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PREFACE 

The Fifth American Peptide Symposium was held on the campus of the 
University of California, San Diego, from June 20-24, 1977. Representatives 
from more than twenty nations participated, demonstrating once again the truly 
international nature of peptide research. There has been an enormous increase 
in the study of peptides which the Program Committee recognized by bringing 
speakers to the meeting who created a sense of freshness and timeliness. We 
were also keenly aware of the need to maintain a balanced program that has 
become typical of the Peptide Symposia. Therefore we invited leaders in the 
areas of synthesis, biology, structure and characterization to present their latest 
findings. 

A substantial departure from the format of the preceding meetings was 
inaugurated with this symposium. We invited only 14 main lectures. All sub- 
mitted papers were presented in poster sessions. We also included an Open 
Forum which was designed to bring progress reports of ongoing work to the 
attention of peptide chemists and biologists. 

During this symposium, we also presented the first Alan E. Pierce Award in 
peptide and chromatographic methodology. The recipient was Professor Miklos 
Bodanszky who in his award address stressed the uniqueness of each peptide 
sequence. He demonstrated superbly how peptide chemists must face new and 
undiminished challenges with each novel structure in the synthesis of complex 
peptides. 

A major biological area of emphasis in the symposium involved brain peptides. 
The structures of enkephalin, endorphins and other fragments of 0-lipotropin 
were actively discussed. Three of the main lecturers and many poster presenta- 
tions concentrated on the isolation, characterization, analog syntheses and mode 
of action of these fascinating molecules. There was by no means complete agree- 
ment on the findings reported. Dr. Guillemin, in the concluding remarks of his 
lecture, took note of this when he indicated that the field is growing rapidly and 
that a comprehensive picture has not yet evolved. 

Our symposium also showed the remarkable advances being made in analytical 
methodology. Dr. Udenfriend clearly showed that, by use of appropriate labels 
(radioactive and fluorescent) and modern chromatography, peptide and protein 
chemistry can be successfully accomplished at the picomole level. These tech- 
niques, together with the advances in sequencing and mass spectral analysis, 
provide us with incredibly sensitive assays of structure and purity. 

Conformational studies of peptides, polypeptides and proteins were an impor- 
tant component of the symposium. Four main lectures and numerous posters 
were devoted to this area of research. From the presentations it is clear that 
theoreticians and experimentalists are continually learning from each other's 
results. The former are improving the basis for their potential functions and 
other ingredients used to predict correct potential energy minima. The latter 



are unraveling many peptide and protein structures by X-ray crystallography and 
studies in solution. Utilizing nuclear magnetic resonance, charge-transfer spectra 
and related measurements, experimentalists are obtaining results which can be 
used to deduce conformations of peptides in solution. The theoretical studies 
aid the experimentalists in selecting appropriate measurements needed to propose 
molecular structures, while the theoreticians are able to refine their calculations 
on the basis of known structures from X-ray or studies in solutions. 

The area of synthesis was well represented. In addition to the Pierce Award 
address in which Miklos Bodanszky described many exciting challenges remaining 
for peptide chemists, three main lectures and numerous posters were devoted to 
descriptions of sophisticated techniques of synthesis including protection, cou- 
pling and deprotection. The preparation of important and complex natural 
peptides was described. In their lectures, Drs. Sakakibara and Merrifield, using 
classical and solid-phase approaches respectively, showed that constant assess- 
ment of side reactions and racemization is necessary to achieve the level of 
successful syntheses of the natural products and model systems currently of 
interest. To these important factors, Dr. Feurer added scale-up and other indus- 
trial considerations for large-scale peptide synthesis. 

As chairman of this year's meeting, I want to take this opportunity to thank 
the members of the Program Committee who worked closely with me in design- 
ing the program and in selecting the submitted papers for poster presentation. 
A meeting of the size of the Fifth American Peptide Symposium requires sub- 
stantial funds to be launched successfully. A list of sponsors is contained else- 
where in these proceedings. I want at this point to thank each of the companies, 
and the Institute of General Medical Sciences of the National Institutes of Health 
for their generous financial support. There is no way that I can repay my secre- 
taries, Charlotte Beck and Martha Parga, for their unstinting work. My colleague 
and associate, Dr. Michael Verlander, deserves much praise for his efforts in 
making sure that everything at the meeting went off according to schedule and 
without fuss. Much thanks should also go to members of my research group and 
the Local Committee who helped. Nomi Feldman, as coordinator of the opera- 
tional aspects of the symposium, performed marvellously and beyond the call of 
duty. I especially want to acknowledge the efforts and professional insight of 
my editorial associate, Constance Mullin. To these people and all the attendees 
I owe a debt of gratitude. 

Murray Goodman 
La Jolla, California 
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Alan E. Pierce Award Lecture 

PEPTIDE SYNTHESIS: AN UNDIMINISHED CHALLENGE 

MIKLOS BODANSZKY, Department o f  Chemistry, Case Western 
Reserve University, Cleveland, Ohio 441 06 

I would like to express my thanks to the Selection Committee of the American 
Peptide Symposia for choosing me as the first recipient of the Alan Pierce Award. 
However, no less gratitude is due to Mr. Roy Oliver of the Pierce Chemical Com- 
pany. Peptide chemists have received, until now, no real appreciation such as 
the Pierce Award. This award is a timely recognition of the field of peptide 
chemistry, a field that'requires arduous work, and unrelenting dedication. Last, 
but not least, I thank our Chairman and host, Professor Murray Goodman, for 
the invitation that allows a veteran of a quarter century to talk to you on 
peptide synthesis. 

Time restrictions prevent a full presentation of recent advances, and I can 
mention only a few contributions. These are not necessarily the most significant 
ones: importance emerges gradually and can be judged only in retrospect. In 
fact, looking at the impressive array of wellestablished methods of protection, 
coupling, etc., one could even question the need for additional procedures. The 
answer is: yes, we need them, and the reasons for this affirmative answer can be 
found in the words of Theodor Wieland: l 

"To the uninitiated, even to the chemist familiar with peptide chemistry only 
through hearsay, it may appear that nowadays peptide synthesis is mere routine. 
However, the adept has learned by experience that the individuality o f  the amino 
acids, which in the last analysis is one of the elemettts determining biological 
specificity, lends to their manipulation in synthesis such diversion, suspense and 
drudgery as found with no other substances. Thus only can the manifold efforts 
for development of a methodology of the field be understood. In progressing 
toward longer and longer, structurally welldefined peptide chins,  methods, 
that are quite trustworthy with small peptides, may prove of  little utility. 
Therefore, it should be possible to choose the right alternative from a large array 
of procedures. For all these reasons, every synthesis of a complicated polypep- 
tide represents the sum of prolonged intellectual and experimental exertions 
which, however, often find their reward in the interesting physical, chemical and 
biological properties of the final product. " 

Unusual Residues 

In addition to the twenty amino acids commonly found in proteins, many 
unusual residues were identified in microbial peptides, some of these requiring 
special measures of synthesis. We have to think only of the extreme readiness of 
phenylglycine to suffer racemization when a ~ t i v a t e d . ~  Not less problematic 
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could be the incorporation of the newly recognized constituent of prothrombin, 
y-carboxyglutamic acid.3 The synthesis, resolution and protection of this amino 
acid (1) has already received growing a t t e n t i ~ n . ~ > ~  In our own recent work, the 
incorporation of biocytin6 (ebiotinyl-L-lysine), (2) presented some problems. 

HOOC-CH-COOH 
I 

The attempted preparation of biotinp-nitrophenyl ester (5),7 with the aid of 
p-nitrophenyl tr if lu~roacetate,~ led to a trifluoroacetyl derivative (4),9 which, in 
turn, could be converted to  the desired active ester by alcoholysis. The weak, 
but definite, nucleophilic character of the urea grouping in biotin (3) did not 
prevent uslo from obtaining a crystalline pentachlorophenyl ester of Boc-biocytin. 
[mp. 156' dec., [a]  k5 + 7" (c 2, DMF)] . Still, the complicating effect of biotin 
must be taken into consideration during our effort toward the synthesis of a 
biologically active tryptic fragment of the biotin-containing carboxyl carrier 
subunit of the transcarboxylase from Propionibacterium shermanii. 11 
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Unexpected behavior of an unusual residue occurred in the synthesis of a 
hormone analog in our laboratory.12 Replacement of the side-chain amino 
group of the lysine residue in vasopressin by hydroxyl required the incorporation 
of E-hydroxynorleucine. When the hydroxy group was left unprotected, the 
removal of &-amino protecting groups with hydrobromic acid in acetic acid or 
with trifluoroacetic acid caused considerable cleavage of the peptide bond 
between e-hydroxynorleucine and the next amino acid, glycine, although the 
formation of a seven-membered lactone was the driving force of the N+O shift, 
not a five-membered one, as in the case of homoserine. An old device, acetyla- 
tion of the hydroxy group, eliminated the problem, but it is obvious that unusual 
residues in naturally occurring peptides or in their analogs provide new stimuli 
for the development of novel protecting groups. 

Protection and the Removal of Protecting Groups 

The introduction of tertiary amine substituents into well-established protect- 
ing groups renders them resistant to acids. This idea was generalized in Young's 
laboratory13 in Oxford (groups 6 4 ,  though the underlying principle can be 
recognized in the earlier proposed14 isonicotinyloxycarbonyl group (9) as well. 
The isonicotinyloxycarbonyl protection of the e-amino group of lysine residues 
has already gained practical significance. 

O-CO- 
CH~-N'J( N ~ C H ~ - 0 - C O -  

CH3 (8) (9) 

From the attempts toward acid-stable and selectively removable protection of 
the lysine side chain, the 0-methylsulfonylethoxycarbonyl (Msoc) group (10) of 
~ e s s e r l ~  is quite promising. The alkali-catalyzed elimination reaction used for 
the removal of this group is remarkable in its smoothness, but the potential harm 
to other functions caused even by brief treatment with the calculated amount of 
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alkali still requires careful examination. An alternative solution for the stabiliza- 
tion of the benzyloxycarbonyl group against partial removal is substitution of 
the ring with negative atoms such as ~ 1 1 6  or ~ r 1 ~  or electron-withdrawing groups 
 NO^).^^ Such substituted Z-groups remain intact during acidolysis of Boc 
groups, e.g. with trifluoroacetic acid. On the other hand, unless hydrogenolysis 
can be used, the negatively substituted Z groups require quite strong acids for 
their removal. There is a general trend - coming from solid-phase peptide syn- 
thesis - for "global deprotection," that is, for the simultaneous removal of all 
protecting groups with strong acidic reagents. The application of H F , ~ ~  B B ~ ~ , ~ ~  
B ( c F ~ c o O ) ~ , ~ ~  C F ~ S O ~ H , ~ ~  and C H ~ S O ~ H ~ ~  are all steps in this same direc- 
tion, as is the potential use of the HF-pyridine complex.24 Yet, such strong 
acidic conditions are conducive to previously unobserved side reactions, e.g. the 
migration of benzyl groups in tyrosine from oxygen into the nucleus. Therefore, 
some new consideration is due to the "old faithful," the ~ - ~ r o u ~ . ~ ~  Instead of 
rendering it more acid resistant, one can change the conditions of the cleavage of 
the Boc group in such a way that the Z-groups on lysine side chains remain essen- 
tially intact. Dilution of trifluoroacetic acid with 30% water was proposed by 
Schnabel et a1.,26 but concern about hydrolysis led us27 to use a mixture of 70% 
trifluoroacetic acid and 30% acetic acid, which provides complete removal of 
Boc groups in about 112 hour at room temperature, yet causes only negligible 
cleavage of side chain Z-groups. A sophisticated approach, reaching selectivity 
with weaker rather than stronger acids, was proposed by the Ciba-Geigy group.28 
The trityl and biphenylisopropyloxycarbonyl (Bpoc) groups can be selectively 
removed, each at a distinct, well-defined acidity in 90% trifluoroethanol. The 
new method found impressive application in a most elegant synthesis of human 
insulin.29 An interesting new class of acid labile amino-protecting groups, phos- 
phinamides, was proposed by Kenner et a1.30 Protection of amino acids in the 
form of diphenylphosphinamides (11) protects them against racemization as well. 

A similar pattern of development can be recognized in connection with the 
protection of the phenolic hydroxyl of tyrosine. The "classical" protecting 
group, 0-benzyl (12),~l was used without complication, when HBr in AcOH32 
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was applied for deprotection (13). Later, to prevent the acetylation of serine 
residues, the acetic acid in the reagent was replaced by trifluoroacetic acid.33 
Subsequently, the already mentioned formation of 3 - b e n ~ ~ l - t ~ r o s i n e ~ ~  was 
noted (13 and 14). (The peptide chemist always sails between Scylla and 
Charybdis.) Substituted benzyl groups, e.g. the 2,6-dichlorobenzyl group,17 
were introduced, a counter-measure which could diminish the extent of the side 

reaction. An intramolecular mechanism seems to be involved since scavengers 
were without effect. Yet the solvent dependence of the reaction suggested that 
a solution of the problem may lie in this direction. We were pleased to observe35 
that only a negligible trace (<0.1%) of 3-benzyltyrosine (14) formed when HBr, 
in a 1 : 1 mixture of phenol and pcresol, was used for the removal of the benzyl 
group. The practical application of this reagent is being explored. 

The acidcatalyzed ring closure in peptides containing P-benzyl aspartyl resi- 
dues has received new attention: ~ e r r i f i e l d ~ ~  replaced this group by  the selec- 
tively removable phenacyl grouping. In our own work we were more troubled 
by the base-catalyzed formation of succinirnide derivatives. For example, in the 
synthesis of the N-terminal sequence (15) of the vasoactive intestinal peptide37 
by stepwise chain lengthening with active esters,38 a ready ring closure of the 

His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr 

1 2 3 4 5 6 7 8 9 1 0  

aspartyl residue in position 8 was noted. The basecatalyzed elimination of the 
benzyl alcohol might be facilitated by the absence of steric hindrance if the 
carboxamide of the side chain of the 9-asparagine residue is kept away from the 
NH group of the same moiety by hydrogen bonding. We are carrying out a 
search for protecting groups that remain intact during coupling and provide the 
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desired semi-permanent protection, but we also explore the prevention of the 
ring closure by changing the conditions of the reaction. In a series of experi- 
ments, the effects of different bases (tertiary amines) were compared.39 The 
hindered base diisopropylethylamine, that was beneficial in other cases$O pro- 
duced nearly as much succinimide byproduct as the unhindered triethylamine. 
On the other hand, methyldibenzylamine, tribenzylamine and the "proton 
sponge," 1,8-dimethylaminonaphthalene,41 greatly reduce the rate of ring 
closure. Tribenzylamine, perhaps because it is a weak base, diminished the rate 
of the desired reaction as well. The applicability of methyldibenzylamine and 
of the "proton sponge" is under investigation. 

An alternative solution for the suppression of succinimide ring formation is 
the acceleration of the rate of the coupling reaction by catalysts that do not 
enhance the rate of the side reaction. In preliminary experiments, catalysis of 
active esters with l-hydroxybenzotriazole42 gave promising results. No less 
auspicious were the attempts in which 4-dimethylaminopyridine43 was adopted 
for the acceleration of acylation with p-nitrophenyl esters. 

Activation and Coupling 

Efforts toward improved methods of activation of the carboxyl group are 
continued in many laboratories. The 4-component condensation of ~~i~~ or the 
reagents that involve acyloxyphosphonium i n t e r m e d i a t e ~ ~ ~ y ~ ~  are good examples 
of such endeavors. 

The Bates' reagent47 (compound 16) 

CH3 CH3 CH3 CH3 

CH 'N' 'N' 
3\ 1, ,CH3 

N- P- 

or the reagent (1 7) of Martinez and winter nit^^^ 
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are ingenious and novel, but as yet of unknown significance. It may be interest- 
ing to note that well-established reagents such as tri-p-nitrothiophenyl phos- 
phite$9 di-p-nitrophenyl sulfite50 or p-nitrophenyl tr if lu~roacetate,~ all used in 
pyridine, also might react via acylpyridinium salts. The recently proposed reac- 
tive amides (compound 1 8 ) ~ ~  could indicate a renewed interest in reactive 
N-acyl derivatives. 

Strategy 

Instead of further pursuing novel methods of activation, we should pay 
attention to the related problem of strategy. Stepwise synthesis of peptides38 
gained new ground by the adaptation of mixed anhydrides, particularly those 
prepared with isobutyl c h l o r ~ c a r b o n a t e ~ ~  for coupling. ~ i l a k ~ ~  and, more 
recently, the group of  eyerm man^^ carried out syntheses of longer chains in this 
manner. A brief reexamination of this approach in our laboratory55 cautions 
against the uncritical use of the "repetitive excess mixed anhydride (REMA)" 
method. Some second acylation product could be detected in all experiments 
(Table I) carried out with mixed anhydrides. The amount of these blocked 

Table I. Formation of a Second Acylation Product in the Reaction of tert- 
Butyloxycarbonylamino Acid-isobutylcarbonic Mixed Anhydrides 

with Amino Acid P-naphthylamides 
- 

Boc-amino acid 

glycine 

L-leucine 

L-phenylalanine 

0-Bz 1-L-serine - 
L-valine 

L-isoleucine 

glycine 

L-valine 

glycine 

Amino acid 
B-naphthylamide 

glycine 

glycine 

glycine 

glycine 

glycine 

glycine 

L-valine 

L-valine 

L-leucine 

Second acylation 
product ( % )  
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peptide byproducts might be acceptable in many cases, but with hindered 
carboxyl components, such as derivatives of valine and isoleucine, their amount 
grew to  6 and 8%: clearly reason for concern. Symmetrical anhydrides56 or 
active e s t e d 7  should produce - at least in principle - more homogeneous 
materials. 

The expression "segment condensation" proposed by ~ e t t i t ~ ~  is certainly 
more descriptive than the term "fragment condensation" used so far. In this 
strategy, the suppression of racernization by N-hydroxysuccinimide ( 1 9 ) ~ ~  or by 
1-hydroxybenzotriazole (20)6O are major advances. New efficient racemization- 
suppressing reagents were found, e.g. ethyl 2-hydroxyimino-2cyano-acetate 
( 2 1 ) ~ ~  The significance of 1-hydroxybenzotriazole, however, lies in the fact 

that in addition to its ability to reduce the extent of racemization, it also cata- 
lyzes the aminolysis of active e ~ t e r s . 6 ~  It diminishes the danger of a ~ e t ~ l a t i o n ~ ~  
or t r i f l~oroacetyla t ion~~ of amino components used as acetate or trifluoroace- 
tate salts and in some, not yet understood, way it can prevent the extensive 
hydroxyl o-acylation observed in histidine-containing peptides.65 

While coupling in the presence of these "additives" rendered the potent 
dicyclohexylcarbodiimide method66 acceptable for segment condensation, the 
crucial problem of linking larger segments of a long peptide chain is not yet 
satisfactorily solved. The classical approach, coupling via a z i d e ~ , 6 ~  is often not 
as reliable as would be necessary when precious intermediates are involved. 
Activation of the carboxyl group (of the carboxy component) has to be efficient 
and yet one should avoid o v e r a ~ t i v a t i o n ~ ~  since this will lead to racemization 
and to other side reactions. The alternative process, aminouctivation, stdl awaits 
discovery. In a search for further solutions, we considered active esters of pep- 
tides which serve as carboxyl components. Unfortunately, the preparation of 
active esters generally proceeds through more reactive intermediates, such as 
0-acylisoureas or mixed anhydrides. Yet, it should be possible to prepare active 
esters via the activation of the hydroxylzomponent. As an example, the synthe- 
sis of 0-acyl derivatives of benzhydroxamic acid (22) by Taschner and his 
ass0ciates6~ can be mentioned. If we consider 1-fluoro-2,4-dinitrobenzene as the 
activated form of 2,4-dinitrophenol, then the formation of reactive derivatives 
of carboxyl groups (23) during d i n i t r ~ ~ h e n ~ l a t i o n ~ ~  is an ear1y;although not 
practical, example of hydroxyl activation. In our attempts in this direction, the 
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0 0 
II e 11 

R-C-0 AP + CL-C-@) --Z R-C-0-C* + A g C l  
If 

HO-N 
I /  

HO-N 

0 0 
I I 

R-C-ONa + F 9 0 NO2 + R-C-0 0 NO2 + N a F  " P 

reaction of 1-iodo4-nitrobenzene with the cesium salts of carboxylic acids 
yielded highly colored solutions, presumably containing Meisenheirner complex 
type intermediates (24): 

We are still looking for a catalyst that would remove the obstacle from the way 
of these intermediates toward the desired active esters (25). 

Conclusions 

After this brief and, by necessity, superficial survey of the state of peptide 
synthesis, I am probably expected to look into the future of the field. This 
would require a better futurologist than I claim to be. Peptide synthesis is about 
as old as our century. Many of its major advances materialized in the last 25 
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years and therefore we should assume substantial progress in the last "quarter." 
Probably larger and more complex peptides will be the targets of syntheses. 
Beyond this, no generalization is possible. Yet, just because of the individuality 
of the amino acids and on account of the individuality of peptide sequences, we 
should expect not fewer difficulties and problems, but more. An example of 
sequence-dependent side reactions, the ring closure of aspartyl peptides to amino 
succinimide derivatives, is being studied in our laboratory. A recent unexpected 
o b s e ~ a t i o n , ~ ~  the formation of a sulfonic acid derivative during esterification of 
the phenolic hydroxyl group of tyrosine in the C-terminal 10-peptide of chole- 
cystokinin ( c c K ) ~ ~  points to the participation of the preceding aspartyl residue 
in the side reaction. The same operation carried out on the C-terminal7-peptide 
of this hormone yielded a biologically highly potent material that contained only 
the desired 0-sulfate, but no sulfonic acid derivative. The 7-peptide also has an 
Aspartyl residue, except that it is more distant from the tyrosine moiety: 

O S O ~ H  
I 

CCK 24-33 Asp-Arg-Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH2 

CCK 27-33 

As you certainly noted, instead of "heptapeptide," I said 7-peptide and 
replaced "decapeptide" with 10-peptide. I used this opportunity to break with 
our earlier contention that we are familiar with the Greek numbers. The con- 
siderable variations in the nomenclature (e.g. hendecapeptide versus undecapep- 
tide, tetracosapeptide or t e t r a k o ~ i ~ e ~ t i d e ~ ~ )  of longer peptides suggest that 
uncertainties in this respect are not limited to our own publications. The use of 
an arabic numeral preceding the word "peptide" is self-explanatory and simple. 
The new expressions could be pronounced in the vernacular: ten-peptide in 
English, dix-peptide in French, zehn-Peptid in German or tiz-peptid in Hungari- 
an, and yet be understood by all of us in the printed publications. I believe we 
peptide chemists can use any relief, even a small one, such as a'simplification in 
the nomenclature. 

Our task will not be easier in the future. As I just demonstrated, the individ- 
uality of amino acids and of peptide sequences can produce new surprises. New 
methods of analysis will reveal side reactions not recognized before. Thus, pep- 
tide synthesis still requires uninterrupted vigilance, unrelenting efforts and, 
particularly, improvements in a methodology which through unequivocal reac- 
tions will produce homogeneous final products. I believe that you will share my 
view about peptide synthesis: its challenge remains undiminished. 

Support of our studies by NIH (AM12473) and NSF (CHE7615652) is gratefully 
acknowledged. 
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Isolation and characterization of proteins and peptides is a key step in almost 
all fields of biology, from enzymology to endocrinology and immunology. The 
technology introduced over the last twenty-five years, including automated 
ninhydrin assay, the automated sequenator etc. has made it possible to isolate 
and characterize those proteins and peptides which are present in relatively high 
concentration in tissues and are relatively stable, or which can be readily con- 
centrated from large amounts of tissues. However, when one is confronted with 
a protein or peptide that is present in tissues at concentrations of micrograms 
per gram or lower, the classical methods can only be applied with difficulty. For 
example, endocrinologists isolating hormones from the pituitary gland have had 
to use several hundred thousand glands from slaughterhouse animals. While this 
approach has been successful it requires an initial outlay for tissue approaching 
the million-dollar range. The cost of solvents and chemicals is proportionally 
hlgh. 

The use of slaughterhouse materials has other disadvantages, including the 
problem of controlling proteolytic enzymes. Proteolysis can occur during collec- 
tion, during transfer, prior to freezing, during thawing, and while working up the 
tissues and extracts. With slaughterhouse material it is difficult to control the 
first few steps, resulting in two types of artifacts, 1) the appearance of peptides 
which are normally not present in the tissues and, 2) the disappearance of larger 
peptides. Finally, methods which require more than several nanomoles of pep- 
tides cannot be applied to the tissues of small laboratory animals usually em- 
ployed for biological experimentation. 

Several years ago fluorescamine ( ~ l u r a r n ~ ~ )  was introduced as a fluorometric 
reagent for all primary aminesl and was shown to be useful in assaying amino 
acids, peptides and proteins in the picomole range.2 Subsequently, a related 
reagent, 2-methoxy-2, 4-diphenyl-3(2H) furanone (MDPF) was introduced3 
(Fig. 1). Since then, our laboratory and others have found these two reagents to 
be useful for monitoring all phases of protein and peptide chemistry including 
isolation, by both classical and chromatographic means, molecular weight deter- 
mination, amino-acid analysis, fingerprinting and sequencing, as well as peptide 
synthesis and quantitative assay of tissue extracts. In this review we shall discuss 
each of these processes and present some applications for which fluorescamine 
or MDPF may be uniquely suited. 
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MDPF 

Fig. 1. Fluorogenic reactions of fluorescamine and MDPF with primary amines. 

Amino-acid Assay 

The properties of fluorescamine make it ideally suited for automated arnino- 
acid analysis.2 Reaction with amino acids is virtually instantaneous at room 
temperature and destruction of excess reagent occurs rapidly. Fluorescarnine, as 
well as its hydrolysis products, are nonfluorescent whle the amino-acid deriva- 
tives are intensely fluorescent. Since picomole quantities are sufficient for assay, 
small-diameter columns have sufficient capacity and may be used for chromatog- 
raphy. Another important advantage is that fluorescamine is relatively insensi- 
tive to ammonia, yielding less than 1% of the fluorescence observed with amino 
acids. Proline and hydroxyproline can be assayed after oxidation to the corre- 
sponding amino aldehydes4 
All the above steps have been incorporated into a fully automated amino-acid 

analyzer which has been described e l ~ e w h e r e . ~ ~ ~  Commercial fluorescamine 
amino-acid analyzers may soon become available. 

We have used fluorescamine amino-acid analysis for many problems in which 
only picomole quantities of peptides or proteins were available (Fig. 2). A unique 
application of the method has been in the identification of a tissue protein which 
crossreacts with antibody directed against the enzyme prolyl hydroxylase.7 The 
enzyme and the crossreacting protein (CRP) are found in all tissues which form 
collagen, with the latter always present in excess. Both were purified in micro- 
gram quantities from newborn-rat skin. When subjected to gel electrophoresis in 
sodium dodecyl sulfate (SDS) the enzyme, which exists as a tetramer with a 
molecular weight of 240,000, was resolved into its two component subunits, a 
larger one (SL) about 64,000, and a smaller one (Ss) about 60,000. When sub- 
jected to SDS gel electrophoresis CRP migrated to the same position as (Ss) 
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Fig. 2. Amino-acid analysis of a standard mixture (250 pmol of each amino acid). Detec- 
tion was with fluorescarnine. Total run time was 3 h. 

indicating both were of the same molecular weight. The stained bands, contain- 
ing microgram quantities of protein, were cut out, hydrolyzed in acid and sub- 
jected to amino-acid analysis as previously de~cr ibed .~  CRP and Ss were found 
to have the same amino-acid compositions (within experimental error) providing 
evidence for their identity. Fluorescamine and MDPF are now being used for 
fingerprinting microgram quantities of the two peptides with a molecular weight 
of 60,000 to confirm their identity and to demonstrate for the first time the 
normal occurrence of an excess of a free subunit along with its enzyme. The re- 
quirement of only picomole quantities of the proteins facilitated these studies 
immensely. 

There have been previous attempts to determine the amino-acid composition 
of protein bands in polyacrylamide gels. However, the large amounts of ammonia 
released from the gels during hydrolysis made the use of ninhydrin extremely 
d i f f i ~ u l t . ~  o-Pthalaldehyde, another fluorescent reagent which has been used for 
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amino acid assay at the picomole levello, would also be unsuitable for this 
application, since it, unlike fluorescamine yields intense fluorescence with 
ammonia. 

Peptide Purification 

The properties of fluorescamine make it ideal for flow systems. Reaction 
with peptides is rapid and both the reagent and its hydrolysis products are non- 
fluorescent. When used only for assay, the total column effluent may be directed 
into a fluorometric detection system, as is done in the amino-acid analyzer. As 
little as 5 pmol of the dipeptide, carnosine, has been measured by such a proce- 
dure.ll However, for purifying peptides at the nanomole level it is important 
that only a small portion be used for detection. By employing an automatic 
stream-sampling valve only a portion of a column effluent is assayed (picomoles) 
while the remainder (nanomoles) is directed to a fraction collector.12 Such a 
system has been used in this laboratory for the chromatographic isolation of 
nanomole quantities of peptides ranging in size from a few amino-acid residues to 
over 90. Some applications are described below. 

The purity of peptides which are to serve as calibration standards not only 
for chemical assay, but also for bioassay and radioimmunoassay, must be estab- 
lished. Furthermore, peptides that are to serve as antigenic determinants in the 
preparation of specific antibodies must be homogeneous to yield meaningful 
information. Although synthetic peptides can now be made in high purity, 
impure preparations are still common. For example, synthetic 0-endorphin ob- 
tained from Dr. C. H. Li was found to be homogeneous by our criteria, while a 
commercial preparation of the same peptide was not satisfactory (Fig. 3). Impure 
peptide preparations such as commercial vasopressin, can often be purified by 
chromatography on a high efficiency column.13 Radioactive peptides present 
an even greater problem. They are generally prepared in small amounts and are 
of high specific activity. Their price is equally high. The laboratories which pre- 
pare them must waste relatively large (and therefore costly) amounts to detect 
and remove impurities. Since few scientists who use them are equipped to moni- 
tor their purity, the result is that impure labelled peptides may be used as prime 
standards in many biological studies. Fluorescamine methodology is ideally 
suited for the purification of labelled peptides without sacrificing much for assay. 

The research in our laboratory has been concerned with the study of bio- 
logically active peptides, at present with those possessing opioid activity. To 
monitor the opioid peptides in column effluents we have set up a competitive 
binding assay with neuroblastoma X glioma hybrid cells14 using tritiated leucine- 
enkephalin as the displaced ligand.15 Since both the bioassay and the fluoromet- 
ric procedures are sensitive at the picomole level, we have found it possible to use 
tissues from relatively few laboratory animals (rats and guinea pigs) instead of 
slaughterhouse material.l69l7 As noted in the introduction, use of laboratory 
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Fig. 3. Comparison of two preparations of synthetic p-endorphin by chromatography on 
Partisil SCX. Dr. C. H. Li of the Hormone Research Laboratory, University of California at 
San Francisco, kindly supplied the sample of p-endorphin depicted in the top panel, while 
the preparation shown in the bottom panel was from a commercial source. The fluorescamine 
column monitoring system was used for detection. 

animals is important for many reasons. Among these are the ability to remove 
the tissues from the animals rapidly and to homogenize them under conditions 
where proteolytic degradation is inhibited. Besides generating superfluous pep- 
tides that can complicate the isolation procedure, proteolysis can significantly 
lower the yield of the peptide being sought. Both problems were encountered 
when we attempted to isolate 0-lipotropin from frozen rat pituitary glands from 
a commercial source. Chromatography of the pituitary homogenate on Sephadex 
indicated that much of the protein had been degraded to small peptides. The 
recovery of 0-lipotropin was markedly reduced and endorphins were correspond- 
ingly increased.l61l7 

In order to investigate the pharmacology and physiology of the opioid pep- 
tides it is necessary to use small laboratory animals, especially the rat, which has 
traditionally been used in studies on analgesia. Thus it was necessary to isolate 
and characterize the various biologically active peptides from rat tissues, since 
one might expect to find differences in the primary structures compared to the 
corresponding peptides which were obtained fromlarge animals. We were able to 
isolate 0-lipotropin from relatively few fresh rat anterior pituitaries.16117 An 
extract of 40 rat glands was fractionated on G-75, then on the strong cation ex- 
changer Partisil S C X ~ ~ ,  and finally on the reverse-phase Lichrosorb RP-J 8 
(Fig. 4). The effluent from each column was monitored with the automated 
fluorescamine detection system. In addition, aliquots from the collected frac- 
tions were treated with trypsin in order to convert the relatively inactive 0- 
lipotropin to highly active cleavage products, which were then determined by 
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Fig. 4. Chromatographic steps for the purification of rat p-lipotropin (from Ref. 16). 
The fluorescamine column monitoring system was used for chemical detection. Aliquots of 
fractions were trypsinized and then tested for opioid activity in the neuroblastoma X ghoma 
binding assay. An extract of 40 rat anterior pituitaries was resolved on Sephadex 6 7 5  (top 
panel), then on Partisil SCX (middle panel), and finally on Lichrosorb RP-18 (bottom panel). 
The major peak in the bottom panel represented rat p-lipotropin. 
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the competitive binding assay. Monitoring of all three columns by the fluoro- 
metric and biological procedures consumed less than 20% of the starting material. 
A yield of 4 nmol of 0-lipotropin was obtained from 300 mg of anterior pituitary. 
Some of this material was used to determine the molecular weight and the 
amino-acid composition. Similar procedures were used to isolate and charac- 
terize rat 0-endorphin17 and are being used in the isolation of opioid peptides 
from other regions of the brain. We have succeeded in preparing pure methionine- 
enkephalin from guinea pig striatum and have observed several other peaks of 
opioid activity in this tissue. The sensitivity of fluorescamine monitoring of 
columns makes it ideally suited to the isolation and characterization of peptides 
present in tissues in small quantities. 

Elucidation of Primary Structure 

These microfluorometric procedures can be useful in elucidating the primary 
structure of peptides and proteins when only nanomole quantities are available. 
Picomole amounts have been used for molecular weight determination utilizing 
comparative gel filtration.16 Fluorescent procedures have also been used for 
fingerprinting by a variety of procedures.18-20 In our laboratory, the cleavage 
products obtained by enzymatic or chemical degradation of proteins or peptides 
are resolved by colu~nn chromatography using the fluorescence monitoring sys- 
tem. This procedure has been used to demonstrate the identity of rat and camel 
endorphins.17 Alternatively, separation of peptides can be achieved by disc gel 
electrophoresis. For the latter method it has been possible to prelabel proteins 
or peptides with f l u ~ r e s c a m i n e ~ ~ - ~ ~  or M D P F ~ ~  and then perform the electro- 
phoresis in the presence of sodium dodecyl sulfate. Application of the latter 
procedure to the tryptic peptides of aldolase prelabelled with MDPF is shown in 
Fig. 5. With this methodology the tedious job of staining and destaining is not 
necessary, since the bands may be visualized with an ultraviolet lamp even during 
the electrophoresis. Furthermore, because the gels need not be fixed with tri- 
chloroacetic acid or acetic acidlmethanol, the protein and peptide derivatives 

Fig. 5. Polyacrylamide gel electrophoresis in SDS of MDPF-aldolase (bottom) and MDPF- 
aldolase fragmented with cyanogen bromide (top). Gel top is at the right. 
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may be recovered from the gel in high yield. Thls prelabeling technique is 
especially useful for peptides which cannot be precipitated in the gel (those 
with a molecular weight of under a few thousand). The MDPF fluorescent label 
on peptides has been found to be stable even after cleavage at methionyl residues 
by cyanogen bromide in formic acid.27 Fluorophor formation, which occurs 
quantitatively at the €-amino groups of the lysyl residues, should block the 
activity of trypsin at this site, thereby leading to splitting only at arginine resi- 
dues. After each chemical or enzymatic cleavage step it would be appropriate to 
label the newly generated a-amino groups with MDPF. 

In our Institute, Dr. C. Y. Lai has been able to hydrolyze the thiazolinone 
derivatives formed in the Edman degradation and to obtain high yields of the 
respective amino acids.28 He is currently utilizing this procedure for sequence 
analysis. Since the proteins he is using are available in relatively large amounts, 
he carries out the initial steps with the ninhydrin amino-acid analyzer. With 20 
nmol of a peptide he sequences about 10 residues and then employs the fluores- 
camine amino-acid analyzer because of the decreasing amounts of material. The 
fluorescamine amino-acid analyzer allows him to sequence an additional 5 resi- 
dues. It should be possible to utilize the fluorescamine assay exclusively and 
carry out sequencing with nanomole quantities of peptides. 

Obviously fluorescamine is ideally suited for monitoring residues released 
from peptides by carboxypeptidase or aminopeptidase. A unique approach is to 
incubate the peptide being sequenced with a dipeptidyl aminopeptidase. MDPF 
derivatives of the resultant dipeptides are then prepared and from mass spectral 
analysis it is possible to obtain the composition and sequence of each pep- 
tide.29130 Repetition of the procedure after a one-step Edman degradation 
yields the overlapping dipeptides. 

Peptide Synthesis 

It is important to check for completeness of reaction at each solid-phase step 
of peptide snythesis and for this application fluorescamine can detect less than 
0.5% of uncoupled peptide.31y32 Alternatively, the nascent peptide may be re- 
moved from a small portion of the resin in order to check for homogeneity at 
intermediate steps. Larger peptides will have accumulated errors, requiring isola- 
tion of the final product. The high-efficiency liquid chromatography, which we 
have introduced, would be suitable for purification, and little of the product will 
be consumed for column monitoring and amino-acid analysis. Exemplifying the 
resolving power of high efficiency columns for t h s  purpose is the separation of 
the hexadecapeptide, or-endorphin, from the heptadecabeptide, y-endorphin, 
which has an additional leucine residue at the carboxy terminal (Fig. 6). 

Incomplete coupling at each cycle in solid phase synthesis represents an im- 
portant problem, especially in the preparation of large peptides. Not only is the 
final product impure, but incorrect peptides, which may contain one or more 
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Fig. 6. Reverse-phase column chromatography of or-endorphin and y-endorphin. The 
starting and limiting buffers for the linear gradient both contained 1.0 M pyridine, 0.5 M 
acetic acid, (v/v) thiodioglycol and (w/v) pentachlorophenol. 

deletions, may be difficult to remove. Reaction with fluorescamine after each 
coupling step has been used to block further growth of any uncoupled peptide, 
resulting in a final product that is easier to purify.33 

Quantitative Analysis of Peptides 

Peptides in a column effluent may be quantified by continuously adding 
fluorescamine with a pump and directing the mixture to the flow-cell of a fluo- 
rometer, as is done in the amino-acid analyzer. The monitoring system (see Pep- 
tide Purification, above), which takes a portion of the column effluent for detec- 
tion, also provides quantitation. However, there are advantages to forming the 
fluorophors prior to resolution of the peptide mixture by column chromatog- 
raphy, in contrast with post-column labeling. Only one pump (for the column) 
is then required, since the reagent has already been added to the sample. This 
makes the instrument simpler and more reliable. Since the fluorogenic reagent is 
not added in a continuous manner, a lower and more stable baseline fluorescence 
is achieved, thereby extending the lower limit of detection. 

Determination of the nonapeptides oxytocin and vasopressin in individual rat 
posterior pituitaries served as a model study for the prelabeling technique.34 
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For this procedure, a partially purified peptide fraction was prepared as follows: 
Each pituitary was homogenized in dilute acid and proteins were then precipi- 
tated with trichloroacetic acid. Passage through a copper-Sephadex column re- 
moved a-amino acids, polyamines and lipoamines. The resultant peptide fraction 
was treated with fluorescamine and the product resolved on a reverse-phase 
column with an acetonelwater gradient designed for the optimal separation of 
the derivatives of oxytocin, vasopressin and synthetic vasotocin. The latter had 
been added to the homogenate as an internal standard (Fig. 7). 

TIME (minutes) 

Fig. 7. Reverse-phase column chromatography (Partisil ODs) of a partially purified rat 
posterior pituitary extract, which had been prelabeled with fluorescamine. The internal 
standard vasotocin had been added during tissue homogenization. 

Specificity and accuracy of the assay were checked in several ways. Fluoro- 
phors of synthetic oxytocin and vasopressin co-chromatographed with the tissue- 
derived nonapeptides. Oxytocin and vasopressin fluorophors in the column 
effluent were collected and subjected to acid-hydrolysis followed by amino-acid 
analysis. The expected compositions were obtained, while the negligible quanti- 
ties of extraneous amino acids indicated the homogeneity of each peak. Quanti- 
tation of the peptide fluorophors by amino-acid analysis was in agreement with 
the fluorescence determinations. Furthermore, aliquots of a pituitary extract 
were ana1yzed.b~ a pressor assay specific for vasopressin and the results were in 
agreement with the fluorescence assay. The chemical assay confirmed previous 
findings with bioassays and radioimmunoassays that the two nonapeptides are 
present in equivalent amounts in each pituitary. 
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Although fluorescamine was used as the prelabeling agent in the initial studies 
with oxytocin and vasopressin, MDPF is now the reagent of choice for this 
m e t h o d o l 0 ~ ~ . ~ 5  Fluorophors derived from MDPF are more stable even at ex- 
tremes of pH. The more hydrophobic nature of the fluorophors of MDPF, as 
compared to their fluorescamine analogs [due to a difference of one carboxylic 
acid group (see Fig. I ) ] ,  aids in the reverse-phase chromatography of small 
peptide-fluorophors, like that produced with the dipeptide ~ a r n o s i n e . ~ ~  

The sensitivity of peptide assay by prelabeling is often at or below the picomole 
level. Fluorometric assays by the prelabeling procedure are currently being 
developed for the various opioid peptides in tissues. MDPF-fluorophors of 
methionine-enkephalin and leucine-enkephalin are well resolved on the reverse- 
phase column and can be measured in the low picomole range.17 This sensitivity 
is sufficient for assay of the enkephalins in the brains of individual laboratory 
animals. 

Detection at the picomole level is also convenient for determining the specific 
activity of synthetic radiolabeled peptides, since little of the precious material 
need be sacrificed for chemical analysis. Furthermore, both radioactivity and 
peptide concentration of each peptide-fluorophor peak can be measured and 
thereby yield specific activity directly. Other regions of the chromatogram reveal 
both fluorogenic and radioactive impurities in the preparation. Such a procedure 
has already been applied to [ 3 ~ ]  carnosine prepared enzymatically from either 
of the labeled component amino acids, histidine and ~ - a l a n i n e . ~ ~  This procedure 
should lend itself to studies on the in vivo turnover of peptides following admin- 
istration of a radiolabeled precursor amino acid. Measurement of the change in 
specific activity with time would reveal the anabolic and catabolic rates. In 
addition, a precursor-product relationship may be ascertained by using pulse- 
chase type of experiments. 

Quantitation by the prelabeling method can achieve a sensitivity comparable 
to radioimmunoassay and bioassay. An advantage of the chemical assay is its 
specificity. Radioimmunoassays may be subject to interference by metabolites 
or other structurally related compounds, while bioassays may involve a complex 
sequence of events, any step of which could be influenced by unknown factors. 
A disadvantage of a chemical assay, especially when dealing with a peptide which 
is a minor component of the tissue, is that preliminary purification is required. 
However, an added feature is that more than one component can be determined 
in a single analysis as in the oxytocin and vasopressin a ~ s a ~ . 3 ~  

Concluding Remarks 

Many of the procedures presented in this article depend on instrumentation 
which is not yet commercially available. Although the instruments are not un- 
usually complicated, at present, their construction and maintenance demands a 
substantial part of the investigator's time. Commercial equipment of appropriate 
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design would not only be more reliable, but should also be capable of analysis at 
lower levels than the laboratory-built instruments. Should commercial instru- 
ments become available, fluorescamine and MDPF, as well as other fluorescent 
reagents, will most likely become widely used, not only because of their inher- 
ently greater sensitivity and specificity, but for the resulting economy and other 
considerations cited above. 

Analysis at the picomole level requires special considerations. Losses of pep- 
tides due to adsorption becomes readily apparent at these levels. We have mini- 
mized this in many ways. We use polypropylene tubes and pipet tips or glassware 
treated with Siliclad. Peptides are usually stored in dilute hydrochloric acid 
(0.01 N). The antioxidant thiodiglycol and the antimicrobial agent pentachloro- 
phenol are normally added to all buffers used in chromatography. Phenyl- 
methylsulfonyl fluoride, or other protease inhibitors are always added during 
tissue homogenization, and are generally included in all peptide solutions. In 
order to minimize background contamination it is often necessary to distill all 
volatile solvents and reagents, including pyridine, acetic acid, and hydrochloric 
acid.34 With these procedures and precautions we have not found it cumbersome 
to operate at the picomole level. In fact, there are many offsetting features that 
make the micromethodology far simpler than it appears. We hope that re- 
searchers will take advantage of these procedures and that this technology may 
become routine for the preparation and analysis of peptides. 

The unpublished studies on opioid peptides reported here represent work carried out in 
collaboration with Dr. Menachem Rubinstein; the enkephalin studies were done by Dr. 
Janusz Wideman. Ms. Louise D. Gerber and Mr. Larry Brink played key roles in all these 
studies. 
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MASS SPECTRAL SEQUENCING OF MICRO QUANTITIES 
OF PEFTIDES 

CHARLES W .  TODD, Division o f  Immunology 
City o f  Hope National Medical Center, Duarte, California, 91 01 0 

This presentation will be an overview of the mass spectral approach to peptide 
sequencing. It is assumed that your presence at this symposium indicates some 
knowledge and interest in peptide sequencing. Many of you also have familiarity 
with the application of mass spectrometry to this problem. However, I shall ad- 
dress this talk to those among you who have had limited or no experience with 
mass spectrometry. For this reason I shall begin with a discussion of the in- 
strumentation and techniques of mass spectrometry. Following that we shall 
proceed to a consideration of the chemistry involved and the various strategies 
by which the problem can be approached. Finally we shall conclude with a 
summary of the present advantages and disadvantages of the mass spectral a p  
proach and attempt to visualize probable advances in t h s  field. 

The preparation of this overview was greatly simplified by the recent appear- 
ance of an excellent review by Arpino and ~ c ~ a f f e r t ~ . ~  Their bibliography of 
251 references would alone use all the space allotted me here. Thus no attempt 
will be made to do justice to the many individuals who have labored to develop 
this area of knowledge. Only a few references appearing too late to be included 
in the review of Arpino and ~ c ~ a f f e r t ~  are cited here. 

A mass spectrometer basically consists of a source in which ions are generat- 
ed, a means of accelerating the ions, a means of sorting the ions based on their 
mass (more properly their mle ratio), an ion detector (commonly a photo plate 
or electron multiplier tube), and desirably a data processing system (Figure 1). 
Details of instrumentation and operation have recently been reviewed by Roboz 
and   ha it.^ 

Mass spectrometers are commonly described in terms of the means by which 
the ions are sorted. (Arithmetic symbols used are CF, centrifugal force; e, charge 

ACCELERATING SORTING DETECTOR 
POTENTIAL  DEVICE 

4 w 

PROCESSING 
SYSTEM 

Fig. 1. Basic components of a mass spectrometer. 
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on electron; E, electric field in electrostatic sector; H, magnetic field; rn, mass; r, 
radius; V, accelerating voltage; v, velocity.) The simplest in concept is the time 
of flight instrument. Since all singly charged ions possess the same kinetic energy 
determined by the accelerating voltage (eV = mv2/2), the velocity is inversely 
proportional to m'h. Thus the time to traverse an evacuated tube from the source 
to the detector is proportional to m%. The source is pulsed, and the time of 
arrival of ions at the detector is measured. Resolution is not high, as it is limited 
by the initial spread in the kinetic energies of the molecules being ionized and 
the decay time of the detector system. 

Magnetic instruments are based on the principle that a charged particle mov- 
ing in a magnetic field is deflected by that field in proportion to its charge, 
velocity, mass, and the strength of the magnetic field (Figure 2). Note that r 
can be adjusted either by changing the strength of the field, H, or the accelerat- 
ing voltage, V. Some instruments vary one, while other instruments vary the 
other. 

The ionizing electron beam has a finite width. An ion formed in one region 
may be subjected to a different accelerating voltage than one formed in another. 
The difference in kinetic energy will alter the velocity in the magnetic field and 
thus bring the molecule to focus on the detector as though it had a greater or 
lesser mass. A device that would allow only molecules with the same kinetic 

FIELD 

Fig. 2. Principle of magnetic mass spectrometer. 
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energy to pass would improve the resolution of the instrument. An electrostatic 
sector is such a device. Ions failing to satisfy the equation for the velocity in 
Figure 3 will not pass the exit slit. 

When the electrostatic sector is placed in series before or after the magnetic 
sector, one has a double focusing instrument (Figure 4). Such an instrument has 
increased resolution. This increase in resolution is achieved at the price of 
decreased sensitivity, since many ions are discarded in the focusing process. 

Fig. 3. Principle of the electrostatic sector. The electric field, E, is parallel to the radius. 

Detector 

Source 
e,,= mvZ 

2 

" .* 
Electric Sector 

Fig. 4. Double focusing mass spectrometer. 
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Resolution is measured as described in Figure 5. By arbitrary definition 
resolution is expressed as the increment of masses, Am, divided by the mass, m, 
corresponding to the valley between two mass peaks-of equal height, h,  when the 
overlap height, Ah, is 10% of h. Resolution is sometimes also expressed as the 
reciprocal of this figure. Reference to the curve on the left of Figure 5 shows 
that this valley is lowered by removing ions of higher and lower velocities so that 
the probability, P, curve for velocity distribution is sharpened. 

Conventionally mass spectrometers with a resolution of better than 1/5000, 
or 5000, are referred to as high resolution instruments. Thus an instrument with 
a resolution of 15,000, such as the du Pont 492, can separate two masses of 
150.00 and 150.01 with a 10% overlap in the valley between them. While high 
resolution and exact mass measurement are not synonymous, such an instrument 
is capable of determining the mass to 1 part in 200,000. Accordingly the mass of 
a molecule might be determined as 200.001 with the uncertainty in the 3rd 
decimal place. 

A third way of sorting ions by mass is with a quadrupole filter (Figure 6). 
The principle of the quadrupole filter is based on alternating electric fields 
applied to four rods held in square array. To each diagonally paired set of rods a 
combination of a dc voltage and a radiofrequency (rf) voltage of increasing 

KINETIC ENERGY PEAK RESOLUTION 

F i g .  5 .  D e f i n i t i o n  o f  r e s o l u t i o n  in m a s s  s p e c t r o m e t r y .  

SAMPLE - 
INLET 

OUADRUPOLE 
ION MASS FILTER 
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F i g .  6. A q u a d r u p o l e  f i l t e r  m a s s  s p e c t r o m e t e r .  
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amplitude is applied. One pair receives a positive dc voltage and an rf voltage, 
and the othei pair receives a negative dc voltage and an rf voltage with a 180' 
phase shift. In any particular voltage ratio and rf voltage, ions whose mle values 
fall within the trajectory region are transmitted through the quadrupole. Those 
outside the stable region are neutralized by striking the rods and are pumped 
away. 

Before ions can be sorted, they must be generated. Most mass spectromet~y 
to date has been done On positive ions. The three most common methods of 
generating positive ions are presented in Figure 7. Less common methods, such 
as vacuum discharge, thermal ionization, photoionization, and atmospheric pres- 
sure ionization are discussed by Roboz and Chait.2 

In electron ionization (EI) the molecules to be examined are bombarded with 
electrons, frequently of 70 eV energy. This causes an electron to be ejected 
when the bombarding electron passes closely enough to the target molecule. A 
positive ion is thereby generated. Since only about one molecule in lo5 under- 
goes ionization, the probability of double ionization is low. Moreover, electron 
bombardment is usually performed at source pressures of 10-~-10-~ torr, so the 
probability of bimolecular reactions is also low. 

The energy of the bombarding electron is about 10 times the energy required 
to eject an electron from most compounds or to break a covalent bond. Excess 
energy above that necessary to eject an electron is frequently imparted to the 
molecule, leaving it in an excited state. This excess energy often causes the 
molecule to fragment within the time taken to  exit from the source (ca. lo6 
sec). If it does not and remains intact during the time required for the balance 
of its journey to the detector (another l o 5  sec), it will be recorded as an ion 
with the mass of the parent molecule, i.e. a molecular ion. 

Classical structural studies of organic compounds have been based on con- 
trolled fragmentation (degradation). The trick in mass spectrometry, as in the 

ELECTRON IONIZATION 
A B  t E * -  AB? t E* t E (Mi) 
A B f - 4  A. t B t  

CHEMICAL IONIZATION 
CH, t E * -  C H ~  t E* t E 

C H ~ ~  + CH4 ---, C H y  t CH; t C ~ H ;  

AB t CH: + ABH+ + CH, IM t I ) +  

A B  t c~H;-+ AB I-H)'+ C ~ H ~  I M - I ) ~  

F I E L D  I O N I Z A T I O N  
------- 

Fig. 7. Methods of generating positive ions. 
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more classical degradation methods, is to achieve the proper balance between 
molecular ions and an array of fragment ions of appropriate molecular size. 
Unfortunately electron bombardment often leads to excessive fragmentation, but 
fortunately other ionization methods are available. 

In chemical ionization (CI) the sample to be examined is bombarded in the 
presence of an excess of reagent gas, e.g. 1 tom. The reagent gas is preferentially 
ionized and dissipates its extra energy by bimolecular reactions to  generate ions 
which react chemically with the molecules under study. Normally less excess 
energy is involved in such reactions, so that fragmentation is less likely to occur. 
Moreover the amount of fragmentation is under partial control by selecting the 
reagent gas or the reagent gas mixture. The ions generated in the reagent gas can 
function either as Bronsted acids or bases and occasionally as Lewis acids. Their 
relative strengths influence the excess energy imparted to the ionized molecule 
and thus available for fragmentation. This excess energy transfer is more likely 
with a Bronsted acid than with a Bronsted base, which, in any event, generates a 
negative ion. This will be considered later. In functioning as a Bronsted acid, an 
ion one mass unit greater than the original molecule (M+l)+ is generated. In 
functioning as a Lewis acid a hydride ion may be extracted to give an (M-l)+ ion 
or occasionally a complex between the ionized reagent gas and the subject 
molecule. Chemical ionization does not lead to molecular ions. 

Field ionization (FI) can also produce ions by simple loss of electrons to give 
molecular ions, M'. The process is analogous to that operating with a lightning 
rod. In the intense electric field (- 1 VIA, 10 kV overall) at the tip of a pointed 
emitter, the electron tunnels from the subject molecule to the positively charged 
emitter. The tunneling occurs without imparting excess energy to the ionized 
species. 

Thus far all of the ionization methods have required the subject molecule to 
be present in the vapor phase. This requirement for volatility imposes limitations 
on the nature of the molecule. In field desorption (FD), the subject molecule is 
applied directly to the anode before insertion into the mass spectrometer. The 
applied molecules migrate to the tip, where they are ionized by loss of an elec- 
tron. The positively charged ion thus generated finds itself in a positive electrical 
environment and is ejected into the vapor phase with minimal fragmentation. 

The requirement for volatility imposes severe limitations on the nature of the 
peptide samples that can be examined by mass spectrometry. To achieve suffi- 
cient volatility the molecular weight must be moderate, and the polarity of the 
molecule decreased by suitable derivatization. Depending on the nature of the 
amino acids the upper limit seems to be reached at duodeca- or tetradecapep- 
tides. This limit is also imposed by another practical consideration. Peptides of 
this size are taxing our present ability to calibrate the mass spectrometer. More- 
over, as the size of the peptide increases, it becomes increasingly difficult to 
preserve sufficient fragments up to the molecular ion needed to provide the req- 
uisite structural information. Nonetheless, the prospect of sequencing peptides 
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of such size in a single experiment is enticing and challenging, particularly if one 
can depend on a computer to digest the information obtained. 

A more conservative approach involves prior fragmentation to smaller pep- 
tides, which are more readily identified. This approach, as indeed do all ap- 
proaches to mass spectral sequencing of peptides larger than can be examined in 
a single scan, requires some method of deducing the structure of the original 
peptide from the fragments examined. 

The extreme example is the use of mass spectrometry as an aid in convention- 
al sequence analysis to identify derivatives, such as the thiohydantoins, of single 
amino acids. Here the order of generation of these derivatives by Edman degra- 
dation provides the ultimate sequence. 

The use of enzyme degradation by dipeptidyl aminopeptidase (DAP) proceeds 
to the next order of complexity. A family of dipeptidyl aminopeptidases exists. 
The one most commonly used, DAP I, sequentially removes dipeptides starting 
from the N-terminus. It is blocked by Arg or Lys at the N-terminus and does not 
cleave on either side of a Pro residue. Another, DAP I V , ~  has the single restric- 
tion of not cleaving peptides with Pro in position 3. These apparent limitations 
can serve as advantages in that the degradation to dipeptides may proceed in more 
manageable segments. Overlap information to deduce the origin of the dipep- 
tides is obtained by repeating the enzymic hydrolysis after a single Edman degra- 
dation or by the addition of a new N-terminal amino acid to the parent peptide. 

We have examined fluorescamine derivatives as a means of identifying dipep- 
tides (Figure 8).4 This derivative usually gives a strong M-18 ion (ketene) with 
surprisingly little fragmentation. Indeed, as in the example shown, it is often dif- 
ficult to deduce the order of the amino acids in the dipeptide. In this case the N- 
terminal amino acid can usually be identified by examination of the hydrolytic 
product of the fluorescaminated dipeptide. This example illustrates the applica- 
tion of a group which will serve as the primary site of ionization or as the resi- 
dence site of the excitation energy thus preserving the structure of the derived ion. 

Schier et a1.5 identified the ethyl acetoacetate derivative of the partially 
deuterated methyl ester of the dipeptide by helium CI (Figure 9). This method 
can be used to examine mixtures of dipeptides without prior separation. 

Fig. 8. EI mass spectrum of the fluorescamine derivative of phenylalanyl leucine. 
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Fig. 9. Helium CI mass spectrum of the ethyl acetoacetate derivative of the partially 
deuterated methyl ester of alanyl glutamic acid. 

For higher peptides, more extensive derivatization is usually necessary to 
enhance their volatility. It is important to  achieve complete replacement of the 
hydrogens that can reduce volatility through ionic or hydrogen bond formation. 
Commonly this is done by the methylation method of Hakomori using sodium 
methylsulfinylmethide. Complications can arise from overmethylation creating 
sulfonium and ammonium salts or converting glycine to alanine. For detailed 
discussion of this problem see Arpino and M c ~ a f f e r t y . ~  

Suchmethylated peptides fragment under EI as though they were unzippering 
from the carboxyl terminus through progressive loss of CO and methyl aldimine 
residues (Figure 10). The unzippering can also begin at internal peptide bonds. 
Additionally, a limited number of ions are generated from the C-terminus. 

In reconstructing the sequence, one is dealing with a series of ions in which 
each increment confirms the structure as established by those preceding it. This 

0 y3 TI : F H ~  9 0 y3 y3 0 

C TERMINAL 

FRAGMENTS FRAGMENTS 

Fig. 10. Fragmentation of methylated peptides by EI. 
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seems very simple, but there are complications. The intensity of the ions falls off 
rapidly with size. In addition, many of the constituent amino acids undergo 
simultaneous chemical alterations. These alterations occasionally aid, but more 
often complicate, the identification of the amino-acid residues. Familiarity with 
these alterations is of obvious importance in interpreting the spectra. Due 
cognizance given to  these alterations, the sequence can be reconstructed manual- 
ly or by computer. Again the review by Arpino and Mc~affertyl  should be 
consulted for details. 

Recently increased attention has been given to CI as a means of generating 
ions for peptide sequencing. As explained earlier, the reagent gas in large excess 
in gaseous admixture with the peptide derivative can be bombarded by electrons. 
A variant technique, direct CI, can be used for less volatile peptides. In this 
method the subject compound coated on the exterior of a solid probe is exposed 
to previously ionized reagent gas. Ionization favors vaporization. Alternatively, 
a solution of the subject compound can be sprayed into the ionized reagent gas. 

The fragmentation of permethylated acyl peptides by CI with isobutane is 
similar to that observed by EI, except fragmentation is l e s 6  Thus more ions at 
higher m/e values are obtained (Figure 11). The aldimine and N-amide ions 
usually predominate. A computer program for reconstructing the original se- 
quence from the fragmentation pattern has been ~ r i t t e n . ~  Although the peptides 
thus far examined have been short, this method holds considerable promise 
because of the decreased fragmentation and the increased prevalence of confirm- 
atory ions from C-terminal fragments. As in the case of EI, it is necessary to be 
aware of degradative reactions characteristic of individual amino-acid residues. 

Fig. 11. Fragmentation of methylated peptides by CI. 

3 5 
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To extend mass spectrometric examination to peptides larger than can be 
examined as permethylated derivatives, Biemann has recently revived interest in 
examination of the polyamino alcohols derived from peptides by reduction with 
LiA1D4 In this approach the initial peptide, e.g. glucagon with 29 amino acid 
residues, is subjected to acid hydrolysis to generate a mixture of smaller pep- 
tides. The peptides in this mixture are esterified, acylated, and reduced to 
polyamino alcohols. These are converted to their TMS derivatives. The resultant 
mixture is examined by gas chromatography coupled with mass spectrometry. 
The spectra obtained by EI generally provide clear sequence information from 
abundant fragments derived from both the C- and N-termini of di- to hexapep- 
tide derivatives (Figure 12). 

Because of the rapid hydrolysis of amide bonds Glu/Gln and Asp/Asn are not 
distinguished. Cysteine must be protected, e.g. as aminoethyl Cys, but arginine 
is converted directly to N-methylornithine. Other peculiarities of individual 
amino acids are discussed by Nau and ~ i e m a n n . ~  Identification of the individual 
amino alcohols as well as the reconstruction of the original peptide sequence has 
been computerized. Important confirmatory evidence in identifying the individ- 
ual amino alrohols is obtained from the gas chromatographic retention indices, 
which can be predicted with considerable accuracy by summation of the reten- 
tion index increments for each amino-acid residue, the acyl and TMS groups.9 

Thus far field ionization (FI) and field desorption (FD) have not had a major 
impact on peptide sequencing. Their great promise lies in the inherent ability to 
circumvent to a considerable degree the volatility problem, which becomes in- 
creasingly troublesome as the size of the peptide increases. A major weakness lies 
in the absence of adequate fragmentation to permit deduction of structure. An 
example of their potential can be seen in the recent demonstration of a peptide 
residue of 18 amino acids from underivatized glucagon (29 residues). lo Since the 
thermal fragmentation pathways may mimic closely those observed in EI frag- 
mentation, a combination of pyrolysis and FD may provide a new approach, if 
technical problems of rapid detection can be resolved. 

Up to now we have been considering only positive ions. Any negative ions 
generated during the usual operating mode of a mass spectrometer would be 

8; 8; (OTMS) 
CH,CD2-NH-CH-CD2-NH=CH + 7 ' ~ c D 2 = ~ H - c H - C D 2 - o r M s  

Fig. 12. Fragmentation of polyamino alcohols. 
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driven in the opposite direction and lost in the source. Obviously the polarity 
can be reversed. In addition, conditions can be selected to increase the portion 
of negative ions generated. In pulsed positive-negative ion chemical ionization 
(PPNICI) mass spectrometry, these conditions have been achieved by Hunt et 
a1.l in a manner that permits essentially simultaneous examination of both the 
positive and negative ions. This method holds considerable promise of providing 
greater sensitivity in mass spectrometry generally. In addition, increased amounts 
of high molecular weight negative ions are generated from peptides. 

A modified quadrupole mass spectrometer was used, although in principle a 
magnetic instrument could also be used (Figure 13). The ion source is pulsed 
with an alternating accelerating voltage at 10 kHz. Ions of identical mle, but 
different polarity, traverse the quadrupole mass filter with equal facility and exit 
the filter at the same point. Upon exiting they are deflected to two electron 
multiplier (EM) detectors, one at a positive, the other at a negative potential. 
The output from the EM is fed to a light beam oscillograph (LBO), where deflec- 
tions from each EM are recorded in opposite directions. 

Negative ions can be generated in the reagent gas by reaction with free 
electrons in several ways (Figure 14). In one method CH4 containing < 0.1% 

FIL POS E M  

ION LENS NEG E M  LBO 
SOURCE t - ~ O V  + 1600 V 
+4-IOV 

PULSE RATE lOKHz 

Fig. 13. Pulsed positive-negative ion chemical ionization mass spectrometer. 
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Fig. 14. Generation of negative ions. 
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CH30N0 is used as the reagent gas. Electron bombardment of the CH4 gener- 
ates CHS, a strong Bronsted acid, and thermal or near-thermal electrons. These 
electrons react with the CH30N0 by dissociative-resonance capture to generate 
CH30-, a strong Bronsted base. They may also react directly with the subject 
compound. In the reaction of a Bronsted acid with a Bronsted base, the excess 
energy resides in the acceptor molecule and can thus lead to fragmentation. Thus 
in the extraction of a proton from a peptide by a Bronsted base, the excess 
energy does not reside in the donor (peptide) molecule and fragmentation is less 
likely. 

These principles are exemplified in the PPNICI spectrum of the acetylated 
permethylated tetrapeptide, methionyl-glycyl-methionyl-methionine (Figure 15). 

The positive fragments are formed as previously described for CI. The (M-1)- 
ion is formed by reaction with CH30; and negative fragments by dissociative 
resonance capture. The ion at 385 corresponds to loss of CH3SH from one of the 
methionine residues. Additional structural confirmation can be seen by the 
presence of an ion in the negative ion spectrum 29 mass units (CH3N) higher 
than the corresponding ion in the positive ion spectrum, i.e. 188 and 217, 259 
and 288, and 403 and 433. Since this technique holds much promise for peptide 
sequencing, further developments are awaited with interest. 

Comparison of mass spectrometry with automated Edman degradation for 
peptide sequencing reveals advantages and disadvantages for both. While one 
may attempt to balance off the convenience of one technique against another, 
normally the average researcher will be governed by what he is equipped to do 
and his individual capabilities and predilections. The investment in equipment is 
greater for mass spectrometry, particularly if reliance is placed on computer data 
processing beyond that normally available with the usual mass spectrometer data 
systems. This may be offset by the ability of the mass spectrometer to handle a 
wide variety of problems that can not be approached by a peptide sequencer. 

Once techniques are established, the mass spectrometer with appropriate com- 
puter facilities can often give answers faster than the Edman sequencer in those 

Fig. 15. PPNICI fragmentation pattern of MetGly-Met-Met, M, = 580. 
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applications for which it is suitable. Both are capable of examining approximate- 
ly the same length of amino-acid sequences in a single experiment, but the 
Edman approach has been pushed further with highly purified proteins and does 
not require that the N-terminal peptide sequence to be examined be detached 
from the balance of the protein. The presence of a blocked N-terminus does not 
constitute an impediment to the mass spectrometer. While techniques are now 
available to handle peptides of 10 residues and less by automated Edman se- 
quencing, this size range is well suited for mass spectral sequencing, and with the 
advent of techniques such as PPNICI mass spectrometry this method for the 
appropriately equipped laboratory may be the method of choice. 

The final choice may well be determined by sensitivity, i.e. the minimum 
sample required. For either approach the problem has two aspects, the amount 
of material needed to prepare the sample to be examined and the requisite size 
of this sample. 

Great sensitivity can be attained with automated Edman degradation when 
the original material can be prepared with radioactive amino acids through ap- 
propriate cell culture techniques. This approach avoids the problem of sample 
loss by adsorption to container walls, since nonradioactive carrier protein may be 
added. 

In mass spectrometry, one is struck by the fact that mass spectrometers are 
potentially extremely sensitive, but presently very inefficient. In normal scan- 
ning only a small fraction of the time is spent at any one mass region and rarely 
are the ions confined to one region. In multiple specific-ion detection, sensitivity 
is increased by observing only selected mass regions, but in peptide sequencing 
one does not know in advance where to look. Photoplate detectors possess the 
advantage of seeing all regions for as long as one wishes to look, but one is 
hampered by the absence of facile computer analysis of the results. 

As few as 10 ions (-- mole) can constitute a peak in a mass spectrum. 
Some idea of the potential for increased sensitivity is apparent from the fact that 
of the molecules introduced into the source only one in lo5 or 106 is ionized. 
Further, of those ionized, only a fraction pass the mass sorting system and arrive 
at the detector. This is in accord with the statement that < 10-l4 moles can be 
detected by single ion monitoring.l 

Biemann and coworkers12 have obtained a sequence from as little as 400 nmol 
of peptide of which only a small portion of derivatized hydrolysate was injected 
into the gas chromatograph preceding mass spectrometry. He anticipates that the 
sensitivity could be increased by a factor of 10. Direct coupling of a high 
pressure liquid chromatograph (HPLC) to the mass spectrometer provides hope 
of achieving higher sensitivity with derivatized peptide samples not susceptible to 
gas chromatography. Using this approach, McLafferty et al.l3 have obtained 
complete sequence information from injection into the HPLC of g, < 10-lo 
mole, of derivatized oligopeptide even with a 1 : 100 split on transfer to the mass 
spectrometer, i.e. < 10-l2 mole. 
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Despite the advances in mass spectral sequencing, its use has been limited to 
relatively few laboratories. A thorough understanding of its complexities is a 
prerequisite to its successful application. 

The research of the author is supported by National Cancer Institute grants CA 16434 
and CA 19163 from the National Large Bowel Cancer Program. 
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ISOLATION AND ANALYSIS OF OPIOID PEPTIDES 
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The series of peptides a-, 0-, and y-endorphin and methionine-enkephalin, 
presumably fragments of P-lipotropin, as well as leucine-enkephalin, have been 
shown to possess in vitro opioid activityld. Furthermore, P-endorphin has been 
reported to have potent analgesic activity in v i ~ o ~ ' ~ .  All of these peptides were 
characterized after their isolation from many thousands of brains from large 
animals. It is apparent, however, that elucidation of the biological function, the 
metabolism, and the pharmacology of this group of peptides requires studies 
performed on laboratory animals. We wish to present our initial findings on the 
opioid peptides in the rat, many details of which have already been submitted 
for publication8. 

A combination of the following three methodologies were employed in our 
studies. High performance column chromatography was adapted for the resolu- 
tion of peptides ranging in size up to the 10 kilodalton level8-lo. Fluorometric 
detection systems utilizing the reagent fluorescamine were incorporated into an 
amino-acid analyzerl1 and into an automatic stream-sampling monitor for pep- 
tides in column effluents12. Finally, a binding assay was developed based on the 
displacement of [ 3 ~ ]  leucine-enkephalin from neuroblastoma X glioma hybrid 
cells (NG 108-15)13, which have previously been shown to possess high-affinity 
opiate receptor sites14. Since all three techniques are applicable below the 
nanomole level, relatively few rat pituitaries were needed for our studies. 

Anterior pituitaries from 40 male Wistar rats were removed and frozen within 
30 sec after decapitation. Following weighing (300 mg), the tissue was homoge- 
nized in 2.5 ml of cold 75% acetone/25% 0.2 M hydrochIoric acid containing 
0.01% thiodiglycol (an antioxidant) and 0.001% phenylmethylsulfonyl fluoride 
(a protease inhibitor). Acetone was blown off and lipids were extracted into 
ethyl acetate-ether (3: 1 v/v). The aqueous phase was fractionated on a Sephadex 
G-75 column (1.6 X 40 cm) equilibrated with 1 M acetic acid. Opioid activity 
was detected in regions of the chromatogram corresponding to 0-lipotropin, 
endorphins and enkephalins. In addition, aliquots of fractions from the high 
molecular weight region (greater than 4,000) were incubated with trypsin prior 
to carrying out the binding assay. Activity in the presumptive 0-lipotropin peak 
increased about 100-fold. This most likely represented conversion by peptide 
bond cleavage of the relatively inactive 0-lipotropin (ICS0 = 300 nM) to the 
nonapeptide P-lipotropin 61-69 or to  longer endorphins (ICS0 = 5-9 nM)13. In 
addition, trypsin-generated opioid activity was found in a peak estimated to be a 
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peptide of 3 0  - 50 kilodaltons. This high molecular weight peptide could repre- 
sent a precursor to 0-lipotropin (and presumably the endorphins and methionine- 
enkephalin), or a precursor to leucine-enkephalin, or a precursor to  a still un- 
characterized opioid peptide. 

The possibility that this last observation was an artifact arising from the 
binding of a small opioid peptide to a protein was tested by rechromatography 
on the same column. In the high molecular region all of the (post-trypsinization) 
activity eluted at the same 30 - 50 kilodalton position. No activity (without 
trypsinization) was found in the low molecular weight region. Since enough 
sample was used so that as little as 1% dissociation of activity would have been 
detected, the existence of a high molecular weight precursor to opioid peptides 
was confirmed. 

The presumptive P-lipotropin peak was further fractionated by cation ex- 
change chromatography on Partisil S C X ~  and finally by partition (reverse-phase) 
chromatography on Lichrosorb RP-18~0. As above, column eluates were moni- 
tored by the post-trypsinization binding assay, as well as by fluorescamine- 
detection. Using aliquots of the purified peptide, the molecular weight was 
confirmed on Biogel P-30 to be close to that of sheep 0-lipotropin (10 kilodal- 
tons) and likewise the amino-acid composition resembled known 0-lipotropins8. 
A yield of 4 nmol was achieved from 300 mg of tissue, as calculated from the 
amino-acid analysis. The specific activity in the binding assay (IC50 after tryp- 
sinization) was found to be equivalent to that of sheep 0-lipotropin. 

Extraction of anterior pituitaries with 1 M acetic acid, instead of acetone/ 
hydrochloric acid, gave a higher recovery of activity in the low molecular weight 
region of the G-75 chromatogram. Activity was localized at the P-endorphin 
position and in the salt volume of the G-75 column. Further chromatography of 
the material in the G-75 salt volume on G-10, followed by reverse-phase chro- 
matography of the G-10 fractions revealed the presence of several active peaks, 
all in the picomole range. Indeed, the effluent from the initial G-75 fractionation 
step contained 80 pmoles of P-endorphin and a total of about 800 pmoles 
(leucine-enkephalin equivalents) in the salt volume, as determined by the binding 
assay, in comparison to the nanomole quantities of 0-lipotropin. 

In another experiment, 200 frozen anterior pituitaries from a commercial 
source were extracted with acetone/hydrochloric acid. Surprisingly, monitoring 
of the G-75 chromatogram by the binding assay indicated a 30-fold reduction in 
the 0-lipotropin peak and a corresponding increase of the same magnitude in the 
P-endorphin peak. Furthermore, there was a dramatic shift in the G-75 fluores- 
cence profde towards lower molecular weights. Taking advantage of this fortui- 
tous occurrence, the B-endorphin peak was purified to  homogeneity by reverse- 
phase chromatography. The molecular weight and the amino acid composition 
were both identical to those of sheep (and camel) /3-endorphinlS. 

The results of the experiment with the commercial pituitaries once again 
raises questions about the qualitative and quantitative nature of peptides isolated 
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from slaughterhouse tissues. The use of microwave irradiation, which heat- 
denatures enzymes within a second16, might well be the method of choice for 
killing animals. 

A chemical assay has advantages in specificity over bioassay and radioirnmuno- 
assay.17 The steps for this chemical assay are to extract and partially purify the 
enkephalins, prephre fluorophors with 2-methoxy-2,4-diphenyl-3(2H)furanone 
(MDPF), a structural analog of fluorescarnine, and then resolve the fluorophors 
by reverse-phase column chromatography. As little as 10 prnoles of each 
enkephalin-fluorophor is readily quantitated. Preliminary assays of enkephalins 
in guinea pig striatum has shown the feasibility of this method. The values 
obtained indicate the presence of approximately 150 prnoles of methionine- 
enkephalin per striatum of a single guinea pig, in agreement with those reported 
by Smith et a1.18 This amount is more than adequate to permit the use of 
individual animals for specific chemical assay. 

We gratefully acknowledge the excellent technical assistance of Ms. L. D. Gerber and Mr. 
L. Brink. These studies were carried out with the advice and collaboration of Dr. Sidney 
Udenfriend. 
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ANALYSIS OF FLUORESCENT LABELLED PEPTIDES 
BY HIGH PRESSURE LIQUID CHROMATOGRAPHY 

DAVID H. LIVE, The Rockefeller University, 
New York, New York 10021 

Rapid, sensitive and selective means of separating and analyzing peptides have 
been sought for some time, With the increasing interest in synthesis and purifica- 
tion of biologically active peptides and their analogs, this has become an even 
more important concern. The development of high pressure (or performance) 
liquid chromatography (HPLC) with permanently bonded non-polar phase pack- 
i n g ~  has been useful in the separation of a variety of organic compounds. Al- 
though applied only sparingly to the analysis of peptides,1-5 it appears to have 
great promise. Limits to the detectability of underivitized peptides are on the 
order of several nanomolar. Gruber et a1.: however, have shown that detection 
of fluorescamine derivitized peptides in HPLC is several orders of magnitude 
greater, and a considerable degree of selectivity can be obtained from chromatog- 
raphy of pre-derivitized peptides. The derivitization procedure is simple and 
efficient, so that one can quantitate the chromatogram results. To assess the 
usefulness of this technique as a chemical assay of the purity of synthetic oxy- 
tocin and [ ~ r ~ ~ ]  -vasopressin (AVP) that are being prepared in our laboratory, 
we have examined these peptides and a number of their analogs by this method. 

Materials and Methods 

The chromatographic apparatus used in this work is depicted in Figure 1. 
Pumps 1 and 2 are Milton Roy MiniPumps; the mixing chamber is a 3 X 15 cm 

Fig. 1. Schematic diagram of chromatography system. 
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glass cylinder containing a magnetic stirring bar and supported on a magnetic 
stirrer. The injection valve used is a Waters model ALC 202 with a 1.5 ml loop. 
A Whatman Partisil-10 ODs pre-packed column, a Gilson SpectraIGlo fluorome- 
ter and an Easterline Angus chart recorder are used. Acetone (reagent grade) was 
distdled from a glass apparatus before use. Distdled water was additionally 
purified by passage through a Millipore Milli-Q water purifier. Solvents were 
made up v/v and contained 0.03% ammonium formate and 0.01% thiodiglycol. 
Fluorescamine (Fluram, Hoffmann-La Roche) was dissolved in acetone at a 
concentration of 20  mg/100 ml. Samples for analysis were dissolved in 0.4 ml of 
0.046 M phosphate buffer (Beckman pH 7 standard buffer was used for the 
purpose) in a 1.0 X 7.5 cm disposable borosilicate test tube. Fluram solution 
(0.2 ml) was added and the mixture stirred briefly on a vortex mixer. After 10 
rnin the volume was taken up to 2 ml with water containing 0.03% ammonium 
formate and 0.01% thiodiglycol, and again subjected to vortex mixing. The 
sample was then inserted into the loop of the injection vaIve. Forty-two ml of a 
15% acetonelwater solution was placed in the mixing chamber, and pump 1 was 
started. After 10 rnin pump 2 is started, initiating the linear gradient that runs 
for 75 min. During the initial 10  rnin some fluorescence is typically detected, 
due to contaminants in the derivitization mixture. The pressure on the column 
varies from about 700 psi initially to about 400 psi at the end of the gradient. At 
the end of the run the column is washed for 10 rnin with 95% acetonelwater, 
and reequilibrated for 40 rnin with 15% acetone/water. 

Results and Discsusion 

Seventeen peptides including oxytocin, AVP, and 15 analogs were chromato- 
graphed in the system described with the results shown in Fig. 2. The resolution 
of peptides containing rather subtle changes in structure and stereochemistry is 
quite impressive. The peak widths at half height were on the order of 1 rnin 
although some were broader, possibly due to conformational interconversion. 
The influence of the presence of a free carboxyl group in these peptides is quite 
clear in the positions of samples 1,  2, and 3, the only ones in this group that 
possess that function. A similar phenomenon is observed in chromatograms of 

and ~ s n l  angiotensin 11. The former elutes quite early, while the latter 
appears about half-way through the gradient. The presence of carboxyl groups 
in other peptides examined does not always give rise to early elution. Overall, 
the system has given highly reproducible results, and has a high degree of sensi- 
tivity. A 5 nM sample of derivitized oxytocin applied to the column yields a 
peak with a signal-to-noise ratio of about 30: l .  The pulsations of the pump do 
not contribute in a noticeable way to the noise. 

An interesting example of the resolving power of this system is illustrated in 
Fig. 3 ,  where the chromatogram of one sample of a putative oxytocin is shown. 
Although the thin layer chromatography (TLC) of this material in three systems 
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15% ACETONE1 15-95'; A C E I U W U A T E R  L I N E A R  GRADIENT 
WATER A < 'I' 

Fig. 2. Elution positions of Fluram derivatives of oxytocin, AVP and 16 analogs in the 
system described. 1) Des-(Pro-Leu-Gly NH2)-oxytocin, 2) Des-(Leu-Gly NH2)-oxytocin, 3) 
Des-GlyNH2-oxytocin 4) Des-Gln-oxytocin, 5) oxytocin, 6) [phe3]-oxytocin, 7) [DCYS'I- 
oxytocin, 8) [D-~ys'] -oxytocin, 9) [I-penicillamine] -oxytocin, 10) [ D - T ~ I ~ ]  -AVP, 11) 
[3-cyclohexylalanine]-oxytocin 12) [di11e214]-oxytocin, 13) [He2, ~ e u ~ ] - o x y t o c i n ,  14) 
AVP, 15) [ d i ~ e ~ ~ ' ~ ]  -0xytocin 16) [ D - ~ y s l ]  -AVP, 17) [phe2, Leu4] ~ x y t o c i n .  

Fig. 3. Chromatogram of putative oxytocin. Peak with star above it is at oxytocin elu- 
tion position. 

with Rf's of 0.34, 0.68, and 0.85, respectively, revealed only a single uniform 
spot in each that migrated with two other samples of oxytocin, the HPLC clearly 
shows two species, with the smaller peak cochromatographmg with oxytocin. 

We have also examined the products and by-products of peptide synthesis 
with this method. The species are resolved at least as well as in TLC systems, 
with the further advantages of HPLC of reproducibility and quantitation. 
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Investigation of this HPLC methodology indicates that it provides a fairly 
widely applicable analytical procedure with a high degree of sensitivity and 
selectivity. I t  represents a valuable tool in peptide analysis. 

I am indebted to Dr. Victor J. Hruby and Dr. R. T. Havran for the analogs of oxytocin 
and AVP. I wish to thank Dr. Stanley Stein for a number of useful suggestions in the course 
of this work, and the other members of the Physical Biochemistry Laboratory at The 
Rockefeller University for their advice and support. This work was supported by NIH 
Grant AM-2493. 
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RAPID ANALYSIS OF PEPTIDE MIXTURES BY HIGH 
PERFORMANCE LIQUID CHROMATOGRAPHY 

WITH NONPOLAR STATIONARY PHASES 

I M R E  MOLNAR and CSABA HORV~TH,  Department of 
Engineering and Applied Science, Yale University, 

New Haven, CT 06520 

Charcoal, a nonpolar sorbent, had been widely used for the separation of 
peptidesl before the advent of ion-exchange chromatography.2 Recent develop- 
ments in high performance liquid chromatography revived the interest in the use 
of nonpolar stationary phases for the separation of biological  substance^^^^ by 
"reversed phase" chromatography, which employs columns packed with 5 or 
10ym porous silica particles having hydrocarbonaceous functions covalently 
bound to the surface. 

This report illustrates the potential of this type of chromatography for the 
rapid analysis of minute quantities of peptide mixtures. The results suggest that 
octadecyl-silica columns can be used for fast separation of a wide variety of 
peptides. By monitoring the column effluent with a UV-detector at 200 nm, the 
sample components can be analyzed at the subnanomole level without the for- 
mation of UV absorbing or fluorescent derivatives. 

Experimental 

A Perkin-Elmer (Norwalk, Conn.) Model 601 liquid chromatograph with 
Schoeffel (Westwood, N. J.) FS 770 UV and FS 970 fluorescence detector was 
used in the gradient elution mode.5 The sample was introduced with an injec- 
tion syringe (ES Industries, Marlton, N. J.). The Lichrosorb RP-18, 5-pm 
columns were supplied by Rainin (Brighton, Mass.). Typical operating condi- 
tions are given in the figure legends. 

In most experiments 0.1 M phosphate buffer, pH 2.1 or 0.5 M perchloric 
acid, pH 0.2 was used as the starting eluent and acetonitrile (Burdick and 
Jackson, Muskegon, Mich.) as the gradient former. Isocratic elution with the 
above phosphate buffer was used for the separation of hydrophilic amino acids. 
The amino acids and peptides were purchased from Sigma (St. Louis, Mo.). 

Results and Discussion 

In "reversed phase" chromatography solute retention is governed by hydro- 
phobic interactions between the solute and the hydrocarbonaceous ligands at the 
stationary phase surface. The theoretical basis of this type of chromatography 
has been analyzed in recent publications.496>7 The increase in the nonpolar 
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moiety of the solute molecule or in the surface tension of the eluent augment 
solute retention. Conversely, a reduction in the effective surface tension of the 
eluent or the introduction of polar functions, which can strongly interact with 
the eluent, into the solute molecules result in a decrease in chromatographic 
retention. 

Hydrophobic amino acids and small peptides can conveniently be separated 
on presently available nonpolar stationary phases as shown in Fig. 1. Other 
peptides with hydrophobic residues such as Trp, Leu, Ile, Tyr, or Val can also be 
readily separated under such conditions. 

The technique appears to be generally applicable to the analysis of larger 
peptides, which usually contain some hydrophobic residues. Fig. 2 illustrates 
the rapid separation of the tryptic digest of ribonuclease S peptide. The chro- 
matograms in Fig. 3 were obtained with porcine a-melanotropin, which has been 
purified by conventional  method^.^ The comparison of the two superimposed 
chromatograms shows that each component contains tryptophan. Only trypto- 
phan has appreciable fluorescence under the conditions employed in this study. 
Some of the peaks may represent deacetylated or oxidized forms of a-MSH and 
its conformers. 

The conditions described in Figs. 1-3 are not suitable for the chromatographic 
separation of hydrophilic amino acids and small peptides because of the insuffi- 
cient retention. However the retention of charged species can be enhanced by 
adding a counterion having a hydrophobic moiety to the eluent. This technique, 
using an ionic surfactant, is referred to as "ion-pair7'or "soap" chromatography.9 
Figure 4 illustrates that with decyl sulfate in the eluent, the hydrophilic amino 
acids can be separated. 

I*. 

6 Fig. 1. Chromatogram of small peptides 
containing hydrophobic amino acids. Col- 

- 6  3 umn, 5-pm octadecyl-silica, 4.6 mm i.d., 
! 25 cm long; 70°C; flow rate, 2.0 ml/min; 

component. 

0 I 0  20 w 

MINUTES 
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MINUTES 

Fig. 2. Chromatogram of the tryp- 
tic digest of ribonuclease S-peptide 
(Lys-Glu-Thr-Ala-Ala-Ala-Lys-Phe- 
Glu-Arg-Gln-His-Met-Asp-Ser-Ser-Thr- 
Ser-Ala). Column and operating 
conditions are the same as those in 
Figure 1 

I 
:: 
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Fig. 3. Chromatogram of porcine 
or-melanotropin (or-MSH) purified by 
conventional methods. The amino- 
acid sequence of the peptide is as 
follows: CH3CO-Ser-Tyr-Ser-Met-Glu- 
His-Phe-Arg-TrpGly-Lys-Pro-Val-NH2. 
The column and operating conditions 
are the same as in Fig. 1. The chro- 
matogram at the top has been ob- 
tained by tandem monitoring of the 
effluent with a fluorescence detector. 
Excitation and emission wavelengths 
are 280 nm and 340 nm, respectively. 
Full scale corresponds to a detector 
output of 0.5 pA at a time constant 
of 0.5 seconds. 

Fig. 4. Chromatogram of polar amino acids 
on octadecyl-silica with decyl-sulfate in the 
eluent. Column: 5-pm Lichrosorb ODs, 4.6 mm 
i.d., 25 cm long; 70°C; inlet pressure, 160 atm; 
isocratic elution with 0.1 M phosphate buffer 
containing 10-3 M decyl sulfate; sample size, 
approx. 100 ng of each component. 
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APPLICATION OF HIGH PRESSURE LIQUID 
CHROMATOGRAPHY TO PEBTIDES 

J.  RIVIER, R. WOLBERS and R. BURGUS, 
Salk Institute for Biological Studies, La Jolla, California 92037 

Introduction 

The emphasis of our original reportl on high pressure liquid chromatography 
(HPLC) was to demonstrate its power in the resolution of unprotected peptides. 
These observations were lately confirmed by  other^.^>^ A year later it has be- 
come obvious that the scope and power of the application of HF'LC using non- 
polar bonded phases for resolution and isolation of synthetic and-naturally 
occurring peptides not only on an analytical but also on a semi-preparative scale 
have enormously broadened. In this report we show the usefulness of such 
highly resolutive techniques in separating stereoisomers of peptides of biological 
interest, for demonstrating their homogeneity and for the study of racemization. 

Experimental 

Apparatus consisted of Waters Associates Model 204 Liquid Chromatograph, 
Waters Associates Model UK6 Injector, two Waters Associates Model 6000A 
Pumps, Waters Associates Model 660 Programmer, Schoeffel Model 770 Multi- 
wave Length Detector, Infotronics Model 110 Integrator, Linear Instruments 
Corp. Model 455 Chart Recorder. Three or four Waters Associates 7 mm X 
30 cm columns of pBondapak C18 were used in series. NH40Ac or NaH2P04 
(0.01 M) pH 4.5 buffers were thoroughly degassed and filtered through 0 . 2 5 ~  
millipore. Burdick and Jackson glass distilled CH3CN was degassed. The system 
was run at  room temperature. Flow rate varied from 4 to 6 ml/min. Absorbance 
was read at 2 10 nm. 

Results 

HPLC can be used to demonstrate high purity of a synthetic peptide as well 
as to show that it is freed from its most likely contaminants. Indeed: a) [ D - H ~ s ~ ]  - 
TRF could be isolated on a semi-preparative scale, devoid of TRF which is its 
most likely contaminant in view of the well documented tendency of lvstidine 
to racemize, see Figure 1. b) A baseline separation of somatostatin and [ D - C ~ S ~ ~ ]  - 
somatostatin (which could have been cross contaminated if esterification of 
Boc-L-Cys(MeOBz1)-OH or Boc-D-Cys(MeOBz1)-OH to  the resin had not been 
free of racemization) has been achieved. The purification steps used, gel filtra- 
tion and countercurrent distribution, would not have separated quantitatively 
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Fig. 1. Semi-preparative purification of [ D - H ~ s ~ ~  -TRF by HPLC. Conditions: 0.4 X 
60 cm column; 1 mg load; 2.5 mllrnin; 0.5% CH~CN/O.OI M N H ~ O A C ,  pH 4.5. 

the two compounds. (0.7 X 90 cm column; 200 pg each; 6 ml/min, 34% CH3CN/ 
0.01 M NH40Ac pH 4.5; retention times: 23.1 and 26.4 min resp.) c) Fig. 2 
shows the potential of HPLC for the study of racemization. It is obvious that 
diastereoisomeric pairs are well enough resolved to allow in most cases for quan- 
tification of less than 0.1% of one conformer contaminating the other and vice- 
versa. A recent attempt at separating eleven stereoisomeric dipeptide pairs 
[Phe-(D,L-) Ala, Ser, Thr, Met, Asn, Gln, Leu, His, Phe, Tyr and Trp] led us to 
study the relative advantages of linear concave or step gradients upon overall 
resolution. It became evident that a very stringent set of conditions will have to 
be used for baseline resolution of each and every dipeptide in that group and 
that better resolution might be reached by the use of stepwise gradients versus 
continuous gradients. 

In a separate experiment L-Phe-D, L-Val, L-Phe-D, L-Ile and L-Phe-D, L-Leu 
could be separated. Retention times are reported in Table I. 

Fig. 2. Analytical separation of diastereoisomeric dipeptides by HPLC. Conditions: 
1 0  min 5% CH3CNIO.01 M NH40Ac isocratic followed by 40 rnin linear gradient 5% -+ 21% 
CH3CN; then 21% CH3CN; 0.7 X 90 cm co1umn;flow rate 6 ml/min.; back pressure: 4500 psi. 
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Table I. Resolution of L-Phe-L, D-Val, L-Phe-L, D-Ileu and LPhe-L, D-Leu 

Compound Retention time Compound Retention time 

L-Phe-L-Val 8.5 min L-Phe-D-Val 14.8 min 
L-Phe-L-Ile. 11.8 min L-Phe-D-Ile 24.7 min 
L-Phe-L-Leu 14.1 min L-Phe-D-Leu 25.7 min 

Conditions: 0.7 x 90 cm column. 21% CH~CN/O.O~ g NH40Ac: isocratic. 

Discussion and Prospects 

It might be optimistic at the present time to  consider HPLC the panacea of 
the peptide chemist's problems. However, we have been able to demonstrate 
that it is a most resolutive, quantitative and straightforward means to evaluate 
the homogeneity of a peptide as exemplified by the baseline separation of 
[ D - H . ~ ~ ]  -TRF from TRF, [ D - C ~ S ~ ~ ]  -somatostatin from somatostatin, see also 
Ref. (4). It can also be used for semi-preparative isolation of synthetic and 
natural peptides. We have also shown that it can resolve diastereoisomeric mix- 
tures of peptides (Fig. 1, Table I). The approach, which is by no means the only 
one possible, was to couple on solid phase Boc-L-Phe-OH to every common 
amino acid (in fact a mixture of D,L-amino acids in the ratio of 2 to  1 which by 
integration allows for immediate identification). After HF cleavage, the free 
dipeptides (as a racemic mixture) were used as such. Each dipeptide pair was 
shown to be easily separable allowing for accurate quantitation of less than 0.1% 
of one conformer contaminating the other and vice-versa. To increase the sensi- 
tivity of such a test, one can envision the use of other hydrophobic, W absorb- 
ing, fluorescent or radioactively labelled optically active moieties to be coupled 
to amino acids. Use of HPLC for isolation of stereoisomeric pairs of protected 
dipeptides has previously been reported.5>6 No problem, such as unspecific 
binding leading to tailing, seems to be attached to the use of gradients, whether 
stepwise or continuous, as long as the ionic strength of the buffers is sufficient. 
Disappearance of the buffering capacity of the aqueous phase leads indeed to  
partial loss of resolution and typically skewed profiles, particularly for products 
with long retention times. We have not systematically studied the influence of 
the buffer concentration or composition on resolution or retention times. We 
have so far used an acetate or phosphate buffer with equal success. We are con- 
vinced, however, that other buffers could be used with probably as good if not 
better results. Addition of a detergent (sodium dodecyl sulfate, courteous sug- 
gestion from Dr. Jerry Hawk of Waters Associates Laboratories) in small concen- 
tration may help recovery if and when it becomes problematic. More recent 
experiments show that flow rates are somewhat critical for high resolution, and 
that maximum flow rates allowed by reasonable back pressures (4500-5000 psi) 
do not necessarily give the best results. 
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Conclusions 

The time may be near when HPLC could be used as an automated, program- 
mable, very versatile instrument that could not only be used as an amino-acid 
analyzer (probably after derivatization of the amino acids or of the hydrophobic 
support), but also as a chromatographic tool to separate peptides and proteins 
on both an analytical and semi-preparative scale large enough for biological and 
biochemical research. 

We thank R. Ptolemy for his dedicated efforts in the making of the dipeptides used in 
the racemization test as well as for the running of the HPLC system. Research supported by 
grants from NIH, AM #18811, HD #09690 and the National Foundation 1-411 to  
R.  Guillemin. 
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PRIMARY STRUCTURE OF PROTEIN INHIBITORS 
OF CALCIUM PHOSPHATE PRECIPITATION 

FROM HUMAN SALIVARY SECRETIONS 

DAVID H. SCHLESINGER and ROBERT JACOBS, Endocrine 
Unit, Massachusetts General Hospital, Boston, Massachusetts 021 14 
and D O N A L D  I. HAY, Forsyth Dental Center and Harvard School 

o f  Dentistry, The Fenway, Boston, Massachusetts 02115 

Unlike bone, which exists in a precisely controlled environment, the mineral 
of the dental enamel is exposed to variable and sometimes hostile conditions. 
Despite this, the surface enamel is unusually stable, this being attributable to the 
fact that the fluid surrounding the teeth is supersaturated with respect to the 
enamel minera1.l Recently it has been shown that the supersaturated saliva is 
stabilized by at least two types of phosphoproteins, which act by inhibiting 
precipitation of calcium phosphate salts.2 The complete covalent structure of 
one of these inhibitors,a tyrosine-rich acidic peptide called statherin, has recently 
been reported.3 The other type of inhibitor is a complex group of anionic 
proline-rich proteins ( P W ) ? ~  the four major members of which are structurally 
related (PW-I, 11,111, IV). These proteins are less potent inhibitors than statherin, 
but are longer lasting in the oral cavity.7 A tentative complete sequence of 
PW-111 has recently been reported.8 

The purpose of this communication is to report the N-terminal20 amino acid 
residues in PW-I,  11, 111, and IV, to compare these sequences with that of stath- 
erin and to discuss the structure-function relationships of these salivary phospho- 
proteins in context of their calcium phosphate precipitation-inhibition activities. 

Detection, Purification and Structure Determination of Statherin 

Statherin was detected in and purified from human parotid saliva by gel 
filtration and ion exchange chromatography.3 A "precipitation-inhibition" 
assay2 was used, which is based on the ability of statherin to inhibit the precipi- 
tation of calcium phosphate from a supersaturated stock solution. Details of the 
steps leading to the complete sequence elucidation of statherin including enzy- 
matic cleavage, purification of peptide fragments, quantitation during sequence 
analysis and the sequencing strategy have been recently presented.3 

Partial Structure Determination of the Anionic Proline-Rich Proteins 

Detection and Purification. PRP-I, 11,111, and IV was detected in and isolated 
from human parotid saliva using a dicalcium phosphate dihydrate assay.7 The 
principle of the assay is based on the fact that at pH values above 6.2 acidic dical- 
cium phosphate dihydrate (DCDP) transforms to basic calcium phosphate salts. 
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The reaction proceeds by dissolution of DCPD, followed by precipitation of 
basic salts. It is this precipitation step that is blocked by the inhibitors. The 
PRP's were purified to electrophoretic homogeneity by chromatographic proce- 
dures identical to those used for  tath her in.^ 

Enzymatic Digestion. All four anionic proline-rich proteins were digested 
with pyroglutamyl-amino peptidase for removal of the N-terminal residue under 
the following conditions. PRP-I, 11, 111, and IV (8 mg each) were dissolved in 
1.0 ml of 0.1 M NH4HC03, pH 8.0 containing 2 pl of 0-mercaptoethanol, 20 pl 
of 0.05 M EDTA and digested with the enzyme (0.08 mg) for 24 hr at 37OC. 

Automated Liquid Phase Sequence Analysis. Automated sequence analyses 
of PRP-I, 11, 111, and IV, after removal of the NH2-terminal pyroglutamate resi- 
due, were performed by the method of Edman and ~ e ~ g ~  in which a double 
cleavage Quadrol program and sample preparation were used as previously 
described for  tath her in.^ Identification of the PTH amino acids was carried out 
by thin layerl0>l1 and gaslliquid chromatography.12 

Results and Discussion 

statherin3 (Figure I), an unusually tyrosine-rich acidic phosphoprotein, 
possesses a highly changed N-terminal sequence through the first one third of 
the molecule. The COOH terminal 213 of statherin is extremely hydrophobic 
consisting primarily of glutamine, proline and tyrosine in exactly equal amounts. 
All four PRP's, in contrast to statherin, are devoid of tyrosine and possess 

pyroglutamate in the N-terminal position as well as a highly charged N-terminal 

11-residue sequence (Figure 1); they lack basic residues. Proline, comprising 
almost 30% of the residues in the carboxyl-terminal segment of both statherin 
and the PRP's, is absent from their N-terminal regions. 

Similarities in the N-terminal sequences of statherin and the PRP's have led us 
to speculate that the site of calcium phosphate precipitation-inhibition lies 
within the N-terminal domains. In fact, the first step by which these salivary 
proteins inhibit precipitation may be via binding calcium ions. PRP I and I11 
have been shown to bind calcium13>14 and it seems likely that PRP I1 and IV will 

H PO 
2, 3 

PRP-I and 111:  PCA-Glu-Asp-Leu-Asn-Glu-Asp-Val-Ser-Gln-Glu-Asp-Val-Pro-Le-Val-Ile-Ser-Asp-Gly-C,ly"' 

PRY-I1 and IV: I I  Asp I I 

Fig. 1. Sequences of human salivary and statherin, and the N-terminal parts of PRP I-IV 
@reline-rich proteins). 
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possess the property. Equilibrium dialysis studies, presently being conducted, 
indicate that statherin also binds calcium. 

Interestingly, the amino-acid sequence of statherin and the PRP's share similar 

anionic peptide segments present in other known calcium binding proteins such 

as the calcium binding protein of bovine intestine,15 parvalbumen,16 troponen,17 
the alkali light chain of rabbit skeletal muscle,l8 and the phosphoprotein casein.19 

An additional property possessed by statherin and the proline-rich proteins is 
that they selectively adsorb from saliva on to the surfaces of apatitic minerals, 
such as h y d r o ~ y a ~ a t i t e . ~ ~  We have suggested that this property is related to  

their inhibitory activity, and that the hydroxyapatite binding site of statherin 
lies in the charged amino-terminal sepent .3  

In conclusion, if it can be shown that precipitation-inhibiting activity is 
common in mammals and perhaps widespread in the animal kingdom, then it 

becomes significant as a general biological phenomenon. Initial studies using 
saliva from monkey, rat and hamster show that inhibitors are also present in 

these fluids though their nature is undetermined. We offer this concept of "sta- 
bilized supersaturation" as new biological property which we suggest is of 

considerable importance in biological systems in which high concentrations of 

calcium exist. 

This work was supported in part by grants NOlCB-64079 and NOlCB-53868 from the 
NationalCancer Institute andgrant DE 03915 from the NationalInstitute for Dental Research. 
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RAT PREPROALBUMIN: IN VITRO SYNTHESIS  
A N D  AMINO ACID SEQUENCE 

A. W. STRAUSS, A. M. DONOHUE,  C. D. BENNETT,  J. A. 
R O D K E Y  and A. W. ALBERTS,  Merck Sharp & Dohme Research 

Laboratories, West Point, Pa. 19486, and Rahway, N. J. 07065 

Poly(A)containing RNA from rat liver was prepared from total polysomes by 
oligo d(T)cellulose chromatography. Translation of this RNA in wheat germ 
lysates stimulated incorporation of 19 individual 3~-amino  acids and of a mixture 
of 15 14c-labeled amino acids into protein. The translation products were im- 
munoprecipitated with antiserum to rat serum albumin (RSA). Electrophoresis 
of the irnmunoprecipitate on SDS-polyacrylamide gels revealed a radioactive 
peak of 70,000 molecular weight (i.e., slightly larger than RSA). Cyanogen bro- 
mide fragments of labeled irnmunoprecipitated cell-free product (ICFP) were 
identical in size to those of RSA except for the N-terminal fragment which was 
2,500 larger. Automated Edman degradations of purified ICFP, labeled with 19 
different labeled amino acids, showed that the ICFP had 18 more amino acids at 
the N-terminus than proalbumin. The ICFP was designated as "preproalbumin." 
The complete sequence of the pre-piece was found to be: 

Radiolabeling experiments confirmed the sequence of the pro-piece as: 

and confirmed the sequence of the first 14 residues of the N-terminus of RSA 
(cycles 25-38). 

Albumin is a major secretory protein synthesized in the liver. In rat serum, 
this protein contains 583 amino acids in a single peptide chain.l In vivo studies 
have shown that albumin is synthesized on membrane-bound polyribosomes.2 
Zntracellular albumin exists in two forms,mature serum albumin and proalbumin. 
Proalbumin purified from rat liver microsomes contains an amino terminal 
extension of either H-Arg-Gly-Val-Phe-Arg-Arg-serum albumin3 or H-Gly-Val- 
Phe-Ser-Arg-serum a l b ~ m i n . ~  

Recently, several groups have reported that mRNAs for secreted proteins 
translated in vitro direct the synthesis of proteins larger than either the secreted, 
mature proteins or the intracellular proproteins. [Immunoglobulin light chains: 
MOPC 104E (A), MOPC41 (K), MOPC-321 (K), l y sozyme~  o v o m ~ c o i d , ~  
parathormone? prolactin,8 placental 1a~to~e1-1,~ proinsulin.lO] These initial 
translation products have been called preproproteins and contain an extension 
(prepiece) of 15 to 29 residues at the amino terminus. It has been postulated11 
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that these prepieces function as "signal sequences" which participate in binding 
nascent chains to membranes and in transporting the proteins across membranes 
during their synthesis. The prepiece is apparently proteolytically removed during 
the continued synthesis of the protein.12 

Materials and Methods 

Wheat germ lysate was incubated with poly(A)-containing RNA isolated from 
rat liver polysomes in the presence of one labeled amino acid plus the other 19 
unlabeled amino acids.13 The translation mixtures were subjected to centrifuga- 
tion, indirect immunoprecipitation and SDS gel electrophoresis. After elution 
from the gel, cold rat serum albumin was added and the proteins precipitated 
with 0.1 M HC1 in acetone overnight. 

Unlabeled rat serum albumin (2-8 mg) and purified preproalbumin (0.01-0.6 
picomoles) labeled with various amino acids were subjected to automated, 
sequential Edman degradation of 35-40 cycles in a Beckman 890C Sequencer 
using a modification of the program of Bauer et al.14 The sample containing 
35~cysteine was reduced and alkylated with sodium iodoacetate prior to Edman 
degradation. Aliquots of the unlabeled phenylthiohydantoin amino acids 
released were analyzed by gas chromatography and high pressure liquid chroma- 
tography15 and used to calculate repetitive yield (93-96% in all runs). 

Results 

Preproalbumin has been shown to be the initial product of the translation of 
albumin ~ R N A . I ~  This study establishes the complete sequence of the 18 resi- 
due prepiece, confirms the sequence of the six residue propiece,3 and of the first 
14 residues of the amino terminal of rat serum albumin.16 For example, when 
3 ~ - ~ l ~ c i n e  was incorporated into preproalbumin, 3~-glycine-phenylthiohydantoin 
was released at step 14 and step 20 during the sequence determination (Figure 1). 
The repetitive yield determined from the cold RSA included in the sequence 
determination is also shown, indicating that the amount of glycine recovered at 
these two steps was as expected for this degradation. Comparison of this pre- 
piece with others whose sequences have been wholly or partially determined 
(Table I) shows the preponderance of hydrophobic residues in the middle of the 
chain (outlined) as originally emphasized by Schechter et al.17 It has been sug- 
gested18 that extensive sequence homology of prepieces of proteins destined for 
secretion might be found for preproteins of one species or of one tissue. Of the 
three sequences of rat preproteins now known (Table I), extensive sequence 
homology is not yet apparent,at least for these preproteins from different tissues 
of .the same species. 

The positions of Met, Leu, Arg, Val and Phe in rat preproalbumin have recently 
been confirmed.19 
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Fig. 1. Illustrative sequence determination, in this case, using 0.7 picomoles of prepro- 
albumin labeled with 3~-glycine. 

Table I. Prepieces of Known Sequences 

RAT: Proalbumin M K W V T - - - - F L L L L F I S G S A F S -  I 
MOUSE: MOPC 1046 M A W I S -  L I L S L L L F - P S G A I S -  I - 

MOPC -321 M X T X T - L L L W V L L L W V P - X X X T -  I I 
MOPC -41 

CHICKW: Ovomucoid 

Lysozyme 

COW Proparathyrin M M 

RAT: Proinsulin 

Prolactin 

HUMAN: Lactogen 

Single letter abbreviations: Biochemistry 1, 2703 (1968). 
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RECENT PHYSIOLOGICAL STUDIES WITH THE ENDORPHINS 

ROGER GUILLEMIN, FLOYD BLOOM, JEAN ROSSIER, 
SCOTT MINICK, STEVE HENRIKSEN, ROGER BURGUS, and 

NICHOLAS LING, Laboratories for Neuroendocrinology, 
The Salk Institute for Biological Studies, La Jolla, California, 9203 7 

While the core of this lecture will be essentially on recent physiological stud- 
ies with the endorphins, I will start with a brief introduction now mostly of 
historical interest, describing the methodology used in our laboratories for the 
isolation and characterization of the morphinomimetic peptides: a-endorphin 
and y-endorphin. 

With the availability of the earlier literature demonstrating the existence of 
specific opiate receptors, as well as that of endogenous ligands for these recep- 
tors, most likely of peptide nature, (see Opiate Narcotics, A. Goldstein, Ed., 
Pergamon Press, N. Y., 1975) it became of interest to characterize these endoge- 
nous opiate-like peptides, since they might be involved in the physiological 
mechanisms of control of pituitary functions. In any isolation program of a new 
biologically active substance, one has two absolute requisites: first, a meaningful 
bioassay, second, a good supply of starting material. 

Assay of Biological Activity. I t  was decided that morphinomimetic sub- 
stances would be defined as those substances which would decrease linearly the 
amplitude of the muscle contractions electrically induced in vitro in the myen- 
teric plexus-longitudinal muscle of the guinea pig ileum1 only if this biological 
activity could be reversed or prevented by naloxone, amorphine-analog antagonist. 

Starting Material. We first confirmed reports by  other^^-^ that aqueous 
extracts of whole brain or of several specific anatomical brain structures (caudate 
nucleus, hypothalamus) or of the pituitary gland5 contained naloxone-reversible 
morphinomimetic activity. Calculations based on simple assumptions relating 
expected specific activity of the substances to be characterized to their apparent 
concentration in these extracts indicated that several hundreds of kg of fresh 
tissues would have to be procured and handled to provide a reasonable chance of 
characterizing the postulated substances within a reasonable time. Searching 
through materials available in large quantities from our earlier isolation program 
of the hypothalamic-hypophysiotropic factors, we found a partially purified 
extract of (porcine) neurohypophysis-hypothalamus to be considerably enriched 
in morphinomimetic activity (half-maximal activity in the bioassay at about 10 
pg of the dry powder per ml of incubation fluid). This material was used for the 
isolation of the endorphins; it is an acetic acidlacetone extract corresponding to 
fraction G of the Kamm procedure6 performed on tissues of porcine origin 
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consisting of approximately 50% neurohypophysis and 50% pituitary stalk and 
attached ventral hypothalamus (Pitressin Intermediate, Parke-Davis and CO.). 
Assays performed in our laboratories showed this material to contain 12 USP 
units of vasopressin per mg, 4 USP units of oxytocin per mg, 2 X lo5 Shizume 
units of melanotropin (MSH) activity per mg, 1.67 international units of adreno- 
corticotropin (ACTH) per mg by an in vitro corticoidogenic assay. One hundred 
grams of this material, corresponding to about 114 million posterior pituitary- 
hypothalamus, were used in the purification described below. We now know 
that the endorphins found in that starting material can not be of posterior 
pituitary origin; they must come from the ventral hypothalamus and the pars 
intermedia cells which we know remain attached to the neurohypophysis at  time 
of the gross dissection of the gland at the slaughterhouse. 

Purification Scheme. We accepted earlier e ~ i d e n c e ~ - ~  that the morphinomi- 
metic substances of brain origin were polypeptides. The purification sequence 
finally established from pilot studies consisted of five steps (i to v) as follows: 

(i) Gel Filtration, on Sephadex G25 equilibrated on 2 M acetic acid; (ii) 
SP-Sephadex chromatography with an elution gradient from 0.001 M NH40Ac, 
pH 4, to 0.01 M NH40Ac, pH 7,  and finally 2 M HOAc pH7; (iii) DEAE- 
Sephadex chromatography with an elution gradient from 0.001 M NH40Ac, pH 
7, stepwise to 0.01 M, 0.02 M, 0.05 M, 0.1 M NH40Ac, all at pH 7; (iv) Partition 
chromatography on Sephadex G50 using the solvent system I-BuOH/HOAc/H20 
(4: 1 :5); (v) High pressure liquid chromatography (HPLC); system used for HPLC 
was 4 mm X 30 cm pBondapak/C18 column using solvent concentration gradient 
curve 8 computed by a Waters model 660 programmer. Starting buffer A was 
20% CH3CN in 0.01 M NH40Ac, pH 4,  and final buffer B was CH3CN at a pro- 
gram rate of 040% B during 20 min. The flow rate was 2.5 rnl/min (see Ref. 7). 

Fig. 1 shows a typical pattern obtained at step (i). Biological activity as de- 
fined above was found essentially in two zones, with the activity of zone 2 
totally reversible or  statistically so, by naloxone, while that in zone 1 was only 
reversed 50% in the same conditions, by naloxone. Steps (ii) t o  (v) were 
conducted on the lyophilized material from zone 2. Fig. 2 shows the final step 
(v) of the isolation scheme. I t  represents the HPLC of one of three active zones 
obtained at that stage of purification of pool 2. The materials so obtained were 
called a-endorphin-1 , a-endorphin-2, and y-endorphin. Subsequent studies7 
showed a-endorphin2 to be most probably an unstable salt form of a-endorphin- 
1 ;  both had identical amino-acid composition and primary structure. We will 
thus refer to the single peptide component as &-endorphin. 

The primary sequence of a-endorphin and y-endorphin was obtained by se- 
quential degradation using the Edman method followed by dansylation with 
[14c] dansyl chloride and identification of phenythiohydantoin derivatives by 
mass spectrometry. Mass spectrometry of the acetylated peptide fragments ob- 
tained after trypsin digestion of the native endorphins was also used to establish 



RECENT PHYSIOLOGICAL STUDIES WITH THE ENDORPHINS 

Fig. 1. Sephadex G25 gel filtration 
chromatography of pitressin intermediate. 
Solid line and bar graph show naloxone 
reversible biological activity (% inhibition 
in the myenteric plexus). 
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Fig. 2. Analytical HPLC of ovine or 
endorphin. Solid line shows naloxone r e  
versible biological activity (% inhibition in 
the myenteric plexus). 

the primary structures. Table I shows the amino-acid analyses of native and 
synthetic porcine endorphins. Table I1 shows the dansyl derivatives from the 
Edman degradation of porcine a-endorphin. Figs. 3-5 show the mass spectra of 

Table I. Amino-Acid Analyses of Native and 
Synthetic Porcine Endorphins 

Native porcine endorphin Synthetic endorphin 

or-la or-2a a-Zb ya o r a  orb  ya 

Thr 2.7 2.6 2.4 2.7 2.9 2.0 2.8 
Gln - - - - - -  - 
Ser 1.6 1.5 1.9C 1.6 1.7 1.6C 1.8 
Glu 2.0 2.0 1.0 1.9 2.0 0.9 2.0 
Pro 1.0 1.0 - 1.0. 1.0 - 0.9 
Gly 1.9 1.9 1.9 2.0 2.1 2.0 2.0 
Val 1.0 1.0 l . l d  1.0 1.0 1.2* 1.0 
Met 1.0 1.0 0.9 0.9 1.0 1.0 1.0 
Leu 1.1 1.0  1.3d 2.0 1.0 1.4d 2.0 
Tyr 1.0 1.0 0.9 0.9 1.0 1.1 1.0 
Phe 1.0 1.0 0.9 1.0 1.0 1.1 1.0 
Lys 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
NH, 2.3 1.6 - 2.3 1.2 - 1.3 

a Hydrolysis in 6 M HCI-0.5% thioglycollic acid. 
b Enzymatic hydrolysis with papain and leucineaminopeptidase. 
c Gln does not resolve from Ser under these conditions. 
dThis peak includes a shoulder, probably due to incompletely 

hydrolyzed peptides. 
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activity that would be different from the already characterized endorphins as 
fragments of 0-lipotropin. To investigate this possibility, we have recently ex- 
tracted frozen, whole pituitaries from sheep, assaying the fractions obtained for 
morphinomimetic activity. As shown in Fig. 6, such an extract yielded essential- 
ly two zones of biological activity; the first zone following application of the 1 
M, pH 6.7 NH40Ac gradient. Upon further purification by HPLC, it yielded a 
single component with the amino-acid composition of 0-endorphin. The second 
zone after application of that gradient, also yielded a single component with 
biological activity upon further purification; its amino-acid composition is simi- 
lar to that of the fragment 0-LPH-(61-87) and its biological activity is of the order 
of the synthetic replicates of that characterized peptide. Thus, we did not obtain 
any evidence for endorphins of pituitary origin that would not be related to  rec- 
ognized subunits of 0-LPH and more specifically of subunits of 0-LPH-(61-91). 
All the biological studies dealing with the purification scheme described above 

were conducted with one type of bioassay or another (guinea pig's ileum muscle 
and myenteric plexus, mouse vas deferens) or several types of binding studies on 
plasma membrane receptors of a ghoma-neuroblastoma cell line cultured in vitro 
or the so-called synaptosome binding assays12. Fig. 7 shows one such experiment 
in which we demonstrated the similarity of binding to rat brain synaptosomes of 
several of the endorphins12. All these biological methods have an inherent 
limitation. In practice, they do not allow the recognition of a single entity; in 
other words, all endorphins are active in the synaptosome displacement assay, in 
the bioassays, etc., though obviously, with different specific activities. To obtain 
measurements endowed with specificity and also with greater sensitivity than 
any of the bioassays mentioned, we have recently developed radioirnmunoassays 
for a- and 0-endorphin and, as several other laboratories, also for the enkephalin 
pentapeptides. While these methods have enormous power, they also have their 
problems and limitations. 
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Fig. 6 .  Carboxymethyl cellulose chromatography of whole ovine pituitary extracts. 
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1. . NORMORPHINE 5. 0 8-LPH 61-69 
2. LEVORPHANOL 6. A a-ENDORPHIN (6-LPH 61-76) 

3. X @ENDORPHIN (B-LPH 61-91) 7. A 8-LPH 1-91 

4. 0 Met-ENKEPHALIN (B-LPH 61-65) 

CONCENTRATION (M ) 

Fig. 7. Competition of the binding of [ 3 ~ ]  etorphine by opiates and morphinomirnetic 
peptides. Stock solutions of all compounds were diluted in water containing 1 mg of bovine 
serum albuminlml. Each point represents the average value of assays carried out in triplicate. 

Tables 111 and LV show the specificity of two antisera which were raised 
against a-endorphin and 0-endorphin. One of the first observations that were 
made using the classic methods of irnmunocytochemistry with these antisera, 
was that in the pituitary gland of several species studied, a- and 0-endorphin were 
primarily to be found in the cells of the pars intermedia and in a few discrete 
cells of the adenohypophysis with no evidence of their presence in the pars 

Table 111. Specificity of &-Endorphin Antiserum RB66-5/10 

7-~ndorphin-NHn 
Met S-~nkephal in  
0-LPH- (61-69) 
0-LPH- (70-76) 
0-LPH- (71-76) 
0-LFH-(72-76) 
0-LPH-(73-76) 
Bo-Endorphin 
0,-LPH-(1-91) 

Y G G F M T S E K S Q T P L V T L .  
Y G G F M  
Y G G F M T S E K  

S Q T P L V T  
Q T P L V T  

T P L V T  
P L V T  

0-LPH-(61-91) 

loo* 
5 

100 
0 . 1  

a-Endorphin 
a-Endorphin-NHz 
[~ln ' ] , -~ndor~hin  
Y-Endonhin 

*Numbers show molar r a t i o s  x 100 of compound t o  the  l e f t  when compared t o  
a-endorphin, f o r  50% competition of t r a ce  binding t o  t he  antibody (EBSO). Any 
number d i f f e r e n t  f r o m  zero implies t h a t  a t  no l e s s  than 3 doses each compound 
t e s t ed  gives a binding curve p a r a l l e l  t o  t h a t  of a-endorphin reference  standard. 
+peptide sequences shon! i n  t he  one- le t te r  code of Dayhoff ( see  Atlas of Prote in  
Sequence and St ruc ture .  M.O. Dayhoff, Nat. Biomed. Res. Fdt.. S i lver  Springs,  
Md.. Publ. 1975). 

Subscripts o: ovine; p: porcine (Table= only).  

~ Y G G F M T S E K S Q T P L V T  
Y G G F M T S E K S Q T P L V T .  
Y G G F M T S Q K S Q T P L V T 
Y G G F M T S E K S Q T P L V T L  
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Table IV. Specificity of 0-Endorphin Antiserum RB 100-1 0127 

Bo-Lipotropin I 
31K-Precursor 
ll HOAc Extract (rat) 
1N HOAc Extract (rat) 
Morphine Sulfate 

*Legend tor rable *as 

whole Pituitary 
Whole Brain 

in Table 

nervosa. These cells of the pars intermedia contain A C T H , ~ ~ ? ~ ~  c ~ - M s H , ~ ~ - ~ ~  
also P - L P H . ~ ~  Recently, using the antisera to  aendorphin and 0-endorphin 
described in Tables I11 and IV Mains et al.19 have demonstrated, using the cloned 
cell line AtT-20 of mouse pituitary origin that 0-LPH, &endorphin, and ACTH 
(1-39) have a common biosynthetic precursor, a glycoprotein of an approximate 
molecular weight of 31,000 (referred to later as 31K). This set of observations, 
along with earlier reports that 0-LPH and ACTH were released in similar circum- 
s t ance~20>~l ,  suggested that in physiological conditions, the biologically active 
peptides, 0-endorphin and ACTH might be secreted simultaneously by the nor- 
mal pituitary. Indeed, as shown in Fig. 8, we have recently demonstrated that in 
response to acute stress (instantaneous breaking of the tibia and fibula in rats) 
there is concomitant elevation of plasma levels of ACTH and plasma levels of 

~ ~ Y G G F ~ T S E K S  
71 Q T P L V T L F K N  
81 A I I K N A H K K G Q  ... A I V K N A  A K K G  
61 Y G G F L T S E K  ... 

Fig. 8. Plasma levels of adreno- 
corticotropin (closed circles) and P 

loo* 

Q 1 0 0  
100 
0 
0 
0 

100 
100 
160 
0 

100 
100 

endorphin (open circles) measured by 
radioimmunoassays in trunk blood ob- 
tained from rats sacrificed at time 
intervals shown on the abscissa, f6llow- 
ing acute stress at  time zero. ( t )  Solid 
line shows plasma levels of adrenal cor- 
ticosterone measured by fluorometry. 
Shaded areas show confidence limits of 
the measurements. Correlation coeffi- 
cient, p ,  between the two populations 
of ACTH and p-endorphin concentra- 
tions is 0.9708 for values of means, 
(D. F. = 20) and 0.7785 for all individ- 
ual values (D. F. = 64). 

oarallelism 
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0-endorphin. Moreover, in other studies we have observed a constant parallelism 
in variations of the pituitary contents in ACTH and 0-endorphin as affected by 
chronic adrenalectomy, and chronic administration of the synthetic glucocorti- 
coid dexamethasone. Also, we have observed that when incubated in vitro 
fragments of the pituitary gland of a patient with an ACTH secreting adenoma 
secreted similarly elevated amounts of ACTH and 0-endorphin; and a pancreatic 
tumor containing and secreting ACTH was also shown to contain P-LPH and 
0-endorphin. In preliminary studies, purified hypothalamic extracts (i.e. not 
containing ACTH and/or endorphins) prepared by W. Vale were shown to stirnu- 
late simultaneously the secretion of ACTH and 0-endorphin by primary mono- 
layer cultures of rat adenohypophyses (unpublished results). Thus we can con- 
clude that in all circumstances in which ACTH is secreted, there is a concomitant 
secretion of 0-endorphin. 

The significance of these observations is not clear. We have established (see 
Fig. 8) that in peripheral blood of the stressed rat it is 0-endorphin (as estab- 
lished by gel filtration) that is primarily circulating with smaller amounts of 
0-LPH. Thus the next question is, what is the significance of these elevated levels 
of circulating 0-endorphin as they appear in response to stress. 

Since the early studies of ~ e l ~ e , ~ ~  ACTH has been recognized as the primary 
pituitary hormone secreted in response to acute stress in all species studied. The 
teleological proposal has been to relate the acute secretion of ACTH to  the 
corresponding immediate activation of the adrenal cortex for the secretion of 
glucocorticoids necessary for immediate increase of gluconeogenesis and the 
ensuing availability of energy rich carbohydrates. In many, though not all 
species, prolactin and growth hormone may also be released under similar condi- 
tions23. ACTH, growth hormone and prolactin are pituitary responses to stress, 
all affecting metabolism. Our results show that 0-endorphin is also released in 
response to acute stress. 

There is evidence24 that peripheral injection of Pendorphin in mice produces 
analgesia; this was obtained with doses of the peptide leading to plasma concen- 
trations 4 to 5 orders of magnitude greater than those observed here in response 
to stress. We have failed to observe in rats such central effects of similarly large 
doses of 0-endorphin (up to 20 mk/kg body weight) injected in a peripheral vein. 
This is in contradistinction to the profound effects (analgesia, catatonia) exerted 
by small amounts (2 0.5 pg) of 0-endorphin when injected directly in the brain 
and uniformly observed25. It may be that our current criteria for assessing 
possible central effects of the circulating endorphm are naive. Should such 
effects of the peripherally released 0-endorphin eventually be detectable, the 
results reported here demonstrate that the system necessary for its immediate 
secretion and availability in response to stress is highly functional and coupled 
with activation of the ACTH-adrenal cortex axis. 

Thus, a holistic response of the organism to stress would involve the immediate 
secretion of pituitary hormones, some (adrenocorticotropin, growth hormone) 
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involved in somatotropic (metabolic) adaptive reactions, others, (0-endorphin, 
P-melanocyte stimulating hormone or y-lipotropin), endowed with neurotrop- 
ic25, behavioral or psychotropic adaptive reactions. Suggestive of a vascular 
pathway from pituitary to brain, recent observations26 have shown high concen- 
trations of pituitary hormones from all three lobes of the pituitary in the long 
portal vessels. Functional significance of these observations remains to be prov- 
en; there is as yet, no evidence that blood flows retrograde from pituitary 
into brain in a functional mechanism able to deliver pituitary peptides. On the 
contrary, we have evidence that profound variations in the pituitary secretion of 
P-endorphin are not reflected in concomitant variations of brain levels of P- 
endorphin. We have reported27 that several weeks after total hypophysectomy, 
immunocytochemistry shows neurons and axonal varicosities staining with the 
fluorescein-coupled antisera to a-endorphin or 0-endorphin, similar in numbers 
and locations to those found in normal intact animals. This is in agreement with 
an earlier statement by ~ o l d s t e i n l ~  reporting identical amounts of opiate-like 
activity of brain extracts in normal and hypophysectomized rats, as tested by a 
synaptosomal binding assay. Thus with alI this conflicting evidence, we have to 
search for one or several peripheral targets for the 0-endorphin secreted in re- 
sponse to stress in the dynamic fashion and large amounts that we have demon- 
strated here. 

Another series of observations which we have recently made is leading to 
unexpected questions. We have obtained immune serum in rabbits injected with 
L,eu5-enkephalin coupled with bovine serum albumin. The antibodies so pro- 
duced bind L.euS-enkephalin, and also Met5-enkephalin though with a sensitivity 
of 1/30 by weight of the former peptide. This antiserum has no cross reactivity 
with a-endorphin or 0-endorphin. Using this antisera raised against a-endorphin, 
0-endorphin and Ixu5-enkephalin, we find by immunocytochemistry that there 
is striking dissociation in the distribution of the two peptides of the brain (see 
Table V). The same observations are made by radioimmunoassays of extracts of 
various parts of the brain; those numbers are always related to the immunocyto- 
chemical picture. Somewhat to our surprise, we have also found minute but 
definite amounts of enkephalin in the pituitary as measured by the radioimrnu- 
noassay. Some treatments such as chronic administration of morphine will 
elevate significantly the pituitary content of P-endorphn and, similarly, of en- 
kephalin. Other treatments such as chronic administration of dexamethasone, 
produce significant decrease of the pituitary content in 0-endorphin while at the 
same time elevating significantly the pituitary content in enkephalin. So far, in 
the brain no treatment or procedure, such as stress, administration of morphine 
or dexamethasone, has modified content of various parts of the brain in 0- 
endorphin. The same treatments in the same animals have led in the same 
extracts of the brain to considerable modifications of the content of enkephalin. 
At the moment there is no pattern that emerges from these observations; we are 
still collecting data. 
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Table V. Immunocytochemical Staining Patterns 
Anti-P-Endorphin vs Anti-Enkephalins 

We and others have recently reported that administration of 0-endorphin in 
one of the lateral ventricles or in the cisterna (studies in rats) will consistently 
stimulate acutely the secretion of pituitary growth hormone and prolactin. In- 
travenous administration of 0-endorphin leads to secretion of prolactin, but not 
of growth hormone. We have also reported that 0-endorphin does not stimulate 
the release of the pituitary hormones when added in vitro2*. It is thus most 
likely that following either intraventricular or intravenous injection that the 
peptides act somewhere distal to the pituitary to produce these hypophysio- 
tropic effects. Similarly, we have recently observed in collaboration with Weitz- 
man and Fischer (to be published) that administration of 0-endorphin in rabbits 
acutely stimulates the secretion of antidiuretic hormone with an onset identical 
to that following injection of hypertonic saline but sustained for much greater 
periods of time (as much as half an hour). Here again, addition of 0-endorphin 
to incubated posterior plus intermediate lobe of rat pituitary does not statistical- 
ly increase the secretion of vasopressin as measured by radioimmunoassay under 
conditions in which elevated potassium is highly effective. Thus it is unlikely 
that the effect of @-endorphin on the secretion of antidiuretic hormone is medi- 
ated by the opiate receptors recently described by Simantov and ~ n ~ d e r ~ ~  in the 
neurohypophysis. 

We have recently recognized that administration of 0-endorphin by micro- 
iontophoresis to  neurons throughout the central nervous system will usually 
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produce naloxone-reversible inhbition of the firing rate and will occasionally 
decrease the amplitude of spontaneous or glutamate-induced firing30. A remark- 
able exception to this statement is the pyramidal neurons of the hippocampus in 
which on a statistical basis more than 80% of the tested cells are consistently 
activated by 0 - e n d 0 r ~ h i n ~ ~ .  This activation is also naloxone-preventable or 
reversible (see Figs. 9 and 10). We have already reported25 the striking behavior- 
al effects induced in rats by intraventricular administration of doses of the 
various endorphins. a-Endorphm and 0-endorphin produce analgesia of variable 
duration, but extending from 30 minutes to 4-6 hours, always accompanied by 
fall in rectal body temperature. a-Endorphin will produce a general tranquiliza- 
tion of the animal with a rapidly appearing wet-dog shake (WDS), an unexpected 
observation in animals totally naive of administration of opiates or opioid- 
peptides. &endorphin will produce the same rapid onset tranquhzation (appear- 
ing from in 5-15 minutes) also accompanied by the same wet-dog shakes, but 
rapidly (1 5-30 minutes) turning into a remarkable state of profound immobiliza- 
tion and catatonia. This is a state in which the animals are totally rigid with 

BETA-ENDORPHIN 
I.CV I N  RAT ( 5 ~ 9 )  

90 sec post inj. 

EYO 

2f min port ini 5 min. post inj. 

Fig. 9. Injection of Pendorphin (5 pg) 
in the lateral ventricle of the brain of a rat. 
Recording with permanently implanted 
electrodes in the frontal cortex (CTX), the 
hippocampus (HIPPO), and the amygdala 
(AMYG.) up to 5 min after injection. 
EMG is from an electrode in the neck 
muscles. (WDS = wetdog shake, MVT 
= moment). 

HIPPO i ' ' 

CONSTANT SNIFFING EXPLORE 

EMG . . 

EYES OPEN HO MVT 

EMG - 
Fig. 10. As in Fig. 9, records at 25 

and 40 min post-injection. 
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shallow abdominal respiration, totally immobile, completely analgetic, total ab- 
sence of corneal reflex and usually exophthalmic protruding eyeballs: In contra- 
distinction y-endorphin elevates body temperature and produces a state of agita- 
tion of variable degree, occasionally leading to aggressive behavior. AU these 
effects of a-, p-, y-endorphins are preventable or totally reversible in seconds by 
intravenous or intraperitoneal injection of naloxone. We have recently studied 
the effect of P-endorphin with permanently implanted electrodes in the cortex, 
in the dorsal hippocampus, and in the amygdala. These animals also have a 
permanently implanted cannula in one of the lateral ventricles and occasionally a 
catheter in the upper vena cava. Recording in free moving animals is done from 
the contralateral hemisphere from that in which the cannula is implanted. Fol- 
lowing intraventricular administration of P-endorphin, a very consistent, remark- 
able pattern is observed. Within seconds after administration of the P-endorphin 
in the contralateral ventricle one observes extremely high amplitude focal sei- 
zures in the cortex, the hippocampus and the amygdala, often accompanied by 
the classical wet-dog shakes. The animals at that time have no analgesia and are 
freely moving. This high voltage desynchronization will be followed after a few 
minutes by what appears to be total depolarization of the various areas in which 
electrodes have been implanted. This picture is broken by spontaneous, multiple 
ictal episodes as the animal gradually enters the catatonic stage (see Fig. 10) 
(Soc. Neurosci. Abstr., S. Henriksen et al., 1977). In animals so prepared with 
the permanently implanted electrodes we have administered up to 20 mgs/kg of 
P-endorphin by intravenous administration. At no time did we observe any 
evidence of behavioral effects, analgesia, or any effect on the various electrical 
recordings. In such animals, with no obvious effect of these enormous doses of 
P-endorphin administered in a peripheral vein, subsequent injection of a few 
micrograms of P-endorphin in the lateral ventricle is rapidly followed by the 
classical syndrome which we have described above and which has been unani- 
mously recognized. These results are totally at variance with those reported by 
Tseng et d.24 in which these authors report observing dose-related analgesia in 
mice injected in a tail vein with P-endorphin. 

Obviously, the timing of this lecture in relation to the developing methodolo- 
gy is such that it is impossible to  come up with a comprehensive picture. The 
next few months of exploitation of that powerful methodology should allow us 
to obtain answers to the many questions that the partial data discussed here are 
obviously calling for. 

Research in  our laboratories is presently funded by  grants from NIH, Grants, No. AM- 
18811 and No. HD-09690, W. R. Hearst Foundation (RG) and from NIDA,No. DA-01785 
and the A. P. Sloan Foundation (FB). 
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Peptide hormones and most neurotransmitters exert their physiological effects 
by first attaching to  receptor sites on the plasma membranes of target cells. 
These receptors can be labeled and assayed by means of the binding of radio- 
active transmitters, peptides or antagonist drugs. Though these procedures are, 
in principle, simple, they can pose difficult technical challenges in execution. 
The number of such receptors in target tissues is finite, with densities in the 
nanomolar range. Yet,most radiolabeled ligands employed to assay the receptors 
are chemically reactive agents which can bind via ionic and non-ionic mechanisms 
to numerous chemical groups on biological membranes. The number of such 
"non-specific" binding sites usually greatly exceeds those of the physiological 
receptors. Success in labeling receptors takes advantage of properties common 
to most receptors, such as their high affinity for the ligand. Employing ligands 
of high specific activity, low concentrations can be utilized which should favor 
binding to specific receptor sites. Extensive but rapid washing procedures will 
tend to remove nonspecifically bound ligands selectively. 

Utilizing the principles described above, several workers have identified bind- 
ing of ligands associated with peptide hormones and neurotransmitter receptors. 
Direct binding of insulin, glucagon, thyrotropin, ACTH and other hormones has 
been observed. For neurotransmitters, the transmitter molecule itself often has a 
relatively low affinity for its receptors and so more potent antagonist drugs have 
often been employed. The most extensively investigated example is the nicotinic 
acetylcholine receptor of the electric organ of certain invertebrate fish such as 
the electric eel or Torpedo. Snake toxins such as Naja naja cobra toxin. or 
a-bungarotoxin are potent, almost irreversible nicotinic cholinergic antagonists 
and bind fairly selectively to receptor sites. In our laboratory neurotransmitter 
receptors in the brain have been investigated through the reversible binding of 
drugs and transmitter molecules. 

The Opiate Receptor 

The biological function of the opiate receptor appears to mediate the neuro- 
transmitter actions of opioid peptides in the brain, the enkephalins and endor- 
phins. The opiate receptor has been labeled using tritiated forms of opiate 
agonists or antagonists. Affinities of numerous opiates for binding sites parallel, 
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in general, their relative analgesic properties. A direct comparison of biological 
and binding potency, requisite evidence to show that binding involves the bio- 
logically meaningful receptor, must be obtained in a single tissue. In the case of 
opiates, pharmacological potency can be assessed in smooth muscle systems, 
since the ability of opiates to  block electrically induced contractions in these 
tissues parallels their analgesic potencies. These tissues, such as the guinea pig 
ileum and mouse vas deferens thus appear to possess pharmacological opiate 
receptors with properties similar to those of the brain. The potencies of opiate 
agonists and antagonists in competing with 3~-opiates for binding sites in the 
guinea pig ileum correlate extremely closely with pharmacological activity in the 
same tissue specimeml 

Studies of the influence of ions on opiate receptor binding have provided 
insight into possible mechanism for synaptic actions of opiates and opioid pep- 
tides. Low concentrations of sodium, as little as 1 mM, enhance receptor binding 
of antagonists while decreasing the binding of agonists.2 The influence of sodium 
is selective, since while lithium, whose properties resemble those of sodium, can 
reproduce these effects somewhat, other monovalent cations, such as rubidium, 
cesium and potassium, fail to discriminate agonists and antagonists. These find- 
ings suggest that the opiate receptor may exist in two interconvertible states with 
respective preferences for binding of agonists and antagonists. Sodium appar- 
ently binds preferentially to the "antagonist" state. One might speculate that 
synaptic effects of opiate agonists occur by altering the relative proportions of 
agonist and antagonist receptors, which changes the tightness of attachment of 
sodium to the receptor in turn altering the membrane's permeability to sodium. 
This model, based on biochemical data, finds support in recent neurophysiologi- 
cal studies. Zieglgansberger et a1.3 have shown that opiates and opioid peptides 
inhibit neuronal firing without hyperpolarizing cells. Instead they block excita- 
tory actions of glutamate and acetylcholine through selective effects at synaptic 
sodium channels. 

The influence of sodium on opiate-receptor binding also has practical conse- 
quences. One can predict whether a drug is an agonist or antagonist by the effect 
sodium has on its receptor interactions. One measures the binding of a drug such 
as the antagonist 3~-naloxone in the presence or absence of sodium. Non- 
radioactive agonists become substantially less potent in competing for receptor 
binding when sodium is added to incubation media whde pure antagonists show 
no loss in potency. Drugs with both agonist and antagonist properties are 
affected in an intermediate fashion. Such mixed agonist-antagonists have impor- 
tant therapeutic properties. Certain of these agents elicit analgesia, a function of 
their agonist effects. But, perhaps because of their antagonist propensities, they 
are markedly less addicting than conventional opiate agonists. These mixed 
agonist-antagonists are the most promising of all drugs as relatively addiction- 
free pain relievers. While it is difficult to identify such agents in screening 
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procedures in intact animals, opiate receptor interactions afford a simple, sensi- 
tive, inexpensive yet highly reliable screen. 

Autoradiographic studies have permitted a localization of opiate receptors at 
specific microscopic sites throughout the central nervous au stern^^^ (Fig. 1). 

Enkephalin Opiate Receptor 

Cer vicol Cord 

Fig. 1. Distribution of the opiate receptor and enkephalin in the cervical cord and lower 
medulla. Abbreviations are as follows: amb, nucleus ambiguus; AP, area postrema; cu, 
nucleus cuneatus; DC, dorsal column; DP, decussatio pyramidis; FC, fasciculus cuneatus; FG, 
fasciculus gracilis; gr, nucleus gracilis; io, nucleus olivaris mferior; LC, lateral column; nco, 
nucleus commissuralis; nic, nucleus intercalatus; nrv, nucleus reticularis medullae oblongatae 
pars ventralis; nts, nucleus tractus solitarius, ntV, nucleus tractus spinalis nervi trigemini; nX, 
nucleus originisdorsalisvagi; nXII, nucleus originis nervi hypoglossi; P, tractus corticospinalis; 
rl, nucleus reticularis lateralis; rpc, nucleus reticularis parvocellularis; sgV, substantia gelati- 
nosa trigemini; ts, tractus solitarius; TSV, tractus spinalis nervi trigemini; VC, ventral column. 
Adapted from Simantov et a1.12 
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Receptors are highly concentrated in areas associated with the integration of 
pain perception, emotional regulation and visceral reflexes associated with opiate 
action. For instance, receptors are highly concentrated in the substantia gelati- 
nosa of the spinal cord and the trigeminal nucleus, the first way stations in 
sensory perception and areas where the analgesic effects of opiates are in part 
mediated. The periaqueductal grey of the brainstem, which plays a major role 
in drug and electrically induced analgesia, is enriched in opiate receptors. The 
locus coeruleus, which contains the highest concentration of norepinephrine cells 
in the brain, is thought to influence affective behavior and has a high density of 
opiate receptors as does the amygdala, which is part of the emotion-regulating 
limbic system. Vagal nuclei in the brainstem, such as nucleus tractus solitarius, 
and nucleus ambiguus, participate in sensory visceral reflexes such as cough and 
respiratory reflexes, and have high concentrations of opiate receptors. Perhaps 
the well known cough suppressive effects of opiates as well as the sometimes 
lethal depression of respiration elicited by these drugs are mediated through 
these nuclei. 

The dramatic features of the opiate receptor suggested that there might exist 
an endogenous morphine-like substance in the brain. By monitoring the effects 
of brain extracts on smooth muscle contractions, Hughes et alS6 isolated and 
characterized from pig brain the two pentapeptide enkephalins, methionine- 
enkephalin, (Tyr-Gly-Gly-Phe-Met)-enkephalin, and leucine-enkephalin, (Tyr- 
Gly-Gly-Phe-Leu)enkephalin. Independently, by measuring the ability of brain 
extracts to compete for opiate receptor binding, Simantov and snyder7 subse- 
quently identified the same two pentapeptides in calf brain. The amino acid 
sequence of Met-enkephalin is contained within the 91 amino acid pituitary 
peptide P-lipotropin, a fragment of which, amino acids 61-91 (Pendorphin) has 
potent opiate a ~ t i v i t ~ . ~ - l O  

Development of antisera to the enkephalins has permitted their measurement 
by radioimmunoassay as well as their localization in the central nervous system 
by immunohist~chemistr~~~~~~ (Fig. 1). Sites most enriched in enkephalin cor- 
respond fairly closely to those with h g h  concentrations of opiate receptors. 
Enkephalin is contained within neurons. Enkephalin cell bodies are enriched in 
the same areas which have the highest density of enkephalin-containing nerve 
terminals. This suggests that most enkephalin is contained in short neurons 
restricted to defined areas of the central nervous system. 

Enkephalins display the same pharmacological properties as opiates, causing 
analgesia, influencing smooth muscle contractions, and binding to the opiate 
receptor. Many enkephalin analogs have,been synthesized with a view to  pro- 
tecting enkephalin from very rapid proteolytic degradation. Certain of these are 
thousands of times more potent than parent enkephalins (R. Miller, personal 
communication). Though enkephalins and endorphins do appear to have addic- 
tive potential similar to that of morphine in rats,13-l5 it is possible that certain 
enkephalin analogs will demonstrate useful therapeutic properties in man. 
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Angio tensin and Neuro tensin 

There appear to be a large number of other peptides with possible central 
nervous functions. In the interest of brevity, we have focused on the enkephalins, 
though Substance P is particularly well characterized as a sensory transmitter 
candidate. There is also substantial evidence for a role of angiotensin I1 and 
neurotensin in the brain. Direct administration of small doses of angiotensin I1 
into the brain can influence cardiovascular reflexes and drinking behavior. Renin 
and angiotensin-converting enzyme exist in the brain. Recently we detected 
angiotensin I1 receptor binding in brain tissue similar to levels of receptor binding 
in the adrenal cortex, the peripheral tissue most enriched in angiotensin recep- 
tors.16 Indeed, in a screen of various tissues, only brain and adrenal cortex 
demonstrated detectable levels of angiotensin I1 receptor binding. Substrate 
specificity of receptors in the brain and adrenal cortex is quite similar (Fig. 2). 
Taken together these data suggest a natural role for angiotensin in the brain. 

Angiotensin receptor binding sites in the brain have about one order of magni- 
tude greater affinity for angiotensin and its analogs than those in the adrenal 
cortex.16 The dissociation constant for angiotensin I1 at calf and rat brain recep- 
tors is about 0.2 nM. This high affinity, as well as the striking selectivity of the 
angiotensin receptor of brain tissue, has facilitated development of a radiorecep- 
tor assay for endogenous angiotensin-like material (J. P. Bennett, Jr. and S. H. 
Snyder, manuscript in preparation). 

Neurotensin is a tridecapeptide whose amino-acid sequence17 is <Glu-Leu- 
Tyr-Glu-Asn-LysPro-Arg-Arg-Pro-Tyr-Ile-Leu-OH). Neurotensin was isolated 
from hypothalamic extracts as an apparent byproduct of the isolation of sub- 
stance P. It was detected as a substance which in small doses could elicit hypo- 
tension, increased vascular permeability, pain sensation, increased hematocrit, 
cyanosis, morphine-inhibitable stimulation of ACTH secretion, increased LH 
secretion, increased FSH secretion, hyperglycemia and a variety of smooth 
muscle effects including contraction of the rat uterus and guinea pig ileum. 

Like enkephalin, somatostatin and Substance P, neurotensin is localized only 
to  the central nervous system and gut.18 Radioimmunoassay reveals marked 
regional differences in neurotensin levels throughout the brain.18-21 In calf 
brain the highest concentrations occur in the hypothalamus and basal gangha 
with much lower values in cerebellum and white matter. In the cerebral cortex, 
there are pronounced variations with highest levels in the parahippocampal gyrus. 
Subcellular fractionation studies indicate a localization of neurotensin to synap- 
tosomal fractions, which are enriched in pinched-off nerve terminals.19 

Using 1251-neurotensin, it has been possible to detect specific receptor 
binding.22 The dissociation constant of neurotensin is about 3 nM. There is a 
single population of binding sites with a Hill coefficient of 1.2, indicating the 
absence of cooperativity. The density of binding sites in rat cerebral cortex is 
about 3 pmol/g wet weight, similar to that of several neurotransmitter receptors. 
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CONCENTRATION OF PEPTIDES (_MI 

Fig. 2. Displacement of 125~angiotensin I1 bound to rat brain (upper) and bovine 
adrenal cortex (lower) membranes by angiotensin peptides. 125~-~ngiotensin I1 (0.05 nM) 
was incubated with membranes and bound radioactivity in the presence of increasing con- 
centrations of various angiotensin peptides was assayed by filtration. Bo = Binding in the 
absence of unlabeled peptides, B = binding in presence of unlabeled peptides. Adapted from 
Bennett and snyder.16 

Marked regional variations exist in neurotensin binding which parallel, in part, 
variations in endogenous neurotensin. Highest binding is found in the dorso- 
medial thalamus, parahippocampal cerebral cortex (which possesses the highest 
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endogenous levels of the cerebral gyri) and hypothalamus. Lowest levels occur 
in the cerebellum and brainstem. The strongest evidence that the binding sites 
involve physiological neurotension receptors emerges from an examination of 
the relative abilities of five partial sequence fragments of neurotensin to compete 
for binding. Their relative potencies correspond fairly well to their relative 
activities in a number of peripheral systems. 

In summary, we have reviewed data regarding receptor binding and other 
evidence compatible with central nervous system roles for enkephalin, angioten- 
sin I1 and neurotensin as possible neurotransmitters. Similar evidence exists for 
substance P, somatostatin, TRF, vasoactive intestinal peptide and perhaps even 
gastrin. Since these peptides were discovered fortuitously in most cases, it is 
conceivable that numerous other peptide transmitter candidates exist in the 
brain. This multiplicity of transmitters greatly enlarges the scope of problems 
and promises to elucidate neurotransmission in the central nervous system. 
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Two pentapeptides, the enkephalins, are endogenous to the mammalian cen- 
tral nervous system and possess opioid activity. There have been several propos- 
als comparing the structural similarity of the enkephalins with the opiate com- 
pounds of the morphine and oripavine families. Unfortunately, there is much 
controversy regarding the identification and topography of the chemical substit- 
uents responsible for the biological activity of the opiates. It has been suggested 
that different sites exist on the narcotic receptors for binding different chemical 
groups corresponding to the different classes of narc0tics.l However, more than 
one class of narcotic receptor mediating the opiates' analgesic effect may exisL2 
This latter possibhty appears to be discounted in such in vitro preparations as 
rat neostriatum3 and the neuroblastoma-glioma hybrid cell line NG 108- 15 .4 For 
this reason, the enkephalins were structurally compared with those opiates 
shown to bind in a competitive fashion and inhibit adenylate cyclase in the 
NG 1 08- 1 5 cell .line. 

Determination of the Opiate Pharmacophore 

Using a molecular graphics ~ y s t e m , ~  the crystallographic structures of 
morphine hydrochloride, and 7-a-(1-(R)-hydroxyl-1-methylbutyl-)-6,14- 
endoethenotetrahydrothebaine (THT) were compared with that of 1-P-2'- 
hydroxy-23-dimethyl-5-phenyl-6,7-benzomorphan (GPA1657). This molecule 
was simulated using the skeleton of morphine with the C-ring replaced by a 
5-substituted phenyl ring positioned to  correspond with published nrnr data.6 
Comparison of the three opiates demonstrated spatial correspondence of their 
phenolic A-rings, nitrogen atoms of their D-rings, and C5 and C6 atoms of their 
hydrocarbon C-rings. 

Earlier proposals suggested that opiate activity required the correct spatial 
configuration of a phenolic ring and a tertiary amhe as observed in morphine. 
These substituents appear to be necessary but insufficient requirements since 
tyramine is inactive as an opiate. In these semi-rigid opiates, we propose that 
atoms of the C-ring provide the additional third site necessary to define an essen- 
tial pharmacophore. 
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Fitting Enkephalin to this Pharmacophore 

One assumes that the phenolic side chain and nitrogen terminus of Tyrl of 
enkephalin correspond to the 3-hydroxy-phenethylamine moiety of the opiate 
pharmacophore. Chemical modification of the phenolic group of reduces 
the potency of enkephalin, and [Phel] -Met5-enkephalin is only weakly a ~ t i v e . ~  
Additionally, d e s a m i n o - ~ ~ r l ,  Met5-enkephalin is biologically inactive.* The tet- 
rapeptide is the minimal structural unit capable of binding to brain tissue and 
eliciting a biological r e ~ ~ o n s e . ~ ? ~  Correspondence between the essential C-ring 
atoms and the phenyl ring of phe4 was assumed. 

A minimum of ten rotatable bonds is required to fit the tetrapeptide fragment 
of enkephalin to  the proposed opiate pharmacophore. To reduce the conforma- 
tional freedom at residue two, the potent analog [D-~la~]-~et~-enke~halin- 
amide was chosen for study.10 The side chain torsion angles of were futed 
so that the phenolic ring and the amino terminus of the first residue spatially 
corresponded to the aromatic A-ring and nitrogen of the D-ring of morphine, 
respectively. Two target points were positioned relative to these groups to 
correspond spatially to C5 and C6 of morphine's C-ring. The remaining eight 
torsional bonds of the backbone of the peptide and side chain of phe4 were 
systematically explored with 31' increments.ll A single sterically allowed con- 
formation was found with the meta carbon of the aromatic ring of phe4 corre- 
sponding to C6. A summary of the torsional angles for this conformation is 
shown in Table I. 

Consistency with Structure-Activity Relationship Data 

The combinatorial nature of the conformational search required a coarse 3 l o  
scan. It is of interest, however, to see if the torsion angles of the single confor- 
mation of enkephalin found to fit the proposed opioid pharmacophore are con- 
sistent with structure-activity relationship data of the enkephalins. Based upon 
the Ramachandran plots in Figure 1, predictions for the in vitro activity of 
N-methyl, alpha-methyl, and D,L-amino-acid analogs of enkephalin can be made 
(Table 11). Side-chain orientation of the first and fourth residues is important 

Table I. Torsional Angle Data of a Conformation of Enkephalin Found 
to Fit the Proposed Opiate Pharmacophore 

1 xl (Tyr ) = -106 
1 

$, (Tyr = 129 
3  

4 ,  ( ~ l y  ) = -118 
1 

( 5 r  ) = -163 
2 

+2 (D-Ala ) = 160 
3 

X2 4 
$, ( ~ l y  ) = 98 

x1 (Phe ) = -87 
2 

$, (D-Ala ) = -87 
4  

44  he ) = -87 
4  x2  he ) = -56 
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Fig. 1. Kitaigorodsky potential energy 
plots for acetyl-L-alanine methylamide,A; 
acetyl-N-methyl-Lalanine methylamide,B; 
and acetyl-aminoisobutyric acid methylam- 
ide,C. 1 = (12g0), ~ y r ' ;  2 = 0 2 . G ~  
(16O0,-87"), [ D - A I ~ ~ ]  ; 3 =G3.$ 3 (-118,98), 
~ l y 3 ;  4 = @4 (-87) phe4. 

Table 11. Predicted Biological Activity of Enkephalin Analogs Based Upon Their 
Backbone Conformations 

Analog P r e d i c t i o n  A n a l o g  P r e d l c t l o n  

i n a c t i v e  

assumed 
1 0  

a c t i v e  
9 

a c t i v e  

i n a c t i v e  

i n a c t i v e  

a c t i v e  

active 

a c t i v e  
9 

i n a c t i v e  

[ ~ i b ~ ]  
3 

[P ro  I 
3 

[I-Me-L-Ala ] 
3 

[E-Me-D-Ala ] 
3 

[ s a r  1 
4 

[D-Phe ] 
4 

[Phe (aMe) ] 
4 

[ 8-phenyl-Pro ] 
4 

[E-Me-L-Phe ] 
4 

[N-Me-D-Phe - ] 

i n a c t i v e  

i n a c t i v e  

a c t i v e  

i n a c t i v e  

a c t i v e  

a c t i v e  

a c t i v e  
1 2  

a c t i v e  

a c t i v e  

a c t i v e  
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and cannot be predicted in this fashion. Analogs of enkephalin with D-amino 
acid, N-methyl, and alpha-methyl substitutions aid in defining the backbone 
conformation of enkephalin at the receptor. 

Conclusion 

X-ray crystallographic structures of conformationally constrained opiate com- 
pounds were examined to identify and spatially localize the minimal number of 
chemical substituents essential for biological activity in an in vitro cell hybrid 
line where binding and biological efficacy could be measured in the same system. 
SAR data of the enkephalins were used to identify those chemical substituents 
of the pentapeptides which correspond to the atoms defining an essential opiate 
pharmacophore. 
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Introduction 

The isolation from mammalian brain192 of two pentapeptides, named en- 
kephalin (Tyr-Gly-Gly-Phe-X, X=Met or Leu) with morphine-like activity has 
stimulated a number of studies. Numerous analogs have been synthesized and 
their biological activity and affinity assessed by the opiate-receptor-binding 
assay.3 These studies suggest that the enkephalins bind to the same receptor site 
as morphine. In order to establish on a quantitative basis, the structural similari- 
ties between the peptides and the opiates, we undertook a theoretical conforma- 
tional analysis of Met5- and Leu5-enkephalin and three analogs:  la^]-, 
 la^ la^] -, and  he^] -Met5-enkephalin. 

The first analog has been reported3 to be ten times more active than the native 
peptide, however its binding affinity for the receptor is only 1.2 times that of 
Met5-enkephalin. The two other D-analogs are totally inactive although  la^ la^]- 
Met5-enkephalin retains some affinity for the receptor (-0.1). According to our 
calculations4 obtained for Met5-enkephalin the conformational state of this pep- 
tide in solution can be described as an equilibrium between extended and folded 
structures. The folded conformers contain P-turns between ~ l ~ ~ - ~ l ~ ~  and/or 
c l y  3 - ~ h e 4 .  

Using another theoretical approach, based on extensive use of a minimization 
technique, Isogai et have found, in agreement with our results, that "many 
compact conformations, including those containing various standard bends, were 
of comparable energy". However, these authors have found, in contradiction to 
us, that "one conformation has a potential energy about 5 kcal/mole below that 
of the large group of compact conformations". It is probably the different 
weight attributed to the strength of the hydrogen bond in the two works, which 
explains the discrepancy between these theoretical results. The energy parame- 
ters in our study were chosen so as to simulate an aqueous environment with a 
low contribution for hydrogen bonding (-2.0 kcal/mole). 
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Results and Discussion 

Following the same strategy as that previously applied to Met5-enkephalin, 
we calculated for each analog the relative probabilities of several hundreds of 
distinct main-chain conformers. These calculations take into account the statisti- 
cal contribution arising from the great number of arrangements that the side chains 
can assume. This is the most important feature of our strategy: the backbone is 
fixed into various, quite distinct, probable conformations; while the side chains 
are kept mobile and can express their different potentialities of interaction. 

Each analog appears to have its own distribution of conformers at the equilib- 
rium. That these distributions differ from that of Met5-enkephalin is clearly 
shown in Fig. 1 where the relative probabilities for each analog are reported 
(when greater than 1%). Four, among the five most probable conformations of 
Met5-enkephalin, appear also for Leu5-enkephalin, though populated to a differ- 
ent extent. As far as the three D-analogs are concerned, it appears that the num- 
ber of populated conformers which are similar to those of the native peptide is 
two for D-Ala2, one for pe la^ and zero for pe  he^. These results suggest a de- 
creasing similarity in the overall topology of the three analogs which could be 
correlated with the decreasing affinity of these molecules for the receptor. On 
the other hand, the fact that conformer number 4 for Met5-enkephalin appears 
to be twice as populated in the case of D-Ala2 suggests that this structure is 
probably more efficient for binding to the receptor. This conformer appears 
neither for D-Ala3 nor for D-phe4 which are known to bind poorly to the 
receptor. 

The calculation of the mean values of several intramolecular distances, from 
the distribution of conformers shown in Fig. 1 indicates that  la^ is slightly 
more compact than the native peptides (z(cy-Cf) = 8.0 8 instead of 8.6 8 for 
both ~ e t ~ -  and I-eu5-enkephalin, while D-Ala3 and D-Phe4 are a little more 
extended (z(cy-Cf) = 9.0 a and 9.5 8 ) .  The same observation is apparent for the 
mean distances between the centers of the aromatic rings of the Tyr and Phe 
residues which are: 8.7 a for Met5, 8.6 8 for ~ e u ~ ,  8.4 8 for ~ - A l a ~ ,  9.8 A for 
~ - A l a ~  and 9.5 a for  he he^. On the other hand, the mean distance z(N4) be- 
tween the amino terminal and the oxygen of the hydroxyl group of Tyr is quite 
similar for the five derivatives (zgq4) 2 7.6 8). This results from the preference 
in every case of a trans conformation for the x ( ~ ~ - ~ Q  angle of the side chain. In 
morphine, the corresponding distance is 7.1 8. 

In order to compare the results of our analysis with spectroscopic data meas- 
ured in solution, we calculated the mean values of various pmr coupling constants. 
Each analog is characterized by a given set of coupling constants. The set corre- 
sponding to Met5-enkephalin is reported in Table I1 in comparison with experi- 
mental values6 measured in DMSO. It can be seen that a reasonable agreement is - 
obtained excepted for JrH-CaH) of Met and one of the two J(caH-CBH) of the 
Tyr side chain. These lscrepancies can not be fully evaluated at the present 
stage of our calculations. 
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Fig. 1. Low energy conformers of enkephalin derivatives in equilibrium a t  2S°C. Each 
line represents a different conformation of the backbone and the probabilities reported 
along the vertical axis were calculated taking into account the various populated side-chain 
arrangements. The five most probable conformations of ~e t~ -enkepha l in  are identified by 
decorated lines. The @, J, angles corresponding to these structures are listed in Table I. 

Table I. Torsional 4, I) Angles of the Five Most Probable 
Conformers of Mets-enkephalin (see Figure 1) 

Conformer $1 '4'1 $2 '42 $3  '4'3 $4 '4'4 $5 '4'5 

- - - - 60 140 -80 80 -80 80 -80 80 -140 140 

A , A M  60 140 -80 80 -180 180 -80 80 -140 140 

+ + + + 60 140 80 -80 -60 -60 -160 160 -140 140 

0 0 0  0 60 140 80 -PO -80 80 -80 80 -140 140 

D A A A  60 140 -180 180 -80 80 -80 80 -140 140 

Conclusions 
Theoretical analysis indicates several interesting features of the conforma- 

tional properties of ~ets-enkephalin and four of its analogs. 
Native Mets and ~eus-enkephalin exhibit a similar structure. The most prob- 

able conformers of the very active  la la^ derivative correspond to models with a 
turn at the level of residues 2 and 3, which are also populated for the native pep- 
tides. Only one of'these two conformers is also present for  la la^, which is 
known to be inactive. The populated conformers of the inactive  la he^ analog 
are quite different from those of the natural peptides. 
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Table 11. Calculated Mean Values of Vicinal Coupling Constants (Hz) 
for ~ e t ~ - e n k e p h a l i n  Compared with Experimental ~ a t a ~  

Measured in DMSO (in parenthesis) 

2 Gly 6.3 6 .0 

3 Gly 5.8 (5.2) '  5 .0 

4 Phe 7.3 (8.6)  3.4 (3.8)  9.6 (9.9)  

5 Met !0 .2 (7.4)  + 
5.4 (7 .4 )  10.4 

+ :lean values 

Our calculations strongly suggest a structural analogy between the Tyr amino 
terminal and a corresponding part of morphine.7 However, our results indicate 
that this similarity alone can not explain the biological activity of the enkephalins 
because it is also apparent in the case of the inactive derivatives. The spatial 
arrangement of other parts of the peptide could be equally important; for ex- 
ample, the positions of the side chains of phe4, Met5 or ~ e u ~  relative to the 

residue could play a crucial role. 
Conformational analysis of other enkephalin derivatives, as well as a detailed 

study of the structural similarities between them, morphine and other opiates, 
for which the crystal structure is known, has been undertaken in our laboratory. 
Such studies should help to assess the structure-function relationship which has 
only tentatively been presented here. 
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SOLUTION CONFORMATION AND OPIATE RECEPTOR 
AFFINITY OF [4-TRYPTOPHAN] -ENKEPHALIN ANALOGS 

PETER W. SCHILLER and CHUN F. YAM, Laboratory o f  Chemical 
Biology and Polypeptide Research, Clinical Research Institute o f  

Montreal, 11 0 Pine Avenue West, Montreal, QuebecH2W 1R  7, Canada. 

Numerous studies withrigid, morphine-derived analgesics have permitted a de- 
scription of the opiate receptor topography in terms of binding ~ i t e s . l * ~  The 
enkephalin-opiate receptor system is thus uniquely suited for studying the con- 
formational requirements of a polypeptide-receptor interaction. Studies 
with the morphine-derived 701-(l(R)-hydroxy-1-methylphenylalkyl)-6,14-endo- 
ethenotetrahydrooripavinesl indicate that optimal interaction with the receptor 
is brought about by three-point attachment involving the tertiary nitrogen, the 
phenol ring and the phenyl ring, whereby the correct intramolecular distance 
(- lOA) between the two aromatic rings is essential for activity. In the case of 
MetS-enkephalin (H-Tyr-Gly-Gly-Phe-Met-OH) evidence has been presented that 
the a-amino group, the tyrosyl residue and possibly the aromatic side chain in 
position 4 are the corresponding moieties interacting with the opiate receptor 
and that an appropriate conformation exists which accommodates these groups 
in a similar spatial disposition as it is present in the potent 7a-(I(R)-hydroxy-I- 
methyl-3-phenylpropyl)d,l4-endo-ethenotetrahydrooripavine (PEO)~. The ef- 
fect of substitutions in positions 2 and 3 with other non-functional amino acids 
on opiate receptor affinity4.5 suggests that the two glycine residues play the role 
of a spacer maintaining the correct spatial disposition of the two aromatic rings. 
Replacement of phenylalanine by tryptophan yielded an active analog3 which 
permits the measurement of the intramolecular distance between the fluorescent 
side-chain residues in positions 1 (phenol) and 4 (indole) by measurement of 
excitation energy transfer. The present paper describes the determination of this 
interesting conformational parameter in two analogs of [ ~ r ~ ~ ]  -MetS-enkephalin. 

Opiate Receptor Affinities 

Opiate receptor affinities of the analogs synthesized by the solid-phase meth- 
od were determined by displacement of 3~-naloxone essentially according to  the 
method described by Pert et al.4 Incubation for 1 hr at O'C eliminated the 
possibility of proteolytic peptide degradation and permitted the determination 
of true, molar affinities. [ ~ r ~ ~ ]  -Met5-enkephalin displays approximately the 
same affinity as its parent compound MetS-enkephalin (Table I). Replacement 
of glycine in position 2 of [ ~ r ~ ~ ]  -Mets-enkephalin with D-alanine results in a 
3-fold reduction of affinity and substitution with L-alanine in the same position 
lowers the affinity to a mere 2%. Analogous substitutions in MetS-enkephalin 
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Table I. Relative Opiate Receptor Affinities of Enkephalin Analogs 

~ n a l o g ~  4- R ~ C ~  r [a1 

Ty r - - G l  y - 4 1  y-Trp--Me t 0.027 0.70 10.7 9.3 

T y r - 4 - A l a G l y - T r p - M e t  0.022 0.62 10.3 9.5 

T y r - 4 - A 1  a--Sly-Trp--Met 0.026 0.81 10.6 8.3 

a ~ e p t i d e  concent ra t ion  = 3 x 10%; so l  vent = H20. 

had given rise to parallel reductions in affinity4 (Table I) and it thus appears that 
tryptophan is an equivalent substitute for phenylalanine in position 4. The set 
of [ ~ r p ~ ]  -Met5-enkephalin analogs is therefore well suited for a study of the 
relationship between opiate receptor affinity and solution conformation. 

Conformational study by energy transfer experiments 

Radiationless transfer of excitation energy from a donor fluorophore to an 
acceptor chromophore is distance-dependent6 and its quantitative evaluation 
permits the calculation of intramolecular distances in biopolymers. The determi- 
nation of the intramolecular distance between the donor Tyrl and the acceptor 
Trp4 was performed according to a recently published procedure3y7. The intra- 
molecular donor-acceptor separation, r, is related to the transfer efficiency, E, by 

Eq. (1). 

where the so-called ~ o r s t e r  critical distance, R,, is related to various measurable 
spectroscopic parameters by Eq. (2), which permits its computation: 

where x = orientation factor, n = refractive index, 4; = donor fluorescence 
quantum yield in absence of transfer and JAD = overlap integral. The two diffi- 
cult parameters to determine are x2 and 6;. The results of recent IH nmr 
studies of enkephalin indicate that both the tyrosine residue in position 1 and 
the phenylalanine side chain in position 4 enjoy considerable orientational free- 
dom8y9 and it is thus reasonable to assume random donor-acceptor orientation 
(x2 = 213). The 4; values needed for the computation of the Ro values of the 
[~~,~r~~]-Met~enke~halin analogs were ideally determined with the corre- 
sponding [x2,phe4] -Met5-enkephalin analogs (Table 11) using tyrosine as a refer- 
ence (GTyr = 0.14). The same values3 of n and JAD were used for all three 
analogs. Normalization at 370 nm of the fluorescence emission spectra of the 
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Table 11. Intramolecular Tyr-Trp Distances in [ ~ r ~ ~ ]  - ~ e t ~ - ~ n k e ~ h a l i n  Analogs 

T y M - A 1  a - s l y - T r p - M e t  0.022 0.62 10.2 9.4 

Ty r--+-A1 a--Gly-Trp--Met 0.026 0.81 10.4 8.2 

a ~ e p t i d e  concent ra t ion  = 3 x tj; so l ven t  = H20. 

[ x 2 , ~ r p 4 ]  MetS-analogs obtained with excitation at 270 and 293 nm and subse- 
quent subtraction of the spectra permitted the determination of the donor 
quantum yields in the presence of transfer, GD. The transfer efficiencies were 
then calculated according to Eq. (3). 

Parameters and resulting Tyr-Trp distances, r, are listed in Table 11. 

Discussion 

The tyrosine fluorescence quantum yielded of Met5-enkephalin (4 = 0.027) in 
H20 is within the range of values normally observed with tyrosyl peptideslO. 
Since hydrogen bonding of the phenolic hydroxyl with carbonyl groups quench- 
es fluorescence completelylO, this finding is incompatible with models of en- 
kephalin which propose a hydrogen bond between the tyrosyl hydroxyl and a 
carbonyl group of the peptide backbone1l,l2. The measured intramolecular 
distance between the aromatic rings in positions 1 and 4 of Met5-enkephalin 
suggests some type of a folded conformation and is compatible with a PI-bend 
model stabilized by a hydrogen bond between the amino group of methionine 
and the carbonyl group of glycine in position 2. A Tyr-Trp separation of 9-1 1 A 
is observed in the latter model. Evidence for the existence of a preferred 
solution conformation and in favor of the 5 + 2 hydrogen-bonded model has 
recently been obtained from nrnr e ~ ~ e r i m e n t s * l ~ > ~ ~ .  Since studies with the rigid 
PEO-compounds indicate a distance of - 10 between the receptor binding 
sites of the phenol ring and the phenyl group, it appears that the distance 
between the aromatic rings in the solution conformation is similar to that in the 
receptor-bound conformation. This argument is based on the likely, but not yet 
proven assumption, that the side chain in position 4 interacts with the second 
lipophilic binding site. The Tyr-Trp separations obtained with the  la^] - and 
 la la^] -analogs of [ ~ r p ~ ]  -Met5-enkephalin (Table 11) indicate that no  drastic 
change in solution conformation is associated with the drop in activity observed 
with these compounds. As in the case of the oripavinesl, it appears that subtle 
changes in the distance between the two rings produce a large effect on affinity. 
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STRUCTURE-ACTIVITY RELATIONSHIPS OF 
ENKEPHALIN A N D  ENDORPHIN A N A L O G S  

NICHOLAS LING,  SCOTT MINICK, L A R R Y  LAZARUS,  J E A N  
RIVIER and ROGER GUILLEMIN,  The Salk Institute for 
Biological Studies, Laboratories for Neuroendocrinology 

La Jolla, California 92037 

Endogenous peptides with morphinomimetic activity have been characterized 
as the pentapeptidesl,2 Metenkephalin (Tyr-Gly-Gly-Phe-Met-OH) and Leu- 
enkephalin (TyrGly-Gly-Phe-Leu-OH) in brain and as a-, P-, y-, 6-endorphins in 
the pituitary of various mammals.3-7 What is remarkable is that, with the excep- 
tion of Leu-enkephalin, all the other five opioid peptides have primary structures 
corresponding to those of 0-lipotropin8 (0-LPH) subunits (61-65), (61-76), 
(61-9 I), (61 -77) and (61 -87), respectively. With an overall objective of finding 
more potent agonists, antagonists and maybe eventually non-addictive analgesics, 
we have carried out a systematic study involving the substitution of various 
amino acid residues in the enkephalins and the endorphins to assess the relative 
importance contributed by each residue. 

All peptide ?nalogs were synthesized by solid phase methodology9 and puri- 
fied as previously described.10 Relative potencies of the synthetic analogs (on 
an equimolar basis with Met-enkephalin = 100) were measured by their ability 
to inhibit the electrically induced contractions of the guinea pig ileum-myenteric 
plexus. 11 

To find out the relative importance of the various side-chain groupings from 
the enkephalin sequence, each residue of Met-enkephalin was successively re- 
placed by L-alanine (Table I). Only [Aa2] - and [Aa5] -enkephalin showed 
appreciable activity, which implies that the phenolic group at Tyrl and the 
phenyl group at Phe4 are required either for binding to the receptor or for 
maintaining a favorable conformation of the peptide. A series of D-alanine sub- 
stituted analogs was also prepared (Table I) and the D-Ala2 substitution yielded 
compounds with much higher activity than the respective parent peptides. This 
could be due to the stabilization of a favorable conformation by D-alanine or to 
the inhibition of enzymatic degradation. 

To introduce flexibility to the peptide backbone, we have successively re- 
placed each of the optically active residues of Met-enkephalin with glycine 
(Table I). Only [Glys] enkephalin showed some activity which indicates that 
the stereochemistry of the 5th residue is not critical for biological activity. 

Along the strategy of altering the backbone conformation and inhibiting 
enzyme degradation but keeping the side-chain groupings intact, a series of 
analogs of the enkephalins was prepared in which each of the optically active 
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Table I. Relative Potencies of L-Alanine, D-Alanine, Glycine and 
D-Isomer Substituted Analogs of Enkephalin 

Analogs Rel .  Potency (95% Confidence Limits) 

Ala-Gly-Gly-Phe-Met-OH 0* 

Tyr-Gly-Gly-Phe-D-@-OH 15 .0  (13.4 - 16 .9 )  

* 0 a c t i v i t y  i s  assumed when the h ighes t  dose (100 ug) given did not  depress 
the contractions of the guinea p i g  ileum-- 

** These analogs have been published by Hambrook e t  a l % ~ r t  e t  a l . "  
and Mi l l er  e t  a1.  14. 

residues was replaced by its D-isomer (Table I). Only the D-Met5 and D-Leu5 
analogs showed activity with the D-Leu being more potent than the D-Met. 

From these studies it can be concluded that only the 2nd and 5th  positions 
of enkephah can be safely manipulated to yield compounds with potent 
activity. For this reason a series of D-Ala2 and 5th position substituted analogs 
of enkephalin was synthesized (Table 11). The most potent compounds have 
Met-NH2, Leu-NH2, D-Leu-OH, D-Phe-OH, (NaMe)Leu-NH2 at the 5th position. 

Table I11 shows the relative potencies of some endorphin analogs. It is inter- 
esting to note that extension of the sequence beyond Met-enkephalin, which is 
P-LPH-(61-65), towards the COOH-terminal of 0-LPH produces a gradual drop of 
biological activity until it reaches the 87th residue. However, incorporation of 
the last four residues in toto produces an enormous increase in activity. As in 
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Table 11. Relative Potencies of Enkephalin Analogs 
Substituted at Positions 2 and 5 

Analog Rel. Potency (95% Confidence Limits) 

- 

* This analog has been published by Pert et a1.13 
** This analog has been synthesized by Wellcome Research Lab. 

Table 111. Relative Potencies of Endorphin Analogs 

Analog Rel. Potency (95% Confidence Limits) 

6-LPH- (61-68) 67 (61 - 75) 
6-LPH- (61-69) 60 (38 - 85) 
0-LPH-(61-76) a-endorphin 36 (19 - 53) 
6-LPH- (61-77) 7-endorphin 23 (11 - 37) 

a-endorphin amide 72 (47 - 102) 
[Leu5]-a-endorphin 10 (4 - 26) 

Bp-LPH-(66-91) 0 

Bp-LPH- (62-91) 0 

*Subscripts o = ovine, p = porcine. 
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the case of the enkephalins, substitution of an amide group at the COOH- 
terminus or D-alanine at the 2nd position of a- and y-endorphins increases their 
potencies while replacement of the methionine residue with leucine lowers their 
activities. This leucine modification also applies to flendorphin. In contrast to 
the enkephalins, replacement of the 2nd and 5th positions of a- and y-endorphins 
with D-alanine and D-leucine, respectively, does not increase their potencies. 
This finding might imply that, at least for the a- and yendorphins, cleavage to 
the enkephalins is necessary for bioactivity. The d e s - ~ ~ r l  and des-Tyrl . . . Met5 
analogs of fl-endorphm are completely inactive which implies that the tyrosine 
and the Tyr-Gly-Gly-Phe-Met sequence respectively are required for activity 
of fl-endorphin. 

The authors wish to thank M. Mercado, L. Koski, F. Luansing, E. Calonge, R. Kaiser, 
R. Schroeder, L. Yang and R. Wolbers for their excellent technical assistance. This research 
is supported by NIH Grant No. HD-09690 and AM-18811, and the W. R. Hearst Foundation. 
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CIRCULAR DICHROISM OF OPIOID PEPTIDES 

R. GLENN HAMMONDS, JR., DAVID PUETT, Department o f  
Biochemistry, Vanderbilt University, Nashville, TN 37232, and 

NICHOLAS LING, Neuroendocrinology Laboratory, 
The Salk Institute, La Jolla, CA 92037 

Several peptides which exhibit morphine-like biological actions have recently 
been identified1-3. Each of these is a subsequence of the 91 residue pituitary 
hormone, 0-lipotropin (P-LPH). In this communication the CD spectra of four 
such peptides; methionine-enkephalin (P-LPH 61-65), a-endorphin (0-LPH 61- 
66), y-endorphin (P-LPH 6 1-67), and P-endorphin (0-LPH 6 1-91), are reported 
and their conformational implications discussed. 

The peptides were synthesized by a solid phase procedure4 and assayed by 
the depression of electrically induced contractions of the myenteric plexus- 
longitudinal muscle of guinea pig ileum5. Sedimentation equilibrium studies of 
the four opiate peptides in 0.1 M KC1, 1 mM bicine, pH 8 demonstrated mono- 
dispersity in the concentration range employed for spectral measurements. Dif- 
fusion constants were also determined for the three endorphins by the approach 
to equilibrium method6 and a l l  were found to be between 1.9 and 2.0 X 
cm21sec. 

Figure 1 shows the CD spectra of all four peptides in 0.1 M KC1,l mM bicine 
pH 8.0, 2 5 " ~ .  The spectrum of ~e t~-enkepha l in  is characterized by a positive 
band at 218 nrn and a shoulder at 225 nm, characteristic of aromatic chromo- 
phores. Neither 6 M GdmCl nor 75% TFE appreciably alters the magnitude of 
this spectrum (Table I). The spectra of a-, P-, and y-endorphin are all negative in 
the region 210-250 nm, with y slightly more negative than a, and 0 considerably 
more negative than y. There is a well-defined minimum at 225 nm in the spec- 
trum of P-endorphin. The strong protein denaturant 6 M GdmCl considerably 

Table I. Mean-Residue Ellipticity (deg.cm2/dmole) at 220 nm of Opioid 
Peptides in Various Solvents 

Peptide Buffer 6 M ~ d r n c l ~  ~ ~ % T F E ~  

5 Met -enkephalin 4 1 4 0  3816 3 4 6 1  

a-endorphin -1 ,215 -100 -2,970 

y-endorphin -1,275 -210 - 2 , 9 4 0  

0-endorphin -2,170 -110 -17,250 

a) GdmCl, guanidinium chloride; TFE, trifluoroethanol 



OPlOlD PEPTl DES 

Fig. 1. Far UV CD spectra of opioid 
peptides. Spectra were recorded at 
25°C in 0.1 M KC1, 1 mM Bicine, pH 
8.0. The insert shows the CD of P- 
endorphin at 25OC in 75% TFE. [O] = 
mean residue ellipticity. See Fig. 2 for 
curve labels. 

Fig. 2. Near UV CD spectra of opioid p e g  
tides. Spectra were recorded as in Fig. 1. 
[ e l m  = molar ellipticity. 

diminishes the ellipticity at 220 nm of the endorphins, but has a small effect on 
the spectrum of ~ e t ~ e n k e ~ h a l i n  (Table I). If @-turns or 0-sheets were present in 
Met5-enkephalin in aqueous solution, as has been recently suggested718, one 
might expect CD changes in the spectral region of the peptide chromophore up- 
on disruption of this structure. Although such changes were not observed, the 
relatively small magnitude of the 0-turn spectrum mitigates against detection in 
the presence of other chromophores. 

The decrease in ellipticity seen in the endorphins with 6 M GdmCl apparently 
reflects a change in the average conformation of peptide chromophore, since 
Met5-enkephalin is unaffected. Unconstrained least-squares analysis9 of the 
spectra of the endorphins gives quite good results (by the sums test) for 0- 
endorphin, indicating 10% of a-helix and 10% of 0-sheet. Analysis, leaving out 
the 0-sheet reference spectra, gave clearly inferior sums test and residuals. Since 
the error in this method is (generously) placed at 5-lo%, there is at most a just 
detectable amount of secondary structure in 0-endorphin. The spectra of a- 
endorphin and y-endorphin cannot be adequately decomposed into the reference 
spectra employed. However, their smaller ellipticity, and the lack of some 
features of the spectra of 0-endorphin make it appear likely that they have even 
less a-helix or 0-sheet than 0-endorphin. 



TFE (75%) increases the negative ellipticity of the endorphins (Table I). The 
far UV CD spectrum of 0-endorphin is drastically altered by 75% TFE (Figure 1, 
inset), suggesting a typical coil-to-helix transition. Spectral analysis indicates the 
presence of about 50% a-helicity in 0-endorphin under these conditions. Hollasi 
et al.,1° have recently made a similar observation. Thus, 0-endorphin appears to 
have a much greater helix potential than Met5-enke~halin or the shorter en- 
dorphins; at least part of this may arise simply from the longer chain length. 

Figure 2 shows the near UV CD spectra of ~ e t 5 - e n k e ~ h a l i n  and the en- 
dorphins. The spectra of Mets-enkephalin and a- and y-endorphin are similar, 
although not identical; this suggests that the common aromatic chromophores, 

and phe4, exist in slightly different chemical environments. The spectrum 
of 0-endorphin is considerably different from that of the other peptides. It has 
fewer observed transitions and is negative in sign rather than positive. This may 
be due to development in 0-endorphin of a conformation in which the aromatic 
residues are shielded from the solvent, or it may be due to cancellation by the 
additional chromophore, phel 8. 

In summary, the far UV CD results suggest that the three endorphins possess 
limited secondary structure in aqueous solution. However, the a-helix potential 
is quite high for 0-endorphin, and it is of great importance to ascertain if this 
coil-helix transition is involved in receptor recognition and interaction. The near 
UV CD spectra of Met5-enkephalin, a- and y-endorphin, and 0-endorphin show 
significant differences. A plausible explanation for these differences is that some 
chain folding, perhaps involving a limited domain, occurs in 0-endorphin. This 
would be consistent with the reported resistance of 0-endorphin to peptidase 
actionl1. 

This research was supported by NIH (Research Grants HD-09690 and AM-15838; RCDA 
AM-00055 to  D.P.) and in part by the VU Research Council. 
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THE SUSCEPTIBILITY OF C-FRAGMENT 
TO ENDOGENOUS ENDOPEPTIDASES 

D. G. SMYTH, B. M. AUSTEN, A. F. BRADBURY, M. J. GEISOW, 
C. R. SNELL, National Institute for Medical Research, 

Mill Hill, London NW7 IAA,  England 

The first isolation of lipotropin C-Fragment (residues 6 1-9 1, recently called 
P-endorphin) and of C f - ~ r a ~ m e n t  (61-87) was described two years ago at the 
IVth American Peptide Symposium in New Y0rk.l Since that time the presence 
of C-Fragment in pituitary has been ~ o n f i r m e d , ~ ~  the peptide has been found in 
brain5 and it has been shown to exhibit a range of a c t i v i t i e ~ . ~ ? ~  Characteristic of 
C-Fragment is the long duration of its effects, which contrast with the weak and 
short-lasting activities exhibited by N-terminal stretches of the C-Fragment 
sequence (7- and aendorphins, 61-77 and 61-76, and methionine enkephalin, 
61-65). If the duration of action is related to stability, C-Fragment should be 
highly resistant to attack by brain proteases and the shorter peptides easily 
degraded. This has been demonstrated in a study of the proteolysis of C-Fragment 
by soluble enzymes and by membrane bound proteases from brain. 

The N-terminal tyrosine was released from C-Fragment by aminopeptidase M 
with great difficulty; at an enzyme-substrate ratio of 1 :6O (wlw) pH 7.4, 37"C, 
less than 10 per cent of the terminal residue was liberated in 8 hours. From 
c ' - ~ r a ~ m e n t  the terminal tyrosine was again released slowly but rapid cleavage 
occurred with the pentapeptide 61-65 and tridecapeptide 61-73. Similar results 
were obtained on incubation of this series of peptides with a membrane bound 
protease present in a particulate fraction of rat brain (Fig. 1). 

TIME (hr)  

Fig. 1. Release of tyrosine from a series of peptides related to C-Fragment by a 
membrane-bound protease from brain. 
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The unusual stability exhibited by C-Fragment may be attributed to a folding 
of the peptide chain which renders the N-terminal residue less accessible to the 
enzyme. This is consistent with a study of the chiroptic properties of C-Fragment, 
which have indicated an atypical environment for the tyrosine r e ~ i d u e . ~  The 
conformational properties are not retained by des-tyrosine-C-Fragment since the 
rate of release of the penultimate glycine from this peptide by aminopeptidase 
M was similar to the release of glycine from des-tyrosine-methionine-enkephalin. 
Thus the N-terminal tyrosine residue appears to play an important role in main- 
taining the conformation of C-Fragment. 

The C-terminal residues of C-Fragment are highly resistant to  the action of 
carboxypeptidase A (CpAse A) and of a corresponding enzyme in brain synapto- 
 some^.^ Under physiological conditions of pH and ionic strength, less than 1% 
of the C-terminal glutamine was released when C-Fragment was incubated for 
4 hours with CpAse A (1:200, mole enzyme/mole of peptide). This was a sur- 
prising result, as C-terminal glutamine is normally released with ease. Since a 
high resistance was exhibited also by the hexapeptide Ala-Tyr-Lys-Lys-Gly-Gln 
(Fig. 2) the C-terminal stability of C-Fragment,like that of the synthetic peptide, 
can be seen to be a property of the primary structure and not the consequence 
of a specific conformation which would render the terminal residue less accessi- 
ble. Under the same conditions of digestion glutamine was released from the 
pentapeptide Ala-Tyr-Lys-Gly-Gln fifty times more rapidly. Thus C-Fragment is 
resistant to the action of both NH2-peptidase and carboxypeptidase. It seems 
likely, therefore, that the termination of its biological action is initiated by an 
endopeptidase. 

Alo-Tyr -Lys-GIy - G l n  

Ala-Tyr-Lys-Lys-GIy - Gln 

1 2 3 4 5  
T I M E  f h l  

Fig. 2. Release of glutamine and glycine from Ala-Tyr-Lys-LysGlyGln and Ala-Tyr-Lys- 
GlyGln by carboxypeptidase A. - Gln, -Gly 

Mild digestion of C-Fragment by different endopeptidases led to specific 
cleavage in the central section of the peptide chain. Rennin, chymotrypsin, 
Armillaria mellea protease and trypsin-catalyzed hydrolysis at positions 77-78, 
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78-79, 78-79 and 79-80, respectively, and the corresponding N-terminal peptides 
were isolated in high yield. 

~ a l - ~ h r - ~ r u - ~ h e - L y s - A s n - ~ l a - ~ l e - ~ a l - ~ y s - ~ s n - ~ l a - ~ i s - l . ~ s - l , y s - G l y - ~ l n  

rennin ' + y p i n  

chymotrypsin 

Armil laria protease .-. 

Under mild conditions the proteases failed to cleave the N-terminal section at 
sites that would be expected to be susceptible. Chymotrypsin did not attack the 
Phe-Met bond (positions 64-65 of lipotropin), Armillaria and staphylococcal 
proteases gave negligible cleavage at Glu-Lys (68-69), trypsin exhibited a strong 
preference for Lys-Asn (79-80) rather than Lys-Ser (69-70), and rennin did not 
attack Phe-Met (64-65) or Leu-Val (74-75). The resistant section of C-Fragment 
thus extends from position 61 through position 75. When the digestions were 
performed under more vigorous conditions or when hexacitraconyl C-Fragment 
or the heptapeptide 61-67 was used as substrate, cleavage took place at the less 
reactive sites in the N-terminal region. It appears that C-Fragment adopts a pre- 
ferred conformation which places residues 76-79 in a relatively exposed environ- 
ment and renders other residues less accessible. 

Incubation of C-Fragment at pH 7.4 with washed membranes from rat brain 
led to specific cleavage at Leu-Phe (77-78), forming y-endorphin, and there was 
in addition a small amount of methionineenkephalin (Fig. 3). The products 
were generated in high yield, however, only in the presence of bacitracin (1o4hI) 
or at lower pH. The heptapeptide 61-67, which is unable to maintain a preferred 
conformation, was rapidly cleaved by the membranes with the formation of 
methionine-enkephalin and threonylserine even at neutral pH. On incubation 
of C-Fragment with slices of rat striatum, the same series of specific products 
was formed (Fig. 4).1° 

It is clear that a preferred conformation of C-Fragment directs the route by 
which the peptide is degraded: the conformational properties impart stability to 
the N-terminal region and this is retained to a degree in the corresponding region 
of the endorphins. The formation of y- and a-endorphin therefore does not 
require the action of an enzyme with a unique specificity nor does their survival 
in brain depend on packaging within the protected environment of a vesicle. 
Methionine-enkephalin appears to be formed by an endopeptidase with a higher 
pH optimum than that which forms yendorphin from C-Fragment but the penta- 
peptide is vulnerable to exopeptidases and is rapidly destroyed. It remains to be 
seen whether the endorphins and enkephalin are elaborated to perform a specific 
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Fraction No. 

Fig. 3. Gel filtration of the products of digestion of (1251) C-Fragment by membrane 
bound proteases from brain on Sephadex G-50. 

C-Fragment + y-endorphin j a-endorphin  - 
(61-91) (61-77) (61-76) 

I r /  
methionine-enkephalin 

(61-65) 

Fig. 4. Degradation of C-Fragment by extracellular enzymes in striatal slices. 

physiological function or whether they are simply intermediate peptides which 
form transiently during the extracellular degradation of C-Fragment. 
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Several large peptides with morphinomimetic activity have recently been 
f0undl9~ in hypothalamic and pituitary tissue and appear to be derived from the 
C-terminal region of 0-LPH. All have the ~ e t ~ e n k e ~ h a l i n  sequence3 at their 
N-terminus and range in size from the 16 and 17 residue peptides,P-LPH(61-76) 
(aendorphin) and P-LPH(61-77) (yendorphin), to the largest of the series, 
0-LPH(61-91) @endorphin) which has been isolated from human, camel, sheep, 
and pig pituitaries. We undertook the synthesis of all of these peptides in order 
to evaluate their biological properties in a wide range of assay systems. We were 
also interested in preparing their pep  la^] -analogs, since this substitution in the 
enkephalins results in a massive increase in opioid activitiese4 The physiological 
precursor of Leu5enkephalin3 still remains to be discovered, however, it seems 
probable that it originates from a 0-LPH or Pendorphin peptide with Leu in the 
relevant position. [Leu5] -&endorphin was, therefore, also prepared in order to 
examine its properties. 

Synthesis 

The endorphins were assembled on the appropriate amino acid-substituted, 
1% cross-linked Merrifield resins which were prepared by Gisin's CsHC03method. 
The substitutions were about 0.5 mmole per g. In the automated solid-phase 
synthesis, low (25%, 15 min) and high (SO%, 15 min) concentrations of TFA/ 
CH2C12 were used in consecutive deprotection steps in an effort to promote 
complete removal of a-Boc-groups by subjecting the resin to varying degrees of 
swelling. The following side-chain protecting groups were used: Tyr, 2-bromo- 
carbobenzoxy; Lys, 2chlorocarbobenzoxy; Ser, Thr, and Glu, benzyl. Boc-amino 
acids were coupled in the presence of diisopropylcarbodiirnide P I C )  which, 
unlike the commonly used dicyclohexylcarbodiirnide, forms a far more soluble 
urea.5 Boc-Asn and Gln were coupled with the addition of 1 equivalent of 
1-hydroxybenzotriazole and DIC. All reactions appeared to proceed as far as 
they were able within 30 min and were monitored by the Kaiser ninhydrin test. 



HUMAN P-LIPOTROPIN 

Where necessary, re-coupling was carried out in DMF using 1.5 equivalents of 
the pre-activated, symmetrical anhydrides: formed from a 2:l molar mixture of 
the appropriate Boc-amino acid and DIC. In this situation, the complete solubil- 
ity of diisopropylurea in DMF or CH2C12 containing a few drops of DMF avoids 
filtration of moisture-sensitive anhydrides before use. In the infrequent event of 
incomplete re-coupling, free amino groups were terminated by reaction with 
5% N-acetylimidazole in CH2C12. Completed peptide resins, from which the 
N-terminal Boc-groups had been removed, were cleaved and deprotected by a 
standard treatment with 10% anisole/HF. 

Purification 

Both a- and yendorphins and their  la^] -analogs were purified initially 
by gel filtration on Sephadex G-50 in 0.2 M AcOH. The y-endorphins were sub- 
jected to a final purification by partition chromatography on Sephadex G-50 
using n-butanollacetic acidlwater (4:1:5) and the aendorphins to  partition 
chromatography in the system n-butanolln-propanol/acetic acidlwater (7: 1 :2: 10). 
Yields were in the region of 20-30% and they gave satisfactory amino-acid analy- 
ses and were homogeneous by silica gel TLC in 5 solvent systems and reversed 
phase HPLC. The following [a] D values were obtained in 0.2 M AcOH: 
aendorphin, -65" (c, 0.56; 27");  la^ la^] *-endorphin, -59" (c, 0.56; 27"); 
y-endorphin, -88" (c, 0.59; 28"); [D-Ma2]-y-endorphin, -100" (c, 0.28; 28"). 

Initial elution of the Pendorphins on Sephadex G-25 in 2 M AcOH gave 
exclusion volume fractions containing roughly 75% pure peptide. This material 
was then subjected to partition chromatography on Sephadex G-50 in the system 
0.1 M acetic acidln-butanollpyridine (1 1 :5:3) followed by ion-exchange elution 
on microcrystalline CMcellulose using a linear gradient of NH40Ac buffers 
(0.1 M at pH 6.0 to 0.4 M at pH 7.0). Final peptides were obtained in 10-15% 
yields and gave correct amino-acid analyses after acid and enzymatic hydrolysis. 
Digestion with trypsin gave the expected 5 major peptide fragments by TLC 
which were readily separated by chromatography on silica gel and analyzed to 
give the expected amino-acid ratios. TLC on silica gel in 5 solvent systems 
revealed that the Pendorphins were homogeneous at loads up to 30 pg. HPLC 
was carried out on a column (0.4 X 30 cm) of C18 p-Bondapak under isocratic 
[0.01 M NH40Ac, pH 4.0: CH3CN containing 1% N-ethylmorpholine (45:55)] 
or linear gradient conditions (25% to 75% of buffer 2). Sharp elution profiles 
were obtained as measured by absorption at 220 nm and representative traces 
for Ohendorphin and [Leu5] &-endorphin are shown in Fig. 1. The following 
[a] D values were obtained in 0.2 M AcOH: Phendorphin, -83" (c, 0.65; 26"); 
[~eu ' ]  Qhendorphin, -78" (c, 0.55; 26"); [ ~ - A l a ~ ]  -Phendorphin, -82" (c, 0.49; 
26"). 
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Fig. 1. HPLC of [~eu~] -p~-endor~h in  
and Ph-endorphin on a column of p-Bondapak 
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Peptides were assayed in vitro for their abilities to bind to partially purified 
brain opiate receptors and to inhibit electricallyevoked contractions of mouse 
vas deferens. The experimental conditions have been described previously.4 In 
the vas deferens bioassay, a- ,  y-, and ohendorphin were less effective than Met5- 
enkephalin with molar ID50 values of 5 X lo4, 1.5 X lo4, and 3.8 X 10-8, 
respectively, compared to a value of 1.1 X lo4 for the pentapeptide. Their 
[ ~ - A l a ~ ]  -derivatives were roughly 10 times more active, having the following 
values: aendorphin, 1.8 X lo4; yendorphin, 1.7 X lo4; ohendorphin, 4.2 X 

Thus, they were somewhat less active than  la^] -enkephalin (1.2 X 
1 0 - ~ ) . ~  [ L e ~ ~ ] - @ ~ e n d o r ~ h i n  (1.8 X lo4) was about twice as active as oh- 
endorphin itself. In terms of binding affinity to opiate receptors, ohendorphin 
and its [Leu5] - and [ ~ - A l a ~ ]  -analogs were approximately 30% as active as Met5- 
enkephalin and a- and yendorphin and their  la^ la^] -analogs exhibited only 
3% binding affinity. In vivo ohendorphin was 2,0004,000 times more effective 
than Met5enkephalin in releasing radioimmunoassayable growth hormone and 
prolactin after intracerebral injection and its [ ~ - A l a ~ ]  - and [Leu5] -analogs were 
similarly active. For comparison,  la la^] -enkephalinamide was as potent on a 
weight basis. Although a- and yendorphin were many times more potent than 
~ e t ~ e n k e ~ h a l i n  in vivo, they were still much less active than ohendorphin. 

C-18 (0.4 X 30 cm) using 0.01 M NH40Ac/ 
CH3CN containing 1% N-ethylmorpholine 

-1701~g 
B-LPH 
(61-91) 

for elution under the gradient (A) or isocra- 
tic (B) conditions described in the text. 

B 

- 
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Apparently, extensions to the C-terminus of ~ e t ~ -  or ~ e u ~ e n k e p h a l i n  in 
varying degrees adversely affect binding affinities to opiate receptors but greatly 
increase in vivo activity presumably by protecting the N-terminus from enzy- 
matic attack. In [D-Na2] enkephalin, this function is performed by the D-Ala- 
residue and its incorporation into the larger peptides results in little increase in 
in vivo activity since the active part of the molecule is already protected. The 
 la^] -endorphins possibly have increased activity in the vas deferens system 
because of the presence of a different set of degrading enzymes or different con- 
formational or structural requirements for receptor binding in the vas deferens. 

We would like to thank Dr. David Huang for performing the HPLC investigation. 
Supported in part by NIH grant DA 01806. 
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Introduction 

The discovery that enkephalins can act as ligands for opiate receptors1 and 
subsequent work confirming their opiate-like activity has opened up a new field 
of medicinal chemistry with exciting prospects. In order to explore the relation- 
ship between structure and activity, we have synthesized a large number of pep- 
tides related to  the enkephalins and assessed their biological effects. In this 
study we compare the pharmacological effects exerted by a selection of the 
analogs. 

Chemistry 

The analogs were synthesized by solution methods utilizing a strategy similar 
to that previously d e ~ c r i b e d . ~  The purified peptides were lyophilized from 
0.1 M HC1 and then water before biological testing. Care was taken to minimize 
racemization of the N-alkyl tyrosine derivatives. Boc-MeTyr(But)-OH was syn- 
thesized by methylation of Boc-Tyr(But)-OH according to the method of 
~ e n o i t o n . ~  The N-cyclopropylmethyl (cPrMe) derivative was synthesized by 
the route shown in Scheme 1. 

t Na2CO3/K1/cPrMeBr (i) NaOH, (ii) HC1 
H-Tyr(Bu )-OMe , c ~ r ~ e ~ y r ( ~ u ~ ) - ~ ~ e  ? 

Scheme 1. Synthesis of W-cyclopropylmethy1~-t-butyltyrosine. 

Biological Assay Procedures 

In vitro methods: Mouse vas deferens (MVD); the method used was essentially 
that of Hughes et a1.4 Guinea pig ileum (GPI); a method derived from that 
described by Kosterlitz and Watt was used.5 In both assays relative agonist po- 
tencies were calculated by comparison with ~ e t ~ e n k e ~ h a l i n  on the same tissue. 

In vivo methods: Rat tail flick assay; the method used was essentially that of 
Janssen et a1.6 Water at 55' + 1 " ~  was used as the nociceptive stimulus. Animals 
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were tested prior to and at various times after intraventricular administration 
(10 p1) to assess the duration of the effects produced. Animals which failed to 
withdraw their tails within 30 seconds were considered completely analgesed. 
Results are expressed as a percentage of the 30 second cut off time so that a 
typical control response of 3 seconds corresponds to 10% analgesia. Rat cata- 
lepsy; the method of Blane et ale7 was used. 

Results and Discussion 

Following our discovery8 that the first metabolic step for the enkephalins 
was cleavage of the Tyr-Gly bond we found, like others, that substitution of a 
D-amino acid at position 2 or N-alkylation of tyrosine was effective in increasing 
stability. The effects of these modifications in combination with variations at 
the C-terminus resulted in an interesting series of changes in activity (Table I). 

In  vitro tests indicated that N-methylation of tyrosine ( 4 4  resulted in an 
increase in GPI potency and a decrease in MVD potency. Alkylation of the 
tyrosine nitrogen with a cyclopropylmethyl group (3) resulted in the reduction 
of agonist potency. The selection of a cyclopropylmethyl group was not arbi- 
trary; substitution of groups such as cyclopropylmethyl and ally1 on the nitrogen 
of opiate "agonists" such as morphine or oxymorphone dramatically alter the 
profile of the drug, inducing varying degrees of antagonist character. In the 
MVD preparation peptide (3)  showed no ability to antagonize the effects of the 
agonist etorphine. This result is in contrast to the suggestion that [ ~ - a l l ~ l - ~ ~ r l ,  
~ - ~ l a ~ ] - M e t ~ e n k e ~ h a l i n  has partial agonist character as measured by the 
"sodium index" receptor-binding t e ~ h n i ~ u e . 9  Substitution by D-Ala at posi- 
tion 2 (6,7,8,9) increased potency in both assay procedures. Interesting effects 
were observed by combining  la la^ substitution with increasing degrees of 
truncation at the C-terminus. Removal of the terminal carboxyl group as in (10) 
increased potency in the GPI and halved potency in the MVD. Removal of the 
C-terminal alkyl moiety as in (11) increased GPI potency but greatly decreased 
MVD potency. Removal of the carboxamide group from this tetrapeptide gave 
(12) with increased potency and selectivity in the GPI; a picture which was 
unaffected by methylation of the C-terminal amide as in (13). 

Effects following intraventricular administration in rats were also investigated. 
The M e ~ y r l  (43)  and  la la^ pentapeptides (6,7,8,9) caused strong naloxone 
reversible antinociception and catalepsy usually lasting 2-3 hours. The tetrapep- 
tide (10) did not cause antinociception at 100 pg but did induce catalepsy. The 
tripeptide (12) caused strong naloxone reversible antinociception and catalepsy 
lasting up to 5 hours. 

Various conformations have been proposed for the enkephalins, including a 
+ phe4 @turn, a Gly2 + Met5 0-turn, and an inverse y-turn. Obviously the 

truncated analogs (12,13) cannot form a Gly2 + ( ~ e t 1 I - e ~ ) ~  0-turn and the ter- 
tiary amide (13) cannot form the ~ y r l  + phe4 @urn hydrogen bond; however 
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Table I. Enkephalin Analogs: Results of Pharmacological Tests 

Results expressed as ercentage of merhionine-enkephalin (Met5- 
enkephalin); IDSO Meteenkephalin 32.5 f 3 nM 

Results expressed as percentage of Met5-enkephalin: IDSO Met5- 
enkephalin 174 ? 21 nM 

S t ~ o t u r e  

Tyr-Gly-Gly-Phe-Met-OH 

MeTyr-Gly-Gly-Phe-Met-OH 

cPrMeTyr-Gly-Gly-Phe-Met-OH 

HeTyr-Gly-Gly-Phe-Met-NHZ 

MeTyr-Gly-Gly-Phe-Met-NH-Pr 

Tyr-D-Ala-Gly-Phe-Met-OH 

Tyr-D-Ala-Gly-Phe-Met-NH 

Tyr-D-Ala-Gly-Phe-Met-NH-Pr 

Tyr-D-Ala-Cly-Phe-Leu-NH2 

Tyr-D-Ala-Gly-Phe-NHCH2CH2C% 

Tyr-D-Ala-Gly-Phe-NH2 

Tyr-D-Ala-Gly-NHCH2CH2Ph 

Tyr-WAla-Gly-NUeCH2CH2Ph 

Morphine 

Minimum dose tested which caused appreciable analgesia 

Peak effects (see rest procedures) 

U Y_ - 
~ v n *  

100 

20 

0.8 

10 

25 

500 

190 

520 

160 

44 
6 

2.3 

7.5 

3 

Extent" 

40 

100 

100 

72 

88 

76 

100 

20 

83 

35 

88 

all the compounds have the structural features necessary to form an inverse 
y-turn. I t  would be premature to allot unique importance to a single conforma- 
tion; however, it is tempting to draw attention to the correlation between GPI 
potency and the ability to form an inverse y-turn. In any event, the data pre- 
sented in Table I, provide further evidence for the occurrence of differing types 
of opiate receptor; however, the relevance of these differences to the varying 
types of activity attributed to opiate drugs in man remains unresolved. 

I t  is a pleasure to  acknowledge the contributions of M. Botham, I. Guest, D. Hagues, 
S. Howe, T. Robinson and A .  Wilson. 
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The enkephalins and endorphins belong to a class of opiate peptides derived 
from 0-lipotropin.l All of the peptides contain the fragment 61-65 of P- 
lipotropin. Unlike P-endorphin, the enkephalins are metabolized rapidly by tissue 
enzymes.2 Along with other researchers we have sought to introduce features 
into the molecule of enkephalin which would retard enzymatic degradation but 
still retain biological potency. The first compound of this type  la^]- 
enkephalinamide was described by Pert et aL3 Following their lead we have syn- 
thesized [ ~ - A l a ~ ,  decarboxy-~le~]  -enkephalin (I) and [ N ~ - M ~ T Y ~ ~ ,  decarboxy- 
~ l e ~ ]  -enkephalin (11). 

Methods 

Both peptides I and I1 were prepared by the classical solution methods 
outlined in Figure 1. 

The method selected was the mixed anhydride procedure outlined by Beyer- 
man4. Excess mixed anhydride acylating component was removed by reaction 
with 3-dimethylamino-1-propylamine. Each intermediate was isolated and 
checked routinely by thin layer chromatography and electrophoresis where ap- 
propriate. All had correct amino-acid and elemental analyses. Free peptides 
were isolated after treatment of the fully protected sequence with HF/anisole. 

Bioassay of the peptides versus morphine sulphate was determined in the 
stimulated guinea pig ileum assay as described by Harris et al.5 Mouse tail-flick 
assay was carried out as outlined by Pedigo et al.6 The rats used in this study 
were implanted with cannulae into the peri-aqueductal gray area. Peptides were 
delivered in pH 7.4 saline solution (1 pl) and tail-flick latency determined 20 min 
later. In the cross-tolerance study mice were made tolerant to  morphine sulphate 
by twice-daily subcutaneous injection of the narcotic over a period of eleven 
days. The test dose of narcotic or peptide was given intraventricularly four hours 
after final subcutaneous injection of morphine sulphate. The resistance to  enzy- 
matic degradation of the peptides was assessed by incubation of the peptide with 
rat brain homogenate at 37", 25" and O'C. Aliquots of the mixture were re- 
moved periodically, boiled for 2 min and assayed on the electrically stimulated 
guinea pig ileum. 

Results 

Some pharmacological properties of peptides I and I1 have been tabulated in 
Table I. 
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Figure 1.  Synthesis of Enkephalin Analogs (Pen is an abbreviation for n-pentylamine). 

As can be seen Met5-enkephalin was equipotent with morphine sulphate in 
the stimulated ileum assay. Peptides I and I1 showed significantly better activity, 
particularly peptide I which is 6-7 fold more active than the narcotic. The in 
vivo assay (mouse tail-flick) demonstrates that morphine sulphate is approxi- 
mately 3X more potent than peptide I and 6 X  more potent than peptide I1 on a 
molar basis. The duration of effect of the peptides was 30 min at a dosage of 4-6 
pg. Administration of naloxone (1 mg/kg, sc) 15 min prior to intraventricular 

Table I. Pharmacological properties of  la^ la^, decarboxy-Ne5] -enkephalin (I) 
and [ ~ ~ - M e ~ ~ r l ,  deca rboxy-~ le~]  -enkephalin (11) in guinea pig ileum, 

mouse tail-flick (upper) and morphine tolerant rats (lower). 

Guinea Pig Ileum Mouse Tail-Flick Assay Mouse Tail-Flick 
Compound (ED50) ( %  Antinociception) (ED50 @ 15 min) 

Dose 15min 30min 60min 
I 6.1 x ~ O - ~ M  4 pg 71 31 8 2.2 !-?3 

I I 2 . 0 ~ 1 0 - %  6 p g  79 68 20 4.2 pg 
~et~-enkephalin 2.4 x 16 ug 9 21 12 
Morphine Sulphate 3.1 x I O - ~ ~  NOT DETERMINED 0.36 pg 

Percent Antinociception 
Drug Naive Chronic Morphine 

I (16 ug) loo 39 
Morphine Sulphate (16 pg) 100 30 
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injection of the peptides caused a decrease in antinocice~tion to control saline 
levels. Mice which had been treated chronically with narcotic for a period of 11 
days showed cross tolerance to peptide I. 

Figure 2 shows the effect of incubating peptides I ,  I1 and ~ e t ~ - e n k e ~ h a l i n  
with crude rat brain homogenates and assaying aliquots of the incubate on the 
stimulated ileum. 

At 3 7 ' ~ ,  peptides I and I1 are completely stable for at least a period of 90 
min. In contrast, ~ e t ~ e n k e ~ h a l i n  is rapidly degraded at 3 7 ' ~  (t - 4 min) 

5? while the rate of degradation is somewhat less at 2.5'~. At 0°C Met enkephalin 
is stable over a period of at least 60  min (data not shown). 

Figure 3 demonstrates the behavior of peptides I, I1 and morphine when 
administered directly into the peri-aqueductal gray area of rats. In this system 
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Fig. 2. Stability of [D-Ma2 decarboxy- Fig. 3. Antinociceptive activity of morphir 
~ le~l -enkephal in  [ ~ ~ - ~ e ~ Y r ' , d e c a r b o x ~ -  (0). [ D - ~ l a ~ ,  decarboxy-Me5] -enkephal 
~ l e ~ ]  -enkephalin (a) and ~ e t ~ - e n k e p h a l i n  (m-m) and [ ~ f f - ~ ~ ~ ~ r l ,  decarboxy-~le5 
[(O-O) and ( n - o ) ]  in crude rat brain enkephalin (0-0) after direct application in1 
homogenates at 37O and 25°C. the peri-aqueductal gray area in rats. 

the onset of action of morphine is clearly more rapid and less prolonged than 
that of the peptides: The reason for this is not clear but perhaps indicates a 
transport phenomenon. 

The authors are grateful to Drs. W. L. Dewey, J. Carney and J. A. Rosecrans for biolog- 
cal testing. Supported by USPHS Grants DA-01647 and DA-00296. 
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RECEPTOR INTERACTIONS IN A SENSORY SYSTEM 
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Unity and diversity are characteristics which we identify with biological sys- 
tems. Once any system has been thoroughly delineated, it is quite easy to 
perceive the essential unities and the planned diversities. In the early stages of 
research, however, the diversity of species can obscure an essential unity, and 
repetitious similarities can obscure a functionally significant diversity. In the 
area of receptor protein interaction, the interplay between unity and diversity is 
particularly challenging. The discovery of peptide communicators, such as the 
enkephalins, peptide-P, sleep factor, etc. suggest a class of substances somewhere 
between neurotransmitters and hormones. Are we looking at totally different 
classes of messenger molecules selectively evolved. to have separate properties, or 
a single unity in which there will be a continuous gadation between classes 
previously considered to be quite distinct? In this situation the studies which we 
have been doing on a simple sensory system may be helpful. 

Bacterial Sensing 

The chemotactic system of bacteria involves a sensing system which is im- 
portant to the survival of these ~ ~ e c i e s l . ~ .  I t  tells the bacterium to migrate in a 
direction favorable to its survival and away from situations threatening its surviv- 
al. It does this by a sensory system which involves receptors, a central processing 
system, and a motor r e ~ ~ o n s e ~ - ~ .  The outside environment communicates with 
this system by means of chemoeffectors which become bound to receptor pro- 
teins. Thus the system has analogy to neurotransmitters as well as hormone 
receptors. 

In Figure 1 is shown a schematic representation of the current knowledge of 
the chemotactic signalling system of the bacteria. A variety of receptors is 
present in the membrane of the bacterium, each of which is specific for one or a 
few chemicals. One receptor, for example, binds ribose and allose but no other 
compounds so far detectable. Another binds aspartic acid and glutarnic acid 
preferentially. Thus, the individual receptor molecules have specificities similar 
to those of enzymes and receptors in other species.3 The chemoeffector binding 
to the receptor induces a conformational change leading to the transmission of a 
signal to a central processing system8. Though the system is central, indicated by 
the additivity of signals in relation to the final response, the complexity of the 
processing system is indicated by the fact that nine genes have been identified9 
and their gene products apparently are required for correct interpretation of the 
message9-12. The signal which emerges from the processing system controls 
flagella function in such a way that the tumbling frequency of the flagella is 
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Chemical + Receptor- , Receptor-chemoeffector;Response Behavioral 
Stimuli chemoeffector amplifier Complex ~e~u la to r -  Response 

(chemoeffectors) ~ o m p l e x ~  

Fig. 1. Schematic representation of general signalling systems. A series of stimuli interact 
in various ways with individual receptors. Compounds C1 and C2 bind to receptor 12, but 
not to receptors 34 or 678. Compound C5 binds to no receptors, and hence cannot be 
detected by the organism. On binding to the receptor, an induced conformation change 
occurs such that R12 and Rj4 receptors are attracted to signal components I. This means 
that the receptor chemoeffector complexes will compete with each other and can limit 
responses if the number of SCI molecules is significantly smaller than the number of R12 
and R34 receptors. Chemoeffectors C6, C7, and C8 are focused though a separate process- 
ing machinery via SCIl by the specificity of R678 for SCIl and not SCp Signal components 
I and I' can then interact with other signalling components of the general system, which may 
or may not be similar to each other and are designated by SCII. Ultimately the signal from 
this system interacts with one of the two steps of the response regulator system, here desig- 
nated as being formed from W in a kf step and being decomposed to Y in a step designated 
kd- The effects of the two chemoeffectors may be positive or negative, depending on 
whether they increase or decrease the rates of the kf or kd steps. Favorable effects (increase 
of attractant, decrease of repellent) reinforce each other and are inhibited by unfavorable 
effects (decrease of attractant or increase of repellent). The level of tumbling regulator then 
determines the behavioral response in the same way that a thermostat regulates a furnace. 
The receptor proteins can be induced by chemicals or be constitutive. The properties of the 
various enzymes and receptors in the system can be altered by covalent or noncovalent 
modification leading to enhanced or subdued sensory responses. The level of X relative to  a 
threshold controls the sensory response. 

modifiedl3~l4 to control migration towards favorable stimuli, usually nutrients, 
and away from unfavorable ones, usually toxic substances. 
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Receptor - Chemoeffector Interactions of the Chemotaxis System 

Since the features of such a system have been described in detail elsewhere in 
a number of I shag concentrate here on certain features of the 
receptor-chemoeffector interaction which may be of particular relevance to oth- 
er systems: 

(i) The bacterium controls those aspects of the environment to which it will 
respond by the number and specificity of the receptors on its surface. Individual 
receptors have, in most cases, rather sharply defined specificities but are usually 
not absolutely specific. For example, in Table I are shown the specificities of the 

Table I. Binding of Sugars to Galactose and Ribose 
Receptors of Salmonella typhimurium 

~~ ~ - 

Saccharide D issoc ia t ion  Constant (_M) 

Galactose Receptor -- 

Galactose 

Glucose 

Arabi nose 

Lactose 

Fucose 

Methyl galactoside 

Ribose 

A l lose 

2 

4 10-5 

6 x 

6 x 

Not detectable 

No b ind ing 

No b ind ing 

Ribose Receptor 

Ribose 

A l lose 

1,5-anhydror ibi to l  

Ribose-1-P 

D-arabinose 

2-deoxy-0-ri bose 

D-xylose 

3-deoxy-D-ri bose 

3-o-methyl-0-ri bose 

3 x 

3 

Not detectable 

Not detectable 

Not detectable 

Not detectable 

Not detectable 

Not detectable 

Not detectable 
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galactose receptor of Salmonella typhimurium and the ribose receptor of the 
same speciesl5?l6. The ribose and galactose receptors in E. coli have been 
identified and have similar specificities17318. Ribose receptors seem to  bind only 
two chemicals of those tested so far, and in this case, allose binds 1,000 times 
less effectively than ribose. Galactose and glucose both bind very tightly to the 
galactose receptor and other sugars bind weakly or not at all. Thus the specifici- 
ties of the receptors determine which compound will be detected at low concen- 
trations, which require high concentrations, and which compounds will be ig- 
nored completely. 

In the bacteria there are approximately 20 receptors for attractants and 
possibly almost as many for repellents and each receptor responds to several 
compounds4. Hence a wide spectrum of environmental stimuli can be processed 
by this single cell. Man shows a similarly wide spectrum of responses and also is 
incapable of detecting certain chemicals, sound frequencies, wave lengths of 
light, etc. 

(ii) The intensity of the bacterial response varies enormously from receptor 
to receptor. The dissociation constant of the sugar or amino acid from the 
receptor is not in itself any indication of the behavioral response of the orga- 
nism. It merely indicates the range of concentrations of the chemoeffector 
molecule over which the sensory system will be sensitive. For example, the 
response to serine of Salmonella is thousands of times greater than the response 
to ribose when each of their receptor molecules are half ~ a t u r a t e d . ~ . ~  The 
precise reason for this particular difference in quantitative response is partially 
understood. In the case of the galactose receptor it is known that there are ten 
times as many ribose receptors as galactose receptors per cell and the response to 
ribose is proportionately geater19. This suggests that the numbers of receptor 
molecules are a major factor in the intensity of the response. Such a conclusion 
is further supported by the finding that a number of the receptors are induced3. 
Obviously there will be no response in the mature bacterium unless the growth 
conditions lead to the induction of the particular receptor molecules. 

In addition there appears to be a second factor relating to the efficiency in 
which the receptor transmits its signal further. The response to serine is so much 
higher than to ribose that it would require lo7  receptor molecules per cell, if 
numbers alone count. Hence the response of a particular receptor must involve 
both the number of receptors and the efficiency of its interaction with the 
signalling system. 

(iii) The receptors react by an induced conformational change8 and in the 
case of the periplasmic protein do so by an induced association generated by the 
conformational change19. This was demonstrated by competition between two 
receptor molecules, the galactose and glucose receptor, both of which compete 
for a common signal component (cf. Figure 2). Such a competitive interaction 
of receptor molecules has been postulated in higher species20. It could be 
demonstrated in the bacterial case by virtue of the fact that the receptors could 
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Receptors 

&& 
Chemoeffeclors +Q @ 1 

Component I 

Fig. 2. Floating receptor model. Receptors are initially in conformations that are not 
attracted to component I, but are induced into new conformations by the chemoeffectors. 
As a result, individual chemoeffector-receptor complexes are induced to encounter and 
associate with the first component of the signalling system. If one binds there, it induces a 
conformation change, which activates the signalling system and begins a signal that can be 
amplified in a cascade process. If two receptor-chemoeffector complexes compete for the 
same site, one stimulus can diminish or completely block another. 

be isolated in pure form and mutants were available to test the interactions 
between the receptors. 

(iv) All the receptors tested so far have a dual function21. In some cases their 
interactions suggest that the protein which serves as a receptor can serve in two 
different pathways. For example, it has been shown that the galactose-binding 
protein can serve as the first component of the galactose-transport system and 
also as the first component of the galactose-chemotaxis system22. Since mutants 
are available which can selectively eliminate either transport or chemotaxis, it is 
clear that this common protein diverges in function at this initial stage. 

In addition to this kind of dual use of a common protein, it appears that 
perturbation of the chemotactic sensing system can be obtained by other modifi- 
cations which would appear not to be natural physiological functions. For 
example, a blue-light effect has been observed to generate tumbling23. This ef- 
fect has the action spectrum of a flavin. Moreover, it was established that the 
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blue-light effect perturbs the electron-transport system and is not observed in the 
absence of such electron transport. The fact that the bacteria have no physiolog- 
ical reason to respond to blue light and in fact require light intensities far above 
those encountered in the en~ i ronment2~  strongly suggests that this is not a 
natural receptor. What seems obvious is that a perturbation of the electron 
transport system causes changes in the cellular milieu which is detected by the 
chemotaxis system. Similarly it has recently been shown that changes in the 
membrane potential are perceived in the same way that attractants and repellents 
are perceived by the biological system25-27. Furthermore, it has been shown that 
the MgCa-ATPase is a receptor for chemotaxis at concentrations of magnesium 
and calcium which are much higher than the organism is ever likely to encounter.21 

These results all lead to  a suggestion that the bacterial sensing system is 
performing a role perhaps not unlike that of pain and pleasure in higher orga- 
nisms7. JGst as pain and pleasure provide incentives to remove ourselves from 
toxic conditions, or to seek more advantageous surroundings, so the tumbling 
frequency of bacteria urges its migration to more favorable environments and 
away from dangerous ones. Both man and bacteria have evolved systems to 
provide surveillance of the general physiological health of the organism and to 
respond so as to optimize the proper functioning of all its component parts. 

(v) The receptor competition mentioned above allows the sensing system to 
make a judgment when two different chemicals are providing the same function, 
in this case providing a carbon source. If the environment has large concentra- 
tions of one carbon source which is perfectly adequate for the needs of the 
bacterium, a gradient of a second carbon source might cause it to migrate away 
from the first one. Thus it would leave a completely adequate and efficient 
source of carbon to respond to a lower concentration of a compound which 
duplicates its already adequate nutrient needs. By having the receptors compete 
with each other for a common signalling system the bacterial system prevents 
this kind of inefficiency. 

In a larger sense, however, this competition as shown in Figure 2 provides a 
second general function. Competition between two sugars at a single active site 
requires common structural features. If, however, two compounds which provide 
the same values to the organism have quite different structural features, it would 
be difficult to arrange such a judgmental kind of competition. By having the 
receptors rather than the chemoeffectors compete with each other for a site, any 
two compounds can be designed to compete. Each of the chemoeffectors can 
bind to highly specific sites on their individualistic proteins. The protein has a 
common region which interacts with the signal components and hence the pro- 
tein serves an adapter function to create competition which would be difficult to 
devise by both sugars binding to a single active site. That this system may not be 
unique to bacteria is indicated by the findings that noradrenalin and acetyl- 
choline compete in some tissues and not in others. Clearly the device of having 
common signalling components in certain cells and not in others could serve this 
function in any cell. 
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This finding also suggests a caution. In many cases overall behavioral proper- 
ties are used to delineate the properties of a receptor. For example, odor is 
frequently delineated by behavioral responses of a wide variety of rather similar 
chemical compounds which are deduced to bind to a common receptor. In many 
cases these chemical compounds are no more different or no more similar than 
ribose is to galactose. The deduction that the chemoeffectors bind to a common 
protein is clearly erroneous in the case of the ribose and galactose responses in 
chemotaxis and may be equally misleading in the responses of hormones and of 
odoriferous compounds in higher species. 

(vi) The receptor response is integrated by a temporal sensing system, one 
type of which is shown very schematically in Figure 3.  The response regulator is 
stimulated by the chemoeffector receptor complex and undergoes a transient 
increase followed by an adaptation response which returns it to its former level. 
The behavioral response is controlled not only by the signal generated, but by 
the time-decay characteristic of the response regulator. These various stimuli 
cause increases and decreases in the rate constants of the enzymes leading to the 
formation and degradation of the response regulator (in the chemotaxis case, a 

IAI Normol - No Grodlenl Situation 

101 Attroctont lncreose lor Repellent Decreosel 

ICI Allroclonl Decrease lor Repellenl Increase) 

Fig. 3. Response of wild-type bacterium to attractants and repellents, as explained by a 
response (tumble) regulator model. The variation over time for the enzyme activities, the 
level of tumble regulator and the tumbling frequency is shown for three situations. (A) In 
absence of a gradient, Vf = Vd are constant over time, and X (the tumble regulator) concen- 
tration varies around the threshold in a Poissonian manner. The tumble frequency remains 
essentially constant. (B) Sudden increase in attractant increases the rate of Vf faster than 
Vd, leading to a transient increase in concentration of X and a transient decrease in tum- 
bling frequency. Repellent decrease gives the same effect. (C) Sudden decrease in repellent 
decreases the rate of Vf more rapidly than Vd, leading to a decrease in concentration of X 
and a transient increase in tumbling frequency. 
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regulator of tumbling frequency). Hence the pool level of the chemical or 
membrane potential which serves as the response regulator provides a convenient 
method for integrating a variety of signals. 

The response regulator levels can be altered by genetic mutation of any of 
the enzymes of the central processing system, by nutrients which alter the level 
of compounds affecting this central processing system, and by growth conditions 
which induce the ,presence or absence of certain key proteins. It seems quite 
simple to extend this principle to higher species and to allow one cell to have one 
type of response regulator which then generates a signal, stimulating a second 
cell, which may have a similar or different response regulator. Each cell may 
have a different repertoire of receptors or of enzymes processing these receptors 
so that its time-decay characteristic is sufficiently different to provide different 
kinds of judgments of multiple stimuli. In this case there is a unity in the basic 
mechanism of a response and at the same time a mechanism for diversity by 
simply varying numbers and specificities of individual proteins. 

Unity and Diversity in Signalling Systems 

Unity and diversity is apparent in the comparison of receptor interaction in 
these biological species and what is known of higher systems. Firstly, the re- 
sponse of the cell to stimuli including an initial response and an adaptation 
phenomenon appears common to most signalling systems. Secondly, the respon- 
siveness of an individual cell is determined by the repertoire of receptors on its 
surface. The specificity of the receptor, their numbers and their affinities for the 
remaining components of the signalling system would appear to be a very corn- 
mon feature of each cell. Thirdly, an induced conformational change which 
triggers the response, now demonstrated in a bacterial system, appears to  be 
common to all receptors. Fourthly, the concept of an induced association of 
receptors has been indicated in the bacterial and mammalian systems. However, 
some receptor-signal component systems are associated before binding such as 
the MgCa-ATPase system. Thus both options are available. Fifthly, the output 
of the cell, which could be control of flagella tumbling, an action potential, or 
the release of a chemical, can in each case be the accumulative effect of a central 
processing system involving enzymes which respond to the interaction of a num- 
ber of receptors. If such a response regulator does control individual cells to 
provide an integrated response to a variety of stimuli, this would be a most 
interesting unity in all signahng systems. 

The potential of the system for diversity is also impressive. In bacteria it has 
been shown that a variety of receptors exists in an individual cell but different 
species have different repertoires of receptors. Similarly, cells in higher systems 
could utilize differences in the variety of receptors, their numbers and their 
affinities for the second components of the signalling system as a means of 
obtaining cellular diversity. Secondly, the adapter function of having two 



RECEPTOR INTERACTIONS IN A SENSORY SYSTEM 

receptors compete for the same component of a signalling system can easily be 
modified in different cellular types. Not only can different chemicals be made 
to compete or enhance the activity of each other in different cells, but it is quite 
simple to eliminate entirely the presence of certain receptors in certain cells or to 
allow their presence only if induced by appropriate growth conditions, hor- 
mones, or peptides in the circulating medium. Thirdly, the time characteristics 
of different cells can be quite different with only minor modification either in 
the number of enzyme molecules or in their types. Thus cells responding to 
neurotransmitters could be designed with adaptive responses which adapt in a 
very short time in order to provide an extremely rapid and localized signal from 
one cell t o  the next. Enkephalin-type molecules could well be of intermediate 
time spans designed in such a way that they spread over a moderately larger 
network of cells because they exist for longer periods in the medium. Finally, 
hormones could operate on a longer time schedule from either of the former two 
classes so that they traverse far greater distances in the organism. Pheromones 
might be the ultimate in this classification since they extend information be- 
tween organisms and hence are changed by dilution. Further, the response times 
within the cell can also be adapted to the particular needs of that cell. 

The diversity is created in these cases by the time constants for the survival of 
the chemoeffector molecules in the milieu and the time constants of the process- 
ing system within the cell. Fundamentally similar mechanisms with different rate 
constants provide an enormous diversity. In the case of higher species there have 
been indications that receptors are themselves modified or translocated to less 
accessible regions on reaction. No such engulfing or degradation of receptors has 
yet been established in the bacterial system. The possibility exists that this 
represents an additional mechanism in the higher species, a mechanism which has 
not yet been uncovered in the bacteria. Further some types of adaptation which 
have been found in bacteria can explain a number of mammalian phenomena 
without invoking covalent destruction of receptors. 

In conclusion it appears that both in the bacteria and in higher species, 
receptors trigger responses through common principles which show a unity in all 
species and a variety of differing rate constants, affinities, and receptor quanti- 
ties which allow diversities in the behavioral responses. 

This work was supported by a United States Public Health Service Grant #AM 09765 
and a National Science Foundation Grant #BMS 71-0133A03. 
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EVOLUTION OF STRUCTURE AND FUNCTION 
IN NATURAL PEPTIDES 

HUGH D. NIALL, Howard Florey Institute, 
University of  Melbourne, Parkville, Australia 3052 

Naturally occurring peptides, small and large, subserve an impressive array of 
biological functions. Perhaps their major role in multicellular organisms is to act 
as chemical messengers that are released from one cell or cell type and diffuse or 
are transported to other cells to modulate their activity. How, and whence, this 
communications system has evolved is of considerable interest. A better under- 
standing of the evolutionary process could also be of practical value in allowing 
us to recognize patterns in the organization of hormonal messengers and possibly 
to discover new regulatory peptides or new functions for those we already know. 

Requirements for Information Transfer 

Let us first consider what are the requirements for a cell-cell communications 
system. The dimension of time is involved, since cells must be able to regulate 
the behavior of other cells both over the short term (e.g., in minute-by-minute 
adjustments of parameters such as blood glucose or blood electrolyte levels) and 
over the long term (e.g., in the coordination of growth and reproduction). Like- 
wise the dimension of space is involved, since cells must be able to influence both 
their nearest neighbors and cells that are a meter or more distant. In fact, an out- 
line is starting to emerge of three different functional modes of communication. 

1) Cells may direct a particular chemical message only to one other cell or to 
a very limited number. The clearest example of this is neurotransmission. 

2) Cells may release substances which have local regulatory effects in the same 
or neighboring tissues but which do not, by and large, influence distant tissues. 
Prostaglandins in the reproductive system and the incompletely characterized 
substances involved in wound-healing, seem to act in this way. 

3) Cells may release substances into the blood stream to act at distant sites - 
i.e., the so-called classical hormones. 

The role of peptides as classical hormones has long been known. More recently 
it has been appreciated that there is a diverse array of peptides acting in the 
central nervous system (e.g., thyrotropin-releasing factor (TRF), luteinizing 
hormone-releasing factor (LRF), somatostatin, substance P, and opiate related 
peptides). It is thought that they act as local tissue regulators and in some 
instances probably also as neurotransmitters. Control of sleep, memory, percep- 
tions, emotions and appetitive drives are possible functions for these peptides, 
in what could, by analogy, be called the "Central Endocrine System." 
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Apart from the temporal and spacial requirements of a cellcell communica- 
tions system, there are certain constraints and requirements of the actual mole- 
cules used for transmission of the chemical signals. I ,have reviewed these 
requirements elsewhere.1 Briefly, they are high information content, thermo- 
dynamic stability, ease of replication in large numbers with a low copying error, 
ability to cross at least one cell membrane, and destructibility. At the other end 
of the system, the molecules receiving the signals (receptors) have their own set 
of requirements. One of these is that their information content (reflected in the 
complexity of receptor structure) has to be greater than that of the hormone. 
The latter has only to carry a message, while the receptor must not only receive 
this message (requiring a complementary fit with the hormone) but also pass it 
on through a second interaction with other target cell components. It is not 
surprising, therefore, to find that both steroid and peptide hormone receptors 
are complex, high-molecular weight entities with allosteric properties. 

Without analyzing in further detail the required characteristics of hormone 
and receptor molecules, it can be seen that polypeptides are well-suited to both 
roles. It is equally clear that receptors as well as hormones are subject to evolu- 
tionary change through mutations in the appropriate gene or genes. 

Mechanisms of Hormone Evolution 

It is apparent from the above considerations that one cannot simply consider 
the evolution of peptide hormones solely in terms of amino-acid sequences of 
the known hormones. What has evolved is a complex system involving biosyn- 
thesis of both hormone and receptor, their intracellular processing and their 
transport to the site of action (Fig. 1). The whole process must be under the 
control of multiple genes, all of which are subject to mutation with a consequent 
alteration in the system. Since multiple recognition events are involved (see 
asterisks in Fig. 1) the polypeptides that are hormone or receptor precursors 
must contain all the structural features necessary for recognition by the cellular 
modules responsible for transport, activation, storage, etc. Those portions of a 
peptide hormone molecule that are apparently not needed for activation of tar- 
get cells (e.g., the C-terminal regions of parathyroid hormone and ACTH) may 
be required for interactions during biosynthesis or secretion. In the case of the 
parathyroid hormone, the "biologically inactive" region comprising residues 
35-84 is relatively highly conserved when the sequences of the bovine, porcine 
and human hormones are compared. This in itself is presumptive evidence for an 
important role for this region, since there is reason to believe that non-functional 
or less critical regions of peptide sequence fairly rapidly accumulate point muta- 
tions in the divergence of species. Thus the C-peptide of insulin and the fibrino- 
peptides show substantial sequence differences between human and bovine 
structures, presumably because their actual presence and perhaps chain length 
are important, but the nature of the amino acids comprising them is not at all 
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Fig. 1. Events in hormone action. * Denotes a step where there must be recognition of a 
specific structural feature of the hormone or receptor molecule or their precursors. 

critical. From this kind of indirect argument, it seems likely that the C-terminal 
region of the parathyroid hormone either is important during biosynthesis or 
secretion, or conceivably has its own separate hormonal function, not as yet 
discovered. 

Origin of Peptide Hormones 

From what we do know of peptide sequences of hormones, it seems that 
most of the contemporary peptide hormones evolved from a limited set of 
ancestral polypeptides. This argument is based on the extensive sequence homol- 
ogy not only between hormones with related functions (e.g., prolactin and pla- 
cental lactogen) but also between hormones with no known shared function 
(e.g., placental lactogen and secretin). The main mechanism by which they arose 
is also fairly clear - i.e., by gene duplication. This is an advantageous method, 
since the redundant copy of the gene is free to undergo mutation while the 
original gene continues to regulate biosynthesis of the original hormone. When 
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a new and useful hormone appears, natural selection will ensure survival of the 
mutated gene. Presumably new hormone receptors also evolve mainly by gene 
duplication, though we have as yet no structural information to confirm this. 

It is not clear at  present which ancestral polypeptides have evolved into cur- 
rent regulatory peptides and hormones. ~ d e l s o n ~  has proposed, on the basis of 
what must be regarded as doubtful or marginally significant sequence homolo- 
gies, that peptide hormones have evolved from primitive digestive enzymes. This 
would make them the products of endodermal cells. Pearse and ~ o l l a k , ~  on the 
other hand, have very persuasively argued for an origin of many peptide hor- 
mones from neuroectodermal cells that have migrated from the neural crest into 
tissues that then develop an endocrine function. These cells can be recognized 
by specific cytochemical staining techniques. They are termed "APUD" cells, a 
shorthand name based on their possession of amine precursors and decarboxylase 
activity. The thyroid C cells that secrete calcitonin are the best example of this 
cell type. Their neuroectodermal origin has been most convincingly demonstrated, 
providing strong support for the theory of Pearse and ~ o l l a k . ~  

Probably more important than the cell of origin of peptide hormones is the 
common mode of biosynthesis that seems to be shared by all secreted proteins. 
The initial gene product has an N-terminal sequence of 15-30 residues that are 
largely hydrophobic in character. (See Strauss et al? for further details and 
references.) This region (known as the "prepro" sequence) attaches to  the mem- 
brane of the rough endoplasmic reticulum as translation is taking place on adja- 
cent polysomes. In some manner not yet understood, the growing peptide chain 
is then "pulled" through the membrane. The hydrophobic extension is then 
cleaved off by one or more proteases and the functional protein or proprotein 
is transported via the Golgi region to be packaged, activated if necessary, and 
secreted as required. The whole process is directed by the "prepro" sequence. 
which must act as a code indicating "export from cell." Membrane proteins 
(such as hormone receptors) and proteins used for the cell's internal economy 
probably have their own handling codes, but these are not yet known (Fig. 2). 

This coding system is very relevant to the evolution of peptide hormones. 
Any new hormone that evolves has to be secreted in order to  have any influence 
on the course of events. This makes it quite unlikely that hormones would 
evolve from proteins that are not normally secreted from the cell, since they 
would almost certainly lack the appropriate structural features required for 
secretion. This perspective makes it much more understandable that gene dupli- 
cation has been such a fertile provider of new hormones, since any new gene 
product resulting from a mutation in the redundant gene has already solved the 
problems of packaging and secretion. These hormones have evolved from pre- 
existing hormones, and, more distantly, from other secreted proteins. Whether 
these ancestral molecules were digestive enzymes,2 or neurosecretory products3 
is perhaps of less relevance. Very possibly both events have occurred. 
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Fig. 2. Theoretical model for structural coding of proteins during biosynthesis. 

Chemistry of Relaxin: Homology with Insulin 

Relaxin is a peptide hormone of ovarian origin. Originally described by 
~isaw: it has the property of widening the interpubic ligament during pregnancy 
in mammals through its actions on connective tissue. Relaxin preparations also 
have been shown to inhibit spontaneous contractions in the uterus. Thus, it has 
an important function in preparing the birth canal for parturition and possibly 
also in influencing the actual timing of that event, since serum relaxin levels have 
been shown to fall sharply just prior to d e l i ~ e r y . ~  

Recently, in collaboration with Dr. Bryant-Greenwood and her group at the 
University of Hawaii, we have determined the amino-acid sequence of porcine 
relaxin, using material purified according to the procedure of Sherwood and 
o ' ~ ~ r n e . 7  Our proposed sequence (shown in Fig. 3) has been recently reported;* 
another group has independently proposed a relaxin sequence differing in some 
respects from our own.9 

Fig. 3. The amino-acid sequence of porcine relaxin. 
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A most unexpected and interesting finding was a clear structural homology 
between relaxin and insulin. Relaxin, like insulin, consists of A- and B-chains 
linked in an identical fashion by 2 disulfide bridges. The relaxin A-chain has an 
additional intrachain bridge linking residues 8 and 13. All six half-cystines can 
be exactly aligned with those in insulin. There is conservation of virtually all the 
residues of the hydrophobic core of insulin; these are known from crystallograph- 
ic studies. In insulin these are the half-cystine residues found at A-6 and A-1 1, 
together with A-2 isoleucine, A-16 leucine, with B-11 and B-15 leucines. At 
several other positions there is conservation of the hydrophilic or hydrophobic 
nature of the residue. These findings8 suggest that the folding of the relaxin 
chains may occur in a similar way to that in insulin, and that the overall tertiary 
structure of the two hormones may be quite similar. In fact our collaborators on 
the X-ray crystallography of relaxin, Drs. Neil Isaacs and Guy Dodson of Leeds 
University, England, have built a model of the relaxin structure by fitting the 
relaxin side chains to the backbone of the 2-Zn insulin structure. This was 
achieved with almost no distortion. Of course, this is purely a hypothetical 
model, and some revision will almost certainly be needed in the light of accurate 
crystallographic data. 

A detailed comparison between the relaxin and insulin structures is outside 
the scope of the present discussion. However, what can be said is that relaxin 
and insulin are closely related in an evolutionary sense. There is conservation of 
primary structure (i.e., amino-acid sequence homology), secondary structure 
(e.g., the B-chain a-helix), disulfide pattern and tertiary folding. Since we have 
preliminary evidence for a precursor to relaxin of the approximate size of pro- 
insulin, it seems that the biosynthetic mechanisms that lead to correct folding 
are also conserved. The disposition and nature of surface residues however is 
quite different, and as far as we know at present there is no immunological or 
biological cross-reactivity between the two hormones. 

One possible mode of evolution of relaxin and related peptides is shown in 
Fig. 4. One can postulate that a series of gene duplications took place in a gene 
coding for an ancestral peptide, perhaps one that had growth-regulatory proper- 
ties. Gene products appeared corresponding to proinsulin, prorelaxin, and prob- 
ably also to peptides with nonsuppressible insulin-like activity; i.e., N S I L A . ~ ~  
Nerve growth factor (not shown in Fig. 4) is probably derived from a further 
gene d~~1icat ion. l  l 

With further evolution, proteolytic cleavage mechanisms appeared to generate 
the relaxin and insulin structures. Relaxin, like guinea pig, coypu, and hagfish 
insulins, lacks the Zn coordinating histidine residue at position B-10. Possibly a 
later mutation gave rise to this property in most insulins. 

An alternate possibility which must at least be considered is that the similari- 
ties between relaxin and insulin are not based upon a common genetic ancestor 
but have evolved by a convergent evolutionary process. There may be only a 
limited number of options for carrying out successful chain folding to give a 
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Fig. 4. Hypothesis for evolution of relaxin and related peptides. 

structure of this sort. The use of an orienting C peptide sequence and a particular 
positioning of disulfide bridges may be a solution to a particular problem that 
has been arrived at through two independent evolutionary routes. However, on 
balance, the first hypothesis looks, t o  me at least, more attractive. 

It wlll be of great interest to determine the sequence of relaxins from other 
species. Also of interest are experiments currently underway in our laboratory 
to  form relaxin-insulin hybrids between the natural chains of each parent mole- 
cule. An intriguing question is whether the relaxin A-chain, for example, can be 
made to couple to the insulin B-chain. If this can be achieved, even in low yield, 
it will be possible to study the immunological and biological properties of the 
hybrid. In passing I would like to propose the names "insulaxin" (for insulin 
A- plus relaxin B-chains) and "relaxulin" (relaxin A- plus insulin B-chains) for 
these rather enticing hybrids. 
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Future Prospects 

As more polypeptide structures become known, there will certainly be dis- 
covered further surprising relationships such as the relaxin-insulin story I have 
outlined or the fascinating coevolution of peptides with ACTH, MSH and endor- 
phin activities, as most elegantly narrated by Guillemin et a1.12 A problem in the 
study of evolution through analysis of contemporary molecules is that we are, 
perforce, dealing only with evolutionary success stories. The failures have 
vanished from the scene. If we are to understand fully the way in which evolu- 
tionary forces work, it will be necessary to look at the molecular lesions in 
hormones or receptors produced by unfavorable mutations. Some of these are 
accessible through the study of clinical syndromes. However, there is clearly a 
need for other model systems. The synthesis of multiple analogs is one approach 
- the main one used so far. However, it is quite empirical, and very costly in 
time and effort. It seems likely that in the future much greater use will be made 
of computer-graphic analysis. This will allow the effect of hypothetical muta- 
tional events (amino-acid deletions, additions or substitutions for example) to be 
superimposed on the known three-dimensional structure of the polypeptide. 
With improvements in our ability to predict secondary and tertiary structure of 
peptides from their sequence, it should be possible to see in a very graphic way 
the effect on function of localized changes of structure, without the need for 
actual synthesis of the molecule. Of course, work along these lines has been pro- 
gressing, though quite slowly, for some years already. 

Another future prospect is the insertion of genes coding for polypeptide 
hormones into bacteria with subsequence biosynthesis of hormones or hormone 
precursors. The actual techniques of insertion have already been worked out. 
To induce transcription and translation of the inserted gene is another matter, 
however, and even if a preprohormone molecule is synthesized, the bacteria will 
lack the cellular apparatus for its proteolytic activation and secretion. Neverthe- 
less, these problems will in time also be solved. It will then be possible to subject 
the bacteria to mutagenic agents, generating a whole series of altered hormones 
as hormone precursors. This should allow us to appreciate more clearly the kind 
of constraints that have operated during evolutionary history. 
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Synthesis, CD, X-ray, in vivo and in vitro biological properties of a series of 
GlyA1 substituted insulins have been ~ e ~ o r t e d . ~ ? ~  With increasing size of un- 
charged substituents (acetyl, Boc, dimethylformylthiazolidinecarbonyl) in vitro 
biological activities and receptor binding decreased, while the native conforma- 
tion and ability to dimerize were d i ~ t u r b e d . ~  However, the relative importances 
of size, flexibility, polarity and especially charge of the substituent for conforma- 
tion and biological properties are still unclear. We report herein the synthesis of 
several bovine insulin derivatives covering these variables and their crystallization 
and preliminary X-ray studies and in vitro bioactivities. 

Preparations 

Derivatives were characterized by cellulose acetate electrophoresis (pH 2.2, 
pH 8.6), paper electrophoresis (pH 2.2) after sulfitolysis or performic acid oxida- 
tion3, UV spectra, amino-acid analysis4 and end-group dete~mination.~ They 
are considered to be pure within relevant limits. Experimental conditions for 
pH 3376, pH 7.36y7, pH 8.16, pH 8A3, pH 8.66 and pH 8.86 ion exchange 
chromatography have been described elsewhere. Al-(Boc-G1y)-, Al-(Boc-Trp)-, 
A1-Gly- and Al-Trp-insulin were prepared by reacting native insulin with ac- 
tivated esters (-ONp, -0NSu) in DMSO. Subsequent purification by pH 3 and 
pH 8.4 ion exchange chromatography yielded the Boc-Gly- and Boc-Trp- 
derivatives. After TFA treatment the Gly- and Trp-derivative were obtained. 

Preparation of additional derivatives (acetyl-, palmitoyl-, Tfa-, Boc-, citraconyl- 
(Ct), succinyl-insulin) from native insulin is outlined in Fig. 1. Preparation of 
derivatives via B1-Msc-insulin is outlined in Fig. 2. Preparation of Al-Mtc-insulin 
via B1 ,B29-Boc2-insulin was not attempted as the Mtc-group (Mtc = methyl- 
thioethyloxycarbonyl) is sensitive to TFA (A. Hubbuch & H. -J. Friesen, unpubl.). 
Several derivatives were synthesized via B 1 ,B29-Boc2-insulin (Fig. 3) which was 
prepared from Al-Tfa-insulin in gram amounts and in pure form.6 In coupling 
neutral amino acids or Glu, unreacted A1 amino groups were trifluoroacetylated 
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Fig. 1. Preparation of GlyA1-substituted insulins from native insulin. 

M t c - O N p / 3 0 %  dioxan ( p H  7 )  

2 )  0 . 1  N  NaOH 

3 )  Sephadex G - S O f / l  M  AcOH 

I 1  DEAE-cellulose (pH 7 . 3 1  

Fig. 2. Preparation of ~ l ~ * ~ - s u b s t i t u t e d  insulins via B1-Msc-insulin conditions for 
carbamylation similar to Ref. 9; prep. of Mtc-ONp, Ref. 11; prep. of B1-Msc-insulin and re- 
moval of Msc-groups, Ref. 10. 

to enable separation of insulin not aminoacylated at A1 and derivative after re- 
moval of Boc-groups (no charge difference otherwise except Glu). The A1 
amino group was converted to a guanido function by reaction with guanyl- 
dirnethylpyrazole14 similar to Bodanszky's procedure for the preparation of 
~ r ~ ~ - v a s o ~ r e s s i n . ~ ~  After TFA-treatment, products were purified by prepara- 
tive isoelectric focusing12 (PIEF) in 6 M urea or ion exchange chromatography. 
Arg was coupled at pH 10-10.5 by reaction with ~ ~ ~ - ~ r ~ - h ~ d r o b r o m i d e . l ~  

Crystallization 

Crystallization was attempted under conditions for rhombohedra1 2 Zn 
crystals17 except for Al-Ct-insulin, which would not withstand the acidic pH 
during crystallization (Ct = citraconyl). Only Lys-Arg-, Arg-Arg- and Arg-Arg- 
Arg-insulin did not form crystals in temperature-dependent experiments.18 Arg-, 
Lys- and guanido-insulin showed very little temperature dependence of solu- 
bility near the turbidity point and formed small crystals. Acetyl-, Tfa- and 
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Fig. 3. Preparation of ~ l ~ * ~ - s u b s t i t u t e d  insulins via Bl,B29-Boc2-insulin reaction con- 
ditions, Ref. 6 (detailed publ. in prep.). 

carbamoyl-insulin formed small crystals, too, as a consequence of low solubility 
as with bovine i n s ~ l i n . ~  D-Phe, Phe, D-Met-, Met-, Mtc-, Boc- and especially 
Glu-, Pro-, Suc-, Msc- and biotinyl-insulin19 showed strong temperature depend- 
ence of solubility. We suspect, that polar or negatively charged substituents are 
favorable for obtaining large crystals. 

X-ray Studies 

Diffraction patterns of D-Phe-, L-Met-, Glu-, Lys-, Boc-, guanido- and acetyl- 
insulin were similar. Crystals were isomorphous with rhombohedra1 2 Zn insulin 
(spacegroup R3). Patterns of D-Phe-, Met-, Msc-, Glu- and Boc-insulin were 
difficult to distinguish by eye. Intensity changes in the guanido- are even less 
pronounced and resemble that of acetyl-insulin. These preliminary data, as well 
as a 3 8  difference Fourier map of the D-Phe-insulin, indicate conformations 
similar to the BOG-insulin2 for the other derivatives investigated. 

Influence of Size, Flexibility, Polarity and Charge on In Vitro Activity 

In vitro activities were determined in the free fat cell assay.20$21 Values are 
shown in Fig. 4. In the series of neutral, nonflexible substituents activity de- 
creases with increasing size of the substituent (acetyl - Boc, 37.5 - 197; o com- 
pare Ref. 2). Aminoacyl-derivatives with flexible side chain show the activity to 
be dependent on charge, rather than size of the adduct (Arg, Lys: 40-45%; Glu: 
22%). Aminoacyl-derivatives with a neutral side chain show little correlation of 
the size of substituent or conformation at the a-C atom with activity (Trp and 
diiodo-Tyr have side chains with restricted flexibility compared to the others). 
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Fig. 4a. I n  vitro activities of 
d e s - ~ l y ~ l - ,  des-aminoA1-insulin 
and ~ l y ~ ~ - a r n i n o a c ~ l a t e d  insulins 
carrying free functional groups at  
the substituent. 
'activity calculated from a prepa- 

ration containing 10% native 
insulin assuming an additive 
effect for derivative and native. 

%slues taken from Ref. 21. 

Fig. 4b. In  vitro activities of GlyA1-substituted insulins carrying Gly, blocked or no 
amino groups at  the N-terminus of the A-chain. 
avalues taken from Ref. 21. 
Results of one or more preparations and one or more tests (confidence limits, 1189) shown 

Further addition of positive charges (Lys-Arg-, Arg-Arg-Arg-insulin) seems to 
have a relatively favorable effect on activity. The isosteric Al-guanido- and Al -  
carbamoyl-insulin clearly show the importance of a positive charge for activity 
(88 and 31%), as do the Suc- and Ct-insulin in comparison with these (both ca. 
15%). 

I t  is unclear whether large hydrophobic substituents with flexible or futed 
structure (palmitoyl, Boc-Trp) influence activity by direct steric hindrance and/ 
or secondary effects (disturbance of hormone conformation essential for activity). 
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Formyl-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe-OH is a potent chemoattractant for 
neutrophils. tert-butyloxycarbonyl-L-Phe-D-Leu-LPhe-D-u-L-Phe-OH is an 
antagonist to this type of chemotaxis. 

N-Formylation of peptides with the sequence L-Met-X- (X = amino-acid resi- 
due with an aromatic or other hydrophobic side chain) gave products with 
chemotactic activity.' A detailed study2 of structure-activity relationships re- 
sulted in the synthesis of chemoattractants of high potency (101"M). In sub- 
sequent investigations it was found that there is not an absolute requirement for 
m e t h i ~ n i n e . ~  Methionine may be replaced by norleucine or norvaline with 
insignificant loss in chemotactic activity4 

Since the most potent chemotactically active peptides known to date have in 
common the sequence Leu-Phe (or Phe, followed by other amino-acid resi- 
dues)F4 the peptide R-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe (R = H) and its N- 
formylated, N-acetylated, and N-tert-butyloxycarbonylated derivatives [R = 
HCO-, H3CCO-, (CH3)3COCO-] were examined for their chemotactic potential. 
Peptides of bacterial origin with established antibiotic properties containing the 
sequence Leu-Phe, (gramicidin S and tyrocidin) or Ile-Phe (bacitracin) were also 
screened for the potential t o  act as attractants for neutrophils. 

Boc-Lphenylalanyl-D-leucyl-Lphenylalanyl-D-leucyl-Lphenylne (I) was 
synthesized by the N-hydroxysuccinimide ester method beginning with Boc-L- 
phenylalanine. The theoretical weight gain occurred at each step and amino-acid 
analysis indicated quantitative coupling. The final product showed one major 
spot and minor contaminants in thin layer chromatography (TLC; benzenelacetic 
acid = 7:l). Crystallization from ethyl acetate/petroleum ether gave a material 
pure by amino-acid analysis (0.4 mg: phenylalanine, 1.40 pmol; leucine, 0.87 
pmol) and TLC in the solvent system given above. 

Formyl-L-phenylalanyl-D-leucyl-L-phenylalanyl-D-leucyl-L-phenylalanine. 
Formic acid-N-hydroxysuccinimide ester was prepared by treat'ment of formic 
acid with N-hydroxysuccinimide and DCC in ethyl acetate (1 h,  O'C; 30 min, 
r.t.). After removal of the urea by filtration and the addition of petroleum ether 
crystallization occurred. The acetic acid-N-hydroxysuccinimide ester was pre- 
pared by the same procedure 
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Crystalline Boc-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe-OH (80 mg) was allowed to 
stand in 10 ml of trifluoroacetic acid (TFA) at room temperature for 60  min. 
Following the removal of TFA under vacuum, the salt was dissolved in 30% 
ethanollwater. Upon addition of ammonium hydroxide to neutrality the free 
peptide (11) precipitated. One half of the product was allowed to react (30 min; 
r.t.) with a ten-fold excess of N-hydroxysuccinimidyl formate in 70% tetrahydro- 
furanlwater containing 10 equivs. of NaHC03. After evaporation of THF and 
dilution with water the solution was acidified to pH 2.0 by adding hydrochloric 
acid and extracted with ethyl acetate. The peptide obtained after solvent evapo- 
ration showed the correct amino-acid analysis and weight recovery of amino 
acids (0.30 mg: Phe, 1.06 pmol; Leu, 0.72 pmol) and the absence of the free 
amino group upon reaction with phenyl isothiocyanate. The remaining portion 
of I1 was acetylated following the procedure given for N-formylation using only 
a two-fold excess of N-hydroxysuccinimidyl acetate. The isolated product also 
showed the absence of free amino groups and the correct amino-acid analysis 
and weight recovery (0.3 5 mg: Phe, 1.30 pmol; leucine, 0.93 pmol). 

~orm~l-~norleuc~l-~leuc~l-~~-~~-~hen~lalanine was prepared from fomyl- 
L-norleucyl-L-leucyl-L-p-phenylalanine employing a catalytic replacement tech- 
nique? Activated rabbit neutrophils were obtained 12, to  14 hours after the 
intraperitoneal injection of 0.1% glycogen in phosphate buffered saline.' 

Chemotactic activities were measured6 by counting in a hemocytometer the 
cells adhering to the underside of a micropore filter separating two chambers, 
the upper one containing the cells, the lower the attractant. In the standard 
binding assay3 neutrophils (4.4 X lo6 cells) briefly treated with 0.1 mM tosyl-L 
phenylalanyl chloromethane (TPCK; Calbiochem, Gaithersubrg, Maryland) were 
incubated at O"C for 1 h in 2 ml of Gey's balanced salt solution7 containing 
50,000 cpm of HCO-HN-L-norleucyl-L-leucyl-L-p-tritio-phenylalanine (1.5 nM). 
Cells were rapidly filtered on glass fiber filters and the filters counted in a liquid 
scintillation counter with an efficiency of 40%. 

Gramicidin S was purchased from Calbiochem, Gaithersburg, Maryland, 
bacitracin from Sigma, St. Louis, Missouri, tyrocidin from Sewa Chemicals, New 
York, New York. 

Fomyl-LPhe-D-Leu-LPhe-D-Leu--he-OH is a potent chemoattractant for 
neutrophils, the potency of the acetyl derivative is lower by approximately 3 
powers of 10, the aN-unprotected peptide shows the lowest activity (Figure 1). 
The Boc-protected peptide is an i h b i t o r  of chemotaxis; the concentration to 
affect 50% inhibition (IDs0) of cellular migration is 8 X ~ o - ~ M  (Table I). The 
effect of I1 and its N-protected derivatives on the specific binding of the labeled 
attractant formyl-~-norleucyl-~-leucyl-~-~-3~-phenylalanine is shown in Figure 1. 
The curves are essentially parallel indicating that the peptides interact at the 
same receptor site as the labeled ligand. The calculated IDs0 values of Table I are 
in agreement with the biological activities. 
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Figure 1. Chemotactic activity of neutrophils in response to H-L-Phe-D-Leu-L-Phe-D- 
Leu-L-Phe-OH (a), HCO-HN-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe-OH (o) ,  H3CCO-HN-L-Phe-D- 
Leu-L-Phe-D-Leu-L-Phe-OH (A), and (H3Q3 COCO-HN-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe-OH 
(a). The results are expressed as the average number of neutrophils in 10 fields at a magnifi- 
cation of X970 for triplicate samples. The SEM did not exceed 10% for values above 10. 

Table I. Chemotactic Activities of Synthetic Peptides and 
Peptide Antibiotics 

Peptide 

Specific Inhibition of 
Chemotaxis Binding Chemotaxis 
ED!jo(M)a IDm(M)b IDw(M)C 

~ ra rn ic id i  s 
Tyrocidin 
Bacitracin 

Standard conditions were employed as described in Methods for chemo- 
taxis and binding assays. The values are means of triplicate samples 
varying less than 10%. 

aEDw is defined as that concentration of attractant giving a half-maximal 
chemotactic response. 

blDm is defined as that concentration of peptidegausing 50% inhibition 
of specific binding of HCO-L-Nle-L-Leu-L ( H)  Phe-OH on neutro- 
~hi ls .  

ClDw is defined as that concentration of peptide, not itself an attractant, 
causing 50% inhibition of leucotactic response to the standard potent 
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Figure 2. Inhibition of specific binding of H C O - L - N ~ ~ - L - L ~ u - L - ( ~ H ) P ~ ~ - o H  to neutrophils 
by H2N-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe-OH (e), HCO-HN-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe- 
OH (o), H3CCO-HN-L-Phe-D-Leu-L-Phe-D-Leu-L-Phe-OH (A), and (H3C)3COCO-HN-L-Phe- 
D-Leu-L-Phe-D-Leu-L-Phe-OH (A). ID50 for binding was estimated from these plots of 
specific binding versus concentration of peptide. The values are means of triplicate samples 
varying less than 10%. 

Gramicidin S, tyrocidin, and bacitracin are chemotactically active at concen- 
trations of - 10p.M. The ability ofthe peptide antibiotics to displace the specific 
binding of a chemoattractant is closely related with their chemotactic potencies 
(Table I). 

Specific proteases have been invoked to participate in the chemotactic 
response.8 When the effect on neutrophils of 11, its N-acyl analogs, and the anti- 
biotics was tested in the presence of protease inhibitors, similar observations 
were made (Table 11). Tosyl-L-phenylalanyl-chloromethane (TPCK), an inhibitor 
of chymotrypsin, was more effective in inhibiting chemotaxis than OLN-tosyl-L- 
lysyl chloromethane (TLCK), an inhibitor of trypsin. If proteolytic cleavage 
takes place indeed, that of the substrates with alternating L and D configurations 
will deserve further attention. 

The response of leucocytes to the N-formylated pentapeptide lends additional 
support to the role attributed in chemotaxis to the first member in the family of 
acyl groups. It remains to be seen why replacement of the formyl hydrogen by 
the tertiary butoxy group changes the picture drastically, this derivative display- 
ing activity that is antagonistic to the response of neutrophils to chemoattractants. 
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Table 11. Effect of Specific Protease Inhibitors on the 
Chemotactic Response to Peptides 

Inhibition of 
Peptide Addition to Cells Chemotaxisa 

% 

Bacitracin, O.lmM 
Bacitracin, O.lmM 
Gramicidin S, 

0.OlmM 
Gramicidin S, 

0.OlmM 
Tyrocidin, O.OlmM 
Tyrocidin, O.OlmM 
HCO-L-Phe-D-Leu-L- 

Phe-D-Leu-L-Phe- 
OH, lOnM 

HCO-L-Phe-D-Leu- 
L-Phe-D-Leu-L- 

Phe-OH, lOnM 
HCO-L-Phe-D-Leu- 

L-Phe-D-Leu-L- 
Phe-OH, lOnM 

HCO-L-Phe-D-Leu- 
L-Phe-D-Leu-L- 

Phe-OH, lOnM 

TPCKb, O.lmM 
TLCKC, 0.1 mM 

TPCK, O.lmM 

TLCK, O.lmM 
TPCK, O.lmM 
TLCK, O.lmM 

TPCK, O.lmM 

TLCK, O.lmM 

aAssays for chemotaxis were carried out as described in 
Methods 

bTosyl-L-phenylalanyl chloromethane 
c " N-Tosyl-L-lysyl chloromethane 
dBenzoyl-L-tyrosine ethyl ester 
eTosyl-L-arginine methyl ester 
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SYNTHETIC POLYPEPTIDES AS CHEMO-ATTRACTANTS 
FOR NEUTROPHIL LEUCOCYTES: DEMONSTRATION 
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A variety of substances is reportedly chemotactic for neutrophil 1eucocytes.l 
Unfortunately, most are either incompletely characterized or too complex to 
allow a detailed analysis of the nature of the interaction with the neutrophils. 
However the recent observation of Schiffmann et a1.2 that the acylated amino 
acid N-formyl-methionine and some N-formyl dipeptides were chemotactic 
allowed a systematic and detaXed analysis of the structural requirements for 
chemotaxis in a series of small molecular weight polypeptides.3 The most active 
compound identified was N-formyl-~et-~eu- he-OH (7 X 10-~~11/1). The results 
of a detailed analysis of position 1 (N-formyl-Met), as well as the synthesis of an 
intrinsically radiolabeled analog for binding studies, is reported herein. 

Peptides were prepared by either standard ~ o l i d - ~ h a s e ~  or classical5 methods. 
Formylation was carried out at first by the method of Sheehan and yang6 and 
later by DCC coupling directly on the resin or in solution. The synthesis of the 
radiolabeled analog, ~-form~l-norleuc~l-leuc~l-0,-~~)-~hen~lalanine has been 
de~cr ibed .~  All peptides were homogeneous by thin-layer chromatography, 
high voltage electrophoresis and showed the expected amino-acid analyses. 
Biological activities were determined by Drs. Becker, Schiffmann and Pert. 

Results and Discussion 

Our previous study3 had clearly demonstrated that there existed on the sur- 
face of the neutrophil leucocyte a receptor site which appeared to  initiate both 
chemotaxis and lysosomal enzyme (lysozyme and 0-glucuronidase) release. One 
of the requirements for a highly active compound appeared to  be the presence 
of an N-formyl-methionine residue in the 1 position. The results of a detailed 
analysis of this position indicate that while the formyl group is essential, varia- 
tions in the side chain are somewhat betfer tolerated (Table I). As can be seen 
acetylation (111) or removal of the a-amino group (11) yields relatively inactive 
analogs (-0.05%) as does the replacement by the ethyl group (IV). Therefore 
simply blocking or removing the amino group is not sufficient to confer en- 
hanced chemotactic potency, indicating a unique and essential role for the 
formyl group. 

Variations in the methionine side chain also produced changes in biological 
activity (Table I). Specifically the following were noted. 
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Table I. Position 1 Analogs of Nff-Formyl-Met-Leu-Phe-OH 

No. - 

I 

I 1  

1 1 1  

I V  

v 

VI 

V I I  

V I I I  

I X  

X 

X I  

X I 1  

X I 1 1  

X I V  

X V  

Structure 

1. The presence of a S atom in the side chain was beneficial but not essential 
(compare I and IX) for good activity. 

2. In the aliphatic series, biological potency increased with increasing side- 
chain length (compounds V thru IX). 

3. Aliphatic side chains with 0 or y branching showed much reduced activity 
(compare VIII to XV; compare IX to XI11 and XIV). 

The marked structure-activity requirements exhibited for the chemotactic 
response in neutrophils suggested that these compounds were interacting with a 
specific receptor site on the neutrophil. To investigate this directly a radiolabeled 
analog was prepared.7 The compound prepared was Nff-formyl-Nle-Leu-p-C1- 
Phe-OH which was then subjected to dehalotritiation to  give the intrinsically 
labeled (14 Cilmrnole) ligand. Norleucine was chosen since the analog has good 
activity (-10%) and would not pose any problem during the catalytic tritiation. 
The resulting radiolabeled peptide was homogeneous in several thin-layer chroma- 
tography systems and was stable for at least 9 mo at -20°C. 

Using this reagent, a specific, saturable binding site was demonstrated on the 
surface of the neutrophil leucocyte.* Scatchard analysis indicated a single bind- 
ing site with a KD of 1.5 X 1 0 - 9 ~  and an R,,, of lo5 binding sites per cell. The 
data presented in Figure 1 show that the specific binding is almost absolutely 
correlated (r=0.99) with both chemotaxis and lysosomal enzyme release. Inter- 
estingly, a naturally occurring chemotactic factor from E. coli wiU. also interact 
with this binding site while the chemotactic fragment of activated C5 will not. 
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0 = CHEMOTAXIS 

W = LYSOZYME RELEASE 
0 =p-GLUCURONIDASE 

RELEASE 
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S 
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LOG,, ID,, SPECIFIC B I N D I N G  OF CHO-Nle-Leu-Phe -OH 

Fig. 1. Correlation between inhibition of specific binding of C H O - N I ~ - L ~ U - ~ - ~ H - P ~ ~ - O H  
versus chemotactic and lysosomal enzyme releasing activity of several peptides. l=CHO- 
Met-Leu-Phe-OH, 2=CHO-Eth-Leu-Phe-OH, 3=CHO-Nle-Leu-Phe-OH, 4=CHO-Phe-Leu-Phe- 
OH, 5=CHO-Met-Leu-ArgaH and 6=CHOGly-Leu-Phe-OH. 

Previous data,718 as well as that presented here, indicate that the chemotactic 
response of the neutrophil leucocyte to the synthetic peptides is mediated by a 
highly specific receptor site. Binding data using a, 3~ labeled analog substantiate 
the structure-activity data. 

The authors are grateful to Drs. E. L. Becker, E. Schiffmann, and C. B. Pert for biological 
data (supported by NIDR Contract DE-62494). 
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THE MECHANISM OF PHOSPHOLIPID BINDING BY THE 
PLASMA APOLIPOPROTEINS 
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GERALD F. SIGLER, LOUIS C. SMITH, ANNE K. SOUTAR, and 

ANTONIO M. GOTTO, JR., Department o f  Medicine, Baylor College 
o f  Medicine, The Methodist Hospital, Houston, Texas 77030 

Previously, we have reported1 the synthesis and purification of a synthetic 
protein having the sequence of human plasma apolipoprotein apoLP-C-I (Fig. 1) 
and have demonstrated that the synthetic material binds to phospholipid and 
activates 1ecithin:cholesterol acyltransferase (LCAT) to the same extent as native 
apoLP-C-I. Upon binding to phospholipid, both synthetic and native apolipo- 
protein C-I show increases in a-helicity as measured by circular dichroism and 
show shifts in the intrinsic tryptophan fluorescence maximum, indicative of the 
tryptophan being placed in a more hydrophobic environment. Using the Chou- 
Fasman2 rules to predict protein structure, CPK - space filling models of the 
sequence of apolipoprotein C-I were built. We observed that two faces occur on 
the helical segments: one a non-polar face and the other a polar face.3 These 
segments occur between residues 7-14, 18-28 and 33--53. Using the hydro- 
phobicity assignments of Bull and ~ r e e s e ~ ,  the mean residue hydrophobicity 
index of each segment is, respectively, -1,081, -952 and -880 callresidue. We 
have shown previously that synthetic arnphipathic peptides having low hydro- 
phobicity indices do not bind to phosphatidylcholines, whereas those with high- 
er indices do .5 

We now report the synthesis and purification of four fragments of apoLP-C-I 
and their ability to  bind phosphatidylcholine and activate LCAT. The fragments 
corresponding to sequence positions 39-57, 32-57, 24-57, 17-57 were synthe- 
sized by solid phase methodology on an improved resin previously reported6. 
The peptides were cleaved from the resin with anhydrous ~ ~ l a n i s o l e  and puri- 
fied by gel filtration on Bio-Gel P-10 and by ion exchange chromatography on 
Sulfopropyl Sephadex-25. Polyacrylamide gel electrophoresis at both acidic and 
basic pH showed the peptides to be homogeneous, and each peptide had the 
expected amino-acid analysis (Table I). With vesicles of dimyristoylphos- 
phatidylcholine-cholesterol, 20 pg of the three fragments stimulated LCAT activ- 
ity by 50, 60  and loo%, respectively of the values found for apolipoprotein C-I 

Fig. 1 .  The amino acid sequence of apolipopro tein C-I. 
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Table I. Amino Acid Analyses of the Purified Synthetic Peptides. 

AA 
Amino Acid 39-57 

Asp 1.0 (1) 

Thr 0.9 (1) 

Ser 1.8 (2) 

Glu 4.0 (4) 

Ala - (0) 

Val 3.9 (1) 

Met - (0) 

Ile 1.0 (1) 

Leu 1.1 (1) 

T Y ~  - (0) 

Phe 1.8 (2) 

Lys 3.9 (4) 

Arg 0.9 (1) 

Trp ND (1) 

(Fig. 2).  The lipid binding properties of the four fragments were studied by 
fluorescence and circular dichroic spectroscopy. Changes in the ellipticity at 
2 2 2  nm are observed for the three larger fragments, while the smaller fragment 
shows minimal changes (Table 11). Changes in the intrinsic tryptophan fluores- 
cence maximum were also observed for these larger fragments (Table 11). The 
lipid-peptide complexes were subjected to density gradient ultracentrifugation 
and the majority of the larger peptides was found associated with the phospho- 
lipid band (Fig. 3). 

From these studies we conclude that the 39-57 fragment does not contain 
the necessary requirements for binding to phosphatidylcholine, whereas the ad- 
dition of seven residues causes the synthetic peptide to bind phospholipid. We 

Table 11. Fluorescence and Circular Dichroic Spectral Changes 
of Synthetic Peptides with Phospholipid. 

PEP1 lDE A Aru\x 222 Iel 222 
PEPTIDE ALONE PEPTIDE PLUS PHOSPHOLIPID 

49-57 0 -1,914 -1,919 

M32-57 12 HM -3,829 -11,lW 

AA24-57 11 un -9,927 -10,039 

%7-57 12 ~n -7,452 -19.6W 
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Fig. 2. Lecithin cholesterol acyl- Fig. 3. Density gradient profiles A: 
transferase activation by synthetic frag- 39-57; B: 32-57; C: 24-57; D: 17-57 
ments of apolipoprotein C-I. 0-0 Peptide; 0- Peptide plus phospho- 

lipid. 

feel that the minimum sequence necessary for binding to be approximately 16 to 
20 residues and that an a-helix is necessary which is amphipathic and contains a 
hydrophobic face with a high mean residue hydrophobicity. Using these criteria 
for binding, we have designed several peptides and studied their ability to bind 
to  phosphatidylcholine. The sequences of these peptides are shown in Figure 4. 
The peptides were synthesized on the improved resin and were cleaved with 
anhydrous HFIanisole and purified by gel filtration on Bio-Gel P-10 and by ion 
exchange chromatography on DEAE-cellulose. Each of the peptides had the 
expected amino-acid analysis (Table I) and showed the expected number of 
tryptic fragments by high voltage electrophoresis and paper chromatography. 
Peptide IV showed a single band on polyacrylarnide gel electrophoresis; peptides 
I, I1 and I11 diffused too rapidly from the gels. Peptides I and IV bind phospholipid 

Fig. 4. The amino-acid sequence of model peptides for phospholipid binding. Mean 
residue hydrophobicities are I, -1092; 11, -852,111, -965; and IV, -1120. 
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in a manner similar to the human apolipo- 
proteins; i.e., they show a shift in the intrin- 
sic tryptophan fluorescence maximum and 
an increase in ellipticity at 222 nm in the 
circular dichroic spectrum (Table 11). Densi- 
ty gradient ultracentrifucation of the 
peptide-phospholipid mixtures demonstrated 
that some of peptide I and the majority of 
peptide IV were associated with the phos- 
phatidylcholine (Fig. 5). From these results, 
we feel that these peptides demonstrate that 
the important criteria for binding of the apo- 
1ipop:oteins to phospholipids is the ability to 
form a stable &-helix, the amphipathic nature 
of the helix formed, and the hydrophobicity 
of the non-polar face. 

This material was developed by the Atheroscle- 
rosis, Lipidsand Lipoprotein Section of the Nation- 
al Heart and Blood Vessel Research and Demon- 
stration Center, Baylor College of Medicine, a grant 
supported research project of the National Heart, 
Lung and Blood Institute, National Institutes of 
Health, Grant #HL-17269. L. C. Smith and H. J. 
Pownall are Established lnvestigators of the Ameri- 
can Heart Association. This research was partially 
funded by the Texas Affiliate, AHA. 
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Fig. 5. Density Gradient Profiles. 
A: Peptide I ;  B: Peptide 11; C: P e p  
tide 111; D: Peptide IV. A, B, C: 
d-A Peptide alone; 0-0 - peptide 
plus phospholipid; D: .-. peptide 
alone; peptide plus (A-A) 
dimyristoyl- and (0-0) palmitoyl- 
oleoyl-phosphatidylcholine. 
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TETRAZOLE ANALOGS OF AMINO ACIDS AS A TOOL IN 
STUDIES OF THE ROLE OF FREE CARBOXYL GROUP 

IN BIOLOGICALLY ACTIVE SYSTEMS 

Z. GRZONKA, E. KOJRO, Z. PALACZ, Institute o f  Chemistry, 
University o f  Gdansk, 80-952 Gdarisk, Poland, 

I. WILLHARDT and P. HERMANN, 
Physiologisch-chemisches Institut, Martin-Luther-Universitat, 

402-HallelSaale, G. D. R. 

The 5-substituted tetrazolyl group (T) is isofunctional and isosteric to the 
carboxyl group.1 As a result of these properties it can be useful in studies of 
biologically active systems in which the presence of free carboxyl group is indis- 
pensable for activity. 

The present studies served to analyze: (a) the susceptibility of the tetrazole 
analogs of amino acid and peptide derivatives to the proteolytic enzymes; and 
(b) the chiroptical properties of this class of compounds. The successful synthe- 
sis of the y-tetrazole analog of L-glutamic acid is also reported-. 

Susceptibility of Tetrazole Derivatives to 
Proteolytic Enzymes 

Leucineaminopeptidase splits the peptide bond between amino acid and 
tetrazole (T) analog of amino acid with one order lower velocity compared to 
leucine amide (Table I). On the other hand, the tetrazole derivatives are not 
substrates of those enzymes which require the presence of free carboxyl group, 
i.e. of acylase I, and carboxypeptidase A. Experiments were undertaken to 
study whether Z-Gly-PheT acts as an effector of the enzymatic hydrolysis of 
Z-Gly-Phe-OH, which is the typical substrate of carboxypeptidase A. To our 
surprise Z-Gly-PheT acts as an activator of the competitive type. The results 
agree well with those of  other^^-^ on the activation of the enzymatic hydrolysis 
of Z-Gly-Phe-OH by certain amino-acid derivatives which are not substrates of 
carboxypeptidase A. 

Chiroptical Properties of Tetrazole Analogs of 
Amino Acids 

The vast majority of compounds carrying the tetrazolyl group linked directly 
to the chirality center was found to possess, a negative Cotton effect in the CD 
curves over the 196-219 nm range (Table 11). Only the analogs of alanine 
(AlaT), and phenylalanine (PheT) display a positive Cotton effect within that 
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Table I. Susceptibility of Tetrazole Derivatives to 
Proteolytic Enzymes 

Specific activity 
Substrate 1.1 hydrolysis/min. mg enzyme - 

Leucineaminopeptidase 

11-Ala-Glfl 0.73 
;I-Phe-GlyT 4.45 
11-F'he-Gly-G1yT hydrolyzed 

11-Leu-NIX 18-73 

Acylase I 

ClAc-PheT not hydrolyzed 

Ac-LeuT not hydrolyzed 

ClAc-Phe-011 1.11 

Carboxypeptidase A 

Z-Gly-F%eT not hydrolyzed 

ClXc-PheT not hydrolyzed 

~1.1~-  he^* not hydrolyzed 

ClAc-Phe-OI! 0.32 

* incubation in the presence of ~ n + %  

range indicated. According to UV spectra this CD peak can be assigned to the 
n+n* transition in the tetrazolyl moiety. It shows a characteristic shift depend- 
ing on the solvent polarity (Fig. 1). Temperature studies show no correlation 
between CD bands and conformational equilibria. The CD peak of PheT might 
arise from superposition of the n+n* transition of the tetrazolyl group and that 
of the 1~~ one of the phenyl ring. More likely it results from the interaction of 
the two chromophores. The P-analog of Asp and the y-analog of Glu and their 
derivatives (see Table 11) show similarity of chiroptical properties to those of 
other a-amino acids5 Free amino acids are characterized by a positive Cotton 
effect in the CD curves at about 200 nm which is due to the n+r* transition in 
the carboxyl group. 

Synthesis of y-Tetrazole Analog of GGlutamic Acid 

Syntheses of optical active tetrazole analogs of aspartic acid, and the a-analog 
of glutamic acid have been described617, using 1,3-dipolar cycloaddition of 
NH4N3 or Al(N3)3 to the appropriate nitriles. However, as we confirmed the 
Z-Abu(CN), 2, does not form the y-tetrazole analog of glutamic acid by this 
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Table 11. Circular Dichroism of Tetrazole Analogs of Amino Acids 
and Their N-Benzyloxycarbonyl Derivatives 

CD * CD* 

C o m p o u n d  l n a x  Compound. 'max 

A l a T  
Z - A l a T  

A s p T  
2 - A s p T  

A s n T  
Z -A s n T  
Z - V a 1 T  

P r o T  
Z - P r o T  

L e u T  
Z - L e u T  

G l u T  
Z - G l u T  

G l n T  
Z - C l n T  
2 - M e t T  

L y s T  
Z-Ly ST( Z  ) 

h s p T  ' +4750 I99 
2 - A s p T  ' -840 227 

A s p T  '-KJl, +2280 202 

- - - 

* in  0.1 EIC1 ( f r e e  tetrazole analogs of  a m i n o  acids), or 

i n  m e t h a n o l  ( N _ - b e n z y l o x y c a r b o n y l  derivatives). 

Z-LeuT H-LeuT 

- melhonol -.- 41" H a  

---- dioxone 
--. acetonitrile -40 --- OJn NoOH 

-50 .  

Fig. 1 .  Solvent dependence of CD spectra. 
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method. Recently, Sisido et a1.8 described a new method of synthesis of 5- 
substituted tetrazoles by cycloaddition of trialkyltin azides to nitriles followed 
by splitting of the N-Sn bond. Using this method we synthesized y-(5-tetrazoly1)- 
a-amino-L-butyric acid (Scheme I). Starting with Z-Gln-OMe, 1,  the carboxamide 
group was dehydrated with C6H5S02C1 in pyridine to the nitrile, 2, which was 
refluxed with an equimolar amount of Bu3Sn-N3 in THF for 70 h. The tin deriv- 
ative, 3,  obtained was transformed to tetrazole, 4 ,  by splitting the N-Sn bond by 
HCl/ether. The carboxyl protecting group was removed by alkaline hydrolysis 
and the benzyloxycarbonyl group by the action of HBr/AcOH. The structure of 
this new amino acid was confirmed by IR, nmr and CD spectra. Moreover, the 
y-(5-tetrazoly1)-a-amino butyryl residue was incorporated into model dipeptides 
as a N- or C-terminal residue. 

Scheme 1. The synthesis of y-(5-tetrazoly1)-a-amino-L-butyric acid. 
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RECEPTORS FOR PEPTIDE HORMONES 

D. REGOLI, J. BARABE,  and J. ST-LOUIS, Department o f  
Physiology and Pharmacology, Medical School, University 

o f  Sherbrooke, Sherbrooke, Que, Canada 

The comparison of the affinities of agonists and antagonists, combined with 
the evaluation of other parameters (e.g. the onset and the duration of action) can 
help to  establish whether antagonists bind to the same receptor site(s) as the 
agonists. Such a knowledge is essential in choosing the general approach for the 
analysis and the interpretation of the pharmacological findings, namely the "one 
receptor site concept" elaborated by ~ r i e n s l  or the "two receptor sites con- 
cept" recently discussed by Ariens and ~ e l d ~ .  

Vasoactive peptides such as angiotensin I1 (ATII) and bradykinin (BK) have 
been extensively tested in isolated vascular smooth muscles, which respond to 
the two agents with rapid and stable changes of tone, that can be measured 
easily and ~ r e c i s e l y ~ > ~ .  AT11 and BK share with neurotransmitters and with 
biologically active amines the ability of stimulating several smooth muscles via 
the activation of specific receptors3A; therefore a direct comparison between the 
two groups of agents is feasible. Peptides are larger and bigger than amines and 
contain a variety of chemically reactive groups, both hydrophilic and hydropho- 
bic. Because of their size, their charges, and the presence of various chemical 
groups, it is generally admitted that: a) Peptides do not pass through the cell 
m e ~ n b r a n e ~ > ~ .  Some workers have shown that receptors for ATI I~ ,  insulin8 and 
A C T H ~  are located in the cell membrane; b) Peptides presumably interact with 
several sites of the receptor protein. Such multiple interactions, possibly of 
different chemical nature, are expected to prolong the duration of the peptide- 
receptor complex. If this complex remains active throughout its full existence, 
affmity should be high. The affinity constants of peptide hormones, including 
those of A T I I ~ O  are generally higher than those of arninesl1 and approach those 
of antagonists for neurotransmitters and amines. 

Results of studies with AT11 and BK in smooth muscle of the rabbit aorta 
support some of these concepts. Rabbit aorta strips, suspended in oxygenated 
Krebs medium at 3 7 ' ~ ,  were contracted with submaximal concentrations of 
noradrenaline (NA), of various angiotensins and kinins. At the plateau of con- 
traction, the agents were washed out and the time required for the tissue to 
relax by 50% (RTS0) was measured. In other experiments, the apparent affinities 
of the various agents were calculated from concentration-response curves and are 
expressed as pD2 (-log of the concentration of agent producing 50% of the 
maximum response) according to van ~ o s s u r n l ~ .  The results presented in Table I 
indicate that, in parallel with the decrease of the pD2 value, the time to relax by 
50% (RTS0) is comparatively shorter. The findings with ATII, its analogs and 
NA have been discussed in zi recent paper.13 A good direct correlation has been 
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Table I. Intrinsic Activities (aE), Affinities (pD2) and Time to 50% 
Relaxation (RTS0) of NA, Angiotensins and Kinins in Rabbit Aorta Strips. 

Agent E! x 5 0  Agent CcE s 5 0  

A ~ ~ ~ - A T I I  1.0 8.86 7.1 f 0.3* BK 1.0 6.40 4.0 + 0.2" 

des-AsPl-A~11 1.0 7.62 3.3 i 0.3 

N A 1.0 7.28 1.3 + 0.1 
* means f S.E. of 8-12 determinations 

shown to exist between the pDz values of angiotensins and their respective 

RTS0. I t  has also been demonstrated that the rate of diffusion of the various 
agents out of the biophase is not determinant for the differences in the rate of 
relaxationl3. Thus the rate of relaxation can be taken as an accurate measure of 
the rate of dissociation of the drug-receptor complex, and the complex NA- 
receptor appears to have a much shorter life than the complex ATII-receptor. 
Similar results have been obtained with kinins. The RTS0 of this group of 
peptides increase in parallel with the pD2 values. Moreover, the findings with 
kinins indicate that the addition of a positive charge (e-g. Lys) at the N-terminal 
increases affinity: in fact, Lys-BK and Met-Lys-BK are 21 and 28 times more 
active than BK. Metabolic degradation should not be responsible for the differ- 
ence, because BK is rather resistant to aminopeptidases and the inhibition of 
converting enzyme with high concentrations of the Squibb nonapeptide (SQ 
20881) does not increase significantly the affinity of BK for the aortic receptors. 
The reason why Met-Lys-BK is more active than Lys-BKis still unknown. 

While the N-terminal portion seems to play a major role for the affinity of 
both A T I I ~ ~  and BK, the C-terminal portion is definitely involved in the process 
of stimulation (intrinsic activity: aE). Gradual change from agonist t o  antagonist 
via intermediate dualistic compounds have been observed with a stepwise change 
of the structure of C-terminal Phe, in both AT11 and d e s - ~ r ~ g - ~ ~  (D-BK). (This 
octapeptide fragment of BK is approximately 6 times more potent than the 
nonapeptide and it has therefore been used, instead of BK, to explore the 
chemical features required for the activation of the aortic receptors.) The results 
presented in Table I1 indicate that optimum stimulation of receptors for both 
peptides is provided by the presence of Phe in position 8. Replacement of this 
residue with a) Tyr gives full agonists with lower affinity; b) cyclohexylalanine 
(Cha) and Nle gives partial agonists in the AT11 and an antagonist ([~le8]-D-BK) 
in the D-BK series; c) Leu gives antagonists; d) other residues containing aliphatic 
side chains shorter than that of Leu give weaker antagonists; and, e) esterifica- 
tion of the terminal COOH does not influence the intrinsic activity of A T I I ~ ~  
but reduces slightly that of D-BK. 
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Table 11. Intrinsic Activities (aE) and Affinities (pD2 and pA2) of ATII, 
d e s - ~ r ~ ~ - B K  and their Analogs Containing Various Residues at the C-Terminal 

Position. The Pharmacological Parameters Have Been Measured in Rabbit Aorta 
Strips. 

Agent g a & *  Agent "E e2 I?&* 
AT11 1.0 8.86 - d e s - ~ r ~ ~ - B K  1.0 7.20 - 
[ T ~ ~ ~ I - A T I I  1.0 7.94 - (D-BK) 

8 
[Nle 1-ATII 0.55 8.60 8.44 8 

[Tyr 1-D-BK 1.0 4.39 - 
8  ha ]-AT11 0.52 8.55 8.30 

8  he- OM^ 1-D-BK 0.82 6.81 - 
8 

[ ~ e u  1-ATII 0 - 8.60 [ ~ e u  1-D-BK 0 - 6.75 8 

8 
[ ~ a l  I-ATII o - 7.96 [~eu- OM^ 1-D-BK 0 - 6.66 8 

[Ala8]-~~11 0 - 7.22 [Nle 8 I-D-BK 0 - 6.31 
8 

[Ala 1-D-BK 0 - 3.95 
* pA2: -log of the concentration of antagonist that reduces the effect of a 

double dose of agonist to that of a single dose. 

Any substitution of the other residues of AT11 and, to some extent, of 
d e s - ~ r ~ ~ - B ~ ,  is accompanied by variable change of affinity, but not of intrinsic 
activity (see Regoli et  a1.16 for a review on ATII). From the data of Table 11, it 
is evident that the C-terminal residue of both peptides is primarily involved in 
the simulation of receptors and contributes, to some extent, also to the binding. 
The most important finding presented in Table I1 is the similarity of the affini- 
ties of ATI I / [L~U~]  -AT11 and of D - B K / [ L ~ u ~ ]  -D-BK. The peptide antagonists 
have chemical structures, molecular sizes, and physico-chemical properties prac- 
tically identical to those of the agonists. In this respect peptides differ from 
neurotransmitters and arnines, which, according to Ariens and Beld2, have little 
or no chemical relationship with their respective antagonists, and show much 
lower affinities than the antagonists. It is therefore conceivable that peptide 
agonists and antagonists have similar onset and duration of action. Experiments 
were performed to elucidate this point. 

The phases of the myotropic effect (development of contraction, plateau of 
contraction, relaxation) are easily measured with agonists. The average time 
required by aortic strips to reach the plateau of contraction in the presence of 
AT11 and D-BK and the time to  relax by 100% after washout of the two peptides 
were used in the experimental protocol designed to evaluate the onset and the 
duration of action of antagonists. It was found that the onset of action of 
[Leu8] -AT11 (4.8 X 10-~1vi) and of [Leu8] -D-BK (1.1 X 10-~1vi) is fairly rapid (5 
min or less) and corresponds to the time required by AT11 (4.4 X ~ O - ~ M )  and 
D-BK (9.8 X 1 0 - 8 ~ )  to elicit full contractions of the rabbit aorta. The antago- 
nism by [Leu81 -AT11 is reversible in 30 min17 and that by [ L ~ U ~ ] - D - B K  in 15- 
20 min, as illustrated in Fig. 1. 



RECEPTORS FOR PEPTIDE HORMONES 

Fig. 1. Onset and duration of action of antagonists for AT11 and D-BK in rabbit aorta strips. 

These results suggest that agonists and antagonists of the ATII and BK series 
bind to the same receptor site(s). Thereby, the second criterion proposed by 
schild18 for the classification of different receptor types (namely the affinity 
constants of competitive antagonists) is applicable to AT11 and BK. Moreover, 
competitive antagonists of AT11 and BK could possibly become useful tools for 
binding assays and for the isolation of receptors. Finally, the interpretation of 
experimental findings with ATII, BK and hopefully other peptide hormones can 
be based on the "one receptor concept" of ~ r i e n s l  and on classical receptor 
theories. 
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CONFORMATION-ACTIVITY APPROACH TO THE DESIGN OF 
VASOPRESSIN ANALOGS WITH HIGH AND SPECIFIC 

ANTIDIURETIC ACTIVITY 

CLARK W. SMITH, CHRISTOPHER R. BOTOS and 
RODERICH WALTER, Department o f  Physiology and Biophysics, 

University o f  Illinois Medical Center, Chicago, Illinois 6061 2 

Recently a model of the biologically active conformation of vasopressin 
bound ta its antidiuretic receptor was deve10~ed.l This model is principally 
based on the preferred backbone conformation of vasopressin determined in 
dimethylsulfoxide,2 but includes the stacking interaction of the aromatic side 
chains of the Tyr-Phe sequence observed for vasopressin in aqueous m e d i ~ m ~ 3 ~  
(Fig. 1). In vasopressin - and very likely in many other peptide hormones - i t  is 
the side chains of residues located in the corner positions of folds or bends, such 
as the corner residues in the two 0-turns of neurohypophyseal hormones (posi- 
tions 3, 4, 7 and 8), which are most exposed. It is these residues which are 
readily available for intermolecular interactions that contain the "binding ele- 
m e n t ~ ' ' ~  and contribute to hormone-receptor binding. 

It should be possible to enhance selectively a particular biological activity by 
introducing modifications in the side chains of these residues. The important 
contributions of the side chains in the corner positions 3 and 8 are well docu- 
mented and the contribution of position 4 is emerging as a result of work from 
several laboratories. In an initial effort to test the vasopressin model, the re- 
maining corner position, Pro7, which has been least investigated, has been sub- 
jected to structural changes designed to enhance binding to the antidiuretic 
receptor. 

Recently we began investigations at these corner positions of the 0-turns by 
making substitutions with residues which possess double bonds in their side 
chains in the hope that such deformable electron clouds with their ability to 
undergo n-n or other nonbonded interactions may enhance receptor binding of 
the resultant analogs (provided the steric fit at the receptor is correct). 

With these considerations in mind we have synthesized [7-(3,4- 
dehydroproline)] -Arg-vasopressin and its deamino analog. The protected nona- 
peptide precursors were synthesized by the Merrifield method of solid phase 
synthesis6 using a scheme of deprotection, neutralization and coupling described 
previously.7 t-Butyloxycarbonyl-3,4-dehydroproline was the generous gift of Dr. 
J. Meienhofer, Hoffmann-La Roche, Nutley, N. J. The protecting groups were 
removed by reduction with Na in liquid N H ~ ~ $ ~  and cyclization was accom- 
plished by oxidation with I C H ~ C H ~ I . ~ ~  The analogs were purified by gel filtra- 
tion on Sephadex, ion exchange chromatography on carboxymethylcellulose,ll 
and partition chromatography.12 The purity and identity of the final product 
was verified by TLC in several solvent systems, amino-acid analysis, and elemental 



THE DESIGN OF VASOPRESSIN ANALOGS 

Fig. 1. Preferred average conformation of lysine vasopressin in aqueous media. One 
surface of the biologically active model is featureless and hydrophobic. Amino-acid side 
chains of residues along the rim of this surface of vasopressin extending from residue 3 via 
the hydrocarbon portion of ~ l u ~  all the way around through cys6 and pro7 to the hydro- 
carbon portion of the side chain of residue 8 are proposed for initial recognition by the 
antidiuretic receptor. The other surface of the molecule is overlayed by the glutamine and 
asparagine side chains as well as the C-terminal tripeptide; the latter bends in the direction 

1 of the primary amino group of Cys . The lysine (or arginine) side chain is shown here in an 
extended conformation. However, in the model it is approximately parallel t o  the peptide 
backbone in the region occupied by the asparagine residue, but above the p-pleated sheet of 
the 20-membered ring of vasopressin. The carboxamide group of ~ s n ~  and the basic moiety 
of residue 8 (the "active element& in this hydrophilic cluster are proposed to act in 
concert on the receptor to initiate the sequence of events which lead to the antidiuretic 
response. 

analysis. The antidiuretic potencies were determined using anesthetized male 
rats according to the method of Jeffers et  a1.13 as modified by sawyer.14 Thls 
method yields antidiuretic activities in terms of the intensity of antidiuresis 
based on the maximal depression of urine flow after injections, and has been 
shown to yield figures least subject to errors introduced by differing durations of 
antidiuretic actions.15 The pressor potencies were determined using anesthetized 
male rats as described in the U. S. Pharmacopeia.16 Either the four-point assay 
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design of schild17 or matches were used as compared to U. S. P. posterior 
pituitary reference standard. 

The results are summarized in Figure 2. Immediately apparent is the nearly 
two-fold increase of antidiuretic potency over the highest reported value for 
Arg-vasopressin ( A W ) ~ ~  as a result of the introduction of the double bond into 
the pyrrolidine ring of proline. This is accompanied by a nearly 60% reduction 
in pressor potency. The deletion of the N-terminal amino group further dissoci- 
ates these activities and enhances the antidiuretic potency to a value of 3310 + 
240 (mean k SEM) making it the most potent antidiuretic compound to date. 

Antidiuretic Potency 

Pressor Potency 

POTENCY IN USP U/MG 

Fig. 2. Antidiuretic and pressor potencies of vasopressin analogs. Values are given as 
mean k SEM. AVP potencies are those of Meienhofer et  d.18 and [ M ~ ~ ' ] A V P  potencies 
are those of Huguenin et a1.19 AVP = Arg-vasopressin; Mpr = Prnercaptopropionic acid. 

These data would seem to  support the contention that introducing a deforma- 
ble electron cloud into a binding element should increase the affinity of the 
peptide for the receptor; although, in vivo potency data alone cannot distinguish 
between affinity effects and other factors such as resistance to enzymatic 
degradation. 

The authors wish to thank Mr. G. Skala and Ms. S. Chan for their help in performing the 
bioassays. This study was supported in part by USPHS grant AM-18399 and a Pharmaceuti- 
cal Manufacturer's Foundation Research Starter Grant. 
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Although there are 162 possible conformations for the cystine bridge of a 
given neurohypophyseal hormone1 (NHH), there have been few experimental 
studies of their existence or biological importance; often the bridge is considered 
to be fixed.2 Experimental evidence is equally unavailable for secondary con- 
formational averaging at the other amino-acid residues of the ring, although the 
tail is considered highly m ~ b i l e . ~  

The effect of amino-acid substitution (principally at positions 3 , 4 ,  7, and 8) 
on conformation and function have been largely restricted to the 0-turn model;4 
the effect on the disulfide bridge and other residues remote from the substitu- 
tion site has been neglected. We provide experimental evidence for the existence 
of multiple secondary conformations and for quantitation of multiple tertiary 
conformations in a number of NHH and postulate that individual NHH con- 
formers are separately responsible for each different biological activity viz. bind- 
ing to different receptors and to the different proteases which form and cleave 
them. The statistical weights of each contributing disulfide bridge conformation 
vary with pH, solvent, and analog; each has a different ring size which modulates 
and, in turn, is affected by the conformation of the other residues i.e. correla- 
tions may exist.l 

Results and Discussion 

Multiple disulfide conformations and ring sizes. The cysteine (3~,p) values for 
a number of NHH are shown in Table I; they depend strongly 04 solvent, pH, 
and temperature, providing evidence for considerable mobility about the COcCp 
b o n d ~ . l > ~  This means that the ring size and conformation vary with rotation 
around these bonds. Therefore different secondary conformations of the NHH 
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Table I. (3~,p) Values for a Number of NHH Half Cysteine Residues 

Molecule Solvent CYS' cys6 

Oxytocin D20(pH 7.4) 4.7; 8.0 3.4; 9.1 

Oxytocin DMSO 6.6; 7.5 6.1; 7.3 

Oxytocin D20(pH 3.8) 5.4; 5.8 4.0; 9.4 

Arginine-vasopressin D20(pH 3.8) 4.2; 5.3 2.8; 10.0 

Arginine-vasotocin DZO(pH 3.8) 4.4; 5.6 3.5; 9.7 

coexist. The corollary is that the physical parameters are averages over all the 
coexisting secondary conformations. 

Assuming frozen rotation the (3~,p) values yield the possible ~1 angles. The 
value, thus calculated, is usually eclipsed, making the concept of frozen rotamers 
unlikely. Both crystallography6 and theory7 also predict near-classical values. 

The Raman spectra of a wide range of disulfide compounds show the same 
three disulfide frequencies.8 Analysis of this data by Sugeta et aL8 predicts a 
three-fold potential for rotation about the CP-S bonds, consistent with extensive 
averaging of disulfide bridge conformations. I t  has been reportedg that the 
disulfide bridge of oxytocin is considerably more mobile than that of 
penicillamine-oxytocin, but that even this is not rigid. 

The values in Table I indicate that substituting an amino acid at  position 3 
and/or 8 affects the conformational preferences at non-adjacent positions e.g. 1 
and 6. Further, this finding has important biological consequences; the changes 
in disulfide conformational averaging between oxytocin and its congeners are 
largely one of degree and not kind, individual activities perhaps being reflected in 
one specific cystine (secondary) conformation, rather than all being related to a 
single secondary conformation? Calculations predict several oxytocin backbone 
conformations of similar stability? We thus have a strong case (a) for multiple 
disulfide bridge conformations in the NHH, (b) that co-existing disulfide con- 
formers are the same for each molecule and (c) that variation in the statistical 
weights of these conformers leads to the variation of (3~,p) with solvent, sequence, 
pH, and temperature-these variations can lead to considerable changes in relative 
ring sizes. 

The existence of multiple tertiary conformations is confirmed by the depend- 
ence of side chain (3~,p) values on solvent, pH, and temperature.1~3~5 They may 
be quantified by rotamer analysis; the product of the individual rotamer popula- 
tions gives the statistical weights of the co-existing conformers.1° We have 
demonstrated this;1° our data for the NHH indicate that no individual tertiary 
conformation has a statistical weight greater than 0.02 compared to the fact that 
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12 individual gramicidin S tertiary conformations have a combined statistical 
weight of 0.60. Therefore extensive conformational averaging of the NHH 
occurs. 

Conclusions 

Conformational averaging of the NHH depends on pH, temperature and 
sequence. There is extensive evidence for the existence of multiple secondary 
(particularly disulfide bridge) and tertiary solution conformations. It is likely 
that the co-existing conformers do not vary with these parameters but that their 
relative statistical weights do. We postulate a three-fold potential for rotation 
about the cysteine P-CP bonds but it is not clear whether the rotational states 
are classical. This rotation has considerable effect on the ring size. The statistical 
weights of co-existing tertiary conformations can be obtained from rotnmer 
analysis. Relative differences in principal biological functions can be related to 
differing statistical weights of NHH conformers. 

This work was supported in part by research grants from the National Science Founda- 
tion (BMS 72 23819) and the National Institutes of Health (AM18604 and HD06351). 
C. R. J. was supported by an Enzymology Postdoctoral Training Grant (#IT32AM070490). 
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A major problem in analysis of the conformational flexibility of peptides us- 
ing 13c spin-lattice relaxation times (TI) is determining the relative contributions 
of overall and segmental motion to the observed relaxation times. Even in the 
case of cyclic amino acids and peptides, internal motions or pseudorotations can 
occur which are reflected in the observed Tl values. Proline and proline- 
containing peptides provide good examples of a cyclic residue which undergoes 
internal flexion at a rate which is sufficiently rapid to affect the T1 values. In 
the case of oxytocin, the cyclic portion of the peptide backbone could possibly 
be undergoing a conformational averaging process. We have investigated the 13c 
nuclear magnetic resonance (nmr) characteristics of an oxytocin analog in which 
substitutions were made to favor steric restriction of the peptide backbone. 
[ ~ r o ~ , G l ~ ~ ]  -0xytocin is an analog for which a type I1 ~ - t u r n l . ~  has been found 
by IH nmr spectroscopy3, in agreement with theoretical predictions. 

Herein we report data showing that, although the -Pro-Gly- sequence intro- 
duced in positions 3 and 4 of oxytocin is expected to favor a P-turn and thereby 
possibly diminish the frequency of oscillations within the ring, we observe in- 
creased motion for the a-carbons of the glycyl residue relative to the other 
a-carbons in the cyclic moiety. Secondly the introduction of a prolyl residue in- 
to the ring portion of oxytocin produces conformational heterogeneity as mani- 
fest by the presence of both cis and trans isomers about the -Tyr-Pro- peptide 
bond. 

Our investigations were carried out at 68 MHz and 25 MHz. 13c nmr spectra 
were obtained using previously described t e c h t ~ i ~ u e s ~ > ~ .  Chemical shifts are re- 
ported in parts per million (ppm) downfield from external tetrarnethylsilane 
(TMS), using 1.5 ml samples containing 100 mg of peptide in D20. pH values 
are uncorrected meter readings in DZO, and were adjusted using CD3COOH. 

Results a n d  Discussion 

The assignment of the 13c spectrum of [ ~ r o ~ , ~ l ~ ~ ] - o x y t o c i n ,  Table I, was 
based on comparison with the previously assigned spectrum of oxytocin at the 
same The values in parentheses are "extra" resonances which have been 
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Table I. 13c Chemical Shifts and Spin Lattice Relaxation Times of 
[Pro3,Cly4] -0xy tocin in D20. 

Residue pH-3.5 pHz9.0 KT, Residue pH.3.5 pH-9.0 D, 

Cys' aCH 52.9 53.1 143 Asn5 aCH 50 .8  50.9 (51 .2 )  155 
BCH2 40.9 45.5 ( 4 6 . 0 )  176 BCHl 37.7 37.2 (37 .8 )  180 
C=O 167.8 175.4 yC=O 175.5 175.7 

C=O 173.1 172.5 

Chemical sh i f ts  are reported i n  parts per m i l l i o n  downfield from external tetramethylsi lane (TMS). 

M = major conformer 
m = minor conformer 

Assignments of carbonyl carbons a r e  t e n t a t i v e .  
NJ, values are  measured i n  mil l iseconds, i s  the number o f  d i r e c t l y  bonded hydrogens, pH 3 .5 .  

assigned to the presence of a cis -Tyr-Pro- peptide link7>*. The relative ratio of 
the cis and trans isomers is ca. 1 :3. The effect of the cis-trans isomerism about 
the -Tyr-Pro- peptide bond was manifest on the tyrosyl residue which demon- 
strated doubling of the a ,  /3 and E resonances with chemical shifts of 55.0, 37.1 
and 116.7 ppm. There is also, at 68 MHz, doubling of the a carbon resonance of 
the asparaginyl residue. The intensity ratio of the minor and major peaks in both 
cases is also 1:3. In the carbonyl carbon region at 68 MHz, there is definite dou- 
bling of the resonances assigned to the cystine residue. Other resonances may be 
doubled elsewhere in the spectrum which are not detectable due to their weak 
intensities or to overlap with other resonances in the spectrum of the major com- 
ponent. The spectra from the two prolyl and two glycyl residues in [Pro3,Cly4] - 
oxytocin are quite distinct. The a-carbons of the prolyl-3 and prolyl-7 lesid~es 
differ by 1.5 ppm, those of the glycyl-4 and glycyl-9 residues by 0.4 ppm. The 
assignment of the glycyl-4 cu-carbon resonance was verified by measuring the 
spectrum of [ ~ e u 2 ,  Pro3, a , c ~ - ~ ~ ~ - G l ~ ~ ]  -oxytocin. Deuteration at  the a carbon 
of the glycyl residue in position 4 effectively causes the disappearance of this 
a-carbon resonance due to the coupling between carbon and the deuterons and 
to the long relaxation time of this non-protonated carbon. We also obtained a 
spectrum of [Pro31 -0xytocin in order to determine whether the cis-trans isomer- 
ism was manifest and if so, to what extent the neighboring glycyl-4 residue 
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influenced this ratio in [Pro3,Gly4] -0xytocin. When comparing the relative ratios 
of cis:trans isomers in [pro3] -oxytocin and [Pro3,Gly4] -oxytocin, it can be seen 
that the sterically more crowded [Pro31 -oxytocin shows a greater percentage of 
cis isomer (45%). 

The results of the spin-lattice relaxation time (TI) measurements performed 
at 68 MHz on the major (trans) isomer of [ ~ r o 3 , G l ~ ~ ]  -0xytocin are given in 
Table I. The general trend of the relaxation times follows what has been ob- 
served in oxytocin9itself: a restricted backbone in the cyclic portion of the pep- 
tide and increasing segmental motion of the acyclic terminal tripeptide. In the 
cyclic portion we found a larger NT1 value for the a-carbon of the glycyl residue 
than those for the a-carbons of the other amino acids in the 20-membered ring. 
Comparing the NT1 values observed for similar residues in the peptide, the 
glycyl-4 and prolyl-3 residues are more restricted than their congeners in posi- 
tions 9 and 7. This is consistent with the relative ratios of T1 values within the 
two prolyl residues; that in position 3 reflects less intracyclic mobility, possibly 
as a result of through-bond, if not through space, constraint from the neighbor- 
ing Tyr residue and the cyclic peptide backbone. We see from the data in Table 
I, that although the -Pro-Gly- sequence may favor formation of a 0-turn, the for- 
mation of such a turn does not restrict the intrinsic flexibility at the a-carbon of 
the glycyl residue. 
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Introduction 

Our earlier w0rkl9~ involved charge transfer (CT) complexes to show that the 
folding of the luteinizing hormone-releasing factor (LRF) is influenced by the 
nature of the amino acid at position six. The observed intramolecular CT-intensity 
between [ ~ v a * ( ~ i c + ) ]  and ~ r ~ 3  moieties is highest in the  la^] analog as 
compared to the cly6 and  la^ la^] analogs. (Nit' is the abbreviation used for 
nicotinamide.) This trend is in qualitative agreement with the calculated3relative 
stabilities of plI-turns containing an L- or a D-amino acid residue at the third 
position of the turn. We now present further CT results on analogs in which we 
have altered the positions of the CT donor-acceptor moieties or changed other 
parts of the LRF sequence (see Table I). 

Table 1. LRF and Charge-Transfer Labelled Analogs 
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Evidence for a Preferential Folding Sequence in the LRF Molecule 

The two analogs I and I1 have the same number of residues between the side 
chains carrying the acceptor and donor moieties. An approximately 35% higher 
CT intensity in I than in I1 (Figs. 1 ,2)  indicates that the backbone folding occurs 
preferentially around the central tetrapeptide sequence Ser-Tyr-Gly-Leu. The 
intramolecular CT spectra of I11 and I1 are almost identical (Fig. 2). Using this 
value as a reference characteristic for the flexibility of the LRF molecule, we 
can deduce that the conformational effect in I accounts for a 53% increase of 
the total population of the folded conformers. 

The acceptor and donor moieties in IV are separated by three residues only, 
but would be located in opposite directions in a hypothetical planar extended 
structure. However, the observed intramolecular CTeffect in IV is approximately 
34% higher than in I1 (which indicates that the peptide chain is highly flexible). 
It must be emphasized that the intramolecular CT effect does not reach the level 
of I in spite of the fact that I V  contains one less residue between the acceptor 
and the donor moieties. We interpret this to indicate that compound I is prefer- 
entially folded around residue six. 

Fig. 1. Intramolecular CT spectra (H20,  t = 25°C). -0- for I; -0- for IV; -a- for 11. 
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Fig. 2. Comparison between the experimental and simulated4 intramolecular CT spectra. -.- Simulation and o experimental for I ;  - e m -  Simulation and experimental for IV; - - - - 
Simulation and a experimental for 111; --- Simulation and o experimental for 11; - 
Simulation and + experimental for V. 

Synthesis and Conformation of [ k l u 4 , ~ - ~ l a 6 , d r n ~ , ~ v a 8 ( ~ i c + ) ]  - 
LRF. C1- (V) 

Side chain-side chain cyclization can be envisaged as a method to stabilize 
secondary structures of peptides.5 In an attempt to determine the conforma- 
tional effect of such a ring formation, we prepared the analog V (Schemes l ,  2) 
in which the side chains of the fourth and seventh residues of LRF (i.e., the 
central tetrapeptide sequence) are covalently linked through an arnide bond. 
Under optimal conditions of cyclization, a 65% yield of pure, cyclic, monomeric 
material was obtained. The very low CT intensity of V (20%) compared to I 
(Fig. 2) at 380 nm indicates that the formation of the 17-membered ring has 
strongly perturbed the folded structure of the peptide backbone. It seems likely 
that the geometric constraints of the ring force the entire cyclic moiety into a 
nearly planar structure. These steric constraints greatly outweigh the stabiliza- 
tion energy of a regular, hydrogen-bonded P-pleated sheet structure. 
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Ill HF 
(21 CMC 
(31 BPyA on G-25 
141 BAW on G-25 
151 OEAE.HC1 

1 111 30 eq OCC 
2 q N-HSU 
2 eq N - m f ~ l m q i x h n r  

nn pyridine 
121 CMC 
131 BAW on G-25 

Scheme 1. Synthesis of Scheme 2. Synthesis of 
[ k l u 4 , ~ - ~ l a 6 , d r n 7 , 0 r n 8 ( ~ ~ ~ ) ]  LRF. [klu4,~-~la6,0rn7,~va8 (Nic+Cl-)] - 

LRF. 

Study of the Specific Influence of Residues Two and Ten Upon the 
Folding Probability of the LRF-molecule 

In addition to position 6, positions 2 and 10 in LRF were found to be most 
critical for biological a ~ t i v i t ~ . 6 > ~  In order to determine whether these modifica- 
tions influence the folding probability of the peptide backbone, we have prepared 
the three CT labeled analogs, VI, VII and VIII. 

At wavelengths longer than 350 nm, the analogs VII and VIII show similar 
difference spectra (Fig. 3). At 380 nm, the CT intensities are slightly higher 
(about 8%) than in the reference analog IX. The analog VI, on the other hand, 
shows a slightly lower charge transfer effect (about 8%) as compared to reference 
analog IX. We can conclude that the introduction of an ethylamide group at the 
tenth position produces a measurable increase of the backbone folding, whereas 
the deletion of the histidyl residue at position two decreases folding to a similar 
extent. The two modifications do not seem to be conformationally interrelated, 
since the CT intensities in VII and VIII are the same. 

From these studies we have gained further insight into the conformational 
characteristics of the LRF molecule, providing strong evidence for a preferential 
folding sequence. We examined the structure of a cyclic analog as well as the 
influence of positions 2 and 10 upon the folding probability. Our goal is to place 
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Fig. 3. Comparison between the experimental and simulated4 intramolecular CT spectra. 
- simulation and o experimental for VIII; . . . . . simulation and a experimental for VII; 
-.- simulation and experimental for IX; - - - - simulation and + experimental for VI. 

these studies on a quantitative base and to gain information concerning the active 
conformation of the hormone. 

The authors gratefully acknowledge financial support by a grant from the National 
Institutes of Health (USPHS AM 15410). 
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Carbon-13 enriched hormones offer a new approach for studying conforma- 
tional and microdynamical properties of neurohypophyseal peptides bound to 
their physiological carrier proteins, the neurophysinsl-3. Our initial studies 
involving the l3~-enrichment of residues 3 and 9 of ocytocin demonstrated that 
residue 3 was involved in interactions between ocytocin and neurophysin while 
residue 9, the C-terminal glycinamide, was not affectedly3. In order to  character- 
ize further the potential involvement of each residue of ocytocin in the binding 
reaction, ocytocin molecules containing 85% 13c-enrichment in the amino-acid 
residues at positions 7 and 8 have been synthesized and studied using 13c nmr 
spectroscopy4. The chemical shift and spin lattice relaxation time (Table I) of 
each individual carbon atom of proline and leucine were measured on 13c pro7- 
and 13c ~ e u ~ - o c ~ t o c i n  when each hormone was free in solution or bound to 

Table I. NT1 Values in Milliseconds (+15%) for 13c Atoms of pro7- and 
hu8-ocytocins* (from Convert et alm4). 

* The given value of NJI i s  the mean value obtained from analysis o f  each 

signal o f  the mul t ip le ts  ar is ing  from I3c  - I 3 c  coupling. 

Carbon atom Ocytocin ( 7  !!I) alone Ocytocin (7 @)+0.28 eq. 
of neurophysin I 



BINDING OF SELECTIVELY 1 3 ~ - ~ ~ ~ ~ ~ ~ ~ ~  OCYTOCIN 

bovine neurophysin (Figs. 1 and 2). There was no indication that these nuclear 
magnetic resonance parameters of the two residues are affected by hormone 
binding4 (Table I). The observed chemical shift values showed that the Pro7 
peptide bond remains in the trans conformation upon complex formation4. 
Based on the observed T1 values, it is concluded that the segmental mobility of 
the entire tripeptide tail of the nonepeptide hormone is unaffected upon binding 

Fig. 1. 13c  nmr spectra of 85% 
13c  enriched ~ro7-ocytocin A. 
Peptide alone at 7 mM (91,000 
transients) B. same sample + 0.28 
equivalents of neurophysin 1 
(91,000 transients) (from Convert 
et  a1.4). 

to neurophysin and that no  large conformational rearrangement occurs in that 
region of the ligand in this process (Table I). These results4, together with previ- 
ous spectroscopic and thermodynamic data on the binding process215 and with 
the proposed models for the preferred conformation of ocytocin in s ~ l u t i o n ~ ? ~  
allow the description of a more detailed picture for the association of this hor- 
mone to  neurophysin. (See Fig. 3.4) This scheme, albeit oversimplified, should 
prove useful in the design and interpretation of future experiments. 

Fig. 2. 13c  nmr spectra of 85% 

200". - 

1 3 c  enriched ~eu8-ocytocin A.  
Peptide is 7 mM (50,000 tran- 
sients) B. same sample + 0.28 
equivalents of neurophysin 1 
(50,000 transients) (from Convert 

B 
et a1.4). 

L.d 
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Fig. 3. A possible schematic representation of ocytocin binding to the high affinity bind- 
ing site of a neurophysin protomer on the dimeric molecule8. The parallel diagonal lines in 
the neurophysin are meant to indicate a hydrophobic region of the protein molecule. The 
peptide backbone of ocytocin has been ~ e ~ r e s e n t e d ~ ' ~ .  Its N-terminal tripeptide portion is 
presumed to be involved in interactions with the binding site while the C-terminal tripeptide 
tail is represented free from any direct bonds with the protein (from Convert e t  a14). 

We gratefully acknowledge the helpful encouragement of Dr. Pierre Fromageot, Service 
de Biochimie, C. E. N., Saclay, who kindly provided the 3~ enriched amino acids for these 
studies. The help of Professor Basselier, Laboratoire de Chimie Organique Structurale, Uni- 
versitd P. et M. Curie, Paris, in making available the nmr spectrometer is acknowledged. 
This is publication number 1351 from the Department of Immunopathology, Scripps Clinic 
and Research Foundation. 
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The interactions of oxytocin and arginine vasopressin (AVP) with the neuro- 
physins have been studied by many investigators using a variety of t e ~ h n i ~ u e s l - ~ .  
We have been studying these interactions using 13c nuclear magnetic resonance 
(nmr) in conjunction with solid-phase peptide synthesis. Our basic approach has 
been to synthesize the hormones enriched to 90% 13c in specific positions, and 
then to  examine the 13c nmr spectrum of an equimolar (or other) mixture of 
neurophysin and enriched hormone and to observe the enriched resonance, 
which stands out above the background due to the natural abundance 13C (1.1%) 
of the protein. Several syntheses of amino acids and hormones labeled in various 
positions have been completed and the hormone-protein interactions studied. 

Results 

In Fig. 1 are shown spectra of neurophysin I (NPI) and [ l - h e m i - ~ - [ 2 - l ~ ~ ] -  
cystinel-oxytocin. Upon binding to the protein, the resonance due to the 
enriched position is broadened and is shifted upfield by 2.7 ppm. The position 
of the resonance is independent of temperature and concentration, but the 
linewidth is highly dependent on these parameters, varying from about 20 hz at 
11 mglml protein and 3 7 " ~  to about 150 hz at 65 mglml protein and 2 2 " ~  (at 
high concentrations the enriched peak is not clearly resolved from the natural 
abundance background). Upon addition of excess hormone to the solution, 
separate peaks due to both free and bound hormone are observed, indicating a 
slow rate of exchange (< 15 sec-l) for the hormone between neurophysin and 
the bulk solution. 

Fig. 2 shows spectra of both [1-hemi-D- and [1-hemi-~-[l-l~c]cystine, 8- 
arginine] -vasopressin and neurophysin II(NPI1). The resonance due to the en- 
riched carbon of the natural diastereomer moves upfield by several parts per mil- 
lion as the hormone binds to the protein. In contrast, with the D-diastereomer 
the position of the enriched peak is unaffected by the presence of neurophysin. 
Titration curves of both diastereoisomers in the presence and absence of NPII are 
shown in Fig. 3. Data werenot obtained below pH 6.5 due to precipitation of pro- 
tein. Data withlabeled oxytocin was identical to that obtained with labeled AVP. 
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N P I  l25MGlMLl  

fi N P I  ( 2 5  MGIMLI 

N P I  165MGlML I 

65 55 45 35 25 

pprn from TMS Fig. 2. 1 3 ~  nmr spectra at 
Fig. 1. 1 3 ~  nmr spectrai of [l-hemi- 25" of [1-hemi-L(D)-[~-~~cI cystine, 

[ z - ~ ~ c I  cystinel-oxytocin at 67.9 MHz, 8-arginine] -vasopressin at 15.1 MHz 
pH 6.6 and various conditions. and under various conditions. 

Experiments with [2-[2-13c] tyrosine] -0xytocin are shown in Fig. 4. Here, 
binding to neurophysin causes a downfield shift of 2.2 ppm. As was the case 
with [l-hemi-[2-13c] cystine] -oxytocin, addition of excess hormone leads to two 
resonances, indicative of the slow exchange condition for hormone-protein inter- 
action. 

Discussion 

For all three of the labeled hormone derivatives, binding to neurophysin was 
accompanied by substantial chemical shift changes. For [1-hemi-[1-13c] cystine] - 
oxytocin, the total shift change can be explained by postulating that the a-amino 
group of half-cystine-1 is protonated throughout the observed pH range (6.5- 
8.9). This indicates that the pKa of this group, which is 6.3 in the free hormone, 
is raised to a value of above 9 upon binding to neurophysin. The raised pKa is 
consistent with the interactions of this amino group with a negatively charged 
group on the protein. Furthermore, the fact that the pKa increase is so large 
supports the hypothesis1 that the amino group is in a region which is inaccessible 
to  solvent in the hormone-protein complex. The fact that no chemical shift 
change is seen from pH 6.5-8.9 also means that the apparent pKa of about 7 
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A [ ~ - H E M I - D - ~ ~ - ~ ' C I C Y S T ~ N E ] A V P  
A [I-HEMI-D-(I-"C~CYSTINE]AVP+NPII 
0 [I-HEMI-L-~I-"CICYSTINE AVP 

[I-HEMI-L-(I-"CICYSTINE~AVPINP I l  

Fig. 3. Plot of the chemical shift 
vs. the pH of [1-hemi-L(D)-[~-~~cI - 
cystine, 8-arginine] -vasopressin. 

N P I  125 MG/MLl 

[[2-"c]-Tyr]-OXYTOCIN (3SMG/MLI 

I N P I  1 2 5 M G / M ~ l  

65 55 45 36 25 

pprn from TMS 

Fig. 4. 13c nmr spectra at pH 6.6 of 
[2-[2-13c] tyrosineloxytocin at 67.9 MHz 
and under various conditions. 

which influences the protein-hormone association constant4 is most likely due 
solely to the pKa at the a-amino of free hormone. 

The raising of the pKa of the a-amino group can account for at most a 1 ppm 
upfield shift of the a-carbon of half-cystine-1. The additional upfield shift 
(almost 2 ppm) could be due to a number of other factors such as the electric 
field effect of a nearby charge, a change in conformation of the peptide back- 
bone, or the movement of this carbon into a medium which has a dielectric 
constant which differs from that of the bulk H20 solution. Similar reasons could 
account for the observed shift of the a-carbon of tyrosine-2 (in free oxytocin the 
position of this resonance is independent of pH). Currently it is difficult to 
choose among the above possibilities, but hopefully studies with hormones en- 
riched in other positions, as well as model studies will allow us to do so. 

The three enriched positions all yielded data indicating a slow rate of ex- 
change of the hormone between NPI or NPII and the bulk solution. From the 
data with the carbonyl enriched peptides (in which our linewidth measurements 
were most accurate) we can set an upper limit of 5 sec-l fo~.the exchange rate at 
pH 7.5, 2 5 " ~ .  This is somewhat .slower than the rate.of 18 sec-I found by 
Pearlmutter and McMainsS. The off rate may be dependent on neurophysin 
concentration as well as buffer conditions and our experiments were performed 
at  concentrations an order of magnitude greater than those of Pearlmutter and in 
a different buffer. Other e ~ ~ e r i m e n t s ~ . ~  which we have conducted with [9-[2- 
1 3 ~ 3  glycinamide] -0xytocin yielded data indicating an exchange rate of greater 
than 1000 sec-l. We believe that .the exchange process sensed in the experiments 
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with the glycinamide enriched hormone was a weak microscopic interaction 
between neurophysin and the hormone, rather than the overall binding process 
sensed by the labeled carbon in the other three positions. 

This work was supported by the U. S. Public Health Service (VJH, MB, National Magnet 
Lab) and the National Science Foundation (VJH, National Magnetic Lab). 
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Hypophysiotropic peptides such as thyrotrophin-releasing factor (TRF) and 
somatostatin have a widespread distribution in nerveendings throughout the 
central nervous system. In the hypothalamus their functions regulate pituitary 
secretion but elsewhere in the brain they appear to be involved in synaptic 
processes, although their precise role and mechanisms of action remain to be 
established. The present report describes studies with nerve-endings (synapto- 
somes) isolated from various brain regions. The peptidergic terminals which 
contain such factors may have functional connections with nerveendings which 
release acetylcholine (ACh), monoamines or the putative amino-acid neuro- 
transmitters. 

Synaptosomes are formed during the homogenization of brain tissue under 
controlled conditions and can be isolated using differential and density gradient 
centrifugation. Rapid re-sealing of the pre-synaptic membrane occurs, retaining 
cytosol, mitochondria, and secretory granules within a miniature cell-like struc- 
ture which lacks a nucleus but retains many metabolic and secretory properties 
of the nerve-ending in situ. Thus, when incubated in suitable media, synapto- 
somes respire at a high rate; accumulate Kf and extrude Na+; and synthesize 
proteins, phospholipids and neurotransmitters (see Ref. 1 for references). 
Synaptosomes contain a high proportion of the neurosecretory peptides present 
in brain tissue and these can be released in a calcium-dependent manner from 
the nerve-endings by depolarizing stimuli such as elevated K+ levels or electrical 
field stimulation. This has been ~ h o w n l - ~  for corticotrophin-releasing factor 
(CRF), vasopressin, prolactin release-inhibiting factor, TRF and the 
gonadotrophin-releasing factor (LRF). 

A direct action of neurotransmitters on the neurosecretory nerveendings of 
the median-eminence of sheep and rat has been shown in studies with synapto- 
somes isolated from this region.3.4 Acetylcholine (ACh)at concentrations as low 
as 1 0 - 1 1 ~  stimulated release of CRF in amounts similar to those elicited by 
depolarizing agents such as elevated K+ levels or electrical field stimulation. The 
action of ACh was blocked by the muscarinic blocker, atropine, and also dopa- 
mine at 1 0 - 8 ~ .  The monoamine also blocked release of CRF induced by elec- 
trical field stimulation. In contrast, dopamine caused the release of both TRF 
and LRF from median-eminence synaptosomes, while ACh was without e f f e ~ t . ~  
Also, serotonin blocked the release of TRF in such preparations but had no 
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effect on release of LRF or CRF. These data suggest that neurotransmitters in 
the median-eminence may specifically modulate the release of hypothalamic hor- 
mones from the peptidergic nerve terminals and thus regulate pituitary function. 

The above findings suggested that similar interactions might be demonstrated 
with synaptosomes from other brain regions and in relation to other neurotrans- 
mitters. Suspensions of synaptosomes were prepared from the brain stem and 
cerebral cortex of rats and sheep. Such preparations release the physiologically 
active amino acids Glu, Asp, Gly and yAbu (y-aminobutyric acid) in a preferen- 
tial manner in response to depolarizing stimulL5 The effects of a variety of 
cerebral peptides on such mechanisms were studied using a sensitive chromato- 
graphic procedure5 to measure amino-acid release. Figure 1 shows that TRF at 
~ O - ~ M  added to brain stem synaptosomes caused a 6-fold increase in the K+ 
induced release of glycine, and to a lesser extent the release of glutamic acid, 
aspartic acid and y-aminobutyric acid but not other amino acids. In the absence 
of elevated K+ levels, TRF had no effect on the basal release of amino acids. 
That the effect was on release rather than re-uptake mechanisms was confirmed 
in experiments using 3H-labelled Glu and Gly; TRF did not influence uptake by 
synaptosomes but, after suitable pre-incubation, facilitated release in response to 

- 

Glu 

CONrROL 

K + (60mMI 

TRF(30nMl 

yAbu S e r  V a l  

Fig. 1. Effect of TRF on the potassium induced release of amino acids from sheep brain 
stem synaptosomes. 
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K+. Other peptides including LRF, somatostatin (SRIF) and Pendorphine were 
without effect. Enhanced release of neurotransmitter amino acids in response to 
K+ was also observed when TRF was added to suspensions of nerve endings 
isolated from rat cerebral cortex. The effect was most marked with the excita- 
tory neurotransmitters, glutamic and aspartic acids. 

Synaptosome preparations have been used to investigate the effects of pep- 
tides and amino-acid neurotransmitters on TRF release. It has been shown that a 
significant increase in the release of TRF was observed when somatostatin 
( ~ o - ~ M )  or glycine (104kf)  was added to suspensions of brain stem synapto- 
somes, while addition of LRF, M S H ,  or glutamic acid showed no such increase. 
In view of the widespread inhibitory actions of these two substances on neuronal 
function, it is likely that their apparent stimulatory effect on TRF release is due 
to the inhibition of release of an undetermined inhibitory factor which acts on 
the TRF-containing nerve terminal. 

These findings are consistent with a role of extra-hypothalamic TRF and 
somatostatin in neurotransmission and indicate the existence of presynaptic 
monoamine-peptide, amino acid-peptide and even peptide-peptide interactions 
at neurosecretory nerve-terminals in the central nervous system. At present 
there is no ultrastructuralevidence for direct axo-axonic or other 'point-to-point' 
synapses between peptidergic and other types of nerveending, even in the 
hypothalamic median eminence where these have been carefully looked for. 
Thus, more diffuse functional connections may exist, where the specificity is 
determined by the distribution of receptors. 

Synaptosomes are generally accepted to consist of presynaptic rather than 
postsynaptic elements. Interactions between peptides and amino acids at the 
postsynaptic level are also likely to occur, but such problems will require the 
application of other, more sophisticated experimental procedures. However, our 
findings indicate that TRF may act presynaptically to increase the evoked 
release of amino-acid neurotransmitters, and may explain the potent behavioral 
effects of hypothalamic hormones. 

This work was supported by a Programme Grant from the Medical Research Council. 
Some of this work was carried out in collaboration with Dr. S. L. Jeffcoate, Miss D. Holland 
and Miss N. White and with the excellent technical assistance of Mrs. J. Pennington. 

References 

1. Bennett, G. W. & Edwardson, J. A. (1975) J. Endocr. 65,33-44. 
2. Edwardson, J. A., Bennett, G. W. & Bradford, H. F. (1972) Nature 240, 554-556. 
3. Bennett, G. W., Edwardson, J. A.,  Holland, D., Jeffcoate, S. L. & White, N. (1975) 

Nature 257, 323-325. 
4. Edwardson, J. A. & Bennett, G. W. (1974) Nature 251,425-427. 
5. Bradford, H. F., Bennett, G. W. & Thomas, A. J. (1973) J. Neurochem. 21,495-505. 



SYNTHESIS OF CARBACYCLIC ANALOGS OF SOMATOSTATIN 
BY COMBINATION OF CONVENTIONAL AND SOLID-PHASE 

PEPTIDE SYNTHESIS METHODOLOGY 

D. SARANTAKIS and J .  TEICHMAN, Research Division, 
Wyeth Laboratories Inc., Radnor, Pennsylvania, 19087 

The synthesis of cyclic peptides is usually accompanied by mediocre yields 
during the cyclization step1. A convenient and rapid method for the construc- 
tion of the linear suitably protected precursors of the cyclic peptides would be 
of great advantage for their routine synthesis. 

I t  has been known that fragments of protected polypeptides can be removed 
from the Merrifield-type polystyrene resin (hydroxymethyl polystyrene type) by 
hydrazinolysis in excellent yield and without racemization2. These fragments 
further could be used for either direct cyclization by the azide method3 or after 
coupling to a desired amino-acid derivative or peptide. The advantages of the 
combination of the solid phase techniques and conventional procedures have 
been discussed by ~ e r r i f i e l d ~ .  

We have employed the above methodology for the synthesis of carbacyclic (I) 
and bicyclic (11) analogs of somatostatin. 

Carbacyclic analogs (111) of somatostatin have been prepared by conventional 
methods5. Our approach as shown in Scheme 1, utilizes the intermediate hydra- 
zide (Ib) which was obtained by treatment of the peptide-resin (Ia) with 50 

equivalents of anhydrous hydrazine in DMFln-butanol for 3 hours. The hydra- 
zide (Ib) was purified by chromatography through Sephadex LH 20 with DMF as 
solvent, then coupled with H-Glu(0-But)-OBzl by the azide method of Honzl 
and ~ u d i n ~ e r ~  to afford (Ic) which was again purified by chromatography on 
Sephadex LH 20 with DMF as elution solvent. The undecapeptide was treated 
with TFA in the presence of anisole to afford the partially deprotected interme- 
diate (Id) which was cyclized to (Ie) by the method of Wieland et al.'. The 
product was not purified but it was globally deprotected by hydrogenolysis in 
the presence of Pd-C to give a mixture of the monomeric and higher polymeric 
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i s o m y l  n i t r i t e ,  H+ 

H-Gly(OBut) 4 B z l  

HdPd-C 

Chromatography 

r -Lye -Am-Phe-Phe-D-Trp-Lys -Thr-Phe-Thr-  

CH2 

Scheme 1. Synthesis of the carbacyclic somatostatin analog (I). 

species. Purification was carried out by repeated gel filtrations through Sephadex 
G-25 to obtain (I) in an average yield of 5%, based on the deprotected crude 
product. The synthesis of (11) (Scheme 2) was accomplished through the inter- 
mediate (IIb) which was obtained from (Ha) by hydrogenolysis as for (Ib). The 
hydrazide (IIb) was too insoluble to be chromatographed, therefore it was puri- 
fied by digestion with warm methanol and repeated precipitations from DMF/ 
H20. The N-terminal amino group was deprotected by TFA in the presence of 
anisole and cyclization was carried out in high elution by the azide method8 to 
afford (IId). The final deprotection was carried out by treatment with liquid 
anhydrous HF to afford (He) which was oxidized by air in rather high dilution to 
the bicyclic compound (11). Purification of (11) was carried out by repeated gel 
filtration through Sephadex (3-25. 
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1 oxidation/air 

Gly-Cys-Lye-Asn-Phe-Phe-Trp 

Scheme 2. Synthesis of the Bicyclo-somatostatin analog (11). 
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SYNTHESIS AND BIOLOGICAL ACTIVITY OF wAZA- 
ANALOGS OF LUTEINIZING HORMONE-RELEASING 

FACTOR (LRF) WITH POTENT ANTAGONIST ACTIVITY 

A. S. DUTTA, B. J .  A. FURR and M. B. GILES, 
Imperial Chemical Industries Limited, Pharmaceuticals Division, 

Alderley Park, Macclesfield, Cheshire, U. K. 

Antagonists of LRF have been prepared by omitting the histidine residue 
from the 2 position1 and by certain other modifications in the 2, 3 and 6 posi- 
t i o n ~ . ~ ~  We have previously argued that antagonists of biologically active pep- 
tides may arise by a - a ~ a - r e ~ l a c e m e n t . ~ > ~  Aza-amino-acid replacement in a 
peptide may change the overall conformation of the molecule, and in cases where 
this change affects only the intrinsic activity But not the affinity of the peptide, 
the resulting analogs may have inhibitory properties. Applied to LRF we first 
synthesized analogs containing a-aza-amino acids in positions 6 and 10. These 
analogs were somewhat less active than LRF in inducing ovulation in androgen- 
sterilized constant-oestrus rats and were considerably less active than LRF in 
releasing LH and FSH in immature male r a k 5  We now report that when a-aza- 
change is combined with changes in positions 2 and 6 some of the resulting 
compounds have high antagonist activity. The following a-aza-analogs (1-9) 
were synthesized (Scheme 1). In addition two non-aza-analogs (10, 11) were 
synthesized for comparison purposes. 

The synthetic routes to the aza-analogs are described in Figures 1 and 2. The 
tri- or tetrapeptide fragments, except the ones containing an aza-amino acid, 
were prepared by stepwise coupling procedures. Coupling of these fragments by 
the azide method gave the final products which were purified by Sephadex LH-20 

Scheme 1 



2 6 2 6 2 Fig. 1. Synthesis of des-His -[Azgly ] -LRF, ( I ) ;  des-His -[Azala ] -LRF, (2); des-His - 
[ ~ z g l y ~ ,  ~ roe thy la rn ide~]  ~ ~ S G ~ ~ - N H ~ ~ ~ - L R F ,  (3); and des-His2-[hzala6, Pro- 
ethylamide9] ~ ~ s - G ~ ~ - N H ~ ~ ~ - L R F ,  (4). Z = benzyloxycarbonyl; Boc = t-butoxycarbonyl; 
Bzl= benzyl; Ocp = 2,4,5-trichlorophenyl ester; Azgly = -NH-NHCO-; Azala = -NH-N(Me)-CO-. 

Fig. 2. S nthesis of des -Hi s2 - [~Ala~ ,  A ~ ~ ~ ~ ~ O ] - L R F ,  (A = des-His, B = D-Ala) (6); des- z EIis2-[~-phe , A ~ ~ ~ ~ ~ O ] - L R F ,  (A = des-His B = D-Phe) (7);  he^,  he he^, ~zgly'O]- C LRF, (A = B = D-Phe) (8); [ D - T ~ P ~ ,  DPhe , A Z ~ ~ ~ ~ O ] - L R F ,  (A = DTrp, B = D-Phe) (9). 

column chromatography using dimethylformamide as solvent and partition 
chromatography on Sephadex G-25 using n-butanollacetic acidlwater (4: 1 :5) 
and n-butanollacetic acid/water/pyridine (5: 1 :5: 1). 
AU analogs were tested in androgen-sterilized constant-oestrus rats for their 

ability (a) to induce ovulation (agonist activity), and (b) to inhibit the ovulation 



induced by LRF (0.5 pglrat) (antagonist activity). In these experiments the rats 
were killed three days after injection and the ovaries were examined for the 
presence of corpora lutea. With one exception, none of the analogs showed 
agonist activity at doses up to 2 mglrat. The exception was des-His2-[Azala6, 
~ r o e t h y l a m i d e ~ ]  -des -Gly -NHZIO-~~~  (4), which induced ovulation in 2 out of 3 
rats at a dose of 2 mg/rat (but not at lower doses). The antagonist activity of 
the analogs is summarized in Table I. Des-His analogs containing the azaglycyl 
or azalanyl residue in position 6 were inactive but when azaglycine was substi- 
tuted in position 10, the resulting compounds showed antagonist activity. Des- 
~ i s ~ - [ A z ~ l ~ ~ O ]  -LRF blocked ovulation completely at a dose of 250 pglrat. 

The corresponding non-azacompound, d e s - ~ i s ~ - ~ ~ ~  has been reported to 
have a very weak antagonist activity in an in vitro test system. Our most active 
compound, [ ~ - P h e ~ ,  D-phe6, ~ z ~ l ~  lo] -LRF, was fully active at a dose of 15 pgl 
rat (i.v. or LC.). It also blocked ovulation completely when injected (100 pglrat, 
i.v.)60 minutes before LRF (0.5 pglrat) and partially when injected 120 minutes 
before LRF. The activity of  he^ he^, ~ - ~ h e 6 ,  ~ z ~ l ~ l O ]  -LRF was compared with 
[ ~ - P h e ~ ,  D-~he6]  -LRF and [ ~ - P h e ~ ,  D-Ala61 -LRF in our test system. These 
two compounds were fully active at a dose of 62.5 and 125 pg/rat respectively. 

Further work on the synthesis of analogs containing azalanine in position 10 
and D-Trp in positions 2 and 6 is in progress. 

Table I. Effects of a-Aza-analogs of LRF on the Response to LRF 
in Androgen-sterilized Constant-oestrus Rats 

Response 
No. Compound Dose (No :ovu la t in  

(ug/r .at )  No t rea tedg )  
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HYPOTHALAMIC AND PITUITARY LRF-DEGRADING 
ENZYMES: CHARACTERIZATION, PURIFICATION 

AND PHYSIOLOGICAL ROLE 

M. FRIDKIN, E. HAZUM, T. BARAM, H. R. LINDNER and 
Y. KOCH, Department o f  Organic Chemistry and o f  Hormone 
Research, The Weizmann Institute o f  Science, Rehovot, Israel 

Peptidases capable of rapidly degrading and inactivating luteinizing hormone- 
releasing factor (LRF), also called LHRH, have been found in the hypothalamus1~2 
and the anterior pituitary1y3 of the rat. As we have previously established, the 
enzyme of hypothalamic (HT) origin preferentially cleaves LRF at the G ~ ~ ~ - L ~ u ~  
b0nd.l We are now reporting that an enzyme found in the anterior pituitary 
(AP) attacks the peptide at the same site and in addition, the pituitary contains 
an enzyme activity that appears to open the N-terminal pyroglutamyl ring. 

Enzyme preparations were obtained by homogenizing anterior pituitaries with 
phosphate buffered saline, pH 6.9 followed by centrifugation at 100.000 X g and 
collection of supernatant fraction. LRF (1 mg; a gift from N.I.H.) together with 
1.5 pCi of <G~U-~H-LRF (New England Nuclear, Boston) was incubated with 
this supernatant (3 mg protein) for 10 min at 3 7 ' ~  and the reaction was termi- 
nated by boiling for 3 min. Analysis of the enzymatic breakdown products 
(Fig. 1) was performed by high voltage paper electrophoresis at pH 1.9 (2.5% 
formic acid/7.5% acetic acid) for 60 min at 60 V/cm. 

The various regions (marked I-VII) were eluted from the paper with 10% 
acetic acid and the eluate subjected to amino-acid analysis. The slowest radio- 
active component (I) was fluorescent (Trp), Pauli-positive, ninhydrin-negative 
and contained Glu (1.2), His (1.0), Ser (1.0), Tyr (0.97), Gly (0.80), indicating 
the structure of <Glu-His-Trp-Ser-Tyr-Gly-OH. The second radioactive band (11) 
was fluorescent (Trp), Pauli and ninhydrin positive. Amino-acid composition 

Distance of Migration(crn) 

Fig. 1. Electropherogram of the degradation products of LRF. P., Pauli positive; N., 
Ninhydrin positive. 
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was Glu (1.25), His (1.0), Ser (0.74), Tyr (0.88), Gly (1 .I), indicating the struc- 
ture of H-Glu-His-Trp-Ser-Tyr-Gly-OH. The third radioactive component (111) 
was fluorescent, Pauli positive and identical in its amino-acid composition and 
mobility to intact LRF. Of the four non-radioactive but ninhydrin-positive 
components, only region V had a composition compatible with being a fragment 
of LRF. It contained Leu (0.92), Arg (1.06), Pro (1.01), Gly (1.00), suggesting 
that it represents the C-terminal sequence H-Leu-ArgPro-Gly-NH2. 

The enzymic inactivation of LRF by both the hypothalamic and the anterior 
pituitary enzymes was temperature dependent with an optimum of 3 7 ' ~  (Fig. 2), 
and pH-dependent with an optimum at pH = 7.6 (Fig. 3). The neutral pH- 
optimum suggests that the enzyme(s) concerned are not lysozomal cathepsins. 
K ,  values were 8.7 X M and 6.4 X M for the enzymes of the AP and 
HT, respectively. 

LRF degradation by both AP and HT enzyme preparations can be inhibited 
by diisopropylfluorophosphate (104 M), p-chloromercuribenzoate (lo6 M) and 
by N-ethylmaleimide (lo6 M). These results may indicate the presence of serine 
and/or thiol in the vicinity or at the active site of the degrading enzymes. The 
enzymes can also be inhibited by bacitracin (104M) as well as by crude prepara- 
tions of Kallikrein inactivator (Trasylol; a gift from Bayer A.G., Frankfurt; 
Refs. 1, 4). Both enzymes were not inhibited by the metal-chelating agents 
1,lO-phenanthroline M) and ethylenediamine tetraacetic acid M), 
suggesting that there are no metal requirements for enzymic activity. 

The inhibitory component of Trasylol was utilized for affinity-purification 
of both HT and AP enzymes. Trasylol (4350 KIE/mg) was fractionated on a 
BioRex-70 ion-exchange column and the enzyme-inhibiting fraction was coupled 
to Sepharose by the CNBr procedure.5 The conjugate was used for affinity- 
chromatography of the enzymes as illustrated in Fig. 4. A nine- to  twelve-fold 
increase in the specific activities of the AP and HT enzymes, respectively, was 
thus achieved. Bacitracin was also coupled to Sepharose either directly or through 
two different extension arms: 1) - NH (CH2)2-COC6H4-p-N=N-bacitracin, 
2) - NH (CH2)5-CO-NHCH (C00H)-CH2C6H4-p-N=N-bacitracin. The three 
conjugates whichcontained - 25 pmol bacitracinlml, failed to separate the active 

Fig. 2. Temperature depend- Fig. 3. pH dependence of 
ence of enzyme activity. a-• enzymic activity. *-• pituitary 
pituitary enzyme; m- -m hypothala- enzyme; m- -m hypothalamic 
mic enzyme. enzyme. 
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0.001 M 0.05M O.IM Q5M 

Frodlon number 

Fig. 4. Elution patterns of LRF-degrading enzyme preparations on affinity and control 
columns. Preparations were applied to  75 X 5 mm columns and eluted with a discontinuous 
gradient of phosphate buffer (0.001-0.5 M; pH 6.8); flow rate 0.25 ml/min; fractions of 
1 ml were collected. Control resin was prepared by a similar coupling of myosin. o- -0, ab- 
sorbance and degrading-activity of Trasylol affinity column eluate; *-a, absorbance and 
degrading activity of control column eluate. 

enzyme fraction from the bulk of the accompanying proteins, using affinity 
chromatographic techniques, though the two conjugates with extension-arms 
inhibited the degradation of LRF by both HT and AP preparations. 

Since the degrading enzymes are present at  the sites of release (hypothalamus) 
and of action (pituitary) of LRF, we examined the possibility that they may 
have a physiological role in the fine control of the amount of the hormone at the 
receptor site. Several synthetic analogs of LRF, modified at positions Gly6 
and Leu7, have been reported to possess enhanced luteinizing hormone-releasing 
acti~ities.69~ This suggested a relationship between the resistance of these analogs 
to LRF-degrading enzymes and their enhanced biological potency. Analogs 
modified at the Gly6 or at both the Gly6 and Leu7 residues have a higher resist- 
ance to the LRF-degrading enzymes;3 the relative resistance of the analogs is: 
[D-~ la6 ,  (Na-~e)Leu7] -LRF > [ D - T ~ ~ ~ I  -LRF > [D-Leu6] -LRF > [D-Na6] 
LRF > LRF . [D-Leu6, ( N a - ~ e ) ~ e u ~ ]  -LRF is as resistant as [D;.4la6, (Na-Me)- 
Leu71 -LRF to enzymic attack. 

This ranking order corresponds, generally, to the known order of biological 
potencies of these LRF a n a l ~ ~ s . ~ ? ~  [D-~la6,  ( N a - ~ e ) L e u ~ ]  -LRF, however, is 
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exceptional in that, though immune to enzymic attack, it is only as active as 
 la^ la^] -LRF. This discrepancy may stem from impaired interaction of the 
analog with its receptor due to  steric hindrance by the Na-methyl group. 

Further indication of the physiological role for the pituitary enzyme in 
determining the effective concentration of LRF at the receptor site is provided 
by the finding that enzyme activity in the pituitary is influenced by estrogen 
(Fig. 5). Ovariectomy causes a 50% decrease, while estradiol replacement 
restores enzymic activity to pre-castration levels. Thus degradation may act as a 
quenching mechanism that regulates the concentration of this neurohormone at 
the pituitary receptor-sites. 

' . O r - - - - - -  

Fig. 5 .  Changes in LRF-degrading en- 
zyme activity in the pituitary. Enzyme 
activity is defined as the reciprocal of the 
amount of tissue (mg) degrading 60% of 
500 ng LRF in 15 min at  37OC. 0, pitui- 
taries taken from intact female; 8, pituitaries 
taken 2 weeks after ovariectomy; 8 + E2, 
pituitaries taken from ovariectomized rats 
3 days after a s.c. injection of 50 pg of 
estradiol benzoate. 
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EFFECT OF NOREPINEPHRIN, DOPAMINE, AND 
SEROTONIN ON THE INHIBITION OF MSH 

RELEASE INDUCED BY Pro-Leu-Gly-NH2 
IN PITUITARIES INCUBATED IN VITRO 

ADRIANA VIVAS and MARIA ESTER CELIS, 
Institute de Investigacibn Mbdica Mercedes y 

Martin Ferreyra Casilla de Correo 389 - 
5000 Cbrdoba, Argentina 

Introduction 

Melanotropins released from the vertebrate pars intermedia are under inhibi- 
tory control of the hypothalamus.1 Both direct neuronal innervation, as well as 
hypothalamic inhibiting and releasing factors, are implicated in the regulation of 
the pars intermedia function. The tripeptide Pro-Leu-Gly-NH2 was found to 
inhbit MSH (melanocyte-stimulating hormone) release in vivo and in v i t r0 .~9~ 
On the other hand, the release of MSH which occurs spontaneously from incu- 
bated glands was inhibited by catecholamines (norepinephrin, NE, and dopa- 
mine, D A ) . ~  Since both the tripeptide and catecholamines act at the pituitary 
level, we shall discuss available data and provide information f o r  our in vitro 
studies on the regulation of pars intermedia function. 

Materials and Methods 

Male rats were decapitated and the pituitary divided in halves. Both halves of 
the same pituitary were incubated at 3 7 ' ~  in minimum essential medium, using 
a Dubnoff metabolic shaker. After 30 min of incubation, each half was placed in 
1 ml of fresh buffer and compounds to be tested were added to one hemipitui- 
tary, whereas the other half served as control. The MSH concentration in the 
medium was determined by bioassay and expressed as control percentage. 

Results 

As can be seen in Table I various doses of NE inhibited MSH release, and the 
most effective dose was 1.25 ng/ml. In contrast DA showed an inhibitory action 
only at a dose of 1.25 ng/ml; all the other doses tested were ineffective in affect- 
ing MSH release. However when DA (50-500 ng/ml) and Pro-Leu-Gly-NH2 (20 
ng/rnl) were both present, the inhibition of MSH release was greater than the 
effect produced by Pro-Leu-Gly-NH2 alone. An inhibitory effect was also ob- 
served when 20 ng/ml were incubated with 50 or 500 ng/rnl of NE. These results 
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Table I. Effect of Dopamine (DA) or Norepinephrin (NE) on the Inhibition 
of MSH Release Induced by Pro-Leu-Gly-NH2 (PLG) in Incubated 

Rat Hemipituitaries 

DA plus 
ZOPLC -53.0- f3 .7(7)  -47 .5-14 .0  ( 3 )  -30.0: 4 . 0 ( 9 )  -87 .0f13 .02(5)  - 8 0 . 0 f 5 . 2 2 ( 9 )  -40.0: i . 2  ( 0 1  

The M S H  a c t i v i t y  o f  t h e  incubation medium of  t h e  t r e a t e d  hsrmpitui tary  1s expressed 
a s  percantags  change of  t h a t  of  t h e  c o n t r o l  incubated h a l f .  I n  parentheses  u m b e r  
O F  experiment.. mean f SFM. 
1 0 . 0 5  compared with hemipitui tary  incubated i n  eatecholamine-tree  medium. 
2 0 .025 compared with PLG a lone .  

indicate that DA at certain concentrations may potenciate the inhibiting effect 
of Pro-Leu-Gly-NH2 on MSH secretion whereas the action of NE and Pro-Leu- 
Gly-NH2 are additive. 

Pimozide was used as a dopaminergic-receptor blocker and phenoxybenza- 
mine as a a-blocker to find out whether the synergistic effect of DA on the inhi- 
bition exerted by Pro-Leu-Gly-NH2 is implemented through an a-adrenergic or a 
dopaminergic receptor. The results showed that pimozide does not block the 
synergistic effect between DA and Pro-Leu-Gly-NH2; whereas phenoxybenza- 
mine blocks this action and the hemipituitary incubated with phenoxybenza- 
mine plus Pro-Leu-Gly-NH2 gives similar results as an hemipituitary containing 
only the Pro-Leu-Gly-NH2 (Fig. 1). The same a-blocker was used to study the 
effect of NE, which was found to be incapable of inhibiting MSH release when 
phenoxybenzamine was present in the hemipituitary (Fig. 1). Neither pimozide 
nor phenoxybenzamine can act alone in the release of MSH into the medium. 
Adrenaline showed no action on the release of MSH into the incubation medium 
in any of the concentrations tested (1.25; 5; 50; 500 and 5000 ng/ml). 

When propranolol, a P-adrenergic blocker, was analyzed alone, it showed an 
inhibiting effect on MSH release in all the concentrations used. When pro- 
pranolol and Pro-Leu-Gly-NH2 were added together at low doses of the P-blocker 
(lol*ll/l), the inhibition of the release of MSH was similar to that of Pro-Leu-Gly- 
NH2 alone, but in high concentrations ( 1 0 6 ~  and I O - ~ M )  it increased the 
inhibition of MSH release (Fig. 2). Serotonin tested at the same concentrations 
as the other amines was ineffective in inducing changes in MSH release; but in the 
high concentration of ~ o - ~ M  it blocked the inhibitory effect of Pro-Leu-Gly-NH2 
on the MSH release. 
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Fig. 1. Effect of phenoxibenzamine on the synergistic effect of DA and on the additive 
effect of NE in the inhibition of MSH exerted by Pro-Leu-Gly-NH2 (PLG). Vertical lines 
indicate SEM. In parenthesis number of experiments. 

Fig. 2. Effect of propranolol on the MSH release by pituitaries incubated in vitro in 
presence and in absence of Pro-Leu-Gly-NH2 (PLG). 
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Discussion 

The results obtained with NE are in agreement with the work of Bower et  aL4 
Besides this direct effect on the pars intermedia; catecholamines have been 
shown to inhibit MSH release in the rat by an action at hypothalamic level via 
the release of melanotropin release-inhibiting factor.5 A similar mechanism has 
been proposed for prolactin control.6 The synergistic effect that in some doses 
DA has on the inhibition exerted by Pro-Leu-Gly-NH2 is blocked by phenoxy- 
benzarnine which in turn also blocks the additive effect of NE on Pro-Leu-Gly- 
NH2 inhibition. These results suggest that an a-adrenergic receptor is implicated 
in this action. Epinephrine in our experiments does not show any action on 
MSH release; other authors found inhibition or release of MSH according to the 
dose used.4 Propranolol showed inhibition of MSH release when it was tested 
alone. This effect could be a consequence of propranolol inhibition of Ca* 
e f f l u x e ~ . ~  Besides, propranolol has an additive effect on Pro-Leu-Gly-NH2 in 
high doses. Serotonin was ineffective in inducing any change in MSH release, 
contrary to what occurs in vivo where it does induce MSH re1ease.l Serotonin 
in high doses ( ~ O - ~ M )  blocked the inhibitory effect of Pro-Leu-Gly-NH2. 

Supported by the Consejo Nacional de Investigaciones Cientificas y Tdcnicas of Argentina. 
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SYNTHESIS OF BOC-0-BENZYL-HOMOSERINE: ITS USE IN 
THE SYNTHESIS OF [4-HOMOSERINE] -0XYTOCIN 
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and WILBUR H. SAWYER, Medical College o f  Ohio, 
Department o f  Biochemistry, Toledo, Ohio 43699; 
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The synthesis of [4-homoserine] -0xytocin was originally proposed in 1970 to 
test an hypothesis presented at the 2nd American Peptide Symposium in 
~1eveland.l This hypothesis attempted to explain the remarkable two-fold en- 
hancement of oxytocic activity of [4-threonine] -0xytocin relative to ~ x ~ t o c i n . ~  

The incorporation of homoserine into oxytocin proved extremely difficult. 
The difficulty stemmed from the well-known tendency of y-hydroxy amino 
acids to lactonise under acidic  condition^.^-^ Thus homoserine (Hse) and i t s P -  
substituted derivatives readily form the corresponding lactones. To date homo- 
serine has been incorporated into only one synthetic peptide6 The method 
described did not involve derivatization of the OH group. Our attempts to use 
this approach to synthesize [I5se4] -0xytocin were unsuccessful. We now report 
the synthesis of P-tert-butyloxycarbonyl-0-benzyl-L-homoserine (Boc-Hse 
(OBzl)) and its successful incorporation into position 4 in oxytocin to give 
[ ~ s e ~ ]  -0xytocin. Boc-Hse (OBzl) was obtained by an adaptation of a recently 
reported method used for the preparation of BOC-0-benzyl-serine7 (Fig. 1). It 
was incorporated into the required protected nonapeptide by the Merrifield solid 
phase method8 following previously published procedures.2.9 Deblocking with 
sodium in liquid amrnonialO, ~ ~ c l i z a t i o n ~ ~ ,  and purification by gel filtration on 
Sephadex G-15 by the two-step procedure involving 50% AcOH and 0.2 M AcOH 
as eluants respectively as previously describedl29l3 afforded the desired [ ~ s e ~ ]  - 
oxytocin. The pharmacological properties of this peptide were evaluated by 
previously described procedures.14~15 A more complete description of its synthe- 
sis and pharmacological properties will be reported elsewhere.16 

Results and Discussion 

Synthetic Aspects. Boc-LHomoserine was obtained as an oil, free from lactone, 
by a modification of the DMSO method.17 It was characterized as the dicyclo- 
hexylarnmonium (DCHA) salt. Storage as the DCHA salt was also necessary to 
prevent spontaneous lactone formation. Lactone formation was further avoided 
by the direct conversion of the Boc-homoserine DCHA salt into the sodium salt 
with aqueous sodium chloride in DMF prior to the benzylation step, The desired 
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I Boc-Azide:Et N 
3 

Boc-Homoserine (oi I) 
I 1 Dicycloherylamine 

Boc-Homoserine DCHA (80%) 

M . P .  148-149' I0163 -2.6 (c. 2, DMF) 1 NaCl 

Boc-Homoserine Na 
I 

Sodium Hydride I Bzl-Br 

t 
BOC-0-~enzyl-~omoser ine (oi I) (48%) 
I 
I Cyclohexvlamine 

t 
Boc-0-Benzyl-Homoserine CHA salt (99%) 

H.P. 145-147'; +3O (C, 3 methanol) 

Fig. 1. Synthesis of Boc-Hse (OBzl) 

Boc-0-benzyl-homoserine, obtained as an oil, was characterized as its cyclo- 
hexylammonium (CHA) salt. To our knowledge this is the first successful syn- 
thesis of homoserine derivative suitable for general use in peptide synthesis. 
Pharmacological Aspects. The oxytocic and antidiuretic properties of [ ~ s e ~ -  
serine] -0xytocin are presented in Table I. [ ~ s e ~ ]  -0xytocin is only one fourth 
as active as oxytocin in the oxytocic assay system. 
Background to Hypothesis. In comparing the oxytocic activities of all known 
4-substituted analogs of ~ x ~ t o c i n , l > ~  it became clear that the nature of the side 
chain at position 4 plays a critical role in determining the degree of oxytocic 
activity of a given analog. The critical structural features are: 1) the length of 
the side chain; 2) the degree of branching; 3) the possession of both lipophilic 
and hydrophilic character; 4) the nature of the hydrophilic substituent. 
Hypothesis. In satisfying factor 3, both glutamine and threonine have equal 
amounts of lipophilic character as measured by the number of methylene and 
methyl groups. Thus, it was postulated that the greater effectiveness of threonine 
relative to glutamine is related solely to factor 4 i.e. the 0-OH group is more 
effective than the y-CONH2 group in helping to elicit the oxytocic response. 
Support of Hypothesis. [4-Serine] -0xytocin has twice the oxytocic potency of 
[4-asparagine] -0xytocin (Table I). This is apparently due to the greater effec- 
tiveness of the 0-OH as compared to the 0-CONH2 group. 
Test of Hypothesis. This was based on the assumption that the 0- and 7-positions 
at position 4 are equivalent as far as the effectiveness of the OH group is con- 
cerned. Since glutamine and homoserine differ only with respect to  a CONH2/ 
OH interchange at their respective y-carbons, [4-homoserine] -0xytocin would, 
if both the hypothesis and the assumption upon which it was based were correct, 
be twice as potent as oxytocin. 
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Table I. Pharmacological Activities (Unitslmg f Standard Errors) 
of [4-Homoserine] -Oxytocin, Oxytocin and Related Peptides 

Peptide RatOxytocic(noHg++)  R a t A n t i d i u r e t i c  

1 ) [ b - ~ m s e r  i ne]-oxy toci  na 125t13 0.24 i0 .03  

5 )  [4-  spa rag i ne]-oxy toc i nd 108t29 0.04420.005 

aPresent comnunication and r e f e r e n ~ e ~ ~ ; ~ ~ e f e r e n c e l ~ ; ~ ~ e f e r e n c e ~ ~ ; ~ ~ e f e r e n c e  I 9  

Conclusion. It is clear from the data presented in Table I that our attempt to 
explain the high oxytocic potency of [ ~ h r ~ ] - o x y t o c i n  was too simplistic in 
ignoring from the beginning the distinction between 0 and y substituents. The 
fact that [ ~ s e ~ ]  -0xytocin is much less active than oxytocin does not invalidate 
the original hypothesis. The hypothesis was based on an incorrect assumption. 
This peptide was not, in retrospect, the best peptide to test the hypothesis with. 
To test the hypothesis properly would require the incorporation at position 4 of 
P-methyl asparagine. It now appears that the greater effectiveness of threonine 
relative to glutamine at position 4 is due to a combination of factors 2 and 4 
i.e. to the degree of branching and to the nature of the hydrophilic substituent. 
It is also clear that the relative effectiveness of the OH group vis-a-vis the CONH2 
group on position 4 side chains, in helping to elicit the oxytocic response, de- 
pends very much on whether it is attached to a b- or a y-carbon. 

This work was supported in part by research grants from the National Institute of Child 
Health and Human Development (No. HD 06351), the National Institute of Arthritis, 
Metabolism and Digestive Disease (No. AM 01940), and National Heait and Lung Institute 
(No. HL 12738). The authors wish to thank Ms. Cindy Licata for invaluable assistance in the 
preparation of the manuscript. 
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STUDIES ON THE SYNTHESIS AND BIOLOGY OF NISIN: 
RING A 

PETER PALLAI, TATEAKI WAKAMIYA, and E R H A R D  GROSS, 
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National Institute o f  Child Health and Human Development 
National Institutes o f  Health Bethesda, Maryland 20014 

The heterodetic pentacyclic peptide nisinl (Figure 1) and its N-terminal frag- 
ments (residues 1-21) affect neonatal and neoplastic tissue by inducing fetal 
resorption and inhibiting the growth of tumor tissue. Trypsin-derived fragment 
T1 (residues 1-12) displays similar activities. The peptide 1-7 (Figure 1) with 
one residue each of lanthionine (Ala-S-Ala), dehydroalanine (Dha), and dehydro- 
butyrine (Dhb) is predicted to also display the biological activities indicated. In 
order to test this hypothesis and to provide the first cyclic peptide for the step- 
wise condensation of Rings A (residues 3-7), B (residues 8-1 I), and C (residues 
13-19), precursors have been provided for synthetic routes. These precursors 
offer a maximum of necessary flexibility (for cyclization via peptide bond or 
sulfide-bridge formation) to assemble Ring A with dehydroalanine in position 5 
(Figure 1). With these precursors there is also the possibility of incorporating 
radiolabel for the study of the mode of action of nisin, nisin fragments, and their 
analogs in the physiological environment. 

Precursors for Cyclization of Ring A via Peptide Bond 
Formation (Route A) 

The suitably protected tripeptide consisting of residues 4-6 of nisin (Figure 1) 
was condensed with differently protected lanthionine of appropriate chirality to 
establish feasible routes for the cyclization to Ring A. 

Fig. 1. The structure of nisin. Ring A: residues 3-7; Abu = aminobutyric acid; Dha = 
dehydroalanine; Dhb = dehydrobutyrine (P-methyldehydroalanine); Ala-S-Ala = lanthionine; 
Abu-S-Ala = p-methyllanthionine. 
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Boc-Llsoleucyl-dehydroalanyl-Lleucine (I; Boc-L-Ile-Dha-L-Leu-OH) was pre- 
pared by stepwise condensation using N-hydroxysuccinimide esters for activation 
(Figure 2). Boc-L-Isoleucine N-h~drox~succinimide ester was allowed to react 
with S-methyl-L-cysteine in tetrahydrofuran (THF)/water in the presence of ex- 
cess NaCH03 under nitrogen to give Boc-L-isoleucine-S-methyl-L-cysteine (11) in 
86% yield. I1 was converted to the N-hydroxysuccinimide ester and coupled to 
Lleucine methyl ester. Boc-L-iso1eucyl-S-methyl-L-cysteinyl-L-leu methyl 
ester (111) was isolated in 89% yield. Fluorosulfonic acid methyl ester2 was em- 
ployed to form the sulfonium salt of I11 for the conversion of the cysteine residue 
to dehydroalanine via triethylamine-catalyzed 0-elimination. Boc-L-isoleucyl- 
dehydroalanyl-Lleucine-methyl ester (IV) was secured in 92% yield [thin layer 
chromatography (TLC): Rf = 0.48 in benzenelacetic acid = 7: 1; Anal. calcd for 
C21H37N306 : C, 58.99; H, 8.72; N 9.83; Found:C, 58.91, H, 8.67; N 9.78.- 
Hydrolysis of IV with 1.5 equivs. of NaOH in aqueous THF (100 min., r.t.) gave 
I in 96% yeild, mp 85-86'C; TLC single spots in several solvent systems; amino- 
acid analysis (residue ratios): Ile, 0.99; Leu, 1 .O; NH3, 1.09. Nmr [CDC13 inter- 
nal standard tetramethyl silane (TMS)] dehydroalanine, 0-protons: 5.36 and 
6.41 ppm; amide proton, 8.59 ppm. 

Fig. 2. The Synthesis of L-isoleucyl-dehydroalanyl-L-leucine. -COOSu = N-hydroxy- 
succinimide ester; Dha = dehydroalanine; TEA =triethylalamine; HZN-(Cys) -CH3; -COOH = 
S-methyl-L-cysteine. 

206 
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Differently Protected Lanthionines were required to investigate synthetic routes 
(cf. Figure 3 for one approach chosen) for the meso-form of lanthionine (chirali- 
ties seen for this amino acid in nisin). In substitution reactions with precursors 
(N-protected 0-haloalanine and N,S-disubstituted cysteine derivatives) of the L- 
configuration, chirally homogeneous L-lanthionine was obtained directly; it was 
not necessary to resort to the resolution of optical isomers. The same is not true 
for meso-lanthionine. Here the chiralities to be faced lead to a situation that is 
more prone to side reactions causing alterations in chirality. 

Precursor for Cyclization via Sulfide-Bridge Formation 
(Route B) 

A pentapeptide containing residues 4 through 6 of nisin and protected de- 
hydroalanine and cysteine methyl ester in the terminal positions was used in 
studies aiming at the cyclization of Ring A via addition of the sulfhydryl group 
across the double bond in the unsaturated amino acid. Resolution will be re- 
quired for the chirally inhomogenous product to be expected. 

Boc-Dehydroalanyl -L-isoleucyl-dehydroalanyl-L-leucyl-S- benzoyl-Lcysteine 
methyl ester (V) was derived from the reaction of Boc-S-methyl-L-cysteinyl-L 
isoleucyl-S-methyl-L-cysteine with L-leucyl-S-benzoyl-L-cysteine methyl ester 
(N-hydrooxysuccinimide ester activation) followed by the conversion of the 
cysteine residues to dehydroalanine. The latter was accomplished by forming 
the disulfonium salt with methyl fluorosulfonate2 and catalyzing the 0-elimination 
reaction with triethylamine compound. V was isolated as a powder in 72% yield. 
Amino-acid analysis (residue ratios): cysteine, 1 .01; isoleucine, 1.10, leucine, 
1.00, ammonia, 1.98. Nmr (6 DMSO-d6/TMS): 5.20; 5.36; 5.98; 6.30 (each 1 H, 
s, 0-protons dehydroalanine residues); 7.32 and 8.67 (2 X 1 H, s, amide proton 

Fig. 3. The synthesis of meso-lanthionine. 'BUOK = potassium-tert-butylate; THF = 

tetrahydrofuran; Z-HN-(D-Ala)-Cl; -COOH = N-benzyloxycarbonyl-p-chloro-D-alanine; Boc- 
HN-(L-Cys)-Bz; -COOCH3 = N-tert-butyloxycarbonyl-S-benzoyl-L-cysteine methyl ester; 
(D-A1a)-S-(L-Ala) = meso-lanthionine. 
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dehydroalanine residues); 7.39 (2 H, t, meta-positions benzoyl); 7.53 (1 H, t, 
para-position benzoyl) 7.86 (2 H, d, ortho-positions benzoyl). 

Analytical scale reactions to condense I with lanthionine (mixture of meso- 
and L- and/or D-forms; protected as shown in Figure 4) were carried out success- 
fully thus setting the stage to explore cyclization to Ring A via peptide bond 
formation. 

Fig. 4. Condensation of (Boc-L-isoleucyl-dehydroalanyl-L-leucine with meso-lanthionine 
(here shown to form the peptide bond between residues corresponding to position 6 and 7 
of nisin) and cyclization to Ring A via Route A. Dha = dehydroalanine; -COOSu = N- 
hydroxysuccinimide ester; (D-A1a)-S-(L-Ala) = meso-lanthionine. 
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KINETICS OF INHIBITION OF PEPSIN BY PEPSTATIN, 
DIDEOXYPEPSTATIN, ACETY L-ST ATIN AND 

ACETY L-DEOXY STATIN. 

DANIEL H. RICH and ERIC SUN, School o f  Pharmacy, 
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Pepstatin (1) is a tight-binding (Ki 1 10-lo M), inhibitor of several acidpro- 
teases including pepsin, renin and cathepsin D. We have shown that the hydroxyl 
group in the third residue of pepstatin is essential for the low Ki, because dide- 
oxypepstatin (2), which lacks this hydroxyl group is a much weaker inhibitor of 
porcine pepsin (Ki = 2 X 10-7 M).l 

In order to obtain a better understanding of the mechanism of inhibition of 
pepsin by pepstatin, which may be a transition-state-analog inhibitor? and to 
clarify the function of the essential hydroxyl group in the third residue, we have 
carried out detailed kinetics of the inhibition of pepsin by pepstatin (I), dide- 
oxypepstatin (2), acetyl-statin (3) and acetyl-deoxystatin (4) using the heptapep- 
tide 5 as the pepsin substrate. See Scheme 1. 

Iva-Val-Val-Sta-Ala-Sta (1) where Sta = 3-hydroxy-4-amino-6- 
methyl heptanoic acid 

Iva-Val-Val-DeoxySta-Ala-DeoxySta (2) 

Ac-Sta (2) 

Ac-DeoxySta (5) where DeoxySta = 4-amino-6-methyl heptanoic acid 

phe-~ly-His-phe (NO Z)  he-Ala-Phe-OMe (5) 

Scheme 1. 

The following results were obtained. Inhibitors 2, 3 and 4 were found to be 
simple competitive inhibitors of pepsin with Ki respectively equal to 2 X M, 
1.2 X M and 3 X M. In contrast, inhibition by pepstatin ( I )  was found 
to be non-competitive as judged by a Lineweaver-Burke plot of this system at 
~ t e a d ~ - s t a t e . ~  A non-competitive inhibition mechanism would be inconsistent 
with the transition-state-analog-inhibitor hypothesis. 

Close inspection of the inhibition kinetics revealed an important difference 
between the rate at which maximum inhibition is produced by the inhibitors. 
Figure 1A shows for hydrolysis of 5 in the absence of inhibitor [I] and Figure 
1B shows 6 in the presence of 2. In both cases Vi is linear for 10-75 sec. Figure 
1C shows 6 when enzyme and 1 are added to 5 without pre-equilibration. Vi is 
clearly non-linear in the first 0-60 sec and inhibition of the enzyme is steadily 
increasing. If this concentration of 1 is preequilibrated with pepsin for 3-5 min 
no hydrolysis occurs and the enzyme is completely inhibited (Figure ID). 
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15 30 45 60 i5 (seconds) 

Fig. 1. Initialvelocity (Vi) for hydrolysis 5. A. [I]  = 0; B. Dideoxype statin = 3 X M ;  E C. Pepstatin, 2 X M, not pre-equilibrated; D. Pepstatin, 2 X 10- M, pre-equilibrated 
5 min. 

The data in Figure 1 establish that the binding of 1 to pepsin does not reach 
steady-state for at least 2-3 min. We propose that the inhibition follows Scheme 
2 where the first-order approach to equilibrium k2/k-2 is slow requiring 3-5 min 
for completion. Since 

Scheme 2. 

k2 is slow and Ki = 10-lo M, then k-2 must be much smaller and because6EI' is 
not present initially Scheme 2 can be simplified to Scheme 3. 

Scheme 3. 

Scheme 3 is frequently used to determine the kinetic parameters of irreversible 
inhibitors4 and can be used to analyze the pepstatin results by plotting the 
reciprocal pseudo-first order rate constant (kapp) VS. the reciprocal of inhibitor 
concentration[I] according to Eq (1): 
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The l/i for hydrolysis of 5 at increasing concentrations of I is shown in Figure 2. 
This data was analyzed graphically to determine kapp (Figure 3). Following Eq 
(I), a plot of l/kapp vs 1/[I] (Figure 4) gives the following constants: k2 = 0.022 
sec-l, k-1/kl = 1.22 X 10-8 M and TlI2 = 31 sec. 

Because of the close structural similarity between 1 and 2, which is a pure 
competitive inhibitor? it is probable that pepstatin 1 is also a competitive in- 
hibitor of pepsin. This could be tested by measuring Vi (using a high kat sub- 
strate) before the relaxation process proceeds; this work is in progress. However, 
assuming competitive inhibition by 1, it is interesting to compare the effect on 
Ki produced by adding a hydroxyl group to acetyl-deoxystatin 4 and to predict 
the Ki of pepstatin in the absence of other effects. Addition of the hydroxyl 

Fig. 2. Initial velocity for hydrolysis of 5 in presence of different pepstatin concentra- 
tions. 

Fig. 3. Inhibited velocity at time, T, vs. time in the presence of different pepstatin 
concentrations, A, B, C, and D. 
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Fig. 4 Plot llkapp VS. 1/[I] 

group to 4 decreases Ki by 18-fold. Both inhibitors are competitive and there- 
fore the factor of 18 can be used to estimate the contribution of this hydroxyl 
group to inhibition when placed in the enzyme's active site. Addition of the 
hydroxyl group to dideoxypepstatin 2 would decrease the Ki by 18 to 1.17 X 

M. This value agrees closely with k-l/kl (1.22 X 10-8 M )  derived for 
Scheme 2. 

The inhibition of pepsin by pepstatin 1 is described by Scheme 2. The value 
for k-l/kl is in accord with that expected from addition of a hydroxyl group to 
2. The difference between k-l/kl M )  and Ki (10-lo M) is due to the slow 
first order process EI * 'EI'. The magnitude of k2 is not unusually small for an 
enzymatic process and is comparable to the rate constant for a conformational 
change.5 If the conformation of 'EI' resembles the transition-state for hydrolysis 
of substrate then 1, but not 3, may be a transition-state analog inhibitor of pepsin. 

We thank the Graduate School of the University of Wisconsin-Madison for partial support 
of this work. 
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PREPARATION AND CHARACTERIZATION OF A 
DEXTRAN-PEPSTATIN CONJUGATE, A NEW AND 

POTENT INHIBITOR OF RENIN AND PEPSIN. 

H. J .  CHOU & R. I .  GREGERMAN, Gerontology Research Center, 
Clinical Physiology Branch, National Institute on Aging, National Itz- 
stitutes o f  Health, Baltimore City Hospitals, Baltimore, MD. 21 224. 

Pepstatin, (isovaleryl-L-valyl-L-valyl-4-amino-3-hydroxy-6-methylheptanoyl-L- 
alanyl-4-amino-3-hydroxy-6-methylheptanoic acid, M, 685) is a pentapeptide ob- 
tained from Streptomyces. The compound is a potent specific inhibitor of several 
acid proteases (pepsin, cathepsin D, renin). The effect of this peptide on the pro- 
duction of angiotensin I by inhibition of renin both in vivol and in vitro2 has been 
described. These results suggest that pepstatin might be useful in evaluating the 
role of the renin-angiotensin system under various physiologic and pathologic 
conditions. Pepstatin could also be of potential clinical usefulness in the differ- 
ential diagnosis of hypertension and the detection of renovascular hypertension. 

Experimental use of pepstatin has been precluded by the very low water solu- 
bility of the peptide and its short duration of action, apparently due to its rapid 
clearance from the circulation. We had previously manipulated the solubility 
characteristics of the tetradecapeptide renin substrate by coupling the peptide to 
polyglutamic acid.3 Subsequently, synthetic polymers have been used as carriers 
for several drugs in order to prolong the duration of their a c t i ~ i t ~ . ~ ~ ~  In order to 
circumvent both the problem of limitation of dosage due to solubility and dura- 
tion of action, we have coupled pepstatin through its C-terminal carboxyl to  
several high-molecular-weight, water-soluble polymers, since the C-terminal car- 
boxyl seems to be not essential for pepstatin's effectiveness. Such conjugates 
would be expected to maintain their potent inhibitory effects. The conjugates 
would presumably also exert an it? vivo effect of longer duration of action than 
pepstatin itself and would be expected to approach that of the survival time of 
the polymer in the circulation. 

The most promising pepstatinconjugate polymer we have prepared (Scheme 
1) is one in which the peptide is coupled to high-molecular-weight dextran, a 
relatively non-allergenic, soluble polysaccharide. 

An essential feature in the success of the synthesis is the use of low concentra- 
tions of cyanogen bromide to  avoid irreversible precipitation of the polysaccha- 
ride during the activation reaction. Coupling of pepstatin to  ethylene diamine 
dextran conjugate is performed in a 1 : 1 mixture of pyridine and 0.1 M sodium 
phosphate, pH 5.5, with 1-ethyl-3-(3-dimethylaminopropy1)carbodiide as the 
coupling catalyst. In this solvent system all reactants are soluble. Removal of 
unreacted components is accomplished by prolonged dialysis. After coupling of 
pepstatin to the dextran, an excess of glycine is added to  saturate unreacted 
imidocarbonate groups, thus preventing the initially soluble conjugate from be- 
coming insoluble during freeze-drying of the preparation. 
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( i )  

( i i )  

( i i i )  

25" 
d e x t r a n  (T-40) + cyanogen bromide -ac t iva ted  d e x t r a n  

4" a c t i v a t e d  d e x t r a n  + NH2 (CH2) 2NH2- NH 2 (CH 2 2  ) -NH-dextran 

NH2(CH2)2 NH-dextran + p e p s t a t i n  

p y r i d i n e  i n  0 . l M  sodium phosphate  pH 5 .5  
d 

25",  1-ethyl-3-(3-dimethylaminopropy1)-carbodiimide 

Scheme 1. Preparation of the pepstatin-conjugate polymer. 

Amino-acid analysis indicates that 1 mg of polymer conjugate contains 20 pg 
of pepstatin. Control experiments without added carbodiimide shows absence of 
pepstatin, indicating that the peptide does not become non-specifically adsorbed 
by dextran during preparation. The solubility of dextran-pepstatin conjugate is 
the same as that of uncoupled dextran. 

The conjugate was tested for its ability to inhibit the acid proteases (human 
renin and porcine pepsin) using the labeled polymeric substrate assay.3 The 
polymer conjugate maintains the same potent inhibitory effects as pepstatin 
itself toward human renin and porcine pepsin (Fig. 1, A, B). The pepstatin 
conjugate also shows inhibitory effects on human renin using partially purified 
hog renin substrate or human renin substrate with determination of the angioten- 
sin I product by radioimmunoassay6. Evaluation of the effectiveness of the 
pepstatin conjugate in vivo is in progress. 

Fig. 1. Inhibition of (A) human renin ( 1 0 - ~ ~ ~ / m l )  and (B) porcine pepsin (3 X 
mol/ml) by pepstatin and pepstatin-dextran conjugate. 
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SYNTHESlS OF BIOLOGICALLY ACTIVE ALAMETHICIN 

B. F. GISIN, S. KOBAYASHI, Department o f  Biochemistry, 
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Alamethicin (ALA) is a peptide antibiotic1 that modifies natural2 and artifi- 
membranes. In artificial lipid bilayer membranes it induces voltage- 

dependent conductances4 that are due to ion-conducting  channel^^-^ similar to 
those observed in nerve membranes. The cyclic structure that was first proposed 
for ALA by Payne et  al.1° was found to be incorrect and instead an open chain 
sequence was proposed by Martin and williamsl1 and Jung et a1.12 The latter 
structure (ALAa,  Fig. 1) was synthesized but the product was different from the 
main component of natural A L A . ~ ~  One difference was the acidity of the car- 
boxyl groups. Synthetic ALAa  had a pK: of 4.4 compared to  5.2 for natural 
ALA (Table I ) . ~  

Phol 

Ac -A ib -P ro -A ib -A la -A ib -A la -G ln -A i  b-Val -Aib-Gly-Leu-Aib-Pro-Val -A i  b-Aib-Glu-Gl n-OH 

1 17 18 19 

ALA-o 
OH 

A c - A i L l a - A i U i b - V a l  Aib-Glu-Gln-Phol 

1 4 5 8 9 17 18 19 

Fig. 1. Aib = a-aminoisobutyric acid, Phol = L-Phenylalaninol, Ac = acetyl. ALA-a, 
structure proposed in Ref. 11 and 12. A L A r ,  structure of synthetic, biologically active 
alamethicin (this paper). 

Table I. Dissociation Constants of Glu Derivatives 

Compound P o s i t i o n  o f  Carboxyl  Group PK; a )  

Bac-Glu(OEz1 )-OH 

~ o ~ - ~ l u ( P h o l  )-OH 

s y n t .  ALA-a 

Boc-Gl u(0H)-OBz1 

Boc-Glu(0H)-PhOl 

syn t .  ALA-Y 

n a t .  ALA 

a )  Apparent d i s s o c i a t i o n  cons tan ts  determined w i t h  g lass  e l e c t r o d e  i n  EtOH/H20 
(3:7, v / v )  a t  25'. Es t imated  exper imental  e r r o r ,  0.1 pK u n l t s .  
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This suggested that the position of the phenylalaninol (Phol) residue may 
have been misassigned in previous structural work. For that reason the isomer 
of ALAa in which the Phol residue was linked to the C-terminal a-carboxyl 
group of Gln19 rather than to the y-carboxyl group of Glu18 was synthesized. 
This peptide, ALA-y (y for y-carboxyl group), is the subject of the present 
contribution. 

The synthesis of ALA-y was performed by the solid-phase method14 using 
the stepwise fragment condensation approach applied to the synthesis of 
A L A ~ . ~ ~  In the final condensation step, an N-acetyl 17-residue fragment was 
coupled to the resin-bound dipeptide derivative H-Glu(0Res)-Gln-Phol and the 
unreacted portion of the large fragment was washed out. This scheme was used 
in order to avoid the potentially difficult task of having to separate unreacted 
17-residue peptide from the 19-residue target peptide. Coupling was effected by 
DCC/HOBt in CH2C12/DMF over 40 hr. Purification, after cleavage with HF, 
was on a Sephadex G-25 column in EtOH/H20 (1 : 1). The amino-acid composi- 
tion of a hydrolyzate of the product was in agreement with the expected values 
(in parentheses): Glu 2.91 (3), Gly 1 .O1 (I), Ala 1.92 (2), Val 1.95 (2), Leu 
1.01 (I), Aib 8.48 (8), Pho10.87 (1). 

Synthetic ALA-y co-chromatographed with the main component of natural 
ALA on silicagel G thin layer plates in six different solvent systems including 
three that clearly separated ALA-y and ALAa. The methyl esters of natural 
ALA and of A L A r  co-chromatographed in five systems in two of which the 
methyl ester of ALAa migrated differently. The pKg (Table I) of ALA-y was 
within experimental error the same as for the natural product but expectedly 
different from that of synthetic ALAa. 

The 220-MHz proton nmr spectrum of natural ALA contained all of the sig- 
nals present in the spectrum of synthetic ALA-y at the same intensities and 
chemical shifts. There were additional signals in the natural ALA spectrum that 
were absent in the A L A r  spectrum. This is consistent with the presence of 
heterogeneities in the natural sample that were not removed by the purification 
techniques used. (Crude natural ALA was purified on an anion exchange resin 
followed by Sephadex G-25 chromatography.) A likely possibility is the pres- 
ence1° of kb6-alamethicin to the extent of 15-30 mol-% and of other homo- 
logues in low concentration. 

The antibiotic activity was assayed using Bacillus subtilis in liquid cultures 
containing varying concentrations of peptide. Synthetic ALA-y was 60430% as 
potent as natural ALA in this assay (Fig. 2) while ALAa had little activity 
(< 10%). In lipid bilayer membranes the specific activity of ALA-y was 20-3076 
that of natural ALA (Fig. 3). 

In conclusion, synthetic ALA-y is indistinguishable from the main component 
of natural ALA in chromatographic behavior and acidity. It is very potent in 
antibiotic assays and in inducing voltage-dependent conductances in lipid bilayer 
membranes. This may mean that ALA-y is similar to natural ALA in structure. 
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Fig. 2. Growth inhibition of Bacillus Fig. 3. Effect of concentration of 
subtilis 168 in liquid culture by natural natural and synthetic alamethicins on the 
alamethicin and by synthetic ALA-y. voltage required to produce a conductance 

of 7.2 p ~ / c m ~  in lipid bilayer membranes 
made of phosphatidyl ethanolamine/mono- 
olein (2: 1). 

Alternatively, ALA-+y may represent just one component of natural ALA with 
other components being more active. 

We wish to thank Dr. Z. K. Borowska for assistance with the antibiotic assays and Dr. 
R. B. Merrifield for reading the manuscript. Samples of natural alamethicin were kindly 
provided by Dr. G. B. Whitfield of the Upjohn Company. Nmr spectra were taken a t  the 
facilities a t  The Rockefeller University (NSF Grant BMS 74-12247) and at  Carnegie Mellon 
University (NIH Grant RR-00292). This work was supported by NIH Grants HL-17961 and 
HL-1995 1. 
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TUBERCULOSTATIC 3-HYDROXYACYL HEPTAPEPTIDES 

G O T F R Y D  KUPRYSZEWSKI, BERNARD LAMMEK and 
WITOLD NEUGEBAUER, Institute o f  Chemistry, 

University of  Gdansk, Poland 

In 195 1 ~ o c h i l ? ~  isolated a tuberculostatic antibiotic and named it esperin. 
Further investigations of the antibi0tic3-~ revealed that it presumably consisted 
of a mixture of a few compounds of the following structure: 

where R is CH3(CH2I9, CH3(CH2)10 and CH3(CH2)11. 

Accordingly, the molecules contain one residue each of 3-hydroxy acid, L-glutamic 
acid, L-aspartic acid and L-valine, as well as two residues each of L-leucine and 
D-leucine. The C-terminal position has been shown to be occupied by D-leucine. 

As the sequence of the peptide chain of esperin was determined by mass 
spectrometry,7 the position of the second D-leucine residue has not yet been 
elucidated. The configuration of the 3-hydroxy acid residues also remains 
unknown. 

A mild hydrolysis of the lactone bond of esperin affords the appropriate 
3-hydroxyacyl heptapeptide referred to as esperic acid. Analogs of esperic acid, 
similar to esperin itself, .have been found to exhibit tuberculostatic activity. 
Were both the position of one of the D-leucine and the configuration of the 
3-hydroxy acid residue to remain unknown, eighteen analogs of esperic acid 
would be expected. The following structures can be assigned to these analogs: 

CH (CH ) - c H - c H ~ - C O - G ~ U - L ~ ~ - L ~ U - V ~ ~ - A S ~ - D - L ~ U - D - L ~ U  
3- 2 n 1  

OH I11 

Ia: n = 9 , ( R ) ; I b :  n=9 , (S) ; Ic :  n=lO,(R);Id: n=lO,(S);Ie:  n = l l , ( R ) ;  
If: n = 11, (S); IIa: n = 9, (R); IIb: n = 9,  (S); IIc: n = 10, (R); IId: n = 10, (S); 
IIe: n = 11, (R); IIf: n = 11, (S); IIIa: n = 9, (R); IIIb: n = 9, (S); IIIc: n = 10, 
(R); IIId: n = 10, (S); IIIe: n = 11, (R); IIIf: n = 11, (S). The configurations of 
the 3-hydroxy acid residues are given in parentheses. 
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The syntheses of the eighteen analogs of esperic acid have been carried out in 
this work. First, racemic 3-hydroxytridecanoic, 3-hydroxytetradecanoic and 
3-hydroxypentadecanoic acids were obtained by employing the Reformatsky 
m e t h ~ d . ~ > ~  The racemates were then resolved into enantiomers.l0>l1 

Nine analogs of esperic acid (Ic, Id, If, IIc, IId, IIf, IIIc, IIId and IIIf) were 
obtained by aminolysis of the N-hydroxysuccinimide esters of appropriate 
3-hydroxy acids with heptapeptides synthesized by the Merrifield method. The 
3-hydroxyacyl heptapeptides obtained were purified by column chromatography. 

The nine remaining analogs (Ia, Ib, Ie, IIa, IIb, IIe, IIIa, IIIb and IIIe) were 
obtained by classical methods employed in peptide chemistry. N-Ethoxycarbonyl- 
2ethoxy-l,2-dihydroquinoline (EEDQ) and the azide of the diphenyl ester of 
phosphoric acid (DPPA) were used to synthesize the peptide bonds. The amino 
groups were protected by t-butyloxycarbonyl residues and the carboxyl group 
of the C-terminal D-leucine was protected by converting it to the p-nitrobenzyl 
ester (ONb). The y-carboxyl group of L-glutamic acid and the P-carboxyl group 
of L-aspartic acid were protected by converting them to the benzyl esters. The 
N-terminal amino acid was acylated with 3-hydroxy acids by using their active 
N-hydroxysuccinimide esters (see Scheme 1). Final products were purified by 
column chromatography. 

The eighteen chromatographically homogeneous 3-hydroxyacyl heptapeptides 
were identified by quantitative assessment of their amino-acid composition, 
elemental analyses, IR spectra and determination of their molecular weights by 
mass spectrometry. 

Seven (Ia, Ic, Id, Ie, If, IIIa and IIIe) of the eighteen 3-hydroxyacyl heptapep- 
tides were found to  exhibit tuberculostatic activity. On this basis one can assume 
that esperin constitutes a group of compounds with structures corresponding to  
the seven active 3-hydroxyacyl heptapeptides. 

Scheme 1. A schematic diagram of the syntheses of analogs of esperic acid. X-Leu 

stands for D- or L-leucine; 3-Hya stands for 3-hydroxy acid. 
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A CELL SURFACE ACTIVE ANTITUMOR PROTEIN, 
NEOC ARZINOSTATIN 

T. S. ANANTHA SAMY and H. LAZARUS, 
Sidney Farber Cancer Institute, Harvard Medical School, 

44 Binney Street, Boston, M A  02115 

Neocarzinostatin (NCS), an antitumor protein isolated from Streptomyces 
carzinostaticusl, is a single chain polypeptide with 109 amino-acid residues. The 
amino-acid sequence of NCS has been established2. NCS is highly cytotoxic for 
mammalian cells in vitro. Although it inhibits DNA synthesis and induces DNA 
strand scissions in vitro and in v i ~ o ~ - ~ ,  its precise mechanism of action is not 
known. 

.The two free amino groups in NCS (a-NH2 of Ma1 and eNH2 of were 
reacted with 3-(4-hydroxypheny1)propionic acid N-hydroxysuccinimide ester in 
0.1 M borate buffer, pH 8.5 at 5' C. The reaction went to completion with two 
moles of active ester reacting with one mole of protein. The bis-amino substitut- 
ed protein, bis[Aal, ~ y s ~ O ]  -3-(4-hydroxypheny1)propionarnide-NCS (BisHPP- 
NCS), was purified by chromatography on a CM-cellulose column with 0.05 M 
acetic acid and acetate buffer gradient, pH 3-5. Electrometric titration indicated 
the absence of free amino groups in BisHPP-NCS; this was evident in the in- 
creased mobility on electrophoresis at pH 8.6 (Figure 1) and the low isoelectric 
point, pI 3.1 vs. 3.3 native NCS. The BisHPP-NCS was biologically active in 
growth inhibition of Sarcina lutea and of human lymphoid leukemic (CCRF- 
CEM) cells, in vitro (Table I). It was as potent as native NCS in the L1210 and 
P388 mouse leukemias. These results suggested that the two amino groups are 
not essential for biological activity of NCS. 

After ascertaining the nonfunctional role of the amino groups, NCS was 
immobilized by coupling to the N-hydroxysuccinimide ester derivative of agarose 
(Affigel 10, BioRad) in 0.1 M phosphate buffer, pH 7.5. The coupling was 

N C S  

Fig. 1. Acrylamide gel electrophoresis of NCS and BisHPP-NCS at pH 8.6. 
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Table I. Growth Inhibitory Activity of NCS and BisHPP-NCS Against 
S. lutea and CCRF-CEM Cells in vitro. 

INHIBITORY ACTIVITY 
Sarcina Lutea CCRF-CEM Cells 

W C  pg/ml I D w  pg/ml 
Native NCS 0 . 0 5  0 . 0 2 2  
BisHPP-NCS 0 . 0 5  0 . 0 3 9  

carried out at 5O C for 15 h. The beads were then extensively washed with deio- 
nized water and buffers of pH 4.0, 7.5 and 8.6. The agarose immobilized NCS 
(AG-NCS) was found to contain 10-20 pg NCS per mg agarose (deter- 
mined by amino-acid analysis). Acrylamide gel electrophoresis, crossed- 
irnrnunoelectrophoresis, immunodiffusion and agar gel diffusion tests against S. 
lutea, all showed that there was no free NCS present in the AG-NCS preparation 
(Figures 2A, B & C). These tests are sensitive enough to detect 1% free NCS, if 
present, in the AG-NCS preparation. AG-NCS was 15-40% biologically active; 
several different preparations inhibited the growth of CCRF-CEM cells in vitro at 
an IDs0 6-15 X M (Figure 3). The immobilized NCS also, inhibited 
the incorporation of 3 ~ - ~ d ~  into DNA in these cells. Since agarose immobilized 
NCS (bead size, 75-1 50 p) cannot penetrate the leukemic cell (size 10-1 5 p), it 
is suggested that NCS exerts its toxic effect in these cells by interaction with 
cell-surface receptor(s). 

We recognize that there may be release of free ligand into solvent after 
coupling of the protein to a solid matrix. To test whether there was any such 
release on storage over a period of time, we prepared an AG-NCS derivative 
containing covalently bound 14c-alanine. The ~ ~ - ~ ~ ~ - l ~ ~ - a l a n i n e  complex was 
stored frozen for 4 weeks and at specified time intervals aliquots were 

Fig. 2. Tests for the presence of any unbound NCS in AGNCS preparation: A. Counter- 
imrnunoelectrophoresis at pH 8.6, B. immunodiffusion and C. growth inhibition with S. 
lutea; (1) rabbit anti-NCS serum, (2) AGNCS and (3) NCS. 
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Fig. 3. Growth inhibitory activity of 5 different preparations of AG-NCS against CCRF- 
CEM cells in vifro. 

withdrawn, centrifuged and the supernatant solution was analyzed for 14c- 
radioactivity and for NCS content by a radioimmunoassay procedure developed 
in this l a b ~ r a t o r y . ~  No detectable quantities of 14c-label or NCS were found. 
We also tried to detect the release of NCS during incubation of AG-NCS with 
leukemic cells. CCRF-CEM cells (2 X lo6 cells/ml) were incubated with AG-NCS 
(2 pg/ml on NCS basis) at 37' C for 3 h. At the end of the incubation period 
three components of the system (cells, AG-NCS and media) were separated by 
sedimentation over a Ficoll-Hypaque gradient. The inhibitory activity of each 
fraction was determined by the addition of fresh media and/or cells. Only 
AG-NCS was active. The spent media did not kill the fresh cells, indicating that 
NCS was not released during incubation with leukemic cells. This data clearly 
indicates that AG-NCS is cytotoxic and is able to inhibit DNA synthesis by 
interaction with the cell membrane. 

The mechanism by which NCS induces cytotoxicity is not clear. Experiments 
are in progress in our laboratory to elucidate the cytotoxic mechanism in leuke- 
mic cells. We envisage the following possibilities: (a) initial binding of NCS to 
cell-surface receptor(s) and later transmission of cytotoxic effect to the target 
site through some conformational change on the membrane as in the case of 
colicins7, (b) changes in intracellular cyclic AMP levels leading to the inhibition 
of DNA synthesis, and (c) changes in membrane properties of the cell. In 
lymphoid cell lines up to 2% of cellular DNA is associated with cytoplasmic 
membranes8. The function of this species of DNA is not clear and whether NCS 
has any specific relation with this DNA species, we do not know. 

The surface-active property of NCS may have implications both in the mecha- 
nism of DNA synthesis, in general, and cancer pharmacology in particular. Many 
anticancer agents are small molecular-weight (less than 2,000) compounds which 
react with nuclear DNA directly or inhibit nucleic acid or protein synthesis by 



interaction with intracellular constituents. NCS, on the other hand, can inhibit 
DNA synthesis without getting into the cell. Inductian of toxicity by such a 
mechanism is unique for antitumor agents. If NCS could be coupled to a highly 
characterized tumor-specific antibody, then one could selectively transport NCS 
to  tumors. This might result in increased selectivity for tumor cells and decreased 
toxicity for normal cells. A mechanism of inhibition of DNA synthesis in 
mammalian cells by a relatively large molecular-weight compound, like NCS, 
with signals originating from the cell surface, would represent a novel mechanis- 
tic aspect in studies relating to metabolism of cellular DNA. 

Supported by NCI Grants CAI7305 and CA06516. 
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SYNTHETIC OLIGOPEPTIDES FROM HUMAN C3a 
ANAPHYLATOXIN THAT MEDIATE THE 

INFLAMMATORY RESPONSE 

LYNN H. CAPORALE and BRUCE W. ERICKSON, 
The Rockefeller University, New York, New York 10021,  

and TONY E. HUGLI, Department of Molecular Immunology, 
Scripps Clinic and Research Foundation, La Jolla, California 92037 

Activation of the complement (C) system of human serum by antigen- 
antibody complexes or certain polysaccharides causes cleavage of protein C3 
into two biologically active fragments, the 9000-dalton anaphylatoxin, C3a, and 
the 171,000-dalton protein, C3b.l Human C3a is a potent mediator of acute 
inflammation, causing degranulation of mast cells, contraction of smooth muscle, 
and increased vascular permeability.2 These biological 'activities are lost, how- 
ever, when the C-terminal arginine is enzymatically removed from the polypeptide. 

The synthetic3 octapeptide corresponding to the C-terminus of human C3a 
exhibits the biological activities and specificity of natural2 C3a. The octapeptide 
is 2% as active as C3a on a molar basis (about 20% on a weight basis). A few 
nanomoles of the octapeptide cause contraction of guinea pig ileum and increased 
vascular permeability in human skin. This paper deals with the contributions of 
peptide length, the side chains of ser71 and  is^^, and positively charged groups 
near the N-terminus to the activities of human C3a-(70-77)octapeptide. 

The synthetic C3a oligopeptides listed in Fig. 1 were assembled by the step- 
wise solid-phase method4 and were purified by gel filtration, ion-exchange 
chromatography,and, when necessary, by preparative thin-layer chromatography. 
They were chromatographically homogeneous and gave the correct amino-acid 
ratios. Their inflammatory activities were measured by their ability to contract 
smooth muscle from guinea pig ileum and to increase vascular permeability in 
human skin. 

Ala-Ser-His-Leu-Gly-Leu-Ala-Arg (1) Ala-Ala-A1 a-Leu-Gly-Leu-Ala-Arg (2) 
Ser-His-Leu-Gl y-Leu-A1 a-Arg (1) Ala-Ala-Leu-Gly-Leu-Ala-Arg (8) - 

His-Leu-Gly-Leu-Ala-Arg (3) - Ala-Leu-Gly-Leu-Ala-Arg (9) 
Leu-Gly-Leu-Ala-Arg (4) Ac-His-Leu-Gly-Leu-Ala-Arg (10) - 

Gly-Leu-Ala-Arg (5) AC-~eu-~ly-~eu- la-~rg (5) 
Leu-A1 a-Arg (6) Asn-Lys-Pro-Leu-Gly-Leu-Ala-Arg (12) 

Fig. 1. Synthetic peptides based on the C-terminus of C3a anaphylatoxin. Numbering 
corresponds to the C3a sequence.2 
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The relative molar activities of these peptides in the smooth muscle assay are 
c~mpared in Fig. 2. The C-terminal 13-residue peptide was previously observed3 
to be no more active than octapeptide I. Shortening the octapeptide, however, 
did result in a progressive loss of activity. For example, tetrapeptide 5 is about 
100 times less active than pentapeptide 4. Peptides containing five or more 
residues desensitized ileal smooth muscle to contraction by human C3a and vice 
versa, as illustrated in Fig. 3. This effect was specific for C3a because smooth 
muscle desensitized to C3a was still contracted by human C5a anaphylatoxin 
and histamine. Prior treatment with the antihistaminic agent chlorpheniramine 
blocked contraction by C3a and the synthetic peptides but did not block con- 
traction caused by bradykinin. 

The presence of residues 70 to 72 produced a 4-fold increase in smooth muscle 
activity. The hydroxyl group of ser71 and the imidazole ring of  is^^ evidently 
do not contribute to the increase in activity because analogs 7 to 9 bearing ala- 
nine at positions 71 and 72 were as active as the corresponding human peptides. 
The acetylated hexapeptide 10 was as active as hexapeptide 3. Furthermore, the 
possibility that a positively charged group is required at either the amino termi- 
nus or at the histidine side chain was eliminated because the acetylated penta- 
peptide 11 was as active as the free pentapeptide 4. Finally, certain residues in 
positions 70 to 72 will not produce the 4-fold increase in activity. For example, 
the octapeptide 12 corresponding to the C-terminus of pig5 C3a was only slightly 
more active than the pentapeptide 4. The 4-fold difference in smooth muscle 
activity between the human octapeptide 1 and pentapeptide 4 may be due to a 
conformational state involving the peptide backbone of residues 70 to 72 that is 
not as available to the pig octapeptide 12. 

Fig. 2. Relative molar smooth muscle Fig. 3. Smooth muscle specificity of oc- 
activity for ten C3a peptides. Peptide num- tapeptide 7. After contraction by 7, ileum 
bers correspond to those in Fig. 1. Bars responded to complement peptide C5a and 
represent the minimum effective dose range. histamine (H) but not to C3a or more 7. 
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The second C3a bioassay involved the increase in vascular permeability of 
human forearm skin as measured by the dose-dependent diameter of the wheal- 
and-flare reaction. As shown in Fig. 4, the peptide dose necessary to produce 
half-maximal wheal increased progressively as the length of the C3a peptides 
decreased. These results are qualitatively similar but quantitatively different 
from the smooth muscle results. Addition of ~ e u ~ ~  to tetrapeptide 5 increased 
the ileum activity 100-fold but the skin activity only 10-fold. In contrast, the 
addition of residues 70 to 72 increased the ileum activity only 4-fold but 
increased the skin activity 10-fold. Interestingly, even the C-terminal arginine 
residue appears active in sufficient quantity. Thus the tetrapeptide 5 is lo2 
times more active, the octapeptide 1 is lo4 times more active, and C3a is lo6 
times more active than free arginine in producing wheal-and-flare reaction in 
human skin. As before, the hydroxyl group of ser71 and imidazole group of 
 is^^ are not essential for this activity because the alanine-containing analogs 7 
and 8 were equally as active. as the human C3a peptides 1 and 2, respectively. 

' permeability. Code numbers 
refer to Fig. 1. Dose for half- 
maximal response increased as 
the peptide length decreased. 
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STRUCTURAL AND FUNCTIONAL COMPARISON 
BETWEEN HUMAN C3a AND C5a 

HORACIO N. FERNANDEZ and TONY E. HUGLI, 
Scripps Clinic and Research Foundation, Department o f  

Molecular Immunology, La Jolla, California 92037 

In the course of complement activation, components C3 and C5 are sequen- 
tially cleaved, each giving rise to a large fragment which integrates into the 
cytolytic cascade, and a small, biologically active fragment which is released into 
the fluid phase (Fig. 1). These small split products (C3a and C5a) may partici- 
pate in the inflammatory reaction following complement activation through 
their ability to induce smooth muscle contraction, increase vascular permeability 
and, in the case of C5a, to induce a directional migration of polymorphonuclear 
leukocytes and macrophages.l Removal of a C-terminal arginyl residue from 
either C3a or C5a abrogates all of the activities except for chemotaxis. There- 
fore, indigenous serum carboxypeptidase serves as an effective control enzyme 
for these nascent polypeptides when they become generated in circulation. 

Human and porcine C3a isolated from complement-activated sera have a 
molecular weight2 of 9,000, while human C5a exhibits a higher apparent molecu- 
lar weight of 15,000 to 16,000 when estimated by gel filtration or on SDS 

C l q . c l r , C I ~  :-& l i " ( l l ~ r l  

CLPSSICAI C2 c i  
PATHWAY C4 -7- 

COMPLEX 

PJYMBLY C S b 7 ) C B , b ~ C S , 6 , 7  7)CSb,6 ,7 ,B 

C6 C7 C8 C9 lytk  m p l c s  

Fig. 1. A simplified scheme for the activation of complement (C). Activators such as 
agar, complex polysaccharides (inulin and zymosan) and immune complexes initiate the 
cascade via certain recognition components. Activation then proceeds through several or- 
derly and selective proteolytic steps involving the intermediate complement components. 
Following these enzymatic conversions a self-associative complex is formed composed of 
the late components C5b to C9. The complex which is formed may be cytolytic when 
constructed on a cellular membrane surface. 
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polyacrylamide g e k 3  Unlike the C3a fragments, human C5a contains a sizable 
carbohydrate moiety consisting of mannose, galactose, glucosamine and sialic 
acid. The molecular weight of the C5a polypeptide moiety was estimated by 
quantitative C-terminal analysis to be about 8,500 which corresponds favorably 
with the size of C3a molecules. The polypeptide portion of human C5a is also 
similar in size to that reported for the porcine C5a molecule> which is claimed 
to be free of carbohydrates. 

Determination of the primary structure of human C5a afforded a comparison 
between this structure and the primary sequences of human and porcine C3a 
anaphylatoxins.576 Originally, a tentative manual alignment was performed for 
the N-terminal 25 residues in human C5a and C3a based on the locations of a 
tyrosine and two halfcysteine residues which occur in both sequences at approxi- 
mately identical positions. As shown in Figure 2, from a manual alignment of 
the two structures it was obvious that a marked similarity exists. Statistical 
evaluation of the degree of similarity was performed using the Align 5 computer 
program as previously de~cr ibed .~  This comparison of the N-terminal 25 residues 
of C3a and C5a provided a value removed 4.08 standard deviations from a mean 
random score (Table I). Ancestral relationships between C3a and C5a were 
strongly implied from these preliminary data. Extending our comparison to 
include the entire C5a anaphylatoxin structure indicated that a highly significant 
structural similarity exists throughout the entire sequence of the two polypep- 
tide chains. A total of 9 gaps were introduced in order to optimize the identities 
between C3a and C5a including a 2-residue indentation at the N-terminus of C5a. 

Porcine C3a s v o L M E K a M N 

Human C3a s v o L r r r R M N 

Human C5a 

M 

M m 
CHO 

Fig. 2. The complete primary structures of porcine C3a and human C3a and C5a are 
compared. Alignments were made to optimize the identity between these three sequences. 
Identities have been signified by outlining the residues 0. All single base mutational changes 
were indicated by line stipple and the six constant cysteine positions were distinguished 
by dot stipple a. 
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Table I. Evaluation of the Primary Structural Comparison Between C3a and C5a 

A. Extent of similarity obtained from o manual alignment of C3a and C5a: 

Identities plus 
Compar iron ~dentit ies* single base mutations 0') t 

Human C30 and human C5a 36 59 O.Ol%<p < 0.1% 

Human C3a and porcine C3a 66 86 p < 0.01% 

B. Statistical evaluation ' of the similarity obtained from o computer-generated alignment 

of C3o ond C5a: Al ignment 
Real Score Mean Random Random S.D. Score 

[Rl Score [MI  [SDI [(R-M)/SDl 

Human C30 and human C5a 191 151 9.81 4.08 

Human C3a and porcine C3a 270 156 11.0 10.5 

* Gaps introduced in either sequence were considered non-identities. 

t The alignment comparison proposed by Moore and ~oodmon' was used to estimote the 
probability (P) that the aligned sequences belong to a random population. A penalty of 
3 MMD (nucleotide differences per codon) was imposed for each insertion or deletion. 

# The N-terminal regions (residues 1-25) in  human C5a, human C3a and porcine C3a were 
compared employing the Align 5 computer program of Barker and Dayhoff. The best-fit 
manual sequence alignment for this region was identical to the computer-generated align- 
ment. 

These gaps and indentations must also compensate for the net difference in chain 
length between C3a (77 residues) and C5a (74 residues). The percentage of 
identical residues was 36% and, if the residue identities are computed including 
replacements which could result from a single step mutational event, this value 
was increased to 59% (see Table I). 

The alignment statistics for the human C5a and C3a sequences as determined 
by the criteria proposed by Moore and (300dman8 indicates a very slight proba- 
bility that these sequences belong to a random population, in fact less than a 
0.1% chance. Thus the similarity previously evidenced in the N-terminal portion 
of these peptides actually exists throughout the entire length of the C3a and C5a 
molecules. Further support for a common genetic origin of the anaphylatoxins 
is supplied by the positioning of six halfcysteine residues which are located at 
nearly identical sites in both C3a and C5a. In addition, there are two relatively 
uncommon Cys-Cys sequences in each anaphylatoxin. Integrity of the disulfide 
bonds was essential for stabilization of the secondary structure and expression of 
full activity9 in C3a. Hence it was predicted from the linear distribution of half- 
cysteine residues in C5a that arrangement of the three disulfide bonds will be 
found identical to those in C3a. Both human C3a and C5a have very similar and 
characteristic circular dichroism spectra indicating a major contribution from 
alpha helical structure, possibly involving as many as 40% of the residues. These 
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data taken together would then suggest that these two molecules must share 
highly similar conformations. 

Evidence of a common genetic ancestry for the anaphylatoxins also implies a 
single genetic origin for the parent molecules C3 and C5. This possibility affords 
some interesting suggestions concerning the phylogenetic development of the 
complement system. Complement factors C2, C4 and factor B have already 
been shown in man to be associated via genetic linkage with the HLA complex 
of the major histocompatibility system.10 Previously, no evidence of genetic 
linkage or support for any other form of genetic relationship between C3 and C5 
have been detected. Chemical evidence for C3 and C5 being related structurally 
poses the question of: Are these components related functionally, and in what 
order did these proteins evolve? These chemical and biological comparisons then 
set the stage for answering some of the basic questions concerning the genetic 
origins of the complex complement system. 

This is publication number 1349 from Scripps Clinic and Research Foundation, sup- 
ported by a National Institutes of Health Program Project Grant from the National Heart 
and Lung Institute (HL 16411), HL 20220, and AHA 74-864 from the American Heart 
Association. Dr. Hugli is the recipient of an Established Investigatorship from the American 
Heart Association (72-175). 
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SYNTHESIS  OF A F R A G M E N T  OF B O V I N E  PARATHYROID 
HORMONE,  bPTH-(28-48): A N  INHIBITOR 

OF H O R M O N E  C L E A V A G E  IN VIVO 

MICHAEL ROSENBLATT,  PIERRE D'AMOUR, GIN0 V. SEGRE, 
and JOHN T. POTTS, JR., Endocrine Unit, Department of  

Medicine, Massachusetts General Hospital and Harvard 
Medical School, Boston, Massachusetts 021 14 

Bovine parathyroid hormone (bPTH), an 84-amino-acid single-chain peptide, 
undergoes metabolic conversion in vivo. The principal cleavage positions lie 
between amino-acid residues 33 and 34, and 36 and 37.l The anatomical locale, 
kinetics and physiological role of hormonal cleavage is unknown. However, 
since structure-activity studies2 reveal the minimum region necessary for bio- 
logical activity to be the sequence 2-27, biologically active fragments of PTH 
may be generated by the cleavage process, or may be involved in PTH action on 
target organs. Cleavage, causing activation of the hormone, might be an irnpor- 
tant control in one or more PTH actions, perhaps an abnormally functioning 
control in disorders of parathyroid regulation. Alternatively, peripheral cleavage 
of the hormone may be principally catabolic, i.e., the pathway of hormone 
removal. 

One approach to investigate the significance of cleavage of the hormone is to 
inhibit the enzymes responsible for the process. We synthesized a region of the 
hormone molecule likely to  be a substrate for the cleavage enzymes (but lacking 
inherent hormonal activity) so that the peptide could be administered in large 
quantity. Accordingly, a 21-amino-acid sequence of the hormone, bPTH-(28- 
48), containing the cleavage sites of native ~ P T H ~  (Fig. 1) was selected for syn- 
thesis by the Merrifield solid-phase technique.4 

The major synthetic product by gel filtration and CM-cellulose chromatogra- 
phy yielded the theoretical amino-acid composition (Table I) and was found to 
be homogeneous by thin layer chromatography and by polyacrylamide-gel iso- 
electric focusing. Sequence analysis was performed to quantitate contamination 
by deletion-containing error peptides.5 Although extractive losses prevented 
analysis of more than the N-terminal 113 of the peptide, the region examined 
was 97% pure. 

Of particular interest was the finding that approximately 113 of the synthetic 
product was peptides of lower molecular weight than the desired bPTH-(28-48). 
These side-products were isolated in the same purification systems and identified 
by amino-acid analysis (Table I) and sequence analysis as the COOH-terminal 
fragments: bPTH(38-48) and bPTH(39-48). It is unlikely that such frag- 
ments arise at the time of hydrogen fluoride cleavage because complementary 
N-terminal fragments were not found. More likely, these side-products result 
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Fig. 1. (left) The amino-acid sequence of 
bovine parathyroid hormone. Shaded resi- 
dues indicate the sequence of bPTH-(28- 
48). Arrows indicate the principal sites of 
cleavage. 

Table I. Amino-Acid Content after Acid Hydrolysis of Synthetic bPTHx28- 
48) and Side Products of the Synthesis, bPTH(38-48) and bPTH-(39-48) 

Amino Acid bPTH-(28-48) bPTH- ( 38--48 ) bPPH- ( 39-48 ) 
expected obtained expected obtained expected obtained 

His t id ine  1 1.0 0 c 0 . 1  0 < 0.1 
Arginine 1 1.0 1 1.2 1 1.0 
Aspartic Acid 3 3.2 1 1.4 1 1.1 
Serine 3 2.8 3 2.9 3 2.6 
Glutamic Acid 1 1.1 0 C O . 1  0 < 0 . 1  
Glycine 2 2 .1  2 1.7 1 1.2 
Alanine 3.  3.1 2 2.0 2 2.0 
Valine 2 1.9 0 < 0.1 0 ~ 0 . 1  
Isoleucine 1 0.9 1 0.9 1 1.0 
Leucine 2 2.0 0 < 0 . 1  0 < 0 . 1  
Tyrosine 1 1.0 1 1 .0  1 1.1 
Phenylalanine 1 1.0 0 ~ 0 . 1  0 ~ 0 . 1  

from premature termination of peptide chains for sequence-dependent physical 
or chemical reas0ns.6>~ The discovery and identification of these peptide side- 
products emphasizes the need to purify and evaluate thoroughly by multiple 
techniques a synthetic peptide before it is used in a biological application. 

The synthetic fragment bPTH-(28-48) was assessed for PTH-like activity 
in vitro in the rat renal cortical adenylyl-cyclase assay.8 bPTHx28-48) demon- 
strated no agonist activity to a maximum concentration of 1.35 X ~ o ~ M .  The 



SYNTHESIS OF A FRAGMENT OF BOVINE PARATHYROID HORMONE 

hormone fragment also failed to inhibit stimulation by native bPTH of adenylyl- 
cyclase activity when tested to a maximum concentration ratio of bPTH-(28-48) 
to native bPTH of 500 to 1. However, the synthetic peptide was found to pos- 
sess the biological property that suggested its synthesis: bPTHi28-48) is an 
effective inhibitor of in vivo cleavage of native hormone when administered 
simultaneously with 125~-labeled native hormone. Intravenous infusion of a 
large molar excess of bPTH-(28-48) inhibited cleavage to  the extent that the 
formation of hormone fragments in treated rats was decreased by 75% of that 
seen in control rats, and there was a prolongation (two- to four-fold) of the dis- 
appearance of intact hormone (Fig. 2). 

Further studies are necessary to determine optimal concentrations and delivery 
methods for cleavage inhibition. If it is found that very high molar ratios of 
bPTH-(28-48) to native hormone are required to block cleavage, design of more 
effective analogs will be undertaken, such as analogs of bPTHi28-48) bearing 
modifications that prolong, survival in blood, or containing D-amino acids at 
positions 33 and 34 which might prolong survival at the site of enzymic cleavage. 
Ultimately, the presently reported fragment, bPTH-(28-48), or its analogs 
should prove valuable in furthering understanding of the metabolism, mode and 
control of action of parathyroid hormone, as well as the problem of heterogeneity 
of circulating parathyroid hormone. 

TIME . MINUTE 

Fig. 2. Cleavage Chromatogram: Disappearance of intact 1251-labeled bPTH (0) and 
appearance and disappearance of 125~-labeled COOH-terminal fragments (X). (A) and (6) 
represent the results in control rats and in rats treated with bPTH-(28-48). Each value is 
the mean 2 SEM of resultsobtained in three independent studies. 

This work was supported in part by grants AM04501 and AM11794 from the National 
Institute of Arthritis, Metabolism, and Digestive Diseases (NIAMDD), a grant from the 
John A. Hartford Foundation, Inc., and contract NAS 9-11011 with the National Aero- 
nautics and Space Administration. M.R. is a recipient of a Research Fellowship from the 
Charles A. King Trust and a National Research Service Award. G.V.S. is a recipient of a 
Research Career Development Award from the NIAMDD. 
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PEPTIDE HYDROXAMATES AS INHIBITORS OF 
THERMOLYSIN AND RELATED METALLOPROTEASES 

NORIKAZU NISHINO and JAMES C. POWERS, School o f  
Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 

Metalloproteases are a family of proteolytic enzymes characterized by the 
presence of an essential active site zinc atom. Members of the family include 
widely studied enzymes such as thermolysinl and carboxypeptidase A, and less 
well understood enzymes such as collagenase, acrolysin and the angiotensin- 
converting enzyme2. Metalloproteases are involved in a number of important 
physiological processes including fertilization, kinin release and arthritis. Specific 
and potent inhibitors for these enzymes should be valuable for the study of their 
biological role and in addition may find practical application in the control of 
certain diseases. 

Relatively few inhibitors of metalloproteases have been reported. All of the 
enzymes are inhibited by zinc chelating agents such as 1 ,lo-phenanthroline, and 
by thiol compounds such as cysteine. Thermolysin is specifically inhibited by 
phosphoramidon ( ~ h a m n o s e - ~ i - ~ e u - ~ r ~ - ~ ~ ) ~ ,  a fermentation product; and a 
series of mercaptoalkanoyl derivatives of proline has been recently reported to 
be specific inhibitors of the angiotensin-converting enzyme2. In this paper we 
report the synthesis of a number of peptide hydroxamates which are specific 
inhibitors of several metalloproteases. In designing these compounds we sought 
to utilize specific substrate binding sites which are different in various members 
of the metalloprotease family and to include a functional group which would 
coordinate strongly to  the active site zinc atom which is present in all members 
of the family. 

Thermolysin was used as the model system in our initial experiments. This 
enzyme hydrolyzes the peptide bond on the imino side of hydrophobic amino 
acids, in particular isoleucine, leucine and phenylalanine. Z-Gly-Leu-NH2 is a 
typical small synthetic substrate. X-ray crystallographic studies4 have shown 
that binding of such a substrate to  thermolysin involves coordination of the 
carbonyl oxygen of the scissile peptide bond of the substrate to the zinc atom of 
the enzyme and interaction of the side chain of the hydrophobic amino acid 
residue with thi s ~ '  binding subsite5 of the enzyme ( I ) .  (See Scheme 1.) 

Scheme 1. 
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Therefore we have initially investigated compounds containing a leucine residue 
to interact with thermolysin's substrate binding site. 

The peptide hydroxamates synthesized are given in Table I .  Various N- 
protected peptides were converted to  the hydroxamates by reaction of hydroxyl- 
amine with the N-hydroxysuccinimide esters. The benzylmalonyl derivatives were 
prepared by acylation of peptide amines with Bz10NHCOCH(CH2C6H5)C02H 
followed by removal of the 0-benzyl group by catalytic hydrogenation. All the 
hydroxamates were noncompetitive inhibitors of thermolysin using furylacryloyl- 
Gly-Leu-NH2 as a substrate. KI  values were determined by Dixon plots and are 
listed in Table I. The hydroxamates were not cleaved by thermolysin. 

A number of interesting conclusions can be reached upon examination of the 
data. All of the simple hydroxamates are bound much more tightly to thermoly- 
sin than are the corresponding substrates. The K M  for the thermolysin hydrolysis 
of Z-Gly-Leu-NH2 is 21,000 pA4 at pH 7 . 0 ~  compared to a KI of 13 for 
Z-Gly-Leu-NHOH at pH 7.2, a difference of 1,600 fold. Both the N-Me and 
0-Me derivatives of Z-Gly-Leu-NHOH are bound much less tightly, confirming 
the involvement of the hydroxamate moiety and suggesting coordination of this 
group to the zinc atom of thermolysin. The side-chain specificity of the inhibi- 
tors is shown by the fact that Z-Gly-Leu-NHOH is bound 72 times more tightly 
than Z-Gly-Gly-NHOH, which suggests that the leucyl side chain is interacting 
with the primary substrate binding site (Sll) of thermolysin. 

Several aspects of the mode of binding of hydroxamates to thermolysin are 
not yet clear. If the leucyl side chain of Z-Gly-Leu-NHOH is interacting with sll 
subsite and the hydroxamate is coordinating to the zinc atom, then the D-isomer 

Table I. Inhibition of Thermolysin by Peptide Hydroxamate~.~ 

Hydrox-tea _KI(uM1 - 
2-Cly-L-Leu-NHOH 13 

I-Cly-D-Leu-NHDH 59 

2-Gly-L-Leu4 (CH3)OH 2200 

2-Gly-L-Leu-NHOCH, No inhibi t ion  

2-Cly-Gly-NHOH 910 

Z-L-Leu-NHOH 10 

2-Cly-Gly-L-Leu-NHOH 19 

I-cly-cly-c-Leu-NHOH 250 

HOW-DL-CO-CH(CH~C~H~) -CWC~H~ 20 

HONH-~L-~~-CR(CH~L~H~)-CO-L-N~G~FW~ 0.66 

H O ~ - O ~ C O - C H ( C H ~ C ~ H ~ ) - C O - L - N ~ - G ~ Y - N H C ~ H ~ N O ~  0.41b 

ao.1 K T ~ ~ ~ , ~ c I ,  pn 7.2, 2z DMY. 25'C. b150 value. 

would be expected to  bind more tightly than the L-isomer. However, in both 
cases where both isomers were examined, the L-isomer was a better inhibitor. An 
alternate binding mode is to place the leucyl side chain in the S1 subsite of 
enzyme with the hydroxamate coordinating to the zinc ztom. ' This would 
explain the optical specificity and the S1 subsite does appear to be somewhat 
hydrophobic. Further discussion of the binding mode of inhibitors such as Z-Gly- 
Leu-NHOHmust await the results of an X-ray crystallographic study which is cur- 
rently underway in the laboratory of Brian Matthews at the University of Oregon. 
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Benzylmalonyl derivatives were specifically designed to  bind in a manner 
analogous to substrate binding (see 2 in Scheme 1) and were in fact the best 
inhibitors in the series. Extension of the peptide chain yields lower K I  values, 
evidence that the inhibitors are interacting with thermolysin's extended sub- 
strate binding region. 
" Another purpose for designing specific enzyme inhibitors is to utilize them in 

the purification of specific enzymes by affinity chromatography. In order to 
demonstrate the usefulness of peptide hydroxamate inhibitors in this regard, we 
attached DL-HONHCOCH(CH2C6H5)CO-AlaGly-OH to aminopropyl agarose. 
This resin was used for the purification of thermolysin and the separation of 
neutral proteases A and B from Bacillus subtilis (Fig. 1 ) .  Neutral proteases Aand 
B have been successfully separated previously using a different a d ~ o r b e n t . ~  The 
hydroxarnate column was quite specific since chymotrypsin and carboxypep- 
tidase A were not retained on the column. 

Fig. 1. Purification of thermolysin and neutral proteases A and B by affinity chromatog 
raphy. (a) Thermolysin was placed on the column and washed with 0.1 M TrislHCl pH 7.2, 
0.01 M CaC12 and eluted with 0.1 M Tris/HCl pH 9.0,O.l M CaC12. (b) Neutral proteases A 
and B were separated by a linear gradient using 0.1 M Tris/HCl pH 8.0, 0.05 M CaC12 and 
0.1 M Tris/HCl pH 9.0, 0.1 M CaC12. 

This research was supported by grants HL 18679 and R R  07024-11 (Biomedical R e  
search Support Grant Program) from the NIH. We would like to express our appreciation to 
Dr. J. Feder for the sample of crude B. subtilis neutral protease. 
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Detection of virus-specific products by immunologic means has proven invalu- 
able for studies of C-type RNA tumor viruses. Their most useful antigenic 
reactivity has been associated with the - 30,000 dalton major internal protein, 
carrying a mosaic of about six distinct species-specific and interspecies determi- 
nants, referred to synonymously as the group-specific antigen, gs-antigen or 
~ 3 0 . l  This protein is an important marker for a variety of studies relating to 
inter-viral relationships, natural history and the correlation of C-type RNA virus- 
es to  cancer. The gs-protein can be readily detected in adult, embryonic and 
tumor tissues even though infectious virus cannot be demon~t ra t ed .~  It accounts 
for - 25-30% of the virion protein mass and is the major component of the 
nucleoid protein coat of the various C-type RNA viruses. They are homologous, 
single-chain proteins, assembled by 251 to 268 amino-acid residues, containing 
only two cysteine units.3 

Recently N-terminal-sequence analysis of the first twenty to thirty amino 
acids of hamster, mouse, rat, cat, RD-114, gibbon ape, baboon and woolly 
monkey C-type RNA tumor virus p30s were determined by Oroszlan et a l . 3 7 4  

Each gs-antigen starts with a Pro-Leu-Arg conserved sequence. A hypervariable 
4-1 0 sequence of amino acids follows. Finally, a longer conserved region extends 
from residues 11 to  24 of the p30 antigens. As exceptions, the gibbon ape and 
woolly monkey p30s possess an insertion of a total of seven amino-acid residues 
between the 6-7 and 8-9 sequences of hypervariable region.4 Limited tryptic 
digest of gs-antigens have demonstrated the existence of a homologous polypep 
tide core of these protein  molecule^.^ 

Since the 11-21 fragment of the conserved region (I, Scheme 1) is common 
for all mammalian gs-antigens so far investigated, the strategy of its synthesis 
was designed to use it as a "prefabricated building block" which allows further 
extensions at its termini while the side-chain protections remain intact. This 
undecapeptide also promised great utility for use in immunoassays of C-type 
viral activity, having two of the six or seven tyrosine residues of the total 
gs-antigen.3 The specific activity of 125~-labeling achievable for this undecapep 
tide is approximately one magnitude larger than that of the intact p30 molecule. 

The undecapeptide (1) was synthesized6 through intermediates 2 + 12. The 
fully protected undecapeptide (11) was purified on a silicagel column; m.p. 
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11 12 13 I4 15 16 17 18 19 m 21 

Gln l yr  lrp Pro Phe Ser A S A Leu hr 

Scheme 1. X-OCH3; ECO=C2H5OCO- 

198-200"~. The TFA-salt of 1 was isolated through high-voltage electrophoresis 
and used for immunological studies after it was covalently attached to bovine 
serum albumin (BSA). The BSA-I conjugate forced antibody production in goat 
and the immune serum in micro-complement fixation tests reacted not only with 
the synthetic antigen (BSA-I), but also with the native p30s from all mammalian 
C-type RNA viruses. Specific binding of both internally (14c) and externally 
(125~) labeled p30s to the antibody against BSA-1 was also shown in radioimmu- 
noassays. This has been the first demonstration of a C-type virus synthetic 
antigen.7 

' The preliminary immunological findings encouraged us to extend the 11-21 
undecapeptide through its amino terminus to the 1-21 segments of baboon and 
cat RNA tumor virus p30 antigens. First, a nonapeptide-hydrazide (21), repre- 
senting the 1-9 sequence of the baboon virus gs-protein was synthesized8 from a 
common precursor: tripeptide-Z-hydrazide (13, Scheme 2). The two fragments, 
15 and 19,  were condensed to the nonapeptide derivative (20). The latter was 
converted to the Boc-nonapeptide hydrazide (21, m.p. 255-260"~) ready for 
fragment condensation with the undecapeptide derivative (12). 

1 2 3 4 5  6 7 8 9 
Pro Leu Arg Thr Val A m  Arg Thr Val 

X 

BLY X 

B a  X 

B a  X 

B a  X 

BLY X 

BLY Y 

Scheme 2. X = -NH-NH-Z; Y = -NH.NH2 
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Boc-OSug (m.p. 98-100"~) was found to be an excellent reagent for t- 
butyloxycarbonylation throughout the synthesis.. The reagent was obtained in 
-- 70% yield and is marketed by Regis Chemicals, Morton Grove, Illinois. Active 
esters were used for the coupling reactions except in cases of Arg and Thr 
residues which were incorporated by the mixed anhydride technique. The amino- 
acid analysis of the products described herein were carried out on a Beckman 
Model-121 amino acid analyzer. Waters Associates' liquid chromatograph Model 
ALCIGPC 244 was used for purification. 

The excellent technical assistance of Dr. William F. Erbelding and the amino-acid analysis 
of Dr. Louis Henderson is greatly appreciated. This work was supported by Contract 
N01-CP-53530 from the Special Virus Cancer Program, National Institutes of Health - 
National Cancer Institute, Bethesda, MD. One of us (S. I. S.) was also generously supported 
by Thermtron Products, Inc. and Allen County Cancer Society, Fort Wayne, IN. This paper 
is dedicated to Professor R. B. Woodward of Haward University on the occasion of his 60th 
birthday. 
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EXCHANGE OF  la' BY DIVERSE AMlNO ACIDS IN 
PHALLOIDIN AND TOXICOLOGICAL PROPERTIES 

OF THE NEW ANALOGS 

EISUKE MUNEKATA, HEINZ FAULSTICH and THEODOR 
WIELAND, Max-Planck-Institut fur medizinische 

Forschung, Abteilung Naturstoff-Chemie, 
Heidelberg, West Germany. 

For the purpose of extensive studies on the correlations between chemical 
structure and biological activity of toxic cyclopeptides from the poisonous mush- 
room Amanita phalloidesl, new analogs were derived from naturally occurring 
phalloidin (1) by means of following reactions: 

1) Acid hydrolysis of the peptide bond between 7,6-dihydroxyleucine (posi- 
tion 7) and alanine (position I), 

2) cleavage of Alal by Edman degradation, 
3) coupling with Boc-protected amino acid, 
4) removal of Boc-group with CF3COOH and 
5) opening of 7-lactone ring and cyclization to bicyclicpeptide2 (Scheme 1). 
In addition, the bicyclic hexapeptide, des-Alal-phalloidin (6) ,  and the bicyclic 

octapeptide, endo-~ la l~ -~ha l lo id in  (8) were prepared as shown in Scheme 2. 
The yields of the cyclization reactions, Rf-values of the analogs in tlc and 

toxicities in white mice are compiled in Table I. vall  -(2d) and h u l  -analogs 

Edman 

4 5 - - 

il CF3COOH [Ala-Tip-Leu (OHb \ AA 

iil opening of y-lactone Hyp-Ala-D-Thr/ 

ill) cyclrzation 
2 lb-£1 AA= D-Alalbl, G l y l c ) ,  

valid), L e u ( e ) ,  

P h e ( f ) .  

Scheme 1. 

(2e) exhlbit essentially identical toxicological and spectroscopical properties. 
~ l ~ l - a n a l o ~  (2c) possesses slightly reduced toxicity although the CD curve and 
W-difference spectrum3 of the bound complex with rabbit muscle actin are 
significantly different. The phel-analope (20  shows a normal CD curve and 
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LeuIOH) -y-Lac i) opening of 
y-lactone 

D - ~ h r - ~ +  ii) cyclization 

Leu (OH) -Ala 

D-Thr-A1J 

Scheme 2. 

Table I. Yields of Cyclization, Rf-Values (on Silica Gel tlc Plates, Kieselgel 
60 F2,, Merck, in CHC13: CH30H: H20; 65:25:4; by vol.) and 

Toxicities (LDS0 mg/kg in white mice) of Phalloidin Analogs. 

Amino acid in Yield of cycli- 
Rf-value Toxicity 

position 1 aation ( % I  

a 
Ala 2a - 8.7 0.31 2.0 

D-Ala 2b 6.6 0.32 b - 

Gly - 2c 22.0 0.30 7.5 

Va 1 zd 2.4 0.45 2.5 

Leu 2e 2.7 0.48 2.5 - 

Phe 2f 2.2 0.48 20.0 - 
des-Ala 2 7.7 0.32 b 

Ala2 - 8 28.0 0.40 b 

a Substance obtained by recyclization of secophalloidin? 

Tested in doses up to 30mg/kq. 

UV-difference spectrum with actin, being nevertheless about tenfold less poison- 
ous than the natural product. ~ - A l a l  -analogue (2b), des-Alal-phalloidin (6) 
and endo-~ la l~ -~ha l lo id in  (8) have no toxicity and the spectra of these deriva- 
tives are evidently abnormal. 

The results of present work can be summarized as follows: 
1) To be toxic, the bicyclic peptide must consist of seven amino acids, since 

the hexapeptide 6 and the octapeptide 8 are non-toxic. 
2) The methyl group of Alal may be replaced by an isopropyl- or isobutyl- 

group without loss of toxicity. However, toxicity is reduced by substitution of 
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Fig. 1. CD-spectra of phalloidin 1 (2a) and its analogues in H20. 
1 (2a)  - - 2e - 

Fig. 2. UV-difference spectra of bound complex of actin with phalloidin l(2a) and its 
analogues in Trisbuffer (pH 7.4). 

the methyl group by either hydrogen or the benzyl group. 
3) Change of configuration at ~ l a l  completely removes the toxic properties 

of the cyclic peptide. 
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CONFORMATIONAL ENERGY CALCULATIONS ON PEPTIDES 

HAROLD A. SCHERAGA, Department o f  Chemistry, 
Cornell University, Ithaca, New York 14853 

Introduction 

Empirical energy calculations are carried out to determine the low-energy 
conformations of polypeptides and proteins and to elucidate the interactions 
which lead to the low-energy structures. The computational strategies for small 
peptides differ from those for proteins, and primarily the former will be consid- 
ered in this paper. The reader is referred to a recent review for a similar discus- 
sion of the computational problem for globular pr0teins.l 

Since a solution of a small peptide in equilibrium with its surroundings at 
constant temperature and pressure is considered to have a minimum Gibbs free 
energy with respect to conformational changes, it is necessary to have procedures 
to compute the conformational energy of the peptide and to minimize it by 
varying the conformation. These procedures have been reviewed elsewhere.ld 
The essential ingredients of such procedures are: (i) values of the bond lengths 
and bond angles of the amino-acid residues, (ii) a method to generate an arbi- 
trary conformation of the polypeptide chain, (iii) empirical potential energy 
functions for interactions between various parts of the polypeptide chain, in any 
arbitrary conformation, (iv) a method to include the effect of solvation (hydra- 
tion), (v) an algorithm to minimize the conformational energy (i.e., the potential 
energy plus free energy of solvation), and finally (vi) a method to compute the 
entropy of libration of the structure around its minimum-energy conformation. 
These procedures are discussed briefly below. 

While there will no doubt be improvements in potential functions, parameters, 
and procedures for energy minimization, we have considerable information in 
these areas - even though refinements are needed. The major difficulty remain- 
ing, in order to compute the most stable conformation of a polypeptide or 
protein, is that which arises from the existence of many minima in the multi- 
dimensional conformational energy space (the multiple-minimum problem). In 
this paper, we will show how this problem has been surmounted for small open- 
chain oligopeptides, cyclic peptides, and regular-repeating-sequence polypeptide 
analogs of fibrous proteins. The current efforts to solve this problem for 
globular proteins are reviewed e1sewhere.l 

ECEPP (Empirical Conformational Energy Program for Peptides) 

This computer program has been deposited with the Quantum Chemistry 
Program Exchange (QCPE), together with extensive documentation to aid in its 
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use. From a critical survey of the structural literature on amino acids and pep- 
tides, a standard geometry (bond lengths and bond angles) for all of the naturally 
occurring amino-acid residues was d e t l ~ c e d . ~  The program employs matrix 
multiplication methods to generate the atomic coordinates for any desired con- 
formation of a polypeptide, as defined by the dihedral angles for rotation about 
the single bonds of the backbone and side chains. These dihedral angles (the 
independent variables in this problem) are designated as q5 and J/ for rotation 
about the N-Cff and Cff-C' bonds, respectively, of the backbone, and x2, etc., 
for rotation about the single bonds of the side chains. (The peptide group is 
usually fixed in the planar trans conformation, except for peptide bonds preced- 
ing proline, where both trans and cis conformations are considered.) The justifi- 
cation for keeping the bond lengths and bond angles fixed, and the peptide 
groups in the planar conformation, has been presented e l~ewhere .~  

ECEPP then computes the conformational energy of the specified conforma- 
tion, consisting of torsional energies for most side-chain single bonds (in the 
form of periodic functions), and interaction energies for all atom pairs whose 
interatomic distance is capable of variation. The torsional energy parameters 
were obtained from the experimental torsional barriers of small molecules, and 
the parameters for interatomic interactions from calculations on crystal struc- 
tures of small  molecule^.^ 

The relations used to compute the interaction energy for atom pair i,j are: 

(1) Electrostatic: 

where qi and qj are partial atomic charges in electronic charge units, D is the 
dielectric constant, rij is the internuclear distance in Angstrom units, and 332.0 
is the factor to convert to energy units of kcal/mole, 

(2) Nonbonded (modified Lennard-Jones 12-6 potential): 

where the coefficients AkQ and ckQ are assigned specific values for each combina- 
tion of atom types k and Q, and F has a value defined by the interaction type, 

(3) Hydrogen bonded [substituted for (2) in appropriate cases] : 

where Ahx and BHX are specific coefficients for the different combinations of 
donors and acceptors. 

It should be emphasized that the partitioning of the total conformational 
energy into components, as discussed above, is an artificial procedure. It is only 
the total conformational energy that is relevant. Therefore, the components of 
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the total energy must be self-consistent, i.e., they must pertain to a total energy 
function that is based on experimental data. For this reason, it makes no physi- 
cal sense to compare the individual components of one energy function with 
those of another. 

Though not yet in the ECEPP documentation supplied to  QCPE, hydration is 
included by means of a solvent-shell model.8-lO It is also possible to include the 
effect of ionic strength on polypeptide conformation, as has been done in the 
computation of the effect of variation in pH and ionic strength on the helix-coil 
transition in poly(L-lysine) in aqueous salt solution.ll 

A variety of minimization procedures can be used to minimize the conforma- 
tional energy.12-l9 Finally, the matrix of second derivatives of the conformational 
energy provides a measure of the librational entropy.20-22 

Preference for the Trans Conformation in Peptide Groups 

It is of interest, at this point, to consider the well-known preference for the 
trans conformation in peptide groups, and for the possible existence of the cis 
conformation in peptide bonds preceding proline. This question was examined23 
for blocked dipeptides (those with N-acetyl and ~ ' - m e t h ~ l  amide end groups), 
and it was found that the instability of the cis conformation in Gly-Gly comes 
primarily from interactions of the Cy and Hy atoms with the C; and [I; atoms, 
and also from favorable interactions present in the trans form which are dis- 
allowed in the cis form, and from conformational entropy. The instability of the 
cis form in Gly-Pro is much less than in Gly-Gly because unfavorable interactions 
of the type H y . - . q  and q - - - C ;  present in the cis conformation of Gly-Gly 
are present in both the cis and trans forms of Gly-Pro. The instability of the cis 
conformation in Gly-Pro arises mainly from the change in electrostatic energy 
caused by the restricted rotation about the N-C" bond of Pro. This conclusion 
is supported by experimental  observation^.^^ Ramachandran and ~ i t r a ~ ~  also 
computed the cisltrans ratio for several dipeptides, and obtained cis contents 
that were much larger than those computed by Zimmerman and scheraga23 or 
observed by nmr spectroscopy in nonpolar solvents by Wiithrich et a1.~6 and by 
Stimson et a1.24 Also, an electron diffraction study of N-methyl acetamide in 
the gas phase27 gave no evidence for any cis conformation. Thus, local interac- 
tions account for the preference for the trans over the cis conformation in short 
peptides. In polar solvents, the cis content in X-Pro peptide groups is higher 
than in nonpolar solvents.24 The observation of cis X-Pro peptide bonds in some 
proteins28 is probably due to an increment in free energy of stabilization from 
long-range interactions. However, while such long-range interactions may stabi- 
lize the cis conformations of X-Pro peptide groups, they are apparently not 
strong enough to lead to cis conformations in peptide groups not containing 
proline. 
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Approximations to ECEPP 

In order to speed up computations in the initial stages of the calculations on a 
polypeptide or protein, various approximations are used. 

The first of these makes use of "united atoms" to represent aliphatic and 
aromatic -CH, -CH2, and -CH3 groups, thereby reducing the number of units 
between which the interaction energies have to be computed. The united-atom 
version of ECEPP is known as UNICEPP (United Atom Conformational Energy 
Program for Peptides). It was parameterized29 to provide the same relative 
conformational energies as ECEPP. 

Second, a united-residue approximation30 was introduced to reduce the 
required number of computed interactions still further. When residues are far 
apart, they contribute to the overall (attractive) interaction energy of the pro- 
tein. However, the nonbonded and electrostatic interaction energies between 
two such residues can be well approximated by an interaction between two 
points, rather than by the time-consuming procedure of calculating the inter- 
action energies between every pair of atoms in the two residues. 

Finally, for some applications, the backbone and side chains of all residues 
can each be represented by spheres of appropriate radii,31 thereby further 
reducing the required computation time. 

The utility of these approximate methods lies mainly in its applicability to 
proteins. However, even for small peptides, considerable savings of computer 
time can be achieved by the UNICEPP and spherical-representation approxima- 
tions. The united-residue approximation is not applicable to oligopeptides 
because of their small size. 

In the final stages of the computation, the approximate procedures are 
abandoned, and ECEPP is used. 

Previous Systems Considered 

These techniques have been applied to a variety of systems with considerable 
s ~ c c e s s . ~ . ~  These include: the conformational preferences of single amino acids, 
open-chain peptides, and cyclic peptides; the conformational properties of 
randomly-coiled polypeptides; calculation of the preferred type (e.g., a or a) 
and right- or left-handedness of helical polypeptides; calculation of the thermo- 
dynamic parameters for helix-coil transitions in poly(amino acids), and for 
helix-helix transitions (e.g., the interconversion between polyproline I and 11); 
the computational energetic refinement of the X-ray structures of proteins; 
computations of structures of homologous proteins (e.g., the calculation of the 
structure of a-lactalbumin from that of lysozyme, and the structures of several 
neurotoxic trypsin and chymotrypsin inhibitors from that of bovine pancreatic 
trypsin inhibitor); and computations of the structural features of enzyme- 
substrate complexes. 
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In order to discuss some specific examples, it is convenient to classify poly- 
peptides as small open-chain structures, cyclic structures, and synthetic regular- 
repeating-sequence analogs of fibrous proteins. A fourth category, globular 
proteins, is considered e1sewhere.l 

Multiple-Minimum Problem 

While mathematical procedures exist to pass from one local minimum to 
another in conformational ~ ~ a c e , 3 ~ - 3 6  they consume too much computer time. 
Therefore, alternative methods are required. 

The approach to circumvent the multiple-minimum problem differs for the 
various categories of polypeptides mentiqned above. It has been possible to 
surmount this problem in the first three categories because the number of 
variables is small, and appropriate strategies can be used so that the conforma- 
tional space can be covered adequately (even though still requiring much 
computer time) to locate the global minimum. Energy minimization is carried 
out from many appropriately-selected starting conformations, and the global 
minimum is then identified from a listing of the various local minima. 

For a (blocked) single amino-acid residue, i.e., one in the ~ - a c e t ~ l - ~ ' - m e t h ~ l  
amide form, the conformational space can be searched completely, and all local 
minima within any desired range of the global one determined. For the blocked 
20 naturally occurring amino acids, there are -7 backbone minima, each of 
which generally includes a large number of side-chain minima.37 For purposes 
of illustration, let us assume that there are -20 lowenergy backbone-side-chain 
combination conformations for each blocked amino acid. If, as a strategy to 
solve the multiple-minimum problem for an oligopeptide, we were to start with 
all combinations of lowenergy single-residue conformations, and minimize the 
energy of each one, we would have to consider 400,8000,1.6 X lo5 ,  3.2 X 106, 
and 6.4 X lo7 energy minimizations for di-, tri-, tetra-, penta- and hexapeptides, 
respectively, and for a protein of 100 residues. Thus, such a complete 
exploration of conformational space generally becomes impractical for struc- 
tures larger than a di- or tripeptide. In special cases where proline (with its 
restricted pyrrolidine ring) is involved, larger structures can be handled. There- 
fore, to treat oligopeptides, it is necessary to devise strategies (which may differ 
from one peptide to another, depending upon its composition) to sample the 
conformational space only partially, with a likelihood that one has not over- 
looked the region in which the global minimum occurs. 

The simplest type of oligopeptide, the blocked dipeptide, has been treated by 
starting with conformations that include all combinations of lowenergy single- 
residue minima and several standard bend structures, and then minimizing the 
conformational energy.38>39 The molecules considered were a series of X-Pro, 
P ~ o - x , ~ ~  X-Ala,  la-^,^^ X-Gly, ~ l y - ~ , ~ ~  and X-Ser, ~ e r - ~ ~ ~  dipeptides, where 
X was a variety of amino-acid residues. The conformations of most of these 
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dipeptides were found to be determined primarily by intra-residue interactions. 
Also, the librational entropy was computed and found to influence the relative 
stabilities of some minima. Because of the existence of many lowenergy minima 
for each dipeptide, such systems are best regarded as statistical ensembles of 
lowenergy structures. The probabilities of occurrence of bends in most of the 
blocked dipeptide sequences were found to correlate well with experimental 
X-ray data on bends in globular proteins.40 

For small open-chain peptides, the conformational space that should be 
explored can be limited by breaking the oligopeptide into blocked single-residue 
and di- and tripeptide fragments, whose computed lowenergy conformations 
can be used to build up larger  structure^.^^^^^^^^^^^ The computed low-energy 
conformations of single residues can be supplemented by those conformations 
that are found to occur frequently in the known X-ray structures of proteins. 
For cyclic peptides such as gramicidin S that possess symmetry, the symmetry 
itself and the requirement to close the ring restrict the conformational space.43 
In both open and cyclic peptides, various types of P-bends are also considered as 
starting conformations. Finally, when available, the generally-incomplete con- 
formational information from nmr studies can be used to obtain additional 
starting conformations. Variations of these strategies have been used, for exam- 
ple, for the tripeptide p - ~ l u - ~ i s - ~ r o - ~ ~ 2 , 4 4  the blocked tetrapeptide Thr-Asp- 
~ l ~ - ~ ~ s ? ~  and the pentapeptide ~ ~ r - G l ~ - G l ~ - ~ h e - ~ e t + ~  the cyclic hexapeptide 
cyclohexaglycine~5~46 and the cyclic decapeptide gramicidin ~ , 4 ~  and synthetic 
models of c ~ l l a ~ e n . ~ ~ ? ~ ~  Some of these calculations are discussed below. 

Different approaches have been taken to try to solve the multiple-minimum 
problem for globular proteins. These are discussed e1sewhere.l 

Small Open-Chain Structures 

We will describe some recent computations on enkephalin,42 as an example 
of a small open-chain structure. The amino-acid sequence of this pentapeptide 
is either Tyr-Gly-Gly-Phe-Met or Tyr-Gly-Gly-Phe-Leu, both of which are 
biologically active. In order to treat these pentapeptides, a variety of selection 
strategies was used. The starting conformations included several regular repeat- 
ing conformations of the pentapeptide, various forms of chain reversals (bends), 
combinations of conformations that are of low energy for single amino acid 
residues or dipeptides, and compact conformations obtained by model building.42 
Energy minimizations were then carried out for these structures. Side-chain 
orientations were varied systematically to test the effect of possible side chain- 
backbone interactions. 

Over 50 conformations (indicated in Fig. 1 of Ref. 42) were found within an 
energy range of 11 kcal/mole above the global minimum. The global minimum 
energy conformation differed by up to 5 kcal/mole from the other conforma- 
tions. It is characterized by a type 11' 0-turn centered on Gly-3 and Phe-4 and 
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the folding of the Tyr-1 side chain against one side of the fold, with the Tyr-OH 
group hydrogen bonded to the backbone. This backbone conformation permits 
several side-chain conformations of Phe and Met (or Leu) with differing energies. 
Some of these conformations are of very low energy and form part of a low- 
energy group. In this group, two slightly different orientations of the Tyr side 
chain are possible, in which the OH group forms a hydrogen bond either (A)with 
the C=O of Gly-3, or (B) with the C=O of Phe-4 which lie close to each other. 
Changing from one to the other involves a small movement of the Tyr side chain, 
a change in the orientation of the planar peptide group between Tyr-1 and Gly-2 
(the latter causing changes in the values of $1 and G2), as well as smaller changes 
in the dihedral angles of Gly-2. However, the overall folding of the molecule, 
including backbone and side chains, is not altered significantly. 

In Met-enkephalin, conformation (A) is lower in energy by 1.5 kcal/mole than 
(B) and, therefore, was considered as the major form of the molecule.42 In Leu- 
enkephalin, the two conformations are much closer in energy. In fact, (B) is 
lower, but only by 0.2 kcal/mole. Therefore, both forms are about equally 
probable. In both peptides, the side chains of Phe and Met can adopt several 
different orientations for the same backbone structure without large increases in 
energy. These low-energy conformations are consistent with published nmr 
parameters for Met-enkephalin in dimethylsulfoxide.49J1 

The analog of Met-enkephalin in which Gly-2 is replaced by D-alanine is 
reported to be at least as active as Met-enkephalin itself.52 This suggests that 
the molecule bound to the receptor must take up a conformation which is of 
low energy for a D-alanyl residue in position 2, irrespective of what is the most 
stable conformation in solution. The lowest-energy conformation computed for 
Met-enkephalin in free solution42 cannot accommodate this substitution. How- 
ever, the computations indicate that about 40% of a large group of compact 
conformations with relative energies in the range of 5 to 10 kcal/mole can 
accommodate a D-alanine in position 2. Most of these conformations involve 
various types of bends centered at Gly-2 and Gly-3. The conformation suggested 
by  oma an^^^ for the D-alanyl analog also has an energy falling within this range. 
The facts that D-Ala can be substituted for Gly-2, with retention of activity, but 
that L-Ala cannot be, suggest (but by no means prove) that, in binding to its 
receptor, enkephalin can undergo a conformational change, using the binding 
energy to compensate for the increase in conformational energy. If the nature 
of the receptor were known, it would be possible to compute the conformation 
of the enkephalin-receptor complex, as has been done for enzyme-substrate 
complexes of lysozyme and 0 1 i ~ o s a c c h a r i d e s . ~ ~ ~ ~ ~  

Cyclic Peptides 

As an example of a cyclic peptide, we cite the calculations on gramicidin ~ , 4 ~  
a cyclic decapeptide. This peptide has C2 symmetry, and appropriate procedures56 
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were used to generate closed rings with C2 symmetry. To overcome the 
multiple-minimum problem, a variety of strategies were developed t c  insure an 
adequate coverage of conformational space; i s . ,  an appropriate number (viz., 
10,541) of starting conformations was selected (for subsequent energy minimiza- 
tion) to make sure that no region of conformational space (in which the global 
minimum might be) would be overlooked. The computed lowenergy structure 
agrees with the available nmr data, which are cited in Ref. 43. Recent nuclear 
Overhauser measurementss7 provide additional confirmation of this strukture. 

Synthetic Polypeptide Models of Fibrous Proteins 

Collagen is an example of a fibrous protein, whose triple-stranded helical 
structure is the same as that of some synthetic regular-repeating poly-tripeptides 
of the general type poly(G1y-X-Y), where X and/or Y can be Pro or Hyp. Calcu- 
lations on poly(Gly-~ro-~ro)47 led to a coiled-coil triple-stranded structure - 
and showed how and why inter-chain interactions alter the conformation of the 
single-stranded structure and favor the coiled-coil triple-stranded structure over 
the single-stranded one. The calculated structure was subsequently shown to 
agree (within an RMS deviation of 0.3 A for all non-hydrogen atoms) with that 
of Okuyama et a1.,58 based on a single-crystal X-ray structure of (Gly -Pro -Pr~)~~ .  
These calculations have been extended48 to include poly(G1y-Pro-Hyp), poly- 
(Gly-Pro-Ala) and poly(G1y-Ala-Pro); preliminary results48 indicate that the 
first two form coiled-coil triple-stranded structures, like poly(G1y-Pro-Pro), 
whereas the third forms a parallel-chain structure, all of these results being in 
agreement with experiment.5961 

In the case of these collagen-like repeating poly-tripeptides, the (energetic) 
multiple-minimum problem could be overcome because the structure is regular; 
i.e., the conformation of each chain could be generated by symmetry operations 
from, e.g., the structure of the Gly-Pro-Pro unit. This unit, in turn, is sufficiently 
small so that its conformational space can be covered adequately (as in the case 
of small oligopeptides) to  select numerous starting conformations (for subsequent 
energy minimization), and to ensure that the region containing the global 
minimum would not be missed. 

Globular Proteins 

Though not considered in this paper, for the sake of completeness it should 
be mentioned that, as indicated above, the number of combinations of low- 
energy single-residue minima is much too large (for a protein of 100 residues) to 
be able to  adopt the strategies used for systems with a small number of inde- 
pendent variables. Therefore, a different approach is required. For this purpose, 
approximate procedures are used to reduce the required computer time and to 
lead to  an approximate structure of the protein, i.e., one whose conformational 
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energy would lie in the potential energy well of the native protein. Then, "exact" 
procedures, such as those involving ECEPP (or UNICEPP) are used to  locate the 
minimum of that particular potential well. The progress that has been made in 
attempting to locate such a minimum-energy conformation of a globular protein 
has been reviewed e1sewhere.l 

Concluding Remarks 

In contrast to globular proteins, the multiple-minimum problem is less severe 
for small oligopeptides and/or synthetic analogs of fibrous proteins. However, 
even for these simpler systems, it is necessary to observe some essential precau- 
tions in order to obtain valid results. First of all, the selection strategies for the 
energy-minimization procedure should cover the conformational space properly. 
Secondly, when several minima lie close to the global one, the librational entropy 
should be included in the computation of the statistical weight to identify the 
most stable structure properly. Thirdly, proper statistical mechanical averaging 
should be carried out over all low-energy structures before comparing the com- 
puted conformational properties of the system with experimental ones. Finally, 
though it sometimes has been omitted, the effect of the solvent on the calculated 
structures should be included in the computations. 

This work was supported by research grants from the National Science Foundation 
(PCM75-08691), and from the National Institute of General Medical Sciences of the National 
Institutes of Health (GM-14312). 
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STRUCTURE AND CONFORMATION OF PEFTIDES: 
A CRITICAL ANALYSIS OF CRYSTALLOGRAPHIC DATA 

ETTORE BENEDETTI, Istituto Chirnico, Universita di Napoli, 
Via Mezzocannone 4, 801 34 Napoli, Italy 

The derivation of information from a comparison of peptide crystal struc- 
tures, even if complicated by intricate hydrogen bonding networks, may provide 
useful tests for model energy functions and parameters as well as give indications 
of trends in conformations for backbone and side-chain structures. In this paper 
we present results on the geometry of the peptide bond and the conformation of 
the peptide backbone and side-chains as derived from the analysis of the pub- 
lished crystal structures. 

Geometry of the Peptide Unit 

The dimensions of the peptide unit1 and its revised  value^^.^ have been 
widely used. From the structures reported in the literature we have isolated a 
sample of recent and more accurate studies of amino-acid derivatives having both 
ends blocked with hydrophobic groups and di-, tri-, or higher peptides presenting 
at least once the residue shown below in parentheses: 

The sample does not include any of the peptides used for the average by the 
previous a ~ t h o r s ; l - ~  none of the chosen peptides present both terminals in the 
ionic form (NH; or COO?, so that the derived geometrical parameters will leave 
aside any possible influence of such terminals. For the description of the 
geometry of the peptide unit and conformation of the peptide chain the conven- 
tions proposed by the IUPAC-IUB Commission on Biochemical Nomenclature4 is 
followed. Table Ia, b lists the geometry of the 34 crystal structures considered 
in the analysis. Figure 1 reports the calculated weighted averages of bond lengths 
and angles. Bond lengths present smaller dispersion about the mean values than 
that observed for bond angles. The loss in coherence for the angular values of 
the same geometrical portion of the residue must be ascribed to the influence of 
different molecular environments in the crystal structures (small bond angle de- 
formations are easily achieved without involving appreciable amounts of energy). 

The geometry for the trans unit differs slightly with respect to the corre- 
sponding values of Ramachandran et a1.,3 (lower values) indicating that, within 
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Table Ia. Bond Distances in Peptides from Crystal Data 
(E.s.d.3 in unit of the last significant figure) 

Peptlde lo-Cg C a . o  C S - P I  N-H 
N-C' c7-C; HZ(: &f 

(.) The underl ined va lues  are s i g n i f i c a n t l y  l arger  or m a l l e r  than the "best  value".  ~ i $ t m c c l  p m e d i n g  
a p m l l n e  rensdus 

(.) Values not  included i n  the mean becauw of a rerriary m i d * .  

(+ )  Disorder i g  prc,enr: the correrwnding  va lues  are nor included i n  the c a l o l l a t i o n .  

A b b r ~ i a t i o n g :  IPr . lsopropyl .  Piv I p i v a l y l ,  iBJ I i30bUty1,Tio: thiozol~dlnc. 
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Table Ib. Bond Angles in Peptides from Crystal Data 

P e p t i d c  o<'-N c ' - N - C ~  c'-N-H H-N& N-c~-c' dL-C-4  e-c'-N I(-F. 

110.1(6) 

ill .9(3) 

109.9(8) 

109.3(4) 
107.4<4) 

111.5(5) 

112.0(6) 
lo7.a(3) 

109.6(7) 

109.2(5) 
114.2(7) 

114.3(3) 

115.3(7) 

109.3(4) 

110.2(4) 

l l l . 8 ( 3 )  

1 1 3 . 7 0 )  

109.9(2) 

111.7(3) 

111.3(5) 
110.7(6) 

l08 .0 (5 )  
110.6(5) 
111.9(5) 
i i a s 0 ) -  
112.5(2) 
110.7(2) 
111 .2(7) 
109.5(7) 
112.6(8) 
114.4(91. 

i i o . 8 ( 7 )  
112.9(8) 

110.6(7) 
110.2(7) 

115.2(7) 
111 .2(6) 
111.8(2) 
111.1(2) 
113.1(3) 
112.1(3) a 
110.5(8) 
112.9(8) 
111.3(4) 
110.214) 
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trans 

cis 

Fig. 1. Revised geometry of the trans peptide unit, the trans proline unit and the cis unit. 
E.s.d.'s of lengths and angles are 0.004-0.008 A (0.014 A for N-H) and 0.5"-1.5" respec- 
tively. Values involving H atoms are from neutron data (Ref. 5). Lower values from Refs. 3 
and 27. 

the accuracy of the measurements, the values are not greatly influenced by the 
presence of the ionic terminals on one or both sides of the peptide linkage. The 
larger differences between the two sets of values, found for bond angles, must be 
ascribed to packing forces such as the system of hydrogen bonds observed in the 
crystals. We also find no appreciable difference in the bond angle c'-ca-N 
between glycyl residues and the other amino-acid residues, at variance with 
previous indicatiom3 The mean value of this angle obtained from all the data 
with the exception of glycyl residues is 11 l . lO,  while the glycyl residues present 
an average value of 110.4". 

The values for the geometry of a trans bond preceding a proline residue 
present appreciable differences; the mean values (Figure 1) obtained from the 
proline peptides reported in Table Ia, b are compared with those recently pro- 
posed by Ashida and ~ a k u d o ~ ~  (lower values). The results show differences with 
respect to the trans unit primarily for the nitrogen atom, because of the restric- 
tions imposed by the presence of the pyrrolidine cyclic system. It should be 
mentioned that the values reported in Figure 1 pertain to the planar peptide unit 
even if their derivation has been carried out from crystal structures where non- 
planar peptide units occur. The procedure given by Kolaskar et a1.28 is suggested 
for the cases when non-planar distortion at the N atom is needed. 

The dimensions of the cis peptide unit derived from the geometry observed in 
cyclic dipeptides (diketopiperazines) is given in Figure 1. Only 8 structures of 
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linear peptides present cis peptide linkages, i.e.: ~ b z - ~ l y - ~ r o - L e u - ~ H ~ ~  (racemic 
mixture), ~ - B O C - L - P ~ O - G ~ ~ - O H , ~ ~  ~ - A o c - ( L P ~ o ) ~ o H , ~ ~  ~ - B o c - ( L - P ~ o ) ~ - o B z ~ , ~ ~  
t - ~ o c - ~ a r - ~ l ~ - ~ ~ z l , ~ ~  ~ - B O C - L - P ~ O - O H , ~ ~  t - ~ o c - ~ i o - ~ r o - O H ~ ~  and t-Boc-D-Val- 
 OH.^^ In a11 published structures presenting the residue X-L-Pro-Y, where 
X=t-Boc, t-Aoc, the urethane bond is always in the cis configuration; also in 
peptides such as X-Sar, where X=t-Boc or an amino-acid residue, the same situa- 
tion is verified as in t - ~ o c - ~ a r - ~ l ~ - ~ ~ z l , ~ ~  actinomycin D , ~ ~  ~ ~ c l o ( S a r ) ~ , ~ ~  
~ ~ c l o ( ~ l ~ - ~ a r ~ ) , ~ ~  c y c l o ( ~ l ~ - ~ a r ) ~ , ~ ~  etc. The only case of cis peptide bond for 
which no tertiary nitrogen atom is involved (that is Pro or Sar residues), is 
t-Boc-D-Val-OH. In this compound, the cis configuration at the urethane-CONH- 
linkage is fixed by crystal packing forces which are governed by H-bonds and the 
unique type of van der Waals interactions. 

Cis peptide bonds involving proline residues show significant differences in 
the angles involving the nitrogen atom: the trend observed is that C1-N-C" shows 
larger value, while C'-N-CG shows smaller values than the corresponding values 
for the trans form of the same peptide linkage. The steric repulsion between the 
Ca atom (of the preceding residue) and the Ca atom of the prolyl residue in the 
cis form is bigger than that between the oxygen atom of the carbonyl group and 
the CCY atom of the prolyl residue in the trans form. 

Molecular Conformation 
The solid state molecular conformation of cyclic dipeptides, listed in Table I1 

will be considered first, since their conformation presents the highest constric- 
tions for torsional angles, followed by cyclic peptides with larger number of 
residues in the ring and the linear peptides, listed in Table 111. Finally, a statisti- 
cal account of the side chains conformational characteristics will be given. 

Cyclic Peptides. Solution as well as solid state studies of cyclic dipeptides 
have shown that the 2,5-piperazinedione ring (DKP) must be considered rather 
flexible. The conformations observed in crystal structures of cyclic dipeptides 
can now be rationalized in four groups: planar conformation, boat conforma- 
tions with CP atoms in the axial or in the equatorial positions and chair confor- 
mation. These structures are characterized by the six values of the 4, J/ and 
w(@l,J/l,wl,$2,$2,w2) torsional angles.4 In addition, the dihedral angle between 
the two amide planes might be taken as a direct measure of the folding of the 
diketopiperazine ring:2 (P values in the Hooker's notation). Planar structures 
have all six values of torsional angles close to zero and consequently 0-0'. Boat 
conformations with axial or equatorial substituents on Ca atoms are distin- 
guished by opposite values for the 4 and J/ angles: positive 4 values (and nega- 
tive $J values) characterize boat conformation with axial CP substituents, with 
P<O, while negative q3 values (and positive $ value) characterize boat conforma- 
tions with equatorial CP substituents with P>O. The chair conformation, instead, 
is characterized by an alternating sequence of positive and negative signs for the 
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Table 11. Conformational Parameters for Cyclic Dipeptides 
DrP ' r lna  C! 

C y c l i c  Dlpept lde  11: q1 % 9: 6J2 ( 5 2 ) c o n ~ o r n ;  S u b s t i t .  Ref. 
t l o n  P o s i t i o n  

boat I(>OJ 

Planar  

PlanaF - 
Boat Equator ia l  

BOat Axial 

BOat Axial 

Boat Axial 

BOat Axial 

Boat E q u a t o r i a l  

Boat Equator ia l  

P lanar  -- 
Boat Axla1 

Boat Axia l  

Boat Equat.Axl.31 

Boat E q u a t o r i a l  

BOat E q u a t o r l a l  

Boat Axla1 

Chair 

P lanar  -- 
C h a r  

Boat Axlal 

Boat Axial 

Chai r  

Boat E q u a t o r i a l  

P lanar  

Boat Equator ia l  

values of the six torsional angles. (This conformation cannot be described 
utilizing the Hooker's 0 parameter.) As shown in Table I1 the $J and $ values may 
vary in the range -40°, +40°; the highest values observed occur when prolyl or 
N-substituted amino acid residues are present. Distortion from planarity of the 
arnide bond may be as great as 20': deviations [Awl up to 15' are quite proba- 
ble, since the energy increase for them is only of the order bf 0.5 kcal lm01.~~ 

Correlations can be made between amino-acid composition and the preferred 
conformation of the cyclic peptide. Dipeptides with no aromatic side chains are 
less affected by attractive interactions between substituents and DKP ring: one 
might expect the DKP ring to minimize ring strain by assuming one (or both) 
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", U N * I O ) n  
1 w w n  

b* 

a' 
I 

0" p 
a" = a  
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boat conformations, and interactions between side chains might favor one boat 
form over the other. However, the lessened importance of intramolecular inter- 
actions with the DKP ring apparently makes the various DKP ring conformations 
very close in energy and other effects such as close packing, hydrogen bonding 
and intermolecular stacking interactions became more important in fixing the 
conformation. Cyclic dipeptides with one aromatic substituent show a definite 
preference for this substituent to fold back over the DKP ring as a result of a 
direct interaction between the two rings, particularly if the second amino-acid 
residue is not very bulky or if it has the opposite configuration. This is verified 
for c y c l o ( L - ~ ~ r - ~ l ~ ) > 3  ~ ~ c l o ( L - ~ r o - ~ - ~ h e ) > ~  C ~ C ~ O ( L - T ~ ~ - L - S ~ ~ ) , ~ ~  cyclo(L- 
MePhe-~-Me~he)38 and ~ ~ c l o ( L - ~ e ~ h e ) ~ . 3 ~  The only exception is the extended 
conformation of the tryptophan side chain in the crystal of cyclo(LTrp-Gly). 
The presence of an L-Pro residue in the DKP, because of the constraints due to 
the pyrrolidine ring, forces the conformation of the cyclic dipeptide toward the 
boat form with the equatorial position of the CP atoms (P>O) if the other residue 
has the same configuration. 

For N-methylated diket0~i~erazines3~ the amide bonds are more easily de- 
formed; optically active isomers assume a boat conformation with CP atoms in 
the axial position while rneso isomers assume the chair structure as a preferred 
conformation. 

In cyclic dipeptides because of the steric requirements of the six-membered 
ring, the two amide groups are forced to be cis (w=o0). In the case of tripep- 
tides, cyclization can take place only if all three units are in the cis configura- 
tion. In higher cyclic peptides, i.e. with four or more units, one or more cis 
bonds are found. As the number of peptide units increases the more stable trans 
configuration is generally more common. The occurrence and positions of cis 
amides for cyclic peptides is given in Table IV. 

Table IV. Occurrence of cis Amide Bonds in Cyclic Peptides 

cee 

cce 

t C t C  

t C t C  

t C t C  

tcte 

t C t C  

t E t C  

tcte 

c a t t  
mtt 

cctcct 

ttt- 

t E t t t C t  

attatt 

tettttcttt 

tcttttcttt 
tttttttttct  
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The cis state in tri- or hgher cyclic peptides occurs when a substitution on 
the nitrogen atom is present, i.e., Pro, Hyp, Sar, MeLeu, MeIle, with a single 
exception in d i h y d r ~ t e n t o x i n , ~ ~  where, most unexpectedly, the cis configuration 
occurs for the secondary amide bonds involving the Gly and L-Leu residue and 
not for the L-MeAla and D-MePhe residues. In all cases listed the C=O and N-R 
bonds point outwards with respect to the cyclic structure. 

In the two known cases of cyclic tripeptides, i.e., cyclo(L-Pro)3 and cyclo(L 
P r o - ~ - P r o - ~ - ~ y ~ ) ~ l  the overall conformation of the ring system is the same. The 
backbone conformation in the crystal does not possess a true three-fold symme- 
try; the relative rigidity of these tripeptides must be sought in the intrinsic 
conformation of the peptide chain itself enhanced by the presence of the pyrroli- 
dine rings. 

Six structures of cyclic tetrapeptides have been elucidated, one .of which 
presents all trans peptide bonds, i.e., ~ y c l o ( M e ~ ~ l ~ - ~ - ~ h e - ~ - P r o - ~ ~ ) , ~ ~  and five 
of them present in position 2 and 4 cis peptide bonds. The conformational 
features of six independent molecules in the structures of ~ ~ c l o ( ~ a r ) ~ , 3 ~  
c y c l o ( G l y - ~ a r ~ ) , ~ ~  c y c l o ( ~ , ~ - ~ l a - ~ a r ~ ) , ~ ~  ~ ~ c l o ( ~ l ~ - ~ a r ) ~ ~ ~  and dihydrotentox- 
in,73 are strikingly similar in spite of the differences in the chemical structure, 
confirming the earlier conclusion drawn from nmr data, on the existence of only 
one conformer at least for the Sar-containing cyclic peptides. In these latter 
structures no evidence is found for transannular interactions. The reason for the 
remarkable identity of all six ring conformations must therefore lie in the intrin- 
sic conformation of the peptide chain itself. The same conclusion was obtained 
in the case of the two pentapeptide ~ ~ c l o ( s a r ) ~ ~ ~  and ~ ~ c l o ( ~ l a - ~ a r ~ ) ~ ~  and for 
cyclo(Sar), with n=6,7 and 8,76,77y79 both in solution and in the solid state 
from the observation of conformational homogeneity. Increasing the number of 
peptide units in the ring, the flexibility of the ring and consequently the number 
of conformers, increase even though intra-ring interaction such as hydrogen bond 
or ion binding may stabilize preferentially one conformation. As an example, we 
may consider the crystal structures of uncomplexed valinomycin, a cyclic 
dodecadepsipeptide cyclo(D-V~~-LL~C-L-V~~-D-H~V)~ in two crystalline modifi- 
cation, p l g 9  and ~ 2 ~ , ~ ~  and its K+complex?l Figure 2. While the uncomplexed 
valinomycin molecule in both crystalline modification shows approximately the 
same conformation stabilized by all possible NH . . . 0 intramolecular hydrogen 
bonds (four of the 4 + 1 type (conformation 11) and two of the 5 + 1 type), the 
K+ complex shows a different conformation, with the same six H-bonds. Octa- 
hedral coordination at the K+ ion by six carbonyl oxygen atoms takes place, 
requiring the opening of the interior of the structure with large changes in some 
conformational angles. While the uncomplexed molecule does not maintain the 
possible threefold symmetry but an approximate center of symmetry which 
relates residues i with i+6, the K+ complex shows a pseudo S6 symmetry. 
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Fig. 2. The uncomplexes valinomycin in space groups P1 and P21 and its K+ complex. 

Linear Peptides. Table I11 lists the conformational angles @ and $ for each 
residue in 55 linear peptides. The majority of them falls within the allowed 
regions. In particular, Pro residues concentrate in two regions centered around 
@ = -70, $ = -25 and @ = -65, $ = -1 SO", while Gly residues seem to  spread out 
over a larger range of values for these angles as a consequence of the greater 
freedom caused by the absence of substitution on Ca. The other amino-acid 
residues all fall within the allowed regions with few exceptions represented by 
those residues presenting ionic terminals or involved in particular intramolecular 
hydrogen bonds cases for which the residues may be forced in an "unusual" 
conformation. 

Various types of intramolecular hydrogen bonds have been proposed92 and 
found in peptides. An H-bond of an amino-acid residue of sequence number m 
and C=O of a residue of sequence number n is designated m -+ n so that for 
example in a system of three linked peptide units the 2 -+ 2, the 2 + 3, the 3 + 1 
(or 4 + 2) and the 4 -+ 1 are intramolecularly H-bonded conformations. The $ 
and $ angles involved in each of such conformations experimentally observed in 
linear or cyclic peptides are given in Table V. Figure 3 gives one experimental 
model for the residues involved in each of the seven types of intramolecular 
NH . . . . 0 bond as observed in crystalline peptides. Mainly nmr techniques have 
been used to assess the existence of NH . . . . 0 intramolecular hydrogen bonds in 
solution. For most of the structures determined in the solid state by X-ray, the 
spectroscopic results have been confirmed. However, there are cases in which 
complete disagreement or a partial agreement occur between results in solution 
and in the solid state. An example is given by the crystal structure of cyclo(L 
~ l a - ~ - ~ r o - ~ - P h e ) ~ ~ ~  which presents all trans amide linkages. Two intramolecular 
hydrogen bonds of the type 4 -t 1 (conformation 11) were predicted from nmr 
data.94 In the solid state, the experimental structure confirms partially the 
solution results, showing a C2 symmetry, but the expected hydrogen bonds are 
not found even if the conformational angles involving the peptide chain are 
consistent with the values accepted for 0-turns. The peptide is involved in 
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Table V. Intramolecular NH . . . 0 Bonds 

D i h y d r o e h l r y d D c i n  r72 4 5  
.e2 -73 

B. 1 - 1 TRUIS. L 1 u a t o ~ i . 1  

E F l O s p C Q i I I  A L-Al. -92 4 4  

cIGlylg m Y  O l Y  -69 -Y) 
m y  GlY 469 *I1 

elGly,-20-Alol c-Na D-Al. 4 6  4 5  

~ i *  u t n d d e  L-N. L-Phe 4 9  -13 
L-Phe L-Phe -79 -1 3 

~ a n r y l - w m - ~ - ~ e ~ - ~ e u ~ l y - m ~  L - ~ m  L-LN -66 -29 

p-BC b z 4 l y - L - o - L - L e u d l y 4 U  L-Flo L-Lcu -58 -27 

e r r C  b z  - m y - L - o - L - L ~ 4 l y - L - ~ o d n  L - P m  L-LN 4 5  -27 

~-*c-lrP-L-L.t-Rlm, L - P m  L-LU. -55 -22 

D. 4 - 1 TRANS. 11 

T.rrichr(l. A L-Ser O l y  -57 t1 12  

L - R e L - L . U U y - m a  L-LN O l y  4 1  +I28 

& * c - L - ~ o - D - ~ r - m ,  L-RO D-L.E* -62 +I40 

v a l i n a y c i n  (n) 'L-v.1 D-~yr. -61 t129 
L-Val D-W* -67 r130 
D-V.1 L-Lac. 4 3  -134 
D-Val L-L.C0 4 0  -1 35 

#-i m - L - R o - L - N a - m 4 P r  L - P m  L-N. -59 *I16 

pi Ihl - 1 - R e D - A h - m - i P r  L - P m  D - A h  4 2  +I17 

I. 1 - 1 C I S  

11-in I, L-Try L-McLn  4 6  ,117 
L-Na L-HcLN -61 +126 

r. 5-1 W S  

v l l i n - i n  (n ) L-Lac. L-Val bHy.. -74 - 6 
D-Hyl. D-Val L-Lac. 4 2  + 1 

I l t . s t  *I ~ p 1 r . s  MI -tion C m t h  L or b t h  3 or b o t h  Gly .  
S e c t i o n  D L.D or D.L or L. G l y .  
s e c t i o n  r R e s i d u e  3 r - s u b s t i f u t c d .  

Fig. 

4-1 t rans 1111 

, Types of intramolecular H-bonds as found in crystalline peptides. 
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extensive H bonds with solvents of crystallization. Because of crystal packing 
forces, it is always a possibility that the structure of a peptide in the crystal is 
not the same as that in solution or in the biological systems; however, data have 
accumulated for several systems, which in the majority of the cases show closely 
similar molecular conformations in both states. Crystallization of higher pep- 
tides is a serious problem mainly because of the large number of almost iso- 
energetic conformers present. The ease of crystallization of certain peptides, for 
example cyclic peptides, with respect to linear peptides must be ascribed to the 
reduced number of conformers in solution so that then the molecule in the two 
states may exhibit the same conformation intrinsic to the peptide itself. 

Sidechain Conformations 

Among the amino acids presenting a side-chain extending beyond the CP 
atom, only those residues sufficiently numerous in ~rystal~structure analyses will 
be considered. The results concerning the conformations in the solid state for 
the side-chains of Ser, Val, Leu, Phe, Tyr and Pro are summed up in the hysto- 
grams reported in Figure 4. 

In the 14 crystal structures in which the side-chain of serine is reported, the 
~1 angle assumes values centered at about 60" in 10 cases, while the -60" and 
180" conformations are each represented in two cases, indicating a slight prefer- 
ence for the oxygen atom in the y position to achieve a conformation close to 
the nitrogen atom to the preceding amide bond. However, the conformation of 
this side chain may be influenced to a certain extent by the hydrogen bond 
formation in which the oxygen atom could be involved. 

In valyl residues the two torsional angles x1,1 and x1,2 in more than 80% of 
the cases examined (-40 independent residues) assume values centered and 
about -60°, 180°, respectively, for the L configuration of the a-carbon, and 
opposite values for a D configuration. Only in very few cases the conformation, 
described with x1,1 % -60 and x1,2 60°, is observed. A correlation between 
the sidechain angular values and the backbone angular values, is that a X ~ , J  value 
close to -60' corresponds, usually, to two groups of conformations for the 
backbone chains with 4 -65", J/ 130" and 4 -1 lo0 ,  J/ 70", respectively. 

In the leucyl residues a ~1 value of about 60" is not observed: such a value 
would result in severe steric interactions between the substituents on CP and Cr 
and the backbone chain. For the three angular values defining the conformation 
the leucyl side chains XI, x 2 , ~  and x2,2 only two combinations of angles are 
observed, centered at about -60°, -60°, 180" and 1 80", 180°, 60". In addition, 
only small deviations from these values are found (at most i 20'). The first 
combination is represented in'the majority of the crystal structures examined. 
The d u e s  -60, 180" for the two angles x2,1 and x2,2 are the same as those 
observed in valyl residues for X ~ , J  and x1,2 pertaining both to  an isopropyl 
group. The ~1 (g -60") conformation for the side chain of leucine residues seems 
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to be correlated mainly with two groups of backbone conformations defined by 
@J z -80°, $ r 140' and @J r -120°, = 10". The other conformation (xl Z 
180) cannot be associated significantly with a particular backbone conformation. 

For the aromatic side chains of phenylalanine and tyrosine, as indicated by a 
recent study,96 three major classes of conformers can be singled out from the 
crystal structures in which these residues are present. These conformations are 
defined by the three possible values of the ~1 angular parameter: 60", 180°, 
-60°, while the ~2 angle seems to show only one value centered at about 90", 
even if it shows a broad dispersion around the mean. In more than 60 aromatic 
residues examined, containing either phenylalanine or tyrosine, the statistical 
distribution of the three sets of values for ~1 and ~2 is about 20% : 35% : 45% 
for the conformations with ~1 r 60°, ~1 z 180°, ~1 z -60°, respectively. 
Furthermore, for structures in which ~1 z 180" a discontinuity has been ob- 
served in the dependence of $ from ~ 2 :  two classes of conformers with ~1 

180" can be distinguished; the first for ~2 values smaller than 85' one finds $ 
> -50" and the second for ~2 values larger than 85" one finds $ < -50". 

In prolyl residues, among the possible conformations observed for the rather 
flexible pyrrolidine ring (with puckering at the various atoms of the five- 
membered ring), those presenting y-puckering are by far the more common as 
also confirmed by minimum energy c a l c ~ l a t i o n s . ~ ~  These conformations denot- 
ed as 0 - e x o  (or conformation A) and Cr-endo (or conformation B )  have been 
characterized by the following ranges for the sequence of ~ 1 , ~ 2 , ~ 3 ~ 4  and 0 
dihedral angles: -30" < ~1 < oO,  15" < ~2 < SO", -30' < x3 < -15", 5" < x4 < 
25", -15" < 0 < 15" and 20" < ~1 < 35", 4 0 "  < ~2 < -30°, 20" < x 3 <  35", 
-20" < x4  < -so, -15" < 0 < 15" for the Cr-exo and Cr-endo conformations, 
respectively. In the hystograms reported in Figure 4,  these angular values show a 
considerable spread about the mean value, which is larger for the Cr-endo than 
for the Cr-exo conformation, indicating a greater rigidity for the latter. 
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3 + 1 AND 4 -+ 1NTRAMOLECULAR HYDROGEN BONDS 
1N CYCLO(G1y-Pro-Gly-D-Ala-Pro) (CRYSTAL 

STRUCTURE ANALYSIS) 

ISABELLA L. KARLE, Laboratory for the Structure o f  Matter, 
Naval Research Laboratory Washington, D. C. 203 75 

Complementary studies on the conformation of cyclo (Gly-Pro-Gly-D-Ala-Pro) 
have been performed in solution by Pease and watsonl using nuclear magnetic 
resonance and circular dichroism and in the crystalline state by X-ray diffraction 
analysis. The conformation derived from both studies is quite similar. Cyclic 
peptides are constrained to contain bends in the backbone and offer good models 
for establishing the various types of intramolecular hydrogen bonds and for 
determining the torsional angles and molecular dimensions. Crystal structure 
analysis is particularly well-suited for this task since the coordinates of the atoms 
can usually be determined to an accuracy near 0.002-0.003 A and all other 
geometric quantities are derived from them with equivalent accuracy. The 
present study is the first example of a cyclic peptide containing both a 3 -t 1 and 
a 4 -+ 1 hydrogen bond. 

Crystals of cyclo (Gly-Pro-Gly-D-Ala-Pro) were grown from MeOHIether solu- 
tion by Pease and watsonl. They were stable in the dry state and X-ray intensity 
data were collected from one crystal on an automatic four-circle diffractometer 
with Cu K, radiation to a scattering angle of 28 = 126". The space group is the 
noncentrosymmetric orthorhombic P212121 with cell dimensions a = 10.254(2) 
A, b = 21.320(5) A, c = 8.565(1) A and there are four molecules in the unit cell. 
The structure of the crystal was derived with the direct method2 of phase deter- 
mination using symbolic addition. Least squares refinement led to an agreement 
factor between calculated and observed structure factors of 7.2% for 1554 
measured data. 

A stereodiagram3 of the molecule prepared from the experimentally deter- 
mined coordinates is shown in Fig. 1. The striking feature of the structure is a 
pair of nearly parallel transannular C=O---HN bonds, reminiscent of cyclic hexa- 
peptides such as c ( ~ l ~ - ~ - ~ l a - ~ - A l a - ~ 1 ~ - ~ l ~ - ~ l ~ ) ~  and c ( ~ - A l a - ~ - ~ r o - D - ~ h e ) ~ . ~  
The N4H"'Ol bond is ofthe Type I I ,4  + 1 bond6 first observed in ferrichrome- 
A ~ .  A comparison of the conformational angles observed for the 4 -t 1 bond in 
c(G1y-Pro-Gly-D-Ala-Pro) and those found in other peptide molecules in the 
crystalline state is shown in Table I. There exists a remarkable consistency in the 
angular values, despite differences in the length of the backbone and the variety 
of the side groups. 

The other transannular hydrogen bond in the cyclic pentapeptide, N1H...O4, 
is the recently observed 3 -+ 1 type. This type of bond also ex& in dihydro- 
chlamydocinll, a naturally occurring cyclic tetrapeptide, and comparisons of 



Fig. 1. Stereodiagram of c(G1y-Pro-Gly-D-Ala-Pro). The ellipsoids represent the thermal 
motion of the atoms at 50% probability, whereas the small spheres are the hydrogen atoms. 
The C" atoms are labelled 1 to 5. 

Table I. Conformational Angles @(N-Ca) and $(Cff-C') 
for 4 + 1 (Type 11) Hydrogen Bonds.* 

Peptide Residue 
2 

Residue 
3 

N.m.0 Ref. 

c-pentapeptide L-Pro 

Ferrichrome A L-Ser 

c - ( L - A l a - L - P ~ O - D - P ~ ~ ) ~  L-Pro 

l i n e a r  tr ipept ide  L-Leu 

l inear  tr ipept ide  L-Pro 

valinomycin L-Val 

L-Val 

2.87 A This 
paper 

2.98 7 

*In Type 11,  4 + 1 bonds residues 2 and 3 are e i t h e r  L , D  or L ,  Gly. 

conformational angles are shown in Table 11. Again, the absolute values for @, $ 
and w are entirely consistent in the three examples. The signs of the values are 
opposite in the present molecule from those in dihydrochlamydocin since the 
residues involved are of opposite hands. An important feature in the 3 + 1 type 
of bond is the nonplanarity of the peptide group containing the participating NH 
group. As can be seen in Table 11, the w values deviate from 180" by 18" to 24". 
The other four w values for t h s  cyclic pentapeptide range from 174" to 178". 



Table 11. Conformational Angles for 3 + 1 Hydrogen Bonds. 

Peptide Residue $ w N.-.O Ref. 

- - - - - - 
c-pentapeptide L-Pro -86' 70' -160' 2.92 A This paper 

dihydrochlamydocin +83 -73 +I56 

Me2 Gly +72 -64 +I62 2.82 
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The title tetrapeptide (Figure 1) comprises residues 2 through 5 of the linear 
polypeptide a l ameth i~ in ,~  an antibiotic which affects ion transport through 
natural and synthetic membranes and contains the unusual amino acid, 
aminoisobutyric acid (Aib). 

This compound crystallizes in the monoclinic space group P21 with cell 
dimensions a = 11.147 8 ,  b = 13.877 8 ,  c = 10.417 8 , P  = 100.9" and Z = 2. 
The structure was finally solved through the use of the direct methods program 
QTAN~.  The tetrapeptide has been refined by full-matrix least-squares, treating 
the thermal vibration of all non-hydrogen atoms anisotropically, to a residual of 
0.10 for 2496 observed data. 

An ORTEP drawing of the structure is shown in Figure 2. Bond distances and 
angles are unexceptional. The conformation of the first three residues (Pro-Aib- 
Ala) approximates that of a single turn of a 310-helix. Two weak intramolecular 
hydrogen bonds are present in this single turn of the helix and occur between the 
amino group of Ala3 and the carbonyl oxygen of Boc(N-0 distance, 2.97 8 )  as 
well as between the amino group of Aib4 and the proline carbonyl oxygen (N-0 
distance, 3.09 8 ) .  In addition, there is a single intermolecular hydrogen bond 
between the amino group of Aib2 and the carbonyl oxygen of Aib4 of a transla- 
tionally related molecule (N-0 distance, 2.88 8). Thus, every potential hydrogen 
bond donor is involved in a hydrogen bond. 

All peptide linkages deviate by less than 8" from trans. The ($, 1C/) torsion 
angles3 are pro1 (-56", -35"), Aib2 (-52", -38"), Ala3 (-93", -13") and Aib4 
(48", 42"), respectively. These values are plotted in Figure 3 along with theoreti- 
cal values for a 310- and an a-helix. While the torsion angles of the first two 

Fig. 1. ~ o c - ~ - ~ r o l - ~ i b ~ - ~ - ~ l a ~ - ~ i b ~ .  
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0 - Oxygan 
@ - Nlirogen 

Fig. 2. Structure of the benzyl ester of Boc-L-Pro-Aib-L-Ala-Aib. 

Fig. 3. @, $ plot f o ~  (I), L-pro1; (2) ~ i b ~ ;  (3)  la la^, (4) ~ i b ~  as well as the expected 
values for a 3 10 helix and an ol helix. 

residues and to  some extent the third residue closely approximate the accepted 
values for a 310- or an a-helix, the torsion angles of the fourth residue are 
considerably removed from this area of the graph. However, this should not be 
surprising since there are no intramolecular hydrogen bonds to maintain the 
helical conformation in this area. 

Both empirical4 and potential energy  calculation^^^^ show that the allowable 
conformations which an Aib residue may adopt favor that of the right- and left- 
handed a-helix. The @ and $ torsion angles of the two Aib residues obtained 
from this study are nearly equal in magnitude, opposite in sign from each other 
and deviate by less than 9 O  from the theoretically predicted values. The relation- 
ship between the two residues can be seen from the Newman projections of the 
@ and $ torsion angles, illustrated in Figure 4. Since these two Aib residues have 
different environments, in terms of the groups to which they are covalently 
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Fig. 4. Newman projection about the @ and $ torsion angles of Aib2 (solid lines) and 
Aib4 (broken lines). 

bonded and also the number and arrangement of the hydrogen bonds, it seems 
very unlikely that the observed relationship is fortuitous. Therefore, we con- 
clude that the observed magnitudes of @ and $ describe highly preferred 
conformations for the Aib residue. 

The conformation of the pyrrolidine ring can best be described as nearly 
midway between the half-chair and envelope forms of a five-membered ring. 
The asymmetry parameters7 were calculated to be 7.9 for a mirror plane passing 
through the 0-carbon atom and 8.9 for a two-fold axis passing through the 
nitrogen atom. Further confirmation is provided by the fact that the y-carbon 
atom is displaced -0.16 A from the plane defined by N, Ca and C6 while the 
0-carbon atom is displaced +0.47 a from this same plane. 

Research supported by Grant No. GM-19684 from the National Institute of General 
Medical Sciences, DHEW (GDS and WLD) and Grant No. PCM 74-03059 from the 
National Science Foundation (EWC, NEK, GRM and FSM). 
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Introduction 

There has been considerable research devoted to the computer simulation of 
the dynamics of polypeptide chains. Interest has focused particularly on the 
folding problem and related questions pertaining to the factors that determine 
the three-dimensional conformation of native proteins. Recently a number of 
attempts have been made to fold a complete protein withcomputer simulation.ld 
Pancreatic trypsin inhibitor @TI) has been chosen for studies of this type, since 
it is a small protein, and its folding has been studied extensively experimentally,6 
The first claims of a successful folding simulation were made by Levitt and 
~ a r s h e l . ~ ? ~  These workers used a highly simplified model of a polypeptide chain 
in which the backbone was represented in terms of only three pseudo torsional 
potentials (ascribed as Ala, Gly and Pro) while each side chain was assigned a 
spherical potential centered at a single point. An extended starting conformation 
was assumed which, following a series of minimizations and subsequent random- 
izations to escape local minima, folded into a conformation which in some ways, 
resembled the native protein. 

We carried out a study aimed at defining the factors that lead to the forma- 
tion of tertiary ~ t r u c t u r e . ~  Our initial strategy has been to perform energy 
minimizations on polypeptide sequences consisting of only alanines and glycines. 
These two amino acids were chosen since they are extremely simple yet contain 
a great deal of structural information. Alanine, which is the smallest amino acid 
containing a 0-carbon, tends to form secondary structures while glycine allows a 
chain to fold back on itself. By studying the conformations obtained from these 
two residues alone we can determine the effect that the presence or absence of a 
0-carbon in a particular position along the chain has on the computed conforma- 
tion. In this way we can not only study the role of glycines in protein folding, 
but also perform control experiments on other folding simulations such as those 
of Levitt and warshel1Y2 in which the results were attributed primarily to the use 
of "time averaged forces" between all 20 types of amino-acid residues. Our ap- 
proach requires that we introduce no a priori assumptions and for this reason no 
modifications to the potential functi0ns~7~ were made. 
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Folding Simulations for Pancreatic Trypsin Inhibitor (WI) 

In our first set of folding simulations, we represented ail glycines, asparagines 
and aspartic acids as glycines. (These are the amino acids which were ascribed a 
glycine backbone potential in the work of Levitt and War~he l l ?~ . )  All other 
residues were taken to  be alanines. It should be notedlo that by representing the 
sequence in this way, glycine residues are present in each of the three major 
turns of PTI but are absent from the extended regions. 

The results of the first folding simulation we attempted are shown in Fig. lb.  
It is clear that the conformation of Fig. l b  superficially resembles native PTI. A 
structure resembling an anti-parallel 0-sheet has formed between residues 16 and 
36 and the chain turns and folds back on itself at approximately the right places. 
The r.m.s. deviation from the native structure we obtain is 6.1 which is well 
within the range used to define successful folding simulations in previous studies. 

The result shows that a polypeptide of 58 amino acids consisting of just 
alanines and glycines can be folded on a computer to a conformation containing 
many of the elements of tertiary structure normally associated with proteins. 
Moreover, the computed structure bears a resemblance to PTI. It is as close or 
closer to the native structure of PTI as has been achieved heretofore, both in 
terms of topology and r.m.s. deviation. 

The general similarity obtained is related entirely to the definition of the 
backbone in terms of two types of residues, one which favors turns in the chain 
at the correct place and the other which favors extended regions. It appears that 
the "time-averaged" potentials1>2 that have been introduced to represent side 
chain interactions, have little, or nothing, to do with the quality of the final 
result. Our results demonstrate that it is possible to obtain a structure which 
resembles the native conformation, from a sequence which contains essentially 
no relation to the true primary structure and therefore no information relevant 
to its actual in vivo folding. Clearly, using overly permissive criteria as to the 
success of a folding simulation can lead to incorrect conclusions as to the validity 
of a particular representation of protein s t r ~ c t u r e . ~ . ~  

A close comparison of the various computed structures to native PTI however, 
reveals significant differences which may be more significant than the artifactual 
similarities. In particular, neither the threading of the N-terminal sequence 
through the 30-51 covalent loop nor the 180" twist in the 0-sheet is reproduced. 
In fact, none of the published folding simulations have yielded these features so 
that all attempts to fold PTI on a computer have failed to predict key elements 
of its tertiary structure. Moreover, none of the computed structures would fold 
correctly even if more accurate potentials were introduced following the folding 
step, since a major rearrangement is required in order to thread the chain cor- 
rectly. Since a large number of folding simulations have been attempted, the 
failure to obtain even a single positive result with regard to these key features 
may imply that a very fundamental error is inherent in these studies. It is 
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Fig. 1. Stereo figures of PTI represented by connecting the C" atoms of each residue (a) 
experimental structure11 (b) results of folding simulation of AlaGly sequence with glycine 
residues placed in positions occupied by Asp, Asn or Gly in native protein (see text). 

possible that quite specific directed interactions are operating throughout the 
folding pathway and that a significant fraction of the information present in the 
primary sequence is used in defining this pathway. While it is difficult to draw 
general conclusions, it is clear that crude representations of early steps in folding 
have biased current simulations to incorrect local minima. 

The Role of Glycine Residues 

Our calculations (see Table I) demonstrate the role of glycine residues in 
stabilizing folded structures. This results from their ability to assume conforma- 
tions that are forbidden to other residues and which facilitate the formation of 
turns. The computational result that a polypeptide sequence tends to form 
turns at glycine positions is the first theoretical demonstration of this character- 
istic behavior. 

In another set of experiments we used a starting conformation corresponding 
to that of an a-helix. As can be seen in Table I ,  when all residues were taken to 

Table I. Conformational Energies of Various Ala-Gly Sequences 

Gly  P o s i t i o n  i n  I n i t i a l  
I n i t i a l  S t r u c t u r e  

F i n a l  
PTI Sequence Energy Energy 

Extended Asp Asn Gly 333 195 

Extended - 330 202 

H e l i x  Asp Asn G l  y 3207 5 2 

He1 i x  - 3727 30 

Fo l ded Asp Asn Gly - 5 9 

Fo l ded - 343 113 
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be alanine, a stable conformation of 30 kcal was obtained following minimiza- 
tion. This helical structure is clearly destabilized by the presence of glycine 
residues which raise its energy to 52 kcal, close to  that of the folded conforma- 
tion. Thus, the role of glycine as a helix-breaker found in statistical studies is 
also reflected by these calculations. 
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The protein conformational predictive method of Chou and ~ a s m a n l  based 
on a statistical analysis of 15 proteins has been refined using the X-ray atomic 
coordinates and cp, J/  dihedral angles from 29 proteins.2 The total number of 
residues (N=4741) is approximately double that of the previous survey, with 38% 
in helices, 20% in 0-sheets, and 30% in 0-turns. Tetrapeptides whose CP-C?+3 
distances were below 7 A, and not in helical regions were characterized as 0-turns. 
A detailed analysis of 459 0-turns classified according to 11 bend types was 
presented earlier,3 and it was shown that reverse chain folding is stabilized by 
anti-parallel 0-sheets, as well as helix-helix and a-0 interactions. 

When the frequency of residues in the a-helical, 0-sheets, and 0-turn regions 
are divided by their respective average frequency, their conformational param- 
eters are obtained: Pa = f,/(f,), Pp=fp/(fp), and &=&/(&). These conformational 
potentials are shown in Table I, arranged in hierarchical order along with their 
assignments as formers, indifferent, and breakers of a- and 0-regions as defined 
earlier1. Although most values remained fairly constant, Met showed the most 
dramatic change, and is now assigned as a strong a-former and a weak 0-former. 
Other changes in assignments include Asn, Asp, and His. It should be noticed 
that all five charged residues are unfavorable for 0-sheet formation with 4<1.00, 
while three of the charged residues Asp, His, and Arg are helical indifferent with 
Pff*l.OO. On the other hand, helix breaking residues (Pro, Gly, Asn) are strong 
0-turn formers with&>l SO, while 0-formers occur infrequently in bend regions. 

The positional preferences of amino acids in 0-turns can be seen in Table I. 
The predominance of Pro in the 2nd rather than the 3rd position, Trp in the 4th 
but not in the 2nd position, Cys and His in the 1st but not in the 2nd position 
are no doubt due to stereochemical considerations which make certain residues 
more energetically stable at specific position of the 0-turn. 

To enhance further the predictive accuracy based on the P, and Pp values 
derived from single residues, dipeptide and tripeptide conformational param- 
eters, as well as helix and 0-sheet boundary frequencies, were derived from 29 
proteins and utilized in a computer predictive algorithm2. The conformational 
profile of thioredoxin using single residue information (Pa and Pp values of 
Table I) is shown in Fig. 1C. As can be seen, the helical and 0-sheet peaks are in 
excellent agreement with the a and 0 regions observed from X-ray (Fig. 1B). A 
notable exception is the short helix 59-63 which contains two a-breakers (Asn 
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TABLE I 
Conformational Parameters for a &Helical, 0-Sheet and 

Glu 1.51 
Met 1.45 
Ala 1.42 
Leu 1.21 1 
2: ;: ;: 1 
Gln 1. U 
T r p  ;:;;I ha 
Ile 
Val 1.06 
Asp 1. 01 
His 1. 00) I. 
A r g  0. 98 
Thr 0.83 

Cyw 0.70) - 
T y r  0.69 
A m  0.67} b, 
P r o  0.57 
Gly 0.57jB: 

1 Residues in 29 Proteins 
Pt I 5 1 'i.1 I 'i.2 I f1_+3 

Asn 1.56 
Gly 1.56 
P r o  1.52 
Asp 1.48 
Ser 1.4 3 
Cys  1.19 
T y r  1.14 
Lye 1. 01 
Gln 0. 98 
T h r  0.96 
T r p  0. 96 
Arg  0.95 
H1s 0.95 
Glu 0.14 
Ala 0.66 
Met 0.60 
P h e  0.60 
Leu 0.59 
Val 0.50 
Ile 0.47 

I 

i C; 
' Asp 

Hm 
S e r  
P r o  
Gly 
T h r  
T Y ~  
T ~ P  
Gln 
A r g  
Met 
Val 
Leu 
Ala 
Phe  
Glu 
LYW 

$ Ile 

0.161 
0.149 
0.141 
0.140 
0.120 
0.102 
0.102 
0.086 
0.082 
0.077 
0. 074 
0.070 
0. 068 
0.062 
0. 061 
0.060 
0.059 
0. 056 
0.055 
0.043 

T ~ P  
Gly 
CYS 
T y r  
Ser 
Gln 
LYE 
Awn 
A r g  
Asp 
T h r  
Leu 
P r o  
P h e  
Glu 
Ala 
Ile 
Met 
His 
Val 

P r o  
S e r  
Lyw 
A s p  
T h r  

A r g  
Gln 
Gly 
Asn 
Met 
Ala 
T y r  
Glu 
Cys  
Val 
His 
Phe  
I le  
Leu 
T r p  

0. 301 
0.139 
0.115 
0.U0 
0.108 
0.106 
0.098 
0. 085 
0. 083 
0.082 
0.076 
0.065 
0.060 
0. 053 
0.048 
0.047 
0.041 
0.034 
0.025 
0. 013 

Pa. P , P are conforrnatlanal parameters  of hekoal.  B-sheet and P-turns. f,. fi+,, fi+2. fi+3 are P t - -  - - 
bend frequencies in the four positions of the P-turn. Ha. Hg, etc. ,  a s  defined prevmualy ( 1 ). 

Awn 
Gly 
Asp 
Ser 
Cyw 
T y r  
A r g  
Hie 
Glu 
Lys  
T h r  
Phe  
T r p  
G h  
Leu 
Ala 
P r o  
Val 
Met 
Ile 

59 and 63) in addition to a-breakers at 64-65 (Pro Gly). The predicted confor- 
mation of thioredoxin (34% helix, 24% 0-sheet), shown in Fig. 2, agrees well 
with the 39% helix and 28% 0-sheet found from X-ray studies4. Three of the 
0-turns 8-1 1, 49-52, and 67-70 were located exactly from the bend probability 
peaks (Fig. ID), while two bends, 32-35 and 68-71, were localized within ? 1 
residue. 

The quality of prediction1 for thioredoxin is & = 77%, Q = 89%, and 
Qt = 83% based on single residue information. However, with the aid of com- 
puter analysis, region 86-91 in thioredoxin may be predicted as 0-sheet in agree- 
ment with X-ray, resulting in & = 85% and Q = 94%. Thus, improvements of 
prediction are obtained by the consideration of dipeptide, tripeptide, and con- 
formational boundary analysis2. Likewise the predictive accuracy for super- 
oxide dismutase (& = 47%, Q = 76%, Qt = 74%) and triose phosphate isomerase 
(& = 8576, Q = 81%, Qt = 60%) obtained from the predictive rules2 compare 
favorably with several other computer predictive algorithms currently in use5. 

The 3-dimensional structure of proinsulin has been proposed based on a pre- 
dicted p-turn at 15-18 flanked by two helices in the ~ - ~ e ~ t i d e ~ .  Using the bend 
frequencies from 29 proteins (Table I), it was shown for ten mammalian species 
that a high 0-turn potential exists in the 12-17 region, and more importantly 
none outside of it2. While no biological role has been designated for the C- 
peptide, the 0-turn conservation predicted in the proinsulins is probably essential 

for directing the proper folding of the C-peptide helices. This conformation 
possibly masks the receptor binding region of the hormone, thus making the 
precursor, proinsulin, inactive. 



PREDICTION OF PROTEIN SECONDARY STRUCTURE 

Fig. 1. Predicted conformational profile of thioredoxin. (A) Distribution plot of charged 
(+ / - = upward/downward bars) and hydrophobic residues (small bars on zero baseline). 
(B) The a and p regions from X-ray data. (C) The average Pa (-) and Po (- - -) potential of 
residues i to i+3. (D) p-turn probability profile with arrows indicating X-ray results. 

The importance of the &turn in chain-folding may also be seen in the pre- 
dicted structure of 7 homologous proteinase inhbitors2. Although only 5 in- 
variant residues are present in addition to the 6 Cys residues (of approximately 
60 residues), the 0-turns are conserved, with the onset of chain reversal at 
residues 12, 25, 37, and 41, as shown by X-ray studies for pancreatic trypsin 
inhibitor. While the function of a protein depends on its unique three-dimensional 
topology, one may still gain significant information from secondary structural 
prediction. Empirical predictive algorithms can provide a useful starting con- 
formation for energy minimization procedures, thus limiting the search for the 
native tertiary structure. It may also be helpful for the interpretation of X-ray 
diffraction data at low-resolution as was done in the case of tobacco mosaic 
virus7. 

The conformational parameters, Pa, P p ,  and Fj (Table I) provide an expedient 
way of detecting regions in proteins with potential for conformational changes 
due to mutations or changes in solvent conditions. Applications of these param- 
eters have suggested an transformation in the 52-57 region of lac repressor 
mutant8 AP46 and in the pl-6 region of sickle cell hemoglobin9. An interesting 
0-m transformation in region 01-8 of 4-Zn insulin in 6% NaCl was observed by 
X-ray studieslO. This is not surprising since the 01-7 region also has a-potential, 
but was predicted1 as 0-sheet due to its higher 0-potential (Pp)=1.15 > (p,)=1.07. 

Another application of secondary structural predictions is the  recognition of 
structural domains in homologous sequences [e.g., glutamate dehydrogenasesl1, 
growth hormones12, irnrnur~oglobulins~~] . Finally, the predictive method may 
suggest the rational design of synthetic analogs for experimental testing to see 
whether conservation or changes in conformation will produce alteration or 
retention of hormonal or enzymatic activity [e.g., ribonuclease ~ - ~ e ~ t i d e l ~ ,  
proinsulin ~ - ~ e ~ t i d e l ~ ,  secretin16] . Hence, the relative simplicity and accuracy 
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Fig. 2. Schematic diagram of the predicted secondary structure of thioredoxin. Residues 
are represented as helical (Q), p-sheet (A), and coil (-). p-turn tetrapeptides are denoted by 
chain reversals. Conformational boundary residues are numbered, and the positions of 
charged residues are shown. 

of the Chou-Fasman method have resulted in its extensive use in predicting the 
conformation of biological macromolecules2. It is hoped that the careful and 
judicious application of the empirical predictive method will lead to further 
insights on protein folding. 

This work was supported by Grants from the U.S. Public Health, NSF, and American 
Cancer Society. Publication No. 1151 from the Department of Biochemistry, Brandeis 
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PREDICTION OF CYCLIZATION TENDENCIES OF POLYPEP- 
TIDES FROM THE MACROCY CLIZATION EQUILLBRIA. 

M .  MUTTER, Institut fur Organische Chemie der ~niversiiat, 
Auf der Morgenstelle 18,D- 7400 Tubingen, Germany, 

and P. J .  FLORY, Department of Chemistry, 
Stanford University, Stanford, Ca. 94305, USA 

An elaborated form of the Jacobson-Stockmayer theory of cyclization equi- 
libria is used to calculate the cyclization constants Kx for polypeptides with 
various conformational features. According to this theory1, the propensity for 
cyclization, expressed in the equilibrium constant K x ,  is calculated by the rela- 
tion 

Kx = ) l acyA (1) 

where W(r) is the probability density function of the chain vector r;  when r = 0, 
rO(y) is the probability distribution of y = cos A 0 ,  A 0 being the angle between 
a hypothetical bond (3x + 1) and bond 1 (Fig. 1); a, corresponds to the 
symmetry number of the ring,_NA is Avogadro's number. In order to form a ring, 
(i) the dotted hypothetical bond 3x + 1 in Fig. 1 must coalesce with bond 1 
(joining atom 0 and 1) and (ii) the direction of the bond to be formed, 3x, must 
yield acceptable bond angles at atoms 3x - 1 and 0. Bond angles and bond 
lengths are assigned the values used previously2, the peptide bond being in the 

Fig. 1. Polypeptide chain in the reference frame of the first amide bond. A 0 denotes 
angle between the direction of the hypothetical (3x + l) th bond and the first bond. 
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trans-planar configuration. Conformational energy calculations were performed 
using semiempirical potential functions3. In the case of X-Pro sequences, 
ECEPP~ was used. The evaluation of W(r) was obtained using three approxima- 
tionsl. First, Gaussian distribution was assumed; second, W(0) was obtained in 
higher approximation by scalar Hermite expansion; third, W(0) was estimated 
using a direct Monte Carlo procedure1. The angular correlation factor 2 rO( l )  
was evaluated according to the equation 

whereby (Pk) are averages of Legendre polynomials over all configurations of 
chains with r = ol. The amino-acid sequences treated in this paper reflect the 
main structural features of naturally occurring and synthetic cyclic peptides, 
namely poly(L-Ala-D-Ala) (I), poly(D-Pro-L-Ala) (11), poly(G1y) (111), poly(L- 
Pro-LAla) (IV), poly(D-Ala-D-Ala-L-Ala-L-Ala) (V) and poly(L-Ala) (VI). 

Results 

Poly(G1y). K, calculated on the basis of W(0) in different approximations 
indicate that there is a departure from the Gaussian distribution throughout the 
investigated range. As a consequence, K,  is lowered by factors of ca. 1.7, 1.4 and 
1.2 for x = 6 ,  10 and 12, respectively. The angular correlation factor, determined 
by (Pl)r=O, is negative for all x (2 rO( l )  < 1) and leads to a further depression of 
K,. The relatively moderate deviations from the Gaussian distribution and a 
rapidly decreasing angular correlation with chain length reflect the high flexibili- 
ty of this chain, as can be expected from the small values of the characteristic 
ratio, C,, and the persistence vector, a (Table I). 

Table I. Log K, for the Peptide Sequences I - VI for Different Chain Lengths x ,  
Calculated According to Eq (1). Numbers Labeled "t" Correspond to Estimated 

Maximal Values of K,. In Columns 4 and 5, the Values for the Characteristic 
Ratio C,, and the Persistence Vector a =Ir) are Given for n = 20. 

sequence 6 1 0  2 0  Cz0 % 0 

I -0.  33 -1. 6 0  -2.  04  0.73 4. 08 

I1 -1. 6 1  -2. 19 -2.  55  1 . 4 1  5 . 9  

111 - 2 . 2 1  - 2 . 2 0  -2 .78  1 .89  6 .4  

IV -2.69' -3.24' -3.86' 3.26 1 0 . 1  

V -3. 02' -4. 33' -3.98' 3. 62 12. 0 

VI -3.95' -4.19' -4.61' 6.45  2 1 . 0  
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Poly(L-Ala). The values of Kx in Gaussian approximation are lower compared to 
poly(G1y) by factors of ca. 4 and 6 for x = 10 and 20, respectively, indicating a 
low density at r = 0; this is a direct consequence of the greater C, and a (Table 
I). Furthermore, a strong deviation from the Gaussian distribution is indicated 
by the Monte Carlo approximation. Because of the extendedness of the chain, 
the moment method to evaluate W(0) must fail in this case for short chain 
lengths. Given the values from the Monte Carlo estimate (Fig. 2), the depression 
of Kx due to departures from the Gaussian distribution amounts to  factors of ca. 
17, 8 and 3 for x = 8, 12 and 20, respectively. The Legendre polynomials for the 
evaluation of the angular correlation factor did not converge satisfactorily. Yet, a 
strong negative value of the leading term, for all x is indicated. The 
inclusion of the higher terms in Pk) leads to a value of 2 r O ( l )  very close to zero. 
Whereas a quantitative evaluation of Kx is impossible, maximal values can be 
estimated (Table I). 

Poly(D-Ala-GAla). Here, all three approximations of W(0) gave identical results, 
i.e. the alternating D, L-chain obeys the Gaussian distribution for all xG6. The 
Kx-values are considerably higher than those obtained for poly(G1y) (Fig. 2), in 
agreement with the very low values of C, and a (Table I). The angular correla- 
tion assumes positive and negative values, depending on x . 

Other sequences. The K,-values of the sequences 11, IV and V evaluated on the 
basis of W(0) in higher approximation are plotted in Fig. 2. The low Kx-values of 
the (DDLL-) chain (V) could be expected from the large values of C, and a 
(Table I). The insertion of L-Pro residues in a poly(L-Ala) chain (IV) leads to 

Fig. 2. Log Kx plotted against the number 
of residues x for the sequences I to VI (compare 
Table I) calculated from Equation (1) by ne- 
glect of angular correlations. W(0) was estimat- 
ed by Monte Carlo methods. 

I 
0.8 1 .o 1.2 

L O G  X 
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hlgher values of Kx compared to the p o l $ ( ~ ~ l a )  chain. The result for sequence 
I1 resembles that of sequence I. 

Discussion 

The present calculations show that the ring closure probabilities, expressed in 
the equilibrium constant Kx,  span a very large scale for the various peptide 
sequences investigated here. The data of Table I lead to reliable predictions of 
the propensity for cyclization. The cyclization reaction should be most difficult 
for a poly(L-Ala) type chain which is in agreement with experimental findings5. 
At the opposite extreme, a large yield of cyclic products is predicted in the 
polymerization of D, LAla. This is confirmed by numerous successful syntheses 
of naturally occurring cyclic peptides5*6. Cyclic peptides containing Gly residues 
also are readily synthesized as expected from the present calculations. The 
general agreement between theoretical predictions and the experimental evidence 
indicates that Kx depends on both the density distribution W(0) of the end-to- 
end distance r and the angular correlations. 

One of the authors (M. M.) is grateful to the Deutsche Forschungsgemeinschaft for 
financial support. 
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ON THE USE OF CONFORMATIONAL ENERGY CALCULA- 
TIONS TO SHOW STRUCTURAL RELATIONSHIPS 

BETWEEN SMALL POLYPEPTIDES WHICH 
EXHIBIT OPIATE ACTIVITY AND THOSE 

WITH PITUITARY HORMONE- 
RELEASING ACTIVITY. 

F. A. MOMANY, Department of Chemistry, Memphis State 
University, Memphis, TN 38152, C. Y .  BOWERS, Tulane 

Medical School, 1430 Tulane Ave., New Orleans, 
LA 701 12, J .  K.  CHANG, Beckman Instruments, 
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Recently, experimental studies have shown that the small brain opiate acting 
pentapeptides, Me$- and ~eu~-enkephal in ,  have hypophysiotropic a ~ t i v i t ~ . ~ . ~  A 
variety of analogs based on the enkephalin sequence have been studied and 
different analogs have demonstrated agonist or antagonist activity by a direct 
action on the pituitary in vitro.l.2 In this paper, the conformational properties 
of some of these enkephalin analogs with luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH) agonist or luteinizing hormone-releasing factor (LRF) 
antagonist activity are examined, and a mechanism for action at the receptor is 
proposed. 

Conformational energy calculations have previously been carried out on the 
native enkephalins?.4 and also on native L R F . ~ , ~  The enkephalin conformations 
found by these calculations depend upon subtle changes in the end-groups and 
upon D- and L-amino acid substitutions in the enkephalin sequence4 Conformer 
C of Ref. 4 was described as being the most probable opiate-active conformation; 
now the lowest energy enkephalin  onf former,^.^ (Conformer IA of Ref. 4) is 
postulated to be that conformer responsible for LH/FSH activity. This postulate 
is further enhanced by comparing the lowest energy enkephalin conformer (see 
Figure 1) with the calculated structure of L R F ~ ~ ~  (see Figure 2). The orientation 
and relative position of the aromatic rings in these distinctly different molecules 
compare favorably. In both molecules the Tyr ring lies below the backbone 
structure, and has one ring face exposed to solvent or receptor surface. The phe4 
ring of Met5-enkephalin can easily take up a position equivalent to the  is^ ring 
of LRF (dotted lines of Figure I), and the positively charged N-terminus of 
Met5-enkephalin is oriented in a region of space close to that taken by the posi- 
tively charged side chain of LRF. The location of the C-terminus of Met?- 
enkephalin is close to that found for the < ~ l u l  residue of LRF. 

It has been shown in ~ i t r o l > ~  that ~ e t ~ - ,  ~ e u ~ - ,    he he^] -Me$- and [ D - L ~ U ~ ]  - 
Met5-enkephalin-amides in dosages of 3-100 yglml medium released LH and FSH 
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Fig. 1. Low energy conformer of ~et~-enkephal in .  

Fig. 2. Low energy conformer of luteinizing hormone-releasing factor (LRF). 

and that Met5-enkephalin, ~eu~-enkephalin,    DOPA^] -, [phel] -, [ ~ r ~ l ]  - ~ e t ~ -  
enkephalin, all inhibited the LRF response when the carboxyl terminus was free. 
Conformational energy calculations have shown4 that upon amidation of the 
C-terminus, the population of the low energy conformers (A and C of Ref. 4) 
become nearly equal, thus a sufficient population of ~ e t ~ - e n k e ~ h a l i n - ~ ~ ~  re- 
tains the conformation shown in Figure 1 to act as an agonist. 

Using the structural similarities between Met5-enkephalin and LRF, we have 
predicted some potentially potent analogs. The first pentapeptide sequence pre- 
dicted to enhance LH release is: 

This sequence meets the criteria that the ~l~~ residue in the lowest-energy 
enkephalin structure (see Figure 1) will allow incorporation of a D-residue. 
Further, LRF shows a Trp residue in the equivalent region (see Figure 2). 
Sequence I was investigated by conformational energy calculations, and the 
lowest energy conformation is shown in Figure 3. Clearly, this structure mimics 
the conformation of MetS-enkephalin and select regions of LRF very closely. 
Synthesis and testing of the above analog are being carried out. Preliminary in 
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Fig. 3. Low energy conformer of  la^, D - T ~ P ~ ]  - ~ e t ~ - e n k e p h a l i n - ~ ~ ~  

vitro tests have at present proven inconclusive, and a report on the final results 
must await further study. The results of activity tests on this molecule, as well as 
other predicted analogs, such as: 

will be presented in complete detail elsewhere7 Testing of the C-terminal car- 
boxylated analog (I) for potent antagonist activity is in progress. 

A possible mechanism for the action of LRF and the active analogs studied 
here can now be proposed. A schematic diagram of this mechanism is shown in 
Figure 4. The distance, R, in Figure 4 appears to be relatively constant for all the 
calculated agonist and antagonist7 conformers. Further, for every agonist, there 
is an amide or <Glu group situated between the charged group and the ring. We 
propose that the phosphate of a phosphorylated serine is moved by the action of 
the positive charge, exposing an area normally protected. The <Glu or amide 
group then moves into the exposed region, probably forming a hydrogen-bond 
(using the carbonyl group of the substrate). By activating thissite in this way 
the system is turned on. The primary role of the His or Phe ring is to maintain a 
specific distance to the -NH3+ or Arg' group. This may be accomplished by 
fitting the ring into a specific 'pocket'. This distance criteria may explain why 
some enkephalin analogs with phe4 act as agonists, even though LRF requires 
the smaller His ring for potent agonist activity. The antagonist response of the 
enkephalin analogs with a free carboxyl terminus can now be explained since the 
COO- group would situate itself in the same position that the phosphate had 
previously occupied, and thus turn off the mechanism in a similar manner as 
does the phosphate. Some inhibitors appear to have an aliphatic face in this 
central position? and by the mechanism proposed here, simply do not turn the 
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Fig. 4. Schematic mechanism for LH/FSH activity. 

system on. Substitution of a carboxyl group in the 1-position in LRF does not 
result in an inhibitor analog. This may be due to a conformational change in the 
molecule, which prohibits binding at the active site. 

We wish to thank the Memphis State University Faculty Research Fund for a summer 
pant,  and the MSU Computing Center for extensive use of the computing facilities (FAM); 
NIH-AM18494 for support (CYB) and Dr. Albert Parlow for the NIAMDD program for the 
RIA reagents. 
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In an earlier paper,l the conformational studies on cyclic tetrapeptides with 
all the four peptide units in trans configuration (and non-planar) have been 
reported. At that time, no information regarding the nature of the peptide units 
in a cyclic tetrapeptide was available from any optical or X-ray studies. Subse- 
quently, the crystal structure and nuclear magnetic resonance studies on a num- 
ber of cyclic tetrapeptides have been reported.2-10 In many of these examples?-* 
the backbone of the cyclic tetrapeptide has been composed of alternating cis and 
trans peptide units. Another common feature in these cases is that one or more 
of the peptide units have methyl group at the N-atom (sarcosyl residue or 
N-methylated amino acid). Except in the case of c(G1y-Prob, the cyclic ring 
has some symmetry, either strict or approximate, for its backbone. Thus, it 
would be appropriate to study the conformation of symmetrical cyclic tetra 
peptides with alternating cis and trans peptide units with a symmetry in the ring. 
Such a study has been carried out with two-fold and inversion symmetries and 
the results are presented in this paper. The symbols t and c will be used to de- 
note the trans and cis peptide units respectively. 

Method 

The method used to form cyclic tetrapeptides with a two-fold symmetry is 
the same as that given by Ramakrishnan and sarathyl except that the starting 
pair of peptide units is composed of linked c and t units. The inversion sym- 
metric structures are generated by taking the midpoint of the virtual bond join- 
ing the terminal a-carbon atoms of the linked peptide units. Obviously, the 
symmetry condition imposes restrictions on the ranges of the parameters 4 and $ 
at the a-carbon atoms. In the present case, the geometry and the stereochemis- 
try are applied together to arrive at conformations that are permissible. 

Results 

The geometrically permitted regions of the (@$) plane for a two-fold sym- 
metry (designated by d) and the stereochemically allowed regions (permitted by 
extreme limits) are shown as superposed in Fig. l(a) and l(b). It can be seen 
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Fig. 1. Superposition of the region ( ) geometrically permitted to 
form a cyclic tetrapeptide of two-fold symmetric type on the corresponding contact map. 
(- - - - - - - - - -1 outer limit for glycyl residue. The resultant permitted regions are shown as 

striped and the low energy regions are shown as cross-hatched. (a) at t-c junction; (b) at 
c-t junction. 

that the superposition results in two distinct common regions and hence two 
distinct types of two-fold symmetric conformations, designated by dl and d2. 
A similar procedure for the inversion symmetry (designated by i) also results in 
two distinct regions of conformations, designated as il and i2. The peptide units 
are taken to be planar. Table I gives the $,J, parameters and the energy values 
corresponding to the minimum energy conformation for glycyl residues. 

Since many of the observed cyclic tetrapeptides have N-Me peptide units and 
glycyl residues, the effect of introducing methyl groups at nitrogen atoms is 
studied with a glycyl side group. The details can be found elsewherell and the 
main results are: (a) methyl substitution at one or both of the c units is possible 
for all the four types; (b) simultaneous substitution at both the t units is possible 

Table I. The (@,$) and Energy Values (for Glycyl Residues) for the 
Minimum Energy Conformations Corresponding to Different 

Symmetrical Types of Cyclic Tetrapeptides 

Symmetry r-t j u n c t i o n  - t - r  j u n c t i c n  Energy k c a l /  
and t y p e  8 ( " )  . y ( " )  0( " )  Y )  mole p e r  r e s .  
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lad u 

Fig. 2. Same as Figure 1 for inversion symmetric type. 

for il type only. i.e., cyclotetrasarcosyl can be and is of this type; (c) substitu- 
tion at any of the t-units is not possible for types dl and i2; (d) substitution at 
only one of the two t units is possible for type d2. The conformations of cyclic 
tetrapeptides having mixed glycyl and sarcosyl residues, so far observed4$ are of 
il-type. 

A similar type of study has also been made with analyl residues (Land D) at 
the a-carbon atoms and with peptide units, both as normal and N-methylated. 
The results cannot be generalized within narrow limits, but enable one to obtain 
the symmetry types that are possible for any given sequence of isomers. For 
example, a sequence of all L or all D amino acids can assume only the d-type of 
conformation (the symmetry being applied to backbone only). When the com- 
pound has mixed L and D residues, either d or i types become allowed, but not 
both. Further details will be published elsewhere. The simultaneous presence 
of the methyl group at the nitrogen atom and nonglycyl residue at the @-carbon 
atom imposes more restrictions on the types that any sequence would take. For 
instance, if all the residues are of the same isomeric type, then the methyl group 
cannot be accommodated at either c or t units. It would be worthwhile to study 
the conformation of such a compound, if it could be synthesized. In the case of 
dihydrotentoxin? for the observed sequence of isomers, only t units and not c 
units can take in methyl groups, according to our study; t h s  agrees with observa- 
tions. A comparative study of the c-t-c-t sequence and d l  t sequence for ~ ( G l y ) ~  
and c(Sar)4 indicates a preference of the latter sequence with S4 symmetry for 
c(Gly)4 and the former sequence with i symmetry for ~ ( S a r ) ~ ;  this is in agree- 
ment with observat i~nsP>~ 

Contribution No. 00000 from Molecular Biophysics Unit, Indian Institute of Science, 
Bangalore, India. 
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Introduction 

We have made a 'hardsphere-like' theoretical study on a few dipeptides and a 
pentapeptide to determine the probable backbone and side-chain conformations 
which are preferred for solvent interaction. We calculated the accessibility of a 
water molecule to these model solute systems and compiled solvent accessibility 
maps which were then used to interpret the observed conformations of arnino- 
acid residues in protein crystals, taking into consideration the ($, $) potential 
energy maps already available. 

Methods 

A water molecule is rolled along the envelope of the van der Waals surface of 
the solute molecule and the accessible surface area and a related parameter S, the 
static accessibility for each of the atoms are computed1. The number S, in turn, 
indicates the possible extent of the solvent interaction with that atom of the 
solute molecule. We considered the glycyl, alanyl and seryl dipeptides of the 
form CH~-C'O~~)-NH~-C*.HR-C'O~)-NH~~)-CH~ and the pentapeptide CH3CO- 
A l a l - ~ l a ~ - A l a ~ - A l a ~ - N ~ ~ ~ ~ .  The accessibility S was computed as a function of 
the dihedral angles $, $ and X. 

Results and Discussion 

Fig. 1 depicts the accessibility contours for the constituent atoms of the 
glycyl dipeptide and a water molecule at a given cross section. Fig. 2 depicts the 
accessibility ($, $) map for the atom O1 of alanyl dipeptide. 

From Fig. 2 it is seen that the atom O1 is highly accessible to a water mole- 
cule at the locations of the maximum accessibility (X) and the probable range 
for solvent accessibility is given by the area enclosed by the X-5 contour. Ac- 
cessibility maps were thus computed for the atoms HI, 01 ,  H2 and O2 which are 
the sites for solvent interaction. The accessibility potentiality of the entire 
dipeptide system was represented by superposition maps for the glycyl and 
alanyl dipeptides2 given in Figs. 3 and 4, respectively. 

These maps were constructed by superposing the 01,  HI, O2 and H2 maps and 
shading the areas which fell within the isoaccessibility contour of X-5 so as to 
indicate the selective solvent accessibility of these four atoms. These maps thus 
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Fig. 1. van der Waals and acces- 
sibility contours of a cross section 
of glycyl dipeptide. 

Fig. 2. Accessibility map for the atom 
O1 in alanyl dipeptide. 

Figs. 3 d 4. Superposition maps for glycyl and a h y l  dipeptides. B , m , m B r e p  
resent the best accessible areas for the atoms 0 1 ,  H i ,  0 2  and H2, respectively. The ob- 
served 9, J, values of the middle two glycyl (Fig. 3) and nonglycyl (Fig. 4) residues of bend 
regions (A) and residues in irregular regions ( 0 )  in ten proteins are plotted. Boundaries for 
conformational states o c ~ ,  q ,  P ,  SR and r~ are marked. 
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help to identify areas where more than one atom could accommodate solvent 
molecules. The glycyl superposition map indicates that the atoms 01 ,  H1 and O2 
simultaneously have higher solvent accessibilities near the tR and tL regions. The 
alanyl map indicates that the atoms O1 and H2 have higher accessibilities in the 
P-region, whereas O1 and O2 have higher values in the cR and aR regions. A part 
of aL-region allows atoms H1 and Hz and a part of tL region allows atoms H1 
and O2 to have higher accessibilities. These results show that different atoms 
contribute individually and collectively to the total solvent accessibility of the 
glycyl and alanyl dipeptides depending on the backbone conformation: distorted 
aR-helical or extended structural parts and also a conformation in the tR region 
are favored for solvent interaction. This is indicated by the good agreement 
found when the glycyl and nonglycyl residues are plotted on the respective 
glycyl and alanyl superposition maps. 

For seryl dipeptide the Or atom approaches different backbone atoms selec- 
tively to overlap areas for specific x1 values, and hence the accessibilities of the 
corresponding atoms are drastically decreased. From a model and the S vs x1 
graphs, the probable hydrogen bonding situations with backbonelside chain/ 
waterlexternal group in the seryl dipeptide have been examined. The results 
suggest that the conformation with x1 GZ 60" is favorable for internal backbone- 
side chain hydrogen bonding and that with x1 = -60" is the most preferred 
conformation for hydrogen bonding interaction via a solvent molecule or an 
external solute group. Another interesting result is that the backbone conforma- 
tions tR and aL are better than the /3 and aR conformations when solvent 
accessibility is considered. These results are in good agreement with the observa- 
tions made on the seryl residues in protein crystals. 

For the penta-alanine, solvent accessibilities were computed for the ordered 
conformations 0, C7, a~ and aL as well as for nine types of bend conforma- 
tions3. The results indicate that the second and third residues for type I bend are 
more accessible to water molecules than the other ordered structures. Contrary 
to the other ordered structures, the accessibility values of the atoms H2, O2 and 
O3 are almost equal to those found for the alanyl dipeptide, indicating that the 
addition of residues on either side in proper conformations does not affect the 
solvent accessibility of the middle two residues. This makes the type I bend 
structure the most probable conformation for solvent interaction. Accessibihties 
computed for other types of bends indicate that the bend types IV, V and VII 
are of open structures compared to types I ,  I1 and 111; hence they may not 
promote hairpin-type chain reversals in proteins. Of the latter three types, only 
type I bend has both higher accessibilities for the middle two residues and lower 
values for the end residues. 
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Spectrochimie Infrarouge et Raman, 2 rue Henri Dunant, 

94320, Thiais, France 

For Physicochemists studying peptides,polypeptides or proteins, an important 
point is whether the peptide group is planar or not. Experimental data show that 
significant deviation from planarity may be observedl (characterized by three 
parameters ON, OC and A U ) . ~  

N-methylacetamide (CH3CONHCH3) is a good model of the peptide group 
from structural and vibrational points of view. A non-planar structure of the 
matrix-isolated monomer has been suggested on the basis of infrared spectra.3 
Since the peptide group is often hydrogen bonded to neighboring groups or 
molecules, a spectral study has been undertaken on self-associated CH3CONHCH3 
(liquid and crystal). 

Above 200 cm-l the vibration spectra are well-known and interpreted assum- 
ing a planar structure4d on the basis of X-ray data.7 Not much data is available 
on the low frequency region.8 We shall discuss results obtained in this region by 
Raman and neutron inelastic scattering (NIS) and show that a new interpretation 
of the infrared y NH region is necessary. This leads to conclusions on the struc- 
ture of N-methylacetamide. 

Neutron Inelastic Scattering (NIS) and Raman Spectra 

The NIS technique is especially relevant for proton motions of large ampli- 
tude. It is therefore a good method for identifying the torsions of the CH3 
groups. The Raman spectra are applicable for internal modes to which corre- 
spond strong polarizability variations of the molecule (including the deforma- 
tions of bonds rich in n electrons) while the torsions of the CH3 groups are 
generally too weak to be observed. 

With both techniques the spectra have been recorded below 200 cm-l at the 
temperature of liquid helium. Four isotopic derivatives (CH3CONHCH3, 
CH3CONDCH3, CH3CONHCD3, CD3CONHCH3) have been used for NIS, ten 
for Raman (the same as above, plus CH3C015NHCH3, CD3CONHCD3 and all 
the ND compounds), (manuscripts in preparation). No significant differences 
have been observed between the NH and ND compounds. The frequencies above 
110 cm-1 are gathered in Table I for NH samples (below 110 cm-l are located the 
external modes). 
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Table I. NIS and Raman Frequencies (cm-1) ofN-Methylacetamide 

CH CONHCH CD CONHCH C H  CONHCD 
3 3 3 3 3 3 3 3 3 

CD CONHCD CD C O ' ~ N H C H  Assignment 

N I S  Raman N I S  Raman N I S  Raman Raman Raman 

5 K  3 5 K  5 K  3 5 K  5 K  3 5 K  35 K 35 K 

164 s - 164 s T ( C )  C H  
3 

164 s 146 s t  
1 6 8 ~ 1 5 3 m s h : : ~ : ~ ~  1 P 2 s h  167 s E x t r a  ( T C Bands i\i ) 

153 s 154 s - 

126 m 127 s 126 w ::8 : - 114 w 120 w 131 s E x t r a  Bands 
127 s ( 7  C N )  

The CH3 torsions give two very strong NIS bands and are not observed in 
Raman spectra. The corresponding potential functions have been calculated. 

(N)-CH3 V = (1.7612) (1 * cos @)kcallmole 

(C)-CH3 V = (2.0212) (1 2 cos $)kcal/mole. 

An interesting result concerns the "extra bands" observed in Raman and NIS. 
They undergo important isotopic effects upon substitutions (N)-CH3 (N)-CD3: 
they moreover shift upwards in frequency when the (C)-CH3 is deuterated or 
when 1 4 ~  is replaced by 1 5 ~ .  These bands can therefore not be due to external 
modes nor to CH3 torsions. We assign them to an internal torsion mode around 
the C-N bond. 

The existence of two (sometimes split) bands at a 30 cm-l distance may be 
interpreted through a potential function with double minimum. The calculations 
of isotopic effects are consistent with the experimental results. 

This model implies that the (N)-CH3 group may occupy two symmetrical 
positions (relative to the mid-plane of the molecule) 0.27 a apart and separated 
by a potential barrier of 0.6 kcallmole. Calculations are in progress to  determine 
precisely the normal coordinate in order to evaluate the corresponding Aw angle. 

The existence of this internal T C-N mode is in contradiction with previous 
assignments of this mode at 220 cm-l (amide VII). Besides, since the 200 cm-l is 
also present, there are now more than (3 N - 6) internal vibrations. This diffi- 
culty will be solved through reinterpreting the infrared 400-800 cm-l region. 

Infrared Spectra 

In this region according to ~ i ~ a z a w a ~  are expected a skeletal deformation 
around 430 cm-l, the amide IV (6 CO 630 cm-l), V (y NH 725 cm-l) and VI 
(y CO 600 cm-l) bands. In the ND compound the amide IV' is little perturbed, 
the amide V shifts to the amide V' (y ND 505 cm-l) and the amide VI disap- 
pears. This last phenomenon is unexpected and it is assumed that the amide IV' 
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k d  VI' overlap. Using low temperature it is possible to obtain sharp bands and 
to analyze precisely the isotopic shifts (Fig. 1): no amide VI' band is identified 
around 630 cm-l. 

These results become understandable assuming that the amide VI band is 
actually a y NH absorption. The amide VI' band of the liquid is then probably 
not distinguished from the amide V'. At low temperature these two bands shift 
to 536 and 568 cm-l. 

This new assignment brings the number of observed internal modes back to 
the (3 N - 6) expected. 

The presence of two y NH bands may be interpreted assuming two NH bands 
out of the CNCa plane which may occupy two positions on each side of this 
plane (Fig. 2). Taking into account the results obtained for the 7 C-N and 

Fig. 1. Infrared spectra of N-methylacetamide. 

Fig. 2. Two possible positions of the hydrogen bonds in N-methylacetamide. 

305 
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leading to an angle Aw # 0 there are two distinct hydrogen bonds which can give 
two absdrptions (Fig. 2). The existence of two symmetrical forms (+ Aw) leads 
to four positions for the NH proton, which are symmetrical two by two. The 
spectroscopic consequences of such a system are under investigation. 

Conclusion 

The evidence of a low frequency internal mode, through comparing Raman 
and NIS data and analyzing isotopic shifts, leads to a better assignment of the 
amide V-VI infrared region showing that there are two deformation modes. A 
new model of non-planar amide group is proposed with nonllinear hydrogen 
bonds. 

A study of the other spectral regions is in progress. The similarities between 
the spectra of N-methylacetamide and of polypeptides suggest that these results 
may be extended to the structure of the peptide group. 
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SOLUTION STRUCTURES OF PEPTIDES 
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USSR Academy o f  Sciences, Moscow, USSR 

The major goal of investigators in the field of peptide research is the determi- 
nation of the mode of action of their physiologically active representatives on 
the molecular level. Until recently, approaches to this problem were confined to 
synthesis of analogs of peptides and using them to set up structure-activity corre- 
lations. While one could thereby find portions of the molecule responsible for 
the activity, only a hazy picture of the action mechanism could be formed, 
because no account had been taken of the spatial relations of the active groups 
in the molecule, i.e., of its stereochernistry. 

The early stages of such work were predominated by X-ray analysis which, 
among other things, yielded the geometric parameters of the peptide bond 
valence angles and bond lengths of the Ca atoms (see review Refs. 1 and 2). 
More recently, physicochernical studies of the peptides in solution have become 
predominant, embracing practically every known type of biologically active 
members of this class. Such studies, when applied to model peptides, allow one 
to follow systematically the effects of primary structure on the conformation 
of peptides. 

Although X-ray studies of crystallme specimens far excel that of solution 
studies in resolution and accuracy, many essential questions can be answered 
only by studies in solution. A large part of the potential surface of each amino- 
acid residue of a peptide is ehergetically allowed. Even a simple compound such 
as AcAlaNHMe exists in solution simultaneously in many forms. With larger 
peptides, the combinations of such forms become practically unlimited. Their 
solutions usually contain a number of energetically close, interconverting forms, 
the equilibrium being shifted in one way or another depending upon the condi- 
tions - such as the solvent species and its ionic content, other substances inter- 
acting with the peptide, temperature, peptide concentration, etc. 

The complexity of conformational studies and the limited capacities of 
separate physicochemical techniques have resulted in the use of several methods, 
each of which gives independent and complementary information on the peptide 
structure. Such methods include CD, ORD, IR and nmr studies. Karplus' type 
assumptions of dihedral angles from nmr spectra have also been u s e f ~ l . ~ ? ~  The 
findings can serve as the basis for theoretical conformational analysis. The cor- 
rectness of the resulting structures can sometimes be checked by comparison of 
calculated values and experimental measurements. When no unequivocal struc- 
ture can be deduced, one must examine other factors contributing to structure 
such as intramolecular contacts between sequentially widely separated groupings 



SOLUTION STRUCTURES OF PEPTIDES 

with the aid of techniques such as the pH-dependencies of nmr and CD spectra, 
radiationless energy transfer determined from fluorescence data, EPR determina- 
tion of interspin distances between two inserted iminoxyl radicals, etc. Naturally, 
the reliability of the conclusions could be considerably increased by simultaneous 
X-ray analysis of the substance in its crystalline form. For more details, see 
Refs. 5,6.  

The ring structure of a cyclic peptide limits its conformational mobility, sim- 
plifying the picture and considerably facilitating its study. As a result, a number 
of generalities have been made concerning the spatial structures of peptides, 
including the effects upon them of factors such as the size of the side chains, 
the configurations of the residues, the presence of N-methylamide and ester 
groups, the ring size etc. Cyclic penta- and hexapeptides exhibit a strong tend- 
ency to form 4 + 1 intramolecular hydrogen bonds (so-called p-turns) and show 
a high probability of cis-amide bond formation when the structure includes a 
proline or N-methylamide amino function. 

Cyclopeptides have allowed us to  develop the multiple-technique approach 
and to compare X-ray structures with those in solution. Cyclopeptides yield 
identical structures for rigid molecules in solution with those from X-ray analysis. 
Conformationally mobile substances generally do not show the same structures 
by X-ray and solution measurements, but they shed light on the conformational 
rearrangements accompanying changes in the solution conditions. This can be 
seen in the case of rigid cycle[-(Val-MeIle-D-Hyi~)~-l which formed a typical 
pleated sheet structure under all solution  condition^.^ Noteworthy are the 
similar values for the 4, $ parameters found for the solutions and obtained a 
year later8 for the crystal (Table I). 

Another cyclic hexapeptide cyclo [(Val-Sar)3-] which cannot form a pleated 
sheet, assumes an entirely different set of conformations. In nonpolar media, 
it is preferentially in a symmetric form with three 3 + 1 hydrogen bonds closing 
7-membered rings. Enhancement of the solvent polarity leads to conformational 
rearrangement and the appearance of a series of new structures with one or two 

Table I. Conformational Parameters of cyclo [-(Val-MeIle-D-Hyi~)~-l 

Angle 

'PO 

w O 
1 '  r 

Condition 

Solution 

Crystal 

Solution 

0 3  

Crystal 

Solution 

Val 

-1 3021 0 

-130.1, -127.2 

130t30 

Crystal 

104.5, 107.6 

u 180 

Melle 

SDi10 

53.5, 57.9 

30+30 

173.2, 169.7 

D-Hyiv 

90+40 

104.3, 99.1 

Ot10 

40.0, 37.5 

-180 

-15.6, -9.6 

-180 

168.8, 170.8 166.2, 170.1 
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cis-N-methylamide bonds. Their content reaches 77% in acetonitrile and 95% in 
dirnethylsulfoxide; the conformation proposed possesses a single P-turn with the 
cis-amide bonds in the remaining part of m o l e c ~ l e . ~  The addition of 0.5 mole of 
sodium thiocyanate to the acetonitrile solution of this cyclic compound shifts 
the equilibrium again in favor of the all trans form. The complex which results 
with Na+ is of a "sandwich" type structure shown in Fig. la. The addition of 
more salt shifts the equilibrium towards an equimolar complex, with retention 
of the backbone conformation, but with the carboxyl ligands drawn somewhat 
into the interior (Fig. lb). Judging from the change in the vicinal 3~(H-Np-H) 

constants, the angle of twist thereby is in excess of 10". 

Fig.  1. Conformation of cycle[-(Val-Sar)g-] ~ a +  complexes with (a) 2:l and (b) 1:l 
macrocycle: ion ratios (schematically) - amide carbonyl oxygens o - methylamide 
carbonyl oxygens. 

Naturally occurring cyclopeptides tend to form specific spatial structures 
ideally adapted to their biological function. Striking examples of such com- 
pounds are the membrane-active peptides of valinomycin and gramicidin S 
groups. Valinomycin is the classic representative of the group of ionophores, 
i.e. substances binding metal ions and transporting them across a membrane. 

We investigated the structure of valinomycin and its alkali metal complexes 
in solution as far back as in 1969 and proposed a series of interconverting spatial 
forms for the free antibiotic and a rigid, "bracelet" conformation for its com- 
plexes with Kf, Rb+ and csf.10-12 Subsequent studies were carried out by a vari- 
ety of methods and procedures including 1~,13-15 ~ a m a n l ~ , ~ ~  and ~ ~ ~ ~ 9 ~ ~ 7 ~ ~ 9 ~ ~  

spectroscopies, conformational c a l c ~ l a t i o n s , l & ~ ~  low angle X-ray scattering,24 
ultrasonic absorption,13 and various types of nmr spectroscopy.13~14~18-20~25-34 
These investigations completely confirmed the basic conclusions of this initial 
work and added a number of novel details to the results. 

In the complexed form (Fig. 2) there is a fused ring system of six p-turns in 
which all six NH groups are hydrogen bonded to the hydroxy acid (amide) 
carbonyls. The inward pointing amino acid (ester) carbonyls form a molecular 
cavity the size of which corresponds to the size of the non-hydrated K', Rb+ or 
Csf ions, but which is too big for the Naf ion. The ions situated within the center 
of the cavity and held there by ion-dipole interaction with the carbonyl oxygens 
are screened from the solvent by a system of H-bonds and the peripheral alkyl 
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Fig. 2. Conformation of valinomycin complexed with K+ (on the left) and in nonpolar 
solvents (on the right) (Form A). 

groups. The torsion angles 6 and $ proposed for the K+ complex in solution12 
later turned out to be very close to those found for the crystal by X-ray analy- 
sis35 (Table 11). The established structure made clear the reason for the excep- 
tional K/Na complexing selectivity of valinomycin and also shed light on a 
number of its other properties, as well as on the structure-activity relationship 
in the extensive class of its analogs.5 

Table 11. Conformational Parameters of the Different 
Spatial Forms of Valinomycin 

Conformational type Refe- 
rences 

Complexes with Kt, 
Rbt and Cst in solu- 12 
tion 

Crystalline valino- 
mycin (a5KJ3+KJ5) 35 
complex 

Form A (non polar 
solvents) 36 

Tricl inic crystal 37938 

Modifica- 
T r i c i n i c  1;;:; 1 :: 

Crystal Modifica- 
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In order to  understand the behavior of valinomycin in membranes, and also 
the dynamics of its complexing behavior, it is necessary to know the conforma- 
tion in the free state as well as in the complexed form. In nonpolar media, there 
exists the same system of H bonds as in the complex (which we define as form A) 
(see Fig. 2), but the IR, CD and pmr spectra reveal a number of differences. 
Thus, one of the P-turns in the D-Val-Lac region is destabilized and the weakened 
H-bond migrates with high frequency (on the nmr time scale) about the ring.15 
In solvents of medium polarity only three 0-turns are retained in the Val-D-Hyiv 
regions, resulting in a relatively planar (so-called propeller) conformation as 
shown in Fig. 3.  In polar solvents, especially on heating, all intramolecular 
hydrogen bonds are disrupted in favor of NH solvation by the solvent. Appar- 
ently intermediate forms with 5 , 4 , 2  and 1 H-bonds also exist in the solution.13 

The structures represented in Figs. 2b and 3 were deduced comparatively 
recently from measurements of the heteronuclear 3 ~ ( ~ ~ ~ , ~  constants. Consider- 
ing the novelty and potential of such an approach, we shae discuss the results in 
more detail. In the first studies that had led to proposal of form A with its six 
p-turns, it was pointed out that in this conformation the depsipeptide chain could 
fold in two ways A1 and A2 of opposite chirality.10-12~25~26 On the basis of the 
3 ~ ( ~ ~ ~ . ~ )  constants, preference was given to form with cis orientation of 
the protons in the N-NCa-H fragments (@ for D-Val - 60" and for Val - -40"). 
Form A2 with gauche oriented protons, also assumed by the complex was 
rejected, because it was associated with the @ angles of - -80" and - 90", 
respectively, then considered to be incompatible with the formation of 0-turns. 
Such an indirect approach to  the structural determination was not entirely 

Fig. 3. Propeller conformation of valinomycin. 
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satisfactory - the more so when subsequent computational4042 and crystallo- 
graphic4345 studies showed the actual possibility of such angles in a @-turn. 
Gavrilov in our laboratory measured several heteronuclear vicinal couplings 
(Fig. 4); for their interpretation, we made use of the 3~(13C.NC(r-H) recently 
deduced stereochemical dependence.461~~ As one can see from Fig. 5, form A2 

I 
D - Val L-Lac L-Val D-Hy~v D-Val I 

- - A  

Fig. 4. Vicinal coupling constants found for valinomycin in chloroform. 

Fig. 5. Stereochemical dependences of vicinal spin-spin coupling constants describing 
internal rotation about the N C a  bond. Rectangles refer to experimentally found couplings 
and dihedral angles related to them. The height of the rectangle corresponds to the experi- 
mental error of the spectral measurements, its width - to the range of possible dihedral 
angles. Black rectangles designate the self-consistent set of angles and coupling constants. 
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turned out to be the preferable one and, on the contrary, form A1 must be 
rejected. A third constant, namely 3~(13C~cN-H) characterizing the substituent 
orientation about the N-Cff bond (see Figs.4 and 5) can be used to determine the 
angle 4 if needed. Its stereochemical dependence, deduced theore t i~a l l~ :~  
requires experimental verification. 

The conformation proposed has $ and I) parameters (Table 11) close to those 
of the complexed form, differing mainly in the ester carbonyl orientation; these 
carbonyls point inwards in the complex but more outwards in the uncomplexed 
valinomycin. Such conformation is ideally adapted for "sandwiching" of the 
metal ion. Our proposal that such sandwich complexes are actually 
has not as yet been experimentally confirmed, although the existence of 2:l 
macrocyc1e:cation complexes in the case of certain valinomycin analogs is 
beyond doubt.50 

It is of interest to compare the findings for the solution and crystal structures 
of valinomycin. In ~ u a x ' s ~ ~ ) ~ ~  and ~ a r l e ' s ~ ~  laboratories two crystalline modi- 
fications of valinomycin have been analyzed. Five different conformers were 
discerned in these modifications, all with very close 4 and I) angles (Table 11); 
they lack an axis of symmetry, but do have a pseudo-symmetric center. As in 
form A1, they have six intramolecular hydrogen bonds, but of these only four 
belong to the usual 4+ 1 type; the two remaining ones formed by ester carbonyls 
belong to the 5 -t 1 type and closed 13-membered rings. The torsional angles in 
form A and in the crystal differ at most by 50" (Table 11), the mean difference 
being much less. Thus, the crystalline conformation may be regarded as a dis- 
torted A2 form, in which some of the ester carbonyls are twisted outward owing 
to electrostatic interactions. The energy barrier of transition between these two 
forms is apparently not large. 

The participation of two ester carbonyls in hydrogen bonding can be clearly 
seen from the fact that the crystalline specimens subjected to the X-ray analysis 
exhibit splitting of the 1760 cm-I bands in the I R ~ ~  and &manl6,l7 spectra. 
Naturally no such splitting is apparent in the case of form A with its almost 
equivalent ester groupings in nonpolar solvents. Despite t h s ,  some authorsw are 
inclined to assume that the predominant solution form is of the type shown in 
the crystal. That this is not so became quite obvious after Pletnev and Galitskii 
in our laboratory were able to decipher the crystalline structure of an analog of 
valinomycin, cyclo [-(D-Val-L-Hyiv-L-Val-D-Hyiv)y] , differing from the parent 
compound in having a-hydroxyisovaleryl isopropyl instead of a lactyl methyl 
side chain. This depsipeptide forms a regular A2 structure and its IR spectra, in 
both the crystalline and solution forms, closely resemble the IR spectra of valino- 
mycin in nonpolar solvents. 

Gramicidin S is one of the first biologically important peptides t o  have been 
subjected to conformational study. X-ray i n v e ~ t i ~ a t i o n s ~ ~ ~ ~ ~  were unable to 
define the three-dimensional coordinates but were continued, bringing in ever 
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new spatial models. In all, over 12 such models were proposed, each contradict- 
ing the other.6 The composite application of the solution spectral  method^^^,^^ 
confirmed one of the structures to be a pleated sheet which had been proposed 
by Hodgkin and Oughton from X-ray studies52 and by Schwyzer on the basis of 
chemical 

For this structure, several sets of 4, I) parameters were proposed (Table 111). 
The theoretically computed 4 angles are in partial disagreement with the experi- 
mental 3~(HNCa-H) constants. For instance, a constant of 10.2 Hz (Va1)corre- 
sponds to an angle of -142" < 4 < -98°,3 but not to the range -91" < 4 < -82" 
given in Table 111. The CD curves of gramicidin S retain their shape almost un- 
changed over a wide range of solvent polarities, evidence of conformational 
rigidity.53 A characteristic feature of the conformation is the presence of four 
strong hydrogen bonds between the valyl and leucyl CO and NH groups. The 
position of the 0-turns is fixed by the unusual fragments Pro-D-Phe; in any other 
position, they are either impossible or sterically less advantageous.60 

Among the gramicidin S analogs, a very close correlation is observed between 
the stability of the pleated sheet structure and the antimicrobial activity. Thus, 
in Izumiya's laboratory, it was shown that with change of the side chains, the 
antimicrobial activity diminishes, and simultaneously, the exceptionally strong 
negative Cotton effect of the n-T* transition, characteristic of the "pleated 
sheet" structure61 weakens. We have synthesized the following four gramicidin S 
analogs with retention of all or the majority of the functional and hydrophobic 
groups of the antibiotic, but with modification of its characteristic steric rela- 
tionships and have subjected them to IR, CD and pmr analysis.60 

cyclo [-(Val-Orn-Leu-D-phe-Gl~)~-] [ ~ l ~ ~  , ~ l ~  lo] -gramicidin S 

cyclo [-pro-D-Phe-Leu-Orn-Val)2-] retro-gramicidin S 

cyclo [(Gly-D-Phe-Leu-Orn-Val)2-] [Gly5,Gly lo] -retro-gramicidin S 

cyclo [-(Val-Orn-Leu-Phe-Pr~)~-] All-L-gramicidin S 

Table 111. Torsional Angles Proposed for Gramicidin S, (1,II) Based on 
Theoretical Analysis and (111) from Experimental Data 

No 

I 

1 1  

1 1 1  

Parameter 

9 "  
v 5  
9" 

v " 
q0 

W" 

Val 

-82 
137 

-87; -91 

122;129 

-1 20 

120 

Om 

-1 32 
152 

-138; -148 

126; 130 

-110 

110 

Leu 

-1 43 
82 

-138; -159 

103; 116 

-1 20 

110 

D-Phe 

58 
-116 

64; 71 

-139;-140 

55 

110 

Pro 

-68 
-3 1 

-75 

-15;-18 

-60 

-40 

Refe- 
rences 

58 

59 

53 
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The first of these analogsobtained by 2 prolyl to 2 glycyl residue substitutions 
retains the general features of the gramicidin S chain,but differs by an augmented 
conformational mobility in the p-turn region. Two conformations exist in 
equilibrium: the original gramicidin S structure and a structure in which the 
D-Phe carbonyls assume the opposite orientation (cf. Fig. 6). The pleated sheet 
was not detected in the second or third analog in polar solvents, but apparently 
it is present in nonpolar solvents; the fourth analog showed no evidence of spe- 
cific structures under any of the conditions investigated. Parallel to the structural 
destabilization in this series, a diminution of the antimicrobial activity was ob- 
served (see Table IV). Similar behavior was displayed by the gramicidin S depsi- 
analogs obtained by successive replacement of two or four arnide bonds by ester 
bonds thus depriving the antibiotic of two or four intramolecular hydrogen 
bonds:63 

cyclo [-(Hyiv-Om-Leu-D-Phe-Pro)2-] [Hyivl, Hyiv6] gramicidin S 

cyclo[-(Hyiv-Orn-Hyic-D-Phe- pro)^-] [Hyivl, Hyic3, Hyiv5, HyiclO] gramicidin S 

Hyiv = HOCH(CHMe2)COOH: Hyic = HOCH(CH2CHMe2)COOH 

We proposed that a prerequisite for the conformation-activity correlation of 
the antibiotic is spatial orientation of the protonated ornithine groups and that 
such spatial disposition is the result of the specific structure of the peptide 
backbone. To test the validity of this proposal, spin labels were introduced into 
the ornithine side chains and the distance between them was estimated from ESR 
spectra. For gramicidin S itself, the following results were obtained (Fig. 7)64 
in ethanol at room temperature. The spin labels collide at a high rate, indicating 
the presence of conformation A (see Fig. 7). The collision rate greatly diminishes 
in chloroform, owing to the appearance of C conformers (Fig. 7). The average 

+ 

Fig. 6. Conformation of  [ G I ~ ~ ,  ~ l y l O ]  gamicidin S differing from gramicidin S in the 
type of p-turn. 
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Table IV. Antimicrobial Activity and ESR Data 
on Gramicidin S (GrS) ~ e r i v a t i v e s ~ ~ ~  

Minimal growth inhibiting ( concentration > I d )  

Compound 
E. 
ubtilir 

GrS 0.51 
Enantio-GrS 0.5-1 
[~ly5, GlylO]-Gr~ 18 
E n a n t i o - [ ~ l ~ ~ , ~ l ~ ~ ~ ] - ~ r S  18 
"All L" GrS 60-75 

Yean distance between 
free radicals in the 
spin labelled deriva- 
tives (A, -19b0,~t0H) 

12.5 
15 
15 
16.5 
18 
18 
15 

> 30 

Fig. 7. Spin-labeled gramicidin S with different orientations of Om side chains. 

distance in both solvents, as measured by the dipole-dipole broadening in the 
spectra is -- 12.5 ii at -196'~. With alcohol as a solvent conformation B is ob- 
served which corresponds to a spacing of 8-10 A between the ornithine amino 
groups. Analysis of the data on the analogs (Table IV) showed that as the dis- 
tance between the free radicals and consequently, between the ornithine amino 
groups increases, the antimicrobial activity, as expected, decreases. 
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We then noted that the distance between the positively charged amino groups 
of gramicidin S approximately corresponds to that between two negatively 
charged phosphate groups in a lipid monolayer (7-9 A)6 These facts suggest 
that an important stage in the antibiotic-target (biological membrane) interaction 
is the simultaneous binding of two neighboring phospholipid molecules (stage a 
in Fig. 8). Interaction with the protein constituents of biomembranes seems less 
probable, if one takes into account that the enantiomeric pairs given in Table IV 
display the same antimicrobial potency. 

Subsequent studies on lipid mono- and bilayersb5 revealed a highly surface 
active lipid-gramicidin complex with a 2: 1 molar ratio forms at the water-lipid 
interface. The complex inserts itself into the membrane and, judging from the 
area per complexed molecule, gramicidin S undergoes spatial reorganization, 
assuming a more compact form than the pleated sheet structure, possibly that of 
a mixed a$ form (stage b in Fig. 8). The lipid regions then become surrounded 
by lipid-gramicidin complexes in a mosaic pattern (stage c) and the membrane, 
thus divided into separate blocks, passes into colloidal solution (stage d) as 
already had been observed in the interaction of gramicidin S with phospholipid 
liposomes.66 We regard this process as a possible mechanism of action of the 
antibiotic in biological systems. 

The conformational study of linear peptides in solution has met with more 
modest success. If one disregards regular oligopeptides and short tri-tetrapeptides, 
the only molecule whose conformational equilibrium has been described in 
detail is bradykinin.67-72 The difficulties of solution studies are enhanced in 
the linear peptides by their aforementioned conformational lability. The possible 
diminution of such mobility by lowering the solution temperature is of interest. 

u 
Fig. 8. Consecutive stages of the gramicidin S interaction with a lecithin membrane. 
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When studying the CD spectra of bradykinin, we noted that in all solvents the 
positive dichroic band at 220 nm increased in intensity on cooling (Fig. 10). We 
ascribed this band at first to the aromatic Alg + B1, transition, considering the 
increased intensity as due to diminished rotation of the phenyl group.67>68 
However, later we discovered references in the literature to similar temperature 
dependences in many other peptides - oxytocin and its analogs?3974 [va15]- 
angiotensin I1 and [11e5,Ala8] -angiotensin 11~75 desmosin-containing elastin 
fragments,76 0-melanocyte stimulating hormone, and a number of 0-lipotropin 
f 1 a ~ m e n t s , 7 ~ - ~ ~  and even in polypeptides devoid of aromatic residues such as 
p o l y ( ~ - ~ l u ) ,  poly(L-Asp) and poly(L-Lys) with ionized side chains,79 (Ala-Gly- 
G ~ Y ) , , ~ ~  ( ~ l a - ~ l a - ~ l ~ ) , ~ ~  and poly(L-proline) 1 1 . ~ ~  

In order to define the extent of this phenomenon and ascertain its source, we 
investigated the CD curves of the simple peptide model AcAlaNHMe, whose n-n* 
band also displayed strong temperature dependence (Fig. 9).72 An earlier 
detailed study had shown that at room temperature the set of conformers of this 

Fig. 9. CD spectra of AcAlaNHMe in ethanol. 

Fig. 10. CD spectra of bradykinin. 
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compound is "spread" over the potential surface, whereas on cooling one should 
expect its "concentration" near the minimum for extended s t ru~tures .~2 It is to 
such type of conformational "concentrating" that we ascribe the temperature 
dependence of the CD curves in the other aforementioned cases, including that 
of bradykinin. This not only provides a novel interpretation of the bradykinin 
CD curves (assignment of the effect at the 220 nrn band to the peptide rather 
than aromatic chromophores), but also indicates marked simplification of the 
conformational equilibria of linear peptides when their solutions are cooled to 
-50" - -100"~.  
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Substantial efforts have been devoted over the last few years to the study of 
the relationships between the conformations of peptide hormones and their 
biological activities. Such studies have often built upon observations of the 
effects that altering the primary structure have on the biological activities. 
Although conformational studies have shed further light on the primary 
structure-activity relationship, it seems fair to say that the number of major new 
insights resulting from conformational studies has been somewhat limited. It is 
possible that one of the reasons for this relatively limited success is that time- 
dependent features of the peptide conformation, in which the structure assumes 
several stereoisomeric conformers, have been considered by only a few 
in~esti~at0rs. l  

In attempting to understand these time-dependent or dynamic conformations 
more fully, we have concentrated our attention on determining the distribution 
of rotamers about individual torsion angles, using as our principal technique the 
measurement of vicinal homo- and heteronuclear coupling constants in a series 
of specifically designed and synthesized isotopic isomers of oxytocin. This 
peptide hormone is considered to have a relatively flexible conformation in 
aqueous solution, but the number of conformers contributing to the overall 
dynamic conformation is probably  mall.^?^ 

The isotopic isomers synthesized so far (isomers 1-5, Fig. 1) contain substitu- 
tions of deuterium necessary for the simplification of coupled spin systems or for 
the removal of proton resonances at similar frequencies or for stereospecific 
assignment, and also enrichments of 13c and 1 5 ~  at specific sites for the direct 
observation of vicinal heteronuclear coupling constants by 1~ nmr. As an 
example, by comparison with studies of the free amino acid4 and measurement 
from isomers 1,  4, 5 .the relative distribution among rotamers about the COL-CP 
bond (xl) of the leucyl residue can be precisely described as [0.73 = -60°, 
state I); 0.22 (xl = 180°, state 11); 0.04 (jyl 5 60°, state III)] in oxytocin, and 
(0.65, I; 0.27, 11; 0.08, 111) in the free tripeptide tail (L-prolyl-L-leucyl-glycyl 
arnide). Thus the presence or absence of the oxytocin ring perturbs the rotation 
of this side chain only modestly (less than 0.5 kcal/mole). This suggests that if 
the tripeptide tail does interact non-covalently with the ring in oxytocin, then 
the leucyl side chain is probably not involved. 
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Fig. 1. Synthetic isotopic isomers 
of oxytocin incorporating, at  the 
circled positions, deuterium (>99%), 
1 5 ~  (>95%), and 13c (>go%). Pep- 
tides were made by the solid-phase 
method on benzhydrylamine resin. 

In Fig. 2, the 220-MHz spectra of the 0-proton resonances of the half-cystyls 1 
and 6 and tyrosyl 2 are illustrated in unsubstituted oxytocin (A) and the five 
isomers (1-1 - 1-5) along with a simulated spectrum of unsubstituted oxytocin in 
line broadened (B) and stick form (C). This figure demonstrates the simplifica- 
tions available from the synthesis of isotopic isomers. It should be noted that 
extraction of the smaller vicinal coupling constants often requires line-fitting or 
resolution-enhancement techniques. The combination of IH-~H,  1 5 ~ - 1 ~ ,  and 
13c-lH vicinal coupling constants so obtained for the two half-cystyl residues 
are not consistent with any set of rotamers at x1 of -60°, 60" and 180". The 
constants are close to those expected for fixed torsion angles (Xi =-120'; Xk = 
+120°), eclipsed conformations which had been suggested by previous nmr 
studies of unsubstituted ~ x ~ t o c i n . ~ ? ~  However, it is probable that substantial 
libration occurs, given the magnitude of the temperature dependencies of 
coupling constants2 and line widths. 
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Fig. 2. 1~ nmr spectra (220 MHz) between 2.885 and 3.584 ppm downfield from TSP, 
at  lg°C, of compounds of Fig. 1 and unsubstituted oxytocin. See text. 

Investigations of the torsion angles of the backbone are continuing; deter- 
minations about the angle $ still present major problems. 

The isomers described contain several 1 5 N  enrichments, and have been used, 
with other methods to assign the 15N chemical shifts of oxytocin in water at pH 
4.0. These are N; , 17.0; N;, 102.6; N;, 98.7; Ni, 98.7; ( N ~ ~ J N ; ~ ) ,  90.819 1 .O; 
N;, 95.3; N;, 98.7; N;, 116.1; Nb, 101.2;.Nb, 89.3; and Namide, 85.8. All 
chemical shifts are in ppm downfield from (5 M NH4N03 in 2 M HNo3)P 
AU these values are within a few ppm of those expected from simple model 
compounds. 

This general approach has been discussed by  other^;^ based on our experi- 
mental investigations, it is our opinion that it represents an exhaustively rigorous 
approach to the problem of peptide conformation in solution. Although some- 
what laborious, it is the most straightforward method presently available. 
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We have adapted a number of techniques that have proven useful in studies of 
other .molecules to the investigation of the solution conformation of peptides. 

Paramagnetic Metal Probes. A generalized formalism based on the ~ a r ~ u a r d t l  or 
simplex2 algorithm has been developed for the analysis of nmr shift and relaxa- 
tion data.3 This method was employed to fit data on. hen-egg-white lysozyme 
complexes with lanthanides4 and with transition metals to the following equa- 
tions 

6d = K1 (3 cos20 - l)/r3 + K 2  (sin20 cos 2q5)/r3 (1) 

where 6d is the electron-nuclear dipolar contribution to the chemical shift, K1 
and K2 are constants related to the elements of the magnetic susceptibility tensor 
of the metal, (r,O,q5) are the spherical polar coordinates of a given hydrogen in a 
coordinate system in which the metal is at the origin and the susceptibility tensor 
is diagonalized, A$ is the increment in the proton nmr linewidth associated 
with binding of a metal such as cd3+, TZM is the corresponding transverse relaxa- 
tion time, c is a constant which contains electronic terms of the metal ion and 
f(r) is a function of the correlation times of the complex. Statistical hypothesis 
tests employing the Hamilton R-factor ratio method5 led to rejection of the 
commonly assumed "axial model" (i.e. K 2  = 0 or K2 & K1) with a confidence 
level in excess of 97.5%. When the geometry of the complex has been independ- 
ently determined (as in the case of protein-metal complexes for which X-ray 
data is available), this formalism can be employed to compare the validity of two 
or more sets of nmr spectral assignments. Alternatively, if the spectral assign- 
ments have been independently determined (as in the case of many peptides), 
the formalism can be employed to compare the validity of two or more models 
for the preferred solution conformation. Conformational averagng and internal 
rotation can be incorporated in the analysis. 
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Fluorescence Studies of Metal Complexes. Fluorescence spectroscopy was 
employed to identify peptides capable of forming complexes suitable for nmr 
spectral analysis. Angiotensin I1 (Xexc=265 nm, Xem=302 nm) forms complexes 
with both ca2+ (Kdiss- lo4 M-1) and its paramagnetic fluorescent analog, Tb3+ 
(Kdiss = 1.3 f 0.2 X lo4 M-l). Energy transfer from Tb3+ (enhancement of 
tyrosine fluorescence by a factor of 1.7 + 0.1) implicates the phenol group as a 
probable ligand. Since [Am1, va15] -angiotensin I1 does not form complexes 
with ca2+ or Tb3+, the  AS^^‘ carboxyl is also a likely ligand, as is the C-terminal 
carboxyl. Similar studies have demonstrated that ~ b ~ +  forms complexes with 
the glycopeptide antibiotic bleomycin, and with a peptide fragment of thymo- 
poietin, which retains the activity of the parent hormone. 

Intramolecular Nuclear Overhauser Effect (NOE). We have recently demon- 
strated that the intramolecular NOE of peptides originates from a predominantly 
dipolar mechanism; we have derived a set of equations suitable for the analysis 
of NOE data of peptides and other complex biomolecules which do not satisfy 
the "extreme-narrowing" limit.6 The conformation obtained using NOE data 
for the K+-valinomycin complex in chloroform is (with slight modifications) 
consistent with the conformation determined by X-ray crystallography.7 Quan- 
titative evaluation of NOE data on valinomycin in dimethyl sulfoxide is now in 
progress. Our previous semi-quantitative interpretation of these data6 indicated 
that the 111-1 structure of Pate1 and ~ o n e l l i ~  was preferred in this solvent. 

Quantitative Analysis of Solvent Saturation Experiments. It has previously been 
demonstrated that the extent of solvent exposure of NH and CH hydrogens is 
reflected in changes in the intensities of their corresponding resonances when 
the solvent is saturated. Quantitation of these effects can be accomplished by 
combining the transfer of saturation measurements (for NH protons) and inter- 
molecular NOE measurements (for CH hydrogens) with T1 experiments per- 
formed in the presence of solvent saturation. For NH hydrogens this yields the 
rate of proton exchange with the s o l ~ e n t . ~ ~ ~ ~  For CH hydrogens the theory of 
Krishna and Gordonl1 yields the intermolecular dipolar relaxation rate. The 
above rates serve as indices of solvent exposure of NH and CH hydrogens, respec- 
tively. Performing such an analysis on cyclo(G1yPhe) and cyclo(G1y-Tyr) in 
dimethyl sulfoxide, we obtain values of 0.298 sec-l and 0.460 sec-l for the 
"average" intermolecular dipolar relaxation rates of the aromatic CH protons of 
these diketopiperazines, respectively. The greater relaxation rate for the tyrosyl 
hydrogens may reflect formation of a hydrogen bonded complex between the 
phenol and dimethyl sulfoxide.12 

Fluorescence Measurements of Tyrosine Side Chain Exposure. cowgill13 has 
reported that the extent of solvent exposure of the aromatic side chain of tyro- 
sine is related to its fluorescence quantum yield. Table I shows that in aqueous 
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Table I. Tyrosine Quantum Yields in Water of Peptide Hormones 

Relative 
Quantum 

Compound Wa 

oxytocin 0.26 
axypressin 0.19 
1-pe ic i l lamine  oxytocin 0.35 !? [ ~ ~ ~ ~ ~ - o x y t o c i n  0 .38  
[ ~ l u  I-oxy acin 0 . 2 1  
[phe3, P h J ,  14et81-oxytocin 0 .21  

Relative 
Quantum 

Compound Yielda 

a Ratio of  the tyrosyl quantum y i e l d  to that of the free amino acid. 

solution relative quantum yields in excess of 0.3, characteristic of partially 
shielded tyrosines, are observed for oxytocin derivatives for which stabilization 
of the folded conformation has been reported - e.g. 1-penicillamine oxytocin14 
and [Pro3, ~ l ~ ~ ] - o x y t o c i n ~ ~  - and for angiotensin, for which nmr solvent satu- 
ration experiments indicate shielding of the meta-hydrogens from the solvent.16 
In agreement with solvent saturation studies, oxytocin and [ L ~ S ~ ]  -vasopressin 
exhibit lower quantum yields consistent with a more exposed structure. These 
observations suggest that the fluorescence quantum yield may serve as a useful 
measure of tyrosyl sidechain exposure in conformational studies of peptides. 

We have also monitored the fluorescence intensity of tyrosine as a function 
of solvent composition in H20/D20 mixtures. H20 quenches tyrosyl fluores- 
cence; D 2 0  does not. The data fit the Stern-Volmer equation 

where the reciprocal of the fractional change in fluorescence, Fo/F, is linearly 
related to the molar concentration of the quencher, [H20],  and K p =  k3r6 where 
rf is  the fluorescence lifetime (2 X lom9 sec) and k3 the birnolecular collision rate 
(2.5 X lo7  lmol-l sec-l). The collisional rates for various peptides are being 
measured to ascertain if, as expected, k 3  is related to the extent of solvent expo- 
sure of the tyrosyl side chain. 

This research was supported by USPHS grants CA-13148 and AM-18399. The authors 
acknowledge the use of NMR Facilities for Biomolecular Research located at Carnegie-Mellon 
University (NIH Grant No. RR-00292) and at the Francis Bitter National Magnet Laboratory 
of the Massachusetts Institute of Technology (NSF Contract No. C670 and NIH Grant No. 
RR-00995). 
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Conformational studies can probe structural requirements of analgesic activity 
by aiding the identification of common opiate-enkephahn structural features. 
Our preliminary investigation1 in DMSO showed that the ~ e t ~  amide proton had 
a very small chemical shift temperature dependence: this, plus 3 ~ N H C H  and 
3 ~ C H C H  values suggested a model for the ~e t~ -enkepha l in  zwitterionic form with 
the following features: (a) Met5 amide proton hydrogen bonded to car- 
bonyl, (b) the COO- and N$ termini in close proximity, (c) a 0-turn of residues 
2-5 as the major backbone conformation, (d) extensive Ca-CP internal rotation 
and thus multiple, rapidly interconverting molecular conformations. 

To investigate the salt bridge as a source of conformational stability1 we 
examined the cationic form (COOH) of the peptide which lacks the interaction 
of charged terminii. We have also investigated the D-Ala2 derivative because of 
 suggestion^^^^ that its enhanced activity might be due to a different folded 
conformation with different factors contributing to its stability. 

Results and Discussion 

Spectra of the zwitterionic and cationic forms of Met5- and [D-Ala2] -Met5- 
enkephalin appear very similar but for both peptides the amide resonances of 
phe4 and Met5 are reversed in going from the zwitterionic to cationic forms. 
This comparison resolves the apparent discrepancies in the various published 
reports174>5 of enkephalin conformational parameters, some authors studied the 
cationic5 and others the zwitterionic f o r m ~ l . ~ .  Furthermore, the values of 
3 ~ N H C H ,  which are sensitive to the backbone angles, @, and its average are 
different for the two forms (Table I). Similarly, the A6/AT values for the ~ e t ~  
amide proton indicate a solvent shielded environment for the zwitterionic form 
but a solvent exposed one for the cationic form. The principal conformations or 
extent of conformational averaging of the cationic form differs from the zwitter- 

,ionic form. This seems to confirm the importance of the salt bridge to the 
stability of the physiological, zwitterionic form. 

The nmr parameters in Table I of [ D - ~ l a ~ ]  -Met5- and Met5-enkephalin zwit- 
terions are essentially the same; the parameters of the two cations are also 
identical. Thus, no  experimental justification is found for any enhanced activity 
of the D-Ala2 analog due to stabilization of a conformation different than that 
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Table I. Conformational Data of the Zwitterionic (Z) and Cationic (C) Forms 
of Met5- and [ ~ - ~ l a 2 ]  -Met5-enkephalin 

.Parameter Peptide Residue 

2 3 4 5 

3 
J~~~~ 

Met (Z) 8.3 7.2 

in Hz Met (C) 5.2, 5.9 5.4, 6.0 8.4 7.9 

AS/AT Met (Z) 7.8 3.1 7.5 0.9 

in ppb/OC Met (C) 4.1 4.3 5.7 6.3 

D-Ala ( Z )  6.2 2.7 7.1 -0.3 

of ~ e t 5 - e n k e ~ h a l i n ~ > ~ .  Other possible explanations of the enhanced activity are: 
first, our measurements failed to detect a statistically small but biologically 
important conformational species; second, the conformation of the two peptides 
is the same but the extra methyl group confers new receptor-peptide properties; 
third, the enhanced activity is due to the increased persistence observed for this 
analog2. 

All three Ca-Cfl rotamers are significantly populated6 for each residue studied 
(Table 11) in both Met5- and  la^] -Met5-enkephalin; thus for a given back- 
bone there are at least 27 molecular conformations, each differing in at least one 
side-chain conformation. The five most probable molecular conformations are in 
Table 11; even the most favored accounts for only 13% of the instantaneous 
conformations. Multiple tertiary conformations, each with a small cumulative 
statistical weight, are a common property of peptides as shown in Table I1 by the 
results obtained for gramicidin s7 and oxytocins8. 

Most of the 22-minimum-energy conformation which have been report- 
ed39991° are for non-physiological forms of the peptides and thus cannot be di- 
rectly compared to the nmr parameters. Despite lack of quantitative agreement, 
the calculations do predict several folded enkephalins with similar energies. This 
leads to conformational averaging and can explain the lack of exact agreement in 
Table 111 between the observed nmr parameters and those predicted11 from 
idealized models12 of several of the possible turns which could give a solvent 
shielded ~ e t ~  amide proton. Although multiple conformations exist for the 
zwitterionic forms of these peptides, they cannot be regarded as random or 
random coil peptides; instead the time-averaged conformation seems to most 
resemble a 2-5-P-I turn. We cannot yet exclude other regular or distorted confor- 
mations, 0-11 turns, fortuitous averaging of several quite different conforma- 
tions nor minor contributors to a time-averaged conformation which is mainly a 
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Table 11. Tertiary Structure Data for Mets- and [ ~ - A l a ~ ]  -Met5-enkephalin 
Cationic (C) and Zwitterionic (Z) Forms. 

Pept ide  Residue Coupling Constants (Hz) Popula t ions  (%) 

3 
'JCHCH JCHCH t g+  t g- gg 

Met ( Z )  T F -13.7 6.2 7.5 44 33 23 

Phe -13.9 4.0 10 .1  68 1 3  19 

Met -13.3 4.5 7.3 43 17  40 

Met ( C )  T P -14.0 5.9 8.5 50 26 24 

Phe -13.9 4.2 8.4 53 1 5  32 

D-Ala ( Z )  Tyr -13.6 7.0 7.9 48 40 12 

Phe -13.9 4.0 10.6 76 13  11 

D-A13 (C) Phe -13.6 3.7 9.9 67 10 2 3 

Cumulative S t a t i s t i c a l  Weights ( S .  W.) o f  T e r t i a r y  Conformations 

~e t s - enkepha l i n  ( 2 )  Gramicidin S 

Tyr Phe Met S. W .  Val Orn Leu Phe S.  W .  

Table 111. Comparison of Observed Backbone Coupling Constants (in Hz) 
and those predictedll for Folded ~ o n f o r m a t i o n s l ~  

Residue Observed Predic ted  f o r  Turn Type 

Gly 4.9, 6.5 3.7, 5.9 5.9,  3.7 3.7,  5.9 5.9,  3.7 3.7,  5.9 5 .9 ,  3.7 

Phe 8.3 t o  8.6 9.0 3.9 4.9 7.3 3.6 5.7 

o-I turn. In fact, the use of the p-I turn model is a working hypothesis would, 
from Table 111, seem to require some distortion from the idealized angles or 
contributions from minor conformers. Concentration effects on enkephalin 
spectra exist13 but cannot explain spectral d i ~ c r e ~ a n c i e s ~ ~ ~ ~ ~ .  3 ~ N H C H  values, at 
best, are consistent with a small amount of gramicidin S dimer; Urry and co- 
w o r k e d 3  agree with the original o-turn m ~ d e l l . ~ .  
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Judging from the frequency of occurrence of proline in the i+l and asparagine 
in the i+2 positions of protein 0-turns, and the frequency of methionine and 
valine in extended c h a i n ~ , l > ~  the repeating hexapeptide sequence Met-Val-Gly- 
Pro-Asn-Gly might be expected to fold in solution to a cross$ backbone3 in 
which there is a turn at Pro-Asn and an extended region centered on Met-Val. We 
have allowed an 0.5 M solution of H-Met-Val-Gly-Pro-Asn-Gly-ONp in dimethyl- 
formamide to selfcondense, and have examined the products. 

The reaction product was extracted with 0.1 M ammonium bicarbonate and 
with ethanol. The polymer remaining insoluble contained 20% of the hexapep- 
tide units. Fractionation of the soluble portion on BioGels P-2, P-4 and P-6 
afforded two pure crystalline, ninhydrin-negative peptides, identified by proton 
magnetic resonance spectra and elution volumes as cyclic monomer (8%) and 
cyclic dimer (30%). The remainder of the hexapeptide units appeared as soluble 
oligomers, ranging up to heptamer according to elution volumes and end-group 
analysis by d i n i t r ~ ~ h e n ~ l a t i o n . ~ ? ~  Proton magnetic resonance spectra of the 
soluble oligomers showed that they had undergone extensive deamidation of the 
asparagine side chain upon storage in ammonium bicarbonate buffer. This was 
confirmed by amino-acid analysis, and they were not further investigated. 

The water-insoluble polymer, which did have the proper amino-acid analysis 
and a consistent set of N-Hproton resonances, was soluble in fluorinated alcohols 
and in formic acid, but was insoluble in dirnethyl sulfoxide, dimethylformamide 
and common organic solvents. Exhaustive treatment of water-swollen polymer 
with fluorodinitrobenzene produced a dinitrophenyl derivative; from its infrared 
spectrum an average chain length of 7-8 hexapeptide units was e ~ t i m a t e d . ~ > ~  
Solutions of the polymer in fluorinated alcohols exhibited circular dichroism 
(CD) suggesting a mixture of random coil and flconf0rmation,6~ and addition of 
water up to 50% did not change the CD spectrum significantly. Films of the 
polymer also showed the CD of a mixture of random coil and 0-conformation. 
However, on exposure to  water vapor for a few hours, their CD spectra became 
characteristic of P-structure alone, although the estimated ellipticities were about 
one half those normally observed. Circular dichroism data are given in Table I. 

Films cast on AgCl disks for infrared spectra were oriented by rolling a glass 
rod through the evaporating solution. The amide I and N-H stretching absorp- 
tions exhibited weak perpendicular dichroism. On exposure of the film to water 
vapor, the dichroism increased and the amide I band was resolved into two, the 
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Table I. Circular Dichroism of Met-Val-Gly-Pro-Asn-Gly Derivatives 

S t a t e  D e r i v a t i v e  - Extrema, A ,  nm ( ~ o - ~ [ B ] ~ ,  deg-cm2/dmol) 

c y c l i c  monomer i n  TFE < I92  ( >  +5) 210sh(-10) 222 (-13.3) 

c y c l i c  dimer i n  TFE ~ 1 9 2  (<  -16) 220 (+2.4) 

polymer i n  HFPa 194 (-10.4) 223 (-3.3) 

polymer f i l m b  198 (-2.2) 222 (-1.5) 

polymer f i l m ( ~ , o ) ~ ' ~  195 (+7.5) 214 (-3.3) 

a )  D ich ro ism same a t  0.2 and 1 . 2  mg/ml . 
b)  Polymer f i l m  from HFP on quar tz ,  average th ickness  0.094 mglcm2, c a s t  so 

t h a t  CD spec t ra  a r e  una f fec ted  by r o t a t i o n  o f  t h e  f i l m  about t h e  O p t i c a l  
a x i s .  [ e l R  c a l c u l a t e d  on t h e  bas is  o f  0.094 mg/cm2 f o r  comparison w i t h  
s o l u t i o n  values. 

c )  Same f i l m ,  a f t e r  exposure t o  100% r e l a t i v e  humid i t y  a t  room temperature 
f a r  10 h r .  L i n e a r  d ich ro ism i s  s t i l l  absent. The c i r c u l a r  d ich ro ism 
does n o t  inc rease  on f u r t h e r  exposure t o  wa te r  vapor.  

stronger at 1640 cm-l with a dichroic ratio of 1.5, and the weaker at  1665 cm-l 
with a ratio of 1.2. The N-H stretching absorption at 3300 cm-l also had a 
dichroic ratio of 1.5. 

In its more ordered form the polymer appears from these observations largely 
to consist of extended residues joined by hydrogen bonds perpendicular to the 
peptide chains. The intended self-associated folded chain is probably excluded 
by the perpendicular dichroism of the C=O and N-H stretching absorptions, and 
by the insolubility of the polymer in a highly ordered form. Although the 
presence of proline residues precludes a fully extended 0-sheet, one possible 
structure is an in-phase parallel sheet with a 12-residue repeat, in which the Gly- 
Pro sequence has the dihedral angles (@,$) Gly, -60°, 180°, Pro, -SO", 120°, and 
the other residues all have the -120°, 120" backbone angles of the parallel 
0-structure (Figure 1). When the peptide chains associate in this manner the 
asparagine amide groups can form hydrogen bonded chains transverse to the 
backbone. 

A more interesting result of the experiment is the formation of a 30% yield of 
cyclic dimer in the concentrated polymerization mixture. This suggests that the 

u 
Fig. 1. Possible structure for Met-ValGly-Pro-AsnGly derivatives: an in-phase parallel 

sheet. 
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cyclic dimer represents a conformation close to one preferred by the open H-(Met- 
Val-Gly-Pro-A~n-Gly)~-oNp. For the cyclic dodecapeptide a likely conformation 
has been derived from nuclear magnetic resonance studies which will be de- 
scribed elsewhere in detail.1° The data indicate a structure with C2 symmetry on 
the nrnr time scale. Key observations are of the relative exchange rates of the 
peptide (N-H) protons and of the exposure of these protons to the line-broadening 
effects of a nitroxyl cosolute, which combine to suggest that the methonine and 
both glycine peptide protons are shielded from the solvent, that the valine N-H is 
exposed, and that the methionine carbonyl is buried. The same conformation is 
retained in water, hexafluoro-2-propanol and dimethyl sulfoxide. The large 
chemical shift nonequivalences (0.6 - 0.8 ppm) of the enantiotopic a-protons of 
both glycine residues suggest that the backbone conformation is not subject to 
much internal motion. 

In the proposed form of the cyclic dimer (Figure 2) all residues are in back- 
bone conformations allowed for the L-series except the glycine following aspara- 
gine. This cyclic structure can be reached readily from a segment of the intended 
cross-/3-backbone, in which an extended Gly-Met-Val-Gly sequence occurs 
between two Pro-Asn turns. The principal changes required are rotations at the 
glycine of the Asn-Gly-Met sequence. Formation of the cyclic dimer therefore 
may be a consequence of the conformational freedom introduced by a glycine 
unit; had this glycine been an Lseries residue instead, polymerization might 
have competed more effectively. 

That the polymer apparently does not adopt the cross-0-conformation may 
also stem from the absence of side chains on two residues in the repeating unit; 
not only is the flexibility of an individual chain thereby increased, making less 
probably any single structure such as the intended one, but reduced side chain 
interference facilitates interchain association at sufficiently high concentration. 
The particular sheet structure proposed for the ordered film would not be possi- 
ble if the glycine before proline were replaced by an L-series residue. 

This work was supported by National Institutes of Health Grant GM 14069. 

Fig. 2. Proposed form for Met-Val-Gly-Pro-AsnGly derivatives: a cyclic dimer. 

335 



CONDENSATION PRODUCTS OF Met-ValGlyPro-AsnGly 

References 

1. Chou, P. Y. & Fasman, G. D. (1974) Biochemistry 13,222-245. 
2. Chou, P. Y., Adler, A. J., & Fasman, G. D. (1975) J. Mol. BioL 96, 29-45. 
3. Geddes, A. J . ,  Parker, K. D., Atkins, E. D. T. & Beighton, E. (1968) J. Mol. Biol. 

32, 343-35 8. 
4. Scheidt, U. & Restle, H. (1954) Z. Naturforsch. 9b, 182. 
5. Okamoto, S. & Hamamoto, M. (1964) Agu. Biol. Chem. (Tokyo) 38,55. 
6. Greenfield, N. & Fasnan, G. D. (1969) Biochemistry 8,4108-4116. 
7. Chen, Y. H., Yang, J. T. & Chau, K. H. (1974) Biochemistry 13, 3350-3359. 
8. Balcerski, J. S., Pysh, E. S., Bonora, G. M. & Toriiolo, C. (1976) J. Amer. Chem. 

SOC. 98,3470-3473. 
9. Rinaudo, M. & Domard, A. (1976) J. Amer. Chem. Soc. 98,63604364.  

10. Kopple, K. D. & Go, A. (1977) J. Amer. Chem. Soc., in press. 



CONFORMATION OF BRADYKININ IN AQUEOUS SOLUTION. 
ELECTROMETRIC TITRATION OF THE HORMONE 

AND RELATED PEPTIDES 

A. C. M. PAIVA and L. JULIANO, Department o f  Biophysics and 
Physiology, Escola Paulista de Medicina, C. P. 20.388, 

04023 Slo Paulo, S. P., Brazil 

The solution conformation of the linear nonapeptide hormone bradykinin is 
the object of some controversy. The first CD studies led to the proposal of ran- 
dom conformation in aqueous s ~ l u t i o n , ~ ~ ~  but Cann et a1.3 interpreted the CD 
spectra as indicating a partly ordered structure due to a 3 + 1 hydrogen bond 
bridging the Pro7 residue. On the other hand, a combination of a variety of 
spectral methods and theoretical conformational analysis led Ivanov et a1.4 to 
propose a folded structure with a 3 + 1 hydrogen bond across ~ l ~ ~ ,  in which the 
C-terminal carboxylate group forms a strong ionic bond with the side-chain 
guanido group. 

More recent studies indicated that, although the bradykinin molecule may 
occur in a number of possible conformations in aqueous solution, it tends to 
increased order in a more hydrophobic en~ i ronment .~  Further CD studies6 with 
0-homoproly17- and 0-homophenylalany18-bradykinin were interpreted as favor- 
ing the model of Ivanov et over that of Cann et a1.3 Marlborough and ~ ~ a n 6  
further propose that the folded conformation may play a role in bradykinin 
activity, suggesting that the lower potency of 0-homophenylalanine8-bradykinin 
(compared to that of the 0-homoproline7 analog) might be due to  perturbation 
of the proposed ionic interaction between the side-chain and the carboxyl- 
ate group. 

In order to investigate possible electrostatic interactions in aqueous solution, 
we have synthesized bradykinin and several related peptides (Table I), and 
determined their amino and carboxyl pK values. We have not attempted to 
titrate the guanido groups. The electrometric titrations were done as previously 
described: in the presence of 0.1 5 M KC1. In the pH range 2.5-10.5, and in the 
temperature interval 1 0 ~ - 4 0 ~ ~ ,  the titration of bradykinin was normal and 
reversible, as illustrated by the example of Figure 1. No sign of the reported4 
hydrolysis above pH 9 was found under our experimental conditions. The esti- 
mated errors of the pK values listed in Table I allow us to consider as significant 
(at the 95% confidence level) differences of 0.06 units for the case of carboxyl 
groups, and of 0.03 units for the amino groups. 

The carboxyl pK in bradykinin (3.29) is the same as in the model compound 
acetyl-Arg (Table I), in contrast to a previous finding that this group could not 
be titrated by 13c nmr, in the range of pH 2.5-5.4 The pKvalue of the C-terminal 
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Table I. pK Values for the Amino and Carboxyl Groups of Bradykinin 
and Related Compounds in 0.15 M KC1 at 25OC 

Compound Amino A c i d  Sequence C a r b o x y l  Amino 

A r g - P r o - P r o - G l y - P h e - S e r - P r o - P h e - A r g  

A r g - P r o - P r o - G l y - P h e - S e r - P r o - P h e  

A r g - P r o - P r o - G l y - P h e - S e r - P r o  

A r g - P r o - P r o - G l y - P h e  

A r g - P r o - P r o - G l y  

G l y - P h e - S e r - P r o - P h e - A r g  

P h e - S e r - P r o - P h e - A r g  

A c e t y l - A r g  

A c e t y l - P h e  

A c e t y l - P r o  

A c e t y l - G l y - G l y  

Gly -Gly -NH2 

Fig. 1. Titration of a 1.5 X M solution of bradykinin hydrochloride a t  25OC, in 
0.15 M KCI, with KOH (A), followed by titration with HC1 (B), and then again with KOH 
(C). The points are experimental values and the lines were calculated from two Henderson- 
Hasselbalch terms with pK values 3.29 and 7.41. 

Arg residue was not influenced by the removal of three or four N-terminal resi- 
dues (Table I, compounds 6 and 7). Removal of one or two residues from the 
C-terminus also did not significantly alter the carboxyl pK, as is seen by compar- 
ison of compounds 2 with 9 and 3 with 10. However, removal of four (com- 
pounds 4 vs 9) and five (compounds 5 vs 11) C-terminal residues led to  significant 
decreases in the carboxyl pK values. Thus, while there is a considerable effect of 



CONFORMATION OF BRADYKlNlN IN AQUEOUS SOLUTION 

the amino group's positive charge on carboxyl ionization in the N-terminal tetra- 
peptide, the same is not seen in the C-terminal pentapeptide. This suggests the 
presence of some structure in the N-terminal lower homologs, which is also 
supported by the higher amino group pK values in compounds 4 and 5, as com- 
pared to that in bradykinin. Whether or not some structure would also occur at 
the N-terminus of the nonapeptide, cannot be inferred from our data. It is clear, 
however, that no electrostatic interaction between the N- and C-terminal ends of 
bradykinin occurs under our titration conditions. This contrasts with the signifi- 
cant effects observed in the case of the octapeptide angiotensin, under similar 
experimental  condition^.^ We believe that, although our bradykinin titrations 
were done at 0.15 ionic strength, a detectable lowering of the carboxyl pK 
should be expected if there were a strong ionic bond between that group and the 
~ r ~ l  side chain in aqueous solution. T h s  ionic bond might be present in more 
hydrophobic media: but it should not play a role in biological activity because 
the forces involved in receptor binding should be some orders of magnitude larger 
than those responsible for the proposed folded conformation of bradykinin. 
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CONFORMATIONAL ANALYSIS OF TENTOXIN AND RELATED 
CYCLIC TETRAPEPTIDES. ISOLATION AND BIOASSAY OF 

TWO CONFORMERS OF D-MeAla TENTOXIN. 

DANIEL H. RICH and PRADIP BHATNAGAR, School o f  Pharmacy, 
University o f  Wisconsin, Madison, WI 53706 

Tentoxin, cyclo(N-methyl-L-alanyl-L-leucyl-N-methyl-(Z)-dehydrophenylala- 
nyl-glycyl) ( I ) ,  is a phytotoxin produced by Alternuria tenuis. (N-methyl (2) 
dehydrophenylalanine = MePhe [(Z)A] , where (2) = zusammen.)l The toxicity 
of 1 is linked to the presence in susceptible species of a single tentoxin-binding- 
site on chloroplast coupling-factor-one (CF1), a key protein involved in ATP 
synthesk2 

During our structure-activity studies, we obtained evidence that the confor- 
mation proposed3 for 1 could not be correct. Synthetic [L-pro1] -tentoxin (2): 
which can not adopt the proposed3 conformation because of the L-Pro ring sys- 
tem, was found to have the same biological activity (Figure la,b) and CD and 
nmr parameters as 1 (Table I). 

In 2 (Table I) the chemical shift of the Gly outer (3.55 ppm) and inner (5.2) 
protons is similar to those in the 8-position of ~ ~ c l o ( ~ a r ) ~ . ~  The 3~NHGH 
coupling constant is 10.5 Hz which is consistent with a vicinal bond angle (8)  
of 170 * 20" .~  The vinyl proton (7.74 ppm) is consistent with an s-cis CH=C- 
C=O configuration7 rather than the proposed s-trans configuration for t e n t o ~ i n . ~  
By combining the dehydrophenylalanyl s-cis configuration with the glycine 
a-N-NH 170" bond angle with the conformationally restrictive proline residue, 

Fig. 1. Inhibition of coupled electron trans- 
port in lettuce chloroplasts by tentoxin analogs. 
Tentoxin, I ; [L-pro1 ] -tentoxin, 2; [D-MeAlal] - 
tentoxin, lower Rf conformer, 3a; [D-MeAlal] - 
tentoxin, higher Rf conformer,3b; 3a + 3b indi- 
cates an equilibrium mixture of 3a and 3b. 
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Table I. 1H nmr and CD Parameters of Tentoxin Ana1ogs.a 

1 - P o s i t i o n  L-Lou MePhe 1 (7,)AJ Gly 0 cu i n  CH,OH (0 x lo-)  h m )  

- aH 4 3  aH 4.16(8.9) NMe 3.19 H 3 .51 (2  1 5 )  4 . 5 ( 3 1 5 ) ,  1 3 ( 3 0 5 ) ,  1 9  
'L-MeAla pH 1:52 SH 0.52.0.61 C6H1 7.27 H: 5.2(10:15) (284) .  9 ( 2 6 5 ) ,  - 12 (250 ) ,  

NMe 2.77 NH 7.2(8 .9)  OX 7.75 NH 7.97(10,<2)  -21 (245) .  - 33 (240 ) ,  -14 
(235 ) ,  -3 (230) .  9 (225 ) ,  
-9 (220) 

aH 4.49 aH 4 . 4 ( 7 )  NMe 3.19 H 3 5 4 ( 1  1 4  A) 2 ( 3 2 0 ) ,  11 (305) .  1 9 ( 2 8 1 ) ,  
$-prolJ pH 2.41 6H 0.51.0.63 C6R5 7.41 H: 5:13(16.5: 1 6 ( 2 7 0 ) ,  7 (260 ) ,  - 8 (250 ) ,  

SH 3.54 NH 7 .3 (7 )  pH 7.76 14 .8 )  - 19 (245 ) ,  -27 (235) .  -18 
NH 7.93 (10.5.1) (2301, -6 (227) .  3  (226). 

- 6 1225). 0  (220) .  -8 (218) 

aH 4.67 aH 4.4167) NMe 3.33' Ho 3.68 (<2, CD o b t a i n e d  ae m i x t u r e  o f  
C6Hs 7.49' 15 .5 )  3a  and 3a  a t  27' 
pH 7.26 Hi 5.1  (10.15.5) *20), d 0 0 ) .  8 6 8 5 ) .  

0.77 NH 8.22 (10) 1 2  (270) .  1 5  (255) .  0  (240) .  
NH 8 .6  (7) -9 (235) 

3a aH 4.67 aH 4.41 NMe 3.27' H 3.5(<1,18)  
$ ~ e ~ l a ' ]  BH 1 58 C.Hs 7.39' Hy 4 .22(7.5 ,  

NMe 3103' &H]%lI' BH 7.77 1 8 )  
NH 7.8(7 .5)  

NH 8.57 

3b aH 4.48 aH 4.17 (6) NMe 3 .18  H 3 7 (<1  1 6 )  -3 0 2 0 ) .  - 10 (300 ) ,  -15 
p - ~ e ~ l a l ]  pH 1 .52  SH 0.53 C6H5 7.44 H0 5 ' 19 (16  1 6 )  (285) .  -9(275) ,  0 ( 2 6 5 ) ,  

NMe 3.04 0.77 BH 7.73 Nh 6:94(10:<1) 9 (255 ) .  1 8 ( 2 4 5 ) ,  O(236). 
NH 6 . 0 ( 6 )  -9 (235) 

a ~ h e t n i c a l  s h i f t s  a t  30' C r e p o r t e d  i n  ppm from i n t e r n a l  TMS. Coupl ing c o n s t a n t s  i n  Rz. 
Only v i c i n a l  NH-CaH and r i n g  gemina l  couplxng c o n s t a n t s  r e p o r t e d .  

b ~ a t a  o b t a i n e d  a t  -30' C i n  deu t e rxoch lo ro fo rm .  

' ~ s s i q n m e n t  Of 6 p r o t o n s  t o  i n d i v i d u a l  conformer  is  ambiguous. 

the major features of the [ ~ P r o l ]  -tentoxin conformation are defined (Figure 2). 
(13c nmr established a cis Gly-Pro bond and b~ data established a cis Leu- 
MePhe [(Z)A] bond.) There is rapid rotation about the $Pro,@Leu angles. Be- 
cause of the close spectral similarity between 2 and 1, tentoxin must also have 
this conformation. The torsion angles for 1 and 2 are: @I,  -80; $1, -10. $2, 
-120; $2, +70. $3, -90; $3, -20. @4, -130; G4, +70°. 

[ ~ - ~ e ~ l a l ]  -tentoxin (3) and ~-prol-tentoxin (4) were synthesized and found 
to exist in multiple conformations. Two conformers (3a, 3b) of compound 3 
(not diastereomers) were isolated by preparative TLC at 4 ' ~ .  The energy of acti- 
vation for equilibration between conformers is 23 1 kcal. 

Low temperature nmr studies (-30') showed that the slow moving conformer 
3a is a mixture (1: 1) of two conformers, 3al and .?a2 (Table I). The nmr data 
show that in conformer 3al  81,82 for GlyNH-CHIH2 is about 180°, and 0" while 
in 3a2, 01,02 for GlyNH-CH1H2 is 90' and either f 30° or + 140'. Two types of 
vinyl protons are evident (7.74, 7.26 ppm) and these can be assigned to the s-cis 
(3a2) and s-trans (3a1) configurations respectively. The s-trans conformer 3a1 is 
closely related to the cyclo(Sar)4 conformation.6 Conformations 3al and 3a2 
differ by a rotation about the $P~~,$Q, bonds. The activation barrier (E,) for 
this rotation is 13 kcal/mole. 

Analysis of conformer 3b. The glycine chemical shifts and coupling constants 
in 3b (Table I) indicate Gly 01,02 is 170" and -70°, and the vinyl proton (7.73 
ppm) is consistent with an s-cis configuration. Together these indicate that in 3b 
the vinyl proton, the Gly inner proton and the MePhe[A] carbony14 are ap- 
proximately coplanar (f 30") as was found for I .  However there are significant 
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,FC*, %,#?? 7 134 \-%3 

0 0 "K* 
H 

i~-~eAm~!.~enlox!n ( L 0 ~ e r - p . m ~ )  bMeA1ol[Tentox'n(  lower-^-^) 

Fig. 2. Solution conformations of tentoxin analogs: upper right, I and 2;  upper left, 
3b,  lower left, 3 a l ;  lower right, 3a2. 

differences in the spectral properties of 1 and 3b. In 3b the Leu N H  (6 ppm) is 
upfield which suggests it is in a shielding environment. Furthermore the CD 

spectra for I and 3b are very different. In I ,  the CD is positive at 284 nm 
(@ = +19,000) whereas in 3b it is negative (a = -15,000). All other tentoxin 
analogs, 2 and 3a have positive elipticities at 280 nm. To explain these differ- 
ences the conformation shown in Figure 2 is proposed for 3b. 

Effect of conformation on biological activity. The inhibition of coupled elec- 
tron transportl by the tentoxin conformers is shown in Figure 1. Inhibition was 
measured at 2 5 " ~  and data collected in the first 2-3 min before significant equil- 
ibration 3a +3b occurs (T%= 20 min). It is apparent that the biological activities 
of the two conformers 3a and 3b differ particularly at the lower concentrations, 
and that the activity of 3a approaches that of 1. The ID50 of 3a is 2 yglml vs. 
1 pg/ml for I .  The s-cis conformer 3a2 is essentially isosteric with 1 except for 
the projection of the Gly-MeAla amide bond. The data establish that in this 
system, different conformers of the same molecule have different biological 
activities. 

We thank National Institutes of General Medical Sciences (GM 19311) for research sup- 
port and Prof. R. D. Durbin, Dr. J. A.  Steele and T. Uchytil for biological data. 
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CONFORMATIONAL STUDIES OF CYCLIC PENTAPEPTIDES 
BY NMR SPECTROSCOPY 

HORST KESSLER, YVES A. BARA, AXEL FRIEDRICH, 
WOLFGANG HEHLEIN, PETER KONDOR, MICHAEL MOLTER, 

Institut fur Organische Chemie, Laboratorium Niederrad, 
Universitat Frankfurt a.M., Theodor-Stern-Kai 7, 

0-6000 Frankfurt am Main 70, W-Germany 

Conformational Studies of Peptides in Solution are often complicated by a 
rapid equilibrium between different forms. For example cyclo [Gly5] and cyclo- 
[Phes] both show equivalence of the five amino acids in their lH and 13c nmr 
spectra in DMSO at room temperature.l 

Although a symmetric confo;mation of cyclopentapeptides is allowed2 we 
suppose that a rapid equilibration causes the apparent symmetry. The mean 
temperature coefficients of the NH proton chemical shifts support this assump- 
tion. Therefore the only molecules suitable for a more detailed investigation are 
those in which one conformation strongly dominates the others. 

We synthesized all cyclic pentapeptides of the structure cyclo [Phe,Gly5,]3 
and used the temperature coefficients of the NH-chemical shift, A&/T, as a cri- 
terion for selection. We consider a peptide to populate mainly one conformation 
when showing extreme values for A6/T (large and small). The temperature coef- 
ficients (Figure 1) of cyclo [Phe4-Gly] , cyclo [Phe2-Gly 31 , and cyclo [Phe-Gly- 
Phe-Gly2] are of a mean order of magnitude, but three of the six phenylalanine- 
and glycine-containing pentapeptides (cyclo [Phe3-Gly2] , cyclo [Phe-Gly4] , and 
cyclo [Phe2-Gly-Phe-Gly] ) show relatively marked differences and were selected 
for detailed conformational studies. 

Cyclo [Phe3Gly2] is discussed more in detail in Ref. 1. The assignment of the 
signals was achieved by the synthesis of derivatives with deuterated amino acids 
(a-deuterio-glycine, a-deuterio-L-phenylalanine). Their spectra are shown in 
Figure 2. 

Phe2-NH and G ~ ~ ~ - N H  exhibit small temperature coefficients in DMSO 
indicating intramolecular orientation. This is supported by the effects caused 
by CDC13 addition (high field shifts only for the NH signals of phel, phe3, and 
c ly4 above 50% CDC13). Assuming that all peptide bonds have the trans confor- 
mation, an intramolecular hydrogen bond of P ~ ~ ~ - N H  is only possible to  the 
Gly5-c0 (3 -t 1 hydrogen bond, y-loop). G ~ ~ ~ - N H  is involved either in a y-loop 
to the ~ h e 3 - ~ 0  or a fl-loop to the ~ h e 2 - ~ 0 .  The geminal coupling constant of 
Gly4 ( 2 ~ ~ ~ ~  = 15.4 Hz) would support a plI-loop. Dilution studies with tri- 
fluoroethanol and H/D exchange rates are in agreement with these con~lus ions .~  
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3 . 7  3 . 4  

1 . 7  3 . 4  

4.8 

2.6 

Leu 5 .3  

Val 2 . 4  6 4 . 5  

Phe OGly  la 0 Pro 

Fig. 1. Temperature coefficients of the NH chemical shift in cyclopentapeptides in DMSO 
at 90 MHz. Measuring range SO0-120°C. Values marked by an asterisk are not definitely 
assigned. Values in pprn/K. a) Signal covered at  90 MHz. b) Results from Wiithrich 
and c o ~ o r k e r s . ~  

For cyclo [Pro-Phe-Gly-Phe-Gly] we also recently suggested a 0,y-structure? 
Such a structure may well be reasonable for the peptide cyclo[Pro-Gly-Ala- 
Gly2] $ where two small coefficients for G l y 2 - ~ H  and G ~ ~ ~ - N H  indicate intra- 
molecular orientation. Cyclopentapeptides with larger side chains (cyclo- 
[Phe-Gly-Aib-Val-Ala] and cyclo [Phe-Gly-Leu-Val-Ala] ), which we synthesized 
to improve the solubility in lipophilic media, again show two relatively small 
coefficients for Gly-NH and Val-NH (unpublished data). 

It looks as if the cyclopentapeptides studied so far have a common structure 
with two intramolecular hydrogen bonds. In all of them, glycine seems to prefer 
a position where its NH-group forms a 0- (or y-) loop whereas the CO-group of 
the same glycine residue is always involved in a y-loop. 

All results indicate that y-loops in smaller peptides are energetically less 
unfavored than usually assumed. In larger peptides the 180" folding of the 
backbone in a 0-loop is ideal for further stabilization, whereas this is prevented 
by the 120" folding of a y-loop. This geometric arrangement is probably 
responsible for the fact that y-loops are rarely found in peptides and proteins. 

This work was supported by the Deutsche Forschungsgemeinschaft and the Fonds der 
Chemischen Industrie. 



CONFORMATIONAL STUDIES OF CYCLIC PENTAPEPTIDES 

I1 Phel 11, 6 

Phet E .  n 

u Phe J a, no, 

L GIy 4 8 Oe - GIy 5 - 
Fig. 2. 270 MHz-nmr spectra of cyclo[Phe3Gly2] and some deuterated analogs in 

d6-DMSO a t  20°C. 

R 

Fig. 3. Conformation of cyclopentapeptides in DMSO solution. 
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CONFORMATIONAL AND ION BINDING STUDIES ON A 
CYCLIC PENTAPEPTIDE: EVIDENCE FOR 

P AND y TURNS IN SOLUTION 

LILA G. PEASE and CHRISTOPHER WATSON, Department of 
Chemistry, Amherst College, Amherst, Massachusetts 01 002 

The cyclic pentapeptide cyclo(G1y-Pro-Gly-D-Ala-Pro) was designed from 
model building and sequence considerations so that a likely conformation might 
contain both a 0-turn and a y-turn, and hence two different types of transannular 
hydrogen bonds, one 1 -+ 4 and the other 1 +- 3 (see Scheme 1). A similar con- 
formation has been proposed for the pentapeptide, cyclo(Pro-Phe-Gly-Phe-Gly) 
in solution.' The simultaneous existence of both of these types of intrarnolecu- 
lar hydrogen bonds in one peptide should provide an opportunity for comparison 
of their spectral properties and conformational details. In addition, since no 
other homodetic cyclic pentapeptides have been examined for ion binding capa- 
bility, we have investigated the interaction of the present cyclic pentapeptide 
with cations. 

Free Conformation 

Scheme 1 

1 3 c  nuclear magnetic resonance (nmr) spectra of cyclo(G1y-Pro-Gly-D-Ala- 
Pro) (synthesis to be reported elsewhere) in CDC13, CD3CN, DMSO-d6, and 
D20 revealed that the peptide occurs in one major conformation which contains 
all-trans peptide bonds (to the exclusion of any other conformation, except in 
D20 where 20% of the peptide adopts a onecis conformer). Unusual chemical 
shifts are seen among the proline signals: in particular, one Ca and one Cy reso- 
nance occur at exceptionally high field (see Figure 1). Although many factors 

Fig. 1. Upfield region 'C nmr spectrum 
(25 .OO MHz) of cyclo(G1y-ProGly-D-Ala- 
Pro) in CDC13. Concentration 100 mglml. 
Chemical shifts in this and Figure 3 are ppm 
upfield from external 13cs2.  

DI). I 
UO 150 170 
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may contribute to 13c chemical shifts, the dependence of the Pro Cr resonance 
position on the proline $ angle is w e l l e ~ t a b l i s h e d . ~ ~  Here, as in cyclo(Pro-Gly)3, 
the high field position signals a low trans' $ angle, as expected for a y turn with 
Pro in position 2 of the 1 +- 3 hydrogen bond. Also consistent with the presence 
of a y turn in the cyclic pentapeptide is a long wavelength minimum in the circu- 
lar dichroism spectrum.4 

l H  nmr experiments demonstrate the presence of two N-H's (those of the Gly 
preceding Pro and of D-Ma) which do not participate in intermolecular interac- 
tions, and are most likely intramolecularly hydrogen-bonded. The evidence 
includes: 1) low temperature coefficients of their chemical shifts in DMSO-d6 
and CDC13, 2) concentration independence of their resonances in CDC13, and 
3) invariance of their chemical shifts in CDC13 solution as acetone (a hydrogen- 
bond acceptor) is added. JN, values were the same (within experimental error) 
in CDC13, DMSO-d6, and CD3CN: D-Ala JN, = 8.5 Hz; Gly (preceding Pro) 
JN, = 9.5,2.5 Hz; and Gly (preceding D-Ala) JN, = 6.0,7.0 Hz. 

A conformation consistent with the nrnr results and sterically reasonable 
(from molecular models) is described by the @,$ values shown in Table I. In 
Figure 2 is shown a CoreyPauling Koltun (CPK) model of the proposed free 
conformation of cyclo(G1y-Pro-Gly-D-Ma-Pro). The spectral evidence suggests 
that the molecule is rigid, since markedly different chemical shifts are observed 
for the two prolyl and glycyl residues,and for the two He's of one of the glycines 
(A5 = 1.4 ppm). 

Table I. @ and $ Values for Cyclo(G1y-Pro-Gly-D-Ma-Pro) 
Gly - P r o  - Gly - D-Ala - P r o  

Fig. 2. CPK model of proposed solution conformation of cyclo(G1y-ProGly-D-Ah-Pro). 
Note two hydrogen bonds. 
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The results of a crystal-structure determination on cyclo(G1y-Pro-Gly-D-Ala- 
Pro) are presented elsewhere in this v01ume.~ The conformation observed in the 
crystal is very similar to that which is proposed in solution. It is also all-trans, 
and is stabilized by the same two intramolecular hydrogen bonds. The principal 
distinctions between the two conformations are the @,$ angles of the Gly pre- 
ceding Pro and of the D-Ala, which are less extended in the crystal structure, and 
the presence of a non-planar Pro-Gly peptide bond (in the y-turn), a feature 
which is not experimentally demonstrable in solution. The fact that the crystal 
and proposed solution conformations are so similar suggests strongly that the 
intramolecular interactions present in this cyclic peptide are energetically very 
important in stabilizing the observed conformation. The conclusion is also sup- 
ported by the result that the all-trans &y-turn conformer is predominant in all 
solvents examined, regardlessof their polarity or capability for hydrogen bonding. 

Ion Binding 

When perchlorate salts of Lif, Mg*, Mn++, Ba++, or Ca++ were added to 
acetonitrile solutions of the cyclic pentapeptide, large changes were observed 
in the circular dichroism spectrum. (Little or no binding was observed with Na', 
K', or NH4'.) Titrations of peptide solutions with cation revealed that at least 
two complexes were found, as two inflections occurred in a plot of the change 
in ellipticity as a function of log[cation] . 

13c nmr spectra of peptide in CD3CN were obtained in the presence of vary- 
ing concentrations of Mg(C104)2. Particularly informative is the region contain- 
ing the Pro CP and Cr signals (Figure 3). Two significant changes are observed: 
1) A new set of resonances appears and initially grows as the cation concentration 
increases, then decreases. These resonances can be identified with a conformer 
containing one cis X-Pro bond. 2) Shifts are seen in the peaks originally associ- 
ated with free peptide. In particular, the high field Pro CP moves downfield as 
the cation is added, until it eventually crosses the other CP resonance. 

Fig. 3. Proline CP and CY region of 3~ nmr spectra of cyclo(G1y-ProGly-D-Ala-Pro) in 
CD3CN at various [Mg(C104)2]. Peptide concentration 0.05 M. 
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These observations indicate that among the complexing species are both all- 
trans' and one-cis structures, and that an all-trans species is predominant at high 
cation concentration. Model building suggests that the Gly-Pro bond is the more 
likely one to  isomerize. Conformations can be found (among all-trans and one- 
cis structures) which have three carbonyls favorably oriented for ion binding. 
With the data presently available, it is not possible to define the stoichiometry 
or detailed conformations of the complexes formed. 

Acknowledgment is made to the Donors of the Petroleum Research Fund, administered 
by the American Chemical Society, for the support of this research. We also thank the 
National Science Foundation and the Research Corporation for major support in the pur- 
chase of JEOL FX 60 and FX 100 nmr instruments. The capable technical assistance of 
Mr. Craig Leonardi is gratefully acknowledged. 

References 

1. Demel, D. & Kessler, H. (1976) Tetrahedron Lett. 2801-2804. 
2. Madison, V., Atreyi, M., Deber,C. M. & Blout, E. R. (1974) J. Amer. Chem. Soc. 96, 

6725-6734. 
3. Siemion, I. Z., Wieland, T. & Pook, K.-H. (1975) Angew. Chem. 14, 702-703. 
4 .  Deber, C. M., Madison, V. & Blout, E. R. (1976) Acc. Chem. Res. 9, 106-113. 
5. Bystrov, V. F., Portnova, S. L., Balashova, T. A., Koz'min, S. A . ,  Gavrilov, Yu. D. & 

Afanas'ev, V. A. (1973) Pure and Appl. Chem. 36,19-34. 
6. Karle, I. L. (1977) in Peptides: Proceedings of the 5th American Peptide Symposium, 

Goodman, M. & Meienhofer, J., Eds., John Wiley and Sons, Inc., New York, pp. 274-276. 



ASYMMETRIC, HYDROGEN-BONDED PEPTIDE COMPLEXES 

VINCENT MADISON, JERRY LASKY and BRUCE CURRIE 
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Illinois'at the Medical Center, Chicago, Illinois 60680 

As the bioactivity of a peptide is usually dependent on its conformation, 
reliable prediction of peptide conformation is essential to the design of com- 
pounds with a specific activity. Successful conformational predictions have 
depended on calibration of potential functions and parameters with extensive 
experimental data (for example, see Refs. 1 and 2). 

In a number of cases specific peptide-solvent interactions have been shown 
to select the conformational state (for instance, in solutions of polyproline3 or a 
cyclic hexapeptide4), but little experimental information is available on specific 
noncovalent interactions between peptides and other molecules. 

The experiments described herein were focused on the geometry and the 
stability of hydrogen-bonded complexes between peptides and aromatic com- 
pounds. These data should prove useful in assessing the conformational conse- 
quences of intermolecular hydrogen-bonds and n-interactions for specific 
geometries in solution. 

Experimental Procedures 

The blocked dipeptide amide Cbz-D-Val-LPro-NH2 was synthesized by the 
mixed-anhydride method as modified by Chang, et a15 The carbobenzoxy 
group was removed by catalytic hydrogenation and the cyclization effected by 
warming to 35°C while evaporating the solvent. The commercial, blocked dipep- 
tide Cbz-LVal-L-Pro-OMe was cyclized in an analogous manner. The cyclic 
dipeptides were crystallized from methanollether and recrystallized from chloro- 
form. Their CD matched that which has been reported6 

CDmeasurements were made at 22"C, in spectral grade chloroform (Matheson, 
Coleman and Bell), which is stabilized with 0.03% pentene and dried over acti- 
vated molecular sieves, on a Jasco J40A spectrometer which is equipped with a 
piezo-elastic modulator. 

Results and Discussion 

Neither the aromatic compounds nor the peptides utilized have CD in the aro- 
matic region. However, in mixtures of a peptide and an aromatic compound in 
chloroform solution, induced CD arises in this region (Fig. l), due to interactions 
between 'the aromatic and peptide chromophores. Thls induced CD is evidence 
for formation of specific asymmetric complexes. 
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Fig. 1. Observed ellipticity for 0.2 m 
2,6-dichlorobenzoic acid complexed with 
0.3 m cyclic dipeptide in chloroform. 

The geometry of the peptide-aromatic compound complex is dependent on 
the configuration of the amino acid in the cyclic dipeptide. Even though the 
peptide backbones of diastereomers such as c(LPro-LVal) and c(L-Pro-D-Val) 
have similar conformations7 and similar peptide C D ~ ,  the induced CD band at 
300 nm of pyridone complexes is positive for c(LPro-L-Val) and negative for 
c(LPro-D-Val). Further, for complexes of these peptides with 2,6-dichloroben- 
zoic acid, the induced CD is positive for the D-Val compound but negative for 
the LVal compound (Fig. 1). Binding of either compound to c(L-Pro-LPro) is 
weaker, indicating that the -CONH- group is the primary binding site in the 
valine peptides. 

A reasonable model for the complex between 2,6-dichlorobenzoic acid and a 
cyclic dipeptide contains two hydrogen bonds in a planar, six-membered ring, 
with the benzene ring perpendicular to this plane (Fig. 2). In this model the 
electric transition moments of the secondary amide and benzene chromophores 
(pl and b) are perpendicular and the interaction energy between the two is zero 
(Fig. 2), thus no CD would arise in the 280 nm aromatic band due to  these two 
c h r o m ~ ~ h o r e s . ~  (A small CD band could result from interaction of the tertiary 
amide and benzene chromophores.) The favored side-chain rotamer of c(L-Pro- 
LVal) places a methyl group above the peptide N-H? This methyl group could 
displace the acid carbonyl oxygen downwards as indicated in Fig. 2. The result- 
ing tilt would produce a negative interaction energy and a negative CD band as is 
observed (Fig. 1). Similarly, in c(LPro-D-Val) a methyl group is placed below 
the N-H, which could displace the oxygen upwards, thus reversing the sign of the 
interaction energy and reversing the sign of the CD band (Figs. 1 and 2). For 
pyridone complexes, a similar reversal of the aromatic CD bands is predicted for 
displacements from a planar, hydrogen-bonded ring. 
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Fig. 2. Peptide-dichlorobenzoic acid complex. Transition moment projections are 
shown for three geometries (see text). 

Avoiding self-association, a binding constant of about 100m-l and a molar 
ellipticity of -4000" at 300 nm were determined by the CD for the pyridone- 
c(LPro-D-Val) complex. Further data are necessary to see if the demonstrated 
differences in complex geometry will yield significant differences in stability. 

Conclusions 

Observations of induced CD bands indicate that 2-pyridone and 2,ddichloro- 
benzoic acid form specific, asymmetric complexes with cyclic dipeptides. A 
plausible model for these complexes contains two hydrogen bonds in a six- 
membered ring. The observed sign changes for the CD of complexes of either 
aromatic compound with c(L-Pro-LVal) vs. c(L-Pro-D-Val) can be explained by 
opposite deflections from a planar ring. This ring is a null plane for the induced 
CD so that the CD is exquisitely sensitive to small deviations in hydrogen-bond 
geometry. 

We are grateful to the National Institutes of Health (GM22514) and the Physical Chem- 
istry Division of Lilly Research Laboratories for financial support. 
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The chromophore of the antibiotic actinomycin D (AMD) is the 2-amino-3- 
0x0-4,6-dimethylphenoxazine (herein termed phenoxazone) ring, which is com- 
prised of a benzenoid portion and a quinoid portion at opposite ends of the ring 
system. Bonded to each of these (at the 1 and 9 positions) are two identical 
cyclic pentapeptides. This antibiotic forms a long-lived intercalated complex 
with DNA with an apparent requirement for guanine as one of the bases at the 
binding site. The structure of a cocrystalline complex of AMD:deoxyguanosine 
(1 :2) shows that the guanine rings are stacked on opposite faces of the phenoxa- 
zone ring over the benzenoid and quinoid portions, respectively.l Hydrogen 
bonds between the cyclic peptides and the 2-amino groups of the guanine residues 
are observed, which evidently contribute to the selectivity for this residue. 

These observations have stimulated us to examine model systems comprised 
of AMD and simple deoxynucleotides, using primarily circular dichroism (CD) 
spectroscopy. In this report we present an analysis of the spectral patterns which 
are obtained with AMD monomers, AMD dimers and complexes formed between 
AMD and certain deoxynucleotides. In addition, we describe titrations of AMD 
with nucleotides, which were monitored using absorption and CD spectroscopy. 
From the results it emerges that the visible absorption band of AMD is consider- 
ably more complex than may have been supposed and that certain wavelengths 
can discriminate between the binding processes occurring at the two sites. 

Results 

Analysis of the Visible Absorption Band of Actinomycin D 

2-Aminodeoxyadenosine ( n 2 d ~ d o )  has the same hydrogen bonding potential 
as does dG for interaction with AMD, and forms a complex of high affinity with 
the drug.2 CD spectra of the n 2 d ~ d o : A M ~  complex at two stages of formation 
are shown in Fig. 1. Of the three prominent bands, that at 490 nm appears only 
at low nuc1eotide:drug ratios, and is not apparent when lower AMD concentra- 
tions are used. For these reasons this band is assigned to a complex of high 
affinity formed between n 2 d ~ d o  and AMD dimers. The remaining two bands, 
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Fig. 1. CD spectra of 1.0 x M AMD in the presence of added Zaminodeoxyadeno- 
sine with the molar ratios indicated, at O°C, 5mW potassium phosphate pH 7.0. 

positive at about 450 nm andnegative at about 375 nm are observed at  saturation 
(Fig. 1) as well as in the spectrum of the complex with dGMP (Table I). Table I 
summarizes features of the optical spectra of AMD observed in this wavelength 
region under a variety of conditions, including the absorption spectrum which 
reveals no indication of the spectral complexity apparent in the CD spectra. It is 
seen from Table I that the CD bands at 370 nm, 440 nm and 490 nm respond in 
very different and characteristic ways to changes in the ambient conditions. As 
a consequence we may conclude that the absorption envelope manifested by 
AMD is in fact comprised of three electronic transitions centered, respectively, 
approximately at the wavelengths mentioned. 

Table I. Spectral Features of Actinomycin D.a 

S t a t e  o r  Complex 370 nm 4 4 0  nm 4 9 0  nm 

Absorption s p e c t r m b  Unresolved t a i l  Abs. Max. Unresolved t a i l  

~onomer '  (-) (-) weak Absent 

Dimer, h igh  tempC (-) (-1 452 nm Absent 

Dimer, low tempc (-1 (-1 4 4 1  nm (+I 
n 2 d ~ d o :  ~ i m e r  (+) 

n2&do o r  dGMP (-) (+) (+ ld  

pdG-dC (-) s t r o n g  Absent (-) 4 7 0  nme 

poly(dG-dC) .poly(dG-dC) 

o r  DNA (-) s t r o n g  (-1 s h  (-) 465 nme 

a) S i g n s  of  CD ex t rema  a r e  shown a s  (+), p o s i t i v e  and (-), n e g a t i v e ;  3 i n d i -  

c a t e s  shou lder .  b )  Ref. 3. c )  Ref. 4 .  d)  Unresolved p o s i t i v e  t a i l  ex tends  t o  

5 5 0  nm. e )  Zero i n t e n s i t y  observed above 5 0 0  nm. 
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Wavelength Dependence of Nucleotide Titration Profiles 

Titrations of AMD with certain deoxynucleotides were monitored in both 
absorption and CD modes at several wavelengths of interest. 380 nm and 465 
nm were chosen as representative wavelengths for the transitions identified at 
370 nm and 490 nm, respectively. The results with dGMP are shown in Fig. 2. 

0 3 8 0  nm 

425 nrn 

4 4 0  nrn 

465 nm 

Fig. 2. Absorption (A) and CD (B) titration profiles of 1.0 X M AMD with added 
dGMP, presented as the fraction of the maximal change observed at each wavelength. The 
actual titrationswere carried to at least 7 mM dGMP. The changes are measured with respect 
to free AMD and are all positive values except for 380 nm, which represents an intensifica- 
tion of a negative extremum. 

The binding isotherms at the various wavelengths do not superimpose. This can 
arise only if a) there exist two or more electronic transitions among the wave- 
lengths chosen, b) they reflect processes localized on different portions of the 
phenoxazone chromophore, and c) these binding processes have distinguishable 
binding affinities. The sequence of binding strengths obtained in both absorp- 
tion and CD titrations is 380 nrn>425 nm-440 nm>465 nm. (The biphasic 
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nature of the CD titration profile at 380 nrn was unaltered when the AMD con- 
centration was changed. We conclude that it is due to interaction between the 
strong and weak binding processes manifested at this wavelength.) While titra- 
tion of AMD with dGMP has been carried out before using nmr spectroscopy2 
the distinction of two binding processes with different intensities of complex 
formation could not be achieved, due to the high ratio of AMD to free dGMP 
required in that work. 

dAMP binds much more weakly to AMD than does dGMP. In CD titrations 
with dAMP it is again observed that the 380 nrn profde titrates with high affinity 
and the 465 nm profde characterizes a weak binding process. Comparison with 
the analogous nmr experiment2, in which two binding processes were clearly 
manifested, permits identification of the 370 nm transltion with processes 
occurring preponderantly at the benzenoid binding site and of the 490 nm 
transition with binding primarily at the quinoid site. The 440 nm transition 
apparently reflects significant contributions from both the benzenoid and quinoid 
portions of the phenoxazone ring. 

Conclusion 

The analysis presented here has successfully resolved the visible absorption 
spectrum of actinomycin D into a minimum of three unique electronic transi- 
tions. Complex formation at each of the two nucleotide binding sites of the d ~ u g  
is detectable with a high degree of spectroscopic selectivity by two of these 
bands. These findings open the way for more detailed study of the interactions 
of AMD with nucleotides and nucleic acids. 

Supported by the American Cancer Society, the U S .  Public Health Service and the US.  
Energy Research and Development Administration. 
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Experimental allergic encephalomyelitis (EAE), an autoimmune disease 
related to multiple sclerosis, can be induced in laboratory animals through 
intradermal injection of myelin basic protein, a principal protein component of 
the membranous myelin sheath protecting the nerves.l When it was discovered 
that a relatively small tryptic fragment of this protein, subsequently designated 
"EAE nonapeptide," was nearly equally active on a mole/mole basis in disease 
i n d ~ c t i o n , ~  interest focused on the relationships between structure and function 
of this peptide, and the aspects of conformation responsible for its potent bio- 
logical activity. The structure of EAE nonapeptide, Phe-Ser-Trp-Gly-Ala-Glu- 
Gly-Gln-Lys, derived from bovine myelin basic protein is given in Figure 1; the 
human analog is identical, except that the C-terminal Lys is replaced by Arg. 

We now report the total synthesis, characterization, and preliminary measure- 
ments of spin-lattice relaxation times (TlYs), of human EAE nonapeptide, which 
has been enriched with carbon-13 both in backbone and sidechain atoms in a 
total of five positions: both Gly a-carbons, both Gly carbonyl carbons, and the 
Ala @-carbon (methyl group). Carbon-13 enrichment was carried out with the 
anticipation that the resulting enhanced resonances could be readily detected in 
nmr samples containing low, physiologically relevant levels of nonapeptide (ca. 
1 mg/ml), and hence useful for relaxation and linewidth measurements under 
such conditions. 

Human EAE nonapeptide was synthesized using solid &se peptide synthesis, 
starting with Boc-Arg(N02) - 1% cross-linked resin, and employing Boc-amino 
acids, DCC coupling, TFA deprotection, with minor modifications of standard 
procedures. The crude peptide product, cleaved from the resin with HF, was 
chromatographed on Bio-Gel P2, and subsequently on carboxymethyl-cellulose 
(CM-52). (In a second preparation, using Aoc-Arg(eTos) - resin as starting 
material, only a single chromatography on BioGel P2 was required.) In each 
synthesis, a major component (ca. 20%) of the crude product was shown to be 
EAE nonapeptide on the basis of the following observations: (1) correct amino- 
acid analysis; (2) single spot on TLC in several systems, with behavior similar to 
authentic bovine EAE nonapeptide; (3) appropriate carbon-13 spectrum; and 
(4) biological activity (i.e., the synthetic material displayed the capacity to 
induce EAE disease in guinea pigs). Details of the synthesis and characterization 
of this peptide will be presented elsewhere (manuscript in preparation). 
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Measurements of T1 spin-lattice relaxation parameters for various carbon 
atoms in a peptide can be used to construct a dynamic picture of the motional 
properties of the peptide in solution,3 and help to identify regions of specific 
conformational features, or relative immobilization of certain regions of the 
peptide chain, which might be induced by the binding or incorporation into a 
liposome or cell membrane. Such conformational events may occur upon inter- 
action of EAE nonapeptide with liposomes or with lymphocytes, whose sensiti- 
zation by EAE nonapeptide has been implicated in the initial steps of induction 
of EAE d i ~ e a s e . ~ * ~  [In a related investigation, we have recently been able to 
observe the carbon-1 3 enriched resonance of methylated (at methionine S-CH3) 
myelin basic protein incorporated (30% by weight) into a lipid vesicle (50150 w/w 
phosphatidylcholine/phosphatidic acid). Preliminary results based on an increase 
observed in resonance linewidth (from 1 to 15 Hz vs. protein in free solution), 
and a significant drop in TI, suggest substantial "immobilization" of the protein 
in the membrane (Deber, C. M., Moscarello, M. A., and Wood, D. D., in prep.).] 

During the progress of synthesis of the human analog, Tlls were obtained on 
a sample of bovine EAE nonapeptide (see Figure 1). Overlap of several a-carbon 
resonances prevented unambiguous chemical shift assignments and measurement 
of their individual Ti's. Thus, the value of 99 millisec represents the "NT1 
value" of a spectral envelope of six a-carbon resonances which appeared to 
recover full amplitude at comparable rates. However, such data do not preclude 
the possibility of increased molecular motion near peptide chain ends, as often 
manifested by increasing Tl's toward terminal residues. The present results are 
comparable to the findings of Deslauriers et ale6 for T1 values of peptide hor- 
mones of molecular weight similar to EAE nonapeptide, including luteinizing 
hormone-releasing factor and several othem7 

The carbon-13 spectrum of synthetic, carbon-13 enriched human EAE 
nonapeptide, depicting only the enriched resonances, is presented in Figure 2. 
Natural abundance atoms can be visualized clearly only after ca. 100,000 scans 
under these spectral conditions (some may be noted as bumps in the baseline at 
the spectrum amplitude in Figure 2), but clear spectra of the enriched resonances 
can be obtained in a few minutes with less than 1,000 transients. Spectra of 

[L 0 0 C1 LI a 

COOH CONH. CH. 

Fig. 1. Structure of bovine EAE nonapeptide. In the human analog, Arg replaces Lys at 
the C-terminus. Numbers in italics are values of NT1 spin-lattice relaxation times (where N = 
number of directly attached protons) for natural abundance bovine EAE nonapeptide, given 
in milliseconds. T1 data were recorded on an XL-100 spectrometer, 25 MHz, 50 mg/ml 
in D20.  
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EAE NONAPEPTIDE (Human) 
  ENRICHED 1 

Gly C:O's 

Fig. 2. Carbon-13 nmr spectrum (25 MHz) 
of synthetic human EAE nonapeptide (Phe-Ser- 
~ r p ~ l y ~ - ~ l a - ~ l u G l y 7 ~ 1 n - ~ r ~ ) ,  displaying the 
C-13 enriched resonances. ~ 1 y 4  Ca has been 
enriched 60%, and Gly7 C" has been enriched 
85%. Ala @ is enriched 60%. Gly carbonyls 
are enriched 15-2076. See text for further dis- 
cussion of this spectrum. 

-/ 

ppm vr srlsrnd CS2 

enriched resonances of 1 mg/ml solutions of this peptide are readily obtainable 
in a few hours. Values of NT1 determined for enriched resonances of human 
EAE nonapeptide are given in Table I. These results demonstrate (a) that NT1 
values for corresponding resonances in bovine and human EAE nonapeptide are 
comparable, and (b) that placing the peptide at pH = 1 does not appear to have 
induced any conformational and/or stoichiometric changes. Despite the range 
of values in Table I for both resonances, they may likely be treated as essentially 
the same within experimental error. It is further noted that although there are 
two Gly residues in the molecule (which have been enriched with differing per- 
centages of carbon-13 to facilitate assignments), in no spectra studied thus far 
have separate resonances been observed for the two Gly acarbons. Separate 
resonances might be expected in instances where differences in local magnetic 
environments are not completely averaged, as might be the case in a region of 
ordered peptide structure. 

The present results suggest a conformation for bovine and human EAE 
nonapeptide devoid of specific secondary or tertiary structure under the spectral 
conditions employed, but provide essential control data for forthcoming nmr 
studies of interactions of EAE nonapeptide with biological membranes. 

Table I. NT1 Values of Bovine and Human EAE Nonapeptide 
NT, Values of Bovine and Human EAE Nonapeptide 

a3bTwo separate syntheses of '''&enriched human nonapeptide. 
'sample studied in Figure 1. d~stimated uncertainty in NT, ' s :  10%. 
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Linear flexible oligomer and polymer molecules have an enormous number of 
conformations when in the random coil state. Due to Brownian motion of the 
chain segments, the conformation of each molecule in solution changes perpetu- 
ally and the separation between the ends of the molecules varies ceaselessly. The 
distribution of end-toend distances of an ensemble of molecules at equilibrium 
and its change with time upon the disturbance of the equilibrium reflect the 
variability of the chain conformations and the dynamics of the interconversion 
of conformations, respectively. We have used nonradiative transfer of excitation 
energy1 between chromophores attached to the ends of oligopeptide molecules 
as a tool for the experimental estimation of the distribution of end-to-end dis- 
tances of the labeled peptide chains and of the Brownian motion of the chain 
ends relative to each other. 

A series of oligopeptide derivatives, dansyl-[~5-(2-hydroxyethyl-)-~ 
glutaminel,-N-hydroxyethyl-L-0-naphthylalanine (abbreviated DG,N) was pre- 
pared. The repeating units were N5(2-hydroxyethyl-)-L-glutamine residues, 
n varying from 4 to 9. The 0-methyl-naphthalene chromophore served as the 
energy donor, whereas the dansyl chromophore served as the energy acceptor. 
The donor fluorescence was found to decay monoexponentially in the absence 
of acceptor. However, when the donor was attached to a flexible oligopeptide 
containing an ac'ceptor, its fluorescence decay kinetics deviated markedly from 
monoexponential behavior.2 The deviation was interpreted in terms of the 
spread in distances between donor-acceptor pairs on the various oligomer mole- 
cules, resulting in variability in efficiency of energy transfer between the pairs. 
The distribution function, N(r), of end-to-end distances was evaluated for the 
above oligopeptides from the fluorescence decay of the donor, I(t) ,  obtained in a 
highly viscous (glycerol) solution? by use of nonlinear least-squares procedures3 
for the analysis of the experimental data. 

When the above peptides were dissolved in mixtures of glycerol and trifluoro- 
ethanol, the average lifetime decreased markedly upon increasing the relative 
content of trifluoroethanol in the mixture, and hence decreasing the viscosity. 
Under the same conditions the fluorescence lifetime of the donor in a peptide 
lacking the acceptor changed only slightly (from 61.0 nsec in glycerol to 63.5 
nsec in trifluoroethanol). The decrease in average donor lifetime upon the 
decrease in viscosity in peptides containing both donor and acceptor is due to 
the perturbation of the equilibrium end-toend distribution of distances of the 
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ensemble of excited molecules by the energy transfer process, which is more 
favorable for short than for long distances. The relative amounts of excited 
oligomer molecules of a long end-to-end distance within the ensemble of excited 
molecules increases during the lifetime of the donor excited state. However, as a 
result of the Brownian motion of the ends of the oligomer, the excited molecules 
with a relatively long end-to-end distance assume, on the average, a shorter end- 
to-end distance. The overall drift toward the equilibrium distribution results in a 
net diffusional "flux" of chain ends in each molecule towards one another, thus 
facilitating the energy-transfer process. Assuming a Fick equation for the above 
drift, the total change with time in the concentration of excited oligomer mole- 
cules of end-to-end distance r ,  can be represented by Eq. (1): 

where No(r) is the equilibrium end-toend distance distribution function obtained 
in a viscous solution in which Brownian motion is negligible;2 N *(r,t) is the 
end-to-end distribution function in the ensemble of excited molecules at time t 
after excitation; N*(r,t)=N*(r,t)/N,(r), is the donor fluorescence lifetime in 
the absence of an acceptor; R ,  is the FBrster constant,l and D is the intramolec- 
ular diffusion coefficient of the chain ends. Equation (1) can be used only when 
R,  has a single value shared by all the donor-acceptor pairs in the sample. De- 
tailed discussion of the experimental implications of this condition is given else- 
 here.^^^ Since 7, R,, and N,(r) are known from independent experiments and 
calculations, Eq. (1) can be solved numerically using a postulated value for D, 
and the appropriate boundary conditions. A computed decay curve of the donor 
fluorescence, Ic(t),  is derived by means of Eq. (2): 

In Eq. (2), k denotes a constant characteristic of the experimental set up: a and 
r,,, are, respectively, the approximate distance of closest approach of the 
naphthalene and dansyl groups,and the end-toend distance of the fully stretched 
molecule. The computed Ic(t) was compared with the experimental donor 
fluorescence decay curve, I( t) ,  (after convolution with the experimental excita- 
tion pulse profile).3 Using an algorithm for a nonlinear least-squares estimation 
of parameters, a search was made for that value of D which, when used with 
Eqs. (1) and (2), yields a calculated donor fluorescence decay curve, Ic(t),  which 
fits best t o  the experimental decay curve. 

The intramolecular diffusion coefficients of the chain ends relative to one 
another were calculated for the oligopeptides with n=4,5,8,9 in solvent mixtures 
of glycerol-trifluoroethanol of various viscosities. The results are summarized in 
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Fig. 1. The values of D obtained in solutions of viscosities ranging between 1 cp 
and 200 cp fall in the range of 5X 10~-10-7cm2/sec, increasing systematically as 
the viscosity of the solvent is decreased (Fig. 1). For example, D is 0.8X 1 0 - ~ c m ~ /  
sec for a peptide containing eight ~~-2-h~droxyethyl-~-~lutamine residues (n=8) 
dissolved in a 7:3 (w/w) mixture of trifluoroethanol/glycerol, possessing a vis- 
cosity of 7.6 cp. This value is approximately an order of magnitude lower than 
that of the diffusion coefficients expected for small molecules comparable in size 
to the chromophores attached to the ends of the oligopeptides. It is thus evident 
that the "internal friction" of the oligomers, due to restrictions in change, in 
molecular conformation reduces by about an order of magnitude the diffusion 
rate of the chain ends in the above example. 

Extrapolation of the data in Fig. 1 to zero viscosity yields a value for D that is 
probably well below 1 0 ~ c r n ~ / s e c ,  although it cannot be obtained accurately. 
This shows that for all of the oligopeptides studied the internal friction is finite 
and appreciable. Furthermore, the internal friction is higher for the shorter 
chains, indicating that the shorter chains restrict the flexibility of motion of 
their ends more than the longer chains do. 

Fig. 1. Diffusion coefficients of one molecular end relative to the other of DGnN 
(n=4,5,8,9) as a function of solvent viscosity. 0-0 DG4N, A-A DGsN, a-a DG8N, 
e-• DGgN. Temperature, 25°C. 
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The dimensions of small molecules of biological interest, such as peptide 
hormones, can be derived from the efficiency of electronic excitation energy 
transfer by the Forster mechanism1, if suitably chosen luminophores are at- 
tached to distant sites of the m ~ l e c u l e . ~  Recently it has been shown that the 
methods of theoretical conformational analysis based on energy calculations 
from semiempirical potential functions can be used for the interpretation of 
energy transfer data. By deriving all relevant experimental properties from a 
theoretical model of the molecules studied3, this method provides a complete 
description of molecular dimensions, compatible with the experimentally deter- 
mined properties. Here we describe a theoretical model for adrenocorticotropic 
hormone which is used to calculate properties related to non-radiative energy 
transfer. These theoretical results are compared with experimental data taken 
from the literature.& These data refer to the efficiency of energy transfer from 
tyrosine to tryptophan in the segments 2-9 and 9-23 in the fully active fragment 
ACTH (1-24)4 (Fig. 1) and from ~r~~ to ~ ~ - d a n s ~ l l ~ s i n e ~ ~  in the same but 
dansylated determined in water and various other solvents. 

Fig. 1. The primary sequency of human ACTH (1-24). Amino acids considered as 
hydrophobic are underlined. 

These studies, as well as a number of other investigations by various experi- 
mental methods (dialysis7, C D ~ ,  hydrogen exchange9), indicate that the be- 
havior of ACTH in solution "is best explained by a mobile equilibrium involving 
many different shapes".7 It seems therefore appropriate to use a statistical ap- 
proach to describe the various conformation dependent properties of the mole- 
cules. Thus, a set of chains have been generated by the Monte Carlo method. 
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The conformational energy is computed taking into account the interactions be- 
tween all the atoms in the chain, as described previously by one of us.1° Chains 
are constructed from standard geometrical parameters11 but all the amino-acid 
side chains (except for Gly,Pro,Tyr,Trp,Phe and Lys(Dns)) have been replaced by 
a suitable composite atom.12 The geometrical parameters of the dansyl lurni- 
nophore have been obtained from X-ray data on related ~ o m ~ o u n d s . l ~ > ~ ~  The 
S-N bond has been represented as a double-bond14 in a trans conformation with 
respect to C-N and S-C bonds. The values for the angle of rotation around the 
S-C bond, have been taken equal to +120° because of steric constraints. The 
direction of the transition moments for all the luminophores has been determined 
by quantum mechanical  calculation^.^^ 

The solvent effect is roughly taken into account by eliminating the attractive 
part of the van der Wads potential for interactions involving a hydrophilic 
residue.1° Otherwise all the parameters in the potential functions are taken 
from scheraga.11>16 (The dielectric constant is equal to 3.5). The full charges 
of side chains which are ionized at neutral pH have been decreased by half, in 
order to represent the average screening effect of water and counter-ions. The 
charge distribution on the dansyl group has been computed by an INDO 
quantum-mechanical program. 

The calculated mean dimensions of the various segments of the chain are 
shown in Table I. 

Table I. Various Moments of the Distribution f(r) in ~ ~ r ~ - ~ r ~ ~ ,  (a); 
~ r ~ 9 - ~ ~ r ~ ~ ,  (b) and ~ r ~ ~ - ~ ~ s ( ~ n s ) ~ l ,  (c). 

The distribution function f(r) of the distances r between ~r~~ and ~~r~~ is 
shown in Figure 2. 

The calculated transfer efficiencies are compared with the experimental values 
in Table 11. The agreement is satisfactory if the averaging regime is considered as 
partly static (<T>,l) or purely static (<T>,). In both these regimes, the lifetimes 
of molecular conformations are long compared to the transfer time, but in the 
former regime the rotational motion of the luminophores is short on the same 
time scale. If however the regime were dynamic (<T>& which implies that all 
the possible conformations would be adopted successively by the molecule dur- 
ing the transfer time, there would be no agreement between experimental and 
calculated properties; It can be argued that in molecules with a considerable 
number of internal rotation angles the regime is always nearly static. It is indeed 
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Fig. 2. The distribution function f ( r )  of the distance r between Trp9 and ~ ~ r ~ ~ .  

Table 11. A Comparison of the Experimental and 
Calculated Transfer Efficiencies 

Luminophores Experimental Calculated efficiencies 
implied in the efficiencies 
trans£ er 

<Ro> 'T, <T>S, 'T's 'T'd 

9.8 0.5'0.15 0.47 0.36 0.83 

~ y r ' ~ - ~ r p ~  11.0 0.15+0.10 0.20 0.18 0.84 

'Prp9- 19.4 0.45 0.44 0.33 0.98 
~ ~ s ( o n s ) * l  

reasonable to assume that only a very small fraction of the total number of mole- 
cules undergoes a conformational change which leads to a noticeable variation of 
interluminophore separation during the transfer time of electronic excitation 
energy. 

It should be added that for the dansylated segment 9-21 the efficiency com- 
puted without charges on the side chains agrees well with the experimental value 
for the protected (uncharged) peptide in water: <T>exp = 0.64 and <T>,J 
(calculated) = 0.57. In conclusion it appears that energy transfer data on ACTH 
can be interpreted satisfactorily by a model of statistical chain. 

Most of the calculations were performed on the IBM 3701168 computer at Orsay, France 
during the Workshop on Models for Protein Dynamics, May-July 1976. We acknowledge 
Dr. B. Maigret for help in the quantum-mechanical calculations. One of us (M. L.) is 
"Aspirant au Fonds National de la Recherche Scientifique". 
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In t roduc t ion  

During the last decade an impressive amount of work has been carried out 
using synthetic peptides as model systems for more complex enzyme and protein 
molecules. Different research groups have given different interpretations of the 
concept of "model compound". So, for instance, detailed knowledge of the 
various secondary structures of peptide chains has been obtained using synthetic, 
high molecular weight homopolypeptides or copolypeptides.l Such models have 
been also used to gain information on interactions among aromatic chromophores 
in the side- chain^.^ On the other hand, some workers focused their attention on 
cyclic peptides as model systems. In a recent paper Blout and coworkers3 
stressed the reasons for such an interest. A suitable model compound must be 
simple from a structural point of view and must also be of biological relevance. 
The molecule should possess few conformational states, which should be easily 
characterizable by experimental and theoretical conformational analysis tech- 
niques.3 Undoubtly synthetic cyclic peptides meet the above criteria, especially 
if we consider that many natural products are indeed cyclic compounds. 

A third class of model peptides extensively investigated by various authors 
includes sequential polypeptides.4 Many conformational details have been ob- 
tained, especially in the field of collagen-like structures, for sequential poly- 
peptides containing the glycine residue at every third position.5 Finally, con- 
formational studies on short, linear oligopeptides have given new information 
on the tendency of various amino acid residues to form parallel and anti-parallel 
0-structures6 From all these studies, using a combination of different tech- 
niques we have gained substantial knowledge of the conformation and structure 
of model compounds. This leads to a better understanding of the conformation 
of more complicated protein molecules. 

If we extend the investigations to the conformational aspects of the interac- 
tions with ions of polypeptide model systems, we may improve our knowledge 
of the structure and stereochemistry of metallo-enzymes. This is undoubtedly a 
broad field of application of the above mentioned classes of synthetic poly- 
peptides. Interaction between proteins and metal ions might occur in several 
ways, which are sometimes extremely complicated in character. In some cases 
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protein molecules and metal ions form complexes of well-defined stoichiometry, 
and the presence of the appropriate ion is essential for biological activity. In 
other cases, protein systems provide the transport of metal ions through dynamic 
equilibria between ions and multiple binding sites in the protein moiety. Investi- 
gations on the conformational aspects of interactions with ions with appropriate 
model systems could provide a powerful tool to answer some fundamental 
questions such as: the stereochemical requirements of the binding site which 
provide the "frame" ligand for the proper ion, the factors which determine co- 
ordination of the right ion to the right enzyme, and therefore the way of action 
of ion-containing proteins. 

A substantial amount of work has been carried out on interactions between 
metal ions and simple amino acids and peptides. The structural aspects7 and the 
optical rotatory propertiess of metal ion complexes of small peptides have been 
recently reviewed in an exhaustive way by Martin and  coworker^.^^^ In some 
cases oligopeptide sequences reproducing the amino acid sequence of natural 
products have been shown to interact specifically with a given ion as strongly as 
the native protein.9 

On the other hand, high-molecular-weight synthetic polypeptides have been 
shown to form metal complexes which in some cases exhibit stereospecific 
catalytic activity analogous to ion promoted enzyme reactions.1° The con- 
formational aspects of high-molecular-weight polypeptide interactions with ions 
have been investigated in detail in an attempt to understand the reasons for 
catalytic stereospecific activity. In this paper we will review recent studies on 
interactions between metal ions and poly(a-amino acid) systems, with particular 
emphasis on those investigations dealing with the stereochemistry of complex 
formation and its effects on the conformation of the polypeptide chain. 

Interaction of Poly(L-histidine) ( L - H ~ s ) ~  with Cu(I1) ions 

Histidme residues have been recognized as important binding sites for metal 
ions in a number of natural products11312 and in synthetic peptides.7*8.11 In 
particular, histidine residues have been suggested as ligands for copper ions in a 
number of proteins, including copper containing oxidases12 and the blue and 
non-blue copper proteins.13 

Pecht et al.14 investigated the interaction between (L-His), and cupric ions. 
They first reported that the polymer forms copper complexes which exhibit 
oxidase activity about two orders of magnitude higher than that of Cu(I1) aquo- 
complex.14 A careful characterization of the catalytic polymeric complex of 
(L-His), was subsequently carried out by Levitzki et a1.15 in order to ascertain 
the way of binding of the metal ions to the polymer chain. The characterization 
was carried out using several techniques which include potentiometric titration, 
visible and ultraviolet absorption spectroscopy, and circular dichroism (CD). 
From the potentiometric titration curve of the polymer in the presence of Cu(I1) 
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ions, the authors were able to detect two kinds of complexes. Complex I starts 
to form at pH 3, and its formation is essentially complete at pH 5. At this pH 
value four protons are titrated per mole of bound copper. The spectral properties 
in the visible absorption region suggested that at least one of these protons 
comes from a peptide nitrogen. This hypothesis was further substantiated by the 
CD properties both in the visible absorption and in the ultraviolet absorption 
region. Two oppositely signed bands have been observed in the region of copper 
d-d transition with a rather high rotational strength. Since the polymer is in the 
random coil conformation until pH 5, optical activity must arise from asymmetric 
induction from the chiral centers of the single amino acid residues. With CO- 

ordination of imidazole nitrogens only at the square-planar coordination posi- 
tions of copper, a rather small induced optical activity should be expected, owing 
to the distance of the chiral a-carbon atom from the complex. When at least 
one deprotonated peptide nitrogen is coordinated at the square-planar coordina- 
tion positions of Cu(I1) ions the asymmetric a-carbon atom is much closer and 
enhancement of rotational strength is therefore expected. The structure proposed 
by Levitzki et al.15 for complex I of (L-His), involves three imidazole nitrogens 
of residues 1, 2, and 4, and one peptide nitrogen of the residues 3, in the classical 
square-planar geometry. Actually, with histidine residues a structure is possible 
in which one imidazole nitrogen and the adjacent deprotonated peptide nitrogen 
occupy two of square-planar coordination sites of Cu(I1) ions, forming a stable 
hexa-atomic chelate ring containing the asymmetric a-carbon atom (Figure 1). 
This way of coordination of Cu(I1) ions has been shown to occur frequently in 
histidine-containing peptides.ll At strongly alkaline pH a biuret type complex 
of (L-His), was observed,15 also characterized by strong optical activity. In 
analogy to observations in ~ l i ~ o ~ e ~ t i d e s ~ ~  Levitzki et a1.15 proposed a structure 
in which four consecutive deprotonated peptide nitrogens occupy the square- 
planar positions of copper, with possible coordination of imidazole nitrogens at 
the apical positions. Space-filling models showed that this structure can be re- 
peated indefinitely, forming a rigid helix. 

It is well established that (L-His), undergoes a disorder-order conformational 
transition between pH 5 and 6, the ordered form being a pp1eated sheet.2 In 
order to determine to what extent complex formation affects the conformational 
change, we have recently re-investigated the interactions between Cu(I1) ions and 
(L-His),. Between pH 3 and 5, the formation of complex I, described by Levitzki 
et al.15 was observed. The visible and ultraviolet absorption and CD spectra 
were in quantitative agreement with those reported by the above mentioned 
authors. However, on increasing the pH value above 5, the formation of a new, 
previously undetected complex, was revealed, with completely different CD 
properties (Figure 2). The spectrum of the complex, which was named complex 
11, is very weak with two positive bands at 640 nm and 485 nm, and a negative 
one at -540 nm. The well-defined isodichroic point at -595 nm suggests the 
presence of a two-component equilibrium system with additive contributions to 
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CH- 

Fig. 1. A possible structure of histidine peptides coordinated to Cu(I1) ions. 

the optical activity. At strongly alkaline pH values the usual biuret-type complex, 
already described by Levitzki et a1.15 was observed. Since the formation of 
complex I1 occurs within the pH range where the polymer undergoes a coil-to-p- 
form transition, its structure must be related in some way to the conformation of 
the polypeptide chain. Actually we have shown that the stability of complex I1 
of (LHis), with Cu(I1) ions depends upon at least three factors, namely pH, 
conformation of the polypeptide chain and Culpeptide molar ratio. If cupric 
ions are added to a polymer solution at constant pH 4.5, complex I1 and not 
complex I is formed immediately after the addition of metal ions. However, the 
CD pattern is time-dependent and it slowly transforms into the spectrum of com- 
plex I. At Culpeptide molar ratios not exceeding 0.1, on increasing the pH of 
the solution above-6 or more, again the CD pattern typical of complex I1 is 
formed, but, in the far UV we also observe the simultaneous formation of CD 
pattern of (L-His), p-structure (Figure 3). We therefore conclude that, under 
the above described experimental conditions, the conformational changes of the 
polymer also modify the way of binding of cupric ions. The visible absorption 
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Fig. 2. CD properties of the Cu(I1)-(L-His), system in the visible region. Cu/His = 0.12; 
1) pH 6.05; 2) pH 7.07; 3) pH 7.60; 4) pH 7.88; 5) pH 8.0; 6) pH > 12. 

characteristics and the very weak rotatory strength of complex I1 do suggest 
coordination of irnidazole nitrogens only to the square-planar coordination 
positions of copper. In other words, the formation of the 0-pleated sheet causes 
substitutions of deprotonated peptide nitrogens with side-chain imidazole nitro- 
gens at the coordination sites of copper. This is an example of the effect of 
peptide conformation on the way of binding of a metal ion. Actually, the above 
results have been obtained using Culpeptide molar ratios not hlgher than 0.05. If 
more cupric ions are added to the solution of complex I1 at pH 6 ,  again the 
formation of the CD spectrum of complex I is observed, and the 0-structure 
tends to disappear. At Culpeptide ratios of the order of 0.4, the formation of 
complex I1 can be detected at pH values of the order of 7.0. It seems therefore 
that increasing amounts of Cu(I1) ions shift the coil-0 transition and the con- 
sequent formation of complex I1 to higher pH values. The structure of complex 
I appears to be incompatible with the @-form of (LHis),. We must point out 
that at Culpeptide molar ratios 0.4 or lugher, the 0-structure of (L-His), can be 
detected with difficulty from the CD pattern in the far W because of partial 
overlapping of intense charge-transfer bands of residual complex I with imidazole 
and peptide transitions.16 In order to promote 0-structure formation, we should 
further increase the pH, but this also enhances the coordination capacity of the 
peptide nitrogen ligand. At alkaline pH values the tendency of the peptide 
chain to form the 0-structure is overcome, and the biuret complex is formed in 
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Fig. 3. CD properties of the Cu(I1)-(L-His), system in the peptide absorption region. 
Cu/His = 0.12; 1) pH 7.04; 2) pH 6.56; 3) pH 6.06; 4) pH 5.54; 5) pH 4.47. 

which four consecutive deprotonated peptide nitrogens are coordinated to Cu(I1) 
atoms in the classical square geometry. As previously mentioned, Levitzki et al.15 
proposed for the biuret complex a structure which implies conformational 
rigidity. It would be of interest to investigate the implications of such a struc- 
ture on the hydrodynamic behavior of the complex solution. 

As a conclusion, from all the work carried out on the interactions between 
cupric ions and (L-His),, it  appears that both pH and macromolecular conforma- 
tion affect the way of binding of metal ions to the polymer. At pH G.5 the 
presence of irnidazole nitrogens favors deprotonation of an adjacent peptide 
nitrogen, consistent with observations in copper complexes of histidine- 
containing ~ l i ~ o ~ e ~ t i d e s . ~ ~  At pH 2 6 ,  the tendency of coordination of peptide 
nitrogens depends upon the conformation of the polypeptide chain, and it is 
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prevented by the 0-structure formation. At higher pH values, the competition 
between protons and Cu(I1) ions toward peptide nitrogen ligands is shlfted in 
favor of the metal, with consequent disruption of the 0-structure. 

Interaction of Cu(I1) ions with Poly(a-amino acids) 
Containing Side-chain Amino Groups 

Hatano and c o w o r k e r ~ l ~ - ~ ~  first reported the catalytic properties of (LLysa- 
Cu(I1) complexes, and a detailed analysis was carried out in the attempt to 
correlate catalytic activity with conformational properties of the polymeric 
complex. The authors found that an initial complex is formed at pH 8.5 and 
that four protons are released per mole of bound copper. From the visible 
absorption spectrum and from the vanishingly small optical rotation of the com- 
plex, the authors concluded that only side-chain amino groups are coordinated 
to copper ions. At pH > 10 a second complex was observed, whose remarkable 
optical activity and spectral characteristics are typical of biuret-type complexes. 
Nozawa and ~ a t a n o l ~  proposed for the high pH complex a structure in which 
the polymer is in the &-helical conformation, and four amino nitrogens are co- 
ordinated to square planar-positions of copper, with peptide nitrogen coordina- 
tion at apical positions (Figure 4). This second complex was found to  accelerate 
the oxidation of D-DOPA more than that of L-DOPA. The selectivity ratio (i.e. 
the ratio between the rates of oxidation of the D-isomer and the L-isomer) was 
found to be strongly dependent upon temperature. However, for experiments 
carried out at constant temperature and at various Cu/Lys ratios no apparent 
correlation was observed between helix content and selectivity ratio. 

The problem of interaction between (L-Lys), and copper ions has been 
independently investigated by Garnier and ~ o s i ~ l  and by our group.22>23 We 
have extended our studies to (L-Orn), and to the polymer of diaminobutyric 
acid, (L-A2bu),, with the specific purpose of establishing the relationship be- 
tween complex structure and polymer conformation. Again we have observed 
that two kinds of complexes are formed: complex I stable at pH 2 8.5 and com- 
plex 11, stable at pH > 10.5. However there is one significant difference between 
our results and those of Nozawa and ~ a t a n 0 . l ~  Until pH 8.5 two (and not four) 
protons are released per mole of bound copper in the case of (L-Lys), and 
(L-Orn),. The same results have been obtained by Garnier and ~ o s i ~ l  on the 
Cu(I1) complex of (L-Lys),. Only with (L-A2bu), four protons have been 
titrated up to pH 8.5. At least one of these protons arises from a peptide 
nitrogen. The visible absorption spectra and the very small rotational strength 
of type I complexes of (L-Lys), and (Lorn), are consistent with the data re- 
ported by Hatano and c o w ~ r k e r s l ~ - ~ ~ ,  and imply coordination of side-chain 
amino nitrogens only to Cu(I1) ions. Complex I of (A2bu), exhibits entirely 
different features. The visible absorption spectrum is blue-shifted down to 
585 nm; furthermore, the CD properties reveal a high rotational strength in the 
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Fig. 4. A schematic structure of the (L-Lys),Cu(II) complex (from Ref. 19). 

visible and in the near ultraviolet absorption region (Figure 5). Both these re- 
sults suggest coordination of at least one deprotonated peptide nitrogen to the 
square-planar coordination positions of copper.15 Since the polypeptide chain of 
(L-A2bu), is in the random coil conformation in the entire range of examined 
pH, optical activity of complex I of (L-A2bu), must be ascribed to asymmetric 
induction from the chiral centers of single amino-acid residues. With (LA2bu), 
a structure is possible in which the asymmetric a-carbon atom is part of a stable 
hexa-atomic chelate ring which contains a side-chain amino group, an asymmetric 
a-carbon atom, and the adjacent, deprotonated peptide nitrogen coordinated at 
two of the square-planar positions of Cu(I1). Such a structure justifies the high 
optical activity observed in complex I of (L-A2bu), . From Figure 1 the analogies 
with the copper complex of (L-His), formed at pH 5 (complex I) are clearly evi- 
dent. The structural similarities between the two complexes are reflected in 
their CD properties which are shown for comparison in Figure 6. This suggests a 
very similar way of binding of copper ions in the two cases and leads to the 
conclusion that a diaminobutyric acid residue could be equivalent to an histidine 
residue as ligand for Cu(I1). 
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Fig. 5. CD spectra of the Cu(I1)-(L-A2bu), system at  different pHs. Cu/A2bu = 0.25. 
1) pH 8.29; 2) pH 9.31; 3) pH 10.18; 4) pH 11.67; 5) pH 12.09; 6) pH > 13 (from Ref. 22). 

At pH 8.5 type I1 complexes of the three polymers are formed in which 
deprotonated peptide nitrogens are involved. The CD spectra are different from 
one another, implying different geometries of the three complexes and, perhaps 
different apical interactions of the side-chain amino groups. Turning now to the 
conformational aspects of type I1 complexes, the main question is whether their 
structure is compatible with the a-helical confirmation of the polymeric back- 
bone. This aspect concerns only (L-Lys), and (L-Orn),, since the diamino- 
butyric acid polymer is unable to' assume an ordered conformation even at 
pH 1 4 . ~ ~  The following experiment has been therefore performed. To a poly- 
mer solution of (L-Lys), kept at constant pH 11.0 (where the polymer is com- 
pletely in the a-helical form at 25OC) increasing amounts of Cu(I1) ions were 
added. The CD patterns recorded after each addition of metal ions clearly 
indicate that the helix content decreases with the extent of complex I1 forma- 
tion. This is shown in Figure 7, where the helix content appears to decrease 
linearly with the extent of complex formation, and drops to zero at Culpeptide 
molar ratios of the order of 0.15. Substantially identical results have been ob- 
tained with complex I1 of (L-Orn),, and have also been independently con- 
firmed by Garnier and Tosi (personal communication). The conclusion therefore 
follows that the a-helical structure is incompatible with type I1 complex forma- 
tion, and previously proposed models based on a helical arrangement of the pep- 
tide backbone are therefore inconsistent.19 This conclusion is in line with the 
results reported by other investigators on various systems including proteins.25 
In a recent paper Gray and coworkers26 observed that a short section of a-helix 
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Fig. 6 .  CD spectra of the low-pH cupric complexes of (L-His), and of (L-A2bu)? in the 
visible region. - (L-His), - Cu(I1) (from Ref. 15) -.-.-.-. (L-His), - Cu(I1) (this work) 

(L-A2bu), - Cu(I1) (from Ref. 22) 

in the apoprotein apoplastocyanine is strongly perturbed upon Cu(I1) incorpora- 
tion, which probably occurs through coordination at one deprotonated peptide 
nitrogen. 

The particular conformational properties of (L-Lys),, (L-Orn), and (L-A2bu), 
in waterlmethanol mixtures gave also the possibility of checking the effect of 
type I complex formation on the a-helical structure of the polypeptide backbone. 
We have shown that the a-helix of (L-Lys), and (L-Orn),, stable in water/ 
methanol mixtures containing 90% methanol, is not perturbed by formation of 
complex I in which side-chain groups only are involved. On the contrary, in the 
case of (L-A2bu),,, the formation of complex I, where at least one peptide 
nitrogen is involved, causes collapse of the helix structure. 
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Fig. 7. CD spectra of (L-Lys), - Cu(I1) at pH 11 and 25°C. 1) Cu/Lys = 0; 2) Cu/Lys = 
0.016; 3) Cu/Lys = 0.033); 4) Cu/Lys= 0.057; 5) Cu/Lys= 0.082; 6) Cu/Lys = 0.106; 7) Cu/ 
Lys = 0.131; 8) Cu/Lys = 0.164 (from Ref. 23). 

Finally we mention some results of investigations on the interaction of copper 
ions with (L-Lys), in the ?-structure. Potentiometric titrations, visible and ultra- 
violet absorption and CD measurements carried out at 50°C again showed the 
formation of complexes I and I1 identical to those observed at room tempera- 
t ~ r e . ~ ~  Addition of Cu(I1) ions to a (L-Lys), solution kept at constant pH 10.8 
and at 50°C (where the polymer is completely in the P-form) causes the progres- 
sive disruption of the ?-structure (Figure 8). 

From all these results we can draw the general conclusion that whenever pep- 
tide nitrogens are coordinated to square-planar positions of Cu(II), neither the 
a-helix nor the p-structure can be formed. Furthermore, in (L-A2bu), the 
presence of an amino group spaced by two methylene residues from the asym- 
metric a-carbon makes possible deprotonation of an adjacent peptide nitrogen 
even at physiological pH values. This behavior is analogous to that observed in 
histidine-containing oligopeptides and confirms the importance of deprotonated 
amide nitrogens as binding sites for metal ions even in biological systems. 
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Fig. 8. CD spectra of (L-Lys), -Cu(II) at pH 10.3 and at 50°C. 1) Cu/Lys = 0; 
2) Cu/Lys = 0.015; 3) Cu/Lys = 0.029; 4) Cu/Lys = 0.044; 5) Cu/Lys = 0.058; 6 )  Cu/Lys = 
0.073; 7) Cu/Lys = 0.109 (from Ref. 27). 

Stereospecific Interaction of Metal Ions with Polypeptides 

In the last part of this review we will report some examples of stereospecific 
complex formation induced by asymmetric conformations of the polypeptide 
matrix. This problem is related to the very fundamental question of what are the 
stereochemical requirements for the coordination of the proper ion in the proper 
way to a peptide system. 

De Santis and  coworker^^^^^^ studied the complex formation between Cu(I1) 
ions and the Schiff base resulting from reaction of salicylaldehyde with the 
cyclic peptide gramicidin S. On the basis of spectroscopic data, X-ray analysis, 
and conformational analysis of model compounds these authors have been able 
to show that, depending upon the solvent, there are two possible orientations of 
the two diastereotopic faces of the square, trans-planar, metal chelate chromo- 
phore toward the cyclic peptide asymmetric matrix (Figure 9). The R form is 
stabilized in solvents containing hydroxyl groups (ethanol, trifluoroethanol etc.), 
while the S form is stable in trimethylphosphate, chloroform, and pyridine. The 
authors extended their investigations to copper chelates of salycylaldehyde 
derivatives of (L-Lys),, (L-Om), and (L-A2bu),, namely to copper complexes of 
bis-(0-hydroxybenzylidene amine) derivatives of lysine, ornithine and diamino- 
butyric acid polymers.30 These modified polypeptides can be considered simple 
models for pyridoxal enzymes. In fact it has been shown that derivatives of 
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Fig. 9. The two structures of the gramicidin-bis(o-hydroxybenzylidene amine) -Cu(II) 
complex (from Ref. 30). 

pyridoxal and salycylaldehyde in the presence of metal ions can be used as 
catalysts for the same kind of reactions catalyzed by pyridoxal enzymes.31 The 
hypothesis has been made that catalytic activity depends upon reactivity of 
metal chelates of the prosthetic group.31 De Santis and coworkers30 observed a 
quasi-perfect inversion of the CD properties of copper chelates of (L-Lys), and 
(L-Orn), in the absorption region of the complexes, without appreciable altera- 
tion of the right-handed, a-helical form of the polypeptide backbone (Figure 10). 
The results have been interpreted by assuming that the asymmetric conformation 
of the polypeptide matrix induces stereospecificity in the formation of the corn- 
plex, in such a way that the ornithine polymer "binds" one diastereotopic face 
of the metal chelate side-chain, while the lysine polymer binds the opposite one. 
In particular, the (L-Orn), complex exhibits CD properties very similar to the S 
form of the corresponding complex of grarnicidin S in chloroform, and the 
(LLys), complex exhibits CD characteristics very similar to the R form of the 
gramicidin S complex. On the basis of these results the authors, using normal 
methods of conformational analysis, constructed the following models in which 
every copper ion bridges together one pair of Schiff base side-dhains (Figure 11). 
In the case of the (L-Orn), complex, each Cu(I1) can bridge the side-chain 
chromophores in 1-5 positions, while, in the case of the (L-Lys), complex, 
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Fig. 10. CD spectra of the Cu(I1) complexes of the o-hydroxybenzaldehyde Schiff bases 
with (L-Lys), (-) and (L-Om), (-----). The spectra of the upper-left side refer to 
(L-Lys), and (L-Om), under the same experimental conditions (from Ref. 30). 

Fig. 11. Structure of the Cu(I1) complexes of the o-hydroxybenzaldehyde Schiff bases 
with (L-Lys), (left) and (L-Om), (right) (from Ref. 32). 
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bridging occurs between side-chains in positions 1-4. Analogous results have 
been obtained using Schiff bases derivatives of (L-Lys), and (L-Orn), with pyri- 
d 0 x a 1 . ~ ~  Also in this case in fact a stereospecific binding of the square-planar 
Cu(I1) complex of bis-pyridoxalidene imine group to the a-helical matrix was 
observed, with opposite configurations for the complexes of (L-Lys), and 
(Lorn), . 

In all the examined cases conformational analysis shows that the optimum 
stoichiometry should be one copper ion per pair of pyridoxalenimine side-chains, 
but a detailed, direct determination of the stoichiometry of the complexes has 
not been carried out by the authors.30 

A further example of stereospecific complex formation induced by asym- 
metry of the polypeptide backbone has been recently reported by our group.33 
We have described the synthesis and the conformational properties of acetoacetyl 
derivatives of (L-Lys),, (L-Orn), and (L-A2bu),. These modified polymers, 
which contain the chelating P-ketoamide group in the side-chains have been 
shown to assume the right-handed &-helical form in aqueous solution in a wide 
range of pH. Interaction of these polymers with metal ions has been investigated 
using several techniques, which include classical methods for determination of 
stoichiometry and stability constants of the complexes, visible and ultraviolet 
absorption spectroscopy, and CD. It has been found in particular that the three 
examined polymers bind strongly Fe(II1) ions at pHE2.5, forming complexes 
with stoichiometry 1 :2, i.e. each ferric ion bridges one pair of side-chains. From 
the absorption spectra (summarized in Table I) we concluded that only oxygen 
atoms of the side-chain P-ketoamide groups are involved in the complexes. This 
behavior is different from that of the model compound n-hexyl-acetoacetamide, 
which, under identical conditions, binds only one ferric ion with coordination of 
the amide nitrogen. 

Table I. Maximum Absorption Wavelengths and Corresponding 
Molar Extinction Coefficients of the Ferric Complexes of 

[Lys(Acac)] , , [Orn(Acac)] , , and [A2bu(Acac)] ,a 

- 
Metal-Ligand 

Ferric Complex of Ratio 'max(c) 'max(s) 

model compound 1:l 258(12,100) 536(780) 

al'he spectral data relative to the model ferric complex are reported for 

comparison. The E values are always calculated per mole of complex formed,i.e., 

per ~ e ~ + i o n .  
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Because of solubility reasons we used very low Fe(III)/peptide ratios, so that, 
in our experiments no more than 5% of side-chain chromophores were usually 
involved in complex formation. Under these conditions there is no effect of 
complex formation on the a-helical structure of the polymeric backbone. Con- 
versely, we have found an effect of the polymer conformation on the stereo- 
chemistry of the ferric complex formation of 0-ketoamide sidechains. There is in 
fact evidence for stereospecific complex formation induced by the asymmetric 
structure of the polypeptide matrix. The evidence is based on the CD properties 
of the complexes in the charge-transfer transition region. In all three cases there 
are two strong oppositely signed bands at 250 nm and 270 nm of almost identical 
rotatory strength (Figure 12), the cross position being coincident with the ultra- 
violet absorption maximum. This pattern strongly suggests an exciton splitting 

Fig. 12. CD spectra of the ferric complexes of { L - L ~ ~ ( A C ~ C ) } ~  (----), { ~ - 0 r n ( ~ c a c ) } ~  
(-.-.-.-), and { ~ - ~ ~ b u ( ~ c a c ) } ~  (-) in the near UV region (from Ref. 33) 
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of the n + n+ transition of the P-ketoamide group due to degenerate coupling of 
the n -+ IT' transition moments of two ligands bound to the same metal ion. It is 
well known that bis- and tris-chelates of bidentate ligands (such as acetylacetone) 
with metal ions in an octahedral coordination can be intrinsically dissymmetric 
with consequent very high rotational strength. For these complexes both theo- 
retical calculations and experimental results34 showed that the ligand .rr + IT+ 

transitions are split into two oppositely signed bands giving a conservative spec- 
trum. From the sense of the splitting it was also possible to determine the 
absolute configuration of the complexes.34 The CD results obtained on the ferric 
complexes of the three polymers strongly suggest the formation of intrinsically 
dissymmetric complexes. The predominant formation of one diastereoisomeric 
form over the other is induced by the conformation of the polypeptide matrix. 
Here again we observed that the absolute configuration of the ferric complex of 
the acetoacetyl derivative of (L-Orn), is just the opposite of those of (L-Lys), 
and (L-A2bu), derivatives. This result is in line with the findings of De Santis32 
on copper complexes of salicylaldehyde and pyridoxal derivatives of the same 
polymers. Finally, we observed that the rotational strength of the polymeric 
complexes increases as the distance of the side-chain groups from the helical 
backbone diminishes. This result suggests a more effective asymmetric induction 
of the helical peptide matrix on the stereospecific formation of chiral complexes, 
when the distance between the complex and the peptide backbone is decreased. 

The above reported examples show how in model systems a particular peptide 
conformation might induce steric restrictions on the way of binding of metal 
ions, leading to stereospecificity in the complex formation process. 

Conclusions 

There are several implications in the work described in the present review. 
The first concerns the field of catalysis. The advantages of using catalytically 
active species anchored to polymeric matrices are well-known. However an over- 
whelming majority of investigations up to date have involved cross-linked poly- 
styrene as the polymeric support, with consequent poor information about the 
effects of particular, asymmetric polymer structures on the catalytic phenomenon. 
When a catalytic active species is anchored to an asymmetric polypeptide matrix, 
we might obtain chiral catalytic systems, which in principle can display stereo- 
specificity in analogy to enzyme promoted reactions. 

A second aspect of this work is strictly correlated with the first and concerns 
the use of these systems as models for metallo-enzymes. As already stressed in 
the Introduction to the present paper, useful information can be obtained on the 
way of coordination of metal ions to polypeptides, which can lead to the under- 
standing of the control mechanism determining coordination of metal ions in 
biological systems. However, detailed knowledge of the structure of ions con- 
taining proteins at the binding site is very difficult to obtain. Besides the 
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presence of appropriate ligand groups in a well-defined space arrangement, the 
whole structure of the molecule is designed to produce optimum conditions for 
specific biological activity. It is because of this complexity that the model sys- 
tem approach to this problem, including that described in the present work, is 
still very rudimentary. A significant advance in this area requires intensive re- 
search in peptide synthesis and conformation and in coordination chemistry. 
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P R E F E R E N T I A L  ADSORPTION A N D  C O N F O R M A T I O N A L  
T R A N S I T I O N  OF POLY [N'-(3-HYDROXYPR0PYL)-L- 

G L U T A M I N E ]  I N  W A T E R / 2 C H L O R O E T H A N O L  MIXTURES.  

CLAUDE LOUCHEUX, MICHEL MORCELLET and CLAUDE 
FEYEREISEN, Laboratoire de Chimie Macromoldculaire, Universitd 

des Sciences et Techniques de Lille 
Boite Postale 36, 59650 Villeneuve d'Ascq, France 

It is well known that the conformational transition in globular proteins in 
waterlorganic solvent mixtures is accompanied by changes in preferential and 
absolute adsorptionl. Very few studies have been carried out, on synthetic 
polypeptides2-6. We wish to report a study on poly [ ~ ~ - ( 3 - h ~ d r ' o x ~ ~ r o ~ ~ l ) - ~ -  
glutaminel , [Gln(CH2)30H], in water/2-chloroethanol mixtures, in which con- 
formational properties, preferential adsorption and partial specific volume of 
[G1n(CH-J30H] have been investigated. 

Experimental details (circular dichrojsm, measurement of the preferential ad- 
sorption parameter (ag3/ag2), can be found elsewhere6. The partial specific 
values 3 of [ G ~ ~ I ( C H ~ ) ~ O H ] ,  has been determined by densitometry in the usual 
manner. 

Conformat iona l  Transition a n d  Preferential  Adsorp t ion  t o  
[Gln(CH2)30H] in Water/2-Chloroethanol Mixtures.  

The conformational transition in [G1n(CH2)30H] was followed at 2 5 ' ~  by 
the variation of the residue ellipticity at 222 nm when 2-chloroethanol is added 
to an aqueous solution of the polypeptide (M, = 253,000). [el 222 increases 
rapidly with increasing 2-chloroethanol concentration, the transition midpoint 
being located at a volume concentration of 20% 2-chloroethanol. In 90% by 
volume of 2-chloroethanol, the maximum helicity is attained CfN = 0.78). This 
indicates good helicogenic properties of the organic solvent. Table I shows the 
variation of preferential adsorption of 2-chloroethanol in the different solvent 
mixtures. These data show that a preferential solvation of 2-chloroethanol takes 
place in the 520% organic solvent concentration range. It vanishes rapidly before 
preferential hydration occurs, the cross-over point being located at the confor- 
mational transition midpoint. Comparing the variation of preferential adsorption 
and the variation of the helical content fN (Table I), one notices that the varia- 
tions parallel each other. Moreover, the inversion of preferential solvation by 
2-chloroethanol into preferential hydration can be interpreted by the following: 

At low 2-chloroethanol concentration, the activity of water is sufficiently 
weakened by the presence of the organic solvent so that the mixed solvent acts 
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Table I. Preferential Adsorption to [G1n(CH2)30H] and Conformational 
Transition in Waterl2-Chloroethanol Mixtures at 2 5 ' ~  

2-chloroethanol concentrat i on  
v o l  % 

x as  determined by c i rcu lar  dichroPsm measurenents (see  Ref. 6 )  

h e l i c a l  content 

- f ~  * 
0.22 

0.26 

0.46 

0.57 

0.73 

as a poorer hydrogen bonding agent, thus favoring the intramolecular hydrogen 
bonds and enhancing the helical conformation. 

When increasing the 2-chloroethanol content, the coil-to-helix transition is 
achieved. At the same time, the preferential adsorption of 2-chloroethanol 
changes into a preferential hydration. This means that the water content of the 
solvation layer decreases more slowly than the water content of the bulk solvent. 
The remaining water is adsorbed to the hydrophilic sites of [Gln(CH2)30H] ,,: 
the side chain arnide bond and the terminal hydroxyl group. This is consistent 
with Inoue and Izumi's observations4 for [G~II(CH~)~OH], in waterldioxane 
mixtures: when the dioxane concentration is increased, preferential hydration 

preferent ia l  adsorption 
( i n  g of organic solvent  

per g of polypeptide) 

+ 1.14 

+ 0.33 

+ 0.08 

- 0.43 

- 0.46 

increases too. 
The fact that a complete helicity is not obtained may be explained by the 

remaining water adsorbed on the polypeptide. 

Partial Specific Volume of [ G ~ I I ( C H ~ ) ~ O H ] ,  in Water/ 
2-Chloroethanol Mixtures. 

- Figure 1 shows the variation of the partial specific volume of [Gln(CH2)30H] n, 
vO, as a function of 2-chloroethanol concentration, which follows a S-shaped 
curve. Such a S-shaped curve is usually attributed as a consequence of the confor- 
mational transition and has been noticed in the variation of the refractive index 
increment7y8 of [Gln(OBzl)] in mixed solvents, of the density increment. of 
[Gln(CH2)30H], in water12 chloroethanol mixtures6; pH induced volume 
changes show similar variations9. 

Nevertheless, the partial specific volume after dialysis of the solution against 
the solvent mixture, >*, shows a quite different variation (see Fig. 1): p* is a 
linear function of 2-chloroethanol concentration. By dialysis, the preferential 
adsorption phenomenon is suppressed. Therefore we suggest that the S-shaped 
curve .is due to the preferential adsorption to the polypeptide in the mixed 



Fig. 1. Variation partial specific volume of [Gln(CH2)30HIn in ml/g before (A) and after 
( 0 )  dialysis, at 25'C, with 2 chloroethanol concentration. 

solvents. In fact, this feature is not surprising, since it  is well known that F0 
depends on  solvation9. The linear decrease of the partial specific volume after 
dialysis,~O*, when the preferential adsorption phenomenon is suppressed, indi- 
cates that  helical and randomly coiled residues contribute t o  FO* independently 
of  each other, and that the observed contraction has its origin in the conforma- 
tional transition. The S-shaped curve shown by F0 appears then as a feature due 
t o  preferential adsorption: the inversion of  preferential adsorption a t  20% in 
volume Zchloroethanol induces a rapid change in the variation of FO. 
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CIRCULAR DICHROISM OF POLY(y-[2-(9-CARBAZ0LYL)- 
ETHYL] -L-GLUTAMATE) IN LIQUID CRYSTALLINE 
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MASAHIRO HATANO, HIROYUKI NOMORI and MASAO 
YOSHIKAWA, Chemical Research Institute o f  Non-aqueous 

Solutions, Tohoku University, Katahira 2-1-1, Sendai, 980, Japan 

It is well known that a bulky aromatic side chain substituent of a polymer 
plays an important role for the main-chain conformation of the polymer. The 
conformation of polyglutamates and polyaspartates is strongly influenced by 
the perturbation caused by their side chain sub~t i tuents .~  On the other hand, 
poly(-N-vinylcarbazole) is compelled to a transition at 3 0 6 ' ~  as a result of the 
steric hindrance between the carbazolyl groups.2 

We will present in this paper an interesting result on the drastic change of the 
induced circular dichroism of the carbazolyl group (Cz) attached to the polypep- 
tide main chain, with the variation of states of the polypeptide. 

Recently, we synthesized poly(y-[2-(9-carbazolyl)ethyl] -L-glutamate), 
[Glu(OCH2CH2Cz)], and poly(j3-[2-(9-carbazolyl)ethyl] -L-aspartate), [Asp- 
(OCH2CH2Cz)ln from the corresponding NCA monomers, r e s ~ e c t i v e l ~ . ~  

In the series of pdy(D-glutamate esters) with aromatic side c h a i n ~ , l > ~ ~  we 
clarified various side-chain effects on the interaction energy among the aromatic 
side chains, the conformations of the peptide main chain and side chain, and 
their helix stability. From the results of their reactivity in the polymer-ester 
interchange reaction and the induced circular dichroism (ICD) in the aromatic 
chromophores, we propose four types of conformations of the side chain aro- 
matic groups; namely, freely rotating conformation, the restricted conformation 
by steric hindrance among aromatic groups, the restricted conformation by the 
interaction with neighboring sidechain groups, and the restricted conformation 
by the interaction with the amide group in the main peptide chain. The ICD of 
the aromatic side-chain group provides information whether the aromatic side 
chain rotates freely or not. Poly(y-benzyl-L-glutamate) [Glu(OBzl)], and 
poly [ G ~ U ( O C H ~ C H ~ C Z ) ~  G ~ U ( O M ~ ) ~ ~ ]  in tetrachloroethane exhibit no optical 
activity with respect to the sidechain chromophores. This demonstrates the 
free rotation of benzyl and Ncarbazolylethyl groups in the polypeptides. How- 
ever, the N-carbazolylethyl group is optically active with respect to [Glu(OCH2- 
CH2Cz)],, and the group must be restricted in terms of free rotation by the 
large steric repulsion among the carbazolyl groups in [Glu(OCH2CH2Cz)],. 

The observed ICD bands will be assigned on the basis of molecular orbital 
calculation7 and magnetic circular dichroism (MCD).~ 



Experimental 

[Clu(OCH2CH2Cz)], and [Asp(OCH2CH2Cz)], were synthesized through 
the N-carboxyanhydrides (NCAs) of their parent amino-acid esters, which were 
obtained through esterification of L-glutamic acid and L-aspartic acid with 
2-(9carbazolyl)ethanol. 

Circular dichroism (CD) and optical rotatory dispersion (ORD) spectra were 
measured by a JASCO J-20A dichrograph and a 5-1 5 spectropolarimeter, respec- 
tjvely. A 12.2-kC electromagnet was used for measurement of the MCD spectra. 
Spectroscopic assignments were given for the observed MCD spectra of [Glu- 
(OCH2CH2Cz)] ., on the basis of the PPP calculations8 and of the MCD data for 
monomeric carbazolyl unit. 

Results and Discussion 

The CD spectrum of [Clu(OCH2CH2Cz)], at low concentration in dichloro- 
methane shows one peak at 221 nm, and the infrared absorption spectrum and 
the value of Moffitt's bo (-677) strongly suggest that [Glu(OCH2CH2Cz)], 
exists in the right-handed a-helical conformation in dilute dichloromethane solu- 
tion. Furthermore, the polypeptide shows CD even in the absorption region of 
the side-chain carbazolyl chromophore at 230-350 nm. The CD profile in this 
region coincides well with that of absorption spectrum of [Glu(OCH2CH2Cz)] , 
both in shape and in extrema wavelengths (Fig. 1). On the other hand, the CD 
spectrum of [Glu(OCH2CH2Cz)], in the solid state indicates different ICD 
bands from those in dilute solution in the absorption region of the side-chain 
chromophore, and the same conformation as in the dilute solution (Fig. 1). On 

nrn 

Fig. 1. CD spectra of [Glu(OCH2CH2Cz)ln in solid state (I), dilute solution (II), and 
liquid crystalline state (111). 



heat treatment of the [Glu(OCH2CH2Cz)ln film, the CD bands increased grad- 
ually in the CD magnitudes. In the [Glu(OCH2CH2Cz)ln film including acridine 
orange (AO) as a dye probe, the ICD observed in the absorption region also 
increased in magnitude after thermal treatment at  1 2 0 ' ~  for 2 hours (Fig. 2). 
In the solid state, the CD signs and magnitudes depend strongly on the wave- 
lengths corresponding to the electronic transitions of the carbazolyl group. For 
example, the magnitudes of CD bands at 250 and 290 nm were intensified by 
the annealing of [Glu(OCH2CH2Cz)], film. 

An observation on the [Glu(OCH2CH2Cz)] film cast from dichloromethane 
under a polarized microscope indicates no appearance of the liquid crystalline 
phase. These observations indicate that the helix content of [Glu(OCH2CH2Cz)], 
in the solid state is substantially similar to that in dilute solution, and remains 
almost constant throughout the annealing. But, the side chain of [Glu(OCH2- 
CH2Cz)], in the solid state is held more rigidly than in solution, and the 
orientation of the side chain around the helix axis is enhanced by annealing as 
well as in thermal transition of poly(N-vinylcarbazole) at 3 0 2 ' ~ .  

~ o l ~ ( ~ - m e t h ~ l - ~ - ~ l u t a r n a t e ) ~  and poly(y-benzyl-~-glutamate)9~10 can form a 
type of lyotropic cholesteric mesophase, when dissolved in dichloroethane or 
dichloromethane at higher concentrations than 0.70 M of the glutamyl residues. 
In former case, the supramolecular helical structure of the molecules retains in 
solid state. [Glu(OCH2CH2Cz)] , was dissolved in a dichloroethane solution of 
poly(y-methyl-D-glutamate), [Glu(OMe)] ,, at the molar concentration ratio of 
1 5 0  on the basis of the glutamyl residues, and a filrn was cast from the mixed 
solution. Fig. 3 shows the CD spectrum of the film, exhibiting a cholesteric pitch 
band around 750 nrn and the well-resolved CD bands in the 250-350 nm region. 
This suggests that the carbazolyl group of [Glu(OCH2CH2Cz)] intercalated in 

Fig. 2. ICD of A 0  buried in [Glu(OCH2CH2Cz)ln film. (I), after annealing at  120°C 
for 2 hr; (11), before the annealing. 
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Fig. 3.  CD spectrum of the film casted from a mixed solution of [Glu(OCH2CH2Cz)], 
and [Glu(OMe)] , in dichloroethane. 

the cholesteric mesophase of [Glu(OMe)], was perturbed strongly by the dis- 
symmetric field due to the supramolecular helical structure of [Glu(OMe)] ,. In 
the concentrated solution of [Glu(OCH2CH2Cz)] , in dichloroethane, the CD 
bands with opposite signs to those of the [Glu(OCH2CH2Cz)] , intercalated in 
the cholesteric mesophase of [Glu(OMe)] , can be observed in the 300-360 nm 
region. This shows that the carbazolyl group is perturbed by the dissymmetric 
field of different sense from that in the [Glu(OMe)] , liquid crystal. But, the CD 
band of the A1 + A1 transition of the carbazolyl group has the same sign as that 
of the B2 +- Al transition (see Table I) in both cases. N-Ethylcarbazole in the 
cholesteric phase of [Glu(OBzl)], solution in tetrachloroethane exhibited the 
similar CD profile having the same signs in both transitions of Al + Al and 
B2 + Al. This is not case in Saeva's resultll where the CD curve for N-ethylcar- 
bazole in the thermotropic liquid crystalline phase consists of two regions with 
opposite signs. As Sackman and voss12 and saevall indicated, the CD sign 
depends on the polarization character of the corresponding electronic transition 
of the dye only when the helical arrangement of the dyes along the cholesteric 

Table I. Calculated and Observed Transition Energies 
Svn. Calculated Observed 
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helical axis is realized. Our results show such a helical arrangement o f  carbazolyl 

side chains can be formed (Fig. 1) in the [Glu(OCH2CH2Cz)ln film, whereas 

[Glu(OCH2CH2Cz)ln in the liquid crystalline phase does not  form the helical 
arrangement of side-chain chromophores. 
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CONFORMATIONAL ASPECTS OF PROTECTED 
CO-OLIGOPEPTIDES WITH ALTERNATING L-ISOLEUCINE 

AND D-ALLOISOLEUCINE RESIDUES 
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Co-oligo- and copolypeptide chains formed by alternating L-isoleucine (A) 
and D-alloisoleucine (B) 
configuration. 

COOH 
1 

residues have chiral lateral groups all of the same 

COOH 
I 

With the aim of assessing the influence this might have on the conformation of 
the L,D-peptide chains, we have begun to study the members of the series Boc- 
(D-aIle),-(L-Ile-D-aIle),-OMe with m = 0 and n = 1, 2, 3 and 4 (11, IV, VI and 
VIII) and with m = 1 and n = 1 , 2  and 3 (111, V and VII). These co-oligopeptides 
have been synthesized in a stepwise fashion by standard racemization-free 
methods from commercial amino acids of very high optical purity. VII and VIII 
possess a remarkable solubility in cyclohexane, which is shared only by I1 among 
the other co-oligopeptides. In this nonpolar solvent, as indicatedl by a number 
of complementary techniques, VII and VIII favor /3-helical conformations2 with 
a specific sense of twist. This communication presents and discusses in terms of 
chain-length dependence nmr, CD and UV data for all synthesized co-oligopep- 
tides in trifluoroethanol solution. 

Results and Discussion 

The NH-region above 6.5 ppm of the 90-MHz FT nmr spectra of the co- 
oligopeptides in trifluoroethanol is reported in Fig. 1. The adjacent region at 
higher field is seriously disturbed by the strong signal of the OH-proton of the 
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l three NHsI 

VII 

ppm from internal TMS 

Fig. 1. Partial 90 MHz FT IH nmr spectra of the co-oligopeptides 11-VIII in t~ifluoro- 
ethanol solution (Concn, 0.02-0.08 glml; t, 25°C; external lock). 

solvent and it is not shown. Thus in the reported partial spectra of 11, 111, IV 
and V, one NH-proton - probably the urethane one - is not represented, and in 
those of VI, VII and VIII one or more protons may be missing. A single doublet 
for two NHs of I11 and three NHs of IV (Fig. 1) suggests a conformational equi- 
librium with many rapidly interconverting conformers. In V, on the contrary, 
the relatively well separated doublets for the different NHs hint at a conforma- 
tional equilibrium with a restricted number of conformations. Though poorly 
resolved, the partial spectra of VI, VII and VIII also point to an analogous 
situation. 

The CD spectra of the co-oligopeptides in trifluoroethanol solution are shown 
in Fig. 2. No substantial concentration effect on the CD was noticed. In the 
case of IV and V, the highest concentrations investigated were in the range of 
those used for nmr measurements (Fig. 1). The profile of the CD spectra of V, 
VI and VII is similar to  that observed1 for VII and VIII in cyclohexane. This 
similarity suggests the prevalence of a helical conformation of the 0-type in the 
conformational equilibrium of these co-oligopeptides in trifluoroethanol. For V, 
this prevalence is supported by the high values of the vicinal coupling constants 
3 ~ N H - C H  which characterize its nmr spectrum (that of the NH-proton not shown 
in Fig. 1, at 6.02 ppm, is 9.3 Hz), which are in the range of those expected for 
0-helices. Understandably, this type of conformation appears at V, since V, as a 
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VIII 

Wavelength lnml 

Fig. 2. CD spectra of the co-oligopeptides 11-VIII in trifluoroethanol solution (Concn, 
0.2 mglml; t, 2 S ° C ) .  

pentapeptide, has the minimum number of residues required for one turn of a 
P-helix withabout 4.4 residues per turn, with one normal interturn hydrogen bond. 

The sign and relative position of the bands in the CD spectra of V, VI and VII 
are the same as those calculated preliminarily by ~ a y l e ~ ~  for left-handed 0-helices 
with 4.4 residues per turn. The profile of the CD spectrum of VIII in trifluoro- 
ethanol is different from that of the oligomers V, VI and VII in the same solvent 
and suggests the presence of another ordered conformation. Conformational 
energy calculations by Hesselink and Scheraga4 have shown that a-helical struc- 
tures may be energetically favorable for L,D-sequences. One cannot exclude the 
possibility that the CD spectrum of VIII may reflect a significant presence of the 
left-handed a-helical conformation in the conformational equilibrium. Consistent 
with this possibility, there is some indication of a weak hypochromism in the 
W absorption band arising from the .rr - .rr* transition setting in at VIII (Fig. 3). 
While further study is needed to clarify these aspects, recent CD measurements5 
have hinted at the prevalence of an a-helical conformation in the conformational 
equilibrium of Bo~-(L-Val-D-Va1)~-0Me in trifluoroethanol. With respect to VIII 
this should have the opposite handedness, since the ellipticity bands have differ- 
ent signs. The differences in the CD spectra of the two octapeptides indicate 
that the configuration of the asymmetric carbon atoms of the lateral chains may 
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Fig. 3. UV spectra of the co-oligopeptides 11-VIII in trifluoroethanol solution (Concn, 
0.2 mg/ml; t, 25'C). 

be an important factor in determining the conformational equilibrium of VIII in 
trifluoroethanol. 

Conclusions 

In trifluoroethanol VII assumes preferentially a P-helical conformation similar 
to that which it favors in cyclohexane. However, this conformation is destabi- 
lized in trifluoroethanol, since the intensity of the dichroic bands of VII in this 
solvent is substantially lower than in cyclohexane. V and VI also favor a similar 
/3conformation in trifluoroethanol. For VIII the conformational equilibrium is 
different in trifluoroethanol from what it is in cyclohexane. It is possible that in 
trifluoroethanol the left-handed or-helical conformation contributes significantly 
to the conformational equilibrium. 
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The present study is a part of our continuing investigation of conformational 
properties of a series of linear homo-oligopeptides (from dimer to heptamer) 
derived from a-amino acid residues containing hydrocarbon side-chains.l We 
have already shown that the position of side-chain branching is of paramount 
importance in directing oligopeptide conformation. Relative to y-position 
branching at the P-position: i) markedly increases the stabiIity of corresponding 
intermolecular ~ - f o r m s , ~  ii) seems to favor the unusual parallel arrangement of 
peptide chains within the pleated sheet ~ t r u c t u r e , ~ - ~  and iii) decreases the pro- 
pensity to form intramolecularly H-bonded folded  structure^.^ In this communi- 
cation we wish to compare the conformational preferences of the three y- 
branched homo-oligopeptide series having the general formula t-Boc-(L-X),-OMe 
(n=2-7; X= Leu, Cha, and Phe). For this stereochemical analysis we have 
employed IR absorption and CD to 150 nm. 

Leu - Cha - Phe - 

From the IR absorption data in the solid state it appears that the higher 
oligomers of the three series tend to adopt a 0-conformation (the corresponding 
amide I band is found at 1633-1641 cm-l), most probably of the intermolecular 
type.3~5~6 The peculiar stereochemical requirements of the cyclohexyl moiety of 
Cha peptides apparently decrease their tendency to form the aforementioned 
secondary structure. In fact, the amide I transition associated with the random- 
coil structure (at 1655-1660 ~ m - l ) ~  still remains clearly visible at the hexamer 
and heptamer levels in that series. From an analysis of the three homo-heptamer 
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methyl ester hydrochlorides the 1690 cm-l band, indicative of the presence of 
chains in the antiparallel arrangement,37526 occurs only in the Leu and Cha 
peptides. (The t-butyloxycarbonyl blocking group was removed to avoid super- 
position of bands from the urethane and amide groups.)3.5>6 In contrast, we did 
not obtain evidence of the occurrence of this band in the homo-heptamer methyl 
ester hydrochloride derived from Phe, which does exhibit 0-structure formation. 
On the basis of the examination of molecular models, we tentatively suggest that 
side-chain-side-chain interactions are the major factor responsible for the onset 
of the postulated unusual parallel 0-form in Phe ~ l i ~ o ~ e ~ t i d e s ~ - ~ .  Only in this 
chain arrangement are the phenyl rings of adjacent chains (lying alternatively on 
opposite sides of the pleated sheet within the same chain) always parallel and 
equidistant. The closest contact of the carbon atoms of the phenyl rings is ap- 
proximately 3.5 8. 

The vacuum-ultraviolet CD spectra of films of t -B~c-(L-x)~-oMe (X= Leu, 
Cha, and Phe) are shown in Figure 1. The molar ellipticities were calculated 
assuming no difference in molar ellipticity between film and solution near 200 
nm.10311 The Leu heptamer curve is typical of a 0-sheet which contains a mix- 
ture of parallel and antiparallel oriented c h a i n ~ . ~ ~ l ~  The Phe heptamer curve, 
with a cross-over near 195 nm, is typical of the parallel 0-sheet previously 
observed in the case of t - ~ o c - ( ~ - v a l ) ~ - ~ ~ e .  Apparently the aromatic side-chain 
transitions are not optically active enough to perturb this general pattern. The 
Cha heptamer spectrum displays features characteristic of disordered chains. All 
of these conclusions are consistent with those based on the IR absorption data 
reported here and with earlier vacuum-ultraviolet CD r n e a ~ u r e m e n t s . ~ . ~ ~  

The onset of intramolecularly H-bonded folded forms was investigated in 
solvents of low polarity (e.g., CDC13) using the IR dilution technique.13 On the 
basis of our findings and literature data,14 we assume that at the lowest concen- 
trations examined (below sx l0-~1M) the H-bonded N-H absorption is due almost 
entirely to intramolecularly H-bonded folded species. The di- and tripeptides 
from Leu, Cha and Phe possess low, although not negligible, amounts of these 
conformers. A striking difference between the aliphatic (Leu and Cha) and 
aromatic (Phe) peptides stands out at the tetramer level. Phe peptides clearly 
exhibit a lower extent of intramolecularly C=O . . . H-N folded forms (the 

Fig. 1. Vacuum-ultraviolet circular dichro- 
ism spectra of t-B~c-(L-x)~-OMe(x=Leu, Cha, 
and Phe). The films were cast from F3EtOH 
solutions (conc. - 2mg/ml). Scale for t-Boc- 
(LCha)7-OMe spectrum is reduced by a factor 

160 180 200 220 
WAVELENGTH Inml  
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corresponding band appears at about 3345 cm-l) than those derived from Leu 
and Cha. We propose that competition between the aromatic ring and the arnide 
carbonyl in the intramolecular interaction with the N-H groups would be the 
major factor for the reduced occurrence of these conformers in Phe peptides.15 
The large (20 cm-l) shift to higher frequency of the band associated with the 
"free" N-H vibration at 3415 cm-l of Phe higher oligomers upon hydrogenation 
of the aromatic rings strongly supports our interpretation. 

In solvents of high polarity (1, 1, 1, 3, 3, 3-hexafluoroisopropanol [F6 Pr' 
OH] and 1, 1, 1-trifluoroethanol [F3EtOH] ) ordered secondary conformations 
are absent in all Leu and Cha peptides, as shown by CD analysis. Addition of 
water to F3EtOH solutions induces the formation of associated structures in the 
Leu homo-heptamer and Cha homo-hexamer. Dilution disrupts the aggregated 
forms. The stability of the associated structures in FjEtOH/water mixtures is 
higher in Cha peptides (Figure 2), probably due to stronger hydrophobic 
interactions. 

In conclusion, the position of branching being equal, steric requirements, 
electronic properties, and hydrophobic character of the amino-acid side chains 
all have relevant effects in determining the nature and stability of oligopeptide 
conformations. In this connection it is of interest that the a-helical structures of 
Cha and Phe homopolymers exhibit different conformational stabilities. This 
result was explained in terms of different contributions from non-covalent bonds 
in the side chains.16 

L 
./, H20 80 
% TFE 20 40 60 80 100 

Fig. 2. Total molar dlipticity 
values at 200 nm of t-Boc-(L- 
X)+)Me (X=Leu and Cha) versus 
solvent composition (F3EtOH/ 
water) (conc. 3X 10-~hf). 
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CONFORMATIONAL STUDIES ON POLYOXYETHYLENE- 
BOUND PEPTIDES 
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Organische Chemie der Universiiat, Au f  der Morgenstelle 18, 

0-7400 Tubingen, Germany 

The liquid-phase method for peptide synthesis1 has currently been used for 
the effective synthesis of model peptides in relation with conformational stud- 
ies2g3. The use of a soluble macromolecular protecting group i.e. polyoxyethyl- 
ene (CH2CH20),, allows the investigation of conformational properties of pep- 
tides in a great variety of organic solvents, including water. Thus, even peptide 
sequences which are insoluble using low molecular weight protecting groups 
become accessible for conformational studies in solution. For the direct investi- 
gation of conformational properties of peptides bound to (CH2CH20), i) the 
(CH2CH20), group must allow the application of all currently used methods 
such as nmr, CD, IR or Raman spectroscopy and ii) the conformational behavior 
of the peptide must not be influenced by the C-terminal macromolecular pro- 
tecting group. In order to establish these two prerequisites for the general use of 
(CH2CH20),-peptides in conformational studies, we synthesized several homool- 
igopeptides with strong tendencies to  adopt ordered structures and compared the 
conformation under various conditions with their low molecular-weight ester 
analogs. 

Results and Discussion 

Spectroscopic properties of  (CH2CH20), 

Polyoxyethylene shows no Cotton effect and is optically transparent up to 
the far UV-region; consequently, the measurement of the CD in each step of the 
synthesis has become a routine method in the liquid-phase procedure for record- 
ing any conformational changes with growing peptide chain2. The solubilizing 
effect of (CH2CH20), upon the peptide chain in solvents suitable for CD- 
investigations such as F3 EtOH, F3 AcOH or H20 is very strong. In the l ~ - n m r -  
spectra, (CH2CH20), shows only one singlet for the CH2-group at 6 = 3.66 
ppm, thus not interfering with the signals of the peptide which are sensitive 
toward conformational changes. Fig. 1 shows the l ~ - n m r  spectra of Bo~(Ala )~-  
O(CH2CH20), (M, 6,000) in DMSO with the characteristic double peak415 for 
the a-C-H-protons at 4.26 ppm and 4.58 ppm. Also, IR- and Raman methods 
were applied directly to the (CH2CH20),-peptide in the solid state as well as in 
solution. The characteristic IR-absorption bands of (CH2CH20), do not interfere 
with the regions of interest for conformational studies of peptides; moreover, 
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Fig. 1. l~-nrnr-spectra of Boc(L-A~~)~-O(CH~CH~O) ,  (MI 6 X lo3) in DMSO at 25°C 
(conc. 6 mg peptidelml; recorded by a WH 90, Fa. Bruker, 163 scans). 

(CH2CH20), is Raman-inactive. Thus, all currently used investigation methods 
can be applied directly to  (CH2CH20), bound peptides. 

The influence o f  the (CH2CH20),-group. 

First, oligomers of (L-Glu), were synthesized by the stepwise procedure of 
the liquid-phase-method using (CH2CH20),, MI 20,000. For the detection of 
any influence of the (CH2CH20),-chain on the conformation of the peptide, the 
CD was measured after each step under various conditions and compared with 
the data obtained for the free oligomers. The CD spectra of the (CH2CH20),- 
peptides in H20, pH 3.9 are shown in Fig. 2. The formation of an @-helical 
structure starts at n=7 and amounts to about 60% for n=20. Identical CD-spectra 
were obtained when the (CH2CH20),-group was cleaved from a sample and 
measured under the same conditions. The addition of (CH2CH20), to the free 
peptide also had no influence upon the CD-spectra. The helix-coil transition 
induced by the continuous neutralization of the COOH-side chains did not 
display any detectable difference in the conformational behavior between the 
free and the (CH2CH20),-bound peptide. The fully neutralized oligomer with 
n=20 shows the expected random-coil conformation (curve 20"). Also, the 
solvent-dependent properties were not changed by the (CH2CH20),-group. Both 
series showed higher ellipticities in the helix-promoting solvent F3EtOH com- 
pared to water; the addition of increasing amounts of F3 AcOH resulted in the 
disruption of the helical structure and displayed no difference in the stability of 
the secondary structure between (CH2CH20),-bound and free oligomers. Where- 
as the (CH2CH20),-group did not interfere with the formation of an @-helical 



POLYOXYETHY LENE-BOUND PEPTIDES 

Fig. 2. CD-spectra of Boc(L- 
Glu),-(CH2CH20), (MI 2 X lo4) in 
HZO, pH 3.9 at 25°C (conc. 0.2 mg 
peptidelml); recorded by a dicro- 
graph JASCO 5-20. 

structure, the influence upon the intermolecular aggregation of peptide chains, as 
realized in a 0-conformation, seemed to be more critical. To delineate this effect, 
we synthesized several hydrophobic oligomers such as (Ile),, (Val), and (Ala), 
using (CH2CH20), of various molecular weights and studied the CD in F3 EtOH 
and in H20. In an earlier study, we found a pure p-conformation for (L-Ala),,- 
O(CH2CH20), in ~ ~ 0 2 .  Figure 3 shows the CD spectra of Boc(L-Ile),- 
O(CH2CH20),, Boc(L-V~)~-O(CH~CH~O),  and BOC(L-A~~)~O(CH~CH~O),  in 
F3 EtOH. 

Whereas the lower oligomers of (Ile), have more or less random conforma- 
tions, the higher oligomers, starting at a chain length of n=7 adopt P 
conformation. Even concentrations as low as 0.02 mg peptidelml did not result 
in a significant disruption of the 0-sheets for the octapeptide of Ile. The 

Fig. 3. CD-spectra of Boc(L-Ile),- 
O(CH2CH20), (M, lo4), Bo~(L-va1)~- 
O(CH2CH20), (M, lo4) and Boc(L-Ala)8- 
O(CH2CH20), (MI 6 X lo3) in F3 EtOH 
(conc. 5 x 1 0 - 4 ~ .  



POLYOXY ETHY LENE-BOUND PEPTIDES 

characteristic CD-data for the different oligomer-series are in agreement with 
those of the low molecular weight analogs6, indicating that the (CH2CH20),- 
group also has no influence upon the formation of p-conformations. We attribute 
this finding to the low density and the high flexibility of the (CH2CH20),-coil 
under the experimental conditions. We conclude that conformational studies on 
(CH2CH20),-bound peptides are also relevant for the corresponding free pep- 
tides. The present investigations confirm the results of conformational studies 
on sequential (CH2CH20),-peptides, where no influence of the (CH2CHZO),- 
group could be d e t e ~ t e d ~ 9 ~ .  Thus, the liquid-phase-method for peptide synthesis 
offers a new tool for conformational studies of peptides. 

We are grateful to Miss J. Bmn for very helpful technical assistance in the C D  
investigations. 
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SYNTHESES AND PROPERTIES OF POLYPEPTIDES AND 
CROSS-LINKED, INSOLUBLE, PEPTIDE MATRICES OF ELASTIN. 
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Laboratory o f  Molecular Biophysics, Department o f  Biochemistry 

and the Cardiovascular Research and Training Center, University o f  
Alabama Medical Center, Birmingham, Alabama 35294. 

The molecular structure of elastin has been investigated by several laborato- 
ries. The models suggested are the corpuscular model1, the modified Partridge 
model2, the "Oiled-Coiled" model3, the random net-work4 and the fibrillar 
model5. The fibrillar model was based on data obtained from the electron 
r n i c r o s c ~ ~ ~ ~ ~ ~  and solution studies on the repeating peptide sequences of 
tropoelastin8, - ~ a l ~ - ~ r o ~ - ~ l ~ ~ - ~ l ~ ~ - ,  - ~ a l ~ - ~ r o ~ - G l ~ ~ - ~ a 1 ~ - ~ l ~ ~ -  and - ~ l a l - ~ r o ~ -  
G l y 3 - ~ a l ~ - G l ~ ~ - v a l ~ - .  The fibrillar model consists of a sequential arrangement of 
0-spiral segments followed by a-helical segments. It has been further proposed 
that the 0-spiral portion consists of an elastomeric polypentapeptide (PPP) region 
followed by the less mobile polyhexapeptide (PHP) segment which aligns and 
interlocks the chains to facilitate cross-linking of the lysyl .residues of the a- 
helical segments9. Conformational studies show that the 0-spirals of the PHP are 
less dynamic compared to the PPP due to an H-bonded ring between Val6 N-H of 
unit i and Val6 C-0 of unit i t 1  and also due to intermolecular interlocking of 
hydrophobic ridges. 

Recently the cross-linked PPP was synthesizedlO. It confirmed the functional 
role of the pentapeptide repeats because it exhibited strikingly similar elastomer- 
ic properties of aortic elastin and calcifying properties of a-elastin coacervates. It 
was also shown by electron microscopy to have a fdamentous s t r u ~ t u r e ~ ~ ~ ~ ~ ~ ~ .  
To elucidate the functional role of the hexapeptide, the synthesis of the hybrid 
cross-linked peptide, cross-linking between the PPP and the P H P , ~ ~  and of the 
cross-linked PHP were undertaken. The elastomeric, coacervating and calcifying 
properties were then investigated. 

The synthesis of ~ o c - ~ a l - ~ l a - P r o - G l ~ - ~ ~ ~  3 , ~ 3 ~ c ~ ~  -H-Val-Ala-Pro-Gly-Val- 
G ~ ~ - o N ~ ~ ~  and H-(Val-Pro-Gly-@-Gly)n-Val-OMe were reported earlierl0. The 
synthetic route for these peptides (Schemes 1 and 2) is similar to that of the 
cross-linked P P P ~ ~ .  Cross-linlung was achieved by primary arnide bond formation 
between the €-amino group of the lysyl residue (@4) of one copolymer [either 
~-(~al~-Pro~-G1~~-@~-~1~~)~-Val-OMe or ~ - ( ~ a l ~ - ~ l a ~ - ~ r o ~ - G l ~ ~ - @ ~ - ~ l ~ ~ ) ~ - ~ a l -  
OMe] and the y-carboxyl of the glutamyl (@I4) of mother copolymer, during a 
temperature elicited phase separation with flow orientation. The synthesis of the 
cross-linked polymers proceeded smoothly with good yields. Initial observations 
show that the hybrid cross-linked polymer is a poor elastomer and the cross- 
linked PHP is non-elastomeric. 
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Boc-Val -Ala-Pm-Gly-OH ( I )  

I 

1 OH- and H+ 

Boc-Val-Ala-Pm-Gly-Lys(Z)-Gly-OH ( IV) 

I 
C CF3COONp 

Boc-Val-Ala-Pro-Gly-Lys(Z)-Gly-ONp (V)  

1 HC1.H-Val-OMe a n d  N? i n  h 2 S 0  

H-(Val-Ala-Pro-Gly-+(Z)-Gly),-Val-OMe ( V I I I )  
I 

Boc-Val-Ala-Pm-Gly-OH ( I )  

I 

1 HCI .H-G~u(oBu'-)-GIY-WE- (X) 

~oc-~al-~la-~m-~ly-~~u(08~)-~ly-0ne (XI) 

I 

1 OH- and H+ 

B o c - ~ a l - ~ l a - ~ r o - ~ l y - ~ l u ( ~ B u t ) - ~ l ~ - ~ ~  (X I  I) 

I 

1 HC1.H-Val-OMe a n d  N E t 3  i n  Me2S0 

H-(val-Ala-Pm-Gly-$*-Gly),-Yal -Me (xV) 

I 1. HBr i n  F3AcOH 4 2 .  N e u t r a l i z a t i o n  

H-(Val-Ala-Pro-Gly-$-Gly),,-Val -One ( IX )  - 

Scheme 1. Syntheses of H-(Val-Ala-ProGly-@Gly)n-ValOMe arid H-(Val-Ala-Pro-GIy-@'- 
Gly),-Val-OMe (where 9 is Val or Lys and where 9' is Val or Glu). 

A. SYNTHESIS OF CROSS-LINKED POLYHEXAPEPTIOE 

H-(Val -Ala-Pro-Gly-B-Gly)n-Yal -W (IX 

Flow-or ientat ion method. 
H-(Val-Ala-Pm-Gly-$-Gly)n-val-~ 

Cmss-l inked Polyhexapeptide 

O I s  Val o r  Lys o r  Glu 

8. S\ITHESIS OF A HYBRID CROSS-LINKED POLYPEPTIDE 

I Flow-orfentat ion method. H-(Val -Pm-Gly+Gly),-Val-01e 

_I C ~ S S - " " " ~  v i a  C"" - I 
H-(Val -Ala-Pm-Glv-6'-Glv) -Val-One lXVl 

H-(Val-Ala-Pro-Gly-$*-Gly)n-Val-OPle - .  - .n  - 
. . 

Hybrid cmrs - l i nked  polypeptide. 

$ i s  Val o r  Lys o r  Glu 

Scheme 2. Synthesis of Cross-Linked Peptides. 

Properties 0.f the Peptides 

Figure 1A is a scanning electron micrograph of the high polymer of vall-pro2- 
~ l ~ ~ - @ ~ - ~ l ~ ~  taken with a JEOL JSM-U3 instrument at 25 kV accelerating 
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voltage. The fibers were drawn from a water saturated mass of non-crosslinked 
high polymer, dried and coated with aluminum. During formation the fibers 
were cohesive, weakly retractive and stable in air. In contrast, the high polymer 
of the hexarner - V a l 6 - ~ l a l - ~ r o ~ - G l ~  3$4-~ly5 - (Figure 1 B), formed sheets which 
tore when pulled. The pentamer and hexamer differ only by one amino-acid 
residue in primary structure yet these micrographs show the microscopic forms 
of PPP and PHP to  be dramatically dissimilar. 

The cross-linked PHP (XPHP) does not initiate calcification as readily as the 
cross-linked PPP (X-PPP). Both the XPPP and X-PHP were incubated with a 
sterile calcifying medium of 1 ml of bovine serum augmented with 3.0 mM 
exogenous CaC12 and KH2P04 for 72 hours at 3 7 ' ~ .  The results of this calcifica- 
tion experiment are shown in Figure 2. Figures 2A, 2B and 2C are the SEM 
micrograph, Ca X-ray map, and X-ray spectrum of the X-PPP, respectively. The 
spectrum (Fig. 2C) shows the presence of calcium at 3.7 keV, phosphorus at 2.0 
keV and the coating aluminum at 1.4 keV. As previously reported12 calcification 
occurs throughout the bulk of the material. The XPHP initiated calcification 
only in selected areas on the peptide matrix (Figs. 2D-2F). The spectrum (Fig. 
2F) taken in spot mode, is of a calcium- and phosphorus-enriched area indicated 
by the arrow in Fig. 2E. The phosphorus map is spatially similar to the calcium 
map. These data demonstrate that under the conditions of this calcification 
experiment, the X-PHP is not as readily calcified as the X-PPP. 

I t  is known that polypentapeptide coacervates9. Substituted polypentapep- 
tides and (VPG@'G), (where @ is Val or Lys and 4' is Val or Glu) 
behave similarly. Polyhexapeptide (v6~lp2G3v4G5), does not coacervate but 
rather precipitates irreversibly. x4-substituted polyhexapeptides undergo reversi- 
ble precipitation. This is due to the disruption of the periodic hydrophobic 
ridges present in ( v ~ A ~ P ~ G ~ v ~ G ~ ) , .  In X-4 substituted a n a l o ~ ,  where X i s  an 

Fig. 1. SEM micrographs of (Val-Pro-Gly+Gly), (A), and (Val-Ala-P~oGly-@-Gly)~ (B) 
precursors of the synthetic cross-linked matrices. 

409 
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Fig. 2. SEM micrograph, Ca X-ray map, and X-ray spectrum (A, B, C) of the cross-linked 
pentamer high polymer after calcification. Parts D, E and F are the corresponding figures for 
the cross-linked hexamer high polymer after incubation with a calcifying medium. A, B, D, 
E have the same magnification. 

ionic side chain, reversible precipitation is seen only at a pH where ionization is 
suppressed. 

This work was supported in part by the National Institutes of Health, Grant No. HL 
11310. 
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SY NTHETlC SEQUENTIAL POLY HEPTAPEPTIDES AS 
MODELS FOR THE TWO-STRANDED wHELICAL 
COILED-COIL STRUCTURE OF TROPOMYOSIN 

R. S. HODGES, S. A. ST-PIERRE, and F. -S. TJOENG, 
Department o f  Biochemistry and Medical Resedrch 
Council Group on Protein Structure and Function 
University o f  Alberta, Edmonton, Alberta, Canada 

Tropomyosin contains two a-helical chains of 33,000 daltons which are in 
register, parallel and arranged in a coiled-coil structure. Tropomyosin is known 
to be intimately involved in the calcium regulated system of muscle contraction 
and relaxation. Thus the amino-acid sequence of tropomyosin contains the 
sequences specific for; the coiled-coil structure, bringing the chains into register, 
the binding sites for troponin and actin, and the possible conformational change 
during the contraction process.1 To investigate these structure-function relation- 
ships our approach was to synthesize model polyheptapeptides of known molec- 
ular weight, and test for the formation and stability of the two-stranded coiled- 
coil structure. 

The chemical synthesis of the polyheptapeptides was achieved by solution 
synthesis of the protected heptapeptides followed by polymerization to a suffi- 
ciently h g h  molecular weight to form the coiled-coil.2 The chromatographic 
profile of the deprotected polypeptide on an 8 M urea column showed one broad 
peak due to the polydispersity of polypeptide obtained after the active ester 
polymerization? This presentation deals with conformational studies on five 
synthetic polyheptapeptides using circular dichroism and molecular-weight 
analysis by column chromatography. 

Results and Discussion 

The formation of the two-stranded coiled-coil in the synthetic polymers was 
indicated .by a high helical content in benign media and the doubling of the 
molecular weight in benign media relative to denaturing media. Unlike tropo- 
myosin, our synthetic models do not have a sequence specificity to maintain the 
two chains in register, as a result, polypeptide chains of equal size can stagger 
giving a large distribution of molecular weights for the associated chaim3 This 
phenomenon became apparent on comparing the narrow molecular weight dis- 
tribution in denaturant to the broad distribution obtained in benign medium. 
Additional evidence for this staggering phenomenon came from comparative 
measurements of CM-tropomyosin and the polyheptapeptides in a solution con- 
taining hexafluoroisopropanol. Since the tropomyosin chains are in register and 
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assumed to be completely helical, we would not expect any significant increase 
in helicity upon the addition of a solvent that induces helicity in a single-chained, 
potentially helical polypeptide. No such increase is seen with CM-tropomyosin, 
as shown in Table I. In contrast, the polyheptapeptides [Leu-Glu-Ser-Leu-Glu- 
Ser-Lys], and [Leu-Glu-Ala-Leu-Glu-Ala-Lys], both of molecular weight 9,500 
in denaturant showed increases in ellipticities of -6,650 to -17,000 and -15,700 
to -21,900, respectively. This suggested the existence of permanent regions of 
two-stranded coiled-coil structure in the polyheptapeptides interrupted by non- 
helical, single-stranded regions of varying lengths. These regions that do not con- 
tain the coiled-coil structure would result in lower molar ellipticity values for the 
polyheptapeptides relative to tropomyosin (Table I). Fraction 5 of the peptide 
[Leu-Glu-Ser-Leu-Glu-Ser-Lys], contained only 20% a-helix relative to tropo- 
myosin in benign media, however fractionation of fraction 6 on BioGel P-200 in 
benign buffer gave material with helical content of 75% (Table I). Fractions 3,5, 
9 and 13 of the polypeptide [Leu-Glu-Ser(Ac)-Leu-Glu-Ser(Ac)-Lys], from the 
fractionation in 8 M urea showed that the a-helical content decreased as the 
chain length of the polypeptide decreased (Table I). 

Table I. Molecular Parameters of Synthetic Polyheptapeptides 
Compared to CM-tropomyosin 

% TEE or [ 8 ] 2 2 2  Molecular 
Polypeptide Fraction HFIP~ (deg cm % Weight in 

 NO.^ (v/v) dmole-l) Helix Denaturant 

[L-G-S-L-G-S-K] 
- 

a The deprotected polypeptides were fractionated on a 2.6cm x lOOcm Sephadex 
G-100 column equilibrated with 8M_ urea, 0.2M_ KC1, 0.05M_ TriwHCl buffer at 
pH 6 . 0 .  
Hexafluoroisopropano1, HFIP; trifluoroethanol, TEE. 
A 1.1M KC1/0.05M phosphate buffer at pH 7.0 was used for all benign measure- 

d ments. 
Fraction 6 of this polypeptide was further fractionated on a 1.6 x lOOcm 
BioGel P-200 column equilibrated with benign buffer. 
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Initially we wanted to test the hypothesis of Hodges et al? that the hydro- 
phobes in positions 2 and 5 of the sequence of the polyheptapeptide, [X-N-X-X- 
N-X-XI,, where N is a nonpolar residue, were responsible for the formation and 
stabilization of the coiled-coil structure. Therefore, in order to maintain a 
sequence representative of tropomyosin in our heptapeptide, with hydrophobic 
residues only at positions 2 and 5, the hydrophilic residue serine was placed in 
positions 4 and 7 although serine is not considered a good helix-forming residue. 
It was postulated that the leucine residues at positions 2 and 5 would provide 
strong hydrophobic interactions to form and stabilize the coiled-coil and over- 
come the destabilizing effect of the serine residues3 As expected, a considerable 
increase in ellipticity was observed when comparing the acetylated serine polymer 
to the deacetylated polymer; a further increase occurred when the serine residues 
were replaced with alanine which is considered a good helix-forming residue 
(Table I). 

The CD spectra of three polyheptapeptides of the same molecular weight 
differing only in the hydrophobic residues at position 2 and 5 are shown in Fig. 
1. In benign buffer, with or without trifluoroethanol, comparison of the three 
peptides showed that the ellipticities increase as the size of the hydrophobic side 
chain increased (Fig. 1 and Table I). In the presence of the helix-inducing solvent 
this increase in a-helix with the change in hydrophobic residues is more pro- 
nounced. However, we do not know at this time whether the increase in a-helix 

I I 
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Fig. 1. Circular dichroism spectra of three synthetic polyheptapeptides in benign buffer. 
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with the helix inducing solvents is an increase only in single chain helix or 
whether we may be forming the two-stranded, coiled-coil structure. 

The formation of very stable coiled-coil regions in our sequential polypeptides 
was confirmed by comparison with CM-tropomyosin on temperature denatura- 
tion. It was seen that 75% of the original helicity of our peptide was preserved 
even at 7 0 " ~ ,  at which temperature CM-tropomyosin was completely denatured? 
Similarly, denaturation studies show that in 4 M urea 95% of the original helicity 
remains in fraction 7 of the polyheptapeptide [Leu-Glu-Ser-Leu-Glu-Ser-LysIn 
whereas 50% remains in CM-tropomyosin. This model polypeptide has both 
increased thermal and denaturant stability relative to tropomyosin, which can be 
due only to the presence of leucine residues in the hydrophobic positions. In 
tropomyosin the hydrophobic positions are occupied by a variety of non-polar 
residues, many of which are alanine, and this may decrease the stability of 
tropomy osin. 

Work is continuing in the synthesis of model polypeptides with the chains in 
register so that a more detailed study can be carried out on the properties of the 
coiled-coil and that an attempt be made to understand the possible conforma- 
tional changes that occur in tropomyosin during the contraction process. 
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NMR AND CIRCULAR DICHROISM STUDIES OF A REPEATING 
PEPTIDE OF A PROTEIN IN HUMAN PAROTID 

SALIVA H-Gly-Pro4-OH 
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le Cancer de Lille, B.P. 3567, 59020 Lille Cddex and 
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Previous studies have demonstrated the presence of proline-rich proteins and 
glycoproteins in human parotid saliva. (See the first seven references listed in 
Ref. 1.) The interest of these components is related to their high affinity to 
hydroxyapatite minerals. The low molecular weight unglycosylated proline-rich 
proteins are metabolic precursors during the biosynthesis of the glycoprotein. 
Therefore they would represent the polypeptide moiety of the proline-rich 
glycoprotein. 

Several investigations dealing with the determination of the primary structure 
have shown the existence of the Gly-Pro4 repeating sequence (P. Degand, per- 
sonal communication). Therefore the synthesis of the pentapeptide H-Gly-Pro4- 
OH and its polycondensation were carried out. In this work IH and 13c nmr and 
CD studies of the pentapeptide are presented. The corresponding polymer was 
also studied by the CD technique and the results obtained were compared with 
those previously observed for proline-rich proteins.1 

Nmr Studies 

13c nmr spectra were obtained using a Perkin-Elmer R 32 pulse Fourier 
transform spectrometer at 22.63 MHz. The proton-decoupled 13c spectrum of 
H-Gly-Pro4-OH in D20  (zwitterionic form) was recorded. The assignments of 
different lines were obtained from a series of off-resonance spectra and are given 
in Table I. For comparison, the chemical shifts previously observed for the 
residue Pro in a trans conformation about either the Gly-Pro bond in a Gly-Pro 
dipeptide273 or the Pro-Pro bond in polyproline 11, (Pro),11,3 are indicated. The 
conclusions of this study are: i) only the trans conformation is observed; ii) the 
carbon resonances of the C-terminal proline are fairly separated from those of 
other proline residues; iii) it is impossible to assign the carbon resonances due to 
each inside proline residue. 

Pmr spectra were obtained on a Varian 300 MHz Spectrometer. The continu- 
ous wave 1H spectra of H-Gly-Pro4-OH was recorded at different pDs. As ex- 
pected, they exhibit a very high' complexity and only the resonances due to the 
a protons can be used to obtain new information (Fig. 1). For the zwitterionic 
form one observes, from up- to-downfield the a protons of Gly (residue I), 
C-terminal proline (residue 5) and the three inside prolines (residues 2 , 3  and 4) 
overlapping with the HOD peak. When the pD decreases, the peak of residue 5 is 
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Table I. Assignment of 13c Peaks. Solvent: D20 

Resonance 

C" 2 3 4  

c6 5 

2 3 4  

H-Gly-L-Pro-OH 
(Ref. 2) 

trans - 

62.8 

30.3 

25.0 

47.5 

-Gly-L-Pro-OH 
(Ref. 3 )  

trans 

a .  ~n ppm r e l a t i v e  t o  externa l  TMS. 

b ~ - ~ l y - ~ - ~ r o - ~ - ~ r o - ~ - ~ r o - ~ - ~ r o - ~ ~  

1 2 3 4 5  

shifted downfield. Moreover, the peaks corresponding to residues 1 and 5 remain 
the same in shape (a singlet and a quartet, respectively) but those peaks corre- 
sponding to residues 2, 3 and 4 vary. Fig. 2 shows the extended spectra which 
correspond t~ them at pD 6.5 and 3.6. The following conclusions may be drawn 
from these results: in the zwitterionic form, all the Pro residues of the penta- 
peptide adopt a trans conformation. When the pD decreases, the Pro residues 2 
and 5 remain in a trans conformation but the peak of Pro residues 3 and 4 
reveals the presence of cis and trans isomers. 

Circular Dichroism Study 

The CD spectra were recorded with a Jobin-Yvon R. J.  Mark I11 dichrograph 
under a stream of high purety dry N2, with a cell thickness of 0.01 cm, in 0.01 M 
phosphate buffer solutions at pD 6.45. 

H-Gly-Proq-OH and its polymer exhibit similar CD spectra, characterized by a 
strong negative band at 202 nm and reminiscent of a (Pro),II helical structure 
spectrum (Fig. 3). As a comparison the CD spectrum of Proline-rich proteins1 
was also drawn in Fig. 3. This latter spectrum was fitted with a calculated spec- 
trum obtained by the linear combination of (P~o),II$ type I class B  turn,^ and 
unordered6 spectra. It corresponds to 64% of (Pro)& 29% of p-turn and 7% of 
unordered s t r ~ c t u r e s . ~  

The variation of the ellipticity at 202 nm, [ O ]  202, when CaC12 is added is 
shown in Fig. 4. As in the case of proline-rich proteins1 the results are ingood 
agreement with the decline of an ordered structure when CaC12 is added. 



A REPEATING PEPTIDE IN HUMAN PAROTID SALIVA 

w 4n ;o -'" 

Fig. 1. Prnr spectra of HGly-L-ProqeH in D 2 0  a t  different pD. CaH resonances. 

Fig. 2. Extended Pmr spectra a t  pD 6.5 (zwitterionic form) and pD 3.6, in D20 .  
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Fig. 3. Circular dichroism spectra. PRP = proline-rich proteins; PP I1 = polyproline 11. 

I \ \ proteins 

Fig. 4. Variation of [ O ]  202 versus the concentration of CaC12. In 0.01 M phosphate 
buffer solution, at  pD 6.45. 

We are indebted to Pr M. Anteunis, University of ~ e n t  (Belgium) where the IH nmr 
studies were performed. 
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BACTERIAL CELL WALL PEPTIDOGLYCAN: A SEMI- 
CRYSTALLINE MATRIX OR A RANDOM POLYMER? 

AN IN VIVO 1 5 ~  NMR STUDY 

AVIVA LAPIDOT and CHARLES S. IRVING, 
Department o f  Isotope Research, Weizmann 

Institute o f  Science, Rehovot, Israel 

The peptidoglycan layer of the bacterial cell wall serves to maintain the shape 
of the cell and protects the fragile cytoplasmic membrane from high osmotic 
pressures associated with hypertonic environmental conditions. Very little is 
known about the physicochemical origin of the shape and mechanical properties 
of the peptidoglycan layer.l At present there is no indication of whether the 
conformation and mobility of the peptidoglycan subunits are determined by 
intramolecular, noncovalent bonding interactions (like polypeptides in solution), 
or by constraints on the peptidoglycan layer originating from the dimensions of 
the cell or forces acting on cell wall. Using nmr to measure the effect of various 
denaturing conditions on the motional freedom of peptidoglycan subunits, we 
determined what contributions hydrogen bonding, electrostatic interactions, and 
covalent cross-linking make to the motional properties of peptidoglycan. 

Recent 15N nmr studies of intact cells have shown that cell-wall resonances 
can be conveniently studied in vivo by 15N nmr spectroscopy of highly 15N- 
enriched gram-positive bacteria, such as Bacillus lichen if or mi^.^ Changes in the 
relative motional properties of nitrogen groups in a macromolecule can be con- 
veniently detected in proton-decoupled 15N nmr spectra by changes in the rela- 
tive intensities of the resonance. To a large extent resonance intensities are deter- 
mined by the 1 5 N - ( l ~ )  nuclear Overhauser factor, which is a sensitive function 
of molecular correlation time.2 An increase in the relative intensity of a reso- 
nance in the absence of a change in the chemical composition of the sample 
indicates either an increase in tumbling rate of the macromolecule, an increase 
in segmental motion or oscillations in a subunit, a decrease in cooperativity be- 
tween subunit motions, or a narrowing of the distribution of correlation times 
among the  subunit^.^ 

The proton-decoupled 15N nmr spectrum of peptidoglycan disaccharide oIigo- 
peptides obtained from the lysozyme digest of purified B. lichenifomis ATCC 
9945 bacterial cell walls freed of teichoic and teichuronic acids, displayed amide 
resonances at 245.5, 250.5, 251.3, 253.4, 256.0, 263.4, 267.5 and 268.8 ppm. 
Additional resonances at 252.6 and 254.0 ppm were observed in the proton- 
decoupled 1 5 ~  nmr spectrum of peptidoglycan oligopeptides and disaccharide 
oligopeptides obtained from the autolysates of autolyzed cell walls (Fig. 1A). 
The 253.4 ppm resonance has been assigned to the acetamide nitrogens of N- 
acetylmuramic acid and N-acetylglucosarnine residues. From among this group 
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Fig. 1. The proton-decoupled 1 5 ~  nrnr (9.12 Hz) spectra of A) normal cell walls of 
enriched B. licheniformis ATCC 9945 autolyzed for 1 hr, 37"C, pH 8.0, B) intact cells in 
H20,  C) intact cells in H 2 0  at pH 2.0, D) peptidoglycan cell wall fraction in 6 M guanidine 
hydrochloride (27°C) prepared from cell walls whose teichoic and teichuronic acids were 
removed by trichloroacetic acid hydrolysis (37'C, 24 hours) and suspended in 6 M guanidine 
HC1, then boiled in 4% sodium dodecyl sulfate for 5 min and returned to  6 M guanidine 
hydrochloride, E) spheroplasts in 2 M  sucrose prepared by treating intact cells with lysozyme 
(2 mg/25 ml, pH 8.0, 1 hr, 25"C), F) partially autolyzed intact cells. Spectral conditions 
were as in Ref. 2. 

of peptidoglycan resonances, the proton-decoupled 15N nmr spectrum of highly 
15N-enriched intact B. licheniformis cells at 27OC (Fig. 1B) display only the 
253.4 and 267.5 pprn peptidoglycan resonances, in addition to a 335.6 pprn 
resonance originating from a peptidoglycan amino group, a 337.0 pprn resonance 
originating from the D-Alanine amino group of cell wall teichoic acid, and a 
343.0 pprn resonance originating from protein lysine-N, nitrogens. Assignments 
were made on the basis of isotope labelling experiments, cell fraction experi- 
ments, and comparison of chemical shifts to those of standard compounds. Only 
two peptidoglycan resonances were observed in the native cell wall in vivo indi- 
cating (1) the polymer is not in a flexible extended conformation and (2) that 
segmental motions or oscillations must exist within the peptidoglycan subunits. 

Lowering the environmental pH of the cells to pH 2.0 led to the appearance of 
the 250.5 and 252.6 pprn peptidoglycan resonances and caused the 253.4 pprn 
resonance to decrease in intensity and shift to 254.6 pprn (Fig. 1C). More dra- 
matic changes in the spectrum would be expected for the acid denaturation of a 
charged, folded polypeptide in solution. The limited changes in the motion of 
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peptidoglycan caused by alteration of the charge distribution in peptidoglycan is 
consistent with those expected for amphoteric polyelectrolyte gels.4 

Measurements of the effects of hydrogen-bond-breaking reagents (such as 
urea or guanidine hydrochloride) on peptidoglycan particles freed of teichoic 
and teichuronic acids has been proposed as a method for determining the relative 
importance of hydrogen bonding in peptidoglycan.5 The proton-decoupled 
1 5 ~  nmr spectrum of B. licheniformis cell walls, which have been freed of 
teichoic and teichuronic acids, are similar to the whole cell and cell wall spectra- 
with the exception of the appearance of a new resonance at 248.8 ppm, the de- 
crease in intensity of the 253.4 ppm resonance, and the disappearance of the 
teichoic acid D-alanine amino resonance at 337.0 ppm. The 15N spectrum of 
B. licheniformis cell walls, free of teichoic and teichuronic acids, displayed in 
6 M guanidine hydrochloride a number of unexpected resonances originating 
from denatured proteins (201.7,204.1, H~S-N,,~; backbone peptides 256.4; 262.2, 
264.8, Gln-N, or Trp-N,; 291.2, Arg-N,; 304.4, Arg-Nu,,#; 341.9, Lys-Nu). 
When these proteins were removed by boiling the cell wall in 4% sodium dodecyl 
sulfate for 5 minutes, the 15N spectrum (Fig. ID) of peptidoglycan particles in 
6 M guanidine hydrochloride was identical to that of untreated particles in dis- 
tilled water. The 15N spectrum of peptidoglycan particles at 60°C in 6 M 
guanidine hydrochloride remained quantitatively unchanged. The resistance of 
cell wall peptidoglycan to thermal and guanidine hydrochloride denaturation is 
remarkable and demonstrates the small contribution that hydrogen bonding 
makes to the motional properties of peptidoglycan. In this respect, peptidoglycan 
differs markedly from a folded polypeptide in solution. 

Limitedlysozyme hydrolysis ofpeptidoglycan P-glycosidic bonds in intact, but 
osmotically protected B. licheniformis cells, resulted in a 15N whole cell spec- 
trum (Fig. 1E) that displayed relatively intense peptidoglycan resonances at 
245.5, 250.5, 251.3, 256.0 and 268.8 ppm. Autolytic cleavage of the N- 
acetylmuramic acid-L-Ala peptide bond of peptidoglycan in the whole cells ex- 
posed to anaerobic shock led to the similar appearance of peptidoglycan amide 
resonances at 245.5, 253.5, 267.5 and 268.8 ppm in the whole cell 15N nmr 
spectrum (Fig. IF). The effect of breaking the peptidoglycan cross-links ap- 
peared reversible, since cross-linking of the free amino groups of partially hydro- 
lyzed peptidoglycan of whole cells with glutaraldehyde yielded an 15N spectrum 
similar to that of a normal, intact cell. 

Conclusions 

The motions available to the peptidoglycan subunits do not appear to depend 
on non-covalent bonding interactions. A possible explanation of our results is 
that the morphology, growth of cell walls, and/or the osmotic forces acting on 
the cell wall produce a mechanical strain within the peptidoglycan matrix that 
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forces the subunits into either a fully extended, taut conformation or a com- 
pressed, folded conformation. Hydrolytic cleavage at a relatively small number 
of sites might be sufficient to release the strain on the cell wall and allow the 
subunits to assume more flexible conformations. These results point out some of 
the features of polypeptides in cell organelles in which the mechanical properties 
of the cell organelle, rather than intra-molecular non-covalent bonding interac- 
tions, determine its conformation and motional properties. 
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BETA-HELICAL CONFORMATIONS OF 
PEPTIDES AND PROTEINS 
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The proposal of the a-helix and 0-pleated sheet as allowed conformations of 
polypeptide chains1 was based on the application of a set of rigid physicochemi- 
cal restrictions which have become known as the Pauling-Corey postulates of 
protein structure. One of these, the assumption of equivalence, excludes from 
consideration all conformations in which individual amino-acid residues are not 
identically oriented. Recently, however, a new helical conformation unique to 
polypeptide chains containing alternating L- and D-amino acid residues has been 
proposed by urry2 and independently by Ramachandran and ~handrasekharan.~ 
This structure, the ~ ; ,~ -he l ix ,  contains residues which are non-equivalent: two 
points are required to  describe the conformation on a Ramachandran plot. The 
non-equivalence of residues in the p6-helix suggests that other regular configura- 
tions might exist which heretofore have been excluded by the simplifying as- 
sumption of equivalence. 

Theory 

In order to generalize the structural theme of the @helix, it is necessary to 
consider all possible residue conformations capable of participating in a parallel 
hydrogen bonding scheme. The four local conformations in which the carbonyl 
groups of adjacent peptide bonds are oriented either parallel or antiparallel to 
each other satisfy this requirement. These conformations are labeled 0, OD, 
and 62 in Figure 1 and the central part of Figure 2. The conformations 0 and PD 
correspond to parallel 0-pleated sheets composed of L- or D-amino acids, respec- 
tively. The conformations 61 and 62 are roughly equivalent to the right- and 
left-handed a-helices. As shown in Figure 1, the conformations /3 and 6 1 are fully 
allowed for Lamino-acid residues. The conformations PD and 62 are the mirror 
images of and 6 1 and are allowed only for D-residues. These four residue con- 
formations can be combined in a variety of ways to generate regular helical 
structures which satisfy all of the Pauling-Corey postulates except equivalence. 
Several of the many possible 0-helices, including the previously described /3&- 
and /3:4-helices273 are shown in Figure 2. The oil9- and  helices do not 
require the presence of D-amino acids and should be allowed conformations 
of proteins. 
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Because the 0-helices are large in diameter, they can accommodate ions and 
water molecules in their interiors. The larger 0-helices have amino-acid side 
chains located inside the helix, and these groups can supply ligands for ion coor- 
dination. In addition, the distinct interior and exterior regions of a given 0-helix 
provide the potential for the generation of an amphipathic structure by amino- 
acid sequences with the appropriate pattern of polar and hydrophobic residues. 
Thus @-helices should be particularly applicable to  the structure of membrane 
proteins. Because of the very direct relationship between amino-acid sequence 
and 0-helical structure, it is to be expected that the three-dimensional structure 
of a 0-helical membrane protein could be predicted from a knowledge of its 
amino-acid sequence. Conversely, for a given 0-helix, amino-acid sequences can 
be chosen which should form the helix in a lipid bilayer environment. 

A Synthetic /312-helical Ion Channel 

The peptides HCO-(Leu-Ser-Le~-dly)~-OH and H-(LeuSer-Le~-Gly)~~-0H 
were designed and synthesized in an attempt to produce a p12-helical ion channel. 
The synthesis was accomplished by the solid-phase method utilizing repeated 
couplings of the tetrapeptide Boc-Leu-Ser(0Bz)-Leu-Gly-OH with DCC and 
HOBt. Both of these peptides have been shown to produce channels in an arti- 
ficial lipid bilayer systeme4 The unit conductance (Figure 3) and ion selectivity 
of the channels are consistent with the 012-helical structure and ion coordination 
by serine hydroxyl groups inside the channel. 

A fll3-helical Model of Glycophorin 

Examination of the amino-acid sequences of membrane proteins known to 
span the bilayer could provide examples of 0-helical structure. The only integral 
membrane protein which has been sequenced to date is glycophorin, the major 
glycoprotein of human erythrocyte membranes, and a 013-helical model has been 
developed5 for the central (membrane penetrating) segment of this protein. The 
arrangement of residues 55-107 of glycophorin into four turns of 013-helix is 
shown in Figure 4. The 013-helix places more hydrophobic residues in the mem- 
brane interior than the a-helix proposed6 for residues 73-95, and simultaneously 
allows all thirteen charged residues within its sequence to be exposed to water, 
either at the ends or in the interior of the helix. 
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Fig. 1. Ramachandran plot of the four 
residue conformations allowed to participate 
in p-helices. 

Figure 2. Single turns of some (3-helices. 

Fig. 3.  Single channel current fluctuations in an artificial lipid bilayer membrane 
obtained in the presence of HCO-(Leu-Ser-LeuGly)6-OH. 
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eThr Fig. 4. A p13-helical model of the central 
Phe GIU segment of glycophorin. The sequence begins 

with Glu 55 at upper left, and generates a helix 
Ser 1le 11s 

with a hydrophobic exterior. Charged residues 
appear only at  the ends or in the interior of 
the helix. 

~ e t w  

Ala 
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THE STUDY OF PROTEIN CONFORMATION USING 
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HISTONES H3 AND H4. 
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The basic unit of chromatin, the nucleosome, consists of a 'core particle' of 
-140 b.p. of DNA and 2 molecules each of histones H3, H4, H2A and H2B, 
linked by -60 b.p. of DNA to the next nucleosome. The diffraction pattern of 
chromatin and many of the fragments of nuclease digestion can be obtained from 
a reconstituted complex of DNA and the histones H3 and H4 alonely2 but not 
from a DNA/H2A/H2B reconstitute. H3 and H4 are therefore the main organizers 
of DNA in the nucleosome. They both have highly asymmetric and highly con- 
served amino-acid sequences, the N-terminal 20-30 residues being very basic and 
low in apolar residues, while the remainder has a compositionlike that of globular 
proteins. The probable existence of two domains suggests a structural independ- 
ence and indicates that cleaved peptides and complexes prepared therefrom 
might take up the native conformation. 

H3 and H4 form a tetrameric complex in solution having a frictional ratio of 
1.99 in 50 mM acetate/bisulphite, pH5 and 1.74 in 25 mM phosphate, p ~ 7 . 3  A 
high value of Cflf,) indicates either an asymmetric or an expanded structure and 
the ionic strength dependence of Cflf,) fits the behavior of an expanded poly- 
electrolyte. The nmr spectrum of (H3/H4)2 shows several peak perturbations 
characteristic of globular proteins. It was concluded3 that the complex has a 
globular core with free N-terminal 'tails'. To verify this model and to define the 
regions of both chains critical for complexation, we mixed several peptide com- 
binations and used the perturbations in the aromatic region of the nmr spectrum 
as the criterion of complex formation. The peptides used in the study were; from 
H4, 38-102 (chymotryptic digestion) and 1-84 (cyanogen bromide treatment); 
from H3, 1-90 and 1-120 (cyanogen bromide treatment) and 42-135 (N- 
bromosuccinimide treatment). 

Figure 1 shows the nmr spectra of 3 out of a total of 7 peptide combinations 
tested. The peaks at positions 1 and 2 are characteristic of the native complex 
(top spectrum) and it is seen that loss of 41 and 37 residues from the N-terminal 
of H3 and H4, respectively does not inhibit complexation (3rd spectrum). Loss 
of residues 91-135 from H3 prevents complexation (bottom spectrum) but loss 
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Fig. 1. Aromatic region nmr spectrum of peptide mixtures. 

of residues 121-135 does not (2nd spectrum). Figure 2 summarizes the results, 
and it follows that it is the C- rather than the N-terminal portions of H3 and H4 
that are important for complexation. Removal of 36% and 30% from the N- 
termini of H4 and H3 respectively does not inhibit complexation but removal of 
18% and 33% from their C-termini does. Loss of 16 residues from the C-terminus 
of H3 does not, however, prevent complexation. The results are fully consistent 
with the (H3/H4)2 complex having free N-terminal 'tails' and demonstrate that 
regions critical for complexation are: H3, (42-120) and H4, (38-102). 

Fig. 2. Cross-interaction pattern of H3/H4 peptides. Solid line: complex formation, 
broken line: no complex formation. 
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Cleaved peptides have also been used to locate secondary structure in H4. On 
increase of ionic strength, H4 self-aggregates with the rapid formation of 25% 
a-helix and a slower formation of 30% 0-~ t ruc tu re .~  In the multimeric state of 
H4 -30 N-terminal residues remain mobile in ~ o l u t i o n . ~  The experimental ap- 
proach was as follows: peptides were studied as random coils (pH3.5, no salt) 
and in 0.2 M NaCl, pH3.5 (conditions for a structured state). Nmr spectra were 
used to monitor self-aggregation and to define the part of the chain included in 
the aggregate. The IR arnide I spectra (Figure 3) were used to detect 0-structures 
using the intensity of the 1620 cm-l band6 CD ellipticities at 222 nm (Figure 4) 

Fig. 3. Amide I bands of H4 and 6 
peptides in 0.2 M NaC1/D20, pD3.5 and 
H4 in D 0 D3.5. Doublet centered at 
1610 c2-' 'due to arginyl side chains. 

Fig. 4. CD spectra of 8 peptides from 
H4 in H20 (upper spectra) and 0.2 M NaCl 
pH3.5. 
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were used to obtain the helicity (0% helix = -1000" and 100% helix = -30,000") 
after first subtracting the IR-determined P-contribution (100% P = -3360"). The 
peptides were prepared as follows: 1-23, 25-67 and 69-102 by acetic acid 
hydrolysis and 38-58 and 38-67 by chymotryptic cleavage of 25-67. 1-37,38- 
102 and 38-72 were products of chymotryptic cleavage, while 1-53 and 1-74 were 
products ofStaphylococcus aureus V8 protease action (cleavage at Glu), both on 
intact H4. Nmr spectra of H4 (1-102) and peptides 1-74 and 38-102 all show di- 
polar broadening due to aggregation. In the aggregated state of intact H4, one of 
two histidines remains mobile while the remaining aromatics are not observable. 
The nmr spectra of 1-74 and 38-102 show that this is His 18 and not His 75. The 
conclusions to be drawn from the results in Table I are as follows: a) Residues 

Table I. The Content of a-helix and 0-structure Forming Amino-acid 
Residues in Histone H4 and its Different Fragments in 0.2 M NaCl. 

P e p e  de 

- 
Intac t  
H4 

1-23 

1-37 

1-53 

1-74 

1-84 

25-67 

38-58 

38-67 

38-72 

38-102 

69-102 

- 

R u n b e r  of 
Pesidues m helix 
in 0.2 H_AraCl 

Nmber of 
Residues 3 s t ructure  
i n  0.2 2 sac1 

V-  and C-terminal penrides 

Yes 

NO 

NO 

NO 

Yes 

Yes 

Yes 

NO 

Yes 

Yes 

Yes 

NO 

Internal  ~ c r r i d e s  
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1-37 contain no helix:38-102 and 1-102 have the same helicity as do 38-72 and 
1-74 (both pairs differ by the first 37 residues) and 1-37 has no helix. b) Since 
peptides 25-67, 38-67, 38-72 and 1-74 all self-associate and form -13 helical 
residues, there is a 13-residue helix between 38 and 67. c) Since peptides 1-53 
and 38-58 have no helicity, this helix is at the C-terminal end of 38-67. Since 
all predictive  scheme^^?^ agree that helix before 49 is unlikely, we assign the helix 
to residues 55-67. A recent prediction by Fasman et al? concludes that residues 
57-67 are helical. d) The 13 helical residues in 1-74 are -112 that of intact H4. 
A second helix of similar length therefore exists. Since 1-84 contains more than 
13 helical residues but less than the 25 of intact H4, the second helix lies in the 
region of residue 84. e) 0 structure forms in the C-terminal residues of H4 since 
1-84 has no 0 structure while intact H4 and 38-102 both form the same amount. 
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CONFORMATIONAL STUDIES ON THE CYANOGEN 
BROMIDE FRAGMENTS OF TBERMOLYSIN 

ANGEL0 FONTANA and CLAUD10 VITA, Institute o f  Organic 
Chemistry, Biopolymer Research Centre, C.N.R., 

University o f  Padova, 1-35] 00 Padova, Italy 

Conformational studies on peptide fragments of wellcharacterized proteins 
have been carried out in several laboratories in order to elucidate the mechanism 
by which proteins assume their characteristic conformations. It has been shown 
that in aqueous solution protein fragments contain little secondary structure.132 
However, since in some instances the entire amino acid sequence of a protein is 
not required for native-like structure, perhaps there is a critical size necessary to 
obtain the medium- and long-range interactions that stabilize the conformation 
resulting from short-range interactions. In order to investigate this question for 
thermostable proteins, we studied fragments of thermolysin, an endoprotease for 
which the amino-acid sequence3 and three-dimensional structure4 have been 
elucidated. This single polypeptide chain protein of 316 amino acids is folded 
into two distinct halves, the covalent connection being performed by a segment 
of a-helix. The protein was cleaved with cyanogen bromide at the two methio- 
nine residues and the peptide fragments 1-120, 121-205 and 206-3 16 were iso- 
lated in pure form following a procedure similar to that described by Titani 
et a1.5 The occurrence of secondary structure in the isolated fragments was 
investigated by far-ultraviolet circular dichroism (CD) measurements. 

Fragment 1-120 was found to be insoluble in aqueous buffers at neutral pH. 
At pH 9.6, where this fragment could be dissolved, the CD spectrum in the region 
250-200 nm was indicative of an essentially disordered conformation. 

Fragment 12 1-205 contains all the amino acids involved in the binding of the 
functional zinc ion and of three of the four calcium ions in the native enzyme. 
CD studies on this fragment revealed that the secondary structure of the peptide 
is dramatically affected by calcium ions. As shown in Figure 1, in the absence of 
these ions the CD spectrum below 250 nm is indicative of little regular structure, 
whereas the addition of calcium causes a marked decrease in the magnitude of 
ellipticity. The resulting CD spectrum, with minima near 208 and 222 nm, is 
typical of a polypeptide with a substantial portion of the peptide bonds in an 
a-helical conf~rmat ion .~  The profile of [ O ]  at 220 nm versus calcium concen- 
tration indicates a sharp conformational transition occurring at 1-10 mM concen- 
tration of the ion, followed by a linear increase up to 0.9 M concentration. 
Calcium ions play a specific role in the conformation of the peptide fragment at 
neutral pH, since 0.2 M NaCl was found to  have no significant effect on the 
secondary structure of the peptide. 
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Fig. 1. ( top)  Far-ultraviolet CD spectra (mean residue ellipticity) of fragment 121-205 
of thermolysin in 20 mM Tris/HCl buffer, pH 7.2, in the presence of different concentrations 
of CaC12. Numbers near the curves indicate rnM concentration of CaCl2 in Tris buffer. The 
peptide concentration was 0.15 mg/ml and spectra were measured in a fused quartz cell of 
0.1 cm path length. (bottom) Dependence of [ O ]  at 220 nm on CaC12 concentration. 
Experimental conditions were as in the upper part of the figure. 

Fragment 206-3 16 in 20 mM Tris/HCl buffer, pH 7.2, at room temperature 
exhibits a far-ultraviolet CD spectrum with minima near 209 and 222 nm and a 
crossover point from negative to positive at 203 nm. The mean residue ellipticity 
at 2 2 ' ~  at  both wavelengths was found to be -13,600 2 300 deg. cm2. dmol-l 
(Figure 2). At high temperature the peptide fragment undergoes a large confor- 
mational alteration and exhibits a change in the form of the CD spectrum which 
is that to be expected for extensive unfolding. 
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WAVELENGTH,  nm TEMPERATURE, *C 

Fig. 2. (left) Far-ultraviolet CD spectra of fragment 206-316 of thermolysin at  different 
temperatures in 20 mM Tris/HCl buffer, pH 7.2. Numbers near the curves indicate tempera- 
ture in degrees centigrade. The peptide concentration was 0.2 mg/ml. (right) Temperature 
dependence of [B]/[B]o at 220 nm of fragment 206-316, where [B] is the mean residue 
ellipticity at 22OC. 

Figure 2 (right) shows the temperature dependence of the mean residue ellip- 
ticity [el at 220 nm normalized at 2 2 ' ~ .  A cooperative thermal transition is 
seen in the range 60-70°C. A melting temperature (tm) of 65" Ih 0 . 5 " ~  has been 
obtained in three different experiments. The thermal denaturation of the frag- 
ment appears also fully reversible, since the same variation of ellipticity with 
temperature is obtained on heating or cooling. In addition, the CD spectrum at 
room temperature of a heated solution of the fragment is indistinguishable from 
that obtained with an unheated sample. 

The conformation of fragment 206-316 also was shown to be rather stable to 
the denaturing action of urea and guanidine hydrochloride, as monitored by the 
determination of the mean residue ellipticity value at 220 nm. The conforma- 
tional transitions found, which are fully reversible upon removal of the denatu- 
rant, have midpoints at 5 M for urea and 2 M for guanidine. These concentrations 
are remarkable considering that fragment 206-316 consists of a polypeptide 
chain with no disulfide bridges, metal ligands or cofactors which would be 
expected to stabilize polypeptide structures. 

Using the formula given by Greenfield and  asm man^ to quantify the CD data, 
33% of amino-acid residues of fragment 206-316 are in an a-helix secondary 
structure, on the basis of the mean residue molar ellip-ticity at 208 nm. Following 
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the procedure of Chen et which takes into consideration the chain-length 
.dependence of helical segments, the percentage of a-helix was found to be 45%. 
In the native enzyme, the corresponding sequence has been found 50% helical 
by X-ray crystallography.4 These numerical data would indicate that fragment 
206-316 appears to retain a similar percentage of a-helical secondary structure 
as in the native protein. 

These results indicate that fragments 121-205 and 206-316 maintain signifi- 
cant levels of secondary structure in aqueous solution. The conformational 
transition occurring in fragment 121 -205 in the presence of calcium ions is best 
interpreted in terms of binding of these ions to the negatively charged polypep- 
tide, which contains 15 carboxylate groups, with the elimination of the steric 
repulsion between the negative charges and consequent a-helix induction. In the 
native enzyme calcium would induce the formation and stabilize the helical 
structure of that region corresponding to the fragment. The conformational 
properties of fragment 206-316, which corresponds approximately to one 
domain of thermolysin, appear to support the proposal of ~ e t l a u f e r , ~  that dis- 
tinct compact regions, or domains, in globular proteins would fold independ- 
ently from the remainder of the protein molecule. 
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SOLUTION SYNTHESIS OF COMPLEX PEPTIDES 
BY THE MAXIMUM PROTECTION PROCEDURE 

SHUMPEI SAKAKIBARA, Peptide Institute, Protein Research 
Foundation, Minoh-shi, Osaka 562, Japan 

One of the &tractive features of solution methods of peptide synthesis is the 
possibility of detecting impurities in each reaction product. Theoretically, such 
detectable impurities can be removed by combinations of known separation tech- 
niques. If a homogeneous product can be isolated after each reaction, it should 
be possible to synthesize any peptide with a high degree of purity. In order to 
minimize the need for the separation of impurities, all possibility of the forma- 
tion of side products in each reaction should be eliminated. Ideally, all the 
functional groups attached to the side chains in every component should be 
protected in solution procedures, as is customary in solid phase peptide synthesis. 
All protective groups attached to the final product should be removable by the 
technique which will be used for the final deprotection. Currently, procedures 
being applied to the final deprotection reaction are: (1) trifluoroacetic acid 
treatment at room temperature for 0.5-1 hour; (2) HF treatment at O°C for 
1 hour; (3) sodium treatment in liquid ammonia for 10 to 15 seconds, repeti- 
tively over 15-30 minutes; or (4) catalytic hydrogenolysis in the presence of 
palladium. Among these, we chose the HF procedure for the following reasons: 
(1) HF is a powerful solvent for all the amino-acid derivatives; thus, the final 
stage of deprotection should not be complicated by solubility problems; (2) Boc- 
amino acids which are currently used for solid phase synthesis are being manu- 
factured in quantity and at very high purity; side-chain protective groups attached 
to those Boc-amino acids are known to be highly stable under conditions used 
for removaLof Na-Boc-groups and to be removable in HF at O'C; and (3) because 
it is possible to avoid, in most cases, the unfavorable side reactions which some- 
times result from the use of this HF procedure. With these facts in mind, we 
have developed a procedure for peptide synthesis which we call, "Solution Syn- 
thesis of Peptides by the Maximum Protection Procedure." 

During repeated synthesis of bradykinin at the Peptide Institute following the 
procedure outlined in Fig. 1,  the formation of a faster moving impurity was 
observed on paper electrophoresis at pH 4.8. This impurity was isolated by gel 
filtration with Sephadex G-25 and 0.2 N acetic acid. Amino-acid analysis and 
elemental analysis of the isolated material suggested that its structure was: 

Arg-Pro-Pro-Gly 1 
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 
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Arg-Pro-Pro-Gly-Pk-Sw-Pro-Phe-Arg 
NO2 

Z(0Me) ' OBzl 
Am- N, 

NO. 
A a  1 OBzl 

Aa- ONP NO2 

z P  ' OBzl 

Z l O N p  
Z2 NO2 

z I ' OBzl 
H HF/Anisde OH 

Fig. 1. A previous route for the synthesis of bradykinin. 

This material was almost inactive in the uterus contraction test, but biological 
activity was found when it was treated with 1.5 N N-methylmorpholine for 
5 hours at room temperature. Formation of bradykinin after the treatment was 
also confirmed by isolating the main product by gel filtration on Sephadex G-15. 
This product was identical to standard bradykinin in paper electrophoresis, 
bioassay, and amino-acid analysis.l 

Recently, Bodanszky et a1.2 pointed out the occurrence of similar side reac- 
tions with unprotected Ser or Asp residues as follows: (1) the hydroxyl group 
in the Ser-residue is active enough to form the 0-acyl derivatives with active 
esters of Boc-amino acids especially when imidazole or a His residue is present 
in the reaction mixture. (2) An unprotected Asp residue in a protected peptide 
fragment is converted to a kind of mixed anhydride with a Boc-amino acid 
p-nitrophenyl ester, which is further converted to a 0-aspartyl peptide with an 
amino component or to a succinimide-type derivative within the molecule.3 Our 
observation described above and these reported facts led us to conclude that the 
protection of all the functional groups is necessary even when the active ester 
procedure is applied to the solution synthesis of peptides. 

There are a number of strategies which can be used to synthesize complex 
peptides by solution procedures. However, from the standpoint of isolating 
homogeneous materials, it is important to minimize the application of stepwise 
elongation with Boc-amino acids to  obtain larger peptide fragments, since cur- 
rent analytical techniques cannot provide sufficient information on the purity of 
every synthetic intermediate. This is particularly true when all the functional 
groups are protected by similar hydrophobic protective groups. 

The azide procedure is attractive when protected peptide esters can be con- 
verted to hydrazides by treatment with hydrazine. However, accumulated 
evidence indicates that the risk of racemization of the activated amino-acid 
residue by the azide procedure is not appreciably lower than with other activa- 
tion procedures.4 Further, removal of side products which may arise from 
undesirable decomposition of excess azide is not always completely successful. 
Thus, we decided to use the carbodiirnide procedure because of the simplicity of 
its application and its higher r e a ~ t i v i t y . ~ ~ ~  



SOLUTION SYNTHESIS OF COMPLEX PEPTIDES 

To use the carbodiimide procedure for fragment condensation, every carboxyl 
component must be prepared as a protected peptide with a free carboxyl group 
at the C-terminus. If Asp(OBzl), Asn, Glu(OBzl), and/or Gln residues are located 
in a peptide fragment, the C-terminal ester group cannot be removed by simple 
saponification. In such cases, a protected peptide acid can be synthesized by 
stepwise elongation of free amino acids or peptides with Boc-amino acid active 
esters. During the synthesis of such a C-terminal-free peptide, unexpected 
racemization was observed at the C-terminal amino-acid residue when penta- 
chlorophenyl or p-nitrophenyl esters of Boc-amino acids were coupled with free 
peptides or amino acids.7 As shown in Table I, the role of 1-hydroxybenzotriazole 
(HOBt) as the catalyst for the racemization reaction is evident. The mechanism 
of the racemization may be explained as mixed anhydride formation between 
the protected peptides and active esters, as has been suggested by Natarajan and 
~ o d a n s z k ~ . ~  However, no catalytic activity of imidazole was observed. 

Table I. Racemization of the C-Terminal Amino Acid Residue during Coupling 
Reaction of Boc-Lys [Z(Cl)] -OX(1.2 eq.) with Various Peptides or Amino Acids 

in DMF at Room Temperature for 40 hours. 

Amino Component Active Esters TEA Additives D/L+D~ 
-ox % 

Gly-Phe 

-0Np 2 eq. lHOBt(0.25 eq.) 13.3 

-0Pcp 2 HOBt(O.25eq.) 

-0Su 2 HOBt(0.25 eq.) 

-0Su 1 Im(1 eq.) < 2.0 

-0Su 1 Im(1 eq.)+HOBt(0.25 eq.) 4.8 

-- 

Gly-Leu 

-0Np 2 HOBt(0.25 eq.) 

-0Pcp 2 HOBt(0.25 eq.) 

-0Su 2 HOBt(0.25 eq.) < 2.0 

Phe -0Nu 2 HOBt(0.25 eq.) 22.7 

-0Np 2 HOBt(0.25 eq.) 3.8 
Pro -0Np 2 - 2.7 

-0Np 0 HOBt(0.25 eq.) 19.9 

Asn-Phe-Phe -0Np 0 HOSu(0.25eq.) < 2.0 

-0Np 0 2.2 

a These values were determined by a modified Manning and Moore procedure7 
after acid hydrolysis with 6 HC1 at llO°C. for 22 hours. These values 
include some additional racemization (1.5-1.8%) acquired during acid 
hydrolysis. . . 
Np, p-Nicrophenyl; Pcp, Pentachlorophenyl; Su 1-Hydroxysuccinimid; HONb, 
0-tiydroxy-5-norbornene-2,3-dicarboximide; Z(C1),2-C1-Benzyloxycarbonyl. 
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DCC is widely used with HOBt or HOSu for coupling a protected peptide 
with a protected amino c ~ m ~ o n e n t . ~ . ~  This reagent, however, is known to form 
inactive urea-type derivatives with carboxyl components. In order to facilitate 
the removal of this side product from the reaction mixture, we used water-soluble 
carbodiimide, lethyl-3-(3-dimethylaminopropy1)-carbodiimide, together with a 
slight excess of HOBt. The extent of racemization following such a convenient 
coupling procedure has been measured previously; it is comparable to that 
resulting from DCC/HOBt or the azide procedures.8 

It is important when using the HF procedure to minimize the modification of 
amino-acid residues by carbonium cations which are formed in the reaction mix- 
ture. This is also important in solid phase peptide synthesis when HF is used in 
the final step. Many peptides have been removed from the resin and deprotected 
by the HF procedure and the purity of the products has been studied by many 
workers. However, problems concerning the formation of succinimide-type 
derivatives at Asp-Gly, Asp-Ser, or Asp-His bonds and the alky!ation of Tyr and 
Trp residues by benzyl or t-butyl cations remain ~ n s o l v e d . ~ - ~ ~  Several alternative 
solutions have been proposed to avoid the former problem; that is, application 
of alternate protective groups which are stable in HF but removable under other 
mild conditions.12>13 Alkylation of Trp or Tyr residue in HF is unavoidable, but 
this problem can be overcome by using a combination of appropriate scavengers 
in the reaction mixture followed by strict purification af the final product. 
Modification of Trp residue occurs even when trifluoroacetic acid is used in the 
final deprotection procedure. In 1972, Wiinsch et a1.14 noted the formation of 
substantial amounts of side products when the protected human-gastrin analog 

was treated with trifluoroacetic acid (TFA) at room temperature for one hour. 
In addition to the main product, a considerable amount of side product was 
isolated by countercurrent distribution or partition chromatography. It was 
thought that the compound had a modified Trp-residue in the molecule. After 
repeated model reactions with Trp, the structure of the modified Trp-residue was 
recently determined to be l-t-butyl-tryprophan.14 They also suggested that the 
yield of the alkylated compound was higher in HF than in TFA. We dissolved 
Boc-Trp in TFA for one hour at room temperature and distilled off excess TFA 
under reduced pressure. The residue was charged on the top of a column of Dia- 
ion HP-20 (Equivalent to Arnberlite XAD-11), and then eluted with aqueous 
methanol of different concentrations; intact Trp was washed out with 20% 
MeOH, and a modified compound was eluted with 50% MeOH. The isolated 
material appeared to be homogeneous on cellulose TLC and gave a single peak 
on amino-acid analysis as shown in Fig. 2. Recovery of the modified material 
from the mixtures of Boc-Trp with TFA or HF under different conditions is 
shown in Table 11. 
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Lys Trp His NHs Modified Trp 

I I I  I I 
JEOL JLC-6AH 
Column : 0.9 X 1 Ocm 
0.5N Citrate pH5.24 

Fig. 2. Amino-acid analysis of modified Trp. 

Table 11. Effect of Scavengers on the Alkylation of the Trp-Residue 
during Acidolysis of Boc-Trp. 

Recovery ( X )  
Reagent Scavengers (eq. )a TrP Trp ( B U ~ )  

D(30) + E(l0) 95 3.5 

TFA ~(100) + E(10) 9 7 1.2 
A(30) + E(10) 92 6.8 

none 67 14.9 

D(10) + E(10) 85 (1 
HF A(10) + E(10) 86 <1 

E(10) 88 <1 
at O°C/l hr. none 57 19.0 

a. A, Anisole; D, Dimethylsulfide; E, Ethanedithiol 

As can be seen in the table, anisole is a weaker scavenger than dimethylsulfide 
in TFA-reactions and addition of an unusually large amount of dimethylsulfide 
effectively prevented modification of Trp during cleavage of the Boc-group in 
TFA. Lower recovery of Trp from the HF-reaction mixtures may be explained 
by the formation of some insoluble materials, but the amount of alkylated 
derivatives detected was negligible. These results suggest that the use of HF for 
treating protected peptides with Trp does not prevent recovery of the final 
product. As can be expected from the above mentioned facts, such an alkylated 
derivative is more lipophilic than the desired product. It can be removed readily 
from the main product by means of countercurrent distribution, high perform- 
ance liquid chromatography,column chromatography on Sephadex LH-20, or by 
partition chromatography on Sephadex G-25. 

The final and largest problem in the solution synthesis of peptides by the 
maximum protection procedure is the low solubility of each intermediate in 
neutral organic solvents. Since the solubility of peptides is sequence-dependent, 
it could not be predicted prior t o  actual synthesis. Although we have not yet 
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accumulated enough data in our laboratory, we anticipate that the solubility of 
protected peptides is not as low as originally expected. The following list of 
peptides has been synthesized by the maximum protection procedure in our 
laboratory without any serious solubility problems: 

Applying the techniques discussed above, the synthesis of [ ~ s u l ? ~ ]  -human- 
calcitonin was carried out recently in our laboratory (Asu, aminosuberic acid). 
The sequence and the protective groups attached to the side chains are indicated 
below. 
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Fragment (1-10) was synthesized as reported previously in a synthesis of [ A S U ~ ~ ~ ]  - 
eel calcitonin (Fig. 3).15 The azide coupling of the cyclic part t o  Met-Leu-Gly 
was effective when a twofold excess of the tripeptide was used. The unbound 
tripeptide was easily removed by waslung with water. The most complex problem 
in the synthesis of the linear part (1 1-32) was encountered during the purification 
of the fragment (24-32), which was hardly soluble in DMF (Fig. 4). Once the 
suspension was heated, it turned to a pasty mass and it took an extremely long 
time to filter out the solvent. All the condensation reactions were monitored by 
thin-layer chromatography and the purity of each product was insured by arnino- 
acid analysis. 

Removal of excess starting materials from the reaction product gradually 
became easier as fragment condensation was repeated and the chain length 
increased, since those fully protected fragments were almost insoluble in the 
usual organic solvents. After removal of the Boc-group with TFA, however, the 
TFA salts were generally soluble in a mixture of DMF and N-methylpyrolidone. 

Bzl Bzl 
~ l y ~ - ~ s n - ~ e u - ~ & ~ - ~ h r - ~ s u - ~ e t  

2-OMe 
Boc-OSu 
Boc OMe 

Boc-osu 
Boc OMe 

Boc N3 

Boc CF,-COONp/Pyridine 0 ~ : ~ ~  
Boc 

d N P  
H OMe 

Fig. 3. Synthesis of [ A s u l ~ ~ ]  -human-calcitonin (1-10). 

BOC OMe Boc-N,H3 BOC-OH 

BOC N Z H I  Boc NHz 

B a c  OH Boc- O B z l  Bac-OEt 

B o c  OH Bm-OH Boc- OE t 

BOC OH B a c  OH 

- .... ' 

Fig. 4. Synthesis of [ A S U ~ ~ ~ ]  -human-calcitonin (1 1-32). 
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The TFA salt was neutralized with TEA in DMF and the free base was precipi- 
tated by the additions of water. The N-terminal deblocked peptide was then 
subjected to the next coupling reaction after drying in a desiccator. Fortunately, 
the protected peptides with a free amino group at the N-terminus were generally 
soluble in a mixture of DMF and N-methylmorpholine. 

In order to  confirm the purity of major intermediates, the protected fragments 
(17-32) and (1 1-32) were treated with HF in the presence of anisole, and each 
product was subjected to CMcellulose column chromatography. As shown in 
Fig. 5 and in Table 111, the major peaks were judged to be the desired peptides, 
and contamination by side products was confirmed to be negligible. 

After final coupling between fragment (1-10) and the linear fragment (1 1-32) 
(Fig. 6), the product (1.5 g) was treated with HF (20 ml) at - 5 ' ~  for 1 hour in 

Cdumn: 1.5X33ua 
Buffer : AsONH. ($44.51 

0.1 

10 20 30 40 50 60 70 80 90 100 

Fractm N u n k  

Cdumn : 1.3 X 2 h  
Buffer : AsONH. (pH4.51 
63d/Fractiar 

I v l h - '  
lb i 0  30 40 50 60 70 90 

Frastom Number 

Fig. 5. CM-cellulose column chromatography of HF-treated h-calcitonin fragments: 
A, (17-32); B, (11-32). 

1 1 .  HF/Ansde. Met. CH,-5CHa-5'C /60mm 

2. Dowex 1 x 2  (Ad-) 

3. 8M-Urea(pH8) r t /60mm 

Dla-ton HP-20 
1 80% EtOH 

CM-Cellulose 

Fig. 6. Synthesis of fully protected [~sul>~]-human-calcitonin and its deprotection 
with HF. 
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the presence of anisole (3 ml), Met (1.5 g), and dimethylsulfide (1 ml). Excess 
HF was then removed under reduced pressure below 0°C. The residue was dis- 
solved in 20% acetic acid and the solution was passed through a column of 
Dowex 1 X 2 (AcO? to eliminate F-ions. The column was washed with the same 
solvent and the crude product in the effluent was absorbed on Dia-ion HP-20 to 
concentrate the peptide on the column. It was then eluted with 80% ethanol 
and lyophilized (740 mg). The crude material was dissolved in 8 M urea solution 
of pH 8.0 at room temperature for 30 minutes to reverse all the N to 0 shift of 
peptide bonds at the Ser and Thr residues. 

The treated peptide was absorbed on Dia-ion HP-20, excess urea was washed 
out with water, and the treated peptide was eluted with 80% ethanol and lyophi- 
lized. The crude product was purified by ion exchange chromatography on 
CMcellulose (189 mg), partition chromatography on Sephadex G-25 for two 
times (132 mg), and final gel filtration on Sephadex LH-20 (102 mg); [ a l p  - 
69.6" (c 0.72, 1 M AcOH) (Fig. 7). 

As judged from the chromatograms and from amino-acid analysis (Table 111), 
the final product was homogeneous and showed 390 MRC U/mg of hypocalcemic 
activity when porcine MRC standard was used as a reference. 

As can be seen in Table 111, no racemization of the Phe residue at position 16 
was found by amino-acid analysis after aminopeptidase M (AP-M) digestion with 
an isolated free peptide fragment (1 1-32). However, after L-amino acid oxidase 
digestion of the 

0.84 A 

acid hydrolyzate, 15% of Phe remained undigestible; if all the 

Par t~t ion  Chromatography 

(Sephadex G-25 3 4 X 5 2 C m )  

n - B ~ O H : A ~ O H : H , O / ~ .  1 :5 

f 

a 

2 0  3 0  4 0  
F r a l w  Number Fractmn Number 

I A Partition Chromatography 

(Sephadex G-25 .2 .7X54cm) 
n-BUOH.ACOH:H,O/~: I: 5 

Fraction Number  

Fig. 7. Purification of s y n t h e t i c [ ~ s u l ? ~ ]  -human-calcitonin. A, CM-cellulose chromatog- 
raphy; B,C, partition chromatography on Sephadex G-25 ;D,gelfiltration on Sephadex LH-20. 
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Table 111. Amino Acid Analysis of [ A S U ~ , ~ ]  -human-calcitonin 
and Its Fragments, (1 1-32) and (1 7-32) 

LY s 
H i s  
Asp 
Asn 
Thr 

Ser 
Gln 
Glu 
Pro 
G l Y  

Ala 
Val 
M e t  
I l e  
Leu 

T F  
Phe 
Asu 

HC1 HC1 AP-M 
1.02 (1) 0 .91 (1) 1.03 (1) 
1.02 (1) 0.84 (1) 0.91 (1) 
0.85 (1) 1.94 (2) 0.73 (1) 

ND (1) 
2.00 (2) 3.00 (4)  ND (4) 

remaining Phe was attributed to the racemization of Phe residue at position 16 
during the activation reaction and a control value for the racemization during 
acid hydrolysis (1.5% per one Phe residue) is taken into consideration, the extent 
of racemization during activation of Phe at position 16 was considered to be 
10.5% in a stage of the fragment synthesis. However, the same test with the 
purified final product indicated the presence of only 4% of D-Phe in the acid 
hydrolyzate. If a control value of 1.5% each is subtracted for three Phe residues 
from the observed value of 4%, it is reasonably judged that 10.5% of the race- 
mized product at position 16 had been removed completely during the final 
purification procedures. Thus, it must be emphasized that each coupling reac- 
tion of a peptide fragment containing an optically active amino acid residue at 
the C-terminus should be followed by a determination of the extent of racemiza- 
tion even though the coupling procedure had been proved to be racemization-free 
by standard test systems. However, if a small extent of racemization is unavoid- 
able, partition chromatography appears to be very effective in yielding a product 
of high purity. 

The most advantageous property of the Asu-derivatives is their stability during 
storage; a previously synthesized [ ~ s u l y ~ ]  -ee l -~alc i tonin~~ was stored over two 
months at 6 5 ' ~ ,  and no deterioration in the biological activity was observed 
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during this period (Fig. 8). On the other hand the biological activity of natural 
eelcalcitonin was reduced to one-third of the original level within one month. 
Stability of dilute solutions of the [ ~ s u l , ~ ]  eel-calcitonin at higher pH (40 U/ml) 
was also better than with natural-type eelcalcitonin even though it was dissolved 
in a dilute gelatin solution (Fig. 9). 

Immuno-cross-reactivity of the [ A S U ~ > ~ ]  -humancalcitonin against antisera to 
humancalcitonin was measured by Dr. Abe of the National Institute of Cancer 
Research in Tokyo. The precipitation curve was shown to be parallel to that of 
humancalcitonin (Fig. 10). 

Immunization of rabbits with [ A S U ~ ~ ~ ]  -human-calcitonin is now being devel- 
oped by Professor Kumahara, of Osaka University, and his group. They suc- 
ceeded in obtaining an antibody which was useful in a dilution of 1:2500. As 
can be seen in Fig. 11, 100 pg of calcitonin was measurable with this antisera, 
which was shown to cross-react with human-calcitonin. Since the synthetic 
analog has no disulfide bond in the molecule, no complications were encoun- 
tered in 125~-labeling of this material. This system was therefore considered to 
be more practical for the radioirnmunoassay of human-calcitonin than systems 
which contain disulfide-peptides. 

In conclusion, the maximum protection procedure in solution synthesis was 
demonstrated to be useful for the synthesis of complex peptides such as calci- 
tonin. For the synthesis of much more complex peptides, further experimental 
work must be conducted in which the length of the peptides under study is 
gradually increased. 

J 

0 10 20 30 40 50 60 day 

Fig. 8. Stability of powdered eel-calcitonins 
during storage at  65°C. 

' L A ~ u ' ' ~ j - E e l -  
'\ Calcitonin 
'a -, 

'\ 

Eel-Calcitonin 
'\ 

Fig. 9. Activity change of eel- and 
[ A S U ~ , ~ ]  -eel-calcitonin solutions at  vari- 
ous pHs during incubation at  65°C for 
4 hrs. 
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Calcitmin Added LAsu1"J-human-Calcitmin Added 

Fig. 10. Cross-reaction of [~sul ,7] -human-  Fig. 11. The standard curve in 
calcitonin with anti-human calcitonin. radioimmunoassay for [ ~ s u l , ~ ]  - 

human-calcitonin using an antiserum 
in a dilution of 1:2500. 
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SPECIAL FEATURES OF LARGE-SCALE PEPTIDE SYNTHESIS 

MAX FEURER, CIBA-GEIGY Limited, Bade, Switzerland 

Possibilities and Problems of Peptide Manufacture 

Behind the spectacular success of laboratory peptide syntheses the progress in 
technology has remained somewhat hidden, and I am glad to have the opportu- 
nity to present to you this aspect of peptide chemistry. In principle it appears 
possible today to synthesize peptides up to about 50 amino acids in the labora- 
tory, following methods compiled in the monumental volumes of Houben-Wey1.l 

Is this statement also true for chemical manufacture? I would answer this 
question positively; but actually only relatively few synthetic peptides are pro- 
duced industrially. Looking for an explanation we must realize that chemistry is 
not the only determining step for the therapeutic utilization of an active com- 
pound. The hurdles of biological tests, the detailed evaluation of biologists, 
pharmacologists and clinical investigators constitute a filter through which only 
a few biologically active peptides have passed. Another reason arises from the 
fact that only a few companies will take the risk of building up the appropriate 
infrastructure for peptide production and analytical control, accept the strict 
requirements by health authorities, and pay the costs of introduction, just to 
find out that the market is too small for this peptide hormone. From this point 
of view, the possibilities of peptide synthesis are only one piece in a complicated 
mosaic. Nevertheless, within the last 20 years about a dozen industrially synthe- 
sized peptide hormones reached the market (Table I). On the whole, the list 
reflects the scientific sequence of the discoveries, isolations and laboratory syn- 
theses in the field of peptide chemistry. After this general survey I should like to 
present two examples in more detail, namely: angiotensin 11, the compound we 
started with; and corticotropin{l-24), for which we used a general concept of 
synthesis. 

Starting Production: ( ~ s n l ,  ~al5)-angiotensin I1 

Since there is practically no literature on peptide production and patents are 
generally not too communicative,it might be interesting to show you the original 
scheme of synthesis when we started production in 1958 (Scheme 1). 

From the present point of view of peptide chemistry this scheme may appear 
to be rather daring. But in spite of chemical deficiencies we learned a lot techni- 
cally. A small production unit was set up and we had the courage to abandon 
glass vessels in favor of ordinary steel and glass-lined reaction kettles for the 
production of the intermediates on a relatively large scale. In addition, we devel- 
oped and installed a Craig distribution apparatus suitable for the industrial 
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Scheme 1. Original scheme for the synthesis of [ ~ s n l ,  va15] angiotensin 11, 1958. 

Table I. Industrial Synthetic Peptide Hormones 

purification of the final product. With these innovations we started the industrial 
production of peptide hormones. As peptide chemistry progressed, the synthetic 
scheme was obviously improved, and many extras were added, but I particularly 
wanted to demonstrate how simply one can start peptide production. 

Peptide 

Oxytocin 

[~sn~,~al~l-angiotensin I1 

~ys-Vasopressin 

Corticotropin-(1-24) 

Pentagastrin 

Desamino-oxytocin 

Desamino-D-Arg-vasopressin 
[DDAVP] 

TRH 

Salmon-calcitonin 

LH-RH 

Human-calcitonin 

Introduction of Concepts: Corticotropin-( 1-24) 

When we decided, in the early sixties, to attempt the synthesis of corticotropin- 
(1-24), we did not want to repeat our mistakes made with angiotensinamide, and 

NO.Of 
amino 
acids 

9 

8 

9 

24 

5 

9 

9 

3 

32 

10 

32 

Trade Name 

SYNTOCINON 

HYPERTENSIN 

VASOPRESSIN 
DIAPID (USA) 

SYNACTHEN 

PEPTAVLON 

SANDOPART 

MINIRIN 

TRF 
TIREGAN 
THYPINONE 

CALCITONIN 
CALCIMAR 

RELISORM L 

CIBACALCIN 

Producer 

SANDOZ 

CIBA 

CIBA 

ICI 

SANDOZ 

FERRING 

ROCHE 
HOECHST 
ABBOTT 

SANDOZ 
ARMOUR 

ABBOTT 

CIBA-GEIGY 

Intro- 
duction 

1956 

1959 

1961 
1970 

1967 

1969 

1971 

1973 

1974 

1974 
1975 

1975 

1977 
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we started thinking about concepts. Let us look at the concepts used in the 
original scheme for the synthesis of corticotropin-(1-24), (Scheme 2). 

.L 
OBu NO 
I 1 2  

2-Glu-His-Phe-Arg-Trp-Gly-OH 5  - 10 

Boc 

Boc Boc NO NO 
I 1 1 2 1 2  

TRI-Lys-Lys-Arg-Arg-Pro-OMe 1 s  - 1 9  J 1 1 - 1 9 1  I 
J 

11 - 24 J 
Boc 
I t 

2-Val-Lys-Val-Tyr-Pro-OBu ,, - 24 

Scheme 2. Synthesis of corticotropin-(l-24), R. ~ c h w y z e r . ~  

The concepts consisted mainly of: 

- Fragment condensation of medium sized peptide sequences. This approach 
permits the concomitant work on several fragments by various members of 
a group in research, development and production. The fragments were so 
chosen as to avoid racemization. 

- Protection of the side chains by substituents which can be easily removed 
in the final steps of the synthesis. 

Even though this scheme permitted the preparation of small amounts of 
corticotropin(1-24), we realized that concepts, as such, are not sufficient for a 
technical synthesis. We encountered insurmountable obstacles when the first 
100 grams of the active compound had to be prepared in the laboratory. Choice 
of fragments and the great number of different protecting groups caused compli- 
cations. As a consequence a revised scheme had to be elaborated, (Scheme 3). 

This revised scheme proved to be suitable not only for enlarged laboratory 
preparations but also for industrial manufacture. I shoilld like to emphasize that 
simple and sound chemistry is an absolutely essential basis for technology. 

Evaluation of Purity 

The aim of the industrial synthesis of peptides consists in the preparation of 
pharmaceuticals with a similar degree of purity as other synthetic medicinals. 
The responsibility of the manufacturer to the patient and the requirements by 
health authorities have to be fulfilled in every respect. The application of ingeni- 
ous purification techniques at the very end of a synthesis might be regarded as 
sufficient to obtain a pure, active compound. According to our experience, 
purification of the intermediates should be an integral part of the whole synthe- 
sis. In illdustrial manufacture it has proven to be essential to check each starting 
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Boc-Ser-Tyr-Ser-Met-NHNH 
t 2 

OBu 
I 

I -  j 
Z-Glu-His-Phe-Arg-Trp-Gly-OH 5 - 10 

Boc 
I 

Boc Boc 
I I 

Z-Lys-Lys-OMe 

11 - 24 

Z-Arg-Arg-Pro-OH 17 - 19 

BOC 17 - 24 
I 

Z-Val-Lys-Val-Tyr-Pro-OBu t 20 - 24 1 
Scheme 3. Revised synthesis of corticotropin-(l-24). 

material and isolated intermediate with regard to identity and purity before it is 
used in subsequent reaction steps. Only in this way can we prove the correct 
sequence and achieve a constant quality of the final peptide hormone. 

Analytical Methods 

Characterization and determination of content of an active compound like 
corticotropin-(1-24) demand highly developed analytical methods. The peptide 
contains 8 basic and 2 carboxylic groups and is isolated as an acetate with about 
6 molecules of acetic acid. Consequently the substance contains about 10% 
acetic acid and in addition about 10% water which is taken u p  by the hygroscopic 
lyophha te  on equilibration with moist nitrogen. The content of the three 
components is determined for each batch by accurate analytical methods, i.e. for: 
peptide - high pressure liquid chromatography; for acetic acid - gas chromatog- 
raphy; and for water - Karl Fischer titration. 

Other analytical tests for identity and purity are: amino-acid analysis, enzy- 
matic degradation for testing the optical purity, electrophoresis and thin layer 
chromatography (TLC), W absorption at different wavelengths,optical rotation, 
determination of the methionine(4)-sulfoxide by titration, and absence of 
microorganisms. 

Dosage 

The proper application of precise physico-chemical analytical methods to each 
batch of an industrial synthetic peptide permits the quantitative determination 
of the content and the evaluation of purity far more accurately than biological 
tests with their inherent large fimits of error. As a consequence, the therapeutic 
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dosage of a carefully manufactured peptide hormone is no longer dependent on 
the standardization by International Units, but can be safely expressed in weight, 
usually in milligrams. 

Genealogy 

According to the regulations of the health authorities the manufacturer has to 
present all analytical data of all intermediates and starting materials used in each 
step. For the production of a peptide with 20-30 amino acids this may concern 
hundreds or thousands of data following a genealogic system covering the whofe 
synthesis. Instead of compiling all data by hand we set up a computer program 
which is able to arrange all the given necessary data for each batch of the final 
product by following the path of synthesis back to the starting materials, the 
amino acids. 

Organization of Peptide Synthesis 

I believe that the successful industrial manufacture is highly dependent on an 
efficient organization of all activities. This framework should be considered as a 
unit of science and technology with a continuous flow of information back and 
forth between the individual sections. This approach ensures the constant adap- 
tion of technical processes to new techniques which are either published in the 
literature or elaborated within the sections. As an example, a general scheme of 
how this problem can be solved is shown in Scheme 4. 

Research Rapid synthesis of small amounts of pure peptide 

- full protection of amino acids 
- fragment condensation 
- chemically safe coupling methods 
- frequent use of special purifications 

Development Adaption of synthesis for industrial production 

- best suited fragments 
- simple coupling methods and purification 
- minimal protection 
Pilot scale up 

Production Pilot scale up 

- technical adaption of procedures 
- trouble shooting 
- equipment 
- personnel 
- safety, GMP, ecology 
- starting materials 
- costs, planning, investment 

Scheme 4. 'Peptide synthesis organization. 

452 
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Research concentrates its efforts on the synthesis of new peptides in small quan- 
tities for preliminary pharmacological tests. The methods used are specifically 
directed to a rapid and chemically safe synthesis. In order to take no risks, all 
functional groups in the side chains of amino acids are usually protected. For 
special purifications, such as counter-current distribution, small automatic units 
should be available. The freedom from development work of our research team 
has contributed to the rapid succession of new syntheses such as porcine tyro- 
calcitonin, human calcitonin, human parathyroid hormone, human corticotropin 
and human insulin. 

Development is, according to our experience, as indispensable in peptide chemis- 
try as it is in any other field of pharmaceuticals. The members of this group 
should be well acquainted with peptide chemistry, but also know exactly the 
requirements of production. The tasks of development consist essentially in 
1) the elaboration of the most efficient scheme for the technical manufacture of 
a peptide; 2) the search for the best-suited fragments which can be purified by 
conventional means and are easily coupled with each other on a large scale; and 
3) the reduction of protecting groups to a safe minimum in order to eliminate as 
many chemical steps as possible. These activities involve mainly laboratory work. 
Considering the great number of steps in a peptide synthesis this basic work 
requires a much longer period of time and more manpower than customary in 
the development of synthetic pharmaceuticals. 

The next step consists in the scale-up, which is usually carried out jointly by 
development and production, because the size of pilot and production batches 
do not differ significantly. Sometimes this undertaking by production shows 
some difficulties, as the English Nobel-prize winner J. Cornforth formulated: 
It is no good offering an elegant, difficult and expensive process to an industrial 
chemist, whose ideal is something to be carried out in a disused bath tub by a 
one-armed man who cannot read, the product being collected continuously 
through the drainhole in 100% purity and yield. 

Production is mainly responsible for the technical and financial aspects of pep- 
tide syntheses and the chemical trouble-shooting for processes in production. 
For equipment we generally use stainless or glass-lined steel kettles fitted with 
normal stirrers, vapor columns, condensers and receivers (Fig. 1). A heating- 
cooling system allows regulation of the temperature in the kettle continuously 
between -20" and t70"C. For hydrogenations special high speed stirrers are used 
in order to shorten the reaction time. Special equipment is required for handling 
the last steps, especially the final purification. We prefer Craig distribution 
apparati for routine use, since they have proven to be versatile even on an indus- 
trial scale (Fig. 2). This method permits not only a very efficient separation 
of by-products but also a close control of any stage of the purification. 

The training of the staff in production takes more time than usual and the 
standard of skill has to be higher because of the small number of batches of each 
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Fig. 1. Typical 200-gallon reactors used in production-scale peptide synthesis. 

Fig. 2. Large-scale Craig countercurrent distribution apparatus with 80 tubes for pep- 
tide production. 

step. The same crew has to carry out dozens of different reactions at short inter- 
vals. The necessary close supervision makes it clear that the number of foremen 
and technicians is higher than in other manufacturing units. Safety and ecology 
require no special attention, the quantity of each batch being very small com- 
pared to the usual technical order of magnitude. But even in small amounts 
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hydrazine- or azidecontaining sewage may turn out to  be highly toxic for fish. 
In consequence, we destroy these compounds before they reach the sewage system. 

Costs, Planning, Investment 

Costs 

After one has surmounted the numerous chemical difficulties of a 50-100 step 
synthesis of a new, active peptide, one is ready to start development. The first 
question of management will be: "How much does the active compound cost?" 
Because this simple question cannot be answered as such, you should return: 
"How much do we need for the next years?" Depending on the production 
scale, the same compound may cost up to 5 times moreif production remains 
very small (Fig. 3). 

For an initial approximation of costs it is sufficient to calculate with an 
average yield. It should not be forgotten, with a yield of 75%, only 10% of the 
starting material remains after 8 subsequent steps. To determine labor costs, a 
model reaction can be carried out which shows how much time is needed for 
preparations, the reaction and the isolation of the compound, as well as the 
cleaning of the equipment. In a second approximation, specific yields and 
adjusted labor costs can be taken in account. The latter might>asily amount 
to the half of the real total costs, the raw materials probably 10-20%. 

3 output/year 

Fig. 3.  The correlation of costs versus output. 



LARGE-SCALE PEPTIDE SYNTHESIS 

Planning 

The initial planning of a fragment peptide synthesis can be compared with the 
setting-up of a railroad time table, the trains running with unknown speed. But 
at the junction points, they should arrive at the right time in the right composi- 
tion, to be connected and pursue their course to the next junction point. 

Instead of planning the synthesis as a whole, it is advisable to determine in 
advance some key and stock intermediates. The chosen compounds should be 
stable,crystalline if possible, and have reliable analytical criteria of purity. Those 
key intermediates also serve as a buffer for unforeseen needs, not indicated in 
the budget. This may happen frequently because marketing prefers to order over 
short periods. If the amount key intermediates are too small, the active com- 
pound cannot be manufactured in time. On the other hand, if the key intermedi- 
ates are overstocked, the company loses money on the uselessly invested capital. 

Investment 

To determine the necessary capacity for a one-step reaction, such as a cemen- 
tation furnace, we can use the equation: capacity X time = output. An extreme 
contrary to this method should be applied to find the lay-out of a peptide pro- 
ductic unit. In the same vessel a variety of reactions must be carried out and 
dozens of different reactants processed, following each other in short intervals. 
For the manufacture of our peptide hormones, groups of three kettles between 
20 and 200 gallons combined with one centrifuge proved to be most useful. The 
minimal number of such groups depends on: the budget of the active compound; 
the most time-consuming path of the synthesis; the desired stock of key inter- 
mediates; the yield of each step; the average duration of one batch; and the term 
for the final product. 

Obviously the set-up of a new peptide production unit is a very time-consuming 
affair. After the planning together with the engineers, the hurdle of approval by 
the management is sometimes not taken in account. The installation of the 
equipment takes months; then it must be checked in detail by simulated runs. 
Finally production can begin. All thls time your company does not see one gram 
of the active compound. 

At the first glance an investment for peptide manufacture seems to be a very 
courageous enterprise - and that is a fact. But without any risk, there is nothing 
to win, and today, there are enough examples proving full success. Somebody 
does earn the money to enable our research team to continue its fine work on 
the active compounds of tomorrow. 
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REDUCTION OF METHIONINE SULFOXIDE TO 
METHIONINE IN PEPTIDES AND PROTEINS 

RICHARD A. HOUGHTEN and CHOH H A 0  LI, Hormone Research 
Laboratory, University o f  California, Sun Francisco, California 94143 

The oxidation of methionine to methionine sulfoxide in peptides and pro- 
teins occurs frequently, both by design1, and as an undesired side reaction during 
oxidative cleavage at tryptophan2, isolation from natural sources3, electrophore- 
sis4, and solid phase synthesis5. While the intentional introduction of methionine 
sulfoxide can be readily accomplished1, the reduction back to methionine has 
not been adequately in~es t i~a ted6-~ .  We have now investigated the reduction of 
methionine sulfoxide in peptides and proteins with specific reducing agents 
(mercaptoacetic acid, mercaptosuccinic acid, N-methyl mercaptoacetamide, mer- 
captoethanol, sodium dithionite, sodium meta-bisulfite, sodium thiosulfate, di- 
thiothreitol, 2- and 3-mercaptopropionic acid), and under various conditions: 
concentration of reducing agent (2-loo%), temperature (4'-37'~), pH (2-9), 
solvent (H20-100% acetic acid), and the presence of denaturing agents (8 M 
urea and 6 M guanidine hydrochloride). 

The relative ability of a 0.75 M solution of each of the reducing agents 
examined to convert methionine sulfoxide back to methionine at pH 3.5 was as 
follows: mercaptosuccinic acid, 100%; mercaptoacetic acid, 90%; N-methyl 
mercaptoacetamide, 80%; 2-mercaptopropionic acid, 75%; dithiothreitol, 55%; 
Na2S204, 40%; 3-mercaptopropionic acid, 35%; mercaptoethanol, 30%; Na2S203, 
30%; and Na2S205, 20%. At pH 8.5 the relative rates were as follows: N-methyl 
mercaptoacetamide, 100%; dithiothreitol, 75%; mercaptoacetic acid, 70%; mer- 
captosuccinic acid, 60%; 2-mercaptopropionic acid, 60%; 3-mercaptopropionic 
acid, 50%; mercaptoethanol, 50%; Na2S204, none; Na2S205, none. When the 
reduction was carried out with the commonly used mercaptoacetic acid, mercap- 
toethanol, or dithiothreitol in increasing amounts of acetic acid (Table I), the 
rate of reduction was found to decrease steadily with increase in acetic acid 
concentration. Variation of the pH between 2 and 9 of the reaction solution in 
the reduction of the free amino acid and a model heptapeptide containing 
methioriine sulfoxide significantly effected only reactions with mercaptocar- 
boxylic acids. These had a decrease in rate with higher base concentrations. 
With increasing concentrations of reducing agents, an increase in rate of reduc- 
tion was seen until the reducing agent reached a concentration of about 50% 
(v/v) after which the rate dropped rapidly. In the presence of 8 M urea or 6 M 
guanidine hydrochloride, the reduction rate was reduced about 20% in all cases. 

While mercaptosuccinic acid and mercaptoacetic acid had the highest rates of 
reduction, they both suffered from the serious disadvantage of giving varying 
amounts of acetylated products. when a methionine sulfoxide containing 
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Table I. Reduction of L-Methionine-d, 1-Sulfoxide 

Mercaptoncetic acid Mercaptoethanol 

100 75 50 25 10 5 H20 100 75 50 25 10 5 H20 

oithiothreitol 

75 25 5 Hz0 

At 37O~; reducing agents at 0.725 M: methionine sulfoxide = 1.0 mg/ml; determined 

by the ready separation of methionine sulfoxide and methionine by paper electro- 

phoresis at pH 2.1; ninhydrin visualization. 

heptapeptide was reduced. This acetylated by-product varied between 3 and 
4576, and was highest at basic pH's and lowest at pH 7.0. Since this occurs be- 
cause of thioglycolides formed from the reducing agents, we prepared N-methyl 
mercaptoacetamide which lacked the possibility of thioglycolide formation. It 
was found that, while only slightly less reactive than mercaptoacetic acid and 
mercaptosuccinic acid, this reducing agent gave no acetylation by-product. 

Using N-methyl mercaptoacetamide at a concentration of 7-28% (0.72-2.88 
M) at 3 7 " ~ ,  under acidic, neutral, or basic conditions, with and without denatur- 
ant present, we were able to  reduce quantitatively methionine sulfoxide back to 
methionine in 12-18 hr in two peptides (the model heptapeptide and a-MSH) 
and several proteins (reduced and alkylated human and bovine growth hor- 
moneg, and ovine prolactin) having all of their methionines oxidized to sulfoxide 
(Table 11). Thus, we conclude that the reagent of choice for the reduction of 
methionine sulfoxide back to methionine in peptides and proteins is N-methyl 
mercaptoacetamide. 

Table 11. Reduction of 717-Met (0)-Prolactin 

Reaction MA-5% MMA-7% ME-5% DTT-10% MA-20% MMA-26% ME-20% 
time (hrs) 

Concentration, 5.0 mg/ml; reaction temperature, 37'~; unreduced 
methionine sulfoxide was determined as methionine sulfone by amino 
acid analysis after dialysis against 50% HOAc, lyophilization, 
CNBr treatment in 70% HCO H, lyophilization x 2, treatment with 
70% HC03H at room temperazure for 1 hr, lyophilization x 2 and 
hydrolysis in 6NH.Cl. MA, mercaptoacetic acid; MMA, 3-methyl 
mercaptoacetamide; ME, rnercaptoethanol; DTT, dithiothreitol. 
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FURTHER STUDIES ON RACEMIZATION 
IN PEPTIDE SYNTHESIS 

J. KOVACS, Y. HSIEH, K. Y. HUI and S. E. KIM, Department 
o f  Chemistry, St. John's University, New York, New York 11439 

It was reported at the Fourth American Peptide symposium1 that Z-Cys(Bz1)- 
ONp (I) racemizes about as fast as the dipeptide Z-Gly-Cys(Bz1)-ONp (11) with 
NEt3 but couples 8 times slower with H-Val-OMe in THF. The k$k, values for 
I and I1 are 2.66 and 14.6, respectively, which indicate that Cys dipeptide active 
ester probably will give optically purer products in coupling than the correspond- 
ing Cys active esters. Similar behavior was observed for the OPcp esters. The IR 
spectra did not indicate the presence of any detectable oxazolone during racemi- 
zation. It was concluded that I1 probably racemizes mainly through a-hydrogen 
abstraction. 

Preliminary studies on the mechanism of racemization of I1 will be reported 
here. Kemp and Rebek2 demonstrated that the kinetic isotope effect can be 
used as a means of distinguishing enolization from oxazolone formation under 
certain conditions. Active ester I ,  deuterated on the a-carbon was prepared from 
Ac-DL-Cys(Bz1)-OH (111). Compound I11 was converted to oxazolone IV with 
DCC and IV was deuterated with AcOD/NEt3. Deuterated Ac-DL-Cys(Bz1)-OH 
(V) crystallizes slowly on acidification with CF3COOD with concomitant forma- 
tion of acetic anhydride (gas chromatography). The free acid V precipitates out 
of acetic acid solution of oxazolone IV and acetic anhydride can be detected by 
IR. Racemic Ac-(a ~H)C~S(BZ~)-OH was resolved with acylase I in the presence 
of Co* ion in good yield. Optically pure VI was converted to VII which was 
practically 100% deuterated as determined by mass spectrometry using m/e 
332 ion (Scheme 1). 

ZGI~-NH-!-C~ 6 
I 
CH=S 

Scheme 1 
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Racemization of VII in THF with 7 eq. of NEt3 gave an isotope effect of 
kH/kD = 7.5. Deuterium content of the racemic ester (94% racemized) was only 
64%. The only source is the amide hydrogen and this value therefore 
indicates exchange with the a-deuterium. 

The deuterated dipeptide I1 (a 2 ~ )  prepared from VII by the backing-off 
procedure4 showed 77% deuterium content by mass spectrum using m/e 294 ion. 
Racemization of I1 (a 2 ~ )  was carried out under the same conditions as the 
undeuterated dipeptide I1 (in THF with 7 eq. of NEt3) and an isotope effect of 
kH/kD = 2.5 was observed. This indicates that proton abstraction is the rate- 
determining step and that the racemization seems to proceed by &-hydrogen 
abstraction or enolization is parallel with oxazolone formation. Further study 
is in progress for additional information. 

After the anomalous behavior of Cys (Refs. 3 , 5 , 6 )  and Cys dipeptidel active 
ester derivatives was observed, it was of interest to test the effect of the side 
chain of Met on k, and kc. Here the sulfur is attached to  the y-carbon. Table I 
shows the experimental and calculated1 kr and kc values for Z-Met and Z-Gly-Met 
active esters. Data indicate that Met behaves more like simple amino acids: the 
kdk,  values are high, indicating "good behavior," that is lower degree of racemi- 
zation can be expected during coupling. 

It is known that some of the carboxyl activated histidine derivatives racemize 
unusually fast7-l2 during coupling. Preliminary rate studies were initiated to 
provide quantitative data concerning the effect of side-chain protecting groups 
on racemization and coupling. Table I1 shows the k,, kc and kc/k, values for 
Z-His(Bz1)-OPcp and Z-His(Z)-OPcp. The benzyl protected imidazole histidine 
active ester has the highest racemization rate among all amino acids studied 
(k, = 626) and the lowest kc/kr value (14). This indicates that the extent of 
racemization which can be expected during coupling is higher than that for other 
amino acids. Even without NEt3, a fast autoracemization takes place in THF solu- 
tion as shown in Table 11. These experiments indicate intermolecular-imidazole- 
side-chain-catalyzed racemization rather than intramolecular racernization. 

Table I. Experimental and Calculated Racemization and Coupling Rate 
Constants for Benzyloxycarbonylmethionine and 

Benzyloxycarbonylglycylmethionine Active Esters 

Compound x lo6z-'set-' kcx l ~ ~ f i - ~ ~ ~ ~ - ~  C )  "$5 
%Met-OPfp 56.35 (~8.53)~) 16.79 (10.00) 2980 (17211) 
ZCly-Met-0Pf.o 4710 (6146) 61 (85) 130 (138) 
2-Met-OPcp 2.80 (3.90) 0.36 (0.27) 1286 (690) 
ZGly-Met-OPcp 312.50 (409.7) 7.811 (2.30) 59 (57) . . - -  
2-Met-Oiip 8.65 (6.24) 0.076 (0.06) 88 (97) 
ZGly-Met-ONp 307.5 (655.6) 0.55 (0.506) 18 (7.8) 
a) With m t  in TRF. b) Concentration of activc esters was 0.05 1.:. All k 

3 
values are average of two experiments with 7 & 35 eq. of NZt3. c )  With ~ a l - 6 1 e  

in TRF. Concentration of active ester and Val-OMc war 0.13 5. d )  Predicted 
values in parentheses. ' 
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Table 11. Racemization and Coupling Rate Constants 
of His Active Ester Derivatives in THF 

Es te r  NEt t x106 kzxio6 kGxlo2 
Compound Conc. con$. sic-l elsec-~ wlseo-l b) kc/kE 

%His-OPcp 0.15 No 

Bzl  0.05 No 
0.05 0.35 0.9' lb.5 

&His-OPcp 0.05 0.35 36 0.23' 64 
z 

a) The average of 3 experiments. b) With Val-OMe, the  ester conc. 61 Val-OMe 
conc. was 0.13 M. c)  The average of 2 e x p e r h n t s .  

If the irnidazole protecting group is an electron withdrawing group (in our 
experiment, carbobenzoxy), then the racemization rate decreases 17 times while 
the coupling rate decreases only 4 times, which raises the kc/kr value by 4.4 
times. This value (64) is close to that of Z-Cys(Bz1)-OPcp (41), but still much 
lower than those for all other amino acids.l We conclude, in accordance with 
other i n ~ e s t i ~ a t o r s , ~ - l ~  that for the protection of the irnidazole side chain of 
histidine an electron withdrawing group should be used preferentially in order 
to decrease racemization or autoracemization. The order of ease of racemization 
of amino-acid active esters investigated under the same conditions is as follows: 
His > Cys > Ser > Asp > Phe > Met > Glu > Ala > Trp. 

Racemization of the penultimate amino acid on activation of the C-terminal 
carboxyl group was observed by Bergman and zervas13 and investigated later by 
Weygand et a1.14 and by Taschner and coworkers.15 Kinetic studies of the 
racemization of Z-Cys(Bz1)-Gly-OPcp in DMF and 7 eq. of NEt3 gave a kr value 
of 43 X lodlM-l sec-l. The racemization of Z-Phe-Gly-OPcp under the same 
conditions gave kr value of 78.5 X ~ O ~ M - ~  sec-l. These rates are significant 
when compared with Z-Cys(Bz1)-Gly-OEt, which shows no detectable racemiza- 
tion with ~ ~ t ~ . 6  Here the oxazolone is responsible for racemization. These and 
previous results indicate that coupling fragments at the glycine residue might not 
be completely free of racemization. 

We wish to thank Dr. C. Iden of S.U.N.Y. at  Stony Brook and Mr. Rocco Alessandro of the 
Department of Chemistry, St. John's University for measurement and evaluation of the high 
resolution spectra and Mrs. Christina Loskofsky for her assistance in infrared spectroscopy. 
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STUDIES ON PROTHROMBIN. SYNTHESIS OF PEPTIDES 
CONTAINING 7-CARBOXYGLUTAMIC ACID 

RICHARD G. HISKEY and NORMAN T. BOGGS 111, 
The W. R.  Kenan, Jr. Laboratories o f  Chemistry, Department o f  

Chemistry, The University o f  North Carolina at Chapel Hill, 2 751 4 

In an earlier communication1 we reported the preparation of various 
y-carboxyglutamic acid (Gla) derivatives and developed routes for the chemical 
synthesis of peptides containing this interesting new amino acid. We now report 
our continuing studies on a convenient process for the separation and isolation 
of both enantiomers of a protected Gla intermediate VI that is suitable for the 
chemical synthesis of chiral peptides containing Gla. The synthesis of a useful 
model tripeptide V is also described. 

Although the published synthetically useful methods of producing Gla 
derivatives have yielded only racemates,14 one compound, (k)N-carbobenzyloxy- 
y-di-t-butylglutamic acida-methyl ester [(+)I] , has been useful in producing 
model systems and in developing coupling procedures.1 Desiring a convenient 
model for Ca++ binding studies and pK, measurements, the tripeptide IVb was 
synthesized as shown in Fig. 1. Selective cleavage of the t-butyl esters was ac- 
complished at oOC for 30 minutes in a 1: 1 (vlv) mixture of methylene chloride 
and trifluoroacetic acid. 

In preliminary studies on the classical resolution of (+)VI, a diastereomeric 
pair of salts was produced by adding solid L-tyrosine hydrazide (H-L-Tyr-N2H3, 
prepared by the method of curtius5) to a warm solution of (+ )v I~  in methanol. 
Free acid was liberated from the tyrosine hydrazide salt by extraction into ether 
from 20% aqueous citric acid. After recrystallization of (*)VI.T from methanol, 
(L)-VI (configuration elucidated by acid hydrolysis to L-glutamic acid) was ob- 
tained only 80% optically pure, and the conversion efficiency from serine methyl 

Fig. 1. a.N2H4.H20, CH30H. b. i-BuONO, THF, HC1@ -23%. c. HGly-Et, THF @ 0'. 
d. H2, Pd.C, THF. e. iButylcholoroformate, THF, ET3N. f. TFAICH2Cl (1:l) @ OD, 
30 minutes. 

(?But)z  ( p ~ u ~ ) ~  ( p ~ ~ ) ~  

Z-Gla-OH Z-Gla-0H.T b'C Z-Gla-0H.Q (D - )V I  

(+)VI ( 5 ) V I . T  (D-)VI .Q 

' 

Fig. 2. a. CH3OH, L-Tyrosine hydrazide. b. 20% Aq. citric acid/Et20. c. L-Quinine, 
EtOAc. d. Remove solvent. e. Recrystallization, CH30H. f. Recrystallized EtOAc. 
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ester hydrochloride was less than 5%. Although the resolution process was not a 
complete success, the insolubility of (?)VI-T in ether allowed the elimination of 
two purification steps in the synthesis of (?)VI from serine methyl ester hydro- 
chloride. Preparation of (?)I followed, without purification, by base hydrolysis 
to (f)VI yielded a crude oil. Treatment of a cooled solution of the oil and 
H-L-Tyr-N2H3 in a minimum amount of methanol with an excess of dry ether 
precipitated the (+)VI-T salt in 59% overall yield for the three transformations. 

A more effective resolution procedure involved using the quinine salt proce- 
dure of Marki and schwyzer6 to obtain D-VI, and the H-L-Tyr-N2H3 procedure 
to obtain L-VI from the oily quinine salt of this enantiomer. The process pro- 
vides 15% D(-)VI and 18% L(+)-VI these percentages do not include partially 
resolved fractions. Thus, a convenient and efficient route to synthetic quantities 
of the Gla derivative L(+)- or D(-)-I1 from serine methyl ester hydrochloride is 
now available. 

To assay optical purity, the scheme in Fig. 3 was utilized. The data verifies 
the assignment of absolute configuration previously suggested3 and indicates that 
the optical purity of IV is sufficient for use as a synthetic intermediate. Table I1 
contains a selection of rotation data obtained during resolution. 

Finally, optically pure D(?)-I1 and D(+)-IX were prepared as indicated in 
Fig. 4. Table I presents the properties of racemic and resolved Gla derivatives. 

Table I. Racernic and Resolved Gla Derivatives 

(+)V.T 

0-Vl .q 

L-V1.T 

0-VI 

L-VI 

(+)VI I  

0 - V I I  

L -VI I  

(+ ) I  

0-1 

(+)I1 

0-11 

0, 0-IX 

L, L-IX 

Mp. "C 

125-130 

139-141 

149-150 

87 

80-84 

148.5-150 

1 6 3 - 1 6 4 ~  

o i l  

o i l  

108.5-110 

63.5-64.5 

o i l  

[ e l o  temp (degrees) 

This Study Schwyzer and Coworkersa 

+ ~ z . ~ ~ ~ ~ ( c = ~ . o , c H ~ o H )  

-68.626(c=1 .O, CHC13) -72.4(c=1, CHC13) 

+22.222(c=1 .O, CH30H) 

+11 .622(c=2.26, CH30H) 

-9.722(c=0.89, CHC13) - l l . 3 ( c = l  .l, CHC13) 

-10.321(c=2.~, CH30H) -10.9(c=l. l ,  CH30H) 

+12.3(c=l .l, CHC13) 

-5.726(c=l .O, CH30H) -5.7(c=1, CH30H) 

+5.az4(c=1 .O, CH30H) +5.6(c=1, CH30H) 

C 

+ 1 . ~ 5 ~ ~ ( c = l . 2 ,  CHC13) 

a. Resolut ion and r o t a t r o n  data of Schwyzer and  coworker^^'^'^. b .  Var iab le ,  
a second measurement being 146-148d. c .  Rotat ions observed from 0.5-2.0 de- 
grees. However, h y d r o l y s i s  y ie lded racemic glutamic a c i d .  
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0-VI .Q V I I  V I I I  

Fig. 3. a. 20% aq. citric acid/Et20. b. H2, Pd. C, CH30H. c. 6 N HCl, llO°C, 3 hr. 
d. Dissolve in H20, lyophilize X3. e. Extraction X3 of aq. solution with Et2O. f. Recrystal- 
lization from 6 N HC1. 

Fig. 4. a. CH2N2, Et2O. b. N2HqsH20, CH30H. c. DMF, THF/HCl,n-BuONO, -23°C. 
d. Et3N. e. D(-)-VII slurried in DMF, O°C. 

Table 11. Resolution Rotation Dataa [a] D Degrees 

% 
S a l t  VI "I1 O p t i c a l  

So lven t  CHC13 CHC13 CH30H CH30H H20 P u r i t p  

(0-)VI.Q -67.5(24) -8.6(24) - -5.9(24) -20.5(22) 100+2 

-68.6(23) -9.7b t11.6' -5.4f -19.tjg 98+2" 

-67.6(26) - 8 . 4 ( 2 ~ ) ~  + 9 . 8 ( 2 ~ ) ~  -5.1f 

Solvent:  CH30H CHC13 CH30H CH30H H20 

(L-)VI.T +22.3(24) - - l 0 . 3 ( ~ 1 ) ~  +5.8(24) +19.3 95+2 

+ 1 9 . 6 ~  9552" 

t22.0(24) + 9 . 4 ( ~ 6 ) ~  - 8 . ~ ( 2 6 ) ~  +5.8(22) t19.6(22) '  9 8 ~ 2 "  

a. [ale, Temperature i n d i c a t e d  i n  b racke ts ,  concent ra t ions  a t  1 .OO un less  
o therw ise  i n d i c a t e d .  b.  c-0.86. c. c-26. d .  c=1.20. e .  ~ ~ 2 . 5 5 .  f. Not d r i e d  
over P205. g .  c.0.84. h .  c.2.0. i. ~ ~ 2 . 4 9 .  j. c=1.05. k. c=0.965. Z .  c=0.92. 
rn. Def ined  as (a bs/astd)X1OO, where o i s  t h e  r o t a t i o n  of a u t h e n t i c  1- 
g lu tamic  a c i d  hy%ochlor ide (+20.3+0.4~~$=1.00, H20). n. Corrected f o r  con- 
c e n t r a t i o n  v a r i a t i o n  o f  t h e  standaFd. 
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CHARLES N. C. DREY, School o f  Chemistry, Robert Gordon's 
Institute o f  Technology, Aberdeen, and GARETH P. PRIESTLEY, 
Department o f  Chemistry and Polymer Technology, Polytechnic of 

the South Bank, London. 

Synthesis of folate conjugates have been previously detailed.'-'' These suffer 
severally from a number of practical difficulties such as low yields, protracted 
isolation and purification procedures and removal of protecting groups. Collec- 
tive experience suggested that acidolytic or reductive methods of cleavage of 
protecting groups was a necessary requirement and that C-terminal elongation of 
peptide residues may well provide significant advantages in handling glutamic 
acid peptides. It would thus be possible to isolate and characterize intermediate 
peptide acids or their quarternary ammonium salts at each stage of peptide 
synthesis. 

In a preliminary model synthesis incorporating the picolyl ester,ll starting 
materials were prepared from ~-benz~lox~carbon~l-~-t-but~l-~-~lutamate,~~~~~ 
namely N-benzyloxycarbonyla-4-picolyl-L-glutamate and a-4-nitrobenzyl-y-t- 
butyl-L-glutamate. Coupling of the latter using the carbonic mixed anhydride 
(CMA) procedure14 afforded the fully protected dipeptide (I) in 81% (see 
Scheme 1). Treatment of (1) with trifluoroacetic acid furnished the free 
y-carboxyl dipeptide (2) in 86%. At this point the peptide could be elongated as 
necessary through a peptide acid and a-4-nitrobenzyl-y-t-butyl-L-glutamate. To 
assess the route the peptide was 'stopped' by coupling (2) and a,y-di-4- 
nitrobenzyl-L-glutamate with the CMA method14 to yield the protected tripeg 
tide (3);  subsequent deprotection yielded the free aminopeptide (4) dihydrobro- 
mide in good yield. 

1 
R-GIu O P i c  

-GI u j - 0 ~ ~  

 OR^ 
1 2 t ( I )  R = Z, R = ~NO,-,BZ~,*R~ = Bu , n = 1 

1 2 3 (5) R = ~~~-trifluoroacet~lptero~l, R = R = pNO 2 Bzl, n = 2 

* 
(pN02Bzl = 4-nitrobenzyl) 

Scheme 1 
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We found that a critical step in the preparation of pure conjugates was the 
rigorous purification of pteroic acid.15 Derivatization to yield NIO- 
trifluoroacetylpteroic then proceeded smoothly in high yield. Coupling 
of the free amino peptide (4) with Qle latter using the CMA method14 in 
dimethylformamide7, gave after washing and isolation the fully protected conju- 
gate (5) in 55% yield. 

Modification of the synthesis pioneered by Meienhofer and co-workers7 incor- 
porating methodology from the above route led to a successful combination as 
described below. 

C-terminal peptide synthesis in conjunction with block coupling of intermedi- 
ates (Scheme 2), furnished fully protected tri-(6), penta-(7) and h e p t a - l  
glutamates The key intermediate N-benzyloxycarbonyl-a-t-butyl-L 
glutamyl-a-t-butyl-~glutamate16 was prepared by salt coupling10~16-18 using the 
CMA m e t h ~ d . ~  Extension to the protected tripeptide (6)7 then gave entry to a 
2+3 and 2+5 'blocking', yielding the complete series of peptides.7 Amino depro- 
tection and coupling to NlO-trifluoroacetylpteroic a ~ i d ~ - ~  furnished analytically 
pure conjugates in 69, 69, and 80% yield for the tri-(9), penta-(lo), and hepta- 
pteroylglutamates7 (1 I) ,  respectively. Additional simplification of the route gave 
access to the partially protected tripeptide (12) via two successive C-terminal, 
salt coupling r e a ~ t i o n s . ~ 0 , ~ 6 - ~ ~  Removal of the N-protecting group giving (l3), 
was followed by coupling to N1O-trifluoroacetylpteroic a ~ i d ~ - ~  yielding the pter- 
oylglutamyl acid (14) in 71% yield. Complete deprotection7 led directly without 
further purification to pure pteroyl triglutamate (15) in 70% recovery.19 

1 
(IS) R = p t e r o y l ,  R2 = R3 = H, n = 3 

Scheme 2 
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Pteroylglutamates may conveniently be prepared by C-terminal peptide cou- 
pling reactions in conjunction with rigorously purified pteroic acid. Simplifica- 
tion of the method by a minimal-protection salt-coupling strategy led to the 
rapid preparation of pteroyl tri-y-L-glutamic acid in high yield. 

One of us (G. P. P.) wishes to thank the Wellcome Trust for a grant, and in addition we 
thank Dr. S. W. Wilkinson for helpful discussions. 
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AN IMPROVED LEUCINE ENKEPHALIN SYNTHESIS 

GERALD SIGLER, WILLIAM FULLER and 
RAYMOND VAVREK, Bio-Organic Department, Calbiochem, 
10933 North Torrey Pines Road, La Jolla, California 92037 

Since the discovery and structure elucidation in 1975 of the endogenous 
opiate peptides, leucine- and methionine-enkephaliql the demand for research 
quantities of these substances has risen sharply. As a result, we became interested 
in developing a rapid solution method for their synthesis which could be adapted 
to large scale production. 

In order to minimize the number and the complexity of the protected amino- 
acid derivatives which would be employed as starting materials, a strategy of 
minimum protection was chosen. With leucineenkephalin as the prototype, two 
alternate routes were devised and carried out (Schemes 1 & 2). The key features 
of these syntheses are: 1) the use of salt couplings to obviate the need for ester 
protection, 2) the synthesis of the C-terminal sequence via the N-carboxyanhydride 
of phenylalanine, 3) the application of a mixed anhydride fragment coupling to 
obtain the N-protected pentapeptide, and 4) the incorporation of tyrosine with 
the phenolic-OH unprotected. 

The dipeptide, Boc-Tyr-Gly, was prepared by coupling Boc-Tyr-OSu with 
sodium glycinate in a mixed-solvent system of THF/aqueous NaHC03. The 
coupling reaction proceeded smoothly on a 0.3 molar scale; over 85% yield of 
the dipeptide was obtained on acidification of the concentrated reaction mixture. 

Crystalline phenylalanine-N-carboxyanhydride (Phe-NCA) was prepared in 
large quantities by the procedure of Fuller, et a1.2 The coupling of Phe-NCA to  
Leu was carried out in a biphasic solvent system of acetonitrile/0.2 molar 
Na2C03 (60:40) at - 1 0 ~ C . 3 , ~  As was found with the synthesis of other simple 
oligopeptidesP these conditions gave negligible amounts of polymerized by- 
products of the type @'he),-Leu. The major side product of the reaction was 

I )  iBuOCOCl/Et,N TFA 
aoc-Tyr-0Su t ~ l y - ~ a '  --t Boc-Tyr-Gly r Boc-Tyr-Gly-Gly-Phe-Leu - LeuS-enkephalin 

2) Gly-Phe-Leu/Et3N 

TFA 
Phe-NCA t ~ e u - ~ a ~  4 (Phe-Leu) + Boc-Gly-OSu 4 Boc-Gly-Phe-Leu --. Gly-Phe-Leu 

1 
~ h e - ~ e u ~  

Scheme 1.  2 + 3 fragment coupling. 

1 )  iBuOCOC1/Et3N 
----r Boc-Tyr-Gly-Gly 

2 )  Phe-Leu/Et2N 

TFA 
Boc-Tyr-Gly-Gly-Phe-Leu + Leu5-enkephalin 

a I so la ted  f o r  use i n  Scheme 2 

Scheme 2. 3 + 2 fragment coupling. 
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free Phe, resulting from the hydrolysis of the unreacted Phe-NCA, which due to 
technical difficulties, could not be removed from the stable emulsion formed 
during the reaction. After adjusting the reaction mixture to pH 8.0 with HC1, 
Boc-Gly-OSu was added at room temperature. In spite of the rapid hydrolysis of 
the active ester in the reaction medium, which gave Boc-Gly as the major con- 
taminant in the product, it was possible to  obtain an overall 55% yield of Boc- 
Gly-Phe-Leu by the selective crystallization of the protected tripeptide from 
ethyl acetatelhexane on a 10 mrnolar scale. However, an attempt to scale up the 
reaction to 0.2 molar resulted in a much lower yield of the tripeptide. The Boc- 
tripeptide was deprotected with TFA,neutralized, and the tripeptide was crystal- 
lized from 50% 2-propanol. 

For the 2 + 3 fragment coupling, the mixed anhydride of Boc-Tyr-Gly with 
isobutylchloroformate was reacted with the triethylammonium salt of Gly-Phe- 
Leu in a mixture of THF and DMF. The Boc-pentapeptide was separated from 
the excess of Boc-Tyr-Gly by several precipitations from methanol with water. 
Attempts to purify further the BOC-Leu5enkephalin by crystallization were 
largely unsuccessful. However, after deprotection with TFA, a five-gram sample 
of the leucine-enkephalin salt was easily purified by preparative high-pressure 
liquid chromatography (Prep LClWaters Associates) on silica gel columns with a 
chloroform/methanol/water system. The yield of purified leucine enkephalin 
acetate, based on the amount of Gly-Phe-Leu used in the fragment coupling, 
was 40%. 

Because of the difficulties in scaling-up the preparation of the tripeptide 
Gly-Phe-Leu by the in situ NCA procedure, an alternate synthesis of leucine- 
enkephalin was pursued in which the salt coupling with Boc-Gly-OSu was 
eliminated (Scheme 2). Using essentially the same procedure as for the synthesis 
of Boc-Tyr-Gly, Boc-Tyr-OSu was coupled to the sodium salt of Gly-Gly to give 
a 70% yield of pure Boc-Tyr-Gly-Gly as an oil. The dipeptide, Phe-Leu, was 
isolated in 45% yield from the reaction of sodium leucinate with Phe-NCA on a 
0.2 mole scale. The mixed anhydride of Boc-TyrGly-Gly was then coupled with 
the triethylammonium salt of Phe-Leu in a mixture of THF and DMF. The 
crude product contained large amounts of Boc-Tyr-GlyGly and several minor 
Pauly-positive side products which moved faster on TLC than the Boc- 
pentapeptide. Preparative-high-pressure-liquid chromatography on 20 grams of 
the crude material with CHC13-MeOH (90: 10) was successful in removing Boc- 
Tyr-Gly-Gly from the mixture, but only partially separated the other minor 
protected impurities. 

In conclusion, two alternate syntheses of leucineenkephalin have been car- 
ried out using salt couplings only. However, neither route has been optimized 
on a large scale. 

The main advantages of our approach were found to be: 1) the ease of 
preparation of the acylating components, 2) the rapidity of the coupling methods 
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and the generally facile work-up procedures, and 3) the lack of any deprotection 
steps other than removal of the Boc-group. 

On the other hand, the major difficulties with the method which complicated 
scale-up procedures were: 1) The low yields in the in situ reaction of Boc-Gly- 
OSu with the salt of the C-terminal dipepiide due to hydrolysis of the active 
ester, 2) the lack of crystallinity of the two intermediates Boc-Tyr-Gly-Gly and 
Boc-Tyr-Gly-Gly-Phe-Leu, and 3) a mixture of tyrosine-containing side-products 
obtained from the mixed anhydride salt coupling which were difficult to separate 
from the desired Boc-pentapeptide. However, deprotection of the crude Boc- 
Leu5enkephalin gave a mixture of products which was easily purified by high 
pressure liquid chromatography. 
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PREPARATION AND CONFORMATIONAL ANALYSIS OF 
GALLINE AND CLUPEINES 

F. MARCHIORI,  G. BORIN,  B. FILIPPI ,  G. M. BONORA,  and 
C. TONIOLO, Biopolymer Research Center, C N. R., Institute of 

Organic Chemistry, University of  Padova, 351 00 Padova, Italy. 

Protamines are present in animal mature sperm cell nuclei as basic proteins of 
relatively low molecular weight (4,000-9,000) associated with D N A . ~  They 
contain in a linear polypeptide chain 30 - 70 amino acid residues, 70% of which 
are arginines that are inserted in the sequence as clusters of 2-7 residues separat- 
ed by blocks of 2-4 neutral amino acids. The significance of this unique struc- 
tural feature is currently not understood, although it is reasonable to believe that 
it is related to their property of forming specific complexes with DNA where 
various types of interaction other than electrostatic are operative. We intend to 
prepare protamines, their fragments and selectively modified analogs thereof by 
synthesis or chromatographic purification of commercial products followed by 
chemical or enzymatic cleavage, and to investigate their conformational prefer- 
ences and the stability of their complexes with nucleotides and DNA using 
various spectroscopic techniques. We first focused our attention on galline (from 
domestic fowl)2 and clupeines (from herring).l In this communication we de- 
scribe the synthesis of the octadecapeptide C-terminal fragment of galline (G-I) 
and the preliminary results of a conformational analysis of clupeines. 

For protamines, the major synthetic problem arises from the presence of long 
sequences of arginyl residues. To overcome this difficulty, our synthetic ap- 
proach is based on the substitution of all arginines by ornithines which can be 
transformed into arginines by amidination. To make this approach reliable, the 
amidination reaction was studied using ornithyl peptides of different length 
prepared as an intermediate for the synthesis of the C-terminal sequence 48-65 
of galline,2 previously reported as a single molecular species:3 H-Ser-Gly-Gly- 
Val-kg4-Tyr-Gly-Ser-Argg-Tyr-OH. 

The entire sequence was synthesized following the schemes shown in Figures 
1 and 2. The protected peptides A,  B and C were transformed into the corre- 
sponding hydrazides and successively coupled by the azide procedure starting 
from fragment D. All compounds were obtained in pure form and fully charac- 
terized. The peptide intermediates were deblocked by hydrogenolysis followed 
by treatment with 90% trifluoroacetic acid and amidinated using 3,s-dimethyl- 
pyrazole-1-carboxamidine nitrate at pH 9.3 (48 h at 3 7 ' ~ ) . ~  The reaction 
mixture was purified on a G-10 Sephadex column equilibrated and eluted with 
5% acetic acid. The Sakaguch and ninhydrin positive fractions were collected 
and lyophilized. The amino-acid composition of the products, both in the acid 
hydrolyzates and in the aminopeptidase M digests, show the complete 
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48 56 
Sn G l y  G l y  Val  O r n  O r n  O r n  O r n  T y r  

Fig. 1. Scheme for the synthesis of subfragments A (sequence 48-5 1) and B (sequence 52-56). 

transformation of ornithine into arginine residues. When ornithine is present as 
the N-terminal residue, the reaction is selective for the 6-amino group of the side 
chain; when glycine is present as the N-terminal residue, the reaction occurs to 
some extent at the a-amino group as well. The results obtained show that the 
proposed approach is very promising for the synthesis of protamines. 

Because of the still unclarified possible significance of heterogeneity in 
clupeines, the three major components, YI, YII, and Z (Scheme l), were separat- 
ed by chromatography on a column of CM-52 carboxymethylcellulose. The 
homogeneity of the various fractions was checked by analytical rechromatography 

1 5  10 15 20 25 31 
YI: H-Ala.AAL4. Ser.Ser Ser.A.Pro.lle .AAAA.Pro.AAA.Thr.Thr.AAAA.Ala.Gly .AAAA-OH 

1 30 
YII: H-Pro.AAA . Thr .AA.Ala.Ser.A .Pro.Val.AAAA.Pro.AA .Val.Ser .AAAA .Ala. AAAA-OH 

1 5 10 15 20 25 31 
2: H-Ala.AAAA.Ser.AA,Ala.Scr.A .Pro.Val.AAAA.Pro.AA .Val.Ser .AAAA.Ala AAAA-OH 

'Scheme 1. The primary sequence1 of clupeines YI, YII, and Z. Arginine is represented by A. 

on the same column, amino-acid analysis, and determination of N-terminal amino 
acid. 

A CD investigation of the three chromatographically pure clupeines was car- 
ried out as a function of pH, solvent polarity, temperature, added salts, and 
structure-disrupting agents. In 2-chloroethanol the three proteins assume the 
right-handed a-helical form in considerable amount (40 - 50%). Addition of 
water to the alcoholic solution destroys this ordered structure. The differences 
in the extent of formation and the stabdity of the a-helical conformation among 
the three clupeines appear to be minor. The CD spectra of clupeine Z at neutral 
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57 65 
Gly Ser Orn O r n  Orn Orn Orn Orn Tyr 

Fig. 2. Scheme for the synthesis of subfragments C (sequence 57-61) and D (sequence 62-65). 

pH and in 2-chloroethanol are shown in Figure 3.  In the 0.1 -4.0 X l o - l ~ r a n ~ e ,  
in contrast to components YI and Z, the YII component does not seem to be 

Fig. 3. Circular dichroism spectra of clupeine 
Z in water (pH 6.0) (A) ahd in 2-chloroethanol 
(B) at 23°C. 

1 
200 210 220 230 250 250 

WAVELENGTH, nrn 

sensitive to the addition of phosphate mono- and di-anions. The possible impli- 
cations of this finding to  the interaction of clupeines with nucleotides and DNA 
are under investigation. 
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SYNTHESIS OF GLYCOTRIPEPTIDES CONTAINING L-SERINE 
AND 2-ACETAMIDO-2-DEOXY-6-D-GLUCOPYRANOSYL 

RESIDUES 

HARI G. GARG and ROGER W. JEANLOZ, Departments o f  
Biological Chemistry and Medicine, Harvard Medical School, and 

Massachusetts General Hospital, Boston, Massachusetts 021 14 

Synthetic model compounds containing 2-acetamido-2-deoxy-D- 
glucopyranosyl Lasparagine and Lserine residues are of interest for elucidating 
the significance of the L-serine (or L-threonine) residue located one amino-acid 
residue away, in the direction of the C-terminal, from the L-asparagine 
residue involved in the N-(L-aspart-4-oyl)-2-deoxy-&D-glucopyranosylamine 
carbohydrate-protein linkage of ~ - ~ l ~ c o ~ r o t e i n s , ~  and for the study of the base- 
catalyzed 0-elimination of carbohydrate chains in 0-glycoproteins, such as sub- 
maxirnillary mucins, blood group substances, and proteoglycans.2 

Compound 1 was obtained by condensation of 2-acetarnido-3,4,6-tri-0-acetyl- 
N- [N-(benzyloxycarbonyl) - L-aspart -4-oyl] -2-deoxy-~-~-glucopyranosylamine3 
with glycyl-L-serine methyl ester [obtained by treatment of the N-benzyloxy- 
carbonyl derivative4 with 30% hydrogen bromide in acetic acid, followed by 
saponification with triethylamine] in the presence of Woodward reagent K under 
the conditions described earlier.5 

AcO CHz N H C b z  
I 

COCH2CHCO-GIy-L-Ser-OMe 

A C O q '  

N H A c  

Compound 3 was obtained from O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy- 
~-D-glucopyranosylamine)-N-(benzyloxycarbonyl)-L-serine methyl ester,6 by 
removal of the benzyloxycarbonyl group, condensation with N- 
(benzyloxycarbony1)-glycine p-nitrophenyl ester,7 to give 2, removal of the 
benzyloxycarbonyl group, and condensation with N-(benzyloxycarbony1)-L- 
asparagine p-nitrophenyl ester.* 

AcO CH, 0 cH'JLo2Me 

nco 

NHAc - 2 R = C b z - G l y  
3 R =Cbz-L-Asn-Gly - 
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Finally 7, 8, 9, obtained by catalytic hydrogenation of the N- 
benzyloxycarbonyl derivatives9 4,  5, and 6, respectively, were O-deacetylated 
with triethylamine to give 10, 11, and 12, respectively, see Scheme 1. The 
physical properties of the new glycopeptides are rep0rte.d in Table I. 

Table I. Physical Characteristics of the Glycopeptidesa 

Compound M.p. [a];' C t.1.c. 

(Qd - 

2-Acetamido-3.4.b-tri-0-acetyl-F- 225-228 

(1-(benayloxycarbany1)-L-aspart-1- (MeOH) 

oyl-(glycyl-L-serine methyl ester)-4- 

oyll-2-deoxy-8-D-glu~opyranosylamine (1) 

g-(2-Acetamido-3,4,6-tri-g-acetyl-2- 

deoxy-8-D-glucopyranosy1)-L-serine 

derivative of 

N-(aenry10xycarbon~l)-glycyl- lb8--169 

L-serine methyl ester (2) (EtOH) 

N-(Benzyloxyearbony1)-L- 188--190 

asparaginyl-glycyl-L- (dec, EtOH) 

serine methyl ester (2) 

L-Seryl-L-alanyl-L-alanine 192--193 

methyl ester (Z) (MeOH / E ~ ~ o )  

L-Seryl-L-alanyl-glycine 173-174 (dec) 

ethyl ester (6) (EtOH/~t20) 

L-Seryl-glycyl-L-alanine 94--96 

methyl ester (9 (2-PrOH) 

0-(2-Acetamido-2-deoxy-6-D-glycopyra- 

nosy1)-L-serine derivative o t  

L-Seryl-L-alanyl-L-alanine 195-196 

methyl ester (l0) (dm, EtOH) 

L-Seryl-L-alanyl-glycine 173--174 

ethyl ester (12) (E~OH/H~O) 

L-Seryl-glycyl-L-alanine 145--146 

methyl ester (12) (2-PrOH) 

a For methods, see Ref. 9 .  

In parentheses, solvent of crystallization. 

In parentheses, concentration (c) and solvent: C, CHClr; F, HCONHel. 

In parentheses, solvent (vlv): A (14:1, CHC~$/M~OH); B (19:1, CHClr / 
EtOH); C (7:3, CHC~~/M~OH); D (1:1, CHC~I/M~OH). 
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Treatment of 4, 5,  6, 7, 8, and 9 with 2 M sodium borohydride in a 0.5 M 
sodium hydroxide solution for 20 h at  40°C almost completely cleaved glyco- 
peptides 4,5 ,  and 6, whereas 7, 8, and 9 were unaffected. 

4 H M e  M e  Cbz Ac 

5 M e  H M e  Cbz Ac 
6 H M e  H Cbz Ac - 
7 H M e  M e  H Ac - 
8 M e  H M e  H Ac - 
9 H M e  H H Ac - 

1 2  H M e  M e  H H 
1 1  M e  H M e  H H 
1 2 H M e H  H H 

Scheme 1. 

Attempts to transfer the glycosyl residue from the L-seryl residue of 3 to the 
L-asparagine residue to give I ,  under the conditions (treatment with stannic 
chloride) described for 0 + N migration of the glycosyl residue in pyrimidine 
nucleoside derivatives,1° were unsuccessful. 

This is publication No. 732 of the Robert W. Lovett Memorial Group for the Study of 
Diseases Causing Deformities, Harvard Medical School at  Massachusetts General Hospital, 
Boston MA 02114. The work was supported by a USPHS Research Grant (AM-03564). 
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PRODUCTION OF SEMISYNTHETIC MYOGLOBIN BY 
STEPWISE FRAGMENT CONDENSATION. 

F R A N K  R. N. GURD, WILLIAM H. GARNER, RICHARD D. 
DIMARCHI  and CHI-CHIN WANG, Department o f  Chemistry, 

Indiana University, Bloomington, IN 47401 

The specific incorporation of alternative amino acids or isotopically enriched 
amino acids into proteins is required for the detailed examination of structure- 
function relationships. Semisynthetic approaches depend on cleavage of the 
naturally occurring parent protein to obtain peptide segments that can be altered 
or substituted with isotopically enriched amino acids and then used for coupling 
to obtain a reconstructed protein incorporating both the natural peptide seg- 
ment, or segments, and the artificially introduced residues. In general the meth- 
ods require reversible intermediate protection of some functional groups, cleav- 
age of the polypeptide chain at appropriate places, activation and coupling of the 
isolated fragments with modified natural fragments or with synthetic peptides, 
and deprotection1.2. 

This progress report deals with semisynthetic studies on myoglobin in which 
the whole protein or a defined fragment of it is isolated with a free terminal 
a-amino group and with all €-amino groups protected by acetimidation3. The 
free a-amino group is used as the site of coupling with a carboxyl-activated, 
suitably protected amino acid or peptide to produce the desired sequence in a 
protected form which can then be reconverted to the simple polypeptide form 
by deprotection. Two applications are described here. The first is the specific 
coupling of a glycine residue enriched in 13c at the amino terminus of the intact 
protein, an application which tests all stages except cleavage. The second applica- 
tion involves specific chemical cleavage of the amino-protected myoglobin to 
yield the large fragment comprising residues 15-153, followed by recoupling in 
stages to rebuild the segment containing the first 14 amino acids. 

Preparation of AmineProtected Protein. Acetimidation of 20g purified sperm 
whale myoglobin dissolved in water (30 mg/ml) was accomplished with 120g 
methylacetimidate at 1 5 ' ~  for 1 hour at pH 9.83. The initial separation of the 
protein reaction products was achieved on DEAE A-50 Sephadex at pH 8.9 and 
4 ' ~ .  Each fraction was purified on Sephadex CM C-50 pH 6.5. The first compo- 
nent was acetimidated at all 19 lysine groups as well as the a-amino group and is 
suitable for the cleavage treatment to prepare fragment 15-153. The second 
component could be separated into two fractions, one of which bears the block- 
ing groups on all 19 lysine residues but has the a-amino group free. This material 
is suitable for the preparation of the glycine adduct described below. The 
acetimidation procedure has the advantage that the charge state of the amino 
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groups is retained which appears responsible for the retention of water solubility. 
The acetimidation procedure yields more free a-amino product at higher pH 
(10.5) but at the expense of deamidation as sh6wn by isolation of later chromat- 
ographic products followed by titration, electrophoresis and isolation of pep- 
tide fragments. The purity of the lysine-protected form with the a-amino group 
free was assured by coupling with tetrahydrophthalic anhydride, chromatogra- 
phy, and removal of the tetrahydrophthaloyl group at pH 6.0 in 30 hours at 2 2 ' ~ .  

Preparation and Properties of the N~Glycylmyoglobin. A 100-fold excess of 
N-trifluoroacetyl 13Gglycine N-hydroxysuccinimide ester was mixed with the 
myoglobin derivative containing the free a-amino group, in water at  pH 6.8 at 
1 5 ' ~  for 4 hours. The protected adduct was isolated from the unreacted protein 
by Sephadex C-50 chromatography, and the protective groups were removed in 
concentrated ammonium hydroxidelacetic acid (1 5 : 1, v/v) for 28 hours at 16OC 
at an apparent pH of 11.5, with only minimal dearnidation. The final product 
was isolated chromatographically, shown to  be homogeneous electrophoretically, 
and the presence of the glycine amino-terminal residue confirmed by automated 
Edman degradation. Overall yield was 3%. The cyano- or aquo-ferrimyoglobin 
form was studied by physical techniques. Absorbance spectra, circular dichroism 
spectra and isoionic point were not distinguishable from those of the unmodified 
protein controls5. 

In separate experiments both carbons of the glycine adduct were enriched 
with respect to l3C. The product enriched in Cff is illustrated in Fig. 1, with the 
enriched site resonance identified by the numeral 2. From the pH dependence 

Fig. 1. Proton-decoupled 3~ 
spectrum at 67..9 MHz of N(Y-[2- 
13~]-glycylmyoglobin. The single 
adduct peak at pH 7.7 is marked 2 
with the E carbons of lysine num- 
bered 3. Chemical shifts are ex- 
pressed upfield of external CS2, with 
internal dioxane taken as 126.3 ppm 
(peak 1). 

I I I 

100 150 200 
PPM 
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of the chemical shift the pK of the a-amino group was found to be 7.75 to 7.80. 
T I  values were determined at three magnetic field strengths. NT1 values were fit 
to a stochastic diffusion model for internal rotational motion in one degree of 
freedom of a group attached to a relatively rigid myoglobin molecule reorienting 
as a sphere with an overall correlation time, TR, of 17 nanoseconds. The internal 
correlation time values, rG, are listed in Table I. They show definite drift with 
field strength but unequivocally demonstrate that there is a high degree of 
rotational freedom, especially in comparison with the mass of the Cff resonances 
in myoglobin6. The trend towards shorter internal correlation times with higher 
pH has also been observed in peptides, in particular a pentapeptide with arnino- 
terminal glycine whose rotational motions have been analyzed by a combination 
of 13c and 2~ relaxation measurements7. 

Replacement of N-Terminal Sequence 1-14. Des-(1-14)-myoglobin was prepared 
from the completely amino-blocked form described above, following the re- 
moval of the heme, by treatment with a 20-fold molar excess of 2-(2- 
nitrophenylsulphenyl)-3-bromo-3'-methyl indolenine in 67% acetic acid at 4 ' ~  
for 24 hr8 with the inclusion of a 50-fold molar excess of phenol. Addition of 
2% (v/v) P-mercaptoethanol stopped the reaction and reduced any methionine 
sulfoxide. The yield was 55-65%. The product was purified by gel filtration and 
characterized. The rebuilding4 was done by coupling ~r~~~ as a single residue, 
followed by sequence 6-13 and finally 1-5 through the azides. Secondary 
protective groups were required during solid-phase synthesis and coupling. The 
overall yield in the reconstruction steps was near 3%. The properties of the 
reconstituted material are compared with the virgin protein in Table 11. 

Future Objectives. Although quite compact, myoglobin exhibits marked internal 
m ~ b i l i t y . ~  The N-terminal portion appears to be relatively sensitive to denatura- 
tion9, and hence substitutions in the region of the molecule dealt .with here 
should produce information about stability and the functional importance of 
internal motions. The two approaches described are being extended by stepwise 
degradation of the N-terminal sequence followed by rebuilding, and by coupling 
of sequences corresponding to residues 1-13 as the synthetic tridecapeptide, 

Table I. Nmr Relaxation Times, TI, and Internal Rotational 
Correlation Times, TG, for Nff-Glycylmyoglobin 
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Table 11. Spectral Properties of Semisynthetic Myoglobin Derivatives 

Absorbance Ratio [e l  (deg.cm2/dmole) 
A I + O ~ / A ~ ~ O  208 nm 222 nm 

Virgin Aquoferrimyoglobin 5.35 -21,800 -24,900 
No-Glycyl Myoglobin 5.26 -21,022 -24,011 
6es -(I-14) -Myoglobin 1.47 -13,908 -10,418 
Reconstituted Myoglobin 5.36 -20,500 -20,200 

appropriately protected, to the large fragment 14-153 obtained by extension of 
the isolated fragment 15-1 53. 

Supported by PHs Grants HL-05556 and -14680. This is the 85th paper in a series, 
following Ref. 7. 
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THE PRESENT STATUS OF PEPTIDE SYNTHESIS BY FOUR- 
COMPONENT CONDENSATION AND RELATED CHEMISTRY 
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Presently, Scheme 1 represents the most effective way to synthesize peptide 
fragments by stereoselective four-component condensations1-3 (4CC). Here (I) 
is an amino acid or peptide residue (PI) with an N-terminal blocking group BN, 
and a free carboxyl group, and (4) is an a-isocyano acid derivative, mostly an 
isocyano derivative of a dipeptide residue (P2) with a C-terminal blocking 
group4>5 BC. Under suitable conditions the chiral m i n e  component (2) has very 
strong asymmetric inducing power, and affords generally in this 4CC a highly 
preferential synthesis of the n-isomers (n = R,S or S,R; p = R,R or S,S) of (5). 
In favorable cases an isomer ratio n:p = 200:l has been achieved.@ In the 
presence of (6)  the acidolysis of (5) yields the peptide derivatives (7) and (8) 
from which the chiral template (2) can be resynthesized. Since the acidolysis 
of (5n) proceeds much slower than that of (5p), it is possible to obtain (5n) in a 
very high degree of isomer purity through partial acidolysis of the 4CC products 
(5n) and (5p), and isomerically pure (7) is obtained after total acidolysis. Here 
the exponential stereoselectivity effect of independent parallel reactions9 is 
utilized. Thus, >99.98% pure N-formyl-tetravaline-methylester has been pre- 
pared by 4CC and selective cleavage according to Scheme 1 .637 

It has been observed in several cases that the 4CC products (5) are consider- 
ably more soluble in organic solvents (e.g. n-pentane, dichloromethane, metha- 
nol) than the corresponding peptide derivatives (7). This may serve as a basis 
for circumventing solubility problems in peptide syntheses. 

The chiral m i n e  component (2) of Scheme 1 is best synthesized according to 
Scheme 2. The conversion of optically active (11) into (2) is less convenient via 

R R 
I I 

B -P -CO H + NH + CHO + CN-P -0B j B  
N l  2 2 C 

CH-Pr 

(1) (3) (4) (5 )  (n >> p )  

S-CH COOH 
R 

+ B -P -CO-NH-CH-CO-NH-P -0B 
N 1 2 C 

(7) 

Scheme 1 



PEPTIDE SYNTHESIS BY FOUR-COMPONENT CONDENSATION 

, NMC 
conc. a q  NH 

(2) 
ether 35'-2h (80%) NH4C1/HvCl2 156%) 

( 9 )  196%) (10) 195%) (11) 
(racemate resolu- 20'-Bh 

tion with D-tartaric 
acid in H 01 

Scheme 2 

the azide which is obtained by treating (11) with methyl iodide in the presence 
of sodium azide (monoglyme/water; 65h at 40°C; 65%), and subsequently 
reduced to (2) with Na2[AlH2(0CH2CH20CH3)2](benzene;2h at 30°C, 81%).1° 

The combination of peptide fragments (12) and (13) according to 
Scheme 38,11 has been improved since the last report.8 In particular, the 
acidolysis (16) + (1 7) can now be carried out in one step, and in almost quanti- 
tative yield, instead of the less effective two steps which were needed in our 
previous procedure.8 The one-step cleavage is achieved by dissolving the 4CC 
product (15) in five to ten parts of trifluoroethanol at oOC and adding within 
one half hour the same amount of TFA. As a rule this step can be carried out in 
the presence of carbonium ion scavengers like 1- or 2-methylindole or -anisole, 
or (6), in one to two hours (according to TLC). The reaction mixture is subse- 
quently poured into anhydrous diethyl ether, and the ether insoluble peptide 
derivative (16) is washed with diethyl ether until free of (18) and TFA. Con- 
taminating traces of (18) can be removed from (1 7) by distribution between 
water and ethyl acetate. This procedure was first developed for the synthesis of 
~ - ~ l ~ - A l a - ~ e u - o ~ , ~ ~  and later used in the synthesis of a variety of peptides, 
including a heptapeptide from (12) with three amino acid units, and (13) with 
four. The fact that (19), (20), (21), and (15) undergo almost exclusively the 
4CC in methanol,13 and the Passerini reaction14 in dichloromethane, practically 
without competition from the 4CC (see Scheme 4) is significant for the combi- 
nation of peptide fragments by 4cc,13 as well as the attachment of N-protected 
amino acids to isocyanomethyl polystyrene by the Passerini reaction with 
dichloro-acetaldehyde (21). Since (5) and (16) are cleaved by acidolysis, peptide 
syntheses by 4CC according to Schemes 1 and 3 sometimes require protective 
groups which are not acid labile. Therefore, a new protective group technique 

t 
CH-CO-NH-Bu TFA. H-P -CO-NH-P2-OH + 

1 

(1 7) ( 1 4  
fI 

BOC 

Scheme 3 

485 
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t 
Ph-CO H+ Ph-CH -NH + C H C l  CHO + CN-BU 

2 2 2 2 

Scheme 4 

was developed which is based upon the rapid cleavage under mild conditions of 
0-halogenated alkoxy compounds by cobalt-I-phthalocyanine anion13>15-l8 (24). 
The latter reagent also converts (22) into ~ - b e n z ~ l - b e n z a m i d e , l ~  and is useful 
for the cleavage of resin bound peptide derivatives (28) -+ (29) + (30) according 
to Scheme 5, as a part of a solid phase peptide synthesis.19 Isocyanomethyl 
polystyrene (25) is prepared from aminomethyl polystyrene. This is made from 
a copolymer of 2% divinyl benzene and styrene by reacting with N-chloromethyl- 
phthalimide in the presence of sulfuric acid or trifluoromethane sulfonic acid,20 
and subsequent dephthaloylation with hydrazine20 or by shaking with 27% 
aqueous methylamine and dichloromethane at 20°C for 48h (conversion 100%). 

Formylation of the amino resin is achieved by shaking with Ac-02CH (72h at 
20°C, 100%). The formyl aminomethyl resin is phosgenated (o°C, vigorously 
stirred) in the presence of water, dichloromethane and triethylamine (40-60%, 
depending upon the degree of functionalization of the resin) to yield (25) with 
0.08, 0.25, and 0.50 isocyanomethyl groups per styrene unit. Phosgenation in 
the absence of the aqueous phase affords less than 15% conversion to the isocya- 
nide, according to thiocyanate t i t r a t i ~ n . ~ ~ , ~ ~  

We acknowledge the financial support of our work on 4CC by the Deutsche Forschungs- 
gemeinschaft and our stereochemical studies by Stiftung Volkswagenwerk. 

2 - CR X 1 n 3-n 1 i-@2-Nc + ~ l - c o - c < x ~ - ~  + H o p .  1 -* N -j - 
- 

(25) (26) ( n l , ~ ~ = H , c H ~ ;  (27) - - 
X=Cl, Br; n=0,11 

1 conversion P -B + P -B 
1 N  1 N  

$by synthetic operations 

Scheme 5 
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SOME RECENT DEVELOPMENTS IN SOLID 
PHASE PEPTIDE SYNTHESIS 
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MARTIN ENGELHARD, and SVETLANA MOJSOV, 

The Rockefeller University, New York, New York 10021 

Since the Fourth American Peptide Symposium, there has been continuing 
progress in the development and application of the solid phase approach to 
peptide synthesis. Each of the main steps in the method, as illustrated in Fig. 1, 
has received some attention, and modifications in the overall strategy have been 
studied. The result has been to improve the quality of individual syntheses and 
to broaden the range of procedures that can be applied to new synthetic 
problems. 

ClCH20CH3 + #@ 

a Funct iona l  i ze 

BOC-NHCHR~ COO-CS+ + C l  CH2 

Anchor 

Boc-NHcHR1 c o O c H 2 b  

1 F3CCOOH Deprotect  

H:NcHR1 C O O C H ~ ~  

Neut ra l  i z e  

BOC-NHCHR~COOH + H2NCHR1 C O O C H ~  

Couple 

B ~ ~ - N H C H R ~ C O N H C H R ~  COOCH 

.1 HF Cleave 

N H ~ C H R ~ C O N H C H R ~ C O O H  

Fig. 1. A typical scheme for solid phase peptide synthesis. 
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The Support 

Most solid phase syntheses have continued to use the well-tested and readily 
available styrene-divinylbenzene copolymer beads.l The 1% crosslinked resin 
is now standard, but the more open 0.5% crosslinked gel has clear advantages 
when handled in a centrifugal reaction v e s ~ e l . ~  Styrene that has been radiation- 
grafted onto a Teflon core gives results comparable to those from the standard 
beads. A useful feature of the Teflon beads is that they can be applied in con- 
junction with standard beads for simultaneous syntheses of analogs in the same 
vessel, with subsequent separation by density difference at the end of the syn- 
thesisS3 Theoretical arguments have been presented for the superiority of 
polyacrylamide supports over polystyrene supports and quite good results have 
been obtained with the former! Further comparative data are needed to estab- 
lish the relative merits of the two materials. Soluble supports of the polyethylene 
glycol type continue to be of value for liquid phase syntheses? and the tactical 
advantages of the liquid-phase-solid-phase approach justify a continuing effort 
in the exploration of this promising technique.6 

Attachment to the Support 

Recent independent studies in our laboratory7 and that of sparrow8 have led 
to new linkages between the peptide chain and the solid support that have dem- 
onstrated advantages. We sought to avoid the gradual acidolytic loss of peptide 
chains that has been shown to occur during a long stepwise synthesis using the 
conventional benzyl ester linkage. Therefore, we designed and synthesized a 
support that was predicted to possess increased acid stability. A phenylacetami- 
domethyl (Pam) group was inserted between the polystyrene matrix and the 

Pam 

peptide? In 50% TFA/CH2C12 the observed rate of cleavage of a peptide from 
this resin was only 1% as fast as that from the usual support. This improved 
stability also avoids the generation of hydroxymethyl groups, due to loss of pep- 
tide chains, and the accompanying side reactions which then ensue. sparrow8 
has inserted a long extender arm, which also contains an acetamido linkage, 
between the peptide and the polystyrene resin. The improved yield of synthetic 
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57-residue apoliprotein CI made on this support9 was attributed to the flexibility 
of the arm and to the removal of the peptide chain from the vicinity of the poly- 
styrene backbone. Whether the improved syntheses with the new linkages are 
due to their increased stability or to their role as extenders or both is not yet 
certain. 

To facilitate the preparation of the Pam resin, a new synthesis of amino- 
methyl-copoly(styrene-divinylbenzene) was developed, which involved a direct 
one-step amidomethylation.10 

X = O H ,  C1 

Cat. = F3CS03H, HF, SnC14 

The preparation is easily controlled and circumvents the need for chloromethyla- 
tion of the polymer. 

Linkages to the resin that can be cleaved by other mechanisms have been 
examined. For example peptides esterified to 2-hydroxyethylsulfonylmethyl- 
polystyrenes are stable to acid but can be cleaved by p-elimination with meth- 
oxide ion.ll Photolabile linkages also continue to receive attention.12-l4 

Side Chain Protecting Groups 

The proper choice of side chain protecting groups is an integral part of pep- 
tide synthesis but cannot be covered in detail here. A problem of interest to us 
has been the acid rearrangements15 of tyrosine alkyl ethers to stable C-alkyl 
derivatives. It was shown that deprotection of 0-benzyltyrosine, or of peptides 
containing this residue, by means of lO%/anisole/HF could give rise to 10-7096 
of 3-benzyltyrosine via an intramolecular route. 0-(2,6-dichlorobenzy1)-tyrosine 
was shown to be much more acid stable and to reduce the rearrangement product 
several fold, but not to  zero. Three new tyrosine ethers have now been 
synthesized.16 



RECENT DEVELOPMENTS IN SOLID PHASE PEPTIDE SYNTHESIS 

The isobornyl and cyclohexyl derivatives were prepared in good yield by the 
reaction of N-trifluoroacetyltyrosine methyl ester with boron trifluoride and 
either camphene or cyclohexene. The isopropyl derivative was obtained in low 
yield from isopropylbromide and the copper complex of tyrosine. The rate of 
loss of the protecting groups in 50% TFA/CH2C12 is shown in Fig. 2. Table I 
lists the calculated first-order rate constants and loss per cycle, together with the 
extent of rearrangement to the 3-alkyl derivatives occurring in HF/anisole. 

Time (hr) 

Fig. 2. Plot for the apparent first-order loss of protecting groups from tyrosine in 50% 
TFA/CH2C12 at 20°C. (0) Tyr(gHex), ( 0 )  TyrQF'r), (A) Tyr(Bz1) (from Ref. 15). 
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Table I. Acid Stability of Protected Tyrosine 

Compound 1 Losslcycl e 3-A1 kyl -Tyr 
(50% TFA) (HF-Anisole) 

(sec-' ) ( % I  ( % I  

For solid phase synthesis of tyrosine peptides the O-cyclohexyl derivative has 
the best combination of properties. Its acid stability is satisfactory for a multi- 
step synthesis and, although the extent of rearrangement is not zero, it is accept- 
ably low for many purposes. Boc-Tyr(cHex) was used for the solid phase 
synthesis of angiotensin 11, and the unfractionated, cleaved product was shown 
to contain only 0.3% of the 3- hex-Tyr isomer. In this instance the side-product 
was readily removed chromatographically, and the pure angiotensin I1 was fully 
active in the pressor assay. Trudelle and spach17 observed a side-product when 
Tyr(Bz1) was deprotected in HF or HBr/TFA, but detected none when HBr/ 
HOAc was the reagent. This finding was confirmed by Bell et a1.18 The re- 
arrangement can also be avoided by protection of tyrosine with benzyloxycar- 
bonyl15 or 2,4-dinitrophenyl19 groups, which can be removed by acid or by 
thiols, respectively. Both groups, however, are slightly sensitive to  amine 
nucleophiles. 

Orthogonal Protection 

A frequent criticism of the standard solid phase methodology has been that 
selectivity in the removal of the a-amino, a-carboxyl, and sidechain protecting 
groups has been achieved merely by relying on different degrees of sensitivity to 
acidic reagents. Thus, the rates are different,but the mechanisms of the reactions 
are similar. Fine tuning has resulted in practical, but obviously not ideal, 
schemes. In a number of instances, additional selectivity has been achieved by 
choosing groups that are removable by other chemical mechanisms, but most 
laboratories still rely on quantitative rate differences such as illustrated in Fig. 3. 

The ideal synthesis would depend on a set of completely independent reac- 
tions, and such a scheme of protection has been called orthogonal.20 This term 
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Relative 
stability 
to TFA: 1 1,000,ooO 3,000 

Fig. 3. A scheme for the solid phase synthesis of protected peptides based on differential 
sensitivity to acid. 

means that each class of protecting groups is cleaved by a specific mechanism 
and that all other groups are stable to reaction by that mechanism. Therefore 
any group can be removed in any order without effect on any other group. 
This, of course, is a very old idea, which has been commonly applied in simple 
cases, but its incorporation into a general scheme for a multistep solid phase 
synthesis has not been achieved. 

A scheme which can be envisioned as meeting the requirements of orthogonal 
protection is illustrated in Fig. 4. This makes use of acid-labile sidechain protec- 
tion, a photolabile carboxyl group to anchor the peptide to the resin, and a new 
thiol-sensitive a-amino protecting group. Thus, there are three kinds of reactions 
and three classes of protecting groups, each of which is sensitive to one of the 
reactions and stable to the others. 

y"' 
CH3-C-CH3 
m 

I TFA FH3 
C=O 1 C H 3 - k C H 3  

__I_. 
0 
I I 

#H 
I 

f C  (fH2'4 1 I 0 hv N02 0 

USHI+ N-CH- C-NH- E",~_~&CH~&!-NHCH~- 

Fig. 4. An orthogonal protection scheme. 
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The new thiol-sensitive amino protecting group,21 dithiasuccinoyl (Dts), was 
developed specifically for this purpose and appears to meet the requirements. 
Several Dts-amino acids were prepared by the reactions shown in Fig. 5. 

R 
HC~. H~N-~H-CO~R' 

2 
C~H~-O-~-SCH~CO~H , -+ Hsa2c02H , Et3N-Hc1 2 Et3N , CIiC13 

5 TZ 
C2H5-0-C-NH-CH-C02R1 

Etc-AA-OR' 

'3 
C1-C-S-C1 , Et3N 

C ~ H ~ C ~  , E ~ ~ N - H C ~  
dioxane 

c $ 
S' 'N-CH-co2R1 

Dts-AA-OR' 
(a) HC1 in aqueous 

acetic acid, reflux R' = CH3 

(b) HBr in acetic acid R' = C (CH3) 

Fig. 5 .  The synthesis of Dts-amino acids. 

The structure of these stable, readily crystallizable derivatives was established 
by elemental analysis, infrared and ultraviolet spectra, proton and carbon-13 
nuclear magnetic resonance, electron impact and chemical ionization mass 
spectrometry (molecular ion and ion fragmentation patterns, with accurate mass 
measurements on key ions) and chemical transformations. The 1,2,4-dithiazoli- 
dine-3,5-dione ring is readily opened upon mild reduction with a thiol, liberating 
two moles of carbonyl sulfide and generating the free amine. Nucleophilic 
attack at the carbonyl by the thiol to give a thiourethane does not seem to occur. 
Dtscompounds are resistant to  strong acids, including HBr in acetic acid and hot 
6 N HC1; and to weak bases such as aqueous sodium bicarbonate and a-amino 
groups of peptides. Cleavage at the carbonyl occurs with strong bases, yielding 
the free amine with aqueous NaOH and the urea with benzylamine. 
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Solid Phase-Fragment Synthesis 

Although the stepwise solid phase method is rapid and convenient, it has 
potential limitations that are well recognized. One of these, the increasing diffi- 
culty of separating the desired peptide from potential deletion peptides as the 
length of the peptide increases, can be minimized by coupling fragments rather 
than single amino acids. The advantage of the solid phase-fragment approach 
was recognized early by Weygand and ~ a ~ n a r s s o n ~ ~  and subsequently by others. 
Recently, this approach has gained in popularity and it is possible to make com- 
parisons of the two techniques in a few instances. The fragment synthesis of 
bovine pancreatic trypsin inhibitor by Yajima et a1.23 is especially noteworthy 
because of the high yields of the couplings between fragments as large as 19 
residues and the resin-bound peptide chain. The yields for the four peptide 
couplings ranged from 72 to 100% and the yield from the starting peptide frag- 
ments, which were synthesized by conventional solution methods, to the final 
product was 7.5%. The overall yield of protein based on starting amino acid 
derivatives is not clear, but we estimate it to be about 0.2%. Because of the 
large differences in size between the 58-residue product and any termination or 
deletion peptides resulting from incomplete reactions, the synthetic trypsin 
inhibitor could be readily purified by gel filtration. After further purification 
by affinity chromatography, the product had a specific activity of 82%. Yajima 
et a1.23 concluded that such a fragment approach was better than simple step- 
wise solid phase synthesis. 

Recently, a stepwise solid phase synthesis of the same trypsin inhibitor was 
achieved by Tan and ~ a i s e r . ~ ~  It was purified by ion-exchange and affinity 
chromatography and was indistinguishable from natural trypsin inhibitor by 
polyacrylamide gel electrophoresis, amino-acid analysis, peptide maps, and circu- 
lar dichroism spectra. Trypsin was inhibited stoichiometrically and, moreover, 
the dissociation constant for the trypsin-synthetic trypsin inhibitor complex was 
found to be 8 X 10-l4 M, in very good agreement with the value of 6 X 10-l4 M 
reported for the native inhibitor. From these two results it can be concluded 
that the product was 100% active. The fully active product was obtained in 
2.9% yield from the first amino acid on the resin, and the overall yield, based on 
starting amino acids, was 1.2%. One can conclude that a molecule of this com- 
plexity can be made by either approach, but, while the stepwise method was 
better in this instance, it would be unwarranted to generalize about relative 
merits at this time. 

A solid phase-fragment synthesis of ACTH-(1-24) by chain elongation at the 
carboxyl end has recently been reported.25 Six short protected peptide frag- 
ments were synthesized in solution by the oxidation-reduction method and then 
coupled through their freed amino groups to the growing carboxyl-activated pep- 
tide chain that was anchored to a methyl chloroforinylated resin. Fully active 
hormone was obtained in 25% overall yield based on the first dipeptide-resin. 
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In 1967, ~ i i n s c h ~ ~  announced his elegant synthesis of crystalline glucagon 
by classical fragment methods. The material was purd by numerous criteria and 
fully active in several assays. This has remained a standard by which other syn- 
theses are measured. In 1975, the Protein Synthesis Group of the Shanghai 
Institute of Biochemistry reported a new synthesis of glucagon using a fragment 
synthesis on a solid support.27 They followed the basic Wiinsch scheme rather 
closely. However, the Nps group was replaced by Bpoc, Arg(Z)2 was replaced by 
Arg(Adoc)2, DCC/HOBt was used instead of DCC/HOSu, and fragment IV was 
three residues shorter. The first three residues at the carboxyl terminus were 
added stepwise to a pellicular poly(styrene-divinylbenzene) resin, which then 
served as the starting point for the coupling of the remaining fragments which 
had been synthesized by solution methods. The couplings were reported to be 
essentially quantitative. The completed protected peptide-resin was cleaved and 
fully deprotected in HF/anisole. Two peaks were obtained by gel filtration, and 
the glucagon fraction was purified further by DEAE-cellulose chromatography. 
The yield from the first amino acyl-resin was about 17%. The final preparation 
(3.4 mg) was homogeneous, indistinguishable from natural glucagon by poly- 
acrylamide electrophoresis, and gave typical rhombic dodecahedra1 crystals. It 
was essentially fully active in the rabbit blood sugar assay. 

We have just completed a stepwise solid phase synthesis of glucagon (Mojsov 
and Merrifield), according to the sequence of Bromer et a1.,28 using the 
protecting groups shown in Fig. 6. The support was the alkoxybenzyl alcohol 

.\ 
11 S E R - B U ~  

O B U ~  NO, NO, But O B U ~  But Boc 
I I I I I 

ASP-GLN-ALA-ARC-A~G-sER-ASP-LEU-TYR-LYS 

21 20 19 18 17 16 15 14 13 12 

/ 
PHE 22 

Fig. 6. The structure of synthetic protected glucagon. 
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resin of Wang.29 The a-amino protecting group was Bpoc in all but the last step 
where Boc was used. The couplings were with DCC (3-fold, double coupling). 
The Dnp group was removed from hlstidine by thiophenol and the remaining 
side-chain groups, except Arg(N02), were removed during the cleavage step with 
50% TFA/CH2C12 (45 min, 25°C). The mild acid procedure was used to mini- 
mize the possibility of a + 0 rearrangement of the ~ s ~ l ~ - ~ e r l 6  sequence. The 
nitro groups could then be removed by HF/anisole or by catalytic hydrogena- 
tion. The crude free peptide was purified by gel filtration and by DEAE-cellulose 
chromatography in 6 M urea, Tris buffer pH 8.5, with a NaCl gradient from 0 to 
0.4 M. The main peak (2.4% yield from the first amino acyl-resin) eluted at the 
position of native glucagon. The isolated product was readily crystallized from 
water at pH 8.5. Full characterization is still underway, but preliminary data 
indicate good purity and close identity with natural glucagon. The hyperglyce- 
mia assay showed essentially full activity compared with native glucagon and the 
product is also active in an adenyl cyclase assay with isolated liver membranes. 
We conclude that glucagon can be synthesized by classical methods, by the solid 
phase-fragment method, or by the stepwise solid phase method. The purified 
products appear to  be chromatographcally homogeneous, fully active, and 
indistinguishable from native glucagon, and it has been possible to obtain crystal- 
line hormone from all three syntheses. We stress that our results are new and 
incomplete and further comparisons are not possible at this time. 

Use of An Internal Structural Control for 
Inactive Synthetic Peptide Analogs 

The interpretation of data from synthetic peptide analogs that have very low 
activity must be made with c a ~ t i o n . ~ O 9 ~ l  The lack of activity may be due to the 
intended new structure itself or to  some unrecognized difficulty in the synthesis. 
We think an internal structural control can be very useful in such instances. If 
the inactive product can be converted into a fully active peptide that is indis- 
tinguishable from the naturally occurring parent molecule, we have in effect an 
internal control for the correctness of the structure of the analog. 

Examples of this idea include those involving the chemical conversion of 
inactive protected peptides into active free peptides, the enzymatic formation 
of active peptides from synthetic precursors of low activity, or the conversion 
of inactive protected peptides into active free peptides, the enzymatic formation 
of active peptides from synthetic precursors of low activity, or the conversion of 
one amino-acid residue into another. A convenient transformation of the latter 
type is the conversion of an ornithine residue into an arginine residue by guanidi- 
nati0n.3~ This route has been applied several times to avoid the difficulties 
associated with the direct incorporation of arginine into peptides. For example, 
Bodanszky et a1.33 synthesized active ACTH-(6-10) via the inactive 0rn8 analog. 
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We have tested the value of an internal structural control in a study of the 
role of arginine in the neurotoxin, apamin.34 This octadecapeptide from bee 
venom has been isolated and purified,35 and its structure determined.36-38 Its 
synthesis has been described by Van Rietschoten et a1.39 and Sandberg and 
~ a ~ n a r s s o n . ~ ~  Chemical data suggested that the two arginines at positions 13 
and 14 might be required for activity,41 and we designed a synthetic approach 
to the question in which these positions would contain NG-trifluoroacetylor- 
nithine in place of arginine. The protecting groups could be removed to  give the 
di-ornithine derivative and it could then be guanidinated to the di-arginine 
derivative. The latter would also contain homoarginine (Har) at position 4, but 
that was acceptable because it was already known that [ ~ a r ~ ]  -apamin is fully 
active.41 If either of the two analogs were to prove inactive but could be con- 
verted into active [EIar4] -apamin, we would have the desired internal control and 
more reliable conclusions about these replacements of arginine could be drawn. 

The peptides were synth 'sized by the stepwise solid phase method1731>42 
using the protecting groups shown in Fig. 7 

MeBzl MeBzl Z OBzl Bzl 

MeBzl T f a  T f a  MeBzl Dn P 
I I 1 1  

-cys--~l  a - ~ r n - ~ r n - ~ ~ s - ~ l  n-GI  

Fig. 7. Protected [0m13,14] -apamin-benzhydrylamine ~es in .  

The support was a benzhydrylamine resin, coupling was with DCC alone 
except with Boc-Asn-OH and Boc-Gln-OH where hydroxybenzotriazole was 
added. The Dnp group was removed from His with 2.5% thiophenol in DMF, 
and the cleavage and deprotection of side chains was with 10% anisole/HF, for 
30 min, at O'C. The [ ~ r n ( ~ f a ) ~ ~ y ~ ~ ]  -apamin and [0rnl3>l4] -apamin were each 
reduced and then oxidized in air and purified chromatographically. The 
[ ~ r n l ~ , ~ ~ ] - a p a m i n  was guanidinated with 0-methylisourea and purified by 
Sephadex G-25 and carboxymethylcellulose chromatography. The work-up of 
the three peptides is outlined in Fig. 8 and the elution profile for [Har4] -apamin 
is shown in Fig. 9. 

The coupling, cleavage, deprotection, and guanidination steps all proceeded 
in good yields. The largest losses were at the oxidation steps and during the 
several chromatographic steps, giving an overall yield of 14%. The synthetic 
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Protected Peptide-Resin 

1, Thiophenol 1 2, HF 

[Orn (Tfa) 13'14] - p e p t i d e  

I 1, Piperidine 
2, DTT 
3, G-25 

1 Oxidize 

[Orn l3.l4l - p e p t i d e  ( -s -S- )  

4 [Har ] -apamin 

Fig. 8. Work-up of synthetic apamin analogs 

peptides gave good amino acid analyses and were homogeneous by ion exchange 
chromatography and polyacrylamide gel electrophoresis (Fig. 10). 

Neither the [ ~ r n ( ~ f a ) l ~ > ~ ~ ]  -apamin nor [ ~ r n ~ ~ , ~ ~ ]  -apamin produced any 
symptoms of neurotoxicity whatever upon intravenous injection into mice at the 
highest levels that could be tested. Therefore, they were below 5% and l%active 
respectively. As expected, the synthetic [Har4] -apamin was fully active com- 
pared with native apamin and [ ~ a r 4 ]  -apamin derived from it. The data are 
summarized in Table 11. 

These results provide the necessary internal control and strengthen the con- 
clusion that analogs of the correct amino-acid sequence were synthesized. We 
can then conclude that the observed inactivity of the ornithine derivative was 
due to the intended structure and can infer that at least one of the arginines at 
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100 200 300 400 
Elution volume (ml) 

Fig. 9. Chromatographic purification of [Had]  -apamin on CMcellulose. 

Fig. 10. Gel electrophoresis of apamin analogs. Gels were 30% polyacrylamide - 0.3% 
N,N-methylenebisacrylamide, run in 0.9 M acetic acid, 5 hr, 150 v. Stained with amido 
black. A, natural apamin; B, synthetic [Har4] -apamin; C, synthetic [0rn13,14]-apamin. 
The cross-hatched band marks the position of the running dye, methyl green. 

positions 13 and 14 plays an important role in the action of apamin. The level 
at which arginine functions is not established, but it may provide electrostatic, 
steric, or conformational properties that are necessary for proper folding, stabil- 
ity, transport, or action at the receptor site. 
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Table 11. Neurotoxic Activity of Natural Apamin and Synthetic Apamin Analogs 

a 
Compound LD50 Re la t i ve  

(nmol ) a c t i v i t y  

Natura l  apamin 

4 Natural  [Har I-apamin 

4 Synthet ic  [Har I-apamin 44 1 .07 

Synthet ic  [ ~ r n ~ ~ ' ~ ~ ] - a ~ a m i n  >1200b NO a c t i v i t y  
( < I % )  

Synthet ic  [Orn(Tfa) 13314]-apamin >280b No a c t i v i t y  
(<5%) 

a 
Calculated from data a t  s i x  concentrat ions on groups o f  s i x  mice 

each 

No observable symptoms a t  t h i s  dose. 

C 
Taken from Vincent e t  a l .  41 
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SOLID PHASE SYNTHESIS ON POLYAMIDE SUPPORTS: 
@ENDORPHIN 

E. ATHERTON and R. C. SHEPPARD, MRC Laboratory of Molecu- 
lar Biology, Hills Road, Cambridge CB2 2.QH, England. 

Some years ago we advanced a simple model for the solid phase synthesis 
system.l It regards the peptide-polymer assembly as analogous to the simple 
graft copolymers well known and understood in solution chemistry. Considera- 
tion of the solvation and precipitation properties of such copolymers led to the 
conclusion that steric interference would be minimized only if both the back- 
bone and pendant polymer chains were freely solvated by the same solvent 
media. For peptide chains this would require polar organic solvents of the type 
known to solvate and hence destabilize secondary structures in synthetic poly- 
peptides (e.g. dimethylformamide). For simultaneous solvation of the polymer 
backbone, the latter should be structurally related to the peptide. This leads 
directly to the concept of polyarnide supports for solid-phase peptide synthesis 
and the maximum use of polar organic solvents for coupling and deprotection 
reactions. 

Initial experiments showed that the strong internal hydrogen bonding of 
primary polyamides was not disrupted by aprotic organic solvents, such resins 
usually being freely permeated only by water.2 Tertiary amide polymers, how- 
ever, swell well in both aqueous and polar organic media. We have concentrated 
attention on polydimethylacrylamide resins prepared by direct polymeriza- 
t i 0 n , ~ 9 ~  and now record our recent experiences using a resin of this type. Else- 
where we have described related studies on oligonucleotide ~ ~ n t h e s i s ~ ~ ~  and 
protein d e g a d a t i ~ n . ~  

The preparation of cross-linked polydimethylacrylamide by. persulphate- 
initiated emulsion copolymerization of mixtures of dimethylacrylarnide, 
N,N'-bisacryloylethylene diamine, and N-acryloyl-N'-t-butyloxycarbonyl-fi 
alanylhexamethylene diamine has already been reported.3 This last named mon- 
omer provides a protected functionality in the resin, as well as an internal refer- 
ence amino acid and a spacer molecule. Additional spacer or reference amino 
acids can be added if desired before acylation of the terminal amino group by 
any one of a number of reversible linkage agents. Thus far we have concentrated 
on the simple benzyl alcohols (I) and (11). (See Scheme 1.) These may be 
usefully introduced together with the first amino acid of the sequence proper 
using activated ester derivatives, e.g. (111) under reaction conditions similar to 
those used for subsequent amino acids. Esters of (I) are cleaved by liquid HF in 
the usual way. Esters of (11) are remarkably resistant to HF but are rapidly 
cleaved by methanolic ammonia, hydrazine, and hydroxide ion. 
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(IV) Tyr-Gly-Gly-Phe~Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr- 

Scheme 1 

The synthesis of peptides containing up to 17  residues has already been 
reported.2-4 The method is illustrated here by the more substantial 31 residue 
sequence of human 0-endorphin (lipotropin C fragment) (IV), a peptide with 
powerful opiate-like The synthesis was initiated with the active ester 
(111) and the following 30 residues added using HCl/AcOH for deprotection 
steps, 10% diisopropylethylamine in DMF for neutralization, and preformed 
symmetrical amino-acid anhydrides in DMF for a ~ ~ l a t i o n . ~  The assembly was 
complete in ten days. Ninhydrin tests were used extensively for checking com- 
pleteness of coupling; they were invariably negative within 10-20 minutes of 
introduction of the anhydride and no repeated acylation or deprotection steps 
were carried out. Samples were removed for amino-acid analysis at intervals 
chosen to give a complete picture of apparent incorporation levels (Table I), and 
samples were additionally removed at about ten residue intervals for complete 
solid-phase Edman degradation.7 This technique established that no detectable 
rearrangementlo of Boc-glycine anhydride had occurred with resultant over in- 
corporation at residues 2 and 3. It also confirmed efficient incorporation of 
11e23 for which only a poor amino-acid analysis is obtained. 

The completed peptide was cleaved from the resin with HF/anisole and freed 
from high molecular weight aggregates on Sephadex G-50. Further purification 
was achieved by repeated chromatography on carboxymethyl cellulose. The 
final product gave an excellent amino-acid analysis (Table I), a single ninhydrin 
reacting spot on thin-layer chromatography and electrophoresis, and was judged 
by Dr. J. F. W. Deakin of the National Institute for Medical Research, London, 
to be nearly equally active with natural ovine 0-endorphin in the rat-tail flick test 
for analgesic properties. 

More recent bioassays by Dr. G. E. Metcalf of Reckitt and Colman, Hull, have given 
much lower potencies. This appears to be associated with post-synthesis oxidation of the 
methionine residue at  position 5 within the enkephalin sequence. Hydrolysis of the peptide 
resin now shows (5 months after synthesis) a high proportion of methionine sulphone at this 
position. 

The overall yield in this synthesis was 10%. This is much less than the 30% 
obtained in the superb solid phase synthesis recently reported by Li et al.ll It 
seems probable that the major factor responsible for this difference is the 
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efficiency of the HF-cleavage step, for we observe substantial losses and aggrega- 
tion at this stage,12 in contrast to the results reported by Li et  al.ll  We are en- 
couraged by the evident efficiency of the chain assembly process, and current 
work is centered on alternatives to the HF-cleaved benzyl ester linkage. 

Table I. Amino-Acid Analysis Data for Resin-Bound and Free Synthetic 
PEndorphin. All ratios are referred to glutarnic acid = 1 ,2 ,  or 3 as 

appropriate and are uncorrected for destruction or incomplete release. 
The two isoleucine residues are present in an -1le-Ile- sequence which is 

incompletely hydrolyzed under the standard conditions (6 N, HC1, 1 loOc, 18 h). 

We thank Mario Caviezel and Hilary Over for invaluable assistance, and Dr. J. F. W. 
Deakin and Dr. G. E. Metcalf for the bioassay. 
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INTERCHAIN REACTIONS (CYCLO-OLIGOMERIZATIONS) 
DURING THE CYCLIZATION OF RESIN-BOUND PEPTIDES 

M. ROTHE, A. SANDER, W. FISCHER, W. MASTLE, and 
B. NELSON, Lehrstuhl Organische Chemie 11, University of Ulm, 

79 Ulm, Germany 

During the cyclization of activated linear peptides, bifunctional linear mole- 
cules are commonly used which, in principle, may yield a series of linear and 
cyclic oligopeptides and polypeptides formed simultaneously by intermolecular 
reactions. Even if the ring-closure is carried out at high dilution, cyclo- 
oligomerizations take place depending on the structure and concentration of the 
linear starting peptide, the nature of the solvent, temperature etc.l 

A new approach to the preparation of cyclic peptides which should provide 
for the formation even of strained rings has been developed by Fridkin et a1.2 
By linking the linear peptide to an insoluble polymer at only low degree of sub- 
stitution, a situation approaching infinite dilution should be obtained by isola- 
tion of the individual molecules from each other within the polymer with no 
possibility of i n t e r a ~ t i o n . ~ ~ ~  

Nevertheless, severe difficulties have been encountered in the utilization of 
this m e t h ~ d . ~  Only few examples of cyclization on polymer supports have been 
reported so far, viz. the preparation of some cyclic dipeptides (in rather low 
yields!), tetrapeptides, and a h e ~ a ~ e ~ t i d e . ~ ? ~  Therefore, we reinvestigated the 
problem using the linear subunit Val-Orn(Pht)-Leu-D-Phe-Pro of the cyclic deca- 
peptide gramicidin S for the ring-closure on solid supports. Earlier studies of our 
goup6 and others7 resulted in the detection of interchain reactions during the 
usual Merrifield method, i.e. the occurrence of intermolecular aminolysis of the 
benzyl ester link between the peptide chain and the resin. Thus, we expected a 
considerable amount of interchain reactions (cyclo-oligomerizations) during the 
cyclization of the peptides linked to the resin by an activated ester bond. These 
reactions should be detected by the formation of gramicidin S consisting of 2 
identical pentapeptide units. 

The synthesis of the pentapeptide and the cyclization reactions were per- 
formed according to the safety-catch method used by Flanigan and ~ a r s h a l l . ~  
(See Scheme 1 .) 

At first, the Boc-protected pentapeptide mentioned above was synthesized on 
a cross-linked (4-hydroxy)phenylthiomethyl polystyrene. Subsequently it was 
activated by oxidation of the thioether group to the sulfone by m- 
chloroperbenzoic acid. After deprotection with TFA/CH2C12 and neutralization 
of the protonated a-amino group by an excess of triethylamine the polymer- 
bound activated pentapeptide sulfonylphenyl ester was cyclized in different 
solvents (DMF, CH2C12, benzene, pyridine) at room temperature and at 80°C. 
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Scheme 1. Cyclization of resin-bound peptides. 

Ring-closure occurred during the first hour of the reaction. In all the cycliza- 
tions studied the cyclodecapeptide, diphthalyl gramicidin S, formed by cyclo- 
dimerization was obtained as the main product. In addition, different amounts 
of higher ring oligomers were formed depending on the solvent used, viz. the 
cyclic trimer (triphthalyl sesquigramicidin S) and the 60-membered cyclic 
tetramer (tetraphthalyl digramicidin S). They were separated from each other 
and from still higher cyclopeptides (n>4, M, 2,800) by gel permeation chroma- 
tography (Fig. 1). Suprisingly, the formation of the "monomeric" cyclopenta- 
peptide (phthalyl semigramicidin S) was not observed at all at room temperature. 
Actually, only interchain reactions had taken place. At 80°C very low yields (up 
to 3%) of this compound were obtained. The cyclization products were identified 
by amino acid analysis and IR spectra. Mass spectra were obtained up to the 
dimer (m/e  = 1,401). The ring sizes of the higher oligomers were calculated from 
a straight line obtained by plotting the elution volume versus log M,. 

Fig. 1. Cyclization of resin-bound gramicidin S - pentapeptide. Gel permeation chroma- 
tography of c[Val-Orn(Pht)-Leu-D-Phe-Pro] .(n=1,2,3,4); Sephadex LH20lMeOH. 



As mentioned above, cyclodimerization proved to be the main reaction and 
the degree of cyclo-oligomerization is strongly solvent-dependent. In DMF and 
CH2C12 only 2535% of gramicidin S and 20-30% of higher rings were obtained. 
Thus, the formation of the latter compounds is strongly favored in more polar 
solvents. In pyridine and benzene, practically no higher rings are formed whereas 
the yields of diphthalyl gramicidin S were the highest obtained (45%). In CH2C12 
all the smaller rings (dimer and trimer) were obtained within the first 24 hours. 
A new cyclization of the same resin after repeated filtration and washing of the 
support resulted in the formation of exclusively very large rings (M,>2800) after 
10 days. As expected high molecular weight peptide chains and rings are formed 
particularly during the later stages of the reaction. Cyclizations at 80°C gave 
higher yields of the cyclopeptide mixture; cyclopentapeptide as well as the 
highest rings being formed. An influence of the cross-linking (1 and 2% DVB, 
resp.) of the resin on the relative ratio of the rings up to the tetramer could not 
be found but the content of the rings with n>4 increases with decreasing amount 
of cross-linking. 

The steric isolation of the cyclizing peptide by attachment to a solid support 
and the exclusion of interchain reactions cannot be achieved in this way.3 In- 
stead, the expected cyclopentapeptide (which is in fact formed in solution) is 
only obtained in negligible amounts at elevated temperatures. Thus, the poly- 
meric support causes steric hindrance of the cyclization to the "monomeric"ring, 
whereas interchain reactions with subsequent ring-closure are predominant. This 
may be explained by the formation of antiparallel pleated sheet structures of the 
oligomeric chains in which the chain ends come close together yielding the larger 
rings more easily. 

As expected from these results, small rings are generally formed with more 
difficulties. We therefore cyclized linear tripeptides of N-alkyl amino acids on 
the solid support8 which are known to give ~ ~ c l o t r i ~ e ~ t i d e s . ~  Ring-closure of 
Pro-Sar-Sar on the resin yielded about 50% of a cyclopeptide mixture (at 80°C 
even 66%) consisting of the complete series of cyclic oligotripeptides up to the 
72-membered tetracosapeptide (n = 8) which again were separated by gel permea- 
tion chromatography. In pyridine, mainly the cyclotripeptide and cyclohexapep- 
tide are formed, in DMF, however, the higher rings. Cyclization of triproline 
yields more than 80% of the 9-membered cyclotripeptide in dilute solution. In 
contrast, ring-closure on the resin gave only rather low yields (24% at 20°C, 45% 
at 80°c,  DMF). 

Interchain reactions are also responsible for the occurrence of cyclopeptides 
with failure sequences. During the preparation of the sequence Pro-Pro-Gly on 
the resin from Boc-Pro-Pro and glycyl polymer, the glycine residues that failed to 
couple are activated after the oxidation. During the cyclization they can react 
with the correct tripeptide, hexapeptide or nonapeptide sequence to give active 
esters of the sequence Gly-(Pro-Pro-Gly), followed by ring-closure. Cyclopeptides 
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c[Gly-(Pro-Pro-Gly)] (n = 1-3) have been identified by mass spectrometry in 
a'ddition to the expected ring oligomers (n = 2,3). 

The so-far unknown cyclo-oligomerization of resin-bound peptides may ex- 
plain the difficulties encountered with this method up to now. The occurrence 
of extensive interchain reactions shows that solid-phase synthesis is really no 
synthesis on a "solid" phase but takes place on highly solvated, flexible polymer 
chains exercising various conformations-more or less in solution. 

We gratefully acknowledge financial support for this work by a y a n t  from the DFG and 
the Fonds der Chemischen Industrie. This paper is dedicated to Prof. G. Manecke on the 
occasion of his 60th birthday. 
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TOTAL SYNTHESIS ON GEL PHASE OF THE MAST-CELL- 
DEGRANULATING PEPTIDE BY FRAGMENT CONDENSATION. 

CHRISTIAN BIRR, MARGOT WENGERT-MULLER and 
ANGELIKI BUKU. Max-Planck-Institut fiir Medizinische Forschung, 
Abteilung Naturstoff-Chemie Jahnstr. 29, 0-6900 Heidelberg I ,  FR G. 

These investigations were initiated to develop an optimal route for the prepa- 
ration of the mast-cell-degranulating (MCD) peptide, so that the structure- 
function relationships1 of this strongly basic bee venom component, capable of 
counteracting rheumatic diseases2, could be elucidated. The fully protected 
eicosadipeptide VII (Fig. 1) representing the structure of the MCD peptide3 from 
bee venom was synthesized in the gel phase at the same time and subsequent4 to 
the recently published conventional synthesis in solution5. 

The starting Ddz-amino acids were loaded onto the gel phase (<0.5% DVB- 
copolystyrene6 by the cesium salt procedure7, with complete conversion of the 
bromacety18 anchor functions (0.5-1 .I  meqlg). All operations on gel phase, 
including the release of fully protected peptide acids from the polymer by base 
hydrolysis (benzyltrimethylammonium hydroxide in MeOHIdioxane 1 :3), were 
performed in the centrifugal reactor9. They were monitored continuously by 
photometry of circulating reaction liquids, based on the spectroscopic properties 
of the NOL-protecting ~ d z - ~ r o u ~ l O  and its fission products, which also were uti- 
lized quantitatively for determinations of peptide incorporation on the polymer. 

In preliminary syntheses on phenacetyl-type polymers we experienced conver- 
sion and blockage of parts of the initially loaded amino-acid residues during 
deprotection (5% TFA/CH2 C12) and deprotonation (1 0% TEA in DMF/CH2 C12 
1 : )  The side reaction was accompanied by a bright yellow coloration of the 
support and decreased incorporation of the second amino acid, due to a cyclol- 
type transformation of the C-terminal moiety (Fig. 2). Depending on dlketo- 
piperazine release (Fig. 3) on the dipeptide stage, a further decrease in the 
incorporation of the third amino acid was determined spectrophotometrically. 

Both effects are drastically diminished in bulky sequences like Ddz-Ile-Lys(Z)- 
OCH2CO-polystyrene and Ddz-Ile-Cys(Acm)-OCH2CO-polystyrene; MCD 
sequences (1 0- 1 1) and (14-1 5). To circumvent completely these undesirable 
losses related to the use of phenacetyl binding sites on the polymer, which great- 
ly facilitate the subsequent detachment of fragments via base hydrolysis, fully 

Fig. 1. Fully protected MCD-peptide, VII. Ddz, a,a-dimethyl-3,5-dimethoxybenzyloxy- 
carbonyl. 
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Fig. 2. Cyclol-type conversion. Fig. 3. Release of diketopiperazine. 

protected tripeptide cesium salts (1.5-fold excess) can be attached onto the 
phenacetyl support in DMF with complete reaction of the bromo functionsl1 at. 
4 0 ' ~  in 3 days. To suppress the formation of the cyclol and diketopiperazine on 
the first two stages of an actual synthesis, the deprotonation was shortened to 
two minutes. DCC was added prior to each Ddz-amino acid, both at least 3 times 
ina 3-fold excess calculated from the initial load on the polymer. 3-Nitrophthalic 
anhydride (0.1 molar/pyridine/lO min) was used as a blocker to  suppress the 
formation of false sequences12. The urea derivative was rinsed out by CH2 C12/ 
MeOH (4:l). CH2 C12 was the general solvent and washing medium. The 
syntheses and condensations of the following fragments are described in Fig. 4; 
yields are in brackets: I, 1-7 (82%); 11, 8-1 1 (77%); 111, 12-15 (50%); IV, 16-22 
(84%); V, 1-1 1 (53%); VI, 12-22 (24%); VII, 1-22 (32%). 

I l e  Lys Cys Asn Cys Lys Arg His Val Ile Lys Pro His I l e  Cys A:g Lys Ile Cys Gly Lys Asp 
I I Z Acm T ~ S  & Z d T o  ~ & t  t Bz(0 

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

Fig. 4. Syntheses of MCD-peptide fragments. 

51 1 
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After detachment, I was purified on Sephadex LH 20 with dioxane/MeOH 
(1:l)  and on silica gel with CHC13/MeOH gradient; yield 3476, based on initial 
load on the polymer. The amino-acid analysis of the heptapeptide was in good 
agreement with theory. 

Compound I1 remained on support for condensation with I (0.1 equiv., relat- 
ed to I1 on the polymer) by the DCC/HOBt procedure13. After 3 days complete 
incorporation of I was detected by Ddz-determinations in the reaction solution. 
V was released as described above and purified on silica gel with ChC13/MeOH 
gradient; yields 53% (1 26 mg); Rf (CHC13/MeOH/AcOH 85: 1 0 5 )  0.45. The 
amino-acid analysis showed the proper proportions. 

Compound I11 was cleaved from the polymer. Solubility problems during 
work-up because of de-shielded histidine (final yield 2076, based on initial load 
on polymer) induced us to repeat the tetrapeptide synthesis from dipeptides in 
solution; yield of the crude product 60%. I11 was purified on silica gel with 
ChC13/MeOH gradient and crystallized from MeOH; mp. 170°C. The amino-acid 
analysis was in agreement with theory. 

Compound IV was built up after re-attachment of purified Ddz-Gly-Lys(Z)- 
Asp(OBz1) cesium salt (MCD-sequence 20-22) onto bromoacetyl polystyrene. 
Starting from 0.55 meq/g tripeptide load on the polymer, the sequence was 
elongated stepwise up to position 16 with complete transformation of the indi- 
vidual Ddz-amino acids as determined photometrically. 

Homogeneous IV on the polymer (4.5 gr; 0.21 meq/g) was elongated by 0.9 
meq of pure I11 utilizing the DCC/HOBt method in DMF. After 3 days, 73% 
incorporation of 111 was measured by Ddz-determinations in the reaction solu- 
tion. Remaining free amino functions from IV were blocked by 3-nitrophthalic 
anhydride. Yield of the MCD fragment VI (12-22) on the polymer was 2476, as 
determined after Ddz-deprotection. 

The final fragment condensation was performed with 126 mg of V (1-1 1) 
onto VI on the polymer (%fold excess) by the DCC/HOBt method in DMF. 
After 5 days completed incorporation of V was confirmed as described above, 
yielding 32% of the entirely protected MCD peptide, A quantitative Edman 
degradation on the polymer14 is in progress. The product isolation and the 
bio-assay of the oxidized free eicosadipeptide for comparison with our former 
conventional preparation will be published elsewhere. 
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ALTERNATING LIQUID-SOLID PHASE SYNTHESIS OF 
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Synthesis of biologically active peptides for clinical purposes requires a strate- 
gy which (a) enables a side-product-free synthesis of every intermediate and (b) 
allows analytical procedures for control of reactions and purity of sequential 
peptides. Syntheses on polymeric supports1y2 are appropriate for preparation of 
peptides for experiments in vitro but d o  not meet the above requirements. 

Alternating liquid-solid phase peptide synthesis has been devised as a repeti- 
tive method for synthesis of pure protected peptides3A. It allows the purifica- 
tion of each sequential peptide while retaining the simplicity of removal of 
reagents and by-products typical for support methods. Coupling of a sequential 
peptide with an excess of amino acid attached to a polymeric support through its 
temporary amino-protecting group affords clear distinction of reacted and unre- 
acted species: the reaction product becomes attached to the polymer, while the 
reagents, side-products and, if the coupling reaction is incomplete, precursor stay 
in solution. In contrast to solid phase peptide synthesis, the progress of the 
coupling reaction can be controlled with high accuracy by photometric determi- 
nation of amino groups in the filtrate with ninhydrin or fluorescamine5. 

The goal of this investigation is to study the potential of alternating liquid- 
solid phase peptide synthesis for the preparation of pure, biologically active 
peptides. Luteinizing hormone-releasing factor (LRF) with the sequence <Glu- 
His-Trp-Ser-Tyr-Gly-Arg-Pro-Gly-NH2 has been selected as example. The peptide 
is synthesized in a stepwise manner employing amino acids protected at the a- 
amino group with the polymeric &-polystyryl benzyloxycarbonyl residue (Pboc) 
except for histidine, where the Boc residue is used. 

In Table I the Pboc-amino acids, prepared as described elsewhere6, are listed. 
The diphenylmethyl residue7 (Ph2Me) is employed to mask the C-terminal 
carboxamide group. Prolyl-glycyl-diphenylmethylarnide trifluoroacetate as ami- 
no component is coupled with a four-fold excess of Pboc-Arg(N02) preactivated 
for two hours with dicyclohexylcarbodiimide(DCC) and N-hydroxysuccinirnide 
(HOSu) in DMF/CH2 C12. During the first two hours the solution is kept neutral 
by gradual addition of N-methylmorpholine. The progress of the coupling reac- 
tion is determined quantitatively in the filtrate of the reaction mixture (Fig. 1). 
After two hours at 0°C the resin is rinsed alternately with DMF and EtOH and 
three times each with CH2C12, EtOH, dioxane, 10% AcOH in dioxane, 10% 
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AcOH in CH2C12, CH2C12, EtOH and ether. The Pboc-group is cleaved with 
20% TFA in CH2C12 and the polymer is rinsed with DMF until the filtrate 
remains ninhydrin-negative. The solvents are evaporated, tripeptide trifluoroace- 
tate precipitated with ether, redissolved in CH2C12/BuOH (3:l) and extracted 
with half-saturated, cold NaCl solution. During extraction the aqueous phase is 
adjusted to pH 4 with NaHC03. After drying, the organic phase is concentrated 
in vacuo and the oily residue triturated with ether. The precipitated tripeptide is 
tested by amino acid analysis and reversed-phase high performance liquid chro- 
matography (HPLC). Elongation of the peptide chain up to the octapeptide is 
performed in a similar manner. After incorporation of the dichlorobenzyl- 
tyrosine residue separation from amino acid is effected by precipitation of the 
peptide diphenylmethylamide trifluoroacetate from DMF with cold half- 
saturated NaCl solution. A crucial question is whether the preceding sequential 
peptide can be retained so strongly on the resin by ionic forces or hydrogen 
bonding that it might still contaminate the elongated peptide chain. 

Therefore the sequential peptides are subjected to reversed-phase HPLC. Due 
to the UV absorption of the C-terminal diphenylmethyl residue and of most 
protecting groups, amounts of less than 0.5 nmol are detected without prior 
derivatization. In Figure 2 the chromatogram of about 50 nmol of synthetic 
tripeptide is shown, before and after addition of 0.5 nrnol of dipeptide. In all 
cases investigated, we could not detect the truncated peptide sequence. The 
amino-acid composition is determined after each elongation step (Table 11). The 
completely assembled peptide is deprotected with hydrogen fluoride in the pres- 
ence of anisole and dithioethane and purified by partition chromatography8 on 
Sephadex LH-20 and column chromatography on Sephadex G-25 superfine. The 
overall yield is 26% based on dipeptide. 

Purity of the synthetic peptide is tested by H P L c ~  yielding a single peak, 
thin-layer chromatography in seven different systems, amino-acid analysis and 
elemental analysis. The biological activity is 82% (+ 50); in clinical application 
the material proved to be highly active in stimulating the release of luteinizing 
hormone. Racemization of amino-acid residues has been determined by gas 
chromatographic separation of N-pentafluoropropionyl-D,L-amino-acid isopropyl 
esters1l9l2 after conversion of arginine into the more volatile ornithine: Pro 
0.5%, Leu 0.5% (0.1%), Ser 15.1% (2.0) Glu 1.4% (0.1%) Tyr 0.3% (0.1%), 
Arg(0rn) 0.4% (0.1%) His 2.0% (n.d.), (racemization determined for Larnino 
acids treated in the same manner). High racemization of serine has been ob- 
served also in insulin A-chain synthesized in our laboratory by liquid phase 
method. This phenomenon is under investigation. The result of our investigation 
proves that alternating liquid-solid phase peptide synthesis can be employed for 
the synthesis of LRF. We consider that synthetic methods, employing the 
principle of phase transfer - not necessarily soluble/insoluble -, offer a great 
potential for the synthesis of pure, medium-sized peptide hormones in a stepwise 
manner similar in simplicity to the support-methods. 
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Arg(N02) 1.32 mmole 

Leu 1 .48  mmole + lmd-% Pro~y-b(H(Ph2Me)  

G 1~ 1.63 mmole 

Tyr(C12Bzl) 1.31 mmole 

Ser(Bz1) 1.54 mmole 

T ~ P  1. 38 mmole 

% y~eld 

';+,/*-; , 
time I h 2 h 

Fig. 1. Coupling of TFA-Pro-Gly- 
NH(Ph2Me) and PbooArg(N02) with 
DCC/HOSu. 

Fig. 2. Reversed phase HPLC of tri- 
peptide derivative (a) with and (b) with- 
out addition of precursor. Conditions: 
Hibar RP-18 (Merck, Darmstadt), 5/1, 3 X 

250 mm, 1.5 ml/min, UV-detection 254 
nm. Elution: acetonitrilell.0 M ammo- 
nium acetate pH 5.0, 25:75. ____t___l 

min L 0 L 0 

Table 11. Amino  Acid Composit ion o f  Sequential  Peptide Derivates (Ph2 Me) . 

NH-Gly+Pro+-Arg+Leu+Gly+Ty r+Ser+-Trp+Hisc<Glu 

I I I I 
NO, Cl2Bzl Bzl Tos 
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POTASSIUM CYANIDE CATALYZED TRANSESTERIFICATION: 
A MILD PROCEDURE FOR REMOVING PEPTIDES FROM THE 

MERRIFIELD RESIN WITH THE 
PROTECTING GROUPS INTACT 

GRAHAM MOORE and DENIS MCMASTER, Division o f  
Pharmacology & Therapeutics, Faculty o f  Medicine, 

University o f  Calgary, Calgary, 
Alberta T2N l N 4 ,  Canada 

A problem which can be encountered when anhydrous hydrogen fluoride is 
used to remove peptides from a solid support with simultaneous cleavage of side 
chain protecting groups, is difficulty in separating the desired peptide from par- 
tial sequence peptides present in the reaction product. When faced with this 
situation, an alternative approach is to remove the peptide from the resin with 
all its protecting groups intact, and carry out purification steps at this stage of 
the synthesis, when smaller contaminating peptides may often be largely extract- 
able into an appropriate organic solvent. 

Transesterification. In the solid phase peptide synthesis procedure of Merrifield, 
a benzyl ester type bond is used to anchor peptides to the solid support.l 
Selective cleavage of this bond may be accomplished by transesterification in the 
presence of alcohol and a suitable catalyst. Methods have been devised for ob- 
taining the methyl ester2 and the readily hydrolyzable dimethylaminoethyl 
ester,3 but strongly basic conditions, which may racemize the peptide, are 
required in order to obtain the benzyl e ~ t e r . ~ ? ~  

Potassium cyanide catalyzed transesterification. Potassium cyanide has been 
shown to be a mild catalyst of transesterification reactions involving unsaturated 
fatty acid esters? We have examined the possible use of KCN as a catalyst in 
transesterification reactions involving peptides linked to the Merrifield resin and 
have found that, by using the appropriate alcohol, the methyl, ethyl or benzyl 
ester can be obtained. Boc-Gly-resin or Boc-Val-resin was stirred in alcohol in 
the presence of 1% KCN at room temperature and the time dependent release of 
the Boc-amino-acid ester monitored colorimetrically after acid deprotection and 
subsequent reaction with ninhydrin (Fig. 1). Based on steric considerations, it 
might be predicted that the reaction would proceed more readily with simple 
amino acids and aliphatic alcohols, i.e. Boc-Gly-resin + Boc-Gly-OMe, than with 
more sterically hindered reactants, i.e. Boc-Val resin + Boc-Val-OBzl. In 
general, the data in Fig. l A ,  and in particular the observation that no trans- 
esterification took place in t-butyl alcohol, are in accord with this hypothesis. 
However, the initial rate of transesterification of Boc-Gly-resin in benzyl alcohol 
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Fig. 1. Transesterification with potassium cyanide and alcohol. (A) Time dependent 
release of amino acid from the resin, (B) semilogarithmic plot for determination of first 
order rate constants. BocGly-resin (200 mg; 0.63 mmole Gly/g) or Boc-Val-resin (400 mg, 
0.40 mmole Val/g) was stirred in alcohol (10 ml) with KCN (100 mg) at room temperature. 
Aliquots (100 p1) were removed at each time interval, filtered and heated in 1N HC1 at 95°C 
for 1 hour. After neutralization, the amount of amino acid present was determined by the 
colorimetric ninhydrin method of ~ o s e n . ~  Percent release from the resin was determined 
by comparison to standard curves simulating 0-100% release. 0 BocGly-resin/methanol, 
k =  0.124 hr-l; a BocGly-resin/benzyl alcohol, k  (initial) = 0.217 hr-l, k (final) = 0.058 hr-l; 

Boc-Val-resin/methanol, k  = 0.058 hr-l; Boc-Val-resin/benzyl alcohol, k  = 0.023 hr-l. 

was greater than all other reactions studied (Fig. 1A). When the data are plotted 
semilogarithmically, as in Fig. lB, the formation of Boc-Gly-OBzl appears to be 
characterized by two first-order rate constants. Possibly adsorption of benzyl 
alcohol to the polymer expedites the initial phase of the reaction resulting in the 
observed kinetics. 

For each reaction illustrated in Fig. I ,  the Boc amino-acid esters were isolated 
from the reaction mixture and shown by thin-layer chromatography and proton- 
magnetic-resonance spectroscopy to be identical to authentic derivatives synthe- 
sized by classical solution methods. 

Racemization. The possibility that the amino acid attached to the resin may 
racemize during the transesterification reaction was investigated. Z-Ala-Val resin 
was converted to Z-Ala-Val-OBzl by stirring the peptide-resin with 1% KCN in 
benzyl alcohol for 24 hrs. After isolation of the product and deprotection by 
hydrogenation, no detectable racemization (< 1%) was observed using an amino- 
acid analyzer as described by Manning and ~ o o r e . ~  

Peptides containing aspartic or glutamic acid. Side-chain-benzyl-ester-protecting 
groups of aspartyl and glutamyl residues are transesterified under these conditions 
and the possibility that these residues might also cyclize and undergo a + w shift 
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warranted investigation. When Z-Asp(Bz1)-Gly-Phe-Gly-resin was stirred with 1% 
KCN in benzyl alcohol for 24 hours, the product was found not to contain the 
succinimido derivative (infrared spectrum). After deprotection by hydrogena- 
tion, the tetrapeptide was digested with carboxypeptidase A and the appearance 
of products monitored by amino-acid analysis. Glycine, phenylalanine and 
a-aspartyl-glycine were released by the enzyme. However, an unidentified prod- 
uct with similar chromatographic properties to 0-aspartyl-glycine [possibly 0-Asp- 
(Gly-Phe)] was also present. This suggests that aspartyl and glutamyl residues 
should be protected with a non-transesterifiable protecting group, e.g. t-butyl 
ester. 

Transesterification in 95% aqueous alcohol. Treatment of Boc-Gly-resin with 
1% KCN in 95% aqueous methanol for 24 hours resulted in the formation of 
Boc-Gly-0-K+ as the only product. By monitoring the reaction by thin-layer 
chromatography, it was shown that the resin bond was first transesterified and 
subsequently saponified. Side-chain-benzyl-ester-protecting groups of aspartyl 
and glutamyl residues were transesterified but not saponified under these con- 
ditions. However, when either of the reactants was sterically hindered (e.g. 
Boc-Val-resin/95% methanol; Boc-Gly-resin/95% benzyl alcohol), the saponifica- 
tion step was not complete after 24 hours. This observation, together with the 
possibilities of (i) racemization and (ii) cyclization of acidic residues, renders 
this procedure, as a method for releasing peptides from the Merrifield resin with 
a free C-terminus, impractical for most purposes. 

Synthesis of arginine-vasotocin. Arginine-vasotocin (AVT) was synthesized by a 
procedure involving KCN catalyzed transesterification with benzyl alcohol. 
After stirring Z-Cys(Bzl)-Tyr(Bzl)-Phe-Gln-Asn-Cys(Bzl)-Pro-Arg(Tos)-Gly-resin 
in benzyl alcohol containing 1% KCN for 48 hours, the fully protected peptide 
was obtained in 55% yield after trituration with methanol and recrystallization 
from acetic acid/methanol. After ammonolysis, deprotection (Na/NH3), oxida- 
tion and two Sephadex G15 chromatography steps, the AVT had the same 
pharmacological potency (140 rat pressor unitslmg) as a sample of AVT which 
had been obtained by liberating the peptide from the resin directly by ammonol- 
ysis, indicating that the transesterification procedure did not "damage" the 
peptide. 

Influence of cation, solvent and crown ether on reaction rate. Several investiga- 
tions were made to determine the possibility of increasing the rate of this 
transesterification reaction. These included efforts to (i) increase the solubility 
of the catalyst (potassium cyanide is marginally soluble in benzyl alcohol) and 
(ii) change the swelling characteristics and/or solvent interactions of the resin. 
The reaction of Boc-Val-resin in benzyl alcohol was used as a model in these 
studies since, from a practical viewpoint, an increase in the rate of this reaction 
was desirable (Fig. 1). 
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The replacement of potassium cyanide by cesium cyanide was found to have 
essentially no effect on the reaction rate even though gravimetric experiments 
indicated that the cesium salt was more soluble in benzyl alcohol than the 
potassium salt. Similarly, the inclusion of dioxane or dimethyl sulfoxide in the 
reaction mixture (equal volume ratio with benzyl alcohol) did not increase the 
rate of the reaction, and, in the case of dioxane, decreased the rate. In contrast, 
the substitution of potassium cyanide by potassium cyanide:dibenzo-18-crown- 
6-ether complex (prepared by dissolving molar equivalents of KCN and the 
crown ether in methanol followed by complete removal of the solvent) pro- 
moted the reaction (Fig. 2A), such that the first order rate constant was almost 
doubled (Fig. 2B). The use of a KCN:crown-ether complex would therefore 
appear to be an improvement to the general method. 

Fig. 2. Influence of crown ether on rate of transesterification. (A) Time dependent 
release of amino acid from resin; (B) semilogarithmic plot for determination of first order 
rate constants. Boc-Val-resin (400 mg; 0.40 mmole Val/g) was stirred in benzyl alcohol 
(10 ml) with KCN (100 mg) or KCN:dibenzo-18-crowndether complex (120 mg) at room 
temperature. Rates of release were determined as described for Fig. 1. a KCN, k = 
0.025 hr-l; r KCN:crown ether, k = 0.046 hr-l. 
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~ ~ a r n i n l  is the neurotoxic component of bee venom. It acts at the level of 
polysynaptic reflexes in the central nervous system.2 The structure of this pep- 
tide (Fig. 1) has been determined3d and the synthesis by solid-phase methodology 
reported.6 t-Butylmercapto was used to protect the sulfhydryl function, but 
this group proved to be very unstable during the HF reaction. Reoxidation of 
the reduced peptide was optimal in 0.1 M Tris/HCl buffer at pH 8.0 at a concen- 
tration of about 10 pmoles of peptide per liter. Reoxidation took 48 hr by aera- 
tion in 0.1 M Tris or ammonium acetate. Under these conditions, synthetic 
apamin could be reduced and reoxidized with a yield of 70% after purification 
on CM-cellulose and gel filtration. 

In this paper we report three protecting groups of cysteine tested for the 
synthesis of apamin: p-methoxybenzy17, ethylmercapto8 and acetamidomethyl9 
The three syntheses were performed in the same way and with the same side 
chain protections as for the first synthesis of apamin.6 Reoxidation of the 
reduced peptide was also performed under identical conditions. Purification of 
the reoxidized peptide was accomplished as described6 but with an additional 
equilibrium ion-exchange chromatography on CM-cellulose buffered with 0.17 M 
ammonium acetate at pH 6.0. 

Fig. 1. Structure of apamin. 

Treatment of the peptide after assembly on the resin and before reoxidation 
was designed according to the protecting group of cysteine : p-Methoxybenzyl- 
cysteine-containing apamin. To minimize some of the undesirable side reactions 
of the HF treatment (1 hr, not only 10% anisole but also an excess of 
cysteine and ethylmethylthioether was added. After five washes with diethyl- 
ether the resin was treated with AcOH (3 ml) and then H20 .(3 X 2 ml). The 
acidic solution containing the reduced peptide (yield of HF cleavage: 57%) was 
applied to a Biogel P2 column equilibrated with 0.1 M acetic acid. The eluted 
peptide, detected by UV absorbance at 235 nm, was air-oxidized as described 
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above and purified by ion-exchange chromatography and gel filtration. The 
purified peptide (7% of the crude peptide) was fully active with an LDS0 of 
60 ~g for a 20 g mouse. Ethylmercaptocysteine-containing apamin. This peptide 
was treated as described previously6 but without lyophilizing the partially de- 
protected crude peptide obtained after the HF reaction. The acidic mixture 
containing the crude peptide (yield of HF cleavage: 63%) was brought to pH 8.0 
with conc. N b O H  (some insoluble polymers formed). An equal volume of 
propanol was added, nitrogen bubbled through the mixture for 15 min and 
tributylphosphine added to cleave the S-protecting group and to reduce polymers. 
After 24 hr, the mixture was air-oxidized and the peptide purified as described 
above. The yield of fully active apamin (LDS0 for a 20 g mouse: 61 pg) was 
20% based on the crude peptide. Acetamidomethylcysteine-containing apamin. 
The HF reaction was performed in the usual way (1 hr, O°C, 10% anisole) and 
the crude peptide lyophilized (66% yield). The tetra-S-Acm apamin was purified 
on CM-cellulose with a conductivity gradient from 0.1 1 M N b O A c  pH 5.1 to 
0.25 M NH40Ac pH 6.3. The protected peptide eluted with approximately 
0.14 M NH40Ac (yield, 32% of the crude peptide). Amino-acid analyses of total 
enzymatic hydrolysates of several fractions of the eluate showed that only one 
contained close to 4 acetamidomethylcysteines and no cystine. All other frac- 
tions had a composition of 1.4 to 3.2 residues of Acm-cysteine and 0.5 to 2.5 
residues of half-cystine. It is clear that some deprotection of Acm-cysteine had 
occurred. We were unable to determine the amount of deprotection of the pep- 
tide which remained on the resin, and it is unclear whether loss of the S-Acm 
group occurred during synthesis or during the HF reaction. The loss is estimated 
at 20% based on the relative amounts of polymeric peptide to monomeric pep- 
tide after a gel filtration of the crude peptide on Biogel P4. The purified tetra-S- 
Acm apamin was treated with mercuric acetate in degassed dilute AcOH at 
pH 4.0 for 90 min as described by Veber et a1.12 The solution was then stirred 
for 20 hr in the presence of a large excess of mercaptoethanol. Desalting on a 
Biogel P2 column in 0.1 M acetic acid was followed by air-oxidation. The de- 
salting step is very important for complete removal of mercaptoethanol. Re- 
oxidation in the presence of traces of this reagent yielded active apamin (LDS0 
for a 20 g mouse: 70 pg) but with a slightly different envenoming symptoma- 
tology, especially a retarded timing of the symptoms. We concluded without 
further evidence that some disulfide exchange occurred by reoxidation of the 
cysteines with mercaptoethanol. Purified aparnin was recovered in 12% yield 
compared to crude peptide and its LD50 for a 20 g mouse was 58 pg. 

The chemical purity and homogeneity of purified apamin were assessed by 
the symmetrical shape of the curve after equilibrium ion-exchange chromatog- 
raphy, by high voltage paper electrophoresis, and by amino acid analyses after 
acid hydrolysis and after total enzymatic digestion. The biological activity was 
tested by the quantitative toxicity assay measuring the LD50 for a 20 g mouse. 
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We found the same activity for the three peptides as for native apamin (see figures 
given above) and the envenoming symptomatology was identical for all toxins. 

The S-p-methoxybenzyl protecting group provides the easiest manipulation of 
the peptide, but the final yield of apamin is the lowest. Using the two other 
protecting groups (ethylmercapto and acetamidomethyl) the yields are much 
better. 

The correct disulfide bridging in syntheses of analogs is problematic and 
depends either on the right conformation of the reduced peptide in the reoxida- 
tion buffer or eventually on statistical reoxidation when the conformation has 
been altered. It would be most useful to have protecting groups of cysteine 
which are selectively removable to permit stepwise disulfide bridging as demon- 
strated in a recent classical synthesis of human insulin by Kamber et  a1.13 But 
under the conditions usedin solid phase synthesis no protecting group ofcysteine 
seems to be completely stable and the ensuing difficulties increase rapidly with 
the number of disulfide bonds. It is however encouraging that a peptide as com- 
plex as apamin can be synthesized almost routinely in a good yield. 
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The smallest antibody fragment known to have full antigen-binding activity is 
a noncovalent combination of the variable regions of the heavy and light chains1. 
Chemical synthesis of either domain and combination with the other, comple- 
mentary variable region will yield a semisynthetic antibody fragment capable of 
binding antigen with the same strength and specificity as the intact immuno- 
globulin. 

The homogeneous antibody chosen for the first synthesis, 3368, was isolated 
from the serum of a rabbit hyperimmunized with pneumococcal vaccine2. It 
binds to the cell wall polysaccharide, poly ( P  1+3) cellobiuronic acid from type 
111 pneumococcus. Synthesis of the 112-residue lightchain variable-region ( V 3  
was completed using standard solid phase techniques to yield 12 pmol of pro- 
tected proteinyl-polymer. Eighty-two percent of the protein was lost from the 
support during synthesis (1.5% cycle-l). After HF cleavage, dialysis of the 
product yielded a precipitate that was partly solubilized by reduction and car- 
boxymethylation. , The major fraction resulting from gel filtration of the soluble 
material had the expected amino-acid composition, but showed a diffuse pattern 
on SDS-gel electrophoresis3. The low yield of peptide that resulted from losses 
during chemical synthesis limited the number of purification steps that could be 
undertaken to isolate biologically active material from the crude, synthetic mix- 
ture. One objective of current research is to prevent these losses. 

Two approaches designed to  minimize loss of peptide from the support in the 
course of synthesis have been examined. First, a functional group more resistant 
to the reagent used for a-amino deprotection (50% TFA/CH2C12) was used to 
anchor the growing peptide to the polymer. Two syntheses of the model tetra- 
peptide B (Fig. 1) (residues 105-108 of 3368-VL) were compared utilizing either 
the standard benzyl ester (BE) or the benzhydryl-amide (BHA) support. These 
contained 244 and 331 pmol peptide per gram of material, respectively. Treat- 
ment of both peptidyl-resins with 50% TFA/CH2C12 showed that peptide was 
lost from the BE-support 3.8 times faster than observed with the BHA-support 
(Fig. 2). Synthesis of 3368-VL requires 57 hours of exposure to 50% TFA/ 
CH2C12. Under these conditions 38% of the tetrapeptide would be lost from the 
BHA support while over 84% would be cleaved from the BE-support. The latter 
value correlates well with the value of 82% actually observed in the synthesis of 
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Fig. 1. Amino-acid sequence of antibody 3368 light-chain variableregion peptides. 

Fig. 2. Loss of Val-Val-Lys(2Cl-Z)-Gly 
from benzhydrylamide and benzyl ester s u p  
ports in 50% TFA. 
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the entire 3368-VL and demonstrates that the tetrapeptide is a usefulmodel for 
predicting the behavior of the VL during synthesis. 

Three syntheses of 30+ residue peptides from the C-terminus of 3368-VL 
were completed using the BHA support. After HF cleavage and gel filtration, 
automated Edman degradation showed all peptides to be heterogeneous. In the 
best synthesis, a 36-residue peptide (F), both preview and truncated sequences, 
were observed. The first step of Edman degradation showed in addition to the 
expected valine (82.5%): glutamic acid, 4.5%; glycine, 9.5%; alanine, 2.9%; 
tyrosine, 0.6%; and cysteine, trace. Because of the sequence heterogeneity of 
the peptides prepared on the BHA-resin, further attempts to synthesize VL on 
the BHA-resin were abandoned in favor of the following approach. 

Kamen and coworkers4 reported that in their synthesis of lysozyme, use of 
HCl/dioxane rather than TFA/CH2C12 for a-amino deprotection resulted in the 
loss of less material from the support. An initial study showed that loss of the 
model tetrapeptide B from the BE-resin in 5.8 N HCl/dioxane was about two- 
thirds of that observed in 50% TFA/CH2C12. In subsequent studies, four addi- 
tional tetrapeptide sequences, (A, C, D, and E), were evaluated as possible 
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starting points for the synthesis of VL fragments. The peptidyl resins used in the 
studies contain 250-300 pmol tetrapeptide per gram of support. The rate of loss 
of peptide varies between 2-5% hr-l in 50% TFA/CH2C12. In HCl/dioxane, the 
rate of loss of peptide is less and steric factors appear to play a more significant 
role. Tetrapeptide E,  is lost only one-seventh as rapidly as B (Fig. 3). If the 
synthesis of VL is begun at va1105, only 15% of the protein should be lost from 
the polymer in the course of synthesis. 

X-ray crystallography of the structurally analogous VL dirner R E I ~  indicates 
that ~~s~~~ is H-bonded to ~ l a 1 3 .  Other interactions of residues found between 
positions 105 and 110 and other parts of the antibody appear to be absent. 
Thus, on biological grounds, synthesis of the VL can probably be initiated at any 
residue between 105 and 110. 

A 20-residue fragment extending between va1106 and Ging9 was prepared on 
the standard BE-resin using HCl/dioxane for a-amino deprotection. Sequence 
analysis indicates that only the expected glutamine is present at the N-terminus. 

In summary, stability of the chemical bond anchoring a peptide to the BHA 
resin is sufficient to permit synthesis of long sequences. Antibody sequences of 
intermediate length, however, are heterogeneous when prepared this way. Req- 
uisite stability may also be obtained by starting with a hindered C-terminal 
residue attached to the BE support and deprotecting with HCl/dioxane. Analysis 
of sequences prepared in the latter way indicates the peptides are homogenous at 
the 98+% level. 

RABBIT VL SEQUENCE RATE OF LOSS ( %  hr-' ) 

Fig. 3. Rate of loss of various antibody fragments from the support in 50% TFA/CH2C12 
and 5.8 N HClIdioxane. 
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Taiwan cobra venom cardiotoxin (CTX 111) contains 60 amino-acid residues 
with 4 disulfide bonds1. I t  is a good example for comparison of stepwise solid- 
phase synthesis and fragment solid-phase synthesis. A preliminary synthesis by 
stepwise method gave 75% of biological activity2. We resynthesized cardiotoxin 
by stepwise and fragment solid-phase methods. 

The procedures of the stepwise synthesis were as described by ~ e r r i f i e l d ~  
with some modifications. For fragment solid-phase synthesis, cardiotoxin was 
divided into 16 fragments with terminal amino groups protected by either Boc- 
or Nps- groups. The other protecting groups were the same as in the stepwise 
synthesis.? The first three C-terminal amino-acid residues were coupled stepwise 
and then fragment coupling was started. The procedure was similar to  the step- 
wise synthesis except that the coupling reactions were carried out by DCC-HOBt 
in DMF and reaction times were extended (2 days or more). The scheme for the 
fragment method is illustrated in Fig. 1. 

The final peptide-resin at the end of synthesis was treated with liquid HF to 
liberate free peptides. After gel chromatography with Sephadex G-50, the fold- 
ing of the deprotected peptide and disulfide bond formation was carried out by 
spontaneous air oxidation in 0.05 M phosphate buffer (pH 6.8) with protein 
concentration of M. The crude cardiotoxin was then purified by Sephadex 
G-50 gel chromatography and repeated CMC column chromatography. The 
product obtained from the stepwise method and after 2nd CMC chromatography 
was further purified by chrom.atography on anti-cardiotoxin sera column. 

The highly purified cardiotoxin from both methods were compared with 
natural cardiotoxin by disc gel electrophoresis, CD spectra (Fig. 2), amino-acid 
analysis, peptide maps of trypsin digest after performic acid oxidation, and 
biological properties (Table I). The results showed that physical and chemical 
properties were the same as natural cardiotoxin. The fragment solid phase 
method can give 100% active product with total yield of 0.5% while the stepwise 
method about 85% with overall yield of 0.1%. 



Fig. 1. The fragment solid phase synthesis of cobra venom cardiotoxin (CTX 111). 
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Fig. 2. (above) CD spectra of synthesized cardiotoxin. (-), stepwise method; (. . . .), 
fragment method; (- -), native cardiotoxin. (below) Disc gel electrophoresis of synthesized 
cardiotoxin. 1. stepwise method (2nd CMC) 2. stepwise method (2nd CMC and affinity 
chromatography) 3. fragment method (2nd CMC) 4. native cardiotoxin. 
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Table I. Biological Properties of Synthetic Cardiotoxin 

S y n t h e s i z e d  CTX (111) 
Tests Native CTX 

(111) Stepwise Fragment 

Haemolysis b loo% 88% 90% 

Muscle contractionC + + + 

a. The synthetic CTX (111) showed a cross reaction identical with that of CTX at a concen- 
tration of 0.2 mg/ml. 

b. The values indicated were obtained from the average of two independent assays and 
native CTX (111) was taken as standard. 

c. The three preparations have the same contraction patterns. 
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REMOVAL OF Na-BENZYLOXYCARBONYL GROUPS FROM 
SULFUR-CONTAINING PEPTIDES BY CATALYTIC 

HYDROGENOLYSIS IN LIQUID AMMONIA: STEPWISE 
SYNTHESIS OF SOMATOSTATIN 

ARTHUR M. FELIX, MANUEL H. JIMENEZ, and 
JOHANNES MEIENHOFER, Chemical Research Department, 

Ho ffmann-La Roche Inc., Nutley, New Jersey 071 10 

The ideal protecting group combination offl-benzyloxycarbonyl groups and 
side-chain protection by t-butyl derived groups1y2 was recently extended to 
include sulfur-containing peptides which are known to resist catalytic hy- 
drogenolysis in most solvents. When liquid ammonia, a powerful solvent for both 
protected and free peptides, was used as solvent for palladium catalyzed hy- 
drogenation, quantitative removal ofNa-benzyloxycarbonyl groups was attained 
from S-benzylcysteine- and methionine-containing peptides.3 These observations 
led to a novel synthesis of oxytocin via incremental chain elongation4 in which 
catalytic hydrogenolysis in liquid ammonia was successfully utilized for cleavage 
of the Na-benzyloxycarbonyl groups. 

The presence, at every stage, of a sulfur-containing residue (cysteine) at the 
C-terminal creates a severe test of the novel catalytic hydrogenolysis in liquid 
ammonia when this procedure is employed in the stepwise synthesis of 
~omatos ta t in .~  For side-chain protection the t-butyl ester, t-butyl ether, and 
N-t-butyloxycarbonyl groups were used. The cysteine thiol functions were pro- 
tected by the ~ - t - b u t ~ l ~ . ~  group which was also completely stable toward 
palladium-catalyzed hydrogenolysis in liquid ammonia. Peptide synthesis was 
carried out as shown in Scheme I by incremental chain elongation with NOL- 
benzyloxycarbonyl-L-amino acids. Coupling reactions were carried out by the 
N-hydroxysuccinimide ester method8 for the preparation of compounds 10, 14, 
16, 20, 22, 24, 26. Cornpounds 2, 4, 6, and 8 were prepared by the mixed- 
anhydride procedure with isobutylchloroformate9 and N-methylmorpholine.10 
Incorporation of Z-Asn-OH and Z-Trp-OH was achieved by the p-nitrophenyl 
esterl17l2 and carbodihide-hydroxybenz~triazole~~ methods, respectively. 

Catalytic hydrogenolysis in liquid ammonia of the Na-benzyloxycarbonyl 
groups proceeded in good yield (average yield 87% for the 12 reductions of the 
di- through tridecapeptide stages). The addition of dimethylacetamide (-0.06 
ml/rnl NH3) and triethylamine (-4 equiv.) improved the rate and extent of 
Z-group cleavage in difficult cases and has therefore been incorporated into our 
standard recommended procedures.14 Several of the intermediates were purified 
by high performance liquid chromatography on silica gel 60.15>16 Nuclear mag- 
netic resonance (100 MHz) revealed characteristic chemical shifts for the t-butyl 
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Phe Phe 

H-Alo - Gly - Cys - Lys - Asn - Phe - Phe - Trp - Lys - Thr - Phe -Thr - Ser - Cys-OH 27 

K3Fe(CN)6 pH 67 

H-AIo - Gly - Cys - Lys - Asn - Phe - Phe - Trp - Lys - Thr - Phe - Thr - Ser - Cys -OH 28 
I I 

Scheme 1. Stepwise synthesis of somatostatin using catalytic hydrogenolysis in liquid 
ammonia for each @-Z-group cleavage. 

derived protecting groups and permitted further characterization of dl interme- 
diates as exemplified in Figure 1 for the protected tetradecapeptide, 26. 



STEPWISE SYNTH ESlS OF SOMATOSTATIN 

Fig. 1. The nmr spectrum (100 MHz) 
of the protected tetradecapeptide, 26, in 
DMSO-d6. 

Deprotection of the t-butyl-derived groups was carried out by treatment with 
anhydrous trifluoroacetic acid. The removal of the S-t-butyl group under mild 
conditions was not previously established.8*17>l8 Consequently, this means of 
cysteine-thiol protection has not found general utility in peptide synthesis. We 
have now observed that the S-t-butyl group may be quantitatively cleaved under 
mild conditions by using mercuric acetate at pH 4 and 2 5 " ~  for several hours. 
Independent studies by Fujino and ~ i s h i m u r a , ~ ~  in which deprotection was 
achieved with mercuric trifluoroacetate, lend further support to the general 
utility of the S-t-butyl protecting group in peptide synthesis. 

The product was purified by gel filtration and afforded chromatographically 
homogeneous dihydrosomatostatin, 27. 0xidation20 with K3Fe(CN)6 provided 
somatostatin, 28, in 62% yield. Both products inhibited growth-hormone re- 
lease in vitro. 21 

The authors thank Dr. T. Williams for the nmr spectra, Dr. T. Mowles for carrying out 
the growth hormone inhibition assays and Mr. T. Gabriel for assistance with the high per- 
formance liquid chromatography. 
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PEPTIDE SYNTHESIS IN AQUEOUS SOLUTION 
WITH 0-NITRO-p-SULFOPHENYL ESTERS 

YAKIR S. KLAUSNER, TZVI H. MEIRI and 
EUGENIA SCHNEIDER, Department of Organic Chemistry, 

The Hebrew University, Jerusalem, Israel. 

The natural medium of macromolecules such as enzymes, peptide hormones 
and nucleic acids is water. In organic solvents substantial changes of their con- 
formation usually takes place. It is therefore advantageous to modify chemically 
and even to synthesize these molecules in waterl, a solvent which is also compat- 
ible with the methods of analysis and purification that must accompany each 
synthetic step. 

Toward this end we explored the synthesis, water solubility and acylation 
properties in water, as well as in DMF of o-nitro-p-sulfophenyl esters of several 
N-protected amino acids. Attachment of a sulfonic acid residue in the form of 
sodium salt to the well-known o-nitrophenyl esters ( O N O ) ~ ? ~  was anticipated to 
confer appreciable water solubility without considerably affecting the reactivity. 
Four methods for the preparation of the active esters were investigated: D C C ~ ,  
E E D Q ~ ,  nitrophenyl-trifluoroacetate6 and symmetrical anhydrides7>*. Of these, 
symmetrical anhydrides, employed in 2.5-3 fold excess proved to be the reagents 
of choice (Scheme 1). The symmetrical anhydrides were prepared in methylene- 
chloride8 or tetrahydrofuran and added directly into a suspension of o-nitro-p- 
sulfopheno19 sodium salt in pyridine. After removal of the methylenechloride in 
vacuo the suspension was stirred until practically complete dissolution of the 
phenol occurred (usually 4-16 hours). The active esters were isolated by precipi- 
tation with dry ether, followed by digestion with isopropanol or by column 
chromatography on silica gel. 

Most of the o-nitro-p-sulfophenyl esters (ONs) so far tested have good water 
solubility (Table I) and are efficient acylating reagents in this solvent as well as 
in DMF. The well-known protected tetrapeptidelo which comprises positions 
11-14 in ACTH was synthesized in both solvents (Scheme 2). 

In general, the peptide ester hydrochloride (Scheme 2) was dissolved in water 
and the active ester was added either in aqueous solution or as a solid. N NaOH 
was added and the pH was maintained at 8-8.5 with the aid of a pH meter. 

3 eq. 1 eq. 

Scheme 1 
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Table I. Properties of Some Benzyloxycarbonylamino 
Acid o-Nitro-p-sulfophenyl Esters 

Active e s t e r  m p ,Ocb  S o l u b i l i t y  in water lRg W h : h  max(nm); E 

2 - ~ a l - 0 ~ s ~  210-212(dec) -17' 85 z C  0 . 0 4 ~  1770 253 ; 5000 

2-Pro-ONs 105-109 -59' 72 2 .5  0.05 1776 256 ; 4600 

B a :  

2-Lys-ONs 160-162 -20' 76 not appreciably 1774 255 ; 4900 
soluble 

2-Leu-ONs 198-200[dec) -29' 94 12 0.27 1778 253 ; 4600 

2-Phe-ONs 90- 95 -42' 64 10 0.19 1775 255 ; 5100 

- 
a Suggested abbrevia tmn f o r  Q-nitro-1-sulfophenyl e s t e r s  [ s o d i m  s a l t s ) :  ONs, The a c t i v e  e s t e r s  do 

not possess sharp rn p. The reported values r e f e r  t o  the  s t a r t i n g  of softening or t h e  appearance of a 

yellow color.  C = 1: in  dimcthylforrnamide, containing 1% a c e t i c  ac id .  Yield was ca lcula ted  on the  

b a s ~ s  of o-nitro-p-sulfophenol sodium s a l t ;  pur i ty  was shown by t .1 .c .  and elemental analys is .  In  

percent .  In molar concentration. Recorded in  KBr. C=O act ive  e s t e r  i n  cm-l, Recorded in  

ethanol.  

L Y ~  P ro  Val G ~ Y  

Scheme 2 

Z 

Z 

Z ONs H 

Z 

Reaction times were usually short and good yields of protected peptides were 
usually obtained (Table 11). In the case of the lysine derivative which is not 
appreciably soluble in water, the reaction was commenced with the active ester 
in suspension. Even in this case the ester was soon dissolved in water and the 
acylation was fast. It should be noted that the products are insoluble in water 
and were isolated by extraction with ethylacetate. Efficient acylation reactions 
took place also in DMF, and as expected, 1-hydroxybenz~triazole~~ was an 
excellent catalyst. The yields and physical characteristics of the tetrapeptide 
derivatives prepared in both solvents are given in Table 11. 

In a previous study it was shown12 that the reactions between Z-Leu-ONp, 
Z-Leu-ONo and benzylamine in DMF proceeded with tl/, of 1.5 rnin. and 0.65 
min, respectively. Under similar conditions the reaction between Z-Leu-ONs and 
benzylamine gave tl/, of 0.5 min. The reaction of Z-Leu-ONs with glutamic acid 

--OEt 

O E t  

O E t  

O E t  

O E t  

O E t  

Z 

Z 

--ONs H 

--ONs H 
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Table 11. Peptide Synthesis Using o-Nitro-p-Sulfophenyl 
Esters in Water or Dimethylformarnide. 

Peptide Solvent Yield, a% Reaction time b 

I water 85 4 

DMF 89 2 

I1  water 88,s 2.5 

DMF 9 3 2 

I11 water 44 3 

DMF 69 5.5 

- - 

10 
a Purity was established by comparison of m p with the l i t e r a t u r e  , 

t .1 .c .  and elemental analysis.  10% excess of the active e s t e r  was employed 

In hours. 

in water gave tl/, of 4.5 rnin and 2.1 min at pH 9 and pH 9.7 respectively. It is 
interesting to note that 1-hydroxybenzotriazole acts as a catalyst in aqueous 
solutions. Addition of 1 equivalent of HOBt to the above-mentioned reaction 
reduced the half reaction times to 2.2 min at pH 9 and to 1 min at pH 9.7. 
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1,4-DINITRO-1,3-BUTADIENE-2,3-DICARBOXYLIC 
ANHYDRIDE, A NEW PEPTIDE COUPLING AGENT 

BORIS WEINSTEIN, Department o f  Chemistry BG-10 
University o f  Washington, Seattle, Washington 981 95 

Mixed anhydrides are useful as peptide coupling agents due to their ease of 
formation, quick reaction time, and facile work-up conditions. Symmetrical 
anhydride reagents are rather rare, but would be expected on several grounds to 
be better than the standard unsymmetrical ones in common use. To test these 
ideas, catechol on treatment with phosgene gave catechol carbonate, a known 
compound. Addition of methyl-L-alaninate, followed by Nff-benzyloxycarbonyl- 
L-phenylalanine, afforded in moderate yield the dipeptide. Application of the 
highly useful nuclear magnetic resonance procedure for the determination of 
racernization revealed the absence of any D-L isomer. 

In order to improve the reagent, 1,4-dibromo-2,3-butanedione was refluxed 
with sodium nitrite in acetone to yield yellow 1,4-dinitro-2,3-butanedione. Al- 
ternately, a more efficient procedure involved the treatment of nitromethane 
with sodium hydride, followed by the addition of oxalyl chloride in benzene. 
Both preparations also furnished a small quantity of the mono isomer. Next, the 
dinitro-diketone was reacted with phosgene to give 1,4-dinitro-l,3-butadiene-2,3- 
dicarboxylic anhydride. This compound, in turn, was used to couple a variety of 
protected amino acids to afford dipeptides in high yield. The other product 
from this sequence is the starting dinitro-diketone, so the process is economical. 
Indeed, the latter material is water soluble and protected peptides can be isolated 
in remarkable purity. 

The coupling agent has been used to make simple tri- and tetrapeptides, plus 
several interesting biological active peptides. After it has been applied to some 
other complex cases, then the results should indicate whether it can replace 
simpler anhydrides. Indeed, experience to date has shown that it could be the 
agent of choice with unprotected amino acids and can also provide a useful tool 
in solid phase procedures. 



CY STEIC ACID, A WATER SOLUBLE PROTECTING GROUP 
IN PEPTIDE SYNTHESIS 

A. HUBBUCH, W. DANHO and H. ZAHN, Deutsches 
Wollforschungsinstitut an der R WTH Aachen, 51 00 Aachen, 

West Germany 

One of the main problems in the classical synthesis of peptides is the decreas- 
ing solubility of larger representatives of this class of compounds.1 This creates 
cumbersome problems in coupling and purification. The convenient protecting 
groups used in peptide synthesis possess hydrophobic properties and enhance the 
solubility in organic solvents (Bpoc, Boc, Trt, Z). It would be of interest to 
investigate the influence of a hydrophilic protecting function on the solubility 
characteristics of peptides for h e  following reasons: a) Water soluble protecting 
groups are necessary, if the aim of peptide synthesis in aqueous solution2 can be 
accomplished. b) Improved water solubility of protected synthetic peptides 
should provide advantages for the purification process. 

There are, however, only few examples of water soluble protecting groups: 
The polar ~ s c - ~ r o u ~ ~  shows hydrophilic properties. wieland2 attempted the 
preparation of such a group, and recently Kunz reported the properties of the 
alkali-labile cationic ~ e o c - ~ r o u ~ ~ .  Cysteic acid seems to be a suitable reagent for 
the following reasons: The sulfo group being the salt of a very strong acid, bears 
a negative charge within a wide pH range. It should be rather inert toward the 
common reagents used in peptide synthesis (especially DCC), and it can be easily 
removed by Edman degradation. Braunitzer et  aL5 showed the hydrophilic effect 
of sulfo groups, notably in counter-current distribution with polysulfonated 
isothiocyanates. 

Cysteic acid peptides were described in analytical work done on wool6 and 
they were products in the sequence analysis of proteins, such as insulin7 and 
papain8 for example. In this context a few examples of cysteic acid preparations 
are reported6,9710. The authors employed performic acidlo or bromine oxida- 
tion6y9. This method is not feasible for acid-labile protected peptides. Another 
restriction is the sensitivity of some amino acids towards oxidation. Therefore, 
two routes for the preparation of cysteic acid derivatives were developed. The 
first involves the oxidation of cystine derivatives and peptides, the second em- 
ploys cysteic acid as starting material. 

I I 
(Y-Cys) 2 (Y-CYS-NH-R ) 

J 4 
1 2  

Y-Cys (0 Na) -OH + H N-R -+ Y-Cys (0 Na) -NH-R + + Y-Cys (0 Na) -NH-R + H N-R 
t 

3 2  1 3 1  3 2  2 2  

Y-L + H-Cys(0 Na)-ONa 
3 
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The following cysteic acid derivatives, which are applicable to peptide synthesis 
were prepared: 

Boc-Cys (0 Na) -OH 
3 

2-Cys (0 Na) -OH 
3 

Pht-Cys (03K) -OH 

Boc-Cys (0 Na) -0Np 
3 

2-Cys (0 Na) -0Np Pht-Cys (03K) -0Np 
3 

Boc-Cys (0 Na) -0NSu 
3 

Model peptides of the type Y-Cys(03Na)-Leu-OMe were synthesized via dif- 
ferent procedures to investigate the best conditions for the introduction of 
cysteic acid in peptides (Table I). All procedures afforded homogenous material 
in yields ranging from 70-90% of theory. The identity of products prepared by 
these different procedures was proved by IR- and l ~ - n m r  spectroscopy. It 
appears that methods involving mixed anhydride coupling of cysteic acid deriva- 
tives or catalytic oxidation with peroxide of the corresponding cysteine deriva- 
tives provide the best results. 

In order to  explore the influence of a N-terminal cysteic acid residue on the 
solubility characteristics of sparingly soluble (both in organic and aqueous sol- 
vents) peptides, fragments corresponding to various sections of the insulin mole- 
cule have been prepared as shown in Table 11. It was found that Boc-Cys(03Na)- 
ONSu was the ideal coupling reagent. The reaction rate was high and no side 

Table I. Various Procedures for the Introduction of-Cysteic Acid in Pep.tides. 

Y DCCI/HOBT Activ.ester Mix.anhydr. Performic acid Catalytic oxidation 
oxidation with H,O, 

BOC + + 
z + + 
Pht + + + 

Table 11. Solubility Properties of Synthetic Model Cysteic Acid Peptides 

Cysteic Acid Peptides 4 

Yield Solubility K-values 
% DMF H2O (CCDJ 

I Boc-Cys (0 Na) -Phe-Val-Asn-Gln-OH 311 *PI w 0.6 

I1 Boc-Cys (03Na) -Phe-Val-Asn-Gln-His-Leu-Cys T t  1 - O H  44 - 3 
4 

IV Boc-Cys (03Na) -Gly-Ile-Val-Glu 10But) -0Me 59 - * 

1 
The low yields are due to high losses during column chromatography. 

No free base was detected by TLC. 

3 
DMF-system: methanol/chloroform/cyclohexane/DMF/water = 5:5:2:2:2 

-* very good, ** good, *poor, - insoluble 
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products could be observed. Purification was accomplished with Sephadex LH 
20/MeOH or countercurrent distribution (CCD). In case of the synthesis of (V), 
the mixed anhydride coupling led to the formation of at least two side-products, 
in contrast to the result obtained for the preparation of Y-Cys(03Na)Leu-OMe. 
Electrophoretic and nmr-data suggest the formation of a sulfonarnide bond and 
sulfonation of the aromatic ring of tyrosine. 

The effect of the anionic sulfo group on the behavior in CCD is clearly 
illustrated during the work up of the reaction mixture: the desired peptide 
derivative has a K-value of 1.5, whereas the side-products have K-values of 5.7. 

The nonapeptide I1 exhibits a remarkable change in its solubility properties. 
While the NfY-Boc-protected octapeptide of insulin B(1-8), Boc-Phe-Val-Asn-Gln- 
His-Leu-Cys(Trt)-Gly-OH, is poorly soluble in methanol or DMF and exhibits a 
distribution coefficient of K = 0.05 in the DMF-system for countercurrent distri- 
bution (see Table 11), the corresponding cysteic acid derivative, I1 (see Table 11) 
has good solubility in both methanol and DMF and a K-value of 4 in the DMF- 
system. Cysteic acid peptides show the desired change in the solubility charac- 
teristics and hence, offer advantages for the purification of hydrophobic and 
sparingly soluble peptide derivatives by counter current distribution. 

We achowledge gratefully the financial support of this work by Deutsche Forschungsge 
meinschaft (AZ Za 5/29). 
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THE 2-TRIMETHYLSILYLETHYL RESIDUE, A SELECTIVELY 
CLEAVABLE CARBOXYLIC ACID PROTECTING GROUP. 

PETER SIEBER, RUDOLF H. ANDREATTA, KAREL EISLER, 
BRUNO KAMBER, BERNHARD RINIKER and HANS RINK, 

Research Laboratories, Pharmaceutical Division, CIBA-GEIGY Ltd. 
Basel, Switzerland. 

In peptide synthesis by way of the fragment condensation approach, there is 
still a great need for new carboxyl protecting groups. carpinol found the 
2-trimethylsilylethyloxycarbonyl residue suitable for use as an N-protecting 
group, being selectively cleavable with fluoride ions. Because this cleavage meth- 
od seemed very promising, we examined the usefulness of the analogous ester 
function, the 2-trimethylsilylethyl (Tmse) residue, -CH2-CH2-Si(CH&,, as a car- 
boxyl protecting group. 

Methods of synthesis. The Tmse esters are prepared by one of the three methods 
shown below. 

Z-A?,-OH + DCC + ~0T.mz.e~ + pyridine 

1 1.1 1.2 3 mol 

Z-AA-OH + DCC + HOBt + HOTmse 

1 1.1 1 3 mol 

Trt-AA-OH + C6H11-N = C-NH-C H 
3 

1 6 11 

1 OTmse 1 mol 

Conditions 

Acetonitrile 

5 - 15 h OOC 

DMF 

1 d 25'~ 

Ethyl acetate 

1 d 50°c 

2-Trimethylsilylethanol (HOTmse) is synthesized from readily available start- 
ing materials in two steps2. Most of the N-protected amino acid Tmse esters can 
be obtained by method 1. When, owing to poor solubility, DMF has to be used, 
large amounts of acylurea derivatives may be formed; in such cases method 2 is 
preferable. Method 3 is used to prepare Trt-Cys(Trt)-OTmse, which cannot be 
obtained by method 1. Most of the N-protected amino acid Tmse esters synthe- 
sized are oily substances. They can readily be purified by chromatography on 
silica gel. 

Cleavage. We assume that the cleavage of the Tmse group proceeds in the follow- 
ing way (in accordance with a suggestion made by carpinol in respect of the 
2-trimethylsilylethyloxycarbonyl group): 
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The reaction is carried out under exclusion of moisture with a solution of 
[R4N] @ FO in DMF or DMSO, R = Et or Bu (2-10 equiv. 5-60 min., 20-30'~). 
The cleavage of -Gly-OTmse takes longer than that of -Thr(But)-OTmse. In the 
presence of basic groups like Arg, a larger excess of fluoride is necessary. Special 
attention has been paid to the question of racemization during treatment with 
fluoride ion, but no evidence of racernization was found in any of the cases 
examined. As is well known, this side reaction does occur during alkaline 
hydrolysis of methylesters. 

Scope and limitations. Under normal peptide-coupling and workup conditions 
and during hydrogenolysis of Z groups the Tmse esters are stable. When the 
hydrogenation is performed in MeOH, transesterification may occur under the 
influence of the basic NH2 group formed. Therefore, Z should be hydrogenated 
either by the pH-Stat method or in isopropanol as solvent. With NaOH in 
organic-aqueous solution the Tmse esters are hydrolyzed at rates comparable to 
those of ethylesters. HCl in organic solvents cleaves the Tmse group, but the 
reaction is slow enough to allow selective removal of a Boc group. Example: 
Formation of HCl-H-Ala-Cys(Acm)-OTmse starting from the Boc derivative; 
yield 87% (10 equiv. HC1 in ether, 45 min., room temperature). Anhydrous 
trifluoroacetic acid cleaves the Tmse group rapidly. Under the conditions of 
Tmse group cleavage by fluoride ions Boc, Bpoc, N- and S-Trt, S-Acm and 
t-butylether are stable. The behavior of other functional groups is indicated 
below. 

Group Remarks 

Z Formation of hydantoins4. Under proper conditions (minimum ex- 
cess of FO, shortest time possible) the Tmse group is split with 
sufficient selectivity. 

OMe Very slow cleavage. 
OBuL Very slow cleavage. Exception: -Asp(OBuL)-AA- is cleaved to a 

mixture of a- and P-peptide. Under the conditions used we found 
20-30% of the by-product. 

OBzl t,: 30-60 min. with Boc-Gly-OBzl(4 equiv. F@, 30°c). 
Asn With C-terminal Asn formation of succinimide derivatives, cf.'. Neg- 

ligible if Asn is not C-terminal. 
R-S-S-R' Rapid disproportionation. A selective cleavage of Tmse esters is not 

possible. 

Applications. The usefulness of Tmse esters as a carboxyl protecting group is 
demonstrated in the following examples. 

Trt Boc t Boc Bu Bu 
t 

I I I i  I 
B ~ ~ - L ~  s - ~ s n - ~ h e - ~ h e - ~ r ~ - ~ s - T h r - ~ h e - T h r - ~ ~ m s e  

Bmp = P-mercaptopropionic acid 
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Cleavage: 5 equiv. 0.15 M [Et4NIB F' in DMF, 20 min, 3 0 ' ~ .  Precipitated 
with water. Yield quantitative. No racemization of Thr. The alkaline hydrolysis 
of the corresponding methylester takes place under drastic conditions with con- 
siderable racemization of the C-terminal Thr. 

$ Acm Bu O B ~  
I I I 

Boc-Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-~la- 

Leu-OTmse = insulin B1-15. 

Cleavage: 10 equiv. 0.1 5 M [ E ~ ~ N ]  @ FO in DMF, 10 min. 2 5 ' ~ .  Precipitated 
with water at the isoelectric point. Yield quantitative. Traces of by-products. 
No racemization. The alkaline hydrolysis of insulin B1-16-methylester (in tri- 
fluoroethanol/water 3:2, large excess of NaOH, 5 0 " ~ )  showed about 7% D-Asn 
B3,9% D-Cys(Acm) B7,30% Asp instead of Asn B3. 

Conclusions. 2-Trimethylsilylethyl esters are easy to prepare. They are stable 
under normal peptide coupling and workup conditions and during hydrogena- 
tion. The trimethylsilylethyl group is readily cleaved with a quaternary arnrnoni- 
um fluoride in DMF. No racemization was found in the cases examined. Some 
side reactions were, however, observed during the removal of the 
2-trimethylsilylethyl group: peptides protected with Z are slowly transformed 
to hydantoins; asymmetric disulfides are rapidly disproportionated; Asp(0BuL) 
placed N-terminally or in the interior of the peptide chain is subject to partial 
cleavage. The usefulness of the new carboxyl protecting group is demonstrated. 
In both examples shown, alkaline hydrolysis of the methylester was impractica- 
ble, whereas treatment of the 2-trimethylsilylethyl ester with fluoride generated 
the free carboxyl group in quantitative yield. Although the work reported is 
restricted to the chemistry of peptides, this new protecting group can also be 
applied in other fields of organic synthesis involving carboxylic acids. 
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PHOSPHINOTHIOYL GROUPS: NEW SERIES OF ACID 
LABILE AMINO PROTECTING GROUPS 
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A new series of amino protecting groups which utilize the acid lability of the 
P-N bond was studied in order to minimize the side reactions and improve the 
selectivity in deprotection. Among various kinds of organo-phosphorus groups 
phosphinothioyl, R$(S)-, groups were selected because of easy preparation and 
stability to water of phosphinothioyl chl0rides.l 

Diphenylphosphinothioyl (Ppt) chloride was prepared by the Friedel-Crafts 
reaction using benzene and thiophosphoryl ~ h l o r i d e . ~  Ppt-amino acids were 
obtained by the Schotten-Baumann type reactions as shown below. 

A1Cl3 
C6H6 + P(S)C13 > (C6H5)2P(S)-C1 (Ppt-C1) 

1) OH- 
~pt-ci + H ~ N C H R C O ~ -  P ~ ~ - N H C H R C O ~ H  

2) H+ > 

Dimethylphosphinothioyl (Mpt) chloride was obtained by treating tetramethyl- 
diphosphine disulfide, prepared by the reaction of the Grignard reagent with 
thiophosphoryl chloride, with sulfuryl ~ h l o r i d e . ~ > ~  Mpt-amino acids were syn- 
thesized tentatively by alkaline hydrolysis of their esters. 

S02C12 
RMgX + P(S)C13 -J R2P(S)-P(S)R2 > RZP(S)-C1 

R2P(S)-Cl + H2NCHRCOZRm j R2P(S)-NHCHRCOZR' + R2P(S)-NHCHRC02H 

Deprotection of Phosphinothioyl Groups by 
Triphenylphosphine Dihydrochloride 

Preliminary test using Ppt-Gly-OEt showed that the Ppt group was cleaved as 
fast as the t-butyloxycarbonyl (Boc) group by IN HC1 in acetic acid or 4N HC1 in 
dioxane. Toward trifluoroacetic acid Ppt showed unexpected resistance, which 
implied the necessity of nucleophilic attack following protonation in P-N bond 
cleavage. Toward the final goal of selective removal between phosphinothioyl 
and urethane groups, we searched for a new .mild reagent suitable for P-N bond 
cleavage. Triphenylphosphine (TPP) used as a reductant in peptide synthesis by 
oxidation-reduction condensation5 is known to give dihydrochloride salt.6 A 
solution of this salt could be prepared only by saturating HC1 in a solution of 
TPP in methylene chloride. This new reagent was found to be especially useful 

for deprotecting phosphinothioylamino acids and peptides on a polymer support. 
When the extent of deprotection of Ppt-Gly-resin was measured by the Dorman 
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t i t r a t i ~ n , ~  a I N  HCl (0.5M TPP) solution in CH2C12 showed a cleaving power 
almost identical with that of 4N HC1 in dioxane. When a 2N solution (1M TPP) 
was used, deprotection was complete within 5 min; but Ppt derivatives of several 
amino acids (Asp, Ile, Leu, Phe, Val and Tyr) showed retarded cleavage. Ppt- 
Leu-resin, for example, was deprotected only to the extent of 56% by 2N HC1 
solution (2 X 30 min). Such difficulties were not encountered with Mpt deriva- 
tives. Mpt, the most labile group in this series, could be removed within 10 min 
by 0.5N solution (0.25M TPP) and within 30 min by 0.25N solution (0.12M 
TPP). The Boc group was cleaved very slowly by these reagents. The stability of 
Boc was further enhanced by the addition of excess TPP. 

100, 1 

Fig. 1. The extent of deprotection of Ppt-Gly-resin at 20°C. 1) 2N HCl/LM TPP/ 
CH2C12, 2) 4N HCl/dioxane and 3) 50% F3CC02H/CH2C12. 

Fig. 2. Deprotection by HCI/TPP/CH2C12 of Mpt-Phe-resin, 1) 0.5N/0.25M and 2) 
0.25N/0.12M, and Boc-Gly-resin, 3) 1N/0.5M and 4) lN / lM at 20°C. 

Another merit of the tripheaylphosphine dihydrochloride reagent is the sta- 
bility of the anchoring benzyl ester bond on the polymer support. Weak acidity 
of the conjugate acid of TPP ( p K ,  2.3j8 could be responsible for this stability. 

Solid Phase Synthesis of Tryptophan Containing Peptides 

The usefulness of the Mpt group for solid phase peptide synthesis9 was shown 
in the synthesis of a tryptophan-containing peptide. Mpt-L-tryptophan, mp 
130-131°C, [a]i5 -1.2"(c 2, EtOH), was prepared by alkaline hydrolysis of its 
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T ime  (hr )  

Fig. 3. Loss of amino acid from HC1-H-Gly-resin: 1) 50% F3CC02H/CH2C12 and 
2) 2N HClILM TPP/CH2C12. 

methyl ester and esterified to the resin support (polystyrene-1% divinylbenzene) 
through its cesium saltlo (Trp content: 0.43 meq/g). The Mpt group was 
removed by a once-repeated treatment for 30 min each with 0.W HC1/ 
0.2M TPP/CH2C12 at 25°C. No additional scavenger was used because tri- 
phenylphosphine was believed to have enough anti-oxidative effect. Coupling 
was mediated by the oxidation-reduction condensation with the use of tri@- 
anisy1)phosphine and 2,2'-dipyridyl disulfide. After two cycles, the protected 
tripeptide was removed from the resin by transesterification with the use of 1N 
triethylamine in methanoll1 to afford Mpt-LTrp-L-Trp-L-Trp-OMe in 86% yield 
as white amorphous powder, [a] i8 -65.0" (c 1, EtOH). 

By using 2hJ HClIlM TPP/CH2C12 for deprotection Ppt-L-tryptophan could 
also be used for the synthesis of tryptophan containing peptides. Since the de- 
protection product of the Ppt group does not attack the indole nucleus, reactions 
proceeded smoothly without accompanying coloration. This new method could 
become a convenient way for the synthesis of tryptophan-containing peptides. 
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BASE LABlLITY OF REACTANTS AND PRODUCTS OF 
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HISTIDINE PEPTIDES. AN EXPLANATION 
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Since the discovery of Shaltiell that N-2,4-dinitrophenylimidazoles (Dnp- 
irnidazole) are readily cleaved under mild conditions, the Dnp moiety has been 
considered a useful blocking group for histidine in peptide synthesk2 Along 
with its ease of removal (thiolysis under mildly basic conditions) the Dnp block- 
ing group contains the following attributes: (a) it is strongly electron withdraw- 
ing which lowers the basicity of the imidazole ring and therefore reduces side 
reactions, (b) it possesses acid stability and partial base stability, thus compatibil- 
ity with many amino and carboxyl protecting groups, and (c) removal of Dnp 
moiety may be followed spectrophotometrically.3 

When Shaltiel and   rid kin^ followed the reaction of Mm-~n~-h i s t id ine  with 
2-mercaptoethanol (HS-Et-OH) at 340 nm (A,, for Dnp-S-Et-OH, product of 
thiolysis), they observed that the rate of cleavage was optimal between pH 8.5 
and 9.0. Since the thiol anion of HS-Et-OH is most likely the active species in 
the thiolysis reaction, other reactions must be proceeding concomitantly above 
pH 9.0 as Dnp-S-Et-OH is being synthesized. The present report describes some 
base-susceptible reactions for N-Dnp-imidazole, HS-Et-OH, and Dnp-S-Et-OH, 
their mechanisms and rate constants. 

Materials 

2,4-Dinitrophenylmercaptan (Dnp-SH) and Dnp-S-Et-OH were prepared as 
previously d e ~ c r i b e d . ~ . ~  All other reagents not synthesized were of the highest 
quality commercially available. Syntheses (to be described elsewhere) were per- 
formed with the exclusion of light. 

Methods 

Spectra were run from 480 nm to 240 nm at room temperature in a Beckman 
Acta V Spectrophotometer in 1 cm path-length quartz cuvettes. The reference 
cell contained the solution solvent. 

Kinetics of base hydrolysis of Dnp-S-Et-OH were under pseudo-first-order reac- 
tion conditions. The reaction was followed spectrophotometrically at 400 nrn 
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Table I. Characterization of Synthetic Dnp-Compounds 
Neutral ~icroanal s ~ s ( ~  

Yield M p (a equivalent(b R&(' C H S 

Dnp-imidazole. H20 50% 144- 239(252) 0.67 42.9 3.2 22.2 
145 42.9 2.4 22.4 

~~-s-Ac-oH(~ SOX 162- 262(258) 0.45 37.2 2.3 10.8 
163.5 37.3 2.6 10.5 

D~~-S-S-E~-OH(~ 151 106.4 34.8 2.9 10.1 23.2 
34.8 3.0 10.1 22.8 

(a Mettler FP51-FP5, rmcorrected (OC) . 
(b Non-aqueous titration: HClO /A=- OH,^ Dnp-imidazole; NaOMe,' 

kp-S-Ac-OH. Value in parekthesis is theoretical value. 
( C  Thin-layer chromatography (silica gel) in acetonitrile/water (911). 
(d Chemalytics Inc. (Tempe, Arizona). Upper set of figures are theoretical 

values. 
( e  kp-S-Ac-OH, Dnp-S-thioglycollic acid; Dnp-S-S-Et-OH, Dnp-2-mercaptoethanol 

disulfide. 

(A,, of difference spectra between Dnp-S-Et-OH and Dnp-0'). The pseudo- 
first-order rate constant was determined by the initial slope methode7 

The base hydrolysis of 2,4-dinitrothiophenol (Dnp-SH) and the oxidation of 
HS-Et-OH were also followed spectrophotometrically at 400 nrn and 235 nm, 
respectively. The first-order rate constants for these reactions were determined 
in the usual manner.8 

Results and Discussion 

Base lability of Dnp-S-Et-OH. Scheme 1 illustrates the possible base-labile 
reactions. 

1 
Dnp-S- + CH, = CH-OH 

CH3 - CHO 

1 /O\ 
Dnp-S- + CH, - CH, 

Scheme 1 

Dnp-S-Ac-OH, a thioether whose susceptibility to hydroxide ion attack cannot 
proceed through either routes 2 or 3, was subjected to basic conditions. The 
following reaction scheme is derived from solution absorption spectra (Fig. 2a) 
when compared with the spectra of the pure compounds in solution (Fig. 1): 

In 0.5 M NaOH, kl(OH-) > k2, while in 77 mM NaOH, k2 > kl(OHm). 

c c n  
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Fig. 1. Absorption spectrum of (a) Dnp-F; (b) N-Dnp-imidazole; (c) Dnp-OH (--), 
Dnp-O' (-); (d) Dnp-SH (--), Dnp-S- (-); (e) Dnp-S-Et-OH; (f) Dnp-S-Ac-OH; (g) 
(Dnp-S)2 in 95% EtOH (-), and in 45% (v/v) dioxanelwater freshly prepared (--I; (h) 
Dnp-S-S-Et-OH in 20% (vlv) dioxanelwater. 

In Dnp-S-EtOH the olcarbon is not as electrophilic as the olcarbon in Dnp-S- 
Ac-OH. Accordingly, the SN2 reaction of route 4 proceeds rather than the SN2 
reaction of route 1 (compare spectra of Fig. 2b with lc). Alternatively, base 
lability of Dnp-S-Et-OH may proceed through routes 1, 2, or 3 but the Dnp-S- 
that is formed is rapidly hydrolyzed to Dnp-0-. 

When (Dnp-S);? is dissolved in basic aqueous/organic mixtures the following 
reactions proceed: 

In aqueous dioxane (Fig. 2c), hydrolysis is preferred while in aqueous ethanol 
re-oxidation occurs (Fig. 2d). Lowering the dioxane concentration decreases the 
rate of hydrolysis. The upper limit to k2 is estimated to be 4.5 M - ~  min-l (94% 

..d".m I.., 

Fig. 2. Absorption spectra of: (a) Dnp-S-Ac-OH in 77 mM NaOH, 2% (v/v) dioxane/ 
water, initially (I), after 2 h (2), and 20 h (3); (b) Dnp-S-Et-OH in 50 mM NaOH, 0.5% (v/v) 
EtOHlwater, initially (I), after 9 rnin (2) and 5 h (3); (c) (Dnp-S)2 in 33 mM NaOH, 67% 
(v/v) dioxane/water, initially (I), after 1 rnin (2), 10 min (3) and 1 h (4); (d) (Dnp-S)2 in 
40 mM NaOH, 60% (vlv) EtOH/water, initially (I) ,  after 1 rnin (2), 1 h (3) and 24 h (4); 
(e) Dnp-S-S-Et-OH in 0.18 M NaOH, 20% (v/v) dioxanelwater, initially (I), after 1 min (2), 
1 h (3) and 24 h (4); (e) Dnp-S-S-Et-OH in 0;18 M NaOH, 20% (v/v) dioxanelwater, initially 
(I), after 3 min (2), and 72  h (3); (f) (Dnp-S)2 in 4% (vlv) dioxanelwater, initially (1) and 
after 30 min (2). 





SYNTHESIS AND USE OF PHOTOREACTIVE 
SULFENYL CHLORIDES 
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The first photoaffinity labels utilized carbenes photolytically generated from 
diazo compounds to study the active sites of various enzymes.l The use of aryl 
azides yielding nitrenes upon photolysis was introduced recently to study a num- 
ber of systems of varying complexity, such as antibody combining sites,2 acetyl- 
choline binding sites in the erythrocyte membrane,3 and the opiate receptor in 
mouse brain.4 

Sulfenyl chlorides have been found to be specific mild reagents for modifica- 
tion of tryptophan and cysteine residues of polypeptides and proteins in acidic 
media.5>6 Tryptophan is converted into a derivative with a thioether function in 
the 2-position of the indole nucleus, and cysteine to an unsymmetrical disulfide. 
In aqueous alkaline solution, sulfenyl chlorides react with amino groups of amino 
acids and lysine residues of peptides to yield N-substituted derivatives. Hence, 
various photoaffinity labels may be obtained by the selective modification of 
polypeptides with phenylsulfenyl chlorides incorporating an azido group. We 
have prepared two new aryl sulfenyl chlorides containing photoreactive azido 
groups and studied their utility in the photoaffinity labeling of polypeptides. 

For the synthesis of 2-nitro-4-azidophenylsulfenyl chloride (NAPS-C1) (Fig- 
ure 1) 3-nitro-4-chloroaniline was reacted with sodium sulfide and sulfur in 
ethanol. The resulting disulfide7 was diazotized and allowed to react with 
sodium a ~ i d e . ~  Chlorinolysis of the product in CC14 at 4 5 O ~  in the presence of 
a catalyst7 yielded NAPS-C1 (Infrared: CC14, 2140 cm-l, N3, sym. str.). A 
similar series of reactions with 2,4-dinitro-5-fluoroaniline yielded 2,4-dinitro-5- 
azidophenylsulfenyl chloride (DNAPS-C1) (Infrared: CC14, 21 10 cm-l). 

The pituitary hormone adrenocorticotropin (ACTH) was selectively modified 
at the 2-position of the indole side chain of the single tryptophan residue by 
both reagents in 90% acetic acid. The reaction with NAPS-C1 was sluggish. Fig- 
ure 2 shows the carboxymethyl-cellulose chromatography of NAPS-ACTH. 
Prolonged reaction resulted in further modification, but the methionine residue 
was almost completely oxidized. On the other hand, DNAPS-Cl was highly 
reactive and produced quantitative modification of the tryptophan residue as 
indicated by amino-acid analysis, peptide mapping, and extinction coefficient 
at 360 nm. 

Irradiation of the NAPS derivative of ACTH at O'C with wavelengths greater 
than 300 nm caused spectral changes centered around 285 nm (Figure 3) indicat- 
ing the photoreactivity of the modified peptide. Similar results were obtained 
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Fig. 1. Reaction scheme for the 
21 NaN, preparation of NAPSCl. 

NAPS-CI 

WAVELENGTH I nrnl 
mdCTDH NUYBER 

Fig. 2. CM-cellulose chromatography Fig. 3. Difference spectrum of photo- 
of NAPS-ACTH. Flow rate 60ml/h; lyzed NAPS-ACTH. 
2ml/tube. 

with the model compound acetyl-(DNAPS)-Trp-NH2. When a 2,4-dinitrophenyl- 
sulfenyl-ACTH derivative, which did not contain a photoreactive azido group, 
was irradiated, no change was evident in the difference spectrum. 

Preliminary studies with a crude ACTH binding protein preparation (FI) iso- 
lated from acetonelacid extracts of whole pituitary glands6 indicated that pho- 
tolysis resulted in a covalent attachment of the NAPS-ACTH peptide. Similarly, 
the irradiation of the ACTH binding protein: DNAPS-ACTH complex also 
resulted in a covalent bond. It is known that the dinitrophenyl group can be 
cleaved from sulfenyl-chloride-modified-tryptophan residues by 0-mercapto- 
ethanol at  pH 8.0.~ This method was applied to attack the binding protein: 
NAPS-ACTH linkage. Spectral (Table I) and electrophoretic (Figure 4) analysis 
indicated that the ACTH moiety was indeed separated from the binding protein 
by this procedure. 

There is the potential for reversibly cross-linking proteins by the use of these 
photoreactive sulfenyl chlorides. Under mildly acidic conditions, tryptophan 
residues, which are usually in the interior of proteins, can be selectively modified 
and irradiated to produce intramolecular cross-linking, providing a probe for the 
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Table I. Spectral Analysis of Binding Protein: (D)NAPS-ACTH Complexes 
Ratio OF Abaorbance 360/280 

FI + NAPS-ACTH FI + DNAPS-ACTH 
Unphotolyzed 0.066 0.064 

Photolyzed 0.104 0.168 

Reduced 0.129 N.D. 
The.binding protein:(D)NAPS-ACTH complexes 
were separated on a Sephadex C-50 column 
(1.5 x 22.4 cm) equilibrated with 1 fj for- 
mic acid to facilitate dissociation of 
noncovalently bound peptides. 

Fig. 4. Electrophoretic analysis of 
the binding NAPS-ACTH 
complex. Electrophoresis was con- 
ducted at  pH 3.7 (pyridinelacetic 

m A v w acidlwater, 1:10:300; v/v) for 4 h on 
Whatman No. 1 paper (12 V/cm). 

.IAPS- FI FI+ FI+ FI+ FI 
ACTH NAPS-ACTH NAPS-ACTH NAPS-ACTH Reduced 

Pt,otalyzed Photolyzed 
& Reduced 

secondary or tertiary structure of the protein. Subsequent reduction would 
result in the formation of 2-thioltryptophan. In aqueous alkaline solution, the 
€-amino groups of lysine, which are generally found on the exterior of globular 
proteins, could be modified and photoreacted to yield possible intermolecular 
cross-linkages. Since the €-amino groups can be regenerated with anhydrous 
H C ~ , ~ O  the cross-linking is again reversible. The identification of specific recep- 
tors for ACTH on adrenocortical cells and adipocytes by photoaffinity labeling 
with DNAPS-ACTH is currently under investigation. 

The authors thank Prof. C. H. Li for his interest. This work was supported in part by 
USPHS grants GM-2907 and CA-16417. 
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PEPSIN INDUCED SYNTHESIS OF PEPTIDE BONDS 

A. P E L L E G R I N I  and P. L. LUISI ,  Technisch-Chemisches Labora- 
torium, ETH-Zentrum, Universitatstr. 6, 8092 Zurich, Switzerland 

In the past,14 some investigations have been concerned with the enzymatic 
synthesis of peptide bonds in aqueous solution, where the chemical equilibrium 
is shifted towards the coupling side by choosing reagents which yield water 
insoluble products. Examples were described by Bergman and b rut on.^>^ An 
enzymatic synthesis has some potential advantages with respect to the conven- 
tional chemical coupling procedures. Reaction conditions are very convenient 
(room temperature, water solution, a simple mixing of the reactants with the 
enzyme); the enzyme's specificity guarantees products which are optically pure 
and free of by-products. Also chemical protection of reactive functional side 
chains is unnecessary. 

In view of these potentialities, we began a systematic investigation aimed at 
establishing whether the enzymatic approach can be useful for the synthesis of 
co-oligopeptides of glycine and aromatic amino acids, which until now have been 
prepared by us by conventional meth0ds.~>6 Recently, we used achymotrypsin 
to synthesize peptide bonds between an aromatic (Ar) and an aliphatic (Al) 
r e ~ i d u e . ~ ? ~  As an extension of this work, we have enzymatically coupled two 
aromatic amino-acid residues using pepsin as a catalyst. 

Experimental 

Reactions were carried out at 4 0 ' ~  in 0.1 M citrate buffer pH 4.0, containing 
1 M NaC1, and 10% MeOH for peptides 1, 2, 3, 5 and 17% for peptide 4. For 
peptides 1-3 (Table I), a saturated solution of the Z-Phe-OH was mixed with 
4 equivalents of solid H-Ar-Y (Y=OMe or NH2), followed by addition of solid 
pepsin (up to a final concentration of 2.5 mg/ml). Peptides 4 and 5 were pre- 
pared similarly, but in the presence of undissolved Z-Ar-OH, and an 11-fold 
excess of the second component with respect to the total Z-Ar-OH concentration 
for peptide 4, and a two-fold excess for peptide 5. Reactions were protracted 
for several days; every other day the formed precipitate was collected until no 
new precipitate was formed after 3 4  days standing. The combined precipitates 
were washed with 3-4 ml of 1 N HC1, 1 N NaOH and H20, dried in vacuo for 2 
days and crystallized from EtOAc (peptide l ) ,  EtOH(2), and MeOH(3-5). The 
purity was controlled by thin layer chromatography in the systems benzene/ 
methanol (6: 1) for peptides 1 and 2;  (2:l) for 3 and 4; (4:l) for 5. The products 
were characterized by elemental analysis, melting point, optical activity (see 
Table I) and mass spectroscopy. In all cases, the fragment of highest mle value 
corresponded to the molecular ion (460, 499, 445, 484, 536, for peptides 1-5, 
respectively. 
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Table I. Characterization of Protected Dipeptides Obtained 
Via Enzymatic Coupling (Pepsin)(a) 

No. P e p t i d e r  

1 2-Phe-Phe-OMe 

2 Z-Phe-Trp-OMe 

3 2-Phe-Phe-NH2 

4 2-Trp-Phe-NH2 

5 2-Phe-Phe-811 

( a )  Abbrevia 

M e l t i n  
P o i n t  'C 

t h e m .  found - 

C: 70.42 70.23 
H: 6.13 6.20 
N: 6.08 6.03 

C:  69.72 69.74 
H: 5.85 5.82 
N: 8.41 8.45 

C: 70.09 70.04 
H: 6.11 6.28 
N: 9.43 9.32 

C: 69.40 68.92 
H: 5.85 5.83 
N: 11.56 11.35 

C:  73.86 73.69 
H: 6.01 6.00 
N: 5.22 5.25 

ns: EtOH, e thano l :  AcOH, 
2. ~ w b o b e n m ~ y ;  021 

L i t . :  148-150' 
Our r :  132-133 

L i t . :  132-133" 
Our r :  130-131 

Ourr: 220-221 

Ours: 212-213 

Ours: 150-151 

: e t i c  ac id ;  OMF, N.N. 
,enzy1 

Chemical 
1 0 1  25 Y i e l d  

So lvent  

L i t . :  - 1 7 . 0 ~  
Ourr :  -16.6 EtoH* 

L i t . :  + 3 9 2  
Ours: +38.9 

-11.1 AcOH, c 1.0 

-7.9 AcOH, c 1.0 

-19.1 OMF, e 1.0 

ethylfarmamide: 

Results and Discussion 

The few examples reported in Table I show that the enzymatic coupling of 
two aromatic amino acids is possible, and with satisfactory yields. Reactions 
proceed with greater facility when the Z-Ar-OH partner contains a phenylalanine 
residue, while the H-Ar-Y component can be any aromatic residue. These obser- 
vations reflect the substrate specificity of pepsin, as known from hydrolysis 
studies.1° No success was obtained starting with Boc-protected aromatic amino 
acids. aChymotrypsin can effectively synthesize7 the peptide bond using, for 
example, Boc-Phe-OH as a first partner (the second partner is in this case an 
aliphatic one). This peculiarity of pepsin may be attributed to the enzyme's 
specificity; however, the solubility of the Boc-components may also be impor- 
tant in preventing the synthesis. The synthetic approach with pepsin can in 
principle be extended to the preparation of compounds of the type P-(Al),-Ar- 
~r'(Al),'-Y and preliminary results in our laboratory with n = l ,  and AkGly, are 
encouraging. 

The present investigation confirms that the enzymatic synthetic approach is 
viable in a number of cases. The advantages mentioned in the introduction are 
accompanied by certain drawbacks: reactions require a long time and large 
reactors; the outcome of the reaction is a priori unpredictable, and the method 
limited to the preparation of insoluble products. Some of these difficulties can 
perhaps be overcome, and we are at the present working to generalize the method. 

We are also attempting to utilize more particularly the stereospecificity of the 
enzyme reactions, namely the capability of pepsin to select the L-enantiomer 
from a racemic mixture. This characteristic, together with the almost quantita- 
tive chemical yield obtained in some cases, makes it possible to obtain an opti- 
cally pure product starting from optically impure starting materials, at the same 
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time allowing for the recovery of the unreacted D-enantiomer. For example, 
starting from Z-D,LPhe-OH and H-L-Phe-NH2, we have obtained the optically 
pure L-L-diastereoisomer Z-Phe-Phe-NH2, recovering Z-DPhe-OH with good 
optical purity. 
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SYNTHESIS OF PROTECTED PEPTIDE ACIDS 
AND ESTERS BY PHOTOSOLVOLYSIS OF 

1-PEPTIDYL-5-BROMO-7-NITROINDOLINES 

GILBERT0 GOISSIS, BRUCE W. ERICKSON, and R. B. MERRI- 
FIELD, The Rockefeller University, New York, New York 10021 

Acid-labile protecting groups are commonly used to mask the a-amino and 
side-chain functional groups during solid-phase peptide synthesis of protected 
peptides.l Since the a-carboxyl protecting group also serves as the covalent link 
between the peptide and the solid support, this group should be stable to acid 
but be selectively cleavable by an independent reaction, such as photolysis. The 
2-nitrobenzyl ester support2 and the a-methylphenacyl ester support3 both liber- 
ate the peptide acid on irradiation independent of solvent. More useful would be 
a solid support cleavable by photosolvolysis because the same peptide-resin could 
serve as the precursor of the peptide acid, peptide esters, and peptide arnides. 

Amit et a14 found that N-acyl derivatives of 5-bromo-7-nitroindoline (HBni) 
and aromatic or simple aliphatic acids undergo efficient photosolvolysis to yield 
acids, esters, or amides depending on the nucleophile present during irradiation. 
Solvolysis of the 5-bromo-7-nitro-1-indolino (Bni) group was even observed using 
light above 400 nm. We have examined the usefulness of this reaction for 
synthesis of protected peptide acids and esters in solution. 

Although direct N-acylation of HBni was successful using trifluoroacetic an- 
hydride, it failed for acetic anhydride and activated Boc-amino acids due to the 
electron-withdrawing substituents. Thus Bni derivatives of amino acids and 
peptides were synthesized by the indirect scheme shown in Fig. 1. After N- 
acylation of indoline with Boc-Ala-OH or Boc-Val-OH and exchange of Boc for 
the acid-stable trifluoroacetyl group, the aromatic ring was brominated and 
nitrated. This rapid five-step scheme provided pure Tfa-aminoacyl-Bni deriva- 
tives in 50-55% overall yield. Removal of the Tfa group followed by coupling 
with Boc-Leu-OH or Boc-Gly-OH, respectively, furnished Boc-dipeptidyl-Bni 

R 0 
I II 

B o c - N - C - C - O H  + H-N 
k k  a 

Fig. 1. Synthesis of 1-(Boc-dipeptidy1)-5-bromo-7-nitroindolines. 
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derivatives in 45-50% yield after preparative thin-layer chromatography (TLC). 
The acyl-Bni derivatives were photolabile under fluorescent light but were stable 
in the dark for at least several weeks. 

Photolysis was conducted in Pyrex glassware through an uranium-glass filter 
with a medium-pressure mercury lamp. Removal of the Bni group was generally 
complete in 90 min as measured by release of HBni, which was monitored by 
TLC and ultraviolet (UV) spectroscopy at 430 nm. l-Acetyl-5-bromo-7- 
nitroindoline quantitatively photosolvolyzed in 10:20: 1 (v/v/v) CH2C12/dioxane/ 
water and in 6 : l  (v/v) CH2C12/methanol. Liberation of HBni during photohy- 
drolysis was fastest during irradiation at 350-360 nm, which corresponds to  the 
UV absorption maximum for Ac-Bni. Photolysis of Tfa-Bni, Tfa-Gly-Bni, and 
Ac-Gly-Bni went in 70-90% yield in these solvent mixtures. The yield of HBni 
for photohydrolysis of Tfa-Gly-Bni in wet 1 :2 (v/v) CH2C12/dioxane increased 
from 45% to 62% as the water concentration was decreased from 1.7 M to 0.6 M. 
In the presence of 0.03 M trifluoroacetic acid, the yields increased from 61% to 
78% as the water was decreased from 1.7 M to  0.06 M. 

Photohydrolysis of Boc-Leu-Ala-Bni or Boc-Gly-Val-Bni in 10:20:1 (v/v/v) 
CH2C12/dioxane/water containing 0.1 M acetic acid went in 98-100% yield based 
on HBni release. Removal of Boc and ion-exchange analysis of the free dipeptide 
showed that the Boc-dipeptide was formed in only 80-81% yield. The 20% 
discrepancy is evidently due to cyclization to the diketopiperazine. 

When these protected dipeptides were photolyzed in benzyl alcohol (Table I), 
most of the HBni was liberated by the time the starting material was consumed. 
But the expected benzyl ester and the free acid were both formed in significant 
yields. The combined yields of acid and ester from Boc-Gly-Val-Bni were about 
equal to the yield of liberated HBni, but 113 of the product obtained from 
Boc-Leu-Ala-Bni was ninhydrin-negative material after removal of Boc and was 
again probably the diketopiperazine. 

The Bni protecting group was used for synthesis of Boc-Leu-Ala-Gly-Val-OH 
as illustrated in Fig. 2. The partially protected peptides obtained by photohy- 
drolysis of 

Table I .  

Boc-Leu-Ala-Bni and acidolysis of Boc-Gly-Val-Bni were coupled 

Photolysis of Bni Derivatives in 6 : 1 (v/v) CH2Cl2/Benzy1 Alcohol 

- Fina l  y i e l d  ( x ) ~  - 
Protected d ipept ide  [CH3C02H], I? HBni Acid Ester  

Boc-Gly-Val-Bni 0 85 70 20 

Boc-Gly-Val-Bni 0 .1  85 56 20 

Boc-Leu-Ala-Bni 0 96 29 37 

Boc-Leu-Ala-Bni 0 . 1  96 31 25 

a After a l l  of the s t a r t i n g  peptide was consumed as measured by TLC, 
HBni was measured by uv spectroscopy and t h e  ac id  and ester  were 
deprotected and measured wi th  ninhydrin a f t e r  ion-exchange separation. 
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B o c - L e u - A l a - B n i  H - L e u - A l a - G l y - V a l - O H  

l h v  ( 3 5 0  nm) ~ C F ~ C O ~ H  

Boc-Leu-Ala -OH B o c - G l y - V a l - B n i  B o c - L e u - A l a - G l y - V a l - O H  

 HOB^, D C C  1 c ~ ~ c . 0 ~ ~  t h y  ( 3 5 0  nm) 

Boc-Leu-Ala -OBt  + H - G l y - V a l - B n i  -+ B o c - L e u - A l a - G l y - V a l - B n i  

Fig. 2. Carboxyl protection by the Bni group during fragment condensation. 

through the preformed benzotriazolo ester to afford the fully protected tetra- 
peptide in 60% overall yield after silica column chromatography. Amino-acid 
analysis gave 0.99 Leu, 1.00 Ala, 0.94 Gly, and 1.03 Val. Photohydrolysis of 
Boc-Leu-Ala-Gly-Val-Bni liberated HBni in 93% yield and afforded the Boc- 
tetrapeptide acid in 97% yield based on amino-acid analysis. Removal of the Boc 
group with trifluoroacetic acid provided free tetrapeptide in 99% yield based on 
ion-exchange analysis. 

Amit et observed that photosolvolysis of two derivatives of l-benzyl-7- 
nitro-indoline proceeded smoothly, but that the 5-nitro and 6-nitro compounds 
were consumed without formation of solvolysis products. The crucial location 
of the nitro group ortho rather than meta or para to the indoline nitrogen 
suggests that it is not only part of the photoexcited chromophore but also 
participates directly in the formation of a reactive intermediate. A plausible but 
presently unsubstantiated mechanism involving neighboring group participation 
by the 7-nitro group is shown in Fig. 3.  Active intermediate A would arise from 
an excited state by 1 + 5 transfer of the acyl group from the indoline nitrogen to 
one of the nitro oxygens and would subsequently undergo solvolysis. 

Fig. 3. A plausible mechanism for photosolvolysij of 1-peptidyl-5-bromo-7-nitroindoline 
derivatives. 
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IN VITRO BIOSYNTHESIS OF @-ENDORPHIN, 7-LIPOTROPIN AND @- 
LIPOTROPIN BY THE PARS INTERMEDIA OF BEEF PITUITARY GLANDS. 

P. CRINE, S .  BENJANNET, N.  G .  SEIDAH, M. LIS, and M. CHR~TIEN.  
Protein and Pituitary Hormone Laboratory. Clinical Research Institute of 

Montreal, 11 0 Pine Avenue West, Montreal HZ W 1R 7, Canada. 

p-lipotropin, a 91-amino-acid pituitary peptide, comprises within its sequence the se- 
quence of two biologically distinct peptides, namely p-melanotropin (MSH) (segment 41-58) 
and p-endorphin (segment 61-91). pendorphin, p-lipotropin and y-lipotropin (segment 
1-58) have been purified from whole pituitary glands of different species including human. 
Immunocytofluorescence data show the presence of pendorphin in the anterior and inter- 
mediary lobes of rat1. Similarly, it was showc Lhat the major portion of opiate-like activity 
was found in the cells of the pars ir1termedia~9~. None of these techniques unequivocally 
localize the biosynthetic origin of these peptides. Recently, p-lipotropin, y-lipotropin4 and 
pendorphin5 were shown to be biosynthesized by the whole pituitary of beef. I t  was thus 
necessary to show that the intermediary lobe, although rich in opiate-like peptides, was also 
one of their biosynthetic sites. This report shows that isolated cells of the bovine pars interme- 
dia can indeed synthesize these three peptides together with a methionyl N-terminal peptide. 

The pars nervosa and pars intermedia were carefully dissected from the anterior lobe of 
25 fresh beef pituitary glands. By gentle mechanical treatment the cells of the pars interme- 
dia were then obtained, and were suspended in 10 ml of KRBG containing 0.2% bovine 
serum albumin. After 1 h preincubation, the cells were incubated for 3 h in a KRBG solu- 
tion containing 1 mCi of 3 5 ~ - ~ e t  and 4.8 mCi of 3 ~ - ~ y s  The cells were then homogenized 
and extracted in 5 ml of 1 mM EDTA (pH 10.35) solution containing 5 mg/ml sheep 
pituitary fraction D ~ .  After desalting, the extract was chromatographed together with 200 
mg of fraction D on a CM-cellulose (CMC) column (1 x 40 cm). 

Automatic degradation of the purified labeled peptides was performed on a Beckman 
890 B sequencer, using 150 mmol of sperm whale apomyoglobin as carrier and 0.1 M 
Quadrol buffer7. The thiazolinones collected in butyl chloride were counted directly. 

The CMC chromatogram of the desalted supernatant of cell homogenate is shown in Fig. 
1. Four main fractions were studied: (i) fraction 59-77 corresponding to the position of 
carrier y-lipotropin (ii) fraction 110-140 corresponding to the major peak of radioactivity 
(iii) fraction 195-235 where carrier p-lipotropin is found and (iv) fraction 236-270 from 
which carrier pendorphin is recovered. Upon electrophoresis of fraction 59-77 a pure 
radioactive band was observed comigrating with standard y-lipotropin at both pH 4.5 and 
8.3. For a chemical proof of identity, mild (10 min) and exhaustive (24 hr) trypsin treat- 
ment was followed by direct sequencing of the digest, Fig. 2. As expected from the sequence 
of y-lipotropin6, methionine was found at the N-terminus and a t  cycles 7, 8 after 10  min 
digestion and exclusively at  the N-terminus upon exhaustive tryptic digestion. This con- 
firms the nature of this biosynthetic peptide as y-lipotropin (p-LPH 1-58). 

The electrophoresis of fraction 236-270, showed that it contained pendorphin which 
was further purified on CMC as described previously5. A final proof of identity was 
provided by microsequencing which showed Met and Lys to occupy positions 5 to 9 of the 
sequence, respectively. 

The fraction 195-235, was further purified on Sephadex G-75 followed by CM-Sephadex 
C-25. Electrophoresis showed a band co-migrating with p-lipotropin. However, the minute 
amount of material available prevented further characterization. 

Finally, turning our attention to .the major radioactive peak, fraction (1 10-140) in Fig. 
1, we obtained upon electrophoresis at both pH 4.5 and 8.3 a pure material with Rf of 0.55 
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Fig. 1. CMC chromatography of la- 
belled peptides isolated from pars inter- 
media of beef pituitaty5*6. 

(=H, CPM I 

5 10 15 20 25 30 35 
CYCLE NUMBER 

CYCLE NUMBER 

Fig. 2. Microsequence of tryptic di- 
gest of material from fraction 59.77 or 
10 min (a) or 24 hours (b). 

and 0.22 respectively. None of the known 
6-LPH fragments possessed these physical 
characteristics. The molecular weight was 
determined to be around 4000 by Sephadex 
G-75 chromatography. Microsequencing, 
Fig. 3, showed that Met occupies the N- 
terminal position and Lys occupies positions 
6, 11, 27, 29 and 33. No known pituitary 
hormone of fragment known possesses this 
sequence. 

Fig. 3.  Microsequencing of material 
in fraction 110-140 of CMC of Fig. 1. 
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THE SERUM THYMIC FACTOR AND ITS SYNTHESIS 

E. BRICAS, J. MARTINEZ, D. BLANOT, G. AUGER, Laboratoire des Peptides, 
Institut de Biochimie, Universitd de Paris-Sud, 91405 Orsay, France. 

M .  DARDENNE, J .  M. PLEAU and J .  F.  BACH, INSERM U.25, H6pital Necker 
75015 Paris, France. 

The role of the thymus as an endocrine gland influencing several parameters of host 
immunological competence, is generally accepted1. During the last three years progress has 
been made in the isolation of highly purified thymic hormones and amino-acid sequences 
have been re orted for three of these: thymosin a12, thymopoietin 113 and serum thymic B factor (STF) (Table I). 

In contrast to the larger hormones obtained from thymus extracts, STF, isolated from 
pig blood by Bach et al.4-6, is a nonapeptide. No homology was observed between the 
sequences of these peptides and STF is not a metabolite of thymopoietin I1 or thymosin "1. 

The thymic origin of STF was demonstrated by the rapid disa pearance of this factor B .  after thymectomy and its rapid reappearance after thymus grafting (Figure 1). The purity 

Table I. Amino-Acid Sequences of Three Thymic Hormones. 

SERUM THYMIC FACTOR (STF) ( f rom p i g  b lood)  

1976 - J.F. Bach e t  a1.5 

THYMOSIN ol ( f rom c a l f  thymus) 

1977 - A.L. Go lds te in  e t  a1.' 

THYMOPOIETIN I 1  (from c a l f  thymus) 

1975 - D.H. Sch les inger  and G.   old stein^ 
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T H Y M E C T O M Y ~   GRAFTING 
Fig. 1. Effect of thymectomy and thymus grafting on the serum thymic factor level in 

adult mice. 

of isolated STF was assessed by TLC in different solvents and by high voltage electrophore- 
sis4 (Figure 2). 

The reproducible stoichiometry of the amino-acid composition and the results of the 
sequence determination (after digestion by trypsin) by Edman's technique confirmed the 
purity of the isolated S T F ~ ~ ~ .  However two N-terminal residues are compatible with the 
analytical data: a pyroglutamyl or a glutaminyl residue. It is uncertain whether the pGlu 
residue is native or results from in vitro cyclization of a N-terminal Gln residue. 

To confirm the proposed structure, we have carried out the synthesis of these two 
nonapeptides by solution methods in two different pathways of fragment condensation, see 
Scheme 1 as an example. Recovery was satisfactory in allsteps. The majority of couplings 
was carried out by the mixed anhydride method. The protecting groups were cleaved from 
the completed nonapeptide by CF3COOH/anisole. The synthetic <Glut-nonapeptide b e  
haved like the isolated natural STF on TLC in several solvent systems and in high voltage 
electrophoresis. The Glnl-nonapeptide was synthesized in a similar fashion. 

The biological activity of the synthetic pyroglutamyl and glutaminyl nonapeptides was of 
the same order of magnitude as natural STF in the sheep red cell rosette assay? both in vitro 
and in vivo (Table 11). The synthetic C-terminal hexapeptide was totally inactive. 

HIGH VOLTAGE ELECTROPHORESIS 
Pyridine Acetate buffer pH 6.4 

OR~GIN  

Fig. 2. Paper electrophoresis of the purified STF and biological activity of the eluted 
spot area. 
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THE ROLE OF CARBOHYDRATE IN THE STRUCTURE AND FUNCTION 
OF PLASMA GLYCOPROTEINS - STUDIES ON TWO INHERITED 

VARIANTS OF ALPHA-1-ANTITRYPSIN 

CHARLES B. GLASER, ROBERT FALLAT, LUCIJA KARIC, The Institutes of 
Medical Sciences, 2200 Webster Street, San Francisco, California 941 15, 
RICHARD STOCKERT and ANATOL G. MORELL, Division o f  Genetic 
Jfedicine, Department o f  Medicine, Albert Einstein College of Medicine, 

Bronx, New York 10461 

Alpha-1-antitrypsin (AAT), the major inhibitor of proteolytic enzymes in human serum, 
is a glycoprotein of molecular weight -50,000, containing -12-15% carbohydrate and 
having an isoelectric point of 4.5-5.0. Its synthesis occurs in the liver1 and is controlled by 
a pair of co-dominant allelic genes2. Although more than 90% of the population is found to 
contain proteinase inhibitor Pi type MM, a number of other variants have been found. 
Homozygotes for the deficiency gene, Pi type ZZ, have serum levels of AAT which are only 
10-20% of the normal and these individuals are strongly disposed to lung disease314. 

Our goals were to establish 1) whether the low levels of circulating AAT and the 
deposition of AAT in the livers of ZZ individuals5 could be accounted for by an increased 
catabolic rate of the Z protein; and 2) the mechanism of catabolism of AAT with particular 
reference t o  the role of the carbohydrate function. Ashwell and   or ell^ have shown that 
treatment of most native plasma glycoproteins with the enzyme neuraminidase will expose 
galactose as the terminal nomeducing sugar of the protein-linked carbohydrate chains and 
that this galactose will then serve as a specific determinant for the hepatic recognition, 
uptake and subsequent catabolism of the sialic acid deficient molecules. 

Both M and Z forms of purified AAT were iodinated with N ~ ~ ~ ~ I  and portions of the 
iodinated products were desialylated with neurarninidase. The survival time of asialo and 
native AAT (Fig. 1) in rats and the recovery of liver radioactivity reflects no difference 
between the M and Z forms. For the native proteins, 38% of the radioactivity was recov- 
ered in the liver after 70 minutes. The asialo forms of both M and Z protein were rapidly 
cleared from the circulation and within 1 0  minutes -60% of injected AAT could be recov- 
ered in the liver. 
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Figure 1. Short-term clearance rates of AAT 
(Pi types MM and ZZ) and their asialo deriva- 
tives. Male rats (200-250 g) were injected with 
4.7-5.3 pg of 125~-protein, diluted 1:10 with 
unlabelled protein, into the lateral tail vein. 
Blood samples were collected into weighed 
tubes by nicking the tail opposite the injection 
site and then counted for radioactivity. A-A 

AAT (Pi MM); A-A AAT (Pi ZZ); 0-0 asido 
AAT (Pi MM); 0-0 asialo AAT (Pi ZZ). 

TIME (MIN) 

Hepatic binding protein (HBP), specific for asialoglycoproteins was prepared from rabbit 
liver, bound to Sepharose, and standardized for the binding assay by established proce- 
d u r e ~ ~ > ~ .  Neither M nor Z proteins in their native forms are substrates for HBP, but the M 
and Z asialoproteins have strong and equal affinity. 

Tritium was incorporated into terminal galactosyl residues using galactose oxidase 
followed by reduction with tritiated potassium borohydride9. None of the native forms 
of AAT had significant incorporation of radioactivity in the isolated neutral sugar frac- 
tion. In another experiment with the asialo derivatives, more tritium was incorporated 
into the M allele as compared to the Z variant. This is consistent with the presence of more 
total sugar chains in the M form, a finding which is also supported by our glycopeptide 
isolation studies with immobilized Concanavalin A. These results show that both forms 
of AAT have an equal rate of clearance which is dependent upon the loss of terminal 
sialic acid residues. 

In a second study, the observed biochemical or physiological properties of the Z variant 
of AAT relative to the M-form (i.e., low carbohydrate content, lability, inability to efficient- 
ly be transported from the liver) were probed by near and far ultraviolet circular dichroic 
spectra (Fig. 2 A, B) and tryptophan fluorescence spectra. In the near ultraviolet spectra of 
the M-protein, the positive peaks at 259 and 265 nm and probably the negative shoulder at 
269 nm are assigned to Phe (28 residues/molecule). The large negative band from 275-290 
nm contains unresolved contributions from Trp and Tyr (7 residues/molecule), while the 
positive band at 295 nm consists of a composite of three Trp residues. In the Z protein one 
or more Trp chromophores are in a modified microenvironment. It is not yet possible to 
ascribe changes between the M and Z protein in the region 250-290 nm to specific residues. 
The general shift to a more negative amplitude in Z protein could reflect a Trp band, but 
perturbations in Tyr and Phe may also contribute. Differences in tertiary structure are also. 
reflected in the Trp fluorescence spectra. Although the wavelength of maximum emission 
remains unchanged (335 nm) and indicates a moderately non-polar region for the t rypte  
phans in both proteins, the amplitude of the emission spectra is 50% higher in the Z protein. 
The far ultraviolet circular dichroic spectra is almost identical for both forms of AAT, and 
shows an a-helix content of 45-50%.10 

This work was supported by the National Institute of Health Grants HL-17194,14692, 
AM-0159 and the American Lung Association. 
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A. t-. AAT (Pi MM) - AAT (Pi ZZ) B 
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Wavelength (nm) 
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255 260 265 270 215 280 285 290 295 3 0 0  305 
Wavelength (nm) 

Fig. 2. (A): Circular dichroic spectra of AAT in far UV in 0.1 M Tris/HCl, pH 8.0. Data 
are expressed as mean residue ellipticity, calculated by using mean residue weight of 111 
from its amino-aci composition. Protein concentrations were determined spectrophoto- 
metrically using EE.:: = 0.50. Each concentration value was reduced by subtracting the 
carbohydrate content. (B): Circular dichroic spectra of AAT in near UV has been presented 
in terms of molecular ellipticity. The molecular weight of 45,000 used in these calculations 
represents only the polypeptide portions of the molecules. 
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MONITORING WITH FEEDBACK IN AUTOMATED 
SOLID PHASE PEPTIDE SYNTHESIS 

T. CHRISTENSEN, P. VILLEMOES, and K. BRUNFELDT, The Danish Institute 
of Protein Chemistry affiliated to the Danish Academy o f  Technical Sciences, 

4, Venlighedsvej, DK-2970 Hqhholm, Denmark 

Monitorin of automated solid phase peptide synthesis can be performed by perchloric B acid titration . To obtain feedback control a minicomputer is now used as control u11it~9~. 
A print-out of the synthetic procedure including instrumental failures and evaluation of 
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deblocking is seen. In Fig. 1B and D repetition of the coupling was necessary. It is evident 
that in Fig. 1B and C irreversible blocking has occurred, most likely due to the effect of free 
DCC in combination with incomplete and/or slow acylation. Loss of peptide from the resin 
can be excluded due to the presence of the expected amount of the C-terminal leucine, at 
the end of the synthesis (see Table I). 

Table I. Aminoacid Content of the Synthesized Products Determined by Titration and 
Amino-acid Analysis. The values are presented as mmole per g Boc-Leu-resin, the numbers 

in brackets are the relative values. Q - as some resin was lost during the cleavage 
procedure, it is not possible to give absolute values in this case. Calculation of the 

amino-acid content from the titration values is carried out by subtracting the preceding 
value for the coupling from the value obtained after deblocking. 

7 

Syn- 

the- 

sis - 
A 

- 
B 

- 
C 

- 
D 

- 
E 

- 

Rmino- Titra- 

acid tion 

Leu 

Phe 

Gly 

Tyr 

Leu 

Phe 

Gly 

Tyr 

Leu 

Phe 

Gly 

Tyr 

Leu 

Phe 

Gly 

Tyr 

Amino acid analysis 

0.306 (0.99) 

0.312 (1.01) 

0.619 (2.00) 

0.300 (0.97) 

0.297 (1.16) 

0.303 (1.18) 

0.513 (2.00) 

0.196 (0.76) 

0.326 (1.12) 

0.307 (1.05) 

0.584 (2.00) 

0.243 (0.83) 

0.316 (1.02) 

0.304 (0.98) 

0.618 (2.00) 

0.292 (0.94) 

Leu 

Phe 

Gly 

Tyr 

Resin bound 

product 

0.344 (1.12) 

0.319 (1.04) 

0.614 (2.00) 

0.274 (0.09) 

0.307 (1.04) 

0.311 (1.06) 

0.589(2.00) 

0.293 (0.99) 

Cleaved crude 

product 
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A THREE-POINT MODEL FOR THE DIPEPTIDE SWEETENER-RECEPTOR 
INTERACTION 

M. CHOREV, C. G. WILLSON and M. GOODMAN, Department of Chemistry, 
University o f  California, San Diego, La Jolla, California 92093 

Since the discovery by Mazur et a1.l that or-L-aspartyl-L-phenylalanine methyl ester is 
about 150 times as sweet as sucrose, much synthetic work has been undertaken to under- 
stand the molecular basis for the sweet taste.ld Several models have been published to 
explain and predict the sweet taste of the related dipeptide derivatives. Ariyoshi's model3 is 
based on Fischer projections of the structure of dipeptide derivatives. Temussi and cowork- 
ers7 attempted to establish a receptor site based upon the most probable conformation of 
the dipeptide sweeteners by using pmr studies and potential energy calculations. Our group8 
viewed the dipeptide sweeteners from a topochemical standpoint. We pointed out the 
necessity of a planar zwitterion and a specific hydrophobic shape and size moiety. 

In this paper, we extend our model to include the peptide bond in a specific location as 
an essential feature to elicit the sweet taste in addition to two previous requirements. Our 
three-point model is outlined in Figure 1. 

POLAR INTERACTION I HYDROGEN 1 HYDROPHOBIC 
SEGMENT I BONDING S E M N T  

I SEGMENT I 
I I 

Fig. 1. Schematic representation of the three-point model. 

We established the necessity of the peptide bond by synthesizing L-aspartyl-N-methyl-L- 
phenylalanine methyl ester (I) and L-aspartyl-L-phenyllactic acid methyl ester (2). Both 
compounds are not sweet. 

These findings have led us to consider the peptide bond as a new basic requirement, 
formerly ignored, to have a proper tastant-receptor interaction. The key test of our hypoth- 
esis involved the synthesis of a topochemical analog9 of a dipeptide sweetener. This analog 
is essentially identical to the parent compound with respect to polarity and shape at its 
periphery; the only difference resides in the reversal of the peptide bond which leads to an 
absolute linear retro-isomer of the dipeptide sweetener. 

We have synthesized the retro-isomer (3) of intensely sweet or-aminomalonyl-D,L- 
phenylalanine methyl ester (4). 
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The precursor for the synthesis was N-benzyloxycarbonyl-ar-aminomalonic acid benzyl ester 
hydrazide (5)  which on treatment with NOCl/THF yielded the azide1° (6) which under- 
went Curtius rearrangement to the corresponding isocyanate (7). Addition of t-butanol to 
the isocyanate (7) yielded N-benzyloxycarbonyl-N'-t-butyloxycarbonyl--aminoycine ben- 
zyl ester (8) (Scheme 1): 

C o p 1  C 0 2 B z l  C 0 2 B z l  
I 

ZNH-CH-CONHNH2 
1 

ZNH-CH-CON3 A 
I 

TiP b ZNH-CH-N = C = 0 

Scheme 1 

The t-butyloxycarbonyl group was removed selectively from compound 8 by treatment 
with HClIdioxane. The resulting salt was coupled immediately with 2-benzylmalonic acid 
mono-methyl ester using dicyclohexylcarbodi~mide. The reaction yielded compound 9, the 
fully protected retro-isomer of compound 4. Hydrogenation of compound 9 at atmospheric 
pressure in methanol in the presence of triethylamine resulted in compound 3 ,  the absolute 
retro-isomer of the dipeptide sweetener (4) (Scheme 2). 

Scheme 2 

Compound 3 was found not to be sweet; it actually possessed a slightly bitter after-taste. 
This provides further evidence that in addition to the other molecular features, the presence 
of an appropriate peptide bond is essential. The peptide bond is required not only for its 
polarity and hydrogen bond donor-acceptor characteristics, but also for its direction and 
relative position within the molecule which must be specific in order to  obtain the correct 
interaction between the tastant and taste receptor. 



OPEN FORUM 

Our three-point model (Fig. 1) is an extension of our two-point picture to which we have 
added a second polar site - the peptide bond. This is the first observation that the peptide 
backbone, as well as the nature and spatial arrangement of side chains and end groups, is 
required for biological activity. 

The approaches presented in Schemes I and I1 for the synthesis of gemdiamino deriva- 
tives are part of a general methodology being developed by us.11'12 

The authors wish to thank Mr. Fred Vernacchia for the synthesis of compound ( I )  (L- 
aspartyl-N-methyl-L-phenylalanine methyl ester) and Dr. Chaim Gilon for the synthesis of 
compound (2) (L-aspartyl-L-phenyllactic acid methyl ester). They also gratefully acknowl- 
edge the support of the National Institutes of Health (FD 00590). 

References 

1. Mazur, R. H., Schlatter, J. M. & Goldkamp, A. H. (1969) J. Amer. Chem. Soc. 91, 
2684-2691. 

2. Mazur, R. H., Reuter, J. A., Swiatek, K. H. & Schlatter, J. M. (1973) J. Med. Chem. 
16,1284-1287. 

3. Ariyoshi, Y. (1976) Agr. Biol. Chem. 40,983-992. 
4. Mazur, R. H., Goldkamp, A. H., James, P. A. & Schlatter, J. M. (1970) J. Med. 

Chem. 13,1217-1221. 
5. Fujino, M., Wakimasu, M. & Tanaka, K., Aoki, H. & Nakajima, N. (1973) Naturwis- 

sen. 60, 351. 
6. Goodman, M., et  al., unpublished data. 
7. Lelj, F., Tancredi, T., Temussi, P. A., and Toniolo, C. (1976), J. Am. Chem. Soc., 

98, 6669-6675. 
8. Goodman, M., and Gilon, C. (1975) in Peptides 1974, Proceedings of the 13th 

European Peptide Symposium, Israel, Wolman, Y., Ed., John Wiley & Sons, New York; 
Israel Universities Press, Jerusalem, pp. 27 1-278. 

9. Shemyakin, N. M., Ovchinnikov, Yu. A., and Ivanrv, V. T. (1969), Angew. Chem. 
Internat. Edit., 8, 492-499. 

10. Honzel, J., and Rudinger, J. (1961), Coll. Czech., 26,2333. 
11. Chorev, M., Willson, C. G., and Goodman, M. (1977), submitted for publication. 
12. Willson, C. G., Goodman, M., Rivier, J., and Vale, W. (1977), in Peptides: Proceed- 

ings of the 5th American Peptide Symposium, Goodman, M. & Meienhofer, J . ,  Eds., John 
Wiley and Sons, Inc., New York, pp. 579-581. 

HOW DO ENZYMES REALLY WORK? 

ARIEH WARSHEL, Department o f  Chemistry, University of 
Southern California, Los Angeles, California 90007 

Understanding of the important factors in enzymic reactions is a major problem in 
molecular biology. Despite extensive effort there is no quantitative explanation for the 
catalytic power of enzymes. Here we show quantitatively that the most important catalytic 
factor in enzymic reactions is electrostatic stabilization of ionic transition states. The 
crucial role of charge stabilization has never been demonstrated before because the available 
dielectric theories are inadequate for studies of electrostatic interactions at  short distances. 
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Applying a recently developed microscopic dielectric model we show how a very small 
charge stabilization effect in model compounds in solution corresponds to a remarkable 
effect in the enzyme-active site. 

In recent work1 we developed a method for the theoretical study of enzymic reactions. 
The method includes the complete enzymesubstrate system and allows the evaluation of the 
microscopic dielectric effect inside the enzyme active site. This method was applied to the 
carbonium ion intermediate in the reaction of lysozyme. It was found that the charge 
stabilization of the carbonium transition state is a major catalytic factor. It was also 
concluded that the strain effect, thought to be a major catalytic factor, does not contribute 
significantly. However, the conclusion about the importance of charge stabilization seems 
to be in clear contradiction to many experiments on model compounds in solution. Such 
experiments have not shown any significant catalytic effect by neighboring ionized groups. 
The use of current theories in physical organic chemistry to extrapolate these results to low 
dielectric media has not indicated a large catalytic effect. 

To resolve this contradiction we developed a new microscopic dielectric approach2 
which allows the accurate evaluation of the microscopic energy balance of charge separation 
in polar liquids. Using this approach we have shown that in polar solutions the electrostatic 
interaction between opposite charges is always balanced by the solv?tion energy (see Fig. 1). 
This is true even when two charges are only 3 A apart. An experimental verification for this 
conclusion is found in studying the ApKa of dicarboxylic acids of different lengths. This 
microscopic dielectric effect is due primarily to the fact that the solvent system has enough 
degrees of freedom, so that any electrostatic force is compensated for by reorientation and 
compression of the solvent dipoles. 

Enzyme active sites are quite different systems. Such active sites .can provide a low 
dielectric hydrophobic environment in which charged groups and permanent dipoles are 
designed to stabilize the substrate transition state. Since these groups cannot rearrange their 
orientation, they are able to  provide a large electrostatic stabilization and to make the reac- 
tion faster than in oolar solutions. 

To prove our point we performed two comparative calculations2 of the general acid 
catalysis of the cleavage of a glycosidic bond by lysozyme. In the f i s t  calculation we 
studied the reaction in aqueous solution and examined the catalytic effect of a negative 

Fig. 1. Calculation of the energy balance of charge separation in polar liquids. V QQ 
Vsolvation and AVtot are respectively the charge-charge interaction, the solvation energy 
and the total energy. More details are given in Ref. 2. 
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charge at 3 A from the C1 of the carbonium intermediate. I t  was found that the presence of 
the external charge does not lead to any significant rate enhancement. In the second calcu- 
lation we took exactly the same substrate system (without any adjustable parameter) and 
repeated the calculation in the active site of lysozyme in the presence of the ionized Asp 52. 
The activation barrier in the enzyme active site was reduced by -10 kcal/mole relative to 
the corresponding barrier in solution. 

Considering the fact that the overall reduction in the activation barrier between reaction 
in aqueous solution and at  the enzymeactive site is 12-14 kcal/mole, we feel that charge 
stabilization must be the major factor in enzymic reactions 
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THE USE OF AN ACTIVE SlTE MODEL IN THE DESIGN OF SPECIFIC 
INHIBITORS OF ANGIOTENSIN-CONVERTING ENZYME 

MIGUEL A .  ONDETTI, EMILY F. SABO, KATHRYN A. LOSEE, 
HONG SON CHEUNG, DAVID W. CUSHMAN, BERNARD RUBIN, 

The Squibb Institute for Medical Research, Princeton, New Jersey 08540 

In 1970, at  the Second American Peptide symposium1, we reported the structure eluci- 
dation and synthesis of powerful inhibitors of angiotensin-converting enzyme (ACE) that 
were originally isolated from the venom of B. jararaca. The most potent of these inhibitors 
was the nonapeptide SQ 20,881, <Glu-Trp-Pro-Arg-Pro-Gln-Ile-Pro-Pro. Since then it has 
been shown that SQ 20,881 was a remarkably useful tool for the inhibition of the renin- 
angiotensin system in a large variety of animal species and in man. However, this usefulness 
was flawed by the lack of oral activity. Our studies with analogs and derivatives of SQ 
20,8812 did not solve this problem, but  led to a better understanding of the enzyme and to 
the proposal that its mechanism of action was essentially similar to that of carboxypep 
tidase A. 

Based on these similarities and the concept of byproduct inhibition introduced by Byers 
and ~ o l f e n d e n , ~  we postulated that succinyl amino acids might function as byproduct in- 
hibitors of ACE, since they combined in one single molecular species characteristics of the 
two products of peptide hydrolysis (Fig. 1). Succinyl-L-proline, the first derivative synthe- 
sized to prove this hypothesis, was indeed an inhibitor of ACE. Although it had a rather low 
potency (ICS0 = 135 pg/ml), it was clearly a specific inhibitor of ACE, since in the smooth 
muscle test it was shown to inhibit the angiotensin I response and potentiate the bradykinin 
response without affecting those of angiotensin I1 or acetylcholine, a typical pattern for a 
specific ACE i n h i b i t ~ r . ~  

To increase the inhibitory activity of this prototype compound while still pursuing the 
concept of byproduct inhibition, varied functionality was introduced in the amino-acid and 
succinyl moieties. The most important conclusion derived from these studies was that 
substituents on the succinyl moiety increase activity only if present in the a-position with 
respect to the amide bond and with an absolute stereochemistry that would make them 
isosteric with an L-Ldipeptide. In this manner we obtained a substantial increase in 
inhibitory activity with the synthesis of D-2-melhylsuccinyl-L-proline (ICS0 = 12 pg/ml), a 
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compound which was also shown to be capable of efficiently inhibiting ACE in vivo paren- 
terally and, to some extent, orally. 

With the introduction of these substitutions it appeared that we had driven the byprod- 
uct analog concept to  its ultimate level of usefulness. We had also found that glutaryl-l- 
proline was more active than succinyl-L-proline (Table I ,  3, I ) ,  an observation that was not 
in complete agreement with the idea of byproduct inhibition. However, a somewhat differ- 
ent explanation for the strong inhibitory activity of these compounds seemed possible if one 
hypothesizes that the active center of ACE has at  least three main binding points for a 
substrate: namely, a cationic carboxyl-binding center; an amide recognition center, probably 
through a hydrogen bonding functionality; and a complexed zinc ion that polarizes the 
carbonyl of  the scissile amide bond (Fig. 2). If a molecule could combine functionalities 
that can interact specifically with these binding sites, ~t would become a potent, but  still 
competitive inhibitor of ACE. Succinyl and glutaryl amino acids fulfilled these require- 
ments, if we postulated that a folded conformation of the glutaryl side chain binds more 
effectively to the enzyme than an extended succinyl side chain. This alternate interpretation 
suggests that one could increase the potency of these inhibitors by searching for moieties 
that could bind to  the zinc atom with stronger affinity than the carboxyl residue. 

This assumption led to the synthesis of acyl amino acids carrying a large variety of oxy- 
gen, nitrogen or sulfur containing functionalities on the acyl moiety (Table I, 6-16). We 
found that a mercaptoalkanoyl acyl moiety could yield inhibitors that were several orders of 
magnitude more potent than the carboxylalkanoyl amino acids (Table I ,  16, 17). With the 
aid of suitably substituted mercaptans, we showed that the other two primary binding sites 
postulated in the hypothetical model also contribute significantly to the binding of enzyme 
and inhibitor (Table I ,  18, 19). In addition, other substantial interactions with the enzyme 
became apparent during these studies; namely, those involving the side chain of the amino- 
acid residue and the substitution on the acyl residue. Among all the amino-acid derivatives 
tested, proline or other cyclic irnino acids gave the most potent inhibitors, and alkyl substi- 
tution on  the or-position of the acyl moiety with the appropriate stereochemistry lowers 
considerably the dissociation constant of the inhibitors. 

We can therefore conclude that the explanation that we had postulated for the action of 
the carboxyalkanoyl amino acid inhibitors of ACE - namely, a strong regio- and stereospe- 
cific interaction between several functionalities on the inhibitor molecule and binding sites 
on  the enzyme surface - has been of great value in guiding the synthesis of novel inhibitors, 
and that the high potency and specificity of the inhibitors thus obtained gave indirect but  
strong evidence that the interactions postulated in the model are correct. The most potent 
of the ACE inhibitors developed so far is D-3-mercapto-2-methylpropanoyl-L-proline (SQ 
14,225) which has been shown to  inhibit the vasopressor response of angiotensin I in 
animals4 and in man5 when administered orally in doses ranging from 0.1 to 1 mglkg. SQ 

R R R 
1 I I 

-CH-CO-NH-CH-CO-NH-CH-CO H 
2 

R O H  H R  R 3 -  

l2 I I I1 1 
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2 2 2 2 

Fig. 1. Substrate, products, and in- Fig. 2. Binding of substrate and inhib- 

hibitors of ACE. itors at the active site of ACE. 
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TOPOCHEMICALLY RELATED HORMONE STRUCTURES. 
THE SYNTHESIS OF RETRO-ANALOGS OF LRF 

C. G. WILLSON, M.  GOODMAN, Department o f  Chemistry, University o f  
California, La Jolla, CA 92093, J .  RIVIER and W. VALE, The Salk Institute for 

Biological Studies, Sun Diego, CA 921 12 

A retro-isomer of a peptide is defined by a reversal of the direction of the peptide bonds, 
while holding the rest of the structure constant. Only retro-isomers of cyclic peptides are 
true enantiomers of the parent conlpounds; they can be synthesized by inverting the 
absolute configuration at each chiral carbon. Retro-isomers of linear peptides are not 
enantiomers.1 

The retro-isomers of several biologically active, linear peptides have been synthesized. All 
proved i n a ~ t i v e ~ ? ~  and none were reported to exhibit antagonist activity. The inactivity of 
these compounds may be a consequence of the fact that although retro-isomers of linear 
peptides have essentially identical side-chain topochemistry, their carboxyl and N-termini 
are necessarily reversed. Goissis et al! conceived of a partial solution to  the end-group- 
reversal problem. They synthesized a series of angio tensin analogs which were retro-isomers 
of angiotensin but also included a malonic acid derivative at the N-terminus, rather than a 
D-c-amino acid (i.e. the compounds had two carboxylic acid termini). This approach to a 
complete retro-isomer of a linear peptide was first described by Hayward and ~ o r l e y , ~  who 
further proposed that the N-terminus be replaced by an a,wdiamine rather than a D-a-amino 
acid. We have developed a high-yield synthesis of optically active a@-diamino compounds5 
which allowed us to apply the concept of Hayward and ~ o r l e ~ ~  to the preparation of 
analogs of the luteinizing hormone-releasing factor (LRF). 

The availability of @,a-diamino and a,&-dicarboxy analogs of the a-amino acids allows 
initiation and termination, respectively, at any residue of a peptide sequence, of a totally or 
partially retro-analog. 

Synthesis of L-5-amino-2-pyrolidine (Apy) 

DPPA 
~ C Y O H  y Pd-C 

O G , " M X (  I * [ oy:.c.o] qx Oq;-. ,, 
z W/ 1 Hr 

Z 

ZZAPY APY 

The conversion of Z-<Glu to  Z2Apy) is a one-pot reaction and the product crystallizes 
from the cooled reaction mixture in excellent yield. Conversion to the isocyanate was 
accomplished by heating equimolar amounts of L-Z-<Glu, diphenylphosphoryl azide6 
(DPPA) and triethylamine in toluene at  80°C. The course of the reaction was monitored by 
watching the appearance of the intense isocyanate stretching absorption in the infrared. 
When the Curtius reaction was complete (approximately 1 hr.), a 10% molar excess of 
benzyl alcohol was added to the reaction mixture and heating was continued. The disap- 
pearance of the isocyanate band was monitored; when the addition was complete (approxi- 
mately 1 hr.), the solution was allowed t o  cool, the product was isolated by filtration and 
recrystallized from toluene or from hexanelethylacetate. Hydrogenation of Z2-Apy in 
ethylacetate using 10% Pd/C a t  atmospheric pressure provided Apy as a white crystalline 
solid which was slightly hygroscopic (m.p. 78'C). Both Z2-Apy and Apy were character- 
ized by infrared and high resolution nmr spectroscopy and by mass spectrometry. 
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Synthesis of Boc-L-Phe-Apy. Boc-L-Phe and Apy were coupled in ethyl acetate using 
dicyclohexylcarbodiimide (DCC) and purified by crystallization. The crystalline product 
was characterized by infrared, high resolution nmr and mass spectroscopy, m.p. 105-1 08°C. 

Synthesis of hopionyl-D-PreD-ArgD-Leu-Gly-D-Tyr-DSer-D-TrD-HiOH (I) and of 
mono-malonamide-D-Pro-D-Arg-DLeu-Gly-D-Tyr-D-Ser-D-Trp-OH (11). Both peptides were 
synthesized by the solid phase technique, purified and characterized according to  published 
 procedure^.^ 

R e t r o - d e s - ~ l ~  1 0 - [ P r o 9 - ~ ~ t ]  -LRF (111). Apy was coupled to  I using DCCIN- 
hydroxysuccinimide and the product was purified by semi-preparative high pressure liquid 
chromatography ( H P L C ) . ~  Analog 111 showed a correct amino-acid analysis (Apy yields 2 
NH3 upon HC1 hydrolysis) and was cleanly resolved from I by HPLC. 

R e t r e [ ~ - ~ h e ~ ] - ~ ~ ~  (IV). Treatment of Boc-LPhe-Apy with 4 N HClIdioxane gave 
L-Phe-Apy which was coupled to I1 using DCCIN-hydroxysuccinimide and the crude prod- 
uct was purified by semi-preparative H P L C . ~  The purified analog was cleanly resolved from 
11 on HPLC and gave a correct amino-acid analysis including 1 Phe and 3 NH3. 

Both 111 and IV were found to be inactive LRF agonists in vitro (0.01% of LRF). 
Compound IV was also tested for antagonism9 activity in vitro and was found to be 
ineffective at the doses tested (IDRSO 333311). Since d e s - ~ l y ~ ~ - [ ~ r o ~ - ~ ~ t ]  -LRF is 3 times 
more potent than L R F ~ O  and since [ D - P ~ ~ ~ I - L R F  is a relatively potent competitive inhibi- 
tor of L R F , ~ ~  the lack of biological activity in the retro-isomers suggests that the peptide 
backbone5 may be participating in the hormone-receptor interaction. One stereochemical 
problem exists for all retro-analogs of peptides containing proline.3 They lack topological 
equivalence at  the prolyl residue. Further testing of LRF analogs, containing various retro 
sequences not including the prolyl residue, should clarify the role of the peptide backbone 
in binding. 

This research was supported by grants from NIH AM 15410, AM 18811, HD 09690 and 
National Foundation 1-41 1 .  
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PARATHYROID HORMONE INHIBITORS: DESIGN, 
SYNTHESIS, AND BIOLOGICAL EVALUATION 

MICHAEL ROSENBLATT, JANE E. MAHAFFEY, and JOHN T.  POTTS, JR. 
Endocrine Unit, Department o f  Medicine, Massachusetts General Hospital 

and Harvard Medical School, Boston, Massachusetts 021 14 

Two analogs of bovine parathyroid hormone (bPTH), [ N I ~ ~ , N I ~ ~ ~ , T ~ I ~ ~ ] - ~ P T H - ( ~ -  
34)amide and [Nle8 ~ l e l  8 , ~ p s - ~ r p 2 3 , ~ y r 3 4 ]  - b ~ ~ ~ - ( 3 - 3 4 ) a m i d e l ,  were synthesized by the 

2 solid phase method . Although bPTH is a sin le chain peptide of 84 amino acids, the struc- 5 - tural requirements for full biological activity reside within the N-terminal 34-amino-acid 
segment bPTH-(1-34). Investigations to determine the minimum sequence for hormonal 
activity revealed that deletions of amino acids from either the N- or C-terminus of the active 
segment result in a progressive decline in activity4. However, there is a striking difference in 
the role of the C- versus the N-terminal region of bPTH-(1-34) on receptor binding and 
cyclase activation. bF'TH-(1-26) neither stimulates nor inhibits adenylyl-cyclase activity, 
thus the region 27-34 appears essential for receptor binding. N-terminal deletions also cause 
decline in potency but the fragment bPTH-(3-34), although not an agonist, is an antagonist 
and hence must occupy receptor sites without stimulating adenylyl-cyclase5. 

If positions I and 2 are essential for hormonal activity, then an approach to the design of 
antagonists is to incorporate modifications known to enhance activity in bPTH-(1-34) into 
analogs lacking the two N-terminal residues. Thus, receptor binding and inhibition might 
increase without restoration of hormonal activity. Structure-activity studies reveal two 
C-terminal modifications that enhance activity. substitution6 of Tyr for Phe a t  position 34 
results in an analog 140% as potent as bPTH-(1-34). Conversion of the C-terminus to a 
carboxamide (CONH2) yields nearly a 3-fold increase in activity4. Both modifications were 
incorporated into the analogs presented here (Fig. 1). Another modification was selected as 
a stabilizing feature. Substitution of norleucine for methionine at positions 8 and 18 was 
demonstrated to be well tolerated in terms of biopotency, while providing analogs that 
withstand oxidizing conditions with retention of activity6. An additional modification was 
undertaken based on  studies of adrenocorticotropic hormone ( A C T H ) ~ .  For ACTH, treat- 
ment with o-nitrophenylsulfenyl chloride to yield the Nps-tryptophan derivative yielded an 
inhibitor of ACTH. 

The bPTH analogs lacked agonist activity but  were effective inhibitors, causing 4 4  and 
57% inhibition of bPTH activity, respectively, a t  concentrations 1 :1 to native bPTH in the 
in vitro renal adenylyl-cyclase assay. Inhibition is prouortional to  the dose of inhibitor and 
inversely related to bPTH concentration. The analogs also are complete antagonists; that is, 
they can totally suppress bPTH-stimulated adenylyl-cyclase activity (Fig. 2). 

Detailed study of [~le~,~le~~,~yr~~]-bPTH-(3-34)arnide revealed kinetic parameters 
characteristic of competitive inhibition. Ki derived by Eadie-Hofstee plots was (1.24 + 
0.13) x M. The affinity of this analog for the in vitro receptor is the same order of 
magnitude as the native hormone, K ,  = 0.45 X M (Fig. 3). 
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Fig. 1.. The synthetic hormone antago- 
nist [Nle8,Nle 8 , ~ y r 3 4 ]  -bPTH-(3-34)amide. 
Shaded residues depict positions of substitu- 
tion for the native sequence. The C-terminal 
COOH function has been modified to a car- 
boxamide. An o-nitrophenylsulfenyl group 
(Nps) was linked to position 23 to form an- 
other inhibitory analog. 
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Fig. 2. Inhibition of bPTH-(1-84) stim- 
ulated generation of c-AMP by synthetic 
analogs. A near-maximal dose of bPTH-(1- 
84) (1.2 X M) was used in the pres- 
ence of variable doses of inhibitors: 6"' bPTH-(3-34); (0) [Nle8,Nle1 8 , ~ y r 3  ] - 
bPTH-(3-34)amide; (x) [Nle8,Nle1 ',Nps- 
~ r ~ ~ ~ , ~ ~ r ~ ~ ]  -bPTH-(3-34)amide. 50% in- 
hibition is marked by (- - - - -). 
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K, = (-) slope of line (0) .  
In the presence of inhibitor, the Ki can be derived from slope = -q - K, where 
q = (1 + 1 1 ~ ~ ) .  

The biological properties of these analogs reflect current ability to design successfully 
and synthesize bPTH inhibitors which are, for the first time, of sufficient potency to be 
tested in vivo. These analogs represent a 60-300-fold improvement in inhibitory potency 
over unsubstituted bFTH-(3-34). The ability to impose activity-enhancing modifications 
upon an inhibitory core without conversion to partial agonism further emphasizes the 
dichotomy between binding and activation for this hormone. Finally, these analogs serve 
as models for the synthesis of PTH inhibitors of possible therapeutic significance. 

This work was supported in part by grants AM04501 and AM1 1794 from the NIAMDD. 
M. R. is a recipient of a National Research Service Award. 
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SOLVENT CHANNELS IN THE CRYSTALLINE LATTICES OF 
ANTAMANIDE GROWN FROM POLAR AND NONPOLAR SOLVENTS 

ISARELLA L. KARLE, Laboratory for the Structure of Matter, 
Naval Research Laboratory, Washington, D. C. 20375 

Antamanide, a cyclic decapeptide with the sequence ~ a l ' P r o ~ ~ r o ~ ~ l a ~ ~ h e ~ P h e ~ ~ r o ~ -  
~ r o ~ ~ h e ~ P h e l O ,  binds caf+, ~ a '  and Li+ ions1. The complex formation was measured by 
the extraction of the metal picrates from aqueous solutions of antamanide with the follow- 
ing percentages: ~ a ' ,  14.0; ~ a + + ,  9.7; L f ,  0.8. /Phe4va16]-antamanide, a synthetic 
symmetric analog, has a similar complexing behavior . The schematic diagram in Fig. 1 
compares the folding of the antamanide backbone in the crystals of the ~ i +  and ~ a +  
~ o m ~ l e x e s ~ - ~  to the elongated ring found for uncomplexed antamanide in crystals prepared 
from nonpolar  solvent^^?^ (n-hexane plus methyl acetate) and from polar solvents7 
(CH3CN, acetone and Ca(N03)2). There is a major conformational change upon complexa- 
tion with ~ i +  and ~ a + ;  however, the polarity of the solvent does not affect the conforma- 
tion of the uncomplexed molecule. It is interesting to note that the uncomplexed form 
contains three intrinsic H 2 0  molecules imbedded in the interior of the peptide which form 
hydrogen bonds to four of the six NH moieties that are directed toward the interior of the 
molecule. Figure 2 shows a view into the interior of [ ~ h e ~ ~ a l ~ ] - a n t a m a n i d e - 3 ~ ~ 0  drawn 
with van der Waals radii for the C, N and 0 atoms. The three water molecules fill the space 
in the interior of the ring; moreover it is evident that adjacent pyrrolidine and phenylrings 
at either end of the molecule stack snugly against each other. These lipophilic groups on the 
exterior of the molecule play a major role in the packing in the crystal. The schematic 
diagram in Fig. 3(a) shows how the Pro and Phe side groups of one molecule interleave with 
a similar pair of an adjacent molecule to form continuous parallel stacks of lipophilic rings 
throughout the crystal. Between these lipophilic bands are continuous channels in which 
the solvent is contained. 

For the crystal grown from n-hexanelmethyl acetate, no individual atomic sites can be 
identified in the Rather, there is a continuous low level of electron density 
which indicates disordered solvent molecules, or even perhaps, molecules of solvent flowing 
through the crystal lattice. The diameter of the channel is large enough to accommodate 
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Fig. 1. (Upper) Schematic diagram of 
~ a +  or.Li+ complex. A fifth ligand is formed Fig. 2. [phe4va16] -an tamanide- 3 ~ 2 0  

to the akali metal ion from C ~ H ~ O H ,  drawn with van der Wads radii for the C, 

CH3CN, or (CH ) CO. (Lower) Uncom- N, and 0 atoms678 using experimentaUy 
plexed [Phe4V$]Tantamanide cry stallired determined coordinates. 

from polar or nonpolar solvents. 

Fi . 3 (a) Schematic diagram of packing in crystal lattice7. (b) Actual packing7 of 
[Phe$a16] antamanide crystallized from acetone, CH3CN, and Ca(N03)~ .  The dark circles 
represent the 0 atoms of H 2 0  molecules. 

either n-hexane or methyl acetate molecules. Furthermore, the crystal is stable only in con- 
tact with the mother liquor and the lattice collapses as soon as the crystal is allowed to dry. 

In the case of the crystal grown from a polar solvent composed of acetone, acetonitrile 
and Ca(N03)2, the atomic sites for solvent atoms are quite distinct7. The actual packing 
diagram in Fig. 3(b), analogous to the schematic diagram in Fig. 3(a), shows the crystal from 
the polar solvent in which the equivalent of 12 water molecules, associated with each pep- 
tide molecule, are distributed over 16 atomic sites for the 0 atoms. A view of a cross-section 
of the channel in Fig. 4, shows that two peptide molecules form a sandwich around the 
channel. In the channel itself, there is an outer layer of H 2 0  molecules bound to the C=O 
and NH groups of the peptides. These H20  sites, of which there are 8 independent ones 
along the channel, are fully occupied. The core of the channel has eight independent sites 
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Fig. 4. A cross-section of the channel showing molecules of symmetric antamanide 
sandwiching the solvent channel. 

that are only partially occupied, i.e. different sites are occupied in different cells of the 
crystal. All the partially occupied sites are at good distances for making hydrogen bonds to 
the H20 in the bound layer. 

The question arises as to the whereabouts of the ca++ ions present in the crystallizing 
solution. Are they still in the mother liquor surrounding the crystal? Or is it possible that 
some of the sites in the inner core of the channel are partially occupied by ca++ rather than 
by H20? The X-ray diffraction data cannot distinguish between the type of ion or atom 
occupying a site when dealing with partial occupancies, since the occupancy and the weight 
of an atom are not independent variables. The distances between the sites in the inner core 
and the H20  in the bound layer are compatible with ca*.-.O ligands. The speculative idea 
is proposed that Ca* ions may be transported through such channels when rows of 
antamanide molecules with their lipophilic exteriors are inserted into membranes. 
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MONTE CARL0 SIMULATION OF WATER STRUCTURE 
AROUND PROTEINS AND PEPTIDES 

A. T. HAGLER and J .  MOULT, Chemical Physics Department 
Weizmann Institute of Science, Rehovot, Israel 

The solvent system which makes up the environment of biological molecules plays a 
central role in their structure and function1. In spite of this crucial im ortance relatively 
little is known about the structure and properties of such systems.2.9 Recently it has 
become clear that Monte Carlo simulation of the structure of bulk water and the water 
around an ion can reproduce well the properties of those ~ y s t e m s ~ ' ~ .  We have extended 
these methods to the calculation of the water structure around proteins, peptides and amino 
acids in solution. A description of the method will be given elsewhere (manuscript in 
preparation). 

Here we describe the simulation of the solvent structure in triclinic crystals of hen egg 
white lysozyme6. Because of the large volume of solvent they contain7, protein crystals 
provide good models of macromolecules in solution, and have the advantage that some 
checking against the experimental results is possible (Moult and Yonat, manuscript in prepa- 
ration). This unit cell contains 1001 non-hydrogen atoms in the protein, 303 water mole- 
cules and eight bound nitrate ions. Figure 1 shows the average energy of the system as a 
function of configuration number during the simulation. The first 600,000 configurations 
of a total of 1,023,000 were used to randomize the system. 

The nature of the water surrounding a protein and especially the existence of bound 
water, has been elusive8. To gain insight, we have compared the energy distributions of 
water molecules in different environments in the unit cell of the crystal and that of water in 
bulk water9. A breakdown of the energy distribution in the crystal into water-water and 
water-protein components (Fig. 2) shows a fairly even division between these two. In the 
water-water curve there is a sharp peak at  zero energy produced by 9 water molecules each 
almost entirely isolated from the rest of the solvent. The water-protein curve has a long tail 
a t  low energies representing waters tightly bound to the protein. The interaction energies of 
these molecules are easily understood in terms of their environment. Three of them, for 
example, are situated between pairs of charges. Those most in contact with the protein move 

Fig. 1. Energy of the lysozyme crystal as a function of configuration number. A average 
for the whole simulation to current point. . average around current point. 
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ENERGY YCflL/flOL 
Fig. 2. Energy distribution of water in the lysozyme crystal. 
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least, while those far from the protein tend to move freely within their volume and are 
essentially disordered. In a comparison of the energy distributions for 78 of the most 
ordered waters, which are in contact with the protein and bulk water, the low energy tail is 
much more populated for these 'near' waters. Comparison of the mean positions of such 
ordered molecules with those observed in the X-ray work shows around half of the X-ray 
waters to occupy the same environmental niches as the simulated ones. A comparison of the 
energy distribution of the 51 waters furthest from the protein with that of bulk water 
shows these distributions to be similar to each other, demonstrating that these 'second shell' 
waters are quite like bulk water but slightly constrained by their interactions with their 
neighbors in contact with the protein molecules (manuscript in preparation). A breakdown 
of the average energies of the two systems into Coulombic and van der Wads components, 
(Table I) shows some interesting differences. To within the accuracy of the potentials 
usedl0>l1 the average energy in the two systems is the same, but with a slightly higher 
Coulombic component in the lysozyme case. This effect is much more pronounced in the 
water-protein component. Thus it seems that the ordering of water on the surface of the 
protein isgreatly enhanced by the presence of charges on the protein (there are 28 distributed 
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Table I. Comparison of Average Energies of Water in Bulk Water and 
the Lysozyme Crystal (kcal/mole). 
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over a surface of the molecule), and that this ordering may be associated with a loss of order 
in molecules less strongly interacting with the protein. A more detailed description of the 
water structure in the crystal, including an analysis of the structural features of the bound 
water will be given elsewhere. 
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STRUCTURE AND CONFORMATION OF NEUROPHYSINS 

R. ACHER, J. CHAUVET, M. T. CHAUVET, and P. CODOGNO, 
Laboratory of  Biological Chemistry, University o f  Paris VI 

96, Bd Raspail - 75006 Paris (France) 

Neurophysins are small proteins which are found in the posterior pituitary gland associ- 
ated with neurohypophysial hormones and which can be extracted and purified as hormone- 
protein complexes (review1). We have previously published the amino-acid sequences of 
ovine, bovine213, and porcine4 MSEL-neurophysins and we report now the complete amino- 
acid sequence of equine MSEL-neurophysin. We also describe experiments suggesting that 
the conformation of neurophysins is extended or extendable. 

Sequence. The purification has been carried out as previously described for ox or sheep 
neurophysins5. Horse neurophysin is oxidized by performic acid in order to split the 
disulfide bridges. One part of the product is subjected to trypsin hydrolysis, another to 
hydrolysis by staphylococcal protease6. Resulting peptides are isolated by peptide mapping, 
analyzed and sequenced either direct1 by Edman degradation or after enzymic subcleavage 
under previously described conditionsi~. Tryptic peptides are ordered through overlapping 
peptides given by staphylococcal protease to determine the complete sequence (Fig. 1). 

When compared with sheep, ox or pig MSEL-neurophysins, horse MSEL-neurophysin 
displays a 3-residue deletion at the N-terminus. Since-truncated forms have also been 
observed in the case of ovine, bovine, and porcine proteins3>4, this deletion is likely due to a 
proteolytic degradation which seems to occur in the cell. So a typical MSEL-neurophysin is 
a 95-residue polypeptide with 7 disulfide bridges. Fig. 1 shows that in the MSEL- 
neurophysin family, the substitutions from species to species virtually occur only in the 
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Fig. 1. Comparison of amino-acid sequences of ovine, bovine, porcine, and equine 
MSEL-neurophysins. Sequences identical with that of ovine neurophysin are shown as solid 
lines. A microheterogeneity in position 89 is found for adult and fetal bovine MSEL 
neurophysins. 

C-terminal part of the molecule, namely in positions 89 to 95. In particular, there are four 
substitutions in horse MSEL-neurophysin compared to the ovine protein. 

The Conformation of neurophysins has been studied by two approaches: (1) the accessi- 
bility to proteolytic enzymes, and (2) the accessibility to reducing agents. 

(1) The native ovine MSEL-neurophysin has been hydrolyzed by trypsin at  pH 7.8, by 
staphylococcal protease at pH 4.0, and by pepsin- at pH 2. When the tryptic digest is 
examined by peptide mapping, the cystine-free peptides TI ,  T , T7, and T8, previously 
characterized in the tryptic digest of the oxidized neurophysin2.3 can be identified by their 
positions on the map and by their amino-acid compositions3. A "core" remaining near the 
starting point is eluted, oxidized by performic acid and the resulting peptides are isolated by 
fingerprinting and analyzed. The four cysteic acid-containing peptides T2,T4,T5, and T6, 
previously characterized in the case of trypsin hydrolysis of the oxidized molecule, are then 
identified. It can be concluded that trypsin cleaves "native" ovine MSEL-neurophysin in the 
same way as the fully unfolded oxidized polypeptide chain and that the conformation is 
either very flexible or non-compact. 

(2) The peculiar sensitivity of some disulfide bridges of neurophysins to reduction was 
previously noted by others7. We have however observed that in the absence of urea, all the 
7 disulfide bridges are reduced when a molar ratio of 2: 1 of dithiothreitol to disulfide bridge 
is used at pH 8.1 for 2 hr. After carboxamidomethylation with iodoacetamide, the deriva- 
tive is subjected to trypsin hydrolysis and resulting peptides are isolated and analyzed; the 
peptide map is identical with that obtained when the reduction-alkylation is carried out in 8 
M urea. This complete reduction in the absence of urea is unusual, especially for a protein 
very rich in disulfide bridges. The ready reduction can be explained if the conformation is 
extended or rapidly extendable so that a cascade of fast reductions reaches the 7 disulfide 
bridges.8 
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THEORETICAL STUDIES ON PEPTIDE-SOLVENT INTERACTIONS 

V. RENUGOPALAKRISHNAN* and F. JORDAN, Dept. of Chemistry, 
Rutgers, l%e State University of New Jersey, Newark, New Jersey 07102. 
(*Present Address: Laboratory of Molecular Biophysics, Univ. of Alabama 
Medical Center; Box 3 11, University Station, Birmingham, Alabama 35294) 

In an attempt to determine the peptide conformations in solution1 we have used an 
approach suggested by ~ i n a n o ~ l u ~  in which the solvation energy is assumed to consist of 
two parts. In the first step a cavity is created in the liquid of appropriate dimensions to 
accommodate the solute. In the second step a solute molecule is placed in the cavity and 
interacts with its environment. The concept of continuum reaction field formulated by 
0nsager3 was used in calculating the interaction energy of the solute molecule with its 
environment. The solvent is assumed to be a continuum possessing the macroscopic dielec- 
tric properties of the solution, which coincide with those of a pure liquid in the case of a 
dilute solution. The total free energy for a given conformation is assumed to be the sum of 
the intrinsic free energy of the solute molecule and the solvation energy. Although the above 
model for solvent effect seems to account satisfactorily for the effect of the bulk solvent on 
peptide conformations in solvents of low dielectric constant like CC14, we felt it necessary 
to include the effect of directly bound solvents like H20  to the peptide NH and C=O groups 
in the calculations4. Therefore we initiated a study, using quantum chemical methods, for 
the exploration of hydration sites in peptides in order to determine the architecture of 
peptide-H20 super-molecular complex. In the present study, N-acetyl-L-alanine-(N)- 
methylamide was chosen as a model peptide system1. 

Atomic coordinates for the dipeptide were constructed using the bond lengths and bond 
angles suggested in the literature5. Semi-empirical, CND0/2, and ab initio minimal basis 
set (STO-3G) wave functions were used for mapping the electrostatic potential generated by 
the charge distribution in the dipeptide6. The interaction of a unit positive charge with the 
electrostatic potential was obtained and the interaction energy surface was obtained as a 
series of isopotential curves drawn in selected planes of interest. For geometries correspond- 
ing to points of greatest interaction energy ip the interaction energy surface, ab initio 
minimal basis set (STO-3G) calculations for the dipeptide-H20 complex were performed. 
The interaction energy surfaces will be reported in detail elsewhere7. 

Ab initio minimal basis set calculations for the free dipeptide predict C5 conformation to 
be the minimum and more stable than c;~' by 1.53 kcal/mol. C? conformationispredict- 
ed to be 6.43 kcal/mol. and less stable than C? conformation. Ab initio results are at  
variance with classical partitioned potential energy calculations reported by us earlier1. In 
the ab initio calculations of the dipeptide-H20 complex, only a single molecule of H20  was 
considered to interact at an instant, due to computational limitations. The intermolecular 
hydrogen bonds, N-H .... O=C and C=O .... H-0, were assumed to be linear. For C5 and c;~. 
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conformations, hydrogen bond energies of 2.91 and 5.97 kcal/mol., respectively, were 
obtained. For the c?. conformation, ab initio calculations do not predict a minimum. 
Interaction of a single H20 molecule was also considered with the C=O group of the 
dipeptide for C? conformer. Ab initio calculations predict a hydrogen bond energy of 
5.41 kcal/mol. A decomposition of the hydrogen bond energies into electrostatic and 
delocalization energies was made using a procedure suggested by Kollrnan and ~ l l e n ~ .  
Among the two components considered, the electrostatic term is the dominant term. De- 
tails of the decomposition will be discussed elsewhere7. The intent of the present study is 
to build systematically the peptide-H20 su ermolecular complex and then apply the solvent P effect model described in the introduction . 

We thank the Center of Computer and Information Services at  Rutgers University for 
generous allocation of computer time. 
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SPECTROSCOPIC AND STRUCTURAL PROPERTIES OF 
(u-CHYMOTRYPSIN IN CYCLOHEXANE 

P. L. LUISI, FRANCIS J. BONNER, and CH. WALSOE, Technisch-Chemisches 
Laboratoriurn, ETH-Zentrum, ~niversitatstr. 6, 8092 Z&ch, Switzerland 

The interaction of amino acids, peptides and proteins with organic so~ven t s l -~  presents 
two main points of interest, (i) the influence of solvation upon structure, and (ii) the behav- 
ior of biomolecules in certain non-aqueous environments such as proteins in membranes. 

Our interest was prompted by the observation that methyl-trioctyl-ammonium chloride 
('NR~CT) enables the transfer of amino acids, peptides and proteins from an aqueous solu- 
tion to a supernatant organic s o ~ u t i o n ~ ' ~ .  Our study presents two significant new features: 
that the organic milieu can be a pure aprotic solvent such as cyclohexane or chloroform; and 
that the protein, as judged from its UV-absorption spectrum, does not appear to be de- 
natured. The present paper deals with the further characterization of or-chymotrypsin in the 
cyclohexane . 'NR~CI- system. In particular, we will show on the basis of circular 
dichroic data that the main chain conformation in the cyclohexane phase is with all proba- 
bility very similar to the native conformation in water. Experimental details have been 
described previously.4~5 
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The present technique, starting typically with a 80 pk2 aqueous solution of a- 
chymotrypsin pH 9.5 ca., (the pH being adjusted with NaOH), can transfer ca. 20 &pro- 
tein to the supernatant cyclohexane solution containing 5 mg/ml of + N R ~ c ~ - .  We have 
already reported5 that the UV spectrum of a-chymotrypsin in the water and in the cyclo- 
hexane phases is very similar, with the cyclohexane spectrum being red-shifted only by ca. 2 
nm. Fig. 1 shows the CD spectrum of or-chymotrypsin in water and in the cyclohexane 
phase. In the near UV region (290-320 nm), where the spectral properties are largely 
dominated by the contribution of the 8 tryptophan residues, the form of the spectra is very 
similar in the two cases, the ellipticity being somewhat smaller in the cyclohexane phase. It 
therefore seems reasonable to assume that the conformation around tryptophan residues 
(and by inference the whole protein conformation) is not significantly changed upon trans- 
fer into the aprotic phase. This conclusion is reinforced by the analysis of the 200 nm 
region, which is dominated by the contribution of the peptide chromophore and is therefore 
sensitive to the overall conformation. The main peak shows a - 5 nm red shift with respect 
to the water solution, accompanied by a - 30% decrease in the ellipticity. This decrease 
may be partly interpreted on the basis of a hypochromic effect of the UV-absorption band 
in this region, or from microscopic refractive index or polarizability differences in the two 
phases. The changes taking place in the 230-280 nm region are significant, and difficult to 
interpret at this stage. X-Ray data indicate that or-chymotrypsin contains only a very small 
amount of helical structure,6 and it is likely that the band present in water solution at 230 
nm is due more to aromatic side chains (suggested also by lirgenson7) than to or-helices. If 
this is so, then the decrease of this band in the cyclohexane phase relative to  water could be 
ascribed to a slight local perturbation of the aromatic residues. The change in ellipticity by 
260-280 nm could be due to local perturbations of one or more tyrosin residues (and/or S-S 
chromophores). 

In general, we believe that the CD data suggest that the protein maintains in the cyclo- 
hexane phase the native tertiary structure with possible local conformation and chromophor- 
ic perturbations. Finding an explanation for this rather unexpected observation is an 
interesting problem. 

Ultracentrifugation studies suggest that N R ~ + c ~ -  in cyclohexane builds aggregates com- 
posed of Ca. 10  molecules of ammonium salt. The system in the cyclohexane phase can be 
viewed as an "inverted mi~e l l e "~ ,  which explains the relatively small spectral and structural 

Fig. 1. Circular dichroic spectra of a-chymotrypsin in water (W) and in the cyclohexane 
phase (C). 0 is the molar ellipticity referred to  the whole macromolecule. 
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changes relative to water. With some water also transported into the cyclohexane, the 
protein could be in a rather aqueous core of the micelle and so be protected from direct 
interaction with the aprotic solvent. On the other hand, the fluorescence intensity of the 
protein in the cyclohexane phase is larger than in water (by a factor of 3 ca.), which suggests 
that the environment of a-chymotrypsin is not exactly the same as in bulk water. More 
detailed spectroscopic investigations are needed in order to assess more clearly the state of 
the protein in the cyclohexane phase. 
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THE PREPARATION OF SEMI-SYNTHETIC 
HORSE HEART CYTOCHROME c 

LEON E. BARSTOW, ROBERT S.  YOUNG, EMEL YAKALI, Department of 
Chemistry, University of Arizona, Tucson, Arizona 85721, JOHN J. SHARP, 
JEAN C.  O'BRIEN, PHIL BERMAN, and HENRY A. HARBURY,Department 
of Biochemistry, Dartmouth Medical School, Hanover, New Hampshire 03755 

Corradin and ~ a r b u r y l  have shown that cytochrome c can be cleaved into heme 1-65 
and non-heme 66-104 fragments by cyanogen bromide. These fragments can then be 
recombined to yield a fully active protein (Figure 1) that differs from native cytochrome c 
only at  position 65233. As part of a joint effort to investigate structure-function relation- 
ships of cytochrome c, we have successfully synthesized the 66-104 non-heme fragment of 
horse heart cytochrome c by the solid phase method and recombined it with native heme 
1-65 peptide to yield a protein indistinguishable from reconstituted native cytochrome c. 

The 66-104 non-heme peptide fragment was synthesized by the Merrifield solid-phase 
method starting with t-Boc-LClutamic Acid-(-OBzl ester resin (0.2 mmol/gram substitu- 
tion) prepared according to the method of  isi in^. t-Boc-amino acids were utilized through- 
out the synthesis including the following with additional side chain protection: 0-OBzl-Tyr, 
p-OBzl-Thr, p-OBzl-Asp, Asn-NP, 7-OBzlGlu, w-Tosyl-Arg, and 6-Z-Lys. Single couplings 
were used for the first nineteen amino acids, and double couplings for the remaining twenty. 

Cleavage of the peptide from the resin was done according to the procedure outlined by 
Lenard and ~ o b i n s o n s  and modified by Feinberg and ~ e r r i f i e l d ~ .  The primary difficulties 
with the synthesis arose from the use of HF, which destroys the peptide in cleavages lasting 
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Fig. 1. Cyanogen bromide (CNBr) cleavage and reconstitution of natural cytochrome c. 
Hse = homoserine. 

for an extended period of time and/or run at room temperature6, and apparently fails to 
deblock the protecting groups in cleavages of shorter duration. Although the amino-acid 
analysis of peptide cleaved at O°C for 0.5h was good, the product contained a significant 
quantity of insoluble peptide, indicating incomplete deblocking of protected side chains. 
Results of a tryptic digest7 did not reveal the presence of the protecting groups of any one 
particular acid residue, and yield of recombinant with this material, while promising, was 
still relatively low. A second HF treatment of the cleaved peptide at O°C for 0.5 h increased 
the yield of the active peptide and gave a clear separation of two peaks after chromatogra- 
phy on Sephadex G-50. Amino-acid analysis of this material compared favorably with 
isolated native 66-104. 

Two other cleavage methods were attempted. Cleavage of the resin ester with HBr in 
TFA for an hour at 24°C followed by an HF cleavage at 0°C for 0.5 h to remove the tosyl 
protecting group from arginine gave peptide similar in yield and activity to that obtained 
after two cleavages with HF. A cleavage of the resin ester with boron Tris(trif1uoroacetate) 
gave a very poor yield of peptide.8 

The partially purified synthetic peptide was reconstituted with the native heme 1-65 
peptide. Since the binding of the synthetic peptide to the native heme peptide is apparently 
selective for those molecules that have the proper sequence, the recombination step acts as 
an affinity technique for the peptide. The homoserine lactone at position 65 is opened by 
the or-amino function on the N-terminal glutamic acid of the synthetic peptide, and a 

covalent bond is formed between the two 
peptide fragments to yield an  intact pro- 
tein (Figure 1). Absorption spectra, CD 
spectra, amino-acid analysis, antibody 
binding and the biological activity meas- 
ured by oxygen uptake (Figure 2) are iden- 
tical for native reconstituted and semisyn- 
thetic cytochrome c. 

The success of the reconstitution of a 
synthetic fragment and a native fragment 
offers a new technique for investigating 

I Fig. 2. Oxygen uptake (nmoles min-l): 
0 cytochrome c, o semisynthetic cyto- 
chrome c, A nonsynthetic, reconstituted 

' horse cytochrome c. 
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structure-function relationships through the preparation of protein analogs that have a single 
amino acid replacement. We are currently preparing a number of analogs of horse heart 
cytochrome c to probe the details of the biological function of the protein. 
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Ac-Ala-NHCH3, CD studies, 307 
Accessibility of solvent to peptides, cal- 

culation of, 300 
Acetimidation, use in modified myoglobin 

synthesis, 480 
Acetyl-deoxystatin, inhibition of pepsin 

by, 209 
Acetyl-statin, inhibition of pepsin by, 209 
Acid proteases, inhibition by dextran- 

pepstatin conjugate, 213 
ACTH, see adrenocorticotropin 
Actinomycin D-nucleotide complexes, 

spectroscopic studies, 353 
Active ester, water soluble, 536 
Active site model, for angiotensin convert- 

ing enzyme, 576 
Adrenocortico tropin 

conformational analysis of, 364 
modification by sulfenyl chlorides, 553 
precursor, 63  
synthesis in aqueous solution, 5 36 

Affinity chromatography 
of alpha-1-antitrypsin variants, 567 
of proteases A and B, 236 
of Taiwan cobra venom cardiotoxin, 

5 28 
of thermolysin, 236 

Agonist-antagonist relationships in small 
peptide hormones, 292 

Alamethicin, synthesis of, 215 
D-alloisoleucine, conformational studies of 

alternating co-oligomers, 395 
Alpha-lantitrypsin and variants, 567 
Alternating co-oligomers of L-Ile and 

D-dle, 395 
Alternating liquid-solid phase synthesis 

of LRF, 514 
Amidation of ornithine, 474 
Amino acid analysis 

of endorphin analogs, 63 
of opioid peptides using fluorometric 

detection system, 41 
Amino acid sequence of relaxin, 127 
Amino acids, tetrazole analogs of, 153 
a-Amino protecting groups 

biphenylisopropyloxycarbonyl, 1 
cysteic acid, 540 
dimethylphosphinothioyl, 546 
diphenylphosphinamides, 1 

p-methylsulfonylethoxycarbonyl, 1 
of polymeric nature, 5 14 

Aminomethyl resin, solid phase peptide 
synthesis on, 488 

L-5-Amino-2-pyrolidine, in synthesis of 
retro-LRF, 579 

Anaphylatoxin C3a and C5a 
bioassay for, 225 
genetic relationships, 228 
structure and functionality, 228 
synthesis of oligopeptides from (C3a), 

225 
Angiotensin I1 

anaIysis of fluorescent labelled ana- 
logs, 44 

analogs of, 157 
large-scale synthesis of [ ~ s n ' ,  va15] 

analog, 448 
I receptor-binding studies in vitro, 157 

Angiotensin, in brain, 77 
Angiotensin-converting enzyme, inhibitors 

of, 576 
Anionic proline-rich proteins, sequencing 

of, 56 
Antamanide, and analogs, solvent channels 

in crystalline lattice of, 5 83 
Antibiotic activity of alamethicin-y, 215 
Antibody 3368 light-chain variable region 

peptides, synthesis of, 525 
Antigenic peptides related to RNA tumor 

virus group specific protein, 239 
Antisera, to endorphins, 63 
Antitumor protein, modification of 

neocarzinostatin, 221 
Aparnin, solid phase peptide synthesis of, 

488,522 
Apolipoprotein C-1, fragments 

of, synthesis and activity, 149 
Arginine-vasotocin, cleavage from resin, 

518 
Autoracemization of histidine active-ester 

derivatives, 46 1 
Bacitracin, chemotactic activity of, 141 
Bates' reagent, for peptide coupling, 1 
Bee venom peptides, synthesis of, 488, 

510,522 
0-Benzyl group, removal 

of, 1 
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p-Benzyloxycarbonyl group, cleavage in 
liquid ammonia, 5 32 

Binding assay, use in opioid peptide detec- 
tion, 4 1 

Bio-assay, of enkephalin analogs, 114 
Biocytin, incorporation into peptides, 1 
Biological activity 

of anionic proline-rich proteins, 56 
of bPTH (28-48), 232 
of catecholamines, 197 
of dextran-pepstatin conjugate, 213 
of [ A S U ~ ~ ~ ]  -human calcitonin, 436 
of 1ecithin:cholesterol acyltransferase, 

149 
of LRF, 292 
of modified neocarzinostatin, 221 
of neutrophils, 141 
of oligopeptides from C3a anaphyla- 

toxin, 225 
of opioid peptides, 41, 114 
of pepsin inhibitors, 209 
of relaxin, 127 

Biosynthesis of opioid peptides, 562 1 
Biotin p-nitrophenyl ester, synthesis of, 1 
Boc-biocytin pentachlorophenyl ester, 

synthesis of, 1 
Bovine parathyroid hormone, synthesis of 

fragment (28-48), 232 
Bradykinin 

low-temperature CD studies, 307 
receptor-binding studies in vitro, 157 
solution synthesis of, 436 

Bradykinin analogs, receptor-binding stud- 
ies, 157 

5-Bromo-7-nitroindoline derivatives of 
peptides in synthesis, 559 

Brownian motion, of oligopeptide chain 
ends, 361 

S-t-Butyl protecting group, removal of, 
5 32 

Calcification, initiation of, 407 
Calcitonin, [Asu1y7] -eel, stability of, 436 
Calcitonin, [ A S U ~ ~ ~ ]  -human, isolation and 

synthesis of, 436 
Calcium ions and conformation of ther- 

molysin fragment (121-205), 432 
Calculations 

of global minimum energy conforma- 
tion, 246 

of solvent accessibility to peptides, 300 
Carbodiimide procedure, use in fragment 

condensation, 436 

y-Carboxyglutamic acid, use in peptide 
synthesis, 1,  465 

N-Carboxyanhydrides in enkephalin syn- 
thesis, 47 1 

Catalytic hydrogenolysis, in liquid ammo- 
nia, 532 

Catecholamines, inhibition o'f MSH, 197 
CCK, see cholecystokinin 
Cell-cell communications system, 127 
Cell wall, bacterial, study of peptido- 

glycan subunits of, by 1 5 ~  nmr, 419 
1 3 c  enrichment 

of human encephalitogenic (EAE) no- 
napeptide, 357 

of myoglobin, 480 
Chain-folding, importance of PtUrn in, 

284 
Charge-stabilization, in enzymatic reac- 

tions, 574 
Charge transfer, in conformational studies 

of LRF analogs, 17 1 
Chemoeffectors, interaction with recep- 

tors, 117 
Chemotactically active peptides, synthesis 

of, 141, 146 
Chemotaxis system, receptor- 

chemoeffector interactions in, 117 
Chiral template in 4-CC peptide synthesis, 

484 
Cholecystokinin, synthesis of, 1 
a-Chymotrypsin, conformational studies, 

591 
Circular dichroism, induced, of acridine 

orange dye in a film of poly(y-[2-(9- 
carbazo1yl)ethyll-L-glutamate), 390 

Circular dichroism studies 
of Ac-Ala-NHCH3, 307 
of actinomycin D, interaction with 

nucleotides, 35 3 
of alpha-1-antitrypsin and variants, 567 
of bradykinin and related peptides, 

307 
of a-chymotrypsin in cyclohexane, 

591 
of clupeines, 474 
of co-oligopeptides of L-Ile and D-aIle, 

395 
of cyclic dipeptide-aromatic com- 

pound complexes in solution, 350 
of enkephalins and endorphins, 100 
of H-Gly-Pro4-OH, 415 
of histone peptides, 427 
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Circular dichroism studies (Continued) for cyclic dipeptides, 257 
of homo-oligopeptides of L-cyclohexyl- for prediction of conformational trans- 

alanine, L-Leu, L-Phe, 399 formations, 284 
of oligo(Met-Val-Gly-Pro-Asn-Gly), 333 Conformational studies 
of peptides bound to polyoxyethylene, 

403 
of phalloidin analogs, 243 
of poly(y-[2-(9-carbazolyl)ethyl]-L- 

glutamate) in liquid crystalline and 
solid state, 390 

of poly(G1y-Pro4), 415 
of poly(Met-Val-Gly-Pro-Asn-Gly), 33 3 
of polypeptide-metal complexes, 368 
of tentoxin and related cyclic tetra- 

peptides, 340 
of tetrazole analogs of amino acids and 

their derivatives, 153 
of tropomyosin model peptides, 411 

Cis amide bond formation 
in cyclic peptides, 257, 307 
in linear peptides, 246, 257 

Clupeines, synthesis and conformational 
analysis of, 474 

Coil-to-helix transition, of poly [N5-(3- 
hydroxypropy1)-L-glutamine] , 387 

Coiled-coil triple-stranded structures of 
collagen and collagen model peptides, 
246 

Complement system, activation of, 225, 
228 

Conformational angles 
of H-bonds in peptides, 274 
of protected tetrapeptides, 277 

Conformational energy calculations 
approximations in, 246 
librational entropy in, 246 
multiple-minimum problem in, 246 
of cyclic peptides, 246, 296 
of enkephalin analogs, 88, 246, 292 
of FSH, 292 
of globular proteins, 246 
of gramicidin S, 246 
of LH and LRF, 292 
of oligopeptides, 246 
of pancreatic trypsin inhibitor, 280 
of peptide-solvent interactions, 590 
of poly(G1y-X-Y), 246 
of sequential polypeptides, 246 
simulation of water structure around 

hen egg white lysozyme, 586 
Conformational parameters 

for amino acid residues in proteins, 284 

Brownian motion of oligopeptide 
chain ends, 361 

of Ac-Ala-NHCH3, 307 
of adrenocorticotropin, 364 
of DaIle peptides, 395 
of alpha-1-antitrypsin and variants, 567 
of bradykinin and related peptides, 

307,337 
of a-chymotrypsin in cyclohexane, 

591 
of clupeines, 474 
of complexes of actinomycin D with 

nucleotides, 35 3 
of co-oligopeptides of L-Ile, 395 
of cyclic peptides, 257,274, 343,346 
of cyclo(L-Pro-D-Val) and cyclo (L- 

Pro-L-Val), 350 
of elastin model polypeptides, 407 
of encephalitogenic (EAE) nonapep 

tide, 357 
of enkephalins, 329 
of gallines, 474 
of H-Gly-Pro4-OH, 415 
of gramicidin S in solution, 307 
of Phelices in peptides and proteins, 

423 
of histone proteins, 427 
of homo-oligopeptides of L- 

cyclohexylalanine, L-Leu and 
L-Phe, 399 

of LRF analogs, 171 
of neurophysins,.588 
of oligo(Met-ValGly-Pro-Asn-Gly), 

333 
of oligopeptides, 361 
of oxytocin and analogs, 165, 168, 

322 
of peptides, 307,325 
of peptides bound to poly oxyethylene, 

403 
of peptidoglycan subunits in bacterial 

cell walls, 419 
of poly(y-[2-(9-carbazolyl)ethyl] -L- 

glutamate), 390 
of poly(G1y-Pro4), 415 
of poly [ ~ ~ - ( 3 - h y d r o x y ~ r o ~ y l ) - ~ -  

glutamine], 387 
of poly(Met-Val-Gly-Pro-Asn-Gly), 333 
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Conformational studies (Continued) 
of polypeptide-ion complexes, 368 
of tentoxin and related cyclic tetra- 

peptides, 340 
of thermolysin CNBr fragments, 432 
of tropomyosin model polypeptides, 

41 1 
of valinomycin in solution, 307 
of vasopressin and analogs, 165 

Conformational transformations, predic- 
tion of, 284 

Co-oligopeptides, of L-Ile and D-aIle, 395 
Co(1)-phthalocyanine anion, use in cleav- 

age of resin bound peptides, 484 
Cortical adenylyl-cyclase assay for para- 

thyroid hormone activity, 232 
Corticotropin-(1-24), large scale synthesis 

of, 448 
Counter-current distribution, in purifica- 

tion of peptides, 540 
Coupling agents, 1,4-dinitro-1,3-butadiene- 

2,3-dicarboxylic anhydride, 536 
Cross-linking 

of proteins by photoreactive sulfenyl- 
chlorides, 553 

of synthetic polypeptides of elastin, 
407 

Crown-ether, use in peptide cleavage from 
resin, 5 18 

Crystal structure analysis of peptides, 257, 
274,277 

Crystallization of insulin derivatives, 136 
Cu(I1) ions in conformational studies of 

ion-polypeptide interactions, 368 
Cyclic dipeptides, conformational analysis 

in solid state, 257 
Cyclic peptides 

cis-amide, bond formation in, 307 
conformational energy calculations of, 

246,296 
conformational studies, 257,307, 333 
gel permeation chromatography of, 

5 06 
intramolecular H-bond studies, 274 
recyclization of phalloidin analogs, 243 
symmetry in, 296 
X-ray studies, 257, 274 

Cyclization 
of resin-bound gramicidin S pentapep 

tide, 506 
of somatostatin by K3Fe(CN)6, 532 
prediction of, in polypeptides, 

288 

OCyclohexyltyrosine, use in solid phase 
peptide synthesis, 488 

Cyclol type transformation in solid phase 
peptide synthesis, 5 10 

Cyclo(G1y-Pro-Gly-D-Ala-Pro), conforma- 
tional studies, 350 

Cyclo[(Met-ValGly-PreAsn-G~Y)~] struc- 
tural studies, 333 

Cyclo-oligomerizations, see in terchain 
reactions 

WCyclopropylmethylC)-t-butyltyrosine, 
synthesis of, 111 

Cyclo(D-Val-L-Hyiv-L-Val-D-Hyiv) 3, con- 
formational studies of, 307 

Cyclo(Val-Melle-D-Hyiv2), conformational 
studies of, 307 

Cyclo(Va1-SX)~, preferential solution 
structure of, 307 

Cysteic acid as amino protecting group, 
5 40 

Cysteine~ontaining peptides, deprotection 
by catalytic hydrogenolysis, 532 

Cysteine protection, in solid phase pep- 
tide synthesis, 522 

Cytochrome c, horse-heart, preparation of 
semi-synthetic protein, 593 

Cytotoxicity of agarose immobilized neo- 
carzinostatin, 221 

Ddz - see c,a-dimethyl-3,5-dimethoxy- 
benzyloxycarbonyl 

Dehydroalanine, formation of in nisinxing 
A synthesis, 205 

Deprotection by HF in solution synthesis, 
436 

Dextran-pepstatin conjugate, synthesis 
and biological activity of, 213 

gem-Diarnino compounds, use in synthesis 
of retro-isomers of peptides, 572, 579 

Dideoxypepstatin, inhibition of pepsin by, 
209 

Diketopiperazines, see cyclic dipeptides 
1,8-Dimethylaminonaphthalene, in pep- 

tide synthesis, 1 
4-Dimethylaminopyridine, active ester 

coupling catalyst, 1 
a*-Dimethyl-3,5-dimethoxybenzyloxy- 

carbonyl-amino acids in peptide syn- 
thesis, 5 10 

Dimethylphosphinothioyl chloride, for 
amino protection, 546 

2,4-Dinitro-5-azidophenylsulfenyl chlo- 
ride, for reversible cross-linking of 
peptides, 553 
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1,4 Dinitro-l,3-butadiene-2,3-dicarboxylic 
anhydride, synthesis and use as a cou- 
pling agent, 539 

N-Dinitrophenyl-irnidazole, base 
susceptible reactions of, 549 

Dipeptide sweeteners and analogs, synthe 
sis of, 572 

Dipeptides, resolution of unprotected 
stereoisomers by HPLC, 52 

Dipeptidyl aminopeptidase, in peptide 
sequencing, 14, 27 

Diphenylphosphinothioyl chloride, use f o ~  
amino protection, 546 

Diphenyl phosphoryl azide, use in esperic 
acid synthesis, 218 

Dopamine, effect on MSH release, 197 
Dissociation constants of, Glu derivatives, 

215 
Disulfide bridging in synthesis of apamin, 

522 
Dithiasuccinoyl amino protecting group, 

488 
Edman and Begg method, in sequence de- 

termination of anionic proline-rich 
proteins, 56 

Edman degradation, automated, of prepro- 
albumin, 59 

Elastin model polypeptides, synthesis and 
properties, 407 

Electrometric titration studies of brady- 
kinin and related peptides, 337 

Electrophoresis, use of fluorometric proce- 
dures in, 14 

Encephalitogenic (EAE) nonapeptide, syn- 
thesis and conformational analysis of 

3~ enriched, 35 7 
p-Endorphin 

biological studies of, 63, 77 
biosynthesis of in vitro, 562 
blood levels in stress, 63 
precursor of, 63 
solid phase synthesis of, 503 
susceptibility to  endopeptidases, 103 

Endorphins 
CD studies of, 100 
isohtion and purification of, 41,63 
synthesis of, 107 

Energy transfer, nomadiative, conforma- 
tional analysis of human ACTH, 364 

Enkephalin analogs, 77 
biological studies of, 63, 77, 11 1, 114 
CD studies, 100 

conforrnational energy calculations, 
88,246,292 

conforrnational studies of, 84,92, 329 
fluorescence studies of, 92 
hypophysiotropic activity of, 292 
inverse-y-turn in, 11 1 
isolation of, 41 
localization of, 77 
nmr studies of, 88, 329 
radioimmunoassay of, 77 
relative potencies of, 96 
structure-activity relationships, 84, 111 
synthesis of, 114,471 
topology of, 84, 92 
p-turn of type I1 in, 246 

Enzymatic coupling of amino acids by 
pepsin, 556 

Enzyme inhibition, by peptide hydrox- 
amates, 236 

Enzyme kinetics, inhibition of pepsin, 209 
Enzyme mechanisms, model for, 574 
Esperic acid analogs, synthesis and biologi- 

cal activity of, 218 
N-Ethoxycarbonyl-L-ethoxy-l,2- 

dihydroquinoline, use in esperic acid 
synthesis, 218 

Fibrous protein analogs, conformational 
energy calculations, 246 

Fluorometric analysis 
in amino acid analyzer, 14 
in HPLC, 14 
of opioid peptides, 41 
of peptide hormones and analogs, 44 
of peptide synthesis and purification, 

14 
reagents for, 14,41 

Fluorescence studies 
of lipid binding properties, 149 
of opioid peptides, 92 

Folate conjugates, synthesis of, 468 
Folliclestimulating hormone, conforma- 

tional energy calculations, 292 
p-Formyl-Met-~eu-Phe-OH, analogs, as 

chemo-attractants, 146 
Four-component condensation method 

in peptide synthesis, 484 
stereoselectivity in, 484 

Fragment condensation 
carbodiimide procedure in, 436 
glucagon synthesis, 488 
in solid phase peptide synthesis, 488, 

510,528 
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Fragment condensation (Continued) 
synthesis of myoglobin by, 480 
Taiwan cobra venom cardiotoxin by, 

5 28 
FSH, see follicle-stimulating hormone 
Gallins, synthesis and conformation of, 

474 
Gel permeation chromatography, of cyclic 

peptides, 506 
Gene duplication, mechanism for sequence 

homology in hormones, 127 
Genetic relationships, of anaphylatoxins 

C3a and C5a, 228 
Global minimum energy conformation, 

calculation of, 246 
Glucagon, synthesis of, 488 
Glutaryl-L-proline, as inhibitor of angio- 

tensin converting enzyme, 576 
Glycine, function in turn formation, 280 
Glycophorin, a p13-helical model for, 423 
Glycoproteins, role of carbohydrate in, 

567 
Glycotripeptides, synthesis of, 477 
Gramicidin S 

chemotactic activity of, 141 
complex with Cu(I1) ions, 368 
conformational energy calculations of, 

246 
conformational studies of, 307 
safetysatch method in synthesis of 

ring oligomers, 506 
studies with lipid mono- and bilayers, 

307 
Gramicidin S analogs, structure-activity 

relationships, 307 
Hardsphere-like calculation of peptides, 

300 
or-Helical region, frequency of residues in, 

284 
p-Helix 

in co-oligomers of L-Ile and D-aIle, 
395 

in peptides and proteins, 423 
HF, use of scavengers in deprotection by, 

436 
High performance liquid chromatography 

coupled to mass spectrometer, 27 
in fluorometric analysis, 14, 44 
in monitoring of peptide synthesis, 514 
of angiotensin I1 and analogs, 44 
of fluorescent labelled oxytocin, 44 
of opioid peptides, 41, 107 

of oxytocin and analogs, 44 
of somatostatin, 52 
of somatostatin fragments, 532 
of TRF, 52 
of unprotected peptide stereoisomers, 

52 
of vasopressin and analogs, 44 
racemization test by, 52 
reverse phase method in, 48 

Histones, complexation and conforma- 
tion, 427 

1~ nmr, see nmr 
Homo-oligopeptides; L-cyclohexylalanine, 

L-Leu, and L-Phe conformation of, 399 
Hormone cleavage inhibition, by bPTH 

(28-48), 232 
Hormone evolution, mechanism of, 127 
Hormone-protein interactions, 176, 179 
Hormones, homology in "prepro" se- 

quence, 127 
HPLC, see high-performance liquid 

chromatography 
Hybrid molecules, of relaxin and insulin, 

127 
Hydrophobic interactions, in reverse phase 

chromatography, 48 
1-Hydroxybenzotriazole, as an additive in 

peptide synthesis, 436 
2-Hydroxyethylsulfonylmethyl resin in 

solid phase peptide synthesis, 488 
Hydroxyfatty acids in esperic acid synthe- 

sis, 218 
e-Hydroxynorleucine, incorporation into 

peptides, 1 
N-Hydroxysuccinimide esters, use in es- 

peric acid synthesis, 218 
Hypothalamic hormones, interaction with 

brain-stem synaptosomes, 183 
Immuno-cross-reactivity, of [ ~ s u l ' ~ ]  - 

human-calcitonin, 436 
Immunological studies, of synthetic anti- 

genic peptides, 239 
Inflammatory activity, of oligopeptides 

from C3a anaphylatoxin, 225 
Infrared dichroism, of (Met-Val-Gly-Pro- 

Asn-Gly) oligomers, 333 
Infrared spectroscopy 

of histone peptides, 427 
of homo-oligomers, 399 
of N-methylacetarnide, 303 

Inhibition 
of angiotensin converting enzyme, 576 
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Inhibition (Continued) 
of acid proteases by dextran-pepstatin 

conjugate, 213 
of thermolysin by peptide hydroxa- 

mates, 236 
Insulin 

structure homology with relaxin, 127 
structure-activity relationship of, 136 
synthesis and X-ray studies of, 136 

Interchain reactions, in solid phase p e p  
tide synthesis, 506 

Internal structure control in synthesis of 
apamin, 488 

Intramolecular hydrogen bonds 
in cyclic peptides, 274 
in peptides, 257 

Ion-binding studies of cyclic pentapep 
tides, 436 

Ion channel, in p-helical peptides and pro- 
teins, 423 

Ion-polypeptide interactions, CD studies 
of, 368 

Ion-pair chromatography in separation of 
amino acids, 48 

Ionic strength, effect on polypeptide con- 
formation, 246 

Ionophores, crystalline antarnanide and 
analogs as, 583 

IR Dichroism, see infrared dichroism 
IR spectroscopy, see infrared spectro* 

COPY 
a-Isocyano acid derivative in 4-CC meth- 

od, 484 
Isocyanomethyl polystyrene resin, in solid 

phase peptide synthesis, 484 
Isotope effect, use in racemization test, 

46 1 
Isotopic shifts in spectroscopic studies of 

N-methylacetamide, 303 
Kinetic studies of base-susceptible reac- 

tions, 549 
w 2 ~ - ~ a b e l l e d  amino acids, use in racemi- 

zation test, 46 1 
meso-Lanthionine, incorporation into 

nisin:ring A,  205 
~eu~-enkephal in ,  synthesis by automated 

solid-phase technique, 569 
LH, see luteinizing hormone 
Librational entropy, in conformational 

energy calculations, 246 
Lipid bilayer membrane, voltage- 

dependent conductance of, 215 

Lipid binding peptides, synthesis and bio- 
logical activity of, 149 

p-Lipotropin 
biosynthesis in vitro, 562 
blood levels in stress, 63 
human, 107 
isolation of, 4 1 
porcine, 63  
precursor of, 63  
subunits of, 77,96, 100 

y-Lipotropin, biosynthesis of in vitro, 562 
Lipotropin C fragment, see p-endorphin 
0-LPH, see plipotropin 
LRF, see luteinizing hormone-releasing 

factor 
Luteinizing hormone, conformational en- 

ergy of, 292 
Luteinizing hormone-releasing factor 

conformational energy calculations of, 
292 

mechanism of biological activity, 292 
synthesis of, 514 

Luteinizing hormone-releasing factor ana- 
logs 
biological studies of, 189, 193 
conformational studies, 171 
retro-isomer, 579 
synthesis of, 171, 189 

Luteinizing hormone-releasing factor de- 
grading enzymes, purification of, 193 

Macrocyclization equilibrium constant for 
polypeptides, 288 

Martinez and Winternitz coupling reagent, 
1 

Mass spectroscopy 
coupling of, with HPLC, 27 
of endorphin analogs, 63  
use in peptide sequencing, 27 

~ast-cel%degranulating peptide, solid 
phase synthesis of, 5 10 

Maximum protection procedure in p e p  
tide synthesis, 436 

Mean residue hydrophobicities of lipid 
binding peptides, 149 

Melanocyte-stimulating hormone, effect 
of catecholamines on release of, 197 

a-Melanatropin, porcine, chromatography, 
4 8 

Membrane structure, p-helical structure of 
proteins in, 423 

2-Mercaptoethanol, kinetics of oxidation, 
549 
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D-3-Mercapto-2-methylpropano yl-L- 
proline, biological activity of, 576 

Metalloprotease, inhibitioh by peptide 
hydroxamates, 236 

Methionine sulfoxide, reduction of, 45 8 
N-Methylacetamide, conformational stud- 

ies of, 303 
N-Methylmercaptoacetamide, reducing 

agent for methionine sulfoxide, 458 
Microscopic dielectric effect, in enzyme 

reaction mechanisms, 574 
Mixed anhydride fragment coupling in 

enkephalin synthesis, 471 
Monte-Carlo simulation of water structure 

around hen egg white lysozyme, 586 
Morphinomimetic compounds 

see also enkephalins, endorphins, 
opioid peptides 

biological activity of, 63, 107 
MSH see melanocyte-stimulating hormone 
Myoglobin, semisynthesis of 13c en- 

riched, 480 
Neocarzinostatin, modification of, 221 
Neurophysins 

interaction with oxytocin and analogs, 
176,179 

structural and conformational studies, 
588 

Neurotensin, biological studies of, 77 
Neutron inelastic scattering spectra of 

N-methylacetamide, 303 
Nisinxing A, synthesis and biological stud- 

ies of, 205 
2-Nitrb-4-azidophenylsulfenyl chloride, 

synthesis and reversible cross-linking 
with, 553 

o-Nitro-p-sulfophenyl esters in peptide 
synthesis, 536 

13c Nmr studies 
of HGly-Pro4-OH, 415 
of human encephalitogenic (EAE) 

nonapeptide, 357 
of oxytocin analogs, 168 
of peptide hormone binding to neuro- 

physins, 176, 179 
1 5 ~  Nmr studies 

of oxytocin analogs, 322 
of peptidoglycan subunits in bacterial 

cell walls, 4 19 
Nmr studies 

of co-oligopeptides of L-Ile and D-aIle, 
3 95 

of cyclic pentapeptides, 343 
of enkephalin analogs, 88 
of fragment complexation of histones 

H3 and H4, 427 
of H-Gly-Pro4-OH, 415 
of peptides bound to polyoxyethybne, 

403 
of protected linear somatostatin, 532 
of tentoxin and related cyclic tetrapep 

tides, 340 
of vasopressin analogs, 165 
relaxation time studies, 480 

Nmr heteronuclear coupling studies 
of free valinomycin, 307 
of gramicidin S, 307 
of oxytocin analogs, 322 

~ o r e ~ i n e p h r i n  
effect on MSH release, 197 
receptor binding studies, 15 7 

Nuclear magnetic resonance, see nmr 
Oligopeptides 

Brownian motion of chain ends of, 361 
conformational energy calculations of, 

246 
conformational studies of, 333, 395, 

399 
Opiate pharmacophore, topology of, 84 
Opiate receptor 

fluorescence studies of, 92 
influence of ions on binding to, 77 
topography of, 92 

Opioid peptides, see also, enkephalins, 
endorphins 
biosynthesis of, 562 
isolation, purification and characteriza- 

tion of, 41  
purification followed by fluorometric 

procedures, 14 
solid phase synthesis of, 503 
topology of, 84 

Ornithine, transformation into arginine, 
474 

Orthogonal protection, in solid phase p e p  
tide synthesis, 488 

Oxytocin 
conformational studies, 165 
interaction with neurophysin I, 176, 

179 
quantitative fluorometric analysis, 

14 
Oxytocin analogs 

analysis by fluorescence, 44 
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Oxytocin analogs (Continued) 
conformational studies of, 168, 322 
synthesis and biological activity of 

4-substituted, 201 
Pam, see phenylacetamidomethyl 
Pancreatic trypsin inhibitor, computed 

conformation for, 280 
Parallel 0-sheet structure, in homo- 

oligopeptides of, 399 
Parathyroid hormone analogs, as inhibi- 

tors, 581 
Partial specific volume of poly [ ~ ~ - ( 3 -  

hydroxypropy1)-L-glutamine] , 387 
Passerini reaction, 484 
Pepsin 

coupling of amino acid by, 556 
inhibition of, 209 

Pepstatin, inhibition of pepsin by, 209 
Peptide antibiotics 

alamethicin, 21 5 
esperic acid analogs, 218 

Peptide conformation, see conformational 
studies and conformational energy 
calculations 

Peptide fragment combination by 4-CC 
method, 484 

Peptide hormones 
agonist-antagonist relationships in, 292 
receptor binding studies in vitro, 157 

Peptide hydroxamates, synthesis of 
thermolysin inhibitors, 236 

Peptide-metal complexes, structural stud- 
ies in solution, 325 

Peptide-solvent interactions, theoretical 
studies, 590 

Peptidoglycan subunits in bacterial cell 
walls, 4 19 

Peptide sweeteners, 3-point model for, 572 
Peptide synthesis 

base-susceptible reactions of N- 
dinitrophenylimidazole in, 549 

coupling with 1,4-dinitro-1,3- 
butadiene-2,3-dicarboxylic anhy- 
dride, 5 39 

coupling with pepsin, 556 
cysteic acid as protecting group in, 540 
dimethylphosphinothioyl as protecting 

group in, 546 
4-CC method in, 484 
large scale, 448 
monitoring by HPLC. 514 
o-nitro-p-sulfophenyl esters in, 536 

2-trimethylsilylethyl protecting group 
in, 543 

use of photoreactive sulfenyl chlorides, 
553 

Peptide synthesis, solid phase 
cleavage from resin in, 5 18 
cyclol type transformation in, 5 10 
cyclo-oligomerization in, 506 
cysteine protection in, 522 
deprotection methods in, 525 
fragment condensation in, 488, 510 
interchain reactions in, 506 
internal structure control in, 488 
loss of peptide during, 525 
monitoring of automated, 569 
resins and supports for, 484,488, 503, 

510 
sidechain protection in, 488 
use of crown-ether in, 518 
use of 0-cyclohexyltyrosine in, 488 
use of l-peptidyl-5-bromo-7- 

nitroindolines in, 559 
Petroic acid, use in synthesis of folate 

conjugates, 468 
Phalloidin, new analogs by modifications 

of, 243 
Phenylacetamidomethyl resin in solid 

phase peptide synthesis, 488 
Phenacetyl support, cyclol type transfor- 

mation on, 5 10 
L-Phenylalaninol, 2 15 
Phospholipid binding by fragments of a p e  

lipoprotein C-1 and synthetic peptides, 
149 

Photoaffinity labeling with photoreactive 
sulfenyl chlorides, 553 

Photosolvolysis of 5-bromc-7- 
nitroindoline peptide derivatives, 559 

Pituitary hormones, secretion of, 63 
Pmr, see nmr 
Poly(y-[2-(9-carbazoly1)ethyll -L- 

glutamate), CD studies of, 390 
Poly(diaminobutyric acid) and derivatives, 

interaction with Cu(I1) ions, 368 
Polydirnethylacrylamide support, in solid 

phase peptide synthesis, 503 
Poly(G1y-Pro4), conformational studies, 

415 
Poly(G1y-X-Y), conformational energy cal- 

culation, 246 
Poly(His) interaction with Cu(I1) ions, 

368 
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Poly [~~-(3-h~droxy~ro~yl)-~-~lutamine] , 
coil-helix transition in, 387 

Polymeric amino protection group in pep- 
tide syntheses, 514 

Poly(Met-Val-Gly-Pro-Asn-Gly), conforma- 
tional studies of, 333 

Poly(0rn) derivatives, interaction with 
Cu(I1) ions, 368 

Polyoxyethylene, conformational studies 
of peptides bound to, 403 

Polypeptides 
elastin-like, conformational studies, 

407 
macrocyclization of, 288 
sequential, conformational studies, 

246,333,411,415 
Preferential adsorption, to poly [ ~ ~ - ( 3 -  

hydroxypropy1)-L-glutamine] , 387 
Preparative-HPLC, use in purification of 

enkephalin, 47 1 
Prepro sequence in hormones, nature and 

importance of, 127 
Primafy structure of anaphylatoxins C3a 

and C5a, 228 
Proinsulin, predicted conformation for, 

284 
Protecting groups, 488, 540, 543, 546, 

559 
Protein analogs, by reconstitution of syn- 

thetic and natural peptide fragments, 
591 

Protein folding, theoretical studies of, 280 
Proteolytic enzymes 

inhibitors, predicted secondary struc- 
ture, 284 

proteases A and B, purification, 236 
tetrazole derivativesas substrates, 153 

Protamines, synthesis of related peptides, 
474 

Prothrombin, studies on, 465 
Pteroylglutamates, synthesis of, 468 
Pyridoxal enzyme, use of Cu(I1)-peptide 

complexes as models for, 368 
Racemization 

in peptide synthesis, 436 
kinetic studies of, 461 

Racemization test by HPLC, 52 
Radioimmunoassay 

of angiotensin peptides, 77 
of [ ~ s u ' ? ~ ] - h u m a n  calcitonin, 436 
of endorphins and analogs, 63, 107 
of enkephalins, 77 

Rarnan spectra of N-methylacetamide, 
303 

Receptor-chemoeffector interactions of 
the chemotoxis system, 117 

Receptor molecules, characteristics of, 
127 

Recyclization, method for modifying 
phalloidin, 243 

Reduction of methionine sulfoxide, 458 
Relaxation time studies by nmr, for modi- 

fied myoglobin, 480 
Relaxin, structure and biological activity, 

127 
Repetitive excess mixed anhydride- 

coupling method, 1 
Resolution of, y%arboxyglutamic acid 

derivatives, 465 
Response regulators in bacteria, 117 
Retro-isomers 

of LRF, 579 
of peptide sweetener, 572 

Reverse phase chromatography 
hydrophobic interactions in, 48  
use in HPLC, 48 
use in resolving opioid peptides, 4 1  

Ribonuclease S peptide, separation of 
tryptic digest of, 48 

Ring closure probabilities for polypep 
tides, 288 

RNA tumor virus group specific protein, 
synthesis of sequences related to, 239 

Safety-catch method in gramicidin S syn- 
thesis, 506 

Salt coupling in peptide synthesis, 468, 
47 1 

Scavengers, use in deprotection proce- 
dures, 436 

Secondary structure of proteins, semiem- 
pirical predictive method, 284 

Semisynthesis of myoglobin, 480 
Sequence determination 

of anionic proline-rich proteins, 56  
of preproalbumin, 59 

Sequence homology in hormones, 127 
Serine, side reactions of, 436 
Serotonin, effect on MSH release, 197 
Serum thymic factor, synthesis of, 564 
p-Sheet region, frequency of residues in, 

284 
Side-chain conformations of amino 

acids, studies by X-ray, 
25 7 
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Side reactions 
0-acylation of serine, 436 
in deprotection of tyrosine, 488 
on phenacetyl support, 510 

Signalling systems, in bacteria, 117 
Solvent-shell model, for hydration energy 

calculation, 246 
Somatostatin 

purification by HPLC, 52 
stepwise synthesis in solution, 5 32 

Somatostatin carbacyclic analogs, synthe 
sis of, 1 86 

SRIF, see somatostatin 
Statherin, 56 
Stereoselectivity, in 4-CC peptide synthe 

sis, 484 
Stereospecificity in polypeptide-ion inter- 

actions, 368 
Structureactivity relationship 

of chemo-attractant molecules, 146 
of derivatized insulin, in vivo, 136 
of gramicidin S, 307 
of oligopeptides from C3a anaphyla- 

toxin, 225 
of phalloidin analogs, 243 

Substance P, biological studies of, 77 
Succinyl-L-proline, and analogs as inhibi- 

tors of angiotensin coverting enzyme, 
5 76 

Surface-activity of neocarzinostatin, 221 
Sweetener-receptor interaction, model for, 

572 
Symmetry in cyclic tet~apeptides, 296 
Synthesis 

of alamethicin-y, 215 
of anaphylatoxin C3a, oligopeptides 

from, 225 
of 3368-antibody lightchain variable 

region peptides, 525 
of antigenic peptide sequences related 

to RNA tumor virus group specific 
protein, 239 

of apamin, 488,5 22 
of apolipoprotein C-1 fragments, 149 
of bee venom peptides, 488 
of bFTH 28 48) 232 
of [ A s u 1 ~ ] ~ a 1 c ~ t o n i n ,  436 
of chemotactically active peptides, 141 
of clupeines, 474 
of cytochrome c, 593 
of elastin model polypeptides, 407 

of encephalitogenic (EAE) nonapep- 
tide, 357 

of endorphin and analogs, 107,503 
of enkephalin analogs, 114,471 
of esperic acid analogs, 21 8 
of folate conjugates, 468 
of gallines, 474 
of glucagon, 488 
of glycotripeptides, 477 
of inhibitors of bFTH, 581 
of lipid-binding peptides, 149 
of mast-call-degranulating peptide, 5 10 
of nisinxing A, 205 
of [~se~] -oxy toc in ,  201 
of peptides containing y- 

carboxyglutamic acid, 465 
of peptide hydroxamates, 236 
of peptide sweeteners and analogs, 572 
ot pteroylglutamates, 468 
of retro-isomers of LRF analogs, 579 
of serum thymic factor, 564 
of somatostatin, 5 32 
of somatostatin carbacyclic analogs, 

186 
of Taiwan cobra venom cardiotoxin, 

5 28 
of vasoactive intestinal peptide, 1 
of vasopressin analogs, 16 1 

Taiwan cobra venom cardiotoxin, synthe- 
sis of, 528 

Temperature coefficients of NH chemical 
shifts in cyclic pentapeptides, 343 

Tentoxin, conformational analysis of, 340 
7-(5-Tetrazoly1)-a-amino-L-butyric acid, 

synthesis of, 153 
Tetrazole analogs of amino acid deriva- 

tives as proteolytic enzyme substrates, 
153 

Thermolysin 
conformational studies of CNBr frag- 

ments, 432 
inhibition of by peptide hydrox- 

amates, 236 
purification by affinity chromatogra- 

phy, 236 
Thioredoxin, predicted conformational 

profile for, 284 
Thyrotropin releasing factor, purification 

by HPLC, 52 
Topochemical analogs 

of dipeptide sweeteners, 5 72 
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Topochemical analogs (Continued) 
of LRF, 579 

Torsion modes in N-methylacetamide, 303 
Transesterification in solid phase peptide 

synthesis, 518 
Transition-state-analog inhibitor, biologi- 

cal activity of pepstatin as, 209 
TRF, see thyrotropin releasing factor 
2-Trimethylsilylethyl protecting group in 

peptide synthesis, 543 
Triphenylphosphine dihydrochloride for 

specific cleavage of P-N bonds, 546 
Tropomyo$n, synthetic polyheptapep- 

tides as models for, 41 1 
Tryptophan, modification during depro- 

tection, 436 
Tuberculostatic activity of esperic acid 

analogs, 21 8 
Turn.formation, glycine function in, 280 
p-Turns 

frequency of residues in, 284 
importance in chain-folding, 284 
nmr studies of cyclic pentapeptides, 

343 
of cyclo(G1y-Pro-Gly-D-Ala-Pro) in so- 

lution, 346 
type 11' in enkephalin, 246 

y-Turns, in cyclic pentapeptides, 343, 346 
Tyrocidin, chemotactic activity of, 141 
Tyrosine side-chain protecting groups, 488 

Ultraviolet absorption studies 
of actinomycin D-nucleotide complex- 

es, 353 
of a-chymotrypsin in cyclohexane, 591 
of CO-oligopeptides of L-Ile and D- 

aIle, 395 
Valinomycin (complexed), conformatim- 

a1 studies of, 257,307,325 
Valinomycin (free) conformational studies 

of, 257,307 
Vasoactiveintestinalpeptide, synthesis of, 1 
Vasopressin, fluorometric analysis of, 14,44 
Vasopressin analbgs, conformational stud- 

ies of, 161, 165 
Voltage-dependent conductance in lipid 

bilayer membranes, 215 
Woodward's reagent K,  use in synthesis of 

gly cotripeptides, 477 
X-ray studies , 

dihedral angles from, 257 
intramolecularly H-bonded conforma- 

tions of peptides, 257, 274 
of cyclic peptides, 257,274 
of insulin derivatiyes, 136 
of protected tetrapeptides, 277 
of sidechain conformations of amino 

acids, 25 7 
of solvent channels in antamanide 

crystalline lattice, 583 
peptide backbone conformations, 257 








