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OPENING REMARKS

by

Roderich Walter

The Fourth American Peptide Symposium is sponsored by
The Rockefeller University and the University of Illinois
Medical Center. This meeting is a "first" in more ways
than one:

1.

From now on, the American Peptide Symposium
and the European counterpart will be alter-
nating. Perhaps the time will come soon
when our Japanese colleagues will consider
extending their national peptide meeting to
international participation.

As another first, we have received the stamp
of approval from the National Institutes of
Health, reflected in their financial support
of this program. Of course, industry has

once again come through with significant
contributions, all the more appreciated during
these difficult economic times.

We also have the pleasure to have with us
several ambassadors to the U.N., of those
countries whose scientists present papers.

Lyman C. Craig is honored in a special program. Many
of you know that a month ago we suffered another loss in
the untimely death of Josef Rudinger. Dr. Fruton, his
friend of many years, will say a few words on Wednesday
morning opening the session on neurohypophyseal hormones,
which will appropriately be dedicated to his memory.
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A word of explanation about the formulation of the
program is in order. The initial announcement of the
meeting produced an overwhelming response of about 2000
positive answers. Clearly, some parameter had to be set
if the meeting was going to be not only manageable but,
more importantly, of high scientific quality. The members
of the Program Committee deserve my warm thanks and your
praise for their successful efforts in hammering out the
program as it stands before you. Let me assure you that
scientific quality, above all, guided us, overriding such
factors as nationality quotas, possible need for financial
assistance and number of contributions from any one given
laboratory. Nevertheless, to some degree each symposium
will reflect the predilections of its organizers, and I
am certain we have not escaped unscathed.

The decision to adopt a broader view was a conscious

one, designed to present the field against a backdrop of
the broad role of peptides in biology.
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LYMAN C. CRAIG, IN MEMORIAM

Stanford Moore. The Rockefeller University, New York,
New York 10021

ONE OF THE MOST TANGIBLE evidences for the quality of a
scientist's career is the record of those whom he has
helped to train in their profession. The post-doctoral
fellows and graduate students who worked with Lyman Craig
give eloquent testimony to the productive atmosphere which
he fostered over the years, and a number of the alumni of
the department are in the audience this afternoon. The
organizers of this symposium have appropriately arranged
for five contributions from this group to this special pro-
gram dedicated to the recognition of Lyman Craig's funda-
mental contributions to peptide chemistry.

My aim, in this introductory tribute to Lyman Craig's
broad scholarship, is to try to present a brief summary
which will portray a gifted experimentalist who gave to all
who worked with him an opportunity to gain a firsthand
appreciation of the organic chemist's approach to the
structural study of compounds of biological origin.

An individual's contributions to the world of science
are of course closely interwoven with his role as an indi-
vidual in the communities of his youth and his adult years.
Lyman Cralg was born on a farm in Iowa. He once wrote
that his early years were those of a typical farm boy; farm
work was a normal part of each of the school years. But
he also found time and energy to be active in school
athletics. (Any of you who saw him play tennis, during his
long reign as the tennis champion of the Rockefeller Insti-~
tute, will remember his skill in that sport.) His father
was a farmer who was active in community affairs and a
member of the Iowa State Legislature. He encouraged his
son to enter graduate school and Lyman's selection of
chemistry as a major subject and entomology as his minor

5
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at Iowa State College grew in part from his practical
appreciation of the role of insecticides in agriculture.
(You will notice, as we move along, that each major step
in Lyman's career was characterized by a logical progres-
sion from one fund of knowledge to the next; he always
built upon a solid intellectual foundation.)

After earning his Ph.D. in 1931 he won a National
Research Council Fellowship to extend his studies on in-
secticides at the department of chemistry at Johns Hopkins.
His postdoctoral advisor at Hopkins was E. Emmet Reid.
During Lyman's doctoral studies, in collaboration with
teachers at Iowa State, and his two years at Hopkins he
published twelve papers on the chemistry of nicotine alka-
loids and their insecticidal action, particularly toward
bean aphids.

This record of accomplishment won him an appointment
in 1933 as a research assistant in chemical pharmacology
at the Rockefeller Institute for Medical Research with
Walter A, Jacobs, who was looking for a young chemist to
work on the alkaloids of ergot. Walter Jacobs was a native
of New York who earned his Ph.D. in Berlin in 1907 under
Emil Fischer. The first paper by Jacobs and Craig1 was on
the characterization of a product obtained upon alkaline
hydrolysis of ergotinine; they named the compound lysergic
acid, on the basis that it was obtained by the lysis of
ergot, They also isolated proline and phenylalanine as
hydrolysis products, and this was the beginning of Lyman's
experimental concern with amino acids.

In 1936 Lyman published a paper? which described what
was to be the first in his series of ingenious contributions
to chemical instrumentation. Figure 1) In the alkaloid
work he encountered a need to distill very small amounts
of liquid in the days when microchemistry was in its infancy.
He designed and built this microdistillation apparatus in
which bulb A had a capacity of 250 microliters and the dis-
tillate was collected from a little inverted cup which would
hold about 200 microliters by capillarity, In the next
year3 he extended the idea (Figure 2) to fractional distil-
lation by inserting a fractionating column between the bulb
and a cup.

My first consultation with Lyman, after my arrival at
the Rockefeller Institute in 1939, was in reference to the
use of this particular apparatus. One of my earliest im-
pressions of him came from watching him at the glass-blowing
bench. You could observe that as he shaped that glass, the
elusive molten medium flowed according to his precise wishes.
You would see a new piece of intricate glass equipment, well-
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Figure 1: A microdistillation
apparatus (1936) .2

?,-e_ Figure 2: Microapparatus
8 W for fractional distilla-
1 tion (1937).3
£
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conceived intellectually, grow into functional form much
as a sculpture might grow in the hands of a realistic
artist.

Over a period of about ten years, steady productivity
by Jacobs and Craig yielded sixty fundamental papers on
the chemistry of alkaloids.

Then came the war years, when most of the laboratories
at the Rockefeller Institute were shifted to work on prob-
lems of immediate practical concern. Lyman, as a chemical
pharmacologist, was asked to examine the question of whether
the antimalarial drug atabrine, or a metabolic product
thereof, is the active parasiticide in man. To examine the
purity of the isolated metabolic products of atabrine, Lyman
decided to explore a suggestion which, he pointed out, was
made to him in a conversation with Milton T. Bush of the
Vanderbilt University School of Medicine. The thought was
that the distribution coefficient of an organic compound
between two immiscible liquids might be a useful additional
physical constant (along with melting point or boiling
point) for the identification of the compound if the mea-
surement could be made with precision on micrograms of
material. Lymanq enlarged upon this idea by visualizing
(Figure 3) a plot of the change in distribution coefficient
as the compositions of two liquid phases were varied. He
obtained characteristic curves with atabrine and several
related compounds. The method was very sensitive since
atabrine could be determined fluorometrically.

An unusual feature of this paper in the Journal of
Biological Chemistry in 1943 is that it has no bibliography.
(It is not often that an author can write an experimental
paper that the editors of a journal will agree requires
no references to the literature.)

These results on distribution coefficients grew in
Lyman's inventive mind into a plan for equipment to use
liquid-liquid extraction in a manner different from that of
earlier approaches. Countercurrent extraction, with streams
of immiscible liquids flowing continuously past one another,
was a commonly used method in industry; Martin and Synge
had recently introduced partition chromatography in which
one of the liquid phases was immobilized in a gel, and their
technique was beginning to open new worlds to the biochemist.
Lyman had a third idea -- he decided to build a machine
which was in effect a series of 20 small separatory funnels
with the capability (after each shaking and settling) of
sliding the top phase from one funnel onto the lower phase
of the next® (Figure 4). The first apparatus was built from
stainless steel. This step-wise procedure had the advantage
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over earlier techniques that the distribution pattern5

(Figure 5) is theoretically a Gaussian curve which can be
calculated precisely by the binomial expansion, His first
test with B-naphthoic acid showed that very close to
theoretical performance can be attained in practice.
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Figure 5: Curve 1 is the experimentally determined distri-
bution of pure f-naphthoic acid in the tubes of the
apparatus illustrated in Figure 4 after 59 transfers.
Curve 2 is the calculated curve. Curve 3 is the calcu-
lated curve with the maximum superimposed on the experi-
mentally determined maximum (1944).5

The first major application of this technique, in
cooperation with Vincent du Vigneaud, was to the character-
ization of penicillins6 (Figure 6) using an ether-aqueous
buffer solvent system. From this distribution pattern it
was possible, by comparing the theoretical and the found
curves, to estimate that this preparation of the antibiotic
contained approximately 90% benzyl penicillin. The amount
of solute in each tube was estimated by weight (after eva-
poration of an ether extract); Lyman emphasized that weight
was the most fundamental measurement when homogeneity was
under test.

The next step in the instrumentation was the invention
of an extraction train made from glass rather than metal
and an increase in the number of tubes from 20 to 220 or
10007 (Figure 7). This type of automated apparatus, built
in cooperation with Otto Post and Josef Blum, was based
upon cleverly designed glass units® which permitted transfer
of the upper phase to the next tube by decantation. Such
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equipment made possible multi-plate separations of high
resolving power.

With the aid of such equipment Lyman, his postdoctoral
associates, and his students, with great productivity,
turned their attention to purification problems of increas-
ing complexity. The substances studied included bile
acids,9 bacitracin,10 tyrocidine,11 polymyxin,12 edeine,13
insulin,“+ parathyroid hormone,15 ribonuclease,16 Bence-
Jones proteins,17 o- and B-chains of hemoglobin,18 and
serum albumin.!® (It is of course beyond the scope of this
review to indicate the myriad applications that counter-
current distribution has had in academic and industrial
laboratories around the world, frequently with generous
counsel from Lyman in the course of his international
travels.)

The availability of pure antibiotic peptides prepared
by countercurrent distribution led to major programs in
Lyman's laboratory on the determination of the sequences
of amino acid residues in a number of them. Countercurrent
distribution was employed to advantage in the isolation
of amino acids of unusual structure from peptides such as
edeine.20 A partial substitution method based upon DNP-
derivatization, developed by Battersby and Craig,21 was
used by them to help to define the molecular weight of
gramicidin and by Harfenist and Craig on insulin.?? And the
results of extensive work on the sequence in human hemo-
globin A, by Konigsberg, Hill and Guidotti?3-25 facilitated
the subsequent definition of the genetic defect in hemo-
globin S.

While these studies were progressing, a little gem of
a one—page paper was published by Craig, Gregory and
Hausmann?® with the title "Versatile Laboratory Concentra—
tion Device" (Pigure 8). The elegantly simple rotary
evaporator is undoubtedly the most widely used of all of
Lyman's inventions. The Claisen flask, with its fragile
capillary, a standard item of laboratory equipment for
nearly one hundred years, has been replaced by the Craig
rotary evaporator for the removal of solvents in most
laboratory operations. Evaporation from the thin film in
the rotating flask gives the process speed and also elimi-
nates the problem of bumping.

Lyman then decided to explore, as his next major project,
possible improvements in the use of dialysis for the sepa-
ration of compounds on the basis of size. The experiments,
begun with T. P. King,27 have resulted in a new chapter in
the science of the use of semipermeable membranes.?8 A fun-
damental investigation was undertaken of the parameters that
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Figure 8: Rotary evaporator (1950).26

govern the process of dialysis, which had not been exten-
sively studied during the decades when other separation
techniques had been subject to major improvement. A
dialysis cell was designed?? (Figure 9) in which the enter-
ing solution flows in a thin film over a cellophane membrane;
the membrane is previously stretched or acetylated to vary
the pore size. The variables in the process have been
defined3% and the countercurrent possibilities have been
considered3! relative to those of gel filtration.

Since diffusion through a membrane is dependent upon
the conformation of the molecule, Lyman also turned to
tritium-hydrogen exchange,32 optical rotatory dispersion,
circular dichroism,3"% nuclear magnetic resonance, 5 and
fluorescent probes56 as sources of additional information
on the shape of molecules in solution.3? This broad approach
to the subject of the conformation of polypeptides was con-
ducted in cooperation with associates at the Rockefeller
University versed in these special techniques and was the
principal theme of Lyman's researches in the last decade
of his very full life.

In selecting the illustrations for this brief summary
I have focused on Lyman's contributions to the experimental
techniques of biochemistry, but I trust that I have also
indicated that he was a firm believer 1n the principle that
methods are a means to an end and not an end in themselves.
For every methodological paper in his bibliography there
are twenty papers on applicatioms,

33
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®

Lyman was a highly productive scientist who always
retained a modesty and a generosity that endeared him to
all who knew him. The full life of a scientist is also
intimately interwoven with that of his family. Rachel
Parker, when Lyman met her, was an artist-in-residence at
the Cold Spring Harbor laboratory, where she drew the sci-
entific illustrations for contributions to the literature
by members of the staff. She was an artist who married a
scientist, and the success of the Craig family is a tribute
to the mutual interests they shared. Her role in making it
possible for Lyman to devote such a major part of his life
to research in behalf of long-range goals speaks for her
deep understanding of the importance of his contributions
to human welfare.
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STRUCTURE AND FUNCTION OF SNAKE VENOM TOXINS

David Eaker. 1Institute of Biochemistry, Uppsala,
Sweden

THE MOST LETHAL OF THE TOXIC proteins present in the venoms
of elapid (cobras, draits, mambas, tiger snake, and taipan)
and hydrophid (sea snakes) snakes are the paralytic neuro-
toxins which block transmission across the peripheral cho-
linergic synapse of the neuromuscular junction, thereby
arresting respiratory movements and leading to death by
asphyxia. The block of transmission can be either pre-
synaptic, post-synaptic, or both, depending on the species
of snake.

Post-Synaptic Neurotoxzins

All elapid and hydrophid venoms examined so far contain
at least one and usually several of the post-synaptic or
"curarimimetic" neurotoxins which block the nicotinic acetyl-
choline receptor of the muscle motor end plate. The major
post-synaptic toxins of most venoms can be isolated in pure
form in one or two simple chromatographic operations, and
with certain easily available venoms (e.g., Naja naja sia-
mensis) the yield of an individual toxin can be a very im-
pressive 250-300 mg per gram of dried crude venom.! Their
ready availability, together with very high specific affin-
ities for the peripheral nicotinic receptor has led to the
universal use of such toxins, particularly B-bungarotoxin,
nigricollis o, and siamensis 3, in the form of matrix-bound
or radioactive derivatives for the isolation and assay,
respectively, of the receptor from electroplax and other
tissues. A dissociation constant of 2 x 10-1! has been re-
ported for the complex between neurotoxin nigricollis o
and the membrane-bound receptor,2 while values 2-4 orders
of magnitude higher are obtained with the solubilized re~
ceptor in the presence of detergents.

17
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In the absence of crystallographic data, efforts to
relate this high and specific affinity to particular struc-
tural features of the neurotoxin molecule have been based
on specific chemical modification studies and on structural
comparisons among naturally-occurring homologs. At present,
the covalent structures of at least 40 curarimimetic neuro-
toxins are known, all of which fall into one or the other
of two structurally and immunologically distinct groups:
namely, the "long'" neurotoxins containing usually 71-74
amino acids and five disulfide bridges, and the "short"
neurotoxins containing 60, 61, or 62 amino acids and four
disulfides. 1In addition to the neurotoxins, cobra and
mamba venoms contain non-neurotoxic homologs of the cyto-
toxin/cardiotoxin/lytic factor group which exhibit to vary-
ing degrees cytolytic, cardiotoxic, transport-inhibiting,
depolarizing, and hemolytic activities.3 At least 19
sequences have been reported. A complete compilation of the
known neurotoxin and non-neurotoxin sequences is precluded
here by limitations of spaceﬂ but 33 sequences have been
compiled in a recent review.

The salient similarities and differences in covalent
structure among the neurotoxins and the non-neurotoxic
homologs are adequately illustrated by the six sequences
listed in Figure 1. All of these proteins are clearly
homologous and might have evolved from an ancestral ribo-
nuclease containing some multiple of 30 amino acids.!l
The pairing of the four invariant disulfide bridges is the
same in all cases, the fifth or "extra" disulfide in the
long neurotoxins serving to pinch off a stretch of sequence
that is partly deleted in the short toxins, effectively
reducing the second disulfide loop to about the same length
as in the short toxins, as illustrated in Figure 2. The
common disulfide pairing would seem to require that the
three-dimensional structures of all of these toxins should
be grossly similar, but immunological evidence indicates
that the long neurotoxins, short neurotoxins, and non-
neurotoxins must be quite different with regard to surface
detail. There is good immunological cross-reactivity among
different representatives of the same group in all cases
tested, but there is no indication of any cross-reactivity
whatever among any representatives of the three different
groups.

However, the obvious '"two-dimensional' structural
similarity among the three groups of toxins determined by
the sequence homology and the common disulfide pairing
prompted an attempt to find out whether any reasonable
hypothesis regarding structure-function relationships could
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be derived from an examination of the sequences themselves,
and the preliminary result was summarized in the form of a
three-dimensional model.!? 1In connection with the construc-
tion of the model, amino acids that are invariant or con-
servatively substituted (e.g., Ile/Val) in the entire set
(which now represents more than 60 sequences) were classi-
fied as structurally invariant or structurally conserved,
respectively, with the assumption that these residues are
part of a common structural core which is necessary for the
formation of the folded form with the proper disulfide
pairing. The half-cystine residues 3, 17, 24, 45, 49, 60,
61 and 66 (homology numbering, Figure 1) are thus structu-
rally invariant, as are Tyr-25, Gly-44, Pro-50, and Asn-67,
each of which is immediately adjacent to a half-cystine
residue. Residue 41 is structurally conserved, being Val,
Ile or Thr (R-methyl group) in most sequences, as is resi-
due 56 (Val, Ile or Leu in 53 of 60 sequences).

Trp-29 and Arg-Gly 37-38 (homology numbering, Figure 1)
are invariant in all known neurotoxins and residue 31 is
Asp in all but one sequence, where it is Asn.!? Residue 9
is Ser in all short neurotoxins and is Thr or Ser in all
but two long neurotoxins. Residues 27 and 53 are invariably
Lys in the short neurotoxins, but in two long neurotoxins
Lys~27 is replaced by Glu and in two other long neurotoxins
residue 53 is Glu or Asn instead of the usual Lys or Arg.
Residue 52 is Val in all neurotoxins except o-bungarotoxin,
where it is Lys, and residue 58 in all neurotoxins is Ile,
Leu or Val. Finally, residue 33 is always Phe, Trp or His,
and since His is probably not protonated at physiological
pH these substitutions might reflect conservation of aromatic
character.

In the non-neurotoxic homologs the pattern at the above
nine positions is quite different. The conserved Thr/Ser 9
is usually replaced by Leu. The conserved Lys—27 and the
invariant Trp-29 are usually replaced by Met. Positions
31, 33, 37-38, and 53 are radically variable, and residue
52 is usually Ser instead of Lys or Arg. The nine positions
9, 27, 29, 31, 33, 37-38, 52 and 53 in the neurotoxins are
therefore designated functionally invariant or functionally
conserved because they are invariant or highly conserved
in the toxins having the receptor-blocking function contra
the non-neurotoxic homologs. This apparent correlation
cannot be regarded as evidence for the direct participation
of any one of these nine amino acids in the toxin-receptor
interaction, and conversely, certain of the residues clas-
sified as structurally invariant or structurally conserved
might well be directly involved. The latter applies
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especially for the conserved hydrophobic amino acids at
positions 41 and 56 in the carboxyl-terminal half of the
molecules.

Group-specific chemical modification studies with
various of the neurotoxins have so far failed to prove the
participation of any particular amino acid side chain in
the toxin-receptor interaction. Botesl" showed that the
short "extra" disulfide bridge in the long neurotoxin
nivea o could be selectively reduced and the two resulting
cysteine residues alkylated with iodoacetate without abol-
ishing the neurotoxic activity. The purified derivative
was about 9 percent as potent as the native toxin. The
reduction of the remaining four disulfides was completely
cooperative, as is the case with the four invariant disul-
fides of the short toxins. The completely reduced mole-
cules are non-toxic.

The importance of the modifiable functionally invariant
and functionally conserved amino acids has been investigated
in our laboratory using mainly the long neurotoxin siamensis
3 (Figure 2)., Although the fifth disulfide is not essential
it does make the molecule less susceptible than the short
toxins to structural disturbances that attend certain of
the chemical modifications. The invariant tryptophan is
exposed and can be modified readily in non-denaturing media.
Ozonolysis of the invariant Trp-25 (siamensis 3 numbering,
Figure 2) reduces the toxicity by 50 percent, as does the
introduction of one 2-hydroxy-5-nitrobenzyl group. Deriva-
tives with fwo such groups on the invariant tryptophan were
also isolated and showed about 20 percent activity. The
sheer bulk of the modifying groups would seem to rule out
any essential function of Trp-25 in the toxin-receptor
interaction.

Cationic and Anionic Groups

Since the small agonists and antagonists of the nico-
tinic acetylcholine receptor contain at least one cationic
group it was initially taken for granted that one or more
of the amino- or guanidino groups in the neurotoxins should
play a direct essential role in the toxin-receptor inter-
action. However, we found that each of the six monoacetyl-
amino (o-amino and 5 lysine residues) derivatives of the
siamensis 3 toxin is at least 70 percent as toxic as the
native protein and binds strongly to the isolated receptor.16
Enzymatic removal of the C-terminal Arg-Lys—-Arg-Pro reduces
the toxicity by about 50 perctant.l-5 Three (Arg-2, His-18,
and Arg-36, consecutive numbering, Figure 2) of the remain-
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ing four cationic residues in siamensis 3 are not conserved
in other long neurotoxins and can be excluded from consid-
eration on that basis, leaving the invariant Arg-33 as the
only possible candidate for an essential cationic group.

We have not succeeded to isolate a monomeric derivative
modified only at this arginine, but Yang et al.l7 have
reported that a derivative of cobrotoxin in which the
invariant Arg had been modified with phenylglyoxal was

25 percent as potent as the native toxin. This result must
be interpreted with some caution, since the phenylglyoxal
modification is slowly reversible under physiological con-
ditions. At the moment, however, it seems likely that no
individual cationic group in the toxin is essential for the
toxin-receptor interaction.

In confirmation of the above results suggesting the
absence of any single functionally essential amino acid
apart from perhaps one or more of the "inaccessible" (to
chemical modification) hydrophobic residues, Maeda and
Tamiyal? have recently isolated from Laticauda semifasciata
venom a "'defective" long neurotoxin, Ls III, in which the
conserved Thr/Ser-9 (homology numbering, Figure 1) is re-
placed by Leu, the only conserved and otherwise invariant
carboxylic amino acid Asp-31 is replaced by Asn, the con-
served Arg/Lys 53 is replaced by Asn, and the basic C-
terminal tetrapeptide is absent. The molecule is neverthe-
less 10-12 percent as potent as erabutoxin a.

Although at least six (9, 27, 29, 31, 37, and 53,
homology numbering) functionally invariant or highly con-
served residues mentioned above appear not to be individu-
ally essential, this does not mean that none of them parti-
cipates in the toxin-receptor interaction. Unsuspected
residues might also be involved. Owing to conformational
differences among the various neurotoxins a particular
function might be served by amino acids which occur at
slightly different positions in the different sequences and
which are therefore excluded from consideration by the
"homology sieve." Certainly a crystallographic comparison
of the long and short neurotoxins would reveal what surface
features they have in common, which should permit some
useful hypotheses regarding the nature of the surface in-
volved in the toxin-receptor interaction. Several short
neurotoxins containing 62 amino acids have been crystallized
and crystallographic studies are in progress. Short neuro-
toxins containing 60 amino acids have also been crystallized,
but despite several years of effort in many laboratories
no one, to my knowledge, has yet succeeded to crystallize
any long neurotoxin or any short neurotoxin containing 61
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amino acids. The ideal solution would be to crystallize
the toxin-receptor complex, which will be a formidable

task if even possible. It is certainly worth trying, since
one might then obtain the three-dimensional structure of
the receptor as well, which has been all along the major
motivation for the neurotoxin work.

Pre-Synaptic Neurotoxins

Neurotoxins which act pre-synaptically, suppressing
both spontaneous and nerve-impulse-invoked release of
acetylcholine from motor nerve terminals have been isolated
from the venoms of the many~banded krait Bungarus multi-
einctus (B—bungarotoxin),18 19 the Australian Tiger Snake
Notechis scutatus scutatus (notexin),2%>21 and the Austra-
lian taipan Ozyuranus scutellatus scutellatus (taipoxin).22,23
These toxins are, on a weight basis, 4-25 fold more lethal
than the most potent post-synaptic neurotoxins. Although
the pre-synaptic effects are similar to those produced by
the still much more potent toxins of Clostridium botulinum,
competition experiments indicate that the target sites might
overlap somewhat but are not identical.?5

The most thoroughly characterized of the pre-synaptic
toxins from snake venoms is the notexin isolated in Uppsala
from the venom of the Tiger Snake.?0 Notexin exhibits three
interesting biological activities: 1) it is a phospholipase
A, almost certainly A,; 2) it blocks the release 1 of acetyl-
choline from motor nerve terminals without causing any ini-
tial "bursts"; and 3) it has a remarkable dystrophic action
on striated muscle cells.2® Upon exposure to notexin in
viveo muscle fibers of types I and III degenerate completely
within three days. Since the blockage of the nerve terminal
recedes 7 vivo within a few days and the microcirculation
is apparently unaffected, regeneration and differentiation
from myoblasts begins within a week and is essentially com-
plete by 21 days. Notexin shall certainly be a valuable
tool for the study of muscle growth and development.

The amino acid sequence of notexin determined recently
in the author's laboratoryzz;27 is shown in Figure 3, along
with the sequences of four other snake venom phospholipases
and the phospholipase Ay from porcine pancreas. The pig
enzyme30 is slightly acidic and has no neurotoxic activity
in vivo. The three phospholipases from the venom of the
cobra Naja melanoleuca?®,2% are also moderately acidic and
might be weakly neurotoxic. The Naja nigricollis enzyme
sequenced very recently in the author's laboratory3! is
very basic, has lower phospholipase activity than the four
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enzymes above, but shows both the pre-synaptic and dystro-
phic effects observed with notexin, albeit about 30-fold
less potent., Notexin is slightly less basic than the
nigricollis phospholipase and is about 10 percent as active
in the phospholipase assay, but has a mouse lethal dose of
0.5 ug.

Tﬁe sequences are clearly homologous, showing identity
at 43 of 129 positions (33 percent) in the homology align-
ment and considerable conservation elsewhere. The homology
is especially good in the amino~terminal stretch from posi-
tion 1-53, wherein 45 percent of the positions are identical.
The trend toward decreasing phospholipase A activity with
increasing toxicity among these six proteins suggests that
the phospholipase activity might have little or no role in
the neurotoxic action, and this seems to be the case. We
have recently found that p-bromophenacyl bromide reacts
specifically with His-48 in notexin, completely abolishing
the phospholipase A activity,32 as was shown earlier by
Volwerk et al.33 for the corresponding histidine in the
pig enzyme. The modification reaction is strongly inhibited
by Ca++, and the latter authors suggested that the histidine
residue is one of the ligands to the calcium ion that is re-
quired for phospholipase A activity. In the case of notexin
the His-48 derivative (PBP-notexin) elutes well behind the
native molecule in elution chromatography on Bio-Rex 70 at
pH 6.5 in ammonium acetate buffer, which enabled us to show
that the reaction goes to completion and that the product
contains no unmodified notexin. The PBP-notexin does not
kill mice at a dose level of 100 ug, corresponding to 200
lethal doses of the native molecule, However, the PBP-
notexin still blocks the nerve terminals in isolated nerve-
muscle preparations and the dystrophic action on muscle is
not greatly diminished, which means that the enzyme activity
has no essential role in either function. The loss of
lethality attending the chemical modification might there-
fore reflect a loss of specificity which causes the injected
PBP-notexin to be diluted out by adsorption to membranes
other than that of the motor nerve terminal. Also, it
seems very likely that the PBP-notexin no longer binds cal-
cium ion, and the structural consequences of this might
seriously diminish the affinity of the molecule for its
target in the nerve terminal. At any rate, we feel that
the phospholipase activity per se has at most a secondary
role in the toxic and dystrophic actions of notexin,

Taipoxin, isolated in Uppsala from the venom of the
Australian taipan, has a mouse LDgy of 0.04 pg per mouse
and is thus the most lethal substance yet isolated from



Tribute to Lyman C. Craig 27

any snake venom., Taipoxin has a molecular weight of about
47,000 (ultracentrifuge) and is a glycoprotein, containing

5 residues of N-acetylglucosamine, 1 residue of fucose,

2 of mannose, 4 of galactose, and 4 of N-acetylneuraminic
acid. Taipoxin is moderately acidic, the isoelectric point
being about pH 5, and migrates as a homogeneous substance

in electrophoresis at pH 7-9. At acid pH taipoxin dissoci-
ates to varying degrees depending on the conditions, and

by the scheme of operations illustrated in Figure 4, we
have shown it to be a 1:1:1 complex of three rather differ-
ent subunits which are apparently held together by non-
covalent interactions. The B-fraction which can be sepa-
rated off by gel filtration at pH 3 (0.1 M acetic acid) in
the absence of salt accounts for one-third of the total
protein and is a mixture of two nearly neutral "iso-subunits,’
B and By, which are separable by ion exchange chromatography
on Sulfopropyl-Sephadex (SP-Sephadex). The strong inter-
action between the y and the o subunit seems to be partly
electrostatic, since the o-component dissociates off, with
concommitant formation of the y-~dimer which permits separa-
tion by gel filtration, when salt is- included in the medium.
The o-component contains 12 or 13 residues of arginine and
has an isoelectric point about pH 10, while the y-component,
which contains only 2 residues of arginine and all of the
carbohydrate, is isoelectric at about pH 2.5. The enormous
difference in electrophoretic mobility accounts for the fact
that the o- and y-components separate electrophoretically at
acid pH even in the absence of salt.

Whole taipoxin has phospholipase A activity, but we have
not yet assayed the purified subunits., Amino acid composi-
tion and amino-terminal sequence data indicate that the sub-
units contain about 120 amino acids and 7 disulfides and are
thus homologs of the 6 phospholipases listed in Figure 3.
The separated B- and o-components are much less lethal than
the whole taipoxin, and the y-component hardly toxic. How-
ever, the a-fraction is nearly as potent as whole taipoxin
in blocking the nerve terminal im vitro. The complex might
be required in order for the toxic subunit(s) to reach the
target in vivo.

Probably all of the snake venom neurotoxins that sup-
press transmitter release are homologs of phospholipase A,
and since the phospholipase A activity seems not to be
essential we might eventually discover a potent homolog that
lacks the catalytic activity altogether. The six sequences
shown in Figure 3 do not permit anything more than wild
guesses regarding which amino acids might be responsible
for the neurotoxic contra the phospholipase A activity
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Figure 4: Schematic illustration of the dissociation and
separation of the subunits of the pre-synaptic neurotoxin
taipoxin, from taipan venom. The y-subunit bears a large
carbohydrate moiety and is isoelectric at about pH 2.5.
The o-component has an isoelectric point above pH 10,
while the B-components are approximately neutral. The
intact complex is 10 to 100-fold more lethal than any of
the subunits. SP-Sephadex = sulfopropyl-Sephadex.

because the molecules are too different. However, we are
now beginning sequence work on a notexin homolog from Tiger
Snake venom which has the same phospholipase A activity as
notexin but is 20-fold less toxic. Amino acid composition
data and tryptic peptide maps suggest that this poorly toxic
homolog might differ from notexin by only four discrete
substitutions, for example, Ser/Gly, Arg/Ala, Arg/Lys, and
Ser /Phe.

Notexin crystallizes readily and beautifully from ammo-~
nium sulfate, and K. K. Kannan in Uppsala has obtained
diffraction patterns with reflections out to 2 & or better.
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Although the pre-synaptic neurotoxins are twice the size

of the post-synaptic ones, the three-dimensional structure
might be much easier to solve. In the meantime we shall

try to prepare suitable radioactive and matrix-bound deriva-
tives of notexin in order to locate and, hopefully, to iso-
late the target molecule(s) in the nerve terminal and the
muscle cell.
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SUBTILIN AND NISIN: THE CHEMISTRY AND BIOLOGY OF
PEPTIDES WITH o,R-UNSATURATED AMINO ACIDS

Erhard Gross. Section on Molecular Structure, Repro-
duction Research Branch, National Institute of Child

Health and Human Development, National Institutes of

Health, Bethesda, Maryland 20014

IT IS WITH ADMIRATION AND GRATITUDE that I stand here today
to speak in honor of Dr. Lyman C. Craig. It was soon after
my arrival in this country when I had the great privilege
to join Dr. Craig's laboratory. This splendid affiliation
with Dr. Craig was of the most profound influence on my
subsequent career.

While in Dr. Craig's laboratory, we were concerned
primarily with the possible chemical fragmentation of pep-
tides resistant to the action of proteolytic enzymes and
the separation, purification and characterization of the
resulting fragments.

We addressed ourselves to the numerous peptide con-
stituents of Bacillus brevis-—among them the various tyro-
cidins! and the gramicidins A, B, and C2—and to subtilin
from Bacillus subtilis.3 It is with pride, when I say that
the collaboration on subtilin lasted for many years. It
was as recentlz as 1973 when we published with Dr. Craig
our last paper' on aspects contributing to the structural
elucidation of subtilin.®

The Gramicidins A, B,and C

The pioneering work in the course of which Dr. Craig
showed us the way to the separation and purification of the
gramicidins A, B,and C subsequently led to their structural
elucidation. Today, we know that this family of gramicidins

exists in nature in at least six analogs §F§gure 1), three
of which are also available synthetically.’»
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In the face of their being perhaps the most hydrophobic
peptides we know, countercurrent distribution® proved
immensely valuable for the purification of the natural as
well as the synthetic products (Figure 2), It is the high
degree of hydrophobicity that places the gramicidins A, B,
and C so prominently among ion transport mediating peptides.
A unique helix,10 possible only on the grounds of an alter-
nating pattern of L and D configurations in all analogs
enables the gramicidins A, B, and C to form transmembrane
channels.!!

As far as they are accessible today-—valine-gramicidin
A, B, and C—the synthetic analogs display in every respect
the biological properties7’8 of their natural counterparts.
This may also be said with regard to the most recently ex-
plored (biological) property, namely the ability of the
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Figure 2: Countercurrent distribution of synthetic grami-
cidin A.7 Upper panel: first redistribution. Lower
panel: 1:1 mixture of natural and synthetic gramicidin
A. Solvent system: benzene:chloroform:methanol:water =

15:15:23:7.
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gramicidins A, B, arid C to form transmembrane channels,
thus promoting ion transport. In artificial membranes (1%
glycerol monooleate. in n-decane; 1 M NaCl) the single
channel conductance of natural and synthetic gramicidin B
agrees very welll? (Figure 3).

GRAMICIDIN B

Figure 3: Single-channel conductance of natural (nat) and
synthetic (syn) gramicidin B in an artificial membrane
(1% glycerol monooleate in n-decane; 1 M NaCl). Ordinate:
current; abscissa: time.

Subtilin and Nisin

Identical COOH-terminal sequences, dehgdroalanyllysine,
were established for subtilin and nisinl3 in 1969. At
that time we knew that both peptides had in common the
presence of lanthionine and B-methyllanthionine (Figure 4) .
We asked this question: if one of the two molecules con-
tains these thioether amino acids and o,B-unsaturated amino
acids are present in it,!* will the latter also be seen in
the other? The answer is yes, as we saw already in part.
Moreover, the number of o,B-unsaturated amino acids is the
same for subtilin and nisin, each molecule containing three,
namely two residues each of dehydroalanine and one residue
each of dehydrobutyrine.15

The dehydroalanine residue in the penultimate positions
was first seen in nisin,16 fortunately on the account of
pursuing a major constituent observed in efforts aimed at
the purification of the peptide.16 This minor component
in the 9reparation of nisin isolated from Streptococcus
lactisl’ is pyruvyllysine, the product derived from the
COOH-terminal sequence dehydroalanyllysine subsequent to
the addition of water across the double bond of dehydro-
alanine and the concomitant formation of amidel® (Figure 5).

The presence of o,B-unsaturated amino acids in subtilin
and nisin imparts unique physical properties on the two
molecules. These features are reflected to some extent in
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0

~—VAL—C—HN—C—C—LYS—COOH
CH,

HCHACOH
10 min; 100°C

R
—VAL—C—NH, + C—C—LYS—COOH
CH,

Amide Pyruvyllysine

Figure 5: The release of pyruvyllysine from nisin. The
dehydroalanine residue in the penultimate position of
the molecule, upon treatment under acidic conditions, is

converted to amide and the keto acylfunction.

the countercurrent distribution patterns @igure 6). We
believe that what we see here is the result of constantly
shifting equilibria between a,B8-unsaturated amino acids on
the one hand and amides and keto acids on the other (Fig-

ure 7).

5
PURIFICATION OF NISIN

& Lo
(o]
0
g 50-112
o 113-124
125-150
0.5 151-200 + overflow

1 ; |
50 100 150 200
TUBE NO.

Figure 6: Countercurrent distribution of nisin. Solvent
system: water:n-butanol:glacial acetic acid = 4:3:0,5.
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One may redistribute the material represented by the
area shaded (Figure 6) and still continue to observe the
discrepancy between the experimental and theoretical curve
(Figure 8). Frankly, this problem is going to stay with
us, as long as we allow for the presence of a,B-unsaturated
amino acids in nisin. As long as countercurrent distribu-
tion? reveals these facts to us, we are by far much better
off, knowing the chemically dynamic molecule than believing
in something that bypasses reality.

These dynamics of chemistry, seen for instance in nisin,
gave rise, however, to a somewhat more aggravating situation
in the past. The molecular weight of nisin kept ranging
from 3000 to 12,00018 and more.

One day when Dr. Craig visited NIH and came, as he used
to do frequently, to our laboratory, we discussed this ques-
tion about the molecular weight. In his typical manner, he
said: "Why don't you do...?" '"Why don't you do what?" "Do
a partial substitution!'" This technique of molecular weight
determination had proved its utility in the case of baci-
tracin,!?

This suggestion was quickly put to work and within a
very brief period of time a monodinitrophenylated derivative
of nisin was purified by countercurrent distribution® (Fig~
ure 9) and a molecular weight of 3500 calculated for nisin.
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Figure 8: Countercurrent redistribution of nisin. Solvent
system: water:n-butanol:glacial acetic acid = 4:3:0.5.

Cf. the discrepancy between the experimental and theore-
tical curve (pattern to the left); multiples of the quan-
tity represented by the curve in the right-hand pattern

upon redistribution gave patterns reminiscent of that
seen in Figure 6.
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Figure 9: Countercurrent distribution of monodinitropheny-

lated nisin. Solvent system: water:n-butanol:glacial
acetic acid = 4:3:0.5.
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The higher molecular weights determined earlier for
nisinl® were the reflections of the chemistry intrinsic to
the molecule (vide supra). Dimers, trimers, and higher
polymers had been seen as the result of the formation of
amide and keto acid from the a,B-unsaturated amino acids.
Reversing this reaction and with the loss of water, o,Bf-
unsaturated amino acids are regenerated, now, however, inter-
molecularly and linking two or more molecules of nisin.

The Biological Action of Peptides with
o, B-Unsaturated Amino Acids

One working hypothesis for the biological action of
peptides with a,B-unsaturated amino acids calls for the
addition of essential sulfhydryl groups across the double
bond in o,B-unsaturated amino acids. When this hypothesis
was tested, it was found that nisin and nisin fragments
show biological activities such as these: (a) they display
antimalarial activity,16 presumably by depriving the para-
site of the necessary supply with coenzyme A through the
host organism; (b) they cause the in vitro release of lyso-
somal enzymes, presumably by interacting with sulfhydryl
group—dependent proteins and/or enzymes located in the
organellar membrane; (c) they induce fetal resorption and/
or inhibit implantation of the ovum?? via mechanisms as
yet not adequately studied.

At present, there are known to occur naturally the
o,B-unsaturated analogs of approximately ten of the commonly
found amino acids. The majority of these a,B-unsaturated
amino acids have been isolated from microbial sources.?!

In a few instances, however, o,B-unsaturated amino acids
have also been seen in plants22 and, in at least one case,
in a mammalian organism.

o,B-Unsaturated amino acids must be considered to be
rather cryptic when it comes to revealing their presence
in peptides and/or proteins. This makes their detection
sooner difficult than easy. In the course of the widely
employed acid hydrolysis of peptides and proteins, o,B-
unsaturated amino acids are converted to amides (with the
subsequent release of ammonia) and keto acids (vide supra).
Chemically, the o,B-unsaturated amino acids are most readily
apprehended in the form of their mercaptan addition prod-
ucts, 16 e.g., those of benzyl mercaptan,zq which are easily
identified and quantified in amino acid analysis.

a,R-Unsaturated amino acids may well be of greater
physiological significance than is presently appreciated.
The chemistry intrinsic to this class of compounds estab-
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lishes links to a number of physiologically significant
molecules and thus to vital metabolic pathways. The con-
version to amides and keto acids lays open, via the latter
ones, the route to and participation in transamination
reactions. The earlier reaction is reversible, thus open-
ing avenues to the reconstitution of o,B-unsaturated amino
acids and/or access to o,R-unsaturated amino acids per se
(Z.e., via the de novo synthesis from amide and keto acid).
In the latter reaction we ought not fail to recognize the
potential for the bilological formation of the peptide bond.

Another type of interaction central to which we see
the o,B-unsaturated amino acids are the elimination reac-
tions of f-substituted amino acids. Serine, threonine, and
cysteine (or cystine), once suitably modified for B-elimi-
nation, are likely precursors of dehydroalanine and dehydro-
butyrine, the a,B-unsaturated amino acids that are of con-
cern to us today.

The elimination reactions indicated are reversible in
principle. When we observe the reverse reactions, such as
those between cysteine and dehydroalanine and/or dehydro-
butyrine, we witness the formation of lanthionine and B-
methyllanthionine. These events are steps in the proposed
biosynthesis of nisin and subtilin.?® The addition of the
cysteine sulfhydryl group across the double bonds of dehydro-
alanine and/or dehydrobutyrine appears to be stereospecific,
as we observe the D-configuration at all a-carbon atoms of
one of the alanine moieties in the lanthionine residues and
the a-aminobutyric acid moieties in the R-methyllanthio-
nines®,26 (Figure 4),

With this consideration, we may conclude this discus-
sion and state that different classes of peptides with
a,B-unsaturated amino acids have already emerged.

In one class we find the isolated occurrence of a,B-
unsaturated amino acids and no obvious relationship between
other existing structural features and a,B-unsaturated
amino acids (cf. ref 21 for a list of naturally occurring
peptides with o,f-unsaturated amino acids). Into a second
class we must place peptides, such as nisin and subtilin,
in which we observe the presence of dehydroalanine and
dehydrobutyrine—however, also in the form of lanthionine
and B-methyllanthionine, the addition products of cysteine
to the unsaturated amino acids.

Recently, peptides have been seen with the products of
different nucleophilic additions across the double bond of
dehydroalanine, In two peptides, known as cinnamgcin and
duramycin and isolated from Streptomyces strainsZ’/»28
lysinoalanine has been found for the first time to occur



Tribute to Lyman C. Craig 41

naturally.2%:30 The addition of the ENH2-group of a lysine
residue across the double bond of dehydroalanine is believed
to be the reaction leading to the formation of lysinoalanine.

The exposure to the chemistry of o,B-unsaturated amino
acids has been most rewarding. The experience gained in
the course of the analysis of peptides with dehydrocalanine
and dehydrobutyrine has been successfully applied to peptide
synthesis, where dehydroalanine resins3! function as con-
venient intermediates for many of the biologically important
peptide amides.

Much of the work reported here was profoundly influenced
by Dr. Lyman C. Craig. You have also seen the lasting
impact of Dr. Craig's technique of countercurrent distribu-
tion® on this work. He will always be remembered for this—
Dr. Lyman C. Craig, a great scholar and mentor and a very
fine friend.
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CHEMICAL INVESTIGATIONS OF THE FUNCTION OF
HEMOGLOBIN FROM A STRUCTURAL VIEW

Robert J. Hill and Robert M. Macleod. Department
of Biochemistry, University of Tennessee Center for

the Health Sciences, Memphis, Tennessee 38163

THE WORK I WILL DESCRIBE HERE was initiated as an attempt
to use chemical methods to determine some of the conforma-
tional features of hemoglobin in solution. The plan was

to react hemoglobin with various reagents and determine the
relative reactivity of groups that were near the surface

of the molecule. The rate constants for the reaction of
reagents such as FDNB with specific amino acid residues
would be compared to the rate of reaction with small model
compounds. I reasoned that those groups which were freely
accessible to the solvent would have reaction rates compara-
ble to the rates for similar groups on small molecules,
while” those that were partially buried would react with a
slower rate,

From some initial experiments using FDNB it soon was
apparent that the most reactive group on hemoglobin using
this reagent_ was the o-amino group of the o chain. Rhine-
smith et al.! had shown previously that when Dnp-hemoglobin
was treated for a brief period with HCl at 100° Dnp-Val-Leu
was released from the amino terminus of the o chain., This
fact was used to develop a quantitative assay for the extent
of reaction of this group with FDNB. Since FDNB only reacts
with uncharged amino groups the apparent rate constant for
the reaction of an amino group with this reagent at a par-
ticular pH, kg, is a function of the rate constant towards
the uncharged group, k,, the acid dissociation constant for
the group, K, and the hydrogen-ion activity, ay.

ky = ko [K/ (k+ap)]

43
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By determining ky at a series of pH values, I have cal-
culated that the pK of this group in CO-hemoglobin is 6.72
and that the pH-independent rate constant, kg, is 0.236

-iy-1, Surprisingly, the pK of the oa-amino group of the
model compound Val-Leu-NH; was one pH un1t higher than this,
7.65, and k, for the model was 0.062 sec~ ly=-1 one fourth
the value for the amino terminus of the o chain.? Thus,
my expectation that the pH-independent rate constant could
be used to judge the accessibility of a group on the sur-
face of a protein proved to be invalid; but I became curious
as to why the pK of this group should be abnormally low.

It has been known for a long time that there are four
groups on hemoglobin whose pK changes from 6.84 to 7.84 when
hemoglobin is deoxygenated.3 Since the titration curves of
CO-hemoglobin and O,-hemoglobin are identical this same
shift must occur when the CO is removed from CO-hemoglobin.
It seemed possible that the a-amino groups of the a chain
could account for two of these four oxygen-linked groups.

If this is the case, the pK of these a-amino groups should
shift from the abnormal value of 6.72 in CO-hemoglobin to

a value similar to that of the amino group of Val-Leu-NHp
when the CO is removed. To test this I repeated the experi-
ments described abpve with deoxy-hemoglobin and found that
the pK of the o-~amino groups of the o chains had shifted

to a value of 7.71+,02. Thus half of the Bohr effect can

be attrlbuted to these o-amino groups. Kilmartin and Rossi-
Bernardi® have arrived at this same conclusion using a
different method.

This phenomenon--the shift in pK of the amino groups
linked to ligand binding to the hemes--could be accounted
for if a positively charged group were located near the
amino terminal valine in CO-hemoglobin and then moved 5 to
10 & away as a result of the conformation change that
occurs when the ligand is removed from the heme. From
X-ray diffraction studies, Pertuz® has shown that in crys-
talline hemoglobin the amino terminal valine of the o chain
is very near the carboxyl terminal arginine of its partner
o chain. If this is the case, then removing the carboxyl-
terminal arginine should restore the pK of the a-amino
group to a normal value even when the heme group is liganded.
In support of this idea, Antonini et al.” have shown that
the Bohr effect of hemoglobin treated with carboxypeptidase-
B in such a way as to remove not only the carboxyl-terminal
arginine but the penultimate tyrosine and other residues
as well, possessed a greatly reduced Bohr effect. In order
to determine the effect of the carboxyl terminal arginine,
chromatographically purified CO-hemoglobin was digested with



Tribute to Lyman C. Craig 45

carboxypeptidase~B under conditions in which only trace
amounts of residues other than arginine were removed and
then the resulting dearginine-CO-hemoglobin was separated
from the undigested hemoglobin by ion-exchange chromatog-
raphy on SE-Sephadex using a 0.01 M, pH 7.7, phosphate
buffer. The 0.1M pH 6.46 phosphate buffer system normally
used to chromatographically purify the hemoglobin used in
these studies would not separate dearginine-hemoglobin from
hemoglobin. When the pK of the c-amino group of the o
chain of dearginine-CO-hemoglobin was determined in the
same way as described above, it was found to be 7.42+,04,
a value close to the normal pK for an a-amino group.

Although these data are consistent with a mechanism
for the Bohr effect in which the guanido group of the
carboxyl-terminal arginine of one a chain influences the
pK of its partner's a-amino group during oxygenation,
Perutz et al.® have not observed a shift in this direction
in the positions of these groups in crystals of oxy- and
deoxy-hemoglobin. Possibly the conformation of this region
of hemoglobin is arranged differently in solution than it
is in the crystal. The crystallographic results® indicate
that the amino terminal residues of the two o chains are
approximately 12 & apart. This is the distance between
the reactive groups of the cross-linking reagent p,p'-
difluoro-m,m'-dinitrodiphenylsulfone. In order to deter-
mine if this relationship between the amino groups is main-
tained when hemoglobin is in solution, the product of the
reaction of CO-hemoglobin with this reagent was studied.®
Molecules that were cross-linked between subunits were
separated from unreacted and noncross-linked molecules by
gel filtration on Sephadex G-100 in the presence of 1 ¥
MgCl,, a reagent known to dissociate hemoglobin into af
subunits.1® The cross-linked hemoglobin was then hydrolyzed
briefly with HCl to release p,p'-di(Val-Leu)-m,m'-dinitro-
diphenylsulfone, This is the reaction product expected if
the o—amino groups of the o chains had been cross-linked.
Since 70% of the reaction of the cross-linking reagent with
hemoglobin was found to occur at this site, it was clear
that a 12 & distance between the amino-terminal ends of
the o chains could be accommodated in solution. One possi~
bility of obtaining this result is that the distance between
the amino-terminal ends is not rigid but that they are free
to move in solution. If this is the case, mechanisms that
required them to be in a fixed position would have to be
discarded.

In order to better define the spatial relationship
between the o-amino groups, hemoglobin was reacted with
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1,5-difluoro~2,4-dinitrobenzene, a cross-linking reagent
with a distance of only 6 A between its reactive centers.
Gel filtration on Sephadex G-100 in the presence of 1 M
MgCl, revealed that the reaction of this reagent with CO-
hemoglobin also produced a product that_ could not be dis-
sociated into aB subunits in 1 M MgCl,.!! However, when

the reacted hemoglobin was hydrolyzed with HC1l and the
reaction product isolated it was found to be identical with
synthetic FDnp-VAL-Leu rathér than the expected cross-linked
product 1,5-di(Val-Leu)-2,4-dinitrobenzene. Thus, although
this reagent can react readily with the a-amino groups, the
two amino-terminal residues are not free to move as close
together as 6 &. Apparently, the reason the noncross-linked
reaction product will not dissociate in 1 M MgCly; is that

to do so would require that the phenyl ring of the reagent
would have to be exposed to the solvent. Neer and Konigs-
berg12 have reported that Dnp-hemoglobin, in which the a-
amino groups have been reacted, also does not dissociate

in MgCls and other solvents which readily dissociate un-
reacted hemoglobin.

These studies, using a chemical approach, suggest that
the conformation in solution around the amino- and carboxyl-
terminal ends of the o chains is the same as is seen in the
crystal. They have also yielded information that cannot
be obtained from crystals about how the acid dissociation
properties of the a-amino groups change on ligand binding
to the heme. However, the conclusion drawn over ten years
ago by Guidotti and Konigsberg is still true: '"Only a com-
pilation of endless empirical observations of this kind
involving many different residues can provide a fragmentary
and tentative outline of the tertiary structure of hemo-
globin in solution as compared with the molecule in the
crystalline state,"13

Acknowledgments

We thank Garvey L. Meyers, Jr. for the results with
difluorodinitrobenzene. We also gratefully acknowledge the
assistance of Martha H. Kreamer and Danny Jue. This work
was supported in part by USPHS grant HE-08867.

References

1. Rhinesmith, H. S., W. A. Shroeder, and N. Martin. J.
Amer. Chem. Soc. 80, 3358 (1958).

2. Hill, R, J., and R, W, Davis. J. Biol. Chem. 242, 2005
(1967). T



Tribute to Lyman C. Craig 47

10.

11.

12.

13.

Rossi-Bernardi, L., and F. J. W. Roughton. J. Biol.
Chem. 242, 784 (1967).

Antonini, E., J. Wyman, C. Fronticelli, E, Bucci, and
A. Rossi-Fanelli. J. Biol. Chem. 240, 1096 (1965).
Kilmartin, J. V., and L. Rossi-Bernardi. Nature 222,
1243 (1969).

Perutz, M. F. J. Mol. Biol. 13, 646 (1965).
Antonini, E., J, Wyman, R. Zito, A. Rossi-Fanelli, and
A, Caputo. J. Biol. Chem. 236, PC60 (1961).

Perutz, M. F.,, H. Muirhead, L. Mazzarella, R. A,
Crowther, J. Greer, and J. V. Kilmartin. Nature 222,
1243 (1969).

Macleod, R. M., and R. J. Hill. J. Biol. Chem. 245,
4875 (1970).

Kirshner, A. G., and C. Tanford. Biochemistry 3, 291
(1964).

Meyers, G. L., Jr. M.S. Thesis, University of Tennessee,
Memphis, Tennessee (1970).

Neer, E. J., and W. Konigsberg. J. Biol. Chem. 243,
1966 (1968).

Guidotti, G., and W. Konigsberg, J. Biol. Chem. 239,
1474 (1964).






PROTEIN-NUCLEIC ACID INTERACTIONS

William Konigsberg, Evic Anderson and Y. Nakashima.

Department of Molecular Biophysics and Biochemistry,
Yale University, New Haven, Connecticut 06510

THE PROSPECT OF WORKING WITH DR. CRAIG 20 years ago was a
source of great excitement to me. After being in an
organic chemistry lab at Columbia as a graduate student,
the luxurient facilities at Rockefeller inspired me with
awe and energy.

As a mentor, Dr. Craig insplred enthusiasm and dedica-
tion by his own intense interest and participation in the
experimental work of the laboratory. He channeled his
energy and knowledge into solving problems that I sometimes
found frustrating or intractable. He taught by example,
rather than by exhortation. His intuitive approach to a
problem, and his ability to design simple, practical experi-
ments to test alternative hypotheses, served as a model
which helped mold my outlook on research.

As a man, Dr. Craig was understanding and sensitive to
feelings of his students and colleagues, He displayed the
kind of wisdom that comes only from successful integration
of the rational and emotional components of a complete
human being.

Principal emphasis in his lab at that time was on devel-
oping separation methods which proved invaluable in our
efforts to determine the structure of human hemoglobin.
Interest in protein structure and function has continued
to provide the underlying theme of much of my research since
then, and I will tell you today about our attempts to under-
stand certain features of protein-nucleic acid interactions.
In particular I will talk about our efforts to produce co-
valent linkages between single stranded DNA and proteins
that are known to bind specifically to single, rather than
double stranded forms of DNA, The system chosen for study
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was derived from the filamentous bacteriophage fd,which was
originally isolated in 1961 by Leob and Zinder.! During
the course of infection of E. coli by this phage, a small
virus-specific protein, called the gene 5 protein, of molecu-
lar weight 10,000 is synthesized and binds to the single
stranded form of fd DNA prior to its being packaged within
the intact virus particle. The precise role of the gene 5
protein in the life cycle of the virus is not fully under-
stood. Since it behaves like a DNA unwinding protein, in
that it has a high affinity for single stranded DNA and
binds to DNA in a cooperative fashion, it may serve an
important function in the replicative process that generates
the viral strand. It could prevent the single strand from
being used as a template for the formation of the RF double-
stranded intermediate. Gene 5 protein could also protect
the single viral strand from digestion by nucleases which
are present in the cell.? When E. coli is infected with
the wild-type fd phage, there are about 100,000 copies of
gene 5 protein produced per cell.? When complexes of gene
5 protein are formed with single stranded DNA, one molecule
of gene 5 protein covers 4 DNA bases.?® This means that a
saturated complex containing single stranded DNA and gene 5
protein would have 1500 protein molecules per DNA circle.
Electron microscopy of fd DNA-gene 5 protein complexes
isolated from the infected cell or formed in vitro are
quite similar, in that they both appear as rods indicating
a collapsed circle thick enough to accomodate two strands
of DNA each covered by protein.|+ In this respect they
differ from complexes of other DNA binding proteins such as
the £. coli unwinding protein or the gene 32 protein from
T4, where the DNA remains in the open circular form in the
complex,
We have determined the amino acid sequence of the gene
5 protein. There are 11 basic residues which are clustered
near the amino and carboxyl ends of the molecule. There is
no tryptophan but there are five tyrosine residues and one
cysteine residue, Chemical modification, performed by
Richard Anderson in Dr. Coleman's laboratory, has shown
that all the lysine residues are accessible to reaction with
acetyl imidazole and that the acetylation of lysines prevents
complex formation with DNA, When the protein was treated
with tetranitromethane, three of the five tyrosine residues
were modified; however if gene 5 protein was first complexed
with the DNA, none of the tyrosines were nitrated.® The
nitrated tyrosines were located at positions 26, 41 and 50
in the protein which has a total of 87 residues.® Anderson
and Coleman also prepared gene 5 protein that contained 19g
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fluorotyrosine residues. NMR spectra of this material when
complexed with tetranucleotides showed upfield shifts in

the !9F resonances of the three surface tyrosines, a result
compatible with intercalalation of the aromatic rings between
the stacked nucleotides.®

With this background about the gene 5 protein, I would
like to turn now to our studies on the UV-induced cross-
linking of gene 5 protein and fd DNA.

The reason for attempting to use a photo-induced reac-
tion to link the gene 5 protein to DNA was to try to get
more information about the regions of the protein that were
in close proximity to the DNA, the assumption being that
only those residues in contact with the DNA bases would

ﬁpave a chance of being linked., Clearly, X-ray crystallo-
graphy would provide the most detailed information about
the nucleic acid protein interactions but crystallization
of a gene 5 protein polynucleotide complex has not been
successful as yet. The possibility that UV light could be
used to link proteins and nucleic acid was hinted at a long
time ago when it was observed that the recovery of DNA-
protein complexes, after phenol extraction, was markedlg
reduced after irradiation of the complex with UV light.
Recently, UV-induced cross-linking has been used to generate
covalent bonds between the E. coli? lac repressor and BrdU-
substituted lac operator DNA but the nature of the linkage
has not been determined.® Encouraged by these observations
we were tempted to see if we could use the same technique
to link the gene 5 protein to DNA.

Accordingly,we irradiated a saturated,in vitro complex
of gene 5 protein and 32p labeled f£d DNA ,using an ordinary
15 W GE germicidal lamp with its main energy output at 253
nm, providing a dosage of 476 erg/mmz/sec. The solution
was exposed to the UV light for various times, aliquots
taken extracted with phenol and the aqueous phase counted
for iP to see how much uncross-linked DNA remained. As
shown in Figure 1, the rate of reactlon is rapid, as meas-
ured by the loss of water soluble, 2p labeled DNA. The
rate of reaction was independent of the absolute concentra-
tions of fd DNA and gene 5 protein, providing that enough
gene 5 protein was used to form a saturated complex. On
the other hand, when photolysis was carried under dissociating
conditions such as 1 ¥ NaCl, the amount of DNA remaining in
the aqueous phase was dependent on the absolute concentra-
tion of protein and DNA. Thus, in the first instance, where
there is a tight complex formed, the rate is zero order,

while in the second case the reaction is second order.
Varilous controls were run. For instance, photolysis of 32p
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Figure 1: Time course for the reaction of gene 5 protein
and 32p-labeled fd DNA. The concentrations of the
reactants were: gene 5 protein, 0.2 ug/ml; 32p_1abeled
fd DNA, 0.7 ug/ml. Samples for irradiation (0.1 ml) were
placed 6 cm from the center of a 15 W (GE) germicidal
lamp, main output 253 nm. The dosage of UV light was
476 erg/mm?/sec. For details of the phenol extraction
procedure, see reference 9.

labelled fd phage, fd DNA alone or with bovine serum albumin
did not result in any significant loss of 32p DNA from the
aqueous phase. We also irradiated 32p_1abeled Q8 and R17
bacteriophage but no cross-linking could be observed. The
remarkable fact about the reaction of geme 5 protein and
fd DNA was that it occurred without the usual requirement
for the presence of BrDU in the DNA. In the case of the
UV-induced cross-linking of the lac repressor and the lac
operator, no reaction occurred unless BrDU was present in
the DNA.é

In the gene 5 protein-fd DNA system we decided to get
more information about the photolytic reaction using several
approaches, our objective being to find out if a covalent
bond was actually formed between the gene 5 protein and the
fd DNA. We wanted to establish the stoichiometry of the
reaction. We also wanted to determine which amino acid
residue and which of the DNA bases had reacted, We started
out by mixing 14¢c_1abeled gene 5 protein and 32p_jabeled
fd DNA, using more protein than required to form a saturated
complex. Half of the sample was irradiated for 15 min and
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the other half was not. Both portions were then sedimented
on a 5-20% linear sucrose gradient in 0.6 M NaCl, conditions
sufficient to dissociate most of the non-covalently bound

DNA from the protein.
The results in Figure 2¢ show that about 20% of the

gene 5 protein cosediments with the fd DNA after photolysis.

At this dosage of UV light some of the phosphodiester link-
ages are broken as shown by the sedimentation pattern of
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Figure 2: Sucrose density gradient sedimentation of the

gene 5 protein-fd DNA complex and fd alone, with and with-
out irradiation. For details of the experimental procedure,

see reference 9,
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fd DNA alone (Figure 2b). This accounts for the trailing
observed in Figure 2c¢. Having demonstrated that the protein
would cosediment with DNA, we wanted to see whether any DNA
fragments would have the same mobility as the gene 5 pro-
tein in SDS polyacylamide gel electrophoresis. For this
purpose we used 3H-thymidine—labeled fd DNA, excess cold
gene 5 protein, exposed the complexes to UV light, added
excess cold fd DNA to allow exchange of the non-covalent
bound protein, digested with DNAse to produce small frag-
ments, then submitted the mixture to electrophoresis in
polyacrylamide gels in SDS. As a control, 3H-fd DNA was
irradiated in the presence of bovine serum albumin and then
submitted to the same treatment. The results (Figure 3)

1000 — .
—— Irradiation of fd

DNA with excess
- gene 5 protein

=== lIrradiation of fd
DNA without
gene 5 protein

cpm

500—

]
5 10 15 20 25 30
FRACTION NUMBER

Figure 3: SDS acrylamide gel electrophoresis of the gene 5
protein 3H-fd DNA complex after UV irradiation and treat-
ment with deoxyribonuclease. For details of the experimen-
tal procedure, see reference 9.
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show that 50% of the 3H—thymidine-labeled DNA was retarded
in the gel at positions approximately corresponding to the
position of the gene 5 protein itself.

Finally, we have attempted to determine the chemical
nature of the cross-link. To determine which amino acid
residues were involved, we used the approach shown in
Figures 4 and 5. The saturated gene 5 protein, 32p_1abeled
fd DNA complex was irradiated for 2 minutes, treated with
SDS, and filtered through Sephadex to remove unattached
protein. The material emerging at the front of the colummn
was treated with DNAse 1 and micrococcal nuclease to split
the DNA into small pieces. Perchloric acid was used to
precipitate the protein attached to DNA. The precipitate
was then digested with a mixture of trypsin and chymotrypsin,
filtered through Sephadex G-50 and the radioactive fraction
submitted to paper electrophoresis at pH 1.9. A 32p_con-
taining band associated with a hexapeptide was eluted,
treated with aminopeptidase M and pronase, then subjected
once more to paper electrophoresis. This time, only cys-
teine could be found in 32P—containing-bands. Since the
association of cysteine and the DNA fragment persisted,
when electrophoresis was carried out at several different
pH's, we concluded that cross-linking occurred via the

1Y hy
2) SDS
3) gel filtration

+ ® ® ®

2) Perchloric Acid

! '

ppt. Soluble Nucleotides
Figure 4: Scheme for the cross—linking of gene 5 protein
and fd DNA.

l 1) DNAase I + Micrococcal Nuclease
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Figure 5: Scheme for the isolation of the amino acid
residue linked to the DNA,

SH group of cysteine. In a preliminary attempt to deter-
mine which base or bases could react, we irradiated four
deoxynucleotide homopolymers in the presence of l4c-1abeled
gene 5 protein as a model for what might happen in the real
case. We found that 20% of the input protein was linked

to poly dT, 5% to poly dA, 5% to poly dG and none to poly
dC, using labels in each of the four bases in four separate
experiments to see if one or more are involved in the reac-
tion. To do this we have to digest the complex to the
point where only one base is attached to the protein. Since
we are reasonably sure that UV-induced cross-linking, in
this system, can occur in vitro, we wanted to find out if
the reactions could also occur im vivo, so we irradiated
fd-infected E. coli cells and showed that we could isolate
the cross-linked complexes. This suggests that we could
use this photolysis procedure to look for single stranded
regions of DNA in fd-infected cells, under various con-
ditions. It might be possible, for instance, to stabilize
and isolate recombination intermediates in cells infected
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first with phage A followed by fd. This method of photo-
lysis might also permit the isolation of single stranded
regions of coli or plasmid DNA during replication or tran-
scription.
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THE STATE OF THE ART OF X-RAY CRYSTALLOGRAPHY OF PEPTIDES

Isabella L. Karle. Laboratory for the Structure of
Matter, Naval Research Laboratory, Washington, D. C.,
20375.

THE GEOMETRY OF THE PEPTIDE UNIT, C? to CZ+1 in
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that is, the bond lengths, bond angles and the value of

wi (near 0°, e¢is, or near 180°, trams), is known to a good
approximation. When several peptide units are joined to
each other, the molecules have the property of being very
flexible since rotations can occur about each Ny—Cj

bond and the adjacent C%——-Ci bond where the torsional
angles ¢4 and y4{ are allowed to assume a range of values.
Several questions arise: 1Is there one conformation that
is more stable than any other? Are there a number of
equivalently stable conformations? How is the conformation
influenced by solvent molecules and polar ions? Are there
conformational features that are common from one substance
to another?

X-ray diffraction analysis of single crystals can pro-
vide the answer to a number of these questions. The advan-
tage of this method of analysis is that each atom is
located accurately. From the coordinates of the atoms, the
exact values of the conformational angles can be calculated,
as well as bond lengths, bond angles, hydrogen-bond
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separations, and nearest approaches between nonbonded atoms,
so that the exact geometry of the molecule in the solid
state is established. Peptides, however, are chemically

or biologically active in solution. It has been shown

that some peptides in solution assume a number of confor-
mations. Other means of analyses, particularly spectro-
scopic, coupled with energy calculations, are necessary
complementary tools. Nevertheless, a knowledge of the
conformation in the solid state is an excellent starting
point.

What is the scope of analysis by x-ray diffraction and
to what kinds of problems can it be applied?

A primary requirement is a good single crystal. Many
peptides crystallize with the solvent and the crystal must
be enclosed in a thin-walled, sealed capillary with some
mother liquor to keep the crystal from drying and, conse-
quently, disintegrating during the collection of x-ray
data. Typical complications which must be avoided are
intimate twinning and gross disorder. A minor twin or
minor disorders, usually in the conformation of side groups
such as the pyrrolidine ring or the isopropyl groups, can
be tolerated if they do not limit severely the number of
coherent diffraction intensities that can be measured.

The solution of a crystal structure is dependent upon a
large enough set of diffraction data.

Ease of solution depends upon several factors. For
example, a heavy atom in the crystal, such as a Kt or
heavier, acts as a marker and greatly simplifies the
problem. Molecules that contain a center of symmetry or
other substances than can crystallize in centrosymmetric
space groups, such as many macrotetrolides and polyethers,
can be solved automatically with existing computer programs,
principally because the phase values in the electron den-
sity expression are either O or m for the centrosymmetric
space groups. For acentric space groups, the phases take
on all values between 0 and 27, Thus, the most difficult
problems are those crystals that contain only light atoms
and are non-centrosymmetric, a class to which peptides
belong. The difficulty generally increases with the num-
ber of atoms in the asymmetric unit of the unit cell, since
the crystals of larger molecules proportionally do not
scatter x-rays as well as the crystals of smaller molecules.

The theory for determining phases directly from x-ray
intensities, without using any structural informatiom,
was established by J. Karle and Hauptman!»253 and the
practical procedure for applying the phase formulas to
experimental data is described by Karle and Karle.* The
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largest light atom, non-centrosymmetric structure solved
so far is that of valinomycin crystallizing with two
independent molecules in a triclinic cell and containing
156 C, N and O atoms.®

Multiple Conformations

Curiously, one of the first applications of the direct
method of crystal structure analysis was to the structure
cyclic-hexaglycyl.s This structure demonstrated very
graphically the flexibility of polypeptides. Among the
eight molecules in the triclinic cell, there were four
different conformers crystallized side-by-side in the
same cell, Obviously, the energy of each conformation
must be very similar. The four conformers occur in the
ratio of 4:2:1:1 for forms (a), (b), (c) and (d),
respectively.

A recent example in which more than one polypeptide
conformer occurs in the same crystal is that of cyclic
triproline. Details of this structure will appear in
another section of this book.’

The conformations for cyclic-hexaglycyl are not unique
to that substance, The compound, cyclic(Gly-Gly-Gly-Gly-
D-Ala-D-Ala), has a conformationé’ very similar to the
most populous form (a) of cyclic-hexaglycyl, the one that
contains two intramolecular hydrogen bonds. In the c-4Gly-
2D-Ala molecule, the two Ala residues are at the corners
of one of the B-turns. In addition to the intramolecular
bonds, there are hydrogen bonds to three H,0 molecules
cocrystallized with the peptide.

Conformer (b) of c-(gly)s 1is mimicked by a tetrapeptide
containing an 18-membered ring, cyclic(L-Leu-L-Tyr-8-
Avaler-6-Avaler),’) as shown in Figure 1. This compound
has been reported to be an effective and unusual inhibitor
of a-chymotrypsin, competetive with linear peptides like
Ac-L-Leu-L-Tyr-OMe., The three additional CH, moieties in
each 6-Avaler residue occupy the same space as another
peptide unit, and thus the 18-membered ring has the same
size and conformation as a hexapeptide. Conformer (b)
does not have any intramolecular hydrogen bonds and in
this molecule there is no internal hydrogen bond. 1Imn
fact, the NH moiety that could be .expected to participate
in a H-bond across a R-turn, does not participate in any
hydrogen bonding at all, All the other NH and CO moieties
enter into hydrogen bonds with neighboring peptide mole-
cules or the solvent molecules, (CH3)2S80 and Hy0, cocry-
stallized with the peptide,l? Figure 2.
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3-AVALER

Figure 1: Conformation of cyclic(L-Leu-L-Tyr-S§-Avaler-46-
Avaler).

Figure 2: The crystalline packing of cyclic(L-Leu-L-Tyr-
§-Avaler-8-Avaler) with solvent molecules (CH3)2SO (the
S atom, represented by ®, is disordered among two posi-
tions) and H,0, represented by § . Intermolecular hy-
drogen bonds, a-f, are indicated by thin lines!
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The structures of only a few 18-membered ring peptides
have been determined and there has not yet been an oppor-

tunity to find analogues of conformers (c) and (d).

Ferrichrome A contains an 18-membered polypeptide ring of
still another conformationl! with only one intramolecular
hydrogen bond. The backbone of the ring in ferrichrome A
is compared to form (a) of cyclic-hexaglycyl in Figure 3.

Pt
O{J o

G O

v/ ~

(@) (6)

Figure 3: Computer drawings of molecules oriented to com-—
pare similar features. (a) p-Br carbobenzoxy-Gly-L-Pro-
L-Leu-Gly*OH; (b) Form a of cyclic hexaglycyl; (c) o-Br
carbobenzoxy-Gly-L-Pro-L-Leu~-Gly-L-Pro-0H; (d) Backbone
of the ring in Ferrichrome A, (From reference 12)

Also shown in Figure 3 are two linear peptides, p-
bromocarbobenzoxy—Gly-L-Pro—L—Leu-Gly°OH12 and o-bromo-
carbobenzoxy-Gly-L-Pro-L-Leu-Gly-Pro+0H,13 a substrate of
collagenase. Ueki et al.125>13 have demonstrated that these
linear peptides form a U-shaped bend and contain intra-
molecular hydrogen bonds in a conformation very similar to
form (a) of cyclic hexaglycyl.
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Intramolecular Hydrogen Bonds

Five different types of intramolecular hydrogen bond
conformations have been observed and characterized in
peptides in the solid state. They include seven-, ten-
and thirteen-membered turns between NH and 0=C, labeled
3~—1, 4—1 and 5—1.

The 3—»1 bond has been demonstrated in a crystal
onlYMrecently in the natural tetrapeptide dihydrochlamydo-
cin,

L D
Phe—Pro
T
(CH3 ) 2Gly—COCH (C8H1 502) .
L

The conformation of this cyclic tetrapeptide,l5 shown in
Figure 4, is all trans, also a new observation for a cyclic

DIHYDROCHLAMYDOGIN

Figure 4: Conformation of dihydrochlamydocin. Two 3—>1
hydrogen bonds are indicated by the light lines. The
four peptide units assume the trans form!S

tetrapeptide. An earlier crystal structure investigation
of the cylcic tetradepsipeptide, cyclic(D-Hylv-L-MeIleu-
D-HyIv-L-MeLeu), showed that the two peptide groups
assumed the cis conformation while the two ester groups
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were in the trans form!®  Similarly, in cyclictetrasar-
cosyl17 the conformations of the peptide units alternate
between cie and trans. One of the consequences of the
different conformations, Z.e. trans cis trans cis as com—
pared to all trans, is that in the former all the carbonyl
oxygen atoms are on the same side of the average plane of
the ring and the side chains, non-polar in this example,
are on the other side, while in the all ¢rans conformation
the carbonyl oxygens alternate above and below the average
plane of the ring.

The all trans conformation in dihydrochlamydocin con-
tains peptide units that are considerably less planar than
have been observed in other peptides. The w angles, which
would be 180° for a planar structure, have the following
values: (CH3),Gly, 162°; L-Phe, -166°; D-Pro, 156°;

L-X, -164°, The details of one of the two 3—1 bonds are
illustrated in Figure 5 and the geometric parameters for
both are listed in Table 1, Section A.

Figure 5: Details for one of the two 3—l hydrogen bonds
in dihydrochlamydocin.

Three different kinds of 4—1 hydrogen bonds have
been found in crystalline peptides, namely trans 1, trans
II, and c¢is as illustrated in Figure 6 where the confor-
mations have been drawn by computer18 using the experimen-—
tally determined coordinates. Section B of Table 1 shows
the substances in which the trans type I bond has been
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4— 1| trans (I)

Figure 6: Examples of three types of 4—l hydrogen bonds
found in crystalline peptides. The figures were drawn
by computer18 using experimentally determined coordinates.

found thus far. Also are listed the peptide units at each
corner and the values for the conformational angles (¢,,
¥2) and (¢3, Y3) at each cormer. It should be noted that
each of the conformations shown in Figure 6 can have a
mirror image if L peptide units are replaced with D, and
vice versa. The effect of such a replacement is to change
the signs on the values of the conformational angles. The
numerical values for these angles are quite similar for
all the subgtances virtually independent of the side
groups on C; and C3. For this type of bond, the peptide
units at positions 2 and 3 are both L or both D or both
Gly, except in viomycin23 and its analogue, tuberactino-
mycin O 2, where C% is a planar atom with a double bond

to the side chain.
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The type II trans 4—1 bond has occurred in substances
with L, D or D, L or L, Gly groups at positions 2 and 3.
The values for the conformational angles for these sub-
stanceg are even more consistent than for type I as illus-
trated in Table 1, section C. For both types I and II,
the replacement of O for NH in residue 3 does not make
any significant difference in the values of the conforma-
tional angles.

A third type of 4—1 hydrogen bond has a e¢is confor-
mation between C% and C3. Two such bonds occur in ilamy-
cin B; 2% where in each e¢fs unit, the N atom has a CHs
substituent.

Possible 5—1 hydrogen bonding, with a l13-membered
loop, takes place in valinomycin crystallized from n-octane.
A statement to that effect was published in a preliminary
article on valinomycin crystallizing in space group P2;
by Duax et al.27

A subsequent investigation of valinomycin5 in space
group Pl,* crystallized from n-octane or from acetone, has
shown that the two crystallographically independent mole-
cules contained in the triclinic cell have very similar
conformations. One of these molecules is illustrated in
the stereodiagram in Figure 7. Except for three side

Figure 7: Stereodiagram of valinomycin crystallized from
n-octane or acetone’

groups which are methyl, rather than isopropyl, the mole-
cule very nearly has a center of symmetry. Of the six
NH groups available for hydrogen bonding, four of them
participate in trans 4—1 bonds of type II. The

* Coordinates, bond lengths and angles and all the confor-
mational angles are contained in ref. 5.
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conformational angles and NH...0 distances for one of the
molecules are shown in Table I, section C. The remaining
two NH moieties appear to form 5—1 hydrogen bonds as

shown in Figure 8. A question arises about the strength

Figure 8: Details for a possible 5—>1 hydrogen bond in
valinomycin?

of these bonds. Although the N,..0 distances, 2.99A and
3.13A, are only somewhat larger than the average N...O
listed for all the other types of hydrogen bonds, the
orientation of the NH bond with respect to the O atom is
unfavorable, The H...0 distance is 2.,3A and the NH...O
angle is only v125°, as compared to H...0 distances of
1.8-2.0A and NH...O angles near 168° in 4—>1 bonds?1:25,
see Figure 6. Even in the 3—1 bonds, the H...0 dis-
tances are between 2.1 and 2.2A and the NH...0 angles are
138° and 144°. 1If Pauling's values for van der Waals'
radii?® are accepted, then unbonded H and O atoms can
approach each other within 2,6A. Strong hydrogen bonds
have H...0 separations in the range of 1.6 to 2.1A, as
shown in neutron diffraction experiments of amino acids
and dipeptides.z9

Representative conformational angles for the five
types of intramolecular hydrogen bonds are plotted on the
(¢, ¥) map in Figure 9. Soon after the appearance of the
hexaglycyl6 and ferrichrome Al!l structures, in which
structural parameters were determined for the two types
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W (c*-c")
+|180
all L- N all D-

-180 +180 qb(N-C")

-180

Figure 9: A (¢, ¥) conformational map for representative
intramolecular hydrogen bonds. Points 3, for 3—l bond;
I and I3 for type I ¢rans 4—1; II, and II3 for type
II trans 4—*1; C, and C3 for eis 4—>1; 5,, 53 and 5,
for 5—1. The dotted lines represent the allowable
regions for types I and II as calculated by
Venkatachalam3?

of trans 4—1 bonds, Venkatachalam3? calculated conforma-
tions for three linked peptide units which contain an

NH...0 bond based on contact distance criteria and poten-
tial functions. The dotted areas in Figure 9 show the
calculated allowable regions for type I and type II bonds.
These areas correspond reasonably well to the experimentally
determined values. Recently, these calculations have been
refined by Chandrasekaran et qZ, 3!
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Non-Participation in Hydrogen Bonds

In some cyclic peptides, NH moieties occur that do
not participate either in intramolecular or intermolecular
hydrogen bonding. One such occurrence for the ecyclic(L-Leu-
L-Tyr-6-Avaler-8§-Avaler), Figuresl and 2, has already been
discussed. Other examples are Lit antamanidel® and Nat

Phe“Valq antamanide? , cyclic decapeptides, in which two
of the six available NH groups are effectively blocked
by neighboring -CHp2CgHs groups. The antamanide structures
will be discussed later.

A third example is in the cyclic(L-Ser(0-t-Bu)-R-Ala-
Gly-L~B-Asp(OMe)). This synthetic tetrapeptide containing
alternate a—amino and B-amino peptide groups, similar to
the naturally occurring depsipeptide serratamolide, repre-
sents a preliminary steg in the proposed synthesis of a
cylindrical polypeptide.3 In the proposed cylindrical
peptide, there are covalent bonds between each pair of
stacked rings. Fourteen-membered rings were chosen because
the assumed conformation allowed the greatest number of
hydrogen bonds in the cylinder, four between each pair of
rings. The l4-membered ring 'monomer" that was synthesized
does have a conformation similar to the proposed one; Z.e.
there are four planar segments in the trans conformation?
In the crystal, the molecules of the monomer are stacked
over each other. However, they are tilted so that only
two NH...O bonds form between the rings and the other two
NH moieties remain unbonded, Figure 10. They simply are
too far away from any C=0 groups.

Cis Peptide Units

The peptide unit C%(C'O)(NH)C%+1 usually assumes the
trans conformation and is essentially planar. The w{ angle
rarely deviates by more than 5° to 10° from 180°. The cis
conformation with wi = 0° is forced in cyclic dipeptides*,
However, the c¢ig conformation also occurs in much larger
rings. In Table II, some of the structural features for
the cyclic polypeptides analyzed by x-ray diffraction are
listed. The cyclic tetrapeptide can occur in an all trans
conformation, therefore if we examine all the cyclic pep-
tides with four or more units, we see the ¢ts conformation
occurring in tetra, penta, hepta, octa and decapeptides.
In each case, the peptide units assuming the cis

* A survey of the structural and conformational parameters
in cyclic dipeptides has been published elsewhere3®
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Figure 10: Stacked molecules of cyclic(L~Ser (0-t-Bu)-B-
ala-Gly-L-B-Asp(OMe)) in the crystal. Two NH,..0 bonds
are formed between each pair of molecules. Two other
NH moieties in each molecule do not participate in
nydrogen bonding.

conformation are only those with a substitution on the N
atom, Z.e., only prolyl or N-CH3 residues. The occurrence
of a N-substituted residue in a cyclic polypeptide does
not guarantee a cis conformation; but the occurrence of a
ets conformation has involved an N-substituted peptide
unit in all the known structures.

Crystal structure results on linear oligopeptides con-
taining prolyl units show trans conformations, as for
example, in L—Leu-L—Pro—Gly,"‘0 Tos—L—Pro—L—HyPro,L*1 and
t-Amyloxycarbonyl-L-Pro-L-Pro-L-Pro*? as well as those
linear peptides included in Table I. However, in t-butyl-
carbonyl-L-Pro-L-Pro-L-Pro-L-Pro benzyl ester, the N-
terminal peptide bond takes on the ¢is conformationt3 It
is interesting to note that this linear tetraproline com-
pound forms one turn of a poly-L-Pro II helix.

Disorder

The prolyl residue has been commonly involved in dis-
orders in the solid state. The pyrrolidine ring can
assume a number of different conformations, usually an
envelope form with four atoms in a plane, The out-of-
plane atom has been found to be either C°, C', or N4
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The out-of-plane atom can be either endo or exo with re-
spect to the adjacent C' atom. In crystals of such com-
pounds as L-Leu-L—Pro-Gly,L'0 N-Ac—L—-Pro—L-Lac—NHCH:.;,21 and
the M+—antamanides,19s32 the out-of-plane atoms in the
pyrrolidine rings have been in both the endo and exo con-
formations, at random throughout the crystal, usually in
a 1:1 ratio.

Another type of disorder that has occurred concerns
the isopropyl side chains of some of the Val and Hyv
residues in valinomycin.® A rotational disorder about the
¢ -cB bond places the H on ch gauche with respect to the H
on C%, as well as in the more usual trans position.

Solvent Molecules and Complexing Ions

Investigations of cyclic polypeptides in solution and
in the solid state by spectroscopic means and other physi-
cal methods have demonstrated that the conformation often
undergoes a change in going from a non-polar to a polar
solvent. The conformation appears to be different also
for the uncomplexed and metal-complexed forms of such ion
carriers as antamanide“®, and valinomycin.’» »49 A
sufficient number of crystal structure analyses for the
various possibilities are not yet completed and therefore,
a total picture of the different conformations that a poly-
peptide can assume in the solid is not yet available., The
conformational analyses that have been obtained by single
crystal x-ray diffraction on octa to dodeca cyclic poly-~
peptides are summarized below.

Cyclic octasarcosyl?9 having all the N atoms methyl
substituted, cannot contain any intramolecular NH...O
bonds. The 24-membered ring has the eis cis trans trans
eils els trans trans conformation, as shown in Table II.
The large ring is open enough to accommodate four molecules
of Hz0 that form OH...0 bridges between themselves as well
as to two carbonyl oxygens of the peptide ring surrounding
the Hp0 molecules and to additional carbonyl oxygens of
neighboring peptide molecules, Figure 11.

Uncomplexed valinomycin5 crystallized from n-octane
or acetone is not associated with any solvent molecules in
the lattice. The 36-membered ring has three loops up and
three loops down, rigidly held by six intramolecular hy-
drogen bonds. The gross shape of the molecule is that of
a short, flattened oval tube with parallel ridges on the
outer surface containing the hydrocarbon side chains and
an interior surface lined with polar groups, Figure 7.

The top rim of the tube differs from the bottom rim in
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Figure 11: Cyclic-octa Sar with_a ring open enough to
accommodate four H,0 molecules3?.

that the three side chains consisting only of a CH3 group
are on the top whereas the equivalent sites on the bottom
rim are occupied by isopropyl groups. The packing of the
molecules in the crystal lattice is shown in Figure 12,

Figure 12: Packing of valinomycin molecules in the tri-
clinic cell. The molecules on the corners are crystal-
lographically unrelated to the molecules down the middle
of the cell, although the conformations of each set of
molecules is very similar to each other.
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where the molecules in the center are crystallographically
independent (Z.e. not related by symmetry) from the mole-
cules on the corners of the cell., The only forces between
the molecules are relatively weak van der Waal's attrac-
tions, accounting for the soft, waxy character of the
crystals and for the ease of disorder and twinning in the
crystal lattice.,

Crystals ‘'of valinomycin obtained from (CH3),SO have a
different sgace group than those obtained from n-octane
or acetone. The volume available for each molecule is
1974 A3 in the crystals from (CH3),S0 as compared to 1615
A% in the crystals from n-octane, The implication is that
either the molecule has unwound to occupy 207 more space,
or that the polar solvent has cocrystallized with the
valinomycin, or both. Since the crystals are not stable
if allowed to dry, it appears that solvent must be included
in the cell. The structure analysis of this form is in
progress. Therefore it is premature to speculate upon the
mechanism of changes in conformation, if any, upon expo-
sure to different solvents and during complexation with
metallic ioms.

A number of molecules containing large rings complex
with metallic ions and transport them across biological
membranes. The manner of enfolding the metallic ion so
that the charged moiety is in the interior of the molecular
complex while the exterior of the molecule presents a
lipophilic surface has shown considerable variation,
depending upon the specific substance involved. A few
examples of the conformations of complexes in the solid
state are illustrated in Figure 13, The Kt and Nat com-
plexes of enniatin B, a cyclic hexadepsipeptide, are dis-
ordered in the crystal. A reasonable model to fit the
data, Figure 13 (a), is a disc-shaped molecule with octa-
hedral coordination of the six carbonyl oxygens to the KT
ion30 Valinomycin, a cyclic dodecadepsipeptide, complex-
ing preferentially with K*, forms a ring around the K¥ and
also makes octahedral coordination to the K' with six
carbonyl oxygen atoms,>! Figure 13 (b). The six K—O
distances in both these complexes are estimated to be
2.6 - 2.8 A,

Nonactin, although not a polypeptide but a cyclic ester
containing a 32-membered ring, enfolds a K* ion into the
interior and makes eight K—O ligands in a cubic arrange-
ment, four with carbonyl oxygens and four with ester oxygens,52
Figure 13 (c). The Nat-nonactin complex®3 is very similar
to the Kt-nonactin complex, except that four of the Na—O
distances are 2.4 A and four are 2.8 A while all eight of
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the K—O distances are between 2,7 - 2.8 A. Even the un-
complexed nonactin has nearly the same conformations",
Tetranactin, a homologous compound of nonactin, has the
same conformation as nonactin while complexed, but the
uncomplexed tetranactin changes its conformation to an
elongated ring®°.

Antamanide, a cyclic dodecapeptide with the sequence
[-Val-Pro-Pro-Ala-Phe-Phe-Pro-Pro-Phe-Phe~], and a biologi-
cally active synthetic amalogue, with Phe in position 4
and Val in position 6 giving the formula a 2-fold symmetry,
preferentially complex with Nat and Li% rather than K5,
The structures of the complexes Lit antamanide-CH3CN19
and Nat[Phe“Val®] antamanide:CyHs50H32 are very similar
even though the metallic ions are different, some of the
side chains are different, the solvents are different and
the crystal packing schemes are different. The coordina-
tion to the Lit and Nat is especially interesting since
the metallic ion rests in a cup formed by the polypeptide,
Figure 14, and is coordinated to four carbonyl oxygen

Figure 14: Nat [Phe*val®] antamanide.CyHs50H complex32.
The phenyl groups on Phe’ and Phel® have been omitted
for clarity. The metal ion is represented by the black
dot, the numbers refer to the C% atoms, and the dashed
lines indicate intramolecular NH...0 bonds.
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atoms at 2.0-2.2 A for the Li—0 ligands and 2.25-2.36 A
for the Na—O ligands. The cup is rimmed with hydrogen
atoms of the lipophylic side chains of residues 1, 2, 3
and 6, 7, 8. The cavity is plugged with a solvent mole-
cule and the nonpolar end of the solvent molecule com-
pletes the lipophilic exterior of the complex. A fifth
ligand to the metallic ion is formed with the polar end of
the solvent molecule, CH3CN or CoHgOH in these examples.
The five-fold coordination to the Nat is shown in more
detail in Figure 15.

E)

0@ (6)
O
aj
ol 8)

3.3i

Figure 15: The coordination polyhedron for the Nat in the
Na+[Phe“Va16]antamanide-CszoH complex showing lengths
for the Na—O0 ligands.

Thus, the examples in Figures 13 and 14 illustrate a
variety of ways in which metallic ions are enfolded in ion
carriers. In general, the complexes have a globular shape
with a charged interior and a lipophilic exterior. More-
over, the Mt complexes take advantage of all possible
symmetry; the enniatin B and valinomycin have a 3-fold
rotation axis, the nonactin and tetranactin have 4 symmetry,
while the antamanides have an approximate 2-fold rotation
axis.

Concluding Remarks

Crystal structure analyses of small polypeptides, thus
far up to a dodecapeptide, have demonstrated that similar
conformations do occur in different molecules, while a
particular molecule can have a number of different confor-
mations in the same unit cell of a crystal; that conforma-
tional parameters for internal hydrogen bonds are
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remarkedly constant, regardless of whether some of the
residues contain an amide or ester, while five different
kinds of hydrogen bonds, 3—=1, 4—»1 and 5—l, can be
formed; that there are a number of examples in which the
NH moiety does not participate in any hydrogen bonding;
that ¢is conformations for peptide units are fairly common
and appear to occur only for peptide units with N-substitu-
tion, although N-substituted peptide units do not necessa-
rily assume the ¢Zs conformation; that the folding of a
cyclic polypeptide around a metallic ion in complex forma-
tion occurs in a number of different ways, including the
incorporation of solvent molecules; and that the conforma-
tion of the uncomplexed and complexed form of a particular
substance may or may not be the same. Thus, much more
information needs to be gathered before more specific
generalizations concerning conformation can be made.
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A CRYSTALLOGRAPHIC STUDY OF CYCLIC(TRIPROLYL): FLEXIBILITY
OF PROLYL RESIDUES

Mary Ellen Druyan. Hines V. A. Hospital, Hines,
I11., 60141.

and

Charles L. Coulter. Dept. of Anatomy, The University
of Chicago, Chicago, I1l., 60637.

CYCLO(tri~L~Prolyl) CONSISTS OF THREE PROLYL RESIDUES
joined by c¢is peptide bonds. Preliminary crystal struc-
ture studies! of cyclo(tri-L-prolyl) and of cyclo(L~prolyl-
L-hydroxyprolyl) revealed several different pyrrolidine
ring conformations, suggesting less rigidity than antici-
pated. We have carried out a detailed crystal and mole-
cular structure analysis on cyclo(tri-L-prolyl) to investi-
gate allowed conformations.

Large crystals of cyclo(tri-L-prolyl) were generously
provided by Dr. Roderich Walter. The crystal data are
given in Table I. Intensities for 6412 reflections were
collected on a Picker FACS-I diffractometer with Mo K
radiation to 2 6pay = 55°. After application of absorp-
tion, Lorentz, and polarization corrections, symmetry
related reflections were averaged to give 3547 unique
observations.

Kartha et al.l supplied the coordinates from their
preliminary study. The higher quality of data obtainable
from our crystal enabled us to place and refine hydrogen
atom positions as well as the heavier atom parameters.

The heavier atoms were refined by least squares analysis
with anisotropic thermal parameters, and the positions
of the hydrogen atoms were refined using a fixed isotropic
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Table 1

Crystal Data

Space Group P2,2,2,

a 15.94 A

b 19.10 A

c 9.23 &

z 8
Molecules per
asymmetric unit 2
Wavelength 0.71069 A

R 4.8%

temperature factor of 5 2 2 to a final R value of 4.8%.
The asymmetric unit is shown in Figure 1.

PMR spectra from cyclo(tri-L-prolyl) have a single
doublet assignable to the alpha protons. The crystal
structure data support the suggestion2 that one of the
Hy-Hg coupling constants is near zero because of a 90°
dihedral angle; for the six prolyl residues studied here,
the Hy-Cy~Cg-Hyq dihedral angle ranges from 88°-92°,
Analysis of the geometry of the two independent molecules
of cyclo(tri-L-prolyl), the molecular geometry of cyclo-
(L-prolyl-L-prolyl-L-hydroxyprolyl) reported by Kartha
and Ambady,3 and the geometry of other prolyl rings indi-
cates a fair degree of mobility of pyrrolidine rings and
that the peptide bonds in such compounds are frequently
nonplanar. Similar conclusions concerning the mobility
of pyrrolidine rings were independently drawn from car-
bon-13 NMR studies by Deslauriers et al.%»°,

The occurrence of the single doublet implies an equi-
valent fixed conformational environment for each of the
three alpha protons2 or alternatively, may reflect a
rapid equilibrium (on the NMR time scale) among various
conformations, The molecules in the crystal do not
exhibit three-fold symmetry as can be seen from the data
in Tables II and III. The pyrrolidine rings exist in both
the envelope and twist conformations as seen in Figure 2,
The number of discrete conformations observed in this and
other® crystallographic studies 1is striking and suggests
considerable flexibility for the pyrrolidine rings which
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Figure 1: The crystallographic asymmetric unit.

could result in time-averaged three-fold symmetry in
solution. We have taken PMR spectra from 30°C to -60°C
and see no significant broadening of the Hy doublet
(Lavallee, D., unpublished data). This suggests that
‘energy barriers between conformations are low.

Our study and that of Deslauriers et al.> suggest:.
that cyclo(tri-L-prolyl) is more flexible than expected.
It is therefore not a suitable compound for discriminating
possible conformations from spectroscopic data.
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Table II

Cyclo(tri-L-prolyl) Main Chain
Dihedral Angles

Angle Molecule A Molecule B

0=C'~C,~Cq 27.9° 19.7°
o 27.7 29.2
29,0 20.3
$—C =N -97.2 -94.8
o -94.,9 -97.6
-95,1 -106.0
w-N-C" 0.9 -2.5
-2.7 5.7
-1.2 12.6
y-C'-C 93.6 97.4
@ 96.8 88.7
94,7 87.3

Table III

Peptide Least-Squares Planes

Peptide Mean Deviation (A) Mean Deviation (B)
I 0.0036 A 0.0067 A
II 0.009 0.025
III 0.0066 0.049

Angles Between Planes:
A: 71.9°, 71.2°, 69.9°
B: 65.9°, 62.9°, 71.1°
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Figure 2: Puckering of the pyrrolidine rings for cyclo

(tri-L-prolyl). The numbering of the rings corresponds
to the convention of Figure 1.
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CONFORMATIONAL FLEXIBILITY OF CYCLO(TRIPROLYL) IN
SOLUTION - A CARBON-13 NMR INVESTIGATION

Roxanne Deslauriers and Ian C. P. Smith. Division
of Biological Sciences, National Research Council of
Canada*, Ottawa, Ontario, Canada K1A OR6 and Department
of Physiology and Biophysics, University of Illinois
at the Medical Center, Chicago, Illinois 60612,

U. S. A.

and

M. Rothe. Organische-Chemisches Institut, University
of Mainz, Mainz, BRD.

CARBON-13 NMR SPECTROSCOPY is becoming increasingly useful
in the study of time-averaged peptide conformations in
solution.! ~One particular application of this form of
spectroscopy has been in the study of prolyl residues.
Cis and trans isomers about the X-Pro bond give rise to
distinct, non-overlapping, resonances for the y-carbon of
the pyrrolidine ring. The chemical shifts of the y-carbons
can be used to monitor the presence of either c¢is or trans
peptide bonds or an equilibrium between c¢is and trans pep-
tide bonds in a single compound. Furthermore, 13¢ spin-
lattice relaxation times (T)) reflect conformational flex-
ibility within the pyrrolidine ring of proline in peptides,
peptide hormones? and polymers3’”.

Cyclo(Pro3) has been the subject of analysis both by
H NMR spectroscopy® and X-ray diffraction®. These studies
have involved conformational analysis of the cyclic peptide
backbone and the pyrrolidine ring. The conformations re-
ported for the prolyl ring from X-ray and 14 NMR studies

* Issued as N,R.C.C. Publication No. 14755.
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differ; this is not surprising in view of the different
time scales and solvent conditions in both experiments.
We have used 13C NMR to investigate the dynamic behaviour
of cyclo(Pro3) in solution.

Spin-lattice relaxation times (Tl) were measured on a
Varian XL-100 spectrometer using the inversion-recovery
method of Freeman and Hill7, T; values were calculated
by a least squares fit to the best straight line on a
semilogarithmic plot. Cyclo(Pro3) was prepared as de-
scribed in reference °,

Chemical Shifts

13¢ chemical shifts of cyelo(Proz) dissolved in CDClj
and (CD3),S0 are given in Table I. The assignments are
based on those of the free amino acid in D20 and (CD3)2SO0.
Only one resonance arises for each of the carbons in pro-
line. This implies either that only one conformation
exists or that there is a rapid interconversion between
various conformers. The latter inplies that intercover-
sion must be rapid on the time scale of 13¢ chemical
shifts, Z.e. > 103 sec™!. The chemical shift of the ¥y
carbon of proline ( =23.4 ppm) is indicative of a cis
peptide bond. Dorman and Bovey,9 in a study of proline-
containing peptides, found that in the trans conformer
about the X-Pro bond the Yy carbon chemical shift occurred
25.1 + 0.5 ppm downfield from external (CH3)ySi and the
eils conformer at 23.4 + 0.3 ppm. Similar results were ob-
tained by Bystrov10 in an analysis of all available liter-
ature on !3C chemical shifts of proline. Furthermore,
Bystrov reports that the difference between the B and Yy
chemical shifts is characteristic of the isomer about the
proline bond: 1.3 to 6.0 ppm for a trans X-Pro bond and
8.3 to 10.0 ppm for a c¢is X-Pro bond (excluding diketopi-
perazines). In cyclo(Proj) we find a difference of 7.5
ppm in CDCl3 and 7.3 ppm in (CD3)2S80. Thus, the difference
between the chemical shifts of the B8 and y carbons in
eyelo(Pro3) is characteristic of neither a ¢is nor a trans
X-Pro peptide bond. This is undoubtedly due to an anoma-
lous chemical shift for the B carbon resonance in
ccho(Proa) because the Yy resonance, which is the most
reliable in detecting cis-trans isomerism, corresponds to
that expected for the cis isomer. Indeed, Dorman and
Bovey9 found that the chemical shift of the B carbon of
proline is sensitive to conformational effects other than
those arising from the c¢is and trans nature of the peptide
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bond. The B carbon chemical shift may in effect be more
sensitive to ring conformatlon than is the y carbon.

Torchia and co-workers!! showed that in imino acids both

the o and § carbon resonances are affected by the nature

of the substituent on the carbonyl group. Thus we see

that the chemical shifts of carbons in proline are subject
to at least three effects: 1) the eis and trans nature

of peptide bond, 2) the conformation of the pyrrolidine ring
itself and 3) the nature of the substituent attached to

the nitrogen.

13¢ Spin-Lattice Relaxation Times

The !3¢C spin-lattice relaxation times (T;) of cyelo-
(Pro3) dissolved in CDCl; and (CD3),S50 are given in Table
I. For the conditions used in this study, the longer the
NT; value, the greater is the mobility of that carbon
atom.

Cyclo(Proz) provides an interesting model to study the
molecular mobility of ¢is isomers of proline. We see from
Table I that the B, vy and § carbons have longer NT; values
than the o carbon. This is a consequence of greater
mobility of these carbon atoms within the pyrrolidine ring.
On the time scale of 13¢ T, measurements, rapid intercon-
version between ring-puckered conformers im?lies motio
which occurs at a rate greater than ca. 10! Fur-
thermore, the NT; values of the B, vy and § carbons are
similar. This contrasts with data obtained for large pep-
tides and polypeptides, where the § carbon shows an NT;
value similar to that of the a carbon? :3, and reflects
the steric freedom of the & carbon of proline in a eis
peptide bond. Thus, the T; values of proline in cyclo-
(Pro3) resemble more closely those for free proline than
they do those for peptides and polypeptides containing
trans peptide bonds. The longer NT; values for the
carbons in cyclo(Pro3) may also be attributed in part to
the closing of the cyclic peptide backbone which minimizes
steric hindrance at the § carbon,

In CDCl3 and (CD3)2S0 the o carboms of cyclo(Pro3)
show similar NT; values. In contrast, the NT; values of
the B8, v and § carbons are greater in CDCl3. The latter
observation indicates a smaller effective correlation time
for intracyclic motion in the prolyl residue in CDClj,
Z.e. the degree of intracyclic motion of the B, v and §
carbons of proline is greater in CDCl3 than in (CDj3),SO.
One must point out however that T; values give indications
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of the rates of both overall and intramolecular motion and
therefore the greater NT; values in CDClj can also reflect
enhanced overall molecular motion, T; values are known to
depend on the microviscosity of the solution. In some
cases, the rate of rotational diffusion can also be corre-
lated with the macroscopic viscosity of the solution.
However, the correlation is usually better with rates of
translational diffusion. The macroscopic viscosities of
CDCl3 and (CD3),SO0 at 32° are 0.005!% and 0.0215 poise,
respectively.

The T; values of the o carbons of proline in cyelo-
(Pro3) dissolved in CDCl3 and (CD3)2SO are quite similar.
This could indicate that for cyclo(Proi) the rate of over-
all molecular reorientation is not dependent on the macro-
scopic viscosity of the solution or that the o carbon
resonances are also subject to intracyclic motion, which
occurs to a lesser extent than for the B, y and § carbons.
The latter explanation is more plausible because it is
unlikely that motion at the B, Yy and § carbons can proceed
completely independently of the o carbon. Therefore, we
must conclude that cyclo(Pro3) in solution undergoes
intracyclic motion at all carbon atoms of the pyrrolidine
ring. The degree of motion is most restricted at the a
carbon. The B, Yy and § carbons undergo equal relatively
large degrees of motion.
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CARBON-13 NUCLEAR MAGNETIC RESONANCE has almost become a
routine technique for stud¥ of the composition and confor-
mation of peptides . The !3C chemical shifts provide
useful indicators of the state of ionization of a re51due s
the preferred tautomeric form of the imidazole ring in
histidlnea, and the relative populatlons of e¢ig and trans
isomers of proline about the X-Pro bond"~7. However, more
subtle conformational features such as hydrogen-bonding,
backbone turns, and hindered rotation about C-C bonds are
not easily determined from the chemical shifts. Increasing
use is being made of the spin-lattice relaxation times

(T;) of 13C to explore these latter aspects®710, Inter-
pretation of the T} values in terms of correlation times
for individual modes of motion is quite complex, and must
be done with great carell, However, before this interpre-
tation can be done, it is essential to establish the
mechanism(s) of the 13C spin-lattice relaxation for the

% TIssued as N.R.C.C. Publication No. 14744,
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compound of interest. Usually one assumes that dipole-
dipole interaction with the directly-attached 14 is the
dominant mechanism, and often it is assumed that overall
motion of the peptide is isotropic and rapid on the 13¢
NMR time scale. None of these assumptions is necessarily
true, so we have tested them critically for some compounds
of particular interest to usl?2, e report here an exami-
nation of the contribution of the dipole-dipole mechanism
to 13¢ spin-lattice relaxation in proline, and give an
overview of the usefulness of 13C T; values for conforma-
tional studies of peptide hormomnes.

C spin-lattice relaxation times of proton-bearing
carbons are related to molecular motion according toll,

1
<;;> Nh%%yg {£Qugup) + 3 @wy) + 6F(uhu)) [1]

where f(w) = ff/(l + w Teff), wy and wc are the resonance
frequencies of 'H and 13C, K is Planck's constant divided
by 2w, <r~ 6> is the v1brat10nally averaged inverse sixth
power of the 13¢- y internuclear distance, T7 1is the spin-
lattice relaxation contribution from dlpole—dipole inter-
actions, Tofg is the effective correlation time for re-
orientation of the internuclear C-H vector, and N is the
number of hydrogens directly-bonded to the carbon under-
going relaxation. However, if dipole-dipole interactions
do not provide the sole relaxation mechanism, the observed
T1 is given by,

1 1 1

- = = + =
Tl T]]?D Tclather [2]

other , . ] .

where Ty comprises such mechanisms as spin-rotation,
chemical shift anisotropy, and scalar relaxation, Further-
more TYD can arise not only from interaction with H nuclei
but also by interaction with unpaired electron spins. The
magnetic moment of the electron is greater than that of the
proton and this leads to very efficient relaxation. For
this reason traces of paramagnetic impurities or dissolved
oxygen can drastically affect observed Ty values.

The relative extent of the !3c-lH dipole-dipole mech-
anism can be estimated by measurement of the nuclear
Overhauser enhancement of intensity of a 13¢ resonance
under conditions of high power irradiation (decoupling) of
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14 at its resonance frequency. The theoretical maximum
nuclear Overhauser enhancement (NOE) is 1.998; NOE =
{integrated intensity (decoupled)/ integrated intensity
(coupled}} -1,13 If mechanisms other than dipole-dipole
between 13C and !H are present, the NOE will be reduced.

The NOE yields an estimate of the contribution of all lH

to the relaxation of the 13C nuclei. 1In general, however,
for carbons directly bonded to hydrogen, only the directly-
bonded hydrogens are considered important in the relaxation
of 13¢C because of the r—® dependence of the dipole-dipole
interaction.

One can evaluate the importance of the dipole-dipole
relaxation mechanism between protons and directly-bonded
carbon nuclei by measuring deuterium relaxation times.

The only significant contribution to the relaxation of
deuterium is the interaction of its quadrupole moment with
the fluctuating electric field gradient at the nucleus.
Thus, for rapid molecular reorientation, the relaxation
rate of a deuteron can be related to the correlation time,
T, for the motion by

1

_ 2 2
T, CH) ~ 3(e“qQh)“ /8 [3]

where e?q Q/h is the deuterium quadrupole coupling constant.
This relationship is valid if the asymmetry parameter for
the quadrupole coupllng tensor is zero or negligible.

Both 2H and !3C relaxation of a carbon-hydrogen moiety
arise from intramolecular interactions with the same
angular- and time-dependence. Therefore by measuring the
ratio of T for a proton-bearing 13¢ nucleus to the T
of a deuteron bonded to the same carbon in an isotopically-
substituted compound, we can deduce the contribution of
dipole-dipole relaxatlon to the total relaxation rate of
a given carbon 1% In the case of rapid isotropic diffu-
sion and dipole- dlpole interaction, the sole relaxation
mechanism for !3C, equations [1] and [3] yield

3
Ty (3¢ _ 1;.9 [4]
T (%H)

assuming a C~H bond distance of 1.09 A and a quadrupole
coupling comnstant of 170 KHz for the sp C~-2H bond.
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Equation [1] relates the observed T; value for dipole-
dipole relaxation of a !3C nucleus to an effective corre-
lation time for reorientation of the carbon nucleus under
investigation. It must be emphasized that such an observed
effective correlation time can be the result of internal
motion as well as overall molecular motion in non-rigid
molecules., In some cases it is possible to estimate rates
of overall molecular motion from carbon nuclei which are
held rigidly within the molecular framework. Using this
value of the correlation time for overall molecular motion
it is then possible to deduce the contribution of internal
motion to the observed effective correlation timeds11.12

Methods

13¢ and 2H WMR spectra were obtained on a Varian
XL-100-15 spectrometer operating in the pulsed Fourier
transform mode with a Varian 620-L computer of 16K
memory. The 13¢ spectra were obtained with complete pro-
ton noise-decoupling at a probe temperature of 32° C in
tubes of o.d. 12 mm. Chemical shifts are referenced to
tetramethylsilane contained in a concentric tube of o.d.

5 mm within the sample tube.

Spin-lattice relaxation times (T;) were measured using
the inversion-recovery method with a (180°-1-90°-t), pulse
sequence, or by progressive saturation with a pulse se-
quence (90°-1-90°-AT),, where T is a variable delay time,
and t is at least five times longer than the longest T;
value to be measured. The width of a 90° pulse is 14 usec
for 13C and 28 psec for 2H. T1 values were determined
using a non-linear two parameter regression analysis in
M_and T1, where M is the thermal equilibrium value: of
the magnetlzatlon.

Material

L-Proline was obtained from Seikagaku Kyogo Co.,
Tokyo, Japan. The sample was run at a concentration of
100 mg/ml in Hy0 or Dp0., pH was adjusted using DCL or
NaOD. Deuteriated L-proline (997%-d7, Lot # MD-1239) was
a product of Merck, Sharp and Dohme, Canada, Ltd." "pH"
values are the pH-meter readings obtained in D0 and are
uncorrected for the deuterium isotope effect on the glass
electrode. The compounds o, §, §, trideuterioproline,

B, B, Y, Y, tetradeuterioproline and o, B, v, v, &, 6

hexadeuterioproline were prepared as described elsevherel®,
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Results

Table I shows the NT; values obtained for proline
dissolved in D0 at various "pH" values. A rigid molecule
which undergoes isotropic molecular motion and is relaxed
by a purely dipolar mechanism with directly-bonded protons
should show equal NT; values for all carbons. However, the
inequalities seen in Table I are a general property of
proline in peptides, the particular nature of the inequal-
ity depending upon the neighbouring amino acids!®. Possible
sources of the inequalities are: the presence of slightly
different relaxation mechanisms for individual carbons;
anisotropic overall molecular motion which affects some
carbon atoms more than others; and intramolecular motion
of varying degrees for the various carbons. These points
have been discussed previouslyl!®, and it was concluded that
intramolecular motion was the source of the variation in
NI; values around the ring. However, this conclusion was
based on the implicit assumption that only dipole-dipole
relaxation from the directly-attached hydrogen need be
considered. We substantiate this assumption by considera-
tion of the data in Tables II-IV and Figure 1.

Figure 1 shows the method of measurement of the nuclear
Overhauser effect; the results are given in Table II. The
NOE values of proline are maximal, indicating that dipole-
dipole interaction with 14 is the only significant relaxa-
tion mechanism. However, such measurements yield only the
NOE from all possible protons, not just from those
directly-bonded. We have verified that the NOE arises from
the directly-bonded protons. Table IIb gives the NOE for
a, B, ¥, Y, 8, S-hexadeuterioproline in D,0, Only the
B-carbon has an attached proton. Nonetheless, its NOE
value is also the maximum possible, confirming the assump-
tion that the T; values of its proton-bearing carbons are
determined by dipole-dipole interaction with attached
protons. Thus, effective correlation times for molecular
reorientation can be obtained from equation [1].

Further verification of the above assumptions comes
from the measurement of the deuterium T; values and com-
parison with the corresponding 13¢ Ty values. The data for
B, 8, Y, Y-proline-dy and a, §, §-proline-d3 in Table I
show that substitution of deuterium does not substantially
affect the T; values of the adjacent proton-bearing carbons.
However one would expect a significant effect for neighbour-
ing non-protonated carbons., Deuterium substitution could
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Table III
2y T; Values (sec) of Deuterated Prolines+
Position o, B8, B, 05 BsYs Bs B,

Deuterated Y,Ys8, 8 v, 68,8 YsY 0, 8,68
o. 0.27 0.25 - 0.25

B 0.42 - 0.40 -

gyvyt 0.44 0.42 0.43 -
8 0.40 0.39 - 0.38

13¢ NT; Values Predicted From
Above %H Relaxation Times

o, B, 8, o, 857, Bs 8,

A\ Y5658 YsY 0,8,8
o.CH 5.37 4.97 - 4.97
BCH, 8.36 - 7.96 -
YCH2 8.76 8.16 8.55 -
8CHy 7.96 7.76 - 7.56

H,0 (glass distilled) , values t 10%.

+ The resonance of one B-deuteron overlaps that of the

two y-deuterons.

Table IV

Correlation Between 2H Relaxation and !3C Relaxation.

Prediction of 13C NT; Values (sec) for Proline
from 2H Ty Data*

Determined by the inversion-recovery method, 100 mg/ml

Predicted Observed
HZO 020 H20 D20
oCH 5.4 £ 0.5 4,7 £ 0.5 4,7 £ 0.1 4.2 £ 0.2
BCH2 8.4 + 0.8 7.4 £ 0.7 7.8 £ 0.2 7.2 £ 0.6
'yCH2 8.8 + 0.9 7.7 + 0.8 10.0 + 0.4 8.8 + 0.4
SCH 8.0 £ 0.8 7.0 £ 0.7 7.0 £ 0.3 6.8 £ 0.6

2

* Predicted values obtained from deuterium relaxation
times of deuterioproline o, B, B, v, v, 8, 8.
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N.O.E. DETERMINATION
FOR CARBONS BEARING PROTONS IN PROLINE

" <
Y B
aCH 8CH. BCH, YCH. \
[{s}) SUPNF'CF;EESSED 2 2 2 H\ s /H

(b) PROTON
DECOUPLED F
(WITH NO.E)

49

1 (DECOUPLED)
T(SUPPRESSED)

NO.E.= |

b~ A

00 =0
PP.M. FROM (CH), Si

Figure 1: 13C NMR spectra of proline in D,0, "pH" 6.4,
100 mg/ml, with and without nuclear Overhauser enhance-
ment. In the latter case the couplings to 14 were
removed by activating the decoupler at the start of
acquisition of the free induction decay, inactivating
it at the end of the acquisition and during a delay
greater than four times the longest T; value. Operating
parameters were: number of accumulated transients,

600; acquisition time, 0,5 sec; delay, 50 sec; pulse
angle, 90°; Varian CFT-20 spectrometer.
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thus be used to map the geometry of fairly rigid peptides
by following the effect of such a change on the T; values
of the non-protonated carbons.

Table III shows the °H T; values of various deuterium-
substituted prolines. The 2H T; values are independent
of the degree of deuterium substitution. Table III also
shows the NT; values predicted for the carbons in a pro-
tonated analog. It should be noted that these values were
measured for prol%ne in H,0. D50 and Ho0 differ in viscos-
ity by =14% at 23~ and a correction for differing overall
molecular correlation times needs to be made when calcula-
ting values expected in Dy0. Table IV compares NT; values
for protonated carbons, predicted from the deuterium re-
laxation times with the appropriate viscosity correction,
to the values observed in D20. The agreement between the
predicted and observed values confirms the assumption that
dipole-dipole relaxation to directly attached hydrogen
dominates the 13C relaxation times.

The experimental NT; values obtained for proline in
D50 and H,0 differ on the average by ca. 11%. This is
almost within experimental error; however, it should be
noted that the NT; values observed in H,0 are all larger
than those observed in D0, as expected if the rate of
overall molecular reorientation were dependent on the
macroscopic viscosity of the solution. We have determined
the T; values of proline in DyO-glycerol mixtures (R.
Deslauriers, I, C. P. Smith, unpublished) in order to
study the influence of the macroscopic viscosity of the
solvent on the rates of overall molecular motion (monitored
mainly at the o carbon) and intramolecular motion (moni-
tored mainly at the y carbon). We have found a linear
relation between 1/T;, the relaxation rate, and the gly-
cerol concentration (% v/v). The change in 1/T; is great-
est for the o carbon and least for the vy carbon. It should
be noted that the viscosity of the DZO—glycerol mixture
does not vary linearly with glycerol concentration. The
linear relationship between 1/T; and % glycerol implies
some type of preferential solvation of prolinme in an
aqueous microscopic environment.

It is worth noting that no particular precautions were
taken when measured NOE or T; values on the prolines and
deuterium-substituted prolines studied here. Thus, para-
magnetic impurities in the solvent, such as metal ions
from containers or dissolved 0;, do not affect the NOE
values of the proton-bearing carbons. Their effect can be
pronounced on quaternary carbons!”.
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An alternate method to estimate the contribution of
dipole-dipole relaxation from hydrogens not directlg
attached to a carbon atom would be to compare the 13¢ Ty
values for the C-lH and C-2H moieties. They are simply
related if the only relaxation mechanism is dipole-dipole
coupling to the attached hydrogen. This method is much
less desirable than those we have used above, as failure
to deuterate a 13C completely can lead to erroneous T,
values for the 13C-2H moieties.

13¢ SPIN-LATTICE RELAXATION TIMES OF PEPTIDE HORMONES

Carbon-13 T; measurements are proving to be very use-
ful indicators of the conformations of peptide hormones!.
With conventional 25 MHz spectrometers they can be conven-
iently measured for most carbons of oligopeptides contain-
ing up to ten amino acids. For more complex peptides
insufficiency of both sensitivity and dispersion becomes
serious. This can be overcome by the use of spectrometers
operating at higher frequencyla.

Measurement of the nuclear Overhauser enhancements
for 13¢c, and comparison of line widths (or spin-spin relax-
ation times, Tp) with T; Valuesl®, will indicate whether
or not a given peptide has sufficiently rapid motions to
justify use of the simplified form of equation [1],

i _v/1 2.2.2
T <r6> MAEYEYR Tefs (5]

A rough description of equation [5] is that the NT; value
is proportional to the mobility of the carbon atom. When
molecular motion is anisotropic, Teff must be broken down
into components descriptive of motion about each of the
principal axes?0, Also, independent motion of some parts
of the molecule relative to the overall motion of the
molecule can take place. In this case separate correlation
times for the two types of motion must be introduced?®.
In the general case more than two correlation times may
be necessary to describe correctly the motion of a given
13¢.14 vector. As the number of parameters required for
the analysis increases, it becomes important to measure
the T; values at more than one resonance frequency to
ensure that the derived parameters constitute a unique
solution.

Cyclic dipeptides grovide one of the simplest systems
for analysis via the 13¢ T method?!, Cyclization de-
creases the tendency for segmental motion of the backbone,
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and the molecular shape in most cases leads one to expect
isotropic rotational motion. Usually, after correction for
microscopic viscosity effects, the oa-carbon T; values are
those expected from the molecular size. Exceptions are
found in“the case of cyclic dipeptides containing glycine
- the T3 value of the a-carbon of glycine is always longer
than that of the other amino acyl residue. This indicates
rapid segmental motion of the glycine o-carbon relative to
the rest of the peptide backbone, presumably due to the
decreased steric hindrance in glycine arising from the
lack of a side chain.

The neurochypophyseal hormones oxytocin and vasopre351n
provide a more complex example of the usefulness of 13¢ T,
values as indicators of molecular dynamicszz. They are
composed of a cyclic portion of six amino acids and an
exocyclic tripeptide tail. The data for 8-lysine vaso-
pressin are shown in Figure 2. The T; values of the

=

+
l|\|H3 0 168 (I:H2 CH2 168
123 CHy —-CH —C —NH—CH—C—NH—CH 82
I 126 82
S c 0
[ I
S 0 0 NH
| 3 I 103 i '

80 CHy — CH— NH— C — CH— NH— C — CH — CHp— CHp— CONH,
| | 106 214 270

| [
CONH,
18 CHy N\|3o 197 468 _~H
CH—C—NH——CH——C—NH—CHZ— C—N
[ 1 I Y
280 CH,—CH, 0 262CH2 0 0
202
380C|H2
680 CH,
[

1244 (I:H2
NH3
Figure 2: 13¢ NT; values (msec) determined at 25 MHz and

30° for the carbon atoms of lysine vasopressin in D,0,
100 mg/ml, "pH" 4.222,
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a-carbons in the cyclic portion are essentially equal,
whereas those in the tripeptide tail increase rapidly with
distance from the cyclic portion. This is the behaviour
expected if there is no rapid segmental motion within the
cyclic backbone, and no restriction of the glycineamide
moiety. The latter implies that a conformer with binding
of the glycineamide to the cyclic portion can have only
minor significance. The successively increasing NT;
values for the lysine 8- to e-carbons are characteristic
of segmental motion in this residue?, implying no involve-
ment in secondary structure for the e-amino group. Notice
that the NT; values of the B- and y-carbons of the prolyl
residue are considerably longer than those of the c- and
8-carbons. This demonstrates once again the phenomenon

of rapid intracyclic motion of some carbon atoms in
proline 6,

Angiotensin is a linear octapeptide of molecular weight
similar to those of oxytocin and vasopressin. The absence
of a covalent ring structure allows this peptide a much
larger number of degrees of conformational freedom. It
could exist as an extended chain, in which case the back-
bone NT; values should increase sequentially from the
center of the peptide due to segmental motion, or as
a folded structure held together by hydrogen bonds, in
which case the NT; values of all the a-carbons would be
very similar, The latter was found to be true for [5-
isoleucinel-angiotensin II in aqueous solutionl?, The
NT; values have an average value of 90 msec, much the
same as found in the rigid cyclic moiety of lysine vaso-
pressin. A slight increase was noticeable at both the
amino and carboxamide ends suggestive of a loosening of
the folded structure near the ends.

Luteinizing hormone-releasing hormone is a decapeptide.
The !3¢ NT; values determined for it in aqueous solution
are shown in Figure 3. Notice that despite its larger
size, the NT; values of the a-carbons are considerably
longer than those of lysine vasopressin. A correction for
the higher magnetic field used in Figure 3 must be made;
doing so, a T; value of 170 msec at 68 MHz is equivalent
to 130 msec at 25 MHz. Even after this correction, the
larger NT; values for luteinizing hormone-releasing hormone
imply that it is conformationally much less rigid than
lysine vasopressin. The increase in NT; values of the
o-carbons from the center of the peptide to the ends is
characteristic of segmental motion. A detailed analysis
of the 25 MHz and 68 MHz data will appear shortlyl®,
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160 190
I60I85 OH
- 8 9
H?' '?H N-H 230 230
N._.~CHiso 3 2
\C/ C 200 OH 210 210
460 380 | | |
HC ——CH, 210CH, 200CH, 235CH; zooCHz
| | |
C CH-C-NH—-CH-C-NH-CH-C-NH-CH-C—-NH-— CH
07" >N 205 i 200 || 160 1| 1659 I 165°
I 0 0 0 0 C 0
H |
NH
HoN—C~— CHZ—HN c— H(|)-—-——II\J C CH HN — (l:l HCl HN— C CHg %0
Il 1l |
0 0 HC. CHZO CHZ 240 O CH3 240 O
a80 ~CH, 260 I
470 CIH2330 CH 260
CH2350 CH3 CH3
I 1545 1440
NH
|
,#9\\
HN  NH,

LUTEINIZING ~-HORMONE  RELEASING-HORMONE

Figure 3: 13¢ NT; values (msec) determined at 68 MHz and
35° for the carbon atoms of luteinizing hormone-
releasing hormone in D20, 200 mg/ml, "pH" 5.5. The
superscript a indicates NT; values derived from a com-
posite resonance!

Conclusion

The dominance of the !3¢-1H dipole-dipole mechanism
for 13¢ spin-lattice relaxation in proline has been estab-
lished. Using this mechanism, the T; values for 3C in a
variety of peptides can be interpreted in terms of confor-
mational mobility. More detailed methods for decomposition
of effective correlation times into values characteristic
of the various types of possible motion are required, but
much contemporary interest in this subject is apparent.
The future for this approach to the conformational dynamics
of peptides looks bright indeed.
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UTILIZATION OF PROTON AND CARBON-13 MAGNETIC RESONANCE IN
THE EVALUATION OF POLYPEPTIDE SECONDARY STRUCTURE IN
SOLUTION

Dan W. Urry, Marianna M. Long, Leslie W. Mitchell,
Kouji Okamoto. Laboratory of Molecular Biophysics
and the Cardiovascular Research and Training Center
University of Alabama Medical Center, Birmingham,
Alabama 35294,

Introduction

IN THE PROCESS OF STUDYING BIOLOGICAL MOLECULES beginning
with the isolation of a polypeptide or protein and char-
acterization of its biological activity and ending with
the knowledge of its three dimensional structure and the
relationship of structure to function, a current barrier
is the step from knowledge of explicit primary structure
to details of secondary structure., Proton and carbon-13
magnetic resonance spectroscopy can be utilized to assess
secondary structure in solution. For several years proton
magnetic resonance (pmr) has been employed to identify
those peptide NH moieties which are involved in intra-
molecular hydrogen bonding.l'10 More recently it has been
proposed that carbon-13 magnetic resonance (cmr) can be
utilized in a similar manner to identify those peptide

C-0 moieties which are the second component of each secon-
dary structural feature.ll13 The pmr approach uses
temperature and solvent dependence of peptide NE chemical
shifts of assigned resonances coupled with aCH-NH coupling
constant data. At this stage the cmr approach has effec-
tively utilized solvent dependence of peptide C-O chemical
shifts of assigned carbonyl carbon resonances in combina-
tion with information from the pmr approach.

113
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In general nmr studies of polypeptide secondary
structure are complicated by conformational changes asso-
ciated with temperature and solvent perturbation studies
and by side chains that can shield peptide NH's and car-
bonyls from solvent, that can catalyze peptide NH exchange
and that can contribute local magnetic fields. Also it is
necessary to know whether a specific peptide moiety formed
of a gly-gly sequence, for example, might have inductive
effects that cause the peptide carbonyl to respond signi-
ficantly differently to solvent perturbations than that
of another sequence such as val-pro. More specifically
interpretation of temperature dependence of chemical shift
data is complicated by temperature dependence of equilibria
between conformations and of proton exchange processes.
Such effects can, over substantial temperature ranges, be
linear with temperature and give fortuitously high or low
temperature coefficients of chemical shift. The solvent
perturbation studies also suffer the complication of pos-
sible conformational changes (solvent induced) but in
this case the curves in the absence of conformational
change are rather characteristic for a given solvent pair
and variation from this characteristic form is indicative
of conformational changes with changes in mole fraction
of solvent.

While the above complications, as well as others mnot
discussed, cause significant limitation to the rote use
of pmr and cmr for evaluation of secondary structure, the
awareness of these limitations does not justify the view-
point that it is not possible to detail intramolecular
hydrogen bonding of polypeptides by nmr. It would be a
pernicious loss of critical information if this capacity
of omr were not fully utilized. There are already many
examples where secondary structures, deduced by nmr methods,
have subsequently or indeyendently been substantiated by
x-ray diffraction data.®»'*~16 Qur purpose here is not
to review the literature on nmr and polypeptide secondary
structure but to outline the information that the approach
can provide by considering a relatively rigid model cyclic
peptide and to assess the relative constancy of peptide
carbonyl solvent shifts for a series of dipeptides.
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Transitions in the State of Peptide Moieties During
Perturbation Studies

The state of a peptide moiety may be changed either by

a change in temperature or by a change in the solvent.
Such a change of state may or may not involve a conforma-
tional change. During temperature and solvent perturba-
tion studies there are four transitions, seen as changes
in chemical shift, that may occur to a peptide carbonyl,
COge * COgg, COge > COgg, COgg * COg, and COgg + COgg
where se = solvent exposed and ss = solvent shielded.

Our interest, of course, is in the case where solvent
shielding is due to intramolecular hydrogen bonding. For
each of these four transitions of the carbonyl group, the
peptide NH portion of the peptide moiety may also undergo
four transitions. The total of sixteen possible transi-
tions are listed in Table I. A thorough understanding

of this approach would entail the following:

Table I
Transitions in the State of Peptide Moieties

During Perturbation Studies

Al COse NHse —_— COse NHSe Bl COSe NHSe — COSS NHSe
A2 COse NHse — cose NHss B2 cose NHse _— COsS NHSs
A3 Cose NHSS —_— COSe NHSe B3 COse NHSs —_— COss NHSe
AL cose NHSS — COse NHSS B4 COse NHss —_— COss NHss
cl CO__ NH — CO__ NH D1 CO__ NH ——+ CO__ NH
ss  se se = se ss  se ss  se
c2 CO__ NH —— CO__ NH D2 CO__ NH -——+ CO__ NH
ss  se se  ss ss  se ss  ss
c3 coSS NHss —_— COse NHSe D3 COss NHSs _— COss NHse
ch CO__ NH —— CO0__ NH D4 CO__ NH — CO__ NH
55 SS se  ss ss  sS ss  s§
Unique Transitions
Al Bi -Cl D1
A2 = -A3 B2 = -C3 D2 = -D3
Ak B3 = -C2 D4
B4 = ~Ch

se = solvent exposed

S5 =

solvent shielded
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a knowledge of the chemical shifts, both in pmr and cmr,
resulting from each of these transitions whether elicited
by temperature or solvent. A closer look at Table I shows
that for a given solvent pair some transitions are the
negative of others, that is A2 = -A3, D2 = -D3 and the set
of B transitions have negative counterparts in the set of
C transitions., This results in ten unique transitions.

Whenever conformational changes occur during the per-
turbation studies the set of transitions in Table I need
consideration, but when there is evidence that the confor-
mation of a peptide is the same in two solvents of inter-
est or unchanged in this respect over a given temperature
range then only transitions Al, A4, D1 and D4 need be
considered. From the model system gramicidin S we have
values for A4 and D1. Some of these data are presented
below. A study of N-acetyl-O-methyl dipeptides provides
information on Al and the valinomycin-Kt complex allows
some limited consideration of D4.

Proton Magnetic Resonance Delineation of Polypeptide
Secondary Structure

The primary and secondary structure of gramicidin S
(GS) is considered to be as given in Figure 1.,17-19

v -Ieu ? W L'vol ?
RN c/\/\/\c/\/\
I |
\ é ? L'trn $ H 'pro

Fol e
pro, H 0 L-orn, ﬁ 0
l | | |
C N C g N C

C
L L'vah H l LLMu3 h D-phe,

Figure 1: R-conformation of gramicidin S,



Conformational Studies 117

On hydrogenation of GS20 D-phenylalanine is converted to
D-B~cyclohexylalanine to give 4-4'-Di-B-cyclohexylalanyl
gramicidin S (Cha GS). The hydrogenated derivative has
the advantage of no ring current effects from side chains;
it still suffers, however, as a model due to the ornithyl
side chains which can partially shield the peptide moieties
from solvent. '

The temperature dependence of peptide NH chemical
shift of Cha GS is given in Figure 2 in three solvents and
the solvent shift for each pair is given in Table II.

The slopes for the Orn NA and Cha NH are seen to be
steeper than for GS2! because of the presence of residual
acetate from the reduction reaction. The steeper slope
results from acetate catalyzed exchange of peptide NH's
with traces of water in the solvent. The steeper slope

is because the water resonance is upfield of the peptide
NH resonances. This is an important point to be aware of
when attempting comparisons between studies; it is usually
evident because of the broadening of the resonance. With
increasing temperature the resonance continues to broaden
and move upfield. In DMSO-dg the Orn NH resonance was

too broad, even at low temperature, to follow. In all
solvents the Val Nf and Leu NH resonances exhibit closely
parallel slopes which are similar to those of GS with the
exception that the slopes are identical in DMSO-dg for

Cha GS. The difference in these slopes for GS in DMSO-dg
is likely due to ring current effects of the vicinal Phe
residue on the Val NF in GS. The capacity to delineate
between peptide NH moieties which are solvent exposed from
those which are solvent shielded by intramolecular hydrogen
bonding is most evident.

The solvent dependences of chemical shift of Cha GS
peptide NH's are given in Table III-A and in Figure 3 for
three solvent pairs. The delineation between solvent
exposed and solvent shielded peptide NH's is perhaps more
dramatic with solvent than with temperature perturbation
and the delineation is most apparent when trifluoroethanol
is one of the solvent pairs.

Carbon-13 Magnetic Resonance Delineation of Polypeptide
Secondary Structure

The Cha GS peptide carbonyl carbon chemical shifts
resulting from solvent transitions are given in Table III-
B. These values were derived from the titrations given
in Figure 4, The upper set of curves are those of GS
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Solvent Tirations of Gramicidin-S Peptide Carbanyls
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and the labelled assignments are from Sogn et al.22 It
should be noted, however, that the delineation of the Leu
C-0 and Val (-0 resonances as resonances ¢ and ¢ was
achieved on the basis of identifying shielding due to
intramolecular hydrogen bonding by titration studies!!
prior to the publication of the assignments based on en~
richment studies.?? The lower set of curves in Figure 4
are those of Cha GS and the assignments of resonances a,

¢ and d are by comparison with the upper set of curves.,
The five resonances of GS and Cha GS tend to pair in their
solvent perturbation behavior with resonance e as the

odd resonance. Since e is the odd resonance, since the
four peptide NA resonances pair in their solvent responses
(See Figure 3), and since hydrogenation causes the largest
shift in resonance e in trifluoroethanol, resonance ¢ is
assigned to the Cha residue. Resonance d, the Orn (-0
resonance, pairs with resonance b which is taken to be the
Pro (-0 resonance. The very large shifts exhibited by
resonance ¢ are are most likely due to distortions of the
Cha-Pro peptide linkage from a planar and trans
configuration.

The emphasis, so far, has been on peptide moieties in
which one or the other end is hydrogen bonded. Considera-
tion of amino and carboxyl blocked dipeptides allows
estimation of Al transitions and importantly provides an
estimate of the effect of sequence on the response of
peptide carbonyls to changing solvent. Table IV contains

Table IV
Chemical Shifts? of Central Dipeptide Carbonyl Carbon

b

SOLVENT
DIPEPTIDE / I oac 67d cnzoo CF cg oD DuO
COCI4 | DMSO-dg|  DMA® | NMA-d 3 30, 2

NAc-Gly(1-C-13)-Pro-OMe 167.07 | 167.02 { 167.70 | 168.71 | 169.44] 170.07 {170.46
NAc-Gly (1-C-13)-Ala-0Me 168.23 | 168.71 | 169.40 [170.56 | 171.24] 171.92 |172.40
NAc-Gly (1-C-13)-Gly-0Me 169.21 [ 169.55 | 170.13 [171.34{ 172.16( 172.79 j173.28
NAc-Val (1-C-13)~Pro-0OMe 171.00 {170.17 | 170.85 [ 171.77 1 172.79| 173.37 |173.52
NAc-Val (1-C-13)-Ala-OMe 170.90 [ 171.04 {171.53 [172.65{ 173.47| 173.96 |174.59
NAc-Val (1-C-13)-Gly-OMe | 171.63 | 171.58 }172.26 | 173.43 ) 174.25] 174.88 | 175.46

a. Resolution is 0.05 ppm.

b. Internal tetramethylsilane (TMS) as reference except for DZO where dioxane
at 67.4 ppm was used.

c. Dimethylacetamide (DMA) contained 3.8% DMS0-d (by volume) for locking.
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data on six dipeptides in seven solvents. The range of
chemical shifts exhibited by the linkage peptide carbonyl
of the six dipeptides in a single solvent is greater than
4 ppm, and the range of chemical shifts of the linkage
peptide carbonyl of a single dipeptide resulting from sol-
vent effects is about 4 ppm. Different sequences obviously
cause large changes in chemical shifts. The important
question is whether different sequences have different
solvent shifts. The solvent shifts exhibited by the
linkage peptide carbonyl of each of the six dipeptides for
five solvent pairs are given in Table V.

Table V

Solvent Shifts _
for the Central Carbonyl Carbon of Dipeptides

SOLVENT SHIFTS?
DIPEPTIDE

1> 2P 3P pauP lo2a3% | 5.6l
NAc-Gly (1-C-13)-Pro-OMe 2.42 3.05 3.44 0.63 1.01
NAc-Gly(1-C~13)-Ala-OMe 2.53 3.21 3.69 0.68 1.16
NAc-G1ly(1-C-13)-G1y-OMe 2.61 3.24 3.73 0.63 1.21
NAc-Val (1-C-13)~Pro-OMe 2.62 3.20 3.35 0.58 0.92
NAc-Val {1-C-13)-Ala-OMe 2.43 2.92 3.55 0.49 1.12
NAc-Val (1-C-13)-G1y-OMe 2.67 3.30 3.88 0.63 1.17
Mean Value (Al) 2.5440.09 | 3.15+0.12 | 3.61+0.18 | 0.61+0.06 | 1.10+0.09

a. Resolution alone could be expected to give variations of 0.1 ppm. Problems
of adequate locking, particularly with solvents 2, 3 and 5, contribute to
variations over that of resolution.

b. For identification of solvent see Table IV.

The striking feature of Table V is the constancy of
the solvent shifts exhibited by each of the six dipeptides
for a given solvent pair. While the chemical shifts in
Table IV cover a range of 8.44 ppm, the standard deviations
in the solvent shifts of the six dipeptides to a given
solvent pair is of the order of 0.1 ppm with a mean value
for the solvent shift, for example of the DMSO-dg-trifluoro-
ethanol solvent pair, of 3.15 ppm. The solvent shift dif-
ferences exhibited by the peptide carbonyls of Cha GS for
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the DMSO-dg ~ trifluoroethanocl solvent transition are an
order of magnitude greater with a standard deviation of

1.0 ppm for a mean value of 3.43 ppm. The constancy of

the solvent shifts, for a given solvent pair regardless

of the sequence of the dipeptide and the order of magnitude
difference exhibited by the carbonyls of Cha GS, indicate
the validity of the cmr solvent shift approach to evaluate
secondary structure,
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Introduction

THERE HAVE BEEN SEVERAL REPORTS OF the use of difference NMR
and double resonance to analyze peptide NMR spectra and con-
sequently deduce structural and dynamic information.l-8

Here we wish to report further uses of homonuclear inter-
nuclear double resonance (INDOR)3:" to simplify complex
spectra and to detect both scalar decoupling and Nuclear
Overhauser Effects (NOE's) between protons. A novel com-
bination of prepulse gated decouplingg“12 (time-resolved
double resonance) and difference NMR* is also reported which
enabled us to obtain spectra containing only the NOE's between
individual gramicidin-S protons and protons in their immediate

*The pulse methods reported here are identical to those
pioneered by Freeman and his co-workers?210512 and Johnson.ll
These workers, however, did not apply difference methods,
nor did they use INDOR to confirm or complement their NOE
results.
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spatial environment. This latter technique is therefore
complementary to the INDOR-NOE method also described here
which yielded both scalar decoupling and NOE effects and a
previous technique7 which yielded spectra containing pre-
dominantly scalar decoupling effects. The application of
these techniques and the NOE to peptide conformation and
sequence determination is described.

Experimental®13

All reported spectra were taken on the Cameca 250 MHz
instrument. The INDOR spectra were taken in the continuous-
wave (CW) mode of operation using a proton lock and were
the result of a single scan. The frequencies f) and f2
correspond to the monitoring and perturbing frequencies,
respectively.l3 The difference double-resonance spectra
were obtained by applying the two-second pulse to saturate
each proton resonance in turn. After a variable delay, a
90° sampling pulse was used to record the spectra. When
the variable delay was greater than 2 seconds, the spectrum
was indistinguishable from a non~decoupled spectrum. When
the variable delay was in the range of 50 microseconds to
1 second,partial saturation of the resonance being irradiated
could be observed (see Figure 1). To obtain only the NOE's
the 50-microsecond delay spectra were subtracted from the
2-second delay spectrum. In this way the Bloch-Siegert
Effect was eliminated. Two identical spectra could be sub-
tracted with an accuracy of greater than 27%. Only effects
that were greater than 107 are reported. All percentage
figures refer to intensity changes relative to the corres-
ponding ordinary single-resonance spectrum.

This method of obtaining NOE's, combining as it does
time~resolved double resonance and difference NMR, should
be contrasted with other pulse decoupling methods in which
the decoupler is switched on during the data accumulation
(albeit with a relevant duty cycle).’ It was possible to
separately obtain difference spectra showing only NOE's by
virtue of the different times for both establishment and
decay of multiplet collapse and the NOE. The time scale
of the latter is of the order of T;, whereas that of the
former (because the mechanism of coupling involves chemical
bonds) is by comparison instantaneous., A delay of 50 micro-
seconds between pulses allows the multiplet to recover its
structure, but it took about two seconds for the NOE to
decay.
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GATED DECOUPLING OF D—Phe4 AMIDE PROTON
OF GRAMICIDIN S: EFFECT OF DELAY
BETWEEN DECOUPLING AND 90° OBSERVING PULSES

el
ol AL
,JMJK\ 1.
WAL

D-Phe? NH

b a

Figure 1: 250-MHz PMR spectra of gramicidin S in DMSO-dg,
taken with the following sequence: decoupling pulse,
variable delay, 90° pulse, accumulation time.

a. Normal Fourier NMR spectrum.
b. Variable delay = 50 usec.

c. Variable delay = 1 msec.

d. Variable delay = 100 msec.
e. Variable delay = 2 sec.

The decoupling frequency was at the center of the D-Phe"
NH resonances.
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Results and Discussion
I. INDOR-NOE Results for Gramicidin S
Expanded versions of the amide proton and the c? proton

region of the 250-MHz proton NMR spectrum of gramicidin S
are shown in Figures 2a and 3a, respectively. The assign-

ments are those originallg determined by spin decoupling
at several temperatures.1

INDOR-NOE SPECTRA OF GRAMICIDIN S

f \’\NOE 4\/\\IDO:’
\ /. <_«%- d

vai' C%*H

/ 7\Mf c’
Orn2 C%H INDOR \NOE
W/ .
NOE INDOR
3 ~a < <
Leu3 CoH hhv&nhlllﬂvu\,-inagqln.. b
LINE AROMATIC
MONITORED ,
Orn |
+ Val
NH3z _~NH
NORMAL a

D-Phe? Orn? Leu®
NH NH NH

1 | |
90 PPM 80 PPM 70 PPM

FPigure 2: 250-MHz proton INDOR-NOE spectra of gramicidin §
in DMSO-dg.

a. The amide-aromatic proton region of gramicidin S in
DMSO-dg .

b. INDOR spectrum obtained by monitoring one of the Leu?
C%H resonances.

c and ¢', INDOR spectrum obtained by monitoring one of
the Orn? C%H resonances.

d and 4d'. IND?R spectrum obtained by monitoring one
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INDOR-NOE SPECTRA OF GRAMICIDIN S

/

D-Phe? NH NOE INDOR
\*\\/{/v d

orn2 NH c
INDOR/ \NOE
Leu3 NH W b
/
? NOE ™ INDOR
LINE
MONITORED
NORMAL —— a
_1 ]
50 4.5 PPM
T T 7
FZos
o o
NE '°=, Q
o 3 &
et
o

Figure 3: 250-MHz proton INDOR-NOE spectra of gramicidin S
in DMSO-dg.

a. Expanded version of the C* proton region of the
PMR spectrum of gramicidin S.

b. INDOR sgectrum obtained by monitoring the one of
the Leu” NH resonance lines.

c. INDOR sgectrum obtained by monitoring the one of
the Orn“ NH resonance lines.

d&e. INDOR spectrum obtained by monitoring each of
the D-Phe* NH resonance lines.
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By monitoring the low-field line of the Orn? amide
proton doublet with f; and scanning the whole C proton
region with f,, the INDOR spectrum (shown in Figure 3c)
was obtained. The low-field multiplet containing both
positivé and negative lines, corresponds to the C®H multi-
plet of Orn?. The high-field multiplet contains only nega-
tive lines and corresponds to the C®H multiplet of Vall,
Care was taken to insure that monitoring of the high-field
line of the Orn? NH doublet changed the sign of the INDOR
lines of Figure 3c, while the Vall C%H multiplet still
exhibited a negative NOE,.

The spectrum of Figure 3b_was obtained by monitoring
the low-field line of the Leu® amide proton doublet while
perturbing the C*H region. The expected result, if the
Vall + orn? » Leu’ tripeptide forms a B-pleated sheet
sequence, was obtained, viz., an Overhauser Effect for the
Orn? C® proton and the usual INDOR spectrum of the Leud ¢%
proton itself. It is significant that again in this experi-
ment the only C% proton exhibiting the NOE effect was the
Orn? c® proton. These experiments were easily reciprocated,
as seen in Figure 2 by monitoring the C%H multiplets--e.g.,
monitoring the vall c® proton gave NOE effects only in the
orn? amide proton doublet shown in Figure 24 and d' and not
in the Leu3 or D-Phe" amide proton doublets; note that in
both spectra the Orn? NH doublet did not manifest biphasic
behavior and only decreased in intensity, thereby proving
that we are detecting an NOE as distinct from the indirect
through-bond coupling reflected by the biphasic INDOR sig-
nals.

II. Detection of NOE's by Prepulse Gated Decoupling
(Time-Resolved -Double Resonance)

The actual spectra resulting from irradiation of the
Ornz, Leu3, and D-Phe'* amide proton doublets of gramicidin S
are shown in Figure 4 and the difference spectra obtained
by subtracting these from the reference spectrum with a 2-
second delay are shown in Figure 5. Only the effects
observed in the C® proton region will be discussed here,
although interactions between the three amide protons and
the solvent (DMSO-ds impurity), the HyO impurity, TMS, and
certain of the side-chain protons can also be detected in
the difference spectra shown in Figure 5. Particularly
important features of these spectra (Figure 5) can be sum-
marized as follows:
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GRAMICIDIN S IN DMSO-dg
GATED-DECOUPLING SPECTRA

Leu® _JJWLU\/)!MJWLG
__LUV m
s L) A

PROTON
PERTURBED
NORMAL iy LJ

¢

D-Phe* NH
2 \"’—“
Orn NH—»
Leu3NH

Figure 4: 250-MHz gated decoupllng PMR spectra of grami-
cidin S in DMSO-dg.

a. Reference spectrum taken with variable delay equal
to 2 seconds and duration of decoupling pulse
equal to 2 seconds.

b, ¢, and d. Spectra of gramicidin S in DMSO-dg
obtained by prepulse gated decoupling with variable
delay equal to 50 usec and duration of decoupling

pulse equal to 2 seconds: b, f, set on the D-Phe"
NH doublet; c, f; set on the Orn2 NH doublet;
d, f, set on the Leu® NH doublet.
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GRAMICIDIN S NOE SPECTRA OBTAINED
BY DIFFERENCE GATED DECQUPLING

Leu® NH ~J*J ’ +¢ d
OrnZNH JAJJ.C
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Figure 5: 250-MHz proton NOE spectra of gramicidin S in
DMSO-dg obtained by difference gated decoupling.

a. Reference spectrum, as in Figure 4a,

b, ¢, and d. Difference spectra obtained by sub-
tracting spectra of Figure 4b, c, and d, respec-
tively, from their corresponding reference
spectra.
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1. Within experimental error (*5%) no detectable
"decoupling'" effects were observed between the amide and
the C%* protons of D-Phe". NOE effects between backbone
protons on neighboring residues were observed, however,

2. The NOE's detected agree qualitatively with those
obtained by the complementary technique of INDOR (Figures
2 and 3).

3. No Bloch-Siegert Effect is detectable and errors
due to incorrect cancellation of difference spectra are
less than 4%.

4. Most of the very small "NOE's" in the C” proton
region are attributable to partial saturation, say, of the
Leu3 and D-Phe' amide protons while irradiating the orn?
amide protons. These effects, however, can easily be cor-
rected by data processing.

Quantitative estimation of distances between the amide
protons of one residue and the c% proton of a neighboring
residue can be extracted from these NOE's as can amide-
water proton exchange rate constants. These analyses are
currently under way, but it suffices to say here that the
negative NOE's detected between amide and c* protons are
largely the result of exchange effects mediated by scalar
coupling; otherwise, these NOE's would be mainly positive.15

III. The NOE and Peptide Structure

Conformational information, while still qualitative,
can be extracted from the INDOR and difference double
resonance spectra reported here--e.g., (1) the detection
of NOE's between the backbone protons of the Vall, Ornz,
and Leu® residues is consistent with their being part of a
R-pleated sheet structure, and (2) the NOE between the Leu’
€% and D-Phe" am1de protons is consistent with the Leud
D-Phe*+ Pro%+ Val® sequence being a B-turn. We have also
detected an NOE between the C* proton of D- Phe* and Pro°,

a flndlng which is consistent w1th a Type I1' (but not
Type I') B-turn for gramicidin S.

Peptide sequencing is also p0531b1e by combining the
various double resonance methods as is clearly shown by the
sequences of NMR experiments: (1) Irradiation of vall NH
gives an NOE at the Oorn? C%H. The latter proton was then de-
coupled from the Orn? NH by INDOR or conventional Fourier
techniques. (2) The Oorn? NH when irradiated produced an
NOE at the Leu® C%H, (3) A connection between residues 3
and 4 was established by an NOE between the Leu3 C®H and
D-Phe" NH. (4) The D-Phe" C®H was decoupled from its own
D-Phe” NH and exhibited an NOE with one of the Pro® C®
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protons. In this way double resonance confirmed the
sequence vall + orn? + Leu® + D-Phe* + Pro®! The advan-
tages of this technique for unequivocally identifying
individual resonances when a peptide contains more than one
residue of the same species of amino acid is obvious--e.g.,
this method could be used to assign unequivocally the vari-
ous proton resonances of the four aromatic residues of
tyrocidine A. The only alternative method of assignment

is synthesis of isotopically-labeled analogs of such pep-
tides.

Summary

Specifically, in this publication we have (1) demon-
strated a new use for homonuclear INDOR, viz. the detection
of NOE's between protons of different residues, (2) obtained
difference NMR spectra of gramicidin S by time-resolved
double resonance (these latter spectra contain only NOE's
——indirect effects due purely to through-bond coupling are
eliminated!), (3) demonstrated that double resonance can
in some circumstances be used to sequence peptides, and
(4) qualitatively confirmed (by the NOE) that gramicidin S
contains an antiparallel B-pleated sheet and a Type II'
8-~-turn,

0f particular general importance and explicitly con-
tained herein are NOE criteria for antiparallel B-structures
and Type 1' and II' R-turns and two novel uses of double
resonance techniques and difference NMR, viz. the separation
of through-space and through-bond coupling between protons,
and the sequencing of peptides by double resonance. Not
discussed in detail here (but implicit in the spectra) is
the use of prepulse gated decoupling to study solute-solvent
interactions (with gramicidin S and DMSO or DMSO-ds) and
solute-solute interactions (with gramicidin S and TMS or
HyO-impurity). Previous studies in this field involved
irradiation of the solvent and not the individual protons
of the molecule.5>658518 The extension to the study of
side-chain-side~chain interactions is also readily envisaged.
A more quantitative analysis of the data is in progress,
especially to separate the scalar and dipolar contributions
to the NOE.
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FOLDED CONFORMATIONS OF TETRAPEPTIDES IN HYDROGEN BONDING
SOLVENTS

Kenneth D. Kopple, Anita Go. Department of Chemistry,
Illinois Institute of Technology, Chicago, Illinois,
60616,

IF B-TURNS SERVE AS NUCLEI for the tertiary folding of
proteins,1 it ought to be possible to demonstrate their
intrinsic stability, in that some short, non-cyclic pep-
tides should adopt this conformatfion when dissolved in hy-
drogen bonding solvents, including water. We have examined
some tetrapeptide derivatives for evidence of such folding.

The most readily identified feature of a B-turn in
solution is shielding, by the backbone of the turn, of
the peptide (NH) proton of the fourth residue in the turn
sequence,

Such a sequestered proton is identified by a reduction
in the sensitivity of its nuclear magnetic resonance to
environmental perturbations. The commonly used perturba-
tions are changes in temperature or solvent, and many cy-
clic oligopeptides have thus been studied. However, for
small peptides the total of the non-bonded intramolecular
interactions is not large, and when there is no cyclic
constraint, solvent or temperature variations are likely
to modify the distribution of conformations, reducing:
their value as a probe of conformation. We have therefore
tried to identify a sequestered proton using only a minor
change in the environment.

Addition of low concentrations of a stable nitroxyl
radical (here 3-oxyl-2,2,4,4-tetramethyloxazolidine) to
peptide solutions produces nmr line broadening that is
less for sequestered protons than for those exposed to
solvent.3 The radical is present at low mole fraction in
the solvent, and in methanol or water its interaction with
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the peptide molecule is likely to be no stronger than
solvent-peptide interactions, so that the distribution
of peptide conformations over which the nmr measurement
averages is not likely to be much affected.

Results obtained from the peptldes I-IV are described
below.

I. Ac-Gly-dz-L-Pro-D-Val-Gly-NHNHp

II. Ac-L~Val-L-Pro-Gly-Gly-NHNH;
III. Ac-Gly-dy-L-Pro-L-Asn-Gly-NHNH,

IV. Ac-Gly-dp-D-Ala-L-Val-Gly-NHNH»

The sequence of I is expected to be especially favor-
able for a B-turn because of the constraints introduced
by the pyrrolidine ring of Pro? and by the side chain of
the residue of opposite configuration that follows,*s3
Recently we have shown that for Z-Gly-dp-L-Pro-D-Ala (or
Val)—Gly—NHNH—Boc in methanol, not only is the peptide
proton of Gly shielded from the solvent, but so also is
that of Glyl (Figure 1).% This is consistent with a major
contribution from a favored conformation containing the
B-turn plus an additional pair of extended residues, as
shown in Figure 1. Figure 2 shows the current result with
the less hydrophobicallz terminated analog I. Peptide I
shows a sequestered Gly*' NH in methanol, but the NH of
Gly is not sufficiently shielded to give an observable
effect.

Pro? —Gly as in peptide II, is another sequence ex-—
pected to adopt the B-~turn structure readily 35,7,8 A
structure that buries one of the glycine NH's is observably
(see Figure 2) more favored for II in methanol than is a
comparable folded structure for I, judged by the extent
of the differential line broadening at a given radical con-
centration. What is more, the differential effect persists
in aqueous solution of II, but not of I, suggesting that
the N-terminal valine stabilizes a bend in the chain,

There is a related experimental result: For aqueous solu-
tions of the peptides, the resonance of the N-terminal NH
disappears when the water resonance is saturated, except
in the case of II. The valine NH resonance of II is not
saturated in this manner, indicating that NH! in this case
exchanges more slowly with solvent water.? This is not a
strictly local effect resulting from the presence of a
side chain. Model studies show that saturation is trans-
ferred from water protons to the NH protons of Ac-Val-NHCHj
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Figure 1: Effect of nitroxyl radical on N-H resonances of
a methanol solution of Z-Gly-dp-L-Pro-D-Ala-Gly-NHNH-Boc.
A B-structure consistent with this result is showm.

60 Hz

Figure 2: Effect of nitroxyl radical on N-H resonances of
methanol and water (5% trifluoroacetic acid) solutions of
I, Ac-Gly-d;-L-Pro-D-Val-Gly-NHNH,, and II, Ac-L-Val-L-
Pro-Gly-Gly-NHNH,. Volume per cent nitroxyl is indicated
by the figures at left of the traces; numbering of
residues is from the amino end.



142 Peptides: Chemistry, Structure, Biology

as well as to those of Ac-Gly-NHCH3. The slower exchange
of NH! in II indicates some additional hindrance produced
by the rest of the tetrapeptide molecule, and this argues
for the contribution of a folded structure to the confor-
mational average.
Figure 3 shows the effect of nitroxyl on the NH

resonances of peptide III, which contains the Pro?-Asn®
sequence, one that is also likely to result in B-turns in

60 Hz

Figure 3: Effect of nitroxyl radical on N-H resonances of
methanol and water (5% trifluoroacetic acid) solutions
of IV, Ac-Gly-dp-L-Pro-L-Asn-Gly-NHNH,. Numbering as
in Figure 2,

protein chains.”’»8 1In water the backbone NH resonances
of III broaden with radical as readily as do the carbox-
amide NH resonances; since at least one of the latter
ought to be fully exposed to solvent, probably all of the
NH's are. However, examination of the linewidths in the
spectrum of a methanol solution shows that the NH of Gly“,
and perhaps that of Glyl, are less susceptible to the
effects of radical than is the NH of Asn3, and that all
three of the backbone protons are less exposed than the
carboxamide protons. This is consistent with a type I
B-turn contribution to the conformation in methanol.

The importance of the proline pyrrolidine ring in
stabilizing a folded structure is readily established.
When the constraint introduced by Pro? is removed but
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the D2-13 sequence is retailned, as in peptide IV, there is
no evidence for differential shielding of a peptide proton
in methanol or water.

In summary, folding that sequesters a peptide proton,
consistent with although not proving a R-turn backbone
conformation, can be demonstrated for proline-containing
tetrapeptide derivatives in methanol. In aqueous solution
the folded conformations are less stable, and evidence for
one has so far only been found for Ac-L-Val-L-Pro-Gly-Gly-
NHNH; .
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THE RELATIVE STABILITIES OF THE B-STRUCTURES OF
MONODISPERSE SYNTHETIC LINEAR HOMO-OLIGOPEPTIDES WITH
ALIPHATIC SIDE CHAINS

C. Tontolo, G. M. Bonora. Centro di Studi sui
Biopolimeri, C.N.R., e .Istituto di Chimica
Organica, Universita' di Padova, Padova, Italy.

SINCE THE PIONEERING STUDIES of Goodman and colleagues on
the secondary structures of homo-oligoglutamates and as-—
partates by Uvls2 ang 1IR3 absorption, ORD,2 CD,l+ and
NMR,L+ substantial work has been carried out in our labora-
tory on the synthesis and conformational properties both
in the solid state and in solution of complete series of
monodisperse, linear homo-~oligopeptides derived from ali-
phatic amino acid residues. The aim of the present pro-
gress report is to summarize briefly the main results ob-
tained and to indicate the unsolved problems in this
particular field.

Seven serles of protected homo-oligomeric peptides
with aliphatic side chains, having the general formula
Boc<4L-X90Me, where n=2-7 and X=Ala, Nva, Val, Leu, Ile,
Cys(Me) and Met, were prepared by classical methods. We
employed an urethane group (Boc) for the protection of the
o—amino function and an alkyl ester (OMe) for the protec-
tion of the oa-carboxyl function. The DCCI coupling
method, 36 employing the N-protected amino acids, was used
for preparing dimers and trimers; the Rudinger's acid
azide method,7 starting with N-protected dipeptide hydra-
zides, was used for preparing the higher oligomers. The
Boc group was removed using TFA or HCl in anhydrous organic
solvents. These methods are known to give monodisperse
peptides of high chemical and optical purity in good
yields.
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The chemical purity of these oligopeptide series was
assessed by C, H, N, and S elemental analytical data,
thin layer chromatography in a number of solvent systems,
and comparison of melting points where available. Further-
more, the linearity of the Goodman's plots (total molar
rotation values of oligomers vs n)8 in structure-~disrupting
solvents strongly suggested that little if any racemization
occurred in the various synthetic steps.

We carried out a conformational analysis in the solid
state on the aforementioned homo-oligopeptide series using
IR absorption technique.9 The results obtained indicate
that all pentamers and higher oligomers assume essentially
a B-form; trimers and tetramers present evidence of mix-
tures of B and unordered structures while dimers exist
essentially as unordered structures, A marked difference
in the propensity of the various series to attaining the
B-conformation in the solid state was not unrevealed.
However, the effect of molecular weight in directing peptide
conformations was established; in fact, the ordered secon-
dary structures taken by the oligomers derived from alanine,
norvaline, leucine, and methionine and theilr respective
homo-polymers are different, the former existing as B-forms
while the latter as a-helical forms.l? 1In this context it
should be pointed out that we were not able to observe the
presence of the vibrational bands characteristic of the
o-helical structure in none of oligomers of the above
mentioned four series. It is evident that they have a
chain length below the critical one for a-helix formation
in the solid state. In this study the amide I and amide
V absorption bands turned out to be by far the most sen-
sitive to conformational changes of the peptide chain.!!

In addition, all oligopeptides exhibit a well-defined,
although weak, bank near 1690 em™!. A band in this region
is usually assigned to the parallel component of the
splitted amide I band of polypeptides in the antiparallel
g-form.l! However, in the present case a conformational
assignment on these bases would be ambiguous because we
demonstrated that the urethane chromophore of the Boc
N-protecting group also absorbs at about 1690 em=1.% Con-
sequently, we were forced to remove this group from our
oligomers (by HCl in anhydrous methanol). Preliminary IR
results on the homo-heptamers in the ammonium form indicate
that the 1690 cm~! band is still present in the alanine,
norvaline, leucine, S-methyl-cysteine, and methionine
derivatives. In contrast, we did not obtain a clear-cut



Conformational Studies 147

proof of the occurrence of this band in the N-deblocked
homo-heptamers derived from valine and isoleucine, which
still do show evidence of B-structure formation.

Detailed clues to which secondary structure our linear
aliphatic homo-oligopeptide series might assume in solu-
tion were obtained using CD. For these spectral investiga-
tions we employed essentially TFE since it is suitable for
use in the far-UV and an effective structure-supporting
solvent.® Among all protected oligopeptides examined
only Ala,, Val;, Ile; and Cys(Me); show evidence of CD
curves typical of an ordered structure (at 1.2 x 1073 M
or higher concentration in TFE). The intense negative
maximum in the 217-234 nm region and the more intense
positive maximum in the 197-207 nm region strongly indi-
cate the occurrence of B-type conformations.l? The marked
red shift of the overall CD spectrum of Cys(Me); if com-
pared with those of heptamers derived from amino acid
residues with hydrocarbon side chains should be related
to the contribution of the thioether optically active
transitions located in the region of peptide absorption.
The relative stabilities of the B-structures of the various
heptamers as a function of concentration in TFE are illus-
trated in Figure 1. Clearly, the scale appears to be
Iley>Valy>Cys(Me)7>Alay.

Our CD study also showed that the ordered forms
taken by the four heptapeptides in TFE can be destroyed
by increasing the temperature (Figure 1) or adding HFIP,

a solvent which is known to disrupt the secondary struc-
tures of oligopeptides. Also in these two cases the
stabilities of the B-associated conformations decrease in
the order Iley>Valy;>Cys(Me)7>Alay.,

In addition, as water is added to solutiomns of Nvay,
Leu; and Met; in TFE, these heptamers also do show dichroic
spectra indicative of B-structure formation. The stabili-
ties are as follows: Nvay>Leujy>Met; (Figure 2). Again,
dilution or heating disrupts these B-type conformationms.

In summary, we demonstrated that all seven heptapep-
tides examined by us can exist as B-aggregated forms in
solution, provided that solvent-solute interactions do
not successfully compete. By means of optical titrations,
in mixed solvents, we established that B-branching, pre-
sence of a heteroatom in y-position, and small linear side
chain all have a relevant effect in stabilizing B-aggre-
gated structures of oligopeptides. It is important to
note that these factors are also effective in inducing
B-structure formation in high molecular weight peptide
molecules,l0,13,1%
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Figure 1: Left, total molar ellipticity values of pro-
tected homo-heptapeptides versus concentration in TFE at
21°C; right, total molar ellipticity values versus
temperature at 1.2 x 1073 M in TFE. A, Ile; (197.5 nm);
B, Valy (202.5 nm); C, Cys(Me)7 (207.5 mm); D, Alay
(197.5 nm); E, Nvay (200 nm); F, Leu; (202 nm); G, Mety
(202 mm).

At this stage of our research one important point
remains to be clarified. The wavelength maxima of the CD
Cotton effects of protected Val; in TFE appear at 222 nm
(negative) and 202 nm (positive). Thus, this spectrum
can be classified as B-type accordin% to Woody15 or R-II-
type according to Fasman and Potter.l® However, Alay
exhibits the two CD maxima at 217 nm and 197 nm,
respectivelY. These positions are typical of the Artype15
or B-I-typelb spectra. Interestingly enough, a single
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Figure 2: Total molar ellipticity values of protected
homo-heptapeptides versus solvent composition (TFE-
water) (conc. 0.3 x 10-3M) at 21°C. E, Nvay (197.5 om);
F, Leuy (200 nm); G, Met; (197.5 nm).

preparation of Iley; showed both types of spectra. We
believe that more detailed experimental investigations
coupled with theoretical studies are needed to distinguish
among the various possible explanations of this different
behavior. 1In fact, the two types of CD spectra could
arise because the oligo?eptides have parallel or anti-
parallel structures,!’~1°% and/or different widths of
their associated structures,17’19’20 and/or different
fractions of their residues in B-turn regions,15 and/or
different side-chain polarizabilities.?! 1In particular,
the solution of this problem is important for a correct
prediction of protein conformation using CD data.20
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THE SOLUTION CONFORMATION OF BRADYKININ

V. T. Ivanov, M. P. Filatova, Z. Reissman, T. O.
Reutova, E. S. Efremov, V. S. Pashkov, S. G.
Galaktionov, G. L. Grigoryan and Yu. A. Ovchinnikov.
Shemyakin Institute of Bioorganic Chemistry, USSR
Academy of Sciences, Moscow, USSR.

THE RECENT YEARS ARE WITNESS to an intensification of
interest in the conformational states of peptide systems.
Hitherto the most considerable progress in such studies
has been for the cyclic members of this class, the consi-
derably higher flexibility of the linear peptides making
the acquisition of data concerning their structural
organization a formidable task., The present paper deals
with the spatial structure of a blologically active linear
nonapeptide bradykinin:

1 2 3 4 5 6 7 8 9
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

The complexity of ‘the problem caused us to make full use

of our composite approach involving a variety of spectral
methods combined with theoretical conformational analysis
for its solution.

The CD curves of bradykinin (Figure 1) display
chiroptical effects at 200 nm (amide m—7* transition)
and a series of aromatic Aj By, bands at 250-270 nm
(not shown in the Figure). The 230 nm band is due to the
amide n——7* transition, and at 222 nm at least partially
to the AjgByy transition of the phenyl groups. The latter
assignment is confirmed by disappearance of the band in
the cyclohexyl-bradykinin analog we have synthesized
(Figure la). As can be seen from Figure 1, the position
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c EROH-GH ()

Figure 1: CD-curves of bradykinin (-——) and 5,8-cyclo-
hexylalanyl-bradykinin (---).

and sign of the Cotton effects are only weakly solvent
dependent; the curve for the aqueous solution undergoing
practically no change over the pH range 1.5-9.0 and for
concentrations from 10~2-10-% M. It can thus be inferred
that the hormone has a highly stable spatial organization
and a low tendency to form aggregates. In all the solvents
investigated, heating of the solution weakens the positive
222 nm band while cooling causes its intensification.

This effect is most probably due to the phenyls assuming a
definite spatial orientation with respect to the peptide
backbone on cooling and its "disordering" on heating.

It has been shown on a large numbeg of examples that
the chemical shifts of the proline and 13CY atoms in
peptides with trans X-Pro bonds equal 30 5+ 0,6 ppm and
25,1 + 0,5 ppm (from TMS), whereas for cis amide bonds -
32 2 + 0,4 ppm and 23,4 + 0,3 ppm corresponding . In the

3¢ NMR spectra of bradykinin we have taken the CB shifts
are 29,0 - 30,6 ppm and the CY shifts are 25,3 - 25,9 ppm
(figure 2) over the entire pD interval investigated which
unequivocaly indicates on all-trans configuration of the
X~Pro bonds of bradykinin in aqueous solutions.

An important conclusion followed from the study of the
pH dependence of the bradykinin 3C shifts. As could
been expected, a clear cut titration picture of the NHjy
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Figure 2: pD dependence of the 13C chemical shifts of
bradykinin (in ppm relative to TMS).

terminus appears at pD 6.5 - 8,6, manifested in diminishing
order in the regions of the C', CB, CY and C% atoms of the
Arg1 residue and also in the C' atom of the Pro? residue.
It thus follows that the C%-NH, grouf has the normal pK
value of 8.1. However, none of the ¢! signals was
shifted in the 2.5 - 5 region at which the carboxyl group
is ordinarly deprotonated;no signs of titration of the
Arg9 residue are detectable also at the other pD values

up to 9.0, after which rapid hydrolysis of bradykinin sets
in. Apparently the carboxyl group retains its states over
the entire range of pD values investigated, a circumstance
which can be explained by assuming the formation of a
strong bond with the guanidine grouping. The carboxyl
group titrated normally in the model peptides Phe-Arg and
Pro-Phe-Arg, hence it follows that the salt bond is formed
with the N-terminal rather than the C-terminal guanidine
grouping. In other words the hormone apparently has a
cyclic conformation of the following type.
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NHZ"'O\ /}
|-Argl - NH - C/<; E) Cc - Arg9
NHy+*+0

Next, the dansyl derivatives of bradykinin were syn-
thesized and from their fluorescence spectra the distances
of radiationless enmergy transfer (3) in water at 25°C
between the donor (hydroxylphenyl) and acceptor (dansyl)
were determined. The results also preclude from considera-
tion the extended structure of the hormone being in accord
with the above represented cyclic type of structure
(Table I).

Tgr Tgr
1 234 56 7 9 1234 6?89
DNS . DNS —HH—tH—4—F+—F—"++—+

1A ‘m\é

OH OH

Analysis of bradykinin molecule, bearing in mind the
trans configuration of X-Pro bond, was carried out by the
procedure described in the monographz. Four energetically
preferable conformations were found (see Table II and
Figure 3). All contain the salt bridge predicted from
NMR studies and possess approximately the same &,V¥
parameters of the Argl, Pro?, Phe®, Ser® Pro’/, Phe® and
Arg9 residues, differing only in the Pro —Gly” region.

All four structures are capable of hydrophobic stacking
via two phenyl and pyrrolidone rings. Just such

Phe® gEj Phe®

orientation of the side groups is represented in Figure 3.

Further study involved the synthesis of spin-labelled
bradykinin derivatives containing two stable iminoxyl
radicals (SL) and the determination of the interspin dis-
tance from measurements of the ESR spectra.* The results
obtained are in accord with the calculated values for only
one of the four conformers shown in Figure 3, namely I
(see also Table I). The most essential grounds for such a
conclusion was the fact that the N% - Tyrsdistance is much
larger than the N% - Ser® distance.
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Figure 3: The four energetically preferable conformations
of bradykinin.

Thus, for the first time a detailed conformational
analysis of a peptide hormone in solution has been carried
out. The predominant spatial structure of bradykinin
which has been determined resembles the y-model of angio-
tensin II with its characteristic intramolecular 3—sl
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hydrogen bond closing a seven-membered ring. Moreover

a new principle of spatial arrangement of linear peptides
has been discovered, in which the rings are formed by

way of ilonic interaction of the ionogenic groups situated
at opposite ends of the molecule.
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SOLVATION OF ANGIOTENSIN IT AND GRAMICIDIN S DETERMINED
BY NMR SOLVENT SATURATION METHOD

T. Phil Pitner, J. D. Glickson. Comprehensive

Cancer Center, University of Alabama in Birmingham,
Birmingham, Alabama 35294,

and

R. Rowan, J. Dadok, A. A. Bothner-By. Department
of Chemistry, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213,

A KNOWLEDGE OF THE EXPOSURE TO SOLVENT of side chains and
functional groups of an oligopeptide is fundamental to
elucidating its solution conformation by nmr. The nmr
solvent saturation method detects interaction between the
solvent and specific solute nuclei exposed to the solvent.
Saturation of the solvent resonance results in intensity
perturbation of solute resonances: transfer of satura-
tionl=% occurs between rapidly exchanging nuclei of the
solute and solvent; intermolecular nuclear Overhauser
effects®™8 are observed for non-exchangeable solute nuclei
whose dipoles are interacting with saturated solvent
nuclear dipoles. To illustrate the information obtained
from this type of experiment, we present studies of
(Asnl, vald) Angiotensin II (AI1')® in H,0 and of gramici-
din-S in methanol, dimethylsulfoxide, and trifluoroethanol
(TFE).

Figure 1 depicts a typical solvent saturation experi-
ment for AII' dissolved in H0. When the H,0 resonance
is irradiated, the Arg peptide NH, Asn trans amide NH
and Arg guanidino NH resonances experience transfer of
saturation and decrease in intensity by 50 + 5%, 9 + 3%
and 7 + 27 respectively. Overhauser enhancements are

159
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Figure 1: Solvent saturation study of Angiotensin II

(AI1') (6.9% w/v) in HyO, pH 3.0 + 1 at 30 + 1°C. The
spectrum was obtained by correlation spectrascopyle’19
(20 scans): (a) with off-resonance irradiation 1200 Hz
to high field of the Hy0 resonance, (b) with saturation
of the Hy,0 peak, and (c) the difference spectrum
(spectrum b minus spectrum a amplified 13 fold). Chemi-
cal shifts are referred to the methyl resonance of 2,2
dimethyl-2-silapentane-5-sulfonate,

observed for the His CyH, His CyH, Tyr ortho CH and per-
haps also the Phe CgHs resonances. Enhancements for the

His CoH and Tyr ortho CH resonances are 17 + 5% and 12 + 3%
respectively,but quantitative NOE measurements for the
other two resonances are complicated by peak overlap.

Since the NOE's result from direct dipole-dipole interaction
with solvent nuclei,10 these results suggest that the
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imidazole group and the ortho protons of Tyr are well
solvated. This observation is consistent with the normal
pK s of these gr:oups.“'l'+ Failure to observe an NOE for
the Tyr meta CH indicates shielding of this portion of the
phenolic ring from the solvent.

In non-symmetric solvents preferential interaction
between specific solvent and solute functional groups is
detected., Figure 2 illustrates such an experiment for

CGH5

GRAMICIDIN S
Solvent: CH,OH

Phe

L " 1 1 1 H Z
2400 2200 2000 1800
Il It 1 L 1 |
35 90 85 80 75 70 M

Figure 2: Solvent saturation study of gramicidin S
(5% w/v) in methanol at 30 + 1°C showing the effect of
saturation of the solvent OF resonance (250 scans/
spectrum; 1.6 sec/scan): (a) with off-resonance irradi-
ation 400 Hz to low field of the CH30H peak, (b) with
saturation of the CH30H peak, and (c) the difference
spectrum (spectrum b minus spectrum a amplified 3 times).
Chemical shifts are relative to internal TMS.

gramicidin S dissolved in methanol. When the CH30H peak

is saturated, the resonance intensity of the solvent ex-
posed Phe NB proton decreases by 24 + 2% due to saturation
transfer; no change in the intensities of other resonances
is observed. The signal with dispersion character in
Figure 2-c at the Orn NH resonance position results from
partial decoupling of this NH from its C%H, whose chemical
shift coincides with that of CH30H. Because of this effect,
no attempt was made to measure intensity changes in the Orn

NH resonance.
Deuterium exchange experiments15 indicate that the
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exchange rate of this proton is significantly slower than
that of the Phe NH although several orders of magnitude
faster than the intramolecularly hydrogen bonded Leu and
Val NH protons.

When the CH30H resonance is saturated, the intensity
of the Phe CgHs resonance increases by 5 + 1%, while the
intensity of the Phe NH peak diminishes in intensity by
8 + 2% (Figure 3). The NOE observed for the ring protons
results from dipole-dipole interaction with solvent CHjy

GRAMICIDIN S
Solvent: CH.OH

Phe C.H,

1 1 1 1 1
5200 2100 2000 1900 1800 2
- i - L PPM

920 85 80 75

Figure 3: Solvent saturation study of gramicidin S in
methanol showing the effect of saturation of the solvent
CH3 peak. Conditions are the same as in Figure 2 except
that the CH3 resonance rather than the OF resonance of

methanol is saturated. The amplification factor in (c)
is 5.

protons. The inverse sixth power dependence of dipolar
coupling on internuclear distancel® indicates intimate
contact between the hydrophobic Phe ring and solvent
methyl groups. The decreased intensity of the Phe NH
resonance results from exchange-transfer of magnetization
from the CH30H proton. The methanol O resonance de-
creases in intensity by 22% upon saturation of the CHj
peak, because the hydroxyl proton 1s relaxed by exchange
modulation of its scalar coupllng with the methyl
hydrogens.

Saturation of the methyl resonance of dimethylsulfoxide
results in a nuclear Overhauser enhancement of 10 + 1 7%
for the Phe ring protons, suggesting intimate contact
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between methyl protons and ring CH protomns. Since dimethyl-
sulfoxide has no exchangeable hydrogens, no perturbation
is observed in the intensities of other resonances.

When the !°F resonance of TFE is saturated, an enhance-
ment of 5 + 1% is observed for the Phe CgHy peaks. Irradi-
ation of the CHy or OH protons produces no intensity changes
in the gramicidin S spectrum. Exchange of the OH proton
is too slowl? to produce measurable saturation transfer.
These observations indicate that solvation in TFE is such
that the trifluoromethyl group is closer to the Phe ring
than either the methylene or hydroxyl group.

It is evident that the solvent saturation method is
potentially a very powerful tool in conformational studies.
In addition this technique may yield important information
about intermolecular interactions as well as clues about
the balance between intermolecular and intramolecular
forces which determine the solution conformation of a
biomolecule.
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CONFORMATIONAL STUDIES ON THE LUTEINIZING HORMONE
RELEASING FACTOR (LRF) AND RELATED COMPOUNDS

B. Dongzel, C. Gilon, D. Blagdon, M. Erisman,

J. Burnier, M. Goodman. Department of Chemistry,
University of California at San Diego, La Jolla,
California 92093, and J. Rivier, M. Monahan, The
Salk Institute, La Jolla, California 92037

STUDIES OF THE STRUCTURE-ACTIVITY relationships in LRF have
emphasized the importance of several positions in the deca-
peptide chain. Among them, position 6 (symbolized by X in
Figure 1) certainly seems to be critical. Many variations
of substituent X have been reported. To mention only two
of these, when glycine is substituted by D-alanine, the

pGlu-—His—Trp-—>=Ser

yr
® = Gly, L-Ala, D-Ala
/

2HN—GU/—Pro—Arg—Leu

pGlu—His—Trp—>Ser.
T(g ® = Gly, D-Ala

" CONH
N e ) 2
ZHN-Gly—Pro—érn—Leu ®-= N @

Figure 1: A schematic representation of the LRF molecule
and analogs in a B-turn.
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potency is increased 4-fold, whereas substitution of gly-
cine by L-alanine drastically decreases the LRF activity.1
Are these differences related to changes in the stability
of the preferred conformation of the hormone? Monahan et
al.? have proposed that such a correlation might be explained
by a B-bend occurring at the sequence Ser-Tyr-Gly-Leu. It
is well known that a f-turn of type II, as defined by
Venkatachalam,3 is stabilized by the introduction of a D-
amino acid residue at the third position of the turn, and
destabilized by the introduction of an L-amino acid residue
in the same position. Using semi-empirical energy calcula-
tions we have been able to confirm these results for the
specific sequence Ser-Tyr-X-Leu. 1In order to investigate
this possibility experimentally, we have prepared a variety
of analogs which were designed to yield specific information
about side~chain side-chain interactions and consequently
concerning the allowed conformations of the backbone, For
instance, we prepared the two analogs [NicTOrn®]LRF.C1” and
[D~-A1a® ,Nic*torn®]LRF.C1~ in which the arginine residue in
position 8 was replaced by ornithine, and the S-amino group
of ornithine then quaternized to a nicotinamidium residue.
This residue is known to give a specific charge transfer
interaction with the tryptophan side chain. The electronic
absorption characteristics of this complex were originally
investigated by Deranleau and Schwyzer,I+ Bosshard,5 and
Donzel,® using model compounds. The stabilization energy
of the complex is small and is not sufficient to induce
new allowed conformations, at least for the oligopeptides
studied. In the case of our LRF analogs, it was expected
that the intensity of the intramolecular CT effect, if it
occurred, would be dependent upon the stability and loca-
tion of the B-turn.

Spectroscopic Studies on LEF,
[D-Ala®1LRF and [L-Ala®)LRF

Circular Dichroism Studies., The far ultraviolet cir-
cular dichroic spectra of LRF, [L—AlaG]LRF and [D-Alae]LRF
in water at pH 8.6 and 3.6 are shown in Figure 2, together
with the spectra of the analogs [DesHis, Ala?]LRF and
[DesTrp,Alaa]LRF, recorded under similar conditions. A
positive shoulder at 245 nm, a strong positive band at
230 nm, a negative shoulder at 214 nm and a strong negative
band below 200 nm characterize the CD spectrum of LRF at
pH 8.6 (Figure 2a). Acidification produces a blue shift
and an increase in molar ellipticity of the 230 nm band and
causes the shoulder at 214 nm to disappear.
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Figure 2q: Circular dichroism in the far UV of LRF,
[D-Ala®]LRF and [L-A1a®]LRF in water at pH 3.6 and 8.6.
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Figure 2b: Circular dichroism in the far UV of [DesHis,
Ala?]LRF and [DesTrp, Ala3]LRF in water at pH 3.6 and 8.6.
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The CD spectra of LRF and [DesTyr, A1a®]LRF (not
shown) are very similar at both basic and acidic pH's.
Since the tyrosine side chain chromophore is known to con-
tribute strongly to CD spectra between 200-240 nm if held
in an asymmetric environment’ its small contribution to
the CD of LRF in this pH range suggests that it does not
interact with any other side chain or peptide chromophore.
(This result is in agreement with the nmr data, see below).

As can be seen from Figure 2D, there is very little
change in the CD spectrum of [DesH1s Ala?]LRF between
pH 3.6 and 8.6, indicating that the histidine side chain
is the major cause of changes with pH in the CD spectrum
of LRF.

The CD spectrum of [DesTrp,Alaa]LRF (Figure 2b) differs
considerably from that of LRF showing a weak negative band
at 240 nm, a positive band at 219 nm, and a strong negative
band below 200 nm. It is affected only slightly by changes
in pH, the small intensification of the molar ellipticity
at 213 nm at basic pH probably being due to deprotonation
of the imidazole chromophore.8 The pronounced difference
between the spectra of LRF and [DesTrp,Ala JLRF suggests
that the 230 nm and the 214 nm bands are dominated by the
tryptophan aromatic transitions and that the rotational
freedom of the tryptophan side chain in LRF could be re-
stricted. Nmr studies (see below) show that there is a
reciprocal interaction between unprotonated histidine in
position 2 and tryptophan in position 3. Since the strong
negative shoulder at 214 nm is observed only when LRF con-
tains unprotonated histidine together with tryptophan, it
is possible that the 214 nm band is primarily due to a
His~Trp interaction.

It is interesting to note that the CD spectrum of
[D-A1la®]LRF shows an increased molar ellipticity of the 230
nm band at both pH's whereas in [L- -A1a8]LRF the opposite
effect is observed.

NMR Studies. The resonance positions of the tryptophan
(left part) and tyrosine (right part) aromatic protons 1n
LRF at three different pH's at a concentration of 3 x 10-3M
are shown schematically in Figure 3. The same resonances
are shown as references for the model compounds Ac-Trp-NH2
and the tetrapeptide Ac-Ser-Tyr-Gly-Leu-NHCH3. At acidic
pH the indole resonances in LRF are sllghtly perturbed,
particularly in the region of the c2 - cd -, and C6-protons.
Upon deprotonation of the histidyl side chain, however,
drastic changes occur, especially in the resonance position
of the indolyl C7-proton, which coalesces, at pH 8.5 with
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Figure 3: Chemical shifts (Hz) of Trp and Tyr aromatic
protons in LRF at 220 MHz. (D;0, internal ref. HMDS,
T = 22°). The dashed lines indicate the resonance
positions of the ionized tyrosine side chain.

the C*-H resonance. This shift approximately follows the
titration curve of the histidyl side chain. No significant
changes are observed upon ionization of the tyrosine side
chain (pH 11). 1In contrast, the resonance positions of

the tyrosine side chain in LRF are close to their positions
in the model compound at all three pH's (the dashed lines
indicate the resonance positions of the tyrosinate ring),
which suggests that the tyrosine side-chain in LRF is not
involved in a strong intramolecular interaction with the
other aromatic side chains. The tryptophan side chain is
certainly influenced by the adjacent histidyl residue.

From these results, however, we are not able to exclude

the posgsibility of an effect of the arginine side chain in
position 8, 1In [L-Alas]LRF and [D-Ala®]LRF one observes
similar shifts of the indole resonances to those found for
LRF,
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Spectroscopic Studies on [NictOrn®1LRF.Cl= and
[D-Alab,Nict0rn8)LRF-C1-

Chemical Shifts of the Nicotinamidium Protons as a
Function of Temperature. The temperature dependence of the
chemical shifts of the nicotinamide resonances in the Glys-
analog (circles) and in the D-Alas—analog (crosses) is
illustrated in Figure 4 and compared with the temperature
effects observed in N-methylnicotinamide chloride (triangles).
The experiments were conducted at a 3 x 10~3 molar concen-
tration. One can see that in both decapeptides the slopes
of the lines are positive for all resonances, in contrast
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Figure 4: Chemical shifts (Hz) of Nict-protons in [Nict
Orn8]LRF.C1™ and [D-Ala®,NictOrn®]LRF.C1™ as a function
of temperature (220 MHz, D20, internal ref. HMDS). N-
methylnicotinamide chloride resonances (triangles) are
shown as references.

to the reference compound for which they are negative or
equal to zero., Between approximately 50 and 60°C,the lines
tend to flatten. This effect seems to be less pronounced
in the case of the D—Alas-analog. Furthermore, it was
observed that the slopes were concentration-dependent and
therefore may reflect, at high concentration at least,

the cumulative effects of Zntra- and intermolecular
interactions.
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Charge Transfer Experiments. Figure 5§ represents the
Beer's law test of the two nicetinamide analogs at both
360 and 400 nm, which are outside the absorption region of
the decapeptides. For comparison the OD-values were taken
from the normalized absorption spectra, In both LRF-analogs,
the increase in optical density with concentration is linear
up to 0.5 x 10-2 molar. At higher concentrations, the lines
become slightly non-linear. Most interesting is the fact
that the absorbance at a given wavelength is slightly
higher for the D-Alaf-analog than for the Gly®-analog. It
is evident that we have to accumulate more data before
drawing definite conclusions. However, this small differ-
ence was estimated to be outside the confidence limits of
the measurements. For comparison, the intermolecular CT-
absorbance at 360 nm between Ac-Trp-NH; and N-methylnicotin-
amide chloride" was calculated for the same concentrations
(lower curve). The intermolecular CT-effect is much less
pronounced and the deviation from the straight line is
detectable at much lower concentratioms. Figure 6 shows
the electronic absorption spectra of [Nic+0rn8]LRF.Cl‘ and
[D—Alae,Nic+0rn8]LRF which are compared with the addition

T T T T T T T T — T

09} -o-[nic*0r®] LRF-ci”, AcOH /" 360nm .

~+-[0- icBNic" Orn®,| LRF 1™, AcOH

o
(=2
T

-a—Ac-Trp-NH; + N-Methylnicotinomide
chloride

Optical Density —
3 o o o o o
o w - [$,] (=23 -
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T
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FT="07 03 04 05 06 07 08 03 | 0%
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Figure 5: CT-absorption of [Nic+0rn8]LRF.Cl' and [D—Alae,
Nic+0rn8]LRF.Cl‘ at 360 and 400 nm as a function of con-
centration (H20, T = 25°), The intermolecular CT-
absorbance at 360 nm of Ac-Trp-NH; and N-methylnicotina-
mide chloride is presented with triangles.
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Figure 6: UV/VIS-spectra of [Nictorn®]LRF.C1- and [D-Alab,
Nictorn®]LRF.C1- in Hyp0 at 25°. The addition spectrum

of [D-Ala®,0rn®]LRF and N-methylnicotinamide chloride is
presented with triangles.

spectrum of the unlabelled [D—AlaG,Orna]LRF and N-methyl-
nicotinamide chloride (triangles).

This illustrated the
CT-shoulders that we believe to be essentially intra-
molecular in nature.

From these studies we conclude that a folding of the

peptide backbone in these two analogs seems to be energeti-
cally allowed in water.

Our present goal is to determine
the extent of this folding.
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PHYSIOCHEMICAL CHARACTERISTICS AND A PROPOSED CONFORMATION
OF SOMATOSTATIN

Leslie A. Holladay, David Puett. Department of
Biochemistry, Vanderbilt University, Nashville,
Tennessee 37232,

SOMATOSTATIN IS A HYPOTHALAMIC TETRADECAPEPTIDE of known
sequencel which inhibits the secretion of growth hormone,
insulin, and glucagon.l’2 It and a number of analogs
have been synthesized and assayed.3 No studies, however,
have appeared on the physicochemical aspects of somato-
statin. In this communication some spectral and hydrody-
namic characteristics of somatostatin are reported and a
possible conformation is suggested.

The CD spectra of (cyclic) somatostatin and S-carboxy-
methylated (CM) somatostatin are shown in Figure 1A.

Above 250 nm, the negative ellipticity observed in somato-
statin probably arises mainly from the disulfide chromo-
phore while the positive ellipticity exhibited by CM-
somatostatin is due to the aromatic residues. Both
compounds exhibit a negative extremum between 236-240 nm
and a positive extremum at 225 nm, although the magnitude
of the former extremum is greater for the S-carboxymethy-
lated derivative. These CD bands are assigned to the
aromatic chromophores, with the possibility of some peptide
contribution to the 225 nm band. The negative CD band at
238 nm may arise from phenylalanZl residues which are
partially shielded from solvent.

The magnitude of the CD extrema is sensitive to guani-
dine hydrochloride (GuHCl) concentration as also shown in
Figure 1A. A plot of [0] at 242 nm for somatostatin vs.
GuHCl concentration has the appearance of a cooperative-
like transition with a mid-point at about 3 ¥ GuHCl
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Figure 1: (A) CD spectra (reduced mean residue) at 25.0°
of somatostatin (Pierce cyclic somatostatin, lot 5164-8)
in 0.1 ¥ KC1, 10 m¥ tris-HCl, pH 7.0 (—) and in 6 ¥ GuHCl
(---); CM-somatostatin in the same KCl-tris buffer (—+—)
and in 6 ¥ GuHCl (—-++—), The calculated CD spectrum of
reduced somatostatin in an aperiodic conformation using the
CD spectra of tryptophanyl and phenylalanyl model compounds
in 6 M GuHC1® is also shown (. . .). (B) [0] at 242 nm vs.
GuHC1 concentration at 25.0°. (C) Schematic of the proposed
somatostatin conformation; the principal structural features

involve a hairpin loop and a section of anti-parallel
B-pleated sheet.
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(Figure 1B)., Thus, the denaturant appears to induce a
conformational change from one or more stable conformers
to a less ordered conformation. This, in turn, means that
somatostatin possesses a stable structure(s) in aqueous
solution.

From model compound studies, it is possible to
estimate the contribution of aromatic residues to the
ellipticity in the vicinity of 225 mm.® Using this infor-
mation and the somatostatin aromatic content Z.e., 1
tryptophan and 3 phenylalanines,1 the expected CD spectrum
of reduced somatostatin in an aperiodic conformation has
been computed between 210-240 nm. The expected disulfide
contribution to the far uv CD is more difficult to assess
since the band positions and magnitudes are critically
dependent on the dihedral angle of the -S-S- chromophore.6

The generated curve near the 225 nm extremum does not
agree with the spectrum of either somatostatin or CM-
somatostatin in aqueous buffer; the calculated spectrum
is much more positive at 225 nm than that of the cyclic or
linear tetradecapeptide. However, as shown in Figure 1A,
the CD spectrum of the CD-derivative in 6 M GuHCl approaches
that expected based an the aromatic chromophores.

This provides additional evidence that a stable con-
formation exists in aqueous solution. A more detailed
analysis of the CD spectra of both somatostatin and the
CM-derivative indicates that the presence of limited
B-structure, but not o-helix, could account for the ob-
served CD spectral differences in tris-KC1l solutions and
6 M GuHC1.

To eliminate the possibility that quaternary structure
is responsible for a stable ordered or semi-ordered confor-
mation, sedimentation equilibrium7 data were obtained (12
hours, 30,000 rpm, 20°) for somatostatin (0.1l mg/ml) in
0.1 M KC1, 10 m¥ tris-HC1, pH 7. From a 1n(0.D.) vs r?
plot and a calculated partial specific volume of 0.723, a
M, of 1610 + 36 was obtained. This is in excellent agree-
ment with the molecular weight of 1636 calculated from the
amino-acid sequencel, and demonstrates that under these
conditions somatostatin exists primarily in the monomeric
form., Consequently, any stable conformation must arise
from intramolecular interactions. A diffusion constant,
Dozo,w8 of 1.66 + 0.3 x 107% cm?/sec was estimated for
somatostatin. These data are consistent with an ellipsoid
of axial ratio 5 (1 g bound water/g peptide). This latter
value must, however, be considered tentative in view of
the assumptions used in estimating axial ratios for such
a small molecule.
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The results of the present study provide evidence that
somatostatin contains a stable conformation(s) in aqueous
solution., Interestingly, the disulfide bond does not
appear essential for formation of a stable structure, al-
though it may, of course, be important in biological
activity. Also, the conformations of somatostatin and CM-
somatostatin probably differ somewhat. 1Indeed, it appears
that CM-somatostatin may contain more residues in B-struc-
ture than does somatostatin.

A model consistent with these data and with semi-
empirical rules for formation of secondary structure® has
been constructed and is shown schematically in Figure 1C.
The structure is somewhat elongated, forms a hairpin loop,
and has 4 residues in an anti-parallel B-pleated sheet
yielding 3 peptide-peptide hydrogen bonds. A hydrophobic
domain arising from trp 8 and the phenylalanines occurs
on one end and a hydrophilic domain containing the disul-
fide is on the other end. The phenylalanyl residues tend
to provide a hydrophobic shield for the peptide hydrogen
bonds. The proposed conformation should provide a useful
guide for analog synthesis.
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NMR CONFORMATIONAL STUDIES OF ACTINOMYCINS CONTAINING
SARCOSINE IN PLACE OF PROLINE

Anthony B. Mauger. Research Foundation of the
Washington Hospital Center, Washington, D.C.
200010.

SEVERAL PROTON NMR STUDIES of actinomycin D in organic
solvents,l_‘+ aqueous solution,3s5 and in complexation with
nucleotides§’6 have been reported, and conformations for
the cyclopeptide moieties were proposed1’2’7 with all the
peptide bonds trans. X-Ray crystallography8 of the deoxy-
guanosine-actinomycin D complex revealed a different con-
formation having e¢is Val-Pro and Pro-Sar peptide bonds.
The influence of Eu(FOD)3 upon N-methyl and chromophoric
methyl chemical shifts is shown in Table I. The N-CH4

Table I
Lanthanide Shifts* of Actinomycin D Methyl Singlets

80 80.6 20,5 §1.0 Al1.0
Sar N-CHjy 2,81 2.88 0.07 3.04 0.23
Sar N-CHg 2,81 2.88 0.07 3.01 0.20
MeVal N-CHjz 2,66 2.69 0.03 2,75 0.09
MeVal N-CHj 2,61 2,65 0.04 2,71 0.10
6-CHq 2.37 2.30 0.01 2,41 0.04
4~CHj 2,05 2,10 0.05 2,25 0.20

* Subscripts to § and A refer to relative molar concen-
trations of Eu(FOD)j/actinomycin D in CDCl3/CgDg (3:1).
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downfield shift of Sar is twice that of MeVal, and equal
to that of the sensitive chromophoric 4-CH3 group. When
correlated with shifts in related model peptides,9 these
data are compatible with c¢is Pro-Sar and trans Sar-MeVal
peptide bonds. The same conclusion results from the benzene
shift datal,3 (MeVal>>Sar N-CH3), since the lanthanide
effect invalidates the explanation1 based on steric inac-
cessibilit¥ of the Sar N-CH3 group. In addition, 13¢ R
studies!®s1l favor a eis Val-Pro peptide bond, and it is
concluded from all the above data that the conformation
of actinomycin D in solution resembles that established
for the crystalline deoxyguanosine complex. NMR studies
indicate a relatively inflexible peptide backbone confor-
mation, as expected from space-filling models.

MeVal— 5 MeVal ACTINOMYCINS:

Sar 4 Sar

il: A=B=Sar
(A) 3 (8) I11: A=Pro, B=Sar
D-Val 2 D-Val or vice-versa #
| | IV(=D): A=B:Pro
Thr—0 1 Thr—0O

V: A=Pro, B=4-Ketopro

| l
co co
OO
o (o}
CH; CHy

* During separation of the actinomycin complex produced
by Streptomyces antibioticus, III was further separated
into 2 isomers yet to be structurally assigned. The
major isomer was used in this study.

In actinomycins II and III, in which sarcosine replaces
both or one proline respectively,12 the possibility of
different conformations exists due to the absence of the
restrictive effect of the prolyl ring on the dihedral
angle ¢. Proton NMR spectra of actinomycins II-V were
obtained at 220 MHz in CDClz and various CgDg/CDClj
mixtures. Typical spectra of 1I, III and IV (=D) are
shown in Figure 1. Assignments of NH and certain CaH-
protons were made by track-field decoupling. The following
remarkably parallel conformationally-dependent parameters
were observed throughout the series: (a) NH-CaH coupling
constants (Table II), (b) N-CH3 chemical shifts and their
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Figure 1:
mycins in CDCl;/CgDg (3:1) at 18°.

Proton NMR spectra of 0.05M solutions of actino-
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Table II

NH-CoH Coupling Constants (Hz)

Actinomycin D-valine threonine
II 5.7 6.1 6.4 6.7
I11 5.8 6.0 6.2 6.8
v 5.8 5.6 6.0 6.8
vl 5.7 5.7 5.7 6.3
1v3 5.7 6.0 6.2 6.8

sensitivity to benzene (Table III). (c) 3 and 4-site
o-proton chemical shifts (Table IV). The latter include
unusually large shift separations for geminal Sar

Table III

N-Methyl Proton Chemical Shifts (§)

Solvent Actinomyein 3-Sarcosgine 4-Sarcosine N-Methylvaline
v - - 2.87 2.87 2,90 2.95

CDC1; v - - 2.89 2.89 2,93 2.94
II 3.35  3.39 2,88 2.88 2.79 2.82

III 3.33 - 2,88 2.87 2,80 2.93

v - - 2.74 2,75 2,35 2.47

CgDg /CDC13 v - - 2.70  2.73 2,34 2,37
(1:1) II 3.50 3.52 2,75  2.77 2.40 2.42
III 3.44 - 2,75 2,75 2.33 2.46

o-protons. These results indicate that when proline in
actinomycins is replaced by sarcosine, the geometry and
flexibility of the peptide backbone conformation is main-
tained. On the other hand, the chemical shift of the
chromophoric 4-methyl protons in actinomycin II was anoma-
lously high~field and concentration-dependent, approaching
normal values on dilution. This phenomenon is typical of
the stacking dimerization previously observed® for actino-
mycin D in aqueous solution, but is unexpected in organic
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Table IV

Chemical Shifts (8) of 3 and 4-Site o-Protoms (in CDCljz)

Actinomyein 3 - Sites* 4 - Sarcosines
v 5.97(p) (B-H) 6.03(p) (B-H) 3.66 4,73 3.65 4.80
v 5.97(p) (8-H) 6.57(k) (B-H) 3,65 4.61 3.65 4.73
II 6.25(s) 3.63(s) 6.20(s) 3.79(s) 3.52 4.59 3.55 4.59
II1 5.98(p) (B-H) 6.20(s) 3.83(s) 3.56 4,66 3.64 4.59

* Abbreviations: p = proline, s = sarcosine, k = 4-ketoproline.

solvent. Examination of space-filling models suggests
that replacement of proline by sarcosine increases the
accessibility of the chromophore to complex formationm.
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ANALYSES OF CYCLIC PEPTIDE CONFORMATION BY LANTHANIDE-
ASSISTED NMR

Paul E. Young. Department of Biological Chemistry,
Harvard Medical School, Boston, Massachusetts 02115
and Department of Natural Sciences, York College,
City University of New York, Jamaica, New York 11451

and

Vincent Madison. Department of Biological Chemistry,
Harvard Medical School, Boston, Massachusetts 02115
and Department of Medicinal Chemistry, University of
Illinois at the Medical Center, Chicago, Illinois,
60680

and

Chien~Hua Niu, Elkan R. Blout. Department of
Biological Chemistry, Harvard Medical School, Boston,
Massachusetts 02115

CYCLIC DIPEPTIDES containing an aromatic amino acid may
preferentially populate the rotamer that places the aro-
matic side chain in a folded position with. respect to the
diketopiperazine backbone.!

In order to investigate whether aliphatic side chains
might also prefer specific orientations, we have examined
a serles of cyclic dipeptides by proton and 13¢ nmr using
ytterbium shift reagents. The dipeptides chosen all con-
tained L-proline and either L- or D-phenylalanine, valine,
leucine, isoleucine, and aqllo-isoleucine -- all hydrocar-
bon side chains. Proline is used to increase peptide
solubility, to decrease the flexibility of the diketopiper-
azine backbone, and to provide additional invariant atom
positions for the lanthanide analysis.,
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We have described our general method in an earlier
communication.? The shifts for each proton and carbon
atom in the molecule (excluding the non-prolyl side
chains) are plotted versus the molar ratio of Yb(fod)j to
peptide. The least square slopes of these lines are then
used in equation [1]

2 -
Av _ K 3 cos“ © 1 [1]
v 23

to locate the best positions for the lanthanide ion at
each binding site by computer iteration. Using these
positions, the shifts of side chain atoms are predicted

at 10° increments for rotation about the Cy -~ CB (x1) and
Cg - Cy (Xxp) bonds. Comparison between predicted and ob-
served shifts using R factor® analysis allows us to deter-
mine a best match or preferred rotamer within a certain
confidence level.

To test further the hypothesis that a preferred
rotamer exists for each dipeptide, a second computer pro-
gram to determine the mole fraction of each rotamer that
gives the best averaged match was utilized. The rotamers
considered for each compound include the preferred rotamer
from the R factor analysis and up to four of the rotamers
whose intramolecular potential energies, determined from
conformational energy calculations, were within 3 kcal/mole
of the global minimum. For all the dipeptides the bicyclic
backbone, consisting of diketopiperazine and pyrrolidine
rings, was assumed to have identical coordinates -- those
obtained from conformational energy calculations on
eyelo (L-Pro-Gly).

The relative populations estimated from the ytterbium
analysis for each of the L,L and L,D dipeptides are pre-
sented in Table I for various rotamers about the Cy - CB
bond. The italicized rotamer is that computed to have
the lowest intramolecular potential energy including only
van der Waals and torsional energy terms.

If we use the criterion that a conformation is
"preferred" whenever it accounts for more than 50% of the
population, then all three L,L cyclic dipeptides listed
in Table I have a preferred rotamer, and in each case
this rotamer has the side chain extended to nitrogen
(Figure 1). For the L,D dipeptides four of the five com-
pounds also adopt a preferred conformation. The preferred
rotamers are: extended to nitrogen for cyelo(L-Pro-D-Leu)
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Table I

Fractional Population of Rotamers

Lanthanide Analysis of Cyclo(L~Pro-X)

Fractional
X Rotamer a,b Population R Factor ¢sd,e

L-Phe Extended to N 0.67 0.063
Folded 0.33

L-Val Extended to N 0.90 0.054
Folded 0.10

L-Leu Extended to N 0.87 0.072
Folded 0.13

D-Phe Folded 0.85 0.051
Extended to N 0.15

D-Val Unfolded 1.00 0.081
Extended to O

D-Leu Extended to N 1.00 0.088

D-allo-Ile Extended to N 0.58 0.051
Unfolded 0.25
Extended to O 0.17

D-1le Extended to N 0.40 0.042
Unfolded 0.34
Extended to 0O 0.26

See Figure 1 for explanation of nomenclature.
Italicized rotamer is lowest energy rotamer (see text).
See Reference 3.

R factor of best average match.

ca 0.3 ¥ in CDClj.

® L 0O U oo

and cyelo(L-Pro-D-allo-Ile), unfolded for eyelo(L-Pro-D-
Val), and folded for eyclo(L-Pro-D-Phe). For cyclo(L-Pro-
D-Ile) there seems to be a nearly equimolar mixture of
three conformers.

For cyclo(L-Pro-L-Leu), the one compound whose crystal
structure has been determined, ytterbium analysis yielded
a solution conformation (x3 = -65°, xo = 175°) in good
agreeTent with the crystal structure™ (x1 = -72.3°%, %o =
177.7°).
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Figure 1: Diagrams of the stereochemistry of amino

acid side chain rotamers in cyelo(Pro-D-X) dipeptides.
For clarity, only the diketopiperazine functional groups
adjacent to the side chain of the non-prolyl residue

are shown., The rotamers are classified "folded",
"extended to nitrogen'", and "extended to oxygen' accord-
ing to the location of the Cy atom of the non-prolyl
side chain. For side chains with two C, atoms, the ro-
tamers are named according to the orienzation of the
extended Cy; if both Cy atoms are extended, the rotamer
is designated "unfolded".

For six of the eight cyclic dipeptides, the preferred
rotamer from the lanthanide analysis is the one which was
calculated to have the lowest conformational energy for
that compound. 1In fact, the experimental preponderance
of one conformer is often greater than might be expected
from the calculated energy differences. Nevertheless,
the correlation between experimental and theoretical re-
sults suggests that steric interactions are the dominant
conformational determinant -- especially for the alkyl
side chains.

Cyelo(L-Pro-L-Phe) is the only one of the eight com-
pounds which has a preferred conformation in chloroform
solution which differs from one computed to have the lowest
energy. The rotamer predicted by the ytterbium analysis
for cyclo(L-Pro-L-Phe) is extended toward nitrogen, as
concluded by Blaha and co-workers.® This rotamer may be
stabilized by interaction of the electropositive amide
proton with the m electrons of the aromatic phenylalanine
ring. Consistent with the attenuation of electronic inter-
actions between molecular groups in more polar solvents,
proton coupling constants and CD spectra indicate that
cyclo(L-Pro-L~-Phe) adopts the folded conformation (which
has the lowest steric conformational energy) in water and
methanol solutions.®
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Our success with cyclic dipeptides led us to try the
lanthanide technique with two cyclic hexapeptides, cyclo
(D-Ala-L-Pro-Gly)s and cyclo(D-Ala-L-Pro-D-Ala),. Larger
peptides are more complicated to analyze due to the increase
in possible binding sites and the larger number of possible
conformations in solution. However, the shift reagent
might bind selectively to one of these conformations,
thereby providing us with information on this species
even though it may not be the most highly populated one.
Provided that the lanthanide reagent binds to a single
conformer, analysis of nmr spectra should yield conforma-
tional information on the bound peptide species and provide
a means for assigning peptide nmr signals.

Several different B-turn conformations may be consider-
ed for cyclic hexapeptides containing proline. We have
considered one conformation in which both peptide bonds
preceding proline are c¢is and three in which all bonds are
trans. These latter three include one in which the proline
residue occupies the 7 + 2 cormer position of a B-turn
(the so-called II' conformation)., The remaining two B-
turn conformations have prolime in the 7 + I corner posi-
tion and differ only in whether the proline carbonyl
oxygen is trans (type II) or cis (type I) to the proline
o proton. Clearly, many more conformations are possible,
and the analysis is limited, at the very least, by the
number of conformations considered.

The lanthanide data for cyclo(D-Ala-L-Pro-D-Ala); and
ccho(D—Ala—L—Pro—Gly)2 are summarized in Table II. The
best match for both peptides occurs for the type I B
conformation. For cyclo(D-Ala-L-Pro-D-Ala); the R factor
for this match, 0.103, is at the upper limit of a satis-
factory correlation and suggests that the bound peptide is
not well-matched by this single conformation. For cyelo(D-
Ala-1L-Pro-Gly), the R factor for the type I match, 0.046,
is much better, and the type I conformation is likely to
be a better approximation to that of the bound peptide in
this case. In neither situation can the type II structure
be ruled out on the basis of R factors. The two-cis con-
formation examined only for cyclo(D-Ala-L-Pro-D-Ala), and
the type II' structures, examined for both, can be ruled
out with 997 certainty on the basis of their high R factors.

In order to help us determine whether the addition of
lanthanide changes the conformation of the peptides and,
thus, whether the conformation we are examining is that
of the unperturbed peptide or that of a different peptide-
Yb complex, we have added Yb(fod)3 to an acetonitrile
solution of cyclo(D-Ala-L-Pro-Gly), and examined the CD
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Table II
R Factors for Selected Cyclic Hexapeptide Conformations
Peptide Conformation R Factora
eyclo(D-Ala-L-Pro-D-Ala), Type I 0.1034
(0.11 M in CDCl3-CD4CN Type II 0.1639
(1:1,v/v)) Type II' 0.2184
Two Cis 0.2566
cyelo(D-Ala-L-Pro-Gly)s Type I 0.0456
(0.15 M in CDC13) Type II 0.0945
. Type II' 0.2255

@ See Reference 3,

spectrum. Up to the highest molar ratio obtainable for
Yb/peptide (ca. 6/1), there was no detectable change in
the CD spectrum., Other work in this laboratory indicates
that this peptide does bind strongly to calcium,magnesium,
and even europium perchlorate in acetonitrile. ZLa(fod)s,
however, causes changes in the CD spectrum similar to
those caused by calcium. It also affects the 13¢ nmr
spectrum in a manner similar to calcium and quite differ-
ent from Yb(fod)3, although much higher molar ratios are
necessary for the nmr effect of La than Yb. Work is pre-
sently in progress to ascertain whether these changes re-
flect a lower binding constant for ytterbium, or whether
the two lanthanides bind the peptide in different ways.

We believe that lanthanide analyses can yield confor-
mational data for small peptides with a limited number of
binding sites. Using this type of analysis, we have shown
that steric interactions dominate in selecting preferred
rotamers for aliphatic side chains in cyclic dipeptides.
Electronic interactions are more important for aromatic
side chains. Nmr signal assignment and conformational
analysis of cyclic hexapeptides is also possible by the
lanthanide method, but selection of a single preferred
solution conformation may require data from additional
methods of analysis.
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SANDWICH COMPLEXING OF METAL BINDING CYCLOPEPTIDES AND
ITS BIOLOGICAL IMPLICATIONS

V. 7. Ivanov, L. A. Fownina, N. N. Uvarova, S. A.
Koz'min, T. B. Karapatnitskaya, N. M. Chekhlayeva,
T. A. Balashova, Yu. A. Ovehinnikov. Shemyakin
Institute of Bioorganic Chemistry, USSR Academy
of Sciences, Moscow, USSR

MUCH CURRENT INTEREST is being shown in cyclic peptides
capable of complexing metal ions. Among them are the
antibiotic ionophores valinomycin and the enniatins, the
antitoxin antamanide (see1 and references therein) and
numerous synthetic analogs.z’3 They have been widely
known as 1l:1 complexones, but recently the enniatins have
been shown to form also sandwich complexes and even to
undergo more complicated "stacking" processes, whereby the
macrocycle to cation ratio becomes 2:1 and 3:2, It is
just such "stacks" that perhaps are responsible for the

and Cst transport across black lipid films. In the
present paper the results will be discussed of our further
investigations into the complexing stoichiometry in solu-
tion as observed on valinomycin, antamanide and their
analogs.

CD-controlled titration of 1073 M ethanolic valinomycin
with KC1l solution gave a curve markedly above the theore-
tical titration curve for an equimolar complex with an
infinitely high stability constant (Figure la, 1b). The
empirical curve approached the theoretical one for a 1:1
complex at low antibiotic concentration, whereas as the
concentration was augmented it approached more and more
that for a 2:1 complex (Figure 2a). Similar results were
obtained in UV-controlled titrations (Figure 2b). The
probable structure for a valinomycin sandwich is shown in
Figure 3. As in equimolecular structure, the ion interacts

195
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aE

05T

0  —
0.5 1.0 20,

b

Figure 1: Titration of valinomycin with KCl in 96%
aqueous ethanol at 25°. a - experimental CD curves;
b - titration curve.

AT bo/ae

1 a°=0,74-10'4M(-); 2 u°=(1,0-1,2)-10_3M(")2 3 0,=(4,2-4,3110"IM(ovan)

Figure 2: CD controlled (235 nm) (a) and UV controlled
(240 nm) (b) titration curves of valinomycin with KC1
in 967 aqueous ethanol at different antibiotic concen-
trations. The different designation refer to different
runs.
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Figure 3: Proposed
structure of the
. valinomycin sandwich.

with six ester ligands (three from each valinomycin mole~
cule). Molecular models show that the sandwich structure

is stabilized by Van der Waals interactions of the isopropyl
side chains, the more advantageous site of contact being

the lactyl-containing ends of the cylinders.

The results obtained seem to indicate possible involve-
ment of the sandwich complexes in the transmembrane potas-
sium transport process. For example, under certain condi~
tions the concentrational dependence of the valinomycin-
induced K'-permeability of 1lipid bilayers is superlinear;
earlier this was ascribed to the existence in the transport
process of a stage whereby the potassium ion passes from
one valinomycin molecule to another (p. 290 in l). Now
these results could be explained in terms of sandwich
formation. Very likely on penetrating the lipid zone of
the membrane valinomycin does not just move about randomly
within it (Figure 4a) rather becoming incorporated as a
constituent part without affecting to any considerable
extent its hydrocarbon organization. One of the possible
ways of such incorporation is of valinomycin in the form
of clusters as shown in Figure 4b. Such clustering would

e B
mm e

‘xm‘

Figure 4: "Floating" valinomycin (a) and valinomycin in
the form of stacks (b) in a lecithin bilayer.
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actually provide the framework for sandwich formation and
thus in the limiting case could impart to the sandwiches
a leading role in the potassium transport process.

In the second part of this report new findings concern-
ing antamanide, cyclo(-Val-Pro-Pro-Ala-Phe-Phe-Pro-Pro-
Phe~Phe-) will be presented. This antitoxin and some of
its synthetic analogs are known to form complexes with
alkali and alkaline earth metal ions, the ability to bind
Nat or cs*t being necessary though not sufficient condition
for the manifestation of antitoxic activity against the
poisonous principles of the mushroom Amanita phalloides.
(p. 35-41 in 1), The relationship between the antitoxic
activity of antamanide and its complexing properties had
for some time been obscure. Conformationally the equimolar
complexes of antamanide with Li+, K+, Nat or Ca?t were
similar in both solution and the crystalline state’,
having a saddle-like form with the cation bonded by four
amide carbonyl oxygens situated approximately at the four
corners of a square7. A distinguishing feature of the
equimolar complexes of antamanide from those of enniatin
B or valinomycin is the partial substitution of the ion
solvent sheath by ligand groups of the macrocycle. Thus
Lit complexes with antamanide retains an acetonitrile
solvate molecule® (Figure 5a), and Nat complexed with

Figure 5: Schematic structure of the Li*.antamanide

complex (a) and possible structure of the complex
(antamanide),+Ca + (b).
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[Phe”,ValG] antamanide is still capable of additionally
binding ethanol.® Such partial unsaturation of the cation
coordination sphere is manifested also in the sandwich
complexing of antamanide as revealed in the case of valino-
mycin by CD controlled titration. Convincing evidence of
sandwiching has been obtained in the NMR-monitored titra-
tion of [Vals,Alag] antamanide with Ca(Cl04)2 in acetoni-
trile, Figure 6 shows that in the early stages of the salt

NM Phe
- NLVuI
NH Ala
"
M 1:15 Ca”*

8 7 6 ppm

]

Figure 6: The low field (6-9 ppm) region of the NMR
spectra of [Val®,Ala®] antamanide and its ca?t complexes
in acetonitrile. The lowest spectrum refers to the anti-
biotic in salt-free solution, each following spectrum
refers to increasing concentration of Ca(ClOy)s.
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addition every NH-proton gives three signals, one produced
by the free complexone and two others due to two complexed
forms. As could have been expected, further addition of
salt decreases the signal intensity of the free form until
complete disappearence at large salt excesses. From the
intensity changes of the two other signals one could follow
the course of two opposing processes, the initially more
prominent signal gradually disappearing and the less promi-
nent one gaining in intensity until it becomes the sole
signal at large salt excess, From this it may be inferred
that apparently the complex first had a macrocycle to
cation ratio of 2:1, which eventually gave way to the usual
1:1 complex. A possible structure of the 2:1 complex is
presented in Figure 5b. From what has been said one might
envisage the following molecular mechanism for antamanides
antitoxic activity (see Figure 7). Becoming attached to

03p-0”

N

Figure 7: Proposed principle of antamanide interaction
with a biomembrane (hatched areas refer to protein
globules).

the membrane by the surface Nat and Ca?t ions, antamanide
"blocks" a considerable portion of its area, which should
modify some of its properties including permeability to
the toxins of Amanita phalloides. Since the antitoxic
activity of antamanide is stereospecific (enantio-antama-
nide is less active than_the naturally occuring antitoxin
by an order of magnitudelo) apparently some of the
protein components of the membrane may also be involved
in the antamanide binding.
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13¢c NMR STUDIES OF COMPLEXES BETWEEN AMINO ACIDS AND
CYCLIC PEPTIDES

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

02115 and Institute for Enzyme Research, University
of Wisconsin, Madison, Wisconsin 53706.

and

B. Bartman, E. R. Blout. Department of Biological
Chemistry, Harvard Medical School, Boston,
Massachusetts 02115,

WHEN AN AMINO ACID (ester salt) and a cyelo(Pro-Gly),
peptide (n = 3, 4, 5) are mixed in chloroform solution at
comparable molar concentrations, significant chemical
shift changes in most resonances of both components are
observed in 13¢ spectra.l In addition, certain resonances
of D- and L-enantiomers of the amino acids are split in
the presence of cyclic peptide. These results suggest not
only that the components interact, but that they do so
with sufficient specificity that one could readily postu-
late the formation of a discrete cyclic peptide-amino acid
"complex" of the type shown schematically in Figure 1.

The interactions stabilizing such a structure -- princi-
pally the electrostatic attraction of the protonated amino
group for the oriented array of amide carbonyl groups in

the peptide cavity -- are similar to those which may be
expected to stabilize enzyme-substrate or hormone-receptor
complexes.

However, in view of the fact that 13¢ chemical shifts
are known to be affected by a combination of conformational
and electronic factors, chemical shift changes alone may
not always provide sufficient proof for the presence
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Pigure 1: Proposed binding scheme of an amino acid (ester
salt) to cyelo(Pro-Gly);. In the present work, RNHt
represents Val-OMe., For Pro-0Bz, one ammonium proton is
replaced by the methylene group of the proline pyrroli-
dine ring. The N-R bond is elongated for clarity. All
peptide bonds of the cyclic peptide are trans. Anion
is C17.,

(or absence) of a discrete complex in solution. Consider
an instance where the molecular conformation of the peptide
did not change upon complexing with the amino acid or with
a given metal cation; would the "complex' have the same

3¢ spectrum as the free components? Would only carbonyl
carbons or atoms in proximity to binding sites be affected?
Since both components in the present systems contain car-
bon atoms, it was realized that 13¢ spin-lattice relaxa-
tion measurements could be employed, as described below,
to verify the existence of an amino acid-cyclic .peptide
complex in solution.

Since the molecular weight of any complex is larger
than the individual molecular weights of its components,
the rotational correlation time of the complex should be
longer (Z.e., slower motion) than the corresponding values
for its individual components. In the extreme narrowing
limit an increase observed in the rotational correlation
time, as manifested by a decrease in experimentally-
determined spin-lattice relaxation times (NTl's)z, should
provide good evidence for the formation of a molecular
complex., With specific reference to the present systems,
one might expect that, in the absence of internal motion,
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NT; values of both amino acid and cyclic peptide should
converge toward a common value if these components com-

prise a species which is tumbling as an entity in solution.
The_results of 13¢ relaxation experiments with cyclo-

(Pro-Gly)3 in the presence of proline benzyl ester hydro-
chloride (Pro-0Bz) are given in Table I. Indeed, at a

Table I

NT; Values (Sec.) of HCl:Pro-0Bz and Cyclo(Pro-Gly)j

Salt Peptide
Mole Ratio
Salt/Peptide Pro Pro,, Gly,,
Free 0.59 0.44 0.47
4:1 0.50
2:1 0.40 0.32 0.30
1:1 0.34 0.31 0.32

1:1 molar ratio of salt/peptide, the NT; values found for
Pro-0Bz Cy and cyeclo(Pro-Gly)s Pro Cy and Gly C, are equal
within experimental error. Other carbon atoms in this
system also displayed decreased NT; values upon complex
formation.

Similarly, the a-carbon NT; value of valine methyl
ester hydrochloride (Val-OMe) decreases with increasing
cyclic peptide concentration (Table II). However, in the
Val-OMe case there are two important differences:value of

Table I1

NTi Values (Sec.) of HCl.Val-OMe and Cyclo(Pro-Gly)js

Salt Peptide
Mole Ratio
Salt/Peptide Valy Prog, Glyg
Free 0.62 0.44 0.47
4:1 0.41 0.27 0.28
2:1 0.34 0.28 0.28

1:1 0.48 0.29 0.32
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Val-OMe Cq NT; at 1:1 mole ratio salt/peptide is 0.48 sec.,
while the NT; values for cyclic peptide a-carbons are ca.
0.3 sec. This result suggests that significant internal
rotation occurs about Val N-C, single bonds. This mode

of rotation is not possible for Pro N-C, because this bond
is locked into the pyrrolidine ring. Second, the NT;
values for Val C, do not decrease monotonically but, rather,
go through a minimum at a 2:1 salt/peptide mole ratio. This
progression of NT; values for Val C, provides an indication
that a complex of other than 1:1 stoichiometry might be
present.

Further evidence for this notion was obtained from
plots of chemical shift changes versus salt/peptide ratios3,
In the Pro-OBz case no further chemical shift variations
were noted between a 1/1 and 4/1 salt/peptide ratio. How-
ever, in the Val-OMe case both Pro and Gly cyclic peptide
carbonyl chemical shifts continued to change beyond a 1/1
mole ratio of salt/peptide (Pro C=0 downfield 0.81 ppm.

Gly C=0 upfield 0.49 ppm). Since cyeclo(Pro-~Gly)s has two

potential binding sites -- the triad of Gly carbonyls on
one face and the triad of Pro carbonyls on the other face
of the disc-shaped molecule —-- the results with Val-OMe

suggest the formation of an amino acid-cyclic peptide
"sandwich" of 2/1 stoichiometry. The higher molecular
weight of the valine sandwich complex versus the 1:1
cyclo(Pro-Gly)3/Val-OMe complex (to which the amino acid
sandwich complex reverts with increasing peptide concentra-
tion) would account for the rapid drop of Val Cy NT;
values at the 2/1 salt/peptide ratio. The lack of evidence
for the formation of a 2/1 Pro-OBz/cyclo(Pro-Gly)3 complex
is consistent with the expectation that there will be less
interaction of an immonium salt with cyclo(Pro-Gly); rela-
tive to an ammonium salt., Analogous complexes of cyclo-
(Pro-Gly); with magnesium ion (Z.e., 2/1 Mg2+/cchO(Pro—
Gly)3) have been described." Accumulated evidence from
studies on cyclo(Pro~Gly)s suggests that the binding of
the first Val-OMe causes the major conformational changes
in the peptide as well as the major chemical shift changes,
particularly in resonances remote from binding sites. It
is believed, however, that binding of the second Val-OMe
takes place with only a minor conformational change in
the peptide.

Preliminary experiments with Sar-OMe-HCl and acetyl-
choline in the presence of cyclo(Pro-Gly)s3 also indicate
the formation of discrete complexes.
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MOLECULAR DESIGN OF A CYCLIC OCTAPEPTIDE MIMICKING THE
ZINC(II) BINDING SITE OF CARBOXYPEPTIDASE A. THEORETICAL
STUDIES ON THE CONFORMATION OF THE DESIGNED CYCLIC
PEPTIDE-ZINC(II) COMPLEX

V. Renugopalakrishnan, Bibudhendra Sarkar. The
Research Institute of the Hospital for Sick Children,
Toronto and the Department of Biochemistry, The
University of Totonto, Toronto, Canada.

THE PRESENT STUDY is a part of our continuing investigation
of molecular design of the functional sites of biological
macromolecules.!~® We have focused on the problem of
mimicking a portion of the active site region of carbo-
xypeptidase A: a zinc containing proteolytic enzyme whose
primary structure was worked out by Bradshaw, et aZ.,7 and
its tertiary structure was determined by Lipscomb, et al.,b.
We have attempted to mimic the zinc binding site comprised
of His-69, Glu-72 and His-196. 1Initially, using model
building as a first step, an octapeptide molecule was
designed, incorporating the two histidines and a glutamic
acid in a reasonable geometry as it occurs in the crystal
structure. The spaces in between the ligand amino acid
residues were filled with glycyl residues. Glycyl residues
were chosen mainly because of their being structurally the
simplest of residues. The sequence of the designed cyclic
octapeptide is shown,

Gly-L-Glu-Gly-G1ly-L-His-Gly-L-His-Gly

The first phase of our study consisted of generating
an acceptable set of atomic coordinates for the linear
octapeptide. This was accomplished by using a cartesian
coordinate program from standard bond lengths, bond angles
and dihedral angles.? The peptide units were assumed to

209
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be in a planar transconformation. Standard tetrahedral
geometry was assumed for sp3 carbon atoms. A contact_ scan
was made, using the procedure of Nemethy and Scheraga

to select "sterically allowed" conformations, whose end

to end distance, Z.e., between the two loose ends of the
octapeptide, were within 1.5 A to 4.0 A. Ring closure

was attempted by systematically incrementing the backbone
angles, ¢ and ¥, until the two loose ends were within
reasonable bonding distance to each other, taking care

not to violate the steric criteria. Selected conformations
satisfying the ring closure constraint were minimized,
using a total optimization of molecular geometry program,
based on a modified Newton-Raphson method, which was
applied earlier successfully for a number of amino acids,
peptides and their metal complexes!ls!2 in our laboratory.

Using the complete neglect of differential overlap
method (CNDO/2)13, the monopole charge distribution was
obtained for the cyclic octapeptide molecule, by appropri-
ately segmenting it. The molecular electrostatic potential
for the cyclic octapeptide was generated, using the CNDO/2
charge distribution, following the procedure suggested by
Bonaccorsi, et aZ.,lq. The iso potential curves generated
for the cyclic octapeptide will be reported in detail
elsewhere.l® From the detailed contours of the molecular
electrostatic potential, the regions most vulnerable for
attack by zinc may be readil¥ discerned. This method has
been used by Kollman et al.,i® for mapping electrostatic
potential around carboxypeptidase A and its active site.

However, it was realized that, in order to obtain a
reasonable geometry for the metal complex with standard
metal-ligand bond distances and angles,!’ a slight dis-
tortion of the conformation of the free cyclic octapeptide
was necessary. Fixing zinc at the origin of a right
handed coordinate system, a systematic attempt to increment
the backbone and side chain torsional angles, (Z.e., ¢4,
¥; and x3) in order to achieve standard zinc-ligand bond
lengths and bond angles, resulted in several conformations
of the metal complex. By repeating the minimization pro-
cess on the satisfactory conformations, a minimum energy
conformation for metal complex was obtained.

One of the minimum energy conformations obtained is
schematically shown in Figure 1, The H,0 molecule is not
shown. The conformation is stabilized by intramolecular
hydrogen bonding (not shown in the figure). The zinc has
a distorted tetrahedral coordination geometry. The pre-
dicted bond lengths and bond angles involving zinc for
the conformation shown in Figure 1, is presented in Table I.
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Figure 1: Conformation
of the Zinc-cyclic
octapeptide complex.

Table I

Some of the Predicted Bond Lengths and Bond Angles

Involving Zinc and Ligand Atoms

Bond Lengths Bond Angles

Zn - O7y2 2,05
Zn - Ngg  2.01
Zn - N196 2,07

Neg— Zn - Njgg 102°
Ngg- Zn - 07, 110°
N196-Zn - 072 150°

>0 p>o0 >0

Most important aspect of our study concerns the relative
role of different intramolecular forces contributing to
the stability of the complex. The primary role of electro-
static forces in directing specificity, stressed in a
number of similar situations such as enzyme-substrate in-
teractions in molecular biologyls, is once again brought
to light in the metal-ligand interactions. Non-bonded
interactions also play an important role in stabilizing
the complex. A comparison of the torsional angles, <.e.,
¢i, ¥i and xg of the free cyclic octapeptide and its zinc
complex reveals the conformational changes induced by the
metal atom. We would like to mention here that we have
treated the metal atom (or ion) as a point charge and as
a result we have not considered the detailed electronic
arrangement of the metal atom as such. A complete MO
calculation in the ab initio or semi empirical framework
with geometry optimization for the metal complex is not
possible at the present time, although we are currently
undertaking an attack on this problem by treating segments
of the zinc complex. An investigation of the solution
conformation of this metal complex, using a theoretical
method developed recently,19 is presently underway in our
laboratory.
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SYNTHESIS OF A CYCLIC OCTAPEPTIDE DESIGNED TO MIMIC THE
ZINC-BINDING SITE OF CARBOXYPEPTIDASE A

K, 8. N. Iyer, Bibudhendra Sarkar. The Research
Institute of the Hospital for Sick Children,
Toronto and the Department of Biochemistry, The
University of Toronto, Toronto, Canada.

IN OUR CONTINUING INVESTIGATION on the molecular design
of peptide molecules to mimic the functional sites of
biological macromolecules,!™ we have now designed a
molecule’>® to mimic a segment of the active site region
of carboxypeptidase A that involves the zinc-binding
ligands (His-69, Glu-72 and His-196).7s® Theoretical
analysis on the designed molecule, a cyclic octapeptide,
eyclo- (Gly-L-Glu-Gly-Gly-L-His-Gly-L-His—-Gly) (I) further
suggested a conformation in which zinc binds the three
native ligands in an approximate tetrahedral geometry
similar to what is found in the native enzyme.

The designed cyclic octapeptide (I) was obtained from
the corresponding linear octapeptide, Boc—-Gly-y-OBut-L-
Glu-Gly-Gly-L-His-Gly-L-His-Gly-OBZ1NO, (II) which was
synthesized according to the scheme shown in Figure 1,
Mixed anhydride procedure (4-methylmorpholine and isobutyl-
chloroformate) was exclusively used to build the fragment
Boc-Gly-y-0But-L-Glu-Gly-Gly-ONp (XII). Condensation of
glycylglycine with the mixed anhydride of N-benzyloxy-
carbonyl-y-t-butyl-~L-glutamic acid followed by catalytic
hydrogenation of the product afforded the tripeptide X.
Repetition of the coupling using X and the mixed anhydride
of N-t-butyloxycarbonylglycine furnished the tetrapeptide
XI which was converted to the active ester XII by treatment
with p-nitrophenol and DCC. Both the histidine residues
in the fragment L-His-Gly-L-His-Gly-OBZINO, (VIII) were
introduced through the intermediacy of N-benzyloxycarbonyl-
L-histidyl azide and the glycine via its N-hydroxysuccinimide
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oBd!
Gly Glu Gly Gly His Gly His Gly
z4N3  H}-oBzINO,
H— 0BzINO,
Z10OH H OH Z-40su H v OBzINOg
Y4 OH z OBzINO7
1X v
—+ H oH ziN3 W 0B1INO,
BOC OH x i
OH z 082INO,
Boc Xt Vil
BOC ONp H 0B8:zINO2
Vil
X
BOC 0BzINO

Figure 1: Scheme of synthesis of the linear octapeptide II.

ester. Hydrogen bromide in acetic acid was used to cleave
the Z group used to protect the a-amino function of the
various intermediates iIn the synthesis of this fragment.
Coupling of the tetrapeptide fragments XIT and VIII pro-
ceeded smoothly to produce the linear octapeptide II in
good yields.

The linear octapeptide II was converted to the corres-
ponding hydrazide which was cyclized via the azide follow-
ing the procedure of Kopple, et al. 10 Figure 2 illustrates

OByt
BOC-Gly-L-Glu-Gly-Gly-L-His-Gly-L-His-Gly-OBZINO 5
OByt I N2H4.HqO, MeOH
¥

BOC-Gly-L-Glu-Gly-Gly-L-His-Gly-L-His-Gly-NHNH
CF3CO0H

v .
H.Gly-L-Glu-Gly-Gly-L-His-Gly-L-His-Gly.NHNH2.4CF 3COOH

1. HCl, DMF, Isoamyl nitrite
2. Et3N, High Dilution

Cyclo {Gly-L-Glu-Gly- Gly-L-His-Gly-L-His-Gly)
|

Figure 2: Synthesis of the cyclic octapeptide I.
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the various steps involved in the cyclization of the
linear peptide. A homogeneous material was isolated from
the cyclization reaction by repeated gel filtration fol-
lowed by purification by countercurrent distribution. The
product obtained was found to be both ninhydrin negative
and Pauly's positive., Further confirmation of the struc-
ture of this material was obtained from the 220 MHz proton
magnetic resonance spectrum (Figure 3) of this material

Cyclo (Gly-L-Glu-Gly-Gly-L-His-
Gly-L-His-Gly) in DMSO-dg

y

Cyclo (Gly-L-Glu-Gly-Gly-L- ‘
His-Gly-L-His-Gly) in D20

4
b

-

|
‘ _,J!IU ]U”J L__} S

L T T T T 1
2500 2000 1500 1000 500 [+]

Figure 3: 220MH, PMR spectra of the cyclic octapeptide I
in DMSO-dg and D5O.

which, upon integration, indicated the proper ratios of
the various kinds of protons to be expected of the cyclic
octapeptide I.

Preliminary Zinc-binding studies showed definite
binding of the imidazole side chains of both the histidine
residues to the zinc. Involvement of the carboxyl side
chain of the glutamic acid residue remains to be deter-
mined. Detailed structural studies are now underway.
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CONFORMATIONAL STUDIES ON L,D-ALTERNATING POLYPEPTIDES

F. Ascoli. Lab. di Biologia Molecolare, Univ. di
Camerino, Camerino, Italy

and

P, De Santis, A. Palleschi, R. Rizzo. Ist, di
Chimica-Fisica, Univ. di Roma, 00185 Roma, Italy

REGULAR POLY-L,D-PEPTIDES are the subject of recent inves-
tigations. Although they do not appear useful as models

of proteins which contain only L-amino acid residues, they
are strictly related to some naturally-occurring peptide
and depsipeptide antibiotics involved in ion transport
across biological and synthetic membranes. Some examples
are given by Gramicidin A, Enniatins and Valinomycin.
Assuming the condition of conformational equivalence be-
tween all the amino acid residues so that an inversion of
conformation corresponds to a change in configuration, we
have shown! that the general structure of an alternating
L,D-polypeptide is a cyclic one and characterized by a
reflection~rotation symmetry S,: n represents the number
of amino acid residues in the ring and can assume only
integer even values and among these only when n = 6,8 and

© are compounds of physico-chemical interest. This selec-
tion rule, however, limits severely the possible conforma-
tions of the amino acid residues as shown in Figure 1 where
the values of n are given in terms of the angle of rotation
(within the sterically allowed regions) ¢ and ¥. Only an
a-helix type conformation generates extended chains

(n = ©) and a-pleated sheets can be stabilized by inter-
molecular hydrogen bonds (see Figure 2); otherwise a

B-type conformation gives rise to rings stabilized by trans-
annular hydrogen bonds.
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However, L,D B-helical structures (stabilized by intra-

molecular hydrogen bonds) can be formally obtained since
the rigid conformational equivalence is slightly relaxed
(see Figure 3), Therefore the alternation of configura-
tions along a peptide chain results in the stabilization
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Figure 3

of two general structures, the a~pleated sheets and the
B~helices, which can be considered as the secondary
structures of the L,D-alternating peptides. We have
recently been able to show the presence of these structures
in poly-L,D-peptides corresponding to the formula Z-(L Ala-
D Val),0CHy m = 2, 3, 4, n?. The CD spectra in MeOH,
trifluoroethanol and dioxane are shown in Figure 4. Two
conformations can be hypothesized to be present in solution
when the solvent 1s changed. One of these can be identi-
fied as a B-type conformation owing to the close similari-
ty of the CD spectral patterns with those of B-structures
in poly-L-peptides. The general features of NMR spectra

of the oligomers in DMSO (which are characterized by
equivalence of Ala and Val NH signals and by high

JNHCaH's, see Figure 5) further support the presence of
B-type conformations and rule out the possibility of an
a-helical structure which was previously found in poly-L,D-
benzyl glutamate.as” In the solid state however the X-ray
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Figure 4: (D spectra of Z-(L-Ala-D-Val)OCH3 m = 2,4,n in
MeOH, trifluoroethanol (TFE) and dioxane (Diox). The
molar ellipticities were divided by the number of
amino acid residues indicated (left); absorption and
CD spectra in TFE of the polymer (right).
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Figure 5: 100 MHz PMR spectra of Z-(L-Ala-D-Val),OCH3
in DMSO.
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powder diagrams show a quite similar structure of the
polymers (except for the tetramer) and the cell parameters
are only consistent with an o-pleated sheet., On the other
hand IR spectra are also very similar and show a strong
splitting of the Amide I band (1635, 1675(sh) cm~!). This
finding also suggests an extended conformation as opposed
to the a-helix. It should be remembered that a similar
structure was proposed by Lotz et al.% for poly-D,L-benzyl
glutamate on the basis of electron and X-ray diffraction
studies and by Aubert and Loucheux-Lefebvre for the
poly—(B-para—nitrobenzyl-L-aspartate—B—benzyl—L-aspartate)6
by CD and NMR spectra, since these amino acid residues
tend to stabilize right-handed and left-handed structures,
as shown several years ago by Goodman et at.”

As in related poly-L-peptide, poly-L,D-proline assumes
a different type of structure due to both the intrimsic
conformational rigidity of the pyrrolidine ring and the
strong steric interactions with the next residue., As a
result of conformational calculations, prolyl residues can
assume only the poly-proline II local conformation irres-
pective of the configuration of the adjacent residues.
This is illustrated in Figure 6 where the general

180 L.,D cy(':Iohexapronl @
e \
polyproline I
L
r\w. kIJZ
SN v
1ol
Yy
|
18%80 0 180
L
~ ¥ Y~

Figure 6: Van der Waals conformational energy map of the
tri-prolyl fragment indicated in terms of the angles of
rotation Y; and Yp. Changes in the configurations (indi-
cated as L and D) of the prolyl residues result in the
inversions of the sense of rotation.
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conformational energy map of the three-prolyl fragments
for all the possible configurational sequences is shown in
terms of §; and Y, angles of rotation,

The diagram of Figure 1 shows that the polyproline II
type conformation fits exactly a six member ring. This
structure is characterized by an octahedral cavity similar
to that found in Valinomycin, Enniatins and other related
ion carriers and it is expected to be conformationally
rigid and possibly highly selective in the ion complexa-
tion, In fact peculiar differences in the NMR spectra
were observed even in the dimers Z-L-Pro-D-Pro-OCH3 and
Z-L-Pro-L-Pro-OCH3, the former being an intermediate in
the synthesis of the L,D-cyclohexaprolyl in progress in
our laboratory. As it is shown in Figure 7, the -0-CHj

_':_@

=\

Figure 7: 100 MHz PMR spectrum of Z-D-Pro-L-Pro-OCHj3 in
CDCl3. The possible conformations are indicated in the
insert.

signal is split in a quartet in the L,D case suggesting that
this group experiences four different chemical environments,
whereas this splitting is absent in the L,L compound

(Figure 8). A possible model is illustrated in the inserts
of Figures 7 and 8, where the favorable conformations of
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Figure 8: 100 MHz PMR spectrum of Z-L-Pro-L-Pro-OCH3 in
DCCl3. The possible conformations indicated in the
insert.

the di-prolyl derivatives are represented. U shape
structure characterizes the L,D compound which allows a
close contact between the terminal groups. On the contrary
shielding by the phenyl group is prevented in the § shape
conformation which characterizes the L,L derivative,

Studies of conductance in bimolecular lipid membranes
treated with solutions of our peptides as well as the
analysis of the induced fluctuation current are in progress.
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RESONANCE AND NON-RESONANCE RAMAN SPECTROSCOPY: A PROBE
OF PEPTIDE AND PROTEIN CONFORMATION

H. Eugene Stanley, I. M. Asher, K. J. Rothschild,
G. D. J. Phillies, E. B. Carew, R. Bansil, I. A.
Michaels. Physics Department and Harvard-MIT
Program in Health Sciences and Technology,
Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA 02139

WHEN DR. WALTER INVITED ME to address the American Peptide
Symposium on the topic of laser Raman spectroscopy, he
wrote '"Since this is the first time we cover this subject
in a Peptide Symposium, I suggest that you present a

brief history focusing primarily on the state of the art,
development of the method to date, and a terse outlook
into the future." What follows is therefore rather peda-
gogical: firstly we describe the basic phenomenon of the
Raman effect, secondly we interpret the effect on a micro-
scopic level, emphasizing the sort of structural informa-
tion it provides -- and contrasting Raman with other forms
of spectroscopy -- and thirdly we shall illustrate the
points made by brief reference to selected results from
our laboratory.

Basie Phenomenon

Suppose a beam of highly monochromatic light passes
through a solution. For the sake of specificity, suppose
the light is blue-green laser light of wavelength 500 nm.
(Figure 1la).

What is the frequency of the light that is scattered?
Three regions of the observed spectrum are identified in
Figure 1b. The first region is a single peak centered
about the incident frequency; the scattering is called
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Figure 1: The light scattered off a material is divided
into 3 regions, according to the change in frequency of
the scattered light.

"Rayleigh'" or '"quasi-elastic" scattering, because the
change in frequency is so small that the scattering is
almost perfectly elastic. The half-width of the Rayleigh
peak can give information on the size and shape of the
molecules doing the scattering. The second region of the
spectrum is a doublet symmetrically situated 108-1010

Hertz about the laser frequency; this "Brillouin" scatter-
ing gives information about collective modes of oscillation
in the material. The third region and the region that
concerns us here is the multipeaked Raman spectrum situa-
ted 10! - 10!* Hertz on either side of the laser frequency.
The frequency shifts correspond to the vibrational frequen-
cies of the scattering molecules and hence are a source of
information on molecular structure,

The Raman effect is named after C. V. Raman, who first
observed it. Raman's experiment, shown schematically in
Figure 2, is instructive if only because the essential
technique has changed little in the 50 years since his
discovery. Raman used filtered sunlight to produce mono-
chromatic light, and demonstrated that a complementary
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Figure 2: Raman discovered the Raman effect using
filtered sunlight.

filter would blot out all the light (Figure 2a); when he
placed a beaker of solution in between the two filters, he
was able to detect minute amounts of red-shifted light
(Figure 2b).1

The principles in today's Raman scattering experiment
are of course no different than in Raman's first experi-
ment, but the technique has improved greatly (Figure 3).

ANALYZER
[ Tronsmitted

SPECTROMETER

ELECTRONICS
RECORDER

Figure 3: Today we replace filtered sunlight by a laser
for greater monochromaticity; the second filter in
Figure 2 is replaced by a double grating spectrometer.

PHOTODETECTOR Scattersd

Incident

We now use a laser for greater monochromaticity. The
sample can be as small as a microliter, held in a glass
capillary. The light scattered by the sample is collected
by a large lens and frequency analyzed by a double grating
monochromator.
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Its Interpretation

We now give an elementary interpretation of the
Raman effect. Figure 4 is a schematic representation of
an isolated hydrogen atom, its nucleus shown as a solid
circle. What happens if we suddenly apply an electric
field to the hydrogen atom? The electron cloud responds
almost instantly to the field, with the center of the
cloud shifting a distance b from its original position.

% | &
.....
. e b
- RCast
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charge 1 (b \3
B- S () e
. b:"STE = 2x10"%em
p=eb = a®E
Sz g 210 em?

Figure 4: A hydrogen atom's electronic charge cloud in
an electric field of 100 statvolts = 30,000 volts/cm.
is displaced only twice the radius of the nucleus; the
polarizability is the proportionality constant between
the dipole moment p induced by this displacement and
the electric field.?

How much is the hydrogen atom deformed by the field?
That is, how large is b? To answer this question, let us
approximate the electron cloud by a sphere of radius a,
and calculate the displacement b of the center of this
negatively charged sphere. The field due to the electron
cloud at a point inside a sphere of charge at a distance
b from the center is equal to the charge inside a sphere
of radius b, divided by b%.2 This charge is just the
fraction of an electronic charge contained within the
sphere of radius b, so that

b = (a%E)/e = (1078)3 102 / (5 x 10-10) = 2 x 10~13cm. [1]
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This distance is only twice the radius of a bare protonm,

a very small distance indeed! However we shall see that
this minute displacement gives rise to all light scatter-
ing, including the Raman effect. The physical reason

for this fact is that the displaced electron charge cloud
creates a small dipole moment p (of magnitude eb) so that
if the electric field is created by an oscillating electro-
magnetic wave, then the dipole oscillates and therefore
radiates an electromagnetic wave.

From Eq.[l] we see that p ( = eb) is directly propor-
tional to the field strength E, with proportionality con-
stant a°. This proportionality constant is called the
atomic polarizability and is denoted a. For our extremely
crude model cf hydrogen, we estimate that o = a3 = 10-2
cm3, an estimate close to the experimental value.

Now we are ready to understand the Raman effect
(Figure 5). What happens when we subject a triatomic
molecule to an electromagnetic field? If the polarizability
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Figure 5: The Raman effect arises only because the molecu-
lar polarizability changes as the molecule vibrates;
elementary trigonometry predicts that there should be
both Stokes and Anti-Stokes Raman lines.
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o were independent of time, then the electron cloud would
simply slosh up and down with the oscillating field, cre~
ating an oscillating electric dipole moment that in turn
radiates light of the same frequency. We would have
elastic Rayleigh scattering, but no Raman scattering.

In reality, however, the polarizability is by no means
constant. Rather o oscillates with frequency {2, the sym-
metric vibration frequency of the molecule; this happens
because when the atoms come apart, the electron cloud is
less tightly held than when the atoms come together. What
is the effect of this oscillating polarizability? Elemen-
tary trigonometry tells us that the resulting dipole radi-
ation will now be at two additional frequencies, w - Q,
and w + £, called the Stokes and Anti-Stokes frequencies
respectively.

Consideration of the energy level diagrams in Figure
6 shows that the intensities of the Stokes and Anti-Stokes
Raman lines are not equal, as suggested by the preceding

RAYLEIGH STOKES ANTI-STOKES
RAMAN RAMAN
w | fay Wy w -0 Wy w + 8
hQ Population =e-ha/KT
0] Population =1

SAMPLE TEMPERATURE :

—khl = 200¢m™ at 300K

1 z -1
Ins _ e-hn/kT . > £ 2150cm

I 1 = -1
S o6 £ =900 cm

Figure 6: The ratio of the Anti-Stokes to the Stokes
intensities is a measure of sample temperature.

classical analysis. Rather the Stokes intensity will be

stronger than the Anti-Stokes intensity, because while the
Stokes Raman light arises from the excitation of a ground
state vibrational energy level, the Anti-Stokes scattering
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arises from the excitation of a vibrational level at
energy 1Q relative to the ground vibrational level, and
the population of the excited vibrational level is less
than the population of the ground vibrational level by a
factor exp (~h ©/kT). Here A is Planck's constant divided
by 27, k is the Boltzmann constant, and T is the absolute
temperature, Thus by measuring the relative intensities
of a pair of corresponding Stokes and Anti-Stokes Raman
lines, we can obtain a direct measure of the temperature
of the sample. The ability to continuously monitor the
sample temperature is a feature not possessed by many
other forms of spectroscopy.

Figure 7 compares Raman spectroscopy with infrared
spectroscopy (IR). In IR, one illuminates the sample with
a variety of individual wavelengths of infrared light, and
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Figure 7: IR spectroscopy measures transmitted intensity
as a function of incident frequency, while Raman spectro-
scopy measures scattered intensity as a function of
frequency shift from a fixed incident light frequency.

measures the transmitted intensity at different incident
frequencies. On the other hand, in Raman spectroscopy one
illuminates the sample with a fixed wavelength and measures
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the scattered intensity as a function of the frequency
shift from the incident frequency. Both techniques give
information about the vibrational energy levels, and hence
both provide clues to molecular structure. For biological
applications, however, infrared spectroscopy has the draw-
back that water is extremely opaque to infrared light,
whereas water hardly obscures visible light at all. To
be precise, water environments all but prohibit useful
infrared measurements for vibrational frequencies below
about 1500 cm'l, whereas water interferes with Raman
measurements only in 2 regions near 3400 em™! and 1650
em~!; by replacing HyO by Dp0 we can make Raman measure-
ments even in these regions., The bottom line of Figure 7
shows that one can repeat Raman experiments using a laser
line of different frequency, and the resulting spectrum
is identical so long as one plots ones data as a function
of the shift in frequency.

One reason for using different laser lines is to ob-
viate problems due to fluorescence. Figure 8 contrasts
the physical processes underlying fluorescence phenomena

(a) FLUORESCENCE (b) RAMAN (d) RAMAN
m—pepmme memmeeae
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W | Wflygr, w | o8 w w( -
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Scattered
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(c) FLUORESCENCE + RAMAN (e) RAMAN
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>
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Figure 8: Fluorescence phenomena are much stronger than
Raman scattering; they can be removed in many cases by
choosing a different laser frequency.

with those underlying Raman scattering. In fluorescence
phenomena the laser excites an electronic level in a region
where there are many closely-spaced excited levels to which
the molecule may decay. Then there is a final decay from
some electronic level to the vibrational ground state.

Thus the fluorescence signal competes with the Raman signal
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(Figure 8c), and since fluorescence phenomena are generally

intense (and since the noise is roughly proportional to

the total light scattered), one may have difficulty seeing

the Raman-scattered light superposed on the fluorescence

signal. One solution to this problem is to vary the fre-

quency of the laser light until one is below the 'band"

of Figure 8a; this solution is shown in Figure 8d and 8e.

A second solution would be to measure the Anti-Stokes Raman

spectrum, but at room temperature the Anti-Stokes spectrum

becomes weaker with increasing shift, being 1% as strong

as the Stokes spectrum for a shift of 200 em~! (Figure 6).
Applications of the Raman effect are often limited by

the fact that in order to see a given structural feature

-— e.g., a hydrogen bond -- one needs a concentration in

excess of about 1 m¥ of the moieties responsible for that

feature (of course, one need not necessarily have molecular

concentrations in excess of 1 m¥ —- and later we shall see

that many structural features of the large protein myosin

are evident when the concentration is only 0.1 mM). Now

if the vibrational modes of interest are associated with

a chromophore, then we can choose (by using, e.g., a

tunable dye laser) a frequency w' that selectively excites

the chromophore-associated modes (Figure 9). Our group

(b} RESONANCE

{a) RAMAN RAMAN
_-}_ -
w | |w-f w | |w-o
hQ
0
2 {mM >tuM

Figure 9: Resonance Raman spectroscopy can be used in
much more dilute solutions of scatterers by tuning the

incident laser frequency to an electronic absorption
band.

has done such "resonance Raman' experiments to study in
vitro and in situ hemoglobin and certain of its mutants,
and to study the membrane protein rhodopsin. One can get
interpretable spectra from a drop of blood in a 10 ml.
beaker of distilled water, so dramatic is the sensitivity
improvement of resonance Raman over nonresonance Raman
spectroscopy.
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Selected Applications

Conformational Information on Membrane-Active Ion-Specific
Molecules

How can an ion get through a membrane? This basic
question engages the attention of increasing numbers of
researchers in recent years. Many workers are focusing
on simple systems in an attempt to gain insights regarding
the mechanisms governing membrane conductivity and membrane
selectivity. A 1lipid bilayer (or 'black lip1d membrane'')
by itself has an ionic conductivity about 10° lower than
obtserved membrane conductivities and is not selective for
one ion over another., However, if the bilayer is presented
with small amounts of certain membrane-active materials --
such as the prototype pore-forming antibiotic gramicidin A
or the prototype carrier antibiotic valinomycin (Figure 10)

i
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?
.Q—;b.
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M

.c §. s
—&
:>.
b‘

M l)

Figure 10: Gramicidin is a prototype pore-forming anti-
biotic, while valinomycin is a prototype carrier
antibiotic.

~- then the bilayer acquires a remarkable degree of ionic
conductivity and ionic selectivity. The primary structure
of these "ionophores" is known and Figure 11 shows
schematically the conformation of the 12 carbonyl groups

of the valinomycin-cation complex in the crystalline
state.® The 6 ester carbonyl groups coordinate the cation
(Figure 1la), while the 6 amide carbonyl groups form intra-
molecular hydrogen bonds with the 6 NH groups (Figure 11b)
resulting in the characteristic 'bracelet' conformation.
What is the structure of uncomplexed valinomycin? Some
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Figure 11: The x-ray structure of the valinomycin—l(+ com-
plex reveals that the 6 ester carbonyl groups coordinate
the cation, while the 6 amide carbonyl groups are intra-
molecularly hydrogen bonded, giving rise to the character-
istic 'bracelet' conformation. After ref. 4.

have argued that -- at least in non-polar solvents -- un-
complexed valinomycin is characterized by 6 free ester
carbonyl groups, with the remaining 6 amide carbonyl

groups hydrogen bonded as in Figure 11b. However in 1972
Duax and collaborators proposed a x-ray structure that was
rather less symmetric, being characterized by only 4 hydro-
gen bonded amide carbonyl groups and 2 hydrogen bonded
ester carbonyl groups,_ leaving 2 free amide and 4 free
ester carbonyl groups.

Now the stretch vibration frequency of an ester car-
bonyl group is about 100 cm~! larger than the stretch
vibration frequency of an amide carbonyl group; moreover,
the stretch vibration frequency of a free carbonyl group
is about 25 cm™! higher than that of a hydrogen bonded
carbonyl group. Hence the x-ray structure for the valino-
mycin-Kt complex (Figure 11) leads us to expect 2 peaks
in the Raman spectrum -- one for the hydrogen bonded
amide carbonyl groups and the second for the ester carbonyl
groups coordinating the cation. This is indeed observed
(Figure 12a). For uncomplexed valinomycin, the x-ray
structure suggests that there should be 4 peaks, since
both ester and amide carbonyl groups are present both in
the free and hydrogen-bonded form. Four peaks are indeed
observed (Figure 12b), thus confirming the x~ray findings
of Duax and collaborators.
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Figure 12: The Raman spectra® of the valinomycin—K+
complex and of uncomplexed valinomycin confirm the x-ray
crystallographic structures.®~7

One of the advantages of Raman spectroscopy 1is that it
can be used to connect conformations obtained by x-ray
scattering with those obtained by methods such as NMR that
may be used only in solution. For example, Figure 13
summarizes what happens to the carbonyl stretch region of
the valinomycin spectrum when we perturb the crystalline
conformation by dissolving valinomycin in solvents of
varying polarity. Although the ester carbonyl stretch
vibration frequencies of the potassium complex are similar
in the solid state and in non-polar solution (~1770 em 1),
they are quite different in polar solvents (~1758 cm™!l).
These results suggest that, in the complex, the ester
carbonyl groups and the Kt ion are only partially shielded
from external solvent. Solvent interactions with the
complexed ion may be a significant part of the ion-release
mechanism in such ionophores.

For gramicidin A, no x-ray structure is known. The
Raman spectra9 are characteristic of structures with B
conformation, both in the solid state and in most solvents,
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Figure 13: Raman spectroscopy can be used to connect
conformations obtained in the crystalline state with
those obtained in solution. Here we note that the ester
carbonyl stretch vibration frequency changes as a func-
tion of solvent polarity, showing that the group that

coordinates the cation is in fact susceptible to
environment,®

thereby supporting Urry's proposed end-to-end dimer confor-
mation (Figure 10a) characterized by parallel B hydrogen
bonding.10 Very recently Veatch and Blout!l have proposed
a different conformation that is characterized by anti-
parallel B hydrogen bonding, but at the present time we
cannot distinguish parallel from antiparallel B hydrogen
bonding; it is possible that future work with model com-
pounds will enable the technique to make this distinction.

Thus far we have discussed the dependence of carbonyl
stretch vibration frequencies upon the environment of the
carbonyl groups. Now we examine the dependence of these
frequencies on the properties of the ion being coordinated
by the carbonyl group. To this end, we choose an ionophore
that is less selective than valinomycin. Nonactin is a
polyester than can coordinate a variety of different
cations, because its conformation (Figure 14) is more like
a 'bear trap' than a 'bracelet'.
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Figure 14: DNonactin is a cyclic polyester, with methyl
goups at the asterisks. The conformation of its cation
complexes is rather like a thesis binder clamp.12

Shown in Figure 15a are the carbonyl stretch vibration
frequencies plotted as a function of ionic radius R for
a variety of cations, and we note that there is no
particular correlation with R, 1In Figure 15b are shown the
same frequencies plotted now as a function of electro-
static interaction energy U between the ion and the carbonyl
group. With 3 exceptions (Na*, NH4+, and T1") the data
now lie on a straight line, suggesting that the interaction
between the carbonyl groups and the cation is predominantly
electrostatic., The three exceptions are discussed in
detail elsewhere;!3 of significance here is the fact that
since the stretch frequency depends on U rather than on
R, electrostatic forces in nonactin-cation interactions
are probably more significant than steric ('mechanical')
interactions. This evidence provides experimental support
for electrostatic theories of the ionic selectivity of
ionophores.lL+



Conformational Studies 241

T I T

C(NHg)3
¢

NHS* NH30H" *
K
t $ro* }Cs‘

JO\/Q%‘. *

| I
0.12 0.14
Rodius, R {nm)

N
1730

Of
{ 1 Na" Cavity
1

1
1720

[ Cyclo- PO

Carbonyl stretch Av (cm™)

TI*
i
0.16

1710 (a)

]
Qlo

L 1 § i i

0.18

1730

T

NH
4* . CINHR)3

/l

1720

Carbony! stretch Av {cm-1)
u

1710

¢ R
.

{1
/

fTV
1 ‘

L

NHOH"

|

L

(b)
I

0.4

1
0.5

06

. 07

Electrostatic interaction energy, U (e2nm)

Figure 15: The carbonyl stretch vibration frequencies for
the cation complexes of nonactin do not depend in any
regular fashion on ionic radius R, but are —— with three
exceptions -- a linear function of electrostatic inter-
action energy U.12-14

Conformational Information on Proteins

Raman spectroscopic studies of proteins may be divided
into two classes, those using resonance Raman spectroscopy
to study a particular region of the protein associated with
a chronophore, and those using nonresonance Raman spectro-
scopy to study the overall properties of the entire protein.
Since resonance Raman studies generally give information
about one particular region of one protein, they are partic-
ularly suitable for in situ studies of complex tissues.

For example, the resonance Raman spectrum of intact erythro-
cytes is almost identical to the Raman spectrum of purified
hemoglobin, the Raman scattered light in both cases being
due almost exclusively to molecular vibrations associated
with the heme group. Resonance Raman spectroscopy can also
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be used to study mutant hemoglobins, for cases in which the
mutation involves residues in the vicinity of the heme
group.15 For example, hemoglobin M Milwaukee (867 Val -
Glu) involves a substitution that stabilizes the Fe atom
of the abnormal B chains in the ferric form. 1In Hb
Milwaukee this occurs because the carboxyl groups of the
glutamate at E11B8 occupy the sixth coordination position
at the Fe atom., Since the Fe atom of Hb Milwaukee is
completely internally co-ordinated, a comparison of the
resonance Raman spectra of Hb Milwaukee with that of normal
adult Hb helps in the assignment of vibrational modes to
some of the observed spectral lines.

The membrane protein rhodopsin is situated in the discs
of rod outer segment cells of the retina, and is responsible
for the detection of visible light. Understanding the
details of the conformational changes that are consequent
upon excitation by a single proton is a major unsolved
problem., Rhodopsin can be studied both by resonance Raman

spectroscopy —- in which case the vibrations associated
with the retinal chromophore are responsible for the ob-
served spectrum (Figure 16) -- or by nonresonance Raman

spectroscopy, in which case the protein is studied as
a whole,

T T T T T T T T
o RHODOPSIN 4. 15c
Aosias &

1
500 400 300 200

1
$00 800 700 600

{700 1600 1500 1400 1300 1200 oo 1000 900
Av(cm™)
Figure 16: The resonance Raman spectrum of rhodopsin reveals
details of conformation that are associated with the
chromophore.16
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Myosin is a structurally-heterogeneous protein of
molecular weight 500,000 daltons, or about 10 times
larger than rhodopsin. One conformationally-sensitive
region of myosin is shown in Figure 17; peaks corresponding

HEAD (~35%Helical

‘B Canformation

1304} 1265 Random Ca

+ CH Bend

1400 - 1200
— Av{em™)

NATIVE MYOSIN — SPECTRUM & STRUCTURE

Pigure 17: The Raman spectrum of myosin can be interpreted
in terms of the conformations of its subfragments, and
these interpretations can be checked by separate Raman
studies of these subfragments,!8-20

to the tail and head regions of myosin are readily identi-
fied. Spectra of the isolated subfragments of myosin
confirm the assignments indicated schematically in Figure
17. 1Identifiable spectra have also been obtained for
tropomyosin and the three troponins, troponin C (the catt
binding protein), troponin I, and troponin T,18-20

We conclude by noting that light scattered off freshly
excised rabbit psoas muscle has a Raman spectrum quite
similar to that of purified myosin. The fact that Raman
spectroscopy can be used for im situ studies makes it an
appealing tool for use in probing peptide and protein
conformation in the field of molecular physiology.
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A NOVEL METHOD FOR CONFORMATIONAL ANALYSIS OF PEPTIDES
IN ORIENTED POLYOXYETHYLENE BY INFRARED DICHROISM

R. T. Ingwall, C. Gilon, M. Goodman. Department
of Chemistry, University of California, San Diego,
La Jolla, Califormia 92093

A RECENTLY DEVELOPED PROCEDURE! for determining the
infrared dichroic spectra of oligo- and polypeptides is
described. A peptide is dissolved in a solution of poly-
oxyethylene in either water or in an organic solvent such
as chloroform or trifluoroethancl and a peptide:poly-
oxyethylene film is formed upon solvent evaporation.
Rectangular strips of £ilm are partially oriented by
uniaxial stretching and infrared dichroic spectra are then
recorded.

The infrared characteristics of the polyoxyethylene
support allow measurement of the dichroic spectra of
amide N-H stretching bands between 3500-3000 cm'l, of
amide I and II bands between 1700-1500 cm~! and of far
infrared bands below 800 cm~l. Since polyoxyethylene
strongly absorbs large amounts of water vapor, hydrogen
to deuterium exchange reactions of incorporated molecules
are readily effected by exposure to Dy0 vapors., Thus,
both the rate of hydrogen to deuterium exchange, which
reflects accessibility to the solvent medium, and the
orientation of each spectrally distinct N-H group can be
determined simultaneously, The correlation of exchange
kinetics and dichroism should greatly enhance the value
of the separate measurements for conformational analysis,

The infrared dichroic spectrum of uniaxially oriented
polyoxyethylene and of gramicidin S oriented in polyoxy-
ethylene are compared in Figures 1A and 1B, respectively.!
Spectra recorded with light polarized parallel to the
direction of stretching are drawn with a solid line; those

247



LINEAR ABSORBANCE

248 Peptides: Chemistry, Structure, Biology

B B S BN S S e e s e S 2t B L (S S B B L L L L L [N LN B

09 -

06 [-

03

00 NI R RS B A AT D we v - S SN SRS BRI RIS RN SEAY N E BT ST i S

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400

Figure 1: A. Infrared dichroic spectrum of polyoxyethy-
lene oriented by uniaxial stretching; polarization
parallel to the stretching direction, s polarization
perpendicular to the stretching direction, ----.

B. Infrared dichroic spectrum of gramicidin S incorpor-
ated in uniaxially oriented polyoxyethylene; polarization
parallel to the orientation axis, ; polarization
perpendicular to the orientation axis, —----.

recorded for perpendicular polarization are drawn with a
dotted line. It is clear from Figure 1A that the amide
NH stretching modes (3500 3000 cm'l), the amide I and II
vibrations (1700-1500 cm™ ) and the far infrared amide IV
and V bands (<800 cm’l) of suspended peptides are free
from interference by polyoxyethylene absorptions.

Expanded spectra of the v(NH), amide I and amide II
bands of oriented gramicidin S are presented in Figure 2,1
The position of the single, sharp v(NH) band at 3265 cm~!
indicates that all of the NH groups of gramicidin in poly-
oxyethylene are hydrogen bonded. The v(NH) band, with a
dichroic ratio Dj; = absorbance ;)/absorbance| of 2.0,
exhibits strong parallel dichroism. Figure 2 reveals that
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Figure 2: 1Infrared dichroic spectrum of the v(NH), amide
I and IT regions of gramicidin S incorporated in uni-
axially oriented polyoxyethylene; polarization parallel
to the orientation axis, ; polarization perpendicular
to the orientation axis, ----.

the amide T band comprises a weak, perpendicularly polar-
ized shoulder at 1680 cm™! and a strong peak with parallel
polarization at 1640 cm'l, a pattern which is character-
istic of polypeptides in the "cross-B" conformation.?2,3
The dichroic asymmetry of the 1640 cm~! peak probably
results from an unresolved absorption near 1660 cm~} with
weak or moderate perpendicular polarization due to the two
tertiary Phe-Pro amide groups. The perpendicularly polar-
ized amide II band occurs at 1530 cm~l, Spectral para-
meters of gramicidin S in oriented polyoxyethylene are
collected in Table I.

Diminution of the amide II absorption of gramicidin S
upon exposure of the supporting polyoxyethylene film to
vapors of D;0 saturated with DCl is expressed in Figure 3
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Table I

Infrared Spectral Parameters of Gramicidin S

Oriented in POE
Band Position, em-! Dichroic ratio Dy
v (NH) 3265 2,0
amide I 1680 (w) <1.0
1640 (s) 1.4
amide II 1530 0.7
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Figure 3:

time (min)
A log plot of 8y, the fraction of N-H bonds that
have not exchanged, against time of exposure to vapors of
D20 saturated with DCl; N~acetyl-L-leucine-N'-methylamide

in uniaxially oriented polyoxyethylene, 0y determined from
the parallel polarized amide II absorption, O-—-0 -0

gramicidin S in uniaxially oriented polyoxyethylene, 0y
determined from the parallel polarized amide II absorption,

O—0—0O , 6y determined from the perpendicularly polar-
ized amide II absorption, A—A —A
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as a logarithmic plot of Oy(t), the fraction of the initial
amide II absorbance remaining after exchange time t,
against t. For purposes of comparison, results of H—sD
exchange kinetics for the model compound N-acetyl-L-Leu-
N'-methylamide are also shown. The exchange kinetics for
each compound are accountable by a single, first-order

rate process. This contrasts with observations made in
dilute solution of two or more kinetic classes of exchange-
able hydrogens for gramicidin S.%*»5 1In addition, the
dichroic ratios of the gramicidin S v(NH) and amide II
bands were found to be independent of time during the

first 60%Z of the exchange reaction. The small absorbancies
in the latter stages of the exchange made it difficult to
extend accurate measurements beyond 607% reaction. It is
apparent from a comparison of the exchange half lives of

20 and 80 minutes for the model compound and for gramicidin
S, respectively, that none of the amide groups of gramici-
din S is readily accessible to solvation by the absorbed
water.

The infrared dichroism of Table I is consistent with
the conformation of gramicidin S proposed by Hodgkin and
Oughton6 and by Schwyzer7 and supported by the subsequent
investigations of Ovchinnikov et al.® The two Val-Orn-Leu
chain segments of the Hodgkin-Oughton-Schwyzer (HOS) model
are connected by hydrogen bonds to form an antiparallel
B structure. The extended chain ends are linked by two
D-Phe-Pro~ bends. The dichroic ratios reported in Table
I require that the secondary amide N-H and C = O bonds of
gramicidin be aligned approximately parallel to the direc-
tion of stretching; the long axis of the HOS model, which
connects the two D-Phe-Pro bends, must therefore be
aligned transverse to the stretching direction., Polypep-
tides in the "cross-B" conformation?:3 adopt a similar
chain arrangement and exhibit infrared dichroism patterns3
that are nearly identical to that observed here for grami-
cidin S oriented in polyoxyethylene.

It is readily apparent from examination of a molecular
model that the HOS conformation of gramicidin S can aggre-
gate to form the "cross-B" structure shown in Figure 4.
Adjacent molecules in the ''cross-B'" aggregate are linked
by antiparallel B-sheet hydrogen bonds. These aggregates
are ribbon-like structures with the polar ornithine side
chains on one side and the nonpolar side chains on the
other side of the ribbon. There is thus a potential for
formation of bilayers by association of two ribbons with
opposed hydrophobic sides.
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Figure 4: Illustration of the proposed "cross-B" type
aggregate of gramicidin S in oriented polyoxyethylene.

Aggregates of five or more gramicidin S molecules
would have their long axes parallel to the B-sheet hydro-
gen bonds and, in accordance with the dichroic ratios of

Table I, parallel to the polyoxyethylene stretching
direction.
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CONFORMATIONAL PROPERTIES OF OLIGOPEPTIDES CONTAINING
TWO AROMATIC AMINO ACID RESIDUES SEPARATED BY A VARIABLE

DISTANCE

P. L. Luisi, R. Guarnacecia, V. Rizzo, G. P. Lorenzi,
P. Wiget, P. Skrabal. Technisch-Chemisches Labora-
torium, ETH, Ziirich, Switzerland

THE STUDY OF INTRAMOLECULAR INTERACTIONS in open-chain
oligopeptides containing aromatic residues is presently

one of the main objectives of our group. We believe that
this study can contribute to the clarification of the
importance of aromatic residues for stabilizing certain
specific conformations in biopolymers. We are now investi-
gating a series of oligopeptides of glycine and aromatic
amino acids, having the general formula H-Gly-X-(Gly),-
Trp-Gly-0OH. One of the two aromatic residues is L-trypto-
phan, always kept in the same position and X = Trp, Phe,
Tyr, His, n being 0,1,2. In this paper we will be concerned
about the spectroscopic properties of the families with

X = Trp or Phe, to which we will refer as I (n=0,1,2) or

IT (n=0,1,2) respectively. A paper describing the syn-
thesis and the characterization of the tryptophan-contain-
ing peptides is in press elsewhere,1 and a paper on the
peptides of the phenylalanine series is in preparation.

U.V. Studies

For the compounds which contain two tryptophyl resi-
dues, the molar extinction coefficient in the region of
the By and L-bands corresponds rather well to twice the
absorptivity of tryptophan (see Table I). Analogously no
hypochromic or hyperchromic effect was found for the oligo-
peptides of the series II, containing one tryptophyl and
one phenylalanyl residue. This shows that no strong
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Table I

Absorption Properties

of Oligopeptides of Glycine and Aromatic Aminocacids
(4x1073M Phosphate Buffer,pH 5.9)

Peptide Mngaes (ex1073 mol™! em?)
H~Gly-Trp-Gly-OH 287.0(4.73);278.8(5.54) ;
218.3(33.5);190.0(34.6)
H~Gly-Trp-Trp-Gly-OH 288.3(9.32) ;280.4(10.90);
219.0(64.9)3;190.0(63.0)
H-Gly-Trp-Gly-Trp-Gly-OH 287.3(9.19);279.1(10.75);

218.4(64.5);190.6(64.9)

H~Gly-Trp~Gly-Gly-Trp-Gly-OH  287.6(9.44);279.4(11.05);
217.5(66.4)3;190,0(72.1)

H-Gly-Phe-Gly-OH 256.8(0.20);187(66.1)

H-Gly-Phe-Trp-Gly-OH 287.6(4.72);279,5(5.52);
217.0(37.6);187(87.8)

H-Gly-Phe-Gly-Trp-Gly-OH 287.5(4.68);279.3(5.52);

216.8(37.7);187(92.7)

H-Gly-Phe-Gly-Gly-Trp-Gly-OH  287.0(4.72);279.1(5.52);
216.5(38.4) ;187(100.5)

electronic interactions are present between the two
aromatic chromophores, Figure 1 reports the extinction
coefficients of the absorption maxima in the 185-195 mm
region as a function of the number of peptide bonds in the
molecule, The experimental points fall rather well on a
straight line in both cases. This indicates that the
amide contribution is constant for all peptides investi-
gated, so that the onset of regular conformations for the
longer oligopeptides can be excluded. The extrapolated
value at np=0 should give the sum of the contributions of
the two aromatic chromophores to the molar extinction co-
efficient. The slope (5400 mole-! x cm? for A and 5670
for B) should give the mean absorptivity contribution

of the amide bond.
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Figure 1: Extinction coefficients at the farthest U.V.

maxima as a function of the number of peptide bond,ny
(4.10-3M phosphate buffer, pH=5.9)

CD Studies

Figure 2A shows the CD spectra in the far UV of com-
pounds of the series I, together with H-Gly-Trp-Gly-OH as
a reference. Consider the band at 225 nm, which originates
mainly from the indole chromophore.2:3 Note that I (n=2)
has the same Ap,4, and almost twice the ellipticity as
H-Gly-Trp-Gly-OH, which indicates that no appreciable
chromophoric interaction is present in I(n=2). On the
contrary, the behavior of I(n=0) is quite striking, as
the band at ~225 nm has an opposite sign. We have not
found a negative band at ~225 nm for water solutions of
any of the peptides which contain a single tryptophyl
residue. In order to establish the origin of this band,
we investigated a series of simpler oligopeptides contain-
ing two adjacent tryptophyl residues. As shown in Figure
3A, H-Trp-Trp-OH has a positive ellipticity at ~225 nm in
the acid and neutral pH range (H-Trp-Trp-Gly-OH behaves
analogously). The presence therefore of two adjacent
tryptophyl residues is a necessary condition, but not a
sufficient one, to bring about the spectroscopic behavior
of I (n=0). This suggests that in I (n=0) a particular



258 Peptides: Chemistry, Structure, Biology

i T T T T T T T T T
s H- Gly Trp-{Gly,, -Trp-Gly-OH @ 1 H —G|T—Phe—((§ly)n-Trp-Gly-OH I
2t - \ 412
\ \\\ —
o - \\‘ \\\\\\ o
=0 S R
@ : @
-2F I —1-2
AS 1 ~-4
| | 1 1 ! | | | 1 1
190 210 230 190 210 230

A [nm]

Figure 2: CD spectra of I(n=0,1,2) and II(n=0,1,2) with
model compounds (dotted lines) H-Gly-Trp-Gly-OH (inA)
and H-Gly-Phe-Gly-OH (inB), in 4.1073M phosphate buffer,
pH=5.9.

conformational equilibrium is responsible for the negative
band. From Figure 3A, note that for H-Trp-Trp-OH a
negative ellipticity at ~225 nm is observed at the alkaline
pH. Furthermore, H-Trp-Trp-Gly-OH (not reported in the
figure) behaves as H-Trp-Trp-OH, whereas H-Gly-Trp-Trp-OH
maintains a negative band at ~225 nm over the whole pH
range. (H-Trp-OH maintains a positive ellipticity in the
~225 nm region also at an alkaline pH”). Therefore in
order for the negative band to appear at ~225 nm in a
compound containing two adjacent tryptophyl residues, it

is necessary that the amino terminus of the -Trp-Trp-
sequence is either involved in a peptide bond or in the
form of a free - NH, group. The presence of a -NHat+ elimi-
nates the negative band in H-Trp-Trp-OH and H-Trp-Trp-Gly-
OH.

Figure 2B shows the CD spectra of the oligopeptides of
the series II, together with that of H-Gly-Phe-Gly-OH.
There is a positive band around 220 nm, containing contri-
butions from tryptophyl and phenylalanyl chromophores.

For II (n=2) the ellipticity in this region is approximately
the sum of the ellipticities of H-Gly-Trp-Gly-OH and H-Gly-
Phe-Gly-OH, again indicating no interaction between the
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Figure 3: pH dependence of CD spectra of H-Trp-Trp-OH

and H-Phe-Trp-OH.

aromatic chromophores. For II (n=0), there is a decrease

of the ellipticity around 220 nm, the cross-over point is
located at longer wavelength, and the ellipticity in the
farther UV is much greater. The study of the pH- dependence
of CD spectra of simpler peptides indicates that the differ-
ence between II (n=0) and II (n=2) in the 220 nm region has
the same origin as for I (n=2) and I (n=0). In fact in

this region, as shown in Figure 3B, H-Phe-Trp-OH as well

as H-Phe-Trp-Gly-OH (not shown in the Figure) behaves as

ITI (n=1 and 2) under acid conditions, whereas it behaves

as II (n=0) at alkaline pH. A discussion of the circular
dichroic properties in the near UV will be presented
elsewhere,?

Preliminary Fluorescence and NMR Studies

Table II reports some fluorescence properties of I
(n=0,1,2) obtained with an Aminco-1000 spectrofluorometer.
The corrected wavelength of the emission maximum is at
353t1 nm and the quantum yield decreases by going from
I(n=2) to I(n=l1) and I(n=0). We are now investigating to
what extent this progressive quenching is brought about
by increasing chromophoric interaction between the two
aromatic chromophores. PMR analysis has shown that for
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Table II

Fluorescence Properties
of Tryptophan - Containing Peptides
(pH 6, excit. 279 nm)

Quantum yield

Compound Mg (1 7m) (t 4%)
H-Gly-Trp-Trp-Gly-OH 353 0,039
H-Gly-Trp-Gly-Trp-Gly—-OH 354 0,046
H-Gly-Trp-Gly-Gly-Trp-Gly-OH 352 0,053

H-Trp-Trp-OH, the protons in position 2 of the indole ring,
which are known to be most readily identified among the
aromatic protons, absorb by 6 to 27 Hz at higher field

than those in I(n=2). Furthermore, their chemical shifts
are within 1 Hz identical in D»0 and acid solution, whereas
in alkaline solution a modest upfield shift is observed.

No pH influence is found for I(n=2). This behavior is con-
sistent with that observed in CD.

Concluding Remarks

Our data suggest that a particular conformational
equilibrium is associated with the sequence -CO-X-Trp-(X=
Trp or Phe). Further investigations to elucidate the
nature of this conformation are in progress. We have for
example observed that by going from water to trifluoro-
ethanol, the CD properties of I(n=2) at around 225 nm do
not change appreciably, whereas for I(n=0) the negative
ellipticity reaches very high values (-114'000 deg.
decimole~! cm2), thus suggesting a rigid conformation.
This solvent effect, together with the pH effect aforemen-
tioned ,indicates that polar forces (e.g. hydrogen bonds)
may be important for stabilizing this conformation. At
the present, is not yet clear to what extent hydrophobic
forces are also involved, whereas strong ©-7 interactions
would seem to be excluded on the basis of absorption
spectroscopy. The fact that a sequence -~CO-X-Trp- is
associated with a conformational rigidity could be relevant
to some conformational prcblems in proteins. For instance
in lysozyme there are two adjacent aromatic residues in
position 62 and 63 and it would be interesting in this and



Conformational Studies 261

analogous cases, to see to what extent the local conforma-
tion can be interpreted on the basis of our model compounds.
This research is partly supported by the Swiss National
Foundation (Grant 2.2060,74),
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THE INFLUENCE OF SHORT-RANGE INTERACTIONS IN PEPTIDES
AND PROTEINS

S. Scott Zimmerman. Department of Chemistry,
Cornell University, Ithaca, N. Y. 14853

and

Harold A. Scheraga. Department of Chemistry,
Cornell University, Ithaca, N. Y. 14853, and
Department of Biophysics, Weizmann Institute
Rehovot, Israel.

IN AN EFFORT TO UNDERSTAND THE ROLE of local interactions
in peptides and proteins, a series of 54 N-acetyl-N'-
methylamide dipeptides, containing combinations of mainly
Pro, Gly, Ala, Ser, Asp, Asn, Val and Phe, was examined
by conformational energy calculations and compared with
an analysis of conformations of dipeptide sequences in
globular proteins.

The structures of such blocked dipeptides were de-
scribed by the following quantities: Ri, i+s» the C%j...
C%;i3 distance, where the index i is for atoms on the
N~terminal blocking group (CH3CO) and i+3 for the atoms
on the C-terminal blocking group (NHCH3), and where the
end methyl groups are considered as models for attached
alpha carbons; b, the Boltzmann factor exp(-AE/RT), where
AE is the difference between the calculated conformational
energy1 of a particular structure and the conformational
energy at the global minimum; z, the statistical weight
of a particular structure, taking into consideration
librational entropy by the method of Go et al.;? <R>, the
average value of R; and P, the bend probability of a par-
ticular dipeptide. For each dipeptide, <R> was determined
in four possible ways: (1) by Boltzmann averaging, where

263
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) )
<R>. = b, / b
b k=1 Rk k k=1 k

and the sum is taken over all n conformational energy
minima with AE £ 3 kcal/mole; (2)by statistical averaging,
where

) )
<R> = z. [/ z. 3
z b MR L %k

(3) in selected cases, by conformation-space mapping,
where <R>, is defined like <R> but where, instead, the
sum is taﬁen over m points at EO or 30° intervals over
all backbone dihedral angles (e.g., a 10° map of Pro-Gly
with 3 variables requires m = 36° = 46,656); and (4) by
analysis of x-ray crystallographic structures of globular
proteins, where

N
<R> = /N,
e = L R

R in this case is the experimentally observed C%j...C%;3
distance, and N is the number of occurrences of the
dipeptide sequence in non-helical regions of the 19 pro-
tein structures analyzed. Similarly, four types of bend
probabilities were also determined, where
M M
= o .

Fx 121 *K,R<7A /kzl xS
x=b, z, g, or e and M = n, m, or N, depending on x.
When x = e the quantity P, is actually the observed frac-
tion of occurrences of a dipeptide sequence in the i+l and
i+2 position of a bend.

The structures and energies of stable conformations of
blocked dipeptides were determined by energy minimization®
from starting conformations which included all possible
combinations of blocked single-residue local minima" and
ten bend structures.”® From conformation-space mapping,
three functions were determined: (1) V(R), the volume
distribution function, defined as the total volume in
conformation space with a value of R in the interval
between R' and R' ¢ dR (where, in these computations, dR
was taken as 0.25 A). V(R) is independent of conformation-
al energy, and depends only on geometry (bond angles and
lengths). (2) P(R), the probability distribution function,
defined as the probability of a dipeptide having a value
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of R in the interval between R' and R' + dR. P(R) depends
on the conformational energy as well as on the conforma-
tional volume within the interval. And (3) o(R), the mean
probability density function, defined as P(R)/V(R). An
analysis of x-ray coordinates (excluding helical regions)
of 19 globular proteins yielded the frequency of occurrence
of overlapping dipeptides (independent of sequence and
composition) with a value of R between R' and R' + dR,
from which distribution functions P(R) and o(R) for dipep-
tides in proteins were determined.

Figure 1A is the plot of P(R) vs. R from the protein
x-ray data. The curve hgs two regions with a clear
division at R = 6.5-7.0 A, This implies that a bend,
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Figure 1: A, P(R) vs. R from overlapping dipeptide
sequences (excluding helical regions) in 19 globular
proteins. B, V(R) vs. R from a 30° conformation-space
mapping of the blocked dipeptide Ala~Gly, used as a model
for the backbone geometry of dipeptide sequences in pro-
teins. This approximation and/or experimental error in
the x-ray coordinates causes V(R) to gpproach zero faster
than P(R) in the regions R<4 and R>10A, making g(R)=
P(R)/V(R) approach infinity. Therefore, these regions
were omitted from curves B and C. C. o(R) vs. R ob-
tained by dividing P(R) from the 19 globular proteins

by V(R) from the Ala-Gly map in each interval between
R' and R' + dR.
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-]
defined as a non-helical structure with R<7 A, is a
physically distinguishable type of protein structure, just
as helical and extended structures, and not merely an
arbitrarily-defined type of "disordered" conformation.
This point is even more apparent from the o(R) vs. R curve
in Figure 1C. The large peak at ~ 5 A indicates that bend
structures occur frequently in proteins not becauge of
geometric considerations (since V(R) below R = 7 A is very
small, as shown in Figure 1B), but because of energetically
favorable interactions,

These experimentally observed results can be compared
with theoretical studies of blocked dipeptides. Plots of
P(R), V(R), and o(R) vs. R for Gly-Pro and Pro-Gly are
shown in Figures 2 and 3. These dipeptides yield
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Figure 2: A. P(R) vs. R, B. V(R) vs. R, and C. 6(R)
vs. R for blocked Pro-Gly, from 10° map.



Conformational Studies 267

010 10 100 .
A
0.08 0.8} /A ! 80
A
— c Vﬂ
|
o f <
X 006 ~06F E(E’ 460 =T
R R S [\ 3
o g A Q
o
= e o / o
T 004 %04 d \ 140 L
\t: D/ A P A IA\
‘ B /\1 _ " \
oo2+ o2} C(D/Af _/-—A [\ —20
l:( /
& 4 \
A £ of
oL Ollluib!ﬂﬂié‘f 1 L o}
3 5 7 9 I
R(A)

Figure 3: A. P(R) vs. R, B. V(R) vs. R, and C. o(R)
vs. R for blocked Gly-Pro, from 10° map.

distribution functions which are quite distinct but, 1like
most other dipeptides examined, have relatively low values
of P(R) in the region of R = 6.5-7.0 A. The plot of o(R)
in the region below R = 7 A in Pro-Gly (Figure 2C) shows
that bend structures are energetically more favorable than
would be expected from simple geometric considerationms.
These results not only support the conclusion that bends
are distinguishable from other structures but also show
that the forces which stabilize bends in proteins may be
accounted for by interactions within residues or between
adjacent residues, Z.e., that local interactions are
sufficient to cause bends in proteins.

To show further the effects of local interactions, the
calculated values of the bend probability and the average
C%;...C%{4+3 distances were compared with the observed
values in globular proteins. Table I gives the data for
Pro-Gly and Gly-Pro. First, it is observed that the values
of <R>Z and <R>g are in excellent agreement, but they are
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Table I
Comparison of Calculated and Experimental Quantities¥*
Dipeptide Pb Pz Pq P, <R> <B>_ <R>q <R>e ¥ =

Pro-Gly 0.62 0.51 0.52 0.60 6.72 6,97 7.09 6.7 15 24
Gly-Pro 0.22 0.13 0.11 0.08 7.87 8.15 8.13 8.4 12 22

o
* Quantities Px are dimensionless; <R>x are in A.

not in as good agreement with <R>;. This suggests that
(1) the method employed here of minimization from selected
starting points succeeds in locating all low-energy minima;
(2) the classical librational entropy is progerly accounted
for by the approximation method of Go et al.“ without
having to resort to costly mapping of the entire conforma-
tion space; and (3) librational entropy contributes signi-
ficantly in the evaluation of relative stabilities of di-
peptide structures. Second, the general agreement between
Pe and Py (or P,) and between <R>p and <R>g suggests that
bends in proteins can be formed by local interactions and
therefore may be an important driving force in protein
folding.

An analysis of low-energy dipeptide structures obtained
by energy minimization yields the following results:
(1) Most dipeptide minima with AE < 3 kcal/mole can be
described as simple combinations of single-residue minima
in which each of the single-residue minima has an energy
less than 2 kcal/mole. (2) All low-energy minima obtained
by minimization from bend structures were also obtained
by minimization from combinations of single residues.
(3) Upon minimization, the relative energies of some
structures changed considerably even though the dihedral
angles changed by less than 5°. (4) Minimization from
combinations of single-residue minima sometimes lead to
structures which are not simple combinations of single-
residue minima. And (5) some combinations of single-
residue minima are not stable in the dipeptide. These
results not only emphasize the predominance of intra-residue
interactions in determining conformation but also point out
important effects of inter-residue interactions. They also
show the necessity for carrying out minimization in confor-
mational energy studies.

Further details of these results will appear elsewhere.®»’
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DIELECTRIC CONSTANT OR DIELECTRIC FUNCTION ?

Evelyn Ralston, R. L. Somorjai. Division of
Chemistry, National Research Council of Canada,
Ottawa, KI1A OR6, and Department of Physiology
and Biophysics, University of Illinois Medical
Center, Chicago, Illinois 60612

THE SEMI-EMPIRICAL POTENTIAL FUNCTIONS that are typically
used in conformational energy calculations of peptides

and proteins comprise several terms.! One of these, the
electrostatic contribution, arises because of the presence
of partial charges on certain atoms; these are determined
either from quantum chemical charge density calculations,
or from monopole approximations to the exgerimental bond
dipole moments when the latter are known. Furthermore,
the acidic and basic side-chains bear full charge. The
electrostatic contribution Eel to the total energy for two
charges qj, g4y, separated by a distance rjj is calculated
as E® = qjqi7/eof§Tii> Where cesf is an effective dielec-
tric constant. It is supposed to take into account the
presence of the solvent. But does it? Since in most con-
formational calculations the solvent dependence is simu-
lated only by the use of eqff, the magnitude of this con-
stant can be crucial. The purpose of this work is to show
that, at least in certain cases, a dielectric constant,
whatever its value, may be inadequate and could usefully
be replaced by a dielectric function e(rij).

If the charges were immersed in a homogeneous continuum
fluid of bulk dielectric constant ey, and if they were
separated by large enough distances, then €} could be
used in the expression for Eel, For a peptide or protein
in solution the interacting charges are frequently too
close to each other to be separated by bulk solvent.
Furthermore, some charges are not exposed to solvent
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molecules at all and their interactions are mediated
through the bulk of the peptide or protein. Thus even
if homogeneity could be assumed, €}, of the peptide
(~2.0-3,5) instead of that of the solvent should be used
in the calculations. 1In reality the charges on a peptide
or protein experience complex, inhomogeneous fields and
the low (1.0 € € € 5.0) effective dielectric constants
generally employed can be too crude,

A dielectric function e(rij) which depends smoothly
and continuously on ri; is the next simplest approximation.
Qualitatively, one expects €(ry;) to be some e, at the
contact distance r, (the sum of the van der Waals radii of
the charged atoms), and increase smoothly to Eeff“ (which
may not have to be equal to e€p). It has been shown®»!
that the energy of interaction of two point charges qj,
q2, separated by a distance d inside a spherical cabity
of diameter D depends only on x, (d/D = x < 1), d, q;, 92
and €}, where ep is the dielectric constant of the medium
in which the sphere is immersed. It can be written in the
form E®L = q1q2/de’ (x,¢y,), where the dielectric function
e' is generally much smaller than ey, tends to 1 as x » 0,
and to €p as x > 1. This is in agreement with the qualita-
tive expectation, as well as with some experimental results
of Birshtein et al. on the relation between the first and
second dissociation constants of diatomic acids and bases
and effective dielectric constants.® In view of the approxi-
mate nature of the theory proposed by Kirkwood,® we decided
not to adopt the computationally expensive expression he
derived for e€'(ry:;). Instead, the following very simple
empirical functiohal form was chosen (see Figure 1)

= 2 2
e(rij) 1+ 20 rij/(rij + 7e.

This function has the correct qualitative features we
discussed and it is smooth and differentiable., The lower
limit, €, = 1.0, corresponds to vacuum, implying that
there is no solvent between the charges. The large Tij
l1imit, here eeff = 21.0, should generally reflect the
macroscopic dielectric properties of the solvent one
simulates.

As a first test, the (¢,y) dipeptide map for alanine
was calculated with e(rij). It differs only slightly from
the € = 2.0 map, as expected for a small molecule in which
the range of possible interatomic distances is small.

Next, we used e(ry;) to study the folding of oligopep-
tides. It is now well established that oligopeptides
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undergo a transition from a "random coil" to a structured
state at a critical chain length. This length, as well
as the type of structure (a-helix, R-conformation, or
other folded conformation) depends on the nature of side-
chains and solvents.’»8® For the series of peptides
(Ala),, in a solvent mixture TFE/1% H,SO,, a transition
to the a-helix has been observed at the critical length
of 7 units.’

In previous calculations? the existence of a critical
length for folding has been predicted; its value however
is strongly dependent on the dielectric constant used in
the calculations. For the series (Ala)n studied for n =
1 to 6, the critical length was found at n = 6 with ¢ =
3.5 and predicted by extrapolation to be at n = 9 for
€ = 2,0 and at n = 12 for ¢ = 1,0,

What are the forces that lead to the folding of pep-
tides? The total conformational energy of a peptide, Et©Ot,
can be partitioned into two terms: Eloc, comprising the
local energy of each unit (energy of the unperturbed
molecule) and Eint, arising from the interactions between
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different units in the peptide.9 By definition, long-
range interactions are negligible in a "random coil".
Consequently, random coil states (R) are characterized
by a favourable Eloc term and a quasi non-existent Eint
term; folded conformations (F) are stabilized by Eint .,
by both terms. For a given peptide length, the relative
importance of the avera e values (taken over all investi-
gated conformations), E and EIO oC, reflectsthe predominance
of either R or F., Therefore, we consider as the critical
length for peptide folding the number n of residues at
which the two plots ElOC(n) vs. n and Elnt(n) vsS. n cross.
Here we present calculations for the series (Ala),
(n=1to 8) withe = 1.0, 2.0, 3.5 and e(rl ). Geometry
and energy parameters can be found in 9. The plots Eloc
(n) vs. n and Eint(n) vs. n are shown in Figure 2. Those
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Figure 2: Plots of the average energies E1OC/n (e) and
E%nt/n (0) as functions of n, the number“of units in
the blocked oligopeptides.



Conformational Studies 275

obtained with E(rij) differ quantitatively and qualitatively
from the ones calculated with the dielectric constants.

The transition is found at 7 units, in agreement with exper-
iment., In addition, the transition is much sharper, indi-
cating qualitatively different processes at work. To
understand what is happening, let us consider the conforma-
tions that contribute most significantly to the average
properties of the peptides. A large difference between
Eloc and Eint ( 35 is the case both for € = 1.0 and e(rij))
indicates the preferential population of only one class of
conformers, that which is stabilized by the energetically
more favourable of the two terms. A sharp transition
signals the sudden switching from one class of conforma-
tions present at equilibrium to another class. In contrast,
|ETe¢ - EINt| is much reduced when € = 2.0 or 3.5. This
means that there is no preferential population of any

class of conformations. The gradual transition implies

that both classes will be comparably populated for all n.
The number of probable conformations existing for e = 2.0
and ¢ = 3.5 increases with n, and the average plots comprise
contributions from many conformations of comparable energy.
The label "preferred conformation' is meaningless since no
conformation has weight greater than about 15%. The tran-
sition point has no definite structural significance.

Table I gives the predicted fraction of a-helix. Quanti-
tative interpretation of CD spectra of short peptides in
terms of a~helix content is difficult because of end effect

Table 1

Fraction of o-helix (in %)

€
1.0 2.0 3.8 e(rij)

n

2 * * 0.3 0.001

3 * 0.004 0,2 0.002

4 * 0.01 0.5 0.03

5 * 0.04 1.0 0.4

6 * 0.2 4,0 8.0

7 * 1.5 8.5 56.0

8 * 9.0 14.6 79.0

* < ,001
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complications. Consequently, only qualitative agreement
can be claimed between the spectra (that show a predomi-
nance of a~helical conformations for peptide lengths
greater than 7) and the predictions based on calculation
with e(ri.) (which indicate a jump in % helicity from 8
(hexapeptide) to 56 (heptapeptide)). It should be empha-
sized that e(rij) was not adjusted to fit the above experi-
mental data! The upper bound e.¢f = 21.0 appears to
simulate reasonably well the TFE/1% HpSOy solvent mixture
(e, (TFE) = 26.5).

More extensive calculations are needed to identify
the critical parameters of e(ri-); however it seems clear
that not only the limiting values (e, Eeff) but also
de(rij)/drij, the rate of change (steepness) of e(rij)
between € and e ¢g will play a crucial role. This is
evident since to any conformation there corresponds a
particular distribution of charge separations that is
typical of that conformation. The role of distance-
dependent dielectric function is to weigh differently
different ranges of interaction distances; thus it can
favour a certain class of conformations and not others.

By changing the critical parameters of e(rij), this empha-
sis of stabilizing a given conformation can”be adjusted
continuously; only crude, overall adjustments are possible
with an effective dielectric constant.

We feel that the consideration of dynamical data
(solvent induced transitions, ete.) is particularly impor-
tant in elucidating the finer details of E(rij). The
disadvantage of additional parametrization should be more
than compensated for by the new information we can glean
about conformation changes and their dependence on the
nature of the solvent, as well as of the side~chain
distribution.

The interest of the results more than justifies the
small increase in computer time (37 here) necessitated by
the use of e(rij).
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CONFORMATIONAL CALCULATIONS OF PEPTIDE CONFORMATION:

SYNTHESIS OF QUANTUM MECHANICAL AND EMPIRICAL APPROACHES
FOR DERIVING ENERGY FUNCTIONS

A, T, Hagler and A. Lapiceirella. Chemical Physics
Department, Weizmann Institute of Science, Rehovot,
Israel

IT IS WIDELY ASSUMED THAT the biological activity of hor-
monal and other peptides is related to their conformation.
Thus one of the most important and active areas of research
today, as seen from the proceedings of this symposium, is
the determination of peptide conformation.

Since the natural environment of biologically active
peptides is solution, most of the interest centers on the
determination of conformation in appropriate solution
phases. The main techniques being used currently to deter-
mine solution conformation are NMR, CD and IR.! Although
these techniques give significant conformational informa-
tion, unfortunately, unlike X-ray crystal analysis, the
results obtained are often not sufficient to determine
uniquely the intramolecular coordinates necessary to define
the conformation of the peptide. The most detailed infor-
mation about conformation can, in principle, be obtained
from theoretical conformational energy calculations. This
technique, when used in conjunction with the methods enumer-
ated above, should provide a potentially powerful probe
into the factors determining peptide conformation.

A few conformational studies involving energy calcula-
tions have been carried out. Some recent examples include
the work of Blout et al.? on cyclic peptides, Goodman et al.?
and Scheraga et al.* on TRH, and the work on oxytocin by
Kotelchuck et al.3

Despite the fact that much useful information can be
obtained from such studies, some major problems have to be
resolved before the conformational energy technique can
fulfill its promise and take its place on an equal footing

279
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alongside the more developed experimental techniques. Prob-
lems are associated with the formulation of adequate deriva-
tions for potential functions and solvent effects® and with
multiple minima (although for small peptides and when used
in conjunction with experimental techniques, this latter
may not be a problem).7'9

Up to this time, most conformational calculations have
been analyzed either in terms of quantum mechanical or
empirical potential methods.8-10 These methods are often
complementary (viz. the empirical method, by its very
nature, may be easily analyzed in terms of the individual
interatomic contributions, while the quantum mechanical
results may provide insight in terms of electronic distri-
bution). For example, in a recent study of the rotational
potential surface about_ the N-C% (¢) and co-cl (¢) bonds
in substituted amides,11 such combined analyses indicated
that the barrier at o = 120° (C-H syn-planar to the C=0)
was mainly due to a repulsive methyl H...carbonyl O inter-
action, Furthermore, it showed that minimal basis set cal-
culations were unable to reproduce this barrier because
the electrons in these basis sets were confined too close
to the nucleus, Z.e., the atoms are '"too small," and the
H and O don't '"overlap."

Quantum mechanical calculations of the spatial electron
distribution!3 may also be used for the formulation and
derivation of empirical potential functions. Although
various sources have been used for deriving potential func-
tions,8:% it has recently been recognized that one of the
best methods is to utilize the information on intermolecu-
lar forces implicit in the structure and energy of crystals
of model compounds.ll"16 The information available from
electron density distributions can be used in conjunction
with the crystal data in several ways. The population
analysis of several amides as carried out with CNDO/2, ab-
initio minimal, and ab-initio extended basis sets are given
in Figure 1.13,17-19 1t ig clear from a comparison of the
CNDO/2, minimal and extended basis sets, that the partial
charges obtained from population analysis are basis set
dependent. Thus the common practice of transferring these
charges directly to empirical potential functions to repre-
sent the electrostatic contribution®-10 (through Coulombs
law), 1s a highly questionable procedure.20 However, the
comparison of charges on a given atom within a given basis
set from molecule to molecule in different familiesl® can
give objective information about the transferability of
potential functions for this atom from the model compounds
to the biological molecules of interest. Transferability
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Figure 1: Net atomic charges in some primary and secondary
amides as obtained from population analysis of CNDO/2,
minimal and extended ab-initio wave functions. (Charges
in electrons)

of potential functions is one of the basic assumptions on
which the validity of conformational calculations rests.8,21
Population analysis condenses a continuous electron

distribution into a discrete set of numbers. The continuous
electron distribution also provides information relevant to
empirical conformational calculations. In Figure 2a, the
total electron density of N-acetyl N'-methylamine (¢,y =
180, 180) in the plane of the molecule as calculated with

a minimal basis set is presented. This is compared with the
electron density which results from the superposition of the
electron densities of the isolated spherical atoms placed

at the appropriate positions in the molecule (Figure 2b).
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D 2N , ) . , . b

Figure 2: Contours of constant electron density in N-acetyl-
N'-methylalanine. a) Total molecular demsity as calcula-
ted from STO-3G basis set, b) Electron density obtained
from the superposition of electron densities of 'spherical
atoms'" as calculated in the same basis set.

Comparison of the two distributions shows that for the con-
formationally important excluded volume effect, which is

due to the nonbonded repulsion between all electromns, the
spherical atom approximation is a good one., This approxi-
mation is implicit in empirical calculations. Although the
spherical atom approximation is very good for nonbonded
effects (which are due to all electrons), it may not be
suitable for the electrostatic interactions which are due to
the small perturbation of the spherical demnsities.

From the analysis of the deviations in calculated crys-
tal structures, Hagler and Lifson?3 suggested that the lone
pair orbitals on the carbonyl oxygen might be important in
determining the crystal structure and conformation of larger
molecules. Difference maps of the total electron density
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minus the spherical atom density13 bring out the electron
redistribution on molecule formation (see Figure 3 for a
difference map of N-methylacetamide). Such features as
the bonding densities and lone pair orbitals appear in
these maps. Information on the position and number of
electrons (by integration in space) which are useful in
the development and improvement of empirical functions may
be obtained from such maps.

L " n It N L It N
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" e

T T T T T T T

Pigure 3: Difference map of the total molecular density
as calculated with the extended 6-31G basis set minus
the spherical atom densities. The positive difference
contours are solid, while the negative are dotted and
the zero contour, dashed.

In summary, from this brief survey it may be seen that
from the combination of quantum mechanical and purely em-
pirical calculations, one may gain insight into conforma-
tional behavior which is not available from either technique
alone.
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