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Preface 

The papers presented in this volume were delivered at the Amer
ican Peptide Symposium held at Yale University on August 13-18, 
1968. This conference brought together, for the first time in the 
United States, physical, organic, biological, and pharmaceutical 
chemists with a common interest in peptides. Publication of these 
proceedings makes available a permanent record of research in 
peptide chemistry for 1968, and may be of particular interest to 
scientists not present at the meeting. 

The topics covered can be grouped into several broad areas— 
these include classical and solid-phase peptide synthesis, theoretical 
and experimental work on peptide conformation, correlations of 
structure or conformation with biological activity, properties of 
analogs, and characterization and synthesis of new peptide natural 
products. 

Among the many subjects discussed in detail are applications and 
development of new coupling reagents, the relationship between 
structure and activity in angiotensin, calcitonin, and certain gastro
intestinal hormones, as well as methods for the detection, control or 
study of mechanisms of racemization in peptide chemistry. Studies 
involving unusual amino acids, peptide antibiotics, cystine peptides, 
-y-glutamyl peptides, and others are also covered. 

We are indebted to both European and Japanese colleagues, after 
whose symposia our own was fashioned and whose high standards 
we hope to attain. The success of these earlier gatherings sets an 
example to the world of internal accord based on mutual interest and 
respect. Fortunately, we need not be concerned in America with 
political barriers. However, to encourage optimal progress in our 
field, we must strive to eliminate communication barriers between the 
many separate disciplines now working in peptide chemistry. 

This series will be continued by a second American Peptide Sym
posium, which will be held in the summer of 1970. 

SAUL LANDE 

BORIS WEINSTEIN 
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STRATEGIES AND P E R S P E C T I V E S IN P E P T I D E SYNTHESIS 

Miklos Bodanszky 

D e p a r t m e n t of C h e m i s t r y 
Case "Western R e s e r v e University-

Cleve land , Ohio 

Fi f teen y e a r s have e l apsed s ince the e p o c h - m a k i n g syn

the s i s of oxytocin (9 amino ac ids by du Vigneaud and his 

a s s o c i a t e s . The many r e m a r k a b l e a c h i e v e m e n t s of these 

p roduc t ive y e a r s cannot be e n u m e r a t e d h e r e , ye t p e r h a p s the 

m o s t i m p r e s s i v e a c c o m p l i s h m e n t , the syn thes i s of |3 - c o r t i c o -

2 

t rop in (39 amino ac ids) by Schwyzer and S ieber should not 

go unment ioned . The ques t ion whe the r p r e s e n t l y ava i lab le 

me thods of p ro t ec t i on and ac t iva t ion a r e su i tab le for the syn

the s i s of pept ide cha ins of cons ide rab l e length, like those in 

p ro t e in s na tu r a l l y poses i tself . 

The c l a s s i c a l a p p r o a c h for the syn thes i s of pept ide 

cha ins is the condensa t ion of f r a g m e n t s : an oc tapept ide 

can be p r e p a r e d by coupling two t e t r a p e p t i d e s , which in t u rn 

a r e synthes ized through the condensa t ion of d ipep t ides . A 

l e s s obvious a p p r o a c h , the e n t i r e l y s t epwise syn thes i s was 
3 

p roposed in connec t ion with the ac t ive e s t e r me thod by the 
4 

p r e s e n t au thor and i ts app l icab i l i ty was d e m o n s t r a t e d in a 
5 

s y n t h e s i s of oxytocin by Bodanszky and du Vigneaud . 
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In the consecutive couplings of fragments a gradual deter iora

tion of yields can be observed . No such decrease of yields 
^ 7 ft was found in entirely stepwise syntheses ' ' . Therefore, 

the impression gained in fragment condensations, that a 

limit of peptide synthesis is being approached is not felt in 

the entirely stepwise strategy. Also, the important principle 

9 10 of excess acylating agent ' , which allows an escape from 

the difficulties caused by the increasing molecular weights 

of the reactants , can be utilized more systematically in 

stepwise syntheses than in fragment condensations where 

unreasonable sacrifices are needed for the application of 

the same principle. These considerations suggest that the 

stepwise approach will be the strategy of choice for the 

synthesis of proteins. 

A more recent adaptation of the stepwise strategy is the 

ingenious and attractive technique of Merrifield : peptide 

synthesis on a solid support. The simplicity of this method, 

in which the intermediates are not isolated, allows the 

mechanization and even automation of the procedure. The 

present paper attempts a comparison of the two alternative 

implementations of the stepwise strategy, the synthesis 

through isolated intermediates with the solid phase approach. 

The comparison is limited, however, to three aspects: 

a. ) yields; b. ) homogeneity of the products; and c. ) planning 

of synthesis. 



STRATEGIES AND PERSPECTIVES 

a. Yields 

F o r a p a r t i c u l a r s t ep of a syn the t ic p r o c e d u r e the 

yield usua l ly can be s t a t ed in an unequivocal m a n n e r and no 

spec i a l exp lana t ion is needed . The e x p r e s s i o n ' o v e r a l l 

y i e ld " can be m o r e amb iguous . The f igure e x p r e s s i n g the 

o v e r a l l y ie ld i s ca lcu la ted f rom the product of the y ie lds 

of the individual s t e p s . Such a s ingle n u m b e r , however , 

cannot r e f l ec t the eff iciency of a synthe t ic p r o c e d u r e and 

does not allow a c o m p a r i s o n between different s y n t h e s e s 

leading to the s a m e produc t . F o r i n s t a n c e , in pept ide 

syn thes i s through f requent condensa t ion , the s ac r i f i ce of 

m a t e r i a l s in the p r e p a r a t i o n of i n t e r m e d i a t e A i s ob l i t e r a t ed 

if in the condensa t ion of A with a second f r agmen t B, 

compound A is used in e x c e s s . Ca lcu la t ion of the yield 

of this coupling is based on the amount of B, the component 

p r e s e n t in l imi t ing amount . In the ca se of a l a r g e peptide 

the repeated use of such ca lcu la t ions m a y comple te ly 

o b s c u r e the eff iciency of the syn the t ic p r o c e d u r e . M o r e o v e r , 

o v e r a l l y ie lds often do not include the yield ach ieved in the 

p r e p a r a t i o n of an i n t e r m e d i a t e if the l a t t e r is c o m m e r c i a l l y 

ava i l ab le o r if the e x c e s s used in i t s p r e p a r a t i o n i s r e -

12 
c o v e r a b l e . But, un l e s s the s a m e p r i n c i p l e s a r e appl ied 

in a l l c a s e s , the a r b i t r a r y n a t u r e of such ca lcu la t ion r e n 

ders the c o m p a r i s o n of syn these s acco rd ing to " o v e r a l l 

y ie lds "mean ing le s s , ! In the s t epwise s t r a t e g y the 
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calculation could be more straightforward, except that the 

excess on acylating agents, which is not negligible with 

longer chains, is not shown by the single expression 

"overall yield". In the solid phase synthesis excess reagents , 

protected amino acids and coupling reagents (usually 

carbodiimides) are used not to correct the concentration 
9 10 problem caused by increasing molecular weights ' , but 

to secure the complete acylation of the amino component 

attached to the resin. A second important reason for the 

application of excesses in this case is the loss of acylating 

intermediates, due to a side reaction. The O-acylamino-
13 acyl-isourea intermediates can rearrange to N-acylureas 

that are unreactive compounds and useless from the point 

of view of peptide synthesis. This intramolecular and 

therefore concentration-independent side reaction becomes 

especially wasteful if the desired acylation, a bimolecular 

and therefore concentration dependent reaction is slow. 

This desired reaction might be slow if the amino component 

is not a particularly good nucleophile (e. g. , proline as 

N-terminal acid), or if s teric hindrance by the resin, or 

14 by the growing peptide chain is noticeable 

Even the expression of the amounts of excess acylating 

agent can be ambiguous. In syntheses through isolated 

intermediates 100% excess means that the number of moles 

of the acylating agent is twice the number of moles of the 
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amino component . In sol id phase s y n t h e s e s the e x p r e s s i o n 

of 100% e x c e s s r e f e r s to the e x c e s s u sed in the f i r s t s tep - -

the acy la t ion of a s ingle amino ac id a t t ached ( through an 

e s t e r bond) to the r e s i n . Dur ing the chain lengthening 

15 p r o c e d u r e the amount of amino component slowly d e c r e a s e s 

after a c e r t a i n n u m b e r of s t eps to half or l e s s of the (mola r ) 

amount o r ig ina l l y p r e s e n t . N e v e r t h e l e s s , the e x c e s s is 

s t i l l e x p r e s s e d in the o r ig ina l t e r m , which was c o r r e c t 

only when a s ingle amino acid was c o n s i d e r e d . In some 

sol id phase s y n t h e s e s " the in i t i a l e x c e s s is a l r e a d y 

c o n s i d e r a b l e , s e v e r a l hundred p e r c e n t , s o m e t i m e s as m u c h 

1 5 
as 500% . T h e r e f o r e , in the m o r e advanced s t ages of the 

s y n t h e s i s the e x c e s s might g radua l ly become tenfold and 

15 
m o r e , if p r o p e r l y ca lcu la ted . The e x c e s s is comple te ly 

los t in the c a r b o d i i m i d e coupling, but can be r e c o v e r e d if 

19 ac t ive e s t e r s a r e used for acy la t ion 

To avoid the a r b i t r a r i n e s s and ambigui ty of the ' o v e r a l l 

y i e ld" e x p r e s s i o n , the t e r m "eff ic iency" (E f) could be 

Ef= 

n • m • 100 
PP 

m A A 

w h e r e n is the n u m b e r of amino ac ids in the pept ide chain, 

m is the n u m b e r of m o l e s of pu re produc t obta ined and 
pp r r 

m . . is the total n u m b e r of m o l e s of amino ac ids used in 
AA 

the s y n t h e s i s . This e x p r e s s i o n of eff iciency, p roposed by 
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Professor Rydon , is based on the utilization of amino 

acids. It is meaningful and allows a not a rb i t ra ry compari

son of different synthetic procedures leading to the same 

peptide. 

It cannot be our aim to present detailed calculations 

based on published syntheses. Such calculations are tedious 

but revealing enough to warrant their use in the planning of 

peptide syntheses. It may suffice here to mention a (solid 
1 Q 

phase) synthesis of oxytocin in which the 'extremely high" 

yields were emphasized and yet the calculation recommended 

here shows that this synthesis is of an order of magnitude 
5 

less efficient that the first stepwise synthesis of the same 

compound 

In our view, the efficiency of yield for the solid phase 

technique need not be inferior to synthesis in solution 

through isolated intermediates. The present shortcomings 
22 stem from the application of the carbodiimide method , an 

elegant and potent procedure but particularly unsuitable for 

the stepwise synthesis of long chains. Coupling reagents, 

which involve the r i s t of intramolecular side reactions such 

as the 0-»N shifts in reactive intermediates, should be 

expected to be wasteful. 

b. The Purity of the Products 

The formation of the peptide bond in an unequivocal 

manner is one of the ultimate goals in the search for improved 



STRATEGIES AND PERSPECTIVES 

me thods of p r o t e c t i o n and ac t iva t ion . To obtain high yie lds 

and pu re (s ingle) p r o d u c t s the se lec t iv i ty of the acy la t ing 

agent m u s t be c o n s i d e r a b l e . Only amino groups should be 

acy la ted , while hydroxy l and o the r functional groups of amino 

ac id s ide cha ins should be left in tac t . By avoiding 
73 

" o v e r a c t i v a t i o n such se l ec t iv i ty can be ach ieved , but -

a l a s - u sua l ly only at the p r i ce of r e d u c e d r e a c t i v i t i e s and 

hence r e d u c e d r e a c t i o n r a t e s . The r a t e s can be ma in ta ined 

on a p r a c t i c a l l eve l if the r e a c t a n t s a r e used in high enough 

9 10 
c o n c e n t r a t i o n . This can be done in s t epwise syn thes i s 

with ac t ive e s t e r s . Since unequivocal acy la t ion is a p r e 

r e q u i s i t e in the s t epwise app roach , the use of highly r e a c t i v e 

coupling r e a g e n t s should be avoided and m i x e d a n h y d r i d e s , 

which even in p r inc ip le yield two p r o d u c t s , should be â  

p r i o r i exc luded. 

F o r the sol id phase v e r s i o n of the s tepwise s t r a t e g y the 

advan tages of ac t ive e s t e r s w e r e so obvious that Mer r i f i e ld 

c o n s i d e r e d t h e m idea l for this p u r p o s e . Yet because of 

in i t i a l diff icul t ies caused by an unfavorable choice of solvent 

the ac t ive e s t e r me thod was not p roposed for syn these s on 

insoluble, p o l y m e r i c suppor t and r a t h e r the d i cyc lohexy lca r -

22 
bodi imide method was appl ied for coupl ing. This r a p i d and 

convenient me thod can be used without the p ro t ec t ion of 

24 
hyd roxy l s on amino ac id s ide cha ins but only if an e x c e s s 

of acy la t ing ac id and c a r b o d i i m i d e is avoided. The hydroxyls 
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are poor nucleophiles to compete with a free amino group 

for the acylating intermediate. In the presence of an excess , 

however, after the amino groups are more or less acylated, 

even the weak nucleophiles will prevail and the O—acylation 

will occur. Therefore, in solid phase synthesis with carbo-

diimides where an excess is imperative, hydroxyl groups 

should not be left without protection. On the other hand, 

active es ters (usually recrystall ized from boiling ethanol!) 

can be applied also in the presence of free hydroxyl groups. 

Hydroxyl groups can be protected and the N-acylurea for

mation can be counterbalanced with an excess of acylating 

agents, but an additional side reaction caused by carbo-

diimides, the dehydration of the carboxamide groups in 

the side chains of asparagine and glutamine residues 

cannot be eliminated. Therefore, for these two amino 

25 acids the recommendation of Bodanszky and Sheehan to 

use active es ters also in the solid phase version of step

wise synthesis, is usually accepted. Less attention has 
26 been paid to the warning on the O-acylation of hydroxy 

amino acids. The published analytical evidence serves as 

good indication for our contention that several of the com-
1 / 1 -f 

plex mixtures ' formed in solid phase work, some of 
15 

them intractable, are caused by this neglect in 

„ <•• 2 7 protection 



STRATEGIES AND PERSPECTIVES 

c. L imi t a t i ons in the P lann ing of Syn thes i s . 

F o r f r a g m e n t condensa t ion the chain h a s to be 

" d i s s e c t e d . " The r e s u l t i n g f r a g m e n t s a r e so chosen that 

28 
they have glycine o r p ro l ine at the i r C t e r m i n a l . Unfor
tunate ly not a l l s equences a r e equal ly su i tab le for a p r o p e r 

29 
d i s s e c t i o n , e . g. . the s ingle chain of (porc ine) s e c r e t i n 

(FIG. 1) conta in ing twen ty - s even amino ac ids has among 

these not even one pro l ine r e s i d u e and the two glycines 

occur in the s t r a t e g i c a l l y unfavorable pos i t ions 4 and 25. 

The e n t i r e l y s t epwise syn thes i s does not r e q u i r e a favorable 

d i s t r i bu t i on of amino a c i d s . On the o ther hand, in the sol id 

phase v e r s i o n of the s t epwise a p p r o a c h new l imi t a t ions a r e 

i n t roduced by the use of c a r b o d i i m i d e s for coupling. Some 

of these l i m i t a t i o n s a r e connected with s ide chain hydroxyl 

o r c a r b o x a m i d e groups and w e r e a l r e a d y d i s c u s s e d . A 

dif ferent p r o b l e m e m e r g e s if the chain conta ins a s p a r t y l 

or g lu tamyl r e s i d u e s . The side chain ca rboxy l cannot be 

left f ree because it would then pa r t i c ipa t e in the c a r b o 

d i imide m e d i a t e d acy l a t i ons . This is a p a r t i c u l a r l y s e r i o u s 

H i s - S e r - A s p - G l y - T h r - P h e - T h r - S e r - G l u - L e u - S e r - A r g - L e u - A r g -

A s p - S e r - A l a - A r g - L e u - G i n - A r g - L e u - L e u - G i n - G l y - L e u - V a l - N H 2 

FIG. 1 

The Sequence of (Porcine) Sec re t i n . 



MIKLOS BODANSZKY 

restr ict ion in the case of aspart ic acid. The side chain 

carboxyl of this amino acid is rather inert if free but reac ts , 

if esterified, with the formation of aminosuccinyl derivatives 

which in turn can be opened to (3 -aspartyl res idues . This is 

a disconcerting possibility, the more because it is rather 

difficult to predict. In the synthesis of secretin, out of concern 

for the aspartyl-amino-succinyl-P-aspartyl rearrangement , 

some synthetic intermediates which contained the aspartyl 

residue in position 15 were carefully scrutinized. Their 

nmr spectra clearly showed that the benzyl group of the 

ester used for the protection of this carboxyl has not been 
30 lost and therefore no rearrangement should be feared . It 

was therefore even more disappointing to find that such a 

rearrangement did occur with the aspartyl residue in 

position 3. It is rather obvious (in retrospect) that ring 

closure is prevented in residue 15 because of the hindering 

effect of the bulky side chain of the O-benzyl-L-serine 

moiety in position 16. The aspartyl residue in position 3, 

however, is followed by glycine. This is a unique amino 

acid in more than one respect. It can accept two acyl groups 
31 

on its amino group and therefore offers no obstacle against 

the formation of an aminosuccinylglycine sequence. Such 

sequence dependent side reactions make it questionable 

whether the convenience of rapid synthesis without the isola

tion of intermediates is a real advantage or not. In the 

10 
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Q 

synthesis of secretin the availability of the isolated inter

mediates allowed the recognition of this side reaction. 

An additional limitation of the solid phase technique was 

found in attempted synthesis of secretin by the Merrifield 

method. The peptide chain, ending with valine, could not 
26 be removed as the desired amide . Ammonolysis was 

hindered by the combined steric effects of the bulky side 

chain of valine and the resin lattice. With short chains 

ammonolysis in methanol resulted in ester exchange; with 

the growing chain the steric hindrance increased and the 

chain was removable only in the usual way in the form of a 

carboxylic acid at its C terminal. With glycine as the C 

terminal acid no such difficulty was observed and ammonoly-
25 sis yielded the amide of the assembled peptide 

Peptide synthesis can 1) provide proof for a proposed 

s t ructure, 2) can lead to analogs which allow the study of 

the relationships between structure and activity in biologically 

active peptides and, 3) can produce peptides for medical 

purposes. Synthesis through isolated intermediates might 

render an additional, until now unexplored service. A study 

of the rotational spectra of secretin and of its synthetic 
32 

intermediates resulted in surprisingly detailed information 

on the conformation or secondary structure of this peptide 

hormone. This 'anatomical" approach to the three dimen

sional arrangement of a peptide chain revealed that a short 

1 1 
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helical stretch is present between residues 6 and 13 and that 

the helical region lacks stability unless it is stabilized by 

the proximity of the C terminal portion of the molecule. This 

C terminal is particularly rich in amino acids with non-polar 

side chains and with a general folding of the molecules they 

can create a region poor in water and thereby stabilize the 

very short helix. 

CONCLUSIONS 

For the synthesis of long peptide chains, like those of 
4 

proteins the entirely stepwise strategy is the more promising 

approach. The execution of this approach on an insoluble 

polymeric support is still beset with several difficulties. 

Par t of the shortcomings of the solid phase method can be 

eliminated if exclusively active es ters are used for acylation. 

Only when the underlying chemistry is already sufficiently 

sound will the automation of the procedure be fully justified. 

For the synthesis of long chains the entirely stepwise strategy 

through isolated intermediates offers significant advantages. 
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APPLICATION OF PENTACHLOROPHENYL ACTIVE ESTERS 
IN THE SYNTHESIS OF PEPTIDES AND SEQUENTIAL POLY
PEPTIDES FROM THE C-TERMINAL RESIDUES OF AMINO ACIDS 

A. Kapoor 

Department of Pharmaceutical Chemistry 
College of Pharmacy 
St. John's University 
Jamaica, New York 

Pentachlorophenyl active es te r s , which were first reported 

in the l i terature in 1961 , afford an excellent method for the 

synthesis of peptides and polypeptides with an ordered sequence 

of amino acids. Pentachlorophenyl active es ters have the 

following advantages: (a) they are among one of the most 
2 

active es te rs , (b) they are generally higher melting compounds 

than other active es te r s , which leads to their easy crystall iza-
3 4 

tion and purification , (c) they are stable to controlled hydro
genation conditions and make an excellent combination with 

N-carbobenzoxy and t-butyl protecting groups when the incor-
3 

poration of trifunctional amino acids in peptides is desired . 

Previously, peptide chains were lengthened by coupling penta

chlorophenyl active es ters of N-carbobenzoxy amino acids or 

peptides with C-methyl protected amino acids or peptides. 

C-methyl protection at each activation stage and at the end of 

3 4 the synthesis was removed by saponification ' . Alkali 

17 
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treatment of peptides is associated with a number of problems, 

5 4 6 

e, g. , racemization , transpeptidation ' , etc. In addition, 

removal of C-methyl protection by alkali becomes more 

difficult as the number of amino acids increases in the pep-
7 

tide chain . MacLaren reported the formation of urea or 
hydantoin derivatives when N-carbobenzoxy peptides were 

Q 

treated with alkali . 

Avoiding racemization of optically active centers in the 

synthesis of peptides with biological activity is a major 

concern and new approaches for the synthesis which would 

limit the degree of racemization in synthetic peptides are 

under continual investigation. In order to overcome racemi

zation and other problems associated with alkali treatment, 

the ideal approach would be to carry out the coupling of 

C-activated N-protected amino acids or peptides with amino 

acids or peptides C-protected by suitable salt formation, 

which can easily be removed by mild acid. 

As the pentachlorophenyl active es ters (OPCP) are among 

the most active es te r s , it was considered worthwhile to 

systematically study their coupling with amino acids or pep

tides, C-protected by suitable salt formation. Dicyclohexyl-

amine (DCA) afforded a satisfactory base for C-protection 

and for optimal yields, coupling was carr ied out in methylene 

chloride or in a mixture of methylene chloride and dimethyl

formamide. These results are shown in Table 1. 

18 
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It is interesting to note that N-protected OPCP active 

es ters of amino acids could not be coupled with glutamic or 

aspartic acids with DCA protection on both carboxyl groups. 

However, the coupling of N-protected-amino acid-OPCP 

active es te r s , was found to proceed in satisfactory yields 

with monoaminodicarboxylic acids, when one of the carboxyl 

groups was protected with DCA and the second carboxyl group 

was protected with a suitable es ter , such as benzyl or t-butyl, 

which can be removed without alkali. Z-Giy-OPCP was 

coupled with p -benzyl asparate C-protected with DCA, and 

Z-Gly-Asp (OBzl)-OH was isolated in 58% yield. It was 

further observed that the pentachlorophenyl active es te r s of 

N-protected amino acids, coupled in better yields when the 

dipeptides or tripeptides C-protected by DCA were used. 

It can be also noted that the reverse is true, that is , OPCP 

active es ters of N-protected dipeptide or tripeptide coupled 

in relative poor yields with amino acids C-protected by DCA. 

However, the N-protected dipeptide active es te rs coupled in 

slightl/ better yields with the dipeptides C-protected by DCA 

in comparison to the monomer. F rom the results in Table 2 

it can be concluded that when the OPCP esters are to be used 

for coupling with amino acids or peptides C-protected by DCA, 

the peptide chains should be lengthened from the C-terminal 

instead of N-terminal amino acid residues. 

20 
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11 12 It was p r e v i o u s l y r e p o r t e d ' that a combina t ion of mixed 

anhydr ide ( i sobutyl ch lo ro fo rma te ) and pen tach lo ropheny l 

ac t ive e s t e r m e t h o d s , p rov ided a su i tab le a p p r o a c h for s t e p 

wi se i n c o r p o r a t i o n of amino ac ids in pep t ides with an o r d e r e d 

s e q u e n c e . In the l ight of above r e s u l t s , two p o s s i b l e s c h e m e s 

for lengthening the pept ide cha ins without u s ing a lka l i m a y be 

c o n s i d e r e d . In Scheme 1, as a l r e a d y ind ica ted , the y i e lds 

wi l l d e c r e a s e as we go f r o m s tage A to C. 

In Scheme 2, one wil l o b s e r v e a s teady i n c r e a s e in the 

y ie lds f r o m s tage a to c. In addi t ion to affording r e l a t i v e l y 

be t t e r y i e ld s , Scheme 2 would fu r the r l im i t the d e g r e e of 

r a c e m i z a t i o n as the ac t ive e s t e r component u s e d would 

a lways be a m o n o m e r . This is now a l m o s t an e s t a b l i s h e d 

fact that dur ing coupling of N - p r o t e c t e d , C - a c t i v a t e d p e p 

t i d e s , r a c e m i z a t i o n of C -ac t i va t ed amino ac id r e s i d u e s 

13 14 takes p lace probably through an oxazolone ' 

T e t r a p e p t i d e s equences of g l y c y l - a s p a r t l - s e r y l - g l y c i n e 

i s a f requent r e p e a t i n g unit in e n z y m e s such as c h y m o t r y p s i n . 

DCA 
A. Z-A^PCP + H-A2-OH ——> Z-Aj^-OH 

B. Z-^-A^-OH * HC1. H-A--OPCP - Z-A, -A--A-.-OPCP 
J Isobutyl x d i 

Chloroformate 

C. Z-A-j-Ag^-OPCP + H-Aĵ -OH ggj ^ Z-AJ-AJ-AJ-A^-OH 

SCHEME 1 

22 
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a. Z-A3-OPCP + H-A^CA — > Z-Aj-Ajj-OH 

* ! Z-A3-AU-OH pg^j > H-A3-AU-QH 

TIP A 

b . Z-A2-OPCP + H-A -A,-OH — > ^ - A j - A ^ - O H 

H2 
?37c~ 

H, 
b x Z-A2-A3-AU-0H 2 .> H-A^-A^-OH 

c . Z-Aj-OPCP + H-Ag-A.-A. -OH — •» Z-Aj-Ag-Aj-A^-OH 

SCHEME 2 

A^jAofA-, and A 1 represent amino acid residues in a peptide sequence. 

Z - CgHr;- CHg-O-C- OPCP - -OCgC-U DCA - Dicyclohexylamine 

In order to investigate the usefulness of above procedure, 

phenylalanine, which is more sensitive to racemization, 

was substituted for C-terminal glycine and the tetrapeptide 

glycyl-aspartyl-seryl-phenylalanine was synthesized both 

from the C-terminal (FIG. 1) and the N-terminal residues 

(FIG. 2). As expected, in the case of C-terminal synthesis 

over-all yields were about 14% more . It may be noticed that 

in both these routes of synthesis, the use of alkali was 

avoided. 

In order to observe the effect of alkali on the degree of 

racemization, the same tetrapeptide was synthesized by 

using C-methyl protection at three different stages of the 

synthesis (FIG. 3) and C-methyl protection was removed by 

the use of alkali at all these stages. 
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Z-Ser-OPCP + H-Phe-OH 22*. :> Z-Ser-Phe-OH 

—^ > H-Ser-Phe-OH 
Pd/C 

II 

Z-Aap-OPCP + I I • l j DCA > H-Asp-Ser-Phe-OH 
I 2 . H2 Pd/C | 
Ot-Ru OtBu 

I I I 

Z-Oly-OPCP + H I 1* D C A — — » H-Gly-Asp-Ser-Phe-OH 
2 • Ho PQ/C 

3 . TFA IV 

FIG. 1 

S y n t h e s i s from C-Terminal Residue 

Z-Gly-OPCP + H-Asp-OH 2?* -> Z-Gly-Asp-OH 

I I 
Ofial OBzl 

V 

V + HC1. H-Ser-OPCP Isobutyl ^ Z-Oly-Asp-Ser-OPCP 
Chloroformate | 

OBzl 

VI 

VI + H-Phe-OH *• DCA j> H-Gly-Asp-Ser-Phe-OH 
2 . H2 Pd/C 

TV 

FIG. 2 

Synthesis from N-terminal Residue 
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TRA 

Z-Gly-OPCP + HC1. H-Asp-OCH — > Z-Gly-Asp-OCH 

OtBu OtBu 

VII 

VII ^ ^ > Z-Oly-Asp-OH 

OtBu 

VIII 
VIII H 0 P C P -s Z-Gly-Asp-OPCP 

DCC | 

OtBu 

IX 

IX + HC1. H-Ser-OCH — > Z -Gly -Asp-Ser -OCH, 

OtBu 

X 

X lm 0 H •> Z-Qly-Asp-Ser -OPCP 
2 . HOPCP I 

DCC otBu 

XI 

XI + HC1. H-Phe-OCH — J> Z-Gly-Asp-Sar-Phe-OCH 

OtBu 

xn 
XII lm 0 H > H-Gly-Asp-Ser-Phe-OH 

2 . TFA 
3 . Hg Pd/C 

TV 

FIG. 3 

Synthesis with C-methyl Protection 
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Total hydrolysis by 6 N HC1 of this tetrapeptide made 

from three different routes as indicated above showed the 

least racemization when the synthesis was carr ied out from 

C-terminal residue. To indicate the comparative figures, 

the tetrapeptide synthesized from C-terminal residue was 

approximately 98% optically pure, the tetrapeptide synthesized 

from N-terminal residue was approximately 9 5% optically 

pure and the tetrapeptide synthesized with C-methyl pro

tection and where the alkali was used at three states was about 

87% optically pure. The tetrapeptide was tested for acetyl

choline es t rase type of hydrolysis of acetylcholine and did 

not show any interesting resul ts . 

The role of Histidine and Serine in the ter t iary structure 

of acetylcholine es t rase has received considerable attention 

recently ' . In order to provide Histidine at a suitable 

distance to Serine, a pentapeptide glycyl-aspartyl-seryl-

glycyl-histidine was synthesized from C-terminal residue 

(FIG. 4) and the penta peptide is at present under biological 

investigation for the possible hydrolysis of acetylcholine. 

So far, our discussion has been focused on the synthesis 

of peptides with free C-terminal residue of amino acids. 

The above approach was extended in the synthesis of poly

peptides with known sequence of amino acids by introducing 

C-terminal residues of amino acids as pentachlorophenyl 

active es ter hydrochlorides and peptide chains were lengthened 
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Z-Ser-OPCP + H-Gly-His-OH — j, Z-Ser-Gly-His-OH 

XIII 

X I 1 1 H 2 Pd/c > H-Ser-Gly-His-OH 

XIV 

Z-Asp-OPCP + XIV — > Z-Asp-Ser-Gly-His-OH 

OtBu OtBu 

XV 

XV 2_Pd£ ^ H-Asp-Ser-Gly-His-OH 

OtBu 

XVI 

Z-Gly-OPCP + XVI * Z-Gly-Asp-Ser-Gly-His-OH 

OtBu 

XVH 

XVII 2 P d / f c > H-Gly-Asp-Ser-Gly-His-OH 
TFA 

XVIII 

TFA = Trifluoraoetic Acid 

FIG. h 

Synthesis of H-Gly-Asp-Ser-Gly-His-OH 

through mixed anhydride coupling. While the yields in the 

case of mixed anhydride coupling of N-protected amino acids 

with single amino acid pentachlorophenyl active ester hydro

chlorides were quite satisfactory, an appreciable loss in 
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y ie lds was noted when the mixed anhydr ide coupling was 

a t t emp ted with d i - or t r ipep t ide pen tach lo ropheny l ac t ive 

e s t e r h y d r o c h l o r i d e s . This was a t t r i bu t ed to the p o s s i b l e 

f o r m a t i o n of d ike top ipe raz ine d e r i v a t i v e s or cyc l ic and l i n e a r 

po lypep t ides . In o r d e r to r e s o l v e this p r o b l e m i t was only 

n a t u r a l to w o r k out the su i tab le r e a c t i o n condi t ions which 

would afford s a t i s f a c t o r y coupling of d i - or t r i - p e p t i d e 

O P C P ac t ive e s t e r s with N - p r o t e c t e d amino ac ids th rough 

mixed a n h y d r i d e . Though not v e r y m u c h iden t i ca l , homologs 

of glycine O P C P e s t e r s w e r e s e l ec t ed and the i r m i x e d anhy

dr ide coupling with N - p r o t e c t e d glycine was s tudied . FIG. 5 

shows that as the n u m b e r (n) i n c r e a s e s , the cyc l i za t ion of 

the h y d r o c h l o r i d e por t ion would become m o r e p robab le and 

this ac tua l ly was o b s e r v e d under the condi t ions which we 

•were p r e v i o u s l y us ing for coupling by m i x e d anhydr ide as 

ind ica ted by the y i e l d s . It m a y be i n t e r e s t i n g to o b s e r v e 

that de l ta amino v a l e r i c ac id which would cyc l i s e into s ix 

m e m b e r e d v a l e r o l a c t a m , the y ie lds of m i x e d anhydr ide 

coupling w e r e the lowes t . 

The y ie lds of this r e a c t i o n , that i s , the coupling of Z -

Gly-OH with d e l t a - a m i n o v a l e r i c acid O P C P e s t e r h y d r o 

ch lor ide th rough m i x e d anhydr ide w e r e c o n s i d e r a b l y i m p r o v e d 

(84%) by keeping the r e a c t i o n t e m p e r a t u r e between -5 and 

-10 and adding t r i e t h y l a m i n e and O P C P h y d r o c h l o r i d e c o m 

ponents consecu t ive ly over a p e r i o d of one h o u r . 
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-NH-tCHg •*-OH + HC1. H2N-(CH2)n-C
l-OPCP 

II 
Isobutyl Z-NH-CH2-C-NH-(CH2)n-C

l-OPCP 
CYil n r n f r t m a t u ' Chloroformate' 

/ V ? V 

+ (-HN-(CH2)n-C-)p 

+ HH, (CH2)n 

n - (1) Glycine S3% 

- (2 ̂ Alanine 81% 

- (3)^-Amino Butyric Acid 76% 

» (U) Delta Amino Valeric Acid 6$% 

" ($) Epsilon Amino Caproic Acid 7k% 

- (7) Omega Amino Caprylic Acid 76% 

FIG. 5 

Comparative Tields of Mixed Anhydride Coupling 
of Z-Gly-OH with Homologs of Glycine OPCP Ester 

Hydrochlorides 

Once this was achieved, the same reaction conditions 

were extended to the mixed anhydride coupling of N-protected 

amino acids with di-and tripeptide pentachlorophenyl ester 

hydrochlorides. The yields at each coupling stage were 

above 80% as shown in FIGS. 6 and 7. 
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Z-Gly-OH + HC1. H-Ala-OfCP -™ .> Z-Gly-Ala-OPCP 
83% 

XIX 

Xix 2 Pd/C HC1. > H C 1 > H_G l y ._A l a_ 0 P Cp 
93# 

XX 

2-Gly-OH + XX = ^ ^ Z-Gly-Gly-Ala-OPCP 
ol% 

XXa 

FIG. 6 

Synthesis of Z-Gly-Gly-Ala-OPCP 

Z-Ala-OH + HC1. H-Ala-OPCP ™ > Z-Ala-Ala-OPCP 
81$ 

XXI 

m , 2Pd/CHCl. ^ H C 1 < H-Ala-Ala-OPCP 
91% 

XXII 

Z-Gly-OH + XXII i-^i > Z-Ala-Gly-Ala-Ala-OPCP 

XXIH 
XXIII 2 Pd^ HC1. H C 1 # R_Giy_Ala-Ala-OPCP 

932 

XXIV 

Z-Ala-OH + XXIV j2» > Z-Ala-Gly-Ala-Ala-OPCP 

XXV 

IBC • Isobutylchloroformate 

FIG. 7 

Synthesis of Z-Ala-Gly-Ala-Ala-OPCP 
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P o l y m e r i z a t i o n of N - c a r b o b e n z o x y amino acid o r pept ide 
3 

pen t ach lo ropheny l ac t ive e s t e r s has been p r e v i o u s l y d e s c r i b e d . 

Using the above a p p r o a c h , we a r e now in the p r o c e s s of 

syn thes iz ing po ly - g lycy l - s e r yl-as par tyi- g lycyl - h i s t id ine , 

for pos s ib l e b io logica l ac t iv i ty for the h y d r o l y s i s of a c e t y l 

chol ine . 
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INVESTIGATIONS OF LIMITS AND SCOPE OF THE 7-HYDROXY-

2-ETHYL-BENZISOXAZOLIUM SALT METHOD OF COUPLING 

P E P T I D E FRAGMENTS 

D. S. Kemp 

D e p a r t m e n t of C h e m i s t r y 
M a s s a c h u s e t t s Ins t i tu te of Technology 
C a m b r i d g e , M a s s a c h u s e t t s 

Methods for c leanly coupling peptide f r a g m e n t s of a r b i t r a r y 

s i z e , in high yie ld , and with ins ignif icant r a c e m i z a t i o n have 

been sought for many y e a r s , and despi te manifold ingenious 

effor ts s t i l l s tand for the peptide c h e m i s t as una t ta ined , and 

p e r h a p s una t ta inable goa l s . At the s a m e t i m e , the s h e e r bulk 

of p rev ious effort m a k e s it unl ikely that blind appl ica t ion of 

new dehydra t ing agen ts to pept ides wil l con t r ibu te effect ively 

to the solut ion of this p r o b l e m . However , m u c h is now known 

of the de ta i l ed m e c h a n i s m s of amino ly s i s and r a c e m i z a t i o n , 

and the r epe t i t i ve c h a r a c t e r of pept ide syn thes i s sugges t s the 

poss ib i l i t y of applying this knowledge through guile r a t h e r 

than luck. We have begun to exp lo re this p r o s p e c t , and I 

w i sh h e r e to outl ine the r e s u l t s we have obtained with an 

a t t e m p t to des ign a pept ide coupling r e a g e n t which combines 

the d e s i r a b l e a t t r i b u t e s of two h i the r to u n r e l a t e d types of 

acy la t ing a g e n t s . 
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The s u b s t a n c e , 1, is a m e m b e r of the c l a s s of i s o x a z o -

l i u m s a l t s , e x p l o r e d ex tens ive ly by M u m m and c o w o r k e r s , 

and l a t e r r e i n v e s t i g a t e d and appl ied to pept ide s y n t h e s i s by 

2 
Woodward and Olofson . As FIG. 1 i n d i c a t e s , the r e a c t i o n 

of a ca rboxy l i c ac id with an i s o x a z o l i u m sa l t b e a r s a 

s t r i k ing s imi la r i ty to the p r e p a r a t i o n of phenol ic e s t e r s 

by m e a n s of c a r b o d i i m i d e s , with the i m p o r t a n t d i f ference 

that while the r e a c t i o n of phenol with an O - a c y l i s o u r e a i s 

an i n t e r m o l e c u l a r r e a c t i o n which c o m p e t e s poor ly with 

i n t r a m o l e c u l a r oxazolone fo rmat ion , the analogous s tep in 

the i soxazo le s e r i e s is i tself an i n t r a m o l e c u l a r r e a c t i o n , with 

the r e s u l t that under favorab le c i r c u m s t a n c e s the i s o x a z o l i u m 

R 

0-QD 0 
C * + . r * ^ C o r - r r r ^ V C * N E t (S^S^U™ > B _ r T Re?* 
o' ^sisfcx^o S^o-H ~* ^ ^ q H 

c=o 
R" 

0 N-" 

IT R ^ O ' V ^ y O R 
C + RCO.H *• — • [ N S "2 ' 

a 0 H 

F i g u r e 1 
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sa l t s offer a r a c e m i z a t i o n - f r e e rou te to enol ic and phenol ic 

e s t e r s of pept ide a c i d s . Although this in t ramolecular 

" ene rgy l e ak" i s the p r i m a r y r e a s o n why i s o x a z o l i u m sa l t s 

a r e of i n t e r e s t , it should be noted that the benzo s y s t e m 

i l l u s t r a t e d in FIG. 1 offers the addi t ional f ea tu re of combining 

with ca rboxy la t e anions in w a t e r , pH 4 - 5 , to give high y ie lds 

of a c y l s a l i c y l a m i d e s . Under these condit ions no i n t e r m e d i a t e s 

a r e de t ec t i b l e , and 92-98% yie lds of pur i f ied ac t ive e s t e r s can 

3 
be i so l a t ed af ter 5-10 minute r e a c t i o n t i m e s . Unfor tunate ly , 

a l though the a c y l s a l i c y l a m i d e s obtained f r o m these r e a c t i o n s 

a r e t echn ica l ly ac t ive e s t e r s , they a r e r a t h e r i n fe r io r e x a m p l e s 

of the i r c l a s s , being l e s s r e ac t i ve and for the i r r e ac t i v i t y , 

m o r e p rone to r a c e m i z a t i o n than for e x a m p l e , p_-nitrophenyl 

e s t e r s . An a l t e r a t i o n of p r o p e r t i e s was c l e a r l y d e s i r e d , but 

it was hoped that with su i tab le modif ica t ion, the benz i soxazo le 

f r a m e w o r k could be used as a rou te to ac t iva ted s p e c i e s with 

m o r e favorab le p r o p e r t i e s . 

OvLR r ^S f 0 " ^ - c l "C 

ctfr, ^ v 

a vK(LR 

o->C 

4 
F o r an objec t ive we w e r e guided by the work cf Hansen , 

Bender , B ru i ce and c o w o r k e r s on the h y d r o l y s i s of e s t e r s 

bea r ing an i n t e r n a l bas ic ca t a ly s t . F r o m the w o r k of Hansen , 
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ca techo l m o n o a c e t a t e i s known to hyd ro lyze n e a r l y a thousand 

t i m e s m o r e rap id ly than phenyl a c e t a t e , al though the two 

s y s t e m s a r e of s i m i l a r i n t r i n s i c r e a c t i v i t y . This r e s u l t i s 

m o s t e a s i l y unde r s tood in t e r m s of i n t e r n a l g e n e r a l base 

c a t a l y s i s of r a t e - d e t e r m i n i n g nuc leophi l ic a t t a c k by w a t e r . 

Since a m i n o l y s i s of phenyl e s t e r s is known in g e n e r a l to 

r e q u i r e the a s s i s t a n c e of a g e n e r a l b a s e , r e a c t i o n of a 

ca techo l m o n o e s t e r with p r i m a r y or s e c o n d a r y a m i n e s 

would be expec ted to be a r eady p r o c e s s ; on the o the r hand 

oxazolone fo rmat ion , for g e o m e t r i c r e a s o n s , should be 

u n a s s i s t e d and should p r o c e e d at a r a t e c o m m e n s u r a t e with 

the i n t r i n s i c ac t iva t ion of the e s t e r l inkage . To the extent 

that the ca techol m o n e s t e r anion is the p r inc ipa l ca techo l 
7 

s p e c i e s , specif ic base c a t a l y s i s of oxazolone fo rma t ion 

should be s t rong ly inhibi ted on e l e c t r o s t a t i c g r o u n d s . 

Cons ide r a t i ons s i m i l a r to these provided the mo t iva t ion 

for the independent deve lopment of ca techol e s t e r s by 

8 9 
Young and of oxine e s t e r s by Jakubke . 

As a l r e a d y r e p o r t e d , 1 has been found to r e a c t a s 

d e s i r e d with ca rboxy l i c ac ids to yield 3 - a c y l o x y - 2 - h y d r o x y -

N - e t h y l b e n z a m i d e s , 2. The i n t r a m o l e c u l a r compet i t ion 

between acyl m i g r a t i o n and oxazolone f o r m a t i o n has been 

found to be p a r t i c u l a r l y favorable for these r e a c t i o n s : 

ac t iva t ion of Z - G l y - L - P h e O H under the condi t ions of FIG. 

2 h a s been shown to yield l e s s than 0. 05% of oxazo lone . 
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c • Rco2 ^Jc* 
*N B H,0 pyridine pH 4.5' ^ j f ° 0 "2" 

15" 20IMIN 2 . 
° H aC:0 

>N£t 

% °« H° ff"'° 

F i g u r e 2 

T h e s e ac t iva t ion condit ions have now been appl ied to m o r e 

than th i r ty N - p r o t e c t e d pept ide and amino ac id s ; in m o s t 

c a s e s y ie lds of 85-90% of ac t ive e s t e r a r e obtained af ter 

pur i f i ca t ion , and in the c a s e s of Z-Gly and Z - L - A l a i so top ic 

di lut ion has shown ac tua l y ie lds to be in the range of 97-99%. 

I so la ted y ie lds of e s t e r s , 2, f rom Z - L - A s n O H and Z - L - G l n O H 

so far have fal len in a lower range of 75-80%, al though 

f u r t h e r work i s needed to r e v e a l the na ture of this d i s c r e p a n c y . 

It has been noted p rev ious ly that peptide e s t e r s of 

s t r u c t u r e 2 p o s s e s s the f e a t u r e s of amino ly t i c r e a c t i v i t y 

toge the r with r e s i s t a n c e to r a c e m i z a t i o n dur ing pro longed 

t r e a t m e n t with t e r t i a r y a m i n e s . An a s p e c t of this r e l u c t a n c e 

to r a c e m i z e is i l l u s t r a t e d s t r ik ing ly by the data of Table 1 

which gives r e s u l t s of i so top ic di lut ion modif ica t ion of the 

A n d e r s o n and Young t e s t s , appl ied to coupling of e s t e r s 2 and 

of a c y l a z i d e s . To our knowledge these a r e the f i r s t r e s u l t s 
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TABLE 1. R a c e m i z a t i o n for Coupl ings wi th Ethyl Glycinate 

Act ivat ing Agent B z - L - L e u - G l y O E t Z G l y - L - P h e -GlyOEt 

Azide , 0° , EUO, 0 . 0 8 , 0 .24% 0 .034 , 0.011% 
24 h r . 

Azide , 0° , DMF 0 . 1 5 , 0 .50 0 .040 

24 h r . 

2 , 2 5 ° , DMF 0 . 6 7 , 0 .83 0 .13, 0 .12 

2 , 0 ° , DMF 0 .23 0 . 0 0 5 , 0 . 0 1 2 , 
0.011 

which e s t a b l i s h the extent of r a c e m i z a t i o n for az ide coupl ings 

unde r ' l e a s t r a c e m i z i n g " condi t ions . 

With amine components having ba s i c i t i e s of n o r m a l 

pept ide e s t e r s , the 3 - a c y l o x y - 2 - h y d r o x y - N - e t h y l b e n z a m i d e s 

thus appea r to couple with opt ica l i n t eg r i t y equal to or g r e a t e r 

than that ach ieved with a c y l a z i d e s and appea r to m a r k e d l y 

i n c r e a s e the i r advantage under m o r e s t rong ly ba s i c condi t ions 

12 

in which az ides a r e known to r a c e m i z e ex t ens ive ly . While 

this is itself an i m p o r t a n t r e s u l t , it m u s t be s t r e s s e d that 

the i m p o r t a n c e of the az ide coupling p r o c e d u r e for f r a g m e n t 

condensa t ion s y n t h e s e s r e s t s upon i t s compat ib i l i ty with 

me thy l and ethyl e s t e r p ro t ec t i ve g roups as we l l as on i t s 

f r e e d o m f r o m r a c e m i z a t i o n , and any new coupling p r o c e d u r e 

when appl ied to a f r a g m e n t s c h e m e m u s t al low for the s e v e r e 

burden such a s c h e m e p l a c e s on the s m a l l group of s a t i s f ac to ry 

ca rboxy l p r o t e c t i v e g r o u p s . 
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The e s t e r s , 2, with the i r high in t eg r i t y to b a s e s , s e e m e d 

idea l ly su i ted for r e a c t i o n with the highly bas ic s a l t s of amino 

ac ids and p e p t i d e s , for sa l t coupl ings in the pa s t s e e m to 

have been l im i t ed l a r g e l y by the e a s e of r a c e m i z a t i o n of 

pept ide ac t iva t ed s p e c i e s . Coupling indeed o c c u r s r ap id ly 

and c leanly in DMSO, DMF, t e t r a m e t h y l u r e a , o r h e x a m e t h y l -

p h o s p h o r a m i d e between e s t e r s , 2, and t e t r a m e t h y l or t e t r a -

e t h y l a m m o n i u m s a l t s of amino a c i d s , but the ut i l i ty of this 

p r o c e d u r e is s e v e r e l y l imi ted by the n e c e s s i t y for using 

two equ iva len t s of the amino acid sa l t , the f i r s t being con

s u m e d in fo rming the a m m o n i u m sa l t of the ac id ic ac t ive 

e s t e r . 

The need for a base capable of d i s so lv ing a m i n o ac ids 

a s the i r s a l t s in d ipo la r a p r o t i c so lvents was m e t in a highly 

s a t i s f a c t o r y way by t e t r ame thy lguan id ine (TMG), c o m m e r 

c ia l ly ava i l ab le as the anhydrous ba se . When a solut ion 

of L-pheny la lan ine in d r y DMSO containing two equiva len ts 

of TMG was t r e a t e d with 2, R r Z-Gly , a r ap id r e a c t i o n 

o c c u r r e d (t l / 2 4 min , 0. 2M r e a g e n t s ) , and a 90% yield, 

af ter pur i f i ca t ion , of Z - G l y - L - P h e O H was obtained; i so topic 

di lut ion a n a l y s i s r e v e a l e d the ac tua l yie ld to be 99% after 

45 m i n . The poss ib i l i t y that TMG might r e a c t as a nuc l eo -

phile with e s t e r s 2, was d i scoun ted when 2, R = ZGly, was 

r e c o v e r e d by i so top ic di lut ion in 100%yield af ter 45 m i n . 

in DMSO conta ining two equ iva len t s of TMG. 
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H,0- PY 

HN.E. 

L T /NEt + RC°2 " L i u 
S ^ C PH4.5 20min t = y J < 0 H 

0-H 0 
C:0 

R' 

0 
-C\N-Et DMSO 

r j H • NH2~C0; ^ ^ R < ^ c 

0 TMG+H ™ G H * H 
UC=0 (Et4N) 
R 

Figure 3 

The general activation and coupling procedures which are 

now entertained are shown in FIG. 3. Since TMG in DMSO 

will dissolve only around half of the 20 common amino acids, 

salts were prepared in insoluble cases by lyophilizing a 

solution of the amino acid in an equivalent of aqueous te t ra-

methylammonium hydroxide. The resulting residue was 

then dissolved in DMSO containing an equivalent of TMG. 

This procedure has now been successfully applied to the 

synthesis of more than forty small peptides; all of the twenty 

amino acids have given satisfactory results as amine 

components in salt couplings, although as the data of Table 

2 indicate, considerable variation in coupling rate is 

observed. Despite the slowness of the valine-valine coupling, 

after a reaction time of 12 hours a 70-80% yield of 

Z-L-Val-L-ValOH was isolated, and assay by isotopic 
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TABLE 2. Rates of Coupling Reactions of Es te rs 2, 
DMSO, 2 5° a 

Ester , 2 

ZGly 

ZGly 

Z-L-A!a b 

Z-L-A!a b 

ZGly 

ZGly 

ZGly 

Z-L-Val 

Amine K(m min ) 

Gly" TMG* ~10 
L-Phe "TMG* 1.3 

L-AlaOEt 1. 0 

D-AlaOEt 0.6 

L-Leu"Me4N+ 0.8 

Sarc 'TMG* 0.8 

L-Pro" TMG4" 0.15 

L-Val Me.N - 0 . 1 4 

Time for 
50% reaction 
0. 2M reagents 

' • ' 0 . 5 min 

4 

5 

9 

6 

6 

30 

—50 

Rates measured by an isotopic dilution assay 
Reactions run in DMF containing 1 eq. of TMG 

dilution showed that less than 0.1% of the diastereometer 

was formed. 

The issue of racemization is crucial for the salt 

couplings. Table 3 gives results of two independent 

racemization assays, and demonstrates that provided 

reactions are run at low temperatures, racemization 

levels lie below tolerable l imits . 

The applicability of this general procedure to practical, 

convenient synthesis of peptides is at least hinted at by our 

synthesis in 50-75% overall yields of the pentapeptides 

Z(-L-Ala).OH and ZGly-L-Leu -Gly^OH; multigram quantities 

of pure samples of these substances were easily prepared 
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TABLE 3. R a c e m i z a t i o n for Couplings wi th Glycine Anion 

Act iva t ing Agent , 
Condi t ions 

2, 2 eq TMG 
1 eq Gly 

2, 1 eq TMG 
1 eq G l y O ' M e N 

B z - L - L e u 

25 DMSO 9 . 9 % 

0 DMF-DMSO 

2 5 DMSO 4 . 1 , 4 . 3 

0 DMF-DMSO 0. 25 

Z G l y - L - P h e 

1 . 0 , 0 . 3 9 , 0 . 4 1 % 

0 .027 

0. 022 

2-
2 eq GlyO Me N 

2 5 u DMSO 1.1 

0 DMF-DMSO 0. 14 0 . 0 0 6 5 , 0. 0088 

in two days t i m e . Salt couplings have been found to p r o c e e d 

smooth ly with a n u m b e r of c a r b o x y l - a c t i v a t e d g lu tamine and 

a s p a r a g i n e d e r i v a t i v e s , and c l ean p r e p a r a t i o n s in 80% yie ld 

of the cys te ine pept ides Z - L - C y s ( S B Z ) - L - C y s ( S B Z ) O H and 

Z -L-Cys (SBZ)GlyOH have been o b s e r v e d . Although r e a c t i o n s 

have not been inves t iga t ed carefu l ly a s yet , difficulty h a s 

been o b s e r v e d with coupl ings involving u n p r o t e c t e d C - t e r m i n a l 

s e r i n e , his t idine, and a r g i n i n e . The m o s t s e r i o u s l i m i t a t i o n 

so far uncove red is the suscep t ib i l i t y of the e s t e r s , 2, to 

h y d r o l y s i s , a r e s u l t which l i m i t s the useful m e d i a for sa l t 

coupl ings to d ipo la r a p r o t i c s o l v e n t s . 

Although it i s p robably too e a r l y to p r e d i c t the even tua l 

ut i l i ty of the 7 - h y d r o x y - 2 - e t h y l b e n z i s o x a z o l i u m cat ion , 
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the r e s u l t s obta ined thus far wi th it p rov ide e loquent suppor t 

for the g e n e r a l p r i nc ip l e which led to i t s deve lopment . 

Other s y s t e m s b e s i d e s i s o x a z o l i u m s a l t s can be envis ioned 

as f i r s t s tage ac t iva t ing a g e n t s , o t h e r s bes ides ca techo l s 

as second s tage t a i l o r ed act ive e s t e r s . Whatever the even

tual scope of r e a g e n t 1, it s e e m s c l e a r f r o m i t s example that 

m u c h can be done to i m p r o v e the power and de l i cacy of our 

ex i s t ing a r s e n a l of pept ide coupling r e a g e n t s . 
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SYNTHETIC STUDIES OF GRAMICIDINS AND TYROCIDINES 

Nobuo Izumiya, Tetsuo Kato, Haruhiko Aoyagi, 
Satoru Makisumi, Michinori Waki, Okitoshi Abe 
and Nobuo Mitsuyasu 

Laboratory of Biochemistry 
Faculty of Science, Kyushu University, Fukuoka, Japan 

In order to elucidate the relationship between structure and 

activity in cyclic peptide antibiotics, different analogs of grami

cidin S (GS) were synthesized and their growth inhibition activi

ties were tested against some microorganisms. Several 

interesting chemical features were evolved in the course of 

this study. 

FIG. 1 indicates a typical sequence for a cyclic decapeptide 

synthesis - - the example here is 5, 5'-Gly-GS . The pMZ-group 

was used as the a -N-protecting group in the initial peptide 

active es ter because the corresponding BOC-peptide active 

ester failed to give a satisfactory result. 

When a doubling cyclization reaction was used, the protected 

dimer was isolated in a synthesis of GS from the linear penta-
2 

peptide active ester , If the valine residue was replaced with 

glycine, then the corresponding linear pentapeptide active ester 
3 

yielded only one product, the cyclic monomer . When glycine 
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1 2 3 4 5 
Val-Orn-Le.u-D-Phe-Gly 

Synthesis of T J, 
Gly-D-Phe-Leu-Orn-Val 
5' 4' 3' 2' 1' 

pMZ-Val-Orn(Z) - NHNH, H-Leu-D-Phe-Gly-OEt 
I . t I 

Azide 

pMZ-Val-Orn(Z)-Leu-D-Phe-Gly-OEt (I) 
NH,NH, | N H 2 — 2 

(I) NaOH, H + 

pMZ-Val-Orn(Z)-Leu-D-Phe-Gly-NHNH2 

pMZ-Val-Orn(Cbz)-Leu-D-Phe-Gly-OH (H) 
I . 1 

I Azide 

pMZ-(Val-Orn(Z)-Leu-D-Phe-Gly)2 -OH 

i (N02C6H40)2S01CH3COOH, pyridine 

5,5' -Gly-GS(Z) 

I H 2 /Pd ,HCl 

5,5' -Gly-GS • 2HC1 

FIG. 1. Sequence of Reaction for 5,5'-Gly-GS Synthesis 

pMZ= CH3OC6H4CH2OCO-

Z=C6Hr>CH.,OCO-

occupied the place of D-phenylalanine, the pentapeptide active 

ester, produced the dimerized cyclodecapeptide exclusively . 

The GS pentapeptide active ester and some of its analogs were 

found to furnish a mixture of cyclic penta- and decapeptides. 

Separation was usually achieved by column chromatography 

using Sephadex LH-20 for the protected cyclopeptides and 

carboxymethyl-cellulose for the naked peptides. The semi-

form of GS was isolated for the first time by the LH-20 
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5 
procedure . The protected semi-GS is very soluble and 

difficult to crystall ize. 

A summary of results on the cyclization reaction for 

various linear pentapeptide active es ters is shown in Table 
3-9 1 . The specific activity of the cyclodecapeptides is given 

in Table 2. None of the cyclopentapeptides had antibacterial 

activity. 

Hodgkin and others have suggested an antiparallel 

(3 -pleated sheet structure for GS (FIG. 2). This conformation 

seems to agree with the results of GS analog's activity test. 

For example, replacement of the valine residues with glycine 

may disturb a possible hydrophobic interaction with bacteria 

and thereby yield an inactive product. 

Apart from analog synthesis, a preparation of retro-GS 

was achieved, also . The occurrence of retro-GS in Nature 

has not been reported, yet a molecular model of this compound 

in the p -sheet s tructure revealed the proline side chains were 

directed towards the hydrophilic ornithyl side. This may 

weaken any interaction between the cationic portion of the 

molecule and bacteria. The synthetic sequence for retro-GS 

was similar to the GS analog as shown in FIG. 1. Pure re t ro -

GS and the semi-form of the peptide were obtained in good 

yield. The retro-GS was found to be only one-tenth as active 

as GS. 
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TABLE 2 

Specify Activity of GS Analogs 

Cyclo(Val-Orn-Leu-D-Phe-Pro-) , 

Giy " 

Ala " 

Leu " 

Val-Lys 

Dbu 

Orn " Gly " 

L-Phe " 

D-Val " 

D-Leu " 

D-Phe Gly 

" Sar 

100 

0 

100 

50^100 

100 

50^100 

0 

0 

100 

100 

500 

100 

Formation of a hydantoyl derivative was found in the 

course of the synthesis of retro-GS. Saponification of the 

pMZ-pentapeptide ethyl ester , followed by chromatography 

with Sephadex LH-20, gave a mixture of the corresponding 

pentapeptide and the dicarboxylic acid of a hydantoyl deriva

tive, as shown in FIG. 3. The byproduct formation derives 

occasionally from a poor yield in the saponification of several 

pentapeptide e s t e r s . The formation of similar compounds 

12 has been reported by others. 
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L-vol L-Leu 

D-Phe 

D-Phe L-Orn 

FIG. 2. (3 -Sheet Conformation of GS 

pMZ-D--Phe-Leu-Orn(Z)-Val-Pro-OEt 

NaOH, then citric acid 

Sephadex LH-20 column 

C,H_ I 6 > 
CH-. 

NH-CH-COOH NH-Leu-Orn-Val-Pro-OH 
» 

CO. J 
"Byproduct" 

2-Isobutyl-5-l-carboxy-2-( phenyl)-

ethyl-hydantoyl-Orn(Z)-Val-Pro-OH 

36%, mp 123° 

pMZ - D-Phe- Leu- Orn(Z)- Val- P r o - OH 

28%, mp 137° 

FIG. 3. Formation of a Byproduct 
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It wi l l be noted that g r a m i c i d e n A has a s t r u c t u r e equ iva-

13 lent to a f o r m y l - p e n t a d e c a p e p t i d e e thano lamide . I n t e r e s t i ng ly , 

a bio syn the t i ca l p r e c u r s o r of GS, p o s s e s s i n g a fo rmyl d e c a -

14 pept ide e thano lamide s t r u c t u r e , was i so l a t ed r e c e n t l y . 

These f indings sugges t the poss ib i l i ty of new, l i nea r ac t ive 

ana logs . S e v e r a l such l i n e a r pentapept ide der iva t ives w e r e 

p repa red , but w e r e found to be inactive; m o r e such decapep t ide 

d e r i v a t i v e s a r e under p r e p a r a t i o n now. 

Addi t ional ly , ty roc id ine A was syn thes i zed and identif ied 

15 
with the n a t u r a l pept ide . A cycl ic peptide hydroch lo r ide 

having the supposed s t r u c t u r e of ty roc id ine E was p r e p a r e d , 

too, and a c o m p a r i s o n to the na tura l p roduc t wil l be p e r 

fo rmed soon. 

In ano ther por t ion of this s tudy, s e v e r a l r e l a t e d pept ides 

have been p r e p a r e d , containing some s m a l l e r r ing s t r u c t u r e s , 

1A 17 

such as c y c l o - d i - , hexa - and r e l a t e d hep tapep t ides with 

p laus ib le amino ac id s e q u e n c e s . In the cycl ic f r a m e w o r k the 

p r e s e n c e of ba s i c amino ac ids and D-amino ac ids appea r to 

be the c h a r a c t e r i s t i c f ea tu re of these pept ide an t ib io t i c s . 

Although a l l of t he se new compounds w e r e devoid of ac t iv i ty , 

s y n t h e s e s in this s e r i e s wil l be cont inued towards the u l t ima te 

decapep t ide s t r u c t u r e . 
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SYNTHESIS OF CYCLIC P E P T I D E ENZYME MODELS 

Roge r W. R o e s k e , A. R. Mi tche l l , Nancy M. Cladel , S. K. Gupta 

D e p a r t m e n t of B i o c h e m i s t r y 
Indiana Un ive r s i t y 
School of Medicine 

Ind ianapol i s , Indiana 

It is conce ivable that r e l a t i ve ly s m a l l cyc l ic o r b icycl ic 

pept ides could be des igned to bind s u b s t r a t e s and ca ta lyze a 

r e a c t i o n of the s u b s t r a t e , thus functioning as s m a l l e n z y m e s . 

We a r e a t t empt ing to syn thes i ze such pept ides ; this p r o g r e s s 

r e p o r t d e s c r i b e s our efforts in that d i r ec t ion . Our f i r s t a p 

p r o a c h i s to p r e p a r e compounds of the g e n e r a l s t r u c t u r e shown 

in FIG. 1, cons i s t i ng of two r e s i d u e s of p_-aminobenzoic ac id 

jo ined by pept ide b r i d g e s . When the b r idges a r e t r i p e p t i d e s , 

the cavi ty i s e l l ip t i ca l , m e a s u r i n g about 4 x 5 A, the exact 

s i ze depending on the conformat ions of the pept ide b r i d g e s . 

In an aqueous solut ion, the hydrophobic p a r t of a sub

s t r a t e should be a t t r a c t e d to the cavity of the cycl ic pep t ide , 

and amino ac id s ide cha ins in one of the b r idges would f o r m 

the ca t a ly t i c s i te of the m o d e l . This mode l b e a r s an obvious 

r e s e m b l a n c e to the c y c l o a m y l o s e s s tudied by C r a m e r and 

2 
Bender and the i r c o - w o r k e r s . 
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FIG. 1 

We have p r e p a r e d one cycl ic peptide r e l a t e d to the above 

s t r u c t u r e and have two o t h e r s comple te except for r e m o v a l of 

the p ro t ec t ing g r o u p s . Binding s tud ies have jus t begun and 

will not be d e s c r i b e d h e r e . 

In the f i r s t pept ide (FIG. 2) the b r idges a r e g l y c y l - L -

h is t idy lg lycyl and £ - a m i n o c a p r o y l g l y c y l . Pab and E a c de s ig 

nate p - a m i no benzoyl and E - a m i n o c a p r o y l , r e s p e c t i v e l y . 

The l i nea r pept ide c o r r e s p o n d i n g to the above sequence was 

p r e p a r e d by M e r r i f i e l d r s s o l i d phase me thod using 2% 

c r o s s l i n k e d p o l y s t y r e n e . t_- Butoxycarbonyl - e - a m i n o c a p r o i c 

G l y - P a b - G l y - H i s - G l y - P a b - E a c _ , 

FIG. 2 

56 



CYCLIC PEPTIDE ENZYME MODELS 

acid was a t t ached to c h l o r o m e t h y l a t e d p o l y s t y r e n e by ref luxing 

in e thanol in the p r e s e n c e of t r i e t h y l a m i n e to give a po lymer 

containing 0. 62 m i l l i m o l e s of e - a m i n o c a p r o i c ac id pe r g r a m . 

The p ro tec t ing group was r e m o v e d , a s in subsequent cyc le s , 

by t r e a t m e n t with t r i f l u o r o a c e t i c acid in me thy l ene ch lo r ide . 

The dipept ide t_-butoxycarbonyl glycyl-_p-aminobenzoic acid 

was then added as a unit because we w e r e unable to p r e p a r e 

t_ -bu toxycarbony l -p -aminobenzo ic acid convenient ly . 

Addit ion of the dipept ide as a unit m a d e i t pos s ib l e to m o n i t o r 

the coupling at th is s tage by amino acid a n a l y s i s , us ing the 

glycine content , s ince p_-aminobenzoic acid does not give a 

pos i t ive n inhydr in t e s t . The coupling of the dipept ide to the 

p o l y m e r - l i n k e d e - a m i n o - c a p r o i c acid did not p r o c e e d 

smooth ly , p e r h a p s because the r e s i n was highly subs t i tu ted . 

T e t r a h y d r o f u r a n was found to be the bes t so lvent for the 

r e a c t i o n and we w e r e finally able to acy la te 80% of the 

a m i n o c a p r o y l r e s i d a e s using a 4. 2-fold e x c e s s of the dipept ide 

of N, N ' - d i c y c l o h e x y l c a r b o d i i m i d e (he rea f t e r des igna ted DCC) 

for a pe r i od of twenty h o u r s . The r e s i n v as t r e a t e d with 

ace t i c anhydr ide to ace ty l a t e the u n r e a c t e d amino g r o u p s . 

Subsequent coupl ings a l so w e r e c a r r i e d out for twenty 

h o u r s us ing a four- fo ld e x c e s s of the p ro t ec t ed amino acid 

and of DCC. t - B u t o x y c a r b o n y l - i m i n o - b e n z y l - L - h i s t i d i n e 

was coupled in d i m e t h y l f o r m a m i d e , t_-butoxycarbonyl gly

cine in me thy lene ch lo r ide and the final t_-butoxycarbonyl 
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glycyl-p_-aminobenzoic acid in tetrahydrofuran. The com

pleted heptapeptide was cleaved from the resin by treatment 

with anhydrous hydrogen bromide in trifluoroacetic acid for 

thirty minutes. Amino acid analysis of the residue (Gly: 

BzHis: Eac:3. 3:1. 0:1.4) reflected the incomplete coupling 

at the first stage and subsequent acetylation of the unreacted 

aminocaproic residues. The crude peptide was purified 

by column chromatography over Sephadex LH-20 in methanol. 

The peptide dihydrobromide thus obtained gave satisfactory 

amino acid and nitrogen analyses and weighed 0. 56 g. , 

representing a 30% conversion of polymer-linked e -amino

caproic acid to peptide. 

Prel iminary attempts to cyclize the heptapeptide using 

Woodward's reagent K in dimethylformamide or DCC in 

pyridine were unsuccessful. The reactions, monitored by 

thin layer chromatography, showed considerable unreacted 

starting mater ia l after several days. The use of a ten-fold 

excess of DCC in a millimolar solution of the peptide in 

80% methanol-water as described by Wieland and Ohly 

proved satisfactory. After purification on a Sephadex LH-20 

column, the cyclic peptide crystallized in 28% yield. Removal 

of the imino-benzyl group from histidine by treatment with 

sodium in liquid ammonia for thirty seconds resulted in the 

complete destruction of this compound and the formation of 

about one equivalent of glycine. The cleavage of an N-terminal 
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p_-aminobenzyl g roup f r o m lys ine v a s o p r e s s i n by sod ium in 
4 

l iquid a m m o n i a has been noted r e c e n t l y . F o r t u n a t e l y the 

i m i n o - b e n z y l group could be r e m u v e d comple te ly in s i x t y - s i x 

h o u r s by ca ta ly t i c hydrogeno lys i s using 5% P d / C . The 

deblocked cycl ic pept ide ( F I G . 2) was obtained in 80% yield 

af ter c h r o m a t o g r a p h y on ce l l u lo se . After long s tanding in an 

ace t i c a c i d - w a t e r solut ion, the pept ide gave c r y s t a l s which, 

on the ba s i s of unit ce l l and dens i ty d e t e r m i n a t i o n s , had a 

m o l e c u l a r weight of about 600. Both the cyc l ic pept ide and 

the p r o t e c t e d p r e c u r s o r decompose in the m a s s s p e c t r o m e t e r 

before a p a r e n t m / e peak can be obtained. Both have s a t i s 

fac tory carbon , hydrogen and n i t rogen a n a l y s e s , a s s a m i n g 

one m o l e of m e t h a n o l c r y s t a l l i z e s with the p r o t e c t e d pept ide 

and one mole of wa te r with the final p roduc t . 

The solubi l i ty of the cycl ic heptapept ide was d e t e r m i n e d 

by m e a s u r i n g i t s u l t r av io l e t ab so rp t i on us ing g l y c y l - p - a m i n o -

benzoyl glycine a s a r e f e r e n c e compound. In 0. 01 M p h o s 

phate buffer at pH 7. 19, i t s solubi l i ty is only about 1 m g . / 

l i t e r (1. 6 x 10 M solut ion) , which wil l l imi t i ts use fu lness 

as an e n z y m e mode l . 

The syn thes i s of the second cyc l ic pept ide is out l ined in 

FIG. 3. All of the coupling s teps were c a r r i e d out with 

1 -e thy l -3 (3 -d ime thy laminopropyI ) ca rbod i imide hyd roch lo r ide 

(EDC) and the deblocking s teps with t r i f l uo roace t i c ac id . The 

N - p r o t e c t e d pept ides w e r e a l l c r y s t a l l i n e . 
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H-Pab-Gly-OMe 

EDC " N . EDC 
4r ^ Bz 

BOC-Gly-Pab-Gly-OMe BOC-His-Pab-Gly-OMe 

Cbz * Bz B z | 
BOC-Lys-Gly-Pab-Gly-OMe BOC-Ser-His-Pab-Gly-OMe 

Cbz vl Bz Bz * 
BOC-Lys-Gly-Pab-Gly-OH H-Ser-His-Pab-Gly-OMe 

i 
Cbz Bz Bz 

BOC-Lys-Gly-Pab-Gly-Ser-His-Pab-Gly-OMe 
| 1 ) OH" 2) TFA 

Cbz B<r Bz 
H-Lys-Gly-Pab-Gly-Ser-His-Pab-Gly-OH 

iEIC 

r 
Cbz Bz Bz 
Lys-Gly-Pab-Gly-Ser-His-Pab-Gly-

1 2 3 4 5 6 7 8 

FIG. 3 

Since pept ides containing p_-aminobenzoic acid r e s i d u e s 
5 

a r e quite sens i t ive to aqueous base , the a lka l ine h y d r o l y s i s 

of the me thy l e s t e r s of s equences 1-4 and 1-8 had to be c a r r i e d 

out as gently as pos s ib l e . Cyc l iza t ion of the oc tapept ide took 

p lace in py r id ine , us ing a 15-fold e x c e s s of EDC. The p r o 

duct was pur i f ied by ion -exchange c h r o m a t o g r a p h y on A m b e r -

l i te OG-400 and by p r e p a r a t i v e thin l aye r c h r o m a t o g r a p h y on 

s i l i ca gel , and obta ined a s a white powder . The C, H, N and 
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O a n a l y s e s ind ica te four m o l e s of w a t e r of c r y s t a l l i z a t i o n . 

Molecu l a r weight d e t e r m i n a t i o n s by o s m o m e t r y gave va lues 

of 1020 and 1035 (ca lcu la ted , 1148). We a r e now engaged in 

p r e p a r i n g m o r e of this compound and in t ry ing to r e m o v e 

the p ro t ec t i ng g r o u p s . 

The th i rd pep t ide , now under p r e p a r a t i o n , conta ins two 

r e s i d u e s of c i s - 4 - a m i n o c y c l o h e x a n e c a r b o x y l i c acid(Acc) in 

p lace of the two p -aminobenzo ic ac id r e s i d u e s of the gene ra l 

s t r u c t u r e shown in FIG. 1. The b r idges a r e t r ig lycy l and 

h i s t i d y l s e r y l l y s y l . The syn thes i s is out l ined in FIG. 4 . 

C i s - 4 - a m i n o c y c l o h e x a n e c a r b o x y l i c acid was p r e p a r e d 

by hydrogena t ion of p_-aminobenzoic acid in the p r e s e n c e of 

Tos 
H-Lys-Acc-OBz 

Bz Tos •* 
BOC-Gly-Gly-Gly-OH H-Acc-OBz Form-Ser>-Lys-Acc-OBz 

J, Bz Bz Tos 4^ 
BOC-Gly-Gly-Gly-Acc-OBz BOC-His-Ser^Lys-Acc-OBz 

4, Bz Bz Tos 4-
BOC-Gly-Gly-Gly-Aco-OH H-His-Ser>Lys-Acc-OBz 

1 Bz Bz Tos 
BOC-Gly-Gly-Gly-Acc-His-Ser--Lys-Acc-OBz 

•*• Bz Tos 
H-Gly-Gly-Gly-Acc-His-Ser-Lys-Acc-OH 

* Bz Tos 

r- Gly-Gly-Gly-Acc-His-Ser^Lys-Acc - i 

1 2 3 4 5 6 7 8 

HG. 4 
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5% r u t h e n i u m on c h a r c o a l . I ts benzyl e s t e r f o r m e d the 

C - t e r m i n a l end of both s equences 1-4 and 5-8 . The coupling 

of t_- bu toxvca rbony l - t r i g lyc ine with Ace benzyl e s t e r by 

EDC gave the c r y s t a l l i n e t e t r apep t ide benzyl e s t e r which was 

hydrogena ted to the ac id . Sequence 5-8 was buil t up one 

r e s i d u e at a t i m e , using the n i t ropheny l e s t e r m e t h o d for 

addi t ion of l y s ine , DCC and two eqa iva len t s of N - h y d r o x y s u c -

c in imide for the N - f o r m y l - O - b e n z y l - L - s e r i n e , and EDC for 

h i s t i d ine . Anhydrous HC1 in ethyl ace t a t e was used to deblock 

sequences 7-8 and 5-8. Comple te r e m o v a l of the N - f o r m y l 

group f rom sequences 6-8 by r e a c t i o n with anhydrous NCI 

in benzyl a lcohol r e q u i r e d five days at r o o m t e m p e r a t u r e , 

but the hyd roch lo r ide was obtained in 80% y ie ld . Sequences 

1-4 and 5-8 w e r e coupled by EDC in me thy lene c h l o r i d e . 

After p r e p a r a t i v e t h i n - l a y e r c h r o m a t o g r a p h y , the yield of 

pu re product was 66%. S imul taneous r e m o v a l of p ro t ec t i ng 

groups f r o m r e s i d u e s 1, 6 and 8 was a c c o m p l i s h e d by t r e a t 

m e n t with anhydrous HBr in t r i f l uo roace t i c ac id for 1 l / 2 

h o u r s . The d ihyd rob romide was not c r y s t a l l i n e but had a 

s a t i s f a c t o r y C, H and N a n a l y s i s . Cyc l iza t ion was f i r s t 

a t t emp ted with DCC which gave s e v e r a l p r o d u c t s , and then 

by the mixed anhydr ide me thod d e s c r i b e d by Wieland, F a e s e l 

and F a u l s t i c h . After c h r o m a t o g r a p h y on ce l l u lo se , the 

pept ide was obta ined as a powder and had a s a t i s f a c t o r y 

amino acid a n a l y s i s . The e l e m e n t a l a n a l y s i s ind ica ted four 
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m o l e s of bound me thano l af ter dry ing at 120 for one minu te . 

This is no tewor thy because the p rev ious cycl ic pept ide held 

four m o l e s of w a t e r v e r y t ightly. We a r e p r e s e n t l y studying 

the binding p r o p e r t i e s of this peptide and a r e working on the 

r e m o v a l of the p ro tec t ing g r o u p s . 
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SOLID PHASE SYNTHESIS OF VALINOMYCIN1 , 2 

B. R, Gis in and R. B. M e r r i f i e l d 

The Rockefe l l e r Un ive r s i ty 
New York, New York 

3 
In 1955 B r o c k m a n n in Gott ingen i so l a t ed an ant ib io t ic 

f r o m S t r e p t o m y c i n e s fu lv i s s imus which w a s , unlike o ther 

an t ib io t i c s , inso luble in w a t e r but v e r y wel l soluble in o rgan i c 

so l ve n t s . It was named va l inomycin because the only amino 

acid found in the compound was va l ine . Based on data obtained 

f r o m h y d r o l y s e s and de te rmina t ion of the m o l e c u l a r weight, 
4 

B r o c k m a n n p roposed va l inomycin to be a c y c l o - o c t a d e p s i -
5 

pept ide . In 1963 this f o r m u l a was c o r r e c t e d af ter Shemyakin 

and c o w o r k e r s in Moscow syn thes ized f i r s t the o c t a - , then 

the d o d e c a - d e p s i p e p t i d e that had the sa.me acid compos i t ion 

and s e q u e n c e . The l a t t e r (FIG. 1) proved to be ident ica l with 

the n a t u r a l p roduc t . 

Va l inomycin is a typica l r e p r e s e n t a t i v e of the cyclo 

deps ipep t ides . Deps ipep t ides a r e compounds that cons i s t 

of r e s i d u e s of amino ac ids and hydroxy ac ids jo ined by amide 

and e s t e r bonds . They do not n e c e s s a r i l y have to be cycl ic 

but m o s t of the na tu ra l ly o c c u r r i n g ones a r e . As a r u l e , 
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H3c /CH3 CH3 

C H 3 ^ NH-CH-C-0 / /y° CH3 

^C L D c v L. 
,CH » " m / C H - C H 3 

H3C 0 ^ / ° L
 DCH 0 

CH , u L \ 
H3 f / ^CH D 0^ 

L LCH-CH3 NH 
I I 

0 = C C = ° 
" ^ H - t H D NH 

1 \ 1 ru ' 3 

CH3 0 L , C H ~CH 

H3C CH \ N H CH 

CH 3 J cbH CH3 

3 0 /CH^ 
CH3 CH3 

pL-Vol-D-Hyu-D-Vol-L-Loc :L-Val-D-Hyv-D-Val-L-Loc :L-VQl-D-Hyv-D-Val-L-LQC-| 

FIG. 1 

Va l inomycin 

Val inomycin c o n s i s t s of the r e s i d u e s of L - l a c t i c ac id , 

which is the hyd roxy-ana log of L - a l a n i n e ; of D-va l ine ; of 

D - a - h y d r o x y i s o v a l e r i c ac id , which is the h y d r o x y - a n a l o g of 

D-va l ine and of L - v a l i n e . This sequence of four r e s i d u e s is 

r e p e a t e d t h r e e t i m e s in the 3 6 - m e m b e r e d r i n g . In the 
4 

s t r u c t u r e in i t i a l ly p r o p o s e d by B r o c k m a n n one of these 

t e t r a d e p s i p e p t i d e uni t s was m i s s i n g . 

these compounds a r e built up in a way that amide bonds a l t e r 

nate with e s t e r bonds as in the case in va l inomycin . 

In r e c e n t y e a r s va l inomycin has a t t r a c t e d the a t ten t ion of 

s e v e r a l g roups of i n v e s t i g a t o r s not only for i t s an t ib io t ic but 
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for other rather unusual propert ies. It causes uncoupling of 

7 8 oxidative phosphorylation in isolated mitochondria ' , it makes 

natural ' and artificial lipid membranes selectively 

permeable to potassium ions and it is even able to form a 

complex with potassium ions, but essentially not at all with 

14 15 sodium ions ' . When the hydrophobic side chains of the 

macrocycle are turned outwards and the hydrophilic atoms are 

turned towards the center, the potassium ion may be accomo

dated within the hole that forms. The molecule therefore 

could act as a ca r r ie r , enabling the cation to overcome the 

barr ier to small charged particles which lipid membranes 

exhibit. 

A rapid way to prepare analogs of this interesting com

pound for use in structure-activity studies was required. 

For that purpose, a method involving the principles of solid 
17 18 phase peptide synthesis ' was adapted to the synthesis of 

valinomycin. 

The solid phase method was first used to make a disi-

19 peptide by Semkin, Smirnova and Shchukina in Moscow, 

who prepared an angiotensin analog containing one hydroxy 

acid. They have also synthesized a tetradepsipeptide containing 

20 three a -hydroxy acids . In each instance the ester bond 

was formed in pyridine by activation with benzene sulfonyl 

chloride and with a reaction time of one or two days. The 

formation of ester bonds requires much stronger activation 

67 



B. R. GISIN AND R. B. MERRIFIELD 

than for peptide bonds and is therefore far less satisfactory. 

The highly regular and repetitive structure of valinomycin 

suggested a different strategy for its synthesis on the resin. 

Instead of coupling the residues stepwise in 11 alternating 

amide- and es te r - forming steps to a resin-bound residue 

the task was reduced to five peptide bond-forming steps by 

pre-forming all ester bonds in solution. Therefore dipepsi-

peptides with an amino end and a carboxyl end were used 

in the stepwise synthesis. 

R O R' 
i <; i 

Amino acids of the type H2N-CH-C-O-CH-COOH could 

be substituted for a -amino acids in the standard procedure 

18 of solid phase peptide synthesis . In contrast to dipeptides, 

the carboxyl could be activated without the likelihood of 

racemization via an oxazolone intermediate. 

FIG. 2 shows how the fragments of valinomycin were 

prepared. D-valine was butyloxycarbonylated with Boc-azide 
21 at constant pH according to Schnabel . Lactic acid was 

protected by converting it into its benzyl es ter . The free 

hydroxyl was then acylated with the Boc-valyl-residue by 

means of carbonyl diimidazole. With a 30% excess of acid 

and coupling agent the yield of protected didepsipeptide was 

over 9 5%. It was then debenzylated to give the crystalline 

Boc-D-valyl-L-lactic acid. The other fragment (Boc-L-

valyl-D-a -hydroxyisovaleric acid) was prepared by exactly 
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H-D-Val-OH 

BOC-N /pH 9 .5J 

Boc-D-Val-OH 

H-L-Lac-OH 

1 HO-Bzl/HCl 

H-L-Lac-O-Bzl 

CDI/CH2C12 

(95-100%) 

Boc-D-Val -L-Lac-O-Bzl 

H 2 /Pd 

(70-80%) 

by the same 
method was 
obtained: 

Boc-D-Val-L-Lac-OH (-A-) 

Boc-L-Val-D-Hyv-OH (-B-) 

FIG. 2 

Synthesis of fragments of valinomycin. 

the s a m e me thod . To m a k e e s t e r bonds in d ips ipep t ides the 

22-24 benzenesul fonyl ch lor ide method is f requent ly u sed 

However , for the p r e p a r a t i o n of these two compounds it 

p roved to be u n s a t i s f a c t o r y , giving y ie lds of l e s s than 25%. 

Now, having r e a d y the two f r a g m e n t s f r o m which valinor 

myc in could be buil t up, t he r e was s t i l l one dec i s ion left to 
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be made: Which one to s tar t with at the carboxyl end. In 

either case we would have ended up with the bulky valine at the 

amino end of the straight chain. But beginning with fragment 

A, we could expect less steric interactions in the ultimate 

cyclization step; for the side chain of lactic acid is only a 

methyl group and the side chain of a -hydroxy-isovaleric 

acid is an isopropyl group. Accordingly, D-valyl-L-lactate 

was chosen as the C-terminal fragment. 

After the didepsipeptide resin was prepared it was t rans

ferred to an instrument for the automated synthesis of pep-
25 tides developed by Merrifield, Stewart and Jernberg . The 

machine was programmed and equipped to perform automatic

ally all of the steps involved in the remainder of the synthesis. 

Dicyclohexylcarbodiimide was used as coupling agent. The 

excess of acylating agent was 2-fold and the coupling was 

allowed to proceed for four hours at room temperature. The 

cycle was repeated five times to give the protected linear 

dodecadepsipeptide with the sequence of valinomycin. The 

peptide was then cleaved from the resin with hydrogen bro

mide in trifluoroacetic acid, a procedure which specifically 

cleaves benzyl e s te r s . It also removed the Boc-group, but 

did not damage the ester bonds within the chain. The crude 

product had already a remarkable purity and was once p re 

cipitated in water from acetic acid. After this one purifica

tion step the linear depsipeptide was homogeneous by thin 
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layer chormatography in three different systems, each of 

which could separate lower homologs of the se r ies . 

After each coupling step a sample of the peptide resin 

was cleaved, and the liberated depsipeptides were subjected 

to thin layer chromatography. FIG. 3 shows schematically the 

result of this analysis. The peptides showed distinct Rf-

values and were practically homogeneous. We conclude 

that in each step coupling had taken place essentially quantita

tively since there were no lower nomologs found in the chroma

tograms. Only the tetradepsipeptide was contaminated by 

approximately 5% of D-valyl-L-lactic acid. 

HBrH-D-Val-L-Lac-OH (-A-) -

HBrH-L-Val-D-Hyv-OH (-B-) 

HBrH-B-A-OH -

HBrH-A-B-A-OH 

HBrH-B-A-B-A-OH 

HBrH-A-B-A-B-A-OH 

HBr-H-B-A-B-A-B-A-OH 

[-B-A-B-A-B-A-i 

(Valinomycin) 

Si licage I 
7 0 % propanol 

0.5 0.6 0.7 0,8 

Rf 
0 9 

FIG. 3 

The cyclized product, has, as one would expect, in all 

systems used, a much higher Rf-value than the linear inter

mediates. It did not contain any ninhydrin-positive material 

and therefore was free of possible linear contaminants. 
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In the first synthesis of valinomycin Shemyakin and 

coworkers converted the linear dodecadepsipeptide with 

C-terminal hydroxyisovaleric acid to the acid chloride with 

thionyl chloride. They cyclized at high dilution under basic 

conditions to yield 10% of the macrocycle. In the present 

experiments the same method was used but the linear peptide 

had lactic acid at the carboxyl end, therefore forming a 

lactyl-valine-bond instead of the more hindered hydroxy-

isovaleryl-valine-bond. Cyclization by this scheme resulted 

in a 51% yield of pure, crystalline valinomycin. Some 

analytical data on the synthetic and natural antibiotic a re 

summarized in Table 1. 

On the basis of these data we conclude that the synthetic 

material was pure and was identical with natural valinomycin. 

Based on the amount of didepsipeptide initially present on the 

resin the yields were 64% for the linear dodecadepsipeptide 

and 51% for the cyclization step, which gives an overall yield 

of about 33%. Thus, working on a one gram scale of res in 

about 250 mg of pure valinomycin could be obtained. 

The product was subjected to a qualitative test of its 
26 influence on the electrochemical propert ies of a lipid bilayer 

(FIG. 4). A lipid membrane was formed over a small hole of 

about one mill imeter in diameter in a plastic partition sepa

rating two chambers with identical aqueous solutions of potas

sium chloride. The only way of exchange of electr ical charges 

72 



T
A
B
L
E
 
1
 

N
a
t
u
r
a
l
 

S
y
n
t
h
e
t
i
c
 

R
e
p
o
r
t
e
d
 b
y 

R
e
p
o
r
t
e
d
 
by
 

~
r
o
c
k
m
a
n
n
~
 
S
a
m
p
l
e
 (
a
)
 

S
a
m
p
l
e
 (
b
)
 

s
h
e
m
y
a
k
i
n
6
 

C
r
y
s
t
a
l
 s
h
a
p
e
,
 f
r
o
m
 B
u
2
0
 

P
r
i
s
m
s
 

P
r
i
s
m
s
 

P
r
i
s
m
s
 

I
n
f
r
a
 r
e
d
 

I
d
e
n
t
i
c
a
l
 s
p
e
c
t
r
a
 

0.
k.
 

I S
pe
c.
 
ro
t.
 
i
n
 b
e
n
z
e
n
e
 

1 
+3
1.
0 

I 
1 

+3
1.
8 

1 
+3
2.
8 

I M
e
l
t
i
n
g
 
p
o
i
n
t
 

I M
i
x
e
d
 
m
e
l
t
i
n
g
 
p
o
i
n
t
 

d
e
p
r
e
s
s
i
o
n
 w
i
t
h
 
na
t.
 
s
a
m
p
l
e
 

N
o
n
e
 

I No
n
e
 

I 
I 

E
l
e
m
e
n
t
a
l
 a
n
a
l
y
s
i
s
 

0.
k.
 

0.
k.
 

V
a
l
i
n
e
 
c
o
n
t
e
n
t
,
 c
a
l
c
u
l
a
t
e
d
,
 
5.
90
 
mm
ol
e/
g 

5.
89
 

O
p
e
n
 
c
h
a
i
n
 

6
4
%
 (
c
)
 

Y
i
e
l
d
s
 

C
y
c
l
i
z
a
t
i
o
n
 

5
1
%
 

1
0
9
 

O
v
e
r
a
l
l
 

3
3
%
 

(
a
)
 T
h
r
o
u
g
h
 D
r.
 
M.
 
T
i
e
f
f
e
n
b
e
r
g
,
 
D
u
k
e
 
U
n
i
v
e
r
s
i
t
v
.
 
(
b
)
 P
r
e
s
e
n
t
 w
or
k.
 
(
c
)
 B
a
s
e
d
 
o
n
 

B
O
C
-
d
i
d
e
p
s
i
p
e
p
t
i
d
e
 r
e
s
i
n
 a
s
 
s
t
a
r
t
i
n
g
 m
a
t
e
r
i
a
l
.
 



B. R. GISIN AND R. B . MERRIFIELD 

E 
u 
£ 8 
.c o 

o 6 

r^h 

0 0 
KCI, I 0 " 4 M 

Volinomycin KCI 

( I 0 " 6 M ) 

4 1 r 
NaCl KCI 

Time 

FIG. 4 
Cation selectivity of synthetic valinomycin 

between the two chambers was through the membrane. Two 

electrodes were connected with an instrument to regis ter 

changes in the resistance of the membrane. Lipid membranes 

of this kind - they are only about 70 Angstrom thick - have a 
o 

very high electr ical resistance of approximately 10 

2 10 ohm-cm 

When valinomycin was added to the left chamber, the 

resistance fell about 10*000 fold. Addition of more potassium 

chloride to the left chamber resulted in a further drop of 

res is tance. When the same amount of sodium chloride was 

added there was no change. But another batch of potassium 

chloride again lowered the res is tance. These findings 

clearly demonstrate the ability to make membranes 

selectively permeable to potassium ions which is character

istic for valinomycin . 
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SOLID PHASE SYNTHESIS OF VALINOMYCIN 

We have described a new way to synthesize dipsipep-

tides based on the principles of solid phase peptide synthesis. 

The value of the method was il lustrated by the successful 

synthesis of valinomycin. This approach is expected to be 

useful for the synthesis of analogs of this interesting bio

logically active dipsipeptide. 
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SOLID PHASE SYNTHESIS OF A POLYPEPTIDE SEQUENCE 

FROM STAPHYLOCOCCAL NUCLEASE 

David A. Ontjes and Christian B. Anfinsen 

Laboratory of Chemical Biology, National Institute of 
Arthri t is and Metabolic Diseases, National Institutes of Health 

Bethesda, Maryland 

The extracellular nuclease of Staphylococcus aureus is an 

enzyme particularly well suited for investigations of s t ructure-

activity relationships. Among its favorable character is t ics 

are its ease of purification, its small size, and its ability to 

resume native conformation after denaturation by a variety of 

adverse environments. The enzyme is a phosphodiesterase 

which produces 3'-nucleotides from both RNA and DNA. 

Current knowledge of the structural basis for its catalytic 

activity has recently been summarized. 

In the presence of calcium ions and a substrate analog, 

3 ' , 5'-deoxythymidine diphosphate, nuclease becomes re la

tively res is tant to proteolysis by trypsin, being cleaved into 

only three peptide fragments (Figure 1). The two largest 

fragments, fragment P ? (residues 6 through 49) and Frag

ment P , (residues 50 through 149) have no significant 

acitivity alone, but will associate in a 1 to 1 ratio at neutral 
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POLYPEPTIDE SEQUENCE 

pH to give n u c l e a s e - T , a s p e c i e s with a p p r o x i m a t e l y 8% of 

2 3 
the ac t iv i ty of na t ive n u c l e a s e . ' Though l e s s s t ab le to 

d e n a t u r a n t s than n u c l e a s e , n u c l e a s e - T h a s iden t i ca l s u b 

s t r a t e spec i f i c i ty , pH and m e t a l ion r e q u i r e m e n t s . P r e 

s u m a b l y the ca t a ly t i c s i t e s of both s p e c i e s a r e qui te s i m i l a r . 

The o r g a n i c s y n t h e s i s of one o r both of the two polypept ides 

cons t i tu t ing n u c l e a s e - T would p rov ide va luable ins igh t s 

into the spec i f ic a s s o c i a t i o n s of the pept ide cha ins a s wel l 

a s the c h e m i s t r y of the ca ta ly t i c s i t e . 

With this a s in t roduc t ion , I would l ike to d i s c u s s our 

e x p e r i e n c e in the so l id phase syn thes i s of f r a g m e n t P ? of 

n u c l e a s e T. This 43 - r e s idue polypept ide i s r a t h e r bas i c 

in c h a r a c t e r and con ta ins a l l of the c o m m o n amino ac ids 

e x c e p t c y s t e i n e , s e r i n e and t ryp tophan . The o v e r a l l s c h e m e 

of syn thes i s , as wel l a s the blocking g roups m o s t r e c e n t l y 

employed , a r e shown in F i g u r e 2. Since the ca rboxy l t e r 

m i n a l lys ine r e s i d u e of na t ive P ? m a y be e n z y m a t i c a l l y 

r e m o v e d without l o s s of ac t iv i ty , the syn the t i c pept ide was 

begun at p ro l ine r e s i d u e 47 

The s y n t h e s i s of the blocked pept ide chain was c a r r i e d 

4 
out u s ing the p r i n c i p l e s developed by Mer r i f i e l d . t B o c -

p r o l i n e was e s t e r i f i e d to the c h l o r o m e t h y l a t e d po lymer to 

y ie ld be tween 0. 25 and 0. 30 m M o l e s of p r o l i n e per g r a m of 

r e s i n . The Boc group was u s e d exc lus ive ly a s t h e « - a m i n o 

blocking g roup and was r e m o v e d by 4 N HCl in pur i f ied 
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POLYPEPTIDE SEQUENCE 

dioxane. The resulting hydrochloride salt was converted to 

a free base with 10% triethylamine in chloroform. Coupling, 

using a 3-fold excess of the monomer, was generally per

formed in methylene chloride with DCC as the coupling 

agent. Glutamine and asparagine were coupled in dimethyl

formamide as the .p-nitrophenyl e s t e r s . All reactions and 

rinsing operations were carr ied out in a shaking vessel of 

the type described by Merrifield, but, unfortunately for 

those involved, without the aid of automation. 

Cleavage of the peptide from the resin was accomplished 

by st i rr ing the peptidyl resin in anhydrous liquid HF at 0°C 

5 6 for I hour, using anisole as a scavenger. ' In a typical 

cleavage procedure 400 mg of peptidyl resin was exposed 

to 5 ml of HF and 0. 5 ml of anisole in a closed Teflon dis-

5 filiation apparatus similar to that described by Sakakibara. 

After removal of HF in vacuo, remaining anisole was 

removed by rinsing the peptide-resin mixture with ethyl 

acetate. The partially deblocked peptide was then extracted 

from the mixture with glacial acetic acid and obtained as a 

white powder after lyophilization. 

For a peptide such as ours , cleavage by HF is preferable 

to cleavage by the more widely used combination of HBr and 

trifluoroacetic acid. The ability of HF to remove the NO? 

blocking group of arginine is an obvious advantage in any 

sulfur containing peptide. In addition, we believe that the 
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HF procedure leads to fewer side reactions and is more 

compatible with the integrity of most large polypeptides 

and proteins. Native nuclease, for example, may be 

treated with HF for 2 h r s . at 0 without significant loss of 

activity. Recovery of such easily destroyed residues as 

threonine, tyrosine and methionine after HF cleavage has 

generally been satisfactory, and yields of crude peptide, 

based on the amino acid content of the starting amino-acyl 

res in have run from 50 to 80%. 

After HF cleavage, thee-TFA blocking groups were 

removed by dissolving the peptide in 1 M aqueous piperidine 

(pH 12) for 1 hour at 0 C. The solution was lyophilized, and 

the crude deblocked peptide, still containing t races of 

piperidine, was ready for preliminary purification, using 

either Sephadex G-25 or phosphorylated cellulose. 

I should now like to discuss in more detail our present 

selection of side chain blocking groups, particularly for 

the E-amino group of lysine and the imidazole moiety of 

histidine. 

In the case of lysine, thee-CBZ group has been com

monly used in conjunction with thect-Boc group. For quanti

tative removal of the Boc group in solid phase synthesis, 

strong acids such as HC1 in dioxane, HC1 in acetic acid, 

or anhydrous trifluoroacetic acid are required. The e-CBZ 

group is only relatively resis tant to these acids, as shown 
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in Table 1. After 24 h r s . in 4 N HC1 in d ioxane , for e x a m p l e , 

20% of the e -b lock ing g roups of ot-Boc-e - C B Z - l y s i n e have 

been r e m o v e d . This u n d e s i r a b l e r e m o v a l a l so o c c u r s when 

a - B o c - e - C B Z - l y s i n e i s e s t e r i f i e d to the u s u a l sol id phase 

suppor t . C leavage by a m m o n o l y s i s a f te r 24 h r s . of t r e a t 

m e n t wi th 4 N HC1 in dioxane y ie lded a p roduc t which was 

a roughly equal m i x t u r e of e - C B Z - l y s i n e amide and lys ine 

a m i d e . Ev idence for the f o r m a t i o n of s t ab le E-pept idyl s ide 

cha ins unde r s i m i l a r deblocking condi t ions in sol id phase 
7 

s y n t h e s i s has been publ i shed by Yaron and S c h l o s s m a n . 

It i s pos s ib l e that a subs t i tu t ed d e r i v a t i v e of the CBZ group 

m a y p o s s e s s g r e a t e r ac id s tab i l i ty and yet be r e m o v a b l e 

by H F . 

Being convinced of the p e r i l s of us ing the CBZ group 

in the s o l i d - p h a s e syn thes i s of a l a r g e po lypept ide , we have 

e l ec t ed to use the e -TFA group in s t ead . T h e e - T F A d e r i v a 

tive of lys ine shows adequa te acid s tab i l i ty (Table 1) and m a y 

be coupled eff iciently in sol id phase s y n t h e s i s . Hepta-e-TFA-

lys ine was syn thes i zed by the sol id phase p r o c e d u r e . After 

deb locking , the p roduc t was f r ac t iona ted by Dr . H. A. Sober 

on a c a r b o x y m e t h y l c e l l u l o s e co lumn, us ing a l i th ium ch lo r ide 
g 

c o n c e n t r a t i o n g rad i en t . 82% of the c rude p roduce was t r ue 

h e p t a l y s i n e , wi th h e x a - and pen ta lys ine account ing for m o s t 

of the b a l a n c e . Spec ies of g r e a t e r than seven r e s i d u e s con

s t i tu t ed l e s s than 2% of the to ta l , ind ica t ing that s ide cha in 
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POLYPEPTIDE SEQUENCE 

formation was minimal. F rom these data, coupling efficiency 

may be calculated to have been 92. 2% per step. 

The e-TFA group may be removed under relatively mild 

basic conditions if aqueous piperidine is used. In many 

small peptides we have found deblocking to proceed quantita

tively. With larger polypeptides and proteins, quantitative 

removal may be more difficult to achieve. Dr. Hiroshi 

Taniuchi has trifluoroacetylated native nuclease with recovery 

of 80% activity after deblocking. The recovered product, 

however, shows evidence of heterogeneity on an ion exchange 
9 

column of phosphocellulose. It is likely, therefore, that 

removal does not proceed quantitatively. In the piperidine 

deblocking of synthetic fragment P ? , there is also evidence 

that intact TFA groups may remain. Elemental analysis of 

the desalted, partially purified, deblocked product usually 

gives a fluorine content corresponding to 0. 5 to 1. 5 TFA 

groups per molecule of peptide. Thus, 80 to 95% TFA r e 

moval has been achieved. If conditions for more nearly 

quantitative removal can be developed, the e-TFA group 

should prove very useful in the synthesis of large polypeptides. 

The choice of a suitable blocking group for the imidazole 

function of histidine also becomes more difficult as the size 

of the desired peptide increases . We found thata-Boc-his t i 

dine, unprotected on the imidazole ring, gave unacceptably 

low coupling yields in solid phase synthesis, even when a 
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5-fold excess of the monomer was used, a -Boc- im-Bzl -

histidine could be coupled efficiently, but the removal of 

the im-Bzl group in sodium liquid ammonia could not be 

carr ied out without simultaneous cleavage of one or more 

of the 4 proline bonds in the peptide. With the use of an 

apparatus developed by Merrifield and Marglin for Na/ 

liquid NH, cleavage, the im-Bzl peptide P , was titrated 

to blue color end points lasting from 15 sec. to 45 sec. 

The deblocked product was then submitted to dansyl end 

group analysis, according to the method of Gray and 

Hartley. In addition to the expected bis-dansyl-lysine, 

dansyl-proline was always detected. Amino acid analysis 

after Na/l iquid NH- showed lower yields of threonine and 

methionine. 

We have had better results with the im-CBZ group. 

d-Boc-im-CBZ-histidine may be easily synthesized from 

a-Boc-histidine and carbobenzoxy chloride. In our hands 

the product has been an unstable oil, containing a minor 

impurity upon thin layer chromatography. The freshly 

synthesized product has been coupled to the deblocked 

peptidyl resin at once, using a four to five fold excess in 

methylene chloride, with DCC as a catalyst. Coupling 

efficiency in small test peptides has been 90% or better. 

The im-CBZ group is quantitatively removed by anhydrous 

HF. 
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Our e x p e r i e n c e with ano the r potent ia l ly useful i m i d a -

12 
zole blocking g roup , the i m - d i n i t r o p h e n o l ( im-DNP) group 

i s qui te l i m i t e d . However , p r e l i m i n a r y e x p e r i m e n t s ind i 

ca te that a - B o c - i m - D N P - h i s t i d i n e m a y be coupled with 

g r e a t e r than 80% eff iciency, that the i m - D N P group is s tab le 

to a l l of the condi t ions u s e d in sol id phase s y n t h e s i s , and 

that r e m o v a l p r o c e e d s quan t i t a t ive ly upon t r e a t m e n t of the 

pept ide with aqueous m e r c a p t o e t h a n o l a t pH 8. 

Having c o n s i d e r e d some of the blocking group p r o b l e m s 

p e c u l i a r to the sol id phase syn thes i s of long po lypep t ides , I 

should l ike to r e t u r n to the o v e r a l l c h e m i c a l and biological 

•esul ts of our effor ts to syn the s i ze f r a g m e n t P ? . Most of 

die da ta I sha l l give p e r t a i n s to a p roduc t which has been 

f r a c t i ona t e d on Sephadex G-25 . With the in i t i a l p a s s a g e of 

the c r u d e , deblocked pept ide through the column, 20 to 30% 

of the m a t e r i a l was e lu ted a t the exc luded vo lume . This 

peak a p p e a r e d to be an a g g r e g a t e of m o l e c u l a r weight g r e a t e r 

than 5, 000. After r e m o v a l of this f rac t ion , the r e m a i n i n g 

m a t e r i a l was r e - r u n on G-25 and divided into two f rac t ions 

a s shown in F i g u r e 3. Though the amino ac id a n a l y s e s of 

both f r ac t i ons a p p r o a c h e d that of nat ive f r a g m e n t P , , 

f r a c t i o n A had a lower f luor ine content . This f rac t ion , 

c o m p r i s i n g a p p r o x i m a t e l y 40% by weight of the o r ig ina l d e 

blocked m a t e r i a l , was e x a m i n e d f u r t h e r . 
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POLYPEPTIDE SEQUENCE 

A sample of fraction A was digested with trypsin 

( l%w/w) followed by aminopeptidase M (50% w/w) . Except 

for a 20% lower yield of proline, amino acid analysis of the 

proteolytic digest was similar to the analysis of the acid 

hydrolysate. Dansyl end group analysis showed only lysine. 

Fract ion A bore a structural resemblance to its native 

counterpart on immunologic grounds, as shown in Figure 4. 

The synthetic peptide was a strong inhibitor of the initial 

rate of the precipitin reaction between native nuclease and 

13 a nuclease antibody from immunized rabbits . 

This fraction of synthetic P ? possesses a low but 

definite ability to activate the complementary native fragment 

P_ to form an active nuclease (Figure 5). When synthetic 

P . was added in 25-fold molar excess to native P , , the 

resulting mixture could promote the cleavage of heat dena

tured DNA in a pH stat apparatus. When added alone, 

neither synthetic P ? nor native P , produced any effect. A 

similar low level of activity of the synthetic P.,-native P , 

combination has been seen in assays measuring changes in 

the viscosity of native DNA. 

More recently we have fractionated the crude, deblocked 

peptide on a column of phosphorylated cellulose using a con

centration gradient of ammonium acetate. Approximately 

one-third of the starting mater ia l was recovered as a broad 

peak in the ionic strength range which normally elutes native 
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FIG. 4 

Rate of turbidity development in the precipitin reaction 
between native nuclease and rabbit anti-nuclease gamma 
globulin. The precipitating mixture contained 0. 02 mg. 
nuclease and 0.15 ml. with normal saline after addition of 
the synthetic peptide as inhibitor. Top curve represents 
development of turbidity in the absence of inhibitor. Lower 
curves show increasing inhibition with low levels of synthetic 
peptide. A trypsin digest of the peptide was without effect 
at the 10 X level. 

-j I6y) 
TNotivePet3y) 

(I'D 

Activity of the combination of native P , with synthetic P 9 
in the cleavage of native DNA. The synthetic peptide was 
added in 25 fold excess to native P , . Assay was performed 
in a pH stat apparatus at pH 9.0, titrating with 0. 01 M NaOH. 
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P ? . The remainder of the mater ia l eluted ear l ie r , over a 

wide range of lower ionic strength. The material eluting 

at the proper ionic strength was studied further. Disc gel 

electrophoresis of this fraction showed a single, slightly 

widened band with a mobility similar to that of the native 

polypeptide (Figure 6). 

The same fraction of synthetic peptide, together with a 

sample of native P ? , was digested with trypsin and then sub

mitted to paper chromatography and electrophoresis . The 

fingerprints of the native and synthetic mater ia ls were 

generally similar , with a few interesting differences. As 
3 

seen in Figure 7, all of the usual tryptides of native P ? are 

identifiable in the synthetic fraction. However, two new 

peptides, staining yellow with cadium-ninhydrin stain could 

be seen in the synthetic digest. In addition, two of the large 

synthetic tryptides corresponding to residues 17 through 24 

and 36 through 45 appeared to give closely adjacent double 

spots. The chemical nature of these aberrations is not yet 

known. The biological activity of this synthetic mater ia l 

when added to native P_, was comparable to the activity of 

the G-25 fractionated mater ia l described ear l ie r . 

In spite of the obvious problems, we regard the solid 

phase method as a promising one for the synthesis of longer 

polypeptides. The problems related to blocking groups will 

surely yield to future refinements. The achievement of 
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FIG. 6 

Polyacrylamide gel electrophoresis of synthetic and native 
nuclease P^. Tubes 1 and 2 are synthetic mater ia l eluting at 
low ionic strengths (see text). Tube 3 is synthetic mater ia l 
eluting at same ionic strength as native. Tube 4 is native P-,. 
All samples were applied in 50 y quantities to a pH 2. 3, 
4. 5% crosslinked gel and run for 2 h r s . at 2 m. a. 
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sustained perfection in the coupling of amino acids seems a 

much more difficult task. After 50 coupling steps with 

average efficiency of 98%, only a third of the product would 

bear the correct sequence. Such a product might have high 

biological activity, depending upon the tolerance of the 

native structure to alterations and deletions. On the other 

hand, the activity of the "correct"fraction might be com

petitively inhibited by closely related peptides in the mixture. 

In the case of nuclease-T there is some preliminary evidence 

that actual inhibition of the fruitful combination of native 

P ? and P , does occur in the presence of synthetic P-,. Con

clusions regarding structure-activity relationships would 

have to be made with care . Studies of the crystallographic 

structure of such a synthetic product would, of course, be 

ruled out entirely. 

In assessing the heterogeneity of a large synthetic pep

tide, amino acid analysis is of limited value. Fingerprinting, 

particularly if done quantitatively on an ion exchange column, 

should provide a more discriminating analysis. 

Purification of such a mixture exceeds the capabilities 

of the usual physical methods. In some cases , however, a 

"functional"purification, based on the affinity of the proper 

sequence for a complementary polypeptide or ligand, may 

be possible. Such fractionation is accomplished most 

easily if the receptor molecule is itself bound to a solid 
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phase s u p p o r t . Dr . Kato, in our l a b o r a t o r y , has r e c e n t l y 

s u c c e e d e d in purifying a h e t e r o g e n e o u s p a r t i a l sequence 

( r e s i d u e s 1-15) of r i b o n u c l e a s e S-pept ide by p a s s i n g the 

syn the t i c m a t e r i a l th rough a co lumn containing nat ive 

14 
S - p r o t e i n bound to S e p h a r o s e . Methods for applying this 

p r i n c i p l e to syn the t i c n u c l e a s e - f r a g m e n t P-, a r e unde r 

i nves t iga t ion . 
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ADDENDUM 

Since completion of the work described above, an e r ro r 

has been found in the originally published pr imary amino acid 

sequence of nuclease. The residue at position 43 is glutamic 

acid rather than glutamine. Resynthesis of the fragment P ? 

polypeptide with the correct sequence has yielded a product 

with at least 100 times the biological activity of the incorrect 

sequence . It appears that the glutamic acid in position 43 

may play a role in the binding or catalysis of substrate. 

1. D. A. Ontjes and C. B. Anfinsen, Proc . Nat". Acad. Sci. , 
in p ress . 



NEW RESULTS IN THE SOLID PHASE METHOD 
FOR THE SYNTHESIS OF PEPTIDES 

Ernest Bayer 

Department of Chemistry 
University of Houston, Houston, Texas 

It seems to be interesting to discuss the question to 

which molecular weight of peptides, at the present, Merrifield's 

1-3 solid phase method can theoretically be scaled up. 

The primary advantage of the solid phase method is that 

it avoids tedious and time consuming purification procedures 

of the intermediate products. The most valuable product of 

the reaction remains always on the resin and is not subject to 

losses. The excess of reagents and reaction side products, 

which are not bound to the resin are simply filtered off. The 

other advantage is that the growing peptide chain always 

functions as protecting group for the carboxylic end. The 

latter advantage shares the solid phase method with every 

stepwise synthesis, but not with fragment techniques. 

The limitations of the solid phase method are that there 

is no intermediate purification of impurit ies, which are 

connected with the resin during the course of the synthesis, 

and which can only be eliminated at the very end of the syn

thesis after the peptide has been cleaved from the resin. 
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If these i m p u r i t i e s a r e v e r y s i m i l a r to the d e s i r e d end 

p roduc t in r e s p e c t to m o l e c u l a r weight and s t r u c t u r e the 

separa t ion can be v e r y difficult o r even i m p o s s i b l e . 

T h e r e m a y be s e v e r a l types of such impur i fy ing pep t ides : 

1) d a m a g e d pep t ides , w h e r e p r inc ipa l l y the sequence of 

amino ac ids is in the r igh t o r d e r which , howeve r , 

conta in damaged amino a c i d s . This can e s p e c i a l l y be 

the c a s e wi th t r i func t iona l amino ac ids as some p ro t ec t ing 

groups m a y not r e s i s t the r e p e a t e d u s e of the r e a g e n t s , 

such as a c i d s . Tryp tophane and lys ine a r e e x a m p l e s of 

such amino ac id r e s i d u e s w h e r e safe p ro t ec t i ng g roups 

a r e s t i l l m i s s i n g which c a r r y a syn thes i s over 10 - 20 

s t e p s . But such diff icult ies a r e not n e c e s s a r i l y p r e s e n t 

in the sequence of a l l pep t ides , and m o r e su i t ab le p r o 

tec t ing g roups wil l be found so that these s p e c i a l p r o b l e m s 

can be o v e r c o m e . 

2) Opt ica l inhomogeneous pept ides m a y be f o r m e d . Though 

4 - 6 the syn thes i s of fully b iological ly ac t ive oxytocin 

exc ludes that r a c e m i z a t i o n is e x t r e m e l y high, i t had to 

be ca re fu l ly i nves t i ga t ed . 

3) T r u n c a t e d s e q u e n c e s which m a y o c c u r when the growth 

of the pept ide chain is i n t e r r u p t e d . 

4) F a i l u r e s e q u e n c e s which o r ig ina t e f r o m t r u n c a t e d 

s e q u e n c e s by the coupling of amino a c i d s , w h e r e b y one 

o r m o r e amino ac ids a r e left out. 
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The possibilities mentioned in 3) and 4) must in prin

ciple occur in every application of the solid phase method as 

the yield in each coupling step is not 100% and the difference 

between the yield and 100% has to remain on the resin as 

truncated sequence, which may again react in later coupling 

steps and cause the formation of failure sequences. The 

amount of impurifying peptides decreases with increasing 

yields, and consequently a high yield in each coupling step 

is essential for solid phase synthesis. The formation of 

failure sequences will produce more peptides whose molecu

lar weight is similar to that of the desired peptide. There

fore the formation of failure sequences is less favorable than 

that of truncated sequences. FIG. 1 and 2 demonstrate the 

amount of both truncated and failure sequences for the case 

of 90% and 99% yield in each coupling step for the synthesis 

of a dodecapeptide. It is evident that in the case of truncated 

sequences the peptides are equally distributed over the whole 

scale of molecular weight, whereas in the case of failure 

peptides there is an enrichment of higher peptides. It is 

also evident that the ratio of the desired dodecapeptide and 

contaminating undecapeptides is 10 times less in the case of 

any 90% yield than in the case of 99% yield. 

It follows from these considerations that it is impos

sible to purify a 100-peptide whenever failure sequences 

occur. Purification, nevertheless, should still be possible 
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8 9 10 11 12 
amino acid residues 

FIG. 1 

Distribution of failure peptides in the synthesis of a 
dodecapeptide with 90% yield in each coupling step; 
Inclined line; formation exclusively of truncated sequences. 
Columns: formation of failure sequences. 

Yield 
Moie-% 
i 9 0 

7 0 

50 

30 

10 
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8 9 10 11 12 
amino acid residues 

FIG. 2 

Distribution of failure peptides in the synthesis of a 
dodecapeptide with 99% yield in each coupling step. 
Horizontal line: formation exclusively of truncated sequences. 
Columns: formation of failure sequences. 
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when truncated sequences occur. For in the latter case 

there would only be one impurifying 99-peptide, whereas 

with the occurance of failure sequences 99 99-peptides are 

to be expected. Even with 99% yield in every coupling step 

a 100-peptide will only be synthesized with approximately 

50% overall yield, and the 99 contaminating 99-peptides will 

amount approximately to 30% and cannot safely be separated 

from the desired product with the present methods of sepa

ration. When only truncated sequences are formed the 

single 99-peptide will amount to 1%. This and likewise the 

peptides of smaller size could be separated. 

Therefore, it was desirable to conduct an experimental 

investigation into the question whether only truncated sequences 

or also, in addition to them, failure sequences will occur when 

the solid phase method is applied The purpose of the inves

tigation was to predict up to which size polypeptides can 

still be successfully synthesized by this method. 

In order to check the failure sequences it is of course 

necessary to investigate the product as it is cleaved from the 

resin prior to any purification procedure. For the sequence 

analysis a combination,of mass spectrometry with gas 

chromatography and liquid chromatography has been 

7-10 used . Any growth of wrong sequences in the first 5 - 7 

coupling steps has additionally been watched by submitting 

the product of synthesis directly to mass spectrometry. 
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8-11 

A mass spectrum of the pentapeptide Asn-cys (Bzl)-pro-leu-
4 

gly which was obtained during the synthesis of ser -oxytocin 

and which was converted to the TFA-peptide methylester is 

shown in FIG. 3 after it was split off the resin. There is 

no indication of a wrong sequence. The mass spectrum 

follows the generally accepted interpretation of fragments 

Additional evidence for the fact that there is no detectable 

content of failure sequence in the case of the solid phase 

synthesis of oxytocin is obtained from the sequence analysis 

of the final, product. After the product was split off the 

resin it was partially hydrolyzed by hydrochloric acid for 
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FIG. 3 

Mass spectrum of TFA-ASN-CYS|BZL)-PRO-LEU-GLY-OME 

LKB 9000 mass spectrometer , direct inlet system 200 C 
50 eV, ion source 290°C. 
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72 hours at 37 C. The smaller peptides are separated by 

gas chromatography (FIG. 4), and the larger ones by liquid 

chromatography (FIG. 5). When a single peak emerges from 

the chromatographic column several mass spectra are taken 

in order to detect whether a peak represents one or more 

substances. All peptides which are detected and which are 

j u .vJL 
10 15 20 25 30 35 40 Min 

FIG. 4 

Gas - chromatogram of the trifluoroacetylated peptide 
methylester of the hydrolysate of ser -oxytocin split off 
the resin. 

LKB 9000 (Stockholm). Column: 5% SE30 on Chromosorb 
P 1. 5m and 0. 3 cm.0 . Temperature programmed from 130? 
3° /min . to 250°, detector: total ion current; ion source: 
290°C; separator 285°C; inlet: 300°C. 

L solvent 5 
1 TFA-leu-gly-OMe 6 
2 TFA-cys(Bzl)-OMe 7 
3 TFA-pro-leu-OMe 8 
4 TFA-i le-ser-OMe 9 

TF.A-ser-asp-(OMe)2 
TFA-pro-leu-gly-OMe 
TFA-cys( Bzl)-pro-OMe 
TFA-tyr-i le-OMe 
TFA-cys( Bzl)-pro-leu-OMe 
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254 nm 

15 20 25 30 35 40 45 50 55 
FRACTION NR. 

FIG. 5 

Separation of Cys(Bzl)-ser -oxytocin hydrolysate. 
Sephadex G 15 partition chromatography column: 
120 x 1. 5 cm. Solvent: butanol: propanol: acetic acid: 
water (600 : 300 : 10. 25 : 890 V/V) . 
Substances: 1 Asp-cys(Bzl)-pro-leu, 2 Asp-cys(Bzl)-
pro-leu, 3 cys(Bzl)-tyr-i le, 4 3, 5 cys(Bzl)-pro-leu, 
6 5, 7 cys(Bzl)-pro-leu-gly, 8 cys(Bzl)-tyr, 
9 cys(Bzl)-pro, 10 ser-asp-cys(Bzl) , tyr- i le , pro-leu. 

shown in Table 1 are in agreement with the right sequence 

of the peptide. There is no failure sequence detectable 

within the limits of the sensitivity of the applied method 

which is about 1%. As the synthesis of ser -oxytocin pro

ceeded with about 99% yield in each coupling step this was 

to be expected. Therefore we had to increase the amount 

of detectable failure sequences by synthesizing peptides where 

repeatedly the same sequences are present. 
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TABLE 1 
4 

Sequence of ser -oxytocin and peptides identified after 
hydrolysis. 

Cys(Bzl) - tyr - ile - ser - asn - cys(Bzl) - pro - leu - gly 

Cys(Bzl) - tyr - ile 

Cys(Bzl) - tyr 

Tyr - ile 

Ile - ser 

Ser - asp 

Ser - asp - cys(Bzl) 

Asp - cys(Bzl) - pro - leu 

Cys(Bzl) - pro 

Cys(Bzl) - pro - leu 

Cys(Bzl) - pro - leu - gly 

Pro - leu 

Pro - leu - gly 

Leu - gly 

The dodecapeptides (leu-ala -),- - leu - ala and (ala - phe -),--
12 ala-phe have been synthesized . When in these peptides 

failure sequences occur, dipeptides with two identical amino 

acids should be expected after acid hydrolysis. Due to the 

repetition of the sequence any failure in a couping step will 

add up six t imes, and then it should be clearly detectable 

with the combined method of gas chromatography - mass 
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s p e c t r o m e t r y down to l e s s than 0. 3% f a i l u r e in one 

coupling s t ep . 

After the (leu - a la - ) r - l e u - a la h a s been spl i t off 

the r e s i n and af ter p a r t i a l h y d r o l y s i s and p r e p a r a t i o n of 

the N - t r i f l u o r o a c e t y l - e s t e r s of the d ipep t ides , the s e p a r a t i o n 

and ident i f ica t ion p rove that among the d ipep t ides 2 . 6 % 

leu - leu and 1. 35% a la - a la a r e p r e s e n t which ind ica te the 

f a i lu re s e q u e n c e s , and that 96% of leu - a la and a l a - leu 

a r e p r e s e n t which ind ica te the r i gh t s e q u e n c e s . In the 

r e g i o n of t r i - and t e t r a p e p t i d e s no wrong sequence w a s 

de t e c t e d . Table 2 s u m m a r i z e s the r e s u l t s for (leu - a l a r ) , . -

leu - a la and (ala - phe - ) _ - a la - phe . In the l a t t e r c a s e 

no a la - a la was d e t e c t e d , w h e r e a s phe - phe was p r e s e n t 

in the amount of 9. 3% indica t ing that du r ing this s y n t h e s i s 

the coupling of the a lan ine had s m a l l e r y i e l d s . 

TABLE 2 

Amount of d ipep t ides found by gas c h r o m a t o g r a p h y and m a s s 
s p e c t r o m e t r y a f te r ac id h y d r o l y s i s of d o d e c a p e p t i d e s . 

Hydro ly s i s of (Leu - a l a ) . H y d r o l y s i s of (Ala - p h e ) . 

Pep t ide Amount % Pep t ide Amount % 

Ala - a l a nega t ive 

Phe - a la 3 9 . 7 

Ala - phe 51 . 0 

Leu - leu 2. 62 Phe - phe 9. 3 

Ala - a l a 

Leu - a la 

Ala - leu 

1. 

67. 

28. 

35 

50 

53 
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These results clearly prove that failure sequences 

occur in the solid phase method. However, in a properly 

conducted synthesis they are low, and polypeptides up to 

60 - 80 amino acid residues can certainly be synthesized. 

However, the purification of the end product is more impor

tant. In fact, the dodecapeptides (leu - ala)/ and (ala - phe)/ 

can be purified so that no failure sequence can be detected 

anymore. 

As we found that the solid phase method is res t r ic ted 

by the presence of failure sequences, any additional mistake 

in a synthesis creating other byproducts, which are difficult 

to separate , will further lower the upper limit of a success

ful application of the solid phase method. Among the method

ological mistakes the question whether racemization occurs 

13 is therefore important. This has been investigated on 

several peptides by means of the method which was developed 

14 by Gil-Av . In all cases which had been investigated it 

could be demonstrated that the content of D-amino acids in 

the mixtures obtained after hydrolysis does not exceed 1%. 

As such an amount of D-amino acids is always found during 

the hydrolysis conditions of stereo homogeneous peptides 

it is indicated that there is no racemization at all to be 

detected. FIG. 6 shows the separation of D-amino acids 

and L-amino acids which are obtained after acid hydrolysis 

of (leu - ala -) - leu - ala. 
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DALA 

L-ALA LLEU 

10 30 MIN 

FIG. 6 

Gas-chromatographic t e s t for D-amino acids (12) hydrolysate 
(concentr. HC1, 100°C, 25 h r s . i. V. ) of (L- leu-L-a la ) , . 
Column: 120m steel capillaries (0.25 mm 0 ) impregnated 
with TFA-L-val-L-val-cyclohexylester . Separation 
temperature: 110 C. Carr ie r gas: helium 30 psi. 
Detector: FID 300°C. Inlet temperature 300°C. 

Therefore racemization does not cause any additional 

restr ict ion in the solid phase method. Thus we can conclude 

from the character is t ics of the method itself that it is r e 

stricted to polypeptides up to 60 - 80 amino acid residues, 

whenever it is possible to solve individual difficulties which 

may ar ise from special amino acids. At the present state 

of separation techniques it seems to be impossible to apply 

the solid phase methods for the synthesis of proteins. This 

is due to the fact that a reliable yield in the coupling steps 

which is greater than 99% has not yet been achieved, and 

the presence of failure peptides imposes difficult separatior 

problems. It has been shown in the case of the synthesis of 
15 the amino acid sequence of ferredoxin with 55 amino acid 
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residues that the yield in the couping is not decreasing with 

the increasing number of amino acid residues. 
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SOME NEW DATA ON THE CONTRIBUTION OF ASPARTIC 

ACID AND ARGININE TO THE BIOLOGICAL ACTIVITY 

E. C. Jorgensen, G. C. Windridge, W. Patton 
Department of Pharmaceutical Chemistry 

School of Pharmacy 

and 

T. C. Lee 
Department of Physiology, School of Medicine 

University of California 
San Francisco, California 

The existence of a new substance which mediated the 

pressor response of renin was demonstrated in 1940 by Page 

and Helmer and concurrently by Braun-Menendex and co-

2 

workers . During the sixteen years following their observa

tions, several groups worked on the difficult task of purifying 

this substance and establishing its s tructure. It was found 

that there are two forms of what we now know as angiotensin. 

The enzyme, renin, acts upon a substrate occurring in the 

a -,-globulin fraction in plasma to liberate the decapeptide, 

angiotensin I, with the sequence, Asp-Arg-Val-Tyr-I le-His-

3 4 5 

Pro-Phe-His -Leu in horses , pigs and humans . In the cow, 

the isoleucine is replaced by valine . This decapeptide has 

very little biological activity in isolated muscle assays but 

it is rapidly converted in vivo to the biologically active 
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angiotensin II by removal of the C-terminal dipeptide. This 
7 

conversion apparently occurs mainly in the lungs . 

The first synthesis of angiotensin II was reported by 
g 

Bumpus, Schwartz and Page in 19 57 . At the same time 

Rittel and co-workers synthesized the first analog of bovine 

angiotensin II in which the N-terminal aspart ic acid was 

replaced by asparagine. Much of the impetus for the early 

work on angiotensin was based upon the belief that it might 

be a key factor in hypertension. Attempts to establish a 

connection between angiotensin and hypertension have been 

mostly unsuccessful; however, angiotensin is apparently 

the most important chemical stimulus for the release of 

aldosterone from the adrenal cortex and therefore plays an 

important role in electrolyte balance. 

One route to greater understanding of the physiological 

and possible pathological roles of angiotensin would be 

through studying the effects of antagonists. The same rationale 

has been applied to the search for an antagonist as that used 

for simpler molecules; namely a systematic study of the re la

tionships between chemical structure and biological activity 

followed by modification of those groups which appear to be 

important in eliciting the biological response. Numerous 

studies have provided much information on the relative 

importance of the individual amino acid residues in angio

tensin II . Both the carboxyl group and the aromatic ring 
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of phenylalanine are important for activity although it is 

not yet clear to what extent the aromatic ring may be 

modified. 

Proline is believed to be essential , perhaps by virtue 

of its effect on conformation; however, data is too limited 

at present. 

Histidine is also believed to play an important role but 

its exact nature is not clear. 

The isoleucine or valine in position five is not essen

tial although (3 -branching does give optimum activity. 

The phenolic hydroxyl of tyrosine seems to be quite 

important though not essential . 

The valine in position three is not important. 

The first two amino acids, aspartic acid and arginine, 

appear to be quite unimportant despite their high degree of 

functionality. The compounds shown in Table 1 clearly 

il lustrate that the functional groups of aspart ic acid may 

be modified or even eliminated without significant loss in 

activity. 

Table 2 shows some of the analogs of angiotensin II in 

which arginine has been replaced by structurally related 

amino acids. 

It appears that the guanidine group of arginine is more 

important than the functional groups of aspart ic acid since 

less variation can be tolerated; however, considerable 
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TABLE 1. Angio tens ins Modified in Pos i t i on 1 

Pep t ide P r e s s o r Act iv i ty 

A s p - A r g - V a l - T y r - V a l - H i s - P r o - P h e 100% 

D - A s p - A r g - V a l - T y r - V a l - H i s - P r o - P h e 100% 

A s n - A r g - V a l - T y r - V a l - H i s - P r o - P h e 100% 

G l y - A r g - V a l - T y r - V a l - H i s - P r o - P h e 50% 

des amino -
A s p - A r g - V a l - T y r - V a l - H i s - P r o - P h e 50% 

A r g - V a l - T y r - V a l - H i s - P r o - P h e 50% 

TABLE 2. Angio tens ins Modified in P o s i t i o n 2 

Pep t ide P r e s s o r Act iv i ty 

A s p - A r g - V a l - T y r - V a l - H i s - P r o - P h e 100% 

A s p - O r n - V a l - T y r - V a l - H i s - P r o - P h e 20% 

A s p - A r g ( N 0 2 ) - V a l - T y r - V a l - H i s - P r o - P h e 50% 

A s n - D - A r g - V a l - T y r - I l e - H i s - P r o - P h e 5% 

A s n - C i t - V a l - T y r - I l e - H i s - P r o - P h e 2% 

V a l - T y r - V a l - H i s - P r o - P h e «d % 

v a r i a t i o n can be m a d e without d r a s t i c a l l y c u r t a i l i n g ac t iv i ty . 

It has been sugges t ed that the amino t e r m i n a l d ipep

tide of ang io tens in II ( A s p - A r g - ) m igh t s t ab i l i z e s o m e b io

logica l ly i m p o r t a n t con fo rma t ion of the e n t i r e m o l e c u l e by 
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involvement of the amide groups of the extended peptide 

chain. A helical conformation with stabilizing hydrogen 

bonds involving the amide groups contributed by both arginine 

and aspart ic acid was visualized . More recent physical ' 
15 and biologicaf data indicates that the helical model is 

unlikely, although the possibility exists that the extended 

peptide chain may stabilize some other biologically impor

tant conformation. 

To further define the relationships between chemical 

structure and biological activity, additional studies on the 

roles of aspart ic acid and arginine were undertaken. Studies 

to date had not yet explained the dramatic enhancement in 

activity imparted to the relatively inactive, but structurally 

specific hexapeptide, Val -Tyr- I le -His -Pro-Phe , by the 

addition of amino acid residues to the amino end. Our first 

approach was to study the influence of the peptide backbone. 

The simplest system for studying the effects of extension of 

the basic hexapeptide structure to an octapeptide is 

1 2 
Gly -Gly -angiotensin II. 

1 2 
The first attempt at preparing Gly -Gly -angiotensin II 

16 
followed a classical fragment condensation ,* however due 

to inadequate temperature control during the reaction of 

Z-Val -Tyr -N, with I le -His -Pro-Phe OSzl(N02) the final 

octapeptide contained only 36% of the expected amount of 
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tyrosine. This was presumably due to a Curtius rea r range

ment of the azide to the isocyanate resulting in an aza-

17 peptide . Despite this apparent contamination of the 

desired peptide with the aza-peptide, this preparation had 

5% the pressor activity of angiotensin II. In order to prepare 

a pure sample of the desired peptide and related analogs, 
18 Merrifield's solid phase method of synthesis was used. 

The hexapeptide, Val-Tyr(Bzl)-I le-His(Bzl)-Pro-Phe-Resin, 

was prepared using four equivalents of BOC-amino acid and 

DCCI in dichloromethane. A small sample was cleaved from 

the resin using HBr in trifluoroacetic acid after each step 

and tested by high voltage paper electrophoresis at pH 1. 85 

for the presence of unacylated amino component. Small 

amounts ( <5%) of the dipeptide and tripeptide were found 

after the benzylhistidine and isoleucine steps. Acetylation 

was used after each coupling in order to simplify purification 

of the final peptide. The two glycines were incorporated 

without difficulty in one step using six equivalents of Z-Gly-

Gly and DCCI in dimethylformamide. After cleavage from 

the resin with HBr in trifluoroacetic acid, the product was 

hydrogenated over 10% Pd/charcoa l for 72 hours at 45 psi 

to remove the benzyl group from histidine. The product 

was then purified by chromatography on sulfoethyl cellulose 

using an ammonium acetate gradient. The product was 

chromatographically and electrophoretically homogeneous 
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and gave the expected amino acid analysis. Its s ter ic 

purity was established by aminopeptidase-M degradation 

since the glycyl-glycyl sequence is attacked very slowly by 

leucine amino peptidase. The octapeptide containing benzyl-

histidine was purified by the same procedure. 

Gly-Gly-Val-Tyr-I le-His-Pro-Phe showed 16% of the 

pressor activity of angiotensin II when assayed in nephrecto-

mized, pentolinium treated rats by the method of Boucher 

19 e_t_al_ . The benzylated derivative, Gly-Gly-Val-Tyr-Ile-

His(Bzl)-Pro-Phe, had only about 0. 2% activity, and no 

antagonistic activity. The low activity of the benzylated 

peptide may be ascribed to either a requirement for a free 

-NH group in the imidazole ring of histidine or to other 

effects such as s ter ic , electronic or solubility. 

The significant enhancement in activity shown by 

Gly-Gly-Val-Tyr-I le-His-Pro-Phe (16%) over the hexa

peptide, Val -Tyr- I le -His -Pro-Phe (<1%) is consistent with 

the idea of conformation stabilization. However, the 

enhancement in activity could also be due to the contribution 

of the terminal amino group. In order to distinguish 

between these two alternatives the terminal amino group 

was acetylated. The resulting compound, AoGly-Gly-Val-

Tyr - I l e -His -Pro-Phe showed pressor activity of 0.4 % 

which is in the same activity range as the hexapeptide, 

Va l -Tyr - I l e -His -Pro -Phe . No antagonistic activity was 
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found. F r o m this we conclude that in the a b s e n c e of func

t ional g r o u p s , the pept ide backbone of the f i r s t two r e s i d u e s 

c o n t r i b u t e s nothing to the b io logica l ac t iv i ty . Howeve r , the 

backbone migh t con t r ibu te a useful s t ab i l i z ing inf luence 

when an e s s e n t i a l funct ional group is p r e s e n t . 

It i s t empt ing to conclude f r o m the ac t iv i ty of Gly-Gly -

V a l - T y r - I l e - H i s - P r o - P h e that this cons t i t u t e s good ev idence 

that the funct ional group and indeed the e n t i r e s ide chain of 

the a rg in ine in pos i t ion two can be e l i m i n a t e d without d r a s t i 

cal ly i m p a i r i n g the b io logica l ac t iv i ty . However , spa t i a l 

c o n s i d e r a t i o n s ind ica te that the t e r m i n a l a m i n o group in 

G l y - G l y - V a l - T y r - H e - H i s - P r o - P h e m a y funct ion in p lace of 

e i t h e r the terminal , amino group or the s ide cha in guanidine 

group of ang io tens in II. FIG. 1 shows a s impl i f ied c o m p a r i 

son of G l y - G i y - V a l - T y r - I l e - H i s - P r o - P h e wi th two h e p t a 

pept ide s s tudied by Havinga 

^ 2 + + f3 
H0N-C-NH-CH„CH.CH,-CH-C-Val-Tyr-Ile-His-Pro-Phe I 2 2 2 || 

° 1 5 
des-Asp -Ile -angiotensin II 

+ NH, Pressor Activity - 15% 
I 3 

H,N-CH„CH.CH.-CH-C-Val-Tyr-Ile-His-Pro-Phe 
3 2 2 2 ,| 

0 1 2 5 
des-Asp -Orn - I l e -angio tens in I I 

+ 0 Pressor Ac t iv i ty - 3% 
II 

H,N-CH_-C-NH-CH„-C-Val-Tyr-Ile-His-Pro-Phe 
3 2 2 I, 

° 1 2 5 
Gly -Gly - I l e - ang io tens in I I 

Pressor Ac t iv i ty - 16% 

FIG. 1 
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It i s a p p a r e n t that the d i s t ance of the t e r m i n a l func

t ional g roup f r o m the val ine n i t r o g e n is a p p r o x i m a t e l y the 

s a m e in e a c h c a s e . M e a s u r e m e n t s on C o r e y - P a u l i n g - K o l t u n 

m o d e l s show that th is d i s t ance is e s s e n t i a l l y iden t i ca l for 

the fully ex tended f o r m s of the diglycyl pept ide and the 

o rn i thy l pep t ide , a l though glycylglycine has l e s s ro t a t i ona l 

f r e e d o m because of the s t e r i c r e s t r a i n t i m p o s e d by the 

p l a n a r i t y of i t s amide bond. It is t h e r e f o r e poss ib l e that 

g lycylglycine m a y be ac t ing as an analog of a r g i n i n e . F o r 

this r e a s o n , the ac t iv i ty of G l y - G l y - V a l - T y r - I l e - H i s - P r o -

P h e does not e l i m i n a t e the a rg in ine s ide chain a s an 

e s s e n t i a l g roup . 

Table 3 shows some o the r hep tapep t ides p r e p a r e d by 

Havinga and c o - w o r k e r s ' . In a l l c a s e s s tud ied the 

TABLE 3 

20 21 
Heptapeptide Analogs of Angiotensin II ' 

Peptide Pressor Activity 

L-Arg-Val-Tyr-Ile-His-Pro-Phe 15% 
D-Arg-Val-Tyr-Ile-Hls-Pro-Phe 20-30% 

desamlno-Arg-Val-Tyr-Ile-His-Pro-Phe 38% 
L-Arg(NO.)-Val-Tyr-Ile-His-Pro-Phe 1.5% 
D-Arg(NO,)-Val-Tyr-Ile-His-Pro-Phe 4.5% 

desamino-Arg(NO,)-Val-Tyr-Ile-His-Pro-Phe 7.5% 
L-Orn-Val-Tyr-Ile-His-Pro-Phe 3% 
D-Orn-val-Tyr-Ile-His-Pro-Phe 23% 
L-Cit-Val-Tyr-Ile-His-Pro-Phe 0.5% 
D-Cit-Val-Tyr-Ile-His-Pro-Phe 11% 

6-(CH,) N -L-Nle-Val-Tyr-Ile-His-Pro-Phe 0.3% 
6-(cH3)3N+-Cap-Val-Tyr-Ile-His-Pro-Phe 1.5% 
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D-isomer was found to be more active than the L- isomer . 

Limited data showed that the desamino compounds were 

even more active. This was attributed by Havinga to an 

unfavorable effect being exerted by the free N-terminal 

a -amino group in the heptapeptides which is more pronounced 

in the L-isomer and obviously absent in the desamino com

pound. It appears from our results that Gly-Gly-Val-Tyr-

I le -His-Pro-Phe (16%) is a little less active than D-Orn-Val-

Tyr- I le -His -Pro-Phe (23%). If Havinga's explanation is 

correct and if our peptide is mimicking a heptapeptide then 

we would expect Gly-Gly-Val-Tyr-I le-His-Pro-Phe to have 

biological activity close to the as yet unknown heptapeptide, 

desamino-Orn-Val-Tyr- I le-His-Pro-Phe which Havinga has 

predicted will have high activity. Since Gly-Gly-Val-Tyr-

I le -His-Pro-Phe is actually less potent than the D-ornithine 

heptapeptide this is not in good agreement with this idea. 

Tl-ie acetylated peptide, AcGly-Gly-Val-Tyr-I le-His-Pro-

Phe, on the other hand should have biological activity in 

the same range as D-Ci t -Val -Tyr- I le -His-Pro-Phe since 

both represent peptides in which the only functional group 

at the amino end of the molecule is acylated. Since it is 

much less active, this may be interpreted, in contrast 

to the conclusions of Havinga, as indicating a positive 

influence by the D-a -amino group in the heptapeptide. 

There is some reason to question Havinga's theory. 
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The most dramatic difference between L, D and desamino 

22 23 heptapeptides is in arginine itself but other workers ' 

have found much higher activity from the L-arginine hep

tapeptide. Potentially the most interesting desamino 

compounds are des amino-Orn- Val -Tyr- I le -His -Pro-Phe 

and desamino-Ci t -Val -Tyr- I le -His-Pro-Phe . If they 

prove to be less active than Havinga's theory would p re 

dict, this would constitute indirect evidence that the N-

terminal free D-a -amino is exerting a positive effect. 

It is difficult to imagine that desamino-Cit-Val-Tyr-I le-

His -Pro-Phe will be at least five times as active as 

Asn-Ci t -Val -Tyr- I le -His -Pro-Phe though this is what 

one must predict from Havinga's theory. Indeed the 

difference between D-Ci t -Val-Tyr- I le -His-Pro-Phe (11%) 

and Asn-Ci t -Val -Tyr- I le -His-Pro-Phe (2%) is difficult to 

rationalize if the N-terminal a -amino group in the D-hepta-

peptides is exerting an unfavorable effect. It would appear 

more likely that in the D-heptapeptides, the a -amino group 

may be exerting a very favorable influence and may be 

pr imari ly responsible for the activity in some cases , i . e . , 

there may be some binding site for the heptapeptides which 

is not normally involved in the binding of the octapeptides. 

This appears to be an attractive alternate explanation for 

Havinga's data and it is one which we are presently 

investigating. 
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At present we can only conclude that the incorporation 

of a single basic group separated by five atoms from the 

valine nitrogen is sufficient to significantly enhance the 

activity of the hexapeptide. 
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SYNTHESIS AND BIOLOGICAL PROPERTIES 

OF ANGIOTENSIN II ANALOGS 

F . M. Bumpus, R. R. Smeby, and P . A. Khairallah 

Research Division 
Cleveland Clinic Foundation, Cleveland, Ohio 

The peptide, angiotensin, has been known for many years 

and has been suspected to play a major role in some forms of 

hypertension. More recently, however, since both renin and 

angiotensin have not always occurred in excessive quantities 

in chronic forms of experimental renal hypertension and in 

renal a r te ry stenosis in humans, many feel that angiotensin 

plays a minor role in the disease. Many of us, though, feel 

that angiotensin, even though it is not found in large quantities 

in these forms of hypertension, still likely plays a major 

causative role in the development and maintenance of the 

disease. This great and prolonged interest in this polypeptide 

has led us to search for an angiotensin antagonist. To do this 

we first felt that it was necessary to study the peptide to 

determine which of the side groups were most important for 

its biologic activity. 

Renin substrate protein has no myotropic activity itself 

while angiotensin I and the tetrapeptide substrate have low 
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biologic activity. This suggested very early that the C-

terminus of angiotensin II was biologically the more func

tional portion of this peptide. Removal of histidyl-leucine 

dipeptide seemed to be nature 's way of activating the pep

tide. Freeing of the carboxyl group on the 8 position is 

necessary for activity, as borne out later by the fact that 

blocking this acid group by amide, ester or histidyl-leucine 

residue diminished or completely removed the ability of 

the peptide to contract smooth muscle. 

Studies have now proceeded to the point where more than 

100 analogs of angiotensin have been synthesized. The 

results still substantiate our early conclusions that side 

groups on amino acids 4 through 8 are the most important, 

while those of groups in positions 1, 2, and 3 are of much 

less significance. 

It is interesting that aromatic groups in positions 4, 6, 

and 8 seem to be essential . Blocking or removing the 

hydroxyl group of tyrosine abolishes activity while adding 

an hydroxyl group on position 8 results in only minor reduc

tion in biological activity. Removal of the five-membered 

ring of proline in position 7 destroys activity while the 

introduction of an hydroxyl group on this ring greatly r e 

duced the pressor response to this peptide. It seems probable 

that the latter two substitutions are changing the conforma

tional positions of the imidazole of histidine and the phenyl 
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group of phenylalanine relative to one another. It has recently 

been suggested by Hoffmann and coworkers that the stereo 

configuration of the imidazole rather than its basicity is the 

crucial feature of position 6. Schroeder and collaborators ' 

have shown that the 6-phenylalanine and 6-lysine derivatives 

are inactive. The former group have prepared an active 6-

(P -pyrazolyl-3-alanine) angiotensin and have concluded that 

the stereo structure of five membered heterocyclic ring of 

histidine and not its charge is of crucial significance for high 

level angiotensin activity. 

It is well established now that the guanido group of arginine 

in position 2 and the amino group of aspart ic acid in position 1 

are of less significance. Likewise, the carboxyl of aspartic 

acid can be converted to the amide and the resulting peptide 

retains full pressor activity. Even the total replacement of these 

two amino acids by a polymer made up of poly-O-acetyl serine 

will produce a large polypeptide which has 10% of the biologic 

activity of the parent angiotensin II. 

Here we are going to discuss changes by the substitutions 

indicated by the arrows in FIG. 1 ' ' ' . The phenyl group 

of phenylalanine in position 8 has been substituted with phenolic 

or phe nylme thy le ther group. The side chain on this amino acid 

has also been lengthened by a methylene adjacent to the ter 

minal carboxyl. In another substitution, the amino function 

of phenylalanine has been once removed by a methylene group 
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from the res t of the molecule. Proline of position 7 has been 

substituted by hydroxyproline and the imidazole of histidine 

has been substituted by a thienyl group. The side chain of 

isoleucine in position 5 has been replaced by methyl group, 

and valine in position 3 has been substituted by a cyclic 

amino acid. Most peptides discussed here have been syn

thesized by the Merrifield solid-phase procedure. When 

using this method to synthesize a peptide of this size, we 

found that it is more convenient to complete a pilot synthesis 

and remove the peptide from the polymer before any analyses 

were performed. Corrections can then be made for the 

final synthesis. Pre l iminary analyses consisted of paper 

electrophoresis , usually in an acid medium, at pH 1. 9, by 

paper chromatography or thin layer chromatography using 

butanol:acetic:water or butanol:acetic acid:water:pyridine 

solvent system. When electrophoresis yielded good reso

lution, we found that the peptides could be purified on CM 

cellulose or CM Sephadex using an acetic acid gradient 

elution system. When the chromatography methods yielded 

the better resolution, peptides were purified on Sephadex G-25 

using one of the solvent systems for elution. All angiotensin 

analogs were shown to be homogeneous by the methods in 

FIG. 2. All angiotensin analogs prepared by the solid-phase 

method, except 3-proline angiotensin II, were obtained in 

yields between 50 and 70% and were calculated on the amount 
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Selection of Purification Tvpe of Column 
Procedure Used 

paper electrophoresis CM-cellulose (Seph) 
acetic acid gradient 
elution 

paper chromatography BAW on Seph -G-25 
or TLC 

Determination of Homogeneity 
paper electrophoresis , paper and thin layer chromatography 
optical rotation, C, H, N analysis, amino acid analysis and 
enzymatic degradation. 

FIG. 2 

of amino acid on the polymer. The preliminary synthesis of 

the 3-proline derivative yielded less than 10% of the octapep

tide. It is difficult to understand why it was so difficult to 

combine arginine to proline in the angiotensin ser ies since 
4 

it has already been shown by Merrifield_et al. that this bond 

could be formed without difficulty in the synthesis of bradykinin. 

However, in this ser ies even when an excess of arginine was 

used, a small amount of heptapeptide, which did not contain 

arginine, was obtained. This indicates clearly the unpredic

tability of this method and shows the need for very careful 

analysis of the peptide after synthesis. We are not implying 

that the solid-phase method is not a useful method, but sug

gesting that we should not limit ourselves to any particular 

me thod of peptide synthesis at present. Each method has 
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l i m i t a t i o n s and should be chosen carefu l ly for each pept ide 

to be s y n t h e s i z e d . 

Some i n v e s t i g a t o r s tend to ove r look the m e t a b o l i c b r e a k 

down of po lypep t ides when c o m p a r i n g ana logs for the i r b iolog

i ca l ac t iv i ty . Angio tens in is r ap id ly d e s t r o y e d by p l a s m a and 

5 
t i s s u e e n z y m e s . The m e t a b o l i c b reakdown of ang io tens in by 

p l a s m a has been wel l worked out a s shown in FIG. 3. The 

m a j o r m e t a b o l i s m in p l a s m a is that ca t a lyzed by ang io t ens ina se 

A, an amino pept idase ac t iva ted by c a l c i u m and inhibi ted by 

EDTA. This e n z y m e is appa ren t l y the s a m e as that i so l a t ed 

by Glenner et a l . f r o m kidney t i s s u e and ca l led amino pep t idase A. 

Two a m i n o p e p t i d a s e a n g i o t e n s i n a s e s o c c u r in p l a s m a . 

One c l e a v e s a s p a r t i c ac id f r o m the N - t e r m i n u s while the 
7 

o the r r e m o v e s a s p a r a g i n e . An endopept idase which con
es 

v e r t s ang io tens in into two t e t r a p e p t i d e s has been r e p o r t e d . 

This e n z y m e is s i m i l a r to c h y m o t r y p s i n in that it i s inhibi ted 

by D F P and c l e a v e s pep t ides a t the ca rboxy l end of a r o m a t i c 

amino a c i d s , but has a d i f ferent pH op t imum than does 

c h y m o t r y p s i n . Since the m a i n breakdown pathway for ang io 

t e n s i n is via an a m i n o p e p t i d a s e , modi f ica t ions on the amino 

end of ang io t ens in should g rea t ly modify i t s r a t e of d e s t r u c 

t ion. This h a s def ini te ly been shown for (3 - a s p a r t y l as wel l 

as the 1-arginine and 1-succinic ac id ang io tens in II. Indeed, 

the repor ted high activity of P - a s p a r t y l ang io tens in could 
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very well be due to its increased half life in the plasma. 

Comparison (of biological activities of peptides tested on 

these very rapid degradations may very well account for 

some of the discrepancies between the myotropic activity as 

determined on isolated muscle preparations and the pressor 

or depressor activity of peptide when injected in a living 

animal. 

Based upon our early work which showed that the aromatic 

side groups of angiotensin and its carboxyl group were all 

necessary for biological activity, we were able to construct 

a model which had all of these groups upon one side that 
g 

might easily react with a receptor site . The model was a 

partial alpha-helix. We interpreted our ORD data to mean 

that angiotensin had conformation. However, work by Paiva, 

Paiva and Scheraga suggested that angiotensin existed in 

a random coil and could not possibly have enough energy in 

hydrogen bonds to maintain this s tructure, our proposed 

s tructure. We did not suggest that there was evidence for 

the exclusive existence of an a -helix, but that angiotensin 

did have preferred forms and the a -helical molecule con

structed allowed all the important side groups to arrange 

on the same side of the molecule. Craig and coworkers 

later showed that angiotensin dialyzed through a prepared 

membrane more rapidly than did other peptides of similar 

molecular weight. They, too, concluded that angiotensin 
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had a conformational character . We have prepared mem

branes similar to those prepared by Craig and compared 

the relative 50% escape times of numerous of the analogs 

of angiotensin against that for angiotensin. It was hoped 

that there might be some relationship between the observed 

escape times and the pressor activities of these various 

analogs. It is interesting to note in Table 1 that there is 

almost a three fold variation in the relative escape time 

for these analogs of angiotensin. However, we were rather 

disappointed to see that we could in no way correlate this 

with the pressor activity of these various peptides. This 

variation in escape time, however, does suggest a 

difference in these peptides which all had a very similar 

molecular weight and suggest that this variation must be 

due to conformation differences. 

Some additional support for a hypothesis that the car

boxyl end of angiotensin was extremely important for 

biological activity comes from some biological experiments 
12 related to the reversa l of the phenomenon of tachyphylaxis 

In FIG. 4, demonstrated by the solid line is the phenomenon 

of reduced response following repeated injections of 

angiotensin. The broken line shows the reduced response 

obtained immediately even at very low concentrations of 

antiogensin by an ar tery taken from an animal that had 

received infusions of high levels of angiotensin for 1 hour. 
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TABLE 1 

Peptide 

Relative % 
Mol. 50% Escape Pressor 
Wt. Time Activity 

lieu -Angiotensin II 

1 5 
Asp(NH2) -val -Angiotensin II 

y~l 1 , 5 

Gly -val -Angiotensin II 

1 5 
lieu -ileu -Angiotensin II 

Arg -ileu -Angiotensin II 

1047 

1032 

975 

1045 

1103 

1. 

0. 

0. 

0. 

0. 

00 

94 

73 

63 

56 

100 

100 

50 

26 

33 

4 5 
Ala -ileu -Angiotensin II 

966 0.74 0.31 

Ala -Angiotensin II 1005 

6 5 
Ala -ileu -Angiotensin II 981 

7 5 
Ala -ileu -Angiotensin II 1020 

7 5 
(OH)pro -ileu -Angiotensin II 1063 

0.75 

1.29 

0. 65 

0.86 

7. 5 

0. 83 

0. 83 

9.8 

It is assumed that the low response of the latter is due to the 

fact that the receptor sites are all filled with antiotensin 

or metabolites, thereby preventing additional response 

following injection. In FIG. 5 repeated injections of angio

tensin are given for the first 6 injections at which time 
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RESPONSE OF CAT CAROTID ARTERY TO ANGIOTENSIN 

ARTERY FROM NORMAL CAT 

bl 

< 
X 

< 
2 

UJ 

a. 

100 « • ARTERY AFTER INFUSION OF 
ANGIOTENSIN 200ng/Kg/min 

FOR ONE HOUR 

80 

ANGIOTENSIN ng/nl 

200 

FIG. 4 

FIG. 5 
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repeated injection yield no response by an isolated muscle 

str ip. Between points 6 and 7 a small sample of Dowex-50 

resin, which has been pretreated with the same physiological 

salt solution which has been bathing the muscle, was added 

to the muscle bath. Here is noted that at injection 7 a 

complete reversa l of the tachyphylaxis was obtained. A 

similar reversa l was demonstrated by adding leucine amino-

peptidase or specific aminopeptidases which are obtained in 

plasma, to the bath for a very brief time. The reversa l of 

tachyphylaxis by these two aminopeptidases and by the resin 

has been interpreted as a removal of the peptide or its 

metabolites from the receptor site, thereby allowing 

additional angiotensin to react. We have found that car

boxypeptidase, which very rapidly destroys angiotensin in 

solution does not reverse this phenomenon. It seems then 

that the most plausible explanation for this phenomenon is 

that angiotensin must be coupled to its receptor site via its 

carboxyl end, leaving the amino end free to be acted upon 

by an aminopeptidase. Because of this observation and those 

data obtained from the optical rotatory dispersion and nmr 

measurements to be reported by Dr. Goodman in a later 

paper, we had decided to synthesize several peptide analogs 

with modifications at the C-terminus. 

Replacement of the very rigid five membered ring in 

position 7 with that of a six membered nitrogen containing 
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ring as found in pipecolic acid should allow interpretation 

with respect to the necessity of the cyclic structure in this 

position. It was thought that the more flexible ring of 

pipecolic acid should allow the peptide to go into a conforma

tion similar to that obtained when alanine is in the 7 position. 

L-Pipecolic acid was easily synthesized by reduction of 

a -picolinic acid and resolved as its tar tarate salt. Tar tar ic 

acid was easily removed by passing the salt over an IR-45 

resin yielding pipecolic acid as its hydrochloride salt which 

was easily crystallized from methanol-acetone(FIG. 6). 

Synthesis of L-Pipecolic Acid 

a -picolinic acid 
N 2 / P t 

DL - Pipecolic Acid 
warmed with 
(+) tar tar ic acid 
in ethanol 

crystals of D-Pipecolic 
acid- ( •».) tar tarate 
separate 

Supernatant on evaporation 
gives L - Pipecolic Acid -
( + ) - tar tara te 

Dissolved in IN HC1 and 
passed through IR-45 
resin to remove tar tar ic 

| and hydrochloric acids 

L - Pipecolic Acid 
+ 

crystalized as L - Pipecolic 
acid hydrochloride from 
methanol - acetone 

25 o 
(a ) D - 10.4 (c,2 in water) 

FIG. 6 

140 



ANGIOTENSIN II ANALOGS 

To determine the importance of the position of the car

boxyl group on amino acid number 8, we synthesized a butyric 

acid derivative which removed the carboxyl from the amino 

group by one methylene. This was easily accomplished by 

converting carbobenzoxyphenylalanine to an acid chloride, 

the azide, and by a Curtius rearrangement , L-3-amino-4-

phenyl butyric acid was obtained. The amino acid, 3-amino-

3' isobutyric acid represents a compound with both the phenyl 

group and the carboxyl group one more methylene group 

removed from the amino group of phenylalanine. 

The D, L form of this amino acid was synthesized by 

converting the formyl derivative to the chloro derivative 

with PClr and finally adding this to the sodio derivative 

of 2-benzyl-diethylmalonate. Hydrolysis at high pressure 

and at 175 in concentrated HC1 yielded the D, L form of 

this amino acid. We made no attempt, as yet to resolve 

this substance (FIG. 7). 

SYNTHESIS OF DL-3-AMIN0-3'-PHENYL-ISOBUTYRIC ACID 

CO ^y>^ /-CO / ? \ /CO 

oc> HCH0 
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CO 

CO 

cc?-rOH PCI 5 f jT ^>NCH2CI 

VC0 

TT \ COOEI 
I ^ > N C H 2 C I 4 - CH-CH2Ph 

rr. COOEt 
CO 

aC ° ? 0 0 E ' 

">NCH 2C—CH 2Ph 
COOEt 

m 

-CO 

Cone HCI 
i.CHzPh 

H C I N ^ - C I ^ - C H - C O O H 
mp. 1t53-4«C. 

FIG. 7 
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The biologica l ac t i v i t i e s of s o m e of t he se ana logs ' a r e 

shown in Table 2. I so leuc ine was subs t i tu ted in the 1 p o s i 

t ion of ang io tens in , s ince i t s s ide chain i s s o m e w h a t s i m i l a r 

TABLE 2 

Pressor Act
ivity Vago-

1 2 3 4 5 6 ? 8 tomized Hat 
Asp - Arg - Val - Tyr - Ile - His - Pro - Phe 100 

(1-Asp, 5-He)-Angiotensin II 
Ile - Arg - Val - Tyr - Ile - His - Pro - Phe 25 

(1-Ile. 5-Ile)-Angiotensin II 
Asp - Arg - Pro - Tyr - lie - His - Pro - Phi Iio" 

(5-Pro, 5-Ile)-Angiotensin II 
Asp - Arg - Val - Tyr - Ala - His - Pro - Phe 7.5 

(5-Ala)-Angiotensin II 
Asp - Arg - Val - Tyr - Ile - Ala - Pro - Phe To3 

(5-He. 6-Ala)-Angiotensin II 
Asp - Arg - Val - Tyr - Ile - TAla- Pro - Phe 1.0 

(5-Ile. 6-TAla)-Angiotensin II 
Asp - Arg - Val - Tyr - lie - His - Pipe"̂  Phe TIS 

(5-Ile. 7-Pipecolic acid)-Angiotensin II 
Asp - Arg - Val - Tyr - Ile - His - Pro - APB 10 

[5-Ile. 8-(5-ajiiino,, 4-phenyl-butyric acid)]-Angiotensin II 
Asp - Arg - Val - Tyr - Ile - His - Pro - APIB .1 

[5-Ile. 8-DL(3-amino-5'-phenyl-isobutyric acid)]-Angiotensin II 
Asp - Arg - Val - Tyr - lie - His - Pro - Tyr* 83 

(1-Asp. 5-Ile. 8-Tyr)-Angiotensin II 
Asp - Arg - Val - Tyr - lie - His - Pro -(OMe)Tyr 33 

(1-Asp. 5-Ile. 8(0Me)Tyr)-Angiotensin II 
Asp - Arg - Val - Tyr - Val - His - Pro -(OMe)Tyr 33 

(1-Asp. 5-Val. 8(0Me)Tyr)-AngiotenBin II 
Asp - Arg - Val -(OMe)Tyr-Ile - His - Pro - Phe 0.95 

(1-Asp. 1f(0Me)Tyr. 5-Ile)-Angiotensin II 
Asp - Arg - Val -(OMe)Tyr- Val- His-Pro - Phe o793 

(1-Asp. 4(0Me)Tyr. 5-Val)-Angiotensin II 
Asp(NH2)-Arg - Val -(OMe)Tyr- Val- His - Pro - Phe** 5735 

(l-Asp(NH2), M0Me)Tyr, 5-Val)-Angiotensin II 

* Schroeder and Hempel reported 10-20# of the pressor activity 
of the (5-valine-angiotensin II (1965). 

** Schroeder and Hempel (1965) and Cresswell, Hanson and Law 
(1967) reported 0.2 and 0.13ri respectively of the pressor 
activity of the (5-valine)-angiotensin II. 
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in size to that of aspart ic acid. It has already demonstrated 

that the acidity of aspart ic acid is not necessary for biologi

cal activity. However, 1-isoleucine-angiotensin has reduced 

activity very similar to that of the heptapeptide not containing 

aspart ic acid. It had been assumed that the introduction of 

proline in the 3 position would change the conformational 

possibilities of angiotensin by placing aspartylarginine in a 

different position respective to the res t of the polypeptide 

chain. However, 3-proline angiotensin still retained 40% of 

the pressor activity of the parent compound when assayed in 

anintact rat . Alanine substituted in the 5 position brought 

about a rather significant reduction in biological activity; 

thus, the branched chain of isoleucine or valine in position 5 

is extremely important and possibly necessary to place the 

aromatic group of tyrosine in the proper position relative to 

that of histidine and phenylalanine. 

As discussed ear l ie r , Hoffman and coworkers have 

synthesized 6 (3 -pyrazolyl-3-alanine angiotensin II and 

showed it to possess 57% of the pressor activity of angiotensin 

when assayed in a nephrectomized rat and 79% of the activity 

when assayed in a pithed rat . We cannot agree with their 

conclusions. 6-Thienylalanine angiotensin was synthesized 

and found to be almost completely inactive. We do not 

agree that the stereo structure of the 5 membered hetero

cyclic ring of histidine is the only contributing factor to 
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biological activity of angiotensin and suggest, in contradic

tion to these workers , that the basicity of this group is 

likewise necessary. 

It is interesting that the 7-pipecolic acid angiotensin 

has very little biological activity since its conformation 

should be somewhat similar to that of 7-alanine-angiotensin. 

At present, we have assumed then that the 5 membered ring 

of proline is necessary for the conformation of angiotensin 

or that it may in some way enter into the reaction between 

angiotensin and its receptor protein. 

Schroeder and Hempel synthesized 8-tyrosine angioten

sin and reported a product to have 10 to 20% of the pressor 

activity of 5-valine angiotensin. The same analog was syn

thesized in our laboratory and we were amazed to find that it 

has no effect upon the conformation of the peptide. Introduc

tion of a methoxyl group, however, in position 8 seems to 

reduce the activity to a greater degree. This being larger 

may prevent the aromatic group from entering the receptor 

site. Etherification of the hydroxyl of tyrosine in position 

4 almost completely destroys the biological activity. It was 

shown earl ier that the hydroxyl group is necessary for biolo

gical activity, and very likely enters into the reaction between 

the peptide and its receptor site. 

Substitution of the amino acid 3-amino-4-phenyl-butyric 

acid abbreviated APB, into the 8 position of angiotensin 
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reduces the biological activity to 10%. In this peptide the 

carboxyl group is now removed one methylene group farther 

from the peptide bond. This slight change in the position of 

the carboxyl group reduces the activity so significantly that 

one must conclude that the relative position of the carboxyl 

group and the aromatic group on the amino acid #8 is 

extremely important. When phenylalanine is replaced by 

3-amino-3' phenylisobutyric acid, labeled as APIB, the 

biological activity is reduced even further. I must point 

out, however, that the D, L form of this amino acid was 

used in the synthesis of the peptide and it is highly possible 

that during the purification procedures we may have concen

trated either the D or L form in the peptide. Here, both the 

phenyl group and the carboxyl group are one methylene group 

further removed from the peptide bond. The effects of these 

last two peptides on the inhibition of the uptake of norepine -
13 phrine by coronary a r te r ies are highly significant . Studies 

designed to measure uptake of norephinp'arine were carr ied 

out by adding tritiated norepinephrine to a perfusing solution 

being circulated through an isolated rabbit 's heart. The 

addition of 1-asparagine angiotensin at a concentration of 

0. 2 n g / m l to the perfusate reduced the uptake of norepine

phrine by 80% as well as an increase in heart ra te . The 

naturally occurring angiotensin, i . e . the aspart ic acid 

derivative, likewise has the same effect at the same concen

tration. Numerous analogs of angiotensin which had low 
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TABLE 3 

Treatment 

nh®. 
l-Asp(NH )-Ang 

l^Asp(NH2)-Ang 

Ang II 

1-Ileu-Ang II 

1-Ileu-Ang II 

3-Ala-Ang II 

4-Ala-Ang II 

6-Ala-Anfl II 

7-Ala-Ang II 

l-Asp(NHj-Ang 

8-Ala-Ang II 

8-^la-Ang II 

8-APIB-Ang II** 

8-APB-Ang 11+ 

8-APB-Ang II 

8-Tyr-Ang II 

8-Tyr-Ang II 

II* 

II* 

IKNHJ 

[ 

Ang I (Decapeptide) 

Concen
tration 

10 ng/ml 
2 ng/ml 

0.05 ng/ml 

0.2 ng/ml 

2 ng/ml 

10 ng/ml 

2 ng/ml 

2 ng/ml 

2 ng/ml 

2 ng/ml 

2 ng/ml 

2 ng/ml 

0.2 ng/ml 

2 ng/ml 

2 ng/ml 

0.05 ng/ml 

2 ng/ml 

0.2 ng/ml 
2 ng/ml 

n 

15 
10 

5 

5 
6 
6 
6 

6 
6 

8 
8 
10 

8 
8 

8 
6 

2 

4 
& 

% Inhibition * 
NE Uptake oi 

___ 
80 

80 

80 

25 

70 

70 

0 

0 

0 

0 

80 
50 

ko 
80 

to 
80 

20 

Ang Press-
• Activity 

_—_ 
100 

100 

100 

20 

20 

65 
0 

1 

2 

0 

2 

2 

0.1 

10 

10 

85 
85 

0 0 
(Oxytocic activity) 

* Hypertensin - Ciba 
** 8 (D,L 3-amino-3'-phenyli80butyric acid) 
+ 8 (d-amino-^-phenylbutyric acid) 

pressor activity were tested for their effects upon the inhibi

tion of norepinephrine uptake by the heart t issue. Here we 

note that 1-isoleucine angiotensin, which has only 20% of the 

pressor activity, inhibits the uptake of norepinephrine by 20%. 

Likewise, the 3-alanine derivative, which has 65% of the 

pressor activity of the parent molecule, also inhibits. The 
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4, 6, and 7 substituted derivatives of angiotensin, which have 

very little or no pressor activity, likewise seem to have very 

little effect upon the uptake of norepinephrine. From this 

it first appeared as though the inhibition of norepinephrine 

uptake paralleled the pressor activity. However, when modi

fications were made in the 8 position very different results 

were obtained. The 8-alanine derivative of angiotensin, 

which has less than 2% pressor activity, inhibits the uptake 

of norepinephrine to the same degree as the parent angioten

sin. Also, the APB and the APIB derivatives, which had 

much less pressor activity than angiotensin, also inhibited 

norepinephrine uptake as did the tyrosine analogs. F rom 

this, it is clear that the receptor site on nerve terminals 

which affects the inhibition of norepinephrine uptake does 

not require the phenyl group in the 8 position of angiotensin. 

However, since angiotensin I, which has histidyl-leucine 

on the carboxyl group in the 8 position, or angiotensin dia-

mide, are both inactive in inhibiting norepinephrine uptake, 

demonstrating that the free carboxyl group is necessary in 

this position. It can, however, be removed by one methylene 

group without greatly changing its activity on norepinephrine 

uptake, while there is some reduction of the pressor activity. 

This seems rather significant since for the first time we have 

been able to show a difference in receptor sites for angioten

sin. It, indeed, would be even more exciting to find an 
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analog which has very little pressor activity but would 

inhibit norephinephrine uptake and also release aldosterone. 

For some time we have felt that the indirect effects of angio

tensin may be more significant in controlling blood pressure 

than the direct vasoconstriction propert ies . An analog with 

these indirect effects without the acute pressor action would 

be a valuable tool with which to study the sensitization mech

anism which many of us believe to be extremely important 

during the development of hypertension. 

In summary, I would like to point out that we have syn

thesized many angiotensin analogs in good yields and high 

purity by the Merrifield solid-phase method. It has been 

very useful in our laboratory. One analog has been 

extremely difficult to synthesize by this manner, and it is 

difficult to understand why the arginyl proline bond of 3-

proline angiotensin II is so difficult to form. In this case 

it would have been much easier to synthesize the analog by 

the usual solution methods. None of our analogs have signi

ficant inhibitory activity on angiotensin; nor have we been 

able to correlate the differences of the dialysis rates of the 

various analogs with their biological activities. We are 

hopeful that Dr. Goodman's work with nmr and ORD will shed 

some light on this matter . His studies have, indeed, shown 

the importance of the 8 position toward the possible confor

mation of angiotensin, and this has led us to make numerous 
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subs t i t u t i ons in this pos i t ion for fu r the r t e s t s on h i s p a r t . 

It i s e x t r e m e l y i n t e r e s t i n g now that these ana logs which a r e 

subs t i t u t ed in the 8 pos i t ion have a ve ry di f ferent ac t ion 

upon inhib i t ion of n o r e p i n e p h r i n e up take . 
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CONFORMATION, COMPUTERS, AND BIOLOGICAL ACTIVITY 

Garland R. Marshall 

Departments of Physiology and Biophysics and 
of Biological Chemistry 

Washington University Medical School, St. Louis, Missouri 

The ability to synthesize a large number of analogs of a 

small peptide has become a reality, whether one is speaking 

of classical procedures as exemplified in the case of the gas

trin tetrapeptide , or of solid-phase procedures as exemplified 
2 

in the case of bradykinin . The question which faces every 

investigator interested in this approach to the s t ructure-

activity relationship is which analog to synthesize next. Some 

70-100 analogs of most of the small biologically active peptides 

have been synthesized with a relatively smaU gain in under

standing the effects of s tructural change on the biological 

activity. 

This problem is not unique to peptide chemists, but is a 

common difficulty even among those working with much 

simpler molecules with a predetermined configuration. 

Obviously, we are facing a multivariable problem in that 

many of the assay procedures would be expected to be 

influenced by lipid solubility, resistance to enzymatic 
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degradation, and a multitude of other factors. There have 

been some recent attempts to analyze simpler systems in 

terms of lipid solubility, dipole moments, etc. with some 
3 

degree of success . An attempt to apply similar ideas to 

oxytocin and angiotensin noted some correlations although 
4 

any predictive value is questionable . 

One parameter which we know must be affected by the 

chemical change is the conformation, either unique or 

allowed, which the molecule can assume. The question of 

uniqueness of conformation as a function of peptide size is 

an area with little experimental data and open to contro-
5 

versy . Physical techniques, at beet, would give only the 

conformation in a crystal or in solution. Since we are 

really interested in the conformation while interacting with 

the receptor, one must focus on the sterically allowed 

conformations rather than those present in the crystal , or 

in solution, or calculated to have the minimum energy in 

solution. In addition, some problems in x- ray crysta l 

lography which become particularly acute with peptides 

should be pointed out. F i r s t , crystal packing forces become 

proportionately greater as the molecular size decreases , 

and the problem of conformation in the crystal versus that 

in solution is raised. Second, peptides appear hard to 

crystallize in the 6-20 residue range. Third, isomorphous 

heavy metal replacement becomes more difficult as the 
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p e r t u r b a t i o n to the c r y s t a l s t r u c t u r e b e c o m e s g r e a t e r . 

Other m e t h o d s , so f a r , a r e not suff icient ly powerful to 

so lve the s t r u c t u r e s d i r e c t l y . Solution m e t h o d s a r e in the 

p r o c e s s of deve lopmen t and the r e s u l t s a r e h a r d to i n t e r 

p r e t a t p r e s e n t . S e v e r a l a p p e a r quite p r o m i s i n g , i . e. , 

6 9 
e l e c t r o n - d o n o r a c c e p t o r complexes , sp in - l abe l l i ng , 

and NMR 8 . 

One a p p r o a c h which we a r e eva lua t ing a s s u m e s some 

m a j o r s i m i l a r i t y in the ac t ive ana logs of a pept ide which is 

not s h a r e d by the inac t ive ana logs and which wil l be r e f l ec t ed 

in the confo rma t ion . M e i s t e r ' s work on g lu tamic analogs 

has d e t e r m i n e d the conformat ion of g lu tamic at the binding 

9 
s i te of g lu tamine syn the t a se . By d e t e r m i n i n g the al lowed 

confo rma t ions as a function of s equence , one could c o m p a r e 

those r e s u l t i n g f r o m ac t ive ana logs with those f r o m inac t ive 

a n a l o g s . In s e l ec t i ng se t s of ana logs for such a s tudy, one 

m u s t cons ide r that c e r t a i n groups wil l be n e c e s s a r y for 

function and that the ro le of the o the r r e s i d u e s is to p rov ide 

a s t r u c t u r a l bas i s for a r e q u i r e d spa t i a l conf igura t ion of 

those g roups a t the r e c e p t o r . Ideal ly , one would l ike to 

identify the funct ional r e s i d u e s and only cons ide r ana logs 

which v a r y the o the r r e s i d u e s . One obvious m e a n s of 

changing the confo rma t ion without affecting the funct ional ly 

r e q u i r e d g roups is subs t i tu t ion with e n a n t i o m e r s . Unique 

s p a t i a l r e q u i r e m e n t s for , at l e a s t , t h r e e g roups is impl ied 
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in the fact that the a l l - D ana logs of b radykin in , 

. . . 11 , t . 12 . 

ang io tens in , and oxytocin a r e i nac t ive . 

The in i t i a l p r o b l e m is how to d e t e r m i n e the effects of 

changes in sequence on the a l lowed confo rma t ions of a 

pep t ide . The s tud ies begun by R a m a c h a n d r a n and ex tended 

by L iquo r i , S c h e r a g a , F l o r y , and o t h e r s , p rov ide the ba s i c 

foundat ions for ca lcu la t ing the a l lowed c o n f o r m a t i o n s . 

R a m a c h a n d r a n plots of the a l lowed d i h e d r a l ang les for a 

d ipept ide have been ca l cu la t ed for a given se t of Van de r W a a l ' s 
13 

r a d i i . Such a d i a g r a m is shown in FIG. 1. One can extend 

360" 

ISO" 

180 360" 

FIG. 1 

P l o t of the fully a l lowed (line) and ou te r l i m i t (dash) reg ions 
for va lues of backbone ang les (13). 
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this type of ca l cu la t ion to any given pept ide as exempl i f ied 

14 

by Neme thy and S c h e r a g a who ca l cu la t ed nine a l lowed 

backbone confo rma t ion for the oc tapept ide loop of r ibonu

c l e a s e . One of the m a j o r d r a w b a c k s to this a p p r o a c h is the 

s t r a i n on p r e s e n t - d a y computa t iona l f a c i l i t i e s , e s p e c i a l l y 

for l i n e a r pep t ides w h e r e one does not have the c o n s t r a i n t 

when gene ra t i ng the s t r u c t u r e that the c o n s i d e r e d confor

m a t i o n m u s t al low c l o s u r e . 

F o r t u n a t e l y , the need for i m p r o v e d computa t iona l 

f ac i l i t i e s and the m e a n s of supplying them have enjoyed a 

dia logue at Washington U n i v e r s i t y the l a s t few y e a r s . A 

new concep t in compu te r technology, n a m e l y m o d u l a r c o m 

pu t e r , o r m a c r o m o d u l e s , is being i m p l e m e n t e d as a m e a n s 

of des ign ing s p e c i a l i z e d c o m p u t e r s which offer e n o r m o u s 
1 5 

sav ings in t ime and computa t iona l expense . This concept 

e s s e n t i a l l y a l lows the des ign of v e r y efficient spec i a l i z ed 

c o m p u t e r s for speci f ic app l ica t ion with p o s s i b i l i t i e s of 

p a r a l l e l computa t ion and h a r d w a r e p r o g r a m m i n g . As a 

m e a n s of d e t e r m i n i n g which p a r t s of such a p r o b l e m would 

bes t yie ld to such a technique , we have been inves t iga t ing 

the p r o b l e m of ca lcu la t ing a l lowed conformat ion on a r a t h e r 

22 
s m a l l c o m p u t e r , the LINC . in addi t ion, we have been 

i n t e r e s t e d in m o l e c u l a r g r a p h i c s as a m e a n s of a l lowing the 

i n v e s t i g a t o r to d iges t s o m e of the e n o r m o u s amoun t s of data 

ava i l ab le as c o m p u t e r output. FIG. 2 i l l u s t r a t e s one s tep 
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FIG. 2 

Display of glycine dipept ide unit ro ta t ing about dot ted bond 
between a - c a r b o n and ca rbony l ca rbon . Dotted line shows 
col l i s ion between s t a r t i ng a - c a r b o n and ca rbony l oxygen. 
This configurat ion is not al lowed. 

in the ca lcu la t ion of a R a m a c h a n d r a n plot as shown on our 

LINC d i sp lay . FIG. 3 shows the s t a g g e r e d conf igura t ion of 

the pen tapep t ide , a l a n y l - a l a n y l - a l a n y l - a r g i n y l - a r g i n i n e . A 

m a c r o m o d u l a r des ign for c o m p a r a b l e fac i l i t i e s which 

should i n c r e a s e the speed of computa t ions by a fac tor of 

3 
10 awai t s the f ab r i ca t ion of some of the component modu le s 

for imp lemen ta t i on . 

Another a p p r o a c h which we a r e inves t iga t ing is the use of 

NMR as a m e a n s of d e t e r m i n i n g pept ide conformat ion . The 

upfield shift in r e s o n a n c e of me thy l g roups due to a r o m a t i c 

sh ie ld ing o b s e r v e d in lysozyme can be expla ined by s idecha in 

i n t e r a c t i o n s o b s e r v a b l e in the x - r a y c r y s t a l s t r u c t u r e a c c o r d -

17 ing to S t e rn l i ch t and Wilson . Such shifts a r e ind ica t ive of 
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FIG. 3 

S t e r e o d i sp lay of A l a - A l a - A l a - A r g - A r g in s t a g g e r e d con
f igura t ion . T h r e e d imens iona l v i ewer s such as sold by 
S t e r e o - M a g n i s c o p e , I n c . , 40-31 81st St. , E l m h u r s t , 
New York wil l allow viewing in s t e r e o . 

the p r o x i m i t y of an a r o m a t i c s idecha in . In co l l abora t ion 

with Dr . L e r o y Johnson of V a r i a n A s s o c i a t e s , the 220 MHz 

1 5 

s p e c t r a of Asn -Val - ang io tens in II and glucagon have been 

examined . T h e s e a r e shown in FIGS. 4 and 5. FIG. 6 

shows an e n l a r g e d view of the upfield s p e c t r a of ang io

tens in . Notice that the peak due to the 4 me thy l groups of 

the 2 val ine r e s i d u e s do not co inc ide . Also note that no 

r e s o n a n c e s a r e shifted upfield enough in the glucagon s p e c t r a 

to be d i s t ingu i shed f r o m the broad s p e c t r a . This asymmet r ic 

a p p e a r a n c e in ang io tens in has p r o m p t e d us to syn thes i ze the 

following compounds in an a t t emp t to d e t e r m i n e if this 

a s y m m e t r y is due to a conformat iona l effect 

op t ica l A S P - A R G - V A L - T Y R - D - V A L - H I S - P r o - P H E 
opt ica l A S P - A R G - V A L - T Y R - V A L - H I S - D - P R O - P H E 
i so top ic A S P - A R G - V A L - T Y R - D e u t e r a t e d - V A L - H I S -

P R O - P H E 
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2 0 0 0 1500 

•^VA-wXw/ VAAr. JU J\J 

1000 

[iX^K^J^^V^ 

500 

• ! • • • : : • • • : ! : • : • : — + - ±^ 

FIG. 4 
1 5 

NMR spectra of Asn -Val -angiotensin II. Aromatic 
residues are on the far left and valine methyl protons 
are on the far right. 

1 8 These peptides have been synthesized using essentially 

19 the described procedure of solid phase . In several cases , 

the histidine protection was varied. Free His and DNP-His 

were used in additional to im-Bz-His . Free His coupling 

was incomplete, giving only 60-70% coupling when performed 

as described by Loffet . This is similar to our unpublished 

experience with several other sequences. The BOC-DNP-

His incorporation was satisfactory and the DNP group 

removal by (5 -mercaptoethanol in a mixed solvent of DMF 
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2000 

FIG. 5 

NMR spectra of glucagon at pH. 9. 

and Na-,CO, buffer, pH 8. O.was complete after 24 hours. 

The peptide was desulfured and hydrogenated to give the 

free angiotensin analog. The NMR spectra and other 

physical parameters are under investigation and will be 

presented elsewhere 

Information from NMR on peptide conformation would 

give the location of two groups with respect to each other. 

This essentially imposes a cyclic constraint on a linear 

peptide or a bicyclic constant on a cyclic peptide. These 

constraints reduce enormously the number of allowed con-
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FIG. 6 

Enlarged spectra of resonance due to valine methyl groups 
in Asn -Val -angiotensin II. 

figurations for these s t ructures . In the case of the r ibo

nuclease loop, the reduction was of the order of 2 orders 
22 of magnitude . We hope that our efforts in calculating 

allowed conformations will also be useful in determining 

those which will be consistent with NMR spectra and other 

physical methods as these develop further. One must be 
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careful before mixing the constraints imposed by biological 

activity and those by measurements in solution for reasons 

pointed out previously. Hopefully, the combination of the 

various physical techniques available, combined with 

improved computational facilities will yield the effervescent 

conformational parameter . This should assis t our effort 

to understand the role of structure in biological activity. 
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SMALL CYCLIC PROLINE PEPTIDES: 
ULTRAVIOLET ABSORPTION AND CIRCULAR DICHROISM 

C. M. Deber, A. Scatturin, V. M. Vaidya, and E. R. Blout 

Department of Biological Chemistry 
Harvard Medical School, Boston, Massachusetts 

The presence of proline residues in a biopolymer, par

ticularly when their percentage is relatively high as in the 

protein collagen, may confer unique conformational properties 

upon the molecule, since (a) rotation around N-C bonds is 
a 

res t r ic ted and (b) proline-proline peptide bonds may adopt 
2 

energetically similar c is - or t rans- forms . 

Poly-L-prol ine, as obtained by polymerization of L-proline-

3-5 N-carboxyanhydride in pyridine or acetonitrile is in the cis-

3 4 form "I", ' but undergoes mutarotation (as monitored by 

changes in characteris t ic optical rotatory dispersion (ORD) 

and circular dichroism (CD) spectra) to the t rans-form 'poly-

4-10 L-proline II" in suitable solvent systems 

Small cyclic proline-containing peptides in which the pep

tide linkages are conformationally constrained to remain in the 

cis -form provide a favorable situation for the study of the 

spectral properties of such bonds. In this paper, we present 

the results of some preliminary observations concerning the 
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CD and ul t raviole t a b s o r p t i o n (UV) s p e c t r a of t h r e e cyc l ic 

p e p t i d e s : L - p r o l i n e - L - p r o l i n e d i k e t o p i p e r a z i n e , cyclo 

( t r i - L - p r o l y l ) , and c y c l o ( G l y - L - P r o - G l y - G l y - L - P r o - G l y ) . 

Syn thes i s 

C y c l o ( t r i - L - p r o l y l ) was syn thes i zed in 30-40% yie ld by 

e i t h e r of two v a r i a t i o n s of the o r ig ina l me thod of Rothe : 

cyc l i za t ion under condi t ions of high di lut ion of H - L - P r o - L -

P r o - L - P r o - p _ - n i t r o p h e n y l e s t e r t r i f l u o r o a c e t a t e in d ime thy l 

f o r m a m i d e / t r i e t h y l a m i n e o_r of H - L - P r o - L - P r o - L - P r o - p _ -

n i t ropheny l e s t e r hyd roch lo r ide in p y r i d i n e . The c y c l o t r i -

pept ide f o r m s beautiful c r y s t a l s ( f rom me thano l ) , m . p . ~> 340 

with p r i o r sub l ima t ion at ~ 2 50 ; the only band in the ca rbony l 

r eg ion of i ts i n f r a r e d s p e c t r u m is an in tense one at 1630 c m . 

It i s in t r igu ing that the syn thes i s of cyclo( t r i - L - p r o l y l ) 

r e p r e s e n t s the only r e p o r t e d example of the cyc l i za t ion of 

a t r i - p e p t i d e which does not undergo the "doubling r e a c t i o n " 

to p roduce a cyc lohexapep t ide . F a c t o r s con t r ibu t ing to this 

phenomenon m a y include (a) the inabi l i ty of the l i n e a r p ro ly l 

t r i - p e p t i d e to hydrogen bond to a second t r i m e r in h e a d - t o -

12 
tai l fashion j u s t p r i o r to cyc l i za t ion a s sugges t ed by Schwyzer 

as wel l as (b) the tendency of pro l ine to f o r m c i s - p e p t i d e bonds 

which would b r ing the two ends of a t r i m e r c lose toge ther in 

s p a c e . 

C y c l o ( G l y - L - P r o - G l y - G l y - L - P r o - G l y ) was s y n t h e s i z e d 

13 a c c o r d i n g to R e a d e r and Smi th , who employed the cyc lo -
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dimerization of H-Gly-L-Pro-Gly-p_-nitrophenyl ester hydro-

bromide in dimethylformamide/triethylamine. It had the 

correct amino acid analysis, m. p. >350 , and an infrared 

12 
spectrum identical to that reported containing a complex 

carbonyl region with several bands between 1630 and 1685 cm 

-1 

cm . 

L-Pro-L-Pro diketopiperazine was obtained from Cyclo 

Chemical Co. , and displayed an infrared carbonyl absorption 

band at 165 5 cm . 

Results and Discussion 

Cyclo( tri-L-prolyl) exhibits a maximum in the UV at 

X = 205 my (e = 6200) and a distinct shoulder at X= 230 nv 
( F= 1400), as shown in Figure 1. The X at 205 mu ' *- ° max H 

corresponds closely to that observed for poly-L-proline I 

(in water) ( X = 204. 5, e=7500, no shoulder) while both v ' v max 

differ somewhat from the UV of poly-L-proline II ( i =202 mu 

14 
e =7000, no shoulder) . 

The cyclo-tri-peptide possesses a complex CD spectrum 

(Figure 1), containing maxima at X^15 mP (0, = +19, 000)and 

X =190 my ( g ' = + 30, 000), and minima at 233 mP («<?' =12, 000) 

and 202 m y (e'=+ 7500). A slight shoulder at about 250 rry is 

also discernible. 

We suggest that the relatively large CD transition at 

233 my as well as the UV absorption shoulder at 230 mp 

represent spectral manifestations of a strong n-ir band. 

165 



DEBER ET AL. 

190 200 210 220 230 240 250 260 270 

X, m/j. 

FIG. 1 

The circular dichroism spectrum (solid line) and ul t ra
violet absorption spectrum (dashed line) of cyclo(tri-L-
prolyl, recorded in methanol at 24 . The e scale on the 
right refers to the UV spectrum. 

This contention is supported by the experimental observation 

that the CD band at 233 my in methanol red-shifts to 237 my 

(9= 16, 500) in methylene chloride. 
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An explanation for the remaining bands in the CD spec

trum will follow a more detailed theoretical treatment of the 

data. It is not surprising that cyclo(tri-L-prolyl) , a re la

tively simple molecule, limited as it is to only a few possible 

conformations, nevertheless exhibits a CD spectrum with 

bands of considerable magnitude. A possible reason for this 

is the absence of '(compensating conformations" (normally 

available to linear proline oligomers) which might serve to 

"cancel"or reduce the magnitudes of the observed CD bands. 

Thus, the experimentally observed D values are quite large. 

Calculations based on allowed bond angles by Ramachan-

dran and Venkatachalam ' reveal that "it is impossible to 

close the (cyclotriprolyl) ring using three peptide units all 

in the trans-conformation", a fact certainly borne out by 

studies with molecular (CPK) models. Photographs of the 

' i ront"and ' r ea r"v iews of a cyclo- ( tr i-L-prolyl) model built 

with slightly non-planar cis-peptide bonds shown in FIG. 2, 
15 confirm Venkatachalan's finding that the former face (a) is 

"hydrophilic" in nature, while the latter face (b) has 'hydro

phobic" character . 

The ORD spectrum of L - P r o - L - P r o diketopiperazine, 

17 reported by Schellman , shows an asymmetric Cotton effect 

(i. e. , peak and trough have different magnitudes), indicating 

the presence of at least two optically active transitions, a 

result confirmed by the CD results reported herein. The 
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(a) (b) 

FIG. 2 
Photographs of CPK molecular midels of cyclo(tri-L-prolyl), 
showing "front" (hydrophilic) face (a) and " rea r" (hydrophobic) 
face (b). The black atoms are carbon, the white atoms are 
hydrogen, the gray atoms are nitrogen, and the grooved atoms 
are oxygen. 

CD spectrum of this material possesses a maximum at X=205 rrry 

(0'=+5OOO) and a minimum at X = 222 my {Q' = -5300). Although 

L - P r o - L - P r o diketopiperazine ( "cyclo(di-L-prolyl) " is a 

compound which must contain only cis-peptide bonds, its CD 

spectrum (FIG. 3) bears no obvious resemblance to the 

cyclo(tri-L-prolyl) spectrum. Thus, if one were hoping to 

discern bands in either CD spectrum which were "diagnostic" 

for the presence of cis-peptide bonds, one could reach no firm 

conclusion on this point from the available data. 
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9 

190 200 210 220 230 240 250 260 270 

X, m/x 

FIG. 3 

The circular dichroism spectrum ( . • ) and the ul t ra
violet absorption spectrum ( ) of L-prol ine-L-
proline diketopiperazine, and the circular dichroism spec
trum ( « ) of cyclo (Gly-L-Pro-Gly-Gly-L-Pro-Gly) . 
The e scale on the right refers onlv to the UV spectrum. 
All spectra were recorded in methanol at 24 . 
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Somewhat unexpectedly, the CD spectrum of the cyclo-

hexapeptide cyclo(Gly-L-Pro-Gly-Gly-L-Pro-Gly) (FIG. 3) 

does qualitatively resemble that of the diketopiperazine, 

displaying a maximum atX= 201 mjj (6 = + 11, 000) and a mini

mum at 225 my ( 8 = -2500). One naturally assumes that a cyclic 

hexapeptide, particularly one containing four glycine residues, 

could, and should adopt the trans-conformation for its peptide 

linkages; it is doubtful that the actual conformation of this 

molecule contains any cis-bonds. Fur thermore , examination 

of a molecular model of the compound built with cis-peptide 

bonds presents one with no obvious reason why the two pro

line residues might be spatially disposed in such a way so as 

to resemble the situation in the diketopiperazine. Thus, one 

is led to the conclusion that the CD spectra of both diketopiper

azine and the cyclohexapeptide represent the result of two pro

line carbonyl chromophores which are essentially non-inter

acting: in the cyclohexapeptide, because they are far apart, 

and in the diketopiperazine, because the angle between the 

two carbonyl groups is around 180 , giving a net dipole-dipole 

resultant near zero. 

The UV spectrum of L - P r o - L - P r o diketopiperazine (FIG. 

3) displays its \ at 193 my (e = 8100), in the same region as 
18 previously observed values for other diketopiperazines 

Additional support for the supposition that the CPK models 

of L - P r o - L - P r o diketopiperazine and cyclo(tri-L-pro-lyl) are 
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TABLE 1. Nuclear Magnetic Resonance Spectra of Cyclic 
Proline Peptides 

Ring H's N-C Ring H's C H's 

L - P r o - L - P r o diketo- 2.10 (m) 3. 55 (t) 4.25 (t) 

piperazine 

Cyclo(tri-L-Prolyl) 2.15 (m) 3. 50 (m) 5.10 (m) 

Ratios in both cmpds: 4H : 2H IH 
Solvent: CDC1,. Values given in ppm downfield from 
tetramethylsilane. m—multiplet, t—triplet. 

in fact satisfactory representations of the conformations of 

these mater ia ls , can be obtained from the nmr data shown in 

Table 1. 

The models indicate that the two C -protons in the 

diketopiperazine lie in a plane practically perpendicular 

to the plane of the peptide bonds, while the three C -protons 

in cyclo(tr i-L-prolyl) a re practically in_ the plane of the pep

tide bonds. On this basis, one would expect the latter three 

a -H's to undergo greater deshielding due to the electrons 

which impart partial double-bond character to the C-N 

peptide linkage, and hence be shifted to lower field in the 

nmr spectrum. That this is the case can be seen from the 

Table, where all ring protons in the two compounds occur 

at comparable positions, but a downfield shift of nearly one 

ppm is observed for the a -H's of the cyclo(tri-L-prolyl), 

from 4. 25 to 5. 10 ppm. 
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Further studies on the unique problems associated with 

the syntheses of other cyclic proline-containing peptides are 

required. When such compounds become available, the 

investigation of their optical properties should supplement 

our knowledge of the relationships of these propert ies to 

molecular s t ructure. 
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STRUCTURE-TASTE RELATIONSHIPS 
OF SOME SMALL PEPTIDES 

R. H. Mazur, J. M. Schlatter, and A. H. Goldkamp 

Chemical Research Department 
G. D. Searle & Co. , Skokie, ILlinois 

During the course of work on the preparation of Z-Trp-

Met-Asp-Phe-NH ? , one of us (J. M. Schlatter) discovered 

that Asp-Phe-OMe had a pronounced, sucrose-like sweet 

taste. The present report describes briefly the results of 

an intensive study of s t ructure- taste relationships of peptides 

related to Asp-Phe-OMe. All amino acids have the L-con-

figuration unless otherwise noted. 

Test compounds were made up as 1% solutions, a cotton 

swab stick soaked in the test solution and the compound 

sucked off the swab. Successive ten-fold dilutions were made 

as required to determine relative potency. This procedure 

gave satisfactorily consistent results from subject to subject, 

but we do not claim the degree of statistical significance that 

could be obtained from a trained taste panel. The 1% concen

tration was chosen because it is the approximate threshold 

value for sucrose for untrained tas te rs . Sweetness potency 

was estimated as follows: += sucrose, + + = lOx sucrose, 

175 



MAZUR, SCHLATTER, AND GOLDKAMP 

+++400x sucrose. In addition, 0= tas te less , and -

bitter. No attempt was made to quantitate the latter taste. 

On this scale, Asp-Phe-OMe was + + t 

The plan of our synthetic work was to vary independently 

the two amino acids and the C-terminal functional group and 

to use these resul ts , if definite s tructural requirements for 

a sweet taste were discovered, in the design of additional 

compounds. 

Dipeptides were obtained commercially in which aspar

tic acid was replaced by other amino acids. Methyl ester 

hydrochlorides were prepared by acid catalyzed esterif ica

tion and the products tasted as the hydrochlorides and as 

the free e s t e r s . Table 1 lists the compounds. All these 

dipeptide es te rs had a pronounced bitter taste. 

TABLE 1 

Phenylalanine Dipeptides 

Ala-Phe-OMe 

His-Phe-OMe 

Ile - Phe - OMe 

Leu-Phe-OMe 

Lys- Phe - OMe 

Nle - Phe - OMe 

Nva-Phe-OMe 

Phe-Phe-OMe 

Pro-Phe-OMe 

Sar-Phe-OMe 

Ser-Phe-OMe 

Thr-Phe-OMe 

Trp-Phe-OMe 

Tyr-Phe-OMe 

Val-Phe-OMe 
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The resul ts of replacement of phenylalanine were of 

more interest since several of the es te rs were sweet. 

Table 2 summarizes the results for these compounds. 

TABLE 2 

Taste of Phenylalanine Dipeptide Esters 

Asp-Ala-OMe 

Me 
i 

Asp-Cys-OMe + 

Me(0,) 
I L 

Asp-Cys-OMe 0 

Asp-Gly-OMe 

Asp-His-OMe 0 

Asp-Ile-OMe 

Asp-Leu-OMe 

After the data of Table 2 were obtained, modifications 

were studied of both Asp-Phe-OMe and Asp-Tyr-OMe. 

Asp-Met-OMe was not stable enough to be of practical 

interest . Examples of position i somer ism, homology, and 

optical configuration are shown in Table 3. All the com

pounds were bitter. 

Considerable attention was given to the importance of 

the Cr terminal functional group. The results a re shown 

in Tables 4 and 5. 

Asp-Met-OMe 

?2 
Asp-Met-OMe 

Asp-Ser-OMe 
Asp-Thr-OMe 

Asp-Trp-OMe 

Asp-D-Trp-OMe 

Asp-Tyr-OMe 

Asp-Val-OMe 

+ + + 

+ + 

0 

0 

-
-

+ + + 

-
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TABLE 3 

Miscellaneous Dipeptide Es te r s 

, Phe-OMe 
Asp 

I—Tyr-OMe 
Asp 

Glu-Phe-OMe 

i—Phe-OMe 
Glu 

Glu-Tyr-OMe 

L-Asp-D-Phe-OMe 

D-Asp-L-Phe-OMe 

D-Asp- D-Phe- OMe 

TABLE 4 

Taste of Aspartyl-Phenylalanine Dipeptides 

Asp-Phe 

p P h e 
Asp 

'Asp-Phe "* 

OMe 
Asp-Phe 

Asp-Phe-OEt 

Asp-Phe-OPr1 1 

Asp-Phe-OPr 1 

Asp-Phe-OBu' 

+ + 

+ 

+ 

+ 

Me 
Me-Asp-Phe-OMe 

Asp-Phe-NH2 0 

Asp-Phe-NHMe -

Asp-Phe-NMe, 

Asp-Phe-NHCH2CH2OH + 

r-Phe-NH 2 
Asp 

NH2 
Asp-Phe 

Asp-Phe-NHNH2 

Asp-Phe-NHNMe2 
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TABLE 5 

T a s t e of A s p a r t y l - T y r o s i n e Dipept ides 

A s p - T y r 

l» Asp-Tyr J 

A s p - T y r - O E t 

Me 
Asp-T*yr-OMe 

Et 
A s p - T y r - O M e 

0 

+ + 

+ 

+ 

A s p - T y r - N H 2 0 

A s p - T y r - N H M e -

A s p - T y r - N M e 2 

A s p - T y r - N H N H 2 0 

A s p - T y r - N H N M e 2 0 

Our w o r k shows that the s t r u c t u r e spec i f ic i ty for a 

swee t t a s t e in this s e r i e s of compounds is r a t h e r r ig id as 

migh t be expec t ed of a b iochemica l r e a c t i o n . However , 

c e r t a i n changes a r e p e r m i t t e d and a definite p a t t e r n can 

be d i s c e r n e d h e r e . 

The p r e s e n c e of both the f r e e , unsubs t i tu t ed amino 

and one ca rboxy l group of a s p a r t i c ac id a s we l l a s the 

d i s t ance be tween t h e m and the abso lu te conf igura t ion of 

the a s y m m e t r i c c a r b o n a r e comple t e ly c r i t i c a l . This is 

s t r i k i n g l y shown by 

Me OMe ( P h e - O M e 

M e - A s p - P h e - O M e , A s p - P h e , Asp , G l u - A s p - O M e , 

D - A s p - L - P h e - O M e . These ionic groups m u s t bind d i r e c t l y 

to the ac t ive r e c e p t o r s i t e of the t a s t e - t r i g g e r i n g enzyme 

in the t a s t e buds . 
In addi t ion , ano the r s i t e on the e n z y m e is involved, 

which i s s l ight ly l e s s c r i t i c a l , a l though obvious ly s t i l l 

179 



MAZUR, SCHLATTER, AND GOLDKAMP 

v e r y i m p o r t a n t . The r e q u i r e m e n t of abso lu t e L - c o n f i g u r a 

t ion s t i l l holds ( L - A s p - D - P h e - O M e ) . An e l e c t r o n - r i c h 

s ide cha in s e e m s to be r e q u i r e d ( A s p - M e t - O M e , 

A s p - T y r - O M e ) al though s ize a n d / o r p o l a r i t y m u s t be 

j u s t r i gh t ( A s p - H i s - O M e and A s p - T r p - O M e a r e not sweet ; 

Me E t 

A s p - T y r - O M e and A s p - T y r - O M e a r e l e s s swee t ) . 

Binding a l s o t akes p lace to the r e l a t i v e l y n o n - p o l a r e s t e r 

group ( A s p - P h e , A s p - P h e - N H , , A s p - P h e - N H N H ? a r e not 

swee t ) . T h e r e s e e m s to be a definite s i z e r e q u i r e m e n t 

s ince s w e e t n e s s fa l ls off r ap id ly with i n c r e a s i n g bulk 

( A s p - P h e - O E t , A s p - P h e , O P r , A s p - P h e - O B u ' ) . 

In s u m m a r y , it would s e e m that if r e t e n t i o n of swee t 

n e s s i s d e s i r e d , changes in the a s p a r t i c ac id p a r t cannot 

be t o l e r a t e d but t h e r e is r o o m for subs t an t i a l man ipu la t ion 

of the phenyla lan ine por t ion . Work in p r o g r e s s is d i r e c t e d 

along the se l i n e s . 
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RECENT ADVANCES IN THE SYNTHESIS OF 
GASTROINTESTINAL HORMONES 

v ly Miguel A. Ondetti, John T. Sheehan, and Josip Pluscec 

The Squibb Institute for Medical Research 
New Brunswick, New Jersey 

•SYNTHESIS OF 3-(3 -ASPARTIC ACID SECRETIN 

The occurrence of unexpected rearrangements during the 

synthesis of fairly large peptide chains is often very difficult 

to detect by the direct examination of these large molecular 

weight products. This task can be somewhat simplified by 

dissecting the molecule so that the rearranged portion can be 

isolated as a low molecular weight fragment that permits 

better characterization. Enzymes are among the most 

efficient tools to achieve this dissection. The problems 
1 2 encountered during the synthesis of secretin ' can serve 

as a good example in this connection. Retracing the steps 
3 

of the s t ructural work , synthetic secretin was digested with 

trypsin (FIG. 1) and the peptide mixture was fractionated 

by preparative paper electrophoresis and chromatography. 

Peptide b was further digested with chymotrypsin. These 

techniques allowed the isolation of the N-terminal hexapeptide 

(S. /) and the tetrapeptide a. (S. - ..„), containing the two 

aspartyl residues present in the sequence. When this 
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b 

f Ch Ch T1 

\ \ \ 
HIS-SER-ASP-GLY-THR-PHE-THR-SER-GLU-LEU-SER-ARG-LEU-
1 2 3 4 5 6 7 8 9 10 11 12 13 

T a T T 

,A—^ .1 1 
/ARG-ASP-SER-ALA-ARG-LEU-GLN-ARG-LEU-LEU-GLN-GLY-LEU-

14 15 16 17 18 19 20 21 22 23 2 4 25 26 

VAL-NH 
27 2 

FIG. 1 

p r o c e d u r e was appl ied to s a m p l e s oi syn the t i c s e c r e t i n of 

low biologica l potency, and the pept ides S1 , and S. _ l f i 

thus i so l a t ed w e r e c h a r a c t e r i z e d by quan t i t a t ive amino 

ac id a n a l y s e s af ter ac id and e n z y m a t i c deg rada t i on , only 

pept ide S. _ .„ gave the expec ted r e s u l t s . The N - t e r m i n a l 

hexapep t ide S^_^ showed the c o r r e c t amino ac id compos i t i on 

af ter ac id h y d r o l y s i s , but it was i ncomple t e ly d e g r a d e d with 

leuc ine a m i n o p e p t i d a s e . P a p e r c h r o m a t o g r a p h i c e x a m i n a 

tion of this hexapept ide r e v e a l e d it to be a m i x t u r e of two 

c o m p o n e n t s , which , on the b a s i s of t he i r e l e c t r o p h o r e t i c 

behav io r , w e r e a s s u m e d to be the a - and (3 - a s p a r t y l 

hexapep t ide s (FIG. 2). This ident i f ica t ion was con f i rmed 

by c o m p a r i s o n with s a m p l e s of au then t ic a - and p - a s p a r t y l 
4 

hexapep t ides s y n t h e s i z e d by unequivoca l r o u t e s . 
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HIS-SER-ASP-GLY-THR-PHE "a" 

GLY-THR-PHE r 
HIS-SER-ASP 

FIG. 2 

Unfortunately, this evidence was not sufficient to permit 

the conclusion that the contaminant present in the low 

potency samples of synthetic secretin was the 3-P -aspart ic 

acid analog, because the 3-P -aspartimidyl derivative would 

have also led to the same resul ts . We have shown that under 

the conditions of tryptic or chymotryptic digestion the cyclic 

derivative will open to give a mixture of a - and S -aspartyl 

peptides. 

In order to clarify this point, the 3-P -aspart ic acid ana

log of secret in was synthesized by the unequivocal procedure 

schematically described in FIG. 3. 

r GLY-N, 

BOC-HIS-SER-ASP 
1 x 2 3 4_ 

THR-
5 

-VAL-NH 
27 

I TFA 

GLY-THR- ,-VAL-NH 

HIS-SER-ASP 
1 2 3 27 

FIG. 3 
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The syntheses of the protected tetrapeptide azide and of the 

fully free tricosapeptide amide fragments have been 

4 5 described ' . Azide coupling was carried out utilizing the 

technique described by Medzihradszky . After removal of 

protecting groups, the free heptacosapeptide amide was iso

lated by countercurrent distribution in the system n-butanol: 

0. 1 N phosphate buffer pH 7 (1:1), in which this mater ia l 

showed the same K value (0. 5) as the contaminant present 

in the samples of synthetic secretin of low biological potency. 

The 3-P -aspart ic acid analog of secretion showed only 0. 6% 

of the potency of pure synthetic secretin in stimulating flow 

and bicarbonate secretion from the dog pancreas. 

SYNTHESIS OF THE C-TERMINAL OCTAPEPTIDE OF 

CHOLECYSTOKININ-PANCREOZYMIN 

Cholecystokinin-pancreozymin (CCK-PZ) is a straight 
7 

chain polypeptide of thirty-three residues . Fractionation 

of the tryptic digest of pure CCK-PZ permitted the isolation 

of the C-terminal fragment, an octapeptide amide with the 
g 

amino acid sequence depicted in FIG. 4 . 

SO^H 

I 
ASP-TYR-MET-GLY-TRP-MET-ASP-PHE-NH 

FIG. 4 
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9 10 The s i m i l a r i t y to the C - t e r m i n a l por t ions of g a s t r i n II 

and of c a e r u l e i n is m o s t r e m a r k a b l e , p a r t i c u l a r l y when the 

wide ly d i f ferent o r ig in of these th ree pept ides is taken into 

c o n s i d e r a t i o n . 

A convenien t a p p r o a c h to the syn thes i s of an O-su l fa ted 

t y r o s y l pept ide would be the use of a t w o - s t a g e p r o c e d u r e : 

a) s y n t h e s i s of the c o r r e s p o n d i n g t y ro sy l s equence , and 

b) i n t roduc t ion of the sulfate e s t e r mo ie ty . 

The a l t e r n a t i v e p r o c e d u r e of in t roduc ing the t y r o s y l mo ie ty 

with i t s hydroxy l g r o j p a l r e a d y e s t e r i f i e d with sul fur ic ac id 

is a l so an i n t e r e s t i n g poss ib i l i ty , a l though a s e v e r e l imi t a t ion 

in the se lect ion of p ro t ec t i ng groups is i nhe ren t in this 

a p p r o a c h , due to the ac id labi l i ty of the t y r o s i n e - O - s u l f a t e . 

In the syn thes i s of the oc tapept ide of FIG. 4, we have 

followed the f i r s t a p p r o a c h . The p r e p a r a t i o n of the c o r r e s 

ponding t y r o s y l oc tapept ide was ach ieved by two different 

p r o c e d u r e s d e s c r i b e d in FIGS. 5 and 6. 

Any p r o c e d u r e for the in t roduc t ion of the sulfate mo ie ty 

on the t y r o s i n e r e s i d u e of the fully f ree oc tapep t ide has to 

contend with s e v e r a l diff icult ies a r i s i n g f r o m the v e r y n a t u r e 

of this s t a r t i n g m a t e r i a l , name ly : the f ree a lpha amino group 

which could f o r m su lphamic ac id d e r i v a t i v e s , and the p r e s e n c e 

of a s p a r t i c ac id and t ryp tophan r e s i d u e s with t he i r known 

lab i l i ty under ac id ic condi t ions . 
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ASP TYR MET GLY TRP MET ASP PHE 

OBu1 

BOC 

BOC. 

ONP 

BOO NHZ 

FIG. 5 

ASP TYR MET GLY TRP (VIET ASP PHE 

BOC-

OBZL 

BOC' 

BOC 

BOC 

BOC' 

•NHNH-Z 

NHNH2 BOC' 

• N 3 

BOC-

BOC • N H 2 

- N H 2 

• N H j 

• N H 2 

•NH 2 

FIG. 6 
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Sulfation of t y r o s i n e - c o n t a i n i n g pept ides with c o n c e n t r a t e d 

12 13 

sul fur ic ac id ' has to cope not only with s o m e of the d i s 

advan tages men t ioned before , but a l so with the pos s ib l e 

f o r m a t i o n of sulfonyl d e r i v a t i v e s of t y r o s i n e . F r o m p r e 

l i m i n a r y e x p e r i m e n t s on the sulfat ion of t y ro s ine itself, it 

was evident that a low r e a c t i o n t e m p e r a t u r e was a v e r y i m 

po r t an t fac tor in s e c u r i n g l a r g e yields of the O-sulfated 

de r iva t ive . In the c a s e of the oc tapep t ide , low t e m p e r a t u r e 

a l s o p roved to be of i m p o r t a n c e , not only to avoid s ignif icant 

amoun t s of C-su l fa t ion , but a l so because of the p r e s e n c e of 

lab i le a s p a r t y l and t ryptophyl m o i e t i e s . 

It was l e a r n e d , howeve r , that t e m p e r a t u r e is not the 

only p a r a m e t e r to be con t ro l l ed . Reac t ions at -15 for 

s e v e r a l h o u r s led to the a l m o s t exc lus ive fo rma t ion of 

sulfonic acid d e r i v a t i v e s . H e r e , t ime of r e a c t i o n was shown 

to be of u t m o s t i m p o r t a n c e . O-sul fa t ion was p r e d o m i n a n t 

du r ing the f i r s t m i n u t e s af ter the d i s so lu t ion of the oc tapept ide 

in concent ra ted sul fur ic ac id . 

In dea l ing with these highly compet i t ive r e a c t i o n s , it 

was of c o n s i d e r a b l e p r a c t i c a l i m p o r t a n c e to have ava i l ab le 

ana ly t i ca l t echniques that could d i s t ingu i sh be tween the 

s t a r t i n g oc tapep t ide and i t s O-su l fa ted and C-su l fa ted d e r i 

v a t i v e s . P a p e r c h r o m a t o g r a p h y and pape r e l e c t r o p h o r e s i s 

can ea s i l y s e p a r a t e the f o r m e r f r o m the o the r two p r o d u c t s . 

Howeve r , t he se t echn iques a r e of no p a r t i c u l a r value for the 
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separation of the O-sulfate and the sulfonic acid derivatives. 

Degradation with aminopeptidase M or leucine aminopeptidase, 

followed by two-dimensional paper electrophoresis and 

chromatography of the amino acid mixture, gives a very 

clear separation of tyrosine-O-sulfate and 3'-sulfonyl 

tyrosine, and the relative amounts of the two indicates the 

proportion of O- and C-sulfated products present in the 

original mixture. A much simpler analytical technique 

was found in infrared spectroscopy. Sulfonyl tyrosine-containing 

peptides show a very strong and broad band at 122 5 cm and 

two sharp bands of medium intensity of 1020 and 1080 cm . 

On the other hand, O-sulfate tyrosyl peptides show a strong 

and broad band at 1250 cm and a very sharp and strong 

band at 1050 cm" . 

The O-sulfated tyrosyl octapeptide was shown to be 

indistinguishable from the C-terminal tryptic fragment of 

CCK-PZ when compared by paper chromatography and 

electrophoresis . Both compounds gave the same products 

when degraded with chymotrypsin and cyanogen bromide. 

In assays involving the gall bladder of the guinea pig, 

both in situ and in vitro, the O-sulfated tyrosyl octapeptide 

showed a potency of approximately 30, 000 Ivy dog units per 

mill igram. In the same assays the corresponding tyrosyl 

octapeptide had a potency of about 50 Ivy dog units per 

mill igram. 
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THE STRUCTURAL REQUIREMENTS 
FOR 

THE ACTIONS OF P E P T I D E AND AMINE 
HORMONES ON ADIPOSE TISSUE 

Danie l Rudman 

D e p a r t m e n t s of Medic ine and B i o c h e m i s t r y 
E m o r y U n i v e r s i t y School of Medic ine 

At lan ta , Georg ia 

1. PHYSIOLOGY OF THE F A T CELL( l ) . 

We now r e c o g n i z e that the m a m m a l i a n fat ce l l p e r f o r m s 

c e r t a i n m e t a b o l i c functions at a r ap id r a t e , and that these 

funct ions a r e con t ro l l ed by va r ious pept ide and a m i n e ho r 

m o n e s . The m e t a b o l i s m and regu la t ion of the young r a t ' s 

fat ce l l a r e i l l u s t r a t e d in FIG. 1. S to red t r i g l y c e r i d e is 

cont inuous ly being hydro lyzed by a ( h o r m o n e - s e n s i t i v e ) 

t r i g l y c e r i d a s e - d i g l y c e r i d a s e s y s t e m to 3 f ree fatty ac ids 

(FFA) and g l y c e r o l . The l a t t e r is not r e u t i l i z e d by the ce l l . 

A m a j o r por t ion of the F F A m a y be s e c r e t e d f r o m the cel l 

into the e x t r a - c e l l u l a r fluid; the r e m a i n d e r is r e e s t e r i f i e d 

with a - g l y c e r o p h o s p h a t e (de r ived f r o m the cont inuing 

m e t a b o l i s m of g lucose ) . Glucose e n t e r s the fat ce l l by way 

of s e v e r a l d i f ferent h e x o s e - t r a n s p o r t m e c h a n i s m s . Once 

i n t r a c e l l u l a r , g lucose is m e t a b o l i z e d via the e m b d e n -

m e y e r h o f and pen tose shunts to C O , , a - g l y c e r o l P O . and 

fatty ac id s a s the m a j o r m e t a b o l i c e n d - p r o d u c t s . Sti l l 
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GLYCEROL 
GLUCOSE v -

FFA-ALGUMIN 

FIG. 1 

TRIGLYCERIDE 
(CHYLOS) 

(VLDL) 

Major pathways in the young ra t ' s fat cell for uptake of 
extracellular triglyceride, for uptake and metabolism of 
glucose', and for mobilization of stored triglyceride. 
Circles indicate major points of hormonal control: 
Transport of glucose across the cell membrane, activity 
of the hormone-sensitive lipase which hydrolyzes intra
cellular stored triglyceride, and activity of the lipoprotein 
lipase which hydrolyzes extracellular triglyceride. 
'Chylos"and 'Vldl" signify chylomicra and low density 
lipoproteins of plasma. 

another pathway by which fatty acids a r i se within the fat 

cells (besides lipolysis of stored triglyceride and lipogenesis 

from glucose) is by the action of lipoprotein-lipase (in the 

region of the cell membrane) upon the triglyceride moiety 

of extracellular chylomicra and very low density lipopro

teins: The resulting fatty acids, but not the glycerol, a re 
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eff icient ly taken up by the fat c e l l s . Fa t t y ac ids a r i s i n g 

b y al l 3 r o u t e s a r e e s t e r i f i e d with a - g l y c e r o l P O . to 

t r i g l y c e r i d e . Thus , we can say that out of this ne twork 

of pa thways , 4 m e t a b o l i c functions e m e r g e : 

(1) Uptake of c i r c u l a t i n g g lucose and c o n v e r s i o n of the 

hexose to fatty a c i d s ; (2) Uptake of the fatty ac id moie ty 

of c i r c u l a t i n g t r i g l y c e r i d e ; (3) E s t e r i f i c a t i o n of fatty ac ids 

a r i s i n g by both pa thways , and s t o r a g e of these ac ids as 

t r i g l y c e r i d e ; (4) Mobi l iza t ion of the l ipid mo ie ty of s t o r e d 

t r i g l y c e r i d e a s F F A . 

E a c h function is con t ro l l ed by h o r m o n e s . Insul in ac t iva te 

one of the s e v e r a l h e x o s e - t r a n s p o r t s i t e s on the fat ce l l 

m e m b r a n e , t he reby , leading to i n c r e a s e d r a t e of uptake 

and m e t a b o l i s m of the s u g a r (the ' g l u c o s e - t r a n s p o r t " ac t ion 

of insu l in ) . Insu l in m a y a l so be c o n c e r n e d wi th ma in ta in ing 

the ac t iv i ty of the l ipopro te in l i p a s e . The ac t iv i ty of 

the h o r m o n e - s e n s i t i v e t r i g l y c e r i d a s e is s t imu la t ed by 

p i t u i t a ry p e p t i d e s , glucagon, and ca techo l a m i n e s 

( "Lypo ly t i c " effect of pept ide and amine h o r m o n e s ) , a p p a r 

ent ly through the m e c h a n i s m of s t imu la t ing adenyl c y c l a s e 

with r e s u l t a n t f o r m a t i o n of 3, 5 cyc l ic A M P which is 
2 

be l ieved to be the ac tua l a c t i v a t o r of the t r i g l y c e r i d a s e 

This l ipo ly t ic ac t ion is opposed by insu l in , evident ly 

th rough the l a t t e r h o r m o n e ' s s u p p r e s s i v e effect on the 
3 4 adenyl c y c l a s e ( "Ant i l ipo ly t i c" p r o p e r t y of insul in) ' 
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2. DOSE-RESPONSE CURVES FOR IN VITRO HORMONAL 

E F F E C T S ON ADIPOSE TISSUE SLICES. 

T h r e e of the four effects men t ioned , v iz . the l ipo ly t ic 

effect, the g l u c o s e - t r a n s p o r t effect, and the an t i l ipo ly t ic 

effect can be m a d e to a s s u m e r e p r o d u c i b l e , s i g m o i d -

shaped log d o s e - r e s p o n s e c u r v e s under su i t ab le a s s a y 

condi t ions . T h e s e a r e i l l u s t r a t e d in FIGS. 2 -4 . In the 

- 6 5 -55 -4.5 
LOG D 

FIG. 2 

Re l a t i onsh ip be tween l o g a r i t h m of the dose o f . n o r e p i n e 
phr ine and the r e s p o n s e of s l i c e s of h a m s t e r ad ipose 
t i s s u e . A b s c i s s a ; l o g a r i t h m of the m o l a r c o n c e n t r a t i o n 
of n o r e p i n e p h r i n e in the m e d i u m at the beginning of i ncu 
bation. O r d i n a t e : I n c r e a s e in c o n c e n t r a t i o n of F F A in 
the t i s s u e s l i c e s a t the end of two h o u r s incubat ion over 
that in s l i c e s incuba ted in K R P m e d i u m not conta in ing 
ad ipokine t ic s u b s t a n c e . E a c h point r e p r e s e n t s the a v e r a g e 
of four o b s e r v a t i o n s . S t anda rd e r r o r of the m e a n is a l so 
shown. All the t i s s u e s l i c e s w e r e obta ined f r o m a s ingle 
h a m s t e r . 
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-i—1—\—i—i-
-5-4 -3-2-1 0 I 10 

LOG DOSE INSULIN 

FIG. 3 

Log dose v s . r e s p o n s e cu rve for the effect of bovine 
insu l in in s t imu la t ing s l i c e s of r a t ep id idymal ad ipose 
t i s s u e to c o n v e r t e x t r a c e l l u l a r g lucose C- l to C O ? . 
" D o s e " of insu l in r e f e r s to G / M L of the h o r m o n e in 
the incuba t ion m e d i u m . Technique of the a s s a y is 
de t a i l ed in r e f e r e n c e (13). 

r-< 

-6 -

- 4 -

:-T -2 

u 
o 

ANTILIPOLYTIC ASSAY 

(HAMSTER) 

-5 -4 -3 -2 0 I 10 
LOG DOSE INSULIN 

FIG. 4 

Log dose v s . r e s p o n s e cu rve for the effect of insu l in i n 
r educ ing the l ipo ly t ic r e s p o n s e of h a m s t e r ep id idyma l 
ad ipose t i s s u e s l i c e s to 1 G / M L e p i n e p h r i n e . " D o s e " 
of in su l in r e f e r s to C/ ML of h o r m o n e in the incuba t ion 
m e d i u m . Technique of the a s s a y is d e s c r i b e d in 
r e f e r e n c e (13). 
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l ipoly t ic a s s a y , s l i c e s of ep id idymal or p e r i r e n a l ad ipose 

t i s s u e a r e incubated for 1. 5 Hr . in K r e s s - R i n g e r phosphate 

m e d i u m (KRP) conta ining v a r i o u s concen t r a t i o n s of the 

t e s t m a t e r i a l . At the end of incubat ion, the c o n c e n t r a t i o n 

of F F A in the t i s s u e s l i ce is m e a s u r e d ; the i n c r e a s e in 

this value r e p r e s e n t s the r e s p o n s e to the t e s t s u b s t a n c e . 

In the an t i l ipoly t ic a s s a y , the s l i c e s a r e incuba ted in K R P 

containing (A) A s t a n d a r d concen t r a t i on of a l ipoly t ic 

s u b s t a n c e (usua l ly 1 G / M L ACTH or ep inephr ine ) , and a l so 

(B) Vary ing c o n c e n t r a t i o n s of the m a t e r i a l being t e s t e d for 

an t i l ipo ly t ic ac t ion . The reduc t ion in t i s s u e F F A concen

t r a t i o n in s l i c e s exposed to l ipoly t ic h o r m o n e t e s t s u b 

s t a n c e , c o m p a r e d to the F F A leve l in s l i c e s exposed only 

to l ipoly t ic h o r m o n e , r e p r e s e n t s the r e s p o n s e in this a s s a y . 

In the g l u c o s e - t r a n s p o r t a s s a y , the t i s s u e s l i c e s a r e 

incuba ted in D R P containing 4 G/lOO ML a lbumin , 

50 MG/lOO ML glucose which is l abe led in the C- l pos i t ion , 

and v a r i o u s c o n c e n t r a t i o n s of the t e s t s u b s t a n c e . At the 

end of the two hour incubat ion, the quant i ty of e x t r a c e l l u l a r 

g lucose C- l which had been taken up by the t i s s u e and ox i 

dized to C O ? i s m e a s u r e d ; i n c r e a s e in this va lue s e r v e s 

as the r e s p o n s e in this a s s a y . (Uniformly l abe led o r C-6 

l abe led g lucose can a l s o be used, and the i n c r e a s e in con

v e r s i o n to t i s s u e t r i g l y c e r i d e - f a t t y ac ids can then be 

u t i l i zed as the biologic r e s p o n s e ) . 
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As i l l u s t r a t e d in FIGS. 2, 3, and 4, the log dose vs . 

r e s p o n s e c u r v e in each a s s a y exhib i t s a s igmoid shape . 

5 6 

C l a r k and S te t t en have pointed out that c u r v e s of this 

f o r m can be exp la ined by the following mode l : The h o r m o n e 

i n t e r a c t s in r e v e r s i b l e m a n n e r with a se t of ce l l r e c e p t o r s , 

and the magn i tude of the biological r e s p o n s e i s l i n e a r l y 

r e l a t e d to the abundance of the c e l l - r e c e p t o r c o m p l e x e s . 

A consequence of this i n t e r p r e t a t i o n i s that the m a x i m a l 

r e s p o n s e e l i c i t e d by the h o r m o n e is d e t e r m i n e d by the 

n u m b e r of r e c e p t o r s ava i l ab le to it while the m i n i m a l 

effective dose (MED) is d e t e r m i n e d by the affinity of 

t he se r e c e p t o r s for the h o r m o n e . While this mode l m u s t 

r e m a i n hypothe t ica l unti l the pos tu la ted r e c e p t o r s can be 

i s o l a t e d and c h e m i c a l l y defined, this i n t e r p r e t a t i o n i s 

p r e s e n t e d h e r e as a pos s ib l e explanat ion for the c h a r a c t e r i s 

tic d i f f e rences in m a x i m a l r e s p o n s e and m i n i m a l effective 

dose which wil l become evident in the sec t ions to follow. 

3. STRUCTURAL BASIS FOR THE LIPOLYTIC E F F E C T 

As shown in Table 1, the endoc r ine s y s t e m conta ins 

s e v e r a l s u b s t a n c e s which s t i m u l a t e l i po lys i s in the fat 

c e l l s , but only one agent ( insul in) , with an t i l ipo ly t ic and 

g l u c o s e - t r a n s p o r t p r o p e r t i e s . Our a p p r o a c h to the s t r u c t u r e -

ac t iv i ty ques t i on h a s been: In the ca se of the s i zeab le group 

of n a t u r a l l ipo ly t ic a g e n t s , to e x a m i n e the s t r u c t u r e s of 

the m e m b e r s of this g roup in s e a r c h of a c o m m o n s t r u c t u r a l 
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TABLE 1 

NATURALLY OCCURRING SUBSTANCES WHICH CAUSE 
ACUTE ALTERATIONS IN ADIPOSE TISSUE METABOLISM 

LIPOLYTIC ANTILIPOLYTIC GLUCOSE 
TRANSPORT 

PITUITARY ACTH 
a MSH 
P MSH 
P E P T I D E I 
P E P T I D E II 
FRACTION L ' 
P L P H 
Y LPH 
TSH 
ARGININE 

VASOPRESSIN 

PANCREAS GLUCAGON INSULIN INSULIN 

SYMPATHETIC 
NERVOUS SYSTEM EPINEPHRINE 

NOREPINEPHRINE 

f e a t u r e ; and in the c a s e of the an t i l ipo ly t ic and g l u c o s e -

t r a n s p o r t ac t ions of insu l in , to t e s t the a c t i v i t i e s of f r ag 

m e n t s of the insu l in m o l e c u l e . 

The s e v e r a l n a t u r a l l ipolyt ic agen ts a r e not a l l ac t ive on 

the ad ipose t i s s u e of the s a m e s p e c i e s , but in each s p e c i e s 

c e r t a i n m e m b e r s of the l ipoly t ic fami ly can be c o m p a r e d . 

Such c o m p a r i s o n shows p a r a l l e l d o s e - r e s p o n s e c u r v e s 

7 
with iden t ica l m a x i m a l r e s p o n s e s , differing only in MED . 

This p a r a l l e l i s m , toge the r with r e c e n t ev idence that the 

di f ferent l ipoly t ic agen t s a l l o p e r a t e th rough the adenyl 

2 
c y c l a s e m e c h a n i s m to ac t i va t e l i po lys i s , l e ads one to 
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e x a m i n e the s t r u c t u r e s of the l ipoly t ic s u b s t a n c e s in 

s e a r c h of a c o m m o n f ea tu r e which migh t be the ba s i s of 

the l ipoly t ic p r o p e r t y , as shown in Table 2. The a and 

P -MSH m o l e c u l e s have in c o m m o n with ACTH the s e q u e n c e , 

TYR. X. MET GLU HIS PHE ARG TRY. GLY. The 

l ipoly t ic ac t iv i ty of t he se 3 pep t ides m u s t t h e r e f o r e r e s i d e 

within this s e q u e n c e , a conc lus ion conf i rmed by the a s s a y s 
Q 

of Tanaka , et a l . , on syn the t ic f r a g m e n t s c o r r e s p o n d i n g 

to this r e g i o n of the ACTH m o l e c u l e . 

F u r t h e r i n f o r m a t i o n c o m e s f r o m in spec t ion of the 

s t r u c t u r e s of a rg in ine v a s o p r e s s i n and lys ine v a s o p r e s s i n , 

Tab le 2. The inac t iv i ty of the l a t t e r i nd ica te s the e s s e n 

t ia l r o l e of a r g i n i n e . But a rg in ine and m o s t a rg iny l p e p 

t ides a r e inac t ive , so that addi t ional r e s i d u e s a r e r e q u i r e d . 

C o m p a r i s o n of a rg in ine v a s o p r e s s i n with ACTH, a MSH and 

P MSH s u g g e s t s that the c o m m o n fea tu re m a y be TYR. A. 

B. GLU C. D. ARG (2). This a t any r a t e s e e m s to be the 

only point of s i m i l a r i t y between a rg in ine v a s o p r e s s i n , 

a MSH, P MSH and ACTH. F u r t h e r m o r e , g l u c a g o n conta ins 

a s equence . . . TYR SER LYS TYR LEU ASP SER ARG 

ARG . . . in which the r e l a t i o n s h i p s be tween TYR, ASP, 

and ARG a r e s i m i l a r (though not ident ica l ) to those of the 

l ipo ly t ic hypophysea l pep t ides . 

The s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s in the a r o m a t i c 

a m i n e s e r i e s m a y conce ivab ly be ana logous . H e r e the 
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STRUCTURAL REQUIREMENTS 

requirement is for a primary or secondary amine group, 

separated by either a 2 or 3 carbon atom bridge from a 

hydroxylated benzene ring; the presence of an oxygen 

function on the p -carbon enhances activity . Is it 

possible, as suggested in FIG. 5, that the functions of 

the catechol ring, p -carbon oxygen function, and posi

tively charged amine group (which 3 functional groups 

must be separated from each other by fixed distances) 

may be analogous to these of the (aromatic) tyrosyl, 

(carboxyl-containing) glutamylfor aspartyl) and 

(positively charged) arginyl side chains, which must also 

•-TYR-a-b-GLU-c-d-ARG-

C-OH 

OH 

T 
N 
i 
C=NH 
I 
NH, 

OH 

>f\< HO-f yCH-CH2-NH2 

\ = / OH 

FIG. 5 

Postulated analogy between (1) the aromatic side chain of 
tyrosine, the carboxyl-bearing side chain of glutamyl, 
and the guanidinated side chain of arginine, separated at 
fixed distances in the lipolytic peptides, and (2) the 
catechol ring, the P -carbon hydroxyl group, and the amine 
group, which characterize the lipolytic aromatic amines. 

2 0 1 



DANIEL RUDMAN 

be s e p a r a t e d at fixed d i s t a n c e s ? Does the coi l ing of the 

pept ide chain al low the functional g roups of t he se 3 

res idues to a l ign t h e m s e l v e s in the s a m e s p a t i a l con

f igura t ion a s the (poss ibly) c o r r e s p o n d i n g 3 functional 

g roups of the ca techol amine ? 

4 . STRUCTURAL BASES FOR THE ANTILIPOLYTIC AND 
GLUCOSE-TRANSPORT E F F E C T S . 

Our i n t e r e s t in this subjec t developed a s a r e s u l t of 

inves t iga t ions on an i n s u l i n - c l e a v i n g e n z y m e s y s t e m 

p r e s e n t in the ad ipose t i s sue of the m y o m o r p h r o d e n t s 

r a t , m o u s e and h a m s t e r , but absen t f rom that of the 

c a v i a m o r p h roden t guinea pig and f rom tha t of the l ago -

m o r p h rabb i t . Since the f o r m e r t h r ee t i s s u e s a r e highly 

r e s p o n s i v e e i t he r to the g l u c o s e - t r a n s p o r t o r an t i l ipoly t ic 

ac t ion of insu l in or to both, while the l a t t e r two t i s s u e s 

a r e i n s e n s i t i v e to the h o r m o n e , it s e e m e d p o s s i b l e that 

the i n s u l i n - c l e a v i n g enzyme s y s t e m migh t be a d e t e r m i n a n t 

of insu l in r e s p o n s i v e n e s s . T h e r e f o r e , we i nves t i ga t ed the 

c h e m i s t r y of the c leavage p r o c e s s and the pos s ib l e biologic 

ac t iv i ty of the c leavage p r o d u c t s . 

The ' i n s u l i n a s e " s y s t e m of m y o m o r p h ad ipose t i s s u e is 

loca ted in the aqueous - in so lub l e f r ac t ion of the t i s s u e , 

f r o m which a l l soluble n i t rogenous m a t e r i a l can be r e m o v e d 

by r e p e a t e d wash ing . When insu l in is incuba ted with this 

p r e p a r a t i o n at pH 7. 0 in a m m o n i u m a c e t a t e buffer, the 
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h o r m o n e i s rap id ly c l eaved into 20-30 c leavage p roduc t s 

of which 5-8 r e p r e s e n t f ree amino ac ids and the r e m a i n d e r 

pep t i de s . Disulf ide groups r e m a i n in tac t . The inso luble 

enzyme p r e p a r a t i o n is r ead i ly r e m o v e d by cent r i fugat ion 

and the m i x t u r e of c l eavage p roduc t s i so l a t ed in s a l t - f r e e 

f o r m by lyophi l iza t ion . When this m i x t u r e was r e s o l v e d 

by i on -exchange c h r o m a t o g r a p h y , high vol tage e l e c t r o 

p h o r e s i s and pape r c h r o m a t o g r a p h y into i t s componen t s , 

we found that the m o l a r compos i t ion of the m i x t u r e of f ree 

(non-bas ic ) a m i n o ac id s w a s : TYR 27%, LEU 25%, PHE 17%, 

ALA 7%, ASN GLU 8%. In two e x p e r i m e n t s a total of 28 

pept ide f r a g m e n t s of insu l in w e r e i so l a t ed and the i r s t r u c 

t u r e s deduced f r o m the quant i ta t ive amino acid compos i t ion . 

These pep t ides could be a r r a n g e d into 5 g r o u p s on the 

b a s i s of the r eg ion of the insu l in mo lecu le f r o m which they 

w e r e de r ived , as shown in Table 3. All this in fo rmat ion 

on the n a t u r e of the amino acid and pept ide c leavage 

p r o d u c t s , on the n u m b e r of f ree amino ac ids r e l e a s e d , 

and on the n u m b e r of i n t e r n a l bonds spl i t pe r insu l in 

m o l e c u l e , w e r e compat ib le with the following hypothes i s 

(FIG. 6): The in i t i a l s tep in the c leavage p r o c e s s is 

h y d r o l y s i s of bonds A 13-14 (LEU TYR), A 18-19 (ASN TYR), 

B 11-12 (LEU VAL), B-15-16 (LEU TYR), B 24-25(PHE PHE) , 

and B 25-26 (PHE TYR) (All of which jo in nonpolar 

r e s i d u e s ) . The r e s u l t i n g 5 f r a g m e n t s then come under 
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TABLE 3 

P E P T I D E S ISOLATED FROM MIXTURE OF CLEAVAGE 
PRODUCTS FORMED BY ACTION OF INSOLUBLE FRACTION 
OF RAT ADIPOSE TISSUE UPON BOVINE INSULIN 

GROUP 1 

GROUP 2 

GROUP 3 

GROUP 4 

A20-21 
S 
S 

B18-19 

A20 
S 
S 

B18-19-21 

GROUP 5 

A 3 - 7 - 1 2 
S 
S 

B 2 - 7 - 9 

A 3 - 7 - 1 1 
S 
S 

B 2 - 7 - 8 

A 3 - 7 - 1 2 
S 
S 

B2-7 -11 

B12-14 

A15-18 
A16-17 
A15-18 

A20-21 
S 
S 

B19 

A20-21 
S 
S 

B19-21 

A20 
S 
S 

B17-19-22 

B28-30 
B29-30 
B26-30 
B26-28 
B26-27 

A 4 - 7 - 1 2 
S 
S 

B l - 7 - 1 4 

A 5 - 7 - 1 2 
S 
S 

B2-7 -11 

A20-21 
S 
S 

B17-19-21 

A20-21 
S 
S 

B18-19-21 

A 3 - 7 - 1 2 
S 
S 

B7-8 

A - 7 - 1 1 
S 
S 

B2-7 -11 

A20-21 
S 
S 

B17-19 -23 

A20 
S 
S 

B17-19 -23 
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DANIEL RUDMAN 

the inf luence of an amino - and a c a r b o x y p e p t i d a s e with 

s t epwi se r e m o v a l of t e r m i n a l r e s i d u e s f r o m both t e r m i n i , 

leading to the fo rma t ion of 5 groups of pep t ides of r e l a t e d 

s t r u c t u r e . E x p e r i m e n t s with mode l pep t idase s u b s t r a t e s 

ind ica ted the p r e s e n c e in the t i s s u e e n z y m e p r e p a r a t i o n of 

a non- spec i f i c amino and ca rboxypep t ida se which could 

account for the r e l e a s e of the f ree amino a c i d s , but s u g 

ges ted that the endopept idase r e s p o n s i b l e for the in i t ia l 

i n t e r n a l c l eavages i s speci f ic for the insu l in m o l e c u l e 

After the c h e m i c a l mode of c leavage had been c l a r i f i ed , 

we r e t u r n e d to the subf rac t ions of the c leavage p roduc t 

m i x t u r e to examine the poss ib l e an t i l ipo ly t ic and g l u c o s e -

13 t r a n s p o r t po tenc ies . No ac t iv i ty had been g e n e r a t e d for 

the i n su l in - sens i t i ve guinea pig and r abb i t t i s s u e s , sug 

ges t ing that inabi l i ty of these ad ipose t i s s u e s to c leave 

insu l in in this m a n n e r (as the i n s u l i n - s e n s i t i v e m y o m o r p h 

adipose t i s s u e s can) i s not the cause of the f o r m e r two 

ad ipose t i s s u e s ' l ack of i n s u l i n - r e s p o n s i v e n e s s . Ant i 

l ipolyt ic ac t iv i ty (as a s s a y e d on the h a m s t e r t i s s u e , which 

is highly r e s p o n s i v e to this ac t ion of insul in) was total ly 

ab sen t f r o m the m i x t u r e of c leavage p r o d u c t s . Weak but 

de t ec t ab l e g l u c o s e - t r a n s p o r t ac t iv i ty ( c h a r a c t e r i z e d by a 

m a x i m a l r e s p o n s e only l / 2 to l / 4 that p roduced by 

insul in) was exhib i ted by f r ac t ions f r o m the i on -exchange 

14 
co lumn conta ining pep t ides of Groups I and IV (FIG. 7) 
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-3 -2 -1 < 
- I T 

3 1 - 5 
LOG DOSE 

ASSAYS 

-4 
f 1 t 

-3 -2 -1 

B 
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r^—jf^-insulin 

(75-B5) 
S(86-99)(II4-I20) 

! 1 
0 1 

FIG. 7 

Assays of fractions of mixture of cleavage products 
produced by incubating insulin with insulin-de grading 
enzyme system of rat adipose tissue (13). Panel A shows 
results of glucose-transport assay, Panel B those of 
antilipolytic assay. Fraction (153-166) contained largely 
uncleaved insulin; fractions (7-13) and (11-20) free amino 
acids and peptides of groups II, III and V; fractions (50-62), 
(63-70), (71-78) and (85-94), mixtures of Group I and IV 
peptides. 
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Isolation of the active peptide(s) in these fractions has not 

yet been accomplished. The data nevertheless suggested 

that the glucose-transport and antilipolytic properties 

of insulin reside in different regions of the hormone 

molecule. 

This question was now further pursued with derivatives 

of insulin generously made available by Dr. F . H. Carpenter 
14 (University of California) . These preparations were 

assayed for both glucose-transport and antilipolytic 

properties: des alanine-insulin; des asparagine-des alanine 

insulin;desoctapeptide insulin; and the heptapeptide 

B 23-29. The assay results are summarized in FIG. 8. 

Desalanine insulin is equipotent with insulin in both assays; 

the heptapeptide is inactive in both respects . Desoctapeptide-

and desalanine-desasparagine derivatives are 

markedly (1000 x and 100 x) attenuated in the glucose-trans

port potency, with a 50% reduction in maximal response; 

the loss of antipolytic activity is less marked. 

These results indicated that both propert ies reside 

within the desoctopeptide-desasparagine structure but are 

markedly enhanced by the presence of B 23-30 and A 21. 

What features within the desoctapeptide-desasparagine 

structure are responsible for the attenuated but still 

detectable glucose-transport and antilipolytic activities? 
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10-

GLUCOSE TRANSPORT ASSAYS 
(RAT) 

r«r- insulin 

• desolanine insulin 

~-desalanine-desasparagine insulin 

~*^desoctapeptide insulin 

^heptapeptide 

- 5 -4 -3 -2 -I 0 I 10 
LOG DOSE 

ANTILIPOLYTIC ASSAYS 
(HAMSTER) 

desalanine-insulin 

desoctapeptide insulin 
esalanine-desatparagine insulin 

heptapeptide 

I to 
LOG DOSE 

FIG. 8 

Glucose transport (Panel A) and antilipolytic (Panel B) 
assays of derivatives of bovine insulin from laboratory of 
Dr. F . H. Carpenter (14). 
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We bel ieved we had a clue in our e a r l i e r finding (see 

above) that c leavage of the d e s o c t a p e p t i d e - d e s a s p a r a g i n e 

r ing s t r u c t u r e at LEU TYR, ASN TYR and LEU VAL 

bonds abo l i shed ant i l ipoly t ic ac t iv i ty but did not fu r the r 

r e d u c e g l u c o s e - t r a n s p o r t ac t iv i ty below that p o s s e s s e d 

by the d e s o c t a p e p t i d e - d e s a s p a r a g i n e s t r u c t u r e . T h e r e f o r e , 

we examined the pos s ib l e ac t iv i ty of syn the t ic Di- and T r i 

pept ides containing LEU, TYR, ASN, VAL and o t h e r 

r e s i d u e s . As shown in Table 4 and FIG. 9, blocked p e p 

t ides containing LEU TYR o r (to a l e s s e r extent) GLY TYR 

exhibi ted ant i l ipoly t ic ac t iv i ty about l/lOOO as g r e a t as 

insul in ; these compounds w e r e inac t ive in the g l u c o s e -

t r a n s p o r t a s s a y . Inspec t ion of Table 4 shows that the 

ANTILIPOLYTIC ASSAYS 
(HAMSTER) 

8 

insulin 

CBZ leutyr^Hz 

leu-fyr-NHg 

insulin 

I, \ICBZIeutyrNH2 

CBZglytyrNHz 

LOG DOSE 

FIG. 9 

Anti l ipoly t ic a s s a y s of bovine insu l in and c e r t a i n syn the t i c 
d ipep t ides . 
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STRUCTURAL REQUIREMENTS 

TABLE 4 
Synthetic Peptides Tested For Capacity to Reduce the In Vitro Lipolytic Response 
of Hamster Adipose Tissue to 1 |iG/ML of ACTH, a 

ANTILIPOLYTIC 

N-CBZ-LEU-TYR-NH2(MED 10 (iC/ ML) 
LEU-TYR-NH2(MED 100 |iG/ML) 
N-CBZ-GLY-TYR-NH2(MED 100 nG/ML) 
GLY-TYR-NH2(MED 300 LIG/ML) 

NO ANTILIPOLYTIC EFFECT AT 500 (IG/ML 

TYROSYL PEPTIDES 

N-CBZ-SER-TYR-NH, 
LEU-TYR 
N-CBZ-LEU-TYR 
TYR-GLY 
N-BENZOYL-TYR-GLY-NH2 

N-ACETYL-TYR-NH2 

TYR 

LEUCYL PEPTIDES 

N-CBZ-LEU-VAL-NH2 

N-CBZ-LEU-GLY-NH, 

GLYCYL PEPTIDES 

N-CBZ-GLY-PHE 
N-CBZ-GLY-TYR 
N-CBZ-GLY-TRP 
N-CBZ-GLY-NH2 

N-BENZOYL-GLY-

GYL-NH2 

N-CBZ-ALA-GLY-NH2 

N-CBZ-GLY-SER-NH2 

N-CBZ-GLY-PHE-NH2 

N-CBZ-S-BENZOYL-
CYS-GLY-NH2 

N-CBZ-GLY-ALA-NH, 
2 

N-CB7,-AT,A-T,FU-NH. 
N-CBZ-GLY-GLY-LEU-
N-CBZ-PHE-LEU-NH, 
N-CBZ-GLY-LEU 
LEU-GLY 
N-CBZ-LEU-NH, i. 

N- BENZOYL-GLY- LEU-
N-CBZ-SER-LEU-NH-
N-CBZ-HIS-LEU-NHNH. 

NH, 

•NH, 

N-BENZOYL-GLY-GLY 

N-CBZ-GLY-GLU 
N-LYS-GLY-NH2 

GLY-NH2 

GLY-SER 
GLY-HIS 

LYS-GLY 
GLY-PHE 
LYS-GLY-NH2 

OTHER PEPTIDES 

N-BENZOYL-PHE-NH2 

N-BENZOYL-PHE 
N-CBZ-PHE-PHE-NH2 

N-CBZ-GLU-PHE 
N-CBZ-ALA-ASN-NH2 

N-CBZ-S-BENZOYL-CYS-ALA 
N-BENZOYL-GLY-LYS 
N-BENZOYL-GLY-ARG 
N-BENZOYL-ARG- ETHYL 
ESTER 
N-BENZOYL-ARG-NH, 

OPTICALLY ACTIVE AMINO ACIDS WERE OF THE L CONFIGURATION IN ALL 
CASES. MED = MINIMAL EFFECTIVE DOSE. 

2 1 1 



DANIEL RUDMAN 

ant i l ipo ly t ic ac t iv i ty is specif ic for the LEU TYR or 

GLY TYR sequence among those s tudied, that a blocked 

C O O H - t e r m i n u s is e s s e n t i a l , and that a blocked N H , -

t e r m i n u s enhances ac t iv i ty . 

These da ta to date a r e compat ib le with the mot ion that 

the an t i l ipoly t ic ac t iv i ty of insu l in s t e m s f rom the LEU TYR 

sequences A 13-14 and B 15-16 while the g l u c o s e - t r a n s p o r t 

ac t iv i ty a r i s e s f r o m r e g i o n s of the d e s o c t a p e p t i d e - d e s a s 

pa rag ine s t r u c t u r e including disulf ide b r idges not yet 

ident i f ied. 

SUMMARY 

The m e t a b o l i c functions of the fat ce l l in a s s i m i l a t i n g , 

syn thes iz ing , s to r ing and mobi l i z ing fatty ac ids a r e con

t ro l l ed by pept ide and amine h o r m o n e s . ACTH, TSH, 

a and (3 MSH, o the r novel p i t u i t a ry pept ides r e l a t e d in 

s t r u c t u r e to MSH, a rg in ine v a s o p r e s s i n , glucagon, and 

the ca techo l a m i n e s al l s h a r e the p r o p e r t y of a c c e l e r a t i n g 

mob i l i z a t i on of F F A (" l ipolyt ic p r o p e r t y " ) . Ev idence is 

p r e s e n t e d to suppor t the idea that the s t r u c t u r a l bas i s for 

the l ipolyt ic p r o p e r t y is TYR A B GLU C D ARG and that 

the function of each m e m b e r of this t r i p l e t , f u r t h e r m o r e , 

m a y be analogous to that of the hydroxy la ted benzene r ing , 

(3 - c a r b o n oxygen function, and amino group , in the ca t echo l 

amine s e r i e s . 
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STRUCTURAL REQUIREMENTS 

I n s u l i n e x e r t s t h e d u a l e f f e c t s of a c c e l e r a t i n g g l u c o s e -

t r a n s p o r t a n d s u p p r e s s i n g l i p o l y s i s . E v i d e n c e i s p r e s e n t e d 

t h a t (A) b o t h g l u c o s e - t r a n s p o r t a n d a n t i l i p o l y t i c p r o p e r t i e s 

r e s i d e w i t h i n t h e d e s o c t a p e p t i d e - d e s a s p a r a g i n e s t r u c t u r e 

bu t a r e m a r k e d l y e n h a n c e d by the p r e s e n c e of B 2 3 - 2 9 

a n d A 2 1 ; (B) t h e a n t i l i p o l y t i c p r o p e r t y a r i s e s f r o m t h e t w o 

L E U T Y R s e q u e n c e s A 1 3 - 1 4 a n d B 1 5 - 1 6 ; (C) t h e g l u c o s e -

t r a n s p o r t p r o p e r t y a r i s e s f r o m a d i f f e r e n t r e g i o n of t h e 

d e s o c t a p e p t i d e - d e s a s p a r a g i n e s t r u c t u r e , w h i c h i n v o l v e s 

d i s u l f i d e b r i d g e s n o t y e t i d e n t i f i e d . 

F O O T N O T E S 

(1) T h e r e a d e r i s r e f e r r e d to r e f e r e n c e f o r a c o m p r e 
h e n s i v e r e v i e w of t h i s s u b j e c t . 

(2) W i t h t h e p r o v i s o t h a t A S P , A S P N o r G L N m a y r e p l a c e 
G L U . A m i d a t i o n of G L U in t h i s p o s i t i o n i s k n o w n no t 
to i m p a i r t h e l i p o l y t i c a c t i v i t y of s y n t h e t i c a M S H ' . 

A C K N O W L E D G M E N T S 

T h i s w o r k w a s s u p p o r t e d by U . S . P u b l i c H e a l t h 
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STRUCTURAL STUDIES ON PORCINE THYROCALCITONIN 
USING EDMAN DEGRADATION 

H. D. Nial l and J . T. P o t t s , J r . 

Nat ional H e a r t Ins t i tu te 
Nat ional Ins t i tu tes of Heal th 

Be thesda , Mary land 
and 

E n d r o c r i n e Unit 
M a s s a c h u s e t t s Gene ra l Hospi ta l 

Boston, M a s s a c h u s e t t s 

The h y p o c a l c e m i c pept ide h o r m o n e , thy roca lc i ton in , was 

i s o l a t e d in pu re f o r m in our l a b o r a t o r y in 1967 and was shown 

1 2 
to c o n s i s t of a s ingle chain of 32 amino ac ids ' . 

3 

We have d e t e r m i n e d the comple te sequence of the m o l e 

cule by sequen t i a l E d m a n d e g r a d a t i o n of the in tac t ho rmone 

and t h r e e pept ide s u b f r a g m e n t s . The r e s u l t s w e r e in comple te 

a g r e e m e n t with those provided by ano ther quite independent 

me thod . Our second a p p r o a c h involved c leavage of the m o l e 

cule by a n u m b e r of d i f ferent enzyma t i c and c h e m i c a l m e a n s , 

wi th s e p a r a t i o n and a n a l y s i s of 61 different peptide subf rag -

3 
m e n t s . The covalent s t r u c t u r e of the ho rmone that we p roposed 

b a s e d on this dual a p p r o a c h (FIG. 1) h a s s ince been conf i rmed 

by subsequen t r e p o r t s of comple te ly independent s t r u c t u r a l 

a n a l y s e s ' and by s y n t h e s i s of fully ac t ive m a t e r i a l ' . 
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EDMAN DEGRADATION 

The m a i n s t r u c t u r a l f e a t u r e s of the mo lecu le a r e i l l u s 

t r a t e d in FIG. 2. T h e r e is a 1-7 i n t r a c h a i n disulf ide b r idge , 

cons t i tu t ing a 23 m e m b e r e d r ing a t the amino t e r m i n u s . The 

ca rboxy l t e r m i n a l r e s i d u e is p r o l i n a m i d e . No signif icant 

8 b io logica l ac t iv i ty is a s s o c i a t e d with the cyanogen b r o m i d e 
a 

or t ryp t i c f r a g m e n t s of the m o l e c u l e nor with the h o r m o n e 

i tse l f af ter modi f ica t ion of the ha l f - cys t ine , t y r o s i n e , o r 

t ryp tophan r e s i d u e s . On the o the r hand, the meth ion ine 

r e s i d u e m a y be oxidized or a lky la ted without 4oss of 

.. . , 10 ac t iv i ty 

The p r i n c i p a l pu rpose of this paper wil l be to d i s c u s s 

the m e t h o d s used and the p r o b l e m s encoun te r ed in e s t a b 

l i sh ing the comple te sequence of the 32 amino acid polypep-

12 
tide by use of the phenyl i so th iocyana te method of E d m a n 

E X P E R I M E N T A L 

I. M a t e r i a l s 

The pep t ides used w e r e (1) in tac t thy roca lc i ton in , (2) 

t r yp t i c pept ide T2 ( r e s i d u e s 15-21) , (3) t ryp t i c peptide T3 

( r e s i d u e s 22-32) , and (4) s m a l l e r cyanogen b romide f r agmen t 

CNBr 2 ( r e s i d u e s 26-32) . 

The techniques used to p r e p a r e and i so la te these f r a g 

m e n t s a s wel l as the p r o c e d u r e s used to modify the half 

1 2 
cys t ine r e s i d u e s have been p r e v i o u s l y d e s c r i b e d ' . 

Solvents and r e a g e n t s for E d m a n deg rada t ion w e r e p u r i 

fied before u s e . Pheny l i so th iocyana t e , t r i f l uo roace t i c ac id , 

benzene and e thyl a c e t a t e w e r e pur i f ied a c c o r d i n g to p r e v i o u s l y 
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13 
described procedures . The trifluoroacetic acid was r e -
fluxed with solid chromium trioxide and redistilled prior to 

use. Ethylene dichloride was purified as described pre-

13 viously for 1-chlorobutane . Pyridine was refluxed with 

potassium hydroxide pellets, distilled, refluxed with phthalic 

anhydride and redistilled (114-116 C). Dimethylallylamine 

was distilled, refluxed with phthalic anhydride and redis 

tilled (59-60°C). 

10 

FIG. 2 
Schematic representation of the covalent structure of porcine 
thyrocalcitonin. Residues important for biological activity 
are indicated in boldface and heavy circles . Methionine 
(shaded) residue 25 is not essential for biological activity. 
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II. Methods 

14 A modif ied t h r e e - s t a g e m a n u a l E d m a n degrada t ion 

was u s e d throughout . The bas i c p r o c e d u r e m a y be s u m m a r i z e d 

as fo l lows. Reac t ion with phenyl i so th iocyana te i s p e r f o r m e d 

in 0. 1 - 0. 5 m l of a p y r i d i n e - w a t e r m i x t u r e (3:2, v / v ) containing 

0. 4 M d i m e t h y l a l l y l a m i n e and ad jus ted to pH 9. 5 with t r i 

f l u o r o a c e t i c ac id . After coupling ( s tage 1), the solut ion is 

e x t r a c t e d 3 t i m e s wi th 2 vo lumes of benzene . The aqueous 

phase is then f r e e z e - d r i e d . The d r y r e s i d u e is washed 3 

t i m e s with 1 volume of e thyl a c e t a t e . After fu r the r d ry ing , 

c l eavage of the th iazol inone ( s tage 2) i s p e r f o r m e d in anhy

d r o u s t r i f l u o r o a c e t i c ac id (50-100 u.1). The sho r t ened pept ide 

is p r e c i p i t a t e d by addi t ion of e thylene d ich lo r ide and washed 

wi th the s a m e so lvent . The s e p a r a t e d thiazol inone so lu t ion 

is d r i e d in a n i t r ogen s t r e a m and conve r t ed (s tage 3) to 

the m o r e s tab le th iohydantoin by hea t ing in 1 N HC1 at 80 C 

for 10 m i n u t e s . The r e s i d u a l pept ide , af ter d ry ing , i s 

r e a d y for the next d e g r a d a t i o n cyc le . 

Since the nat ive m o l e c u l e and i t s pept ide sub f ragmen t s 

w e r e hydrophobic in c h a r a c t e r (FIG. 2), s e v e r e l o s s e s of 

m a t e r i a l dur ing e x t r a c t i o n s t eps would have been e n c o u n t e r e d 

if the usua l p r o c e d u r e had been followed. A l t e r a t i o n s in 

cluded o m i s s i o n of the ethyl ace t a t e e x t r a c t i o n af ter coupling, 

r e d u c t i o n in the ex ten t of benzene e x t r a c t i o n , o r , a t t i m e s , 

i t s r e p l a c e m e n t by a sub l ima t ion s t ep . S e p a r a t i o n of the 
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thiazolinone from the residual peptide after cleavage was per

formed after removal of the trifluoroacetic acid by drying 

in a nitrogen s tream. This minimizes solubility of the pep

tide in the ethylene dichloride used for extractions. 

For the degradation on T2, a different procedure was 

used to separate the cleaved amino acid derivative from the 

residual peptide. After cleavage, the trifluoroacetic acid 

was evaporated. The residue was dissolved in 150 pi water 

and extracted 3 times with 1 ml n-butyl acetate. It was 

found that derivatives of amino acids without charged side 

chains could be extracted by this maneuver. A similar 

extraction is used in the "dansyl" method with a different 

purpose (purification of residual peptide). 

The exact choice of extraction schedules used with each 

peptide is outlined below. 

In the course of many of the degradations, measured 

aliquots of the residual peptide were taken after certain 

cycles, acid hydrolyzed and subjected to quantitative amino 

acid analysis. This provided two sorts of information. 

Mechanical and extractive losses of mater ia l could be cal

culated from the yields of amino acids obtained. In addition, 

the analysis by revealing the persistence of amino acid r e s i 

dues which should have been removed by the degradation 

indicated the extent of incomplete reaction due, for example, 

to N-terminal blocking mechanisms. 
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S e v e r a l m e t h o d s w e r e used to identify the phenyl th io

hydantoin d e r i v a t i v e s obta ined . T h i n - l a y e r c h r o m a t o g r a p h y 

and m a s s s p e c t r o m e t r y a s wel l as ga s - l i qu id c h r o m a t o g r a p h y 

w e r e appl ied; fu r the r conf i rma t ion of the ident i f icat ion of the 

phenyl th iohydantoin of P T H S -ca rboxyme thy l cys te ine (PTH 

14 SCMC) was obta ined by the use of C labe l led iodoace t i c 

ac id for a lky la t ion . 

The gas c h r o m a t o g r a p h i c de tec t ion s y s t e m is based upon 

17 
an e a r l i e r me thod . It is capable of de tec t ing and quan t i -

ta t ing a l l the P T H d e r i v a t i v e s (except a rg in ine) at high 

18 

sens i t iv i ty . The de ta i l s of this p r o c e d u r e wi l l not be d i s 

c u s s e d h e r e . However , a l l of the individual t echniques used 

have been p r e v i o u s l y d e s c r i b e d . These include the use of 

c o m m e r c i a l l y ava i l ab le l iquid s i l i cone p h a s e s such as 

2 rt ? 7 

DC 560 , the use of "mixed p h a s e " co lumns and the 
26 

technique of s i ly la t ion for p r e p a r i n g c h r o m a t o g r a p h i c a l l y 

su i t ab le P T H d e r i v a t i v e s of a s p a r t i c ac id , g lu tamic ac id , 

se r ine and t h r e o n i n e . Some of the r e s u l t s obtained dur ing the 

w o r k on thy roca lc i ton in , us ing the DC 560 column, a r e shown 

in FIGS. 4 - 7 . P T H - a r g i n i n e has not so far been success fu l ly 

c h r o m a t o g r a p h e d , and was ident i f ied by the Sakaguchi r e a c 

tion in this work . However a v a r i e t y of m e t h o d s ' for 

d e r i v a t i z a t i o n of the highly polar guanidino group a r e now 

a v a i l a b l e ; it s e e m s l ike ly that one of t he se could be used to 

p roduce an a rg in ine d e r i v a t i v e su i tab le for gas ch romato 

g raphy . 
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RESULTS 

Degradation on Intact Thyrocalcitonin 

This region of the sequence was actually completed last, 

but will be discussed first here for convenience. Despite 

ear l ier reports that the N-terminus of the molecule was 

blocked, we found by Edman degradation of native, reduced 

and alkylated, and performic acid-oxidized mater ia l that a 

half-cystine residue was N-terminal . Autoradiography of a 

thin-layer chromatograph demonstrated that the produce ob

tained from step 1 of the degradation of alkylated hormone 

was radioactive and migrated with the same Ri as an authen

tic PTH-SCMC standard. Initial degradations (4 cycles) 

with subtractive analysis were performed on reduced and 

alkylated and native hormone. This was done to examine 

the theoretical possibility of a cyclization reaction involving 

the alpha-amino group and the S-carboxymethyl side chain 

of the terminal alkylated cysteine residue. This reaction, 

analogous to the well-known cyclization of N-terminal glu-
21 tannine, has been reported . However, subtractive analysis 

after 4 steps showed that the first four residues had been 

quantitatively removed in both degradations. For the longer 

degradation, reduced and alkylated hormone was preferred 

to native mater ia l since the PTH cysteine or cystine deriva

tives which would be formed during degradation on the latter 

are quite unstable. PTH S-carboxymethyl cysteine on the 
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other hand is sufficiently stable both during the degradation 

conditions and during gas chromatography to allow identifica

tion though with some losses during both procedures. Pe r -

formic acid-oxidized mater ia l was not suitable since the 

tryptophan residue could not have been identified. 

It was hoped that an overlap into tryptic peptide T2 

(see FIG. 1) could be achieved, since this would very marked

ly reduce the amount of work necessary to establish the se

quence. This was accomplished, the first 16 residues being 

identified. The extraction regime used was essentially that 

outlined in the 'Methods" section for the three-stage pro

cedure, except that the ethyl acetate extractions were omitted. 

Repetitive yields are shown in FIG. 3. The yields of 

PTH amino acids known to be stable during degradation 

(shown by closed circles) fall close to a straight line. The 

linear plot shows that the fall in yield at each step was 

approximately constant and amounted to 5% per step of the 

mater ia l initially present. By hydrolysis and amino acid 

analysis of an aliquot of the residual peptide after comple

tion of several cycles, it was shown that the 5% repetitive 

loss reflected mechanical and extractive losses of thyrocal

citonin during degradation rather than incomplete coupling 

or cleavage of successive amino-terminal residues. The 

PTH amino acids (serine, S-carboxymethyl cysteine, thyro-

sine, tryptophan) shown by open circles are those known to 

be subject to partial destruction during degradation, con-
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version or GLC identification procedures. The yields of 

serine and S-carboxymethyl cysteine are consistent with theii 

known tendency to undergo (3 elimination reactions. Threo

nine, calculated as the sum of PTH (threonine plus dehydro-

threonine) is recovered in good overall yield because the 

dehydrated product does not undergo further decomposition. 
22 

Tyrosine apparently reacts with phenylisothiocyanate via 

its phenolic hydroxyl group during the degradation; this may 

account for its low yield. Tryptophan decomposes in anhy-
13 drous acid . Its yield (6%) after 13 cycles is consistent 

23 with findings with other tryptophan containing proteins and 

peptides. Some destruction of tryptophan also occurs during 

EDMAN DEGRADATION REDUCED AND ALKYLATED THYROCALCITONIN 
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the c o n v e r s i o n r e a c t i o n . Desp i t e the low y ie lds of t y ro s ine 

and t ryp tophan , the ident i f ica t ion of these r e s i d u e s in p o s i 

t ions 12 and 13 was unequivocal ; the p roduc t s w e r e c l e a r l y 

ident i f ied by GLC, and no o t h e r P T H amino acid was s een at 

e i t h e r s t ep . PTH a rg in ine ( s tep 14) was identif ied by the 

Sakaguchi r e a c t i o n . The aqueous p h a s e s f r o m s teps 13 and 

15 w e r e used as c o n t r o l s . Steps 15 and 16 provided an o v e r l a p 

into T2. 

FIGS. 4 and 5 show the t r a c i n g s obta ined at s tep 8 

(valine) and s tep 16 ( leucine) of this degrada t ion . The 

a b s e n c e of s ignif icant quan t i t i e s of o ther PTH amino ac ids 

and of con taminan t s can be seen . 

A p a r t f r o m o m i s s i o n of the ethyl ace ta t e e x t r a c t i o n s , 

no a t t e m p t was m a d e to modify the extent of e x t r a c t i o n 

dur ing this deg rada t ion . The amount of m a t e r i a l r e m a i n i n g 

af ter 16 cyc les (0. 16 nm) and i t s pur i ty (as ev idenced by the 

r e s u l t of the 16th cycle) would have been adequate for at l e a s t 

s e v e r a l m o r e s t eps if the r e d u c e d e x t r a c t i o n schedu les used 

for T2, T3 , and CNBr 2 had been appl ied at that point. 

Howeve r , s ince the sequence of T2 had a l r e a d y been e s t a b 

l i shed , the d e g r a d a t i o n was s topped. 

D e g r a d a t i o n of T2 

The known compos i t i on of T2 was Asn (3), Leu (1), 

Phe (1), His (1), A r g (1). Since the amount of m a t e r i a l was 

s m a l l (0. 06 vim), i t was i m p o r t a n t to r educe e x t r a c t i v e 

225 



H.D. NIALL AND J.T. POTTS, JR. 

9 12 

M I N U T E S 

FIG. 4 

DC 560 column. Upper tracing: Mixture of standard PTH 
amino acids. Lower tracing: Sample from step 8 of 
degradation on intact thyrocalcitonin (valine). 
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FIG. 5 

DC 560 co lumn. Upper t r a c i n g : Sample f r o m s tep 1 6 of 
d e g r a d a t i o n on in tac t t hy roca l c i ton in ( leucine) . Lower 
t r a c i n g : Mix ture of s t a n d a r d PTH a m i n o a c i d s . 
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l o s s e s if the whole sequence was to be d e t e r m i n e d . The 

a rg in ine could be ten ta t ive ly p laced at the C t e r m i n u s on the 

bas i s of t r y p s i n speci f ic i ty , so that at l e a s t two c h a r g e d 

g roups (the guan id ino-group and the a l p h a - c a r b o x y l group) 

would p e r s i s t throughout the deg rada t i on . The o the r poten

t ia l ly c h a r g e d s i t e s w e r e the a lpha amino group and the 

im ida z o l e group of the h i s t id ine r e s i d u e . It s e e m e d l ikely 

that the o v e r a l l po la r i ty of this peptide would be adequate 

to m i n i m i z e l o s s e s if both se t s of e x t r a c t i o n s w e r e m a d e 

f r o m an aqueous phase . The coupling m i x t u r e was t h e r e f o r e 

e x t r a c t e d 3 t i m e s with 0. 5 m l of benzene . After lyophi l i za -

tion of the r e s i d u a l aqueous phase , c l eavage , a n d e v a p o r a t i o n 

of the t r i f l uo roace t i c ac id , the r e s i d u e was d i s so lved in 

w a t e r and e x t r a c t e d with n - b u t y l ace ta t e as d e s c r i b e d above . 

Of the N - t e r m i n a l 6 r e s i d u e s of T2, only the h i s t id ine 

de r iva t i ve would not be obta ined. If no p roduc t was found at 

any p a r t i c u l a r s t ep , it was planned to a s s i g n that posi t ion 

t en ta t ive ly to h i s t id ine and continue the deg rada t ion . In a 

r e p e a t e x p e r i m e n t , a dif ferent e x t r a c t i o n p r o c e d u r e could 

then be used at that s tep a lone . However , the f i r s t five 

s t eps gave the sequence Asn (0. 05 M-M), Leu (0. 044 (J. M), 

Asn (0. 034 uM), A s n (0. 027 |i M), Phe (0. 032(i M). This 

a l lowed the l a s t two r e s i d u e s to be des igna ted as H i s - A r g , 

on the bas i s of compos i t ion and a s s u m e d s i te of t r yp t i c 

c l eavage . However , to obta in d i r e c t ev idence , a 6th cycle 
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of coupling and c leavage was p e r f o r m e d . The t r i f l uo roace t i c 

ac id was e v a p o r a t e d off, but no a t t empt was m a d e to e x t r a c t 

out the h i s t id ine d e r i v a t i v e . Ins tead , the r e s i d u e was subjec ted 

to the condi t ions of " conve r s ion . " 

The c o n v e r s i o n solut ion then was found to contain PTH 

h i s t id ine (0. 014 H-M), de r ived f r o m the penul t imate amino 

ac id and ident i f ied by gas c h r o m a t o g r a p h y , and f ree a r g i n i n e , 

the l a s t amino ac id , ident i f ied by amino acid an a ly s i s (0. 013 

H-M). Sub t rac t ive ana ly s i s indica ted the efficiency of the 

p r e c e d i n g deg rada t ion c y c l e s ; after acid hyd ro lys i s only 

a rg in ine was found, with a t r a c e of h is t id ine which probably 

d e r i v e d f r o m p a r t i a l r e g e n e r a t i o n of the f ree amino acid f rom 

the th iohydantoin . 

Deg rada t ion of T3 

The f i r s t 6 amino ac ids w e r e e s t a b l i s h e d a s Phe (0. 07 

u M ) - s e r (0. 015 uM )-gly (0. 05 uM)-me t (0. 02 yM)-gly 

( 0 . 0 < 6 uM) -phe (0.016)i M). Since the peptide was h y d r o 

phobic, e x t r a c t i o n s w e r e cons ide rab ly r educed . After 

coupl ing, the aqueous phase was e x t r a c t e d twice with 0. 3 m l 

benzene . After c leavage the th iazol inone was e x t r a c t e d with 

a to ta l of 0. 5 m l e thylene d i c h l o r i d e . F inding the pos i t ion 

of the me th ion ine in the sequence was v e r y useful s ince it 

e s tab l i shed cont inui ty wi th CNBr 2. Since CNBr 2 was 

ava i l ab l e in quite l a r g e quan t i t i e s , it s e e m e d to offer a 

b e t t e r pos s ib i l i t y of r e a c h i n g the ca rboxy l end of the mo lecu le 
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than the longer T3, available only in limited amounts. (This 

was important since there was reason to believe on other 

grounds that the alpha-carboxyl group of the C-terminal 

might be amidated. ) Accordingly, degradation of T3 was 

stopped after 6 cycles. 

Degradation on CNBr 2 

The complete sequence of this peptide was established 

on 1. 22 pm material . For the first 3 cycles two benzene 

extractions, each of 0. 5 ml, were used; the thiazolinones 

were extracted with 0. 5 ml of ethylene dichloride. Yields 

were gly (1. 0 PM), phe (0. 78 uM ), and gly (0.45 pM). 

(Fig. 6) Extrapolation of these yields suggested that the 

degradation could not be continued beyond the fourth or fifth 

step. Accordingly, for the fourth and subsequent cycles, 

the benzene extraction was omitted completely and the coupling 

mixture taken to dryness in vacuo. This was followed by 

sublimation at 60 C, also under high vacuum (80 microns). 

After cleavage and evaporation of the trifluoroacetic acid, 

the thiazolinones were separated by a single extraction with 

0. 3 ml of ethylene dichloride. Yields for the next two steps 

were pro(0. 43 pM) and glu (0. 38 p M). In the sixth cycle, 

after coupling, sublimation and cleavage, no extraction was 

performed. One-fifth of the sample, in trifluoroacetic acid, 

was dried and subjected to the conditions for "conversion. " 

The produce was identified by GLC as PTH threonine (0. 22 

pM), corrected for the entire sample. 

230 



EDMAN DEGRADATION 

An aliquot of the remaining four-fifths of the unextracted 

reaction mixture was run on the ac id /neut ra l column of the 

amino acid analyzer. If the carboxyl terminal residue had 

been unsubstituted proline, it should have been detected in 

high yield. However, only a trace of proline, and no other 

amino acid, could be seen on this column. On the basic 

column, however, a peak was seen at 41 minutes with a 

unique ratio of absorbance at 570 to 440 mp (1. 14). Authentic 
prolinamide eluted at the same position and had the same 

distinctive absorbance ratio. Total yield (based on pro

linamide found) was 0. 21 |i.m. 

Another aliquot was subjected to a seventh cycle of 

Edman degradation, which gave PTH proline, the amide 

EDMAN DEGRADATION THYROCALCITONIN CYANOGEN BROMIDE HEPTAPEPTIDE 

4 5 
STEP NUMBER 

FIG. 6 
Yield data from degradation on CNBr 2. The extent of 
extraction was greatly reduced after the third cycle. 
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group being split off during the cyclization reaction. In 

this situation reliance only on identification of the PTH deriva

tive of the C-terminal residue would obviously have led to 

e r r o r , since the amide group would not have been found. 

Other Applications: Quantitative Edman Degradation of 

Peptide Mixtures 

The four repetitive degradations reviewed above provided 

sufficient information to propose the complete amino acid 

sequence of thyrocalcitonin. During the parallel studies 

which involved preparation and isolation of many peptide 

fragments, another extremely valuable application of the 

Edman procedure was demonstrated. 
3 

As reported ear l ier and currently being examined in 
9 

greater detail , anomalous results were noted during tryptic 

digestion; more than the expected number of three peptides 

(based on the presence of only two tryptic-sensitive s i t e s -

two arginines) were detected. It proved possible to analyze 

and interpret the results of 6 cycles of Edman degradation 

of the unfractionated tryptic digest. Obviously several PTH 

amino acids were obtained at each step. FIG. 7 shows one 

of the GLC tracings using the DC 560 column obtained in 

this study. 

Almost all the PTH derivatives i l lustrated are among 

those to be expected from the three orthodox tryptic peptides. 

However, at step 1 serine was detected by the silylation 

technique. (In FIG. 7 it coelutes with the S-carboxymethyl 
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cysteine PTH). The presence of alanine at step 2, and 

tyrosine and tryptophan at steps 3 and 4 (seen on other 

GLC columns) demonstrates clearly that the bond between leu_ 

and s e r ] n had been cleaved by trypsin. F rom the quantitative 

yields the extent of cleavage was found to be 42%. The bond 

between tyr, 7 and trp, , was also found to be cleaved by 

trypsin to the extent of 17%. This study will be reported 

I SCMC 

STEP 1 

STEP 2 

STEP 3 

STEP 4 

STEP 5 

STEP 6 

FIG. 7 

DC 560 column. Samples, as indicated, derive from steps 
1-6 of degradation on unfractionated tryptic digest of 
thyrocalcitonin. See text. 
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24 fully later . Incidentally, a large part of the sequence of 

the thyrocalcitonin molecule could be deduced from the 

results of the Edman degradation on the unfractionated 

tryptic digest, assuming a knowledge only of the composition 

of each of the three orthodox tryptic peptides previously 

isolated in trace amounts by elution from thin-layer 

chromatograms. This ancillary approach towards protein 

and peptide sequencing--!, e. , degrading mixtures containing 

several peptide chains-- is current ly under study in our 

laboratory. 

DISCUSSION 

In determining the covalent structure of a protein or 

peptide, the fewer subfragments needed the greater the saving 

in time, effort, and material. In the present study the com

plete amino acid sequence of porcine thyrocalcitonin, a 32-

residue peptide hormone, was established by Edman degrada -

tion alone on the native molecule and three daughter peptides. 

This was made possible by the use of a new approach to the 

three-stage Edman method which allows complete sequencing 

of short peptides by close regulation of solvent extractions, 

with quantitative identification of the PTH derivatives by 

gas-liquid chromatography. Quantitative evidence is pro

vided for the proposed sequence and the worker may follow 

the progress of the degradation from step to step. Modifica

tions in the extraction scheme can then be made on the basis 

of continual monitoring both of peptide losses and of the 
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a p p e a r a n c e of con taminants , as the C - t e r m i n u s of the p e p 

tide being d e g r a d e d is a p p r o a c h e d . Shor t pep t ides (e . g. , T2) 

and hydrophobic pep t ides (e. g. , CNBr 2) m a y be comple te ly 

sequenced p rov ided the so lvent e x t r a c t i o n s a r e suff icient ly 

r e d u c e d . I n t e r f e r e n c e f r o m con taminan t s can be m a d e 

m i n i m a l for two r e a s o n s . F i r s t l y , ca re fu l pur i f ica t ion of 

solvents and r e a g e n t s a c c o r d i n g to the p r o c e d u r e s out l ined 

in the ' M e t h o d s " s ec t ion g r e a t l y r e d u c e s the accumula t i on 

of c o n t a m i n a n t s dur ing the deg rada t ion . Secondly, the GLC 

p r o c e d u r e has sufficient r e s o l v i n g power to s e p a r a t e the P T H 

a m i n o ac ids f r o m the usua l c o n t a m i n a n t s . This is an advan

tage ove r t h i n - l a y e r c h r o m a t o g r a p h i c s y s t e m s for i d e n t i 

f ica t ion in which pheny l th iou rea and d ipheny l th iourea , for 

e x a m p l e , m a y be confused with PTH d e r i v a t i v e s . 

In the p r e s e n t work , i t was found pos s ib l e to o m i t 

c o m p l e t e l y the usua l e x t r a c t i o n of the P T C pept ide with 

e thyl a c e t a t e . Some accumula t i on of d ipheny l th iourea 

o c c u r s , but for r e a s o n s out l ined above , this is m i n i m a l 

and does not i n t e r f e r e wi th ident i f ica t ion. F u r t h e r s teps 

which m a y be taken to r e d u c e pept ide l o s s e s a r e , in o r d e r , 

r e d u c t i o n of ex tent of benzene e x t r a c t i o n , o m i s s i o n of one 

of the two e thylene d i ch lo r ide e x t r a c t i o n s , and comple te 

o m i s s i o n of benzene e x t r a c t i o n with subs t i tu t ion of high 

v a c u u m sub l ima t ion . The p r o c e d u r e u s e d in the deg rada t i on 

of T2 took advantage of the unusua l c h a r g e d i s t r i bu t ion of 

th is pept ide and i s p robab ly not widely app l i cab l e . Howeve r , 

i t m a y have some value with o t h e r t ryp t i c pep t ides C - t e r m i n a l 
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in arginine but otherwise consisting of relatively nonpolar 

residues. 

The technique of subtractive amino acid analysis, though 

not used routinely at every cycle, is often most valuable 

when combined with the present approach. It is particularly 

useful in establishing the cause of a sudden fall in yield of 

PTH amino acid. Mechanical or extractive losses of peptide 

mater ia l may be distinguished from chemical " losses" due to 

N-terminal blocking reactions from aldehyde impurities in 

the reagents by analysis of a measured aliquot of the 

residual peptide. For example, the fall in yield from step-

to-step during the degradations on thyrocalcitonin was shown 

by subtractive analysis to be due to losses during extrac

tions. Subtractive analysis is also useful in another context. 

If the length of the peptide is known, the degradation may be 

stopped after cleavage of the penultimate residue, as i l lus

trated with T2 and CNBr 2. This permits the second last 

residue to be identified by GLC as its PTH derivative, while 

the last residue is easily identified on the amino acid analyzer 

as the free amino acid. Acid hydrolysis of another aliquot 

followed by amino acid analysis will reveal the presence of 

undegraded peptide. As discussed above, this approach was 

particularly useful with the direct detection of prolinamide 

at the C-terminus of the molecule. 

A quantitative Edman degradation obviously lends itself 

to the study of heterogeneous protein and peptide mixtures. 

In the study of the tryptic digestion of thyrocalcitonin the 
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exact sites and frequency of abnormal chromotryptic-like 

cleavages were determined by repetitive Edman degradation 

on the unfractionated tryptic digest. Automated Edman 
25 

degradation of a mixture of normal human immunoglobulin 

light chains (kappa subclass) has already been used to estab

lish qualitatively which amino acids occupy the constant and 

the variable positions of the first 18 residues. Repetition 

of this kind of work with accurate quantitation is an obvious 

extension which is now possible. 

In summary, a new approach to Edman degradation of 

short peptides has been described. It depends upon the use 

of a modified three-stage degradation procedure, the PTH 

amino acids being identified mainly by gas chromatography. 

This identification method, combined with the usual form of 

the Edman procedure, would not greatly change its scope. 

The sensitivity and resolution of GLC are only useful if the 

degradation itself is carr ied out cleanly and without undue 

loss of mater ia l . Quantitation is already possible in forms 

of degradation based solely on subtractive amino acid analysis 

at each step. However, the flexible approach to solvent 

extractions during the manual Edman method, illustrated 

in the s tructural study on thyrocalcitonin, permits 

successful degradation of a variety of peptides differing in 

charge and chain length if proper attention is directed to a 

number of details. Solvent and reagent purity is carefully 
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controlled to minimize interference from contaminants. The 

initial extraction regime is chosen specifically with regard to 

the amount available, chain length, composition and polarity 

of the individual peptide being degraded. Further modifica

tions in the extractions are employed during the actual degra

dation as the pattern of PTH amino acid yield from step to 

step becomes evident. Subtractive amino acid analysis at 

selected stages of the degradation is used to monitor ext rac

tive losses by a method independent both of the GLC procedure 

itself and of losses of PTH amino acid prior to analysis. 

This flexible chemical approach with quantitative detection 

of the PTH amino acids by GLC provides an overall system 

capable of completely sequencing even hydrophobic peptides 

present in small amounts. 

Further work by our laboratory in collaboration with 
28 another group has recently led to the development of an 

29 automated instrument capable of carrying out Edman 
30 degradation on peptides as well as on proteins. Unlike 
13 the original sequenator , this instrument may be operated 

with volatile reagents. Since prolonged solvent extractions 

a re , therefore, unnecessary, losses of peptide are minimized. 

One would expect that the flexible approach to degradation of 

peptides described in this paper could also be applied in an 

automated mode. Prel iminary work has confirmed this, and 

extensive automated degradations have been carr ied out with 
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v a r i e d e x t r a c t i o n r e g i m e s on ca lc i ton ins f r o m s e v e r a l 

30 31 
s p e c i e s as we l l as on o ther pep t ides ' 
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SYNTHESIS OF PORCINE THYROCALCITONIN (TCT) 
St. Guttmann, J. P less , E. Sandrin, 

P. -A. Jaquenoud, H. Bossert and H. Willems 

Research Laboratories, SANDOZ Ltd. , 
Basle, Switzerland 

Thyrocalcitonin discovered in 1962 by Copp has aroused 

great interest because of its potential therapeutical value. 

This hormone was found in the thyroids of all mammals 

investigated and its administration to rats and other small 

mammals gives rise to a decrease of serum calcium and 

2 phosphate . The urinary elimination of Ca, PO. and 

hydroxyproline which is characterist ic of bone resorption 
3 

is decreased under the influence of TCT . In addition TCT 
4 

was shown to inhibit bone resorption in vitro . 
C Q 

Investigations were carr ied out in several laboratories 

simultaneously in order to isolate this hormone, to charac

terize it and to establish its s tructure. Very recently three 
9-11 resea rch groups succeeded in determining its amino acid 

12-14 sequence and subsequently three others reported its 

synthesis. 

Thyrocalcitonin is a linear dotriacontapeptide containing 

a disulfide bridge between both cysteine residues in positions 
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1 and 7. On its N-terminal end it has a free amino group 

whereas on the C-terminal end a prolinamide group. 

I 1 
H-Cys-Ser -Asn-Leu-Ser-Thr-Cys-Val -Leu-Ser-Ala-Tyr-

-Tr p- Arg- Asn- Leu- Asn- Asn- Phe -His -Arg- Phe -Ser- Gly-

- Met-Gly-Phe-Gly-Pro-Glu-Thr-Pro-NH 2 

Its molecular weight is 3604 and its isoelectric point is over 

pH 10. This high basicity is due to its two arginine res idues . 

The single carboxyl group present in the molecule neutralises 

only the a -amino group. Its optical rotation is Qa] _ r -45 

(c s 1. 0 in 1-n acetic acid). 

Our synthesis was initiated on the basis of our own pre-
7 

liminary structural work and completed with the help of the 
9 

full s tructural results of Potts et al. . 

The synthetic scheme (FIG. 1) followed a combination 

of sequential and step-wise techniques. In most syntheses of 

cysteine containing peptides, the SH-groups are protected by 

the benzyl group which is cleaved by sodium in liquid ammonia 

at the end of the synthesis. This treatment however is known 

often to cause fragmentation in the peptide chain. It was 

found that in the case of TCT treatment with Na /NH, was 
1 5 also associated with a loss in biological activity . We 

therefore decided to cleave this protecting group at an early 

stage of the synthesis and to introduce the sequence containing 

the disulfide bridge at the last step only. 
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F i r s t the sequences 1-9, 10-19 and 20-32 were synthesized. 

The OH-groups of serine, threonine and tyrosine were not 

protected, only the guanido residues of arginine being tem

porarily protected by nitration. 

The sequence 20-32 (FIG. 2) was synthesized in a 

classical manner. CBO-Glu (OTB)-OCP was coupled with 

H-Thr -Pro-NH ? and after hydrogenation of the CBO-group 

it was reacted with the tripeptide CBO-Phe-Gly-Pro-OH 

by the DCCI method. After catalytic hydrogenation the 

tetrapeptide 23-26 was coupled with the hexapeptide 27-32, 

resulting in the protected decapeptide 23-32. Finally, the 

lat ter , after treatment with TFA, was combined with the 

tripeptide azide 20-22 to yield the tridecapeptide 20-32. 

The synthesis of the sequence 10-19 (FIG. 3) was 

accomplished in a step-wise manner. In the C-terminal 

phenylalanine a protected hydrazide group was introduced 

right from the beginning, in order to avoid side reactions 

in the three asparagine residues due to hydrazinolysis. 

This later allowed performance of a racemization free 

coupling with the N-terminal part 20-32. Beside the azide 

coupling method activated es ters were used to lengthen the 

chain. 

Peptide 1-9 (FIG. 4) was also synthesized in a step-wise 

way. After having transformed the protected nonapeptide 
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ester into its hydrazide derivative, the benzyl group was 

cleaved by N a / N H ^ Neither the peptide bond nor the hydra

zide group was damaged by this treatment. The disulfide 

bridge was closed by selective oxidation. 

In the next step (FIG. 5) the decapeptide azide 10-19 

was coupled with the tridecapeptide 20-32 to obtain the 

protected tricosapeptide 10-32. After cleavage of the 
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FIG. 2 

Synthesis of the sequence 20-32 TCT. 
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protective group, the latter was reacted with the nonapeptide 

azide 1-9. After treatment with TFA the resulting dotria-

contapeptide already showed without further purification 

50% of the expected biological activity. Finally the peptide 

was purified by gel filtration and ion exchange chromatography. 

The product was pure as indicated by both chromatography 

and electrophoresis . 

The synthetic product and the natural product behaved 

in the same manner in gel filtration, which means they have 

identical molecular weights. The optical rotatory values 
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18 19 

Synthesis of the sequence 10-19 TCT. 
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and the quantitative amino acid composition are also the 

same in the synthetic and natural products. Their biological 

activities are practically identical. The synthetic product 

seems to be somewhat more active than the natural one but 

this difference is within the confidence limit of the biological 

assay. 

1 
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FIG. 4 
Synthesis of the sequence 1-9 of TCT. 
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SYNTHESIS OF PORCINE THYROCALCITONIN 

Table 1 

synthetic natural 

Molecular weight 

[o]p° (c = 1 AcOH IN) 

El,9 

E5,8 

Isoelectric point 

Amino endgroup 

Amino acid composition 

3600 3600 

..0 r.O 

- 55 - 54 

0.9 Trp 0.9 Trp 

1.0 Trp 1.0 Trp 

> 10 > 10 

Cys Cys 

identical 

Biological ac t iv i ty : 
a decrease of lmg/lOOml of the 
serum Ca-level in rat 
i s caused by ca. 0.03 Pg ca. 0.04 Hg 

If we compare in biological assay our synthetic material 

with the pure isolated natural product we can see that the 

dose-response curves are almost identical (FIG. 6). However 

the MRC-Standard - B which is rather impure and has a 20 

times lower specific activity, gives a straight line with a 

different slope. 

If we add a protein, e. g. bovine serum albumin, to either 

the pure natural mater ia l or to the pure synthetic mater ial , 

as recommended by Kumar , and compare them with MRC-

Standard - B to which the same protein has also been added, 

the dose response curves are completely parallel (FIG. 7). 
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A 
mgCa 

dl 

2 

1 
> 7 

J # / 

» / / 

• synth. TCT / 

/ X 

// 

Al 

'isol.TCT • 

.. • 

H**^ MRC-Standard B 

01 10 HO/><0 K>0 50 KX) 200 500mLi/kg 

FIG. 6 

Dose-response curve of natural and synthetic TCT in saline 
solution. 

From the physical, chemical and biological propert ies , 

therefore, we consider that our synthetic product is identical 

to natural thyrocalcitonin and thus the structure proposed 

for TCT is confirmed. 
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mgCa 
dl 

synth. TCT 

-i-LJiU. 

0,1% Bovine Serum Albumin 

MRC-Standard B 

1 i i i • n l I • ' • 
0.1 10 20 /uj/Kg 30 TOO mU/kg 

F I G . 7 

D o s e - r e s p o n s e c u r v e of s y n t h e t i c T C T i n 0 . 1 % B S A - s o l u t i o n 
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RACEMIZATION CONTROL IN THE SYNTHESIS OF PEPTIDES 
BY THE MIXED CARBONIC ANHYDRIDE AND 
DICYCLOHEXYLCARBODIIMIDE METHODS 

George W. Anderson 

Lederle Laboratories, American Cyanamid Co. 
Pear l River, New York 

This paper will summarize studies recently reported by 
1-3 our group with both methods and those of Weygand and 
4 5 associates ' with dicyclohexylcarbodiimide which show that 

racemization can be controlled in test syntheses. In work in 

our laboratory on the synthesis of calcitonin peptides, the 

newer procedures are receiving practical application. Some 

of the resul ts to date will be given. In the long run, it is 

only by such practical applications that improved procedures 

can be adequately evaluated. 

THE MIXED ANHYDRIDE METHOD 

In our work with the mixed anhydride method, we confirmed 

the report of Vaughan and Osato that isobutyl chloroformate 

gave the best yields of several alkyl chloroformates, so this 

reagent was chosen as the standard. The racemization tests 
7 

were the synthesis of Z* Gly-Phe-Gly* OEt which we developed , 
g 

and the Bz» Leu- Gly* OEt synthesis of Williams and Young 

which we modified for detection of small amounts of racemate . 
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The r e a c t i o n s m a y be w r i t t e n : 

R 2 
I2 

RjCONHCHCOOH+CLCOOCH-jCHtCH ) 2 + (R)jN , 

R 2 

~!COOCOCH2CH(C] 

(I) 

R 1 CONHCHCOOCOCH 2 CH(CH 3 ) 2 -f(R) N- HC1 

(I)-r- N H 2 C H 2 C O O C H 2 C H > 

T2 

R 1 CONHCHCONHCH 2 COOCH 2 CH + C 0 2 + H O C H 2 C H ( C H ) 2 

R 2 \ />™Z 

w h e r e Rj CONHCHCOOH is ^ /> CH 2OCONHCH 2CONHCHCOOH(L 

( C H 3 ) 2 CHCH 2 

f i r s t t e s t and / \ -CONHCHCOOH(L) in the second . 

In both c a s e s , r a c e m a t e in the final p roduc t i s s e p a r a t e d by 

f r ac t iona l c r y s t a l l i z a t i o n . L e s s than 1% r a c e m a t e can be 

de tec ted in both t e s t s , a l though e x p e r i e n c e wi th the B z - L e u -

Gly-OEt t e s t is not cumula t ive enough to be defini te a s far 

as p r e c i s i o n i s c o n c e r n e d . 

Using the t r i pep t ide t e s t s y s t e m , we d i s c o v e r e d that the 

n a t u r e of the t e r t i a r y amine i s the m o s t c r i t i c a l f ac to r in 
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r a c e m i z a t i o n . An ac t iva t ion pe r iod ( t ime for m i x e d anhy

d r i d e fo rmat ion) of 12 m i n u t e s was used in o r d e r to exag 

g e r a t e r a c e m i z a t i o n when i t o c c u r e d ; fu r the r work ind ica ted 

that a minu te o r so was adequa te for comple te f o r m a t i o n of 

the mixed anhyd r ide . Some r e s u l t s a r e given in Table 1. 

TABLE 1. T e r t i a r y Amine Effect on Z* G l y - P h e - G l y * OEt 
Synthes i s ( I sobu ty l ch lo ro fo rma te , 12 min . 
ac t iva t ion at - 1 5 ° , THF solvent) 

A m i n e , Equ iva len t s 

T r i e t h y l 

ti 

T r i m e thy 1 

i t 

Methyl d ie thyl 

i t 

N - m e t h y l m o r p h c 

II 

1 

2 

1 

2 

1 

2 

>line 1 

2 

% Yield, 

8 

16 

-

68 

-

18 

-

-

DL % Yield, L 

82 

59 

90 

t r a c e 

94 

68 

92 

93 

T h e s e and m a n y o the r r e s u l t s ind ica ted that both s t e r i c 

f a c t o r s and bas i c i t y a r e i m p o r t a n t in r a c e m i z a t i o n . R a c e m 

iza t i on could be comple te ly avoided only with a m i n e s con

ta ining at l e a s t one m e t h y l group a t t ached to the n i t rogen . 

The r e s u l t s with t r i m e t h y l a m i n e a r e i n s t r u c t i v e : l ack 

of r a c e m i z a t i o n wi th one equiva lent ind ica ted tha t the amine 

was comple t e ly u t i l i zed in fo rming the m i x e d anhydr ide , and 
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comple t e r a c e m i z a t i o n with two equ iva len t s showed that this 

amine is a good r a c e m i z e r of the f o r m e d mixed anhyd r ide . 

Other e x p e r i m e n t s with only a few p e r c e n t e x c e s s of t r i . 

m e t h y l a m i n e a l s o gave comple te r a c e m i z a t i o n . A s e a r c h 

for l e s s bas i c t e r t i a r y a m i n e s containing m e t h y l group d i s 

c losed N - m e t h y l m o r p h o l i n e , which gave no r a c e m i z a t i o n 

unde r the s t r i n g e n t condi t ions . Subsequent t e s t s wi th this 

amine gave good y ie lds (> 90%) when the ac t iva t ion t ime was 

a minu te o r l e s s . 

We concluded that the f i r s t s t ep in m i x e d anhydr ide f o r 

m a t i o n is complex ing of the amine with the c h l o r o f o r m a t e , 

and the second i s r e a c t i o n with the ca rboxy l i c ac id to f o r m 

the anhydr ide . If condi t ions a l lowed r a c e m i z a t i o n ( p r e s e n c e 

of a s t r ong t e r t i a r y base ) , th is was an ac t ion of the base on 

the m i x e d anhydr ide before subsequen t r e a c t i o n wi th e thyl 

g lyc ina te . The r e s u l t s with h i n d e r e d b a s e s such as t r i e t h y l 

amine could be expla ined by incomple t e complex ing with one 

equ iva len t , and thus r a c e m i z a t i o n of the f o r m e d m i x e d anhy

d r ide by the u n r e a c t e d a m i n e . Conf i rmat ion was p rov ided 

by an e x p e r i m e n t wi th two equ iva len t s of a s t rong ly h i n d e r e d 

ye t ba s i c a m i n e , e thyl d i i s o p r o p y l a m i n e : only a 0. 2% yie ld 

of D L and 3% yie ld of L t r i pep t ide w e r e obta ined, indica t ing 

v e r y l i t t le complexing with the c h l o r o f o r m a t e . 

The e thyl benzoyl leucy lg lyc ina te s y n t h e s i s , which i s a 

s e v e r e t e s t , gave no r a c e m i z a t i o n wi th one equ iva len t of 
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t r i m e t h y l a m i n e and a 60 second ac t iva t ion t ime a t -15 C. 

With N - m e t h y l m o r p h o l i n e , no r a c e m i z a t i o n up to 12 m i n u t e s 

ac t iva t ion t ime was found with one equiva len t , two equ iva len t s 

gave about 2% r a c e m a t e at one minu te and 16% at 12 m i n u t e s . 

T h e s e r e s u l t s ind ica te that n o r m a l pept ide couplings a r e 

p robab ly f ree f r o m r a c e m i z a t i o n with the l e s s s t r e n u o u s 

cond i t ions . 

We r e c o m m e n d a one or two minu te ac t iva t ion t ime at 

-15 with one equiva len t of N - m e t h y l m o r p h o l i n e in a suitable 

so lvent ( t e t r ahydro fu ran , ethyl ace ta te ) as s t a n d a r d con

di t ions for use of the mixed anhydr ide method . D i m e t h y l -

a c e t a m i d e i s s a t i s f a c t o r y w h e r e a be t te r solvent is needed . 

N - M e t h y l m o r p h o l i n e is a l so a su i tab le base for neu t r a l i z ing 

a h y d r o c h l o r i d e o r o the r ac id sa l t of the amino acid e s t e r o r 

pept ide e s t e r to be r e a c t e d with the p r e - f o r m e d m i x e d 

a n h y d r i d e . However , t r i e t h y l a m i n e or o the r base can be 

used if not in e x c e s s . 

T r e a t m e n t of a solut ion of the mixed anhydr ide Z*Gly-

Phe»OCOOCH C H ( C H J , in t e t r a h y d r o f u r a n at - 19° with 

t r i m e t h y l a m i n e l i b e r a t e d isobutyl a lcohol (de tec ted by gas 

c h r o m a t o g r a p h y ) and oxazolone was f o r m e d (de tec ted by 

i n f r a - r e d a b s o r p t i o n at 5. 5u ) . Other da ta obtained in 

v a r i o u s e x p e r i m e n t s a l so suppor t the oxazolone m e c h a n i s m 

of r a c e m i z a t i o n when it o c c u r s . 
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THE DICYLOHEXYLCARBODIIMIDE METHOD 
7 

We r e p o r t e d some y e a r s ago that the Z» Gly -Phe -Gly* 

OEt t e s t gave s o m e r a c e m a t e unde r n o r m a l condi t ions of 

use of dicyclohexylcarbodi i rni .de (DCCD). The amount of 

r a c e m a t e was affected by t e m p e r a t u r e and so lvent , but 

condi t ions for no r a c e m i z a t i o n w e r e not found. Thus the 

r e p o r t by Wfinsch and D r e e s that addi t ion of N - h y d r o x y -

succ in imide (HOSu) to a pept ide coupling by DCCD i m p r o v e d 

y ie lds was of c o n s i d e r a b l e i n t e r e s t to u s . We had p r e v i o u s l y 

found that HOSu did not r educe r a c e m i z a t i o n by the c a r -

bonyld i imidazole me thod , but dec ided to t ry i t in a DCCD 

r a c e m i z a t i o n t e s t . With one equiva lent of added HOSu 

(or 1. 1 equ iva len t s ) , no r a c e m a t e was found in the Z«Gly-

Phe-Gly«OEt t e s t , v e r s u s 8% r a c e m a t e without i t . More 

d r a m a t i c a l l y , no r a c e m a t e was found in the Bz« Leu-Gly«OEt 

t e s t with an equiva len t of HOSu p r e s e n t and comple te r a c e m i -
3 

za t ion without HOSu. . Meanwhi le , Weygand and a s s o -

4, 5 
c i a t e s ' had a l so followed up the Wiinsch o b s e r v a t i o n and 

found a favorab le effect on r a c e m i z a t i o n in o the r t e s t s y s t e m s . 

To t e s t whe the r o r not the bas i c i ty of DCCD was involved 

in the r a c e m i z a t i o n without added HOSu, e x p e r i m e n t s with 

an added equ iva len t of p iva l ic ac id , which r e a c t s only s lowly 

wi th DCCD b e c a u s e of s t e r i c h i n d r a n c e , w e r e done. In the 

t r i pep t ide t e s t , no r a c e m a t e was found, but comple te r a c e m i 

za t ion was found in the d ipept ide t e s t . We conclude that 
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n e u t r a l i z a t i o n of the bas i c i t y of DCCD is a m ino r f ac to r . 

It s e e m s l ikely that HOSu, which i s a good nuc leophi le , 

r e a c t s r ap id ly with the i n t e r m e d i a t e O - a c y l u r e a to f o r m the 

OSu e s t e r s of the ca rboxy l i c ac ids involved. These in t u rn 

r e a c t with the amine component to f o r m the t e s t pept ide 

without r a c e m i z a t i o n . 

ACTIVE ESTERS BY THE DCCD AND MIXED 

ANHYDRIDE METHODS 

As with ac t ive e s t e r s of a c y l a m i n o a c i d s , ac t ive e s t e r s 

of acy lpep t ides couLd have use in pept ide syn thes i s if they 

couLd be r e a d i l y p r e p a r e d . In p a r t i c u l a r , be t t e r y i e lds in 

coupling and m o r e e a s i l y pur i f ied p roduc t s would m a k e the i r 

p r e p a r a t i o n wor thwhi l e . We t h e r e f o r e u sed s e v e r a l ac t ive 

3 
e s t e r componen t s in e x p e r i m e n t s with both the DCCD and 

m i x e d anhydr ide p r o c e d u r e s . In the DCCD e x p e r i m e n t s 

(Table 2), the e s t e r componen t s w e r e added to Z ' G l y - P h e > 

OH plus H" G l y O E t in t e t r a h y d r o f u r a n solvent before the 

DCCD. R e s u l t s show t h a t only d e r i v a t i v e s of h y d r o x y l -

amine p r e v e n t e d r a c e m i z a t i o n , and the phenol and 8-hy-

droxyquinol ine add i t ives ac tua l ly i n c r e a s e d r a c e m i z a t i o n . 

With the m i x e d anhydr ide p r o c e d u r e , the ac t ive e s t e r c o m 

ponents w e r e added af ter the mixed anhydr ide was f o r m e d , 

then the H« G l y OEt was added (Table 3). Again, only the 

h y d r o x y l a m i n e d e r i v a t i v e s (N-hydroxysucc in imide and 
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TABLE 2. Z-Gly-Phe-Gly OEt Synthesis at 25° in THF 
by the DCCD Method 

A d d i t i v e 

N - H y d r o x y s u c c i n i m i d e 

p _ - N i t r o p h e n o l 

N - H y d r o x y p t h a l i m i d e 

2 , 4 , 5 - T r i c h l o r o p h e n o l 

P e n t a c h l o r o p h e n o l 

8 - H y d r o x y q u i n o l i n e 

E q u i v . 

1 .1 

1 .1 

1 .1 

1 

1 

1 

T A B L E 3 . R a c e m i z a t i o n V i a A c t i v e 

Z - G l y - P h e « OH ^ ' ) Z» 

R 

G l y - P h e 

%L 

E 

• O R - H 

T r i p 

% D L 

7. 5 

0 

1 3 

0 

15 

15 

9 

s t e r s 

• Z • G ly -

e p t i d e 

%L 

7 3 

9 0 

70 

81 

5 8 

60 

70 

P h e - G l y ' O E t 

% D L 

_»>h 94 

71 

40 

33 

32 

45 
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N-hydroxypiperidine) gave no racemization. In other 

experiments, active es te rs of N-hydroxysuccinimide and 

N-hydroxypiperidine were isolated as intermediates but 

N-hydroxyphthalimide es te rs were not formed by the mixed 

anhydride procedure; all three types were isolated by the 

DCCD method. Since N-hydroxypiperidine es te rs are 

relatively unreactive, and N-hydroxysuccinimide es ters 

12 have advantages over N-hydroxyphthalimide e s t e r s , we 

conclude that N-hydroxysuccinimide is the compound of 

choice for active es ter formation from acylpeptides. 

USE OF N-HYDROXYSUCCINIMIDE ESTERS IN SYNTHESIS 

OF CALCITONIN FRAGMENTS 

Recently our group at Lederle has been involved in the 

synthesis of the new hormone calcitonin and related peptides. 

This work is not yet ready for publication. However, it is 

pertinent here to say that we have used the new conditions 

for the mixed anhydride method, N-hydroxysuccinimide 

es te rs of acylamino acids and peptides, and the dicyclo-

hexylcarbodiimide-N-hydroxysuccinimide method in this 

work. What data we have, largely from enzymatic degrada

tions, indicates no racemization has occurred. We have 

indications that HOSu esters of small peptides (up to about 

5 amino acids) are readily made, but reactions with larger 

peptides are slower. Our favored approach at the moment is 

the synthesis of small peptides by the mixed anhydride method 
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RACEMIZATION CONTROL 

or by way of HOSu es t e r s , and the condensation of larger 

peptides with DCCD plus an equivalent of HOSu. 

Illustrative of fragment synthesis, we have synthesized 

the N-terminal nonapeptide (Derivatized) of calcitonin as 

shown in Chart 1. Yields were in the 80%-97% range. The 

process is one which can be scaled up readily. The last 

preparation of the nonapeptide derivative was on a 22 g. 

scale. 
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RACEMIZATION MECHANISMS IN PEPTIDE SYNTHESIS 
M. Goodman and C. Glaser 

Department of Chemistry 
Polytechnic Institute of Brooklyn 

Brooklyn, New York 

INTRODUCTION 

Racemization remains the single most important limitation 

on the synthesis of biologically active peptides. As a result , 

slow and tedious procedures are required to build peptide 

chains without racemization. A clear example can be seen 

in the non-political efforts used by the Chinese scientists to 

synthesize insulin. We believe that a fundamental under

standing of racemization is essential to improved facile 

methods of synthesis. 

Peptide bond formation is a two-step process . The first 

step generally involves carboxyl activation of an N-blocked 

amino acid or peptide. This intermediate may be isolated, 

or it may be allowed to react in situ with an amino acid ester . 

The optical purity of the product may be lowered in either the 

activation or the subsequent coupling reaction. 

In this paper, emphasis will be placed on the oxazolone 

intermediate as it is related to the racemization problem. 
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Other m e c h a n i s m s for r a c e m i z a t i o n wil l a l s o be c o n s i d e r e d 

br ie f ly . In addi t ion, v a r i o u s a p p r o a c h e s to the syn thes i s 

of op t ica l ly pure pep t ides wi l l be d i s c u s s e d . 

I nves t i ga t i ons , p r inc ipa l ly by B e r g m a n n and 

2-4 
duVigneaud have shown that amino ac id s r a c e m i z e on 

t r e a t m e n t with a c e t i c anhydr ide . They pos tu l a t ed that the 

m e c h a n i s m m a y involve i n t e r m e d i a t e s such a s oxazo lones 

(or a z l a c t o n e s ) : 

3 4 

0 , H—CH - R 

R-CH-c'-OH < ^ L z / / \ 5 

I 3 \ , / ^ 0 
NH2 0 

FIG. 1 

The oxazolone , once f o r m e d , r a c e m i z e s r e a d i l y by base 

c leavage of the a s y m m e t r i c C-H bond. This i s fac i l i t a ted 

by r e s o n a n c e s t ab i l i za t ion of the r e s u l t a n t anion. 

e 
N — C - R N — C - R 

/ / \ // \ 

0 0 

FIG. 2 

5 
E a r l y a t t e m p t s to i so l a t e op t ica l ly ac t ive oxazo lones 

w e r e u n s u c c e s s f u l . Csonka and Nico le t t r apped and con

verted opt ica l ly ac t ive oxazolone i n t e r m e d i a t e s to op t ica l ly 
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ac t ive th iohydantoins by the addi t ion of a m m o n i u m th iocyanate 

to ace t i c anhydr ide so lu t ions of amino a c i d s . 

H 0 H 
I II ' 

N — C - R CHoC-H— C - R 
// \ NHhSCN / \ 

CHT - C C ^ ^ • S=C C . 

0 N 
I 

H 

FIG. 3 

7 
In a r e v i e w a r t i c l e in 1946, C a r t e r d e s c r i b e d the 

r a c e m i z a t i o n of oxazolones as an e x t r e m e l y faci le p r o c e s s 

such that no opt ica l ly ac t ive modi f ica t ions could be i so l a t ed . 

THE OXAZOLONE AS AN INTERMEDIATE IN P E P T I D E 
RACEMIZATION 

Q 

Goodman and Stueben s tudied the a lka l ine h y d r o l y s i s 

of benzy loxyca rbony lg lycy l -L -pheny la l an ine D-ni t rophenyl 

e s t e r , and found that the r a t e of r a c e m i z a t i o n is ten t i m e s 

f a s t e r than the r a t e of h y d r o l y s i s to the f ree ac id . They 

w e r e able to i so la t e D, L - o - n i t r o p h e n y l e s t e r . By running 

the h y d r o l y s i s in d e u t e r i u m oxide , they d e m o n s t r a t e d by the 

p r e s e n c e of the c h a r a c t e r i s t i c 2195 c m i n f r a r e d band of 

the C-D bond that the d e u t e r i u m exchange for hydrogen had 

taken p lace at the a - c a r b o n a t o m . P r o d u c t a n a l y s i s showed 

m o r e than 80% d e u t e r i u m i n c o r p o r a t i o n . On the o the r hand, 

benzy loxyca rbony l - g lycy l - L - N - me thylphenyla lanine .p.- n i t r o -

phenyl e s t e r does not r a c e m i z e ex tens ive ly unde r s i m i l a r 
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cond i t ions . This i nd i ca t e s that the pept ide bond is i n t r i c a t e l y 

involved in the r a c e m i z a t i o n p r o c e s s . Based on t he se r e s u l t s , 

a m e c h a n i s m involving an oxazolone i n t e r m e d i a t e was p r o 

posed to expla in the r a c e m i z a t i o n and h y d r o l y s e s of benzyl -

o x y c a r b o n y l - g l y c y l - L - p h e n y l a l a n i n e p -n i t r opheny l e s t e r . 

DL-ester 

0 
II 

CH2C6H5 

C6H5CH2OCNHCH2CONH CHC00C 6 H 4 N0 2 L-ester 

0 
II 

N - C H - C H 2 C 6 H 5 

// \ 
C6H5CH2OCiNHCH2-C\ / C = 0 

+02NC6H40© 
DL 

L— acid 

FIG. 4 

Once fo rmed , the oxazolone rap id ly r a c e m i z e s . It can 

then r e a c t wi th hydroxide ion (k~) to give D L - a c i d or with 

p -n i t ropheny la t e ion (k .) to give D L - e s t e r . 
Q 

In a r e l a t e d s e r i e s of e x p e r i m e n t s , W i l l i a m s and Young 

a l lowed b e n z o y l - L - l e u c i n e p -n i t ropheny l e s t e r to r e a c t with 

t r i e t h y l a m i n e and o b s e r v e d the fo rma t ion of oxazolone by the 

a p p e a r a n c e of the c h a r a c t e r i s t i c 1832 c m i n f r a r e d band. 

They a l s o found that the op t ica l ro t a t i on of the p - n i t r o p h e n y l 

es ter fa l ls in a m a n n e r p a r a l l e l to the l o s s of the u l t r a v i o l e t 

a b s o r p t i o n band a t 270 m u (the m a x i m u m for the D-ni t rophenyl 
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group). F rom the reaction of benzoyl-L-leucine p-nitrophenyl 

ester with glycine ethyl ester in the presence of a ter t iary 

amine they were able to isolate partially racemized dipeptide 

and inactive 4-isobutyl-2-phenyl-5-oxazolone. The following 

equilibrium was proposed for the course of the reaction: 

CH3-CH-CH3 CH3-CH-CH3 

II C F 2 ? CV2 
C6H5C-NH-CH-C-0C6H4N02+ NR3 -----?- N—CH +®HHSr%^i^02 

C6H5-<?So^C=0 

INH2CH2COOCH2CH3 

DL-dipeptide ester 

FIG. 5 

Antonovics and Young reported that the p-nitrophenyl 

es te rs of benzoyl-L-phenylalanine and benzyloxycarbonylgly-

cyl-L-phenylalanine, which can form oxazolones, are race

mized by triethylamine in dichloromethane much more 

rapidly than the analogous es ters of benzyloxycarbonyl-L-

phenylalanine or phthaloyl-L-phenylalanine, which cannot 

form oxazolones. In the case of phthaloyl-L-phenylalanine, 

the hydrogen at the asymmetric carbon should be more 

acidic because of increased electrophilic inductive and 

resonance effects (see FIG. 36 and accompanying discussion). 

Compelling evidence in favor of the involvement of the 

oxazolone intermediate in the racemization of acyl peptides 

during coupling was provided by Antonovics and Young 
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To a solut ion of b e n z o y l - g l y c y l - L - p h e n y l a l a n i n e p -n i t r opheny l 

e s t e r in me thy l ene ch lor ide was added one equiva len t of t r i 

e thy lamine and ten equ iva len t s of the oxazolone d e r i v e d f r o m 

benzy loxyca rbony lg lycy l -DL-pheny la l an ine . When the r o t a 

tion of the solut ion d ropped to 51% of i t s in i t ia l value the 

r e a c t i o n was s topped and the mixed e s t e r s r e c o v e r e d . If 

r a c e m i z a t i o n p roceeded by d i r e c t exchange of h y d r o g e n a t 

the a s y m m e t r i c ca rbon then r e c o v e r e d e s t e r should be 49% 

r a c e m i c . If, on the o the r hand, r a c e m i z a t i o n p r o c e e d e d via 

oxazolone , the l a r g e e x c e s s of b e n z y l o x y c a r b o n y l - d e r i v e d 

oxazolone p r e s e n t ac t s as a s c a v e n g e r for the p -n i t ropheny la t e 

ion and p r e v e n t s the fo rma t ion of b e n z o y lg lycy l -DL-pheny l -

a lanine p -n i t r opheny l e s t e r by the r e v e r s e r e a c t i o n (i . e. , 

k~ in FIG. 6). Ana ly t ica l ly and opt ica l ly pure benzoylg lycyl -

L -pheny l - a l an ine p -n i t ropheny l e s t e r was r e c o v e r e d in 46% 

yie ld and no r a c e m i c e s t e r was found, giving s t rong evidence 

for the oxazolone as the m a j o r r a c e m i z a t i o n rou te in this 

r e a c t i o n . 

EASE OF FORMATION OF OXAZOLONES 

In g e n e r a l , oxazolone f o r m a t i o n m a y r e s u l t e i t h e r dur ing 

the ac t iva t ion o r dur ing the subsequen t coupling of an acy l 

amino ac id , o r of an N-b locked pept ide . 

Base a t t a c k on the amide hydrogen to f o r m the amid e 

an ion can prov ide a d r iv ing force for cyc l iza t ion ; a l t e r n a t i v e l y , 

a c o n c e r t e d pathway involving base m a y be env i s ioned . 
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0 0 0 

C5Hr;-C-MH-CH2-C-NH-CH-C-0-C^JH,N02 + NEt, ^ 
k l 

CH2-C6H5
 k 2 

0 N — CH-CHO-CAHIT; 
II // \ ° © 

CfcH -̂C-NH-CH ĵ-C C\ + NHEt3 + 
\ /*o 

FIG. 6 

^ C ^ N O r , 

0 

R 0 X = -C^Hj,N02»-0C-0-Isobutyl, 
i 2 ii r* 

~ CH—C — X 
~ \ -CI, -0CH2CN, 

R -0-C=N-R3 e tc , 
Y~ UH-R 

R 4 
R,= H, CH3, C^Hc;, -CH-NH-

FIG. 7 

11 
Kemp and Chien explored the nature of the dependence 

of the base on the rate of oxazolone formation. They point 

out that the amide involved in the cyclization can have a dual 

nucleophilicity, depending on the relative concentrations of 

neutral amide and amide anion present in the reaction media. 

In studies on the triethylamine catalyzed racemization of 

O- (benzyloxy car bonylglycyl-L- phenylalanyl)-N- ethyls alicyl-

amide in dimethylformamide containing triethylammonium 
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f l u o r o b o r a t e , the a u t h o r s found a l i n e a r dependence of r a t e 

on the a m i d e : a m i d e sa l t r a t i o , toge ther with an i n sens i t i v i t y 

of r a t e to the abso lu te amine c o n c e n t r a t i o n at cons tan t a m i n e : 

amine salt r a t i o s . The r e s u l t s a r e m o s t e a s i l y i n t e r p r e t e d 

a s r e q u i r i n g the i n t e r m e d i a c y of a conjugate amid e anion of 

the n e u t r a l ac t iva t ed s p e c i e s . 

0 
0 
II H, 

FAST V C C ^ 
CgH5CH2 

V 0 o ) l « ' E , 3 NH+C6-H5CH2 \ = C S 

Et3N^H 

L - I f l 

L - I r 

SLOW 

k| 

C 6 H 5 C H 2 - C N 0 

N = C \ 
L- oxazolone 

FAST 

DL—Ia *" 'w DL-oxazolone 

a f ^ = k l [ L - I a ' ] = k l K e q [ L - r a ] [Et 3N/Et 3NH] 

FIG. 8 

d(DL-Ia) 

The a u t h o r s noted that for the c a s e s tudied , the r a t e of 

r a c e m i z a t i o n could be s lowed by as m u c h as 50-fold by the 

addi t ion of the c o r r e s p o n d i n g f luo robora t e s a l t . 

It m u s t be pointed out that these r e s u l t s a r e in c o n t r a s t 

9 12 to o the r we l l -known s a l t effects on pept ide r a c e m i z a t i o n 
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There have been no extensive investigations on the ease 

13-15 of formation of oxazolones. Young and coworkers found 

that the yields of L-peptide in the dicyclohexylcarbodiimide 

coupling of benzoyl, acetyl, and formyl-leucine with glycine 

ethyl ester in dichloromethane were 54%, 70%, and 94%, 

respectively. These values must be related to the relative 

ease of formation of the oxazolone intermediate. 

16a Siemion and Konopinska suggested that oxazolone 

formation is only possible in the case of the trans-conforma

tion of the peptide. They studied the value of the optical 

rotation and the optical rotatory dispersion curves of benzoyl, 

acetyl, and formyl leucine ethyl es ters in various solvents 

and interpreted their results in terms of the c is- t rans equi

librium of the amide function. They found that benzoyl-

leucine ethyl es ter has a greater tendency to exist in the 

trans conformation than either acetylleucine ethyl ester 

or formylleucine ethyl es te r . Blaha and coworkers , 

however, pointed out that this interpretation was largely 

based on an incorrect assignment for the cis-amide II 

band. Their re-examination of the infrared spectra 

indicated that the benzoyl-leucine ethyl ester is entirely 

in the trans-conformation in the solid state and in chloro-

inated hydrocarbon solvents. Acetyl-leucine ethyl ester 

contains less than 5% of the cis conformer. In addition, we 
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know that a m e a s u r e of c i s - t r a n s confo rma t ions need no t be 

in any way r e l a t e d to the e a s e of fo rma t ion of oxazolone 

s ince e s t a b l i s h m e n t of a c i s - t r a n s e q u i l i b r i u m for the amide 

bond is e x t r e m e l y r ap id . This wil l a lways g u a r a n t e e a 

subs t an t i a l c o n c e n t r a t i o n of the r e a c t i v e confo rma t ion . 

The d i f ference between the acyl and a l k o x y - c a r b o n y l 

r e s idues as amine blocking g roups was inves t iga t ed by 

17 
D e t e r m a n . He examined the i n f r a r e d and n u c l e a r m a g n e t i c 

r e s o n a n c e s p e c t r a of a n u m b e r of blocking g r o u p s . The 

acyl g roups (benzoyl , ace ty l , fo rmyl , aminoacyl ) have a 

lower ca rbonyl f requency in the i n f r a r e d (1680-1690 c m ) 

than the alkoxy ca rbony l g roups (e thoxycarbonyl , t e r t - b u t y l -

oxycarbony l , benzyloxycarbonyl) (1720-1725 c m ) indica t ing 

a lower double bond c h a r a c t e r for the amide ca rbony l as 

c o m p a r e d to the u r e t h a n e ca rbony l . This p rov ides ev idence 

for the d ipo la r f o r m 9 -a for n o r m a l a m i d e s which r e s u l t s 

in a h ighe r nuc leophi l i c i ty for the oxygen a t o m leading to 

r a c e m i z a t i o n via oxazolone fo rma t ion . The fact that the 

u r e thane c a r b o n a t o m is a t t ached to t h r ee e l e c t r o n e g a t i v e 

groups r e d u c e s the s igni f icance of the ana logous s t r u c t u r e 

9 - b . In this c a s e , the d imin i shed nuc leophi l i c i ty of the 

ca rbony l oxygen does not allow for r i ng c l o s u r e to f o r m 

oxazo lone . 
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0© 0© 
I I 

R — C^® R R-O-C^ R 
| ®l 
H H 

9-a 9-b 

FIG. 9 

Such an interpretation is strengthened by the NMR 

resul ts . Normal amides exhibit a clear N-H signal in t r i 

fluoroacetic acid, while the proton signal disappears for the 

urethane group. This indicates that in the latter case the 

nitrogen atom retains its basic character in contrast to that 

of ordinary amides. 

OXAZOLONIUM SALTS 

It is well known that N-substituted amino acids show a 

much smaller tendency to racemization than amino acids 

with primary amine functions. Acylated, N-substituted 

amino acids have no enolizable amide hydrogen and therefore 

the cyclization reaction must be much slower, since no bas* 

catalysis is possible. The resulting compounds would be 

charged oxazolonium salts . 
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® e 

*fC VSfS R3 - % A \ 

X© H 

R l _ _ N - C — R2 

FIG. 10 

As was noted ear l ier , amino acids can racemize when 

treated with acetic anhydride through oxazolone intermediates. 
18 Jackson and Cahill showed that proline does not racemize 

under similar conditions. A few years later, however, 

19 Carter and Stevens noted that certain acyl derivatives of 

L-proline and N-methyl-D-phenylalanine do racemize with 

acetic anhydride in glacial acetic acid. Charged oxazolonium 

ion intermediates were suggested by Cornforth and Elliot 
21 to account for such observations. O'Brien and Niemann 

determined the "i " factor for each of a ser ies of acyl amino 

acid derivatives in concentrated sulfuric acid. Benzoyl 

sarcosine shows an " i " factor of 3. 8 indicating that the 

equilibrium shown below lies far to the right: 
22 Huisgen and coworkers reported the formation of 

mesoionic or zwitterionic compounds when N-benzoyl-N-
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0 
|| © 

C6H^-C-N-CH2-C00H + 2R-iSO^ ^=" CH3- N—CH2 + H3O® + 
// 

i C6H^ 0 S 0 

FIG. 11 

2HS0] © 

methy lpheny lg lyc ine is t r e a t e d at 55 C with ace t i c anhydr ide 

for a few m i n u t e s . 

Goodman and Stueben found cons ide rab l e r a c e m i z a t i o n 

in the p r e p a r a t i o n of the p -n i t ropheny l e s t e r s of benzyloxy-

c a r b o n y l g l y c y l - L - p h e n y l a lanine and benzyloxycarbonylg lycy l -

23 
L - N - m e t h y l p h e n y l a l a n i n e with t r i s (p-n i t rophenyl ) phosphite 

g 
in d ry pyr id ine . However , benzy loxyca rbony lg lycy l -L -

pro l ine _p-nitro phenyl e s t e r was p r e p a r e d in high opt ica l 

pu r i t y by the s a m e method . The a u t h o r s p roposed r a c e m i 

za t ion via oxazolone and oxazo lon ium sa l t , r e s p e c t i v e l y , in 

the f i r s t two c a s e s . F o r the pro l ine d e r i v a t i v e , they 

p roposed that the amide oxygen is p reven ted f r o m i n t r a 

m o l e c u l a r a t t ack on the ac t iva ted function because it is he ld 

out of the plane of the e s t e r ca rbony l by the r ig id f ive-

m e m b e r e d r i n g . The r a c e m i z a t i o n found dur ing the a lka l ine 

h y d r o l y s i s (pH 8) of b e n z y l o x y c a r b o n y l g l y c y l - L - p r o l i n e 

p - n i t r o p h e n y l e s t e r was a t t r i b u t e d to a d ike top ipe raz ine 
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i n t e r m e d i a t e . The d ike top ipe raz ine was i so l a t ed , and it 

was a s c e r t a i n e d that these compounds can be r a c e m i z e d by 

q 
a lka l ine condi t ions . Wi l l i ams and Young sugges t ed that 

an i n t e r m e d i a t e oxazo lon ium sa l t can accoun t for the s m a l l 

amount of r a c e m i z a t i o n o c c u r r i n g in the c o n v e r s i o n of 

j j - n i t r o b e n z o y l - L - p r o l i n e into the _p_-nitrophenyl e s t e r by the 

ac t ion of d i cyc lohexy lca rbod i imide . 

In conclus ion , it is c l ea r that N - s u b s t i t u t e d amino acid 

d e r i v a t i v e s can r a c e m i z e dur ing coupling, al though in gene ra l 

r a c e m i z a t i o n is a l e s s s e v e r e p r o b l e m with these compounds 

than with c o m p a r a b l e unsubs t i tu ted amino acid d e r i v a t i v e s . 

The ro le of oxazolon ium sa l t s in pept ide coupling r e m a i n s 

ques t ionab le , al though we do know that these sa l t s can f o r m 

under spec i a l non-coupl ing condi t ions . 

ISOLATION AND REACTIONS OF OPTICALLY ACTIVE 
OXAZOLONES 

A g r e a t impe tus for many l a b o r a t o r i e s to s tudy the 

c h e m i s t r y of oxazolones was p rov ided by the i n c o r r e c t 

24 p r o p o s a l of a th i azo l id ine -oxazo lone s t r u c t u r e for penic i l l in 

Opt ica l ly ac t ive oxazo lones w e r e f i r s t i s o l a t e d a s a r e s u l t 

24 ? K 

of these effor ts . In 1964, Goodman and Levine , conf i rming 

the use fu lness of the e a r l i e r t echn iques , syn thes i zed the f i r s t 

op t ica l ly ac t ive oxazolone in the c r y s t a l l i n e s t a t e , 2 - p h e n y l - L -

4 - b e n z y l - o x a z o l o n e . B e n z o y l - L - p h e n y l a l a n i n e was a l lowed 

to r e a c t with ace t i c anhydr ide in d ioxane . The r e a c t i o n was 
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followed polarimetrically. The rotation changes from 

positive to negative as the product forms. At the point of 

maximum negative rotation the solvent is removed and the 

oxazolone purified. Rates of ring opening and racemization 

of this oxazolone using various nucleophiles were examined 

(Tables 1 and 2). In each case second-order rate constants 

for racemization were calculated from three pseudo first-

order rate constants. For each of the nucleophiles studied 

racemization is a much faster process than ring opening. 

These investigations indicate that optically active acyl amino 

acid derivatives probably racemize via formation of an 

optically active oxazolone which rapidly reacts with base to 

give D, L-oxazolone. Ring opening follows, in a much 

slower reaction, to yield racemized product. 

L-oxazolone + AA es t e r r 0 » L-peptide 

k rac 

Jr 
DL-oxazolone + AA ester —E2-»- DL-peptide 

d t 
-d (L-oxazolone) _ k T i n ( L _ o x a zolone) (AA es t e r ) + 

k rac(L-oxazolone)(AA es t e r ) 

= (k r 0 + k r ac)(L-oxazolone)(AA es t e r 

= k1(L-oxazolone)(AA es t e r ) 

k« = k„ + k, 

FIG. 12 
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M. GOODMAN AND C. GLASER 

2fS 
S iemion and Dzugaj showed that the n i t r ogen a t o m 

of the oxazolone is sufficiently ba s i c to f o r m opt ica l ly 

ac t ive oxazolone s a l t s by r e a c t i o n wi th d r y hydrogen 

ch lo r ide in dioxane or t r i c h l o r o a c e t i c ac id in c h l o r o f o r m . 

A m u c h s l o w e r r e a c t i o n i s o b s e r v e d with a ten-fold 

e x c e s s of a ce t i c acid in c h l o r o f o r m . The abi l i ty of the 

n i t r o g e n a t o m in the oxazolone r ing to behave as a basic 

p ro ton a c c e p t o r p rov ides a ba s i s for the p roposed m e c h a n i s m 

of a u t o - r a c e m i z a t i o n of oxazo lones (FIG. 13). 

A u t o r a c e m i z a t i o n , however , i s not a fac tor in n o r m a l 

pept ide s y n t h e s i s , w h e r e m u c h m o r e powerful ba se s 

a r e p r e s e n t . 

e 
2 Rn -CH C=0 R, -CH — C=0 + R, -C C»0 

/ \ * \\ \ 1I \ 
N . Q ©INK 0 l\i J) 

^ C ' H ^ ^ C ^ ^ C X 

I I I 
Rp Rp Rp 

FIG. 13 

25 
Goodman and Levine used i n f r a r e d s p e c t r o s c o p y to 

study the e q u i l i b r i u m between 2 - p h e n y l - L - 4 - b e n z y l -

oxazolone and benzoylphenyla lan ine p_- n i t ro -phenyl e s t e r 

(FIG. 14). The e q u i l i b r i u m is in favor of p -n i t r opheny l 

e s t e r and the oxazolone can be p r e s e n t only in v e r y s m a l l 

concen t r a t i on . The a u t h o r s conclude that s teady s ta te 

k ine t i c s m u s t be involved in the r a c e m i z a t i o n p r o c e s s . 
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N—CH-CHjj-CfcHc; 

C 6 H 5 " C \ / \ + P -N0 2 C 6 H^-0H + ( n - C ^ H o ^ - N 

I 
k f k r 

0 0 
II II 

C£,Hr;C-NH-CH-C-006^1102 + ( n - C ^ H g ^ N 

CH2 

C6H5 
Keq " k f " 1 7 . 1 

r 

"eq 

k, 

FIG. 14 

27 
Kenner and his a s s o c i a t e s p r e p a r e d the s tab le 

inac t ive pept ide oxazolone , 2 - ( l ' - benzy loxyca rbony l -

a m i n o - 1 ' - m e t h y l ) e t h y l - 4 , 4 - d i m e t h y l - o x a z o l o n e (15-A) by 

hea t ing benzyloxy c a r bony l a m i n o i s o b u t y r l a m i n o i s o butyr ic 

ac id with a c e t i c anhyd r ide . Recen t ly , McGahren and 

28 
Goodman r e p o r t e d the syn thes i s of two opt ica l ly ac t ive 

c r y s t a l l i n e , pept ide oxazo lones , 2 - ( l ' - b e n z y l o x y c a r b o n y l -

a m i n o - 1 ' - m e t h y l ) - e t h y l - 4 - m e t h y l - o x a z o l o n e (15-B) and 

2 - ( l ' - b e n z y l o x y c a r b o n y l - a m i n o - 1 ' - m e t h y l ) - e t h y l - 4 -

benzyloxazolone (15-C) . In addi t ion to the p r e p a r a t i o n of 

t he se compounds by the rou te employing ace t i c anhydr ide in 

d ioxane , t r e a t m e n t of the blocked d ipep t ides wi th d i cyc lo -
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h e x y l c a r b o d i i m i d e in e t h e r y ie lds r ap id r ing c l o s u r e to foi 

29 the d e s i r e d p roduc t . 

0 CH-, N—C - R? 

II I 3 / / \ 
C6H5CH2OC-NH - 0 - C X Q / C ^ O 

CH3 

15-A (Rx = CH3, R2 = CH3) 

15-B (R! = CH3, R2 * H) 

15-C (R-L = CH2-C6Hc;, R2 = H) 

FIG. 15 

The r a c e m i z a t i o n and r ing -open ing r e a c t i o n s of 

oxazolone 15-C, de r ived f r o m benzy loxyca rbony lamino -

i s o b u t y l - L - p h e n y l a l a n i n e , w e r e s tudied in s e v e r a l 

30 commonly used peptide so lven t s . In s o m e c a s e s , 

r a c e m i z a t i o n and r ing opening a r e found to p r o c e e d 

at c o m p a r a b l e r a t e s . F o r t he se r e a c t i o n s , o b s e r v e d 

ro t a t i ons m u s t be c o r r e c t e d for the opt ica l ly ac t ive t r i 

pept ide fo rmed . This was a c c o m p l i s h e d by addi t ion of 

n - b u t y l a m i n e at a p p r o p r i a t e t i m e s to r a c e m i z e ins t an t ly 

a l l r e m a i n i n g op t ica l ly ac t ive oxazo lone . 

In this m a n n e r a c o r r e c t i o n c u r v e of op t ica l ro t a t i on of 

the t r ipep t ide produc t v s . t ime is obta ined. By amend ing 
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observed rotations measured during a racemization reaction 

for the optically active product formed, the true oxazolone 

optical rotation at any time is determined. When racemization 

and ring-opening rates are comparable second order kinetics 

for racemization are followed. When the rate of 

racemization is much larger than the rate of ring opening, 

our studies show that oxazolone racemization is a pseudo 

f i rs t -order reaction. Ring-opening reactions are generally 

followed by noting the disappearance of the carbonyl absorp

tion for oxazolone at 1825 cm . Where this approach 

becomes impossible we employ thin layer chromatography to 

give approximate resul ts . The ring-opening reaction 

proceeds via second-order kinetics. 

Solvent, temperature and the nature of nucleophile are 

fundamentally important in determining the relative rates of 

racemization and ring-opening for oxazolones. Indirectly, 

therefore, these variables are central to peptide .coupling 

reactions. 

The ability of the solvent to accommodate separation of 

charge appears to be a most important factor in determining 

the extent of racemization in a given solvent. Dioxane, which 

can accommodate charge separation by solvation of the depar

ting proton, gives r ise to much more racemization than 

toluene, where such solvation is much less likely. 
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9 12 
Young pos tu l a t ed a "ch lo r ide ion ef fec t" ' which is 

b a s e d on h i s o b s e r v a t i o n of i n c r e a s e d r a c e m i z a t i o n when 

coupling r e a c t i o n s a r e c a r r i e d out with an e s t e r hyd roch lo r ide 

and an equiva len t of t e r t i a r y amine r a t h e r than wi th the f ree 

amino acid e s t e r . He a t t r i b u t e s this to the bas i c i ty of the 

ch lor ide ion in o rgan i c so lven t s . In our l a b o r a t o r y , i t was 

found that oxazolones r a c e m i z e v e r y s lowly at r o o m t e m 

p e r a t u r e wi th t r i e t h y l a m i n e hyd roch lo r ide in c h l o r o f o r m . 

In the p r e s e n c e of DL-phenylg lyc ine me thy l e s t e r this sa l t 

a c c e l e r a t e s the r a t e of r a c e m i z a t i o n and r e t a r d s the r a t e 

of coupl ing. We a t t r i bu t e the effect noted by Young to the 

i n c r e a s e d ionic s t r eng th of the s y s t e m r a t h e r than to the 

bas ic i ty of the ch lor ide ion. 

Another i m p o r t a n t fac tor cont ro l l ing the r a c e m i z a t i o n of 

a given oxazolone is the n a t u r e of the incoming nucleophi le 

(Tab les 3-6) . At tack by the r e a g e n t to p roduce a r i n g - o p e n e d 

p roduc t i s a m e a s u r e of the r e a g e n t ' s nuc leophi l i c i ty . 

A l t e rna t e ly , a t t ack by the r e a g e n t on the p ro ton of the 

a s y m m e t r i c ca rbon a tom to r a c e m i z e the oxazolone i s 

ind ica t ive of the r e a g e n t ' s bas i c i ty . Of the amino ac ids 

30 
s tudied by Goodman and M c G a h r e n , e thyl g lycinate gives 

the g r e a t e s t r e t en t i on of op t ica l ac t iv i ty . Methyl a l an ina te 

affords l e s s favorab le r e s u l t s . Methyl a m i n o i s o b u t y r a t e , 

a highly h i n d e r e d nuc leoph i le , g ives comple t e r a c e m i z a t i o n 
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RACEMIZATION MECHANISMS IN PEPTIDE SYNTHESIS 

in every case, undoubtedly because of the steric factor 

involved. These results suggest that the use of ethyl 

glycinate in the Anderson and Young tests for racemization 

may give r ise to a higher degree of retention of configura

tion than would be found with other amino acids. Methyl 

aminoisobutyrate, on the other hand, offers a too stringent 

test for racemization in coupling reactions. 

Kovacs observed the rapid formation of oxazolone in 

the reaction of benzyloxycarbonylglycyl-L-phenylalanine 

31 with pentachlorophenol using dicyclohexylcarbodiimide 

The rate of ring opening of the isolated oxazolone from 

benzyloxycarbonyglycyl-L-phenylalanine was followed for 

reaction with pentachlorophenol (pK 5.3), 2, 4-dinitrophenol 

(pK 4. 1) and o-nitrophenol (pK 7. 2) and their respective 

phenolate anions. The rate of ring opening of the phenols 

is 2, 4-dinitrophenol^ pentachlorophenol"^ D-nitrophenol. 

In the presence of base, this order is reversed. However, 

for 2, 4-dinitrophenol and pentachlorophenol, the ring opening 

is faster in the absence of base than when base is present. 

This result is indicative of another mechanism of oxazolone 

ring opening for these two highly acidic phenols. In 

addition, at -10 C, the 2, 4-dinitrophenyl and pentachlorophenyl 

esters of benzyloxycarbonyglycyl-L-phenylalanine are formed 

from the dicyclohexylcarbodiimide method with a high degree 
32 of optical purity (Note: - DeTar and coworkers , in the 
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p r e p a r a t i o n of pen tach lo ropheny l e s t e r s us ing d i cyc lo 

h e x y l c a r b o d i i m i d e , o b s e r v e d the r ap id f o r m a t i o n of 

oxazolone i n t e r m e d i a t e followed by a p p e a r a n c e of ex ten 

s ive ly r a c e m i z e d ac t ive e s t e r . These d i f fe rences in 

opt ica l pu r i ty of p roduc t m a y be due to e x p e r i m e n t a l con

d i t i ons . ) Kovacs p r o p o s e d the following s c h e m e to account 

for the r e s u l t s found with highly ac id ic phenols . 

H 

II // \ 2 6 5 

C 6 H 5 C H 2 0 C _ N H C H f C \ /C**o 
0 

ROH 

HOR 
H t 

0 e ^ - C H 2 C 6 H 5 0 j i -C fHCH2C6H5 

CgH5CH20C-NH-CH2-Csf~vC^ or C6H5CH2OC-NH-CH2-CNr~N/C^ 

RCP HtL 
VR 

ROH = 2, 4 -d in i t ropheno l , pen tach lo ropheno l 

FIG. 16 

The i n t e r m e d i a t e L-oxazo lone f o r m s rap id ly under the 

r e a c t i o n cond i t ions . P ro tona t i on on the n i t r ogen a t o m of 

the r ing , followed by phenola te a t t ack , l eads to rap id r i ng 

opening . A l t e r n a t e l y , a c o n c e r t e d effect can be c o n s i d e r e d . 

Kovacs a l s o be l i eves that complex fo rma t ion o c c u r s 

be tween pen tach lo ropheno l and d i c y c l o h e x y l c a r b o d i i m i d e . 
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F o r m a t i o n of the pen tach lo ropheny l e s t e r by the use of the 

pos tu la ted complex gives e s t e r with h igher opt ica l pur i ty 

and at a f a s t e r r a t e than the usua l d i cyc lohexy lca rbod i imide 

p r o c e d u r e . The a u t h o r s d e m o n s t r a t e d that the complex 

d i s s o c i a t e s in solut ion and pos tu la te that the spec i a l behavior 

found is due to the l a rge e x c e s s of pen tach lo ropheno l p r e s e n t 

af ter d i s s o c i a t i o n . 

COMPARISON OF AMINO ACID AND P E P T I D E OXAZOLONES 

.. .. , , 25, 30, 33 ,. 

Inves t iga t ions in our l a b o r a t o r y allow c e r t a i n 

c o m p a r i s o n s to be m a d e between the amino acid oxazolone , 

2 - p h e n y l - L - 4 - b e n z y l - o x a z o l o n e (17-A), and the pept ide 

oxazolone , 2 - (1' - benzyloxycar bony lamino-1 ' - m e thyl) - e thyl -

4 - b e n z y l - o x a z o l o n e (17-B). The s e c o n d - o r d e r r a t e cons tan t s 

for r ing opening and r a c e m i z a t i o n in dioxane at 25 C w e r e 

d e t e r m i n e d for r e a c t i o n of each oxazolone with D L - p h e n y l a l a 

nine me thy l e s t e r . 

^1—CH-CH2C6H5 0 CH3 N-CH-CH2C3H5 

C6H5-C / C ^ CeHgCr̂ OC-NH-C-C C^ 

17-A CH3 17_B 

kro(l./mole-min) * 0.065 

krac (l/mole-min) 3.69 0.750 

* Additional experiments are being conducted to obtain 
this result. 

FIG. 17 
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Under our r e a c t i o n condi t ions , the pept ide oxazolone 

r a c e m i z e s 11-12 t i m e s f a s t e r than it r ing o p e n s . P r e l i m i n a r y 

r e s u l t s ind ica te that r a c e m i z a t i o n is a l so m u c h f a s t e r than 

r i ng opening for the amino ac id oxazo lone . In both i n s t a n c e s , 

r i ng -open ing by DL-pheny la l an ine m e t h y l e s t e r r e s u l t s in an 

a l m o s t comple te ly r a c e m i z e d pept ide p roduc t . The amino 

ac id oxazolone is r a c e m i z e d 5 t i m e s m o r e r e a d i l y than the 

peptide oxazolone because of the addi t ional conjugation 

poss ib l e in the f o r m e r ca se be tween the a r o m a t i c r ing and 

18 
the c a r b o n - n i t r o g e n double bond . 

H — C-CH2-C6H5 .N ^ C-CH2-C6Hr; 

FIG. 18 

Amino ac id oxazolone f o r m a t i o n a p p e a r s to be a far 

m o r e faci le p r o c e s s than pept ide oxazolone fo rma t ion . 

T r e a t m e n t of b e n z o y l - L - p h e n y l a l a n i n e with ace t i c anhydr ide 

in dioxane gives the m a x i m u m negat ive p o l a r i m e t r i c r ead ing 

in 75 m i n u t e s , c o r r e s p o n d i n g to the f o r m a t i o n of L - o x a z o l o n e . 

Reac t ion of b e n z y l o x y c a r b o n y l a m i n o i s o b u t y r y l - L - p h e n y l a l a -

n ine , under the s a m e condi t ions , gives a m a x i m u m negat ive 

reading af ter 14 h o u r s . T h e s e r e s u l t s m a y s e r v e to expla in 

15 
why the Young t e s t , involving the coupling of b e n z o y l - L -

leuc ine wi th glycine e thyl e s t e r , is a m o r e s e v e r e t e s t for 
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34 
r a c e m i z a t i o n than the A n d e r s o n t e s t which involves the 

coupling of benzy loxycarbonylg lycy l -L-phenyla lan ine with 

glycine ethyl e s t e r . 

a - N U C L E O P H I L E S AND BIPHILICITY 

It has been poss ib le to c o r r e l a t e r e a c t i v i t i e s of va r ious 

nuc leoph i les by su i tab le examina t ion of such p a r a m e t e r s as 

po l a r i zab i l i t y and bas i c i t y . E d w a r d s sugges ted an equat ion 

35 of the following f o r m : 

log k / k = a P + P H 

FIG. 19 

The p a r a m e t e r s a and b a r e r e a c t i o n cons t an t s and 

P and H a r e functions of the po la r i zab i l i t y and bas ic i ty of a 

nuc leophi le , r e s p e c t i v e l y . The r a t e or e q u i l i b r i u m cons tan t 

k , is for some r e f e r e n c e s t a n d a r d nuc leophi le , usua l ly 
O L T O 

w a t e r . O the r , s i m i l a r equat ions have been p roposed 

One c l a s s of compounds does not appea r to follow these c o r 

r e l a t i o n s in i t s r e a c t i o n wi th e l e c t r o p h i l i c c e n t e r s . These 

nucleophiles a r e m o r e r e a c t i v e than would be p r e d i c t e d on 
39-41 the bas i s of po l a r i zab i l i t y and bas ic s t r e n g t h . The i r 

c o m m o n s t r u c t u r a l f e a tu r e is the p r e s e n c e of an u n s h a r e d 

pa i r of e l e c t r o n s on the a t o m adjacent to the nuc leophi l ic 

42 
a tom. E d w a r d s and P e a r s o n noted that these nuc leophi les 

exhibi t an enhanced r e a c t i v i t y which they t e r m e d an a lpha -

effect (a -e f fec t ) . 
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H y d r a z i n e r e p r e s e n t s an e x a m p l e of this spec i a l g roup 

of v ic ina l ly bifunctional nuc l eoph i l e s . We have shown that 

an e x c e s s of h y d r a z i n e h y d r a t e r e a c t s wi th the pept ide 

oxazolone f r o m b e n z y l o x y c a r b o n y l a m i n o i s o b u t y r y l - L -

30 
phenyla lan ine , y ie ld ing opt ica l ly pure hyd raz ide 

43 S iemion and Morawiec r e p o r t e d s i m i l a r r e s u l t s with 

the oxazolone f r o m a c e t y l - L - l e u c i n e . In c o n t r a s t , S i emion 

26 
and Dzugaj have r e p o r t e d that the a m m o n o l y s i s of the 

oxazolone f r o m a c e t y l - L - l e u c i n e gives comple t e ly r a c e m i c 

p roduc t . 

Hydroxy lamine and i t s d e r i v a t i v e s a r e a l so a -nuc leoph i l e s 
39-41 

and have been found to have enhanced r e a c t i v i t y 

44 45-47 
Die thy lhydroxy lamine , N - h y d r o x y - p i p e r i d i n e , 

48 49 50-53 
N-hydroxyph tha l imide ' , N - h y d r o x y s u c c i n i m i d e 

54 and benzohydroxamic acid have al l been used in r e c e n t 

y e a r s as r a c e m i z a t i o n - r e s i s t a n t ac t iva t ing agen ts in pept ide 

coupling r e a c t i o n s . In our l a b o r a t o r y we a r e seek ing a 

c l e a r unde r s t and ing of the n a t u r e of the a -effect to e s t a b 

l i sh the mode of ac t ion of these h y d r o x y l a m i n e d e r i v a t i v e s 

in pept ide coupl ing . Th i s , in tu rn , migh t p rov ide new c lues 

to i m p r o v e d r e a c t i o n condi t ions in addi t ion to sugges t ing 

o the r ac t iva t ing a g e n t s . 

41 
Bru ice and c o w o r k e r s out l ined various p r o p o s e d 

exp lana t ions for the a -effect . They can be br ie f ly s u m m a r 

ized as fol lows: 

a) S tab i l i za t ion of the t r a n s i t i o n s t a t e owing to o v e r l a p 
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of the o r b i t a l s of the lone pa i r e l e c t r o n s in the a -pos i t ion . 

b) D imin i shed so lva t ion , e. g. , of HOO as c o m p a r e d 

to OH". 

c) Ground s ta te des t ab i l i za t i on r e s u l t i n g f r o m non-

bonding e l e c t r o n pa i r r e p u l s i o n s . 

d) I n t r a m o l e c u l a r g e n e r a l base c a t a l y s i s . 

e) S imul taneous push -pu l l m e c h a n i s m s r e su l t i ng f r o m 

the "b iph i l i c " n a t u r e of the r e a g e n t . 

Mos t of the ava i l ab le evidence suppor t s biphi l ic pa th

ways for the a -effect : 

1) a -Nuc leoph i l e s which cannot p a r t i c i p a t e in push-

39-41 pull t r a n s i t i o n s t a t e s a r e found to have n o r m a l r eac t i v i t y 

2) The a -effect i s i nope ra t i ve in amine gene ra l base 

55 ca t a lyzed ioniza t ion of n i t roe thane 
3 

3) The a -effect i s inopera t ive for d i s p l a c e m e n t on sp 
56 

c a r b o n (CH,I) . 

4) Pheny lhydroxy lamine has a h ighe r r a t e , lower 

E , and a high negat ive «4S in r e l a t i o n to o ther nuc leo-

57 phi les in i t s a t t a c k on ace ty l perox ide . The high negat ive 

AS i s ind ica t ive of a cyc l ic t r ans i t i on s t a t e . 

We can view the biphi l ic n a t u r e of s o m e a -nuc leoph i l e s 

in the i r r e a c t i o n with ac t iva t ed ca rbony l compounds ( e s t e r s , 

ac id h a l i d e s , a c y l i s o u r e a s , a n h y d r i d e s , oxazo lones , e t c . ) 

a s fol lows: 
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rs ̂ H \ 6 @ 8© 
6«0V 0 OiiiiiniCl 

s©C.niiiN 6 « t - ^ > b 

20-a 20-b 

0 IT 

s®\ O/Q 

/ \ 

20-c 
20-d 

FIG. 20 

Transition state 20-a i l lustrates the biphilic reaction 

of a neutral hydroxylamine involving H-bonding to the oxygen 

atom of the carbonyl. The high nucleophilicity of the hypo

chlorite anion has been attributed to the ability of chlorine 

to withdraw electrons in the transition state 20-b from the 

39 carbonyl oxygen via its empty d-orbital . Analogous d-p 

orbital interaction seems to exist in the 1:1 adduct between 
C O 

acetone and bromine . In the reaction of N-hydroxypiperidine 

no biphilic mechanism is possible for the neutral species. 

However, in the zwitterionic form, reaction may proceed via 

attack by the oxygen anion and simultaneous hydrogen bonding 

(transition state 20-c). In the case of N-hydroxysuccinimide, 

a simple zwitterion (analogous to 20-c) is not likely. However, 

in the zwitterionic structure i l lustrated (transition state 20-d), 

the derea l iza t ion of positive charge about three atoms makes 

300 



RACEMIZATION MECHANISMS IN PEPTIDE SYNTHESIS 

poss ib l e an enhanced r a t e of r e a c t i o n via a biphil ic m e c h a n i s m . 

On the o the r hand, a -nuc leoph i l e s such as N, N - d i m e t h y l -

h y d r a z i n e and N, O-d ime thy lhydroxy lamine cannot yie ld 

p roduc t s via biphi l ic m e c h a n i s m s . F o r N, N - d i m e t h y l h y d r a -

z ine , a t t ack by the p r i m a r y amine function does not allow 

for hydrogen bonding. Hydrogen bonding is poss ib le for 

a t t ack by the d ime thy l n i t rogen a tom. This cannot lead to 

product , however , because the d imethy l n i t rogen has no 

pro ton to expel and cannot e l im ina t e the posi t ive cha rge 

a c q u i r e d dur ing nucleophi l ic a t t ack . The high bas ic 

s t r e n g t h of the p r i m a r y n i t rogen a tom r u l e s out a z w i t t e r 

ionic i n t e r m e d i a t e . F o r N, O-d ime thy lhyd roxy lamine , 

ne i t he r a biphil ic t r a n s i t i o n s ta te nor a zwi t t e r ion ic i n t e r 

m e d i a t e is p o s s i b l e . 

33 

Our s tud ies on 2 - p h e n y l - L - 4 - b e n z y l - o x a z o l o n e con

f i r m these conc lus ions (Tab les 7 and 8). Those a - n u c l e o 

phi les which can pa r t i c ipa t e in biphi l ic a t t ack r e a c t m u c h 

m o r e r ap id ly , and give p roduc t s with a cons ide rab ly h igher 

d e g r e e of opt ica l pur i ty , than those w h e r e this route is 

i m p o s s i b l e . H y d r o x y l a m i n e , N - h y d r o x y p i p e r i d i n e , and 

N - h y d r o x y s u c c i n i m i d e give p roduc t s of high opt ica l pur i ty 

(90-100%). The subs t an t i a l r a c e m i z a t i o n found for 

N, N-d i e thy lhyd roxy l amine as c o m p a r e d to N-hyd roxyp ipe r id ine 

can be expla ined by s t e r i c c o n s i d e r a t i o n s which would r e t a r d 

the r i ng -open ing r e a c t i o n . R a c e m i z a t i o n by d i r e c t pro ton 
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a b s t r a c t i o n should be m u c h l e s s s t e r i c a l l y dependent . The 

alkyl subs t i t uen t s on the n i t r ogen a tom of N - h y d r o x y p i p e r i d i n e 

a r e r e s t r a i n e d by being in a r i ng s y s t e m . These r e s t r i c t i o n s 

on ro t a t i on do not apply to N , N - d i e t h y l h y d r o x y l a m i n e . 

Hydraz ine compounds give subs t an t i a l r a c e m i z a t i o n 

showing that bas ic i ty m a y s t i l l compe te in this s e r i e s . The 

high d e g r e e of o r d e r n e c e s s a r y to f o r m the cyc l ic t r a n s i t i o n 

s t a t e in biphi l ic a t t ack is m o r e e a s i l y a t ta ined at low 

t e m p e r a t u r e s . This m a y account for the i n c r e a s e d op t ica l 

pu r i t y found at lower t e m p e r a t u r e s . More r a c e m i z a t i o n 

is found when an e x c e s s of nucleophi l ic r e a g e n t is used . 

This is expec ted because of the i n c r e a s e d po la r i t y of the 

solut ion. 

59 
The r e s u l t s of S iemion a r e cons i s t en t with our biphilic 

i n t e r p r e t a t i o n of a -nuc leophi l i c effects involving hydrogen 

bonding to the ca rbony l oxygen of the oxazolone r ing ( see 

FIG. 20 and accompany ing d iscuss ion) . However , he 

p roposed on a l t e r n a t e biphi l ic m e c h a n i s m based on the 

influence of the weakly bas ic n i t rogen a t o m in the oxazolone 

r ing (see FIG, 13 and accompany ing d i s c u s s i o n on a u t o -

r a c e m i z a t i o n ) . S iemion sugges t s that as the oxazolone 

r ing opens , the bas i c i ty of the r ing n i t r o g e n i s s t rong ly 

enhanced leading to r a c e m i z a t i o n by a b s t r a c t i o n of h y d r o g e n 

f r o m the adjacent c a rbon a tom ( t r ans i t i on s ta te 2 1 - a ) . 

Acco rd ing to this exp lana t ion , a t t ack by hydraz ine involves 

302 



RACEMIZATION MECHANISMS IN PEPTIDE SYNTHESIS 

h y d r o g e n bonding to the n i t r ogen a t o m of the r ing ( t r ans i t i on 

s t a t e 21-b). This f ac i l i t a t e s t r a n s f e r of the p ro ton f r o m 

h y d r a z i n e to the n i t r o g e n a t o m of the r ing and accoun t s for 

the l ack of r a c e m i z a t i o n found. 

/ V/\ Rz-c yt % 

•c' JN C-R| Ny 

I H iHnr^ H 
21-a \ 

/ 2 l " b 

FIG. 21 

Ws bel ieve that the t r a n s i t i o n s ta te 21-b is based on an 

i n c o r r e c t m e c h a n i s m of r a c e m i z a t i o n for oxazolones (21-a) 

du r ing pept ide coupl ing. Accord ing to our view, r a c e m i z a 

t ion involves the r e m o v a l of the hydrogen a t o m on the a s y m 

m e t r i c c a r b o n a t o m by a bas ic s p e c i e s . In a u t o r a c e m i z a t i o n , 

the n i t rogen a t o m of a second oxazolone r ing can furn ish 

the m o s t ba s i c s p e c i e s ava i lab le for p ro ton a b s t r a c t i o n and 

r a c e m i z a t i o n p r o c e e d s s lowly. Dar ing pept ide coupling 

condi t ions , oxazolone r a c e m i z a t i o n is a faci le p r o c e s s 

because of the s t r o n g e r ba se s p r e s e n t in the m e d i a . Ring 

opening and r a c e m i z a t i o n can thus be s e e n as two d i s t inc t , 

and compet ing p r o c e s s e s (as in FIG. 12). The e x p e r i m e n t a l 

fac ts c l e a r l y point to our explana t ion of oxazolone r a c e m i z a 

tion: 
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a. The wide v a r i a n c e in k / k found for d i f ferent 
ro r a c 

30 
amino ac id e s t e r s in r e a c t i o n with pept ide oxazolone 15-C 

i m p l i e s two s e p a r a t e p r o c e s s e s for r ing opening and r a c e m i 

za t ion . It follows f r o m S i e m i o n ' s p r o p o s a l that e a c h of 

these r e a c t i o n s should have s i m i l a r k / k r a t i o s . 
r o ' r a c 

b. F o r highly h inde red nuc leoph i les such as m e t h y l 
30 a m i n o i s o b u t y r a t e k » k , and in g e n e r a l k i k 

' r a c ro ° r a c ro 

S i e m i o n ' s p roposa l l eads to a p r ed i c t i on that k H< k in 
r c c r a c ro 

a l l c a s e s . 

30 
c. T e r t i a r y a m i n e s , and even the m u c h l e s s b a s i c 

33 d i cyc lohexy lca rbod i imide , lead to r ap id r a c e m i z a t i o n of 

the oxazolone, even though r ing opening is i m p o s s i b l e for 

these compounds . 

21-b i s s t i l l a poss ib le biphi l ic t r a n s i t i o n s t a t e . 

However , a s t r u c t u r e involving hydrogen bonding to the 

ca rbony l function of the oxazolone r ing i s m o r e c o n s i s t e n t 

with the g e n e r a l effect found for r e a c t i o n s of a -nuc leoph i l e s 

with ac t iva ted ca rbonyl funct ions . In addi t ion, the s t e r i c 

r e q u i r e m e n t s of 21-b a p p e a r to be s e v e r e . 

It a p p e a r s l ike ly that the biphil ic m e c h a n i s m of the 

h y d r o x y l a m i n e - d e r i v e d ac t iva t ing groups m a k e s poss ib l e 

the p r e p a r a t i o n of the ac t ive e s t e r in a h ighe r d e g r e e of 

op t ica l pur i ty than would be o t h e r w i s e found. F o r e x a m p l e , 

we can i l l u s t r a t e the p r e p a r a t i o n of an N - h y d r o x y p i p e r i d i n e 
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active es ter from a benzoyl amino acid using dicyclohexyl

carbodiimide. (An analogous argument could be used 

employing the mixed anhydride route. ) 

O*-1 
OH 

0 R 0 0 R 0 N 
II I II DCCI _ h I I I n / \ 

C6Hc;C-NH-CH-C-OH ~ - C^C-NH-CH-C-O-C-NHY ) 
B ( L - a c y l i s o u r e a ) 

S J & ^ A // \ 
C^HrjC-NH-CH-C-O-N / ' > ~ c 6 H 5 " c - \ ON + DCCU 

D ( a c t i v e p l p e r i d y l 
e s ter ,L- form) 

0 " N0 

C (L-oxazolone) 

k i t 1 

D«(DL-forra) •+—2 C» (DL-oxazolone) 

FIG. 22 

Analysis of the reaction after formation of the initial 

species (22-B) leads us to the following predictions: 

1) k . / k ? will be substantially higher for N-hydroxy-

piperidines where a biphilic mechanism is operative, than 

for p-nitrophenol, where it is not. Little oxazolone (22-C) 

formation is expected in the first case, whereas substantial 

oxazolone may be formed in the second. 
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2) Even w e r e L-oxazo lone (22-C) to f o r m ex tens ive ly , 

b iphi l ic a t t ack of N-hyd roxyp ipe r id ine wi l l l ead to opt ica l ly 

ac t ive 2 2 - D . Thus k _ / k , wi l l be m u c h h ighe r than for 

p - n i t r o p h e n o l w h e r e no biphil ic rou te is p o s s i b l e . 

It cannot be s t a t ed at this t ime which of these f ac to r s is 

m o s t i m p o r t a n t , but the net effect i s c l e a r . I n t e r m e d i a t e s 

which a r e obta ined via biphi l ic r e a c t i o n s wi l l have a high 

d e g r e e of op t ica l pu r i ty . 

As p a r t of a c o m p r e h e n s i v e study on the c h e m i s t r y of 

c a r b o d i i m i d e s ' ' , D e T a r and his a s s o c i a t e s s tudied 

32 
the r e a c t i o n s of pept ide ac ids with c a r b o d i i m i d e s 

They found that the r a t e of r e a c t i o n of benzoylphenyla lan ine 

with d i cyc lohexy lca rbod i imide in the p r e s e n c e of o -n i t ropheno l 

is the s a m e as w i t h p - n i t r o p h e n o l absen t . Oxazolone i s the 

6? 
f i r s t ident i f iable i n t e r m e d i a t e , conf i rming e a r l i e r r e s u l t s 

Under the r e a c t i o n condi t ions the r a t e of r e a c t i o n to f o r m 

oxazolone f r o m benzoylphenyla lan ine is one thousand t i m e s 

f a s t e r than the r e a c t i o n of oxazolone with p - n i t r o p h e n o l . 

25 As we noted e a r l i e r , Goodman and Levine found that the 

r e a c t i o n of i so l a t ed oxazolone f r o m b e n z o y l - L - p h e n y l a l a n i n e 

and p -n i t r opheno l is r e v e r s i b l e , and r a c e m i z a t i o n p r o c e e d s 

m u c h m o r e r ap id ly than r ing opening for a t t ack by p - n i t r o -

phenyla te anion. T h e r e have been s e v e r a l r e p o r t s of r a c e 

m i z a t i o n dur ing the p r e p a r a t i o n of p - n i t r o p h e n y l e s t e r s of 
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RACEMIZATION MECHANISMS IN PEPTIDE SYNTHESIS 

2 5 derivatives from both the dicyclohexylcarbodiimide , 
Q 

and tris(p-nitrophenyl)phosphite methods. 

HYDROGEN BONDING IN ATTACK ON ACTIVATED SPECIES 

Thus far our concern has been on the formation of active 

esters . Now we must turn our attention to the second stage, 

i . e . , the attack of the nucleophile on the activated species. 
45 47 64-66 Young and coworkers ' ' , in their studies on the 

uncatalyzed reaction of piperidine es ters with amines, 

proposed the following hydrogen-bonded transition state 

to explain a) the lack of racemization during aminolysis 

and b) the unexpectedly rapid rate of reaction for es ters of 

such weakly acidic hydroxy compounds. 

S© 
0 R 0 ^CL f 

,11 I II / \ / 
RCNHCH-C^ N 

/ \ 

,85® 

FIG. 23 

Subsequent transfer of the proton in the complex to the 

heterocyclic nitrogen atom would then lead to product. The 

leaving group is the tautomer of N-hydroxypiperidine, rather 

than the unstable anion. The competing process , oxazolone 
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fo rma t ion , t akes p lace through i n t e r n a l oxygen a t t ack w h e r e 

no a n c h i m e r i c a s s i s t a n c e through hydrogen bonding is 

pos s ib l e (FIG. 24). F o r this r e a s o n , oxazolone fo rma t ion 

(and subsequen t r a c e m i z a t i o n ) i s s u p p r e s s e d and opt ica l ly 

pu re p roduc t s can be obta ined. Unfor tunate ly , p ipe rdy l 

e s t e r s exhibi t m a r k e d s t e r i c h i n d r a n c e , which leads to a 

low r eac t i v i t y in m a n y c a s e s . 

9 
I 

-CH 

v° 
%>r , 0 - N 

tf-c ^-^ <v / 
°0 

V 
FIG. 24 

N - H y d r o x y s u c c i n i m i d e e s t e r s r e a c t m u c h m o r e r ead i ly 

but r a c e m i z e much m o r e e a s i l y than the c o r r e s p o n d i n g 

p ipe r idy l e s t e r s . In the absence of a su i tab le nuc leophi le 

for r e a c t i o n , oxazolone fo rma t ion a p p e a r s l ike ly . Ande r son 

found b e n z o y l - L - l e u c i n e succ in imide e s t e r to be e a s i l y 

53 33 
r a c e m i z e d in the workup . Our r e s u l t s show s i m i l a r 

r a c e m i z a t i o n with b e n z o y l - L - p h e n y l a l a n i n e succ in imide 

e s t e r . We found, howeve r , that op t ica l ly p u r e b e n z o y l - L -

phenyla lanine succ in imide e s t e r can be p r e p a r e d f r o m the 
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reaction of 2-phenyl-L-4-benzyl-oxazolone with N-hydroxy

succinimide under various conditions. A solution of succin

imide active ester in tetrahydrofuran at 0 C reacts instantly 

with a methanolic solution of hydrazine hydrate to give 

optically pure hydrazide. DL-Phenylalanine methyl ester 

also reacts without racemization. However, boiling of the 

active es ter in methanol for 25 minutes gives completely 

racemized unreacted es ter . Benzyloxycarbonyl-L-phenyl

alanine succinimide ester shows only a 10% drop in optical 

activity after the same treatment in methanol. It appears 

that benzoyl- L-phenylalanine succinimide ester which can 

form oxazolone racemizes primarily via this route. For 

the benzyloxycarbonyl derivative, where oxazolone formation 

is unlikely, direct proton abstraction by solvent probably 

accounts for the racemization found. 

In the presence of a nucleophile, a biphilic mechanism 

involving hydrogen bonding to the carbonyl oxygen group in 

the transition state seems plausible. Charge dereal iza t ion 

favors this proposal, and the partial positive charge on the 

nitrogen atom activates the leaving group. 

This explanation might also account for the fact that 

N-hydroxyphthalimide es ters react more sluggishly than 
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vll 0-
P 

^3-C 

R l ^ / \ J) 
Ro V ^ R2 

- C - N 

R2 

FIG. 25 

succinimide e s t e r s . A similar transition state can be con

structed with an even more facile hydrogen transfer to the 

carbonyl oxygen because of further dispersal of positive 

charge into the ring. This dispersal of charge, however, 

causes the heterocyclic nitrogen atom to become less 

electropositive. Thus the driving force for cleavage of the 

ester bond is lowered. 

Other hydrogen-bonded transition states have been 

proposed to explain enhanced rates of reaction and reduced 

racemization during aminolysis . Jakubke and co

workers proposed an analogous mechanism to Young 

for the aminolysis of es te rs of 8-hydroxyquinoline (27-a). 

In a related paper, a ser ies of es ters derived from 3, 6 and 

8-hydroxyquinolines were synthesized and the rate of 
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R*— 

R,.-C-N 
/ 

FIG. 26 

R,—C '-* W 
/lXH 0 

R2 

27-a 27-b 

27-o 

FIG. 27 
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a m i n o l y s i s s tud ied . On the ba s i s of the n o r m a l B . _2 
A C 

m e c h a n i s m the expec ted o r d e r of a m i n o l y s i s is qu ino l ine-

( 3 ) - e s t e r (pka for 3-hydroxyquinol ine= 8. 06 )> quinol ine-(6 )-

es te r (pka for 6 -hydroxyquino l ines 8. 88)> q u i n o l i n e - ( 8 ) - e s t e r 

(pka for 8-hydroxyquinol ine =9. 89). The a c t u a l r a t e of 

a m i n o l y s i s was q u i n o l i n e - ( 8 ) - e s t e r » > q u i n o l i n e - ( 3 ) - e s t e r » 

q u i n o l i n e - ( 6 ) - e s t e r . This i s c o n s i s t e n t with the h y d r o g e n -

bonded t r a n s i t i o n s ta te for the 8-hydroxyquinol ine e s t e r . 

In addi t ion, it was pointed out that the use of ac t iva t ing 

groups with high pka va lues is i m p o r t a n t in p reven t ing 

i n t r a m o l e c u l a r a t t ack to f o r m oxazo lone . Ca techo l (27-b) 
69 e s t e r s offer ano the r s i m i l a r a p p r o a c h to this p r o b l e m 

F ina l ly , the phenol ic e s t e r s d e r i v e d f r o m 2 - e t h y l - 7 - h y d r o x y l -

benz i soxazo l ium cat ion by the p r o c e d u r e of Kemp ' offer 

a p a r t i c u l a r l y p r o m i s i n g method for pept ide coupling; h e r e 

a l s o , hydrogen-bonded i n t e r m e d i a t e s a p p e a r to be of key 

i m p o r t a n c e (27-c ) . 

A r e l a t e d a p p r o a c h to the hydrogen-bonded t r a n s i t i o n 

s t a t e s is the use of bifunctional c a t a ly s t s in t roduced into 

71 
pept ide c h e m i s t r y by B e y e r m a n and M a a s s e n van den Br ink 

These compounds p o s s e s both a weakly ba s i c and a weakly 

ac idic group s i tua ted so that a cyc l ic t r a n s i t i o n s ta te m a y 

occur leading to a c o n c e r t e d d i s p l a c e m e n t . C o n s i d e r a b l e 

a c c e l e r a t i o n is found in the a m i n o l y s i s of v a r i o u s e s t e r s in 

the p resence of these r e a g e n t s . Imidazo le is a bifunctional 
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compound that cannot ac t as a bifunctional c a t a ly s t s ince it 

does not a l low for a c o n c e r t e d cyc l ic pathway. It shows 

c o n s i d e r a b l y l e s s a c c e l e r a t i o n than the compounds shown 

in FIG. 28 which a r e e x a m p l e s of bifunctional c a t a l y s t s 

employed by these w o r k e r s . 

0 
II 

-C. 

r \ 
N-f. 

w 
Or-OH 

succinimide 2-hydroxypyridine 8-hydroxyquinoline 

H 
I 

C / 
l,2,lj.-'fcriazole 

H 

A* 
\L_/ 

pyrazole 

FIG. 28 

In a r e l a t e d pape r on r a c e m i z a t i o n s t u d i e s , it was 

72 
r e p o r t e d that the a m i n o l y s i s of v a r i o u s ac t ive e s t e r s in 

the p r e s e n c e of 1, 2, 4 - t r i a z o l e p r o c e e d s without r a c e m i z a 

t ion. In c o n t r a s t , im idazo l e l eads to r a c e m i z a t i o n in s e v e r a l 

c a s e s . The following, g e n e r a l a c i d - b a s i c c a t a ly s i s i s con-

40 s i s t e n t with these r e s u l t s : 
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v *OH » H 

RuC-ORg + R3Ri|NH - 2 : * R^C— 0R2 — * R-JRLN-C-R-L + 

H 
R 3 / N N H

 XP 
\ '16 

+ ROH 
V_0© 

FIG. 29 

Alternately, a nucleophilic-electrophilic catalysis can 

40 
be viewed 

0 

RiC-OR-p + Q — Ri-f^H ^ S 

II f^H 
R1C-NHR3R^ + R20H + U ^ y 

OH 

FIG. 30 

OTHER APPROACHES TO COUPLING WITHOUT RACEMI
ZATION 

The azide method is an approach to peptide coupling 

which does not generally involve racemization. It has been 

used extensively for the coupling of larger peptide fragments. 

The inability of azides to form oxazolones has been attributed 
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to the special electrostatic nature of the molecule which does 
45 not allow for internal amide oxygen attack . An analogous 

structure has been proposed for the acidic form of N-hydroxy

piperidine e s t e r s . 

,8® i>. 
\ 

0 

c^M °^ v ft H 

0 

FIG. 31 

Unfortunately, azides react sluggishly and are often 
73-75 accompanied by troublesome side reactions . In 

addition there have been two reports of racemization in the 

azide method ' . Anderson and his group isolated 1. 6% 

D, L-isomer in addition to 19% L-isomer after one equivalent 

of trimethylamine was allowed to react for twelve minutes 

at low temperature with benzyloxycarbonylglycyl-L-phenyl-

alanyl azide before coupling with glycine ethyl es ter . These 

false conditions are too extreme for any comparison to nor-
17 

mal coupling reactions. Determan reported , however, 

some racemization in the coupling of benzoyl-L-alanyl 

azide with L-phenylalanine benzyl es ter under normal azide 

coupling conditions. Benzyloxycarbonyl-L-alanine gives 
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p u r e L - i s o m e r under s i m i l a r cond i t ions . The au thor 

a t t r i b u t e s these r e s u l t s to r a c e m i z a t i o n via oxazolone fo r 

m a t i o n f r o m b e n z o y l - L - a l a n y l a z i d e . We bel ieve ano ther 

poss ib i l i t y d e s e r v e s c o n s i d e r a t i o n . The r e s o n a n c e s t r u c 

t u r e s (32a-b) below a r e e n t i r e l y r e a s o n a b l e and follow f r o m 

Determan 's own r e s u l t s (see F IG. 9 and accompany ing 

d i s c u s s i o n ) . No analogous r e s o n a n c e f o r m s a r e poss ib l e for 

the benzy loxycarbony l d e r i v a t i v e . It m a y be that the az ide 

group does not unde rgo r ing c l o s u r e to f o r m oxazolone , a s 

Young has sugges t ed . R a c e m i z a t i o n can s t i l l occu r for the 

benzoyl d e r i v a t i v e via d i r e c t p ro ton a b s t r a c t i o n . The pro ton 

on the a s y m m e t r i c c a r b o n a t o m of the benzy loxycarbonyl 

de r iva t ive i s m u c h l e s s ac id i c , and thus i s not a b s t r a c t e d . 

Consequent ly , in the l a t t e r c a s e s no r a c e m i z a t i o n r e s u l t s . 

0 CHo 0 0© CHo 0 
/T~\ II I i jT\ I ® I H 

<̂  VC-NH-CH -C-N3 - ~ - ( J r - C S H - C H -C-N3 

(a) (b) 

FIG. 32 

D 77 . 
B r e n n e r , in an eva lua t ion of coupling m e t h o d s , offers 

ano the r a p p r o a c h to the p r o b l e m . He points out that in o r d e r 

to o v e r c o m e the s l u g g i s h n e s s of coupling r e a c t i o n s , e v e r 

m o r e powerful ac t iva t ing g roups have been used . The a c t i v a 

tion e n e r g y is l o w e r e d and the r e a c t i v i t y i s g r e a t l y i n c r e a s e d . 
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Unfor tuna te ly , s e l ec t iv i ty i s inevi tably d e c r e a s e d and s ide 

p r o d u c t s r e s u l t . Decompos i t i on of the ac t ive s p e c i e s , r e a c 

t ion with u n p r o t e c t e d functional g r o u p s , o r even acy la t ion of 

pept ide bonds m a y r e s u l t . In addi t ion, i n t r a m o l e c u l a r 

a t t ack lead ing to oxazolone fo rma t ion and subsequen t r a c e m i 

za t ion b e c o m e s m o r e p r o b a b l e . In o the r w o r d s , the i n c r e a s e d 

r e a c t i v i t y often l e ads to an " o v e r a c t i v a t e d " s p e c i e s . 

B r e n n e r points out that the s l u g g i s h n e s s of a r e a c t i o n 

could be o v e r c o m e without lower ing the ac t iva t ion e n e r g y if 

the f requency of co l l i s ions between the e s t e r and the amin e 

a r e i n c r e a s e d . This can be a c c o m p l i s h e d via i n t r a m o l e c u l a r 

e s t e r a m i n o l y s i s . 

S e v e r a l s c h e m e s of pept ide syn thes i s have u t i l i zed 

this a p p r o a c h . In each c a s e , the amine component 

i s c o n v e r t e d into an ac t ive de r iva t ive capable of s e l ec t ive 

c a p t u r e of the ca rboxy l g roup . This l e ads to an ac t iva ted 

ca rboxy l function and subsequen t amide bond f o r m a t i o n 

via i n t r a m o l e c u l a r a t t a ck . This can be i l l u s t r a t e d for the 

78 
i s o c y a n a t e me thod of pept ide syn thes i s 

Ti ?i fi I HJUH 
H nN-CH-C-0R o + C 0 C 1 , *0=C=N-CH-C-OR "*-2" W i *- ~~2 2 

R3C-NH-WcOR2+ C02H« R 3 C ^ ^ H - L H - C O R 2 

FIG. 33 
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A l t e r n a t i v e l y , s o m e d e c o m p o s i t i o n to f ree amin e which 

r e a c t s with anhydr ide to give a m i d e , c a rbon dioxide and 

m o r e amine can account for the r a c e m i z a t i o n found and would 

not n e c e s s i t a t e a f o u r - m e m b e r e d r ing t r a n s i t i o n s t a t e . 

The e s t a b l i s h e d s c h e m e s r e q u i r e r a t h e r s e v e r e 

condi t ions to br ing about amino ac id a t t a c h m e n t and sub

sequen t ca rboxy l ac t iva t ion . As a r e s u l t , r a c e m i z a t i o n i s 

found. 

A m o r e p r o m i s i n g me thod of amino acid i n s e r t i o n i s 

81 
the r e a r r a n g e m e n t of d i a c y l h y d r a z i n e s . These compounds 

a r e p r e p a r e d by the r eac t i on of h y d r a z i d e s with N - c a r b o x y a n -

hyd r ide s in ace t i c ac id . R e a r r a n g e m e n t is ach ieved under the 

influence of weak o rgan i c ac ids such as propionic ac id . 

0 R2 0 0 Rp 
II I / 0 CHiCOOH l| II I © _,_ 

1. RiC-NHNHg + CH—C^ ^ *• R1C-NHNH-C-CH-NH3
+ 

0 + CH3C00© + C0 2 

\v > N H - NH, n 0 R2 0 
2 . C \ ^ ° CH3CH2C00H 

/ \ / C R C-NH-CH-C-NHNHp 
Rx ."NH2-CH-R2

 x 

FIG. 34 

This s c h e m e has s e v e r a l p r o m i s i n g f e a t u r e s : 

1) condit ions a r e mi ld and t he re is c o n s i d e r a b l e se lec t iv i ty 

in the p r e p a r a t i o n of the d i a c y l h y d r a z i n e , 
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2) each r e a r r a n g e m e n t g e n e r a t e s a new hydraz ide al lowing 

a r epe t i t i on of the p r o c e s s , 

3) the h y d r a z i d e s obta ined can be used in coupling to a second 

pept ide via the az ide me thod , 

4) the h y d r a z i d e group can be conver t ed to f ree acid con

venien t ly at any s t a g e . 

In an e n t i r e l y different a p p r o a c h to the r a c e m i z a t i o n 

82 
p r o b l e m , A n d e r s o n and c o w o r k e r s under took an ex tens ive 

inves t iga t ion of the n a t u r e and scope of the mixed anhydr ide 

me thod of coupl ing. They d e m o n s t r a t e d that with carefu l 

con t ro l of condi t ions ( t e m p e r a t u r e , so lvent , base , c h l o r o 

f o r m a t e , ac t iva t ion t ime and o r d e r of addi t ion of r e a g e n t s ) , 

op t ica l ly pure p roduc t s can be obtained in high yie ld . While 

the g e n e r a l appl icabi l i ty of this method for the syn thes i s of 

l a r g e r , op t ica l ly pure pep t ides r e m a i n s to be t e s t ed , the 

a u t h o r s ' c o m p r e h e n s i v e s tud ies c l e a r l y i l l u s t r a t e the i m p o r 

tance of r e a c t i o n condi t ions . 

M e r r i f i e l d r e c e n t l y dev i sed a new me thod of building 

pept ide cha ins in which he r e l i e s heavi ly on the s t e r e o p u r i t y 

of the s ingle r e s i d u e addi t ion technique ' . The o r ig ina l 

me thod u s e s a s ing le , inso lub le suppor t cons i s t ing of po ly

s t y r e n e c r o s s l i n k e d with 2% div inylbenzene and subsequen t ly 

c h l o r o m e t h y l a t e d . A ^ - b u t y l o x y c a r b o n y l N - p r o t e c t e d a m i n o 

ac id i s a l lowed to couple a t the c h l o r o m e t h y l a t e d subs t i tuen t 
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f r o m an a lcohol ic solut ion conta ining a t e r t i a r y a m i n e . The 

N - a c y l p ro t ec t ing group i s r e m o v e d by ac id ic h y d r o l y s i s and 

ano the r t - b u t y l o x y c a r b o n y l N - p r o t e c t e d amino ac id r e s i d u e 

i s added by the c a r b o d i i m i d e me thod . At each s t ep , a l l i m 

p u r i t i e s can be w a s h e d away with so lvent , leaving only the 

po lymer suppor t with i t s a t t ached peptide cha in . F i n a l l y the 

pept ide is r e m o v e d f r o m the benzyla ted a n c h o r a g e on the poly

m e r by t r e a t m e n t with hydrogen b r o m i d e in t r i f l u o r o a c e t i c 

ac id . 

N u m e r o u s modi f ica t ions in the choice of blocking g r o u p s , 

coupling agen t s , so lvent , and c leavage r e a g e n t s have been 

8 5 
r e p o r t e d s ince the in t roduc t ion of the sol id phase me thod 

Q C 

In addition, automation has been achieved 

Other, related methods have been introduced based on 

the principle of synthesis without isolation of intermediates 

Some of these have made use of polymeric supports 
86-88 T . . A v .86,87 , , 

Letsinger and Kornet make use of a popcorn 

polymer of styrene with a very low degree of crosslinking 

(0. 1-0. 5%) by divinylbenzene in order to avoid diffusion 

problems. In addition, these authors employ the N-terminal 

residue as the anchoring group and extend stepwise at the 
88 carboxyl end. Shemyakin and colleagues work with a 

soluble polymer support of emulsion polystyrene (200, 000 

average molecular weight) and run solution reactions in 

order to get more complete reaction at each step. After 
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each amino acid addition cycle, the dimethylformamide 

solution is poured into water. All excess reagents remain 

in solution and can be washed away, while the polymer with 

its peptide chain precipitates. 

The solid-phase method, at present, relies primarily 

on the building up of the peptide one amino acid unit at a 

time in order to avoid racemization. This has practical 

limitations for the synthesis of larger peptides. Since 100% 

coupling at each step is unrealistic, the final product must 

always be separated from peptide impurities which may have 

quite s imilar physical-chemical propert ies . As the synthesis 

of larger and more complex materials is undertaken, separa

tion techniques are bound to reach a point of diminishing 

re turns . How, for example, can one cleanly separate a 

random peptide of 60 amino acid units from one with 59 

amino acid units. 

Application of racemization-free coupling methods to 

the solid-phase technique will be of tremendous importance. 

It could enable coupling of blocks of peptides at a time. The 

smaller number of coupling steps leads to a much smaller 

number of peptide impurit ies. In addition, impurities 

should be significantly different from the desired compound 

in physical-chemical properties to enable ready separation. 

Difficultly synthesizable fragments can be handled separately, 

and introduced into the larger peptide as a unit. 
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Other s t epwise s y n t h e s e s have been u n d e r t a k e n without 

i so l a t i on of i n t e r m e d i a t e s us ing w a t e r - s o l u b l e c a r b o d i i m i d e s , 

89 90 
both by ca rboxy l end chain ex tens ion ' and amino acid 

91 92 

cha in ex tens ion . F ina l ly , Denkewal t e r and h i s a s s o c i a t e s 

w e r e able to c a r r y out the con t ro l l ed s t epwise synthesis of 

pep t ides by rap id ly mix ing a sol id a - a m i n o acid N - c a r b o x y -

anhydr ide with an aqueous so lu t ion of an amino ac id or p e p 

tide with c lose con t ro l of t e m p e r a t u r e and pH. The condensa 

tion to f o r m a pept ide c a r b a m a t e i s c a r r i e d out in a pH 10. 2 

buffer at 0 C and is comple te in two m i n u t e s . Deca rboxy l a 

tion at pH 3-5 p roduces the f ree pep t ide , which can be i m 

m e d i a t e l y extended in length by r epe t i t i on of the p r o c e s s 

with a new N - c a r b o x y a n h y d r i d e or can be i so l a t ed and p u r i 

fied before cont inuing. The method was found to be g e n e r a l 

for amino a c i d s . No r a c e m i z a t i o n was found us ing a ve ry 

s ens i t i ve t r a c e r me thod , and y ie lds w e r e good. 

RACEMIZATION VIA DIRECT PROTON EXCHANGE 

C o n s i d e r a b l e e x p e r i m e n t a l ev idence points to an a l t e r 

nate rou te to r a c e m i z a t i o n w h e r e oxazolone fo rma t ion i s 
93-101 not pos s ib l e . In o r d e r to expla in the r a c e m i z a t i o n 

of benzy loxycarbonyl and phthaloyl amino acid ac i tve e s t e r s 

in b a s e , L i b e r e k and c o w o r k e r s , in a s e r i e s of c o m m u n i c a -

93 -98 
t ions p r o p o s e d d i r e c t p ro ton a b s t r a c t i o n followed by 

r e s o n a n c e s t ab i l i za t ion of the ca rban ion by conjugat ion wi th 

the TT- e l e c t r o n s on the beta subs t i tu t ed g r o u p s . 
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0 ~° 
e l l f\\ 

-NH-C-C- -t—• -HH-C-C-|s 5© 
CH2-C=N CH2 C = N 

0 Q ° 
0 II s e H 

-NH-C-C- - — - -NH-C-C-1 /=\ |! 6e /T\ CH2-S-CH2-/v .) CH2 ' S — C H 2 - < ^ \ 

0 o° 
0 II 8® II 

-NH-C-O- -—•- -NH-C-C-

•o C H 2 - < ' N> CH; 

FIG. 3 5 

A l t e r n a t e l y , the r a c e m i z a t i o n can be viewed as a r e v e r 

s ib l e , b e t a - e l i m i n a t i o n r e a c t i o n ' . Kovacs and co l 

l eagues inves t iga ted the p roposed '(3 - e l i m i n a t i o n - r e a d d i t i o n ' 

m e c h a n i s m . They al lowed the pen tach lo ropheny l and p - n i t r o 

phenyl ac t ive e s t e r s of N - b e n z y l o x y c a r b o n y l - S - b e n z y l c y s t e i n e 

to r e a c t wi th t r i e t h y l a m i n e in the p r e s e n c e of benzyl I si 

thiol . In each c a s e , no r ad ioac t ive su lphur was i n c o r p o r a t e d 

at the a s y m m e t r i c ca rbon , indica t ing that r a c e m i z a t i o n p r o 

ceeds by d i r e c t p ro ton a b s t r a c t i o n r a t h e r than r e v e r s i b l e , 

be ta - e l im ina t ion . 

In addi t ion to this s t ab i l i za t ion , we a t t r i bu t e the 

g r e a t e r r a t e of r a c e m i z a t i o n found for phthaloyl amino acid 

e s t e r s as c o m p a r e d to benzy loxycarbony l amino acid e s t e r s 
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93, 98 

to the stabilization of the resulting carbanion by 

the strong inductive electron-withdrawing effect (indicated 

by arrow in Fig. 36) of the phthaloyl group. 

(^Y^<e fi 
W^^N •CR-C-0C6H^N02 

\ 

FIG. 36 

The derivatives of aromatic amino acids have an increased 

tendency for racemization, since the negative charge resulting 

from proton abstraction can be delocalized into the ring 

103 Matsuo and coworkers studied the base catalyzed 

D-H exchange and racemization of several amino acids, their 

derivatives and related model compounds. D-H exchange was 

measured by NMR. Percent racemization and percent exchange 

were found to be the same in every case. While the free amino 

group has a retarding effect on base-catalyzed deuteration 

compared with the corresponding de-amino compounds, 

N-acylation did not only cancel the NH->-retarding effect but 

also accelerated significantly the a -deuteration effect. Car

boxylate anion has a considerable retarding effect. The 

carboxamide has a striking accelerating effect. An ester 

group has less retarding effect than a carboxylate. The 

order of racemizability of a -amino acid derivatives found 
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is R j C O N H C H R 2 C O N R 3 R 4 » R CONHCHR 2COOH > 

N H 2 C H R 2 C O O H . 

CONCLUSIONS 

Our r ev i ew dea l s p r i m a r i l y with the ro le of oxazolones 

in r a c e m i z a t i o n m e c h a n i s m s involved in peptide syn the t ic 

m a n i p u l a t i o n s . 

We have t r a c e d the c h e m i s t r y of opt ica l ly ac t ive oxa

zolones f r o m the da te s when they a p p e a r e d as e lus ive un-

i so l ab l e compounds to p r e s e n t r e s e a r c h efforts which have 

led to i so la t ion and c h a r a c t e r i z a t i o n of c r y s t a l l i n e op t ica l ly 

pu re m a t e r i a l s . In the m a j o r i t y of t echniques of pept ide 

s y n t h e s i s , oxazo lones a p p e a r to be the rou te to r a c e m i c 

p roduc t . In our l a b o r a t o r y we have d e m o n s t r a t e d the effects 

of so lvent , t e m p e r a t u r e , s t r u c t u r e of the oxazolones and the 

n a t u r e of the nuc leophi les on the extent of r a c e m i z a t i o n . 

Other r o u t e s a r e br ief ly d i s c u s s e d in this r ev i ew . We 

have shown c a s e s w h e r e d i r e c t hydrogen a b s t r a c t i o n f r o m the 

a s y m m e t r i c c e n t e r of (3-el iminat ion r e a c t i o n s m u s t o c c u r to 

expla in o b s e r v e d r a c e m i z a t i o n . L i b e r e k ' s group has shown 

that amino ac id d e r i v a t i v e s blocked at the amino end with 

u r e t h a n e or phthaloyl g roups can r a c e m i z e by d i r e c t a b s t r a c 

t ion. Specif ic c a s e s have been o b s e r v e d w h e r e s e r i n e , c y s 

te ine and r e l a t e d amino ac id d e r i v a t i v e s m a y r a c e m i z e by 

(3 - e l i m i n a t i o n . 
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Our r e v i e w a l s o dea l s with m o r e r e c e n t me thods of 

pept ide s y n t h e s i s involving a -d inuc leoph i l e s and o the r 

r e a g e n t s which can a t t ack ac t iva ted amino ac id or peptide 

d e r i v a t i v e s by biphi l ic m e c h a n i s m s . We showed that in a l l 

of these c a s e s p a r t of the a t t ack ing r e a g e n t funct ions a s an 

e l ec t roph i l e while the o the r s e r v e s as a nuc leoph i l e . In this 

m a n n e r i n t r a m o l e c u l a r cyc l iza t ion r e a c t i o n s to f o r m oxazo

lones a r e r e p r e s s e d . E v e n if oxazo lones a r e fo rmed , they 

r i n g - o p e n by biphi l ic m e c h a n i s m s which involve a r e d u c e d 

bas i c i ty or enhanced nuc leophi l ic i ty for the a t t ack ing r e a g e n t . 

In this m a n n e r hydrogen a b s t r a c t i o n f r o m the a s y m m e t r i c 

cen te r of the oxazolone does not compe te favorab ly with r i n g -

opening r e a c t i o n s . 

We have noted s o m e spec i a l c a s e s w h e r e s o m e r a c e m i z a 

tion is o b s e r v e d us ing the az ide method of pept ide s y n t h e s i s . 

All in a l l , th is rou te r e m a i n s the sa fes t if w o r r y about r a c e m i 

zat ion is a p r i m e fac tor in the pept ide syn the t i c s c h e m e . By 

i t s na tu re the az ide rou te cannot be applied to the m o d e r n 

au toma ted m e t h o d s s ince the az ide me thod r e q u i r e s low 

t e m p e r a t u r e and m u c h t ime to i n s u r e high y ie ld and absence 

of ex tens ive s ide r e a c t i o n s . 

Recen t m e t h o d s d i s c u s s e d in our r e v i e w r e q u i r e c a r e 

ful study to obta in the i r r e a l scope and l i m i t a t i o n s . 

A n d e r s o n and Young p ionee red in c o m p a r a t i v e s tud ies 

on the n u m e r o u s syn the t i c m e t h o d s in the l i t e r a t u r e . As a 
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result , Anderson has been able to improve and expand the 

utility of the mixed anhydride method. In a similar fashion, 

Young's work has led to the development of hydroxypiperidine 

and related methods which appear to be highly racemization 

resistant. 

Peptide chemists are still awaiting or searching for a 

panacea. We desire a facile, simple, high yield, non-

racemizing reaction which is generally applicable to problems 

of a complex synthetic nature. Although many improvements 

are obvious in examining the developments over the past 

decade, we remain with the belief that the synthesis of 

proteins and related biologically important materials requires 

tedious operations and brute force approaches. 
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ON THE RACEMIZATION OF AMINO ACID ACTIVE ESTERS 

J . Kova c s , G. L. Mayers , R. H. Johnson and U. R. Ghatak 

D e p a r t m e n t of C h e m i s t r y 
St. J o h n ' s Un ive r s i t y , J a m a i c a , New York 

In cont inuat ion of our s tud ies on polypept ides with known 

r ep e a t i ng sequence of amino a c i d s , we inves t iga ted the syn

the s i s of the sequen t i a l polypept ides containing cys te iny l 

r e s i d u e s . The use of pen tach lo ropheny l ac t ive e s t e r s for the 

p r e p a r a t i o n of sequen t i a l po lypept ides has proved to be m o s t 

1 2 
s a t i s f a c t o r y in our e x p e r i e n c e s ' . P r o t e c t e d polyglutathione 

(III) h a s been p r e p a r e d by po lycondensa t ion of the t r ipep t ide 

pen tach lo ropheny l e s t e r de r iva t i ve (II), obta ined through (I), 

in c o n c e n t r a t e d d i m e t h y l f o r m a m i d e solut ion in the p r e s e n c e of 

N - m e t h y l m o r p h o l i n e or t r i e t h y l a m i n e . 

A - G l u - O B Z L HBr H B r - H - G l u - O B Z L 

I—Cys-Gly-OPCP H O A c I—Cys-Gly-OPCP 

B Z L B Z L 

I II 

TEA or . . - G l u - O B Z L 

NMM I C y s - G l y - . . 

B Z L 

III 
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The use of cys t e ine conta in ing i n t e r m e d i a t e s for p o l y m e r i z a 

tion r e q u i r e s thorough inves t iga t ion s ince any inc ip ien t 

r a c e m i z a t i o n that o c c u r s du r ing the s y n t h e s i s of high m o l e 

c u l a r weight s equen t i a l polypept ides i s p e r m a n e n t l y i n c o r 

po ra t ed in the p roduc t and is i m p o s s i b l e to s e p a r a t e by 

known p r o c e d u r e s . Thus , a s tudy of the m e c h a n i s m and the 

r a t e of r a c e m i z a t i o n of cysteine ac t ive e s t e r d e r i v a t i v e s in 

the bas ic m e d i u m used in p o l y m e r i z a t i o n was unde r t aken . 

Carboxy l ac t iva t ion of even N - c a r b o b e n z y l o x y - L - c y s t e i n e 

d e r i v a t i v e s l eads to va r ious d e g r e e s of r a c e m i z a t i o n in the 

3 4 
p r e s e n c e of s t r ong base ' . The r a c e m i z a t i o n has been 

p roposed to p r o c e e d e i t he r by r e s o n a n c e s t ab i l i za t ion of 

5 
the anion (IVa and IVb) fo rmed by a - h y d r o g e n a b s t r a c t i o n 

o r by r e v e r s i b l e 

e , 
- N H - C - C O - - N H - C - C O -

I 
C H 2 " S - B Z L C H 2 . . . 6 S - B Z L 

IVa IVb 

4 6 (3 - e l i m i n a t i o n of benzyl m e r c a p t a n ' as shown below: 

R - N H - C H - C O R ' v R - N H - C - C O R ' + PhCH-,SH 

I % II 
C H - S - C H 2 - P h CH 2 

V VI VII 
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In a r e c e n t c o m m u n i c a t i o n , it was p roposed that the second 

m e c h a n i s m is o p e r a t i v e in the r a c e m i z a t i o n of N - c a r b o b e n z y l -

o x y - S - b e n z y l - L - c y s t e i n e p -n i t r opheny l e s t e r in the p r e s e n c e 

of e x c e s s t e r t i a r y a m i n e s . 

Since we had used N - c a r b o b e n z y l o x y - S - b e n z y l - L - c y s t e i n e 

pen tach lo ropheny l e s t e r (VIII) for the syn thes i s of s e v e r a l 

pept ide i n t e r m e d i a t e s , and in view of the above o b s e r v a t i o n s , 

we inves t iga ted the r a c e m i z a t i o n of this compound. The 

ac t ive e s t e r (VIII) was found to r a c e m i z e in the p r e s e n c e 

35 
of benzyl m e r c a p t a n - S with e x c e s s of t r i e t h y l a m i n e wi th -

35 out i n c o r p o r a t i o n of S as s u m m a r i z e d below: 

Z - C y s - O P C P P h C H 2 S 3 5 -H (1 equiv. ) Z - C y s - O P C P 

B Z L N E t 3 (3 .6 - 7 . 2 equiv. f ^ Z L 

VIII 
C H C 1 3 , 1. 5 h r . 

I>]D -41.05 M D "3-45 

m p 171-172° m p 168-169° 

35 
- O P C P = - 0 - C , C L no i n c o r p . of S 

6 5 

Under iden t i ca l condi t ions N - c a r b o b e n z y l o x y d e h y d r o a l a n i n e 

pen tach lo ropheny l e s t e r (IX) y ie lded r a c e m i c (VIII). 
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Z - N H - C - C O O P C P 
II 
CH 2 

IX 

m p 132-134° 

P h C H 2 S H (1 equiv . ) 

N E t , (7. 2 equ iv . ) * 
CHC1 3 

yield 79% 

m p 164-165 

VIII 

T h e s e e x p e r i m e n t s d e m o n s t r a t e d that the "(3 - e l i m i n a t i o n -

readd i t ion m e c h a n i s m " does not expla in the r a c e m i z a t i o n 

of (VIII) under these cond i t ions . 

Due to the d i s c r e p a n c y be tween these o b s e r v a t i o n s and 

the p r e v i o u s l y men t ioned l i t e r a t u r e , ' we d e e m e d it 

n e c e s s a r y to inves t iga t e the m e c h a n i s m of r a c e m i z a t i o n 

of o the r ac t ive e s t e r s of N - c a r b o b e n z y l o x y - S - b e n z y l - L -

cys t e ine . 

R a c e m i z a t i o n of N - c a r b o b e n z y l o x y - S - b e n z y l - L - c y s t e i n e 

35 p - n i t r o p h e n y l e s t e r (X) in the p r e s e n c e of S - l abe l ed 

benzyl m e r c a p t a n y ie lded 82% of the p a r t i a l l y r a c e m i z e d 

c a r b o b e n z y l o x y - S - b e n z y l cysteine th iobenzyl e s t e r (XI) 

35 

in which one equiva len t of benzyl m e r c a p t a n - S was i n c o r 

p o r a t e d . To loca te the pos i t ion of the r ad ioac t i ve sulfur 

in compound (XI) it was hyd raz ino lyzed . The r e s u l t i n g 

h y d r a z i d e (XII), i so l a t ed in 98% yie ld , did not conta in 

c 3 5 
any b 
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Z - N H - C H - C O O N P PhCH- ,S 3 5 -H( l equ iv . ) 
> 

C H 2 - S - C H 2 P h N E t 3 ( 7 . 2 e q u i v . ) 

C H C 1 3 , 1. 5 h r . 

X 

35 
Z - N H - C H - C O S - C H 2 P h N H 2 N H 2 Z - N H - C H - C O N H - H N 

I > I 
C H - S - C H 2 P h C H 2 - S - C H 2 P h 

XI XIII 
35 

no S p r e s e n t 

The s t r u c t u r e of (XI) was e s t a b l i s h e d by c o m p a r i s o n with 

an au then t ic s a m p l e . S i m i l a r l y , under the condi t ions 

d e s c r i b e d for the c o r r e s p o n d i n g pen tach lo ropheny l e s t e r 

(IX), N - c a r b o b e n z y l o x y d e h y d r o a l a n i n e D-ni t rophenyl e s t e r 

yie lded r a c e m i c (X) a s one of s e v e r a l p roduc t s when t r e a t e d 

with benzyl m e r c a p t a n . 

T h e s e e x p e r i m e n t s c l e a r l y con f i rm that 'P - e l i m i n a t i o n -

r e a d d i t i o n " is not the m e c h a n i s m for the r a c e m i z a t i o n of 

N - c a r b o b e n z y l o x y - S - b e n z y l - L - c y s t e i n e ac t ive e s t e r s under 
7 

these ba s i c condi t ions . 

Our second a i m was to d e t e r m i n e the r a t e s of r a c e m i 

za t ion of the ac t ive e s t e r s of N - c a r b o b e n z y l o x y - S - b e n z y l - L -

cys te ine u s e d in pept ide syn thes i s and to c o r r e l a t e these 

r a t e s with the ' a c t i v i t y " of the e s t e r g r o u p s . These data a r e 

s u m m a r i z e d in FIG. 1. It a p p e a r s f r o m this f igure that the 

r a t e s of r a c e m i z a t i o n of these ac t ive e s t e r s a r e not s t r i c t l y 

p a r a l l e l to the ' a c t i v i t y " a s s u m i n g that the r e l a t i v e r a t e s 
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are similar to those found for aminolysis of N-carbobenzy-
8 loxy-L-phenylalanine active e s t e r s . 

During this work, it was observed that the reaction of 

the pentachlorophenyl es ter (VIII) and the p-nitrophenyl 

ester (X) with benzyl mercaptan in the presence of base 

was surprisingly different. The pentachlorophenyl ester 

Legend 

<3> Z-Cys-O-aS 

CH-jfr-

0 Z-Cys-ONP 

<=> Z-Cys-OPCP 

CH2ir 

0 Z-Cys-2,4,5-0TCP 

• Z-Cys-OSu 

O Z-Cys-2,6-0DNP 

V Z-Cys-2,4,6-0TBP 

CH2r 

A Z-Cys-OPBP 

CHo^i 

100 Time (hr) 150 250 

FIG. 1 

Racemization of N-carbobenzyloxy-S-benzyl-L-cysteine 
active es ters in the presence of 7 equivalents of triethylamine 
in tetrahydrofuran solution; the ester concentration was q 
0. 05M and the temperature was 22° - 2°. Anderson et al. 
have also recorded the racemization of the p-nitrophenyl and 
N-hydroxysuccinimide es te rs under different conditions. 
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did not react with benzyl mercaptan, while the p-nitro

phenyl es ter afforded 82% of the corresponding thiobenzyl 

es ter . Thus, we decided to study other es te rs of N-car -

bobenzyloxy-S-benzyl-L-cysteine. The following es te rs , 

p-nitrophenyl, 2,4,5-tr ichlorophenyl, pentafluorophenyl, 

N-hydroxysuccinimide, and 2 ,4- and 2, 6-dinitrophenyl 

es te r s , when treated with one equivalent of benzyl mer 

captan in the presence of 7 equivalents of triethylamine 

in chloroform solution, yielded the corresponding thio

benzyl ester in high yield. However, under similar 

reaction conditions, the pentachlorophenyl, pentabro-

mophenyl, 2, 4, 6-tribromophenyl, 2, 4, 6-trichlorophenyl, 

phenyl and ethyl es te rs were recovered unchanged. 

Examination of the data on the halogenated phenyl es ters 

seems to indicate that s ter ic effects may play an impor

tant part in this ester exchange reaction, for example, 

the difference between 2,4, 5-trichlorophenyl and 2,4, 6-

trichlorophenyl e s t e r s . However, in the case of the other 

e s t e r s , we could not offer a plausible explanation for their 

differences in reactivity towards benzyl mercaptan. 

In the cases where the es ter exchange reaction takes 

place, the es ter carbonyl absorption disappears in the in

frared spectra during racemization. Also it should be men

tioned that the recovery of the racemized compounds in this 

group is only in the range of 40-70%, whereas in the other 

343 



KOVACS ET AL. 

group, where es ter exchange does not take place, the 

recovery of the racemized es ter is almost quantitative. 

These phenomena were found to result from hydrolysis of 

the active es ter catalyzed by base. When str ict anhydrous 

conditions were maintained, the carbonyl absorption did 

not disappear and we were able to recover the racemized 

active ester in high yield. 

In conclusion, these results indicate that racemization 

rate studies followed in a polarimeter for these amino acid 

derivatives should be evaluated with extreme caution, unless 

rigorous anhydrous conditions were observed. 
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A NEW RACEMIZATION TEST 
FOR PEPTIDE SYNTHESIS 
Nobuo Izumiya and Masako Muracka-

Laboratory of Biochemistry 
Faculty of Science 
Kyushu University, Fukuoka, Japan 

I would like to describe our experiments in the detection 

of racemization by the use of an amino acid analyzer. By way 

of introduction, I shall talk briefly of our studies in the separa

tion of dipeptide d ias tereomers . 

Since I960, we have studied the separation of diastereomeric 

mixtures of amino acids and peptides through column chromato

graphic procedures. There are several reports of the analytical 

separation of dipeptide d ias tereomers . In a recent paper by 

Wieland and Bende , the preparative separation of 200 mg of 

Ala-Tyr dias tereomers by Sephadex has been described. The 

methods we shall describe may be used either analytically or 

preparatively. 

We selected four leucyl dipeptide diastereomers for initial 
2 

study . Analytical separation was performed on a Dowex 

50x8 column of 0. 9 x 50 cm with ammonium acetate as the 

eluting solvent in most cases. We studied many factors 
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influencing the separation pattern; the different cross 

linkages in Dowex 50, temperature, and type and concentra

tion of solvent. Among the factors studied, the variation in 

pH of the solvent gave the most remarkable influence. The 

separation patterns of diastereomeric Leu-Val are shown 

in FIG. 1 as an example. We found an interesting reversa l 

in the order of elution of the L-L and D-L peptides between 

pH 5 and 4. 5 (FIG. 1). Similar reversa ls were observed also 

for other leucyl dipeptide d ias tereomers . The explanation 

for the phenomenon was suggested by the pH-titration curves 

of the separated d ias tereomers . It was found that the curves 

of the two peptides crossed each other between pH 4. 5 and 5, 

as shown in FIG. 2. 

I shall now turn to the preparative separation of Leu-

Val d ias tereomers . By a conventional procedure, L-leucine 

was coupled with DL-valine, and L-Leu-DL-Val was obtained 

as a crude powder. We found that 1.1 g of this crude material 

was sufficiently resolved by a 1. 8 x 110 cm Dowex 50 column, 

elutions with 0. 2 M ammonium acetate at pH 7. We obtained 

pure L-Leu-L-Val in a yield of 0.44 g from the faster peak 

(110-170 ml), and pure L-Leu-D-Val in a yield of 0. 63 g from 
2 

the slower peak (175-270 ml) . 

We then applied a diastereomeric mixture of Leu-Val 

to the column of the amino acid analyzer. As expected, 

sufficient separation was observed. Although there were 
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already several publications dealing with the separation of 
3 

dipeptide dias tereomers by an amino acid analyzer , our 

own experiences encouraged us to use this method to develop 

a simplified racemization test. Our proposed procedure is 

shown in the following reaction sequence: 

L-D 
pH 8.0 

pH 7 0 

pH 6.0 

pH 5.0 

4 0 8 0 
ELUTION VOLUME, ML 

FIG. 1 

Effect of pH of 0. 2 M ammonium acetate on separation of 
Leu-Val. 
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(with partial or complete 
Z-Gly-L-A-OH +H-L-B-OBzl —— * 

racemization of A residue) 

H2 

Z-Gly-A-B-OBzl(LL i soraer t DL isomer) + 

H-Gly-A-B-OH (LL isomer + DL isomer) 

The crude Z-tripeptide benzyl es ter is subjected directly to 

hydrogenolysis, and the hydrogenated mater ia l is submitted 

to an amino acid analyzer. 

7 pH 

0.5 0.3 0.1 

0.5 N HCI.ML 

FIG. 2 

pH Titration curves of Leu-Val. 
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Our first task was to discover a good system of 

glycyl-tripeptide dias tereomers for separation by an amino 

acid analyzer. Initially we selected several tripeptides, all 

composed of glycine, a basic and an acidic amino acid r e s i 

due, with the surmise that a diasteromeric mixture of a 

polyfunctional neutral tripeptide might be efficiently separated 

under appropriate conditions. We synthesized the pure L-L 

and D-L isomers of Gly-Lys-Glu, Gly-Lys-Asp, Gly-Orn-
4 

Glu, Gly-Orn-Asp, Gly-Glu-Lys and Gly-Asp-Lys . 

Diastereomeric mixtures of each tripeptide were applied to 

the Hitachi amino acid analyzer with Dowex spherical resin. 

We observed that all mixtures gave incomplete separation, 

using several different conditions. Among the conditions 

employed, the following was the best system for the separa

tion; with a short column (0. 9 x 1 0 cm), the elution was 

initiated with 360 ml of pH 3.25 buffer (standard citrate 

buffer), followed by pH 4. 25 buffer. FIG. 3 is a summary 
4 

of the patterns obtained by this procedure . 

We observed that DL-Lys-L-Glu was separated 

better than Gly-DL-Lys-L-Glu by the amino acid analyzer. 

This fact indicates that dipeptide diastereomers are separa

ted more efficiently than related tripeptides. Therefore, 

we chose a coupling system of a -acetyl-e-Z-L-lysine and 

H-L-B-OBzl. Several model a -acetyl-dipeptides were 

synthesized as the materials for the amino acid analyzer. 
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FIG. 4 i s a s u m m a r y of the p a t t e r n s obta ined for d i a s t e r e o 

m e r i c m i x t u r e s of a - a c e t y l - l y s y l - a m i n o ac id s with the 0 .9 
5 

x 50 c m co lumn and pH 4. 2 5 buffer . We s t i l l w e r e not 

sa t i s f i ed with the r e s u l t s in FIG. 4 and went to the next 

t r i a l . 

Gly-Lys-Glu 

Gly-Lys-Asp 

Gly-Orn-Glu 

Gly-Orn-Asp 

Gly-Glu-Lys 

Gly-Asp-Lys A/\L-L 
D-L ; 

250 350 450 
ELUTION VOLUME, ML 

FIG. 3 

Elu t ion p a t t e r n of t r i pep t i de s c o m p o s e d of bas i c and ac id ic 

amino acid . 
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This time, we selected a few simple tripeptide 

systems and prepared several Gly-DL-Ala-B tripeptides. 

In these studies, some dias tereomers were separated com

pletely (0.9 x 50 cm column, pH 4.25 buffer, 55 C) as shown 

in FIG. 5. Valine and leucine tripeptides both showed com

plete separation. But, Gly-Ala-Leu is our preferred system 

Ac-DL-Lys-DL-Ala 

Ac-DL-Lys-L-Val 

Ac-DL-Lys-L-Leu 

Ac-OL-Lys-L-Phe 

Ac-DL-Lys-L-Pro 

^ ^ 
Ac-DL-Lys-L-Ser 

50 150 250 

ELUTION VOLUME, ML 

FIG. 4 
Elution pattern of a -acetyl-DL-lysyl-amino acids. 
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for the racemization test because it is not overlapped by 

either leucine or Gly-Ala (FIG. 6). We prepared pure L-L 

and L-D Gly-Ala-Leu by the azide method. The azide 

derived from Z-Gly-L-Ala-NHNH? was coupled with L 

(or D)-leucine benzyl es ter , and the Z-tripeptide benzyl 

ester was subjected to hydrogenolysis. The L-L or L-D 

Gly-DL-Ala-DL-Alo 

Gly-DL-Ala-L-Val 

Gly-DL-Ala-L-Leu 

Gly-DL-Ala-L-Phe 

/ ^ \ 
Gly-DL-Ala-L-Pro 

Gly-DL-Ala-L-Ser 

100 200 300 
ELUTION VOLUME, ML 

FIG. 5 

Elution pattern of glycyl-DL-alanyl-amino acids. 
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tripeptides thus obtained both showed only single peaks on 

the amino acid analyzer, using loads of up to 6 y mole. The 

results agreed with the fact that no racemization has ever 

been reported in coupling with the azide method. The limit 

of detection of the L-D isomer in the L-L isomer was 

studied with a synthetic mixture of both i somers . When a 

mixture of 100 parts L-L isomer (6 ymole) and 1 part L-D 

Gly 

Ala 

Leu 

Gly-DL-Ala 

Gly-DL-Ala-L-Val 

Gly-Ala -Leu 

50 100 150 
ELUTION VOLUME, ML 

FIG. 6 
Elution pattern of related compounds to GlyrAla-Leu. 
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RACEMIZATION TEST FOR PEPTIDE SYNTHESIS 

isomer was analyzed, a distinct peak of the L-D isomer 

was observed. Even at a mixture of 1000 parts L-L and 1 part 

part L-D isomer, a very small peak of the L-D isomer could 

still be recognized. Therefore, this procedure for the detec

tion of racemization is more sensitive than the methods 

using fractional crystallization or measurement of optical 

rotation. 

We are now applying this method in the examination 

of several coupling procedures. Anderson and his colleagues 

have reported a ser ies of important experiments to minimize 

the degree of racemization during peptide bond formation. 

In the case of the useful mixed anhydride procedure, they 

found that the use of NMN (N-methylmorpholine) instead of 

TEA (triethylamine) minimizes the degree of racemization . 

Fur thermore , it was reported that the addition of HOSu 

(N-hydroxysuccinimide) in the coupling by the mixed anhy-

7 8 9 

dride or the DCC method ' was very useful in minimizing 

the degree of racemization. We carr ied out the coupling of 

Z-Gly-L-Ala-OH with L-leucine benzyl ester following 

the same conditions described in the l i terature, and applied 

the final hydrogenated mater ia l to the amino acid analyzer. 

As reported, we found that the degree of racemization was 

diminished when HOSu was used. However, we found that 

either method did give a very small peak of Gly-D-Ala-L 

Leu in many cases (Table 1). We carr ied out the coupling 
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using one equ iva len t e ach of HOSu and DCC, the s t i r r i n g 

being cont inued for 48 h o u r s at 0 C. The r e s u l t was e x c e l 

lent f r o m the s tandpoint of to ta l y ie ld and d e g r e e of r a c e m i 

za t ion in o the r coupling p r o c e d u r e s , including the use of 

Woodward ' s r e a g e n t , and EEDQ 
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DETERMINATION OF THE O P T I C A L PURITY AND 

CONFIGURATION 1 OF AMINO ACIDS BY GAS 

CHROMATOGRAPHY OF DIASTEREOISOMERS 

2 
John W. Wes t l ey 

Genet ics D e p a r t m e n t 
Stanford Medica l School , Pa lo Alto, Cal i forn ia 

Since the op t ica l r e s o l u t i o n of c amphor by Casanova and 
3 

C o r e y in 1961, t h e r e have been m a n y r e p o r t s of the GLC r e s o -

4 
lut ion of e n a n t i o m e r s e i t he r as d i a s t e r e o i s o m e r i c d e r i v a t i v e s 

o r on an opt ica l ly ac t ive s t a t i o n a r y p h a s e . The technique was 

first appl ied in the pept ide field by Weygand in h i s s tudy of 

5 
r a c e m i z a t i o n in pept ide syn thes i s . Our work in this a r e a 

developed out of an i n t e r e s t in the s t e r e o s p e c i f i t y of b iochemica l 

p r o c e s s e s . H e r e the advan tages of the GLC technique over 

convent ional p o l a r i m e t r y in the d e t e r m i n a t i o n of opt ica l pur i ty 

a r e that c h e m i c a l and opt ica l i m p u r i t i e s a r e s e p a r a t e d on the 

column and a n a l y s e s can be c a r r i e d out on the m i c r o g r a m 

7 
s c a l e . The choice of N - t r i f l u o r o a c e t y l - ( T F A ) - S - p r o l y l ch lor ide 

(FIG. 1) a s a r e so lv ing agent for amino acid e s t e r s was based 

on i t s r eady ava i l ab i l i ty in op t ica l ly pure f o r m and the o b s e r 

vat ion that p ro l ine does not r a c e m i z e dur ing acy la t ion o r peptide 

s y n t h e s i s (oxazalone f o r m a t i o n is not p o s s i b l e ) . In addi t ion, 
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the coupling reaction was rapid and quantitative, and the 

rigid conformation of prolyl peptide bonds was expected to 

enhance differences in physical properties of its diastereo-

i somers . 

O 

II 
C CI 

r 
CFj C = O 

FIG. 1 

N-Trifluoroacetylprolyl chloride 

The N-TFA-S-prolyl derivatives of amino acid es ters 

are prepared by coupling N-TFA-S-prolyl chloride with the 

amino acid ester in chloroform using excess triethylamine. 

In the case of the hydroxy amino acids, it was necessary 

to prepare the trimethylsilyl ether before coupling with the 

resolving agent. Some typical analyses are indicated in 

Table 1, and it should be noted in all cases examined that 

the SR diastereoisomer had a shorter retention time than 

8 9 the SS compound ' . 

The chromatographic behaviour of the diastereoisomers 

is in agreement with Wieland and Bende's conclusion that the 

SR dipeptides exist in a stabilized ring form, while the SS 

dipeptides prefer an open chain conformation . The 

smaller molecular volume of the SR isomer would result in 
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OPTICAL PURITY AND CONFIGURATION 

both an increased volatility and a lower interaction with the 

stationary phase. The consistency in the order of retention 

times of diastereoisomeric peptides suggested that the method 

might be applicable to the assignment of absolute configura

tion to other asymmetric compounds. To check the general 

applicability of this technique, a -amino acids were converted 

to their a -chloro analogues using a procedure which was 

known to lead to compounds of known configuration. The 

chloro acids were then coupled with valine methyl ester 

and the products examined by GLC (Table 2). Again the SR 

diastereoisomers consistently had the shorter retention 

r " H 

t ime 

Many different types of diastereoisomeric amides and 

es ters have now been analysed using this technique and in 

all cases the order of retention of diastereoisomers within 

an homologous ser ies was consistent (Table 3). These results 

clearly establish the technique as a very sensitive addition 

to the ORD, CD, NMR and enzymatic methods of determining 
4 12 absolute configuration ' 

It is worth noting here the factors influencing the degree 

of resolution of dias tereoisomers . In the case of the N -a -

chloroalkanoyl valine methyl es ters (Table 2), there was a 

striking correlation between the steric bulk of the alkanoyl 

group and the efficiency of resolution. Thus Newman's 
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OPTICAL PURITY AND CONFIGURATION 

" s ix n u m b e r " (FIG. 2) is in good a g r e e m e n t with the r a t io 

18 of r e t en t i on t i m e s of the d i a s t e r e o i s o m e r s . 

6 5 6 
H — C — C CHo CHo 

I \ / 
4C 01 CH 0 

I I I II 
CI C — C NH— CH— C — 0CH3 

4 3 2 
FIG. 2 

The six n u m b e r for the r e so lv ing agent i s obta ined by s u m m i n g 
the n u m b e r of a t o m s in the six posi t ion '» . 

It follows that in se lec t ing a r e so lv ing agent , the t h r ee 

g roups a t t ached to the a s y m m e t r i c c e n t e r (along with the 

functional group) should have a l a r g e s i ze d i f ferent ia l . 

A l t e r n a t i v e l y , cyc l ic compounds with a functional group 

adjacent to the a s y m m e t r i c cen te r such a s p ro l ine a l so 

s e r v e as exce l l en t r e s o l v i n g a g e n t s . In g e n e r a l , the m o r e 

r ig id the d i a s t e r e o i s o m e r i c mo lecu le c lose to the a s y m m e t r i c 

21 

c e n t e r s , the l a r g e r wil l be the s e p a r a t i o n 

F r o m the c o n s i d e r a t i o n of these f a c t o r s , men thy l 

c h l o r o f o r m a t e (FIG. 3) was s e l ec t ed as being a po ten t ia l 

r e so lv ing agent for the s imu l t aneous ana ly s i s of amino and 

hydroxy ac id m e t h y l e s t e r s , the r e s u l t i n g d i a s t e r e o i s o m e r i c 

u r e t h a n e s a n d c a r b o n a t e s w e r e found to be r e s o l v a b l e by GLC 

(Table 4). In both c l a s s e s , the RS d i a s t e r e o i s o m e r had the 
22 

s h o r t e r r e t e n t i o n 
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FIG. 3 

Menthyl chloroformate 

Finally, it should be pointed out that this technique 

does not require both enantiomers for assignment of 

configuration. In the case of natural products where 

usually only one optical form is available, assignment is 

made by coupling with optically pure and with racemic rea

gents prior to GLC analysis. This is possible because the 

gas chromatograph does not distinguish SS from RR or SR 

from RS diastereoisomers (see below). 

Schematic procedure for the determination of 

configuration: 

Preparation 

Resolving 

S,R 

S 

S ,R 

S 

a P 

of Dias 

ent 

te reoisomers 

Unknown 

S 

S 

R 

R 

GLC Analysis 

1st peak 2n 

RS_ 

SR 

SR 

d peak 

SS 

SS 

RR 

Absolute configuration of the unknown compound is 

therefore simply determined by comparing the order of 

retention of its diastereoisomeric derivative with the same 
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d e r i v a t i v e of a homologue of known conf igura t ion . An 

ana lagous a p p r o a c h has been m a d e us ing thin l a y e r c h r o m a 

tography and NMR, and the t h r ee m e t h o d s c o m p a r e d in the 

23 
conf igura t iona l a s s i g n m e n t of d i k e t o p i p e r a z i n e s 

CONCLUSION 

T h e r e a r e two useful app l ica t ions for this technique 

in pept ide c h e m i s t r y . The f i r s t is the op t ica l pur i ty 

d e t e r m i n a t i o n of the amino ac ids used in pept ide s y n t h e s i s . 

The second is the a s s i g n m e n t of conf igura t ion to novel 

amino ac ids i so l a t ed f r o m n a t u r a l s o u r c e s such a s pept ide 

an t ib io t i c s . 
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DETECTION OF RACEMIZATION IN PEPTIDE SYNTHESIS 
BY NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Boris Weinstein 

Department of Chemistry 
University of Washington 

Seattle, Washington 

A problem of considerable importance in practical peptide 

chemistry involves the evaluation of racemization during the 

coupling of amino-acid components. Such techniques as counter-
2 3 

current distribution , deuterium exchange , fractional crystal-
i- ..• 4 " 6 i- J . - • . . • 7 - 1 0 • u 1 2 .-• i 

lization , gas-liquid partition , ion-exchange , optical 
L .• l 6 1 7 . 1 8 J ..u- i u i. u ^ - 2 1 

rotation , paper and thin-layer chromatography , 
22 and thiohydantoin formation have been used to detect and to 

measure the extent of racemization in a typical synthetic route. 

Other studies on the subject concern the effects of activating 

agents, acyl protecting groups, amino components, bases, 

salts , solvents, and temperature on the optical purity of the 
23-27 condensation reaction . However, a general solution to 

this present vexing situation is hindered by the paucity of 

resolvable or separable diastereoisomeric peptide pairs . 

Although the introduction of nuclear magnetic resonance 

(n. m. r. ) spectroscopy as a tool for racemization studies is 
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relatively new, observations based on the n. m. r. spectra of 

peptides have been common for the last decade. For example, 

a shielding phenomenon was seen in peptides containing adja-

28 cent aromatic and aliphatic amino-acid residues , i n the 

diastereoisomeric pair L-leucyl-L-tyrosine and D-leucyl-

L-tyrosine, the resonances of the leucyl side-chain were 

shifted to higher field in the D-L compound. This change 

was attributed to a closer proximity of the leucyl and tyrosyl 

side-chains in the second diastereoisomer. A similar effect 

was found in the n. m. r. spectra of D-alanyl-L-tyrosine and 
29 

L-alanyl-L-tyrosine . Here, most of the resonance peaks 

are identical or only slightly different from each other, yet 

the methyl group in D-alanyl-L-tyrosine is upfield from the 

equivalent L-L isomer . Alkyl shielding was again noted on 

comparing the related diastereoisomers L-valyl - L-tyro sine 

and L-alanyl-L-phenylalanine. 

These results led to the idea of a more compact form 

for the D-L dipeptide, as compared to the L-L dipeptide in 

aqueous solution. Assuming a trans planar amide bond, the 

tendency for maximal approach of differently charged groups, 

as well as a stabilizing effect due to hydrogen bonding, then 

one could initially propose a cyclic conformation in the L-L 

compound. However, the cis side-chains would hinder each 

other, so this action causes a loss of the intramolecular 

hydrogen bridge, and instead produces a stretched molecule 

(FIG. 1). 
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2 I 3 
R = H, R and R Irons side chains 

FIG. 1 

D-L Dipeptide in Deuterium Oxide 

In the D-L compound, according to the same model, the 

side-chain residues are trans and there is no steric hin

drance, so the molecule is found in a coiled form (FIG. 2). 

N0 

FIG. 2 

L-L Dipeptide in Deuterium Oxide 

Thus, in the L-L linear state, the aliphatic side-chain is 

deshielded relative to the D-L conformation by the charged 

amino species. The alternative explanation that assumes 

direct interaction of the side -chains through diamagnetic 

shielding of the aliphatic chain by the aromatic ring was 
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TABLE 1. Methyl Resonances of Alanyl Peptides 

Peptide21 N-Te 

L- Alanyl- L- alanine 

D- Alanyl- D- alanine 

L-Alanyl-D- alanine 

L- Alanyl - L- alanyl- L- alanine 

L-Alanyl-D-alanyl-L-alanine 

D-Alanyl-L-alanyl-L-alanine 

D-Alanyl-D-alanyl- L-alanine 

jrminal 

92.8 

93.0 

91.1 

93. 1 

91.2 

91-5 

92.9 

Central 

- - -

- - -

84. 1 

83.0 

83.9 

83.4 

C-Terminal 

80.9 

80.0 

81.1 

79-6 

78.9 

79.6 

79.0 

All spectra were determined on a Varian A-60 spectrometer 

with the center of gravity of the chemical shift given in hertz 

downfield from sodium dimethylsilapentylsulfonic acid. 

The compounds were dissolved in deuterium oxide and the 

pH values were adjusted to 5-6 with addition of deuterio-

acetic acid or sodium deuterioxide. The e r ro r of measure

ment was ± 0. 5 Hz. 

avoided because, in both of the d ias tereomers , the signal 

of the protons of the benzene ring coincide exactly. 

The first application of magnetic non-equivalence in 

diastereoisomeric pairs was in a study of alanyl di- and 

tripeptides, for which it was concluded that these compounds 
29 have identical n. m. r. spectra . However, a reexamination 
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of a more complete ser ies revealed a small net change in 

the chemical shift resonances of the methyl resonances 
30 between the L-L and L-D peptides (Table 1) . 

Although variations in spectra between the various dias

tereoisomeric alanyl-alanines and alanyl-alanyl-alanines 

were only slight (0-2 Hz. ), the methyl resonances of various 

blocked N-acyl peptide derivatives of alanine containing an 

aromatic ring had sufficient differences between the L-L 

(or D-D) and D-L (or L-D) compounds to be used as a con

venient tool for the analysis of racemization. As in previous 

studies, the methyl doublet signal in a L-L compound is at 

a lower field than the equivalent signal for the D-L (or L-D) 

analog. The visual presence of two sets of doublets (an L-L 

doublet and a D-L or L-D doublet) in the aliphatic region of 

the spectra of a sample indicates the presence of a racemate 

(Table 2). 

Using this technique with N-acyl-alanyl-phenylalanine 

methyl es te rs or N-acyl-phenylalanyl-alanine methyl e s te r s , 

it was possible to examine the influence of several coupling 

agents and N-acyl protecting groups on the extent of racemi

zation during peptide synthesis. By area integration of the 

separated L-L and D-L (or L-D) resonances in a racemized 

sample, a quantitative analysis was easily achieved without 

the need to physically separate the individual diastereoisomers 

(Table 3 ) 3 1 . 

375 



T
A

B
L

E
 2

. 
M

et
h

y
l 

R
e

so
n

a
n

c
e

s 
of

 
V

a
ri

o
u

s 
N

-A
cy

l 
P

e
p

ti
d

e
 D

e
ri

v
a

ti
v

e
s 

td
 

0
 TI m 

p
e

p
ti

d
e

a
 

L
-L

(o
r 

D
-

D
)

~
 D

-L
(o

r 
L

-D
) 

5 H
 

N
-A

c
e
ty

l-
 L

(o
r 

D
)-

a
la

n
y

l-
0

- 
b

e
n

z
y

l-
 L

- 
ty

ro
si

n
e

 m
e

th
y

l 
e

s
te

r 
7

8
. 

0
 

7
4

.0
 

N
- 
A

c
e

ty
l-

 L
(o

r 
D

)-
a

la
n

y
l-

 L
-p

h
e
n

y
la

la
n

in
e
 m

e
th

y
l 

e
s

te
r 

7
8

.4
 

7
0

. 4
 

N
- 

B
e
n

z
o

y
l-

 L
(o

r 
D

)-
p

h
e
n

y
la

la
n

y
l-

 L
-a

la
n

in
e

 m
e

th
y

l 
e

s
te

r 
7

9
. 

5
 

7
4

. 
5
 

N
-B

o
c

-L
-p

h
e

n
y

la
la

n
y

l-
L

(o
r 

D
)-

a
la

n
in

e
 m

e
th

y
l 

e
s
te

r 
8

0
. 9

 
7

5
.4

 

N
-F

o
rm

y
l-

 L
-a

la
n

y
l-

 L
(o

r 
D

)-
p

h
e
n

y
la

la
n

in
e
 m

e
th

y
l 

e
s
te

r 
8

0
. 

5
 

74
. 

8
 

N
-C

b
z-

 g
ly

c
y

l-
 L

(o
r 

D
)-

a
la

n
y

l-
 L

-p
h

e
n

y
la

la
n

in
e
 

7
5

. 
5

 
74

. 
5

 

N
- 

C
b

z
- 

g
ly

c
y

l-
 L

(o
r 

D
)-

p
h

e
n

y
la

la
n

y
l-

D
-a

la
n

in
e

 b
en

zy
l 

e
s

te
r 

77
. 

5 
69

. 
5

 
p
-
 

-
 
-
 

-
-
 

a
 C

o
m

p
o

u
n

d
s 

li
st

e
d

 h
e

re
 w

e
re

 p
re

p
a

re
d

 b
y 

st
a

n
d

a
rd

 p
ro

c
e

d
u

re
s 

an
d

 h
a
d

 p
h

y
si

c
a

l 

c
o

n
st

a
n

ts
 i

n
 a

g
re

e
m

e
n

t 
w

it
h

 l
it

e
ra

tu
re

 v
a

lu
e

s.
 

b
~

l
l

 
s
p

e
c

tr
a

 w
e

re
 d

e
te

rm
in

e
d

 o
n

 a
 V

a
ri

a
n

 A
-6

0
 

sp
e

c
tr

o
m

e
te

r 
w

it
h

 t
h

e 
c

e
n

te
r 

of
 

g
ra

v
it

y
 

of
 

th
e 

c
h

e
m

ic
a

l 
sh

if
t 

g
iv

en
 i

n
 

h
e

rt
z

 
d

o
w

n
fi

el
d

 f
ro

m
 t

e 
tr

a
m

e
 th

y
ls

il
a

n
e

. 
T

h
e 

co
m

p
o

u
n

d
s 

w
e

re
 d

is
so

lv
e

d
 i

n
 d

e
u

te
ri

o
c

h
lo

ro
fo

rm
. 



T
A

B
L

E
 3

. 
D

e
g

re
e

 o
f 

R
a

c
e

m
iz

a
ti

o
n

 D
u

ri
n

g
 P

e
p

ti
d

e
 B

o
n

d
 F

o
rm

a
ti

o
n

 

C
o

m
p

o
n

e
n

t 
C

o
n

d
e

n
s 

d
 

O
/o

D
-L

 o
r

 L
-D

 i
n

 P
ro

d
u

c
t 

w
it

h
 C

o
u

p
li

n
g

 ~
~

e
n

t
'

 
5
 

M
e

th
y

l 
~

c
t

i
v

a
t

e
d

~
' 

w
it

h
a

 
C

D
I 

K
 

D
C

C
 

E
D

C
 

R
e

so
n

a
n

c
e

 
L

-L
 

D
-

L
o

r
 L

-D
 

F
o

r
 - L

- 
A

la
 

F
o

r-
 L

-P
h

e
 

A
c

-L
-A

la
 

A
c

-L
-P

h
e

 

B
z

-L
-A

la
 

B
z

- 
L

-P
h

e
 

L
- 

P
h

e
 - O

M
e 

L
-A

la
-O

M
e

 

L
- 

P
h

e
 -

0
M

e
 

L
-A

la
-O

M
e

 

L
- 

P
h

e
-O

M
e

 

L
-A

la
-O

M
e

 

L
-A

la
-O

M
e

 

L
-A

la
- 

O
M

e 

L
- 

A
la

-O
M

e
 

a
 F

o
r 

=
 
fo

rm
y

l;
 

a
ll

 o
th

e
r 

a
b

b
re

v
ia

te
d

 d
e

si
g

n
a

ti
o

n
s 

of
 

c
o

m
p

o
u

n
d

s 
fo

ll
o

w
 I

U
P

A
C

-I
U

B
 r

u
le

s
. 

W
 

b
~

h
e

 
o

p
ti

c
a

l 
p

u
ri

ty
 o

f 
th

e 
s

ta
rt

in
g

 m
a

te
ri

a
ls

 w
a

s
 v

e
ri

fi
e

d
 b

y 
g

a
s-

li
q

u
id

 p
a

rt
it

io
n

 c
h

ro
m

a
to

g
ra

p
h

y
: 

N
-a

c
e

ty
l 

a
n

d
 N

- 
b

e
n

z
o

y
l 

c
o

m
p

o
u

n
d

s 
w

e
re

 c
o

n
v

e
rt

e
d

 t
o

 t
h

e 
m

e
n

th
y

l 
e

s
te

r 
d

e
ri

v
a

ti
v

e
s,

 
w

h
il

e
 t

h
e

 
i H N

 
>

 
N

-f
o

rm
y

l 
c

o
m

p
o

u
n

d
s 

w
e

re
 h

y
d

ro
ly

z
e

d
 a

n
d

 a
n

a
ly

z
e

d
 a

s
 t

h
e 

N
-t

ri
fl

u
o

ro
a

c
e

ty
l-

L
-p

ro
ly

l 
p

e
p

ti
d

e
 

Y
 

H
 

e
s

te
rs

; 
th

e
 m

e
th

y
l 

e
s

te
r 

c
o

m
p

o
u

n
d

s 
w

e
re

 a
s

s
a

y
e

d
 s

im
il

a
rl

y
. 

 h
e
 l

im
it

 o
f 

m
e

a
s

u
re

m
e

n
t 

w
a

s
 

0
 

z
 

g
e

n
e

ra
ll

y
 3

70
, 

a
lt

h
o

u
g

h
 i

n
 s

o
m

e
 c

a
se

s 
a

 m
o

re
 a

c
c

u
ra

te
 v

a
lu

e
 w

a
s 

o
b

ta
in

e
d

 b
y 

d
u

p
li

c
a

te
 p

ro
c

e
d

u
re

s.
 

b
j * 

d
~

l
l

 
s

p
e

c
tr

a
 w

e
re

 d
e

te
rm

in
e

d
 o

n
 a

 V
a

ri
a

n
 

A
- 

6
0

 s
p

e
c

tr
o

m
e

te
r 

w
it

h
 t

h
e

 c
e

n
te

r 
of

 
g

ra
v

it
y

 o
f 

th
e 

2
 z 

c
h

e
m

ic
a

l 
sh

if
t 

g
iv

e
n

 i
n

 h
e

rt
z

 d
o

w
n

fi
e

ld
 f

ro
m

 t
e

tr
a

m
e

th
y

ls
il

a
n

e
 (

J
=

7
. 2

 
2
 

0.
 3

 H
z

).
 

T
h

e
 c

o
m

p
o

u
n

d
s 

w
e

re
 d

is
so

lv
e

d
 i

n
 d

e
u

te
ri

o
c

h
lo

ro
fo

rm
 (

d
e

u
te

ri
o

e
th

a
n

o
l 

fo
r 

th
e 

te
tr

a
p

e
p

ti
d

e
).

 



BORIS WEINSTEIN 

In order to extend this work, a related diastereoisomeric 

ser ies has been prepared that involves the remaining 

aromatic amino-acids histidine, tryptophan, and tyrosine. 

It appears a similar alanyl shift exists in these systems, 

32 too (Table 4) . 

At this time, no elaborate discussion will be given as 

to the precise conformational shape that these dipeptides 

take in solution. Yet, one must note that the factors 

il lustrated in FIGS. 1 and 2 do not apply here, as they are 

derived from the shape of the zwitterionic species in 

deuterium oxide, and the current data concerns blocked 

peptides in deuteriochloroform. It is believed that the 

results of Table 4 are a combination of both steric hindrance 

and dimagnetic shielding. For example, N-benzyloxycarbonyl-

L-alanyl-L-tyrosine methyl ester and N-benzyloxycar-

bonyl-D-alanyl-L-tyrosine methyl ester exhibit identical 

spectra - - a somewhat unexpected result - - but, this 

situation is possibly due to s ter ic requirements that prevent 

the juxtaposition of the side- chains in either isomer . One 

additional case meri ts discussion at this time. The aliphatic 

shift for the L-D isomer relative to the L-L isomer in the 

N-benzyloxycarbonylhistidylalanine methyl es ters is 

downfield instead of upfield as in all other dipeptide pairs . 

It may be surmised the aliphatic side-chain is diamagnetically 
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sh ie lded by the a r o m a t i c r ing in the L - L i s o m e r r a t h e r 

than the L -D i s o m e r . Again, s t e r i c h ind rance i s the 

p robable f ac to r . 

TABLE 4. Methyl R e s o n a n c e s of N-Acy l Pep t ide D e r i v a t i v e s 

Compound 
Methyl 

Shift 
Difference 

Resonance L L - L D ( o r D - L ) 

Z - L ( o r D ) - a l a - L ( o r D ) - a l a - O M e 

Z - L - h i s - L - a l a - O M e 

Z - L - h i s - D - a l a - O M e 

N™ - Z - N l m - b z - L - h i s - L - a l a - O M e 

N " - Z - N i m - b z - L - h i s - D - a l a - O M e 

Z - L-phe - L- a l a - OMe 

Z - L - p h e - D - a l a - O M e 

Z - L - a l a - L - p h e - O M e 

Z - D - a l a - L - p h e - O M e 

Z - L - t r y - L - a l a - O M e 

Z - L - t r y - D - a l a - O M e 

Z - L - a l a - L - t r y - O M e 

Z - D - a l a - L - t r y - O M e 

Z - L - t y r - L - a l a - OMe 

Z - D - t y r - L - a l a - O M e 

Z - L - a l a - L - t y r - O M e 

Z - D- a l a - L - tyr - OMe 

N, O - d i - Z - L - t y r - L - a l a - O M e 

N, O - d i - Z - L - t y r - D - a l a - O M e 

83. 5 

76. 5'l 

74.0 J 
73. 0~\ 

77. 5 J 
79. 5 j 

73. 5 / 

78. OJ 

76. OJ 

74. 0 | 

66. o / 

0 

2. 5 

- 4 . 5 

6 

2 

8 

77. 5"! 

75. 5J 

79. 5 

75. 5 

79. 5 

79. 5 

79 .0 

73. 5 
5. 5 

a A l l s p e c t r a w e r e d e t e r m i n e d on a V a r i a n A-60 s p e c t r o m e t e r 

wi th the c e n t e r of g rav i ty of the c h e m i c a l shift given in h e r t z 

downfield f r o m t e t r a m e t h y l s i l a n e . The compounds w e r e 

d i s s o l v e d in d e u t e r i o c h l o r o f o r m (deu te r iod imethy l su l fox ide 

for the l a s t two produc t s ) and the concen t r a t i on was 7. 5% 

(we igh t / vo lume) . 
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If t h e r e a r e objec t ions to the use of a r o m a t i c r e s i d u e s 

in this type of a n a l y s i s , then the d ipep t ides N-benzy loxy-

c a r b o n y l - L - a l a n y l - L - a l a n i n e benzyl e s t e r and 

N - b e n z y l o x y c a r b o n y l - L - a l a n y l - D - a l a n i n e benzyl e s t e r m a y 

be of i n t e r e s t , s ince a r e l a t e d shift i s found for the 

me thy l group in the second a lanyl r e s i d u e due to the 

33 p r o x i m i t y of the benzyl e s t e r r ing 

The bas i c me thod d i s c u s s e d h e r e has been adopted by 

o the r w o r k e r s to d e t e r m i n e both the amount of r a c e m i z a t i o n 

o c c u r r i n g in the fo rma t ion of L - a l a n y l - L - p h e n y l a l a n i n e 

34 
through use of 2, 5 - th iazo l id inediones and to verify the 

35 conf igura t ion of s o m e a l a n y l - c y c l o s e r i n e d e r i v a t i v e s 

As a m o d e l compound for future r a c e m i z a t i o n s t u d i e s , 

the de r iva t i ve N - a c e t y l - p h e n y l a l a n y l - a l a n i n e me thy l 

e s t e r is sugges t ed for fu r the r a p p l i c a t i o n s . The advan tages 

a r e a s fol lows: the ace ty l g roup i s known to be v e r y poor 

f r o m the p r o t e c t i o n viewpoint - - t hus , a t rue index of 

r a c e m i z a t i o n can be built for a l a r g e a r r a y of coupling 

agen t s ; next , the pheny la l any l -a l an ine unit gives a 

s a t i s f a c t o r y sh ie ld ing va lue , which a l lows i n t e g r a t i o n of 

m e t h y l doublet a r e a s to be done without difficulty; and, the 

ace ty l and me thy l e s t e r s ing le t s in the n. m . r . s p e c t r u m 

provide convenient , i n t e r n a l s t a n d a r d i z a t i o n v a l u e s . A 

typica l such s p e c t r u m is i l l u s t r a t e d in FIG. 3. 
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FIG. 3 
N. M. R. Spectra of Diastereoisomers of N-Acetyl-
Phenylalanine-alanine Methyl Ester : D-L (top); 
L-L (middle); 50% L-L and 50% D-L (bottom) 
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In a general experiment, a solution of N-acetyl-L-

phenylalanine and L-alanine methyl ester is coupled with 

the aid of some suitable agent. The organic phase is then 

washed one or more times with dilute acid, dilute base, 

water, and dried, so as to remove any extraneous n. m. r. 

signals in the aliphatic region. After removal of the 

solvent, the dipeptide is dissolved in deuteriochloroform 

for measurement purposes. To prevent a preferential 

concentration or fractionation of one of the optical i somers , 

the solid or oily product is not crystallized. 

With a racemic product, three peaks are seen in 

the aliphatic region of the n. m. r. spectrum, which is a 

result of an overlap of the L-L and D-L doublets. The 

signals are integrated to obtain the areas of the first two 

(downfield) peaks (due to the L-L doublet plus one-half of 

the D-L doublet) and the area of the third (upfield) peak 

(due to one half of the D-L doublet). Twice the area of the 

third (upfield) peak (the total area of the D-L doublet) 

divided by the total area of all three peaks (the total L-L 

plus D-L) gives the fraction of D-L isomer in the racemate. 

The integration can be done several times and the results 

averaged for a statistical treatment. To test the validity 

of the resul ts , artificial mixtures were prepared with a 

known percent of the D-L isomer . The integrations were 
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taken and the p e r c e n t D - L i s o m e r ca lcu la ted as ind ica ted 

h e r e . The p r e c i s i o n among the m e a s u r e d va lues was found 

to be 3%. F o r m i x t u r e s with l e s s than 10% D - L i s o m e r , the 

T-60 n. m . r . s p e c t r o m e t e r was used , i n s t ead of the o lder 

A - 6 0 , s ince the be t t e r s i g n a l - t o - n o i s e r a t io p e r m i t t e d 

de tec t ion of r a c e m i z a t i o n as low as 3% D - L i s o m e r . 

In s u m m a r y , the n. m. r . p r o c e d u r e for the an a ly s i s of 

r a c e m i z a t i o n in pept ide syn thes i s has s e v e r a l p r a c t i c a l and 

t h e o r e t i c a l advan tages over o the r s c h e m e s found in the 

l i t e r a t u r e : 

a. Convenience - - T h e r e is no need to i so la te or to 

c r y s t a l l i z e individual d i a s t e r e o i s o m e r i c pep t i de s . 

b. Gene ra l i t y - - Any N - p r o t e c t i n g , e s t e r blocking group 

or coupling agent can be eva lua ted in a faci le fashion. 

c. Models - - At l e a s t e ight a lanyl d ipept ides and 

s ix teen g lycy l - a l any l or a l any l -g lycy l t r i pep t ides can fu rn i sh 

me thy l doublet da ta . 

d. Rapidi ty - - Excluding the t ime needed for the r e a c t i o n 

and v a r i o u s w o r k - u p p r o c e d u r e s , a typica l n. m . r . s can 

takes only a few m i n u t e s , which inc ludes a r e a in t eg ra t ion , 

too. 

e. Sens i t iv i ty - - A typica l value i s useful to within 

13 
£ 3 % ; h o w e v e r , a c o m p a r i s o n with the aid of a C side-1 

peak i n c r e a s e s the a c c u r a c y by at l e a s t ten t i m e s . 
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f. S t anda rd iza t ion - - By choos ing a su i tab le d i - or 

t r i - p e p t i d e , a hos t of s e c o n d a r y f ac to r s involved in r a c e m i z 

a t ion , such as changes in solvent o r base c o n c e n t r a t i o n can 

be s tudied at l e i s u r e . 

F ina l ly , we migh t men t ion that ano ther me thod for the 

ana ly s i s of r a c e m i z a t i o n by n. m . r . s p e c t r o s c o p y could 

involve the use of a solvent effect - - for e x a m p l e , an 

opt ica l ly ac t ive solvent that b inds , coo rd ina t e s o r sh ie lds 

the dipept ide amide bond in a spec i a l m a n n e r . 

T r i d e u t e r i o m e t h y l p h e n y l sulfoxide, CD.SOC/H,- , has been 

eva lua ted in this r e s p e c t and some evidence has been 

a c c u m u l a t e d that the d e s i r e d separa t ion is being seen; 

however , a definite me thod m u s t be deve loped before 

3 6 
addi t ional c l a i m s a r e made at this t ime 
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STRUCTURAL STUDIES ON NISIN 
Erhard Gross and John L. Morell 
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Bethesda, Maryland 

The isolation of an inhibitory substance from 

Streptococcus lactis which prevents the growth of 

Streptococci and Lactobacillus bulgaricus , predated 
2 

that of penicillin by one year. The producing strain of the 
3 

microorganism belongs to the Lancefield Group N which is 

reflected in the name of the antibiotic (Nisin = Group N 

Inhibitory Substance + in, the terminating letters in names 

given antibiotics). 

Thus far, nisin has not shared the prominence of penicillin 

as antibacterial agent. I 'his, no doubt, is in part the result 

of the reported poor solubility of nisin. Nisin does, however, 

reserve for itself a distinct role as unique food preservative 

in European countries and in other parts of the world, but 

not in the United States. 

By its very origin nisin would appear to be a substance 

producing few or no side effects when consumed by man. 

It has actually been shown that nisin occurs in various con

centrations in milk and in milk products as the result of 
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con tamina t ion with n i s i n - p r o d u c i n g s t r a i n s of S t r ep to co ccu s 

l a c t i s . N i s in m u s t t h e r e f o r e have been c o n s u m e d for c e n 

t u r i e s by m i l l i o n s of people ove r the i r n o r m a l life span, 

evident ly without i l l e f fec ts . 

The p r o t e i n or polypept ide n a t u r e of n i s in was r e c o g -

4 
n ized e a r l y . As m a n y as five different po lypept ides have 

5 

been c l a i m e d to be p r e s e n t in n i s in . This is not neces 

s a r i l y the c a s e and wil l have to awai t c l a r i f i ca t ion in view 

of our findings to be d i s c u s s e d subsequen t ly . 

The p r e s e n c e of lanthionine and (3 -me thy l l an th ion ine 

in n i s in was in i t i a l ly of i n t e r e s t to u s . We con templa t ed 

7 
ex tens ion of the Cyanogen B r o m i d e Reac t ion to these 

th ioe the r amino a c i d s , found, howeve r , that lanthionine 

and (3 -me thy l l an th ion ine do not r e a c t with cyanogen b romide 

7 8 
under the condi t ions c o m m o n l y employed ' . 

A m o r e i n t e r e s t i n g o b s e r v a t i o n was m a d e dur ing the 

9 
pur i f i ca t ion of c o m m e r c i a l l y ava i l ab le n i s in . The m a t e r i a l 

r e p r e s e n t e d by the las t peak of FIG. 1 is py ruvy l lys ine which 

o r i g i n a t e s f r o m the C O O H - t e r m i n a l sequence d e h y d r o 

a l any l lys ine of n i s in 

One migh t have been t empted to d i s c a r d the low m o l e c u 

l a r weight componen t s f r o m gel c h r o m a t o g r a p h y on SEPHADEX 

as c o n t a m i n a n t s . However , p a s s a g e ove r a 6 0 - c m co lumn 

of the amino ac id a n a l y z e r showed the m a t e r i a l to be 

e lu ted a s a d i s t inc t mo ie ty (of FIG. 2B). Tota l h y d r o l y s i s 
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1.5 

a. 
E 
O 
oo 
" L O r 
=». 
E 
o 
to 
CM 

b .5-

fr 1 

1 

NISIN 

A 8 B "pur i f ied" NISIN 

30 ic IO6 uni ts /g. 

GEL FILTRATION 

on SEPHADEX G-25 

( 6 x 1 2 0 c m ) 

,_A , 
50 100 150 200 

FRACTION N0./0.2 N AcOH 

FIG. 1 

Pu r i f i ca t ion of Nis in . Gel c h r o m a t o g r a p h y on Sephadex 
G-25 (6 x 120 cm; 0. 2 N ace t i c acid) 

y ie lded only l y s ine , d in i t ropheny la t ion and h y d r o l y s i s 

N - d i n i t r o p h e n y l l y s i n e . The a - H ? N - g r o u p of l y s ine , 

obvious ly , i s a cy l a t ed . Our work ing hypo thes i s of a 

p r e c u r s o r in n i s in in the f o r m of an a , (3 - u n s a t u r a t e d 

12 
amino ac id and the a t t a c h m e n t of an a -ke toacy l group to 

the a - a m i n o g roup of lys ine was suppor ted when t r e a t m e n t 

of the low m o l e c u l a r weight m a t e r i a l with o-phenylene 

13 
d iamine r e s u l t e d in the l i be r a t i on of ly s ine . The 

a - k e t o a c y l g roup was c h a r a c t e r i z e d by ox ime f o r m a t i o n 
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PYRUVYLLYSINE LU™'* 
SYNTHETIC 

PYRUVYLLYSINE \^f 
FROM NISIN 

7days:37°C (14% PYULYS) 

HCI/AcOW. 115°C, 10 min. 0.85 rmo!es 

:-& 

^fQ*£jy\-~JJ \m 

' I 

120 » ICO ml.effl. 
0.2NNa-CITRATE, pH = 3.25 ihr30min pH = 4.25 

FIG. 2 

Chromatography of Pyruvyllysine on Beckman Custom Resin 
AA 15 

A. synthetic pyruvyllysine 
B. pyruvyllysine isolated from nisen. 
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and r e d u c t i o n to a lan ine under acy la t ing condi t ions 

O 

O-C-J N H - C H - C H 2 - C H 2 - C H 2 - C H 2 - N H 2 

I 
CH3 COOH 

O +H2NOH 

H O N = C - C - N H - C H - C H 2 - C H 2 - C H 2 - C H 2 - N H 2 

CH COOH 

P d - b l a c k / H , 

ace t i c acid 

H0C-C-HN-CH-C-NH-CH-CH0-CH„-CH„-CH0-NH 

CH- COOH 

& 
H3C-C=0 

H 2 0/H 

H-C-C-OH+H„N-CH-C-OH + H„N-CH-CH0-CH -CH0-CH„ 3 n 2 I 2 I 2 2 2 | 2 
CH3 COOH NH2 

ACETIC ACID ALANINE LYSINE 

H3C-CJ-OH 

ACETIC ACID 

P y r u v y l l y s i n e was syn thes i zed following a p r o c e d u r e 

14 
r e p o r t e d by B e r g m a n n and Grafe , and c o m p a r e d with the 

p roduc t i so l a t ed f r o m n is in (cf. F i g s . 2 A+B) . 
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0 
H3C-C-NH2 

H,C-C-NH0 3 6 2 

a c e t a m i d e 

0=C 
/ C H 3 

^COOH 

p y r u v i c a c i d 

115° C 
20 mm; 2-3 h r s 

9 
H-C-C-NH CH-

3 \ / 3 
C 

/ \ 
H.C-C-NH COOH 

J 6 
OjOf-d iace taminoprop ion ic a c i d 0 

( C H 3 - C - 0 ) 2 0 , 100"C , 4 h r s . 

F ina l ly , the p r e s e n c e of dehydroa lan ine in n i s in was 

proved d i r e c t l y by the addi t ion of m e r c a p t a n s to the 

a , |3 - u n s a t u r a t e d amino ac id . The addi t ion of m e r c a p t o -

a c e t a m i d e , for i n s t a n c e , resu l ted in the fo rma t ion of a 

p roduc t which yie lded S - c a r b o x y m e t h y l c y s t e i n e af ter to ta l 

h y d r o l y s i s . 

M e t h y l m e r c a p t a n was added to n i s in with the in tent ion 

of fo rming S - m e t h y l c y s t e i n e for subsequen t r e a c t i o n with 

cyanogen b r o m i d e . However , at 0 C the r e a c t i o n does 

not p r o c e e d with the fo rma t ion of s e r i n e 15 
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q 
H0C-c'-NH CH-3 N / 3 

C 
/ \ 

N C=0 
H 1 

TT f r* n 
H-L, L U 

(azlactone) 
(in MeOH) 

0 
H-C-C-NH CH, 

C 
/ X 

H0C-C-NH C-NH-
3 || II 

+ 

> 

COO 
1 

•CH-

< 

Bz 

(CH2 

COOBz 
1 H2N-CH-(CH2)4-NHCbo 

(in Et20) 

room temp., 30 min. 

).-NHCbo 4 

1. Pd/C./H2 

2. HC1 sat. AcOH, L10°C, 10 min. 
(open tube) 

2 H-C-C-NHo+0=C 
3 II 2 \ 

^ C H 3 

COOH 

C-NH-CH-(CHo).-NH0 II 2'4 2 
0 

pyruvyllysine 

] 6 
Subti l in , a pept ide an t ib io t ic f r o m Baci l lus subt i l i s 

conta ins a l so lanthionine and (3 -me thy l l an th ion ine . We 

asked the ques t ion : does it a l so contain d e h y d r o a l a n i n e ? 

Indeed, it d o e s . Not only that , the C O O H - t e r m i n a l s equence 

17 
is i den t i ca l wi th that of n i s in , n a m e l y d e h y d r o a l a n y l l y s i n e , 

which ind ica t e s i n t e r e s t i n g phylogenet ic a s p e c t s for the 
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pep t ides f r o m dif ferent m i c r o o r g a n i s m s . Both an t ib io t i cs 

18 19 

a r e inac t iva ted by n i s i n a s e ; the mode of ac t ion of this 

enzyme m a y wel l be that of d e h y d r o p e p t i d a s e . 

The p a r t i a l subs t i tu t ion technique of B a t t e r s b y and 
20 Cra ig p roved to be the me thod of choice to e s t a b l i s h the 

m o l e c u l a r weight of n i s in . F r o m the ex t inc t ion of m o n o -

d in i t ropheny la ted n i s in at 360 muthe m o l e c u l a r weight of 

n i s in was ca l cu la t ed to be 3500, r a t h e r than 7000 as p r e -
21 

v ious ly r e p o r t e d . T h e r e is no m a j o r component of 

22 
m o l e c u l a r weight 7000 in pur i f ied n i s in , nor is t he r e 

22 
r o o m or the need for subunit c o n s i d e r a t i o n a n d / o r 

f o r m a t i o n of such under a lka l ine condi t ions . 

We dec ided the ques t ion of f r agmen t ing n i s in in favor 
7 

of the app l ica t ion of the Cyanogen B r o m i d e Reac t ion . We 

had a l so cons ide red t ryp t i c d iges t ion , but felt , that the 

poor solubi l i ty of n i s in at pH~7 alone would s tand in the 

way of s a t i s f a c t o r y f r a g m e n t fo rma t ion . 

F r o m the p r e s e n c e of two r e s i d u e s of meth ion ine in 

n i s in , one m a y expec t t h r ee f r a g m e n t s upon c leavage of the 

me th iony l pept ide bonds by cyanogen b r o m i d e . Only two 

a r e obta ined. Two of the pos s ib l e f r a g m e n t s a r e c r o s s -

l inked by lanthionine r e s i d u e s . 

The f r agmen ta t i on is s c h e m a t i c a l l y p r e s e n t e d in F ig . 3. 

Cleavage of the me th iony l ly sy l bond is exceedingly slow at 
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0 C and the cleavage of the methionylglycyl bond alone 

does not result in fragmentation at all. In order to bring 

about more extensive cleavage of the methionyllysyl bond, 

the reaction was continued at 0 C for 48 hours or allowed 

to proceed at 37 C (cf. FIG. 4) for a total of 24 hours. 

Continuation of the reaction at 0 C is to be preferred, 

since it assures preservation of the additional a , |3 -unsatu-
25 rated amino acids in nisin, which we intend to utilize 

for fragmentation via amide and keto acid formation. 

H2N-ILEU- L A N -

H 2 N- ILEU- tAN-

(A)-CH3-DHA,DHA,LAN2) -| 

MET-GLY-ASP-(AA)e ' 

(/3-CH3-DHA,DHA,LAN2)-

HSL H2N-GLY-ASP-(AA)8 

I — L A N 1 
- M E T - L Y S 

LAN-(AA),-1 0 

C-DHA-LYS-COOH 

CYANOGEN BROMIDE 
0°, 24 hrs, 6 0 % HCOOH 

- MET-LYS 

-LAN-

LAN-(AA), 

C-DHA-LYS-COOH 
II 

0 

FIG. 3 
The Action of Cyanogen Bromide on Nisin. Conditions: 
0 C, 24 h r s , 60% formic acid. DHA=dehydroalanine; 
(3 -CH,-DHA=(3 -methyldehydroalanine HSLr=homoserine 
lactone; LAN=lanthionine or (3 -methyllanthionine, 
AA^other amino acids. 

The fragments resulting from cleavage of the methionyl 

peptide bonds of nisin with cyanogen bromide were separated 

by gel chromatography and counter current distribution. 

The reaction mixture was first passed over a column of 
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•.(/3-CH3-DHA,DHA,LAN2) , 

H2N-ILEU- LAN -MET-LYS-

H2N-ILEU-1AN-

• HSL H2N-GLY-ASP-(AA)B-I 

r-(i3-CH3-DHA,DHA,LAN2) 1 

HSL H2N"6LY-ASP-(AA) 

-LAN-

-LAN-(AA), 

-C-DHA-LYS-COOH 
II 

. 0 

CYANOGEN BROMIDE 
37°, 24 hrs, 60% HCOOH 

i—LAN—i 

•HSL+H,N-LYS 

4. AN-(A A), 

-C-DHA-LYS-COOH 
II 

J 0 

FIG. 4 

The Action of Cyanogen B r o m i d e on Nis in . Condi t ions : 
37°C, 24 h r s , 60% f o r m i c acid; DHA = dehydroa l an ine , 
|3 - C H , - DHA -: (3 - m e t h y l d e h y d r o a l a n i n e , HSL. - h o m o s e r i n e 
l a c t o n e ; - L A N = lanthionine or (3 -me thy l l an th ion ine , 
A A ; o the r amino a c i d s . 

Sephadex G-25 . The r e s u l t i n g c h r o m a t o g r a m is shown in 

FIG. 5. F r o m left to r igh t we encoun te r a peak r e p r e s e n t i n g 

m a t e r i a l of d i s t inc t ly high m o l e c u l a r weight , a second peak 

r e p r e s e n t i n g n i s in in which only the meth iony lg lycy l bond 

has been c leaved m o n o - ( M E T —> HSL) n is in l and of p o l y m e r s 

of n i s in and f r a g m e n t s of n is in . The th i rd peak r e p r e s e n t s the 

two f r a g m e n t s of n i s in ident if ied as H - N - t e r m i n a l and 

C O O H - t e r m i n a l f r a g m e n t . 

The components of the m i x t u r e of H - N - t e r m i n a l and 

C O O H - t e r m i n a l f r a g m e n t s w e r e s e p a r a t e d by counter c u r r e n t 

d i s t r i bu t ion in the so lvent s y s t e m ( v / v ) : w a t e r (2. 0), 

n -bu tano l (1 . 5), g lac ia l a ce t i c ac id (0. 5). The d i s t r i bu t ion 

p a t t e r n is shown in FIG. 6. F r o m left to r igh t the f i r s t 
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OD 
250 
mjx 

1 \ 

COOH-term. I 1 
fcgml. (1) 1 j 

HjN-term. I 1 
figmts. (2) 1 1 1 

1 

1 NISIN 
1 + CYANOGEN BROMIDE 
1 (0°C.) 
1 SEPHADEX G-25 
I 6 * 120cm; 0.2 N AcOH 

1 mono-(MET—HSL) 
1 NISIN 

1 + 
1 Oimers etc. 

1 / \High mole-
l / icular weight 
\1 1 material 

1 1 1 60~ 120 100 8 0 TUBE NO. 

FIG. 5 

Separation of Fragments of Nisin Resulting from Cleavage 
with Cyanogen Bromide. Sephadex G-25, 6 x 120 cm, 
0. 2 N acetic acid. 

peak represents the COOH-terminal fragment, the second 

peak the NH--terminal fragment in which the methionylglycyl 

bond has been cleaved QMET - GLY •> -HSL GLY - ) -

H-N-terminal fragment! . The third peak represents a 

small amount of H-H-terminal fragment, in which the MET -
27 GLY bond has not been cleaved 

399 

file:///High


E. GROSS AND J. L. MORELL 

250 

1.5 

1.0 

0.5 

-

- J 

COOH-term. 
A frgmt. 

N I S I N + CYANOGEN BROMIDE 

H2N-term. + COOH-term. frgmts. 

CCD: HjO: n-BuOH: AcOH = 2:1.5:0.5 

(MET-GLY-i- -HSL + GLY-)-
NH2- lerm. frgmt, 

/ \ HgN-term. frgmt. 

50 100 

FIG. 6 

150 TUBE NO. 2 0 0 

Sepa ra t ion of F r a g m e n t s of Nis in Resu l t ing f r o m Cleavage 
with Cyanogen B r o m i d e . Counter c u r r e n t d i s t r ibu t ion ; 
so lvent sys tem ( v / v ) : w a t e r (2 .0 ) , n -bu tano l (1. 5), g lac ia l 
ace t i c acid (0. 5). 

The amino acid compos i t i ons of the H ? N - t e r m i n a l and 

C O O H - t e r m i n a l f r a g m e n t a r e r e c o r d e d in Table 1. The amino 

ac id compos i t ion of n i s in is p r e s e n t e d for the p u r p o s e of 

c o m p a r i s o n . 

S i m i l a r r e s u l t s w e r e obta ined when m o n o - d i n i t r o p h e n y l -

a ted n i s in f r o m the m o l e c u l a r weight d e t e r m i n a t i o n was 

a l lowed to r e a c t wi th cyanogen b r o m i d e . One s ignif icant 

d i f ference e n c o u n t e r e d dur ing gel c h r o m a t o g r a p h y of the 

4oo 
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TABLE 1. Amino Acid Compos i t ion of Nis in and of F r a g m e n t s 
of Nis in Obtained by Cleavage with Cyanogen 
B r o m i d e . 

AMINO ACID 

ASPARTIC ACID 

THREONINE 
SERINE 

GLUTAMIC ACID 

PROLINE 

GLYCINE 

ALANINE 

1/2 CYSTINE 
VALINE 

METHIONINE 

ISOLEUCINE 

LEUCINE 

TYROSINE 

PHENYLALANINE 
TRYPTOPHAN 

LYSINE 

HISTIDINE 

AMMONIA 
ARGININE 
LANTHIONINE 
0-CH3-LANTHIONINE 
DEHYDROALANINE 

0-CHj-DEHYDROALANINE 
HOMOSERINE 
HOMOSERINE LACTONE 

NUMBER OF RESIDUES 
NH2-terminal 

FRAGMENT 

1 

-

-
1 

3 
1 

-
2 
2 

-
-
-
1 

-
( 3 ) 

1 
2 
1 
1 

li 
18 

COOH-terminal 
FRAGMENT 

-

1 
-
— 
-
1 

1 

-
1 

-
-
-
-
2 

2 

( 1 ) 

Z 
1 

TT 

NISIN 

1 

1 
-
1 

3 
2 

1 

2 

3 
2 

-
-
-
3 

2 

(4 ) 

1 
4 
2 
1 

29" 

f r a g m e n t s was the s e p a r a t i o n of the m o n o - d i n i t r o p h e n y l 

d e r i v a t i v e of the C O O H - t e r m i n a l f r a g m e n t f r o m the H-,N-

t e r m i n a l f r a g m e n t s (cf. FIG. 7). The p r e s e n c e of the 

d in i t ropheny l group enhances adso rp t i on to Sephadex thus 

de laying the e lu t ion of the C O O H - t e r m i n a l f r agmen t . We 

know a l r e a d y that the N H 2 - g r o u p of one of the lys ine r e s i d u e s 
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i.o 

OD 
2 5 0 
lUfl 

mono-DINITROPHENYL-NlSIN / \ 
+ CYANOGEN BROMIDE {0°C.) J \ 

SEPHADEX G-25 6x120cm 
0.2 N AcOH 

I 1 NH2-term. 
1 frgmt. 

mono-DNP- 1 1 1 \ 
COOH-term. 1 1 1 \ 1 

frgmt 1 I \ I 

_j \) 
I 

\ 

1 
1 mono (MET—HSL) 
1 NISIN 
1 + 
1 Oimers etc. 

1 
\ High mole-
ocular weight 
^^material 

i ^ 
120 100 8 0 TUBE NO. 6 0 

FIG. 7 

Sepa ra t i on of F r a g m e n t s of m o n o - D i n i t r o p h e n y l n i s i n 
Resu l t ing f r o m Cleavage with Cyanogen B r o m i d e . 
Sephadex G-25, 6 x 120 cm. , 0. 2 N a c e t i c ac id . 

was the c a r r i e r of the d in i t rophenyl group . Since py ruvy l 

lys ine m a y s t i l l be r e l e a s e d f r o m the m o n o - d i n i t r o p h e n y l a t e d 

C O O H - t e r m i n a l f r agmen t the lys ine c a r r y i n g the d in i t rophenyl 

group is ident i f ied as that of the me th iony l ly sy l pept ide bond 

(cf. FIGS. 3 and 4). 

The p r e s e n c e of a , |3 - u n s a t u r a t e d amino ac ids in n i s in 

i m p o s e s a high d e g r e e of lab i l i ty ( c h e m i c a l reac t iv i ty ) upon 
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the molecule. One type of possible chemical interaction is 

shown in FIGS. 8 and 9. a , (3 -Unsaturated amino acids may 

be degraded with the formation of amides and keto acids. 

The reaction is reversible and a , p -unsaturations may be 

generated as the result of amide addition to keto groups. 

It should be observed that the generation of a , p -unsaturations 

-NH-CH-C-NH 

N is i r 
-HN-C-C=CHR 

6 
OJ J + H20 

-NH—CH—C—NH 

NISIN 

' HN—C—C-CH2R 

! I 
R 

I NH-CH-C-NH2 
I (AMIDE) 

NISIN 
1 HN-C-C-CH2R 

0 (KETO ACID) 

FIG. 8 

The Intramolecular Interaction of a , p -Unsaturated Amino 
Acids, Keto Acids, and Amides in Nisin. 

may proceed in a strictly reversible fashion, i . e . intra-

molecularly. However, new a ,p -unsaturations may also 

be generated intermolecularly (cf. FIG. 9, where the 
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, NH-CH-?-NH2 | NH-CH-C-NH, 
AMIDE I AMIDE 

NISIN NISIN 

I HN—C—5—CH..R I HN—C-C=CHR 
5 KETO ACID 0 

+ » 
D 0 R 0 

NH—CH—C—NH2 | NH—CH-C—NH 
A M I D E \ 

NISIN NISIN 

I HN—C—C-CH2R ' HN—C—C-CH2R 
5 KETO ACID 0 K E T 0 A C I D 

FIG. 9 

The I n t e r m o l e c u l a r In t e r ac t i on of a , p - U n s a t u r a t e d Amino 
Ac ids , Keto Ac ids , and Amides in Nis in . 

d i m e r i z a t i o n of two n i s in m o l e c u l e s is ind ica ted ) . The 

l a t t e r i n t e r a c t i o n expla ins m a n y o b s e r v a t i o n s m a d e in the 

c o u r s e of our s tud ies on n i s in and d e m o n s t r a t e s the s i g 

nif icance of a m i d e s and keto ac ids at the pept ide and 

poss ib ly the p ro te in leve l . 

If, for i n s t a n c e , we in spec t the d i s t r i bu t ion p a t t e r n of 

a l a rge amount (1000 mg) of n i s in (FIG. 10), we not ice a 

d i f ference in the s lopes of the peak of the m a j o r component . 

If we r e d i s t r i b u t e the m a t e r i a l ind ica ted by the c r o s s -

ha tched a r e a of FIG. 10, we find that the e x p e r i m e n t a l and 

t h e o r e t i c a l cu rve do not m a t c h , the d i f ference in s lopes is 

s t i l l p r e s e n t (FIG. H A ) . We m a y r e d i s t r i b u t e m a t e r i a l 

r e p r e s e n t e d by the r igh t hand half of the cu rve of FIG. H A 

and now find ma tch ing e x p e r i m e n t a l and t h e o r e t i c a l c u r v e s 
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FIG. 10 

200 

Purification of Nisin. Counter current distribution; solvent 
system (v/v): water (2.0), n-butanol (10 5), glacial acetic 
acid (0. 5). 

in FIG. 11 B. This, however, is misleading. By now, the 

amount of material has been reduced to such an extent that 

the differences are no longer observable. If we combined 

the material of several of the distributions of the type shown 

in FIG. 11 B we would again produce a pattern, reminis cent 

of that shown in FIG. IIA. 

What is the cause of this phenomenon? It is simply 

the type of interactions discussed earlier, the conversion 

of a. , f3 -unsaturated amino acids to amides and keto-acids 

and the regeneration of dehydroalanine and/ or f3 -methyldehy-

droalanine, either intra- orintermolecularly. 

The intermolecular type of interaction is clearly 

demonstrated by material of the second peak of FIG. 5, 
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Purification of Nisin. A. Redistribution of major nisin 
component (cf. cross-hatched area of Fig. 10). 
B. Redistribution of mater ia l represented by the right hand 
half of the peak of A. Solvent system (v/v): water (2.0), 
n-butanol (1. 5), glacial acetic acid (0. 5). 

Such mater ia l was cleaved exhaustively with cyanogen 

bromide, but eluted still in the same position. Only after 

treatment with hydrogen chloride in glacial acetic acid 

(100 C, 100 min. ) was it eluted at the volumes of the 

H ?N-terminal and COOH-terminal fragments and identified 

as those after counter current distribution. 

The ease of peptide bond formation from amides and 

keto acids, no doubt, is significant in the biosynthesis of 
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antibiotics such as nisin, subtilin, and others of their 

c lass . It is interesting that three a , p -unsaturations are 

preserved in nisin and have not been consumed by mercaptan 

28 

addition . Whether other nucleophiles are added to dehy

droalanine and whether amides are added to other keto 

acids, followed by reduction, is presently being studied 

in our laboratory. 

29 

Several enzymes containing keto acids have been r e 

ported. It will be interesting to see whether the interplay 

of a , p -unsaturated amino acids, keto acids, and amides 

extends to proteins. 

It was obvious to invoke participation of the a , p -unsatu

rated amino acids in the mechanism of action of nisin. 

Malaria parasi tes are known to depend upon coenzyme A 

supplied by the host organism. Would nisin be capable of 

intercepting coenzyme A and deprive the parasite of its 

vital supply? We are as yet not able to answer this ques

tion to its full extent. However, the growth of parasites 

in mice was greatly reduced when nisin was administered 

either intraperitoneally or orally. 

The structure-function relationship in nisin is not 

that simple that it is to be answered by the presence of 

dehydroalanine residues. Other physical parameters are 

of great significance, among them most likely the presence 

407 



E. GROSS AND J. L. MORELL 

of lysine. Another impressive demonstration to this effect 

is the antobiotic activity of fragments of nisin. The mono-

dinitrophenylated derivative of the COOH-terminal fragment 

is more active than the parent molecule. 

The two fragments of nisin described here serve 

presently as starting mater ia l in studies aiming at the 

elucidation of the structure of nisin. 
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SYNTHETIC STUDIES ON TRIS-CYSTINE PEPTIDES 

Richard G. Hiskey, Robert L. Smith, A. M. Thomas, 

J. T. Sparrow and W. C. Jones, J r . 

Venable Chemical Laboratory 
University of North Carolina 
Chapel Hill, North Carolina 

As part of a long-range program designed to study the 

role of the sulfur-sulfur bond in natural polypeptides con

taining cystine, synthetic procedures for the selective 

formation of disulfide bonds were desirable. Ear l ier 
1-4 studies indicated that the sulfenylthiocyanate method, 

discovered by Lecher and Wittwer , could be applied to the 

synthesis of cystine derivatives . In these experiments 

cysteine, the corresponding S-trityl and S_-benzhydryl 

thioether derivatives, or the S_-tetrahydropyranylhemithio-

acetal could be treated with thiocyanogen to provide the 

intermediate sulfenylthiocyanate. Treatment of the sul

fenylthiocyanate with a second thiol or suitably protected 

cysteine derivative afforded the unsymmetrical cystine 
7 

peptide. Subsequently the S-isobutyloxymethyl derivatives 

of cysteine were also found to be converted to sulfenylthio-

cyanates by the action of thiocyanogen. 
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Z.CyOH <S C N>?, 

s-x 

X-SCN 
-#-

Z.CyOH 

I 
S-SCN 

OH 
R-SX. „ J. „ 
• > Z . C y - S -y-S-S-R+X-SCN 

X=-H, -C(C 6 H 5 ) 3 , - C H ( C , H 5 ) 2 , y ~ A , -CH2OCH2CH(CH3)2 

The selectivity of the attack of thiocyanogen or sul-

fenylthiocyanates on various derivatives of cysteine was 
2 4 examined concurrently. The selective oxidation ' of an 

S_-trityl-L -cysteine thioether in a peptide containing both 

S_-benzhydryl and S-tri tyl-L-cysteine residues indicated the 

sulfenylthiocyanate method could be applied to the synthesis 

of peptides containing two or more cystine residues. 
8 

Additional studies indicated that S_-trityl thioether such 

as I, could be oxidized with thiocyanogen in the presence of 

a preformed disulfide bond to a bis -disulfide, II; disulfide 

interchange was not observed in these experiments. 

In order to test the sulfenylthiocyanate method with a 

somewhat more complex model system, the synthesis of a 

tr is -cystine derivative containing two cross-l inked peptide 

chains was attempted. The synthesis of IX involved the 

stepwise introduction of three disulfide bridges, and was 

considered in four stages: (a) the production of the protected 

octapeptide III; (b) the cyclization of III and the synthesis of 
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1. (SCN)2 
C 6 H 5 S H 2. HSCH^CH^CO^H' ~6"5 ' > C^HCS-SCH2CH2CQ2H 

2~ l i 2~~2 

O H 2 N C H 2 C H 2 S C < C 6 H 5 > 3 

C6H5S-SCH2CH2CNHCH2CH2SC(C6H5) <-

I 

S-SCN 

Z/CyOH 
i? f 

•»C6H5S-SCH2CH2CNHCH2CH2S-SCyOH 

DCC 

II 

an "A-chain", VI, containing a preformed disulfide bond and 

two cysteine residues of differing reactivity toward thio

cyanogen; (c) the formation of the bis-disulfide, VIII, by 

reaction of the sulfenylthiocyanate of the 'B-chain, VII, with 

the J5-trityl-L-cysteine residue of VI; and (d) the formation of 

the third disulfide bridge by oxidation of the remaining two 

S-benzhydryl-L - cysteine residues, 
g 

The production of III and the subsequent cyclization with 

thiocyanagen provided the cyclic disulfide, IV, in good 

overall yield and high purity (FIG. 1). Formation of the 

"A-chain", VI, likewise proceeded in reasonable yield. The 

preparation of VIII, involved the selective oxidation of the 

S-tr i tyl-L-cysteine residue with the sulfenylthiocyanate, VII 
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STr STr 

I I 
Z . C y . C y . G l y . P h e . G l y . C y . P h e . G l y O Bu 

SBzh I I I 

1 . (SCN)g 
2 . BF3,AcOH 

Z . C y . C y . G l y . P h e . G l y . C y . P h e . G l y O H 

SBzh 

IV 76% 

STr S 

I t D C C I I 
IV + H.Cy.Gly .ValO Bu c „ N > Z . C y . C y . G l y . P h e . G l y . C y . P h e . G l y . C y . G l y . V a l O R 

SBzh STr 

VI a , R = S u , 74% 
b , R = H, 98% 

F I G . 1 

S y n t h e s i s of t h e A-Chain 

( F I G . 2 ) ; t h i s o p e r a t i o n h a d p r e c e d e n t i n t he e a r l i e r c o n v e r 

s i o n of I to I I u s i n g t h e s u l f e n y l t h i o c y a n a t e g e n e r a t e d f r o m 

N - c a r b o b e n z o x y - L - c y s t e i n e . T h e r e a c t i o n p r o d u c t , V I I I , w a s 

o b t a i n e d a s a c r y s t a l l i n e s o l i d , m . p . 150 -151° . N o e v i d e n c e 

of d i s u l f i d e i n t e r c h a n g e p r o d u c t s c o u l d be d e t e c t e d by t h i n 

l a y e r c h r o m a t o g r a p h y of t h e r e a c t i o n m i x t u r e ; t h e m o l e c u l a r 

w e i g h t ( o s m o m e t r i c i n £ - c h l o r o p h e n o l ) , e l e m e n t a l a n a l y s i s 

a n d a m i n o a c i d c o m p o s i t i o n of t h e s u b s t a n c e w e r e c o n s i s t e n t 

w i t h t h e f o r m u l a t i o n a s VI I I . 
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Via 
S-SCN SBzh 

Z . C y . ( G l y ) 3 . C y . G l y O Bu 

AcOH 

Z . C y . C y . G l y . P h e . G l y . C y . P h e . G l y . C y . G l y . V a l O Bu 

SBzh 
SBzh S 

t I I 
Bu 0 G l y . C y . ( G l y ) 3 . C y . Z 

V I I I , 76% 

(SCN)8 

AcOH-TFA 

Z . C y . C y . G l y . P h e . G l y . C y . P h e . G l y . C y . G l y . V a l O H 

S ,S 

\ S s' 
I I 

HOGly.Cy . Gly . G l y . G l y . Cy.Z 
I X , 72% 

FIG. 2 

Combination of A- and B-Chains 

In t roduc t ion of the th i rd disulfide bond (VIII »IX) 

r e q u i r e d the oxidat ive r e m o v a l of two S-benzhydry l g roups in 

the p r e s e n c e of the p r e f o r m e d cys t ine r e s i d u e s . In o r d e r to 

d e t e r m i n e the o p t i m u m r e a c t i o n condi t ions for this c o n v e r s i o n 

the oxidat ion of X was inves t iga ted . When t r i f l uo roace t i c 

ac id was employed as a so lvent , disulf ide i n t e r c h a n g e o c c u r r e d 

and phenyl benzhydry l sulfide was i so l a t ed in 81% yield . Using 
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a t r i f l u r o a c e t i c acid; a c e t i c ac id (1:1 v / v ) s y s t e m , howeve r , 

p rov ided the t r i s - d i s u l f i d e , XI, in 48% yie ld with no ev idence 

of disulf ide i n t e r c h a n g e . T r e a t m e n t of X with 2 -naph thy l -

su l fenyl th iocyanate ( R ^ C . - H - ) afforded the b i s - d i s u l f i d e , 

XII, in 51% yield; the use of o the r su l fenyl th iocyanates , 

g e n e r a t e d in s i tu , gave somewha t lower y ie lds of XII but no 

disulf ide i n t e r c h a n g e p roduc t s could be de tec t ed . 

| | (SCN) 
C 6 H 5 S - S C H 2 C H 2 C N H C H 2 C H 2 S C H ( C 6 H 5 ) 2 ^ 

/ X Q 

v[HCH,CH,S 1 C 6 H 5 S - S C H 2 C H 2 - C N H C H 2 C H 2 S 1 

XI 
O 

RS-SCN } C^H c S-SCH^CH 2 -CNHCH n CH 0 S-SR 

XII 

TRA-AcOH 6 5 2 2 2 2 

When these r e a c t i o n condi t ions w e r e appl ied to VIII, a 

s ingle p roduc t was obta ined in good yield. Ana ly t ica l evidence 

including e l e m e n t a l a n a l y s i s , amino acid an a ly s i s and m o l e 

c u l a r weight ( o s m o m e t r i c in o_-chlorophenol) w e r e in a g r e e 

m e n t with s t r u c t u r e IX. Although m o r e r i g o r o u s proof of 

s t r u c t u r e wil l be r e q u i r e d before IX can be r e g a r d e d as the 

c o r r e c t fo rmula t ion , the ava i l ab le ev idence ind ica te s this 

s t r u c t u r e . The syn thes i s of i s o m e r i c s t r u c t u r e s and the 

app l ica t ion of the su l fenyl th iocyanate m e t h o d to m o r e 

compl i ca t ed m o l e c u l e s i s c u r r e n t l y in p r o g r e s s . 
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SYNTHESIS OF ACTINOMYCIN D (Cj) 

J. Meienhofer, Y. Sano, and R. P. Patel 

The Children's Cancer Research Foundation, 
The Children's Hospital Medical Center, and 
Harvard Medical School, Boston, Massachusetts 

Actinomycins are peptide antibiotics. They are some of the 

most potent antitumor agents known. S. Farber initiated the use 

of actinomycin D as an addition to x-ray treatment and surgery 

in the therapy of Wilms' tumor, a kidney tumor prevalent in 

young children. After an eight year period of Wilms' tumor 

therapy in the Children's Cancer Research Foundation, Farber 

reported cures in 89% of the patients who were treated by a 

combination therapy of actinomycin D, irradiation and surgery, 

in contrast to the previous 40% of cures when x-ray therapy 

and surgery were available alone . The very high toxicity of 

the antibiotic has unfortunately prevented its wide clinical use 

in the treatment of other tumors. It would therefore be very 

desirable to develop a modified actinomycin with an improved 

therapeutic index. 

Actinomycin inhibits DNA controlled RNA synthesis, and 

subsequently protein synthesis, through specific binding to 

deoxyguanosine residues within the DNA double helix of the 
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2 

cell nucleus . The strength of this binding to DNA is con

trolled - in yet unknown ways - by the pentapeptide lactones, 
3 

and it is correlated with the activity . For this reason, and 
because none of a large number of actinomycin derivatives 

4 

prepared by Brockmann and collaborators through chromo

phore substitution showed an improved therapeutic index, we 

decided to synthesize peptide analogues and evaluate s t ruc ture / 

binding relationships. 
5 

The structure of actinomycin D (C,) is shown in FIG. 1. 

r-Ll r u — Q 
3 CH3/CH3 CH, CH3CH3 

, J y 5 - N H - C H - C - N H - C H - i - ^ - C H - C - N - C H 2 - b - N - C H - C = 0 CH, 

0 M 

C H v - / ^ V c - N H - C H - C - N H - C H - C - N - C H - C - N - C H 2 - C - N - C H - C = 0 
^ "^ || I II / \ II I II / I 

0 ,CH 0 CH2.CH20 CH3 0 CHv.CH 
HsCHs NCrl2 CHĵ CHj 0 NH2 CH3 

CH5-CH-O 
[Thr-D-Vol-Pro-Sar-MeVol] 

FIG. 1 
6, 7 

Structure of actinomycin D (C.) 

It consists of a phenoxazinone moiety (2-amino-4, 6-dimethyl-

phenoxazine-3-one-9,11-bis-carbonyl) which is often referred 

to as the 'chromophore". Attached to it by amide bonds in 

positions 9 and 11 are two identical cyclic pentapeptide lac

tones with the amino acid sequence L-threonyl-D-valyl-L-

prolyl-sarcosyl-L-N-methylvalyl . The lactone rings are 
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closed between the C-terminal carboxyl group of N-methyl-

valine and the sec-hydroxyl group of threonine. The occur

rence of three imino acids (Pro, Sar, MeVal) in sequence is 

very remarkable . 

To develop a synthetic pathway which would be useful for 

preparative purposes, it was first necessary to synthesize a 

parent natural actinomycin, and to evaluate the efficiency of 

the synthesis on the basis of the known physicochemical and 

biological character is t ics . Much excellent work has been 

done by Brockmann and collaborators who carr ied out several 

8 9 
total syntheses of actinomycins C, and C, . The key 

step, ring closure to form the cyclic pentapeptide lactones, 

was achieved either by peptide bond formation between sar 

cosine and N-methylvaline, or by lactonization of the penta

peptide chain using acetylchloride/acetylimidazole. 

Some of our approaches for the synthesis of actinomycin 

D are outlined below. We encountered many failures (due 

perhaps to s ter ic hindrance) during standard operations and 

some of these will be pointed out. 

Syntheses of actinomycinic acid and its t_-butyl e t h e r - t -

butyl ester derivative are outlined in FIG. 2. It is known 

that derivatives of N-methylamino acids are difficult to 

crystallize and indeed many intermediates were obtained 
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BOC - Thr - OH - DCHA 

Z - MeVal J 

^ 

+ 

M.A. 

/ 

BOC - Thr - val - Pro - Sar - OH 

Z-MeVal -1 \ unstable 

N ^ a) H / Pd 

BOC 

Z-val - Pro- Sar-OBu' 

i 
Z - val - Pro - Sar - OH 

Decomposition 
6 H- - val - Pro- Sar - 0 e 

r, 3 l 
L— val - Pro-1 + Sar 

BOC-

Z - Meval 

\ ^ b ) DCCI 

- Tnr - val - Pro - Sar - MeVal - 1 < 11 

F I G . 3 

Thr 

J 

HCI x H - Pro - Sar - OBZL 

1 Z-val - ONP 

Z-val - Pro - Sar - OBZL 

al H2 / Pd 

b) DCCI 

" 
-val - Pro- Sar-OBZL 

\v 

ypd 

— tic: multiple spots 

Synthetic approaches employing ring closure between sarcosine 

and N-methyl valine 

Employing a tactic used by Ondetti for the synthesis of 

12 vernamycin , Boc-Thr-OH was esterfied by the mixed 

anhydride formed between Z-MeVal-OH and isobutylchlorofor-

mate . Two penta-P -depsipeptide derivatives were prepared. 

Catalytic hydrogenation of 0-(benzyloxycarbonyl-L-N-methyl-

valyl)-N-t_-butyloxy carbonyl-L-thr eonyl-D-valyl-L-prolyl-

sarcosine-benzyl es ter , using palladium black under 

standard conditions, failed in a variety of solvents to go to 

completion. Even after prolonged periods of time four major 

fractions remained as shown by thin layer chromatography. 

F r o m 0-(benzyloxycarbonyl-L-N-methylvalyl)-N-tert-

butyloxy car bonyl-L-thr eonyl-D-valyl-L-prolyl-sar cosine 

423 



MEIENHOFER, SANO, AND PATEL 

the desired Boc-pentapeptide-lactone was obtained using 

13 dicyclohexylcarbodiimide. However the yield was so low 

that this approach was abandoned. 

Fur thermore another complication arose with the tr ipep

tide D-valyl-L-prolyl-sarcosine. It was prepared via two 

different routes and obtained as a colorless oil, which gave 

a correct elementary analysis and was found to be homo

geneous by thin layer chromatography. Spontaneous crystal

lization of sarcosine was observed when the oil stood for 

three weeks at room temperature in a closed flask. The 

remaining material was ninhydrin negative and contained 

valine and proline. It was apparently valyl-prolyl-diketo-

piperazine. The formation of diketopiperazines from 

tripeptides, usually at elevated temperatures , has been 

reported . The spontaneous formation of D-valyl-L-

prolyl-diketopiperazine at room temperature suggests that 

s ter ic interaction of the pyrolidine ring of proline, the 

bulky side chain of valine, and the N-methyl group of 

sarcosine forces the C- and N-termini of D-valyl-L-prolyl-

sarcosine into close proximity, as shown in FIG. 4. 

A very small amount of free amino function in equilibrium with 

the zwitterion would attack the carbonyl carbon of the prolyl 

moiety. The intermediate ' semi-cyclol" would either reform 

the tripeptide or split off sarcosine, thus forming the diketopip

erazine. 
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CH, 

I - TH* 

cr V ^ I Q ^ %0 ° XCrT HO^ ^o 
XCH " /CH 

CH3\H5 CH3 C H 3 

^ N ^ N C NCH, N ^ X f XCH2 

T P « I 

L > 3 « ^ J 

FIG. 4 

Diketopiperazine formation from D-valyl-L-prolyl-sarcosine. 

FIG. 5 outlines our successful synthesis of actinomycin 
17 

D . Attempts to improve the purity of 0-(benzyloxycarbonyl-

L-N-methylvalyl)-N-t_-butyloxycarbonyl-L-threonine by pro

longed countercurrent distribution failed. A multiplicity of 

peaks developed, resulting in rapidly decreasing recovery of 

the main product. The distribution system (toluene-chloroform-

18 methanol-water, 5:5:8:2 ) contained methanol which might 

have caused transesterification. Catalytic hydrogenation of 

the above (3-didepsipeptide derivative afforded the zwitterionic 
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Z- MeVal 

BOC - Thr - OH 

| M-A. 

BOC - Thr - OH 

J 

K0.33 K0.3 

I H / Pd M«0H/H20/CHCI3/C6H6CH3 B<2'5i5 

BOC - T h r - 0 

_^_H 2 -MeVa l—I 
M.A. 

Z - v o l - P r o - O B u 

H2 /Pd 

i 
BOC - Thr - OH + Tos. OH x H-val - Pro - OBu' 

Z - Sar - MeVal -
DCCI 

BOC - Thr - val - Pro - OBu* 

Z-Sar-MeVal - e 

OBZL NO, o * 
>-T< ' II 

CH. -O1 

a) TFA 

b) Aryl-CI Z - Sar - MeVal 

H,-Thr-val - Pro.0 
2 \ 

lx\i 

C -Thr -va l - Pro - OH 

Z - Sar - MeVal 

OBZUW, 0 

J 
OS (ONP), 

CHrC V - C - Thr - val - Pro - ONP 

Z - Sar - MeVal - al HBr / HO Ac 

b) MeMorph / Pyridine 

CH. 

OHNO, 

C - Thr - val - Pro - Sar - MeVal • 

a) H2 /Pd 

b) ,Fe (CNL 

ACTINOMYCIN D 

FIG. 5 

Synthesis of actinomycin D via peptide cyclization between 

proline and sarcosine 
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0 - ( L - N - m e t h y l v a l y l ) - N - ^ _ - b u t y l o x y c a r b o n y l - L - th reonine 

which c r y s t a l l i z e d r e a d i l y and proved to be v e r y s tab le 

(m. p . 207 ). Quant i t a t ive r e m o v a l of the t_- bu ty loxycarbonyl 

and the t_-butyl e s t e r g roups f r o m 0 - ( b e n z y l o x y c a r b o n y l - s a r -

cosy l - L - N - m e t h y l valyl) -N-J^ -bu ty loxyca rbony l -L- thr eony l -D -

va ly l -L-pro l ine -1_-bu ty l e s t e r was ach ieved by t r e a t m e n t with 

4 N HC1 in dioxane for 3 hou r s at r o o m t e m p e r a t u r e . Cleavage 

by e i t h e r t r i f l u o r o a c e t i c ac id o r HC1 in ace t i c ac id r e m a i n e d 

i ncomple t e , even af ter many h o u r s . The cyc l iza t ion was 

c a r r i e d out with 30 - 31% yield via the n i t rophenyl e s t e r 

19 
method . Subsequent hydrogena t ion and oxidat ion (with 

K , F e ( C N ) , to f o r m the c h r o m o p h o r e ) afforded c r y s t a l l i n e 

ac t inomyc in D in 80% yie ld , which was ind i s t ingu i shab le f r o m 

na tu r a l a c t i nomyc in D in i t s phys iochemica l c h a r a c t e r i s t i c s 

and i t s a n t i m i c r o b i a l ac t iv i ty . Sephadex LH-20 c h r o m a t o g r a p h y 

with me thano l or e thyl ace t a t e a s e luen t s , p roved to be a 

powerful technique e s s e n t i a l for the s u c c e s s of our s y n t h e s i s , 

e spec i a l l y for the pur i f ica t ion of the pentapept ide d e r i v a t i v e s . 

The p r e p a r a t i o n of the p_-nitrophenyl e s t e r , name ly , O-

(benzy loxycarbony l - s a r c o s y l - L - N - m e t h y l v a l y l ) - N - ( 2 - n i t r o - 3 -

benzyloxy- 4 - m e t h y l - benzoyl) - L - thr eonyl -D -va ly l - L - p ro l ine -

p_-nitrophenyl e s t e r , by the use of the p_-ni t rophenol / d i cyc lo 

h e x y l c a r b o d i i m i d e me thod gave a low yield of i m p u r e product 

conta in ing t h r ee con t aminan t s in a l m o s t equal a m o u n t s . Known 
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side p roduc t s of c a r b o d i i m i d e r e a c t i o n s a r e , among o t h e r s : 

N - a c y l u r e a d e r i v a t i v e s , s y m m e t r i c a l anhyd r ide s and dehy-

21 
d r a t i o n p roduc t s . However , by using di-p_-nitrophenyl sulfite 

2? 
in pyr id ine , and applying Sephadex L H - 2 0 / e t h y l a c e t a t e 

c h r o m a t o g r a p h y , an ana ly t i ca l ly p u r e p_-nitrophenyl e s t e r 

d e r i v a t i v e was obta ined in 90% yie ld . 

This cons iderable i m p r o v e m e n t in r e c o v e r y and pur i ty of the 

above pept ide-p_-ni t rophenyl e s t e r d e r i v a t i v e , p r o m p t e d us 

to r e e x a m i n e the p r e p a r a t i o n of some acy lamino acid-p_- n i t r o 

phenyl e s t e r s , which could not p r e v i o u s l y be i so l a t ed o r w e r e 

obtained as oi ls only. In a typ ica l p r e p a r a t i o n , the acy lamino 

acid in pyr id ine was r e a c t e d with di-p_-nitrophenyl sulfite for 

1 to 3 h r at r o o m t e m p e r a t u r e , the solvent r e m o v e d in vacuo, 

the r e s i d u e d i s so lved in ethyl a c e t a t e , the solut ion washed with 

1 M NaHCO.,, 1 M HC1 or c i t r i c ac id , and sa l ine , and d r i e d 

over MgSO .. The solut ion was then c o n c e n t r a t e d and p laced 

on a Sephadex LH-20 column. Elu t ion with ethyl a c e t a t e , 

5 
r e m o v a l of the so lvent , and r e c r y s t a l l i z a t i o n afforded the 

23 
c r y s t a l l i n e ^ - n i t r o p h e n y l e s t e r s l i s t ed below : benzyloxy-

c a r b o n y l - L - t h r e o n i n e - £ - n i t r o p h e n y l e s t e r [_69%, m . p. 

93 -95 .LIJT- , - 2 0 . 2 (c 1, d i m e t h y l f o r m a m i d e / 1 % a c e t i c 

acid); Li t . 2 4
: m . p. 9 3 - 9 5 ° , [ a ] ^ 2 - 24° ( c 2, d i m e t h y l 

f o r m a m i d e / 1 % a c e t i c acid) ; t _ -bu ty loxyca rbony l -L - th r eon ine -

£ - n i t r o p h e n y l e s t e r * * [ 5 9 % , m . p. 9 8 - 1 0 0 ° , [ a ] 2 ° -40° 
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(c 1, d i m e t h y l f o r m a m i d e / 1 % a c e t i c acid) ; ^_-butyloxycarbonyl-

L - t y r o s i n e - £ - n i t r o p h e n y l e s t e r £57%, m. p. 162-164°, 

LoJ_ -7 (c, 1, d i m e t h y l f o r m a m i d e / 1 % ace t i c acid)J ; 

t_ -bu ty loxycarbonyl - sa rcos ine-p_-n i t rophenyl e s t e r [59%, 

m . p . 46°"]; _ t - b u t y l o x y c a r b o n y l - L - g l u t a m i n e - £ - n i t r o p h e n y l 

e s t e r * * [66%, m . p. 150-152° , [a] ^ - 41° (c 2, me thano l ) ; 

Lit . 5 ) : m . p. 145-146° , ["a"] D
2 2 - 3 1 ° ( c l , ethyl a c e t a t e ) ] ; 

N -t_- butyloxy ca r bony L-L-ni t r oa r g in ine -£ - n i t ro phenyl e s t e r * 

[35%, m. p. 126-128° , [a ] I ^
0 -30 O (c 1, d i m e t h y l f o r m a m i d e / 

1% a c e t i c acid)J ; and £ - t o l u e n e s u l f o n y l - L - v a l i n e - £ - n i t r o -

* * f / o 7 

phenyl e s t e r L 60%, m . p . 99-101 J . All compounds gave 

c o r r e c t e l e m e n t a r y a n a l y s e s . £ -Ni t ropheny l e s t e r s of N-

tosy lamino ac ids have not been r e p o r t e d in the l i t e r a t u r e 
26) 

before and we t h e r e f o r e c o r r o b o r a t e d the ident i ty of T o s -

V a l - O N P by conver t ing it in good yield into the known tosy l -

27) L - v a l y l - L - v a l i n e me thy l e s t e r 

The ea sy p r e p a r a t i o n of "diff icult" £ -n i t ropheny l e s t e r s 

with di-_g-nitrophenyl sulfite led us to t ry a m o r e d i r e c t 

e s t e r i f i c a t i on . Thionyl ch lo r ide was added to pyr id ine at 

-40 , followed by a solut ion of £ - n i t r o p h e n o l in t e t r ahydro fu ran . 

After s t i r r i n g for 1 - 2 h r at r o o m t e m p e r a t u r e a solut ion of 

the acy lamino ac id in pyr id ine was added, the m i x t u r e s t i r r e d 

for 2 h r , and then worked up. Thus the following d e r i v a t i v e s 

w e r e obtained with phys ica l data iden t ica l to those in the 
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l i t e r a t u r e : t -buty loxy c a r b o n y l - L - p h e n y l a l a n i n e - £ - n i t r o p h e n y l 

e s t e r (78%), t - b u t y l o x y c a r b o n y l - L - p r o l i n e - £ - n i t r o p h e n y l e s t e r 

(86%), b e n z y l o x y c a r b o n y l - L - a l a n i n e - £ - n i t r o p h e n y l e s t e r (88%); 

and a l so b e n z y l o x y c a r b o n y l - L - a l a n i n e - N - h y d r o x y s u c c i n i m i d e 

e s t e r (77%), and b e n z y l o x y c a r b o n y l - L - a l a n i n e - p e n t a c h l o r o p h e n y l 

e s t e r (51%) us ing N - h y d r o x y s u c c i n i m i d e and pen tach lorophenyl 

in py r id ine , r e s p e c t i v e l y . F o r the p r e p a r a t i o n of £ - n i t r o -

phenyl e s t e r s of t r i funct ional amino ac ids the use of the p r e -

i so l a t ed di- jp-ni t rophenyl sulfi te was s u p e r i o r to the in si tu 

method . 

In conclus ion , I should Like to men t ion our analogue p r o 

g r a m . As pointed out in the beginning, our m a i n effort will 

be the p r e p a r a t i o n and biological eva lua t ion of pept ide a n a 

logues of ac t inomyc in . We a r e engaged at p r e s e n t in syn theses 

of ac t inomyc in D l a c t a m and thiolactone (see FIG. 6). To 

p r e p a r e i s o s t e r i c ana logues , a , p - d i a m i n o b u t y r i c acid and 

a - a m i n o - p - m e r c a p t o b u t y r i c acid have to be employed . Both 

a r e not c o m m e r c i a l l y ava i l ab le . L - a , p -D iaminobu ty r i c ac id 

was p r e p a r e d as outl ined in FIG. 6. 
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CH,-CH-0-

jT^J I f f ?M % \H' ?H*l 1"> I W M 

Mj-C VC-NH-CH-C-NH-CH-C-N-CH—C-N-CH 2 -C -N -CH-C= i 

CHj—<f \ - C - N H - C H - C - N H - C H - C - N - C H - C - N - C H , - C - N — C H - C = 0 
\ V » I II I II / \ l| I II / I 
/ — \ 0 0 AH ° CIV0*!0 CHj 0 CHjCH 
0 NH2 CHjCHj CHj CHjtHj 

CHj- CH - 0 ' 

CH3-CH-NH- Lactame 

CHyCH-S- Thiolactone 

PCI, "9 T « C . ^ ' M* ^ i ' 
H-Thr-OMe - ^ H-Abu-OMe - ^ i Tos-Abu-OMe — » • Tos-Abu-OH 
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% 
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-*- Tos- Dab + 
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t Z * 
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FIG. 6 

Synthetic approaches toward the synthesis of actinomycin D 

lactam 
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y -GLUTAMYL PEPTIDES 

D. E. Nitecki and J. W. Goodman 

Department of Microbiology 
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San Francisco, California 

The primary aim of this investigation was to obtain some 

information about the region on a protein antigen involved in 

reaction with antibody. One approach to this problem is to use 

the hapten inhibition technique. Reduced to its simpler te rms, 

this can be described as follows. It is believed that an anti

body molecule combines with only a small portion of a large 

protein antigen, designated the determinant group. Of course, 

a single protein antigen usually possesses at least several 

determinant groups, which contribute to the heterogeneity in 

the population of antibodies produced. If the antiserum is 

combined with a solution of the antigen, a precipitin reaction 

occurs, the magnitude of which can be determined by analyzing 

the amount of protein precipitated. However, if prior to such 

combination the antibody is exposed to a small molecule 

simulating the determinant group of the original antigen, this 

small molecule, or hapten, will be bound to antibody by 

essentially the same forces as the original antigen, and if the 
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hapten is sufficiently small no precipitation will occur. If 

the original antigen is added to this antibody-hapten complex, 

the precipitin reaction will be partially or entirely inhibited, 

depending on the efficiency of the hapten. Thus, from the 

relative efficiencies of a number of haptens tested, one may 

deduce some information about the requirements of the 

combining site of the antibody, such as the charges involved, 

the size of the combining site, the hydrophobic a reas , the 

configurational requirements, etc. This, in turn, allows 

some deductions concerning the determinant group in the 

original antigen. 

Kabat, in 1958 , published one such investigation involving 

a dextran-antidextran immunological system. Dextran is a 

polymer of glucose, and by using oligosaccharides as haptens 

Kabat found a progressive increase in hapten efficiency from 

monosaccharide to heptasaccharide; larger haptens did not 

show additional activity. Thus, it seems that the combining 

site of the antibody molecule can accommodate no more than 

a hexa- or hepta-saccharide, and, by the same token, this 

is probably the maximum extent of the determinant group in 

the dextran antigen. 

This experimental approach can also be applied to immuno

logical systems involving protein antigens. However, two 

important complicating features appear here. F i r s t , the 

exact composition and amino acid sequence of the antigen 
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must be specified. Secondly, the influence of the conforma

tion (tert iary structure) of the determinant group as it 

exists in the physiological medium while eliciting the anti

body must be taken into account. Even if the exact pr imary 

structure can be unraveled, there is very little definite 

information available as yet about the conformation. Clearly, 

a systematic choice of haptens for such complex systems 

presents , at least at present, a very difficult task. This , 

difficulty has been partially circumvented by the selection 

of polypeptide antigens of simplified structure, such as 

synthetic amino acid polymers. These systems are at 

present severely hampered by the lack of clear-cut informa

tion as to what makes a synthetic polypeptide immunogenic. 

However, a number of successful inhibiting systems 

employing oligopeptides of graded molecular size as haptens 
2 

have been demonstrated . All these findings point to a 

limited, well-defined area of the antibody molecule which can 

accommodate haptens only up to a certain size, after which 

increases in hapten size do not increase inhibitory efficiency. 

In our investigation, the antigen used was poly- y -D-

glutamic acid, produced as a capsule by Bacillus anthracis . 

Antibodies can be produced in rabbits to this simple poly

peptide composed of a single amino acid. 

This immunological system has been extensively inves-
3 4 tigated for some twenty years by a Hungarian group ' , 
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and the s t r u c t u r e of the polypept ide has been wel l e s t a b l i s h e d . 

It h a s been shown that i t is a y -po lypept ide by s e v e r a l s c h e m e s 

4 - 7 
of c h e m i c a l deg rada t i on . While none of these r e a c t i o n s 

go to comple t ion , in no ca se w e r e any p r o d u c t s found which 

would a r i s e f r o m a -pep t ide bonds in the a n t h r a x p o l y m e r . 

Table 1 shows some of the r e s u l t s of the work done in our 
o 

l a b o r a t o r y . The obvious choice of hep tens for this s y s t e m 

a r e pep t ides of g lu tamic ac id . 

TABLE 1 

Proper t ies of Capsular Polypeptide I so l a t ed 

from B. an thrac i s S t r a i n M-36 

Const i tuents (7.) 

Glutamic acid >99.0 

Other amino acids <0.5 

Hexose <0.5 

Specif ic op t i ca l r o t a t i o n of —29.8 

hydrolysate (deg) 

Molecular weight 33,500 + 3800 

All e ight pos s ib l e d ipep t ides and four t r i p e p t i d e s of glu-
Q 

t a m i c acid w e r e syn thes i zed by the c l a s s i c a l me thod . To 

obta in h igher o l igopep t ides , h y d r o l y s i s of a n t h r a x po lypep

tide was unde r t aken . It was found that incubat ion in 3 N 

h y d r o c h l o r i c ac id for s ix days at r o o m t e m p e r a t u r e r e s u l t s 

in deg rada t ion of this polypept ide to g lu tamic ac id and a 
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ser ies of small peptides. The peptides were resolved by 

high voltage electrophoresis on diethyl amino ethyl (DEAE) 

cellulose sheets. FIG. 1 shows one such electropherogram 

at pH 3. 5. For preparative isolation, the hydrolysate was 

streaked on DEAE cellulose sheets, electrophoresed at 

pH 3. 5, and guide slips developed with ninhydrin. Individual 

bands were then eluted from the sheets, lyophilized, and 

rechromatographed on a carboxymethyl cellulose column. 

iv HI II ' «|r *" 

•and V 

p»nta 

h«xa 

FIG. 1 
Electropherogram of hydrolyzed anthrax polypeptide and 
synthetic y -glutamyl peptides; on DEAE cellulose, pH 3. 5, 
35 v / c m . 

In this way, 40 - 50 mg of each of four peptides (bands 

I - IV) were isolated . Band V is obviously a mixture of 

higher peptides. The identity of each peptide was established 

by comparison with synthetic y-glutamyl peptides and by 

the quantitative ratio of the reactions of each peptide 
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before and after hydrolysis with ninhydrin and with 2,4, 6-

trinitrobenzene sulfonic acid. When band V was eluted and 

electrophoresed on DEAE-cellulose sheets at pH 1. 85, 

further separation could effected. The electrophoretic 

pattern is shown in FIG. 2. It was possible to isolate pep

tides up to decapeptide (band 9). These bands also gave the 

Band I • 

II 

Hit 

IV 

4-
glu 

di 

tr i 

tatra ^ 

p«nta 

h«xa ^ 

deca nona octa h«pta 

FIG. 2 
Electropherogram of hydrolysis products of anthrax poly
peptide; on DEAE cellulose, pH 1.85, 35 v / c m . 

expected ninhydrin ratio before and after hydrolysis. FIG. 

3 illustrates the inhibition of the precipitin reaction of these 

peptides. 

A synthetic scheme was undertaken for the synthesis of 

higher y -glutamyl peptides as well as for various modifica

tions that would be desirable to build into these haptens. 
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70.0 r 
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0.3 

0.2 

O POOL 

Q #10 

A #7 

0.1 -

_l_ _1_ _!_ 2 4 6 8 10 

PEPTIDE CHAIN LENGTH 

FIG. 3 

Inhibition by homologous di- to decapeptides of the quantita
tive precipitin reaction between poly- y -D-glutamic acid and 
three rabbit antisera; O: serum pool from rabbits immunized 
with killed B. anthracis; A and a : individual animals immunized 
with polypeptide-methylated albumin complexes. 

For this purpose solid phase synthesis of y-glutamyl peptides 

was chosen. In all cases the polymer used was from a single 

batch of Bio-Rad X-2 polymer, containing 1. 5 meq. of 

chlorine per gram of polymer. Some forty hydrolyses were 

done under various conditions of the esterification step with 

the first glutamic acid derivative. The results were between 
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25-35% of complete reaction, yielding 0. 35-0. 50 meq of 

glutamic acid per gram of polymer. As monomers, t-boc-

D-glutamic a -benzyl ester and a -p-nitrobenzyl ester 

were used. The synthesis of the latter goes through a 

t-boc-glutamic anhydride which is reacted with D-nitro-

benzyl alcohol. This reaction invariably gives both es te r s , 

a and y , but the a -es ter can be easily separated by 

crystallization . The purity of the monomers was inves

tigated by high voltage electrophoresis as well as by TLC 

on silica gel, using a Clorox peptide spray for detection . 

12 Investigation of s ter ic purity by gas chromatography 

showed little or no racemization. 

In attempted syntheses of t r i - and tetrapeptides, several 

byproducts were obtained, as shown on DEAE cellulose sheets. 

These byproducts did not correspond to the expected shorter 

peptide chains. 

It is generally believed that y -glutamyl peptide bonds 

are somewhat more labile to various hydrolytic agents than 

a -peptide bonds. In order to test the stability of y -peptides, 

fully blocked y - te tra and pentapeptides synthesized by 

classical methods were obtained (Fox Chemical Co. ). 

These N-carbobenzoxy benzyl ester derivatives were 

subjected to various acid reagents used in solid phase syn

thesis for the total length of time that a pentapeptide would 
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spend in these reagents . FIG. 4 shows TLC patterns on 

silica gel of the two blocked peptides treated with trifluoro

acetic acid. Similar results were obtained when the same 

fully blocked peptides were subjected to IN HC1 in acetic 

acid for several hours. When these fully blocked peptides 

were kept in acids for designated times and then hydrogenated, 

there was little, if any, peptide bond destruction. Therefore, 

the effect of acids must essentially be removal of benzyl 

es te r s , not cleavage of peptide bonds. 

When free y - te t ra and pentapeptides were treated under 

conditions of cleavage for 1. 5 h r s , some destruction did 

take place; therefore, treatment with HBr was limited to 

30 min. Considerably more destruction occurred when the 

fully blocked y-pentapeptide was treated with 4N HC1 in 

dioxane, including some peptide bond cleavage. 

After ascertaining that peptide bond cleavage does not occur 

during the synthesis of the peptide or its cleavage from the 

polymer, a y-decapeptide was synthesized by the solid phase 

method. Acetylation was performed after every coupling 

step in order to facilitate removal of byproducts due to 

incomplete coupling. The product, after hydrogenation, 

was subjected to electrophoresis on DEAE cellulose paper 

at pH 3. 5, as shown in FIG. 5. There were no peptides 

smaller than about a hexapeptide in appreciable amounts. 
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x-T«trap«ptid« y-P«ntop«ptid« 

. solvent f ront 

O 
o 

o 

O 

® 

0 

FIG. 4 

TLC of fully protected glutamyl peptides treated with t r i 
fluoroacetic acid; (a) original peptide, (b) 2 hrs in TFA, 
(c) 5 hrs in TFA. Solvent: chloroform - acetic acid, 95. 5. 

Electrophoresis on Whatman #1 and on DEAE cellulose 

paper at pH 1. 85 revealed a mixture with a predominant 

decapeptide spot. One cannot use a Clorox spray on DEAE 

cellulose sheets, but it is possible to do so on Whatman #1; 

this reagent gave results identical to that obtained with 

ninhydrin. If acetic anhydride can react with any amino 
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glu 

glu i 

O O 

glu( 

data none oeto hapta tatra 

FIG. 5 

E l e c t r o p h e r o g r a m of y - g lu t amy l decapep t ide p r e p a r a t i o n , 
35 v / c m ; (a) on DEAE ce l l u lo se , pH 3. 5 (b) on Whatman # 1 , 
pH 3. 5; (c, d) on DEAE ce l lu lo se , pH 1. 85, at two c o n c e n t r a 
t ions ; (e) a m i x t u r e of y - g lu t amy l pept ides f r o m an th rax 
h y d r o l y z a t e . 

groups that did not comple te ly r e a c t in the coupling s t ep , 

ace ty la ted p e p t i d e s , e s p e c i a l l y ace ty l a t ed s h o r t e r pep t ides , 

should r e s u l t f r o m incomple t e coupl ing. As the Clo rox 

s p r a y is c o n s i d e r a b l y m o r e sens i t i ve than n inhydr in , and 

s ince both s p r a y s gave iden t ica l p a t t e r n s , this ind ica ted 

that the p r o b l e m s m a y be due to incomple te dep ro t ec t ion 

r a t h e r than i ncomple t e coupl ing. It was r a t h e r s u r p r i s i n g 

that the e l e c t r o p h o r e t i c p a t t e r n of the byproducts did not 
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correspond to the expected pattern for a mixture of 

progressively shorter peptides from y -decapeptide to the 

tetrapeptide, as obtained from hydrolysis of the anthrax 

polypeptide. 

In order to get some insight into the efficienty of various 

conditions which can be used for solid phase synthesis, 

four y-pentapeptides were synthesized. For all of these, 

the starting mater ia l and the same t-boc-glutamic acid 

a -p-nitrobenzyl ester was used for assembling the peptides. 

The deprotecting reagent and the carbodiimide were varied 

while other conditions were kept as identical as possible. 

The results of these syntheses are shown in FIG. 6 and it 

is impossible to draw any conclusions about the "best method", 

all of these products are about equally unsatisfactory. The 

same peptides are shown in FIG. 7 electrophoresed on Whatman 

#1 and, for example, the c preparation shows only two major 

products whereas on DEAE cellulose four major components 

were resolved. 

FIG. 8 shows that pentapeptide preparation c(FIGS. 6 and 

7) did not contain the expected shorter byproducts, i. e. , 

y -tetrapeptide or y-tripeptide. Thus it seens that new 

additional products are formed. There is a distinct possibility 

that these products are the result of transpeptidation. Trans-

peptidation reactions are known to occur with activated 
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>-M"»« glu 

C i a > c;,CI22>E5 O o ••"• ^&> o o Q 

C 2 Z > o o 

wi/y;i/,;-M.,.,.'isi& >o O 

O 

«^ v " " ' ^ " ' 

FIG. 6 

Electropherogram of four preparations of y -glutamyl penta
peptide shown at two concentrations each; on DEAE cellulose, 
pH 3. 5, 35 v / c m . Deprotection: (a, d) in 4N HCl/dioxane; 
(b, c) in 1 N HCl/acet ic acid. Coupling: (a, b) dicyclohexyl
carbodiimide; (c,d) N-ethyl, N1-(3-dimethylaminopropyl) 
carbodiimide. 

13 carboxylic acid derivatives of glutamic acid , It is very 

likely that the acid treatment for removal of the t-boc group 

removes to some extent the protective benzyl or nitrophenyl 

ester groups. If this occurs, the free carboxylic acid could 

react with the excess of carbodiimide used, and this in terme

diate may very well under transpeptidation (possibly via an 

imide intermediate). The product of such a rearrangement 

in effect would have one strong acid group (the free a -carboxyl) 
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O N H , Bis-O-tert-butyl-octinomycinic 
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F I G . 2 

Synthesis of actinomycinic acid D 10 

as oils only and had to be purified by countercurrent distribu

tion. Attempts to cyclize by lactonization using various 

reagents failed to yield more than 1-3% of actinomycin . 

In subsequent approaches (FIG. 3) we planned to utilize 

another of Brockmann's s trategies, namely, ring closure by 

peptide bond formation between sarcosine and N-methylvaline. 
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4- glu 

Oi 0 
r-panta 

Ol o o Oi 

o 

o O 

FIG. 7 

Electropherogram of same materials as shown in Figure 6; 
on Whatman #1, pH 3. 5, 3 5 v / c m . 

replaced by a much weaker acid group (the y -carboxyl). This 

could very well be detected by electrophoresis on DEAE 

cellulose sheets since this medium is very sensitive to small 

differences in charge under the conditions used. If t rans-

peptidation can occur under these conditions, the conventional 
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oo 00 0 > 

t 
r tfttro 
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t 
r-pr»nto 7-l»lro 

^ ^ ^ 3 '-»"0 «'»0 

FIG. 8 

Electrophoretic analysis of y-pentapeptide preparation c 
(FIGS. 6 and 7), 35 v / c m ; (a, b, c) on Whatman #1, pH 3. 5; 
(d, e, f) on DEAE cellulose, pH 3. 5; (a, d) preparation c; 
(b, c) preparation c with y -tetrapeptide added; (c,f) mixture 
of y-glutamyl peptides synthesized by classical methods. 

solid phase method as applied here is not practical for the 

synthesis of y -glutamyl peptides of defined structure. 
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ON THE STERICALLY CONTROLLED SYNTHESES OF 
DIPEPTIDES AND THEIR STEREOCHEMICAL COURSES 

Kaoru Harada and Kazuo Matsumoto 
Institute of Molecular Evolution 

University of Miami, Coral Gables, Florida 

Several nonenzymatic syntheses of a -amino acids from 

a -keto acids have been reported. Erlenmeyer first syn

thesized DL-phenylalanine from phenyl-pyruvic acid and 

ammonia by reductive amination. Later the method was 
2 

developed by Knoop . Platinum and palladium have been 

used for the catalytic reductive amination. Another method 

of synthesizing a -amino acids from a -keto acids is the 

reduction of oximes and phenylhydrazones of a -keto acid. 

DL-Alanine was first synthesized from pyruvic acid oxime 
3 

by reduction with zinc and hydrochloric acid . Most of the 

natural a -amino acids have been synthesized from a -keto 

acids by use of the above mentioned methods. 

Asymmetric synthesis of a -amino acids has been 
4 5 

studied recently. Knoop and Herbst synthesized isooctopine 

from L-arginine and pyruvic acid. In 1961, Hiskey and 

Northrup published a method of asymmetric synthesis of 

a -amino acids from a -keto acids and optically active 
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a - m e t h y l b e n z y l a m i n e by ca ta ly t i c hyd rogena t ion and 

h y d r o g e n o l y s i s . A s t e r i c c o u r s e for the a s y m m e t r i c 
7 

syn thes i s h a s been p r o p o s e d by H a r a d a and M a t s u m o t o . 

The p r o p o s e d m e c h a n i s m was fu r the r conf i rmed by the 

8 9 

s tud ies of the so lvent effect . Kanai and Mi tsu i r e p o r t e d 

phenylglyc ine syn thes i s f r o m benzoy l fo rmic ac id and 

op t ica l ly ac t ive a - m e t h y l b e n z y l a m i n e , and p r o p o s e d a 

s t e r i c c o u r s e for the opt ica l ly ac t ive phenylglycine f o r m a 

tion. A s i m i l a r a s y m m e t r i c s y n t h e s i s of a - a m i n o ac ids 

f r o m a -ke to ac ids and opt ica l ly ac t ive a -phenylg lyc ine by 

ca ta ly t i c hydrogena t ion and subsequen t hyd rogeno lys i s in 

aqueous solut ion h a s been c a r r i e d out by H a r a d a . 

Opt ica l ly ac t ive amino ac ids w e r e a l so s y n t h e s i z e d f r o m 

Schiff b a s e s and ox imes of a -ke to acid 1^-menthyl e s t e r s 

by cata lyt ic hydrogena t ion . 
12 

In 1965, H i skey and N o r t h r o p pub l i shed a d e s c r i p t i o n 

of a s t e r e o s c o p i c syn thes i s of dipept ide f r o m benzy lamine 

f r o m benzy lamine Schiff base of N - p y r u v y l - S - a l a n i n e . If 

the ca ta ly t i c hydrogena t ion of the Schiff base was to follow 
13 the " P r e l o g r u l e " ' , S - a l a n y l - S - a l a n i n e (Ha) would r e s u l t 

(FIG. 1). 

However , the r a t i o of r e s u l t i n g d ipep t ides was found to 

be R - a l a - S - a l a : S - a l a - S - a l a = 2 : 1 . The r e s u l t s ind ica te 

that the ca ta ly t i c hydrogena t ion does not follow the P r e l o g 
q 

r u l e . In 1966, Kanai and Mi tsu i sugges t ed that the C = N 
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bond of the Schiff base and the C -O bond of the amide migh t 

be in the c i so ida l confo rma t ion . Howeve r , no r e a s o n s have 

been given for the a p p a r e n t l y unusua l c i so ida l conformat ion . 

In o r d e r to c lar i fy the s t e r i c c o u r s e of the s t e r e o s p e c i f i c 

syn thes i s of d ipep t ides , s e r i e s of r e a c t i o n s w e r e c a r r i e d out 

in our l a b o r a t o r y . Ox imes of N- (S) - and (R) -a - m e t h y l -

b e n z y l b e n z o y l - f o r m a m i d e and N-(S) - and (R)-a - e thy lbenzy l -

b e n z o y l - f o r m a m i d e w e r e hydrogena ted by the use of 

pa l l ad ium on c h a r c o a l in e thanol and the hydrogena ted 

p roduc t s w e r e hydro lyzed . When opt ica l ly ac t ive (S)- o r 

(R) -a - m e t h y l b e n z y l a m i n e was used , the conf igura t ion of 
7 

the r e s u l t i n g phenylglycine was (R) and (S), r e s p e c t i v e l y , 

12 
which a g r e e d with the r e s u l t s obta ined by Hiskey . However , 

when (S)- or (R)-a - e thy lbenzy lamine was used , the r e su l t i ng 

phenylglycine was (S) o r (R), which a g r e e d with the con

f igura t ions expec ted by the f o r m a l app l ica t ion of the P r e l o g 

r u l e . The r e s u l t s a r e s u m m a r i z e d in Table 1 and the p o s 

s ib le s t e r i c c o u r s e s a r e shown in FIG. 2. 

It s e e m s r e a s o n a b l e to a s s u m e that both s t r u c t u r e s III 

and IV could take a c i so ida l conformat ion as shown in 

(FIG. 2). The amide bond has been r e g a r d e d a s a r e s o n a n c e 

r + -1 

hybr id of the l a c t a m f - C - N H - J a n d d ipo la r [ - C = N H - J 

O 6-
s t r u c t u r e s . T h e r e f o r e the ca rbony l group of the amid e 
could be a d s o r b e d on the c a t a l y s t su r f ace to f o r m a five 
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STERICALLY CONTROLLED SYNTHESES 

m e m b e r e d r i ng s t r u c t u r e . Then the cyc l ic complex could 

be a d s o r b e d on the l e s s bulky s ide of the m o l e c u l e and the 

hydrogena t ion r e a c t i o n would take p l a c e . When (S)-a -

m e t h y l b e n z y l a m i n e was used a s a moie ty of benzoy l fo rmamide , 

the confo rma t ion of the s u b s t r a t e could be s t r u c t u r e (III) 

( conformat ion A). However , when ( S ) - Q - e thy lbenzy lamine 

was used , the conformat ion of the s u b s t r a t e could not be the 

s a m e a s in the ca se of a - m e t h y l b e n z y l a m i n e . Since the ethyl 

group is bu lk ie r than the me thy l group, the ethyl group 

could r e a c h the c a t a l y s t su r face if the s u b s t r a t e w e r e to take 

on conformat ion A. T h e r e f o r e the l e a s t bulky hydrogen a t o m 

might be s i tua ted c l o s e s t to the c a t a l y s t su r face because of 

the s t e r i c h i n d r a n c e between the s u b s t r a t e and the ca t a ly s t . 

The m o s t p robab le conformat ion is, t h e r e f o r e , s t r u c t u r e IV 

(conformat ion B) when the R - g r o u p of the amine moie ty is 

l a r g e r than the e thyl g roup . The r e s u l t s which w e r e obta ined 

by the use of a - e thy l -benzy l amine , in a p p e a r a n c e , a g r e e d 

with the r e s u l t s expec ted by employing the P r e l o g r u l e . 

However , the s u b s t r a t e could take on s t r u c t u r e B which has 

a c i so ida l confo rma t ion . 

In o r d e r to c on f i rm fu r the r the p roposed s t e r i c c o u r s e of 

the s y n t h e s i s , a s e r i e s of dipept ide s y n t h e s e s w e r e c a r r i e d 

out . When the benzy lamine Schiff base of N - p y r u v y l - ( S ) -

a lan ine i sobu ty l e s t e r was used , the conf igura t ion of newly 
7 

f o r m e d a lan ine was (R), ( R - a l a - S - a l a : S - a l a - S - a l a 82:18) . 
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Results are summarized in Table 2. These results agreed 

with the results obtained in the phenylglycine formation 

described ear l ie r . The ster ic course of the reactions is 

shown in FIG. 3. 

When the alkyl group is methyl, structure A could be the 

preferred conformation, and when the alkyl group is larger 

than the ethyl group, structure B could be the major confor

mation in the stereospecific syntheses of dipeptides. Optical 

purities of the newly formed alanine using valine and leucine 

isobutyl ester are larger than that of alanine obtained by the 

use of valine and leucine methyl es ter . This finding may also 

support the fact that structure B could be the major conforma

tion in these reactions. 

If structure B is the preferred conformation when the R-group 

is larger than the ethyl group, we could make an order of 

effective bulkiness of the R-group in this reaction by the use 

of the optical purity of newly formed alanine. When R is 

phenyl, the optical purity of newly formed alanine is zero so 

that the effective bulkiness of the phenyl group and of the 

-COO-i-Bu group are almost the same. In the same way, 

the bulkiness of the benzyl group and of the -CH?COO-i-Bu 

group are almost the same. However, these are smaller 

than those of the phenyl or -COO-i-Bu groups. The order 

of effective bulkiness can be arranged as shown in FIG. 4. 
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STERICALLY CONTROLLED SYNTHESES 

H 
N. CH0 / - \ 

C ^ C ^ — • COOi-Bu 

X \ Bz-
H (Conformation B) v̂  

-COO-i-Bu'v,Ph>-CH2Ph^-CH2COO-i-Bu>i-Pr>i-Bu>Et 

FIG. 4 

Effective bulkiness of side chain in 
the sterically controlled synthesis 
of dipeptides 

The order of bulkiness does not agree with the order of 

the residue weight. In this order of effective bulkiness, the 

phenyl group is larger than the benzyl group and also the 

isopropyl group is larger than the isobutyl group. This 

relationship can be explained on the basis that the phenyl 

group is larger than the benzyl group and also the isopropyl 

group is larger than the isobutyl group. This relationship 

can be explained on the basis that the phenyl group and 

isopropyl groups are rigid and branched and that these groups 

also cannot be bent. On the other hand, benzyl and isobutyl 

groups are flexible and these are not branched at the a -carbon 

to which these groups are attached. Therefore, the effective 

bulkiness of rigid and branched phenyl and isopropyl groups 

is larger than that of the benzyl and isobutyl groups. 

Table 3 describeo a -aminobutyryl peptides. The reaction 

products have all S-S and R-R s t ructures . The R-groups 
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TABLE 3 

Sterically Controlled Synthesis of 
a-Aminobutyryl Peptide 

C2H5-C-CONH-CH-COO: 

CH2(zS 
a-

AsyTtimetric 
moiety 

(R)-jz5-gly i-Bu 
(oxime) 

(S)-czi-ala-i-Bu 
(S)-<z5-ala-i-Bu 

(oxime) 
(S) ̂ -asp-i-Bu 

L-Bu 
ca 

ti2 
talyst 

-aminobutyryl amino 

a-Amino 

Yield 

67 

56 
65 

53 

n-butyric 

Optical 
purity 

0 

12 
9 

28 

acid 

acid 

Config, 

-

S 
s 

s 

H+ 
H 9 0 *"' 

Conform. 
of 

substrate 

B 

B 
B 

B 

-COOi-Bu^0>-CH2-jzi>-CH2COOi-Bu 

used are phenyl, benzyl, and -CH ?-COO-i-Bu. Therefore, 

structure B could be the major conformation in these 

reactions. 

In order to prove further the chelation hypothesis in the 

dipeptide synthesis, benzoylformylamino acid es te rs were 

hydrogenated. Optically active mandelic acid was obtained 

after hydrolysis. Results are summarized in Table 4. 

In the peptide synthesis described above, conformation 

of the substrate is that of structure A only when the R-group 

is methyl. Table 4 indicates that when (S)-ala was used, 

(R)-mandelic acid was obtained. However, when (S)-leucine 
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TABLE 4 

3 
14 
1 3 

1 1 

2 

R 
R 
S 

R 

S 

A 
A 
A 

A 

B 

Sterically Controlled Synthesis of Mandelic Acid 
Ho H+ 

(zS-CO-CONH-CH-COOi-Bu —j-=^ r*- " — m a n d e l i c a c i d 
^ I c a t a l y s t H , 0 

R ^ 

R A s y m m e t r i c Y i e l d O p t i c a l C o n f i g . Confo rm, 
m o i e t y p u r i t y o f 

S u b s t r a t e 

CH-. ( S ) - a l a - M e 66 
( S ) - a l a - i - B u 40 
( R ) - a l a - i - B u 40 

i - B u ( S ) - l e u - i - B u 49 

i - P r ( S ) - v a l - i - B u 36 

i -buty l e s t e r was used, the r e s u l t i n g m a n d e l i c acid was s t i l l 

R. T h e r e f o r e , the conformat ion of the s u b s t r a t e in these 

r e a c t i o n s could be that of s t r u c t u r e A. The conf igura t ion of 

the r e s u l t i n g m a n d e l i c ac id was inve r t ed when (S)-val ine 

i sobuty l e s t e r was used (conformat ion B). T h e s e r e s u l t s 

imply that the amount of space between s u b s t r a t e and ca ta lys t 

i s different f r o m that of the space in the dipept ide s y n t h e s e s . 

Although the a c c u r a t e bond d i s t a n c e s of C = 0 and C = N of the 
r» 

substrate are not known, these are approximately 2. 5 A in 

each bonding. In the dipeptide synthesis, the nitrogen atom 

of C=TNf bond combined with the hydroxy or benzyl group. 

Therefore, one may assume that the whole substrate molecule 

inclines to the catalyst side (FIG. 5). In the case of mandelic 
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H 
N. COOi-Bu 

- - \ : ( S t r u c t u r e A) 

f-^ 
Bz N 0 

P d 

R 

\ 
c— 

// 0 
\ 

H 

/ " 

" \ \ 
0 

/ 
\ / 

,COOi-

Cv 

V-H 
i-Bu 

-Bu 

( S t r u c t u r e A) 

Pd 

FIG. 5 

Dimension of space between s u b s t r a t e and c a t a l y s t in the 
s t e r i c a l l y con t ro l l ed syn thes i s of dipept ide and 
N - m a n d e l y l - a - a m i n o acid 

ac id s y n t h e s i s , t he r e is no subs t i tuen t such as a hydroxy or 

benzyl g roup . T h e r e f o r e , the s u b s t r a t e does not incl ine to 

the ca t a ly s t s ide so that the d i m e n s i o n of the space between 

s u b s t r a t e and ca t a ly s t i s l a r g e r than that in t h e dipept ide 

syn thes i s (FIG. 5). In the dipept ide s y n t h e s i s only a m e t h y l 

group can be al lowed to take p a r t in confo rma t ion (A). However , 

in the m a n d e l i c ac id s y n t h e s i s , the i sobuty l group can occupy 

the space in the f o r m of confo rma t ion (A) because of the l a r g e r 

space between s u b s t r a t e and ca t a ly s t . Thus the d i m e n s i o n of 
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space be tween s u b s t r a t e and c a t a l y s t could be e s t i m a t e d by 

the use of c h e m i c a l da ta obta ined f r o m the s t e r i c a l l y con t ro l l ed 

s y n t h e s e s of d ipep t ides and m a n d e l i c ac id . 

SUMMARY 

1. A che la t ion hypo thes i s in the s t e r e o s p e c i f i c syn thes i s of 

d ipep t ides was p r o p o s e d . 

2. An o r d e r of effective bu lk iness of s ide cha ins was d i s c u s s e d 

by the use of opt ica l pu r i ty of the newly fo rmed amino a c i d s . 

3. The d i m e n s i o n of the space between s u b s t r a t e and ca t a ly s t 

su r face was d i s c u s s e d by the use of c h e m i c a l da ta . 

4 . When the p r o p o s e d s t e r e o c h e m i c a l c o u r s e was fu r the r 

es tab l i shed , it could be poss ib l e to d e t e r m i n e the con

f igura t ions of s t r u c t u r a l l y unknown p r i m a r y a m i n e s by the 

use of these r e s u l t s . 
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The amino acid sequence of a pept ide ho rmone prov ides 

a l l of the in fo rmat ion r e q u i r e d for evoking a p a r t i c u l a r 

phys io logica l r e s p o n s e in a given env i ronmen t . Our t a sk 

is to identify this i n fo rma t ion and to e luc ida te the m e c h a n i s m 

whereby it is r e cogn ized and t r a n s l a t e d as a r e s u l t of the 

h o r m o n e - r e c e p t o r complex fo rma t ion . 

In this effort the syn the t ic a p p r o a c h has achieved a 

p r o m i n e n t pos i t ion as the point of d e p a r t u r e for s tud ies which 

a t t emp t to p robe the m e c h a n i s m of ho rmone act ion at the 

m o l e c u l a r l eve l . Synthes i s is the choice method for in

augura t ing s t r u c t u r a l changes at will at any des igna ted locus 

in the pept ide h o r m o n e ; such changes can lead to the e luc ida 

tion of functional and s t e r i c r e q u i r e m e n t s for a p a r t i c u l a r 

h o r m o n a l ac t iv i tv . E s s e n t i a l for this kind of 
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study a r e amino ac ids p o s s e s s i n g m a x i m a l l y d i v e r s e 

s t r u c t u r e s . Some of these amino ac ids a r e r e a d i l y 

ava i l ab le f r o m n a t u r a l s o u r c e s ; o t h e r s a r e s c a r c e or not 

known at a l l . 

Sea rch ing for a sulfur r e p l a c e m e n t which differs e l e c 

t ron i ca l l y but r e t a i n s in f i r s t app rox ima t ion the s t e r i c 

p r o p e r t i e s of the sulfur moie ty , we b e c a m e i n t e r e s t e d in 

s e l e n i u m - c o n t a i n i n g i so logs of d i su l f ide- and t h i o e t h e r -

conta ining amino a c i d s . Although m a n y of these do o c c u r 

1 2 
in l iving o r g a n i s m s ' , the i r p r e s e n c e is l im i t ed to a low 

concen t r a t i on o r even t r a c e a m o u n t s . M o r e o v e r , a 

comple te s e p a r a t i o n f r o m the i r c o r r e s p o n d i n g sulfur 

d e r i v a t i v e s has not ye t been ach ieved on a p r e p a r a t i v e 

s c a l e . F r o m the e x p e r i e n c e a c c u m u l a t e d to date it is 

a p p a r e n t that with this c l a s s of compounds the d i r e c t syn

thet ic a p p r o a c h has a d i s t inc t advantage over any i so la t ion 

p r o c e d u r e . T h e r e f o r e , the e l abo ra t i on of syn the t ic r o u t e s 

for the p r e p a r a t i o n of opt ica l ly ac t ive s e l e n i u m - c o n t a i n i n g 

amino ac ids and for that m a t t e r any novel me thod for 

in t roduc ing s e l e n i u m into a mo lecu le a r e m o r e than a 

m e r e a c a d e m i c e x e r c i s e . 

F o r example , in our e x p e r i e n c e the subs t i tu t ion of 

sulfur by s e l e n i u m has a l r e a d y y ie lded valuable i n f o r m a 

tion bea r ing on the ques t ion of the functional equ iva lence 

or nonequiva lence of the individual sulfur a t o m s in the 
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3 4 disul f ide br idge of pept ide h o r m o n e s ' . M o r e o v e r , 

s e l e n i u m i so logs of neu rohypophysea l h o r m o n e s proved 

5-9 to be c r u c i a l du r ing s tud ies cu lmina t ing in the e s t a b 

l i s h m e n t of the absolu te conf igura t ion of the cys t ine r e s i d u e 

in oxytocin and i t s a n a l o g s . 

Today I would l ike to d i r e c t your a t ten t ion to s o m e a s 

pec ts of the s y n t h e s i s of S e - b e n z y l - L - s e l e n o c y s t e i n e c o m 

pounds, to p r e s e n t the p r e p a r a t i o n of a few na tu r a l l y o c c u r 

r ing s e l e n i u m - c o n t a i n i n g amino ac ids as wel l as h o m o s e l e n o -

cys t e ine d e r i v a t i v e s , to d e s c r i b e the syn thes i s of d i s e l e n o -

oxytocin, and to ci te some p r e l i m i n a r y p h a r m a c o l o g i c a l 

s tud ies with this oxytocin i so log . I would l ike a l so to ca l l 

a t tent ion to s o m e unsolved p r o b l e m s with r e g a r d to s e l e n i u m -

containing amino ac ids and to the use fu lness of these com

pounds in b iochemica l s t u d i e s . 

S e v e r a l y e a r s ago Z e r v a s , Photaki and the i r c o l l a b o r a 

to r s d e s c r i b e d the conve r s ion of s e r i n e d e r i v a t i v e s to 

the c o r r e s p o n d i n g cys te ine compounds . This me thod con

s i s t s of the nuc leophi l i c d i s p l a c e m e n t of the O- tosy l group 

of s e r i n e by the sod ium sa l t of an a lky la ted m e r c a p t a n . 

13, 14 
Dr . Theodoropoulos et a l . adapted this p r o c e d u r e 

for the p r e p a r a t i o n of s e l enocys t e ine d e r i v a t i v e s . The 

r a c e m i z a t i o n e n c o u n t e r e d dur ing the d i s p l a c e m e n t of the 

O- to sy l mo ie ty in s e r i n e d e r i v a t i v e s with m e r c a p t i d e was 

not o b s e r v e d dur ing the d i s p l a c e m e n t with the sod ium sa l t 
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of b e n z y l s e - l e n o l . This advan tageous finding is p robab ly 

due to the d i f fe rences in bas i c i ty of the n u c l e o p h i l e s - - t h e 

th io la te ions a r e s t r o n g e r b a s e s than the c o r r e s p o n d i n g 

s e l eno l a t e i ons . Thus one would expec t the s e l eno l a t e to 

p o s s e s s a d e c r e a s e d tendency to p r o m o t e p ro ton a b s t r a c 

tion f r o m the C . F u r t h e r e x p e r i m e n t s p roved that not 

only O- to sy l a t ed s e r i n e d e r i v a t i v e s but a l so O- to sy la t ed 

s e r i n e - c o n t a i n i n g pept ides could be r e a d i l y t r a n s f o r m e d 

to S e - b e n z y l s e l e n o c y s t e i n e pept ides under mi ld condi t ions 

which do not affect the conf igura t ion of the s e r i n e 

. , 13,14 
r e s i d u e 

M o r e r e c e n t l y i t b e c a m e m a n d a t o r y that we obtain an 

N - p r o t e c t e d d e r i v a t i v e of L - s e l e n o c y s t e i n e p o s s e s s i n g a 

f r ee ca rboxy l group su i tab le for pept ide coupling by p r o 

c e d u r e s o the r than the az ide method . Since the ac ido lys i s 

of the me thy l and benzyl e s t e r s of N - c a r b o b e n z o x y - S e -

14 b e n z y l - L - s e l e n o c y s t e i n e m e t with difficulty , we a t t emp ted 

to saponify the benzyl e s t e r . However , the ba se affected 

the s e l e n i u m - c o n t a i n i n g amino acid a d v e r s e l y ; the ac id 

was i so la t ed in low pe rcen t age and d ibenzy ld i se len id , 

r e s u l t i n g f r o m p - e l im ina t i on of benzy l se leno l and s u b s e 

quent oxidat ive d i m e r i z a t i o n , cons t i tu ted a m a j o r r e a c t i o n 

p roduc t . Once we had p r e p a r e d the d ipheny lmethy l e s t e r 

of N - ca r bobenzoxy-Se - benzyl - L- s e l e n o c y s t e i n e , 

D r s . Gordon and Theoporopoulos r e a d i l y d e p r o t e c t e d 
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the carboxyl group and then, after quantitative removal of 

the byproduct diphenylmethyl chloride, crystalline N-

carbobenzoxy-Se-benzyl-L-selenocysteine was isolated in 

SeBz SeBz 
I I 

0.9N HC1 ^ 2 , L CH2 

. ZNHCHCOOH P-nltrophenol, Z N H C H C 0 O N p 

| i n CH.NO, m.p .104-105 DCCI m.p .94 -96° 

"6BZ I MD
22-39.5° K f - 3 4 . 3 0 

( c l i n 957. EtOH) ( c l i n DMF) 
CH2 

ZNHCHCOODPM-

SeBz 
I 

2N HBr CH" 

i n AcOH 
—• H„NOT ,22 

:COOH [ a r + 3 6 . 4 (c2 i n IN NaOH) 

high yield. This product differed in its optical rotation 

from the compound which Frank prepared by an indepen

dent method, in spite of identical melting points. Our 

value for the optical rotation is substantiated by the fact 

that treatment of the diphenylmethyl ester--the precursor 

of N-carbobenzoxy-Se-benzyl-L-selenocysteine--with 2N 

HBr yields Se-benzyl-L-selenocysteine of high optical 

14 
purity . In addition, we converted the N-carbobenzoxy-L-

selenocysteine to its p-nitrophenyl ester, which exhibited 

physical properties identical to those reported previously 

In order to obtain maximum utility for this displace

ment reaction in the synthesis of selenium-containing 

amino acids, Dr. Gordon investigated the possibility of 

transforming an O-tosylated L-serine derivative with 
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sod ium hydrogen s e l e n i d e - - i n s t e a d o f the b e n z y l s e l e n o l a t e - -

to the c o r r e s p o n d i n g s e l enocys t e ine d e r i v a t i v e . Such a 

d e r i v a t i v e with i t s f ree se leno l function would p rov ide a 

key i n t e r m e d i a t e al lowing the t r a n s f o r m a t i o n to e i t h e r the 

d i se l en ide by oxidat ion or s e l en ide s by a lkyla t ion . While 

the f o r m e r type of r e a c t i o n would pave the way for the 

synthesis of L - s e l e n o - c y s t e i n e , the l a t t e r would offer a 

rou te toward the syn thes i s of such amino ac ids a s L - s e l e n o -

lanthionine and L - s e l e n o c y s t a t h i o n i n e , which p o s s e s s a 

s e l e n o c y s t e i n e mo ie ty as the bas ic ske le ton . 

To e x a m i n e the feas ib i l i ty of the above compend ium, 

N - c a r b o b e n z o x y - O - t o s y l - L - s e r i n e d iphenylmethy l e s t e r 

was a l lowed to r e a c t with a s t o i c h i o m e t r i c amount of sod ium 

hydrogen s e l en ide . In view of the e a s e with which a l ipha t i c 

+HSe 
TsOCH,CHCOODPM 

I -TsO" 
NHZ I" HSeCH2CHCOODFtd| 

NHZ J 

oxid . 
-SeCH„CHCOODPM 

NHZ 

-SeCHjCHCOCHM 

NH, ^ 

m.p.206 d e c . 

[ a ] ^ - 1 4 1 . 4 ° 

( c l in 5N HC1) 

1. H 30+ 

2. HBr/AcOH 

3 . pH 5 

1. HC1/CH3N02 

2. (C6HU)2NH 

|-SeCH2CHCOO"(C6H11)2NH2j 

\ mz K 
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se l e no l s ox id ize , we did not a t t emp t to i so l a t e the N - c a r 

b o b e n z o x y - L - s e l e n o c y s t e i n e d iphenylmethy l e s t e r , but 

i n s t ead conve r t ed the se lenol in s i tu to the c o r r e s p o n d i n g 

d i s e l e n i d e , bis (d iphenylmethyl) b i s (N-ca rbobenzoxy) -L-

s e l e n o c y s t i n a t e , which was i so l a t ed in m o r e than 90% 

yield. This e s t e r was deblocked s t epwise to yield u l t i -

17 m a t e l y L - s e l e n o c y s t i n e 

That the in i t i a l c o n v e r s i o n r e a c t i o n of N - c a r b o b e n z o x y -

O - t o s y l - L - s e r i n e d iphenylmethy l e s t e r to the se leno l p r o 

ceeded with full r e t en t i on of c h i r a l i t y was a f f i rmed via the 

syn thes i s of d ipheny lmethy l N - c a r b o b e n z o x y - S e - b e n z y l - L -

s e l e n o c y s t e i n a t e by a new path: 

1. HSe~ 
r 2. NaOH 

CH2 ' 

OTos 

CbzNHCHCOOCH(C6H5)2 

SeBz 
I 

CH2 

» CbzNHCHCOOCH(C6H5)2 

BzSe 

To p r e p a r e d ipheny lmethy l N - c a r b o b e n z o x y - S e - b e n z y l -

L - s e l e n o c y s t e i n a t e the O- tosy la t ed e s t e r was t r e a t e d with 

sod ium h y d r o g e n se len ide and the r e s u l t i n g se l eno l was 

subsequen t ly , without r i s k of r a c e m i z a t i o n , a lky la ted in_ 

s i tu with benzyl iodide . The phys ica l p r o p e r t i e s of the 

p roduc t w e r e e s s e n t i a l l y i den t i ca l with those r e p o r t e d 

p r e v i o u s l y for this compound when obta ined f r o m the 

O - t o s y l a t e d e s t e r in a s ingle s t ep with sod ium benzy l -
i «- 1 4 se l eno la t e 
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One of the m o r e complex su l fu r - con ta in ing a m i n o ac ids 

- - though t to o c c u r in n a t u r e - - i s lanthionine . While 

21 

the D L - and m e s o - m i x t u r e of i ts se leno i so log is known , 

the syn thes i s of L - se l eno lan th ion ine was ye t to be ach ieved . 

We t h e r e f o r e se t out to p r e p a r e the L - e n a n t i o m e r in a 

fu r the r t e s t of our me thod . The e x p e r i m e n t a l path as 

out l ined below is s e l f - e x p l a n a t o r y : 

[NaSeCH2CHOODPMJ TsOCHjCHCOODPM 

NHZ J NHZ 
SelCH.CHOODPM 

'I 
NHZ 

J 
' i 

m.p.114 

[ a ] " - 3 1 . 7 ° ( c l in DMF) 

1. HC1/CH3N02 

2. (C6Hn)2NH 

Se/CH CHC00H\ 

NH2 

1. H30 

I 2. HBr/AcOH 

3 . NH.OH 
4 

Se/cH2CHCOO"(C6Hn)2SH2l 

I NHZ 

m.p.172-173° 

[ a ] 2 2 - 0 . 8 8 ° ( c l in MeOH) 
m.p.230-270 d e c . 

[a]21+34.9° 

( c l in 5N HC1) 

So far we have focused on s e l e n i u m - c o n t a i n i n g c o m 

pounds which p o s s e s s e d a p rop ion ic ac id ske le ton as the 

basic s t r u c t u r e . I would now like to tu rn to the next h igher 

homolog in the s e r i e s , to compounds with a h o m o s e l e n o -

cys t e ine ske le ton . The p r o b l e m s e n c o u n t e r e d in this 

a n c i l l a r y p r o g r a m of r e s e a r c h differed s h a r p l y f r o m those 

d i s c u s s e d above . While the chief t a sk with O - t o s y l - s e r i n e 
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derivatives was to avoid racemization during the conversion, 

the major challenge with homoserine was to develop a 

reaction path which would minimize lactone formation which 

in the past hampered chemical work employing homoserine 

per se instead of its lactone, e.g. ' 

In pilot experiments Dr. Pande found that the .p.- toluene -

sulfonate of homoserine can readily be prepared and then 

24 

converted—according to Aboderin e^al^ - - to the diphenyl

methyl ester . While the .p-toluenesulfonate of homoserine 

was stable, the ester underwent cyclization to the lactone 

during repeated manipulations. 

NH-Tos" 
I 3 

HOCH2CH2CHCOOH 

m.p.124-125° 

NH-Tos" 
I 3 

(C6H5)2CN2 

(c2 in MeOH) 

[a]2J+6.8° 

— HOCH-CH CHCOODPM 

TosCl/Pyr 

NHTos 

BzSeCH2CH CHCOO _ (C 6 H u ) 2 fc 2 .^ 
1. BzSe 

NHTos 

TosOCH CHjCHCOODPM 
o 

m.p.176-178 2 . 0.9N HCl m.p.132-133 

J 4A9 _L°fnl I n MoOH^ 1 fr H \ NH T'r,''22 [a] 2 2442.4°(cl in MeOH) 3 . (C6HU)2NH [a]*Z-15.5°(cl in DMF) 

Therefore, no further attempt was made to isolate the 

ester in crystalline form. Instead it was ditosylated in 

the next step to yield the crystalline ditosyl-L-homoserine 

diphenylmethyl ester which was subsequently transformed 

to the N-tosyl-Se-benzyl-L-homoseleno-cysteine dicyclo-

hexylammonium salt. 
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Our next ob jec t ive was to s e c u r e an S e - b e n z y l - L - h o m o -

s e l e n o c y s t e i n e d e r i v a t i v e bea r ing a m i n o - and c a r b o x y l - p r o -

tec t ing g roups of such a n a t u r e that the n i t r ogen function 

NHZ NHZ 

HOCH CH CHCOO" l ' T ° S N B • TosOCHCH CHCOONB 
2 . TosCl /Pyr m . p . m _ 1 1 5 ° 

[ a j 2 3 - 7 . 8 ° ( c 2 i n DMF) 

NH2-HBr 

BzSe 

NHZ 
I 

BzSeCHCH CHCOONB ffJJ l f i BzSeCH^CHCOONB 
,.y , „ o AcOH , . ,,o 

m.p.116-117 m.p.64-66 
[ a ] 2 1 -18 .4° (c l in DMF) 

could be d e p r o t e c t e d se l ec t ive ly , thus al lowing the i n c o r 

po ra t i on of h o m o s e l e n o c y s t e i n e into a pept ide a s a C - t e r m i 

na l r e s i d u e . F o r the p r e p a r a t i o n of such an i n t e r m e d i a t e , 

N - c a r b o b e n z o x y - L - h o m o s e r i n a t e was s e l e c t i v e l y e s t e r i f i e d 

25 
wi th_p-mt robenzy l to sy la t e to y ie ld42-n i t robenzy l N - c a r -

b o b e n z o x y - L - h o m o s e r i n a t e . This e s t e r was subsequen t ly 

tosy la ted to p rov ide . p -n i t robenzy l N - c a r b o b e n z o x y - O -

t o s y l - L - s e r i n a t e , which in tu rn was a l lowed to r e a c t wi th 

the benzy l se l eno la t e giving .g.-nitrobenzyl N - c a r b o b e n z o x y -

S e - b e n z y l - L - h o m o s e l e n o c y s t e i n a t e ; subsequen t d e c a r b o b -

enzoxyla t ion y ie lded the h y d r o b r o m i d e of S e - b e n z y l - L -

h o m o s e l e n o c y s t e i n e 43-ni t robenzyl e s t e r . 
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The above reactions with homoselenocysteine are 

preliminary, and many additional problems wiLl have to 

be investigated. Nevertheless, it appears that the nucleo

philic displacement of the O-tosyl moiety of an appropriately 

protected homoserine is a most flexible method. There are , 

however, a few other procedures -- although more limited 

in scope - - for the synthesis of a -amino-y-selenobutyric 

acid derivatives, such as the displacement of the ester 
26 oxygen of a -amino-y -butyrolactone or the alkylhalide in 

27 28 a -amino-y -halobutyric acid ' 

In defining the measure of responsibility of a particular 

group in the hormone molecule for binding or for the cataly

tic function or for both, we have become interested in the 

isoster ic replacement of sulfur by selenium. We therefore 

embarked on a study of a ser ies of neurohypophyseal hor

mone analogs such as 1-seleno- and 6-seleno-oxytocin, 

3, 5 6 their deamino analogs and deamino-diseleno-oxytocin ' . 

Perhaps the most logical member in the group of selenium-

containing oxytocin analogs, viz. diseleno-oxytocin, is 

notably missing from this list. This is not without reason. 

In the course of long-standing studies specifically related 

to the preparation and the determination of physical and 

pharmacological properties of diseleno-oxytocin, we were 

confronted with the fact that this molecule is highly unstable, 

tending to dimerize and polymerize; this probably also 
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e x p l a i n s w h y a n i n i t i a l a t t e m p t by F r a n k to s y n t h e s i z e 

29 
d i s e l e n o - o x y t o c i n w a s u n s u c c e s s f u l 

C6H40H C2H, 

Z O CH, O C H - C H , 
I II I II I 

CH, - C H - C - N H - C H - C - NH — CH 
' 1 2 3 | 
, C = o 
I I 

Y , O . O . NH 
I 6 II 5 II 4 I 
C H 2 - C H - N H - C - C H - N H - C - C H - ( C H 2 ) 2 - C O N H 2 

I C H 2 
c = o | 
| CONH2 

C H j - N . O O 
I \ 7 II 8 II 9 

C H - C - N H - C H - C - NH - CH2 - CONH2 
I / I 
CHj — CHj C HJ 

CH(CHS)2 

Z = NH2 or H 
I . X —Y = S-S 

I I . X - Y = Se-S 
I I I . X —Y = S-Se 
IV. X —Y = Se-Se 

F I G . 1 

A f t e r w e h a d s e c u r e d N - c a r b o b e n z o x y - S e - b e n z y l - L -

s e l e n o - c y s t e i n e i n s u f f i c i e n t q u a n t i t i e s by t h e m e t h o d 

d i s c u s s e d a b o v e , w e r e t u r n e d to t h e s y n t h e s i s of d i s e l e n o -

o x y t o c i n . F o r t h i s p u r p o s e t h e C - t e r m i n a l o c t a p e p t i d e 

a m i d e , e m p l o y e d d u r i n g the s y n t h e s i s of h e m i - 6 - s e l e n o -

5 
o x y t o c i n a n d i t s d e a m i n o a n a l o g , w a s l e n g t h e n e d w i t h 

N - c a r b o b e n z o x y - S e - b e n z y l - L - s e l e n o c y s t e i n e _ p - n i t r o p h e n y l 

e s t e r , a n d t h e r e s u l t i n g n o n a p e p t i d e w a s d e p r o t e c t e d w i t h 

s o d i u m i n l i q u i d a m m o n i a a s d e s c r i b e d f o r t h e s y n t h e s i s 
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of oxytocin ' . After lyophi l iza t ion and ampul ing of 

32 
d i s e l e n o - o x y t o c i n , t e s t s for i t s avian v a s o d e p r e s s o r 

33 
and r a t oxytocic a c t i v i t i e s gave po tenc ies far below our 

e x p e c t a t i o n s . This p r o m p t e d us to study the effect of hea t 

s t e r i l i z a t i o n and lyophi l iza t ion on the b io logica l p r o p e r t i e s 

of c r y s t a l l i n e deamino -oxy toc in , d e a m i n o - 1 - s e l e n o - o x y t o c i n 

1400 — 

DEAMINO-
OXYTOCIN 

DEAMINO-
l-SELENO-
OXYTOCIN 

F I G . 2 

DEAMINO-
6-SELENO-
OXYTOCIN 
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and deamino-6-seleno-oxytocin. It was found that no 

inactivation of the hormonal peptides occurs during heat 

sterilization; however, lyophilization affected all peptides 

negatively - - the disulfide, deamino-oxytocin, to a 

lesser degree than both of the seleno-thiolates (FIG. 2, 

compare second with third bar for each analog). In 

addition, a study of the avian vasodepressor activities 

of the crystalline analogs and the analogs obtained after 

countercurrent distribution or partition chromatography 

with omission of lyophilization, revealed that both groups 

of compounds exhibit comparable potencies (FIG. 2, 

compare first with second bar for each analog). We 

therefore feel that direct assay after purification offers a 

satisfactory alternative for determining the biological 

activities of hormonal peptides, and with those analogs 

which are too unstable to be isolated by means of 

lyophilization this may be the only feasible procedure. 

The concentration of hormone in the bio-assay solution is 

determined in three ways: (a) quantitative amino acid 

analysis after acid hydrolysis of an aliquot (labile amino 

acids, such as tyrosine, are omitted during the calcu

lations); (b) weight determination after lyophilization of 

an aliquot; and (c) quantitative determination of the 

tyrosine content by a spectrophotometric procedure at a 

constant pH. 
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With these experiences as background we returned to 

diseleno-oxytocin and carr ied out bioassays on preparations 

which had not undergone lyophilization but instead were 

ampuled immediately following countercurrent distribution 

and evaporation of the organic layer. When the effect of 

diseleno-oxytocin on the avian blood pressure was now 

determined, a value of approximately 600 U/mg was found. 

These data suggest that the selenium isolog is slightly more 

potent than oxytocin, which possesses a potency of about 

500 U/mg in this assay . The last picture shows the 

effect of lyophilization on the avian vasodepressor activity 

of diseleno-oxytocin; the isolog lost approximately 85% 

of its original potency during this process . Similarly, 

the activity of deamino-diseleno-oxytocin was drastically 

reduced by lyophilization (FIG. 3). 

In considering the future outlook for studies of the 

role of selenium in biology, we are confident it is now 

possible to readily secure optically active selenium-contain

ing amino acids possessing almost any desired structure. 

It also can be anticipated that acid labile and selectively 

removable protecting groups will be applied for the 

protection of the selenol function, thus enabling the peptide 

chemist to initiate the synthesis of selenium isologs of 

more complex sulfur-containing peptide hormones such 
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1000 

DEAMINO- DISELENO-
DISELENO- OXYTOCIN 
OXYTOCIN 

FIG. 3 

as calcitonin, insulin, etc. These kinds of investigations 

should ultimately lead to the determination of the ioniza

tion, reactivity and stability properties of selenol and 

diselenide groupings in a physiological environment and 

of the degree to which the topography and, consequently, 

the biological activity of a peptidyl hormone or enzyme 

are affected by the replacement of sulfur by selenium. 

It is anticipated that the mild reaction conditions required 

to displace the O-tosyl moiety by a selenium nucleophile 

will lead to the isolation of an acyclic compound 

containing a mixed sulfur-selenium bond. Further , the 
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high y ie ld in which the O- tosy l mo ie ty is r e p l a c e d by a 

s e l e n i u m nucleophi le paves the way for the syn thes i s of 

74 
S e - e n r i c h e d amino a c i d s , the reby expanding the scope 

of the i r m e t a b o l i c , d i s t r i bu t i on and d iagnos t i c s t u d i e s . 

74 75 
Fol lowing i r r a d i a t i o n by t h e r m a l neu t rons ( Se(n,Jr) Se) 

75 
the r e s u l t i n g Se, which has a hal f - l i fe of 127 d a y s , is 

d e t e r m i n e d by s t a n d a r d counting p r o c e d u r e s . F ina l ly , 

s e l e n i u m can s e r v e a s a heavy a t o m m a r k e r dur ing the 

X - r a y c r y s t a l l o g r a p h i c e luc ida t ion of the t h r e e - d i m e n s i o n a l 
35 

s t r u c t u r e of b iological ly i m p o r t a n t compounds 
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PENICILLIN P O L Y P E P T I D E S AND THEIR 
RELEVANCE TO ALLERGENICITY 

N o r m a n H. Grant 
R e s e a r c h Divis ion, Wyeth L a b o r a t o r i e s 

Radnor , Pennsy lvan ia 

THE ALLERGENICITY P R O B L E M 

After a q u a r t e r of a cen tu ry of c l in ica l use , p r a c t i c a l l y the 

onlyv un toward effect of pen ic i l l ins has been a l l e r g i c h y p e r s e n 

s i t iv i ty . The inc idence is p robably in the range of 0. 3 to 5% 

of the populat ion, a l though p r e s e n t s t a t i s t i c s do not r e f l ec t 

e x p e r i e n c e with s e m i - s y n t h e t i c penic i l l ins in t roduced in the 

1960 ' s . 

A full account of the inves t iga t ions into penic i l l in a l l e r g e n i -

city is i n a p p r o p r i a t e h e r e , but even a casua l look into the 

i m m u n o c h e m i c a l m e c h a n i s m s c o m e s to focus on the peptide 

a s p e c t s . The evolving sequence of explana t ions has been: 

(1) an t igen ic i m p u r i t i e s ; (2) pen ic i l l en ic acid fo rmat ion , 

followed by acy la t ion of p r o t e i n s ; (3) d i r e c t acy la t ion of p r o t e i n s ; 

(4) i m p u r i t i e s again; (5) p o l y m e r i z a t i o n . 

A l l e r g i c r e a c t i o n s to penic i l l in f i r s t appea red when the 

p roduc t was r ecogn ized as s t i l l i m p u r e . Since p ro t e in s f r o m 

m i c r o b i a l f e r m e n t a t i o n s y s t e m s w e r e known to be an t igenic in 
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in m a n , the o r ig in of the a l l e r g e n i c i t y s e e m e d c l e a r l y to be 

r e s i d u a l p ro t e in , p lus , p e r h a p s , i m p u r i t i e s i n t roduced in the 

veh ic l e s . 

PENICILLENIC ACIDS 

With the e m e r g e n c e of ve ry pure penic i l l in p r e p a r a t i o n s the 

p r o b l e m failed to vanish , and the idea of a penic i l loyl hap ten 

gained p r o m i n a n c e . In 1961, Levine r e p o r t e d that the pen i -

c i l len ic ac id r e a r r a n g e m e n t p roduc t (III of benzylpen ic i l l in 

( s t r u c t u r e I; R= benzyl) is a s t rong s e n s i t i z e r , and m a y 

(CH3)2 C —CHC02H 

S 

\ 
CH—N 

I I 
RCONH-CH-C 

(CH3)2 C—CHC02H 

S 

\ 
CH—NH 

I 
RCONH-CH—C-NHR' 

II 
0 

(CH,)2 C—CHC02H 

HS 

I I 

R'SH 

(CH3)2 C —CHC02H 

S 
\ 

CH—NH 

I 
RCONH-CH-C-SR' 

II 
0 

I I I IV 
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r e a c t with t i s s u e or b a c t e r i a l p ro t e in s in vivo to f o r m the 

2 
ac t ive a l l e r g e n s . Reac t ion with e-amino g roups would give 

the novel pept ide III. Reac t ion with sulfhydryl g roups would 

give the c o r r e s p o n d i n g t h i o e s t e r conjugate (IV) . 

Where R is pa r t of a p ro te in , III and IV a d m i r a b l y m e e t the 

r e q u i r e m e n t s of haptenic con juga tes . Such conjugates have 

proved , m o r e o v e r , to be effective e l i c i t o r s of wheal and 

e r y t h e m a skin r e s p o n s e s in a l l e r g i c humans ~ . 

Although ove rwhe lming evidence now points to the p e n i c i l -

loyl group as the p r inc ipa l an t igen ic d e t e r m i n a n t , the highly 

labi le pen ic i l l en ic ac ids compe te with the pa ren t penic i l l in 

as the p r e c u r s o r ; i. e. , the (3 - l a c t a m is i tself r e a c t i v e enough 

to pen ic i l loy la te a m i n e s d i r e c t l y . To a s s e s s the roLe of p e n i 

c i l len ic a c i d s , then, one m u s t a sk whe the r it is poss ib le to 

r e l a t e r a t e of pen ic i l l en ic acid fo rma t ion , r a t e of pen ic i l loy la t ion , 

and d e g r e e of an t igenic i ty . 

R e s e a r c h e r s in Swi tze r l and and England have fai led to 

find such a reLation. Schne ider and de Week concluded f r o m a 

k ine t ic s tudy that penic i l len ic acid fo rmat ion could not be the 

r a t e l imi t ing s tep in the aminolys is of benzylpenic i l l in by 
4 

e - a m i n o c a p r o i c acid . F u r t h e r m o r e , they could find no 

c o r r e l a t i o n between pen ic i l l en ic acid fo rma t ion f rom va r ious 

pen ic i l l ins and e i t he r pen ic i l loy la t ion of polylys ine o r i m m u n o -

genic i ty of the pen ic i l l ins . Ba tche lo r and c o - w o r k e r s a l so 

s tudied s e v e r a l penic i l l ins and could find no c o r r e l a t i o n 
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between pen ic i l l en ic ac id f o r m a t i o n and pen ic i l loy la t ion of 

I K • 6 

s e r u m a lbumin . 

IMPURITIES 

In 1967 two groups of w o r k e r s again p roposed m a c r o m o l e c u -
7-9 

l a r i m p u r i t i e s as the p r i n c i p a l f a c to r s in a l l e r g e n i c i t y 

T h e s e could a r i s e f r o m outs ide the pen ic i l l in - - f r o m c o m p o 

nents of the f e r m e n t a t i o n s y s t e m - - o r f rom the penicilLin 

i tself . The ev idence on e x t r a n e o u s an t igens - - and i t s i n t e r 

p r e t a t i o n - - i s p r e s e n t l y confl ict ing; the p r e p a r a t i o n s s tudied 
7-9 by Ba t che lo r , F e i n b e r g , and S tewar t and the i r a s s o c i a t e s 

conta ined s u b s t a n c e s which on h y d r o l y s i s gave amino acid not 

p r e s e n t in pen ic i l l i n s . On the o the r hand, D u r s c h and 

de Week and co l leagues r e p o r t e d that m a n y p a r e n t e r a l 

p r e p a r a t i o n s of c o m m e r c i a l penic i l l ins contain e i t he r no p r o t e i n 

or amoun t s inadequate to account for h y p e r s e n s i t i v i t y . 

PENICILLIN POLYMERS 

The o the r poss ib l e s o u r c e of p o l y m e r i c m a t e r i a l is the 

penic i l l in m o l e c u l e . In 1962 we showed that 6-aminopenic iL-

lanic acid (6-APA) could f o r m polypept ides of about 7 to 9 

uni ts in length by r e a c t i o n be tween the p r i m a r y amino amino 

group on one moLecuLe and the |3 - l a c t a m of a ne ighbor ing 
12 

m o l e c u l e : 

No i n t e r f e r e n c e s w e r e o r ig ina l ly d rawn sugges t ing a ro l e 

for t he se p o l y m e r s in a l l e r g e n i c i t y , but these imp l i ca t i ons 

b e c a m e evident with the new i n t e r e s t in i m p u r i t i e s . This was 
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(CH ) 2 C CHC02H 

\ 
CH—N 
I I 

N H , — CH—C 

n + 2 

(CH3)2C—CHC02H 

/ 
S 
\ 

CH-NH 

NH„—CH-C-
2 II 

(CH ) 2 C-CHC0 2 H 

S 

\ 
CH-NH 

I 
- N H — C H - C -

II 
0 

(CH 3 ) 2 C-CHC0 2 H 

/ 
S 
\ 

CH-N 

- N H — C H - C 
II 
0 

e s p e c i a l l y t rue because of compl i ca t ions which a r o s e on t ry ing 

to s e p a r a t e p r e f o r m e d p o l y m e r s f rom m o n o m e r i c penic i l l in . 

The v e r y p r o c e s s e s of prolonged d ia lys i s or gel diffusion gave 

r i s e to new m a c r o m o l e c u l a r en t i t i e s . And af ter in i t ia l 

pur i f ica t ion , changes continued to occur on s tanding. When 

p o l y m e r s of benzylpenic i l l in and 6 -APA w e r e tes ted for 

an t igen ic i ty , they w e r e found incapable of e l ic i t ing ant ibody 

fo rma t ion , but they w e r e ve ry ant igenic when used as the 
7 

cha l lenge in the pa s s ive cutaneous anaphylaxis t e s t . 
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By what m e c h a n i s m s could a n o n - a m i n o penic i l l in , such as 

benzylpen ic i l l in , p o l y m e r i z e ? Two m a y be sugges ted . The 

f o r m a t i o n of a t r a c e of pen ic i l lo ic acid under mi ld ly a lka l ine 

condi t ions would in i t ia te a s e r i e s of nuc leophi l ic a t t acks by the 

s e c o n d a r y a m i n e : 

(CH 3 ) 2 C—CHC02H 

S 

\ 
CH—N 

I I 
RCONH—CH—C 

(CH 3 ) 2 C—CHC02H 

S 

\ 
CH-NH 

H02CCH-C(CH3)2 

S 

/ 
HN — CH 

I 
HO-C CH-NHCOR 

II 
0 

H02CCH-C(CH3) 

\ 
S 

/ 
N—CH 

I 
HO-C-CH-NHCOR 

II 
0 

where R is C,H.CH- for benzylpenicillin. 

An alternative route not requiring any penicilloic acid 

1 3 has been shown for non-penicillin P -lactams : 

14 
RC02H + 0 = C — N - 0 = C NH- 0 = C N-

= C — N -

0—COR OH COR 

RCO-
I I i 

- N - C - C — C O -
I I I 

-OH 
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It i s n o t e w o r t h y t h a t t h i s s c h e m e r e s u l t s i n a p o l y m e r 

p o s s e s s i n g a n i n t a c t t e r m i n a l P - l a c t a m in t h e R g r o u p ; i t 

w o u l d t h u s r e m a i n c a p a b l e of a c y l a t i n g a m i n o g r o u p s on 

s m a l l m o l e c u l e s a n d p r o t e i n s . 

In o r d e r to f o l l o w p o l y m e r i z a t i o n in s o l u t i o n , a n u n e q u i v 

o c a l a s s a y i s n e e d e d , a n d t h i s i s r e a d i l y a v a i l a b l e w i t h t he 

i m p o r t a n t g r o u p of s e m i - s y n t h e t i c p e n i c i l l i n s c o n t a i n i n g a 

p r i m a r y a m i n o g r o u p . T h e s e d i s p l a y b r o a d - s p e c t r u m 

a n t i b a c t e r i a l a c t i v i t y , i . e . , t h e y a r e e f f e c t i v e a g a i n s t a 

l a r g e v a r i e t y of g r a m - p o s i t i v e a n d g r a m - n e g a t i v e o r g a n i s m s . 

T w o m e m b e r s of t h i s g r o u p a r e a - a m i n o b e n z y l p e n i c i l l i n 

14 
( g e n e r i c n a m e : a m p i c i l l i n ) ( V ; R . ^ p h e n y l , R ? =H1 a n d 

6-( 1 - a m i n o c y c l o h e x a n e c a r b o x a m i d e ) p e n i c i l l a n i c a c i d 

( V ; R a n d R j o i n e d a s c y c l o h e x y l ) . 

( C H 3 ) 2 C CHC02H 

15 

\ 
CH—N 

I I 
R H R , C - C O N H - C H - C 

I II 
NH-, 0 

H02CCH-C(CH3)2 

S 

/ 
HN—CH 

( C H 3 ) 2 C — CHC02H 

S 

\ 
CH—NH 
I 

R ^ C - C O N H - C H - C - O H 

NH, 

VI 

R ^ C - C O N H - C H - C 

NH„ 

H02CCH-C(CH3)2 

S 

/ 
HN—CH 

R H R O C - C O N H - C H - C . 

I 
NH 0 

V I I 

(CH 3 ) 2 C-CHC0 2 H 

S 

\ 
CH-N 

I I 
RiRoC-CONH-CH-C 

I II 
•NH 0 
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B e c a u s e of the f ree amino group , f r e s h so lu t ions of the 

penic i l l in a r e ve ry s ens i t i ve to the n inhydr in r e a c t i o n , giving 

a l inear r e s p o n s e with concen t r a t i on . A pen ic i l lo ic ac id (VI) 

or i ts deca rboxy la t i on p roduc t would be expec ted to give a 

h igher coLor yield with n inhydr in , due to the uncove red 

s e c o n d a r y amino group . A polypept ide (VIII) and d e k e t o p i p e r a z i n e 

would both give a lower n inhydr in r e s p o n s e owing to 

binding of these f o r m e r l y f ree amino g r o u p s . 

TABLE 1. Hydro ly t ic and P o l y m e r i z a t i o n P r o d u c t s of 
Ampic i l l in 

Ampic i l l i n Pen ic i l l oa t e A B C 

3 - L a c t a m 100 0 30 24 0 
( re la t ive ) 

Ninhydr in 100 115 59 49 20 
( r e l a t ive ) 

Molecu l a r 367 385 7 5 0 - 9 0 0 a 1 2 1 0 - 1 4 8 0 a - C 

Weight b b 
1211° 1396 

F r o m o s m o m e t r i c anaLysis . 

F r o m P - l a c t a m ana ly s i s by h y d r o x a m a t e . 

Too insoluble for a c c u r a t e m o l e c u l a r weight d e t e r m i n a t i o n . 

The data in Table 1 suppo r t s this hypo thes i s for a m p i c i l l i n . 

The r e a c t i o n p roduc t s d e s c r i b e d in this table w e r e p r e p a r e d by 

incubat ing s a t u r a t e d ampic i l l i n so lu t ions for 11 days at 22 , 

a f ter which they w e r e d r i e d without f r ac t iona t ion . In i t ia l 

and final pH's w e r e 7. 5 and 6. 7 for s y s t e m A and 7. 7 and 

494 



PENICILLIN POLYPEPTIDES 

6. 8 for s y s t e m B (to which a t r a c e of pyr id ine was added as 

ca t a ly s t ) ; a th i rd produc t C, was the p r e c i p i t a t e which fo rmed 

f r o m s y s t e m B. S e v e r a l l ines of ev idence indicate that under 

such e x p e r i m e n t a l condi t ions ampic i l l i n polypept ides p r e 

domina te ove r the d ike top ipe raz ine and pen ic i l loa te . T i t r a 

tion c u r v e s for A and B ind ica te the p r e s e n c e of a p r i m a r y 

amine (pK = 7 . 5) not p r e s e n t in the d ike top ipe raz ine . Inf ra 

r ed p a t t e r n s of amp ic i l l i n and the t h r e e ampic i l l in p roduc t s 

of Table 1 a l l show NH s t r e t c h i n g bands n e a r 3300 c m 

and a m ide II bands n e a r 1525 cm , while the s i m p l e s t 

d i k e t o p i p e r a z i n e , glycine anhydr ide , does not a b s o r b at 

those f r e q u e n c i e s . F ina l ly , i n c r e a s e s in n u m b e r - a v e r a g e 

m o l e c u l a r weight to va lues c o r r e s p o n d i n g to a t r i m e r or 

t e t r a m e r accompan ied the d e c r e a s e in n inhydr in r eac t i v i t y . 

S i m i l a r a n a l y s e s for 6-APA a l s o showed a c o r r e l a t i o n 

1 2 
between polypept ide fo rma t ion and n inhydr in changes 

In solut ion, p o l y m e r i z a t i o n and h y d r o l y s i s can p r o c e e d 

s imu l t aneous ly , and the n inhydr in changes re f lec t the net 

effect. D i r e c t c o m p a r i s o n of the amino penic i l l ins r e v e a l e d 

s t r ik ing d ive rgence in the i r d e g r a d a t i v e pa thways . 

Table 2 shows that a s a t u r a t e d solut ion of ampic i l l i n at 

pH 8. 0 lost m o s t of i ts n inhydr in r eac t i v i t y , while at each 

a s s a y pe r iod the 1 -aminoa l i cyc l i c penic i l l in had a net gain. 

In h a r m o n y with this finding, d i a ly s i s of the r e a c t i o n m i x 

tu re led to s ignif icant ly m o r e nondia lyzable ampic i l l i n 

p roduc t . 
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TABLE 2. P o l y m e r i z a t i o n and Hydro ly s i s at pH 8. 0 and 22 

Ampic i l l i n Aminocyc lohexane 

Pen ic i l l i n 

P -Lactam 

2 days 

5 days 

7 days 

Ninhydrin 

2 days 

5 days 

7 days 

. (% change) 

(% change) 

Dialysis (% retained) 

-2 5 

-50 

-50 

not assayed 

-56 

-69 

12 

-7 

-25 

-30 

+2 

+15 

+21 

4 

S a t u r a t e d solu t ions of the a n h y d r a t e s . 

A l t e r a t i o n s in 6-APA p r o p e r t i e s w e r e c o m p a r e d with those 

of the amino pen ic i l l in s . Incubat ion at 37 for 6 days at pH 7. 4 

(Table 3) led to quant i t i es of nondia lyzable or slowly d ia lyzab le 

p roduc t s which fixed the c o m p a r a t i v e po lymer i z ing tendency 

of the t h r e e m a t e r i a l s as fol lows: a m p i c i l l i n > 6 - A P A > 6-( 1 -

a m i n o c y c l o h e x a n e c a r b o x a m i d e ) p e n i c i l l a n i c acid. Again, if we 

view p o l y m e r i z a t i o n as tying up p r i m a r y amino groups (in tu rn , 

lower ing n inhydr in r eac t iv i ty ) and h y d r o l y s i s as l i b e r a t i n g 

s e c o n d a r y amino groups (enhancing n inhydr in r eac t i v i t y ) , a l l 
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the n inhydr in a n a l y s e s conf i rm this o r d e r . Exc lus ion c h r o m a 

tography , using Sephadex G-10, fu r ther conf i rmed this o r d e r ; 

incubated ampic i l l i n s y s t e m s p o s s e s s e d by far the m o s t m a t e r i a l 

of m o l e c u l a r weight g r e a t e r than 700. 

TABLE 3. P o l y m e r i z a t i o n and Hydro lys i s at pH 7. 4 and 37 

6-APA Ampic i l l i n Aminocyc lo -
hexane „ a 
Pen ic i l l i n 

P - L a c t a m -78 -86 -82 
(% change) 

Ninhydr in +5 -46 +39 
(% change) 

T e r m i n a l d i a ly s i s 11 31 5 
(% re ta ined) 

Pen i c i l l i n s in i t ia l ly purif ied by d i a l y s i s . Incubat ion condi t ions : 
a l l compounds 10. 8% w/v in 0. 06 M p o t a s s i u m phosphate 
buffer, 6 da ys . P r e c i p i t a t e f o rmed in ampic i l l i n s y s t e m . 

The ro le of penic i l l in p o l y m e r s in c l in ica l h y p e r s e n s i t i v i t y 

r e m a i n s to def ini t ively e s t a b l i s h e d . The p r e s e n t s tudy, 

c o m p a r i n g two highly ac t ive b r o a d - s p e c t r u m pen ic i l l in s , 

shows that a s t rong tendency toward p o l y m e r i z a t i o n m a y not 

be an i nhe ren t p r o p e r t y of such compounds . 
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INTRODUCTION 

One emphasis in the polymerizations in our laboratory 

differs from those in more traditional polyamino acid and 

polymer laboratories . This departure consists of the simul

taneous condensation of 18 monomers. We have been drawn to 

this newer emphasis because of a great respect for the selec

tive advantages which in general have fueled the evolutionary 

process. 

The results obtained have underlined the benefits accruing 

from polymers containing a large variety of monomers, each 

with its own kind of reactive side chain. Both proteins and 

models of protein which contain 18 kinds of amino acid are 

seen to permit a wide ar ray of finely and subtly tuned 

specificities in the individual macromolecules. These have 

become, more vividly than before , the mater ia l basis for 

biological variety in specificity. In pursuing the objective 
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of studying polymers of 18 kinds of monomer, we have come 

to realize that copolymerization often yields results which 

could not have been predicted from homopolymerization 

experiments. 

Moreover, the total results suggest that hydrocarbon side 

chains of different types contribute significantly to specific 

interactions. The resultant reactivity is beyond that of the 

more chemically overt side chains such as those bearing 

carboxylic and amino groups. When the exponentially increased 

number of possibilities due to interactions of side chains of 

various types within the same macromolecule is recognized, 

a molecular basis for specificity and evolved specialization 

becomes yet c learer . 

Another point of view emerging from such studies is that 

the fundamental structure-function relationship is that of the 

relative positioning of the reactive side chains as they are 

constrained by the macromolecule. This three-dimensional 

relationship is the significant basis at the molecular level. 
2 

The sequences of amino acid residues are , in this view, 

only a means to an end. The relative contributions of sequence 

or of conformed composition can be tested in polymers. 

A disadvantage of the polymerization approach to peptide 

formation is that the processes do not yield sequences such 

as are prespecified by the chemist when he synthesizes the 

kinds of peptide which are the main subject of this symposium. 
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Extensive studies on one of the three methods to be reviewed 

here, the thermal, shows however that predetermined 

sequences are obtained. The information fed into the peptides 

formed is in this case not from the chemist primarily; it is in

formation furnished by the reacting amino acids. 

Another disadvantage of the thermal method is that it 

yields polymers in which reacted L-a -amino acids are 

largely, albeit not entirely, racemized. This finding of 

partial optical activity is valuable in understanding the 

evolution of primordial proteins to yield the sequences with 

which peptidechemists are predominantly concerned. The con

fused consequences are , however, disturbing for the step

wise synthesist. This result points to another consequence of 

cocondensation of 18 monomers . When successful, such 

methods generate new questions for which many years are 

required to accumulate the answers . 

The te rm octadecatonic in the title is designed to indicate 

polymers composed of 18 or more kinds of amino acid. 

Octadecamer has been suggested, but this signifies size of 

polymer, not number of types of monomer. 

Thermal Condensation 

FIG. 1 demonstrates the result of the pyrocondensation 

of amino acids, which is the method most studied for achieving 
3 

the objectives indicated . This work has been aided particularly 

by Drs . Harada, Krampitz, and Waehneldt, and Mr. Wang. 
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fr- -

FIG. 1 

R e s u l t s of hea t ing amino ac ids above boiLing point of w a t e r . 
L e f t - - i n d i s c r i m i n a t e m i x t u r e of amino a c i d s . C e n t e r - -
p igmented po lymer f r o m hea ted m i x t u r e conta in ing sufficient 
d i ca rboxy l i c amino acid . R i g h t - - p o l y m e r f reed of p igment . 
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The tube on the left i l l u s t r a t e s the r e s u l t often encoun te r ed 

by pept ide c h e m i s t s in i n d i s c r i m i n a t e hea t ing of amino 

a c i d s . If, howeve r , one employs sufficient p r o p o r t i o n s of 

a s p a r t i c ac id , g lu tamic ac id , or l y s ine , p o l y m e r s of genuine 

pept ide n a t u r e r e s u l t . The amino ac ids a r e in i t ia l ly hea ted 

d ry . In this c a se they cons i s t ed of one p a r t of a s p a r t i c ac id , 

one pa r t of g lu tamic ac id , and one p a r t of the 16 o ther amino 

acids, c o m m o n to p ro t e in , p r e s e n t in equ imo la r p r o p o r t i o n s in 

4 o 

that p a r t . The amino ac ids w e r e hea ted to 170 for 6 h o u r s . 

The p roduc t was not a d a r k forbidding m a t e r i a l , but r a t h e r 

a l ight a m b e r co lo red m a t e r i a l which upon g ranu la t ion and 

pur i f ica t ion y ie lded the l ight ly p igmen ted m a t e r i a l shown, a 

1:1:1 -p ro t e ino id . This s imp le p r o c e s s i nva r i ab ly p roduces 

the p igment , which is t enac ious ly held. Many e x p e r i m e n t s , 

some conducted r ecen t l y by M r . A. Weber , e m p h a s i z e that 

the p r i n c i p a l con t r ibu to r to the color is the amino acid glycine . 

(When po lyphosphor ic acid is added to the r eac t i on m i x t u r e 

m u c h co lo ra t ion ensues e a s i l y . ) On the r igh t is seen a 

p r e p a r a t i o n in which the p o l y m e r has been f reed of p igment 

by f r ac t iona l c r y s t a l l i z a t i o n . This can be managed in o ther 

w a y s . Recen t ly we have l e a r n e d that this p igment is a 
5 

pho tosens i t i z ing p igment . The p igmented pro te ino id g r e a t l y 
a c c e l e r a t e s in v i s ib le light some of the r eac t i ons ca ta lyzed 

under o ther condi t ions by p ro te ino id . The m o l e c u l a r weights 

of . these p o l y m e r s a r e m a n y thousands , typical ly in the range 
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of 4 , 000-10, 000. Some p r o p o r t i o n of e ach of the amino 

ac ids c o m m o n to p r o t e i n i s found in the p o l y m e r s ; cys t i ne , 

s e r i n e , and th reon ine suffer ing subs t an t i a l decompos i t i on . 

The hea t ing of amino ac ids in the d r y s t a t e o v e r c o m e s the 

f ree e n e r g y b a r r i e r which s tands in the way of coupling f ree 

amino ac ids in aqueous solut ion . 

The ev idence that these p o l y m e r s a r e e s s e n t i a l l y poly

pep t ides is e s s e n t i a l l y the evidence that h a s been a c c u m u l a t e d 

3 
for the peptide na tu re of p ro t e in s . The p o l y m e r s give b iu re t 

t e s t s . They show the s a m e i n f r a r e d abso rp t i on s p e c t r a except 

that the ac id p ro te ino ids have a l so imide g r o u p s . These l a t t e r 

eas i ly hydro lyze in aqueous solut ion to pept ide bonds . The 

in i t i a l p roduc t s show l i t t le or no n inhydr in color but upon 

comple te hyd ro lys i s they give the n i n h y d r i n - r e a c t i v e amino 

a c i d s . The p o l y m e r s a r e spl i t by pro teo ly t ic e n z y m e s , a l though 

in s o m e c a s e s l e s s rap id ly , o r far l e s s rap id ly , than is t rue 

for p r o t e i n s . This suscep t ib i l i ty is i n c r e a s e d by t r e a t m e n t wi th 

7 
u r e a in aqueous solut ion . Rohlfing has shown that when these 

a r e hea ted in aqueous solut ion, a change in conformat ion of 

the whole m a c r o m o l e c u l e r e s u l t s . While this change i s not 

iden t ica l to dena tu ra t ion , i n a s m u c h as covalent bonds a r e 

b roken , the ev idence ind ica tes that the m o l e c u l e a s a whole is 

unfolded. 

The hea t ing of amino ac ids has p roduced p o l y m e r s that a r e 
Q 

s h a r p l y l imi t ed in the i r he t e rogene i ty . This finding was 
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somewhat unexpected by some. One of the earl ier kinds of 

result which pointed to limited heterogeneity was that in which 

a 2:2:3-proteinoid was purified from hot water by cooling, 

whereupon it separated, much in the fashion of a recrys ta l -

lization. The amino acid analyses of such mater ia l were 

very similar (Table 1). 

TABLE 1. Composition of Hydrolyzates (110°, 4 Days) of 
2:2:3-Proteinoid Following One and Two 
Purifications 

Amino Acid Unpurified Purified Repurified 
% % % 

Lysine 
Histidine 
Ammonia 
Arginine 
Aspartic acid 
Glutamic acid 
Proline 
Glycine 
Alanine , 
Half-cystine 
Valine 
Methionine 
T 1 c 

Isoleucine 
Leucine 
Tyrosine 
Phenylalanine , 
Total recovery 84.8 97.5 100.0 

Values are given in gram residues of amino acid/ total 
gram residues. 

b. 

5 . 1 a 

1. 8 
8.6 
2. 0 

51. 7 
10. 7 

0. 7 
2 .7 
4 . 0 
4. 5 
1. 2 
1. 8 
1. 2 
1.3 
2 . 0 
1. 8 

5.4 
2 .0 
8.1 
2. 3 

50.2 
11.6 

0 .6 
3. 1 
4. 3 
3. 5 
1. 2 
1.9 
1.3 
1.2 
1.9 
1.7 

5.4 
2. 0 
6.9 
2 . 4 

51. 1 
12. 0 

0 .6 
2. 8 
5. 5 
3 .4 
1. 2 
1. 7 
0.9 
1. 1 
1. 7 
1. 5 

Half-cystine values may be partly other material. 

Isoleucine includes alloisoleucine. 

Total recovery = total residues of amino acid/wt. of polymer. 

505 



POX ET AL. 

0.6 

0.4 

0.2 

Tris-HCl NaOHi 
0 IH UH C.3N O I K OSK O.IH 

1 1 ' ' ' 

100 200 
Tube No. 20mi 

300 400 500 

FIG. 2 

Elution pattern of 1:1:1-proteinoidamide from DEAE-cellulose. 

The curves of FIG. 2 were obtained by elution from 

DEAE-cellulose of a l:l:l-proteinoid amidated in liquid 

ammonia. (The 1:1:1 signifies proportions in the reaction 

mixture of 1 aspart ic acid:l glutamic acid:l basic-neutral 

amino acids referred to in the previous figure. ) Five major 

fractions are removed from the column; a sixth is separated 

by the use of sodium hydroxide solution. The fractionation 

has been carr ied out seven times with substantial s imilari t ies 

in each fractionation. The broken line indicates the elution 

pattern on the second run. The saddle which appears from 

the first experiment was found on that occasion only. While 

this is a discontinuous elution interrupted by changes in con

centration of the tr is buffer, gradient elutions give essentially 
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the s a m e p a t t e r n . Ins tead of a r a n d o m d i s t r ibu t ion of m a c r o 

m o l e c u l e s , a s would be ind ica ted by a h o r i z o n t a l l ine , one s e e s 

these five o r s ix m a j o r p e a k s . These and o the r da ta ind ica te 

that the m a c r o m o l e c u l e s s e g r e g a t e into a s m a l l n u m b e r of 

types a s judged in s t a n d a r d w a y s . The tota l n u m b e r of kinds 

of ev idence , a l l of which point in the s a m e d i r ec t ion , a r e 

9 
seven or e ight . 

FIG. 3 shows the r e s u l t s obta ined in a n a l y s e s of hydro ly -

za te s of f r ac t ions f r o m the D E A E - c e l l u l o s e following fu r ther 

pur i f i ca t ion . In the t h r e e upper c h r o m a t o g r a m s of FIG. 3 

a r e seen the to ta l h y d r o l y z a t e s of f r ac t ions 3, 4, and 5 f rom 

the D E A E - c e l l u l o s e co lumn. The p r inc ipa l d i f fe rences a r e 

found in the leuc ine a r e a . The compos i t ion is qui te highly 

un i fo rm among these t h r ee f r a c t i o n s , which r e p r e s e n t 38% 

of the tota l m a t e r i a l . A c h r o m a t o g r a m of the hydro lyza t e of 

the c rude m a t e r i a l is s imi lar in a p p e a r a n c e . 

In the lower t h r ee c h r o m a t o g r a m s of F IG. 3 we see 

p a r t i a l ( m i n e r a l acid) h y d r o l y z a t e s of the m a t e r i a l f r o m the 

s a m e t h r e e peaks obtained f r o m the D E A E - c e l l u l o s e column. 

These a r e , thus , " f i n g e r p r i n t s " f rom the amino acid a n a l y z e r . 

The p a r t i a l h y d r o l y z a t e s a r e v i r tua l ly ind i s t ingu i shab le one 

f r o m the o the r , a s was o b s e r v e d a l so in two d imens iona l 

c h r o m a t o g r a m s . E a c h c h r o m a t o g r a m has 40 peaks in the 

o r i g i n a l . F i f teen of these a r e a s c r i b a b l e to amino a c i d s , the 

o t h e r s being p e p t i d e s . That they a r e pep t ides was d e m o n s t r a t e d 
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Chromatograms of hydrolyzates of fractions 3, 4, and 5 from 
DEAE-cellulose. Top three are for complete hydrolyzates, 
bottom three are for partial hydrolyzates. 

by the fact that further hydrolysis showed increased ninhydrin 

reactivity. We are led by these results to the thought that 

not only is the composition quite highly uniform throughout 

the polymer; the sequences appear also to be. 
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A m o r e r i g o r o u s t r e a t m e n t of t h i s l a s t q u e s t i o n i s f o u n d 

i n o t h e r s t u d i e s by D r . N a k a s h i m a . H e h a s p y r o c o n d e n s e d 

g l u t a m i c a c i d , g l y c i n e , a n d t y r o s i n e . T h e r e s u l t a n t p o l y m e r , 

w h i c h h a s a m o l e c u l a r w e i g h t i n t h e r a n g e of 4 0 0 0 - 8 0 0 0 , h a s 

b e e n p a r t i a l l y h y d r o l y z e d by m i n e r a l a c i d , f r a g m e n t s h a v e 

b e e n i s o l a t e d , a n d s o m e of t he s e q u e n c e s h a v e b e e n a s s i g n e d . 

A p r i n c i p a l f r a g m e n t h a s t he s e q u e n c e i n d i c a t e d i n F I G . 4 . 

P y r o g l u t a m y l g l y c y l t y r o s y l - a - g l u t a m i n y l -
t y r o s y l g l y c i n e 

F I G . 4 

D o m i n a n t h e x a p e p t i d e d e r i v a t i v e i s o l a t e d f r o m p a r t i a l 
h y d r o l y z a t e of p y r o ( g l u t a m i c a c i d , g l y c i n e , t y r o s i n e ) . 

T h i s s e q u e n c e r e p r e s e n t s a t l e a s t 9% of t he t o t a l 

p o l y m e r . A c c o r d i n g to c a l c u l a t i o n s b a s e d o n a n a p r i o r i 

r a n d o m d i s t r i b u t i o n of a m i n o a c i d s , t h i s h e x a p e p t i d e d e r i v a 

t i v e c o u l d b e p r e s e n t o n l y to 1%. W h e n a l l of t h e a s s u m p t i o n s 

a r e r e c o g n i z e d t h e o c c u r r e n c e w o u l d be a n o r d e r of m a g n i t u d e 

l o w e r . W e t h u s a g a i n o b s e r v e i n t e r n a l o r d e r i n g e f f e c t s i n 

t he r e a c t i o n s of t h e a m i n o a c i d s . T h e r e a c t i n g a m i n o a c i d s 

a r e d e t e r m i n i n g o r s p e c i f y i n g t h e i r s e q u e n c e s , a s i n d i c a t e d 

by t h i s f r a c t i o n , 4 - 2 , f r o m the p o l y m e r . F r a c t i o n 4 - 3 , 

p r e s e n t to 12%, h a s t h e p e n t a p e p t i d e s e q u e n c e c o r r e s p o n d i n g 

to t he C - t e r m i n a l p e n t a p e p t i d e of t he h e x a p e p t i d e . T h e 

m e t h o d s u s e d f o r d e t e r m i n i n g t h e s e s e q u e n c e s h a v e i n c l u d e d 

11 12 
d i n i t r o p h e n y l a t i o n , s u b t r a c t i v e E d m a n d e g r a d a t i o n , a n d 
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the use of carboxypeptidase, and of leucine aminopeptidase. 

The evidence from the action of leucine aminopeptidase on 

the hexapeptide indicates that both glutamic acid residues 

are present entirely in the a linkage. 

Table 2 describes some of the thermal polymers obtained 

13 in the latest compositional studies . This set is a group of 

polymers in which the compositions of histones have been 

mimicked. This and other similar sets each required 7 days 

or less for their preparation. The simplicity of the method 

is indicated by the relative ease with which a precisely varying 

set of proteinoids can be produced. In this table may be seen 

analyses of proteinoids containing less than 5% aspart ic acid. 
4 

In earl ier preparations larger proportions of aspart ic acid 

were used in the reaction mixture, with the result that 

larger proportions of aspartic acid appeared in the polymer. 

A l:l:l-proteinoid, for example, would contain 50-55% of 
4 

aspartic acid . No. 55 in the new study, for example, was 

produced from equimolar proportions of all amino acids. 

In the resultant polymer, a relatively small proportion of 

aspart ic acid is found. This fact supports interpretations 

of ear l ier studies on acid types of proteinoids, in which 

infrared analysis indicated that the amount of branching 

14 could not be major . In some proteinoids of Table 2, the 

percent of aspart ic acid is so small that the question of a 

major amount of side chain branching through aspart ic acid 

side chains does not a r i se . 
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POX ET AL. 

One functional aspect of these histone-like proteinoids is 
15 their ability to form particulate units with polynucleotides . 

One inference is that a ratio of basic amino acid to acidic 

amino acid in excess of 1. 0 is necessary for such particulate 

units to form. The primary reaction in such formation is 

the neutralization of opposite charges in lysine-rich proteinoid 

and in polyanionic polynucleotide. Such results are modified 

by other copolymerized amino acids, such as the "neut ra l" 

amino acids. These experiments, therefore, tell us much more 

than do reactions of polynucleotides with homopolylysine. 

Once again, also, we find a special consequence in products 

resulting from copolymerization rather than merely from 

homopolyme rization. 

One example of catalytic activity in proteinoids is a 

progress curve for the decarboxylation of pyruvic acid in the 

presence of 2:2:l-proteinoid (FIG. 5). While this rate is 

orders of magnitude slower than the reaction catalyzed by 

pyruvic acid decarboxylase of the contemporary type, it is 

quite noticeably more rapid than the uncatalyzed reaction. 

The control is observed in the lower part of the graph. The 

hydrolyzate of the proteinoid, or the amino acids in the 

proportions found in the analysis of the proteinoid show little 

or no effect above that of the control. 

Catalytic activities of the kind illustrated have now been 

found in at least six laboratories and recorded in more than 
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Time (hr) 

FIG. 5 

Progress curve for decarboxylation of pyruvic acid. 
Controls without proteinoid, and with amino acid 
mixtures replacing proteinoid. 

. . . . . .. 8,16 and biblios. _, , . 

14 publications These are summarized in 

Table 3. Some four kinds of reaction have so far been estab

lished as catalyzed by proteinoids. These include hydrolysis, 

decarboxylation, amination, and a type of deamination. 

Adherence to Michaelis-Menten kinetics has been observed 

in a number of these cases . The beginning of a basis for 

metabolism can be constructed conceptually by placing 

sequentially the catalyzed reactions of oxaloacetic acid, of 

pyruvic acid to acetic acid or to alanine. Moreover, these 

reactions are attended by specificities. One step in this 
17 sequence is catalyzed almost exclusively by basic proteinoids , 
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another is catalyzed more strongly by acidic proteinoids than 
1 8 •»•+ 

by basic proteinoids , and the third requires Cu as a 
* , 1 6 

cofactor 

TABLE 3. Catalytic Activities Identified in Proteinoids and 
Other Thermal Polyamino Acids 

Substrate and Reaction Authors and Year 
Hydrolysis 

p-Nitrophenyl acetate 

p-Nitrophenyl phosphate 

ATP (by Zn salt) 

Decarboxylation 

Glucuronic acid 

Pyruvic acid 

Oxaloacetic acid 

Amination 

a -Ketoglutaric acid 

Fox, Harada, 
and Rohlfing 

Rohlfing and 
Fox 

Noguchi and 
Saito 

Usdin, Mitz, 
and Killos 

Oshima 
Fox 

Fox and 
Krampitz 
Krampitz and 
Hardebeck 

Hardebeck, 
Krampitz, 
and Wulf 

1962 

1967 

1962 

1967 

1968 
1965 

1964 

1966 

1968 

Rohlfing 1967 

Krampitz , Diehl 
and Nakashima 1967 
Krampitz, Baars -
Diehl, Haas, and 
Nakashima 1968 

Deamination 
Glutamic acid Krampitz, Baars-

Diehl, Haas, and 
Nakashima 1968 
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TABLE 4 . Cont r ibu t ion of B a s i c Amino Acids in Delet ion 
Studies of Acid P r o t e i n o i d s for the Hydro ly s i s of 
£ - N i t r o p h e n y l Ace ta te 

Bas ic Amino Acid Omit ted Re la t ive Act ivi ty pe r 
Unit Weight of P o l y m e r 

None 
Arg in ine 
Lys ine 
His t id ine 
Arginine and lys ine 
His t id ine and lys ine 
Arg in ine and h i s t id ine 
All ba s i c amino ac ids 

1. 00 
1.14 
0. 87 
0. 13 
1.03 
0 .44 
0. 20 
0. 05 

In Table 4 a r e s een the effects of de le t ing the amino acid 

h is t id ine and o the r amino ac ids f r o m p o l y m e r s ac t ive in 

a c c e l e r a t i n g the h y d r o l y s i s of p_-nitrophenyl a c e t a t e . These 

p o l y m e r s have come to be ca l led "dele t ion p o l y m e r s . " They 

r e p r e s e n t a way in which one m a y modify such complex 

p o l y m e r s to d e r i v e in fo rmat ion about the e s s e n t i a l i t y of any 

one amino ac id for a given function. The kind of in fo rmat ion 

obtained f r o m de le t ion p o l y m e r s can be u s e d to supp lement the 

in fo rmat ion ava i lab le f r o m ol igotonic p o l y m e r s , as in Table 

5, which dea l s with p o l y m e r s ac t ive on pyruv ic ac id . 

In FIG. 6 i s seen the r e s u l t of t h e r m a l l y copo lymer i z ing 

the 6 amino ac ids which have been imp l i ca t ed a s p a r t of the 

c e n t e r of the ac t ive s i t e in m e l a n o p h o r e s t imula t ing h o r m o n e 

These amino ac ids a r e g lu tamic ac id , g lycine , a r g i n i n e , 

h i s t i d ine , phenyla lan ine , and t ryp tophan . 

19 
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TABLE 5. Relative Activity (d. p. m. ) in Decarboxylation 
of Pyruvic Acid 

Polymer Relative Activity 

1:1:1-Proteinoids (5) 33,000-40,000 
Hydrolyzate 4900 
Trypsin 2700 
Copoly (Glutamic acid, Isoleucine) 1500 
Copoly (Glutamic acid, Leucine) 29,000 
Copoly (Glutamic acid, Threonine) 45, 000 
Glutamic Acid 3000 
Threonine 2500 
Leucine 2600 

FIG. 6a shows normal pigmentation in the frog skin. 

FIG. 6b shows lack of pigmentation due to hypophysectomy of 

the frog. The pigment granules are present but they have 

not matured. In FIG. 6c one sees the effect of treating the 

hypophysectomized frog with natural hormone. The pigment 

granules have in this case now been stimulated and have 

extended. Quite a similar result is found when the synthetic 

polymer is employed (FIG. 6d). The activities observed with 

3 4 the polymer are typically 10 -10 units per gram whereas the 

9 10 activity in the natural hormone is 10 -10 units per gram. 

In Table 6 may be seen the effect of deletion polymers 

on such activity. 

Leuchs Polymers 

We turn now to a second type of heteropolymerization of 

amino acids through-the Leuchs' anhydrides. This was developed 
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' •^ft V^T*jl 

i. tfm'.tihM 
FIG. 6 

a - - N o r m a l frog skin, b - - Skin of hypophysec tomized f rog. 
c - -Sk in of hypophysec tomized frog t r e a t e d with n a t u r a l 
a - M S H . d - - S a m e as c except t h e r m a l po lymer used ins tead 
of a - M S H . 
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TABLE 6. Effect on Melanocyte Stimulating Acitivity of Amino 
Acid Deletions from Amino Acid Polymers 

Amino Acids Present (X) Active (+•) 
or Inactive (0 ) 

Arg Glu Gly His Phe Try 

X X X X X X + 
X X X X X + 
X X X X X 0 

X 
X 
X 
X 
X 

X 

X 
X 
X 

X 
X 

X 
X 
X 

X 
X 
X 

X X X X + 
X X X X X + 
X X X X x o a 

X X 0 
X X X X + 

This product essentially not a polymer, due to absence of 
glutamic acid in mixture 

first by Dr. Hayakawa . The intricate procedure requires 

making Leuchs' anhydrides of the 18 common amino acids, 9 

of which have to be especially protected. These were all 

protected by substituting groups which were simultaneously 

removeable by hydrogenolysis 

One of the proteinoids to be made this way, a so-called 

natural ratio Leuchs1 proteinoid, is presented in FIG. 7. 

The first and third chromatograms placed in sequence represent 

a typical amino acid profile for a protein hydrolyzate. For 

comparison was used the first comparable graph found in the 

l i terature when this work was completed. This was the amino 

acid profile of the hydrolyzate of the a -amylase of Bacillus 

stearothermophilus . The great similarity is obvious. Only 

in the synthetic polymer is found some proportion of one 

artifact, which is absent from the natural. 
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Synthetic polymer 

Cysteic Acid 

EFFLUENT ml 4 0 6 0 8 0 l0° l2° l 4 0 l 6 0 l 8 0 Z0° 2 2° 2 4 ° 2 6 0 Z 8 0 3 0 ° 3 Z 0 3 4 ° 

|«- ISO CM. C0LUMH,SO:pH325,0.2N N« CITRATE —»|« 

GLU ce-Amylase of 
so*, 

B. stearothermophilus 

360 380 400 420 440 460 40 60 80 100 140 

K-IS CM. COLUUN,SO;pH 5 28, —I 
pH 4.25, 02N No CITRATE - I 0.33N N. CITRATE 

NH, 

tv-Amylase of 

B. stearothermophilus 

Interdigitated chromatograms, of hydrolyzates of Leuchs1 

proteinoid and of a -amylase of Bacillus stearothermophilus. 
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Molecular weights of these polymers are in the range of 

2500-7000. In this case no racemization has occurred and the 

optical activity of hydrolyzates of such polymers shows the 

same value as the equivalent mixture of L-amino acids. 

In Table 7 are again seen the effects of deletion. When 

histidine is omitted from the reaction mixture of a Leuchs' 

proteinoid much less activity on p_-nitrophenyl acetate is 

the result . 

TABLE 7. Influence of Various Forms of Histidine on Rate of 
Hydrolysis of p_-Nitrophenyl Acetate 

Compound 

L-His t i d ine 
N R L P a 

(2:2:3) L P 
E R L P C 

H i s t i d i n e - f r e e 
H i s t i d i n e - f r e e 

p lus h is t id ine 

Cone. 
compound / 

l i t e r 

10 m g 
4 4 1 
4 1 5 
1 7 3 

E R L P 200 
E R L P 200 10 

Cone. 
h i s t i d i n e / 

l i t e r 

10 
10 
10 
10 

-
10 

Rate 
r e l a t i v e to 
that of 
hist idine 

1 . 0 
2 . 9 
1 . 7 
2 . 7 
0 . 5 
2 . 1 

Natural Ratio Leuchs' Proteinoid 

Leuchs' Proteinoid 

'Equimolar Ratio Leuchs' Proteinoid 

Condensation of Amino Acid Adenylates 

We turn now to the third method of panpolymerization, 

which employs the amino acid adenylates for condensation. 
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This me thod is of p a r t i c u l a r i n t e r e s t in the evo lu t ionary 

context i n a s m u c h a s c o n t e m p o r a r y o r g a n i s m s use amino 

21 
ac id adeny la t e s for the syn thes i s of p ro t e in . The 

l i t e r a t u r e r e v e a l s only a few p a p e r s on c h e m i c a l s tud ies 

of amino acid a d e n y l a t e s . In no case did we find that 

anyone had c o p o l y m e r i z e d two or m o r e adeny la t e s . F o r the 

r e a s o n s given in the in t roduc t ion , however , Dr . K r a m p i t z 

under took the s imu l t aneous copo lymer i za t i on of the 18 amino 

ac id a d e n y l a t e s . FIG. 8 d e m o n s t r a t e s that when the amino 

18 amino ac id adeny la tes •>polymer (m. w. <1000) 

t h e r m a l p ro te ino id 

( m . w . 4 , 0 0 0 - 8 , 0 0 0 ) 

l a r g e r polyamino acid 

(mTw. 8 ,000-150,000) 

FIG. 8 

Flow shee t of condensa t ion of amino ac id adeny la tes with 
and without t h e r m a l p ro te ino id . 

ac id adeny la t e s m a d e f r o m the m i x t u r e of the 18 common 

amino ac ids a r e brought toge the r in aqueous solut ion they 

yield ma in ly a v e r y s m a l l p o l y m e r . When they a r e brought 

toge the r in aqueous solut ion in which t h e r m a l p ro te ino id 

i s a l r e a d y d i s so lved , they p roduce a l a r g e r p o l y m e r . 

Table 8 shows the ana ly s i s of the s m a l l po lymer obtained. 
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TABLE 8. Analysis of Hydrolyzates of Condensation Product 
of Adenylates of Methionine, Phenylalanine, 
Serine, and Tryptophan 

Amino Acid Mole % 

Methionine 34. 6 
Phenylalanine 46.4 
Serine 17.9 
Unidentified peaks 1.1* 

*On leucine equivalent basis 

Table 9 presents an analysis of a neutral proteinoid of 

the histone-like type which has been modified by the adenylate 

reaction. The underlines indicate those amino acids which 

are ordinarily absent from histones and which are present, 

however, in some measure in the modified proteinoid. 

FIG. 9 shows the effect of pepsin on lysine-rich proteinoid 

modified by the adenylate reaction. Pepsin of course does 

not act upon the lysine-rich proteinoid itself. As the 

chromatogram shows, it acts to split the adduct peptide 

portion of the larger molecule. This is a first evidence of 

some linearity in the adenylate portion. Further investiga

tions will examine the question of how much linearity is to 

be found in the various modified proteinoids in general. 

Also, the question of what other properties may be modified 

by the reaction with adenylates is to be investigated. We 

know already that the tendency of such polymers to assemble 

22 themselves into particulate units is improved in these 

new polymers. 
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TABLE 9 

Compositions of Neutral Proteinoid Before and After 
Coupling with Amino Acid Adenylates 

Polymer of 
Adenylates 

Ammo Acid Alone* 

Lysine 
Histidine 
Ammonia 
Arginine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Half-cystine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 

2.9% 
1.1 
53 
1.9 
4.6 
2.2 
1.9 
4.3 
2.3 
5.0 
6.4 
_ ** 
3.3 
0.3 
2.0 
4.3 
0.0 
2.0 

Alloisoleucine 
Unidentified 
peaks 

2.7*** 

Hydrolyzates 

Neutral 
Proteinoid 

17.1% 
5.2 
7.3 
5.6 
9.5 
0.0 
0.0 
9.3 
4.8 
15.0 
8.4 
0.0 
TTU 
0.0 
1.9 
7.3 
0.0 
0.0 
0.0 
0.9*** 

of 

Neutral 
Proteinoid 

Modified by 
Adenylates 

18.1% 
4.7 
6.9 
5.1 
10.4 
0.1 
0.2 
7.5 
4.7 
15.8 
8.4 
1.0 
6.6 
0.3 
1.8 
6.8 
0.1 
0.3 
0.9 
0.4*** 

Det'd on purified fraction 

Amino acid not included in reaction 

On basis of leucine equivalent 
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^ 

Insoluble Polymer 
Pepsin-treated 

Insoluble Polymer Pepsin Alone 

FIG. 9 

Effect of pepsin on proteinoid formed by reaction of lysine-
rich thermal proteinoid with mixed 18 amino acid adenylates. 
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SUMMARY 

By way of s u m m a r y , t h r ee me thods of p roduc ing o c t a -

deca ton ic p o l y m e r s or p o l y m e r s containing m o r e than 18 

m o n o m e r s have been d e s c r i b e d . Secondly some of these, 

p a r t i c u l a r l y the t h e r m a l p o l y m e r s , have been ex tens ive ly 

c h a r a c t e r i z e d . F ina l ly , a l l of the s tud ies e m p h a s i z e that 

c o p o l y m e r i z a t i o n of r e a c t i n g amino ac ids or r e a c t i v e amino 

ac id d e r i v a t i v e s give r e s u l t s which could not be p r e d i c t e d f r o m 

a t t emp t s to h o m o p o l y m e r i z e such compounds . The scope of 

these enhanced r e s u l t s is e n l a r g e d by the copo lymer i za t i on 

of as m a n y as 18 m o n o m e r s , the a p p r o x i m a t e n u m b e r which 

has played a l a r g e ro le in evolut ion. 
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ENZYMATIC DIGESTION OF C-TERMINAL H - L A B E L E D 
P E P T I D E S AND ITS POSSIBLE USEFULNESS FOR THE 

STRUCTURAL STUDY OF PROTEINS 

Hisayauk i Matsuo and H i r o s h i M a t s u b a r a 

D e p a r t m e n t of Entomology and Space Sc iences L a b o r a t o r y 
U n i v e r s i t y of Cal i forn ia , Be rke l ey , Cal i forn ia 

Se lec t ive t r i t i a t i on of the C - t e r m i n a l amino ac ids in poly

peptide cha ins has r e c e n t l y been p roposed by one of the p r e s e n t 

au tho r s (H. Matsuo) as a new method for identifying the C-

2-6 
t e r m i n a l amino ac ids in p ro t e in s . As shown in FIG. 1, 

p ro t e in s a r e s e l ec t i ve ly t r i t i a t e d at the i r C - t e r m i n a l amino 

ac ids through r a c e m i z a t i o n m e c h a n i s m via oxazolone fo rma t ion 

by the ac t ion of ace t i c anhydr ide and pyr id ine in a m e d i u m 

3 
containing H ? Q . 

This new method has success ive ly been appl ied in the C-

t e r m i n a l d e t e r m i n a t i o n of s e v e r a l p r o t e i n s , such as f e r r e d o x i n s 

7 8 
(Scenedesmus and C h r o m a t i u m ), g lu tamic a c i d - o x a l o a c e t i c 

9 9 
acid t r a n s a m i n a s e (mi tochondr i a l and supe rna t an t ) and 

ov ine - lu te in iz ing h o r m o n e , as wel l as beef insu l in , 

4 4 11 11 
l y sozyme , r i b o n u c l e a s e T. , c lupein Z , beef c y t o c h r o m e c_ , 

9 
and human haemoglob in . 
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AcNH-C H-C ONH C ONH-
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C-R- N 
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0 ' ~0 

K 
-yy n 

KK-KK\ 
I SHgO (or 2H20) 

Ri E n - 1 *n 
I I I 

AcNH-CH-CONH CONH-CH-CONH-C-COgH 

3k( 2 H) 

Rr 

HgN 

h y d r o l y s i s 

.?H-C02H + . . . . + H2N-tH-C02H + r y t - t - C O ^ H 

3 H 

F I G . 1 

T r i t i a t i o n of c - t e r m i n a l a m i n o a c i d s . 

M o r e o v e r , t he a p p l i c a t i o n of t h i s m e t h o d to D N P - p r o t e i n 

r e s u l t e d i n t o t he s i m u l t a n e o u s d e t e r m i n a t i o n of N - a n d C -

t e r m i n a l a m i n o a c i d s . 

T h e p r e s e n t s t u d y d e s c r i b e s t h e e n z y m a t i c d i g e s t i o n of 

C - t e r m i n a l t r i t i a t e d p e p t i d e s w h i c h w e r e r e a d i l y o b t a i n e d 

by t h e a b o v e m e t h o d . T h i s f a c i l i t a t e s t h e d e t e c t i o n of C -

t e r m i n a l f r a g m e n t s i n e n z y m a t i c d i g e s t s by r a d i o a c t i v i t y . 
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Our inves t iga t ions w e r e c a r r i e d out with S c e n e d e s m u s 

f e r r e d o x i n and a peptide de r ived f rom it dur ing the c o u r s e 

of s t r u c t u r a l s tud ies of S c e n e d e s m u s f e r r edox in , whose 

p r i m a r y s t r u c t u r e has r e c e n t l y been e s t a b l i s h e d by the 

7 12 
group of one of the p r e s e n t a u t h o r s (H. Ma t suba ra ) ' 

The r e s u l t s indicate the usefu lness of t ryp t i c and c h y m o 

t ryp t i c d iges t ion of the t r i t i a t e d pept ides in identifying C-

t e r m i n a l f r a g m e n t s . 

C -TERMINAL DETERMINATION BY TRITIATION REACTION 

P r o t e i n (10 - 50 nonamole) was d i s so lved in a m i x t u r e of 

3 
0. 1 m l of H , 0 (0. 1 - lOmC) and 0. 2 m l of pyr id ine . Acet ic 

anhydr ide (0. 05 ml) was added to the solut ion under i ce -coo l ing 

and the whole was kept at r o o m t e m p e r a t u r e for s e v e r a l h o u r s . 

After evapora t ion in vacuo below 40 , addi t ion of o r d i n a r y 

w a t e r , followed by evapora t ion , was r e p e a t e d s e v e r a l t i m e s 

to r e m o v e comple te ly the washab le r a d i o - i s o t o p e . The C-

t e r m i n a l t r i t i a t e d p r o t e i n thus obtained was hydro lyzed in 

6 N HC1 at 110 in an evacua ted tube for 24 h o u r s . 

After r e m o v a l of HC1 in a vacuum d e s i c c a t o r , the r e su l t i ng 

amino acid m i x t u r e was s e p a r a t e d by an a p p r o p r i a t e me thod 

such as pape r c h r o m a t o g r a p h y , e l e c t r o p h o r e s i s or the i r 

combina t ion . The r a d i o - a c t i v e spot f rom the m a p was ea s i l y 

de tec ted by the sc in t i l l a t ion s p e c t r o m e t r i c m e a s u r e m e n t of 

a l l spots which w e r e cut out of the amino acid m a p . F o r 
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the c h a r a c t e r i z a t i o n of r ad ioac t i ve amino ac id , the r a d i o - g a s 

c h r o m a t o g r a p h y was aLso useful : In the ca se of C - t e r m i n a l 

d e t e r m i n a t i o n of Scenedesmus f e r r e d o x i n , the use of w a t e r -

soluble ca rbod i imide ( 1 - e t h y l - 3 - ( 3 - d i m e t h y l a m i n o p r o p y l ) c a r -

bodi imide) in p lace of a c e t i c anhydr ide has given s a t i s f a c t o r y 

3 
H - i n c o r p o r a t i o n into C - t e r m i n a l pheny la lan ine . 

All C - t e r m i n a l amino ac ids excep t p ro l ine can be e a s i l y 

d e t e r m i n e d by this method under m i l d condi t ions and in a 

m i c r o s c a l e . 

TRYPTIC DIGESTION OF C-TERMINAL TRITIATED P E P T I D E 

As shown in FIG. 2, the pept ide (C-V), one of the C - t e r m i n a l 

f r a g m e n t s obta ined by chymot ryp t i c d iges t ion of c a r b o x y m e t h y l -

a ted S c e n e d e s m u s f e r r e d o x i n , has one lys ine r e s i d u e whose 

pept ide l inkage is suscep t ib l e to t ryps in . To p ro t ec t the f ree 

amino group of lys ine f r o m ace ty la t ion which migh t o c c u r 

dur ing subsequen t t r i t i a t i on r e a c t i o n , 0. 337 umole of pept ide 

C-V was t r e a t e d with F CCOSEt and 1 N NaOH at pH 9. 8 as 

13 d e s c r i b e d by Goldberger and Anfinsen . This y ie lded the 

c o r r e s p o n d i n g N - t r i f l u o r o a c e t y l pept ide ( T F A - C - V ) . P u r i f i 

cat ion was c a r r i e d out on a s m a l l Dowex 1-X2 column equ i l i 

b r a t e d with a buffer containing 0. 124 M pyr id ine and 0. 003 M 

ace t i c ac id by s u c c e s s i v e e lu t ions with the s a m e buffer and 

30% ace t i c ac id . Lyophi l iza t ion of the f r ac t ion e lu ted by 

ace t i c ac id gave a pu re pep t ide , T F A - C - V (ninhydr in : - , 

Pau l i : + ), which was subjec ted to t r i t i a t i o n r e a c t i o n by the 
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3 
method d e s c r i b e d by Matsuo e t a l . a s fo l lows: Pep t ide 

3 
T F A - C - V was d i s s o l v e d in 0. 1 m l (10 mC) of H^O and pyr id ine 

(0. 2 m l ) , and a c e t i c anhydr ide (0. 05 ml) was added. The 

so lu t ion was a l lowed to s tand at r o o m t e m p e r a t u r e ove rn igh t 

to y ie ld the c o r r e s p o n d i n g r ad ioac t ive pept ide ( T F A - C - * V ) , 

which gave only one spot (+15 c m , n inhydr in : - , P a u l i : •*•) on 

e l e c t r o p h o r e s i s (pH 6. 5, 2000V, 1 h r . ) . The r e m o v a l of the 

TFA group was c a r r i e d out by exposing the pept ide to a m m o n i a 

in an evacua ted d e s i c c a t o r by the method of P e r h a m and 

14 
Jones ) to p roduce a n inhydr in -pos i t i ve pept ide (C-V) , with 

f ree NH-,-groups and ace ty l a t ed hydroxyl g r o u p s . The s t r u c 

t u r e of pept ide C-*V was conf i rmed by amino acid a n a l y s i s 

and r ad ioac t iv i t y m e a s u r e m e n t of the h y d r o l y s a t e , which 

ind ica ted that only the C - t e r m i n a l phenyla lanine r e s i d u e was 

t r i t i a t e d . The rad ioac t ive pept ide (C-*V: 0. l 6 8 u m o l e ) was 

d i s s o l v e d in 0. 2 m l of 0.1 M T r i s - H C l buffer at pH 8. 0 and 

d iges t ed ove rn igh t with 0. 05 m g of t r y p s i n at 40 . 

The d iges t was lyophi l ized and subjected to p r e p a r a t i v e 

e l e c t r o p h o r e s i s (pH 6 . 5 , 2000V, 1 h r . ) . A guide s t r i p gave 

two s p o t s , A (+ 19. 5 c m . , n inhydr in :+ , Pau l i : -) and B(+ 3 c m , 

n inhydr in : + , Pau l i : +). Radioac t iv i ty m e a s u r e m e n t of spots 

A and B by l iquid sc in t i l l a t ion s p e c t r o m e t e r showed that only 

A was r a d i o a c t i v e . P e p t i d e s c o r r e s p o n d i n g to spots A and B 

w e r e e x t r a c t e d f r o m the i o n o g r a m with 30% a c e t i c ac id . The 
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amino acid compos i t i ons of pept ides A and B (Table 1) showed 

that r a d i o a c t i v e pept ide A was p r e c i s e l y d e r i v e d f rom C-

t e r m i n a l po r t i on of pept ide C-V by t ryp t i c c leavage at the 

L y s - G l u l inkage as expec ted , while pept ide B was f r o m the 

N - t e r m i n a l po r t ion . The r e s u l t s showed that the t r i t i a t e d 

pept ide unde rwen t t ryp t i c d iges t ion smoothly and the C - t e r m i n a l 

f r agmen t was e a s y to de tec t by i t s r ad ioac t iv i ty . 

TABLE 1. Amino Acid Compos i t ion of Pep t ides Obtained by 
E n z y m a t i c Digestion 

Amino ac id (AJ (J3) {CX 

Lysine 
His t id ine 
Cys t e i c ac id 
S -Carboxymethy lcys te ine 
A s p a r t i c ac id 
Threon ine 
Se r ine 
Glu tamic ac id 
P r o l i n e 
Alanine 
Val ine 
I so leuc ine 
Leuc ine 
T y r o s i n e 
Pheny la lan ine 

1.07(1) 

1.97(2) 

1.02(1) 

0.97(1) 

1.02(1) 
1.04(1) 

1.49(2) 
1. 03(1) 
3.69(4) 
1.07(1) 

1.15(1) 
2.07(2) 
0.94(1) 
0.92(1) 

0. 60(1) 

0.69(1) 
0.63(1) 
1.31(2) 

2.07(2) 
2. 63(4) 
0. 82(1) 
1.98(2) 
0.96(1) 
1. 79(2) 
1.14(2) 
0. 84(1) 
1. 68(2) 
0. 71(1) 
0. 81(1) 

CHYMOTRYPTIC DIGESTION OF SCENEDESMUS FERREDOXIN 

Scenedesmus ferredoxin (0. 87umole) was tritiated by 
3 

treatment with H-,0 (0. 2 ml: 100 mC), pyridine (0. 3 ml) 

and acetic anhydride (0. 05 ml) to yield radioactive N, O-

acetyl ferredoxin (0. 8 mole). The tritiated protein (0.1 
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Mmole) was hydrolyzed with HC1 and subjected to paper 

chromatography (butanol: acetic acid: wa te r s 200: 30: 75). 

The radioactivity of the ninhydrinpositive spots was measured 

as described above and only C-terminal phenylalanine was 

found to be radioactive, coinciding with the result obtained 

by carboxypeptidase A . 

Radioactive N, O-acetyl-ferredoxin (0. 7 mole) was 

digested with chymotrypsin (0. 5 mg) in 0. 05 M Tris-HCl 

buffer (pH 8. 0) at 40 overnight. After lyophilization, the 

digest was subjected to two-dimensional paper chromatography 

(butanol: pyridine: acetic acid: water 15: 10: 3: 12) and 

electrophoresis (pH 6. 5, 2000 V, 1 hr . ). The radioactive 

spot from the map was easily detected by scintillation spectro-

metr ic measurement of all 15 spots which were cut out of the 

peptide map. The spot corresponding to the radioactive pep

tide (Rf 0. 53; 11.0 cm) was cut out of another map and 

extracted with 30% acetic acid to obtain the radioactive 

peptide fragment (C). The amino acid composition of peptide 

C (Table 1) agreed well with the theoretical value for the C-

terminal peptide which is presumed to be derived by cleavage 

12 at the Phe-Val linkage 

The C-terminal tritiated peptides were easily obtained by 

the same method as that used routinely for C-terminal amino 

acid determination. These peptides smoothly underwent 
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enzymatic digestion and the resulted radioactive peptide 

fragments could be unambiguously characterized as C-terminal 

peptides. 

Tritiation procedure using acetic anhydride for oxazolone 

formation result in simultaneous acetylation of hydroxyl groups. 

This hinders the direct comparison of peptide maps after 

enzymatic digestion with those of non-tritiated peptides, because 

acetylation changes the behavior of peptide fragments in 

chromatography or electrophoresis . 

Attempts at reversible masking of hydroxyl groups, and 

use of other oxazolone formation reagents in place of acetic 

anhydride have given encouraging results that are being 

investigated. 
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