich, Switzerland

I WOULD LIKE TO SAY A WORD about work on cyclic peptides
that is going on in my group in Ziirich. We're using cyclic
polypeptides as models for research in two directions. One
is to make compounds with rather stable conformations in
order to study side chain interactions. The other is to
prepare cyclic peptides which can complex alkali metal ions
and at the same time hopefully provide a basis for the
model study of chemically driven, active ion tramsport
through membranes.

If you build a gramicidin S molecule with the ornithines
replaced by cysteines, you observe a facile, rapid formation
of a cystine disulfide bond across the homodetic ring.

In this [2,7-cystine]-gramicidin S, the decapeptide backbone
is locked in the same secondary structure as has been ob-
served for gramicidin S (NMR studies). The disulfide bridge
appears to be stabilized in its P (positive, right-handed)
helical configuration shown in Figure 21, because NMR indi-
cates shielding by sulfur of the two valine NH protons

(0.2 ppm) and no effect on the leucine NH. Model building
suggests a large dihedral disulfide angle (¢gg=120°). The
inherent optical activity of the disulfide chromophore
expresses itself in a CD couplet with (in EtOH) Api,=271.5
mm (rotational strength, R=-12.3 x 10-40 erg-cm3) and

Apax =230 nm (R = +58.6 x 10-40), Another bridged compound
we studied was cyclo-L-cystine, [Cys-Cysd. 1H and 13¢ NMR
indicated a boat conformation of the diketopiperazine ring
and a chiral arrangement of the cystine disulfide bond.

141



142 Chemistry and Biology of Peptides

(Orn)
K3

Orn)_g -

"
phe y

\’y 8/;"" . C~— fg‘ /H h
é: \\\cfﬂ/, § 0 \\.’1/’ phe
Leu : val

o
Val Leu

Forum Discussion Figure 21: Proposed structure of [2,7-
cystine]-gramicidin S. The side chains of the individual
amino acid residues are indicated by their abbreviationms.
The side chain of D-phenylalanine (phe) on the right is
meant to be pointing upwards of the ring plane.

UV spectra and model building suggested ¢gg = 90°. Yet,
despite chirality, no Cotton effect in the long wave-length
region indicating disulfide inherent optical activity

could be detected. These observations support the view
developed on the basis of MO-calculations by Linderberg

and Michl,1 that the optical activity of the chiral disul-
fide bond obeys a quadrant rule, Figure 22. This implies

o Forum Discussion Figure 22:

Quadrant rule for disulfides
(Newman projection along
_ + the S-S bond).
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that for the prediction of disulfide chirality from CD and
ORD data the dihedral angles must be approximately known.
Our work has recently been described in some detail;? we
are following it up in order to learn more about the
stabilization of ring conformations by bridges.

As to the other problem, we have demomnstrated that
bis-cyelo peptides of the S,S'-big-cyclo-glycyl-hemicystyl-
glycyl-glycyl-prolyl type can complex sodium and potassium
ions. As a working hypothesis, we have assumed that the
ion is "sandwiched" between the two cyclic peptide rings
that are held in positions adjacent to one another by the
disulfide 1ink. If this is actually the case, then one
could possibly devise a trans-membrane carrier system
driven, for example, by a redox potential.? 1In order to
be able to construct efficient carrier peptides, we are
presently studying the conformation of such bis-cyclo
peptides and the constituent cyclic peptides by NMR.

If we dissolve cyeclo(-glycyl-L-alanyl-glycyl-glycyl-L-
prolyl-) in deuterated dimethglsulfoxide at room tempera-
ture, we observe the 1§ and 13¢ spectra of two different
molecular conformations ("conformation'" = "ensemble average
seen by NMR technique") M and m with relative concentrations
of about 2:1. Figure 23 shows that, for example, each one
of the two amide protons gives rise to two signals, one

—GLY(1)
—GLY(4)
GLY(3)

——ALA(2)

PPM | l | l
9 8 7 6

Forum Discussion Figure 23: Spectral region from 6 to 9
ppm in the proton NMR spectrum of cyeclo(-Gly-Ala-Gly-Gly-
Pro-) in DMSO-dg at 22°C.



144 Chemistry and Biology of Peptides

with double the intensity of the other. Imn the 13¢ spectra,
two signals for each carbon atom can also be observed

(Figure 24), Positions and temperature dependence of the
amide protons indicate two solvent shielded (intramolecularly

B

WMWY

Forum Discussion Figure 24: Proton-decoupled 13C Fourier-
transform NMR spectrum at 25.1 MHz of cyclo (-Gly-Ala-Gly-
Gly-Pro-) in DMSO-dg (the septet at 39.8 ppm corresponds
to the solvent). A: 0-200 ppm region, carbonyl resonances
between 165 and 175 ppm are also shown in the expanded
insert. B: expansion of the 10 to 70 ppm region.

H-bonded) protons in ¥ and only one in m. Double resonance
experiments, coupling constants, and model building led to
the proposition of the following conformation types:

3 4 3 4
C0O-N-CH,-CO-N-CH,,~CO CO-N-CH,,-CO-NH-CH,,-CO
I 2 1 2 2 2
-2— H\\ - 'Z I H\\
CH,~-CH > CH,-CH >~
Il
NH-C-CHZ—CH—CTPH—N NH—CO—CHZ—NH—CTQH—N
1 CHy ,CHy 1 CHy ,CHyp
= “NcH, - ~ch,
M: Gly-Pro = trans,trans' m: Gly-Pro = cis,trans’

[see also ref. 4]
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The main difference between the two resides in the cis-trans
isomerism of the Gly3—Pro peptide bond. The relatively high
activation energy of this transition offers a plausible
explanation for the slow rate of M Z m interchange. From
the occurrence of separate NMR lines for the two species
(calculated spectra see Figure 25) and from the observation
in INDOR experiments of double resonance effects mediated
between corresponding resonances of the two species by the
interchange process, we conclude that the 1ifet1me of the
major species, M, must lie between 2 x 10~ 2 and 3 x 10-1

sec.

| |
wem L Jﬁ]’ﬂ"l“'J LJL
|

10 5 .
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Forum Discussion Figure 25: Comparison of the spectra
calculated for the M, m, and ¥ +m conformers of cyclo

(-Gly~Ala-Gly-Gly-Pro-) with the observed (I) proton NMR
spectrum.

A comparison of the 13¢ spectra of M and m in Figure 24
reveals particularly large chemical shift changes of the
proline Cg and C, resonances in the range of 22 to 32 ppm.
In the trans pronl situation of ¥ they are rather close
to one another (24.3 and 26.7 ppm), in c¢is, m, they are
further separated (22.2 and 32.1 ppm). Such differences
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are to be found in analogous cyclic peptides containing
proline, of which we have investigated four others. We
therefore believe that these shifts will prove to be of
great diagnostic value in the future.

It appears that in S,S'-bis-cyclo (-glycyl-hemicystyl-
glycyl-glycyl-prolyl-) the two rings are also present as
conformers ¥ and m in DMSO, and they undergo considerable
changes on complexation with potassium ion. For details
of this work see ref. 5, 6.
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OVCHINNIKOV: What about selectivity of complexation?
SCHWYZER: Dr. Simon has shown that the sequence is:
Kt > Nat > Lit. Using synthetic bilayer membranes, we
believe that Rbt is better yet.

COMMENT: Does sulfur contribute to complexation?

SCHWYZER: We're not considering this in our model. Tt
might be, although I don't know.

BOVEY: VWhat does the shielding anisotropy of a disulfide
bond look like? 1Is this known from other studies?

SCHWYZER: ©No, it's not known from other studies. We get
a shielding of the valine NH by 0.2 ppm.
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ON CONFORMATIONS AND INTERANNULAR RELATIONSHIPS OF FREE
AND ONE-SIDEDLY FIXED PENTAPEPTIDE LACTONES

Helmut Lackner. Institute of Organic Chemistry,
University of Géttingen, GSttingen, Germany

DUE TO THEIR UNIQUE STRUCTURE containing two closely ad-
jacent, one-sidedly fixed peptide groups, actinomycins
(Figure 26, IIa) and their precusors are excellent objects

Sar Sar Sar
7 \ 7\ 7 \
L-II-’ro L-MeVal L-Plro -MeVal L—i49VaI L-Pro
D-Val 0 D-Val 0o 0 D-Val
/7 N/ N/
L-lThr (a) L-{hr L-lThr (B)
co co co
H NO N NH,
AT
H 0-R 0 0
CHz CHj CH3

Forum Discussion Figure 26: The structures of actinomycin
D and synthetic precursors.
Ta: R = Bzl ITa: Actinomycin D
b: R = CHy b: Lactone bonds opened (actinomycin D acid)
c: D—Tpr—L-Va1—D—Pro—Sar-D—MeVa1—Q inao or B

(na ,enantio-actinomycins D) - (na =native)
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for NMR investigations on conformation and peptide/peptide
relationships. The indispensable a,B-specific assignments
of the NMR spectra were reliably achieved by the aid of
various selectively labelled deuterio compounds1 (Figure
27).

If not linked to actinocinyl the linear intermediates
of the pentapeptide lactone groups show well analysable
spectra (CDC13)1 and a remarkable continuity of character-
istic data, when the chain is lengthened. This suggests a
preservation of partial conformations up to the pentapep-
tides. Subsequent cyclisation changes the spectrum
considerably.

The free pentapeptide lactones (I) dimerize in dry
benzene by face-to-back association;? a redoubling of NMR
signals and molecular weights is observed. The very sharp
and characteristic spectra of I (and of related cyclic
peptides) in chloroform! and acetone (Figure 27) differ
from each other to such an unusual degree (8- and J-values,
temperature dependence, hydrogen exchange), that two dis-
tinct conformations of the peptide ring must be assumed:
the ¢ (chloroform)- and the A4 (acetone)-form.* In mixtures
of the two solvents or in acetone (or methanol)-water both
types of spectra appear simultaneously, but only normal
molecular weights are obtained in these cases (osmometry
of the NMR solutions). No comparable effects could be
observed with linear pentapeptides.

On conversion of the pentapeptide lactones into
actinomycines (Ia+Ila) (methanol-water) both the C- and
the A-conformations are disposable. NMR measurements
(Figure 28 and others) show, that only the A-conformation
is accepted by the actinomycins and--corresponding to the
crystalline form3--the o- and B-peptide rings are arranged
in a face-to-face position ("axial symmetry"). The spectra
of the cyclopeptide groups now linked by pairs to the
actinocinyl chromophore prove to be no more solvent depen-
dent than usualls“ (rigid conformation of the whole mole-
cule). The A-type conformation of the peptide rings is
mainly stabilized by interannular NH(Val)-hydrogen bridges,
the chromophore primarily serves as a clamp.

According to NMR results and chemical properties1 this
mutual stabilization is considerably minimized, but not
cancelled, if one of the peptide rings is opened [actinomycin
acid (=IIb) monolactones or their esters]. The cyelopeptide

*#0Other solvents from benzene to tetrahydrofuran, dimethyl-
sulfoxide and water do not cause a third type of spectrum.
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CAT: Control spectrum of a deuterio compound.
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actinomycin D (IIa; A-conformation of the peptide rings)
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group stlll exerts a preformative influence on the adjacent
linear peptide (yield of cyclisation, NMR analysis of the
o~ and B-deuterio compoundsl). Opening of both rings
however (IIb) causes a strong conformational inhomogeneity
as indicated by very broad-lined and uncharacteristic
spectra.

In the well crystallized, but bacteriostatically in-
active (na,enantio)-actinomycins D (Ilc) containing two
enantiomer peptide lactones a stabilizing interaction be-
tween the rings is lacking. The broad-lined and very
complex NMR spectrum (Figure 28; N-methyl region (!); no
associlation effects) differs strongly from that of IIa
and also contains characteristic signals of the C-conforma-
tion of the free peptide lactone I. This--contrary to IIa--
nonuniform behavior of the two peptide groups is a good
proof, that a mere clamping of the cyclopeptides is not
sufficient for a conformational stabilization; this needs
a marked interannular interaction, for instance by
hydrogen bridges.

Some interesting chemical and optical properties of
the IIc-molecules and the problem of a slow rotation of
the peptide groups are under investigation.
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SOME STUDIES RELATING TO THE SYNTHESIS OF CYLINDRICAL
PEPTIDES

C. H. Hassall. Roche Products Ltd., Welwyn Garden City,
Herts, United Kingdom

I WOULD LIKE TO SAY SOMETHING, briefly, about some work
which is still very much in progress. It relates to an
attempt to synthesize particular cylindrical peptides.
These compounds are members of a family in which cyclic
peptides are linked in such a fashion that hydrogen bonding
between the individual rings contributes towards producing
a cylindrical form. Figure 29 illustrates this concept
for l4-membered oligopeptide rings and compares the dimen-
sions for this case with those of a protein o-helix. The
reason for the choice of the l4-membered ring system is
further clarified by the consideration of Figure 30. The
design was based on the conformation assigned by Dale to
cyclotetradecane. If this representation in Figure 30 is
considered in detail, it will be observed that the NH-
function in one ring is attached to a carbon atom on the
l4-membered ring below. As a result, a conformation which
is highly favored for inter-annular hydrogen bonding is
obtained.

In order to obtain some experimental evidence of the
conformations of such l4-membered cyclic peptides, a de-
tailed investigation of the natural product serratamolide
and related synthetic cyclodepsipeptides has been under-
taken.! 1In summary, the proton NMR evidence indicates a
remarkably rigid conformation--there is no change over a
temperature range of approximately 250°--but there are
some differences from compound to compound depending on
the chirality at the different centers of asymmetry. As
a general rule it appears that a pseudo-equatorial arrange-
ment of side chains is favored, and the conformation of the
ring is influenced by this.
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Forum Discussion Figure 29: Dimensions of cylindrical
peptides consisting of l4-membered cyclic peptide units
linked to one another by peptide bonds in comparison
with dimensions of the a-helix.

The synthesis of typical l4-membered cyclic oligopep-
tides? is illustrated in Schemes I and II. The synthesis
of the linear tetrapeptides utilizes conventional stages.
The ring closure step proceeds in quite good yields
(approximately 60%) through the use of o-phenylene
chlorophosphite reagent.

The compound represented on the right-hand side of

!ll sanpisoy g1

Figure 31 has been prepared in 40% yield3 by azide coupling

of the individual cyclic peptides. The representations
of conformations follows from proton NMR studies
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of serratamolide and analogues. Unfortunately, this pro-
duct is not crystalline., The molecular structure cannot
therefore, be investigated by X-ray diffraction methods.
However, other combinations of such cyclic peptides with
different side chains are in preparation. It is intended

to pursue further studies to provide direct evidence of

the molecular structures of these compounds. Moreover,
particular compounds are designed to allow the investigation
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Forum Discussion Figure 31: Synthetic cylindrical peptide.
The conformation shown follows from NMR studies on
serratamolide models.

of neighboring-group interactions resulting from the

propinquity of the functions attached to separate l4-membered
rings.
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CONFORMATIONAL ANALYSIS OF A CYCLIC HEXADEPSIPEPTIDE,
CYCLO-TRI [D-HEXAHYDROMANDELYL-L~-VALYL]

Alvin Steinfeld, Ugo Lepore, Murray Goodman. Department
of Chenistry, University of California, San Diego,
La Jolla, California 92037.

Alan Tonelli. Bell Telephone laboratories, Murray
Hill, New Jersey

WE WOULD LIKE VERY BRIEFLY to describe our work on a cyclic
hexadepsipeptide composed of alternating D-hexahydromandelic
acid and L-valine residues (Figure 32), whose synthesis s2
was carried out 1in our laboratories. NMR spectra for the
compound were measured on a 220 MHz apparatus in the follow-
ing solvents: cyclohexane-dj5, benzene-dg, CCl;, CDClj3,
p-dioxane-dg: CD3®D (2:1), trifluoroacetic acid (TFA), and
TFA-acetonitrile-dj.

CO Forum Discussion Figure 32:
N N Cyclo-tri-(D-hexahydro-
dp mandelyl-l-valyl) a
L

cyclic hexadepsipeptide
_z D
% /Lo
D
0o \
=\
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In TFA a single NH peak is observed for all the valine
residues. Likewise, all the a-CH protons from hexahydro-
mandelic acid occur as a singlet, separate from the singlet
observed for the o-CH protons from the valine residues.
These results led us to conclude that the cyclic hexadep-
sipeptide assumes a symmetrical conformation in TFA.
Essentially identical results were obtained using
acetonitrile as a solvent.

For less polar solvents, the NH and a~CH protons of
each residue show absorptions at different chemical shifts.
The NH protons appear as two widely separated doublets with
a broad singlet between them. For the o-CH regions, the
hexahydromandelic acid residues can be seen as two or three
separate singlets while the valine residues exhibit two
triplets and a singlet.

In all such cases, the coupling constants for the NH
doublets vary between 9.5 and 10.0 Hz, while the signal
appearing as a broad singlet has a coupling constant of
less than 2.0 Hz, We were able to make an excellent cor-
relation between the respective NH and a-CH peaks of the
valine residues in CDC1l3 (at -36°C) because of the clear
and accurate coupling constants we could measure. One
a-CH has a coupling constant of less than 2 Hz and is
associated with the midfield NH showing the same coupling
constant. A perfectly symmetrical triplet for another of
the valine a-CH residues has a coupling constant of 10.0
Hz while links this absorption to the highfield valine
N-H showing the same coupling constant. The remaining
a-CH triplet can be correlated in the same manner with
the downfield NH absorption.

The change in chemical shift of the NH protons as a
function of temperature has been observed in cyclohexane,
CDC13: CD30D (2:1) (with N-methylacetamide (NMA) as an
internal standard), and CDCl3 (with NMA internal standard).
The spectra in these solvents indicate that the high and
low field NH protons (doublets, J = 9,5-10.0 Hz) have low
temperature coefficients relative to NMA and to the third
midfield NH proton (J < 2,0 Hz). The midfield NH proton
and NMA show nearly the same temperature coefficient.

Our results can be seen in Figure 33.

These results indicate that two of the valine NH pro-
tons are involved in intramolecular hydrogen bonds or are
hidden from the solvent. It is interesting to note that
the high field NH shows a positive temperature coefficient
with decreasing temperature. This unusual behavior may
result from the placement of this NH in an enviromment
where it is hidden from the solvent but not hydrogen bonded.
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Forum Discussion Figure 33: Temperature dependence of
chemical shift for (Val—HhMan)3 in CDCl3: CD30D (2:1).
The curves are shown for the NH protons as referred to
N-methylacetamide (NMA).

Any structure which we deduce must show that one of the
valine N-H groups is exposed to the solvent. In this way,
its behavior is expected to parallel the N-H group temper-
ature dependence for N-methylacetamide.
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Conformational energy V(¢,y,x) maps were calculated
for the following trans peptide and ester bond fragments:

CH, CH, CHy(A) | CH, CH,
0 \CH/ iy | 0 \CH/
[ ' N
| .
CH® N | C CH 0
$ Y o ]
(L)
SN )<<v>>kT/ Nl o \N%Lxﬁ/ N
, X
I
| or
} CH3(D)
Map A+ B | Map C + D

The potential functions, bond lengths, valence angles,
6-12 nonbonded potential constants, torsional barrier
heights and partial atomic charges employed in these
energy calculations were taken from Brant, Miller and
Flory?® and Brant, Tonelli and Flory.* The 6-12 potential

C AN
N, O 0
- —2 —_t
constant CN,O and AN,O 3 + 19 appropriate to

™,0 'n,0

the nonbonded van der Waals interactions between the amide
nitrogen and the ester oxygen atoms were evaluated in the
usual manner.3»% Backbone rotations ¢ and Y were varied
in 10 degree increments, while rotation X about the c®* -

CP bond was restricted to the three staggered conformations.

The resulting conformational energy maps agree closely
with those calculated by Ovchinnikov et al.® in their
studies of the solution conformations of enniatin B,
valinomycin and their complexes with metal ions.

In the search for low energy cyclic conformations of
the cyclic depsipeptide (Figure 32) only those conformations
(¢’w)amide(L) and (¢’¢)ester(D) that lie within the 5.0
kcal/mol energy contour of Maps B + C are considered.

Several attempts were made in this search, and in the
final one each of the amide bonds was kept planar and trans
while the ester bonds were allowed to adopt both the cis
and the trans conformations.
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Of the cyclic conformations generated in this search,
one was found to be most consistent with the NMR data. This
conformation [(w,¢,¥)p; = 0°, 240°, 240°; (w,d,¥)py = 180°,
250°, 0-30°; (w,,¥)p3 = 0°, 120°, 0°; (w,$,¥)E4 = 0°,
280°, 120°; (w,$,¥)pg = 0°, 240°, 240°; and (w,$,¥)ge =
180°, 260°, 30°] possesses two intramolecularly hydrogen-
bonded amide protons, (N-H)Al and p5. Both amide protons
belong to peptide residues with large Jy (¢ = 240°, ¢ = 0°)
and both are hydrogen-bonded to the C=0 group of the amide
3 residue. One of these hydrogen bonds [ (N-~HOp5---(0=C)p3]
is a seven-membered hydrogen bond of the type discussed by
Bystrov et al.® As noted previously,’»® this kind of
hydrogen bond should be rather weak because of 1ts marked
nonplanar nature. However, as can be seen in the photograph
of the proposed cyclic depsipeptide conformation, N-Hpg is
partially internally buried (Figure 34). Thus, even if
its hydrogen bond to (C=0)p3 is weak, one might still expect?~1%
its chemical shift to be nearly temperature independent.
Figure 35 shows the other side of the molecule. As we pre-
dicted from the temperature dependence studies, one of the
valyn N-H groups is completely exposed to the solvent.

The Al and A5 residues both possess ¢ = 240° or ¢' = 0°
[(Iyg = 8.0 Hz (cale), 9.5 Hz (exp.)] in the proposed solu-
tion conformation of the depsipeptide, Z.e., the amide and
a-protons in both residues are c¢is to each other.

The NMR spectra of the cyclic hexadepsipeptide reveal
large coupling constants Jy_p = 6.5-9.5 Hz between the o
and B protons in each residue. If we assume only the stag-
gered conformations of the side chain are allowed, this
observation leads to the conclusionl® that the three
rotational states x = 60, 180 and 300° about the C* -cB
bond are appreciably populated.

Moreover, we find no side chain-side chain or side
chain-backbone steric interactions which would prevent the
side chain in any of the six residues from adopting any of
the three staggered conformations about the C¢ -CB bonds.
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Forum Discussion Figure 34: Model of the molecule showing
the N-Hps partially internally buried.

Forum Discussion Figure 35: Photograph of the opposite
side of the molecule showing the N-H group completely
exposed to the solvent.
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PELLICULAR SILICONE RESINS AS SOLID SUPPORTS FOR PEPTIDE
SYNTHESIS

Wolfgang Parr, Karel Grohmann. Chemistry Department,
University of Houston, Houston, Texas 77004

IT HAS BEEN SHOWN THAT silicone polymers can be successfully
bound to the surface of silicaceous materials through
chemically stable Si-0-Si~C bonds.l=3 Because of their
reactivity modified halosilanes were chosen as monomers in
these investigations. The growing peptide chain could be
attached to the silicone polymer through formation of a
benzyl ester linkage because its behavior during the course
of synthesis is well established. The reactive monomers
used for the preparation of chemically bonded layers were
generally of the type:

2
X1 — i—(CHz)n—©—CH201 X1

3 X2,X3

=]
]

0,2,3,4
Ccl
Cl or Methyl

1}

There are two general methods for the preparation of the
desired monomers. The first one consists of a re-
action of a suitably substituted Grignard reagent with
tetrachlorosilane. We have used this reaction for the
preparation of p-tolylmagnesium bromide with silicon
tetrachloride.* The obtained p-tolyltrichlorosilane was
then brominated by N-bromosuccinimide in CCl, solution at
reflux. Excess succinimide and solvents were removed and
the crude product was distilled twice in vacuo. The struc-
ture and purity of p-bromomethylphenyltrichlorosilane [I]
was determined by NMR spectroscopy. Higher homologs were
prepared by the addition of suitably substituted olefins
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to trichlorosilane.® This reaction is catalyzed by
hexachloroplatinic acid. The suitable starting olefin
was prepared by the sequence of following reactions:®

1. Mg-Et,0 e
Br—@—Br ,z—m——z—e yTbronide Br—@—CHZ CH=CH
1. Mg—EtZO
H2C=CH—CH2—©-B1' —_— CH2=CH—CH2-©—CH2C1
2. CH20 (g)

3. HC1-Na,SO,anhyd

H2[Pt016] cat.
HZC=CH—CH2-©—CH2C1 + B-51-Clj

c1-cn2©>- (CH,),81C1,

(11}

The NMR data confirmed the presence of one isomer only,
formed by terminal addition of SiCl, group.

These silicone monomers were bonded to porous silica
beads (Porasil E, average pore diameter 800-1500 A, surface
area 10-20 mz/g, manufactured by Waters Associates) or
porous glass beads (Bio-Glass, pore size 1000, 1500, or
2500 K, surface area undisclosed, manufactured by Bio-Rad
Laboratories). The beads were first refluxed overnight
with concentrated hydrochloric acid in order to remove
absorbed cations, then washed successively with distilled
water and methanol, dried under vacuum and then heated
overnight to 105°C.

Individual batches of beads were then stirred or shaken
overnight with 1% solution of monomers in benzene. Excess
monomers were removed by repetitive washing with dry benzene.
Hydrolysis of remaining Si-Cl groups was achieved by washing
the beads either with water-ethanol-benzene (5:45:50) or
with ethanol-water (1:1). After drying, the beads were
polymerized at 105°C for 24 hours.

The silanized beads were washed with ethanol and benzene
in order to remove absorbed impurities. The capacity of
the beads was in the range of 0.03-0.1 mequiv Cl or Br/g
as determined by modified Volhard analysis. These values
correspond very well to the capacity values calculated for
monomolecular layers. The absorption of dyes have shown,
however, that the beads are coated quite unevenly. Also, the
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presence of very fine particles after each manipulation
step shows that particles break down easily, which leads
to the losses of support.

Synthesis of Model Peptides

The first protected amino acids were esterified to the
benzylic group by refluxing the glass beads with triethyl-
ammonium salt of Boc-amino acid in dioxane for 24-38 hr.’
The beads were washed with dioxane, ethanol, benzene, and
petroleum ether, then dried Zn vacuo and, in aliquots of
beads, the Boc-group was cleaved. Chloride was titrated.
The yields of attachment were quite variable (30-50%) and
the extent of side reactions also varied to a considerable
degree.

Two pegtides had been synthesized by standard batch
procedure. In both cases, DCC coupling was used exclu-
sively. The tetrapeptide H-Pro-Gly-Phe-Ala-OH was synthe-
sized on the glass beads with the aryl group attached
directly to the silicone atom [I]; 120 mg of crude product
was obtained. Only 507 of the peptide was cleaved from
the support with HBr in TFA, as determined by total
hydrolysis of the remaining glass beads with 6N HC1l and
amino acid analysis. The second peptide H-(Phe-Ala)g-OH
was synthesized on glass beads silanized with monomer
[II], in which the aryl group was separated from the silicon
atom by three methylene groups. HBr cleavage was 907 com=-
plete in this case and 249 mg of crude product was obtained.
This discrepancy is easily explained by the strong electron
withdrawing effect of the 5i03 group which destabilizes the
cationic reaction intermediate.

The tetrapeptide was checked for purity by amino acid
analysis (molar ratio Pro 0.95, Gly 1.00, Ala 1.00, Phe
1.05) and by thin-layer chromatography (tlc). None of the
techniques revealed the presence of lower peptides which
would be the result of incomplete reaction steps. The
dodecapeptide was partially hydrolyzed by 12N HCl1l, the
obtained amino acids and lower peptides were esterified,
trifluoroacetylated and analyzed by GC-MS combination
according to Bayer et al.? WNo dipeptides of the type
Ala-Ala or Phe-Phe were detected, but this result can be
considered only as semi-quantitative due to formation of
not only dipeptides, but also free amino acids and higher
peptides, where failure sequences could be hidden.

In the last experiment we have tested the suitability
of silicone supports for column procedures. All steps
starting from attachment of the second amino acid were
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carried out by pumping reagents and solvents through a
column packed with silanized glass beads.

Bio-Glass 1500 silanized with [II] (capacity 0.108
mequiv Cl/g) was reacted with excess of triethylammonium
salt of Boc-Tyr(Bzl) as described previously. A chroma-
tographic column (65 x 0.9 cm) was filled with 30 g of
aminoacyl glass beads. A second column served as the
solvent reservoir. All operations, but coupling, were
performed by pushing solvents or reactants with nitrogen
through the column. The effluent was collected and
tested for completeness of washing steps. P-Nitrophenyl-
ester coupling was used exclusively. Solutions of Boc-amino
acid-ONp were recycled through the system with a Beckman
Accu-Flow pump. The peptide synthesized was H-GIn-Gln-Gly-
Gly-Tyr(Bz1l)-NHy. The coupling of both Boc-Gly-ONp esters
was performed in chloroform and the speed of reaction was
followed by measuring adsorbance at 315 nm., The measure-
ments showed that the reaction was practically complete
after 6 hours. No significant difference in coupling rates
of the second and third glycine was noted. The obtained
UV values were checked by the reaction of the unreacted
NHy groups with Pyridine-HCl and subsequent titration of
chloride as described by Dorman.10

The peptide was cleaved from the resin by transesteri-
fication with methanol-triethylamine for 24 hours; the
cleavage was monitored by measuring UV adsorbance at 280
mm; 530 mg of the crude peptide was obtained. The collected
peptide was purified by gel permeation chromatography on
Sephadex IH-20. Methanol was used as the eluant. The
purification step on Sephadex LH-20 revealed the presence
of small amounts of lower peptides. This finding was con-
firmed by amino acid analysis and tlc of the crude peptide.
The purified pentapeptide was amidated by ammonolysis in
saturated solution of ammonia in the mixture DMF-methanol
(2:1) for three days at room temperature., The Boc-group
was then cleaved by 1 NV HC1 in acetic acid for 30 minutes.
Deprotection of Tyr(Bzl) was carried out by catalytic
hydrogenation over 10% Pd-charcoal H, pressure 55 psi,
reaction time 12 hr.

The deprotected peptide was dissolved in methanol-water
(1:2) and placed into a refrigerator. The pentapeptide
precipitated out of solution in the form of a gel. Upon
drying the gel in vacuc a white powder formed. The peptide
was purified by gel permeation chromatography on Sephadex
G-15 column (43 x 2.5 cm) with methanol-water (1:2) used
as an eluant. The peptide was eluted as a single peak.

Tlc on silica gel in two solvent systems [solvent I,
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methanol; solvent II, n-butanol-water-pyridine-acetic acid
(15:12:10:3)] also showed single spots.

The presented results show that peptides can be success-
fully synthesized on this kind of support. More precise and
sensitive analytical techniques will have to be developed,
however, before the advantages and disadvantages of these
supports can be clarified.
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GRAFT COPOLYMERS AS INSOLUBLE SUPPORTS IN PEPTIDE SYNTHESIS

Geoffrey W. Tregear. Endocrine Unit, Massachusetts
General Hospital, and Department of Medicine, Harvard
Medical School, Boston, Massachusetts

GRAFT COPOLYMERIZATION! affords an opportunity of obtaining
a 0% crosslinked, physically stable polystyrene resin with
improved properties for use in solid-phase peptide synthesis.
The polystyrene chains can be insolubilized without cross-
linking by anchoring them at one end to an inert, insoluble
core resin such as Teflon or Kel F (see Figure 1). This
may be accomplished experimentally by irradiating the core
polymer with ionizing radiation such as y or x-rays, in the
absence of air and exposing the irradiated polymer to styrene
monomer. The irradiation produces free radical sites
throughout the bulk of the core polymer but with resins

Figure 1: Diagrammatic
representation of a graft
copolymer resin for use
in solid-phase peptide
synthesis. The polysty-
rene chains which provide
the point of attachment
for the growing peptide
chain are insolubilized
by grafting to an inert
core resin.
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such as Teflon or Kel F which are not swollen by sclvents
or monomer the styrene only "sees' the free radicals at

the surface and polymerization of the grafted side chains
occurs only at these points. By the appropriate selection
of experimental conditions it is possible to achieve surface
grafting with minimal crosslinking. The number of grafted
side chains is determined by the number of free radical
sites which is a function of the total dose of radiation.
The length of the grafted chains is a function of the
polymerization rate and is controlled by the dose-rate

and experimental conditions such as temperature of irradi-
ation and presence of solvent or chain terminating reagents.

A unique advantage of this system is that the backbone
polymer can be prefabricated as film, discs, pellets or
small diameter beads and this physical form is retained
throughout the grafting procedure and the subsequent
chloromethylation step.

A particularly useful graft copolymer for use in pep-
tide synthesis consists of a core of small diameter beads
of Kel F with a 107 by weight surface graft of polystyrene.
We have been using this type of resin routinely in our
laboratory and have been particularly impressed with its
physical characteristics. Being 907 Kel F the resin dis-
plays essentially the properties of the core polymer. It
does not swell appreciably, it is very dense and sinks
rapidly in all solvents and does not stick to glassware.

To compare the performance of the grafted resin with
the conventional 17 crosslinked polystyrene the two resins
were mixed together in the same reaction vessel. Both
resins were chosen to have the same chloromethyl substi-
tution of the polystyrene chains (177%). At any point
during the synthesis the two resins could be separated by
the addition of methylene chloride. The crosslinked
polystyrene resin floats while the graft copolymer resin
being very dense, sinks. The separation is rapid and
complete.

As a test synthesis, the amino terminal dodecapeptide
sequence H-Ala-Val-Ser-Glu-Ile-Gln-Phe-Met-His-Asn~Leu~
Gly-OH of bovine parathyroid hormone? was prepared in the
Beckman-990 Peptide Synthesizer. The progress of the
synthesis was monitored by the qualitative ninhydrin test
of Kaiser et al.3 Quantitative data on the extent of
reaction was obtained using the Beckman-890C Sequencer"
(see Figure 2). Both resins were surprisingly similar in
their reaction characteristics. In general the carbodiimide
couplings were complete on both resins after 5 to 10 min
reaction time and the active ester couplings after 2 to 4
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Figure 2: Rate of coupling reaction for the graft copolymer
resin (K) and the 1% crosslinked polystyrene resin (M)
during the synthesis of sequence 1-12 of bovine para-
thyroid hormone., The carbodiimide coupling step was Phe
to Met and the active ester step Asn to Leu. The extent
of reﬁction was determined from Automated Edman Sequence
Data.

hr. Inefficient couplings requiring a repeat reaction or
change in solvent occurred at the same sequence positions
with both resins (Ile to Gln and Glu to Ile).

The yield of dodecapeptide after preliminary purifica-
tion by gel filtration and based on the original amount of
chloromethyl groups available on the resin was 30.5% for
the 1% crosslinked resin and 25.87% for the graft resin.
The purity of the peptides obtained from each resin was
assessed by amino acid analysis, sequence determination
and thin layer chromatography. In all these systems the
products were indistinguishable.

The similarity in reaction characteristics and perfor-
mance combined with the ease of separation of the two
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resins has opened up an interesting application whereby two
different peptides may be synthesized at the one time under
the same experimental conditions. For example in the study
of structure-activity relations at the carboxyl terminus of
a peptide it is possible to use the graft resin esterified
to one particular amino acid and the crosslinked polystyrene
resin esterfied to a different amino acid. The remainder

of the peptide chain can then be assembled under the same
experimental conditions. The biological importance of a
carboxyl terminal amide in a peptide may also be investigated
by using one of the resins as the benzhydrylamine derivative
and the other resin in the chloromethyl form.

Although the current experiments have demonstrated that
the graft copolymer resins are comparable to but not sig-
nificantly better than the conventional 1% crosslinked
resins it should be pointed out that the graft resins offer
a considerably flexibility in design which has not yet been
fully exploited and which should lead to greatly improved
resin properties. The optimal physical characteristics of
the core polymer and the effects of altering the number and
length of the grafted polystyrene chains have not yet been
fully evaluated. An improved spatial arrangement of the
side chains should also be possible by block copolymerizing
the grafted styrene with other monomers to obtain a more
controlled distribution of styrene units and to render the
grafted side chains comparable in polarity with the growing
peptide chain.
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SOLID-PHASE SYNTHESIS OF PROTECTED PEPTIDE FRAGMENTS

Su-Sun Wang. Chemical Research Department, Hoffmann-
La Roche Inc., Nutley, New Jersey, 07110

THE PROBLEM OF DECREASING purity in the chain elongation
process using the solid-phase technique1 may be approxi-
mated by the binomial distribution law. The relationships
between the expected purity of the product, the chain

length of target peptide and the average coupling efficiency
can be illustrated in Figure 1. It is apparent that near
1007% efficiency in each step and every cycle is required
when a large polypeptide is to be synthesized. The pre-
paration of protected fragments by the solid phase technique
followed by fragment condensation might serve as an alter-
native. 1In the following, the preparation and application
of two resins suitable for the synthesis of protected
fragments is described.

Preparation of the Resins

Merrifield resin (chloromethylated copolystyrene-2%
divinylbenzene) was reacted with CH30C0-CgH4—OH and NaOCH3
to form CH30C0-CgHy-0OCHy-CgH4-Resin. Reduction with LiAlHy
gave p-alkoxybenzyl alcohol resin (I) (HOCHy-CgH;-OCHy-CgH,-
Resin). The same resin can also be prepared from Merrifield
resin and HOCHy-CgH4—-OH plus NaOCH3. Acylation of I with
phenyl chloroformate gave the phenyl carbonate resin which
on hydrazinolysis yielded p-alkoxybenzyloxycarbonylhydrazide
resin (II) (HZNNH-CO—OCHZ—C6H4-OCH2-CGH4—Resin).
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Figure 1: Relationship between average coupling efficiency
and purity of products prepared by the solid-phase method.

Attachment of Amino Acids to the Resins

2-(p-Biphenylyl)isopropyloxycarbonylamino acids (Bpoc-
amino acids) were attached to I using dicyclohexylcarbodiimide
(DCC) (1 equiv. of pyridine as catalyst) or by the p-nitro-
phenyl ester method (10 equiv. of imidazole as catalyst).
The unreacted hydroxyl group on the Bpoc-amino acyl resin
was then blocked by benzoylation (benzoyl chloride and
pyridine). No racemization was detected during the esteri-
fication process. Bpoc-amino acids were attached to resin
IT efficiently with the DCC method. Substitutions on I
and II were normally 0.3-0.6 mmol/g.

Application of the Resins
Bpoc-Phe-Resin I was deprotected with 0.5% trifluoro-

acetic acid (TFA), neutralized and coupled with Bpoc-L-Val,
Bpoc-L-Leu and Z-L-Leu to give Z-Leu-Leu-~Val-Phe-Resin I
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by a procedure similar to that described before.? Treat-
ment with 50% TFA in CHyCl, (30 min) liberated the peptide
from the resin. Pure crystalline Z-Leu-Leu-Val-Phe (mp
216~219°) was isolated in an overall yield of 68% calcu-
lated from the phenylalanine content of Bpoc-Phe-Resin I,
During the synthesis, a four-fold excess of amino acid
derivatives and coupling agent (DCC) was used in each
cycle. The product was converted to its methyl ester (2-
Leu~Leu-Val-Phe-0CH3; mp 204-206°) by dilute methanolic
HC1.

Bpoc-Gly-ONp was reacted with I in the presence of
imidazole to give Bpoc—Gly-Resin I. Solid-phase synthesis
with Bpoc-L-Phe, Bpoc-L-Phe and Z-L-Lys(Z) gave Z-Lys(Z)-
Phe-Phe-Gly-Resin I. Cleavage with 50% TFA (30 min)
afforded crystalline Z-Lys(Z)-Phe-Phe-Gly (mp 220-222°)
in 607% overall yield. This fragment was condensed with
a dipeptide methyl ester (Leu-Met-OCH3+<HCl) by the DCC
method. The product, hexapeptide ester Z-Lys(Z)-Phe-Phe-
Gly-Leu-Met-OCH3 (mp 180-184°) upon ammonolysis yielded
the crystalline hexapeptide amide Z-Lys(Z)-Phe~Phe-Gly-
Leu-Met-NHo (mp 238-242°). The carbobenzoxy groups were
removed by hot TFA (80°, 3 hr) in the presence of anisole
and mercaptoethanol. The crude peptide was purified by
counter-current distribution followed by gel filtrationm.
The desired compound Lys-Phe-Phe-Gly-Leu-Met-NH9 was ob-—
tained as an amorphous white solid, which was homogeneous
on electrophoresis and thin layer chromatography. Acid
hydrolysis and amino acid analysis gave the expected values.

Angiotensin II was also prepared using resin I. The
protected octapeptide intermediate Z-Asp(0Bzl)-Arg(NOj)-
Val-Tyr(Bzl)-Val-His(Tos)-Pro-Phe was obtained in a similar
manner and the protecting groups were removed by treatment
in liquid HF.3 Purification by counter-current distribution
and gel filtration gave an analytically pure produce (15%
overall yield), which was homogeneous on electrophoresis
and thin layer chromatography.

Resin II was utilized to prepare Z-Phe-Val-Ala-Leu-
HNNHy by a procedure similar to that described previously.?
The desired protected peptide hydrazide was obtained in
42% yield (mp 252-254°). 1t was found to be identical with
a product prepared previously? by an alternate route.
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AUTOMATIC MONITORING OF SOLID-PHASE PEPTIDE SYNTHESIS BY
PERCHLORIC ACID TITRATION

K. Brunfeldt, D. Bucher, T. Christensen, P. Roepstorff,

0. Schou, P. Villemoes. The Danish Institute of Protein
Chemistry, affiliated to the Danish Academy of Technical
Sciences, 33, Finsensvej, DK-2000, Copenhagen F, Denmark

I. Rubin. Department of Biochemistry A, University of
Copenhagen. Copenhagen, Demmark

STEPWISE YIELDS NEAR 100% are required for the synthesis
of long peptide chains.l!»? A monitoring system for solid-
phase synthesis must therefore possess a high degree of
accuracy. A determination of the amount of liberated
a-amino groups is a direct measure of the yield of pro-
tecting group cleavage. A direct determination of the
coupling yield seems very difficult to achieve. Instead

a measurement of the amount of residual a-amino groups
after coupling may be used.

Titration of free o-amino groups with perchloric acid
has been investigated in our laboratory.3, The method is
easily automated and sufficiently rapid (approx. 2 hr) to
be used in automated peptide synthesis. The method is in
principle non destructive and might be carried out without
sampling. Our experience is, however, not extensive enough
to ensure that damage in all cases (e.g. with Try- or Cys-
containing peptides) can be avoided.

The titration is carried out in a mixture of methylene
chloride and acetic acid 1:1 (v/v) on the whole batch in
the reactor. A circulation system ensures a continuous
washing of the walls of the reactor. A glass electrode

*Present Address: Department of Biochemistry A, University
of Copenhagen.
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and a calomel electrode with secondary salt bridge (10%
sat aq LiCl in HOAc) are used. Approximately 0.05 ¥ HC10,;
in HOAc is used as titrant.

The high concn of HOAc shifts the equilibrium R-NHp +
HOAc Z R-NH3* + OA.” to the right, the so-called levelling
effect.? Therefore, the acetate ions are titrated by the
HC104; and we used the same endpoint irrespective of the
N-terminal amino acid. The method is not specific for
a—amino groups and other groups may be titrated.

Loss of peptide and blocking of amino groups will both
result in decreases of titration values, and other analy-
tical methods must be used in addition for a correct
interpretation.

All operations are coded on punched tape and automat-
ically carried out by the combined synthesizer titration
equipment.6 Treatments before and stirring during titra-
tion are controlled by the synthesizer's control unit,

When the code is read for titration, an interface based on
sequential logic controls the titration equipment, con-
sisting of a titrator, autoburette, stripprinter, and
recorder. The titration is controlled by the titrator.
The variations of the potential against time are recorded
and serve as a control for proper electrode function as
well as for demonstration of the course of the titration.
When a titration is finished the total volume of added
titrant is printed out and the interface signals to the
synthesizer's control unit to read the next and all fol
following codes.

The accuracy of titration is ca. * 0,01 mequiv (single
expt at 1 mequiv amine) and ca. * 0,004 mequiv (at 0.l mequiv
amine). An increase in accuracy by optimizing the procedure
seems possible, The technique is useful. We have thus
demonstrated the presence of amino-group-blocking impurities
in methylene chloride by repeated titration of an alanyl-
resin.’” 1In the repetitive solid-phase procedure even minute
artefacts in each step may accumulate and thus significantly
reduce the final yield. Therefore, purity of solvents and
reagents is of a similar importance as in automated Edman
degradation. Our automatic monitoring system may be used
for checking solvents and reagents for solid-phase synthesis.

During an attempt to synthesize antamanide considerable
amounts of dipeptide were cleaved from a H~-Pro-Pro-0 resin
as diketopiperazineG,* during the Et3N treatment and sub-
sequent washings. The titration values showed that the
degree of diketopiperazine formation was prohibitive for

*Identified by mass spectrometry.
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obtaining a reasonable yield of final product. Therefore
the antamanid sequence H-Phe-Pro-Pro-Phe~Phe-Val-Pro-Pro~
Ala-Phe-O-resin® was chosen as target. During this syn-
thesis, the titrations after Boc-group cleavage strongly
indicated irreversible blocking® since repetition of
deblocking at the tetra- and pentapeptide stage did not
change the titration value (see Figure 1). The difference
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Pigure 1: Titration values during the synthesis of a
sequence of antamanid H-Phe-Pro-Pro-Phe-Phe~-Val-Pro-Pro-
Ala-Phe-O-resin. X indicates that the procedure for
cleavage of the Boc-group was repeated before the
titration. (By the courtesy of FEBS Letters.)

between the titration values with the Boc-group intact and
after cleavage was used as a measure of amino acid incor-
poration at the respective step of the synthesis. The
reasonable agreement between the titration values and amino
acid analysis data, Table I, supported that a blocking had
occurred, because a loss of peptide would have resulted in
a pronounced discrepancy between the two tests. A loss of
peptide would lead to a lower total yield but it would not
influence the relative amino acid content of the product.
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Table I

Amino Acid Content of Synthetic Decapeptide Determined by
Titration and by Amino Acid Analysis

Boe-Phe-0 Amino Theo~ Titra-

-resin acid retical tion Amino aeid analysis
Phe 4 4.00 4.00% 4,00t 4.00%
2.2 g Ala 1 1.97 1.74 1.8 1,92
1.00 mequiv Pro 4 4.23  4.521 4, 551 4 731t
Val 1 0.82 0.76 0.77 0.82
Phe 4 4.00  4.00% 4.00%  4,00%*
2.9 g Ala 1 1.20  1.13 1.09 1.01
1.32 mequiv Pro 4 4.02 3.92% 4,16 3,971t
Val 1 0.98 0.97 1.06 1.01
Phe 4 4,00 4.00% 4,00% 4,00%*
6.0 g Ala 1 1.27 1.08 1.05 1.00
2.74 mequiv Pro 4 4.06 3,571 3.591F 3,967t
Val 1 0.98 0.96 0.92 0.98

*Resin~bound product

tCleaved crude product

#Ether precipitated product

*%Cyclicized peptide (antamanid)

ttProline (amino acid analysis) corrected for concentration
dependency of calibration factor

The amino acid analyses of the resin bound and cleaved
product differed only slightly. Therefore, the hydrolysis
of the resin bound peptide seems to have been reliable in
this case. It was performed at 110° for 96 hr in a 1:1
mixture of 6 N HCl-glacial acetic acid in evacuated, sealed
ampoules, followed by evaporation at reduced pressure and
low temperature. The hydrolysis of the cleaved product
was performed in 6 N HCl1l at 110° for 24 hr.

For the synthesis 2.2 g of Boc-Phe-O-resin with a
substitution degree of 0.456 mequiv/g was used. For re-
moval of the Boc-group N HC1l-HOAc was used. The coupling
reagent was DCC. The yield of the resin bound decapeptide
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was determined by the titration to 20%. The crude cleaved
product weighed 296 mg.

The titration results indicated the presence of tri-,
tetra-, octa-, and decapeptide. The cleaved product was
deuteroacetylated and permethylated.9 Mass spectrometry
then showed that the blocking was due to acetylation as the
expected tri-, tetra-, and octapeptide were acetylated and
only the decapeptide was deuteroacetylated. Furthermore,
some acetylated heptapeptide was found. Minor amounts of
failure sequences missing a proline or phenylalanine in
positions where Pro-Pro or Phe-Phe was expected, were also
detected. The acetylation was mainly due to acetic acid
leaching out from all the teflon parts of the reaction
system6 into the coupling mixture.

The synthesis was twice repeated in an all glass system
using 2.9 and 6.0 g of Boc-Phe-O-resin. The overall titra-
tion ylelds were 647 and 62% giving 1.06 and 2.20 g of crude
products, respectively. Practically identical titration
results were obtained in both experiments (Figure 2). No
pronounced decrease was observed at any stage. The second
titration values of proline at tetra- and nonapeptide stages
were found to be lower than the first. A third titration
was identical with the second. As in the first synthesis,
Figure 1, an increase of the titration value after Boc-valine
incorporation was observed. Repeated coupling did not improve
this result, neither did succeeding couplings result in lower
values. We are, at present, unable to explain these two
observations. The latter may be due to steric hindrance
prohibiting coupling but not protonization.

In the synthesis using 6 g Boc-Phe-O-resin the coupling
with Boc-phenylalanine following valine led to a high titra-
tion value suggesting an incomplete coupling. A repeated
coupling after change of the solutions lead to a value not
different from the ones obtained before and after this coup-
ling. From the crude cyclisized product a cycloundecapeptide
containing 5 phenylalanine was isolated in addition to the
expected cyclodecapeptide (antamanid). The unexpected high
titration value thus must have been due to an undesirable
partial deblocking of the amino group at the hexapeptide
stage and not to an incomplete coupling with Boc-phenylala-
nine. The unexpected high titration value thus certainly
revealed a human error.

The amino acid analysis of both resin bound final pro-
ducts and the amino acid compositions calculated from the
titration values again agreed (Table I). Probably, the linear
decrease in the titration values is partly due to blocking.
It was not possible to verify this by mass spectrometry
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Figure 2: Titration values during synthesis of the sequence
shown on the figure: 2,9 or 6,0 g of Boc-Phe-O-resin was
used. Values are means of double determinations except
the upper values of the Pro titrations in step 4 and 9,
which are single determinations. meq, At the ordinate,
refers to mequiv titrated per g of Boc-Phe-O-resin.

-, Before Boc-group cleavage. O, After Boc-group cleavage.
¥, Repeated coupling. ©, Repeated double determination
resulting in identical values.

because of the small amount of each component. Some
acetylation seems likely to occur as acetic acid is difficult
to wash out of the resin completely, as shown by utilizing
l4c_geetic acid. Furthermore, loss of peptide certainly
did occur during these syntheses.lo!11

The titration is not specific for a-amino groups.
During the synthesis of renin substrate tetradecapeptide
(1.8 g Boc-Ser(Bzl)-O-resin, 0.440 mequiv g) the titration
values increased due to imidazole-N after N%-Boc-N*"-Dnp-
histidine incorporated. The titration value after Boc-group
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Figure 3: Titration values during synthesis of renin
substrate tetradecapeptide. Values are means of double
determinations except the first titration on Boc-Ser(Bzl)-
O-resin and the upper one of Boc-Arg(NO2)-peptide, which
was the first of three determinations. Signatures as in
Figure 2.

cleavage is the double of that obtained before cleavage
(Figure 3). The titration value of the preceeding Boc-leu
was subtracted. The decrease from the first to the second
titration of Boc-Ser(Bzl)-O-resin was due to removal of
ionically bound Boc-Ser(Bzl)-CH.

Extensive acetylation nullified the yield after incor-
poration of the second histidine in the teflon containing
reactor system. Mass spectrometry confirmed the presence
of acetylated C-terminal penta-, hexa-, hepta-, and octa-
peptides. The decrease in titration values at the di-,
and tripeptide stage was mainly due to formation of
Tyr(Bzl)-Ser (Bzl) diketopiperazine which was identified by
mass spectrometry and use of 140-tyrosine. The diketopiper-
azine formation begins during the triethyl amine treatment
and lasts throughout the end of the following Boc-valine
coupling. C-Terminal diketopiperazine formation has also
been observed in other laboratories.l271%

A modification of the titration procedure in which the
present titration medium is replaced by halogenated alkanes
containing a quarternary ammonium salt as carrier electro-
lyte, is under investigation.
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IMPROVED PROTECTING GROUPS FOR SOLID-PHASE PEPTIDE SYNTHESIS

Bruce W. Erickson, R. B. Merrifield. The Rockefeller
University, New York, New York 10021

THE SUCCESSFUL SYNTHESIS of pure peptides by the solid-phase
method requires a careful choice of protecting groups. When
the Boc group is used for temporary protection of the o-amino
groups, side chain protecting groups must be stable during
acidolysis of the Boc groups and yet be removed by a stronger
acid at the end of the synthesis.

We have established the relative stability of the benzylic
protecting groups toward acid by determining the apparent
first-order rate constants for the deprotection of seven
side chain-protected amino acids with 50% (v/v) trifluoroacetic
acid in dichloromethane [50% TFA] at 20° (Table I). The

Table I

Apparent First-order Loss of Benzylic Side Chain
Protecting Groups in 50% TFA -~ CH9Cly at 20°

Protected k1 Relative

amino actd (10-4 nr-1) rate
Thr (Bz1) 2.5 [1.0]
Glu(0OBzl) 3 1
Asp(0Bz1) 3 1
Ser (Bzl) 3.9 1.5

Cys (4-CH40Bz1) 29 12

Lys(Z) 142 57
Tyr(Bzl) 181 73

191
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relative amounts of the free and the protected amino acid
were measured on a 13-cm column of sulfonated polystyrene
eluted with pH 7 buffer at a temperature between 56 and 96°.

Thr(Bz1l) is sufficiently stable to survive extensive
treatment with 50% TFA during solid-phase synthesis, since
exposure to 50% TFA for 40 hr caused only 17 loss of the
benzyl group. The stability of Glu(0Bzl), Asp(OBzl), and
Ser(Bzl) toward 50% TFA is essentially the same as that
of Thr(Bzl). Cys(4-CH30Bzl) was deprotected 12 times
faster than Thr(Bzl), which suggests that the 4-methoxybenzyl
group may not provide sufficient protection for cysteine
residues during the synthesis of large peptides.

Protection of tyrosine as the benzyl ether is not
recommended for two reasons. Not only was Tyr(Bzl) depro-
tected 73 times faster than Thr (Bzl), but this reaction
furnished a mixture of 63% tyrosine and 37% 3-benzyltyrosine.!
The ratio of these products was constant for 100 hr, during
which 85% of the Tyr(Bzl) reacted. Since essentlally the
same results were obtained when 100 equivalents of anisole
were present per equivalent of Tyr(Bzl), the 3—benzyltzrosine
is probably formed by an intramolecular rearrangement.?”"

In contrast, 0-(2,6-dichlorobenzyl)tyrosine, which was
stable to 50% TFA for at least 350 hr at 20°, is deprotected
at least 4000 times slower than Tyr(Bzl) and at least 60
times slower than Thr(Bzl). Both Tyr(Bzl) and Tyr(2,6-CloBzl)
were completely deprotected on treatment with HF for 10 min
at 0° to provide a mixture of 60% tyrosine and about 40% of
the respective 3-benzylated derivative. After exposure to
50% HF-—anisole for 10 min at 0°, 13% of the Tyr(Bzl) was
converted into 3-benzyltyrosine but only 4% of Tyr(2,6-ClgBzl)
was isomerized to the ring-alkylated derivative. Protection
of the phenolic hydroxyl group of tyrosine as the 2,6-
dichlorobenzyl ether is an improvement over use of the benzyl
ether, but it does not solve the problem of intramolecular
benzylation of the phenolic ring.

Loss of the N€-protecting group from a lysine residue
during solid-phase synthesis generates a free e-amino group
that can couple subsequently with an activated amino acid
to form a branched peptide. 1In order to examine the dis-
tribution of branched peptides, we have synthesized decalysyl-
valine using Z to protect the e-amino group of lysine.
Boc-valyl-oxymethyl-polystyrene resin was deprotected for
1 hr with 507 TFA, neutralized with diisopropylethylamine,
coupled for 1 hour with three equivalents each of Boc-Lys(Z)
and DCC, and again neutralized and coupled. These excessive
deprotection conditions were purposely used to accentuate
the formation of branched peptides. Repetition of this
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cycle nine times and treatment of the resin with HF and
anisole for 1 hr at 25° furnished a crude peptide mixture
that was analyzed5'7 on a 50-cm column of carboxymethyl-
cellulose using a sodium chloride gradient. After elution
of decalysyl-valine, a series of peaks due to branched
peptides containing 11-19 lysine residues was observed.

To a first approximation, each of the branched peptides
was formed as a result of the loss of one Z group somewhere
along the polylysyl-valine chain during a certain depro-
tection step. The peptide containing 18 lysine residues,
for example, arose by loss of either Z group from a fully
protected lysyl-lysyl-valine chain. Thus the mole percent
found for each branched peptide provides an estimate of
the rate at which the Z groups are lost during removal of
the Boc groups with 50%Z TFA. The average loss of Z groups
from the protected peptide resin was 0.8% per hour per
Lys(Z) residue. This result agrees well with the loss of
1.4% per hour observed for the deprotection of Lys(Z) in
solution. This agreement suggests that the rates of de-
protection of side chain-protected amino acids in solution
are close to the rates of deprotection of amino-acid
residues in a resin-bound peptide chain.

Lys(Z), which was deprotected 57 times faster than
Thr (Bzl) in 50% TFA, is too unstable for use when the
a—amino group is protected by Boc. Since the addition of
electron-withdrawing substituents to Z is known to increase
its stability toward acid,®"13 the stability of six
chlorinated derivatives of Lys(Z) toward 507% TFA was
examined (Table II). The 4-chloro derivative, which was

Table II
Apparent First-order Loss of Chlorinated Benzyloxycarbonyl(Z)
Groups from Lysine in 50% TFA--CH9Cl, at 20°

Protected ] Relative
amino actd (10-4 np=1) rate
Lys (2) 142 57

Lys (4-C1Z) 50 20
Thr (Bz1)* 2.5 [1.0]
Lys(2-c1z)t 2.3 0.9
Lys(2,4-Clpz)t 1.8 0.7
Lys(3,4-Clyz) T 0.86 0.3
Lys (3-C12) 0.18 0.07
Lys(2,6-C1,2) 0.14 0.06

*Inserted as a standard for comparison.
Recommended as a suitable side chain protecting group
in solid-phase synthesis,
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deprotected 20 times faster than Thr(Bzl), is too acid-
labile. In contrast, the 3-chloro and the 2,6-dichloro
derivatives were deprotected about 15 times slower than
Thr(Bz1l). Since the 3~ClZ group was not completely removed
on treatment with HF for 1 hr at 0°, these derivatives are
probably too stable for general use in solid-phase syn-
thesis. The 2-chloro, the 2,4-dichloro, and the 3,4-
dichloro derivatives, however, were deprotected at essen-
tially the same rate as Thr(Bzl) in 50% TFA and were
completely deprotected on treatment with HF for 1 hr at
0°. Thus each of the latter derivatives exhibited a
stability toward acid that is suitable for the solid-phase
synthesis of large peptides when Boc is used for a-amino
protection.

Finally, decalysyl-valine was prepared as before but
using the 2,4-Cl9Z group to protect the e-amino group of
lysine. Chromatography of the crude product revealed the
complete absence of any peptides containing more than 10
lysine residues. This result indicates that the formation
of peptides that branch at the e—amino groups of lysine
residues can be avoided and confirms the prediction that
protecting groups whose acid stability is close to that of
Thr(Bzl) are suitable for the solid-phase synthesis of large
peptides.
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THE STABILITY OF SIDE-CHAIN protecting groups in solid-
phase peptide synthesis becomes increasingly important as
the length of the target sequence increases. If N&-Boc
protection is employed along with final removal of the
side-chain protecting groups by hydrogen fluoride, four
necessary conditions are required: (1) the side-chain
protecting groups must survive the repeated use of de-
protecting agents for removal of the Boc groups, (2) these
protecting groups must be removed efficiently by hydrogen
fluoride, (3) the protecting groups should not give rise
to side-products at any stage of synthesis and (4) the
derivatives must couple efficiently to the peptide-resin.
With these considerations in mind we have undertaken a
study of protecting groups for those amino acids possess-
ing side-chain functions. Since 50% trifluoroacetic
acid in dichloromethane! is frequently used for removal

of N%-Boc groups, we have tested the stabilities of various
No-acetylamino acid amide derivatives toward this reagent
(Table I).

It has been reported that y-benzyl protection of
glutamic acid is not entirely stable,Z and in some prelim-
inary tests we found that y-benzyl glutamate lost 5% of the
benzyl protection in 5.5 hours. When the test was carried
out with the N%-acetyl amide derivative (Table I) where
the influence of the amino and o-carboxyl groups is removed,
the protection was found to be more stable. It is in fact
the most stable derivative listed in Table I. It was for

197



198 Chemistry and Biology of Peptides

Table I

No-Acetylamino Acid Amide Derivatives and
Their Stabilities in Trifluoracetic Acid

Loss of
side chain
protection
after 23 hr
in 50% TFA

Acetylated amide?* mp  in CH9Clp
Benzyl-N%-acetyl-iscasparaginate 129-130° 4yt
No-Acetyl-O-benzyl-serinamide 170-172° 3yt
N®-Acetyl-S-(p-methoxybenzyl)— 150-152°  20%t

cysteinamide 27%#

Benzyl-N®-acetyl-isoglutaminate 148-150° 2yt

N%-Acetyl-O-benzyl~threoninamide 219-220° LAl

N%-~Acetyl-O-benzyl-tyrosinamide 191-195° 50%}
627

*Prepared by conversion of the Boc-amino acid to the amide
by the mixed anhydride procedure followed by treatment
with TFA and acetylation with acetic anhydride in pyridine.
Each compound showed a single spot in tlc on silica gel in
chloroform-methanol (1:1). Correct elemental analyses
were obtained for each compound.

tEstimated on tlc in n-butanol-acetic acid-water (4:1:1)
against measured amounts of HF-treated samples.

#Estimated by the Ellman reagent.l?
/ﬁstimated by absorption at 295 nm in 1N NaOH-DMF (1:1).

this reason that the tests were extended to the acetylated
amides of other amino acid derivatives. The difficulty of
extrapolating results of experiments performed in solution
to those on solid phase is recognized, but we have proceeded
on the assumption that the reactions are several times
slower on solid phase than in solution. All the side-chain
protecting groups shown in Table I are completely removed

in hydrogen fluoride in 10 to 15 minutes at 0° and we refer
to these as standard test conditioms.
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Of the basic amino acids it is known that N€-benzyloxy-
carbonyl (Z) protection of lysine is not entirely stable.
We have prepared N® protected Lys(p-BrZz) (Table II) and
have found it to be four times more stable to 507 trifluoro-
acetic acid in dichloromethane than the parent Z compound
in both solution (Table III) and on solid phase.L+ Both
protecting groups were about four times more stable on
solid phase than in solution. More recently we have pre
pared® the o-bromo isomer (see Table II) and found it to
be 60-fold more stable than the Z protection (Table III).

Table III

Stabilities of New Derivatives in Trifluoracetic Acid

Time of Treatment
in 50% TFA

in CHClg Loss of
Derivative (hr) Protection

Lys(Z) 20 427 %
Lys (p-BrZ) 20 127%
Lys (0-BrZ) 20 0.7%%
Ac—Cys (p-MeOBz1)-NH, 23 277t
Ac-Cys (3,4-Me,Bz1)-NH) 23 0.2zt
Tyr (Bz1) 21 55%#
Tyr (m-BrBzl) 21 1.67#
Tyr (2,6-C1Bz1) 21 1.4%#

*Determined by quantitative amino acid analysis.
tDetermined by the Ellman reagent .12
#Estimated by absorption at 295 mm in 1N NaOH.

Both new protecting groups are removed completely in HF
under standard test conditions. It is of interest to note
that these conditions were not sufficient to completely
remove the m-BrZ protection.

. For histidine and arginine we have recently employed
NiM-Boc and NG-tosyl protection, respectively, in the
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synthesis of the heptapeptide6 Ala-His-Arg-Leu-His~Gln-Leu
(I) which occurs in human growth hormone’»® (HGH). Use of
these protecting groups in the synthe3159 of the nonadeca-
peptide o '19—adrenocorticotropic hormone has further
demonstrated the usefulness of this combination., 1In the
case of the heptapeptide I nitro protection of arginine

led to substantial amounts of side-products containing
ornithine whereas tosyl protection gave no such difficulties.

For protection of the cysteine thiol group the advan-
tages of p-methoxybenzyl protection over that of benzyl
protection are known.l? The results in Table I indicate,
however, that a problem of stability of the former to TFA
could arise for very large peptides. In an effort to find
a protecting group of intermediate stability between the
p-methoxybenzyl and benzyl protections we prepared!l po-
acetyl-5-(3,4~dimethylbenzyl) cysteinamide (see Table II).
The derivative lost only 0.27 of its protection in TFA
(Table III). Furthermore, the protecting group was com-
pletely removed in HF under standard test conditions. The
guitability of this protecting group for cysteine was then
demonstrated by synthesis of the C-terminal cyclic dodeca-
peptide!! of HGH Val-Gln-Cys-Arg-Ser-Val-Glu-Gly-Ser-Cys-
Gly-Phe.

The serious instability of benzyl protection of the
tyrosine hydroxyl group suggested by the data in Table I
led to an examination of the m-bromobenzyl and 2,6-
dichlorobenzyl protecting groups (see Table II). Both
were found to be about 50-fold more stable than benzyl
protection (Table III), and both were removed completely
in HF. We synthesizedﬂ the octapeptide Phe-Lys—-Gln-Thr-
Tyr-Ser-Lys-Phe (II) occurring in HGH with m-bromobenzyl
protection of tyrosine in addition to p-BrZ protection of
lysine. Peptide II was isolated in good yield and with
slightly less by-product formation than in a synthesis
where benzyl protection of tyrosine was employed. The
by-products, as judged by amino acid analyses, are pre-
sumably octapeptide II containing an altered tyrosine
residue.l3 Although a benzyl type of protection for
tyrosine can be stabilized to TFA treatment and used with
success, by-product formation in HF is exceedingly diffi-
cult to eliminate entirely.
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EXPERIMENTS WITH ACTIVE ESTERS IN SOLID-PHASE PEPTIDE
SYNTHESIS

M. Bodanszky, R. J. Bath, A. Chang, M. L. Fink, K. W.
Funk, S. M, Greenwald, Y. S. Klausner. Department of
Chemistry, Case Western Reserve University, Cleveland
Ohio 44106

THE APPLICATION OF ACTIVE ESTERS in solid-phase peptide
synthesis1 (SPPS) was proposed earlier.?,3 Subsequently,
the use of some active esters led to successful synthesés
in some cases,l+ while in other instances difficulties® and
even failure® were reported. Nevertheless, there are good
reasons to persist with the search for new active esters,
specially designed for SPPS. The most general method of
acylation through activation of acylamino acids with
dicyclohexylcarbodiimide! (DCC) requires "global protec-
tion"? while the use of active esters for the same purpose?
allows considerable freedom in this repect, e.g., side
chain hydroxyl and carboxyl groups can be left unprotected.
This detail becomes quite important if ammonolysis2 or
alcoholysiss’8 is planned for the removal of the completed
chain. An additional problem related to activation with
DCC was recognized with the surprising observation® that
the addition of DCC to solutions of Boc-—a-amino acids in
dichloromethane or dimethylformamide, etc. results in the
formation of ninhydrin positive byproducts, one of which
is the free amino acid. All common Boc- and Aoc-a-~ amino
acid derivatives were tested and all showed decomposition,
while Boc-f-alanine did not. In retrospect this side re-
action should not be surprising: acidolytic removal of
protecting groups is based on the presence of groupings
ready to form carbonium ions, while activation rests on an
electron-withdrawing substituent. An interaction between
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two oppositely polarized centers within the same molecule
is to be expected: higher activation or higher sensitivity

TrT 10
R—C—Ce—0—C=N—(5 ) R—C—C i
/S / N\ =
HeH, G C(CHy)s ad ) + (cup,c=cHy + (S)—HENCMH
NS N
I
i i

to acids of the protecting group should render the lability
of the protected and activated derivatives of amino acids

a serious problem. At higher temperatures, benzyloxycarbonyl
amino acid chlorides yield benzylchloride and N-carboxyan-
hydrides (NCA's). The decomposition of biphenylylisopropyl
p-nitrophenyl carbonatell may provide a second analogy for
the intramolecular displacement on O-Boc-aminoacylisoureas.
Our investigations so far have not furnished convincing
evidence of an NCA intermediate, but the decomposition it-
self cautions against uncritical activation with DCC in
SPPS. Moderately active esters may not present similar
problems and therefore their application in SPPS could be
well justified.

The low rates of acylation with hindered p-nitrophenyl
estersll,12 prompted experiments with different active
esters. Hlndrance by the resin-matrix and by the growing
peptide chainl!3s1* can be compensated by appropriately
selected active esters, as shown in Table I. The values
in Table I were obtained in a solvent chosen for reasons
of convenient measurements: ethyl acetate. The rate of
aminolysis of p-nitrophenyl esters is about an order of
magnitude lower in ethyl acetate than in dimethylformamide.
The solvent dependence of aminolysis rates is much less
pronounced in the case of o-nitrophenyl ester (Table II).
This favorable property together with their higher re-
activity, reflected also in ir frequency of their carbonyl
bands (Table III), were considered auspicious for further
experimentation. The experiments in progress aim at
the development of optimal conditions for the preparation
of o-nitrophenyl esters of Boc-a—amino acids and for their
application in SPPS.

12
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Table I

Rates of Reaction of Different Active Esters
with the Growing Peptide Chain%*

Boe-L-Leu
Nucleophile Ollo oNp OPep OTep
Gly-R 150 840 1100
Val-R 600 2400 1800
Gly-Leu-Val-R 50 120 900 60
Val-Leu~Val-R 275 900 3500 300
Gly-Leu-Gln-Gly-Leu-Val-R 220 600 2600
Val-Leu-Gln-Gly-Leu-Val-R 700 >10,000 >10,000

*The numbers represent half reaction times (in min) of
active esters of i-butyloxycarbonyl-L-leucine with the
different nucleophiles. The reactions were carried out
in ethyl acetate at room temperature with 0.02 M concen-
tration of the reactants. Rates were measured by the uv
absorption of the liberated phenols. Abbreviations: ONo:
o-nitrophenyl ester; ONp: p-nitrophenyl ester; OPcp:
pentachlorophenyl ester; OTcp: 2,4,5-trichlorophenyl
ester; R: resin.

Table II

Solvent Dependence of Aminolysis Rates of Z-Leu
Para and Ortho Nitrophenyl Esters*

Solvent Z-Leu-ONp Z-Leu-0No
Ethyl acetate 10 1.5
Methylene chloride >110 3
Dimethylformamide 1.5 0.65

*The numbers represent half reaction times (in min) between
active esters of benzyloxycarbonyl-L-leucine and benzylamine,
at room temperature, with 0.02 M concentration of the
reactants. Rates were measured by the uv absorption of
the liberated phenols and of the consumed active esters.
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Table III

Physical Properties of Some o-Nitrophenyl Esters

. [a]25 ir (C=0
Active Ester Mp D stretch)
Z-Asn-ONo 156.5-157.5° -42° (e 2; DMF) 5.63u
Boc—Gly-0ONo 97-98.5° = e-=—= 5.63u
Boc-Leu-0ONo 55-57° -68° (¢ 1; DMF) 5.63u
Z-Phe~ONo 109-110° -63° (¢ 1.07; DMF) 5.62u
Boc-Phe-ONo 146-146.5° -65° (¢ 1; DMF) 5.62u
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PEPTIDE SYNTHESIS BY OXIDATION-REDUCTICON CONDENSATION

Teruaki Mukaiyama, Masacki Ueki,* Ret Matsueda.t
Laboratory of Organic Chemistry, Tokyo Institute of
Technology, Ookayama, Meguro-ku, Tokyo, Japan

IT WAS ESTABLISHED THAT various peptides and amino acid
active esters are prepared without any accompanying side
reactions by the oxication-reduction condensation method
with use of triphenylphosphine (TPP) and 2,2'-dithiodi-
pyridine (DTP) as shown in the following scheme.!

- Y ra '
(C6H5)3P X~NHCHRCOOH + HZNCHR CO-Y(HOR') (C5H4N)ZS2

(o] -H,0 [H]

|

(C6H5)3P=0 X~-NHCHRCO-NHCHR' CO-Y (X~NHCHRCO-OR') 2C5H4NSH

This new method is characterized by the generation of
an active dehydrating agent, a phosphorane, in the reaction
vessel from two components which are individually stable
and safely stored. It is also a favorable feature for use
in solid-phase synthesis that the two co-products produced

*Present Address: Department of Chemistry, Science Univer-
sity of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo, Japan.
tPresent Address: Product Development Laboratories,

Sankyo Co., Ltd., Hiromachi, Shinagawa-ku, Tokyo, Japan.
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along with peptides are very soluble in the usual organic
solvents including methylene chloride. A most important
merit is the attachment of the first amino acid to the
resin support by the same procedures using the same reagents
as for subsequent chain elongations.

All Boc-amino acids are incorporated to the hydroxymethyl
resin by esterification to the extent of 0.11-0.44 mmol/g
simply by shaking for 24 hr at ambient temperature with
TPP-DTP in methylene chloride or N,N-dimethylformamide
(DMF) , Table I. Boc—dipegtides were also attached to resin
under the same conditions® (Table I).

Table I

Attachment of BOC—-Amino Acids and Peptides to Hydroxymethyl
Resin by Oxidation-Reduction Condensation*

Boe-Amino
Boe- Content Aeid and Content
Amino Aeid Solvent (mmol/qg)  Boec-Peptide  Solvent (mmol/g)

Boc—Asn DMF 0.19 Boc-Gly CH2C12 0.44
Boe-Gln " 0.21 Boc-Ala 0.25
Boc—Arg(NOz) " 0.12 Boc-Phe " 0.38
Boc-Try " 0.12 Boc-Pro " 0.16
Boc—Cys(Bzl) CH2C12 0.18 Boc-Ileu " 0.11
Boc-Met " 0.15 Boc-Ala-Ala " 0.11
Boc-His (Bzl) DMF 0.44 Boc-Lys (Z)-Phe " 0.26

%3 Equiv triphenylphosphine-2,2'-dithiopyridine 4+ Boc-amino
acid shaking with hydroxymethyl resin for 24 hr at room
temperature,

A solid-phase synthesis of [Phez]-lysine—vasopressin by
oxidation-reduction condensation was tried starting from
Boc—-Gly-resin obtained as described above. Couplings were
performed by a 2+(3+4) fragment condensation on the tetra-
peptide-resin Aoc-Cys (MeOBzl)-Pro-Lys(Z)-Gly-resin, prepared
stepwise. The first fragment (Boc-Phe-Gln-Asn, 3 equiv) was
introduced by shaking with 3 equiv of TPP-DTP and 6 equiv
of 2(1H)-pyridinethione in DMF for 8 hr at -15° and 2 hr
at ambient temperature. After cleavage of Boc by TFA-
CHzclz(lzl,v/v) and neutralization, the fragment Boc-Cys(Bzl)-
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Phe (3 equiv) was coupled by shaking with 3 equiv of
TPP-DTP in CH Cl, for 8 hr at ambient temperature. Pro-
tected nonapeptiae amide was obtained in 62% yield based
on Gly by ammonolytic cleavage from protected peptide
resin and purification by Sephadex LH-20 chromatography
(DMF) . Amino acid ratios: Cys 0.96, Phe 2.02, Glu 1,
Asp 0.98, Pro 0.97, Lys 1.02, Gly 1.04, NH, 3.31. One

hundred mg of this protected nonapeptide amide showed
2840 units of pressor activity after deprotection by HF at

room temp for 1.5 hr and oxidative cyclizatrion by aeration
at pH 6.7 for 3 hr.

In similar fashion, the nonapeptide amide corresponding
to the sequence (2-10) of LH-RH3 was also successfully
synthesized. Fragment condensations with Boc-Ser(Bzl)-
Tyr(Bz1l)-Gly (1.5 equiv) and Boc-His(Tos)-Trp (3 equiv),
were mediated for 24 hr with TPP-DTP in methylene chloride
to give Boc-~His(Tos)-Trp—Ser(Bzl) Tyr(le)—Gly-Leu—Arg(NO )-
Pro-Gly-resin. Ammonolytic cleavage and purification by
Sephadex LH-20 (elution by DMF) and Avicel (BuOH-AcOH-H,O,
4:1:1) afforded protected nonapeptide amide monohydrate”in
48% yield based on Gly. Amino acid ratios: His 1.01, Ser
0.94, Trp 0.82, Tyr 0.96, Gly 2.04, Leu 1, Arg 0.88, Pro 0.94,
NH3 1.38. All protecting groups were removed by HF in the
presence of anisole and 2(1H)-pyridinethione. After
neutralization with Amberlite IRA-400 in methanol, the
decapeptide (LH-RH) was obtained by reaction with pyro-
glutamic acid pentachlorophenyl ester in DMF. The crude
synthetic product obtained was converted to the acetate
form. Purification was carried out by Sephadex G-25 (1 ¥
acetic acid), CM-Sephadex C-25 (0.15¥ ammonium acetate) and
finally by Sephadex G-10 (1 M acetic acid). 1H-RH was
isolated as diacetate trihydrate. Amino acid ratios:

Glu 1.02, His 0.98, Trp 0.84, Ser 1.01, Tyr 0.99, Gly 2.06,
Leu 1, Arg 0.92, Pro 0.96, NH3 1.35. Synthetic product
showed higher activity than natural LH-RH (AVS 77-33#215-
269).
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PEPTIDE SYNTHESIS THROUGH &4-NITROSO-5-AMINO-PYRAZOLE
INSOLUBLE ACTIVE ESTERS

M. Guarmeri, R. Ferroni, P. Giori, C. A. Benassi.
Istituto di Chimica Farmaceutica, Universita di
Ferrara, Ferrara, Italy

THE USE OF INSOLUBLE ACTIVE ESTERS derived from crosslinked
polymers and N-protected amino acids in the synthesis of
peptides has been previously described.l™® Very recently
Fridkin et al.” investigated the preparation and the use

of N-t-Boc-amino acid esters of a poly (ethylene-co-N-
hydroxymaleimide) in order to overcome the difficulties
encountered in peptide synthesis by using other polymeric
reagents.

We had already reported8 the use of l-phenyl-3-methyl-
4-nitroso-5-aminopyrazoline esters (OPmp-esters) in peptide
liquid phase synthesis. We describe now the preparation
of insoluble active esters derived from N-protected amino
acids and a styrene-27 divinylbenzene polymer into which a
similar pyrazole derivated is inserted. After unsuccessful
attempts to introduce the pyrazole handle to a aminomethyl
polymer we attained the object by reacting a hydroxymethyl
styrene-2% divinylbenzene—polymer9 with a pyrazolo-oxadiazinone
II, synthetized from 4-nitroso-5-aminopyrazoles I and phosgene:

AN | NO AN R, = -CH,
Ny Ny +eocl,—> N \N/clz =0 R, =-CHj or
y Y
I IT
Scheme T
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Compound II easily reacts with the hydroxymethyl function
of the polymer to give a green colored derivative III which
forms active esters with Z, Boc and Nps protected amino
acids when suspended in methylene chloride or dioxane in
the presence of DCC as a coupling agent. The best results
are obtained when Ry=R,=CHj giving orange colored N-
5(polystyryl-4-methyloxycarbonyl)-imino-4-oximino-1,3-
dimethyl-2-pyrazoline esters (OPsp esters, IV) of N-
protected amino acids.

0
1l
Ry I AN o (®-cHy-0-c-N _NOH
- | —>
(®-ca,om+ | . o PR
\1|\1 N~ ;] N7 TRy
R ITI
I
I Il
(®)-cHy-0-C-N N-0-C-CH-NH-Z
= =z
R
' N
HOOC-CH-NH-Z N
(Dce) 1 2
v
Scheme TII

As it appears from Table I, difficulties have been
encountered to introduce sterically hindered amino acids
as isoleucine for which a 48 hr reaction time has been
required.

The polymeric orange colored active esters III react
very rapidly with nucleophiles in a molar ratio of 1l:1 at
room temperature. The reaction is completed with benzyl-
amine in few seconds and with amino acids and peptide
esters between 15 and 60 min.

The synthesis of several model dipeptides as well as
of the N-terminal hen egg-white lysozyme tetrapeptide
Z~Lys (Z)-Val-Phe-Gly-OEt was carried out with a high
yield (80% overall yield for the lysozyme tetrapeptide).
Moreover, these OPsp esters present the advantage that
coupling reaction can be followed from the discoloration
of the polymer that reverts to green colored at the end
of the reaction.
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Table I

N-Protected Amino Acid Esters of
N-5(polystyryl-4-methyloxycarbonyl) -imino-4-oximino-1,
3-dimethyl-2-pyrazoline (OPsp esters)

Acylation nmol of amino
Amino acid reaction time aetd bound/g
derivative (hr) of polyester
Z-Gly—~OH 4 0.85
Z-Phe-0OH 3 0.99
Z-Val-OH 3 1.04
Z-Lys (Z) -OH 4 0.97
Boc-Gly-OH 5 0.90
Boc-Val-OH 24 0.54
Boc-Leu-OH 24 1.00
Boc-Ileu-OH 48 0.24
Nps~Phe—-OH 5 0.58

The acylation reaction is carried out in methylene chloride
using an equivalent of polymer with 1-3 equivalents of
N-protected amino acid and dicyclohexylcarbodiimide as
coupling agent.
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A SUITABLE REGENERABLE, SOLID-PHASE COUPLING REAGENT FOR
AUTOMATED PEPTIDE SYNTHESIS*

J. Brown, D. R. Lauren, R. E. Williams. Division of
Biological Sciences, National Research Council of
Canada, Ottawa, Ontario, Canada K1A OR6

THE REAGENT EEDQ (N-ethyloxycarbonyl-2-ethyloxy-1,2-
dihydroquinoline), first described by Belleau and Malek,!
is finding increasing application in the field of peptide
synthesis. When this reagent is used to synthesize a
peptide ethanol, carbon dioxide and quinoline are formed
as by-products. Removal of the quinoline from the reaction
product can sometimes constitute a problem. However, if
the reagent were to be incorporated into an insoluble
polymer this problem could be overcome. Filtration of the
reaction mixture would remove the insoluble quinoline
polymer produced during the reaction and the protected
peptide could then be isolated by simply evaporating the
solvent. In addition, the quinoline polymer could be
reactivated to recover the coupling reagent.

Polymerisation of 6-isopropenylquinoline, styrene and
divinylbenzene (200:300:8 w/w/w/) gave us’ the desired
insoluble quinoline polymer I, Figure 1. Nitrogen analysis
of the product indicated approximately 1.33 mmol nitrogen
as (Np) per gram. Activation of the polymer by reaction
with ethyl chloroformate, ethanol and triethylamine in
methylene chloride solution? afforded the solid-phase
coupling reagent II, Figure 1.

The number of "active sites" per gram was assayed by
reacting a known weight of resin with an excess of Dnp-Leu
and Gly-OEt. Isolation of the product by thin-layer

*Tgsued as NRCC No. 12864,
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Figure 1: Solid-phase coupling
reagent. I, Quinolyl polymer;

l II, N-ethyloxycarbonyl-2-
ethyloxy-1,2~dihydroquinolyl

9 polymer (EEDQ polymer); P ,
RN crosslinked polystyrene
L kH @
IT' OEt
0=$
OEt

chromatography and colorimetric estimation of the amount
formed allowed calculation of the number of "active sites"
per gram. Several batches of resin have been activated
and assayed in this manner and found to contain between
0.2 and 0.5 mmol "active sites" per gram of resin.

The preparative utility of the insoluble reagent was
assessed by coupling Z-Phe and Gly-OEt on a 0.5 mmol scale.
The coupling reaction was carried out in methylene chloride
solution (20 ml) using a 1.1 molar excess of the reagent.
Work—up of the reaction involved only filtration and gave
a crude yield of 847Z. One crystallisation from ethyl
acetate-petrol (30-60°) gave pure product in 71% yield.?
Similarly, Z-Phe and Leu-OBzl were coupled (1 mmol scale)
and gave a crude yield of 91%. Crystallisation from ethyl
acetate-petrol (30-60°) gave pure product in 74% yield
(m.p. 96-98°C; [alp -16.0 * 0.3° (e 2.0, acetic acid);
Cc,71.75; H,6.91; N,5.75. C3gH34N205 requires C,71.69;
H,6.82; N,5.58.). Repetition of this latter reaction using
the monomeric reagent EEDQ in solution showed only a slight
increase in the overall yield of pure product (86%).

Racemisation caused by each form of the "quinoline"
coupling reagent was assayed under standardized reaction
conditions by using the method of Izumiya et al.“ This
entailed preparation of the tripeptide, Gly-Ala-Leu, and
separation of the diasteriomeric tripeptides by ion-exchange
chromatography. Both forms of the reagent produced 6.07%
of the undesired Gly-D-Ala-L-Leu.
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These results, along with the previously demonstrated
regenerability of the polymer,?2 suggest that this solid-
phase coupling reagent could be profitably applied to the
automation of peptide syntheses.
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SOME PROBLEMS IN SOLID-PHASE PEPTIDE SYNTHESIS

John Morrow Stewart, Gary R. Matsueda. Department
of Biochemistry, University of Colorado School of
Medicine, Denver, Colorado 80220

WHILE NEW TYPES OF RESIN SUPPORTS will probably eventually
give significant improvements in solid-phase peptide
synthesis, good results can usually be obtained with the
currently used polystyrenedivinyl benzene resin supports

if certain factors are taken into consideration. Especially
important are crosslinking of the resin and the use of
solvents and reagents which swell the resin maximally.

The encephalitogenic peptide of the myelin A protein,
Thr-Thr-His~-Tyr-Gly-Ser-Leu-Pro-Gln-Lys-Gly, has been re-
ported to be impossible to synthesize by the solid-phase
method, because of failure of deprotection at two places.1
Synthesis of this peptide on a l%-crosslinked resin, using
TFA-chloroform (1:3) for deprotection, and chloroform for
DCC coupling (2.5 x reagents), afforded the desired peptide
in good yield, in a perfectly routine synthesis. Monitoring
of coupling reactions by the ninhydrin reaction? showed that
all went to completion within the usually allotted times.
All but the first three were complete within 10 min. When
the synthesis was repeated on a 27 crosslinked resin, using
the same reagents, the coupling of glutamine (nitrophenyl
ester) and proline were incomplete in four and two hours
respectively, and uncoupled chains were blocked by acetyla-
tion with acetylimidazole. There was no evidence of signi-
ficant failure of deprotection, and the desired product
was still obtained, although in lower yield.

Further evidence of the importance of resin crosslinking
was obtained in the synthesis of the peptide described by
Folkers® as having luteotropin releasing activity,
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<Glu~Tyr-Arg-Trp-NHyp. When the synthesis of this peptide
was attempted on a 2% crosslinked chloromethylated resin,
no coupling reaction was complete in 2 hr, and acetylation
was used at every step. In contrast, the synthesis on a
1% resin went smoothly, with all coupling reactions being
complete within 30 min. 1In each case, ammonolysis of the
peptide-resin gave the desired tetrapeptide amide.

The peptide Pro-Pro-Thr(Bzl)-Ile-Val-Val-His (Tos)-Gly
is proposed as a very difficult sequence for use as a test
peptide to study effectiveness of resins, solvents and
reagents. It contains the amino acids found to be most
difficult to couple in solid-phase synthesis.“ Histidine
is included as a marker for detection of terminated
sequences. Synthesis of this peptide on aliquots of a 17
crosslinked Gly-resin (0.36 mmol/g) was used to compare
chloroform and dichloromethane as solvents for synthesis.
Deprotection was by 30 min treatment with 25% TFA in the
test solvent. Indole (1 mg/ml) was routinely included as
a scavenger in this reagent. Although the test peptide
does not contain tryptophan, any aldehydes oY anhydride
present in the reagent could cause undesirable termination
of any peptide. A pre-wash with the reagent was used to
avoid excessive dilution of the reagent by solvent in the
resin. Neutralization was by 5 min treatment with 107
triethylamine in the test solvent, following a pre-wash.
For coupling reactions, 2.5 equivalents of Boc-amino acid
and DCC were used.

Although chloroform has been used in this laboratory
recently for many syntheses, dichloromethane appears to be
better for the synthesis of this peptide. When chloroform
was used throughout, no coupling reaction went fully to
completion in 2 hr, as shown by persistence of weak ninhydrin
color on the resin. Acetylation with acetic anhydride-
triethylamine or acetylimidazole was used at each step. As
previously reported,® acetylimidazole appears to be more
effective as a terminating agent. When dichloromethane
was used throughout, or when deprotection was in the chloro-
form reagent and coupling in dichloromethane, only coupling
of threonine and the first proline were incomplete in 2 hr.
Examination of the crude products by paper electrophoresis
showed that the desired peptide was obtained as the major
product from the dichloromethane and chloroform-dichloro-
methane runs, while from the run using chloroform only,
about half of the product consisted of acetylated peptides
(ninhydrin negative, Pauly positive). The observed better
result with dichloromethane was surprising, since chloroform
swells the resin slightly better than dichloromethane, and
has a lower dielectric constant.
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Under optimum conditions of resin crosslinking and
solvent, most solid-phase coupling reactions go very rapidly,
and are complete within ten minutes. Monitoring of coupling
can lead to significant acceleration of overall synthesis
rates. When deprotection is monitored, this should be done
on the amine salt of the resin, so that the peptide-resin
is not left in the free amine form during the monitoring
process.

With increasing importance of peptide amides, the
benzhydrylamine (BHA) resin proposed by Marshallé has re-
ceived much attention. Crosslinking is even more important
in this resin, and hindered Boc-amino acids are difficult
to attach to the 2% crosslinked BHA resin. These C-terminal
residues are also difficult to remove from the resin by acid
hydrolysis. HCl-dioxane gives very poor removal, HCl-
propionic acid’ gives better removal, but for quantitative
removal it is necessary to cleave the amino acid-resin with
HF.

Several general principles should be followed to mini-
mize peptide-resin steric interactions. 1) The lowest
degree of crosslinking of the resin consistent with resin
stability should be used. 2) The chloromethylation should
be conducted very carefully to avold additiomal crosslinking.8
The degree of chloromethylation should be kept low, and
the temperature and time of the reaction should be carefully
controlled. 3) The first amino acid should be esterified to
the resin in a solvent (e.g., ethanol) which does not swell
the resin extensively, thereby limiting substitution to the
most accessible sites on the resin. 4) All of the reactions
of the synthesis should be done in solvents which swell the
resin maximally. Pure trifluoroacetic acid does not swell
the resin appreciably, and is not an effective deprotection
reagent for solid-phase synthesis. The 25% trifluoroacetic
acid reagent is an excellent swelling solvent and a very
effective reagent.
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SYNTHESIS OF ENCEPHALITOGENIC PEPTIDES ON 1% CROSSLINKED
POLYSTYRENE RESIN

Raymond Shapira, Frank Chuen-Heh Chou, Robert F. Kibler.
Department of Biochemistry and Medicine, Emory University,
Atlanta, Georgia 30322

WE HAVE BEEN SUCCESSFUL in using the 17 crosslinked poly-
styrene resin beads from Bio-Rad* to synthesize the
encephalitogenic decapeptide Thr-Thr-His-Tyr-Gly-Ser-Leu-—
Pro-Gln-Lys (I) and analogs of I. Previously described
difficulties in deblocking! and coupling using 2% cross-
linked resin were virtually eliminated by using the 1%
crosslinked resin.

Chloromethylated polystyrene-1% divinylbenzene resin
was esterified with the first Boc—amino acid. Double
deblocking at 0°C in 5.6 N dry HCl in dioxane and double
coupling (using DCCI) at room temperature usually gave
excellent yields as determined by the ninhydrin test? and
by amino acid analysis. Cleavage of the peptides from the
resin with liquid hydrogen fluoride in purified anisole
under a stream of dry nitrogen was essentially quantitative.
The resulting peptides showed a high degree of purity based
on chromatography, using a 16 feet Sephadex G-25 column,
and on amino acid analysis. The following modifications
have been successfully made:

. Replacement of Lys with Arg.

. Elongation of the C-terminal with Gly, and Ala-Gln-Gly.
. Elongation of the N-terminal with Arg and Ala-Arg.

. Substitution of Bzl-His and Dnp-His for His,

. Substitution of other aromatic residues for Tyr.

. Combinations of these modifications

oW

¥BiosRad Laboratories, Richmond, Ca 94804.
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The synthetic peptides are being tested for encephalito-
genic activity in rabbit, rat, guinea pig, and monkey. The
nature of the encephalitogenic peptide receptor site in
these speciles will be studied and the ability of these
peptides to produce and block the disease. We have reported
previously3 that decapeptide I possesses moderate encepha-
lytogenic activity. This peptide occupies an active site
(positions 66-75) of bovine basic myelin protein (170
residues) which produces experimental allergic encephalo-
myelitis in animals, characterized clinically by onset of
weakness, ataxia, and other neurological signs 2 to 3 weeks
after challenge and pathologically by multiple perivenular
areas of demyelination and cellular infiltration."
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DIFFICULTIES IN SOLID-PHASE PEPTIDE SYNTHESIS OF SOME
ANALOGS OF ANGIOTENSIN II

M, C. Khosla, R. R. Smeby, F. M. Bumpus. Research
Division, Cleveland Clinic Foundation, Cleveland, Ohio
44106

DURING SYNTHESES OF ANGIOTENSIN II analogs by the solid-
phase procedure of Merrifield some problems were observed.
Our experience with these problems and the efforts made to
overcome these difficulties are reported here.

Formation of Failure Sequence
Due to Intramolecular Aminolysis

Solid-phase synthesis of the octapeptide, Asp-Arg-Val-
Tyr-Ile~-His-Pro-MePhe ([8-N-methylphenylalanine]-angiotensin
IT) did not yield the desired peptide. Repetition of this
synthesis and analysis at each step revealed that almost
857 of Pro-MePhe was cleaved from the polymer during
neutralization of HCl.H-Pro-MePhe-polymer with 107% Et3N in
DMF. Filtrates yielded cyclo(-Pro-MePhe-) while further
coupling resulted in direct esterification of Boc-His(Bzl)-
OH on the hydroxymethyl polymer so formed. The compound
formed in the original synthesis was therefore identified
as the N-terminal hexapeptide of angiotensin II. Cleavage
of Ala-MePhe (80%), Pro-Pro (60%) and Ala-Pro (40%) also
occurred from respective dipeptide polymers. Gisin and
Merrifield! observed similar cleavage with H-D-Val-Pro-
polymer and reported that the cleavage of dipeptide was
catalyzed by carboxylic acid and took place during the
next coupling step. These conclusions are surprising since
the formation of diketopiperazine is supposedly due to the
stabilization of the ¢is conformation which is possible in
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peptide units containing proline2 (or other secondary amino
acids); and ring closure is further expected to be accel-
erated if the o-amino group is not protonated. However,
our conditions of neutralization step are different than
those reported by Gisin and Merrifield! in that these
authors used 5% N, N-diisopropylethylamine in CH5Cly for
neutralization of the HCl-salt.

The failure sequence was avoided by not neutralizing
the HCl-salt and carrying out condensation with Boc-His
(Bz1)-OH either through N-ethyl-N'-(3-dimethylaminopropyl)
carbodiimide hydrochloride salt (EDAC) in CHCl3 at -10 to
0° or through the corresponding pentachlorophenyl ester in
DMF. However, racemization of histidine residue was higher
with pentachlorophenyl ester than with EDAC,

Racemization of Histidine Residue
During the Coupling Step

Earlier studies in our laboratories and by Windridge and
Jorgensen3 indicated that almost 35-407% racemization of
histidine residue occurred during solid-phase synthesis of
angiotensin II analogs. We have now been able to isolate'
the D-histidine containing octapeptides from the L-histidine
analogs of angiotensin II by ion-exchange chromatography
with buffers of varying pH followed by partition chromatog-
raphy on Sephadex G-25. Steric homogeneity of these octa-
peptides was determined by incubating the acid hydrolysates
with L-~amino acid oxidase (Agkistrodon p. piscivorus).
Pressor as well as antagonistic properties of the D-histidine
containing analogs of angiotensin II were found to be very
low as compared to the L-histidine analogs. For example,
[Ile5,D-His6]-angiotensin II possessed 4% of the pressor
response of the parent hormone, Hypertensin Ciba.

Studies to avoid racemization revealed that extensive
racemization of the histidine residue occurred (30-40%)
when DMF was used as a solvent for coupling Boc-His(Bzl)-
OPcp or Boc-His(Bzl)-OH with H-Pro-Leu-polymer through DCC
or EDAC. Coupling of Boc-His(Bzl)-OH by ''reversed" DCC
procedure in CHpCly gave similar results. Racemization
was suppressed (15-20%) when Boc-His (Bzl)-OH was condensed
in CHyCly or CHClj at -10° or when the imidazole moiety in
histidine was protected with the tosyl group. Use of N-
hydroxysuccinimide in CH2Cl9 along with DCC reduced the
racemization considerably but did not abolish it as reported;3
besides, the coupling reaction was very slow and the yields
of the desired peptides were lowered due to the formation
of B-alanyl peptides as a side product.® Azide coupling6
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with Z-Tle-His(Bzl)-N, did not give racemization but the
condensation reaction”could not be completed even after
shaking for 3 days at 5°.

Formation of Side Products During
Cleavage of Peptides with HBr

During the synthesis of Tyr-Ile-His-Pro-Leu, peptides
were removed at every intermediate stage with HBr to (a)
judge the progress of synthesis and to (b) obtain inter-
mediate peptides. In spite of the correct amino acid ratios
in the peptide polymer as well as in each cleaved peptide,
tlc of the tripeptide and the tetrapeptide revealed the
presence of a number of products (Figure 1). However, the

FIGURE 1: Cleavage of peptides at

intermediate stages of synthesis with HBr.

Figure 1: Cleavage of
» ; peptides at intermediate
" L stages of synthesis with
HBr.
s
B o, e T T
Leu 1.
Pro-Leu 2.
His-Pro-Leuv 3.

lleu-His-Pro-Leu 4.
Tyr-lleu-His-Pro-Leu 5.
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pentapeptide showed a single homogeneous product and cleavage
by transesterification of the intermediate peptides gave
single components. This indicates that the formation of
side products is due to cleavage with HBr and is presumably
due to the peculiarity of this susceptible sequence.
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SOLID PHASE SYNTHESIS OF PROTEIN WITH HIGH SPECIFIC
LYSOZYME ACTIVITY

Leon @. Barstow, Dennis A. Cormelius, Vietor J. Hruby,
Tadahisa Shimoda, and John A. Rupley. Department of
Chemistry, The University of Arizoma, Tucson, Arizona
85721

John J. Sharp, Arthur B. Robinson, and Martin D. Kamen.
Department of Chemistry, The University of California
at San Diego, La Jolla, California 92038

THE PRINCIPAL RESULTS from four solid phase (Merrifield)
syntheses of lysozymel"3 are summarized in Table I. Each
synthesis gave crude protein which had 0.5% to 1.37 the
specific enzymic activity of the native enzyme even though
reaction conditions were varied substantially from one
synthesis to another.

The specific enzymic activity of native lysozyme is
137 after treatment with liquid HF under the condition used
for cleavage of the protein resin ester in the experiments
of Table I (20°C, 90 min, added Trp, Met, Gln and anisole).
The activity of the material decreased further to 6% when
the native protein was reduced and reoxidized. This sug-
gests that there is considerably more active protein on
the resin than is being obtained. Thus far, changes in
the reaction time (1 hr to 24 hr), the temperature (from
20°C to -20°C) and the kind and quantity of additives have
failed to give a significant improvement in the yield of
active enzyme. We have noted great variation in quality
between batches of HF.

The synthetic proteins have been characterized by
several measures of enzymic activity (cell lysis, hexa-N-
acetylglucosamine hydrolysis and glycosyl transfer) and by
chromatography, UV spectra, and amino acid analysis.
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At this time, substantial work has been carried out on
small portions from the fourth synthesis. About 107 of
the protein has the same elution volume as the native on
Sephadex G-75. All of the active protein is in this
fraction. A combination of Bio-Rex 70 and affinity
chromatography gave protein with more than 707 the specific
lytic activity of the native enzyme.

Brown" has found that Residue 103 is Asn instead of Asp
as had been reported.>:® The first two syntheses of lysozyme
were prepared with the published sequence. This substitution
apparently does not significantly lower the enzymic activity.

Substitutions in the active site of Trp for Tyr at
position 53 and Tyr for Thr at position 51 give protein
material which is totally inactive. This experiment demon-
strates that only molecules with a tertiary structure like
that of lysozyme have the lysozyme enzymic activity.

We are continuing to work on improvements in the syn-—
thesis of native lysozyme as well as the synthesis and
characterization of other lysozyme analogs.
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AN IMPROVED SOLID PHASE SYNTHESIS OF LH-RH/FSH-RH:
A PROGRESS REPORT

Maurice Manning, Esther Coy. Medical College of Ohio,
Department of Biochemistry, Toledo, OChio 43614.

Andrew Schally. Endocrine and Polypeptide Laboratories,
Veterans Administration Hospital, Department of Medicine,
Tulane University, School of Medicine, New Orleanms,
Louisiana.

SCHALLY AND CO-WORKERS RECENTLY reported1 the isolation
from porcine hypothalami of the peptide hormone which con-
trols the secretion of both luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) from the pituitary gland.
The amino acid sequence of this hypothalamic hormone, desig-
nated LH-releasing hormone/FSH-releasing hormone, I (LH-RH/
FSH-RH), was shown? to be:

I: <Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,
1 2 3 4 5 6 7 8 9 10

Subsequently, seven separate reports on the chemical synthesis
of this decapeptide amide have thus far appeared in the
literature.37? 1In chronological order of submittal for
publication, these are originating from the groups of (a)
Arimura et al., 3 Monahan et aZ., (c) Sievertsson et
al.,’ (d) Geiger et al.,® L (@) Matsuo et al.,” (f) Rivaille
et al.,® (g) Sievertsson et al.® Reports (a-d) give no
weight or percentage yield of I. Synthesis (e) resulted

in an overall yield of 8% of I. Synthesis (f) afforded

10 mg of I but the overall yield appears to be low: from
the data given it 1s not possible to calculate it but the
final purification step alone resulted in only a 25% yield.
Two different synthetic approaches are presented in (g) but
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neither weights or percentage yields of the final purified
I are given.

It is thus clear that all of these synthetic approaches
possess serious shortcomings with regard to either a) syn-
thetic strategy or b) complicated purification procedures;
resulting in both instances in most unsatisfactory yields
of I.

The present report deals with yet another approach
towards achieving a satisfactory synthesis of LH-RH/FSH-RH
and to thereby provide a readily reproducible method for
the synthesis of analogs of this hormone.

The approach followed is, with minor modificatioms,
essentially that used for the solid phase synthesis of
oxytocin10 as utilized for the synthesis of [4-threonine]-
oxytocin.

In a preliminary experiment, the protected decapeptide
resin: <Glu-His(Bzl)-Trp-Ser(Bzl)-Tyr(Bzl)-Gly-Leu-Arg(Tos)-
Pro-Gly-Resin (II) was synthesized by the Merrifield Method.l2
Starting with 3.0 g Boc-Gly-Resin (purchased from Schwartz/
Mann Inc. and containing 1.2 mmole glycine) the appropriate
Boc-amino acids were added in stepwise fashion following the
general procedure outlined before.!! Mercaptoethanol (17%)
was utilized in the deprotection and acid washing steps sub-
sequent to the incorporation of the trypthophan residue.

All coupling reactions were mediated by dicyclohexylcar-
bodiimide with methylene chloride being used as the coupling
solvent for all residues except those involving Boc-Arg(Tos),
Boc-Trp, Boc-His(Bzl) and pyroglutamic acid; for which
redistilled dimethylformamide was employed. The chloride
values (estimated by Volhard titration) following the
neutralization presented a very curious and anomalous pat-
tern: starting with Gly and ending with the value for
ion-exchange bound chloride following the incorporation of
the pyroglutamic acid residue, these values were (in mmole)
i 1.56; ii 1.53; iii 1.91; iv 1.80; v 1.90; vi 1.65; vii
1.65; viii 1.65; ix 2,87; x 1.95. Thus the chloride value
exhibited a blg increase following the neutralization of
the Arg(Tos) (iii) with the final ion-exchange bound value
(x) being higher than the starting value for Gly (i). We
have no explanation for these results, The protected de-
capeptide resin (II) weighed 4.58 g. The weight gain
represents a 93% incorporation on the resin. II was
ammonolyzed as described prev:f.ously,lo’11 except that the
reaction time was extended to three days. The cleaved
resin was extracted with wam (50°) ethanol and the extract
evaporated to dryness to give 1.4 g of crude product. This
was recrystallized twice from methanol-ether to give the
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protected decapeptide: <Glu-His(Bzl)-Trp-Ser (Bz1)-Tyr (Bzl)-
Gly-Leu—Arg(Tos)—Pro-Gly—NH2 (III) as an off-white amorphous
powder (1.0 g). This represents a yield of 60% based on the
glycine content of the starting resin.

ITI gave a satisfactory amino acid analysis and showed
only one spot (R¢ 0.45) with iodine and with the chlorine
reagent when an aliquot was examined by tlc in the system
butanol-acetic acid-water (4:1:5). M.P, 155-159° (softens
to a brown globule; melts finally >200°). The poor melting
point is not satisfactory and indicates the presence of an
impurity. C.H.N. values have thus not yet been obtained.
However, this material upon deprotection and subsequent
purification gave the desired pure I in excellent yield.

An aliquot (100 mg) of III was deblocked by the sodium
liquid ammonia procedure.lls!* The final medium blue color
was discharged after only 10 sec. by the addition of a few
drops of dry acetic acid. Upon evapoaration of the ammonia,
the crude deblocked product was purified on Sephadex G-15
by a slight modification of the two step procedure used

for the purification of oxytocin and analogs.ll’15 In the
first step, the sample was applied to a column (2.7 x 110
cm) in 50% HOAc (1.5 ml) and washed-in with another 1.5 ml
of 507 HOAc. The column was eluted with 507 acetic acid

at a flow rate of 6.8 ml/hr and the elute monitored by uv
absorption at 280 nm. Ninety-five fractions were collected
with 4.1 ml in each of the tubes 1-52 and 2.0 ml in each of
the remaining tubes. The uv absorption spectrum indicated
the presence of a single large peak of peptide material in
tubes 56-86 with very minor amounts of absorbing material

in the tubes immediately preceding and following the peak.
Thin layer chromatographic examination on precoated silica
gel G plates of the material in tubes 56-86 in the system
butanol-acetic acid-water (4:1:5) showed the presence of
only one component, which was both Pauly positive and
chlorine reagent positive, in tubes 67-78 (FI). This
material gave the same Rg¢ (0.22) as standard LH-RH/FSH-RH.
Tubes 79-83 (FII) were found to contain a faint trace of a
faster moving Pauly positive component (Rg 0.26) in addition
to I. Upon lyophilization, FI yielded 44.1 mg and FII gave
20.0 mg of white fluffy powders. Both of these fractions
were then purified separately by the second step15 which
employs a different size column (1.5 x 110 cm) and 0.2 N
acetic acid as eluting solvent. Both FI and FII were each
eluted independently at a flow rate of 12 ml/hr at a fraction
size of 1.6 ml. Each gave a symmetrical peak of 280 nm
absorbing material. Tlc monitoring of the FII elute indi-
cated that the two substances present in FII had been largely
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resolved., Upon lyophilization, FI and FII gave 34.0 mg and
11.0 mg respectively of I for a total of 45 mg, [a]26 -48.0°
(¢ 1, 1% acetic acid). This represents a yield of 60%
from the deblocking step and an overall yield of 307%.

The side-product from the 0.2 ¥ HOAc'Sephadex G-15
purification of FII gave 3.0 mg. Amino acid analysis of
this material indicated that it possessed the sequence of
the N-terminal heptapeptide amide of I Z.e. it lacked one
residue each of Arg, Pro and Gly.

The synthetic product, I, was shown to be chemically
and biologically indistinguishable from the natural hormone.
This indicates that no appreciable racemisation had taken
place during the incorporation of the Boc-His(Bzl) residue,
or if it had, that the D-diastereoisomer was removed during
the purification of the protected decapeptide. Bioassays
of synthetic I were carried out as described previously.16
In vivo LH-releasing activity of I was 120% (57-305%) of
the potency of purified natural LH~RH.

Conclusion

The approach outlined here must still be regarded as
work in progress rather than as a desired completed project.
There are obviously some strange things happening especially
in regard to the synthesis on the resin. Nevertheless our
results to date are encouraging and, even at this stage,
the final yield of I is, to our knowledge, the most satis-
factory so far reported. A fuller report will be presented
elsewhere upon completion of a truly satisfactory improved
synthesis of FSH-RH/LH-RH.
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SOLID-PHASE SYNTHESIS OF THE PENTADECAPEPTIDES
VALINE-GRAMICIDIN B AND C

Kosaku Noda, Erhard Gross. Section on Molecular
Structure, Laboratory of Biomedical Sciences, National
Institute of Child Health and Human Development,
National Institutes of Health, Bethesda, Maryland
20014

THE AMINO ACID SEQUENCE (Figure 1) of the pentadecapeptide
antibiotics valine-gramicidin B and valine-gramicidin C
were determined in 1964.! Syntheses by conventional tech-
niques of valine-gramicidin A and isoleucine-gramicidin A
(Figure 1) were reported in 1965.2

1 2 3 4 5 6 7

L L 1)) L D L
Val-gramicidin A : HCO - Val - Gly — Ala - Leu - Ala -Val -Val -
Tle-gramicidin A: HCO~Tle = ceeeeevscorovscsconnsconscsass
Val-gramicidin B:HCO=-Val - .. ...t enncnnensossasassane
Val-gramicidin C: HCO-Val — s..vvveensevecacssncanssssssss

8 9 10 11 12 13 14 15

D L D L D L D L
Val A :Val - Trp - Leu - Trp - Leu — Trp - Leu - Trp - NHCH,CH20H
Tle Az cevevevnnnnass = TP = ciueeeeeananessess = NHCHyCHO0H
Val B: toveenesesess—Phe—.cieiieneceesesess = NHCHpCH20H
Val C: evavevrenneae=TYT = iivuuvineaneassss. — NHCHyCHHOH

Figure 1: The amino acid sequences of the valine-gramicidins
and of isoleucine-gramicidin A.
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Recently, we completed the synthesis of valine-gramicidin
A by the solid-Phase method.3 We have now synthesized
valine-gramicidin B and valine gramicidin C by the solid-
phase method.

It was the objective of our studies to provide a rapid
and simplified synthetic route for the antibiotics and
their analogs. Moreover, the nature of the amino acid
residues constituting the peptides are of interest from
the point of view of solid-phase synthesis. The peptides
contain: (i) three tryptophan residues, which, as is well
known, undergo frequently undesirable side reactions under
acidic conditions,L+ (ii) the -Val-Val-Val- sequence, which
is also considered a possible source of difficulty, since
it has been reported that yields of coupling are usually
poor when this sterically hindered amino acid is involved,5
and (iii) an N-formyl group and the ethanolamide moiety at
the COOH-terminus.

Figure 2 shows the outline for the syntheses of the
desired peptides. The solid-phase synthesis followed

Boc - Trp - Resin

1. TFA-CH2Cl, (1% CoHg5SH or HSCHCOOH)
2. NEt3—-CHCl3
3. Boc-Leu, DCC

Boe - Leu - Trp - Resin

l 13 steps

11 Bzl 15
Boc - Val - =~ - - - Phe (or Tyr)- -- Trp - Resin
1. TFA-CH,Cl,
| 2. NEt3-CHClj Bzl
H-Val - - - - - Phe (or Tyr)- —— Trp - Resin
HyNCHoCHoOH-MeOH, 1:2
?zl
H -Val - - - - - Phe (or Tyr)- -- Trp - HNCHZCHZOH
1. HCOOCgH4NO2
2. (Hy9-Pd
2 (R 15
HCO - Val - - - - - Phe (or Tyr)- — Trp - HNCH,CH,OH
Valine-Gramicidin B or Valine-Gramicidin C

Figure 2: Outline of the solid-phase synthesis of the
valine-gramicidins B and C.
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essentially the general procedure of Merrifield.® Boc-Amino
acids were used throughout, the coupling step being carried
out in methylene chloride with dicyclohexylcarbodiimide.

The N-protecting group was removed by treatment with 25%
trifluoroacetic acid in methylene chloride containing 1%
ethanethiol (synthesis of gramicidin B) or with 50% tri-
fluoroacetic acid containing 1% of thioglycolic acid
(synthesis of gramicidin C). 1In the case of the gramicidin
B synthesis, the progress of amino acid coupling at each
cycle was determined by the ninhydrin method of Kaiser

et al.” It is noteworthy that all peptide bond forming
reactions were completed within 1 to 2 hours (¢f. Table I)
even in the case of coupling of valine in the -Val-Val-Val-
sequence. Throughout the gramicidin C synthesis the coupling
time was fixed at four hours.

After removal of the Boc-group from the HyN-terminal
valine, the N-formylated pentadecapeptide ethanolamide was
obtained by cleavage from the resin with ethanolamine in
methanol (1:2) and subsequent N-formylation with p-nitro-
phenylformate. Gramicidin C was obtained by removal of the
O-benzyl group from tyrosine by catalytic hydrogenation of
the formylated pentadecapeptide ethanolamide.

The crude peptides so obtained were then purified by
countercurrent distribution in a solvent system consisting
of chloroform:benzene:methanol:water (1:1:1.5:0.5 by volume).
Figures 3-a and 4-a show the distribution patterns of crude
synthetic valine-gramicidin B and C, respectively, for 200
transfers. Each main fraction corresponding to the natural
product was subjected to further distribution (Figures 3-b
and 4-b). The main fractions were isolated and lyophilized
from glacial acetic acid. Yields of purified material were
5% for gramicidin B and 6% for gramicidin C calculated on
the basis of Boc-Trp-resin.

The products of final purification, alone or in an
equimolar mixture with the natural compounds, showed single
symmetrical peaks on redistribution (Figures 3-c and d and
4-c and d). The synthetic peptides showed single spots of
the same Rf-value as the natural compounds on silica gel
plates in thin layer chromatography in several solvent
systems. Amino acid analyses are in good agreement with
the amino acid compositions of the natural products (Table
I1).

The infrared spectra (KBr) are superimposable with
those of the natural compounds (Figure 5 and 6).

The synthetic products were tested for their antibiotic
activities. Against several microorganisms they were found
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Table I

Determination of the Progress of Amino Acid Coupling at
each Cycle of the Synthesis of Valine-Gramicidin B*

Total
Cycle Ninhydrin Coupling
Mumber Amino Aeid Time (min) Color Time (min)
1 D-Leu 30 - 60
2 L-Trp 60 120
90 t
120 -
3 D-Leu 30 + 60
4 L-Phe 30 ++ 120
60 ++
90 +
120 £
5 D-Leu 30 - 60
6 L-Trp 30 + 120
45 £
7 D-Val 10 + 75
30 £
60 +
8 L-Val 30 + 75
60 t
9 D-Val 30 + 75
60 e
10 L-Ala 30 - 45
11 D-Leu 30 - 45
12 L-Ala 30 - 45
13 Gly 30 - 45
14 L-Val 60 t 75

*Ninhydrin Method of Kaiser et al.’
Tt blue; +: weakly blue; *: slightly blue; -: negative
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Figure 3 Figure 4
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Figure 3: Countercurrent distribution of synthetic valine-
gramicidin B in the solvent system chloroform:benzene:
methanol:water (1:1:1.5:0.5 by volume); a) distribution
of crude synthetic peptide, 200 transfers; b) continued
distribution of the main fraction (tube 36-80) up to 580
transfers; c) redistribution for a total of 200 transfers
of purified synthetic valine-gramicidin B (tubes 151-255
of pattern b); d) distribution for a total of 200 trans-
fers of a 1:1 mixture of synthetic and natural valine-
gramicidin B.

Figure 4: Countercurrent distribution of synthetic valine-
gramicidin C in the solvent system chloroform:benzene:
methanol:water (1:1:1.5:0.5 by volume); a) distribution
of crude synthetic peptide, 200 transfers; b) continued
distribution of the main fraction (tube 113-155) up to
560 transfers; c¢) redistribution for a total of 200
transfers of purified synthetic valine-gramicidin C
(tubes 330-400 of pattern b); d) distribution for a total
of 200 transfers of a 1:1 mixture of synthetic and natural
valine-gramicidin C.
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Table II

Amino Acid Analyses of Synthetic Gramicidins*

Gramicidin B Gramicidin C
Amino Aeid Theory Synthetic Theory Synthetic
Gly 1 0.95 1 1.09
Ala 2 2.00 2 1.97
Val 4 4,03 4 3.80
Leu 4 4,00 4 4,00
Tyr - - 1 0.86
Phe 1 1.09 - -
Trp 3 2.80 3 2.64
Ethanolamine 1 1.06 1 0.95

*Hydrolyses were performed in 6N HCl containing 17 thiogly-
colic acid at 110°C in tubes flushed with nitrogen and
sealed under vacuum.

Table III

Antibiotic Activity of Natural and Synthetic
Valine-Gramicidins*

Minimum Inhibitory Concentration mg/ml
Gramicidin B Gramieidin C

Organiem Natural Synthetic Natural Synthetie
Baeillus subtilis 8.0 8.0 0.3 0.3
Sareina lutea 0.3 0.3 0.3 0.3
Staphylococcus aureus 8.0 3.0 1.0 0.3
Streptococeus pyogenes 0.3 0.3 <0.005 <0.005
Escherichia coli 30.0 30.0 30.0 30.0
Pseudomqnas 30.0 30.0 30.0 30.0

aeruginosa

*Minimum inhibitory concentrations of the natural and syn-
thetic peptides were determined by the tube dilution
method. The medium used was yeast beef broth, pH 6.8.
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Figure 5: Infrared spectra (KBr) of natural and synthetic
valine-gramicidin B.
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to possess the full complement of activity of the corre-
sponding natural gramicidins (Table III). Finally, synthetic
valine-gramicidin B as well as valine-gramicidin C displayed
the same potential in causing mitochondrial swelling8 as do
the natural compounds, Figure 7 and 8.

We have demonstrated that the solid-phase technique, in
combination with countercurrent distribution, makes readily
available synthetic peptides of a high degree of purity of
the gramicidin A, B, and C series. Access by synthesis to
these peptides of unique physical, chemical, and biological
properties occurred at a most opportune time, now that
D. W. Urry and his associates? have demonstrated the singu-
lar type of helix which these peptides are capable of forming
and that the head-to-head dimer of these gramicidins spans
lipid bilayers and acts as transmembrane channel affecting
ion transport.

It shall be most interesting to provide analogs of the
gramicidins A, B, and C and to study their effect on ion
transport across biomembranes and the ensuing biological
consequences.
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GLOBIN DECAPEPTIDE SYNTHESIS AND LABELING FOR PARENTERAL
USE

Julie Browm, Henry Brown. Sears Surgical Laboratory,
Harvard Surgical Service, Boston City Hospital;
Department of Surgery, Harvard Medical School.

Arnold Trzeciak. Children's Cancer Research Foundation,
Boston, Massachusetts 02115.

THE INTRIGUING POSSIBILITY THAT amino acids in peptide
linkage may be used in forming new hemoglobin was investi-
gated. Previous animal experiments were done measuring
effects of amino acids in peptide linkage from a peptic
globin hydrolysate on hemoglobin regeneration.! Hemoglobin
regeneration was better with amino acids in peptide linkage
than with equivalent amounts of free amino acids. Using
globin containing 14¢ 1abeled amino acids, a decapeptide
with higher specific activity than others was isolated from
the peptic hydrolysate.? The amino acid sequence was found
to be: Sfr—G%u—Agp—Liu-G%y-A%a-S%r-Vgl—Ssr-Fﬁ?.3 It is

probably from the a-chain, analogous to positions 129-138
in human hemoglobin.“

A peptic hydrolysate of rat globin containing l4¢
labeled amino acids was administered intraperitoneally to
rats made anemic by bleeding. This peptide, isolated from
newly formed hemoglobin, again had higher specific activity
than 26 other acidic peptides studied. The findings sug-
gested incorporation of at least some amino acids from this
sequence while remaining in peptide linkage.2

To test this hypothesis the decapeptide was synthesized.
The Merrifield solid-phase method’ was used with modifications
as described by Manning et al.® in which all major steps of
deprotection, neutralization and coupling are repeated. Two
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percent cross-linked polystyrene was used to prepare the
starting Boc-leucine resin. Dicyclohexylcarbodiimide
mediated couplings using 3 equivalents of Boc-amino acids
were tested for completeness by the Kaiser ninhydrin pro-
cedure,’ Benzyl group side-chain protection was employed
for Boc-Ser(Bzl), Boc-Asp(0Bzl) and Boc-Glu(OBzl). No-¢-
Butyloxycarbonyl protecting groups were cleaved by successive
treatments with 30 percent trifluoroacetic acid in methylene
chloride and 1¥ HCl in acetic acid. Cleavage was tested

for completeness by Volhard chloride titration.

The final decapeptide was cleaved from the resin by
anhydrous liquid HF. The peptide was purified by repeated
Sephadex G-15 gel filtrations in 0,1V and 0.2V acetic acid,
respectively. The synthetic peptide had the same N-terminal
serine as measured by the Dansyl and DNP techniques and
amino acid analysis as the natural peptide. The synthetic
and natural peptides had the same R¢ value on filter paper
chromatography in #zn~butanol-water-acetic acid (4:1:5).

They also had the same electrophoretic mobility on filter
paper at 1700 volts D.C. both in 0.2N acetic acid, pH 2.7
and in formic acid-dioxan-water, pH 2.1. The yield of
peptide was 807 of theoretic.

A second synthesis was done using Boc-(1-14C) -L-leucine.
This radioactive amino acid was incorporated into amino acid
position 4 but not at the C-terminal leucine. Specific
activity of the peptide was 0.21 uCi/mg.

For hemoglobin regeneration experiments 50.1 mg of
[1—14C]—L—leucine labeled globin (10 uCi) was dissolved in
5 ml of lactated Ringer's solution. pH was brought to 7.4
with dilute sodium hydroxide. A 420 gram male rat was bled
by cardiac puncture 2 ml per day for 4 days. The dissolved
globin peptide was then injected intraperitoneally in
divided doses 15 minutes apart. Twenty-three hours later
the animal was exsanguinated by cardiac puncture. Hemo-
globin was prepared from red cells and globin was separated
from heme by acid acetone by previously described methods. 1?2
Specific activity of this globin was 1.3-10"% uCi/mg.
Studies are in progress to determine specific activities
of the two leucine residues in positions 4 and 10 of the
isolated decapeptide.
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STUDIES WITH SEMISYNTHETIC NONCOVALENT PROTEIN COMPLEXES

Irwin M. Chaiken. Laboratory of Chemical Biology,
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National Institutes of Health, Bethesda, Maryland 20014

CURRENT ADVANCES IN CHEMICAL SYNTHESIS of large peptides!s?
have provided the potential for studying protein conforma-
tion and biological activity, at the level of amino acid
function, by the preparation of synthetic analogues. To

be sure, preparation of chemical mutants for proteins of

at least several thousand molecular weight is limited by,
among other things, the insolubility of large intermediates
for synthesis in solution and the difficulty of obtaining
pure products by solid-phase methods. Nonetheless, for the
biologicallg active noncovalent complexes staphylococcal
nuclease-T'3 and bovine pancreatic ribonuclease-S',* a wide
variety of structural analogues have been synthesized,s'11
in each instance for a relatively small protein fragment
which binds to a complementary native fragment. In such
cases, the synthetic problem is simplified while at the
same time allowing protein systems of considerable size and
complexity to be examined. For both nuclease-T' and ribo-
nuclease-8', it has now become possible to adapt solid-phase
synthesis for the preparation of semisynthetic complexes of
purity sufficient to allow detailed conformational and
functional characterizatiom.

One of the systems studied, nuclease-T', is the enzymically
active complex obtained from intact nuclease (foggi strain)
by limited trypsin treatment and composed of the two non-
covalently bound fragments containing, respectively, residues
6 through 48 [nuclease-T-(6-48)] and 49 through 149 [nuclease-
T-(49-149)]1.3 The fragment corresponding to residues 6
through 47 has been synthesized by the Merrifield solid-phase
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procedurelzs13 as described previously.“+ As reported,

the resulting crude synthetic-(6-47) peptide (obtained after
cleavage from resin and deblocking) is only partially effec-
tive (due to impurities) in replacing nuclease-T-(6-48) in
forming an active complex with nuclease-T-(49-149). However,
methods have since been developedlss16 to obtain a highly
active complex, containing synthetic-(6-47) and nuclease-
T-(49-149), by a procedure involving trypsin treatment of

a mixture of the synthetic and native fragments followed by
phosphocellulose chromatography. The resulting semisyn-
thetic nuclease~T' is quite similar to native nuclease-T'

in the enzymic properties of specific activity and binding
of substrates and inhibitors (Table I), as well as in the
structural properties of fluorescence emission and stability
to temperature and trypsin treatment,l®

The ability to obtain purified semisynthetic nuclease-T'
provides the basis for the preparation and detailed charac-
terization of important semisynthetic analogues. In one
case, the analogue [Asp43]—semisynthetic nuclease-T', with
aspartic acid replacing glutamic acid at position 43, was
obtained.l” This material was shown to be enzymically
inactive. On the other hand, the analogue complex is con-
formationally similar to normal nuclease-T' and still able
to bind both deoxythymidine-3',5'-diphosphate, an inhibitor
of nuclease and nuclease-T', and calcium, an atom directly
required for nuclease-T' activity and also important for
conformational stabilization. Taken together with the fact
that Glu43 is in the active site region in the crystal
structure of nucleasel® and probably nuclease-T' also,!?
the results indicate that Glu“3 is critical for the organi-
zation of the active site of nuclease-T', either directly
in hydrolysis or perhaps in the orientation of a directly
participating group (such as the essential calcium iom).

By procedures similar to those used above, semisynthetic
ribonuclease~S', the complex of synthetic-(1-15) (the solid-
phase synthesized fragment corresponding to residues 1
through 15 of ribonuclease A29>21 and ribonuclease-S-(21-
124) (the native fragment containing residues 21 through 124
of ribonuclease), has been prepared??s23 in a form, after
sulfoethyl-Sephadex fractionation, about equally as active
as native ribonuclease-S' (Table II). For this semisynthetic
complex, analogues have been prepared which are labeled with
either enriched carbon-13 or fluorine-19 at specific residues
in the 1-15 region (Table II). Using the appropriate
analogue, 13¢ and 19F nuclear magnetic resonance spectra
have been obtained, in both cases allowing specific resolved
resonances to be characterized and assigned to individual
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Table II

Enzymic Activity of Semisynthetic Ribonuclease-S' Analogues
Against 2',3'-Cyclic-Cytidine Monophosphate

Specific Activity®* K,T

Protein Species (Mogg/min/ mole) (mM)
Ribonuclease~S' 38.8 1.1
Semisynthetic Ribonuclease-S' 41.8 1.3

13- 81~
[1°C-Phe®]-Semisynthetic 40.2 1.0

Ribonuclease-S'#

[p-fluoro~Phe8]-Semisynthetic
Ribonuclease~S'*#*

Ribonuclease A 40.8 1.0

39.0 0.9

*Determined at 25° with 0.25 mmol C-CMP in 0.05 M Tris-HC1,
pH 7.13, containing 0.8 gm NaC1/250 ml.

tDetermined at 25° in 0.05 M Tris-HC1, pH 7.13, containing
0.8 gm NaC1/250 ml.

#Position 8 contains L-Phe uniformly enriched at 13% in 13¢
(the enriched amino acid was generously provided by Dr.
Jack S. Cohen?').

*Pogition 8 contains p-fluoro-L-Phe, the latter a gift of
Dr. N. L. Benoiton.?

atoms.23 By such procedures, it is hoped that conformational
and enzymic features of ribonuclease-8' can be defined,
especially in relation to the participation of specific
amino acid residues.

The semisynthetic noncovalent protein complexes described,
when obtained in sufficient amounts, should be appropriate
for characterization to a degree expected for native proteins
and protein derivatives. Inasmuch as X-ray crystallographic
studies have been, or are being, carried out for ribonuclease-
S'26 and nuclease-T',!? it is expected that specific important
semisynthetic analogues for these two complexes can be
examined crystallographically, analogous to recent exper-
iments with native abnormal hemoglobin variants.2’
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Ultimately, it is hoped that such characterizations of
semisynthetic analogues will lead to an increased under-
standing both of detailed structure-function relationships
for the specific proteins studied as well as of rules for
the function of amino acids in proteins in general.
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SYMPOSIUM DISCUSSIONS

Summarized by Johannes Meienhofer

THE MAJORITY OF PAPERS in this session on solid-phase
peptide synthesis dealt with new methodological develop-
ments, In the discussions, however, several comments
pertained to the standard procedure. Attention was drawn
to the observation of small amounts of ninhydrin-positive
side products when dicyclohexylcarbodiimide is added to
solutions of ?-butyloxycarbonylamino acids. Among these
side products the free amino acid, dipeptide and polymerized
compounds have been identified. WNo decomposition of this
kind was observed when DCC was added to benzyloxycarbonyl-
amino acids or with active esters of Boc-amino acids, but
caution was expressed that 2-(p-biphenylyl)isopropyloxy-
carbonylamino acids (Bpoc-amino acids) might also be
effected by DCC.

Several remarks were made about losses of dipeptides
from peptide resins through the formation of diketopipera-
zines either during the neutralization step or the following
(longer lasting) coupling stage (see also pp 227 to 230
This troublesome side reaction can occur whenever the
second amino acid residue from the N-terminal (position 2)
is either a proline or an N-methylamino acid residue (see
Pp 59 to 65), and it has also been observed with a Gly-
Gly-resin, as presented in detail in the forum discussion
(pp 89 to 92).

It has been generally recognized that the less cross-
linked polystyrene-l1l7 divinylbenzene resin is a superior
support compared to the 2% crosslinked material (see pp
221 to 224, 225 te 226), Unfortunately, the degree of
crosslinking of commercially available resins is never
accurately defined. Moreover, the chloromethylation re-
action or prolonged storage in the presence of residual
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catalyst can cause additional crosslinking. An approximate
estimation of the degree of crosslinking could be obtained
from the extent of resin swelling in solvents.

The incorporation of Boc-His(Bzl) by DCC mediated con-
densation is known to be accompanied by racemization,!

This has been confirmed (pp 227 to 230); and ways to sup-
press this racemization were outlined in the discussion.
Although addition of N-hydroxysuccinimidels? lowers race-
mization, it can lead to the known B-alanyl peptide forma-
tion.1»3 Good results were obtained by the addition of
hydroxybenzotriazole.*s>  Alternatively, racemization can
be reduced to a few tenths of a percent by reducing the
imidazole side chain basicity by tosyl or 2,4-dinitrophenyl
protection. However, the tosyl group of Boc-His(Tos) is
not very stable, and the thiol reagents employed for the
NiM-Dnp group cleavage can in residual trace amounts inter-
fere with subsequent hydrogenolytic reactions by poisoning
the catalysts.

The development of the ring-halogenated benzyl protecting
groups for more acid-stabile side chain blocking (pp 191 to
195, 197 to 202) apparently followed literature guidelines,
such as o-p diagram values.® Cleavage rates were determined
with 507 trifluoroacetic acid in methylene chloride, and it
was pointed out that cleavage by other acids should also be
examined. A troublesome side reaction occurs with O-
protected tyrosine during the final removal of the completed
peptide from the solid support by treatment with HBr in TFA
or with HF-anisole (1:1). O-Benzyltyrosine gives 137 of
3-benzyltyrosine by intramolecular rearrangement. The
extent of this undesired rearrangement is lower (47%) with
0-(2,6~dichlorobenzyl)tyrosine, but it could not be sup-
pressed by modifications of the cleavage reagent or by
addition of various scavengers (inorganic iodides, organic
sulfides.)

The successful application of Mukaiyama's oxidation-
reduction condensation’ to solid-phase synthesis (pp 209 to
211) raised the question whether it would be suitable for
peptide cyclization. This seemed ‘to have not yet been in-
vestigated. The opinion was presented that the reaction
might proceed via intermediate mercaptopyridine esters.
These anchimerically catalyzed compounds do not suffer
from strong overactivation; and the Boc group cleavage
observed with DCC activation (vide supra) would be avoided
in oxidation-reduction condensations.

The report on resin-bound N-ethyloxycarbonyl-2-ethyloxy-
1,2-dihydroquinoline (EEDQ) as a regenerable solid-phase
coupling reagent (pp 217 to 219) evoked the comment that
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an ethyloxycarbonylamino derivative has been isolated as a
by-product from an EEDQ-mediated peptide condensation® in
solution. The formation of this type of side product is
consistent with the intermediate mixed anhydride mechanism
proposed by Belleau and Malek,® and a warning was sounded
that this side reaction might also occur with the use of
solid-phase EEDQ.

The presentations of three papers on the application
of the solid-phase method to the preparation of biologically
active peptides (lysozyme, LH-RH/FSH-RH, and valine
gramicidins B and C; pp 231 to 250) were followed by
arguments about alleged disparities between experimental
results and the titles of some papers. One discussant
placed the responsibility squarely upon the editor. My
own opinion,9 briefly, is:

Titles do imply claims of priority and achievement
(especially since entire literature information systems
are based on titles). The art and virtue of understatement
should be practiced more often (compare titles in references
10, 11).

Synthesis, 1.e. assembly of a molecule Zdentical to a
known structure, when done without characterization of each
intermediate, as in solid-phase synthesis, requires meticu-
lous examination of the final product to prove identity
with the target structure.

Characterization of small peptides perhaps up to
eicosapeptides, can in most cases be attained by a combina-
tion of amino acid and elemental analysis, thin layer
chromatography in several solvent systems, tests for
optical purity by ORD and enzymatic digestion, and demon-
stration of full biological activity, preferably by four-
point assays of several different activities (if applicable).
Additional data (IR, UV, NMR, mass spectrum) are desirable.

Large peptides or protein preparations necessarily
require all the above tests but these are not sufficient.
The rules for demonstrating homogeneity of a protein call
for the examination of a minimum of five independent
criteria (see e.g. !2), such as peptide mapping, end group
determination by dansylation and carboxypeptidase diges-
tion, gel electrophoresis, isoelectric focusing in pH
gradients13 or in pol¥acrylamide gel,I“ rotating free
zone electrophoresis, 5 gedimentation, distribution by
countercurrent and chromatographic techniques, affinity
chromatography, immunochemical tests, or functional
purification by limited enzymatic digestion of enzyme-
substrate complexes.16
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In conclusion, it should be good to remember that
researchers, not trained in peptide synthesis, are probably
not aware of the problems. We have a responsibility of
meticulously accurate reporting, and we must insist that
the quality of work always conforms to the highest possible
standards that can be attained with the newest available
methods.
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SUMMARY--Several preliminary experiments were carried out
prior to the solid-phase synthesis of ribonuclease Tj.

For example, the usefulness of hydrogen chloride in formic
acid for the cleavage of N-t-butyloxycarbonyl groups has
been demonstrated in a solid-phase synthesis of a
tryptophan-containing model peptide. The Merrifield
solid-phase method was used to prepare protein through

104 steps of amino acid incorporation following the target
sequence of ribonuclease Tj. Purification of the protein
preparation isolated from the protected peptide resin
raised the specific nuclease activity up to 537 for yeast
RNA and 41% for 2',3'-cyclic guanylic acid.

INTRODUCTION--The conventional methods of peptide synthesis
have made many important and principal contributions to the
solid-phase method of peptide synthesis (SPS). For example,
many protecting groups and coupling reagents used in SPS
are originating from conventional methods, such as Z-
butyloxycarbonyl (Boc), benzyloxycarbonyl (Z), benzyl ester
(0Bzl; including the peptide to resin linkage), S-benzyl,
NM-benzyl, NM-(2,4-dinitrophenyl) (Dnp), dicyclohexyl-
carbodiimide (DCC), DCC plus N-hydroxysuccinimide (HOSu),
ete. Contributions from SPS to conventional methods seem
to be smaller, but the 2-(p-biphenylyl)isopropyloxycarbonyl
group (Bpoc) and the liquid hydrogen fluoride reagent are
notable contributions.

269
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It is generally accepted that the solid-phase technique
developed by Merrifield cannot at present be used for the
confirmation of a proposed primary structure of a protein
by synthesis.1 However, it is well recognized that SPS
possesses very attractive and useful features such as speed,
simplicity, automation, etec. The purpose of our present
investigations is outlined as follows.

(1) We intend to collect some information which might help
to achieve a '"clean" synthesis of a protein, perhaps by a
conventional method or by a solid-phase fragment synthesis.?
We plan to gain such information from the experimental re-
sults obtained during a stepwise solid-phase synthesis of

a polypeptide with the target sequence of a known protein,
(2) New features which are developed during stepwise SPS
will, it is hoped, contribute to improvements of conven-
tional methods.

We have carried out stepwise solid-phase syntheses of
basic pancreatic trypsin inhibitor (BPTI),3 cobrotoxin (CT),I+
and ribonuclease T (RNase Tl)5 with the intentions mentioned
above. In this presentation we describe the features of
the solid-phase synthesis of RNase T; and also some experi-
ments for improved protection of amino acid side chain
functions.

Protection of Several Functional Side Chains

Although, at present, several combinations of protecting
groups for functional side chains are available for SPS, we
attempted to introduce new more effective protecting groups

for some side chain functions.

Indole moiety in tryptophan*

It is well known that tryptophan in a peptide chain
being synthesized on a polymer support undergoes oxidation
during treatment with HC1 in AcOH for the cleavage of Boc
groups. In such cases, B-mercaptoethanol (BME) or
dithiothreitol® have been used as a scavenger to protect
tryptophan. Previero et al.’ observed that bubbling of
HC1 into formic acid (HCOOH) solutions of tryptophan re-
sults in formylation of the indole nitrogen wly., we

*RNase T; and CT (possessing 62 amino acid residues) have
only one tryptophan residue each in positions 59 and 29,
respectively, and BPTI (58 residues total) has no Trp.
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found that tryptophan and NI-CHO-Trp-OH are stable in 0.1-
1,0 ¥ HC1-HCOOH; the Boc group is cleaved rapidly with a
2-10 fold molar excess of HCl in HCOOH, and the jias —formyl
group is removed by 0.1 N aqueous plperidine or hydrazine
in DMF although this group is not influenced by triethylamine
in DMF or by HF. These observations led us to examine HCl-
HCOOH as a reagent for cleaving Boc groups in SPS of
tryptophan—containing peptides.

As an example, a 6-fold molar excess of HC1 (0.1 ¥) in
HCOOH was used in the synthesis of a model peptide,
H-Lys—-Ala-Gly-Leu-Gly-Trp-Leu-OH, which was built up by
SPS in the usual way.® 1In parallel, two peptides with the
same sequence were prepared using 1 N HC1l-AcOH in the pre—
sence and absence of BME (2%).

One half of each protected peptide-resin was cleaved by
hydrazinolysis, and the three products corresponding to
Boc-Lys (Z) -Ala-Gly-Leu-Gly-Trp-Leu-NHNH, were isolated;
they were designated as Ia (HC1-HCOOH), Ib (HCl-AcOH- BME)
and Ic (HCl-AcOH), respectively. The UV spectrum of Ia was
virtually identical with that of Z-Trp-OH. Extinction
coefficients of Ib and Ic at 282 nm were 347 and 457 more
intense than that of Ia, respectively. Such enhancement
at 282 nm should be ascribed to oxidation of the indole
nucleus although the side products formed have not yet
been identified.

The other halves of the protected peptide-resins were
treated with HF, and the peptide (IIa) produced via the
HC1-HCOOH procedure was further treated with 0.1 N
aqueous piperidine to remove the a8 -formyl group. Each
product was chromatographed on a column of Sephadex G-25;
IIb (synthesized via the HCl-AcOH-BME procedure) gave a
complex elution profile due to its heterogeneity, whereas
that from ITa gave a simple profile with one major peak.

To ascertain whether the major peak from IIa is based only
on pure peptide, IIa was treated with 2-nitro-4-carboxy-
phenylsulfenyl chloride (Ncps—Cl) in 80% HCOOH. The
modified peptide was again chromatographed on the same
column, and gave one peak at a different, delayed position.
This showed that the modified peptide containing 2-thio-
(2-nitro-4-carboxyphenyl)-tryptophan possessed, as ex—
pected, an increased absorptivity to the gel compared to
the unmodified peptide. It is apparent from these results
that the original peptide in the major peak from IIa con-
tains only pure (unoxidized) tryptophan. Comparison of
the two elution diagrams before and after reaction of IIb
with Ncps-Cl indicates that ITb contains some material in



272 Chemistry and Biology of Peptides

which the tryptophan residue had suffered changes from the
repeated HC1-AcOH-BME treatments.

We think that more experiments are required before the
HC1-HCOOH system can be applied to SPS of macropeptides
such as RNase Tj. We are performing the SPS of the naturally
occurring decapeptide LH-RH which contains one tryptophan,
as a model experiment to gain further experience with the
HC1-HCOOH procedure. In the SPS of RNase T reported
herein we still used the usual 1 N HCl-AcOH-BME (17) re-
agent and Boc-Trp-OH under complete replacement of air by
N2 gas. With respect to our intentions in the present
studies, the HC1-HCOOH system developed during the SPS
experiments is now being routinely applied in conventional
syntheses in our laboratory. For example, crystalline
H-0rn(Z)-Leu-0Et -HC1 has been obtained from Boc-0rn(Z)-
Leu—OEt by treatment with 0.1 ¥ HC1l (1.2 equiv) in HCOOH
for 10-20 min; the Z group is more stable in 0.1 ¥ HCl-
HCOOH than in HCl-dioxane or CF3COCH.

Phenol moiety in tyrosine

In SPS, Boc-Tyr(Bzl)-OH has been used usually, however,
the phenolic benzyl ether linkage is relatively resistant
to HF.? Stewart and Young suggested in their monograph10
the use of p-methoxybenzyl ether which might be removed
easily by HF. We prepared crystalline Boc-Tyr(MeOBzl)-OH
via the following sequence of reactions. Tyrosine copper
complex was treated with p-methoxybenzyl chloride which
was prepared from anisalcohol and PCly. The Tyr(MeOBzl)-
Cu complex was decomposed with EDTA and the resulting
H-Tyr(MeOBz1l)-OH was treated with Boc-N3. We found, how-
ever, that the p-methoxybenzyl ether linkage of Boc-
Tyr(MeOBz1)-OH is more resistant to cleavage by hydrogen
fluoride than the benzyl ether (see Table I). Therefore,
Boc-Tyr (Bz1)-OH was used in the SPS of RNase Tj. Condi-
tions were developed to achieve practically complete
cleavage of the benzyl ether linkage, as described later.

Imidazole moiety in histidine

In the SPS of histidine-containing peptides the N%-Boc
derivatives of N unprotected His, His(Z), His(Dnp),
His(Boc),6 His(Tos)!! ete. have been applied. We used
Boc~His(Boc)-OH in the SPS of RNase T because of its
greater solubility in organic solvents and its ease of
preparation, although Boc-His(Tos)-OH seemed to be a
promising starting material as well.
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Table I

Cleavage of Protecting Groups of Tyrosine
by Liquid Hydrogen Fluoride

o°c 20°c

Compound 0.5 hr 1 hr 1 hr
Boc-Tyr (Bz1)-0H - 70-75% 95-98%
Boc-Tyr (MeOBz1)-OH 307 33-40% 90%

Besides stepwise SPS of RNase Ty, we are also attempting
solid-phase fragment condensation, but the present work is
of very preliminar¥ status. We prepared three Boc-peptide
acids (III, IV, V)!? and try to assemble them on the polymer
support by DCC plus HOSu, or by EEDQ. For the preparation
of V, Boc-Val-Ile-Thr(Bzl)-His-Thr (Bz1l)-Gly-0OH (VI) was
tosylated to give crystalline V in a good yield, whereas
benzyloxycarbonylation or dinitrophenylation of VI resulted
in a poor yield or in the formation of colored material.

Boc-Val-Glu(0OBzl)-Cys (MeOBz1)-0H (I11)
101 103

Boc-Ala-Ser (Bzl)~Gly-Asn-Asn~Phe-OH (v)
95 100

Boc-Val-Tle~Thr (Bz1)-His (Tos)-Thr (Bz1)-Gly-CH )
89 94

Preliminary Experiments Prior to the Solid-Fhase
Synthesis of Ribonuclease T7

RNase T was isolated from Aspergillus oryzae by Egami
in 1957,13 and its amino acid sequence of 104 residues was
determined by Takahashi in 1965,1* Figure 1. The enzyme
is an acidic protein (pI 2.9) and has two intramolecular
disulfide bonds. Hofmann has been working on the total
synthesis of this protein by conventional methods.l® We
are carrying out a synthesis of protein with the target
sequence of RNase T; by stepwise SPS,> besides syntheses
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Figure 1: The primary structure of ribonuclease Tj.

of several short fragments through conventional methods!®
and making arrangements for fragment SPS.12 Prior to the
stepwise SPS, we performed the following experiments.

Treatment of natural RNase T,
with liquid hydrogen fluoride

Since it is planned to treat the final, fully protected
peptide-resin in the SPS with HF, it is important to examine
the stability of natural RNase T] to HF treatment. The
natural enzyme* (220 ug, 0.02 umol) was treated with HF
(0.5 ml) in the presence and absence of tryptophan. After
certain time Intervals, the solution was evaporated and
the residue was tested for RNase Ty activity using yeast
RNA as a substrate. The results are summarized in Table II
and show recovery of 80-907 activity after 1 hr at 0° in
the presence of added tryptophan and about 75% after 3 hr.

Treatment of some Boc-amino acids
with liquid hydrogen fluoride

For the incorporation of tyrosine residues, Boc-Tyr(Bzl)-
OH was selected for the SPS of RNase T;, as mentioned before.
Since the N€-Z group of Boc-Lys(Z)—-OH is cleaved gradually

*Obtained from Sankyo Company.
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Table II

Residual Activity (%) of RNase Ty After Treatment
with Liquid Hydrogen Fluoride

[+ o
Trp added, 0°c 20°C
in equiv 1 hr 3 hr 4 hr 1 hr 2 hr
— 77 57 38,33 43
125 92 47
250 82 76 35

by successive treatments with HC1l-AcOH or CF3CO0H, we chose
Boc~Lys (Dipmoc)-0H, Sakakibara introduced the Dipmoc
(diisopropylmethyloxycarbonyl) group into SPS. This group
is cleaved by HF but very stable to 1 N HC1-AcOH.l7 Our
results with HF are summarized in Table III.

Table III

Cleavage (%) of Side Chain Protecting Groups
by Liquid Hydrogen Fluoride

o°c 20°c

Compound 1 hr 3 hr 1 hr
Boc-Tyr (Bz1)-0OH 70-75 95-97 95-98
Boc-Lys (Dipmoc)-OH 78-80  98-100 ~100

From the results indicated in Tables II and III, we
selected as optimal conditions of HF treatment a temperature
of 0°C and a duration of 3 hr for the deprotection of a
fully protected peptide-resin. However, it should be noted
that some protecting groups in the protected peptide-resin
may be incompletely cleaved by HF even after 3 hr, possibly,
because some may be buried inside and cannot contact freely

with HF.
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The Stepwise Solid-Phase Synthesis
of Ribonuclease Ty

We carried out the stepwise SPS of RNase T, as usual.
Since the procedure is similar to that employed in solid-
phase syntheses of BPTI3 and CT,'+ we describe the course
and the present status of our experiments only briefly.

SPS procedure

Commercial 2% cross-linked polystyrene was chloro-
methylated in the usual manner, and a resin containing
1.46 mmol/g of Cl was obtained. This was converted to
HC1-H-Thr(Bzl)-resin with 0.21 mmol/g of threonine. Two
parallel runs of the SPS of manual way were made for syn-
theses of Boc-peptide-resin of 104 amino acid residues,
one with the sequence by natural RNase T7 and the other
with that of an analog, [Tyr39]-RNase T1. The schedule
of a cycle for the incorporation of each