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ABSTRACT 

The preparation of 11 new oxytocin analogs is 

described. The synthesis of the protected peptides were 

performed using solid-phase peptide synthetic methodology. 

The protected peptides were deprotected and cyclized using 

sodium in liquid ammonia followed by aqueous potassium 

ferricyanide treatment. 

The purification of each peptide was accomplished 

using partition chromatography followed by gel filtration. 

Final purity was checked using high-performance liquid 

chromatography. 

Several amino-acid derivatives were prepared and 

incorporated as racemates into the synthetic peptides, 

The synthetic diastereomeric peptides were separated and 

purified by high pressure liquid chromatography using 

aqueous trifluoroacetic acid:acetonitrile mixtures. 

The oxytocin analogs prepared in this dissertation 

were divided into 2 classes: oxytocin agonists and oxyto

cin antagonists. The oxytocin agonist analogs prepared 

are [2-cycloleucine]oxytocin and [8-cycloleucine]oxytocin. 

The oxytocin antagonists described in this dissertation 

are [pen 1 ,Cle 2 ]oxytocin, [Pen 1 ,Cle8 ]oxytocin, [Pen 1 ,

L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin, [Pen 1 ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]

oxytocin, [Pen 1, D-TyrEt 2, Thr 4, Orn 8] oxytocin, 

xvi 



xvii 

[pen 1,L-PheMe 2,Thr 4 ,Orn B]oxytocin, [Pen 1 ,L-PheEt 2 ,Thr 4 ,

OrnB]oxytocin, [pen 1,O-PheMe 2 ,Thr 4 ,Orn 8]oxytocin and 

[pen 1,D-PheEt 2,Thr 4 ,Orn B]oxytocin. 

A conformational study of the synthetic peptides 

was also undertaken in order to determine possible solu

tion conformations for the various peptides. Two bio

physical methods were used in the conformational study of 

these peptides; they include nuclear magnetic resonance 

spectroscopy (H-I and C-13) and circular dichroism 

spectroscopy. 

Two somewhat different solution conformations were 

discovered for peptides containing all L-amino acids and 

for peptides containing a O-amino acid residue in position 

2. A possible correlation between biological potency and 

observed solution conformation is suggested; the proposed 

models may aid in the design of more potent peptide inhibi

tor analogs. 



CHAPTER 1 

INTRODUCTION 

During the past 30 years, intensive efforts have been 

expended toward the investigation of a class of compounds 

capable of modulating many different types of bodily func

tions. This class of compounds, called peptide hormones, 

consists of various numbers of amino-acid residues linked 

together in either a linear or cyclic arrangement. Unlike 

steroid hormones (such as cholesterol, which are relatively 

low molecular weight compounds, contain a minimal number of 

functional groups, and have relatively little conformational 

flexibility), peptide hormones may be characterized as small 

proteins. Like proteins, peptides contain linear arrange

ments of amino acids that are high in molecular weight (even a 

small peptide hormone of 5 amino-acid residues weighs approx

imately 500 g/mole, somewhat larger than a steroid hormone), 

contain multiple functionality, and have conformational 

flexibility such that a family of possible conformations may 

exist limited only by the extent of interaction (either co

valent or ionic) between functional groups contained in the 

particular molecule itself. Unlike proteins, however, pep

tide hormones are more accessible for study because of their 

ease of preparation, purification, and characterization. 

1 



2 

Due to the relatively easy accessibility of these compounds, 

the study of peptide hormone interaction with biological 

tissues has led to the discovery of the role of these com

pounds in controlling bodily functions. 

Discoveries of the roles of peptide hormones in 

body functions have led to questions concerning the interac

tion of peptide hormones with their requisite tissue recep

tors. In order to understand the mechanism of action of a 

particular peptide hormone in the body, the molecular events 

preceding the observed biological response must be studied 

in great detail. Thus, the molecular basis of hormone

tissue receptor interaction must be known before a complete 

model of hormone action in the body may be suggested. 

The importance of determining models for hormone 

action and understanding the molecular events involved in 

hormone action lies in the fact that peptide hormones may 

be useful as drugs capable of treating a particular physi

ological state more successfully than presently available 

drugs. The suggestion that peptide hormones may be useful 

as drugs is not a new one; Rudinger (1971) and Walter, Yama

naka, and Sakabibara (1974) discussed the many possibilities 

for peptide hormones as prospective drugs. In fact, several 

peptide hormones are presently utilized in medicine to con

trol or enhance body functions. Peptide hormones have 

several characteristics that make these compounds more 



amenable as drugs than the drugs now presently available. 

Because peptide hormones contain amino acids as a primary 

structural feature, the ease of enzymatic inactivation and 

excretion from the body may produce minimal or no side 

effects. More importantly, peptide hormones are extremely 

site-specific. Unlike other drugs, many peptide hormones 

interact primarily with only 1 tissue. This tissue speci

ficity prevents the hormone from interacting with other 

body tissues, reducing the possibility of side effects or 

toxicity. Thus, the study of peptide hormone action and 

the molecular events involved in this action is extremely 

important. 

The study of peptide hormone action in the body 

involves two main areas of research. The first area of 

research involves the preparation, purification, and char

acterization of molecules that stimulate a biological 

response. These molecules, called agonists, contain 2 

important features in the amino-acid sequence: 

1. The ability to bind to the specific tissue recep

tor. 

2. The ability to stimulate a biological response. 

3 

Synthetic preparation of many agonist molecules leads to an 

understanding of the residues important for biological mes

sage transmission. The understanding of the biologically 

relevant residues is achieved usually by random substitution 



of other amino acids into the primary amino-acid sequence 

and determining the biological response that results from 

these substitutions. Although some substitutions may pro

duce little or no biological response, and other substitu

tions may produce a full biological response with reduced 

potency relative to the native hormone, each result leads 

to a partial understanding of those residues in the amino

acid sequence that may be important for biological activ

ity. In addition, the 3-dimensional arrangement of the 

constituent amino acids and their side chains may also be 

important for a molecule to possess full biological activ

ity (Meraldi et al., 1975; Meraldi, Hruby, and Brewster, 

1977) . 

4 

A second area of research of peptide hormone action 

involves the use of molecules that inhibit the biological 

response. These molecules, called antagonists, compete 

with agonist molecules for binding sites on the receptor 

but do not stimulate biological activity. Thus, antago

nists, or competitive inhibitors as they are also known, 

still possess the ability to bind or interact with the 

requisite tissue receptor but the interaction of the pep

tide antagonist-receptor complex is no longer capable of 

initiating a biological response. The fundamental signif

icance of peptide hormone antagonists lies in the ability 

of these compounds to be used as tools for probing regions 



of the native peptide hormone important for transmitting a 

biological message, since the binding message and the bio

logical message have been separated. The separation of 

5 

the binding message from the biological message allows a 

determination of those amino-acid residues contained in the 

peptide responsible for binding. As described earlier for 

the case of agonist molecules, synthetic modification of 

antagonist molecules using amino-acid substitutions and 

biological activity determination leads to a partial under

standing of the residues important for receptor binding. 

In addition to amino-acid substitutions, the determination 

of those residues important for biological message transmis

sion requires some knowledge of the spatial arrangement of 

the constituent amino-acid side chains in the peptide hor

mone. Antagonism need not be a result of substituting a 

particular amino acid in a position in the hormone thought 

to be important for biological activity, but rather a 

result of substituting an amino acid adjacent to the par

ticular amino acid responsible for biological activity. 

For example, the spatial orientation of the amino acid 

necessary for biological transduction may change as a 

result of the adjacent amino-acid substitution and thus 

produce a molecule possessing antagonist properties. 

The area of peptide-hormone-receptor research to be 

discussed in this dissertation will concentrate primarily on 



1. The synthesis, purification, and characterization 

of peptide hormone antagonists. 

2. Solution conformational studies of these peptide 

hormone antagonists in order to suggest possible 

spatial arrangements of the constituent amino

acid side chains as they relate to peptide hormone 

antagonism. 

6 

The peptide hormone chosen for study is oxytocin, whose 

primary structure is shown in Figure 1. Oxytocin was chosen 

for study for a variety of reasons; the most not~ble reason 

is this molecule was the first peptide hormone to be iso

lated and structure proven by total synthesis (du Vigneaud 

et al., 1954). 

Development of Oxytocin Antagonists 

The isolation and subsequent synthesis of oxytocin 

by du Vigneaud and coworkers led to an increased investiga

tion of the physiological roles of oxytocin in mammals. 

Included in the investigations of the physiological roles 

of oxytocin was a determination of the effect of peptide 

hormone structure on biological function. The preparation 

of a multitude of oxytocin analogs over the past 30 years 

has included the development of potent inhibitors of oxy

tocin. This section will trace the development of oxytocin 

inhibitors beginning with the pioneering work of both 

du Vigneaud and coworkers and Rudinger and coworkers, whose 
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Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2 
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oxytocin 

Mpa-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH 2 

I I 
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deamino oxytocin 

Mpa-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH 2 

I I 
S CH

2 

[deamino-6-carbajoxytocin 

Pen-Tyr-Ile-Gln-Asn-Cys-pro-Leu-Gly-NH 2 

I I 
S s 

[l-penicillaminejoxytocin 

Figure 1. 
analogs. -- Note: 

Primary sequence of various oxytocin 
For amino-acid deri~atives see Appendix 

A. 



contributions comprise much of the foundation for the 

present-day development of oxytocin antagonists. Finally, 

this section will review the contribution of present 

investigators, including further structural modifications, 

that have led to the development of highly potent oxytocin 

antagonists. 

Historical Development of Oxytocin 
Antagonists by du Vigneaud and 
Rudinger and Coworkers 

Since the time of du Vigneaud et al.'s (Pierce, 

Gordon, and du Vigneaud, 1952) isolation and characteriza-

8 

tion of oxytocin, many analogs have been synthesized, char-

acterized, and biological activities determined. It was 

not surprising then that the first oxytocin antagonist 

was also prepared and characterized by du Vigneaud's labo-

ratory (Chan, Fear, and du Vigneaud, 1967). The approach 

taken by du Vigneaud and coworkers toward the design of 

oxytocin inhibitors was a modification of position 1 in the 

native hormone, oxytocin. The first oxytocin inhibitor 

prepared by Chan et al. involved the substitution of the 

cysteine residue in position 1 of the native hormone with 

a S,s'-dimethylcysteine or penicillamine residue. The new 

compound, [l-penicillamine] oxytocin, ([Pen1]oxytocin), was 

an extremely potent oxytocin antagonist. [Pen1]oxytocin 

was not the first known oxytocin inhibitor but it certainly 

was the most potent. In addition to the observed high 
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inhibitor potency of [Pen1]oxytocin, du Vigneaud and cowork

ers also found high specific antagonistic properties for 

this analog. The responses normally associated with oxyto

cin and structurally related peptides including rabbit milk 

ejection, rat uterine contraction, avian vasopressor, rat 

vasopressor, and rat antidiuretic activities were inhibited 

when determined by standard biological assay methods. 

Increasing the steric bulk at the e position of cysteine-1 

with e,e'-diethyl (Vavrek et al., 1972) or e,e'-cyclo

pentamethylene (Nestor, Ferger, and du Vigneaud, 1975) and 

removing the a-amino group (Schultz and du Vigneuad, 1966) 

led to even more potent oxytocin inhibitors. 

Jost, Rudinger, and Sorm (1961), in Czechoslovakia, 

reported the preparation, characterization, and biological 

activities of oxytocin inhibitors modified in position 2 only. 

The observed properties of these position 2 analogs, such 

as [TyrMe 2 ]oxytocin or [PheEt 2 ] oxytocin, were the subject 

of conflicting reports of in vitro inhibitor properties. 

The suggestion was made that the inhibitor data obtained 

for the position 2 analogs were dependent upon the experi

mental assay conditions. 

Nevertheless, these 2 groups elucidated the fact 

that modification of positions 1 and 2 in oxytocin could 

provide competitive oxytocin inhibitors. More recent 

approaches to the design of more potent oxytocin inhibitors 
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has been undertaken by several groups around the world. 

The approach chosen for the design of oxytoci~ inhibitors 

by each of the respective groups involves the use of clas-

sic structure-function studies relying primarily on the 

works of du Vigneaud and Rudinger and their coworkers as a 

basis for the design of more potent inhibitors. 

Development of Oxytocin Antagonists 
by Manning and Sawyer and Coworkers 

In addition to the pioneering work of du Vigneaud 

and Rudinger, several new features have led to the develop-

ment of new approaches to peptide hormone design in order 

to enhance inhibitor activity as well as increase metabolic 

stability. An underlying theme throughout the more recent 

attempts to design more effective oxytocin inhibitors is 

the incorporation of amino-acid residues into the hormone 

that increase receptor affinity. The suggestion that 

increased hormone-receptor interaction through primary 

structure manipulation in key residues may enhance antago-

nist potency has proven to be successful. While investi-

gating various primary sequence manipulations of oxytocin 

agonists, Manning and Sawyer (1971) and Manning, Coy, and 

Sawyer (1971) found that substitution of glutamine in posi-

tion 4 of native oxytocin by threonine increased the in 

vitro oxytocic activity 2-fold over that observed for oxy-

tocin. This single amino-acid substitution in position 4 



suggested that there was indeed increased binding of the 

hormone to the uterotonic receptor. 

11 

A test of this hypothesis was p~rformed by Manning 

et al. (1978) in the (1-3~mercapto-3-methyl butanoic acid)

oxytocin, !, ([dPen1]oxytocin) series of inhibitors shown 

in Table 1. Incorporation of threonine into position 4 of 

[dPen1]oxytocin, !, produced the analog [dPen 1 ,Thr 4 ]oxyto

cin, ~, with a 2-fold increase in inhibitory potency rela

tive to [dPen1]oxytocin. The choice by Manning et al. 

(1978) to incorporate threonine into the [dPen 1 ] inhibitor 

series instead of the [Pen1]oxytocin series was based on 

previous work by Schultz and du Vigneaud (1966) who showed 

that [dPen1]oxytocin was a more potent oxybocin inhibitor 

than [Pen1]oxytocin. Thus, incorporat~ng a residue thought 

to increase hormone binding to the ute~'ine !receptor into 

the primary sequence of a potent oxytoqin inhibitor did 

indeed increase the potency of the new anaLog. 

The success of the threonine su~stitution toward 

increasing the inhibitor potency promp~ed Lowbridge et al. 

(1979) to replace tyrosine in position 2 with O-methyl

tyrosine in the [dPen1]oxytocin series. Jost et al. 

(1961) previous had shown that the [O-methyltyrosine 2]

oxytocin, ~ (Table 2, p. 19), was an qxytocin inhibitor 

with relatively weak potency compared ~o [dPen1]oxytocin. 

Incorporation of O-methyltyrosine into [dPen1]oxytocin 
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Table 1. In vitro and in vivo PA2a values for oxytocin 
antagonists containing ~-dialkyl-~-mercaptopro
pionic acid derivatives 

In vitro b In vivoc,d 
Analog -PK2 -pAz 

[dPen I] oxytocin, 1 6.94 

[dPen I, Phe z,OrnB] oxytocin, 2 7.20 6.71 

[Mepal]oxytocin, l 7.24 

[Mcaal]oxytocin, 4 7.43 

[dPen 1,Phe Z,Thr 4 )oxytocin, ~ 7.49 6.10 

[dPen l ,Thr 4 ]oxytocin, 6 7.52 6.31 

[dPen 1,TyrMe 2,Thr 4 ]oxytocin, 7 7.64 6.84 

[Mcaa1,OrnB]oxytocin, 8 7.69 7.12 

[dPen l ,TyrMe 2,Orn B]oxytocin, 9 7.70 7.15 

[Mepa 1,Thr 4 ]oxytocin, 10 7.72 

[dPenl,TyrMeZ]oxytocin, !! 7.76 6.86 

[dPenl,PheZ]oxytocin, 12 7.78 6.07 

[Mepa I, Orn B] oxytocin, 1:l 7.81 7.07 

[dPenl,OrnB]oxytocin, 14 7.89 7.06 

[Mcaa l ,Thr 4 ]oxytocin, 15 7.91 

[dPen I , Phe Z , Asn 4, OrnB] oxytoc in, 1i. 7.98 6.75 

[Mcaa l ,TyrEt Z,Orn B]oxytocin,12 8.25 6.91 

[Mepal,TyrEtZ,OrnB]oxytocin, 18 7.50 7.08 

[Mcaal,TyrMeZ,OrnB]oxytocin,~ 8.52 7.37 

[Mepa I ,TyrMe 2, Orn B ]oxytocin, 20 8.91 7.35 

dPen 
Mepa 
Mcaa 

3-mercapto-3-methyl butanoic acid 
2-ethyl-3-mercapto pentanoic acid 
mercapto cyclohexane acetic acid 

Reference 

Chan et al. (1967) 

Sawyer et al. (1980) 

Vavrek et al. (1972) 

Nestor et al. (1975) 

Sawyer et al. (1980) 

Manning et al. (1978) 

Lowbridge et al. (1979) 

Bankowski et al. (1980) 

Sawyer et al. (1980) 

Lowbridge et al. (1979) 

Lowbridge et al. (1979) 

Sawyer et al. (1980) 

Bankowski et al. (1980) 

Sawyer et al. (1980) 

Lowbridge et al. (1979) 

Sawyer et al. (1980) 

Bankowski et al. (1980) 

Bankowski et al. (1980) 

Bankowski et al. (1980) 

Bankowski et al. (1980) 

a. Negative log to the base 10 of the average molar concentration (M) 
of an antagonist which will reduce the response of the uterine horn of 2X units 
of pharmacologically active compound to X units of agonist. 

b. Isolated rat uterus 

c. In situ rat uterus 

" d. ,Estimat~d ~n,vivo "pA z",va1ues represent the negative logarithms of 
t~e effectlve dose dlvlded by estlmated volume of distribution of the antago
nlsts. 
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provided an oxytocin inhibitor almost 10 times more potent 

than [dPen1]oxytocin in the in vitro uterotonic assay. A 

more interesting result from the preparation of [dPen 1 ,

TyrMe 2 ]oxytocin, 11, was the extremely high in vivo inhib

itory activity. Because neither [dPen1]oxytocin nor 

[TyrMe 2 ]oxytocin, 21, possess any in vivo activity, the com

bination of these two replacements leading to an extremely 

potent oxytocin inhibitor was rather surprising. An expla

nation for this result was suggested by Hruby (1981a, 1981b) 

based on conformational studies of some oxytocin inhibitors. 

The increased hydrophobicity of the tyrosine side chain may 

cause a more effective interaction of the hormone analog with 

the receptor. Indeed, if O-methyltyrosine incorporation into 

[dPen1]oxytocin produces an analog with increased receptor 

interaction, then Manning et ale (1978) surmised that the com

bination of both O-methyltyrosine and threonine substitutions 

into [dPen1]oxytocin might produce an even more potent oxyto

cin inhibitor. The analog [dPen 1,TyrMe 2,Thr 4 ]oxytocin, 2, 

was an oxytocin inhibitor; however, with reduced inhibitory 

potency relative to [dPen 1 ,TyrMe 2 ]oxytocin, !l, when tested 

in the in vitro uterine assay. When tested by Lowbridge et 

ale (1978) using the in vivo assay, this compound exhibited 

the same inhibitory potency as [dPen 1 ,TyrMe 2 ]oxytocin, !!. 

Incorporation of threonine into the potent in vivo oxytocin 

inhibitor "[dPen1,TyrMe?']oxytocin clearly showed that the 
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combination of 2 residues (threonine and O-methyltyrosine) 

capable of enhancing hormone binding to the receptor does 

not necessarily guarantee a more potent inhibitor. The 

measurement of in vivo inhibitory activities of synthetic 

oxytocin analogs is extremely valuable when the goal of 

antagonist design is to produce an effective drug. In vivo 

measurements of exciting new leads allow a more careful 

evaluation of the peptide drug with respect to its metabo-

lism and biological potency. The results obtained by 

Manning et ale (1978) with the O-methyltyrosine substitu

tion in the [dPeni]oxytocin series of analogs led to inves-

tigations (Sawyer et al., 1980) of the relationship between 

position 2 substitution and antagonist potency. Manning et 

al.' (1978) have clearly shown that increased hydrophobicity 

in the side-chain moiety of tyrosine in position 2 (that 

is, alkylation of the hydroxyl group on tyrosine) leads 

to an enhancement of antagonist potency. 

Replacement of the methoxyl group in O-methyltyro-

sine with hydrogen (i.e., incorporating phenylalanine into 

position 2 of the [dPeni]oxytocin analog) produced an inhibi

tor ([dPen i ,Phe 2 ]oxytocin, 12) that possessed comparable 

in vitro inhibitor potency but reduced in vivo inhibitory 

activity to [dPen i ,TyrMe 2 ]oxytocin. A similar replacement 

of threonine into position 4 of [dPen 1 ,Phe 2 ]oxytocin, g, 

as done in [dPen 1 ,TyrMe 2 ]oxytocin, produced an inhibitor 
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([dPen 1,Phe 2,Thr 4]oxytocin, 2), more potent than [dPen 1]

oxytocin but much weaker than the corresponding O-methyl

tyrosine derivative in both the in vitro assay and in the 

in vivo assay. These results confirm the importance of 

incorporating hydrophobic residues into positions 2 and 4 

in order to enhance inhibitor potency. However, the sub

stantially enhanced potency of the [dPen 1 ,TyrMe 2]oxytocin 

inhibitors relative to the [dPen 1 ,Phe 2]oxytocin inhibitors 

pointed to the importance of steric bulk in the tyrosine 

side chain as well as increased hydrophobicity through 

para substitution of the aromatic ring for more complete 

antagonist-receptor interaction. 

One further sUbstitution by Sawyer et ale (1980) 

into the primary sequence of [dPen1]oxytocin antagonists 

may only be described as a serendipitous one. The replace

ment of leucine in position 8 of oxytocin with ornithine 

provided an unexpected result. The ornithine-containing 

oxytocin antagonists exhibited markedly enhanced in vivo 

inhibitory activity, although in vitro activity was concom

itantly reduced. Thus, incorporation of ornithine into 

position 8 producing [dPenl,Phe2,orn8]oxytocin,~, or 

[dPen 1 ,Orn 8]oxytocin, 14, analogs that were at the time 

the most potent in vivo oxytocin antagonists known. Incor

poration of threonine into position 4 of the ornithine

containing oxytocin inhibitors was never described by 
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Sawyer et al. (1980). The reason for this, presumably, is 

based on the earlier results of threonine-containing oxyto-

cin antagonists of Sawyer et al. that showed no further 

enhancement in either the observed potencies from in vivo 

assays or in vitro assays when combined with other substi-

tutions in the molecule. 

A further improvement of the in vivo potencies of 

oxytocin antagonists was achieved by Bankowski et al. (1980) 

through replacement of the 3-mercapto-3-methyl butanoic acid 

(dPen) residue in position 1 with more sterically bulky 

amino acids. Initially Vavrek et al. (1972), followed by 

Nestor et al. (1975), showed that increasing the size of 

the S substituents of mercaptopropionic acid in position 1 

produced more potent oxytocin inhibitors than [dPen1]oxyto-

cin. The analogs [1-(3-ethyl-3-mercaptopentanoic acid)].-
. 

oxytocin, li and [1-mercaptocyclohexane acetic acid]oxyto-

cin, i, possessed greater inhibitory potency than [dPen 1]

oxytocin, the most potent being [1-mercaptocyclohexane 

acetic acid]oxytocin. Combining mercaptocyclohexane acetic 

acid (Mcaa) or 3-ethyl-3-mercaptopentanoic acid (Mepa) sub-

stitution in position 1 with O-methyltyrosine in position 2 

and ornithine in position 8 produced in vivo oxytocin an tag-

onists, ~ and ~, that are the most potent analogs known 

to date. In addition to producing extremely potent in vivo 

oxytocin antagonists, Bankowski et al. (1980) investigated 
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the relationship between the steric requirements of the 

amino acids in positions 1 and 2 and inhibitor potency. 

Based on the results of du Vigneaud and coworkers obtained 

for [Mcaa1]oxytocin, i, maximal steric bulk of the e sub

stituents on mercaptopropionic acid was initially thought 

to produce more pote~t inhibitors. This suggestion was 

proven by Bankowski et al. (1980) when incorporating these 

more bulky amino acids into [ornithine 8] oxytocin. The most 

potent in vivo oxytocin inhibitor ever produced was [Mcaa 1-

Orn 8 ] oxytocin, 8. The corresponding [Mepa 1 ,Orn 8 ]oxytocin, 

!i, prepared simultaneously showed slightly less in vivo 

inhibitor activity. 

Incorporation of para-methoxyl or para-ethoxyl

tyrosine into position 2 of the above-mentioned oxytocin 

inhibitors provided some very interesting results. [Mepa 1 , 

TyrEt 2 ,Orn 8]oxytocin, ~, or [Mcaa 1 ,TyrEt 2 ,Orn 8 ]oxytocin, 

!2, were less potent inhibitors than the corresponding 

analogs [Mepa 1 ,TyrMe 2 ,Orn 8]oxytocin, ~, or [Mcaa 1 ,TyrMe 2 ,

Orn 8 ] oxytocin, l1, but more potent than either [Mepa 1, 

Orn 8 ] oxytocin, !i, or [Mcaal,Orn8]oxytocin,~. More impor

tantly, the [Mepa 1 ,TyrMe 2 ,Orn 8]oxytocin, ~, was more 

potent than the analogous inhibitor, [Mcaa 1 ,TyrMe 2 ,Orn 8]

oxytocin, l1. Clearly, increasing steric bulk does not al

ways enhance inhibitor potency, suggesting possible receptor 

requirements for maximal antagonist-receptor interaction. 
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Although Manning's group succeeded in preparing the 

most potent oxytocin inhibitors known, several other groups 

around the world have also been preparing oxytocin antago-

nists incorporating similar design features. 

Development of Oxytocin Antagonists 
by Melin and Akerlund and Coworkers 

A somewhat similar approach toward the design of 

effective in vivo oxytocin antagonists involves the work 

of Melin et ale (1981, 1983) in Sweden. Initial studies of 

oxytocin antagonists by Melin et ale (1981) incorporated 

O-alkylated tyrosine derivatives into position 2 and the 

removal of the N-terminal amino group. In vitro uterine 

biological assay of the various O-alkylated tyrosine deriv-

atives of oxytocin produced results that suggested an opti-

mal size for the alkyl group attached to the hydroxyl group 

of tyrosine for maximum antagonist potency. Melin et ale 

(1981) prepared O-alkyltyrosine derivatives containing alkyl 

group sizes ranging from methyl through n-hexyl. The maximal 

potency obtained for this series of compounds modified at 

the tyrosine hydroxyl group was observed for the O-ethyl-

tyrosine oxytocin derivative. These results clearly show 

that one single modification in the primary sequence 

of oxytocin could produce a potent oxytocin antagonist. 

Table 2 lists comparative inhibitor potencies for various 

O-alkyltyrosine-containing oxytocin antagonists prepared 
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Table 2. Comparative in vivo and in vitro pA2 values for 
oxytocin antagonists containing O-alkyltyrosine 

pAZ Relative 
(utero- in vivo 
tonic Activity 

Analog (rat) (rat) Reference 

[L-TyrMeZjoxytocin, 21 6.79 Rudinger (1971 ) 
Jost et al. (1961) 

[NU-carbamoyl,TyrMeZjoxytocin,~ 6.90 Bisset et aL (1970) 

[L-TyrEtZloxytocin,~ 7.13 Melin et al. (1981) 

[Mpal,TyrEtZjoxytocin,~ 7.20 1.0 Melin et al: (1981; 1983) 

[NU-Ac,TyrMeZloxytocin,~ 7.58 Krojidlo et al. (1975 ) 

[Mpa 1 ,TyrEt Z, Va 14 ,Orn8joxytoc in, .?! 7.60 6.0 Melin et al. (1983) 

[Mpa 1,D-TyrEt Z,Va1 4 ,Orn8joxytocin, y.. 8.20 12.1 Melin et al. (1983) 

[Mpa 1,D-TyrEtZ,Thr 4 ,Orn8joxytoc in,.2 8 8.30 4.0 Melin et al. (1983) 

[Mpa 1,L-TyrEt Z,Orn 8joxytocin,£2 8.40 5.0 Melin et al. (1983) 

[Mpa 1, L-TyrEt Z ,Arg Sjoxytocin, lQ. 8.40 2.0 Melin et al- (1983) 

[Mpa 1 ,D-Trp Z,Va1 4 ,Arg8joxytocin, l!. 8.40 9.8 Melin et al. (1983) 

[Mpa 1,D-TyrEt Z,Arg 8joxytocin,1l 8.70 9.4 Melin et al. (1983) 

[Mpa 1,L-TyrEtZ,Thr 4,Orn 8joxytocin, II 8.90 6.8 Helin et al. (1983 ) 

Mpa S-mercapto propionic acid 
NU-Ac N-acetyl 
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by different groups around the world. It is interesting 

to note that [TyrEt 2 ] oxytocin, ~, has a slightly higher 

potency than [Pen1]oxytocin, ~ (Table 5, p. 56). The 

results obtained for this series of O-alkylated tyrosine 

oxytocin derivatives confirmed the findings of Jost et ale 

(1961) and established steric requirements for substitution 

in position 2 that would produce maximal hormone-receptor 

interaction. Melin et ale (1981) modified the [TyrEt 2 ]

oxytocin analog by removing the a-amino group at the N

terminal. The resulting deamino [TyrEt 2 ] oxytocin, ~, 

analog exhibited the same in vitro inhibitor potency as 

[TyrEt 2 ] oxytocin, ~. 

Recently Melin et ale (1983) reported the prepara

tion and pharmacology of oxytocin inhibitors with more 

extensive primary sequence modifications. Additional modi

fications in positions 4 and 8 produced extremely potent in 

vivo oxytocin inhibitors. Incorporation of ornithine into 

position 8, [Mpa 1 ,TyrEt 2 ,Orn 8 ]oxytocin, ~, produced a 10-

fold increase in the in vitro biological potency and a 5-

fold enhancement in potency determined by the in vivo assay. 

Further modification of ~ by combining the ornithine sub

stitution in position 8 and the threonine substitution in 

position 4 produced the analog [Mpa 1 ,TyrEt2 ,Thr 4 ,Orn8 ]oxy

tocin, 33, that exhibited an in vivo inhibitory potency 7 

times greater than [Mpa 1 ,TyrEt 2 ]oxytocin, 24. Substitution 
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of threonine in position 4 with valine, a so-called iso-

steric substitution produces the analog [Mpa 1 ,TyrEt2,VaI 4 ,-

Orn 8 ] oxytocin, ~, that exhibits an uterotonic in vivo 

potency slightly less than [Mpa 1 ,TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin, 

33. 

An alternative modification of the [Mpa 1 ,TyrEt 2]-

oxytocin antagonist series involves enantiomeric substitu-

tion of O-ethyltyrosine in position 2. Thus, incorporation 

of O-ethyl-D-tyrosine in position 2 into the 2 most potent 

analogs containing O-ethyltyrosine (namely, [Mpa 1 ,TyrEt 2 ,

Thr 4 ,Orn 8 ]oxytocin, 11, and [Mpa 1 ,TyrEt 2 ,VaI 4 ,Orn 8 ]oxytocin, 

~) produces analogs exhibiting different in vivo potencies 

than the in vivo potencies observed in the O-ethyl-L-

tyrosine series. As depicted in Table 2, [Mpa 1 ,L-TyrEt 2 ,-

Thr 4 ,Orn 8 ]oxytocin, 1l, exhibits slightly better in vivo 

inhibitor potency when compared with the corresponding 

[Mpa 1 ,L-TyrEt 2 ,VaI 4 ,Orn 8 ]oxytocin analog,~. Alterna-

tively, incorporation of O-ethyl-D-tyrosine into the above 

analogs produces analogs that exhibit a reversal in potency. 

[Mpa 1 ,D-TyrEt 2 ,VaI 4 ,Orn 8 ]oxytocin, 27, exhibits a 12-fold 

enhancement in in vivo potency relative to [Mpa 1 ,TyrEt 2 ]-

oxytocin, ~, and a 3-fold enhancement in in vivo inhibitor 

potency relative to [Mpa 1 ,D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin, 28. 

Although [Mpa 1 ,D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin, ~, still 

retains its in vivo inhibitor activity, comparison of the 
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in vivo potency with that of the corresponding analog 

[Mpa 1 ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin, 1l, shows that the sub

stitution of D-TyrEt reduces the in vivo potency by a fac

tor of 1.7. The substitution of D-tyrosine for L-tyrosine 

may cause a conformation change in the 4 position producing 

less favorable receptor-hormone interactions for these ana-

logs. Melin et ale (1981, 1983), however, have not per-

formed any conformational analysis of these compounds in 

order to detect any conformational changes. 

The development of effective in vivo oxytocin antag-

onists without gem-dialkyl substitution in position 1 by 

Melin et ale offers an alternative to the approach of Man-

ning et ale (1982) toward the design of effective in vivo 

oxytocin antagonists. Although Manning et ale have not 

reported any oxytocin antagonists containing O-alkyl-D-. 

tyrosine derivatives in position 2, they have reported 

the incorporation of O-alkyl-D-tyrosine derivatives into 

position 2 of vasopressin antagonists. The O-alkyl-D~ 

tyrosine-containing vasopressin antagonists have been 

reported to be more potent than the corresponding O-alkyl-

L-tyrosine-containing vasopressin antagonists. 

Development of Oxytocin Antagonists 
by Lebl and Barth and Coworkers 

A group in Prague, Czechoslovakia (Lebl, Hrbas et al., 

1982) has been investigating the importance of D-amino acid 
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substitutions in position 2 of oxytocin antagonists. The 

combination of D-amino acid substitutions in position 2 

with the carba-6 (COT-6) substitution pioneered by Barth 

et al. (1973) produce oxytocin inhibitors with highly 

potent in vivo inhibitor activities. 

Studies of oxytocin inhibitors with D-amino acid 

substitutions in position 2 by Russian researchers (Kaurov 

and Smirnova, 1977; Kaurov et al., 1973) provide much of 

the early background pertaining to the importance of D-amino 

acid substitutions and antagonist potency. Table 3 shows 

the relative in vitro inhibitor potencies of oxytocin antag

onists containing D-amino acids in position 2. All of the 

analogs prepared by Kaurov and Smirnova (1977) and Kaurov 

et al. (1973) show very weak antagonist activity. The 

Russian researchers have suggested that increased hydro

phobicity might lead to enhanced antagonist potency. 

Preparation of [p-ethyl-D-phenylalanine 2 ]oxytocin 

([D-PheEt 2 ]oxytocin], ii) provided an analog possessing 

extremely high in vitro inhibitor activity (Lebl et al., 

1983). Removal of the N-terminal amino group from [D-PheEt2]

oxytocin produces [Mpa 1 ,D-PheEt 2 ]oxytocin, 40, exhibiting 

very similar in vitro inhibitor potency (Lebl et al., 1983). 

Analogs were prepared by substituting the half penicillamine 

residue into position 1 for either s-mercapto propionic 

acid or cysteine and by further incorporating either 



Table 3. In vitro pA 2 values for oxytocin antagonists 
containing D-amino acids and deamino carba-6 
derivatives 

p A2 
(uterotonic, 

Analog rat) Reference 

[D-Phe 2joxytocin, 34 6.00 Kaurov and Smirnova -

[D-PheFs2joxytocin, ~ 6.27 Kaurov and Smirnova 

[D-Tyr(mN02) 2]oxytocin, 36 6.28 Kaurov and Smirnova 

[D-Trp2]oxytocin, 37 6.87 Kaurov and Smirnova 

[D-TyrEt 2] dCOT-6, 38 7.45 Leb1 et al. (1983) 

[D-PheEt 2]dCOT-6-S0, 39 7.91 Leb1 et al. (1983) 

[Mpa 1,D-PheEt 2]oxytocin, 40 8.06 Leb1 et al. (1983) 

[D-Phe 2] dCOT-6, 41 8.06 Leb1 et al. (1983) 

[Pen 1,D-PheEt 2]oxytocin, 42 8.09 Leb1 et al. (1983) 

24 

(1977) 

(1977) 

(1977) 

(1977) 

[Pen 1,TyrMe 2]dCOT-6, 43 8.10 Leb1 and Barth (1983) 
-

[D-PheEt 2]oxytocin, 44 8.15 Leb1 et al. (1983) 
-

[D-PheMe 2]dCOT-6, 45 8.73 Leb1 et al. (1983) 

[D-PheEt 2]dCOT-6, 46 8.73 Leb1 et al. (1983) 

[D-PheMe 2,desG1y9NH2]dCOT-6, i2. 8.80 Leb1 et al. (1983) 

dCOT-6 deamino carba-6 oxytocin 
Pen penicillamine 

dCOT-6-S0 deamino carba-6 oxytocin sulfoxide 
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L- or D-p-ethylphenylalanine in position 2, producing oxyto

cin antagonists for both [Pen 1 ,L-PheEt 2 ]oxytocin, ~ (Table 5, 

p. 56), and [Pen 1, D-PheEt2 ] oxytocin, Q. The oxytocin antago

nists containing p-ethyl-D-phenylalanine in position 2 show 

slightly better in vitro potency than the antagonist contain

ing p-ethyl-L-phenylalanine in position 2. The inhibitor 

potencies obtained for the ana logs prepared by the incorpo

tion of D-amino acids, most notably p-ethylphenylalanine, 

into position 2 suggested to Lebl et al. (1983) that further 

modifications of the ring moiety of oxytocin, either through 

amino-acid substitution or disulfide bond manipulation, 

might produce more potent oxytocin antagonists. 

Unlike the work of Manning or Melin and their co

workers, Lebl, Hrbas et al. (1982) chose not to modify the 

amino-acid sequence in either position 7 or position 8 to 

enhance inhibitory potency, but rather chose to modify the 

disulfide bond by replacing one of the sulfurs contained in 

the ring moiety of oxytocin with a methylene group (-CH2). 

Replacement of the sulfur attached to the cysteine residue 

in position 1 with a methylene group produces an oxytocin 

analog called "carba-l-oxytocin." Alternate replacement 

of the sulfur attached to the cysteine residue in position 

6 produces an oxytocin analog called "carba-6-oxytocin." 

Carba analogs have been prepared where the N-terminal amino 

group is replaced by hydrogen, producing the so-called 
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deamino carba oxytocin compounds. The significance of the 

deamino oxytocin analogs lies in their enhanced oxytocic or 

uterotonic potency relative to oxytocin itself. Whether 

the increased potency is due to substantially greater 

hormone-receptor interaction or greater metabolic stability, 

the simple fact that these molecules are more potent than 

oxytocin itself provides the stimulus for the design of 

more potent oxytocin antagonists. 

Highly potent oxytocin antagonists were prepared 

by Lebl et ale (1983) and Lebl and Barth (1983) utilizing 

a substitution of the sulfur of cysteine in position 6 

with a methylene group, replacement of the N-terminal amino 

group with hydrogen, and enantiomeric substitution of the 

aromatic amino acid in position 2. The so-called deamino-

6-carba oxytocin analogs provide simple modified oxytocin 

antagonists possessing high in vitro and in vivo biological 

potency. As discussed previously, Kaurov and Smirnova 

(1977) found that oxytocin inhibitor potency is enhanced 

by the incorporation of aromatic D-amino acids in position 

2. Lebl et ale (1983) tested Kaurov and Smirnova's conten

tion by preparing deamino-6-carba oxytocin analogs incorpo

rating both 0- and L-aromatic amino acids. The data pre

sented in Table 3 confirm the suggestion that aromatic 0-

amino acids incorporated into position 2 of these de amino-

6-carba oxytocin analogs provide oxytocin inhibitors, 
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whereas the L-isomer substitution provides analogs with 

various degrees of agonist activity (Table 4). Comparison 

of the inhibitor potencies of [Pen 1 ,D-PheEt 2 ]oxytocin, ~, 

deamino [D-PheEt 2 ]oxytocin, 40, [D-PheEt 2 ]oxytocin, ii, and 

[D-PheEt 2 ]deamino-6-carba oxytocin, ~, illustrates the 

effectiveness toward enhancing oxytocin antagonist potency 

when replacing one sulfur in the disulfide bridge with a 

methylene group. 

In addition to the importance of D-aromatic amino 

acids for oxytocin antagonism, the hydrophobic and steric 

characteristics of the alkyl group substituents attached 

to the para position of the aromatic amino acid also appear 

important for an enhancement of oxytocin antagonism. Lebl 

et al. (1983) prepared a series of deamino-6-carba oxyto

cin analogs testing this suggestion and found that the 

para-methyl- or para-ethyl-D-phenylalanine substituted ana

logs are the most potent oxytocin inhibitors of the series. 

The inhibitor potencies obtained for the [D-PheMe 2 ]- and 

[D-PheEt 2 ]deamino-6-carba oxytocin analogs, 45 and ~, 

respectively, indicate that the multiple substitutions as 

suggested by Manning and Melin do not necessarily lead to 

an enhancement in antagonist potencies. 

An alternative approach toward enhancing the antag

onist potency of various analogs that does not include mul

tiple substitutions has been suggested by the Prague group. 
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Table 4. In vitro uterotonic activities of oxytocin ana
logs containing either an L-amino acid in posi
tion 2 and deamino carba-6 modification or 
L-amino acid in position 2 only' 

In vitro ----
Uterotonic 
Activity 

Analog (rat, U/mg) Reference 

[Phe 2 ]oxytocin, 48 32.0 Berde and Boissonnas (1968) 

[Trp 2]oxytocin, 49 0.24 Kaurov and Smirnova (1977) 

[PheFs2]oxytocin, ~ 0.01 Kaurov and Smirnova (1977) 

[Tyr( mN02)2]oxytocin, 51 1.1 Kaurov and Smirnova (1977) 

[Phe 2 ]dCOT-6, 52 70.0 Leb1 et a1. (1983) 

[TyrEt 2 ]dCOT-6, 53 0.001 Leb1 et a1. (1983) 

[PheMe 2 ]dCOT-6, 54 127.0 Leb1 et a1. (1983) 

[PheEt2 ]dCOT-6, 55 27.0 Leb1 et a1. (1983) 

[PheEt 2 ]dCOT-6-SO, 56 17.0 Leb1 et a1. (1983) 

[PheEt2 ]oxytocin, 57 6.5 Berde and Boissonnas (1968) 

[PheMe 2 ]oxytocin, 58 19.0 Berde and Boissonnas (1968) 

dCOT deamino carba-6 oxytocin 
dCOT-6-S0 deamino carba-6 oxytocin sulfoxide 
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Lebl, Barth, and Jost (1981) found that oxidation of the 

sulfur to the sulfoxide in the [D-Tyr 2 ] deamino-6-carba 

oxytocin derivatives produce oxytocin antagonists with weak 

potency. However, this approach cannot be applied univer

sally to every compound in the deamino-6-carba oxytocin 

series. Oxidation of the highly potent oxytocin antagonist 

[D-PheEt 2] dCOT-6, ~, to its corresponding sulfoxide, ~, 

reduces inhibitory potency (Lebl, Hrbas et al., 1982). 

Most highly potent oxytocin antagonists known to 

date have always included the tripeptide tail (Pro-Leu

GlyNH2) or the slightly modified tripeptide tail (Pro-Orn

GlyNH 2) in its amino-acid sequence. Lebl et ale (1983) 

investigated the importance of the tripeptide tail by pre

paring the [des glycinamide 9 ,D-PheMe 2] deamino-6-carba 

oxytocin, i2, (D-PheMe 2,desGlyNH 2 9 - dCOT-6) analog and 

found it to be a slightly more potent in vitro oxytocin 

inhibitor than [D-PheMe 2 ] dCOT-6,~. However, the in vivo 

activity of the des glycinamide oxytocin antagonist previ

ously described has not been determined. 

Studies by Lebl et ale of the analog properties 

required for oxytocin antagonism have led to the suggestion 

that modifications in position 2 through a change in con

figuration (L + D) of an aromatic amino acid connected 

with an increase in hydrophobic character of the para

substituent of the aromatic moiety and a modification of 
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the disulfide bridge through carba substitution will 

enhance antagonist potency. The simplicity of this approach 

toward the design of oxytocin inhibitors has led to the 

preparation of a number of highly potent oxytocin antago

nists not requiring a multiple substitution scheme as sug

gested by Sawyer, Grzonka, and Manning (1982) or Melin et 

ale (1983) to enhance antagonist potency. 

Recently, Lebl and Barth (1983) extended the scope 

of antagonist design by preparing one of the most potent 

in vivo oxytocin inhibitors known to date. Replacement of 

mercaptopropionic acid in position 1 with ~,~'-dimethyl

metcaptopropionic acid (dPen) and L-tyrosine in position 2 

with O-methyl-L-tyrosine in the 6-carba-oxytocin series 

provides a molecule 5 times more potent than the corre

sponding [dPen 1 ,TyrMe 2 ]oxytocin antagonist, !!, prepared 

by Manning et ale (1978). The incorporation of the 6-

carba substitution into oxytocjn antagonists, as discussed 

by Lebl et al., clearly suggests that simple substitution 

schemes may indeed provide more potent inhibitors than the 

multiple substitution suggested earlier (Melin et al., 

1983; Sawyer et al., 1982). However, conformational analy

sis of oxytocin ontagonists of the deamino-6-carba series, 

in order to incr.ease our understanding of the spatial 

arrangement of these molecules, in solut~on has not been 

undertaken. The elegant work described by Lebl, Manning, 



Melin, and their coworkers is based solely on classical 

structure-function studies without the benefit of confor-

mational analysis of these oxytocin analogs. 

Development of Oxytocin Antagonists 
by Hruby and Chan and Coworkers 

31 

Knowledge of the conformational and dynamic proper-

ties of peptide hormones allows one to attempt to correlate 

the observed biological activity with the spatial arrange-

ment and flexibility of the individual amino-acid side 

chains relative to each other, as well as the overall flex-

ibility of the peptide backbone. Classical structure-

activity studies combined with conformational and dynamic 

studies of peptide hormones should provide considerable 

insight into the features of peptide hormones important 

for biological activity. 

The development of approaches toward the design of 

oxytocin antagonists combining classical structure-activity 

studies with conformational and dynamic studies began, ini-

tially, with a report by Meraldi et al. (1975). A compara-

tive study of the conformational properties of oxytocin 

and the antagonist [Pen1]oxytocin, ~, was made to deter-

mine the solution conformation of these 2 analogs. The 

study involved the use of nuclear magnetic resonance (NMR) 

spectroscopy and circular dichroism (CD) spectroscopy to 

determine the spatial arrangement and dynamics of the 
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individual amino-acid side chains, the flexibility of the 

peptide backbone, and the chirality and dihedral angle of 

the disulfide bond. The conclusions drawn from Meraldi et 

al.'s (1977) study provide considerable insight into the 

features contained in each molecule that cause the exhibi

tion of agonism or antagonism. The feature responsible 

for [Pen1]oxytocin exhibiting antagonist properties are 

summarized in the following manner: 

1. In aqueous solution the antagonist [Pen1]oxytocin 

has a different, more rigid backbone conformation 

than oxytocin itself. 

2. The amino-acid side chains are less flexible in 

[Pen1]oxytocin than oxytocin, especially at resi

dues 1, 2, 4, 6, and 8. 

3. The presence of 2 intramolecular hydrogen bonds 

in [Pen1]oxytocin not only imparts rigidity to 

the antagonist molecule, but is consistent with 2 

1~3 reverse turns. 

The most interesting result obtained from the conformational 

studies of oxytocin and [Pen1]oxytocin is the finding that 

the tyrosine side-chain rotamer placing the aromatic ring 

over the 20-membered disulfide ring is excluded. Hruby 

(1981a, 1981b) suggested that this conformational property 

might be responsible for the observed antagonist activity 

of [Pen1]oxytocin. The "cooperative model" suggested by 
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Walter (1977), based also on conformational and dynamic 

studies of oxytocin, proposes that the biologically active 

conformation included the side chain of tyrosine pointing 

over the 20-membered disulfide ring. Thus, the observed 

biological differences between [Pen1]oxytocin and oxytocin 

may be explained in part by the position of the tyrosine 

side chain relative to the 20-membered ring. The conforma

tional studies by Walter (1977) and Meraldi et a1. (1977) 

have provided much of the impetus for studying position 2 

modifications using a classical structure-activity approach 

previously suggested by Manning, Melin, Lebl, and their co

workers. Investigation of the 2 position was also under

taken by Hruby, Deb, Yamamoto et al. (1979) in order to 

investigate further the hydrophobic, conformational, and 

dynamic properties of position 2 analogs relative to antag

onist potency. Substitution of tyrosine in position 2 

[Pen1]oxytocin, ~, with leucine, [Pen 1 ,Leu 2 ]oxytocin, ~, 

provided an antagonist 2 times more potent than [Pen1]oxy-

tocin. The results obtained for this oxytocin antagonist 

suggest that the aromatic moiety may not be required for 

maximal receptor stimulation, but rather hydrophobicity of 

the side chain in position 2 may be a necessary require

ment for complete hormone-receptor interaction. The re

sults obtained by Manning and Sawyer previously discussed 

illustrate the importance of a hydrophobic residue in 
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position 2. However, antagonist potency was further enhanced 

by the combination of hydrophobic substituents attached to 

an aromatic moiety substituted for tyrosine in position 

2. Many oxytocin antagonists have been designed from the 

standpoint of a multiple substitution scheme whereby 

amino-acid residues are replaced in the native hormone with 

amino-acid residues that enhance receptor interaction, thus 

producing a hormone more potent than the native hormone. 

This approach allows one to attempt to predict the biolog

ical activity of an inhibitor based on the incorporation of 

amino-acid residues responsible for enhanced receptor inter

action. The work by Manning and Sawyer (1979) suggest 

that a judicious choice of substitution does indeed lead to 

compounds possessing higher antagonist activity than [Pen 1]

oxytocin. 

An exception to this general design approach may be 

illustrated again by the observed antagonist potency of 

[Pen 1,Leu 2]oxytocin, ~ (Table 5, p. 56). The agonist activ

ity of [Leu 2]oxytocin (Hruby and du Vigneaud, 1969) is about 

1/1000 that of oxytocin itself. A prediction of the antago

nist potency of [Pen 1,Leu 2] oxytocin would suggest that it 

would be a much less potent inhibitor than [Pen1]oxytocin, 59. 

The fact that [Pen 1,Leu 2]oxytocin is twice as potent an inhib

itor as [Pen1]oxytocin suggests that conformational and 

dynamic features of peptide hormones must also be a 
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general consideration in the design of oxytocin antago

nists. Clearly, conformational and dynamic considerations 

as suggested by Hruby (1981a, 1981b) must be included in 

any classical structure-function studies in order to effec

tively design more potent oxytocin antagonists. 

Conformational and dynamic considerations were 

employed in the design and synthesis of 2 oxytocin antago

nists containing phenylalanine in position 2 and threonine 

in position 4 (Hurby et al., 1980). The original impetus for 

preparing the 2 analog~s ([pen l ,Thr 2]oxytocin,.§,l (Table 5, p. 

56) and [Pen l , Phe2 ,Thr4] oxytocin, g) \Vas to test the conten

tion of Sawyer et ale (1980) that deamino-penicillamine 

oxytocin analogs are more potent than the corresponding 

penicillamine-containing oxytocin analogs. Chan et ale 

(1967) originally showed that [dPenl]oxytocin, !, was a 

slightly more potent inhibitor than [Penl]oxytocin, ~. 

Studies by Sawyer et ale (1980) of the antagonist proper

ties of [dPen l ,Thr 4 ]oxytocin, ~, and [dPen 1 ,Phe 2 ,Thr 4]

oxytocin, ~, show these compounds to be at the time the 

most potent oxytocin antagonists known. Studies by Hruby 

et ale (1980) on the corresponding penicillamine-containing 

derivatives ([Pen l ,Phe 2 ,Thr 4]oxytocin, g, and [Pen l ,Thr 4]

oxytocin, .§,l) show that both analogs were more potent oxy

tocin antagonists than the corresponding [dPen l ] deriva

tives discussed by Sawyer et ale (1980). 
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Conformational analysis of these 2 [Pen1]oxytocin 

antagonists suggests a more fixed conformation of the thre

onine side chain relative to the glutamine side chain in 

[Pen1]oxytocin. Comparative conformational studies between 

the [dPen1]oxytocin analogs of Sawyer et ale (1980) and 

[Pen1]oxytocin analogs of Hruby et ale (1980) in order to 

detect possible conformational differences between the 2 

different types of oxytocin antagonists have not been made. 

Recent work by Simek et ale (1982) provides further evidence 

that penicillamine~containing oxytocin antagonists may be 

more potent than the corresponding deamino penicillamine

containing antagonists. Studies by Simek et ale (1982) of 

[Pen 1 ,TyrMe 2 ]oxytocin, 64, found this analog to be several 

times more potent than the corresponding analog [dPen 1 , 

TyrMe 2 ] oxytocin, 11. Conformational and dynamic studies 

of these 2 analogs may prove useful in determining other 

conformational features that may play a role in enhanced 

potency observed for the penicillamine-containing oxytocin 

antagonists. The extension of conformational and dynamic 

considerations to classical structure-activity studies by 

Hruby (1981a, 1981b) has aided in the design and develop

ment of more potent oxytocin antagonists (Simek et al., 

1982) . 

The development of highly potent, medicinally use

ful oxytocin antagonists has been an extremely slow process. 
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A review of the literature shows that multitudes of oxyto

cin antagonists have been prepared over the years using 

almost entirely the approach of classical medicinal chemis

try, the structure-activity approach. The research groups 

of Manning, Melin, Lebl, and Hruby each have suggested 

alternative modes of analog modification in order to design 

and prepare more potent oxytocin antagonists. The unifying 

principle underlying the classical structure-activity 

approach is the consideration of the conformational and 

dynamic properties of the particular peptide hormone. The 

suggestion by Hruby (1981a, 1981b) that conformational and 

dynamic considerations may be useful has just begun to be 

realized. The future of peptide hormone analog design will 

become ever more dependent upon this unifying principle. 

Physiological Role of Oxytocin Antagonists 

The development of highly potent oxytocin antago

nists is not only useful in the determination of the molec

ular events of hormone-receptor interaction, but may also 

be useful as medicinal agents. There are two presently 

accepted roles of oxytocin in mammals. They are: 

1. Oxytocin in mammalian systems is to stimulate the 

female mammary gland to eject milk (Gaines, 1915). 

2. The stimulation of smooth muscle contractions in 

the uterus (Dale, 1906). 
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In addition to the smooth muscle contraction reflex lin the 

uterus, Chan, Hruby, and du Vigneaud (1974) and Chan (1977, 

1980) showed that oxytocin also stimulates ijterine prosta

glandin release. 

Although efforts to determine a relationship between 

oxytocin and prostaglandins have not been sUGcessful,1 recent 

investigations (Fuchs and Dawood, 1983; Tak~hashi et al., 

1980; Dawood et al., 1979) suggest an incre~singly important 

role for oxytocin in labor. The importance of oxytocin in 

labor seems to be dependent upon a critical concentration 

of oxytocin that is required for the onset qf labor. These 

investigations have led to an increasing in~erest in the 

development of highly specific oxytocin ant~gonistsas 

potential tocolytic agents for the treatment of pretrerm 

labor. A recent study by Chan, Powell, and Hruby (]982) 

shows the effectiveness of 2 potent oxytocin inhibitors 

([Pen 1,Phe 2 ,Thr 4]oxytocin and [Pen 1 ,Thr 4 ]oxytocin) f~r inhib

iting oxytocin effects in the uterus. These analogs,blocked 

oxytocin action in 22-day pregnant rats, blqcked oxytocin 

action on isolated pregnant human myometrial strips,1 

inhibited oxytocin-stimulated prostaglandin release.1 Al

though investigations continue into the rel~tionship between 

oxytocin and prostaglandin release in the p~egnant uterus, 

the results obtained by Chan et ale (1982) that synthetic 

oxytocin antagonists inhibit both the uterotonic effect of 

oxytocin and oxytocin-induced prostaglandin release :provide 
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impetus for further development of oxytocin antagonists as 

potentially useful medicinal agents. An oxytocin antagonist 

that possesses both the antioxytocic properties as well as 

the antiprostaglandin-releasing properties has been sug-

gested by Chan et al. (1982) to be the most effective agent 

in the prevention of preterm labor. Preparation of more 

potent oxytocin antagonists and a continuation of the stud-

ies initially begun by Chan and coworkers may provide analogs 

that would be potentially useful medical agents. 

Solution Conformation Studies of Oxytocin 
and Oxytocin Antagonists 

Considerable research has been expended toward the 

elucidation of the solution conformation of oxytocin. As 

discussed earlier in this chapter, the ease of preparation 

of many oxytocin analogs allows a comparative study of the 

conformational and dynamic properties of the peptide hor-

mone analog relative to its ~bserved biological activity. 

A central goal of these comparative studies is the deter-

mination of the preferred solution conformation that may 

be correlated with the observed biological activity. How-

ever, most peptide hormones, including_oxytocin, are suffi

ciently flexible in solution such that one single preferred 

conformation is not found. A more likely outcome of the 

conformation and dynamic studies is the determination of a 

family of possible conformations. Hopefully, this 
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"conformation family" is somewhat similar to the preferred 

"bioactive ll or receptor conformation. 

Development of Solution Conformation 
Studies of oxytocin and Oxytocin 
Antagonists 

The earliest studies of the conformation of oxyto-

cin in solution began with the assignment of the proton NMR 

spectrum by Johnson, Schwartz, and Walter (1969), Urry and 

Walter (1971), Walter et ale (1971), and Brewster et ale 

(1973). Further work was conducted utilizing CD spectro-

scopy (Walter et al., 1973) and spin-lattice relaxation 

times (T I ) (Deslauriers, Smith, and Walter, 1974), in addi

tion to proton NMR spectroscopy culminated in the proposal 

of a model for oxytocin action at the uterine receptor 

called the IIcooperative ll model (Walter, 1977). 

Initial conformational studies of oxytocin in solu-

tion were done in hexadeutero-dimethyl sulfoxide (DMSO-d 6 ), 

a somewhat viscous solvent which allows less flexibility of 

the amino-acid side chains and the molecule as a whole. 

Recent conformational studies by Brewster et ale (1973), 

Glickson (1975), Glickson, Urry, and Walter (1972), and 

Deslauriers, Walter, and Smith (1974) in aqueous solution 

found that oxytocin exhibited significantly increased con-

formational averaging making the task of determining dis-

tinct peptide backbone and amino-acid side-chain conforma-

tions (as determined in DMSO) extremely difficult. Some 
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conclusions concerning the conformation of oxytocin in aque

ous solution were suggested by Walter (1977) on the basis of 

these studies; thus, the cooperative model was proposed by 

Walter utilizing the data obtained from conformational stud

ies performed in both H2 0/D 2 0 and DMSO-d 6 as well as clas

sical structure-function studies. 

The cooperative model suggests a possible biologi

cally active 3-dimensional arrangement of the amino acids and 

their corresponding side chains contained in oxytocin. These 

amino acids were further divided into binding elements and 

active elements. The binding elements that were suggested 

for oxytocin included isoleucine in position 3, glutamine in 

position 4, proline in position 7, and leucine in position 8. 

These residues exist at the corners of putative peptide chain 

reversals or turns present in oxytocin, and thus are proposed 

to be more accessible to the solvent or the immediate environ

ment around them. The active elements proposed for oxytocin 

were the tyrosine residue in position 2 and the asparagine 

residue in position 5. The active element initiating the 

oxytocic (uterotonic) response. was proposed by Walter (1977) 

to be the spatial arrangement of the hydroxyl group of the 

tyrosine side chain "acting cooperatively" with the carboxa

mide group of the asparagine side chain. In addition to 

these suggestions, Walter proposed that the stabilization 

of the conformation of oxytocin at the receptor was aided 

by the presence of 3 hydrogen bonds. Initial conformational 
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studies of oxytocin analogs by Walter et al. (1968), com

bined with later studies by Meraldi et al. (1975) on the 

[Pen1]oxytocin led to the suggestion that amino-acid side

chain arrangements, were important for a peptide hormone to 

exhibit biological activity. 

Recent studies performed by Wal ter et al. (1981), 

Sarathy et al. (1981), Roy et al. (1979), and Roy et al. 

(1982) have attempted to support the important conforma

tional featuies comprising the cooperative model as sug

gested by Walter (1977). The work by Roy et al. (1979) on 

related oxytocin analogs shows that the presence of one of 

the hydrogen bonds in oxytocin (Asn peptide NH + Tyr 2 C=O) 

proposed by Walter was not essential for the biologically 

active co"nformation. Studies by Sarathy et al. (1981) and 

Krishna et al. (1979), using more sophisticated techniques 

such as transfer of saturation and lanthanide metal bind

ing and relaxation studies on an oxytocin analog, provide 

some evidence for the existence of internal hydrogen bonds 

for both the Asn 5 peptide NH and the Cys 6 peptide NH as 

well as a possible average solution conformation of oxytocin 

including amino-acid side-chain conformation. The studies 

by Sarathy et al. and Krishna et al. provide some evidence 

for a slightly rigid solution conformation for oxytocin 

and some closely related analogs. 
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An alternative approach to the study of oxytocin in 

solution is the study of oxytocin antagonist solution con

formation. The most thoroughly investigated oxytocin antag

onist to date is the well-known [l-penicilliamine]oxytocin, 

[Pen1]oxytocin. There is considerable .interest in determin

ing the solution conformation of [Pen1]oxytocin and related 

analogs. The different biological properties of the inhibi

tor [Pen1]oxytocin relative to oxytocin suggest the possi

bility of different conformational and dynamic properties 

for these 2 analogs. While oxytocin antagonists no longer 

possess the biological message for the hormone, but rather 

the binding message, there might be sufficient differences 

in the 3-dimensional arrangement of amino-acid side chains 

in antagonists relative to agonists to cause a separation of 

the binding message and the biological message. 

Structural modification of the protons of the half

cysteine-1 residue in oxytocin with methyl groups not only 

produces an oxytocin antagonist, [Pen1]oxytocin, but causes 

a change in the conformational and dynamic properties of the 

hormone. Investigations by Meraldi et al. (1975), Meraldi 

et al. (1977), and Meraldi and Hruby (1975) of the solution 

conformation of [Pen 1] oxytocin using primarily proton and 

carbon-13 NMR spectroscopy provide evidence that this com

pound has a more well-defined conformation than oxytocin. 

S'ubsequent conformational studies by Hruby and Mosberg 
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(1981a) and Mosberg, Hruby, and Meraldi (1981) using NMR 

spectroscopy on the more potent oxytocin inhibitor [Pen l ,

Leu 2 ]oxytocin confirm the results obtained for [Penl]oxy

tocin. A more complete study by Hruby et ale (1978) on 

this molecule was undertaken using CD and laser Raman spec

troscopies in order to further confirm the results obtained 

by NMR spectroscopy. Additional results obtained utilizing 

these methods establish the rigidity of the peptide back

bone relative to oxytocin, the presence of possible turn 

structure, and the disulfide dihedral angle. A more recent 

comparative CD and laser Raman study conducted by Hruby et 

ale (1982) of oxytocin agonists, partial agonists, and 

antagonists further supports the contention that oxytocin 

antagonists have more rigid well-defined conformations than 

oxytocin. All the oxytocin antagonists studied by NMR, CD, 

and laser Raman spectroscopies, however, have similar topol

ogies. 

A solution conformation was postulated by Hruby 

(1981a, 1981b) for oxytocin antagonists based on proton 

NMR, carbon-13 NMR chemical shifts and spin-lattice relax

ation times (TI), CD spectroscopy, and laser Raman spectro

scopy. The salient features of this model include: 

1. A more rigid well-defined peptide backbone for 

antagonists. 
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2. The presence of 1 and sometimes 2 intramolecular 

hydrogen bonds (3 + 1, C-7 turns) . 

3. Restricted side-chain conformations at the Penl, 

Tyr 2 , Gln4, Cys 6 residues. 

4. A disulfide dihedral angle of approximately 115 0 

with right-handed chirality. 

The proposed (so-called "dynamic" model) by Hruby (1981a-

1981b) encompasses conformational features of both oxytocin 

agonists and oxytocin antagonists and suggests that the 

development of a less flexible molecule may lead to a mol-

ecule possessing antagonist properties. 'In addition, the 

development of conformational studies of oxytocin ant ago-

nists aids the design of more potent oxytocin inhibitors by 

providing evidence as to the spatial requirements of each 

amino-acid side chain necessary for antagonist activity. 

Methods Used in Conformational Studies 
of Oxytocin and Oxytocin Antagonists 

The various methodologies adopted for the deter-

mination of possible conformations of a peptide hormone in 

solution were based on methods developed from earlier stud-

ies by Bovey (1974) and Hruby (1974) of amino acids, simple 

dipeptides, and poly amino-acid conformations in solution. 

The methods most useful for peptide conformation determin-

ation in solution include NMR spectroscopy, CD spectro-

scopy, and laser Raman spectroscopy. Each method by itself 
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does not provide all the information necessary for a care

ful examination of possible solution conformations for a 

peptide hormone; however, combination of the 3 methods pro

vides information that is useful in suggesting possible 

solution conformations available to the particular peptide 

hormone. 

Nuclear Magnetic Resonance Spectroscopy. The most 

useful method for determining peptide solution conformation 

is proton and carbon-13 NMR spectroscopy. The advent of 

high field Fourier transform (FT) NMR spectrometers has 

allowed studies of peptide hormones to be conducted with as 

little as 1 to 2 mg of purified material. The information 

obtained from an NMR spectrum of a peptide in solution 

includes: 

1. Chemical shifts of residues contained in the 

primary sequence of the peptide. 

2. The coupling constants between adjacent protons. 

3. Presence or absence of intramolecular hydrogen 

bonds. 

4. Relative flexibility of individual amino-acid 

side chains. 

5. The type of immediate environment around an indi

vidual atom by differences in chemical shifts. 

Potentially, the most useful information obtained 

from a proton NMR spectrum are the coupling constants of 
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the individual residues. Chemical shifts of the individual 

residues provide a starting point for the assignment of 

each proton comprising an amino-acid residue contained in 

a peptide chain. Despite double resonance techniques used 

in proton NMR (homonuclear spin-decoupling) and the large 

chemical shift range of carbon-13 NMR, severe overlap of 

different individual amino-acid residues may hamper une

quivocal assignment of various amino-acid residues. This 

dilemma may be solved in the proton spectrum by the sub

stitution of a specifically deuterated amino acid for the 

protio amino acid in the peptide chain and observing the 

changes that occur in the NMR spectrum (Brewster, Glasel, 

and Hruby, 1972). Overlapping carbon spectra may be 

signed using a specifically labelled C-13 amino acid, 

cifically deuterated analogs (Yamamoto et al. 1977), or 

one of a series of heteronuclear decoupling experiments. 

Assuming that all the proton resonances have been assigned 

correctly, then the extraction of the coupling constants 

(either JNHaCH or J aS ) associated with each residue may be 

undertaken. The vicinal JNHaCH coupling constant may be 

obtained for any amino-acid residue that contains an amide 

proton, amino acids such as proline or N-alkyl do not 

possess an amide hydrogen and therefore no JNHaCH can be 

obtained. The utility of the JNHaCH coupling constant 

for the determination of peptide conformation has been 
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reviewed by Bystrov (1976). The most important information 

obtained from vicinal J NH CH coupling constants when used 

in conjunction with Ramachadran and Sasiekharan (1968) con-

formational maps suggests backbone conformation available 

to the peptide. The utility of the vicinal coupling constant, 

Jus or JuS" between the CHu and CH 2 S protons has been 

discussed by Pachler (1964). The simple method of analysis 

of JuS or JuS' coupling constants as suggested by Pachler 

provides evidence for the relative probabilities of the 3 

minimum energy staggered conformations (Fig. 2) available 

to the individual amino-acid side chain. Recently, more 

I 
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x'=-60° 

I 

~H 
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Figure 2. Pictorial representation of the 3 pos
sible minimum energy staggered conformations available to 
an amino-acid side chain. -- From Pachler (1964, p. 582). 
Note: The hydrogen atoms, Hand Hb , cannot be assigned 
explicitly thus the rotamer ~onformations Xl = -60 0 and 
Xl = ± 180 0 may be considered interchangeable. 
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sophisticated refinements by Feeney (1976) and de Leeuw 

and Altona (1982) of the Pachler analysis have provided 

results similar to Pachler's indicating that the simplest 

analysis of vicinal JuS or JuS' coupling constants provides 

reasonably accurate results. The analysis of the vicinal 

coupling constants JNHuCH' JuS' or JuS' therefore, provides 

evidence for peptide backbone and individual amino-acid 

side-chain conformation. 

The determination of the presence or absence of 

intramolecular hydrogen bonds within the peptide framework 

using proton NMR spectroscopy has also provided good evi

dence for the possible restriction of the peptide backbone 

as well as the presence of possible turn structure within 

the molecule. Several methods have been suggested for the 

determination of solvent inaccessible amide protons of 

intramolecular hydrogen bonds. The method of Krishna et 

ale (1979) for measuring peptide hydrogen exchange with 

solvent has provided some evidence for the existence of 

amide protons in several oxytocin analogs that are somewhat 

inaccessible to solvent. Another useful approach to the 

determination of the presence or absence of intramolecular 

hydrogen bonds is to follow the temperature dependence of 

the amide proton chemical shifts (Bovey et al., 1972). A 

small (0-2 ppm/oK) temperature dependence of the amide 

proton chemical shifts suggests the possibility of 
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intramolecular hydrogen bonds, although a large value 

(> 5 ppm/oK) indicates that the peptide amide proton is 

very accessible to the solvent. Intermediate values (2-5 

ppm/oK) of peptide amide proton chemical shifts are diffi

cult to interpret and such values may suggest a slight 

inaccessibility of the proton to solvent. A combination 

of the coupling constant data and the amide temperature 

data has provided information as to the most likely solu

tion conformations available to the particular peptide 

hormone under study. 

The relative flexibility of the amino-acid side 

chains has been examined by C-13 spin-lattice relaxation 

time measurements (T 1 ) (Deslauriers, Smith, and Walker 

1974). The information obtained by this method provides 

the relative mobility of individual amino-acid side chains, 

as well as the peptide backbone in solution, and this in 

turn may suggest possible orientations of the side chain 

relative to adjacent residues. The methods described for 

peptide conformation studies utilizing NMR spectroscopy 

provide evidence for solution conformations available to 

the peptide backbone and the individual amino-acid side 

chains. 

Circular Dichroism Spectroscopy. For disulfide 

containing peptides, another method useful in providing 

information about the disulfide dihedral angle and 
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chirality is CD spectroscopy. The use of H-1 and C-13 spec

troscopy to determine the disulfide conformation has been 

suggested by Donzel et ale (1972) as an alternative approach 

to CD, but has not been fully developed. Comparative CD 

studies by Hruby et ale (1978) and Hruby et ale (1982) on oxy

tocin agonists and antagonists suggest possible dihedral 

angles and chirality for the disulfide bonds. Theoretical 

studies by Woody (1973), Carmack and Neubert (1967), Linder

berg and Michl (1970), and Dodson and Nelson (1968) relating 

the observed wavelength of the lowest energy transition to 

the disulfide dihedral angle have proven 'very useful in the 

interpretation of experimental CD spectra. 

Laser Raman Spectroscopy. Further confirmation of 

the disulfide dihedral angle and chirality and the presence 

of reverse turns in peptides or proteins may be obtained 

using laser Raman spectroscopy (Spiro and Gaber, 1977). 

Comparative studies by Hruby et ale (1978, 1982) of pep

tide hormone agonists and antagonists with model compounds 

of known conformation provide further evidence for the 

presence of turn structure in peptide hormones as well as 

a particular disulfide conformation. 

Each biophysical method by itself cannot provide 

the data necessary for a complete determination of the 

solution conformation of a peptide hormone; however, when 

the data obtained from each biophysical method are 
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combined, a more complete description of possible solution 

conformations available to a peptide hormone may result. 

Design of Oxytocin Antagonists 

The design of potent oxytocin antagonists by the 

groups of Manning, Melin, Lebl, and Hruby has been aided by 

a combination of conformational and biological studies of 

previously reported analogs. 

Antagonist Design from a 
Biological Standpoint 

The design of potent oxytocin inhibitors from the 

biological standpoint requires two main considerations. 

The first design consideration incorporates previous work 

by Sawyer and Manning (1981), Hruby et ale (1983), Hruby 

and Mosberg (1982b), Melin et ale (1983), and Lebl et ale 

(1983). Substitution of different amino acids into posi-

tions in the primary sequence of the native hormone thought 

to be important for binding or receptor interaction has led 

to an enhancement in antagonist potency relative to [dPen 1]-

oxytocin and [Pen1]oxytocin. Substitution of t 11reonine for 

glutamine in position 4 of [Pen1]oxytocin increases the in-

hibitor potency almost 5 times. Sawyer et ale (1980) have 

shown that replacement of the leucine residue in position 

8 of [dPen1]oxytocin with ornithine increases the inhibitor 

potency 11 times relative to [Pen 1]- or [dPen 1] oxytocin. 

Preliminary results by Hruby et ale (1983) indicate'that 
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substitution of proline in position 7, another important 

binding residue (Walter, 1977), with dehydroproline (6 3 Pro) 

also increases the inhibitor potency relative to [Pen1 )

oxytocin although to a much lesser extent than either the 

threonine or ornithine substitutions. However, prelimi

nary bioas~ays by Hruby et al. (1983) with an ornithine

containing oxytocin antagonist shows a prolongation of 

the inhibitory action not observed with other previously 

reported antagonists. 

Much of the impetus for enhancing antagonist potency 

by substituting particular amino acids at positions in the 

native hormone thought to be important to binding arises from 

work on oxytocin and related agonist analogs. The oxytocin 

analogs containing threonine ([Thr 4 ]oxytocin) and dehydro

proline ([6 3 pro]oxytocin) (Moore et al., 1977) show markedly 

enhanced agonist potencies relative to oxytocin. The incorpo

ration of ornithine into position 8 of oxytocin (Huguenin, 

1966) actually reduced the agonist potency approximately 10-

fold. Thus the enhanced antagonist potencies of ornithine

containing oxytocin inhibitors do not correlate directly 

with studies on oxytocin agonist analogs and the results 

obtained for ornithine-containing oxytocin antagonists must 

be considered serendipitous (Sawyer et al., 1980). Studies 

by Bankowski et al. (1980) suggest that the ornithine

containing oxytocin antagonists show marked in vivo potency 
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sometimes more pronounced than the corresponding in vitro 

potency. These results may not be so surprising in light 

of a recent study by Gazis (1978) on [Orn 8 ]oxytocin that 

shows an increased blood plasma half life for this analog 

relative to oxytocin. 

The second design consideration for oxytocin antag

onists from a biological standpoint concerns the introduc

tion of more hydrophobic residues into the proposed active 

site (Walter, 1977) of the native hormon~. Previous work 

shows that substitution of the tyrosine residue in position 

2 with phenylalanine (Sawyer et al., 1980; Hruby and 

Mosberg, 1982b), O-alkyltyrosine derivatives (Sawyer et 

al., 1981; Melin et al., 1983; Lebl et al., 1983), para

substituted phenylalanine derivatives (Lebl et al., 1983), 

and the corresponding D-amino acid derivatives (Melin et 

al., 1983; Kaurov and Smirnova, 1977; Lebl et al., 1983) en

hances antagonist postencies. Based on this work, either the 

modification of the tyrosine residue or the substitution of 

para-substituted phenylalanine derivatives should provide 

oxytocin inhibitors with enhanced antagonist properties 

most likely due to enhanced receptor interaction. Enhanced 

antagonist potency with increasing hydrophobicity of the 

aromatic amino-acid derivative in position 2 suggests a 

slightly different receptor interaction for antagonist 

analogs relative to agonist analogs. The postulated 
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correlation of enhanced antagonist potency with increased 

hydrophobicity in position 2 is suggested by the "dynamic" 

model of Hruby (1981a, 1981b). The incorporation of hydro

phobic residues in position 2 may effect the antagonist 

potency by (adding) an additional bipding residue to the 

hormone, thus increasing the strength of the antagonist

receptor interaction. It is becoming increasingly apparent 

from reported biological studies that enhanced receptor 

interaction of the antagonist provides increased inhibitor 

potencies. 

Development of this premise began with investiga

tions by Sawyer et ale (1980) who utilized a multiple sub

stitution scheme. The strategy adopted incorporates more 

than one amino-acid sllbstitution at several of the proposed 

binding residues of the inhibitor in combination with an 

amino-acid substitution in position 2 and dPen substitution 

in position 1. Mixed results have been obtained by this 

approach. Tables 1-5 show the in vitro pA2 values for 

oxytocin inhibitor analogs with single substitutions as 

well as multiple substitutions. A particularly striking 

result shown in Table 1 was found by Manning et ale (1978) 

in [dPen1]oxytocin analogs containing substitutions only in 

position 2 compared to substitutions in both positions 2 

and 4. The substitution of glutamine by threonine in posi

tion 4 of the position 2 modified [dPen 1] oxytocin analogs 
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Table 5. In vitro pA2 values for substituted [Pen1 ]oxytocin 
antagonl.sts 

pA 
(uterotonic, 

Analog rat) 

[Pen1joxytocin, 59 6.86 

[pen 1,Leu2 joxytocin, 60 7.14 

[Pen 1,Thr 4 joxytocin, 61 7.55 

[Pen 1,Phe2 ,Thr4joxytocin,62 7.67 

[Pen 1,PheEt2 joxytocin, 63 7.78 

[Pen 1,TyrMe 2 joxytocin, 64 8.00 

Reference 

Schultz and du Vigneaud 
(1966) 

Hruby et al. (1979) 

Hruby et al. (1980) 

Hruby et al. (1980) 

Lebl et al. (1983) 

Simek et al. (1983) 
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show a reduction in antagonist potency. These r~sults 

might indicate that antagonist receptor interact ton may not 

be enhanced by multiple substitutions in binding residue9. 

Evidence for this suggestion is found when ornit~ine is 

substituted for leucine in position 8 in the modtfied po~i

tion 2 [dPen1joxytocin analogs prepared by Bankowski et al. 

(1980). Hruby et al. (1980) found very different results 

in their studies of oxytocin antagonist multiple substitu

tion schemes. Table 5 shows that the substitutipn of tyro

sine by phenylalanine into position 2 of the antpgonist I 

[pen 1,Thr 4 joxytocin caused an increas~ in antagonist potency 

in direct contrast to Manning et al.'s (1971) an~ Sawyerlet 

al. 's (1980) findings for the corresponding [dPen 1,Thr 4 jo%y

tocin and [dPen 1,Phe 2 ,Thr 4 joxytocin analogs shown in Tablel l. 

These results prompted Hruby and Mosberg 1981b) tQ investi

gate the conformational and dynamic properties of these hjgh

ly potent oxytocin inhibitors. Preliminary results obtairled 

from conformational studies on [Pen 1 ,Thr 4 joxytoctn and 

[Pen 1 ,Phe 2 ,Thr 4 joxytocin (Hruby et al., 1980) in~icated 

some restrictions at the phenylalanine and threopine resi

dues in positions 2 and 4, respectively. 

The results obtained by Hruby and Mosber~ (1980): 

suggest that a more broad-based approach toward the desi9n 

of oxytocin antagonists is required. In additiop to bio~ 

logical considerations, conformational considerations must 
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be taken into account when designing potent oxytocin antag-

onists (Hruby, 1982). 

Antagonist Design from a Conforma
tional and Dynamic Standpoint 

The design of oxytocin inhibitors from the stand-

point of conformational properties require two considera-

tions. The first consideration entails reducing the flexi-

bility of the hormone at particular amino-acid residues in 

a manner compatible with binding to the receptor. The 

reduced flexibility involves restricting either the back-

bone conformation or the individual amino-acid side chains 

or both. A first approach toward introducing restriction 

into a peptide backbone involves the introduction of N-alkyl 

amino acids (Tonelli, 1976; Marshall and Bosshard, 1972). 

The observed conformational effect of this type of substi-

tution is to restrict the ~ (Kendrew, 1970) torsional angle, 

that is the angle (see Figure 3 showing ¢, ~, w) caused by 

rotation about the N-ca bond. A more severe conformational 

restriction of the peptide backbone than the introduction 

of N-methyl amino acids is the introduction of a-substituted 

amino acids (Marshall et al., 1974; Marshall, Gorin, and 

Moore, 1978); that is the amino acids where the alpha pro-

ton is replaced by an alkyl group. The effect of an alpha-

substituted amino acid is to restrict both the ¢, ~, and Xl 

angles, the consequences of this type of substitution is to 
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Figure 3. Pictorial representation of the peptide 
backbone torsional angles 
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restrict rotation about the N-ca bond (~), Ca-C=O bond (w) 

and the Ca-CS bond (Xl). Investigations by Marshall et al. 

(1974) on the biologically active conformation of angioten

sin outline the consequences of conformational restrictions 

such as N-methyl amino-acid substitution and a-methyl amino

acid substitution on the observed biological potency of 

this peptide. Alternative modes of fixing the peptide bond 

angle into specific angles by substituting the amide linkage 

(-CO-NH-) with either C=C (Hann et al., 1980; Cox, Heaton, 

and Horbury,. 1980; Cox et al., 1980; or C=C (Tourwe et al., 

1983) have been reported. Recently, a conformationally 

rigid analog of enkephalin was reported (Krstenansky, 

Baranowski, and Currie, 1982) in which the peptide backbone, 

comprised of 4 sequential amino-acid residues, was replaced 

by a rigid heterocyclic system that fixed the orientation 

of the molecule into a particular conformation without sub

stantial loss of biological activity. 

The restriction of side-chain conformation of indi

vidual amino-acid residues in peptide hormones is an alter

native to peptide backbone restriction (Hruby, 1982). Side

chain restriction may be accomplished by several different 

methods including: 

1. Introduction of a double bond between the Cn and 

CS bond (Fisher et al., 1981). The purpose of this 
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2. Introduction of a sterically crowded side chain 

at one residue may effect the conformation of 

adjacent residues (Bankowski et al., 1980; Hruby 

et al., 1980; Hruby, 1982; Lebl, Pospisek et al., 

1982) . 

3. Cyclization of the hormone analog via side chains. 

Although oxytocin is somewhat restricted naturally 

by the cyclization through the 2 cysteine side 

chains, many linear peptides have been cyclized 

through side chains with enhanced-biological prop

erties by several different methods, including: 

a. disulfide linkage (Mosberg et al., 1982; 

Sawyer, Gronzka, and Manning, 1982). 

b. amide linkage (diMaio and Schiller, 1980; 

Schiller and diMaio, 1983). 

c. azo linkage (Siemion et al., 1981). 

d. cyclization of individual side chains to the 

peptide backbone (Chippens et al., 1981; 

Freidinger, Perlow, and Veber, 1982; Deber, 

Madison, and Blount, 1976). 

The importance of this modification is to restrict 

both side-chain conformation and the backbone con

formation, thus limiting the possible conformations 

available to the peptide analog. 
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The limitation of possible conformations available to a 

peptide hormone allows a comparison of the mode of receptor 

interaction or binding of the restricted analog relative to 

the more flexible active hoimone as well as the process by 

which a peptide hormone binds to the receptor (Schiller and 

diMaio, 1983). No examples utilizing side chain to peptide 

backbone restriction in oxytocin have been reported. 

The second conformational consideration useful in 

the design of oxytocin antagonists involves changing the 

configuration of a particular amino-acid residue. The re

placement of L-amino acids by D-amino acids (Chandrasekaran 

et al., 1973) may introduce several additional features 

into the peptide analog producing increased enzymatic resis

tance, the reversal of a chain structure, and different 

spatial interactions with adjacent amino-acid residues. 

Investigations involving incorporation of D-amino acids 

into various positions of oxytocin antagonists have been 

most successful when an aromatic D-amino acid is substituted 

into position 2. Recent work by Melin et al. (1983) and 

Lebl et al. (1983) show that highly potent oxytocin antag

onists are obtained when aromatic D-amino acids replace 

the corresponding aromatic L-amino acids in position 2. 

Relatively little conformational studies have been performed 

on oxytocin antagonists containing D-amino acids, thus a 

complete picture of the conformational properties of an 
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oxytocin antagonist associated with D-amino acid substitu

tion is still unknown. 

The oxytocin antagonist analogs .discussed in this 

dissertation were designed utilizing both biological con

siderations and conformational considerations. Only the 

simplest conformational conside~ations were utilized in 

the design of the new oxytocin inhibitors such as D-amino 

acid substitution, alpha-substituted amino-acid deriva

tives, and sterically bulky side chains lincorporated in 

the chain. 

The biological considerations utilized for the 

design of oxytocin inhibitors parallel bhe multiple sub

stitution scheme previously described by Hruby and Mosberg 

(1982b). The features of these new oxybocin antagonists, 

determined by investigations of the biol~gical properties 

as well as the conformational apd dynam~c properties, pro

vide data useful for the design of oxytocin antagonists in 

the future. 



CHAPTER 2 

RESULTS AND DISCUSSION 

Synthesis and Purification of 
Oxytocin Analogs 

Investigations of the relationship between solution 

conformation and biological activity of oxytocin analogs 

requires the: 

1. Preparation of unnatural or conformationally 

restricted amino acids. 

2. Incorporation of the synthetic amino acids into 

the hormone analogs. 

3. Separation, purification, and isolation of diaste-

reomerically pure hormone analogs. 

The amino acids incorporated into the particular 

oxytocin analogs discussed in this dissertation included 

the conformationally restricted amino acid, I-amino cyclo-

pentane carboxylic acid (cycloleucine, Cle), the individual 

enantiomers of O-methyl- and O-ethyltyrosine as well as the 

individual enantiomers of para-methyl and para-ethyl phe-

nylalanine. These amino acids were each incorporated into 

position 2 in place of tyrosine in the primary sequence of 

the oxytocin antagonist [Pen1]oxytocin. position 2 was 

chosen for the individual amino-acid incorporation into 

64 
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oxytocin antagonists because this position was proposed by 

Walter (1977) to be the active site or region of the hor

mone responsible for transduction of the biological message. 

Thus, the incorporation of a conformationally restricted 

amino acid such as cycloleucine would permit an investi

gation of the conformational features of the peptide back

bone around position 2 which may be important for biological 

activity. The incorporation of the O-alkyl-L-tyrosine 

derivatives and the para-alkyl-L-phenylalanine derivatives 

into position 2 would permit an investigation of the hydro

phobic, steric, and electronic properties required by the 

receptor for maximal antagonist potency. In addition, the 

corresponding O-alky~D-tyrosine derivatives and para-alkyl

D-phenylalanine derivatives were also incorporated into 

position 2. This substitution not only allowed a compari

son of the conformational features between diastereomeric 

oxytocin antagonist analogs but also a comparison of the 

steric properties of oxytocin antagonist analogs due to a 

change in configuration of the amino acid incorporated 

into position 2. 

The amino acids prepared for this study were the 

O-alkyl-D-tyrosine and O-alkyl-L-tyrosine derivatives and 

the para-alkyl-D-phenylalanine and para-alkyl-L-phenylalanine 

derivatives. The individual enantiomeric O-alkyltyrosine 

amino-acid derivatives were prepared by procedures similar 
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to those described by Kolodziejczyk and Manning (1981). 

Alkylation of the hydroxyl group was accomplished by a 

modification of the procedure described by Kolodziejczyk 

and Manning. Methylation of the tyrosine hydroxyl group 

was performed using dimethyl sulfate (CH 3 S0 4 ) in refluxing 

benzene. Alternatively, the alkylation of the tyrosine 

hydroxyl group for the preparation of the individual enan

tiomers of O-ethyltyrosine derivatives was accomplished 

utilizing a 6-fold excess of ethyl iodide in refluxing 

benzene. The preparation of the O-alkyltyrosine amino

acid derivatives proceeded with no detectable racemization. 

The preparation of the individual para-methyl or 

para-ethyl O,L-phenylalanine derivatives utilized general 

procedures described by Zhuze et al. (1964), Snyder, Shekle

ton, and Lewis (1945), Herr, Enkoji, and Dailey (1957), and 

Viswanatha and Hruby (1979). The synthesis of the phenyla

nine derivatives involved the reaction between the partic

ular benzyl bromide derivative and diethyl acetamidomalonate 

followed by removal of the acetyl group and decarboxylation. 

The general reaction sequence yielded the appropriate phe

nylalanine derivative as a solid. Reaction of the free 

amino acid with t-Boc dicarbonate yielded the appropriate 

amine-protected phenylalanine derivative. The general 

sequence of reactions is shown in Figure 4. The synthetic 

para-substituted phenylalanine derivatives were not resolved 
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Figure 4. General reaction scheme for the prepara
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into the individual enantiomers but were incorporated into 

the pept~de as a racemic mixture. The incorporation of the 

particul~r racemic amino acid into the synthetic oxytocin 

antagonipt analogs allowed an investigation of the separa

tion, purification, and isolation of the resulting individ

ual diastereomeric peptides. 

The preparation of the protected nonapeptide inter

mediates of the particular oxytocin antagonist analogs 

synthesi~ed for the work described in this dissertation was 

performed by the stepwise solid-phase method previously 

described bYI Merrifield (1965). The experimental protocol 

developed bYI Upson (1975) was used, however, with several 

modifications. Hydroxybenzotriazole (HOBt) was used in 

addition to dicyclohexylcarbodiimide (Dee) for each coup

ling of ~n amino acid to the resin. The utility of hydroxy

benzotri~zole in peptide synthesis has been shown by Konig 

and Geiger (1970) to be useful in suppressing racemization. 

In addition,i hydroxybenzotriazole was used in conjunction 

with the nittophenyl ester of asparagine in order to couple 

this particu[ar amino acid to the peptide chain attached 

to the resin l
• Gish et al. (1956) and Ressler and Ratzkin 

(1961) h~ve shown that dehydration of the asparagine side

chain carboxamide to the corresponding nitrile occurs when 

Dee is up~d in the coupling reaction of asparagine to the 

resin. This. possible problem was eliminated by use of the 
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active ester method described by Bodansky and du Vigneaud 

(1959). The usual protocol for coupling aspa~agine in 

solid-phase peptide synthesis utilized the pa~a-nitrophenyl 

ester of asp~ragine and hydroxybenzotriazole. The protocol 

utilized for the solid-phase synthesis of the oxytocin ana

logs de~cribed in this dissertation is shown tn Tables 55 

and 56 in Chapter 3. 

The coupling of the conformationally ~estnicted 

amino acid, cycloleucine, to the isoleucine-3 residue of 

the growing peptide chain presented no additi9nal Iproblems. 

However, the preparation of the oxytocin ana19gs containing 

cycloleucine in position 8 required an additi9nal Isynthetic 

procedure in order to prevent the occurrence 9f a Ipossible 

side reaction. The coupling of proline to cY9101eucine 

(1-Amino-cyclopentane carboxylic acid) was pe~formed using 

DCC-mediated solution-phase synthetic techniq~es tTailleur 

and Berlinquet, 1962) and subsequent isolation of .the 

crystalline Boc-prolylcycloleucine before att~chment to 

the glycine-resin. This procedure was done i~ order to 

prevent diketopiperazine formation, previousl¥ shown by 

Tailleur and Berlinquet (1961) to be a seriou$ side reac

tion when coupling cycloleucine to C-terminal glycine or 

phenylalanine amino acids. The resulting dip~ptiqe acid 

was coupled in the usual manner and proceeded without 

difficulty. 
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Neither the O-alkyltyrosine derivatives nor the 

para-alkyl-phenylalanine derivatives presented any problems 

when coupled to-the growing peptide chain using the general 

protocols (Tables 55 and 56, Chapter 3). 

Upon completion of the synthesis, the protected 

nonapetide was cleaved from the resin with concomitant C

terminal carboxamide formation utilizing a saturated solu

tion of ammonia in methanol. The isolation of the protected 

nonapeptide intermediates was accomplished by the trituration 

of the dimethylformamide (DMF) extracts of the resin mate

rial with water. The physical data for each protected 

nonapeptide intermediate are listed in Tables 57, 58, and 

59 in Chapter 3. 

Removal of the protecting groups from the nona pep

tide intermediates was accomplished by treatment with sodium 

in liquid ammonia. The formation of the disulfide bond was 

then accomplished by addition of a 0.01 N potassium ferri

cyanide solution to an aqueous pH 8.5 solution approxi

mately 0.3 millimolar (mM) in crude peptide material. 

The crude, cyclized peptide was purified by parti

tion chromatography using methods described by Yamashiro 

(1964) and Yamamoto et al. (1977) followed by gel filtra

tion. Final purification of each oxytocin analog was 

achieved utilizing high performance liquid chromatography 

(HPLC). A diastereomeric mixture of nonapeptides, such 
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as [Pen 1 ,D,L-PheMe 2 ,Thr 4 ,Orn 8 ]oxytocin or [Pen 1 ,D,L-PheEt 2]

Thr 4 ,Orn 8 ]oxytocin, was separated utilizing modifications 

of either partition chromatography methods described by 

Yamamoto et ale (1977) or HPLC methods described by Larsen 

et ale (1979). Highly purified oxytocin analogs were 

obtained when HPLC separation methods using aqueous tri

fluoroacetic acid:acetonitrile mixtures were performed. 

Tables 60 and 61 in Chapter 3 list the physical data and 

purification methods used for each synthetic oxytocin 

analog. 

High performance liquid chromatography was used 

for the diastereomeric peptide mixtures in an attempt to 

determine the stereochemical integrity of the individual 

diastereomeric peptides. Previous HPLC investigations by 

Larsen et ale (1979) and Lebl (1983) on diastereomeric 

oxytocin antagonists and agonists show most diastereomeric 

peptide hormone analogs exhibit an elution pattern where 

the all L-peptide hormone diastereomer elutes faster than 

the D-amino acid-containing peptide hormone diastereomer. 

High performance liquid chromatography analysis of the 

para-alkyl-phenylalanine-containing oxytocin antagonist 

diastereomers exhibited an elution pattern similar to the 

elution pattern observed by Larsen et ale (1979) and Lebl 

(1983). Collection of the individual diastereomer corre

sponding to each peak and subsequent enzyme digestion 
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confirmed the observations presented by Larsen et ale (1979) 

and Lebl (1983). 

The stereochemical integrity of the D-amino acid-

containing peptides, [Pen 1 ,D-PheMe 2 ,Thr 4 ,Orn 8 ]oxytocin, 

[Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8]oxytocin, and [Pen 1 ,D-TyrEt 2 , 

Thr 4 ,Orn 8 ]oxytocin, was determined by an enzymatic digest 

using leucine amino peptidase, an enzyme only specific for 

L-amino acid-containing proteins or peptides, according to 

a procedure described by Hanson and Frohne (1976). Amino-

acid analysis of the enzyme hydrolyzate showed no detect-

able amount of the para-alkylphenylalanine confirming the 

presence of a D-amino acid in position 2. 

The preparation, purification, and characterization 

of the peptide hormones described in this section permitted 

a complete investigation of the antagonist activity as well 

as a determination of possible solution conformations for 

each peptide hormone analog. 

Comparative Uterotonic Activities of 
Synthetic Oxytocin Analogs 

The uterotonic activity for each synthetic oxytocin 

analog was determined in collaboration with Dr. Walter Y. 

Chan, Professor of Pharmacology, Cornell Medical College, 

New York. Each analog was tested using the in vitro assay 

technique described by Chan, O'Connell, and Pomeroy (1963). 

The relative potencies for oxytocin agonist analogs are 
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given as values in U/mg, and the relative potencies for the 

oxytocin antagonist analogs are designed as pAz values. 

The values obtained for either the relative potency of an 

oxytocin agonist or oxytocin antagonist allows a rank order 

of biological potencies so that a comparison of the analogs 

prepared in this work may be made with analogs previously 

reported in the literature. 

Oxytocin Agonist Analogs 

The uterotonic activity of the oxytocin agonist 

analogs [Clez]oxytocin and [Cle 8 ]oxytocin was compared with 

the uterotonic activity of oxytocin. The values obtained 

for [Clez]oxytocin and [Cle 8 ]oxytocin were 4.9 U/mg and 

149 U/mg, respectively. A comparison of the value, reported 

by Berde and Boissonnas (1968), for the uterotonic activity 

of oxytocin (546 U/mg) with the values obtained for [Cle z ]

oxytocin and [Cle 8 ]oxytocin found that [Clez]oxytocin is 

approximately 100 times less potent than oxytocin and 

[Cle 8 ]oxytocin is only 3 times less potent than oxytocin. 

Both cycloleucine-containing analogs show a reduced potency 

relative to oxytocin, suggesting possibly a less favorable 

uterine receptor interaction; however, both analogs exhib

ited full agonist activity. 

The incorporation of the conformationally restricted 

amino acid, cycloleucine (Cle), into position 2 further 

reduces the flexibility of the 20-membered ring moiety of 
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the peptide hormone by restricting the number of available 

backbone conformations for this amino acid as well as 

reducing the mobility of the side chain. This reduced 

flexibility through reduction of both the side-chain mobil

ity and the possible backbone conformations prevent the 

cycloleucine moiety from assuming a position over the 20-

membered ring. The substitution of cycloleucine thus per

mits an investigation of the relationship between conforma

tional restriction in a residue important for transduction 

and biological activity. The observation that [Cle 2 ]oxyto

cin is a full agonist, while the analog [D-Tyr 2 ]oxytocin 

reported by Hruby, Upson et al. (1979) was only a partial 

agonist, presented evidence in direct disagreement with 

the "cooperative" model proposed by Walter (1977). The 

biological results obtained with [Cle 2 ]oxytocin suggest 

that full oxytocin activity does not require the side chain 

in position 2 to be oriented "over" the 20-membered ring as 

was proposed by the "cooperative" model of Walter (1977). 

Alternatively, the incorporation of cycloleucine into 

position 8 permits an investigation of the relationship be

tween reduced side-chain mobility in a residue important for 

binding and biological activity. The 3-fold reduction in 

potency observed for [Cle 8 ]oxytocin relative to oxytocin sug

gests that cycloleucine in a binding residue may interact less 

favorably with the uterine receptor than the corresponding 
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binding residue, leucine, in oxytocin. A comparison of the 

in vitro uterotonic activity of [Cle 8 ]oxytocin was also made 

with [Tle 8 ]oxytocin, an oxytocin analog recently reported 

by Lebl, pospisek et·al. (1982) r to possess an in vitro 

uterotonic activity of 45 U/mg. A 3-fold decrease in the 

uterotonic activity for [Tle 8 ]oxytocin when compared with 

[Cle 8 ]oxytocin suggests that the bulky tert-Ieucine side 

chain probably interacts even more weakly with the uterine 

receptor than [Cle 8 ]oxytocin. A comparison of the in vitro 

uterotonic activjties of [Cle 8 ]oxytocin and [TIe ]oxytocin 

with oxytocin suggests then that'the incorporation of a 

bulky amino acid, tert leucine, into position 8 rather than 

a conformationally restricted amino acid, cycloleucine, 

reduces the ability of the oxytocin analog to interact with 

the uterine receptor. An analysis of the conformational 

and dynamic properties of the oxytocin analogs [Cle 2 ]oxyto

cin and [Cle 8 ]oxytocin may provide an explanation for the 

observed differences in uterotonic activity between these 

2 analogs and oxytocin. 

Oxytocin Antagonist Analogs 

The relative in vitro antioxytocic activity for 

each oxytocin antagonist analog was determined and compared 

to [Pen1]oxytocin. The first antagonist analog to be test

ed, [Pen 1 ,Cle 2 ]oxytocin, was found to have a pA 2 value of 

6.70 + 0.08 (M = 1.97 x 10-7 ). A comparison of the pA 2 
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value for [Pen 1,Cle 2]oxytocin with the pA 2 value of 6.86 

for [Pen1]oxytocin shows these 2 analogs to be very similar 

in antagonist potency. However, when the pA 2 for [Pen 1 ,

Cle 2 ]oxytocin is compared with the pA 2 value of 7.14 for 

[Pen 1 ,Leu2 ]oxytocin, the antagonist potency of [Penl,Cle 2 ]= 

oxytocin is 3 times less than [Pen 1 ,Leu 2 ]oxytocin. These 

results suggest that the antagonist interaction with the 

uterine receptor is less favorable with cycloleucine sub

stituted in position 2 than either tyrosine or leucine. The 

cyclic nature of the cycloleucine side chain prevents the 

adoption of a pseudo axial conformation for this side chain. 

This "pseudo" axial conformation of the side chain in posi

tion 2 was suggested by Mosberg et al. (1981) to be important 

for the enhanced inhibitor potency observed for [Pen1 ,Leu 2]

oxytocin relative to [pen1]oxytocin. The comparable antago

nist potencies observed for [Pen1]oxytocin and [Penl,Cle 2]

oxytocin s~ggest that. a similar conformation may exist for 

both compounds and the slightly enhanced potency observed for 

[Pen1]oxytocin is most probably due to the increased size and 

inherent electronic properties associated with the aromatic 

ring. 

[pen 1,Cle 8]oxytocin was found to have somewhat con

tradictory biological properties. Initial studies by Chan 

(personal communication, 1983) show that [Pen 1,Cle8 ]oxytocin 

was indeed an oxytocin antagonist but of considerably less 
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inhibitory potency than [pen1]oxytocin. However, complete 

studies by Chan (personal communication, 1983) show that 

[Pen 1,Cle8]oxytocin is an inconsistent oxytocin antagonist. 

Initial administration of [Pen 1,Cle 8]oxytocin on the isolated 

uterus showed weak inhibition of the oxytocic response; how

ever~ later administration of oxytocin to the isolated uterus 

(in order to determine a pA 2 value) found the initial inhi

bition to be converted to a weak potentiation of the oxytocic 

response. The implications of these results suggest that 

[Pen 1 ,Cle 8 ]oxytocin may possess mixed agonist-antagonist 

biological properties similar to the properties of several 

deamino carba-6 oxytocin analogs reported by Lebl et al. 

(1983), as well as a much weaker receptor interaction of 

the hormone when leucine is substituted by cycloleucine. 

Preliminary in vitro uterotonic assays have been 

performed on the all L-amino acid-containing oxytocin ana

logs, [Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn 8]oxytocin, [Pen 1 ,L-TyrEt2 ,

Thr 4 ,Orn 8]oxytocin, [Pen 1 ,L-PheMe 2 ,Thr 4 ,Orn 8 ]oxytocin, and 

[Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8]oxytocin, and each was found to 

be an oxytocin antagonist with considerably enhanced 

potency relative to [Pen1]oxytocin. In addition, each 

analog was found to possess exceptionally prolonged inhib-

itor activity and investigations are presently in progress 

to determine the duration of the prolonged inhibitory 

action. Although absolute inhibitor potencies of each 
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antagonist analog cannot be determined because of th~ 

prolonged duration of inhibitory action, relative potencies 

have been determined between the para-alkyl-L-phenylaJanime

containing oxytocin analogs and the O-alkyl-L-tyrosine

containing oxytocin analogs. Preliminary results in4icate 

that the oxytocin antagonist analogs [Penl,L-PheMe2,rhr4~

Orn 8 ]oxytocin and [Pen 1 ,L-TyrMe 2 ,Thr 4,Orn 8 ]oxytocin qre 

equipotent oxytocin inhibitors and are slightly more potE!nt 

than the oxytocin antagonist analogs [Penl,L-PheEt2,rhr4~

Orn 8 ]oxytocin and [Pen 1 ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin. 

The corresponding para-alkyl-D-phenylalanine~ 

containing analogs and the O-ethyl-D-tyrosine-containing : 

oxytocin analogs have not been tested for inhibitory activ

ity. These analogs are predicted to be oxytocin antqgo- I 

nists possessing slightly better inhibitor potencies than 

the corresponding all L-amino acid-containing para-a+kyl, 

phenylalanine or O-alkyltyrosine oxytocin analogs. 

Comprehensive bioassay determinations have nQt 

been completed on the oxytocin antagonists described in 

this dissertation. The exceptionally prolonged duration of 

inhibitor action observed for these analogs may be d~e to 

the substitution of leucine in position 8 with ornithine~ 

Whether the incorporation of ornithine into position 8 

increases the metabolic stability by reducing the inqcti~ 

vation of the hormone by enzymes, increases the hormQne 
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interaction with the receptor, or changes the conformational 

and dynamic properties of the antagonist is not known; how

ever, an analysis of the conformational and dynamic proper

ties of the ornithine-containing oxytocin antagonists may 

provide an Explanation for the. observed prolongation of 

inhibitor action. Alternatively, the prolonged inhibitor 

action may be explained in part by the incorporation of 

more hydrophobic amino acids into position 2, such as para

alkylphenylalanine derivatives or O-alkyltyrosine deriva

tives. The conformation of the side chain in position 2 of 

oxytocin important for antagonist activity has been sug

gested by Hruby, Upson et al. (1979) to be when the tyro

sine side chain is prevented from orienting "over" the 20-

membered disulfide ring. 

The introduction of aromatic hydrophobic amino 

acids into position 2 of [Pen1]oxytocin antagonist analogs 

may allow a more favorable receptor interaction through 

increased hydrophobic interactions due to the orientation 

of the side chain as well as the increased hydrophobicity 

of the para substituent of the aromatic moiety. A deter

mination of the conformational and dynamic properties of 

the antagonist analogs containing the more hydrophobic 

amino-acid residues in position 2 may suggest features of 

the hormone important for prolonged inhibitor activity. 
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Conformational Studies of Oxytocin Analogs 

Studies directed toward a determination of possible 

solution conformations of oxytocin analogs were undertaken 

utilizing both NMR spectroscopy and CD spectroscopy. The 

conformational studies were separated into 3 distinct classes 

of oxytocin analogs: 

1. Cycloleucine-containing oxytocin agonists and 

antagonists. 

2. Oxytocin antagonists containing an L-amino acid in 

position 2. 

3. Oxytocin antagonists containing a D-amino acid in 

position 2. 

The separation of the conformational studies into the 3 de-

scribed classes of oxytocin analogs permits an investigation 

of possible solution conformations for analogs containing a 

conformationally restricted amino acid (cycloleucine) as 

well as a comparison of the possible solution conformations 

of oxytocin antagonists containing amino acids in position 

2 with different stereochemical configurations. 

Conformational Studies of Oxytocin 
Analogs Utilizing Nuclear Magnetic 
Resonance Spectroscopy 

The use of NMR spectroscopy for the determination 

of possible solution conformations of oxytocin analogs was 

chosen because of the multitude of information obtained by 

this technique. The investigation of peptide solution 
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conformation by NMR spectroscopy involves the use of two 

different nuclei, H-1 and C-13. The data obtained from a 

proton NMR spectrum of a peptide include phemical shifts, 

coupling constants J aS and JNHaCH and a determination of 

the peptide amide proton temperature depepdence. The data 

obtained from a proton NMR spectrum of a peptide is then 

used to calculate probable side-chain rotpmer populations 

according to the method of Pachler (1964) as well as pos

sible peptide backbone conformations according to methods 

described by Barfield and Gearhart (1973) and Bystrov 

(1976). The determination of the-peptide amide proton 

temperature dependence suggests the possi~ility of intra

molecular hydrogen bonds within the oxyto~in molecule which 

in turn suggest possible restrictions in the peptide back

bone. 

Alternatively, the data obtained from a C-13 NMR 

spectrum of a peptide include chemical sh~fts, and spin

lattice relaxation times (T I ). Spin-Iatt~ce relaxation 

time measurements permit an investigation of the relative 

flexibility of the peptide hormone includ~ng the peptide 

backbone and the individual amino-acid si~e chains between 

oxytocin agonist analogs and oxytocin ant,gon~sts. 

Cycloleucine-containing Oxytocin Agondst Analogs. 

The proton chemical shifts and coupling c~nstants obtained 

in aqueous solution for [Cle 2 ]oxytocin an~ [Cle 8 ]oxytocin 
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are presented in Tables 6 and 7, respectively. Comparative 

analysis of the data presented for [Cle 2 ] oxytocin and [Cle8 ]

oxytocin with the chemical shifts and coupling constants of 

oxytocin, presented in Table 8, indicates no significant 

differences for these analogs in either the peptide amide 

proton chemical shifts or the a and S proton chemical 

shifts. Analysis of the data presented in Tables 6, 7, and 

8 suggest then that each of these compounds have very sim

ilar solution conformations. Confirmation of the suggested 

similar solution conformations for each oxytocin agonist 

analog may be found in Tables 9, 10, and 11 containing the 

calculated classical amino-acid side-chain rotamer popula

tion probabilities. Although there are several differences 

in the actual values presented in Tables 9, 10, and 11, the 

overall amino-acid side-chain conformat~ons for each analog 

remains very similar. 

The incorporation of cycloleucine into the primary 

sequence simplifies the proton NMR spectrum of oxytocin 

analogs containing this amino acid. The absence of an a 

proton in the cycloleucine residue enables an unambiguous 

assignment of overlapping a proton resonances that are 

sometimes apparent in oxytocin analogs. The substitution 

of leucine in position 8 of oxytocin with cycloleucine sim

plifies the proton NMR spectrum of [Cle 8 ]oxytocin, enabling 
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Table 6. H-l nuclear magnetic resonance chemical shiftsa 

and coupling constant data for cycloleucine
containing oxytocin analogs substituted in 
position 2 

Residue 

cysl 

Cle 2 

Ile 3 

Gln'+ 

Asn s 

CysG 

Pro 7 

Leu 8 

Gly9 

Pen 1 

Cle 2 

Ile 3 

GIn" 

Asn s 

CysG 

Pro 7 

Leu 8 

Gly9 

6 
NH 

8.51 

7.23 

8.15 

7.95 

7.86 

8.13 

8.04 

8.91 

7.61 

8.03 

7.20 

0.47 

8.45 

3.93 
3.85 

6 a 

4.34 

4.02 

4.15 

4.66 

4.70 

4.38 

4.36 

3.93 
3.85 

3.85 

3.88 

4.15 

4.71 

4.96 

4.45 

4.31 

6 
Y 

[Cle 2]oxytocin 

2.81 

1. 75 

3.21 
3.28 

2.78 
2.93 

3.23 
2.78 

2.31 

2.84 

1.71 

3.85 

2.1 3.6 

[Pen 1 ,Cle 2 ]oxytocin 

2.02 

2.34 
2.35 

3.06 
3.10 

2.93 
2.64 

1.98 

1. 67 

1.62 
1.48 

2.1 

3.7 

0.93 

6.1 

2.2 

2.7 

3.4 

7.9 

2.2 

6.0 
5.9 

2.0 

3.7 

2.5 

6.6 

6.0 

5.9 
6.2 

5.0 

7.2 

4.7 

4.3 

4.1 

6.9 

2.7 

5.4 

6.0 

5.3 

3.4 

5.0 

9.6 

5.0 

5.7 

8.8 

7.2 

7.5 

17.3 

7.0 

8.7 

9.5 

17.1 

a. Chemical shifts are measured in parts per million downfield from 
internal d,,-TSP (sodium trimethyl silyl propionate); pH ~ 3.5, T ~ 22°C 
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Table 7. H-l nuclear magnetic resonance chemical shiftsa 

and coupling constant data for cycloleucine
containing oxytocin analogs substituted in 
position 8 

Residue 

Cysl 

Tyr 2 

Ile 3 

Asn 5 

Cys 6 

Pro 7 

Cle 8 

Gly9 . 

Pen l 

Tyr 2 

Asn 5 

Cys 6 

Pro 7 

Cle 8 

Gly9 

6 
NH 

8.17 

9.03 

7.57 

8.25 

7.99 

8.38 

8.87 

8.24 

8.93 

7.29 

8.24 

7.88 

8.68 

8.93 

8.33 

4.86 

4.73 

3.98 

4.10 

4.28 

4.74 

4.41 

3.81 
3.74 

3.87 

4.66 

3.93 

4.14 

4.72 

4.88 

4.42 

3.88 

[Cle 8]oxytocin 

2.47 
2.93 

2.88 
2.85 

2.1 

1. 96 
1. 92 

3.45 
3.52 

3.13 
3.16 

2.04 

6.88 
7.22 

2.40 

2.31 

1. 75 

7.8 

0.8 
0.9 

3.58 

[Pen l ,Cle 8 ]oxytocin 

3.11 
3.07 

1.9 

1.91 
1. 90 

3.06 
3.14 

2.76 
3.01 

2.10 

1. 95 

1. 45 
1. 63 

2.1 

1. 75 

6.87 
7.24 

0.88 
0.78 

6.3 

3.5 

4.1 

7.0 

8.4 

6.6 
5.5 

5.3 

1.7 

2.4 

1.6 

9.3 

3.6 

6.4 
5.9 

2.4 

6.8 

7.4 

5.6 

4.9 

5.1 

6.3 

J aa • 

3.2 

5.7 

7.0 

8.0 

4.1 

5.5 

5.8 

7.2 

5.3 

6.8 

8.3 

17.5 

9.4 

7.5 

8.1 

10.6 

8.4 

15.4 

a. Chemical shifts are measured in parts per million downfield from 
internal TSP (sodium trimethyl silyl propionate): pH ~ 3.5, T ~ 22°C. 
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Residue 

Cys! 
(Pen! ) 

Tyr 2 

Ile 3 

Gln 4 

Asn s 

Cys 6 

Pro 7 

Leu 8 

Gly9 

Cys! 
(pen!) 

'!yr 2 

Ile 3 

Gln 4 

Asn s 

Cys 6 

Pro 7 

Leu 8 

Gly9 

Cysl 
(Pen l ) 

Tyr 2 

Ile 3 

Gln 4 

Asn s 

Cys 6 

Pro 7 

Leu 8 

Gly9 

H-1 nuclear magnetic chemical shiftsa and 
coupling constants of oxytocin, [Pen1]oxy
tocin, and [Pen 1 ,Leu 2 ]oxytocin 

8.99 

7.96 

8.22 

8.34 

8.21 

8.45 

8.36 

8.82 

7.33 

8.14 

7.84 

8.51 

8.39 

• 8.33 

8.66 

8.39 

8.71 

7.92 

8.50 

8.40 

8.34 

Oxytocin 

[Penl]oxytocin 

4.30 

4.79 

4.04 

4.12 

4.74 

4.89 

4.60 

4.32 

3.94 

3.87 

3.92 

4.74 

3.94 

4.11 

4.76 

4.88 

4.46 

4.30 

3.93 
3.85 

[Pen l ,Leu 2 ]oxytocin 

3.89 

4.42 

4.05 

4.17 

4.73 

4.96 

4.48 

4.31 

3.96 
3.87 

6.4 

6.0 

4.0 

8.0 

6.5 

6.0 

6.0 

4.5 

6.2 

3.0 

< 2.0 

6.0 

9.0 

5.8 

6.2 
5.2 

4.7 

< 2.0 

3.0 

6.1 

9.4 

7.0 

5.8 
5.8 

a. Chemical shifts are measured in parts per million down
field from internal d,.-TSP (sodium trimethyl silyl propionate); pH ~ 
3.5; T ~ 22°C 
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Table 9. Classical side-chain rotamer populations cal
culated for cycloleucine-containing oxytocin 
analogs substituted in position 2 

Residue Pta) P(b) P(c) 

[Cle 2] oxytocin 

Cysl .64 .22 .14 

Gln 4 .22 .19 .58 

Asn 5 .28 .15 .57 

Cys 6 .57 .14 .29 

Pro 7 .42 .39 .19 

Leu 8 .45 .01 .54 

[Pen l ,Cle 2]oxytocin 

Gln 4 .31 .10 .58 

Asn 5 .40 .25 .35 

Cys 6 .56 .07 .37 

Pro 7 .54 .25 .21 

Leu 8 .63 .22 .15 

P (a) : Xl - 60° Pta) (JI3-Jg)/(JtJg) 

P (b): X I ±1800 P(b) (JI2-Jg)/(Jt-Jg) 

P (c) : Xl + 60° P(c) l-[P(a) + P(b)] 

J t 13.56 Hz 

J g 2.6 Hz 
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Table 10. Classical side-chain rotarner populations cal
culated for cycloleucine-containing oxytocin 
analogs sUbstituted in position 8 

Residue Pta) P(b) P(c) 

[C Ie 8] oxytocin 

Cysl .29 .02 .69 

Tyr2 .38 .34 .28 

Gln 4 .42 .27 .31 

Asn s .25 .21 .44 

Cys 6 .38 .23 .39 

Pro 7 .52 .34 .14 

[Pen l ,Cle 8]oxytocin 

Tyr2 .62 .05 .33 

Gln 4 .45 .40 .15 

Asn s .50 .49 .01 

Cys 6 .73 .14 .13 

Pro 7 .53 .26 .21 

P (a) : X I - 60° Pta) (J I3 -J )/(Jt-J ) g g 

P(b) : X I ±180° P(b) (JI2-Jg)/(Jt-Jg) 

P (c) : Xl + 60° P(c) l-[P(a)+P(b)] 

J t 13.56 Hz 

J g 2.6 Hz 
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Table 11. Classical side-chain rotamer populations calcu-
lated for oxytocin, [Pen1]oxytocin, and [Pen 1,_ 
Leu 2 ] oxytocin 

Residue Pea) PCb) Pee) 

Tyr 2 

(Leu 2 ) 

G1n 4 

Asn 5 

Cys 6 

Pro 7 

Leu B 

Tyr 2 

(Leu 2 ) 

G1n 4 

Asn 5 

Cys 6 

Pro 7 

Leu 8 

Tyr 2 

(Leu 2 ) 

G1n 4 

Asn 5 

Cys 6 

Pro 7 

Leu B 

.50 

.38 

.44 

.64 

.35 

.54 

.67 

.53 

.44 

.67 

.53 

.64 

.44 

.31 

.52 

.85 

.51 

.67 

P (a) : Xl - 60° 

P (b) : Xl ±lS00 

P (e) : Xl + 60° 

Ox:ttoein 
a 

[penl]ox::itoein b 

.32 

.36 

.44 

.04· 

.22 

.16 

.05 

.24 

.42 

.13 

.24 

.09 

.39 

.27 

.00 

.08 

.25 

.13 

Pea) 

PCb) 

Pee) 

J
t 

J g 

a. Data taken from Mera1di et a1. (1977) 

b. Data taken from Mosberg et a1. (1981) 

.18 

.26 

.12 

.32 

.43 

.30 

.28 

.23 

.14 

.20 

.23 

.27 

.17 

.42 

.48 

.07 

.24 

.20 

(J -Jg)/(Jt-Jg ) 

(J -Jg)/(Jg-J
g

) 

[- [P (a) + P (b) ] 

13.56 Hz 

2.6 Hz 
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assignment of the a protons of the half-cystine-1 residue 

more easily without the use of deuterium substitution. 

An indication of the flexibility of the synthetic 

oxytocin analogs relative to oxytocin is suggested by the 

determination of the peptide amide proton temperature 

de~endence. Tables 12, 13, and 14 present the values 

obtained for [Cle 2 ]oxytocin, [Cle 8 ]oxytocin, and oxytocin, 

respectively. 

Previous reports have separated do/dT values into 

categories related to the relative accessibility to solvent 

of the peptide amide protons. do/dT values between 0-2 

ppm/oK imply possible participation by amide protons in 

hydrogen bonding; values greater than 5 ppm/oK imply com

plete accessibility of the peptide amide protons to the 

solvent environment, while intermediate values (3-5 ppm/oK) 

suggest some possibility of the peptide amide protons being 

less accessible to solvent. Comparison of the values pre

sented in the respective tables for each analog suggests 

that there are no intramolecular hydrogen bonds present in 

any of these analogs and the relative flexibility of the 

peptide backbone is similar in all three analogs. How

ever, the amide resonances of Ile-3 in [Cle 2 ] oxytocin and 

Gly-9 in [Cle 8 ]oxytocin show smaller values suggesting 

less accessibility to solvent. The presence of the cyclo

leucine residue in either position 2 or position 8 may 



Table 12. Temperature dependence of the peptide amide 
proton chemical shifts for cycloleucine
containing oxytocin analogs sUbstituted in 
position 2 

Residue 

Cle 2 

Gln 4 

Asn 5 

Cys 6 

Leu 8 

Gly9 

Cle 2 

Gln 4 

Asn 5 

Cys 6 

Leu 8 

Gly9 

-d6/dT x 10 3 (ppm/ OK) 

[C 1 e 2] oxytoc iI'! 

3.6 

3.6 

5.0 

5.0 

5.8 

7.3 

6.3 

[Pen 1 ,Cle 2 ]oxytocin 

5.8 

5.1 

9.1 

1.0 

8.5 

7.6 

8.6 
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Table 13. Temperature dependence of the peptide amide 
proton chemical shifts for cycloleucine
containing oxytocin analogs substituted in 
position 8 

Residue 

Gln 4 

Asn 5 

Cys 6 

Cle 8 

Gly9 

Gln 4 

Asn 5 

Cys 6 

Cle 8 

Gly9 

-do/dT x 10 3 (ppm/oK) 

[Cle 8 ]oxytocin 

5.6 

8.6 

5.3 

6.0 

3.6 

8.0 

4.3 

[Pen 1 ,Cle 8 ]oxytocin 

8.8 

0.0 

8.6 

0.0 

5.0 

5.7 

5.7 

91 



Table 14. Temperature dependence of the peptide amide 
proton chemical shifts for oxytocin, [Pen 1 ]

oxytocin, and [Pen 1 ,Leu 2 ]oxytocina 

92 

[Pen 1 ]
oxytocin 

[Penl,Leu 2 ] -
oxytocin Oxytocin 

Residue 

Cysl 
(Pen 1) 

Tvr2 
(Leu2 ) 

Ile 3 

Asn 5 

Leu 8 

Gly9 

6.5 

0.5 

9.0 

0.5 

4.5 

6.5 

8.0 

4.7 

9.4 

8.7 

0.8 

4.8 

9.0 

7.0 

a. Data taken from Mosberg et al. (1981). 

6.5 

7.0 

5.5 

5.0 

5.5 

9.5 

7.0 



impose restrictions on the peptide backbone such that 

neighboring amide protons are somewhat shielded from the 

solvent environment. 
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The C-13 NMR"chemical shifts and spin-lattice 

relaxation times (TI) for [Cle 2 ]oxytocin, [Cle 8 ]oxytocin, 

and oxytocin are presented in Tables 15, 16, 17, 18, 19, 

and 20, respectively. A comparison of the values presented 

in the tables shows very little difference between any of 

the analogs, suggesting very similar solution conforma

tions as well as similar overall flexibility in aqueous 

solution. 

Cycloleucine-containing Antagonist Analogs. The 

chemical shifts and coupling constants for [Pen l ,Cle 2 ]

oxytocin, [Pen l ,Cle 8 ]oxytocin, and [Penl]oxytocin are pre

sented in Tables 6, 7, and 8, respectively. A comparative 

analysis of the values listed in the tables suggests each 

cycloleucine-containing oxytocin antagonist to have a very 

similar solution conformation to [Penl]oxytocin. Further 

information concerning possible solution conformations of 

oxytocin antagonists may be gained through an analysis of 

the Ca-CB proton coupling constants (JaB' JaB') of the 

individual amino-acid side chains according to the method 

described by Pachler (1964). The calculated classical 

side-chain roatmer populations of selected residues in 

[Pen l ,Cle2 ]oxytocin, [Pen i ,Cle8 ]oxytocin, and [Penl]oxytocin 
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Table 15. C-13 nuclear magnetic resonance chemical shifts a 

for cycloleucine-containing oxytocin analogs 
substituted in position 2 

Residue 

Half-Cysl 

Half-Pen 1 

Gln 4 

Cys 6 

Pro7 

Leu B 

Carbon Atom 

aC 
BCH 2 
yCH 2 

aCH 
BCH 
yCH 3 
YCH 2 
oCH 3 

aCH 
BCH 2 
yCH 2 

aCH 
BCH2 

aCH 
BCH 2 

aCH 
BCH 2 
YCH 2 
oCH 2 

aCH 
BCH2 
yCH 
oCH 3 
oCH 3 

aCH2 

[Cle 2]oxytocin 

53.3 
41.5 

58.9 
34.3 

23.1, 23.8 

60.3 
36.2 
16.3 
25.7 
11.5 

56.2 
26.9 
32.0 

51.6 
37.5 

54.3 
39.4 

61.7 
30.2 
25.7 
48.9 

53.7 
40.5 
25.4 
23.2 
21.8 

43.1 

[Pen 1 ,Cle 2Joxytocin 

61.9 
52.0 
26.6 
26.4 

59.8 
34.3 

23.1,23.8 

61.0 
36.8 
16.0 
25.5 
12.0 

56.4 
26.2 
31.9 

51.3 
40.7 

53.0 
38.2 

61.6 
30.4 

49.1 

54.7 
40.4 
26.5 
22.6 
21.9 

43.3 

a. Chemical shifts are reported in parts per million (ppm) 
downfield from TMS measured from internal 1,4 dioxane (67.6 ppm). 
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Table 16. C-13 nuclear magnetic resonance chemical shiftsa 

for cycloleucine-containing oxytocin analogs 
substituted in position 8 

Residue 

Half-Cysl 

Half-Pen 1 

Gln lt 

Asn 5 

Carbon Atom 

aCH 
aCH 

aCH 
aCH 

C-1 
C-2,6 
C-3,5 
C-4 

aCH 
aCH 
YCH3 
yCHz 
OCH3 

[Cle 8 ]oxytocin 

52.5 
24.9 

55.6 
37.6 

131.0 
130.8 
115.9 
154.5 

60.3 
35.6 
15.2 
24.7 
10.8 

55.4 
26.1 
31.4 

50.6 
39.8 

51. 4 
38.8 

61.1 
29.1 
26.1 
48.2 

51.3 
36.2 

24.3, 24.2 

43.1 

[Pen 1 ,Cle 8 ]oxytocin 

61.2 
52.3 
25.1 
25.4 

55.8 
37.1 

127.8 
130.8 
116.2 
154.5 

59.9 
35.7 
14.7 
24.6 
11.0 

55.5 
26.2 
31. 5 

50.6 
39.9 

51.6 
37.7 

61. 2 
29.1 
26.0 
48.2 

50.9 
36.2, 36.1 
24.3, 24.2 

43.1 

a. Chemical shifts are reported in parts per million (ppm) 
downfield from TMS measured from internal 1,4 dioxane (67.6 ppm) 
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Table 17. !C-13 nuclear magnetic resonance chemical 
shiftsa for oxytocin 

Residue Carbon Atom Oxytocinb [pen1joxytocinc 

Half-Cyp 1 aCH 53.2 
BCHz 40.3 

Half-Pepl aCH 62.0 
BC 51.6 
yCH 3 26.7 
YCH3 26.7 

Tyr Z aCH 56.4 56.6 
BCH 37.0 36.3 
C-1 128.6 127.7 
C-2, . 130.8 130. B 
C-3, 116.4 116.2 
C-4 154.5 154.5 

Ile 3 aCH 61. 0 60.6 
BCH 37.0 36.7 
yCH 3 15.9 25.7 
yCHZ 25.6 15.5 
cSCH3 11. 6 12.0 

Gln 4 aCH 56.2 56.3 
BCHz 26.8 27.0 
yCHz 32.0 32.1 

Asn 5 aCH 51. 4 51. 2 
BCH z 37.0 40.7 

Cys 6 aCH 52.3 52.7 
flCHz 39.3 37.9 

Pro 7 aCH 61. 6 62.0 
BCHz 30.2 30.4 
yCHZ 25.6 26.1 
cSCHz 48.9 49.0 

Leu 8 aCH 53.6 53.5 
BCH 2 40.3 40.5 
yCH 25.4 26.1 
oCH 3 23.2 22.7 
oCH 3 21.7 21. 7 

Gln 9NH z aCHz 43.1 43.2 

a. Chemical shifts are reported in parts per million (ppm) 
downfield fr~m TMS measured from internal 1,4 dioxane (67.6 ppm) 

b. Data taken from Walter et ale (1973) 

c. Data taken from Meraldi et ale (1977) 



Table 18. Spin-lattice times (NT l ) for cycloleucine
containing oxytocin analogs substituted in 
position 2 
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Residue Carbon Atom [Cle 2 ]oxytocin [Pen l ,Cle 2 ]oxytocin 

Half-Cys 1 

Half-Pen l 

Gln4 

aCH 
aCH2 

aCH 2 
YCH2 

aCH 
aCH 
YCH3 
YCH2 
oCH3 

aCH 
aCH2 
yCH 2 

aCH 
aCH2 

aCH 
aCH2 

aCH 
BCH2 
y CH 2 
OCH2 

aCH 
aCH2 
YCH 
OCH3 
OCH3 

aCH2 

84 
103 

222 
240 

104 

932 
377 

1,419 

104 
229 
458 

112 
154 

108 
86 

80 
156 
104 

86 

149 
176 
178 

1,698 
1,287 

376 

106 
460 
315 
333 

240 
240 

101 
90 

853 
284 

1,379 

101 
172 
274 

104 
180 

98 
92 

111 
178 

128 

120 
229 

1,440 
1,293 

340 
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Table 19. Spin-lattice relaxation times (NT} ) for 
cycloleucine-containing oxytocin analogs 
substituted in position 8 

Residue Carbon Atom [CleB]oxytocin [Pen1,CleB]oxytocin 

Half-Cys 1 aCH 84 
BCH2 200 

Half-Pen 1 aCH 98 
BC 
YCH 3 365 
YCH3 365 

Tyr 2 aCH 53 103 
BCH2 123 395 

lle 3 aCH 100 83 
BCH 116 
YCH3 1,018 828 
YCH2 175 174 
OCH3 1,370 1,283 

Gln 4 aCH 108 83 
BCH2 236 
YCH 2 427 243 

Asn 5 aCH 109 107 
BCH2 171 316 

Cys 6 aCH 102 92 
BCH2 165 174 

Pro 7 aCH 82 96 
6CH2 111 193 
yCH 2 141 405 
oCH2 159 129 

Cle B aC 203 
6CH2 98 174 
YCH 2 96 174 

Gly9_NH 2 aCH2 390 325 
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Table 20. Spin-lattice relaxation times (NT 1 ) for oxytocin 
and [Pen 1 ]oxytocin 

Residue Carbon Atom Oxytocin a [Pen 1] oxytocinb 

Half-Cys 1 aCH 87 
SCHz 84 

Half-Pen 1 aCH 107 
ac 462 
yCH 3 330 
yCH 3 330 

Tyr z aCH 103 104 

Ile 3 aCH 85 103 
YCHz 372 
YCH 3 825 834 
6CH 3 1374 

GIn 4 aCH 103 100 
SCHz 222 170 
YCHZ 460 288 

Asn 5 aCH 106 104 
eCH 

Cys6 aCH 104 96 
eCH 84 91 

Pro 7 aCH 80 107 
SCH 2 176 176 
yCH z 
6CH z 88 88 

aCH 151 124 
LeL 8 eCH z 176 

yCH 179 
6CH 3 1707 1470 
6CH3 1365 1290 

Gly9NH z aCH z 376 338 

a. Data taken from Walter et al. (1973) 

b. Data taken from Meraldi et al. (1977) 
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are presented in Tables 9, 10, and 11, respectively. A com

parison of the values listed in the tables suggests very 

similar solution conformations between the [Pen1]oxytocin 

analogs containing cycloleucine and [Pen1]oxytocin. 

An experimental determination of the temperature 

dependence of the peptide amide proton chemical shifts was 

performed and the values corresponding to each amino-acid 

peptide amide proton, except penicillamine and proline for 

the respective antagonists are presented in Tables 12, 14, 

and 14, respectively. In each analog, a near zero tempera

ture dependence for the asparagine peptide amide proton is 

observed, suggesting the possibility that the asparagine 

peptide amide is either involved in an intramolecular 

hydrogen bond or well shielded from exchange with the sol

vent environment. However, the dat~ presented in Tables 

13 and 14 for [Pen1,CleB]oxytocin and [Pen1]oxytocin shows 

the isoleucine-3 residue within the 20-membered ring to 

also exhibit a near zero temperature dependence of this 

particular peptide amide proton, suggesting again the pos

bility of an intramolecular hydrogen bond or a solvent

shielded amide proton. The presence of 2 intramolecular 

hydrogen bonds within the 20-membered ring of [Pen1,Cle B]

oxytocin suggests an almost identical solution conformation 

of this analog relative to [Pen1]oxytocin. 
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Meraldi et al. (1975) suggested that the observed 

intramolecular hydrogen bonds in [Pen1 ] oxytocin each consist 

of a C-7 turn comprised of 3 amino-acid residues whereby the 

peptide amide proton of the 3rd residue is hydrogen-bonded 

to the carbonyl oxygen of the 1st residue. On the other 

hand, [Pen 1 ,Cle 2 ]oxytocin shows the presence of only 1 

intramolecular hydrogen bond within the 20-membered ring 

moiety, suggesting a slightly different solution conforma

tion than [Pen1]oxytocin. The presence of the cycloleucine 

residue in position 2 most probably effects the conformation 

in the region of the peptide backbone comprising the 

penicillamine-1, cycloleucine-1, and isoleucine-3 residues 

so that a conformation amenable to the adoption of another 

intramolecular hydrogen bond is not possible. Table 21 

presents data suggesting possible backbone ~ and wangles 

for each residue within the 20-membered ring moiety. 

The C-13 NMR chemical shifts and spin-lattice relax

ation times (Tl) for [Penl,Cle2 ] oxytocin, [Pen 1 ,Cle B ] oxyto

cin, and [Pen1]oxytocin are presented in Tables 15, 16, 

17, 18, 19, and 20, respectively. A comparison of the 

values listed in the tables shows no distinct differences 

confirming the suggestion that cycloleucine-containing 

oxytocin antagonists adopt very similar solution conforma

tions to the solution conformation proposed by Meraldi et 

al. (1977) for [pen1]oxytocin. 
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Table 21. Backbone conformations for [Pen l ,C1e 2]oxytocin 
[Pen l ,C1e 8 ]oxytocin, [Penl]oxytocin, and 
[Pen 1 ,Leu2]oxytocin 

Residue 

Pen i 

C1e 2 
I1e 3 

G1n 4 

Asn 5 

Cys6 

Pen i ' 

Leu 2 
I1e 3 

G1n 4 

Asn 5 

Cys6 

Pen i 

Tyr2 
I1e 3 

G1u 4 

Asn 5 

Cys6 

Pen i 

Tyr2 
I1e 3 

G1u 4 

Asn 5 

Cys6 

[Pen l ,C1e 2]oxytocina 

- 57 
- 50 
- 70 
- 50 

60 

- 60 
- 47 
- 60 

60 
- 60 

[pen l ,Leu2]oxytocina ,b 

-175 
- 50 
- 60 
-160 

60 

- 60 
180 

- 60 
60 

-120 

[Pen 1 ,C1e 8 ]oxytocina 

95 
-180 
- 50 
-165 

75 

-150 
- 60 

150 
70 

-120 

[penl]oxytocina,b 

95 
-180 
- 50 
-165 

75 

-150 
- 60 

150 
70 

-120 

a. All torsional angles are 30° 

+ 60 

- 60 

+ 60 

- 60 

- 60 

- 60 

- 60 

- 60 

b. Data from Mosberg, Hruby, and Mera1di (1981) 
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There is a distinction, however, between the solution 

conformation suggested for oxytocin analogs and the solution 

conformation suggested for oxytocin antagonists. Previous 

studies in aqueous solution by Meraldi et al. (1975) show that 

oxytocin antagonists posse~s intramolecular hydrogen bonds 

between peptide amides and peptide backbone carbonyls, while 

corresponding studies by Brewster et al. (1973) with oxyto

cin agonists suggest no apparent intramolecular hydrogen 

bonds. When the Tl values and peptide amide proton chemical

shift temperature-dependence values for oxytocin antagonist 

analogs are compared with similar values for oxytocin antago

nist analogs, a more restricted conformation is suggested 

for oxytocin antagonists. The observed rigidity of the pep

tide backbone for oxytocin antagonists may be explained in 

part by the presence of possible hydrogen bonds. 

L-amino Acid-containing Oxytocin Antagonists Sub

stituted in position 2. The possible solution conformations 

of 4 new oxytocin antagonists containing an L-amino acid in 

position 2 were investigated utilizing NMR spectroscopy. 

The oxytocin antagonists investigated were [Pen 1 ,L-TyrMe 2 ,

Thr 4 ,Orn 8 ]oxytocin, [Pen 1 ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin, 

[Pen 1 ,L-PheMe 2 ,Thr 4 ,Orn 8]oxytocin, and [Pen 1 ,L-PheEt 2 ,Thr 4 ,

Orn 8 ]oxytocin. A comparative analysis of the conformational 

features of the 4 new oxytocin antagonists, [Pen 1 ,L-TyrMe 2 ,

Thr 4 ,Orn 8 ] oxytocin, [Pen 1 ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin, 
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[Pen 1 ,L-PheMe 2 ,Thr 4 ,Orn 8 ]oxytocin, and [Pen 1 ,L-PheEt 2 ,

Thr 4 ,Orn 8 ]oxytocin was done utilizing results recently 

reported by Hruby and Mosberg (1981b, 1982a, 1982b) either 

for the oxytocin antagonists [Pen 1 ,Thr 4 ]oxytocin or [Pen 1 ,

Phe 2 ,Thr 4 ]oxytocin. 

Proton NMR data for the O-alkyl-L-tyrosine

containing oxytocin antagonists including chemical shifts, 

coupling constants, calculated classical side-chain rotamer 

populations, and temperature dependence of peptide amide 

protons are listed in Tables 22, 23, and 24. Comparison 

of the chemical shifts and coupling constants obtained for 

these 2 analogs with the proton chemical shifts and coup

ling constants recently reported by Hruby and Mosberg 

(1981b, 1982a, 1982b) for [Pen 1 ,Thr 4 ]oxytocin (Table 25) 

indicates very similar values for each residue in the pri

mary sequence except the asparagine-5 residue. The chemi

cal shifts are very similar for both antagonists containing 

O-alkyl-L-tyrosine relative to [Pen 1 ,Thr 4 ]oxytocin contain

ing L-tyrosine; however, the coupling constants obtained 

for asparagine-5 in both [Pen 1 ,TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin 

and [Pen 1 ,TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin are very much different 

than the coupling constants observed for the asparagine-5 

residue in [Pen 1 ,Thr 4 ]oxytocin. A first-order splitting 

pattern (i.e., triplet) is observed for the a-proton of 

asparagine-5 in both analogs containing O-alkyl-L-tyrosine 
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Table 22. H-1 nuclear magnetic resonance chemical shifts a 

and coupling data for [Pen 1,Tyr(OR)2b,Thr 4,-
OrnB]oxytocin antagonists 

Residue 6 6 613 6 66 J NHa CH J a13 J a13 • NH a y 

[penl,T~rMe2,Thrq,orn81ox~tocin 

Pen l 3.94 1.65 
1.47 

TyrMe 2 9.04 4.60 3.10 6.97 3.63 5.4 2.4 10.9 
3.11 7.24 

Ile 3 7.81 4.27 0.79 2.0 6.4 
0.62 

Thrq 6.63 4.07 4.27 1.31 3.5 4.3 
4.25 

Asn S 7.63 4.53 3.21 4.1 5.4 5.6 
3.16 

Cys 6 8.75 4.96 3.07 9.2 3.4 10.7 
2.80 

Pro? 4.45 2.32 3.48 5.8 8.3 

Orn 8 8.67 4.34 1. 92 1. 73 1. 78 7.1 3.6 5.1 
1. 89 

Gly9 8.43 3.88 6.0 
J aa • 17.0 

6.0 

[penl,T~rEt2,Thrq,orn61ox~tocin 

Pen l 3.89 1.46 
1.63 

TyrEt 2 9.01 4.60 2.82 6.91 3.99 5.5 5.5 8.3 
2.89 7.22 0.90 

I Ie 3 7.81 3.94 0.62 0.79 2.0 5.5 

Thr q 6.64 4.07 4.24 1. 31 000 4.1 6.5 
4.33 

Asn S 7.65 4.52 3.12 5.8 5.5 5.8 
3.17 

Cys6 8.73 4.95 2.76 9.2 4.0 10.8 
2.71 

Pro 7 4.45 2.33 3.45 5.8 8.4 

Orn 8 8.65 4.31 1. 73 7.0 3.6 5.2 
1.77 

Gly9 8.41 3.87 5.8 
J aa • = 9.4 5.6 

a. Chemical shifts are measured in parts per million downfield from 
internal TSP; pH '" 3.5, T", 25°C 

b. R = methyl or ethyl 
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Table 23. Classical side-chain rotamer populations calcu
lated for [Pen l ,L-Tyr(OR)2,Thr 4 ,Orn 8 ]oxytocin 
antagonists 

Residue Pta) P(b) P(c) 

[pen l ,TyrMe 2 ,Thr 4 ,Orn B]oxytocin 

TyrMe 2 .76 .00 .24 

Asn 5 .27 .26 .47 

Cys 6 .74 .07 .19 

Pro 7 .52 .29 .19 

Orn 8 .23 .09 .68 

[pen l ,TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin 

TyrEt 2 .52 .26 .22 

Asn 5 .29 .26 .45 

Cys 6 .75 .13 .12 

Pro 7 .53 .29 .18 

Orn 8 .24 .09 .67 

P (a) : Xl - 60° Pta) (JI3-J g )/(J t -Jg ) 

P(b) : Xl ±180° P(b) (JI2-Jg)/(Jt-Jg) 

P (c) : X I + 60° P(c) 1-[P(a) +P(b)] 

J t 13.56 Hz 

J 2.6 Hz 
9 



Table 24. Temperature dependence of the peptide amide 
proton chemical shifts for [Pen l ,L-Tyr(OR)2,
Thr 4 ,Orn8]oxytocin antagonists 

Residue -do/dT X 103 (ppm/oK) 

TyrMe 2 

Ile 3 

Thr4 

Asn 5 

Cys 6 

Orn 8 

Gly9 

TyrEt 2 

Ile 3 

Orn 8 

Gly9 

[Pen 1 ,TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin 

5.8 

5.5 

-2.5 

0.0 

4.0 

7.3 

6.3 

[Pen l ,TyrEt 2,Thr 4,Orn 8]oxytocin 

3.5 

5.0 

-3.3 

0.0 

4.3 

7.0 

5.8 

107 
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Table 25. H-l nuclear magnetic resonance chemical shifts
a 

and coupling constants 
oxytocin antagonists b 

for threonine-containing 

Residue °NH °aCH JNHaCH 

[Pen 1 ,Thr4 ]oxytocin 

Cysl 
3.89 (Pen 1 ) 

Tyr2 9.01 4.58 5.9 (Phe 2 ) 

Ile 3 7.84 3.98 2.0 

Thr4 6.78 4.09 ",5.7 

Asn 5 7.77 4.67 5.9 

Cys 6 8.69 4.94 9.6 

Pro 7 4.47 

Leu 8 8.45 4.30 6.6 

Gly9 8.38 3.94 5.9 
3.86 5.9 

[penl,Phe2,Thr4]ox~tocin 

Cysl 
(Pen 1) 

3.89 

Tyr2 
(Phe 2 ) 0.01 4.66 5.9 

Ile 3 7.94 4.00 2.0 

Thr4 6.80 4.07 5.1 

Asn 5 7.80 4.68 5.9 

Cys 6 8.65 4.94 8.8 

Pro 7 4.46 

Leu 8 8.45 4.30 6.6 

Gly9 8.38 3.94 5.9 
3.86 5.9 

a. Chemical shifts are measured in parts per 
million from internal d 4-TSP; pH '" 3.5, T '" 22°C 

b. Data from Hruby et al. (1981) 
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next to the 2 8 protons of the side chain. Utilizing the 

observed as, as' coupling constants of the asparagine-5 

residue to calculate the probability of each possible 

classical side-chain rotamer population available to the 

asparagine side chain by the method of Pachler (1964) sug

gests a different asparagine side-chain conformation in the 

O-alkyl-L-tyrosine-containing antagonists than the corre

sponding L-tyrosine-containing oxytocin antagonists. 

Table 23 lists the calculated side-chain rotamer 

population for [Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin and [Pen1 ,

L-TyrEt 2 ,Thr 4 ,Orn 8 ] oxytocin. Comparison of the values in 

Table 26, calculated for the asparagine side chain in [Pen1,

Thr4] oxytocin with the values obtained for the O-alkyl-L

tyrosine-containing oxytocin antagonists indicate rotamer 

C (Xl = +60°) to be favored in the antagonists containing 

O-alkyltyrosine and rotamer a (X = -60°) to be favored for 

[Pen 1 ,Thr 4]oxytocin. Although the side-chain probability 

values obtained by this method cannot be looked upon as 

absolute (Pachler, 1964; Feeney, 1976), the values do sug

gest relative probabilities of side-chain conformations 

which in turn may provide considerable insight into confor

mations available to the peptide. The different side

chain conformation available to asparagine in the oxytocin 

antagonists [Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin and [Pen 1 ,

L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin may suggest the possibility of 



Table 26. Classical side-chain rotamer populations 
calculated for oxytocin antagonists con
taining threonine 

Residue Pea) PCb) P(c) 

Phe 2 .65 .35 .00 

Asn 5 .66 .03 .31 

Cys 6 .75 .15 .10 

Pro 7 .54 .24 .22 

Leu 8 .64 .26 .10 

[Pen l ,Thr 4 ]oxytocin 

Phe 2 .70 .30 .00 

Asn 5 .71 .03 .26 

Cys 6 .75 .15 .10 

Pro 7 .52 .25 .23 

Leu 8 .65 .1S .17 

P (a) : Xl = 60 0 Pea) = (JI3-J g )/(Jt -Jg ) 

P (b) : Xl = ±lSOo PCb) (JI2-J g )/(J t -Jg ) 

P (c) : Xl + 60 0 P(c) = l-[P(a) + PCb)] 

J t = 13.56 Hz 

J = 2.6 Hz 
g 
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a steric repulsion between the para substituent of the 

tyrosine ring and the asparagine side chain forcing the 

asparagine side chain into a different conformation. Com

parison of the conformational probabilities of the side

chain rotamers available to the tyrosine side chain of the 

3 oxytocin antagonists, [Pen 1 ,Thr 4 ]oxytocin (Table 26), 

[Pen 1 ,TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin, and [Pen 1 ,TyrEt 2 ,Thr 4 ,

Orn 8 ] oxytocin, shows that rotamer A (X' = -60°) is the pre-

dominant conformation for the tyrosine side chain in each 

case. However, the probabilities calculated for the other 

tyrosine side-chain rotamers for each comparable oxytocin 

antagonist suggest a somewhat different tyrosine side

chain conformation for [Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin 

relative to either [Pen 1 ,Thr 4 ]oxytocin or [Pen 1 ,TyrEt 2 ,

Thr 4 ,Orn 8]oxytocin. Rotamer B (x' = ±180) is excluded for the 

oxytocin antagonist [Pen 1 ,TyrMe 2 ,Thr 4 ,Orn 8]oxytocin, while 

rotamer C (X' = +60°) is excluded for the antagonist analog 

[Pen 1,Thr 4]oxytocin. 

O-ethyl-L-tyrosine, 

The oxytocin antagonist containing 

[Pen 1 ,TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin, exhib-

its somewhat similar tyrosine side-chain conformational 

probability as [Pen 1 ,Thr 4]oxytocin, however, rotamer C 

(x' = +60) which was excluded for [Pen 1 ,Thr 4]oxytocin is 

available and equally probable to the O-ethyl-L-tyrosine 

side chain as rotamer B (X' = ±1800). 
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The analysis of the conformational probabilities 

of the possible tyrosine side-chain rotamers for the 3 

comparable oxytocin antagonists suggests several conforma

tional features inherent to alkylation of the tyrosine 

hydroxyl, such as: 

1. Alkylation of the tyrosine hydroxyl group causes 

a steric repulsion between the para substituent 

of the tyrosine ring and neighboring side-chain 

groups forcing the tyrosine side chain to possibly 

assume a "pseudo-axial" conformation "over" the 

disulfide ring. 

2. The gem dimethyl substitution in the 8 position 

of the cysteine (penicillamine) residue restricts 

the movement of the tyrosine ring to a position 

"over" the ring regardless, of the size of the 

group attached to the tyrosine oxygen, a conforma

tion important for antagonist activity. 

3. Increasing the size of the alkyl group on the 

tyrosine hydroxyl group from methyl to ethyl causes 

steric interactions between the bulky ethyl substi

tuent of tyrosine and the penicillamine side chain 

forcing the O-ethyl-tyrosine side chain into a 

conformation that minimizes the steric repulsions. 

Tables 27 and 28 list the proton chemical shifts, 

coupling constants, and side-chain rotamer populations for 
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Table 27. H-1 nuclear magnetic resonance chemical Shifts~ 
and coupling constant data for [Pen 1 ,L-Phe(R)2 -
Thr 4 ,Orn 8 ]oxytocin antagonists 

Residue 6 6 6a 6 6
6 JNHaCH J aS J aS ' NH a Y 

[Penl,L-PheMe2,Thr4,OrnBlox~tocin 

Pen 1 3.91 1. 65 
1. 47 

L-PheMe 2 9.02 4.60 2.79 7.32 2.32 5.5 2.7 10.3 
3.12 7.20 

Ile 3 7.79 3.94 1. 75 2.03 0.83 < 3.4 
0.61 

Thr4 6.65 4.05 4.28 1. 30 4.5 4.5 
4.23 

Asn S 7.65 4.55 3.15 7.2 5.6 5.9 
3.23 

cysG 8.71 4.97 3.01 9.2 4.5 11.4 
3.05 

pro 7 4.45 1. 89 1. 96 3.7 5.9 8.3 

ornB 8.65 4.33 1.2 1.4 1. 89 7.1 3.6 8.7 

Gl y 9 8.4 3.87 5.8 
6.0 

[penl,L-PheEt2,Thr4,OrnBlox~tocin 

Penl 3.92 1.63 
1. 45 

L-PheEt 2 9.0 4.61 2.79 7.24 2.61 5.6 4.0 10.2 
3.11 1.17 

Ile 3 7.80 3.94 1. 75 2.05 0.83 < 2.0 3.4 
0.61 

Thr4 6.93 4.05 4.14 1. 29 6.0 4.5 
4.18 

Asn s 7.65 4.55 3.15 7.2 5.6 5.9 
3.23 

CysG 8.71 4.96 3.01 9.2 4.5 11.4 
3.07 

Pro 7 4.45 2.89 1. 96 3.7 5.9 8.3 

ornB 8.65 4.32 1.11 1.3 1. 85 7.1 3.6 8.7 

Gl y 9 8.42 3.87 5.8 
6.0 

a. Chemical shifts are measured in parts per million downfield from 
internal TSP (sodium trimethyl silyl propionate); pH '" 3.5, T 'V 22°C 

b. R = methyl or ethyl 
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Table 28. Classical side-chain rotamer populations calcu
lated for [Pen l ,L-Phe(R)2,Thr4 ,Orn8 ]oxytocin 
antagonists 

Residue P(a) P(b) P(c) 

[Pen 1,L-PheMe 2 ,Thr 4 ,Orn 8 ] oxytocin 

L-PheMe 2 .70 .01 .29 

Asn 5 .30 .27 .43 

Cys 6 .80 .17 .03 

Pro 7 .52 .30 .18 

Orn 8 .56 .09 .35 

[Pen l ,L-PheEt 2 ,Thr 4,Orn 8]oxytocin 

L-PheEt 2 .69 .01 .30 

Asn 5 .30 .28 .42 

Cys 6 .75 .22 .03 

Pro 7 .52 .30 .18 

Orn 8 .56 .09 .35 

P (a) : Xl 60° P(a) (JI3-Jg)/(JtJg) 

P (b): Xl ±1800 P(b) (J I2 -J )/(Jt-J ) g g 

P (C) : Xl + 60° P(c) l-[P(a) + P(b)] 

J t 13.56 Hz 

J 2.6 Hz g 
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each para-alkyl-L-phenylalanine-containing oxytocin antag

onist. A comparison of these values with the values 

reported for [Pen 1 ,Phe 2 ,Thr 4 ]oxytocin suggest very similar 

solution conformations. The calculated side-chain rotamer 

population probabilities f.or para-alkyl-phenylalanine in 

position 2 of the particular antagonist when compared with 

the phenylalanine side-chain population in [Pen 1
1 Phe 2 ,Thr4 ]

oxytocin shows that the favored dihedral angle (XI) about 

the Cu-Cs bond in each case is -60°. A comparison of the 

side-chain rotamer populations of each phenylalanine deriva

tive with increasing size of the para-substituent shows 

that the dihedral angle (Xl = -60°) is most favored for the 

phenylalanine derivative containing a methyl group as the 

para substituent and the least favored for the phenylala

nine derivative containing an ethyl group in the para posi

tion. A comparison of the observations made for side-chain 

rotamer preference of the para-substituted-phenylalanine 

derivatives with similar observations made for the preferred 

O-alkyl-L-tyrosine side-chain rotamer show very similar 

trends; that is, the para-methyl-L-phenylalanine- and 0-

methyl-L-tyrosine-containing oxytocin antagonists appear 

to have almost identical solution conformations and the 

para-ethyl-L-phenylalanine- and O-ethyl-L-tyrosine

containing oxytocin antagonists likewise have nearly iden

tical solution conformations. 
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Table 24 lists the values (do/dT, ppm/oK) of the 

temperature dependence of peptide amide proton chemical 

shifts obtained for [Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin and 

[Pen 1 ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin. Comparison of the val

ues in Table 24 with the corresponding values for [Pen 1 ,

Thr 4 ]oxytocin (Table 29) shows that the overaJI trends are 

remarkably similar for all 3 oxytocin analogs, suggesting 

very similar solution conformations. The do/dT values 

obtained from amide proton chemical-shift temperature

dependence experiments for both para-methyl-L-phenylalanine

and para-ethyl-L-phenylalanine-containing oxytocin antago

nists are listed in Table 30. A comparison of these val

ues with either [Pen 1 ,Phe 2 ,Thr 4 ]oxytocin (Table 29) or 

[Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin and [Pen 1 ,L-TyrEt2,Thr 4 ,

Orn 8 ]oxytocin show nearly identical values suggesting very 

similar solution conformations for all of these antagonist 

analogs. 

The near zero temperature dependence for the 

asparagine-5 peptide amide is suggestive of the presence 

of an intramolecular hydrogen bond, most probably between 

the asparagine-5 peptide amide and the isoleucine-3 car

bonyl. The resultant C-7 turn created by this intramolec

ular hydrogen bond has been observed in many oxytocin 

antagonists previously reported by Hruby and Mosberg 

(1982a), suggesting a strong possibility for the presence 



Table 29. Temperature dependence of the peptide amide 
proton chemical shifts for oxytocin antago
nists containing threoninea 
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[Pen l ,Phe 2 ,Thr 4]
oxytocin 

[Pen l ,Thr 4]
oxytocin 

Residue 

Pen l 

Thr4 

Asn 5 

Cys 6 

Leu a 

Gly9 

6.8 

6.6 

-3.6 

0.0 

5.0 

9.6 

7.6 

a . Data taken from Hruby et al. ( 1981 ) 

7.4 

7.5 

-3.5 

0.0 

5.3 

9.7 

7.5 



Table 30. Temperature dependence of the peptide amide 
proton chemical shifts for [Pen 1 ,L-Phe(R)2,
Thr4,OrnB]~xytocin antagonists 

Residue -do/dT x 10 3 (ppm/oK) 

[Pen 1,L-PheMe 2,Thr 4,Orn B]oxytocin 

L-PheMe 2 5.0 

Ile 3 7.3 

Thr4 -3.3 

Asn 5 0.0 

Cys 6 5.3 

OrnB 9.6 

Gly9 7.6 

[Pen 1,L-PheEt 2,Thr 4,Orn B]oxytocin 

L-PheEt 2 5.0 

Ile 3 7.3 

Thr4 -2.9 

Asn 5 0.0 

Cys 6 5.3 

OrnB 9.6 

Gly9 7.6 
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of this type of conformational constraint in the new oxyto

cin antagonist analogs. 

The large positive amide proton temperature depen

dence observed for the threonine-4 peptide amide proton 

(corresponding to a downfield shift of the amide proton with 

increasing temperature) is consistent with previously 

reported (Hruby and Mosberg, 1981b, 1982a) amide temperature 

dependence studies for threonine-containing oxytocin antag

onists. Hruby and Mosberg (1982a) gave a possible explana

tion for this interesting observation and suggested that 

the threonine-4 amide proton is initially involved in a 

weak intramolecular hydrogen bond which is broken as the 

temperature of the medium is increased, allowing the amide 

proton to hydrogen bond with the solvent. Recent work 

by Aubry and Marraud (1983) on serine-containing peptides 

illustrates a positive serine amide proton temperature 

dependence. They suggested the presence of a side-chain 

hydroxyl-peptide amide proton hydrogen bond as the reason 

for the observed positive amide temperature dependence. 

Calculations done by Hodes, Nemethy, and Scheraga (1979a, 

1979b) and Benedetti et al. (1983) on threonine- and 

serine-containing peptides and proteins suggest the possi

bility of backbone side-chain hydrogen bonds for serine 

residues; however, threonine residues are more likely not 

to engage in backbone side-chain hydrogen bonds. Recent 
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calculations by Benedetti et al. (1983) suggest the most 

favorable side-chain conformation for threonine to be where 

the y methyl group is gauche to the peptide amide nitrogen 

and the y hydroxyl group is gauche to both the backbone 

amide and backbone carbonyl. The proposed threonine side-

chain conformation (Figure 5) is only a calculated confor-

mation and may not adequately describe the "bioactive" 

threonine side-chain conformation: however, this descrip-

tion indeed aids the interpretation of the observed pep-

tide positve temperature dependence for the threonine 

residue. 

H H 

OH 
H 

Figure 5. Possible side-chain conformations for 
the threonine residue. -- From Benedetti et al., 1983, 
p. 10). 
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One further suggestion as to the observed positive 

temperature dependence for the threonine amide proton util

izes the proposed threonine side-chain conformation. The 

observed upfield shift of the threonine amide proton sug

gests possible shielding of this proton by a large electron 

cloud possibly the Y methyl group of the threonine side 

chain. In addition, the proposed axial configuration of 

the Y hydroxyl allows possible hydrogen bonding interac

tions with water molecules solvating both the backbone 

amide and backbone carbonyl moieties thus setting up a net

work of hydrogen bonds between the Y hydroxyl group, water 

and the backbone amide as well as the backbone carbonyl 

moiety, water and the Y hydroxyl group. A temperature 

increase might cause the weakening of these interlocking 

hydrogen bonds causing the amide proton of threonine to 

hydrogen bond with the solvent. More complete conforma

tional studies on threonine-containing peptides are needed 

to confirm the preferred side-chain conformation of threo

nine as well as the observed positive temperature depen

dence of the threonine amide proton. 

The carbon-13 NMR chemical shifts and spin-lattice 

relaxation times (NT l ) ,for each antagonist containing 0-

alkyl-L-tyrosine are listed in Table 31 and Table 32. A 

comparison of these chemical shifts with the C-13 chemical 

shifts of [Pen l ,Thr 4 ]oxytocin (Tables 33 and 34) shows that 
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Table 31. C-13 nuclear magnetic resonance chemical shifts a 

for [Pen1,L-Tyr(OR) 2, Thr 4 ,Orn 8 ] oxytocin antago
nists 

Carbon [Pen l ,TyrMe Z,Thr 4 ,Orn81- [Pen 1 ,TyrEt Z, Thr 4,Orn81-
Residue Atom oxytocin oxytocin 

Half-Pen l aCH 62.6 62.5 
BC 51. 6 51. 3 
YCH3 26.2 26.2 
yCH 3 26.8 26.7 

L-TyroRZ aCH 57.6 57.6 
BCHz 36.7 36.7 
OCH3 67.1 
OCHz 68.0 

CH3 24.2 
C-1 l31. 8 l31. 8 
C-2,6 l31. 4 131. 6 
C-3,5 117.0, 115.8 117.0 
C-4 154.1 154.1 

aCH 60.6 60.6 
BCH 36.7 36.7 
YCH 3 14.7 14.7 
yCHZ 25.6 25.8 
6CH3 11.9 11. 9 

aCH 62.6 62.5 
BCH 66.9 66.9 
YCH3 20.9 20.9 

Asn5 aCH 51.5 51.6 
BCHz 40.1 39.8 

aCH 52.4 52.4 
BCHz 38.0 38.0 

aCH 61. 8 61. 8 
BCHz 30.3 30.3 
YCHz 25.5 25.2 
6CH2 48.9 48.9 

Orn8 aCH 54.1 54.2 
BCHz 30.4 28.7 
YCHz 25.8 25.2 
6CH2 39.3 39.2 

aCH2 43.1 43.1 

a. Chemical shifts are reported in parts per million (ppm) down
field from TMS measured from internal 1,4 dioxane (67.6 ppm). 
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Table 32. Spin-lattice relaxation times (NTI) for [Pen l ,-
L-Tyr(OR)2,Thr 4 ,Orn 8 ]oxytocin antagonists 

Carbon [Pen l ,TyrMe 2,Thr 4 ,Orn8)- [Pen l ,TyrEt 2 ,Thr 4 ,Orn 8)-
Residue Atom oxytocin oxytocin 

Half-Pen l aCH 99 123 
I3C 56 77 
YCH 3 434 459 
YCH 3 438 637 

Tyr(OR)2 aCH 128 72 
I3CH2 310 336 
OCH3 326 
OCH2 212 

CH3 370 

Ile 3 aCH 107 109 
I3CH 380 168 
YCH3 434 387 
YCH2 189 328 
oCH3 465 603 

'l.'hr4 aCH 99 59 
I3CH 63 106 
yCH3 365 521 

Asn 5 aCH 128 109 
I3CH3 181 205 

Cys 6 aCH 155 81 
I3CH2 482 391 

Pro 7 aCH 95 101 
I3CH2 253 402 
YCH2 248 
oCH2 232 280 

Orn 8 aCH 94 132 
I3CH2 482 318 
YCH 2 217 191 
oCH2 362 850 

Gly 9NH 2 aCH2 197 174 
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the O-alkyltyrosine-containing antagonists have essentially 

identical chemical shifts with previously reported oxytocin 

antagonists (Hruby et al., 1980). The assignment of the 

ornithine carbon atoms in position 8 was made by comparing 

the observed chemical shifts of each antagonist with liter

ature values (Howarth and Lilley, 1978). Conformation of 

the trans-proline configuration was done by a comparison 

of results reported by Brewster et ale (1973) for oxytocin. 

The X-Pro bond was shown by Brewster et al., while studying 

the solution conformation of oxytocin, to be entirely the 

trans configuration. Studies (Walter et al., 1973; 

Deslauriers, Smith, and Walter, 1974) utilizing C-13 NMR 

of oxytocin and its analogs confirm the observation by 

Brewster et ale (1973) for the trans configuration of the 

X-Proline peptide bond. 

The spin-lattice relaxation times for each O-alkyl

L-tyrosine-containing antagonist were determined and found 

to agree with the NTl data reported for [Pen l ,Thr4 ]oxytocin 

(Table 34; Hruby et al., 1980). The data suggest a less flex

ible conformation for the antagonists relative to oxytocin, 

confirming a report by Meraldi et ale (1977) on the possible 

differences in conformation between oxytocin antagonists and 

oxytocin agonists. In addition, the residues that seem to 

be the least flexible are the side chains of threonine in 

position 4 and the O-alkyl-L-tyrosine in position 2. This 



Table 33. 

Residue 

Half-Cys 1 

Half-Pen 1 

Tyr 2 

Phe 2 

Ile 3 

Thr4 

Asn 5 

cys6 

Pro 7 

Leu 8 

C-13 nuclear magnetic resonance chemical 
shiftsa for oxytocin antagonists contain
ing threonine 

Carbon 
Atom 

aCH 
BCH2 

C-l 
C-2,6 
C-3,5 
C-4 

aCH 
eCH2 
C-l 
C-2,6 
C-3,5 
C-4 

aCH 
eCH 
yCH2 
yCH3 
6CH 3 

aCH 
eCH 
YCH 3 

aCH 
BCH 2 
yCH 
6CH3 
6CH3 

aCH2 

[Pen 1 ,Thr 4 j
oxytocinb 

62.5 
51.6 
25.7 
25.5 

57.5 
36.7 

128.7 
131. 5 
117.0 
155.8 

60.6 
36.7 
25.5 
15.7 
12.0 

62.5 
66.9 
20.9 

51.5 
40.2 

52.6 
37.9 

61.8 
30.2 
26.2 
48.9 

53.6 
39.9 
25.7 
23.2 
21. 7 

43.2 

[Pen 1 ,Phe 2,Thr 4j
oxytocinb 

62.3 
51.4 
25.8 
25.4 

57.2 
37.5 

137.1 
130.4 
130.4 
128.8 

60.6 
36.7 
25.4 
15.0 
11.9 

62.3 
66.9 
20.8 

51.4 
40.2 

52.7 
37.9 

61.8 
30.2 
26.3 
48.9 

53.5 
40.0 
25.8 
23.2 
21. 7 

43.2 

a. Chemical shifts are reported in parts per million (ppm) 
downfield from TMS measured from itnernal 1,4 dioxane (67.6 ppm). 

b. Data taken from Hruby et al. (1980). 
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Table 34. Spin-lattice relaxation times (NT 1) for oxytocin 
antagonists containing threonine 

[Pen 1,Thr 4]- [Penl,Phe Z,Thr4]-
Residue Carbon Atom oxytocina oxytocina 

Hal£-Cys 1 aCH 
f:lCHz 

Half-Pen 1 yCH 100 90 
f:lC 205 190 
yCH 3 450 390 
yCH 3 450 390 

Tyr Z aCH 105 
f:lCHz 180 

Phe z aCH 120 
f:lCHz 260 

Ile 3 aCH 95 95 
f:lCH 90 135 
yCHz 1,140 720 
yCH 3 300 260 
oCH3 1,740 1,185 

Thr4 aCH 115 85 
f:lCH 135 110 
yCH 3 1,200 870 

Gln 4 aCH 
f:lCHz 
yCHz 

Asn 5 aCH 
f:lCH z 200 150 

Cys 6 aCH 130 95 
f:lCHz 200 170 

Pro 7 aCH 100 90 
f:lCH z 280 290 
yCH Z 300 260 
oCH z 130 145 

Leu 8 aCH 130 110 
f:lCH z 200 170 
yCH 150 130 
oCH3 1,740 1,080 
oCH3 1,140 1,080 

Gly9 aCH2 290 230 

a. Data taken from Hruby et al. ( 1980) 
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observation is in accordance with results reported by Hruby 

et ale (1980) for [Penl,Thrl~]oxytocin. The proton NMR data 

for the O-alkyltyrosine antagonists suggest a slightly dif

ferent side-chain rotamer population for the asparagine-5 

residue of [Pen 1,Thr 4]oxytocin. Comparison of NTI data for 

the asparagine residue of [Pen 1,Thr4 ]oxytocin and either 

[Pen 1,TyrMe 2,Thr 4,Orn8]oxytocin or [Pen 1,TyrEt2 ,Thr4 ,Orn8]oxy

tocin shows the N~ values obtained for the asparagine B car

bon are nearly identical for each antagonist analog, suggest

ing very similar asparagine side-chain mobility for all 3 

antagonist analogs. 

The carbon-13 NMR chemical shifts and spin-lattice 

relaxation times (NTl) for both para-alkyl-L-phenylalanine

containing oxytocin antagonists are listed in Tables 35 and 

36. A comparison of the values with either the O-alkyl-L

tyrosine-containing antagonists or [pen 1 ,Phe 2 ,Thr 4 ]oxytocin 

(Tables 33 and 34) show almost identical values for each 

para-alkyl-L-phenylalanine-containing antagonist. The 

combination of proton and C-13 NMR data obtained for each 

para-alkyl-L-phenylalanine-containing oxytocin antagonist, 

as well as for each o-alkyl-L-tyrosine-containing oxytocin 

antagonist, provide good evidence for the solution confor

mation of each antagonist. In addition, the data obtained 

for each described oxytocin antagonist provide further con

formation of the proposed general solution conformation of 

[Pen1]oxytocin antagonist analogs. 



Table 35. 

Residue 

Half-Pen 1 

L-Phe(R)2 

Ile 3 

Thr4 

Cys 6 

Pro7 

Orn 8 
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C-13 nuclear magnetic resonance chemical shiftsa 

for [Pen 1 ,L-Phe(R)2,Thr 4 ,Orn 8]oxytocin antago
nists 

Carbon [Pen 1 ,L-PheMe 2,Thr 4,Orn 8]- [Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8 ]-
Atom oxytocin oxytocin 

aCH 62.6 61. 6 
ec 51. 3 51.7 
yCH 3 26.2 24.3 
yCH 3 25.8 25.7 

aCH 57.5 59.9 
eCH2 36.9 37.6 
C-1 128.1 129.3 
C-2,6 130.8 129.5 
C-3,5 130.0 129.8 
C-4 131. 2 130.3 
CH 2 28.9 
CH 3 28.7 19.9 

aCH 60.6 60.3 
eCH 36.7 36.7 
YCH 3 14.6 15.9 
yCH 2 25.6 25.8 
6CH 3 11.9 11.8 

aCH 62.6 61.6 
eCH 66.9 68.1 
yCH 3 20.8 20.0 

aCH 51.3 51. 2 
eCH 2 39.9 39.9 

aCH 52.4 52.1 
eCH 2 39.9 37.4 

aCH 61.8 60.4 
eCH 2 30.2 30.4 
eCH 2 26.8 26.5 
yCH 2 49.1 49.1 

,aCH 54.5 54.3 
BCH 2 28.9 28.7 
yCH 2 23.1 23.1 
6CH 2 39.2 39.2 

aCH 2 43.1 43.1 

a. Chemical shifts are reported in parts per million (ppm) downfield 
from TMS measured from internal 1,4 dioxane (67.6 ppm) 
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Table 36. Spin-lattice relaxation times (NT 1 ] for [Pen 1 ,-
L-Phe(R)2,Thr 4 ,Orn 8]oxytocin antagonists 

Carbon [Pen l ,L-PheMe 2 ,Thr 4 ,Orn 81- [Pen l ,L-PheEt 2,Thr 4,Orn 81-
Residue Atom oxytocin oxytocin 

Half-Pen l IlCH· 100 95 
BC 203 200 
YCH3 460 450 
yCH 3 401 400 

L-Phe(R)2 IlCH 109 107 
BCH2 208 225 
yCH 2 350 
yCH 3 390 420 

Ile 3 IlCH 90 93 
BCH 234 220 
yCH3 653 . 695 
yCH 2 280 250 
6CH3 829 810 

Thr4 IlCH 79 80 
BCH 117 125 
yCH 3 701 535 

Asn 5 IlCH 94 95 
BCH2 174 170 

Cys 6 IlCH 97 90 
BCH 2 208 185 

Pro 7 IlCH 104 101 
BCH2 169 302 
YCH 2 169 
IiCH2 468 380 

Orn 8 IlCH 104 105 
BCH2 206 183 
YCH2 256 238 
6CH2 244 238 

Gly 9NH 2 IlCH2 289 308 
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D-amino Acid-containing Oxytocin Antagonists Sub

stituted in position 2. Investigations of possible solu

tion conformations for 3 oxytocin antagonists containing a 

D-amino acid in position 2 were undertaken utilizing NMR 

spectroscopy. The D-amino acid-containing oxytocin antag

onists studied were [Pen 1 ,D-TyrEt 2 ,Thr 4 ,Orn8 ]oxytocin, 

[Pen 1 ,D-PheMe 2 ;Thr 4 ,Orn 8 ]oxytocin, and [Pen 1 ,D-PheEt 2 ,Thr4 ,

Orn 8 ] oxytocin. 

The chemical shifts, coupling constants, and cal

culated side-chain rotamer populations for [Pen 1 ,D-TyrEt 2 ,

Thr 4 ,Orn 8 ]oxytocin are listed in Tables 37 and 38. A com

parison of the data in Tables 37 and 38 with the proton 

NMR data listed in Tables 22 and 23 for [Pen 1 ,TyrEt2 ,Thr 4 ,

Orn 8 ]oxytocin shows several significant changes. The chem

ical shift of the a proton of threonine-4 residue is 

shifted by 0.5 ppm to lower field in the D-TyrEt2-containing 

antagonist relative to the chemical shift observed for this 

same proton in the L-TyrEt 2 -containing antagonist. In 

addition, the B region of the O-ethyl-D-tyrosine-containing 

oxytocin antagonist shows a remarkable distinction of the 

individual B proton resonances assigned to the cysteine-6, 

asparagine-5, and D-tyrosine-2 residues. 

One further difference in the proton NMR spectrum 

of the D-TyrEt 2-containing antagonist relative to the 

L-TyrEt 2 -containing antagonist is a nearly 1.3 ppm chemical 



Table 37. H-l nuclear magnetic resonance chemical shifta and coupling constant 
data for the oxytocin antagonist [Pen 1 ,O-TyrEt 2 ,Thr4 ,Orn B]oxytocin 

Residue /)NH /) /)B /) /) . JNHaCH JaB JaB J
BB a y 0 

Pen l 4.11 1.15 
1. 33 

D-TyrEt 2 8.88 4.94 
3.01 7.27 OCHz 4.1 
3.09 6.92 CH3 1. 35 

8.7, 4.0 8.1 

Ile 3 7.65 3.90 2.3 2.1-1.9 
0.8 

< 2.0 0.6 

Thr4 6.85 4.49 4.19 1. 20 4.9 4.1 
4.14 

Asn S 8.71 4.68 
2.76 
2.78 5.5 6.6 6.6 7.5 

Cys 6 8.80 5.02 
3.32 
3.38 8.7 4.7 9.0 12.8 

Pro 7 4.43 1. 9-1. 8 3.7 5.3 B.9 

Orne 8.62 4.34 1. 7-1. 8 3.7 6.8 5.4 8.2 

Gly9 8.46 3.92 5.6 J 10.1 
6.1 aa' 

a. Chemical shifts are measured in parts per million downfield from internal TSp· 
pH '" 3.5, T '" 22°C ' 

I-' 
\..oJ 
I-' 
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Table 38. Classical side-chain rotamer populations calcu
lated for [Pen l ,D-TyrEt Z,Thr 4 ,Orn 8 ]oxytocin 
antagonist 

Residue P(a) P(b) P(c) 

D-TyrEt Z .50 .13 .37 

Asn 5 .36 .36 .28 

CysG .58 .19 .23 

Pro 7 .57 .25 .18 

Orn 8 .51 .26 .23 

P (a) : Xl - 60° P(a) (JI 3-J )/(Jt-J ) g g 

P (b): Xl ±180° P(b) (JIZ-J )/(Jt-J ) 
9 g 

P(c) : Xl + 60° P(c) l-[P(a) + P(b)] 

J t 
13.56 Hz 

J 2.6 Hz g 
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shift of the asparagine-5 residue peptide amide proton to 

lower field in the D-TyrEt 2 -containing antagonist relative 

to the peptide amide proton of asparagine-5 residue in the 

L-TyrEt 2-containing antagonist. These results suggest a 

different backbone conformation in the region containing 

threonine-4 and asparagine-5. 

Comparison of the calculated side-chain rotamer 

populations for [Pen 1 ,L-TyrEt2 ,Thr4,Orn8]oxytocin (Table 23) 

and [Pen 1 ,D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin (Table 38) shows 

some differences in the relative populations for the 

asparagine-5 side chain. Unlike the L-TyrEt 2 -containing 

antagonist, which had rotamer C (X' = +60°) as the most 

highly populated rotamer, the D-TyrEt 2-containing antago

nis suggests that both rotamer A (X' = -60°) and rotamer 

B (X' = ±1800) are equally populated; a finding similar to 

the results obtained for [Pen1]oxytocin. A possible expla

nation for the observed chemical shift differences for 

both the threonine and asparagine residues is a different 

backbone conformation in this region possibly caused by 

the loss of the intramolecular hydrogen bond of the aspar

agine peptide proton, so noticeable for the L-TyrEt 2 -

containing antagonist. 

Previous work by Meraldi et al. (1975) suggests 

that peptide amide protons involved in intramolecular 

hydrogen bonding exhibit upfield shifts most probably due 
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to shielding of the proton. The temperature dependence of 

the peptide amide proton chemical shifts was performed on 

[Pen 1 ,D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin and the values obtained 

are listed in Table 39. A comparative analysis of these 

do/dT values with similar do/dT values obtained for [Pen 1 ,

L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin (Table 24) sh9WS several dif

ferences. The near zero temperature dependence for the 

peptide amide proton of asparagine-5 observed for [Pen 1 ,

L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin is absent in the [Pen 1 ,

D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin analog. In fact, the do/dT 

value of 7.6 ppm/oK obtained for the asparagine residue 

suggests rapid exchange of this amide proton with the sol

vent. The positive temperature dependence of the threonine 

peptide amide proton observed for the all L-peptide antag

onist diastereomer is absent in the oxytocin antagonist 

containing D-TyrEt 2 • The -do/dT value of 1.0 for threonine 

in the D-peptide antagonist diastereomer suggests a partial 

shielding of this proton from solvent and thus slower 

exchange. Finally, the most important conformational fea

ture obtained from the temperature dependence studies is 

the observation that the isoleucine peptide amide proton 

has a zero temperature-dependent chemical shift change. 

This result suggests the involvement of an intramolecular 

hydrogen bond by the isoleucine-3 peptide amide proton, 

most probably between the carbonyl of penicillamine-1 
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Table 39. Temperature dependence of the peptide amide 
proton chemical shifts for the oxytocin antag
onist [Pen 1 ,D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin 

Residue -d6/dT x 10 3 (ppm/oK) 

D-TyrEt Z 8.6 

Ile 3 0.0 

Thr4 1.0 

Asn 5 7.6 

Cys 6 8.6 

Orn 8 9.6 

Gly9 7.3 

residue and the amide proton of the isoleucine-3 residue. 

A temperature dependence study on [Pen1]oxytocin suggested 

the presence of 2 intramolecular hydrogen bonds within the 

disulfide ring, Asn-5 NH--Ile-3 CO and Ile-3 NH---Pen-1 

co. The intramolecular hydrogen bond involving the amide 

proton of isoleucine and the carbonyl of penicillamine-1 is 

absent in the antagonist analogs containing O-alkyl-L-

tyrosine, although the asparagine-5 amide-isoleucine-3 

carbonyl hydrogen bond remains. 

Replacement of the O-alkyl-L-tyrosine residue with 

an O-alkyl-D-tyrosine residue in position 2 of oxytocin 
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antagonists causes a reversal of the hydrogen bonding pat

tern observed for the L-TyrEt 2 -containing antagonists, 

implying a slight change in conformation of the peptide 

backbone within the 20-membered ring. The large S-proton 

resonance separation observed for the amino-acid residues 

in positions 2, 5, and 6 provides additional evidence for 

a change in peptide backbone conformation within the 20-

membered ring. The stereochemistry of the amino acid in 

positon 2 appears to be sufficient to change the conforma

tion of the peptide backbone within the 20-membered ring. 

The proton NMR chemical shifts, coupling constants, 

and calculated side-chain rotamer populations for both 

D-diastereomeric oxytocin antagonists ([Pen 1 ,D-PheMe 2 ,

Thr 4 ,Orn 8 ]oxytocin and [Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8 ]oxytocin) 

are listed in Tables 40 and 41. A comparison of the values 

listed for both para-alkyl-D-phenylalanine-containing oxy

tocin antagonists with the values listed in Tables 37 and 

38 for the corresponding O~ethyl-D-tyrosine-containing 

oxytocin antagonist shows the similar changes in the indi

vidual chemical shifts for asparagine and threonine as 

well as the large S-proton resonance separation and are 

nearly identical for all 3 analogs. These results suggest 

very similar overall solution conformations. 

Further indication of similar solution conforma

tions for the D-amino acid-containing oxytocin antagonists 
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Table 40. H-1 nuclear magnetic resonance chemical Shifts~ 
and coupling constant data for [Pen 1 ,D-Phe(R)2 
Thr 4 ,Orn 8 ] oxytocin antagonists 

Residue 0 0 oil cS 00 JNHaCH Jail J afl • NH a Y 

[penl,D-PheMe2,Thr4,orn81ox~tocin 

Pen l 4.09 1.34 
1.17 

D-PheMe 2 8.85 4.96 3.04 7.54 2.29 6.5 5.1 8.0 
7.34 

Ile 3 7.63 3.93 1.85 0.85 6.6 2.4 
0.80 

Thr4 6.90 4.49 4.14 1.20 4.0 
4.17 

Asn S 8.70 4.69 2.78 7.4 7.2 7.6 
2.76 

Cys 6 8.84 5.01 3.38 8.0 3.7 9.8 
3.33 

Pro 7 4.43 2.1 2.0 3.67 5.4 8.8 

Orn 8 8.67 4.33 1. 80 1. 90 7.3 5.3 7.7 

Gly9 8.44 3.91 7.33 
J aa • 19.8 7.33 

[Penl,D-PheEt2,Thr4,Orn81ox~tocin 

Pen l 4.03 1.15 

D-PheEt 2 8.89 5.00 3.01 7.24 2.61 8.6 4.9 8.6 
3.05 1.17 

Ile3 7.50 3.95 1.4 0.85 6.7 6.7 
0.83 

Thr4 6.91 4.49 4.19 1. 21 6.1 4.2 
4.16 

Asn S 8.73 4.69 2.79 5.6 4.6 7.2 
2.76 

Cys 6 8.89 5.01 3.30 8.6 4.6 9.5 
3.01 

Pro7 4.43 1.9 2.1 3.7 4.9 8.1 

OrnB 8.67 4.35 1.8 1.9 1.9 6.6 5.6 7.9 

Gly9 8.46 3.93 5.8 J aa • 18.5 

a. Chemical shifts are measured in parts per million downfield from 
internal TSP; pH '" 3.5, T '" 25°C 

b. R = methyl or ethyl 



138 

Table 41. Classical side-chain rotamer populations calcu
lated for [Pen l ,D-Phe(R)2,Thr 4 ,Orn 8 ]oxytocin 
antagonists 

Residue Pta) P(b) P(c) 

[Pen l ,O-PheMe 2 ,Thr 4 ,Orn 8 ]oxytocin 

O-PheMe 2 .49 .23 .28 

Asn 5 .46 .42 .16 

Cys 6 .66 .10 .34 

Pro 7 .57 .26 .17 

Orn 8 .47 .25 .28 

[Pen l ,O-PheEt 2 ,Thr 4 ,Orn 8]oxytocin 

D-PheEt 2 .55 .21 .24 

Asn 5 .42 .18 .40 

Cys 6 .63 .18 .19 

Pro 7 .50 .21 .29 

Orn 8 .48 .27. .25 

P (a) : Xl - 60° P(a) (JI3-J g )/(Jt -Jg ) 

P (b) : Xl ±1800 P(b) (JI2-J g )/(Jt -Jg ) 

P (c) : Xl + 60° P(c) l-[P(a) +P(b)] 

J t 13.56 Hz 

J 2.6 Hz 
9 
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may be found in a comparison of the d6/dT values for the 

temperature dependence of the peptide amide proton chemical 

shifts. Examination of the values for each para-alkyl-D

phenlalanine-containing oxytocin antagonist (Table 42) 

shows a near zero ~emperature dependence for the isoleu

cine amide proton and a large temperature dependence for 

the asparagine amide proton. These results suggest the 

possibility of the isoleucine peptide amide proton partic

ipating in an intramolecular hydrogen bond (d6/dT = 0), 

while the asparagine peptide amide proton is freely 

exchanging with solvent (d6/dT = 7.0 ppm/oK). The combina

tion of the amide chemical shift temperature dependence 

data and the chemical shift data for the individual thre

onine and asparagine residues obtained for the para-alkyl

D-phenylalanine-containing oxytocin antagonists provide 

further evidence for a slight change in the peptide back

bone conformation within the 20-membered ring for oxytocin 

antagonists substituted with a D-amino acid in position 2. 

The C-13 NMR chemical shifts for [Pen 1 ,D-TyrEt2 ,

Thr 4 ,Orn 8 ]oxytocin are listed in Table 43. Comparison of 

the values in Table 43 with the values obtained for [Pen 1 ,

L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin (Table 31) shows very similar 

chemical shifts for all assigned carbons except the a and 

S carbons of threonine. The chemical shifts for the a 

carbon of threonine is shifted by approximately 1.0 ppm to 



Table 42. Temperature dependence of the peptide amide 
proton chemical shifts for [Pen 1 ,D-Phe(R)2,
Thr 4 ,Orn B]oxytocin antagonists 

Residue -do/dT x 103 (ppm/oK) 

[Pen 1,D-PheMe 2,Thr 4,Orn B]oxytocin 

D-PheMe 2 6.0 

Ile 3 0.0 

Thr4 4.0 

Asn 5 8.0 

Cys 6 12.0 

OrnB 6.0 

Gly9 12.0 

[Pen 1,D-PheEt 2 ,Thr 4 ,Orn 8]oxytocin 

D-PheEt 2 4.0 

Ile 3 0.0 

Thr4 3.3 

Asn 5 7.5 

Cys 6 8.2 

OrnB 6.3 

Gly9 11. 6 

140 



Table 43. C-13 nuclear magnetic chemical shifts a for 
[Pen l ,D-TyrEt 2 ,Thr 4 ,Orn 8]oxytocin antagonist 

141 

Carbon [Pen l ,O-TyrEt 2,Thr 4,Orn B]-
Residue Atom oxytocin 

Half-Pen l aCH 61. 6 
BC 51. 8 
yCH3 26.2 
yCH 3 26.7 

O-TyrEt 2 aCH 58.1 
BCH2 36.0 
C-1 131. 4 
C-2,6 131. 7 
C-3,5 116.2 
C-4 154.1 

OCH2 65.5 
CH3 21. 9 

aCH 61. 5 
BCH 36.0 
YCH 15.7 
YCH 24.3 
oCH 11. 0 

Thr4 aCH 63.5 
BCH 68.9 
YCHi 20.8 

Asn s aCH 50.7 
BCH2 39.9 

Cys 6 aCH 51. 8 
BCH2 37.4 

Pro 7 aCH 60.2 
BCH2 30.5 
y CH2 25.6 
oCH2 49.1 

OrnB aCH 55.7 
BCH2 29.3 
y CH2 23.6 
6CH2 39.9 

aCH 2 43.1 

a. Chemical shifts are reported in parts per million downfield 
(ppm) downfield from TMS measured frcm internal 1,4 dioxane (67.6 ppm) 
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lower field confirming the similar trend observed in the 

proton NMR spectra for [Pen l , O-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin. 

The '8-carbon chemical shift for threonine shows a shift of 

approximately 1.3 ppm upfield, indicating possibly more 

shielding of this carbon relative to the same carbon in 

[Pen l ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin. These results suggest 

a possible conformational change in both the threonine 

side chain and the region of the peptide backbone contain

ing threonine. The asparagine peptide amide resonance in 

the proton NMR spectrum of [Pen l ,O-TyrEt 2 ,Thr 4 ,Orn8 ]oxyto

cin, when compared with the asparagine amide resonance in 

the proton NMR spectrum of [Pen l ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxyto

cin, shows a marked downfield shift in the O-amino acid

containing peptide. This change in chemical shift was 

attributed to the loss of the intramolecular hydrogen bond 

that involved the asparagine peptide amide proton. Compar

ison of the asparagine residue u- and S-carbon resonances 

for both [Pen l ,O-TyrEt 2 ,rhr4 ,Orn 8 ]oxytocin and [Pen l ,

L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin show essentially identical 

chemical shifts for both antagonist analogs, suggesting 

there is little change in electronic environment around 

the asparagine residue when the peptide amide proton of 

asparagine is not involved in an intramolecular hydrogen 

bond. The determination of NTl values was not performed 

on the O-TyrEt 2 -containing antagonist due to lack of 
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material. A determination of the flexibility of the aspara

gine a and S carbons in the absence of an intramolecular 

hydrogen bond would be a useful dynamic probe for a compar

ison between diastereomeric oxytocin antagonists. 

The C-13 chemical shifts and spin-lattice relaxation 

times (NT l ) for each para-alkyl-D-phenylalanine containing 

oxytocin antagonist are listed in Tables 44 and 45. A com

parison of the carbon chemical shifts for the asparagine 

and threonine residues in the para-alkyl-D-phenylalanine 

antagonist analogs show that only the S-carbon of threonine 

is effected by the incorporation of a D-amino acid into 

position 2. The threonine S-carbon is deshielded by 1.2 

ppm in the D-amino acid peptide diastereomer possibly due 

to the close proximity of the backbone carbonyl of threonine. 

Unlike the O-ethyl-D-tyrosine-containing oxytocin antago

nist, the carbon in the threonine is not deshielded in the 

para-alkyl-D-phenylalanine-containing peptides, suggesting 

a possible change in the local environment of threonine. 

The incorporation of a D-amino acid into position 2 

of oxytocin antagonists will cause a change in the orienta

tion of the aromatic side chain relative to the orientation 

of the aromatic side chain for oxytocin antagonists contain

ing an L-amino acid in position 2. The change in configu

ration of the aromatic amino-acid side chain (L--D) forces 

the aromatic side chain away from a position oriented 

"over" the 20-membered disulfide ring. Thus, the D-amino 
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Table 44. C-13 nuclear magnetic resonance chemical shifts
a 

for [Pen 1 ,D-Phe(R)2,Thr 4 ,Orn 8 ]oxytocin antago
nists 

Carbon [Pen) ,D-PheMe 2 ,Thr 4 ,Orn 8 ]- [Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8 ]-
Residue Atom oxytocin oxytocin 

Ha1f-Pen l aCH 62.5 61.5 
BC 51. 3 51. 5 
yCH 3 26.0 24.3 
yCH 3 26.0 25.6 

D-Phe(R) 2 aCH 57.5 58.1 
BCH 2 36.9 37.4 
C-1 127.9 129.1 
C-2,6 130.8 134.2 
C-3,5 130.0 130.4 
C-4 131.1 130.4 
CH 2 28.6 
CH 3 28.7 19.9 

I1e 3 aCH 60.6 50.1 
BCH 36.7 36.7 
yCH 3 14.8 15.8 
yCH 2 25.7 26.7 
6CH~ 11. 8 .11.1 

aCH 62.6 61. 6 
BCH 66.9 68.7 
yCH 3 20.8 20.3 

Asn s aCH 51. 3 50.6 
BCH 2 39.9 39.9 

aCH 52.4 51.8 
BCH 2 39.9 37.2 

Pro 7 aCH 61. 8 61.9 
BCH 2 30.1 30.5 
yCH 2 26.8 26.7 
6CH 2 49.1 49.1 

Orn 8 aCH 54.5 
BCH 2 29.0 55.6 
yCH 2 23.2 28.9 
6CH 2 39.2 23.8 

aCH 2 43.1 43.1 

a. Chemical shifts are reported in parts per million (ppm) down
field from TMS measured from internal 1,4 dioxane (67.6 ppm). 
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Table 45. Spin-lattice relaxation times (NT 1) for [Pen 1 ,-
D-Phe(R)2,Thr 4 ,Orn8]oxytocin antagonists 

Carbon [Pen l ,O-PheMe 2,Thr 4 ,Orn8]- [Pen l ,O-PheEt 2 ,Thr 4 ,Orn 8]-
Residue Atom oxytocin oxytocin 

Half-Pen l aCH 109 101 
BC 
YCH3 531 450 
YCH3 531 450 

O-Phe(R)2 aCH 101 100 
BCH2 358 336 
pCH 2 250 
pCH 3 340 370 

Ile 3 aCH 109 109 
BCH 205 168 
YCH3 753 687 
YCH2 340 328 
6CH3 1,674 1,206 

Thr4 aCH 86 95 
BCH 181 120 
yCH3 721 521 

Asn 5 aCH 171 120 
BCH2 354 295 

Cys 6 aCH 88 87 
BCH2 354 391 

Pro 7 aCH 179 101 
BCH2 168 392 
YCH2 
6CH2 168 275 

Orn 8 aCH 93 96 
BCHz 354 318 
yCHz 186 183 
6CH2 358 350 

Gly9NH z aCHz 354 362 



146 

side chain in position 2 of oxytocin antagonists is not 

only restricted from assuming a position over the 20-

membered disulfide ring by the S-methyls of penicillamine 

but also because of the configurational change (L--D). 

One effect of this configurational change to the D-aromatic 

amino-acid side-chain orientation may be to enhance the 

side-chain flexibility relative to the L-configuration. 

A comparison of the phenylalanine S-carbon NTl 

value for each of the para-alkyl-D-phenylalanine-containing 

peptides with the corresponding para-alkyl-L-phenylalanine

containing peptides suggests that there is probably more 

flexibility in the D-aromatic amino acid side chain than 

in the L-aromatic amino-acid side chain. Overall compari

son of the NTl values for each D-peptide diastereomer with 

the corresponding L-peptide diastereomer show that there 

are similar restrictions in the backbone carbon atoms at 

positions 2, 4, 6, and 8. Comparative analysis of the NTl 

values for the carbon atoms for the asparagine residue in 

position 5 imply greater mobility of this residue possibly 

due to the absence of an intramolecular hydrogen bond that 

would otherwise reduce the flexibility of the a carbon atom 

in the peptide backbone. 



Conformational Studies of Oxytocin 
Analogs Utilizing Circular 
Dichroism Spectroscopy 
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One further conformational feature was determined 

for each oxytocin analog and is discussed in this disserta-

tion. Circular dichroism spectroscopy was used in order 

to compare the disulfide dihedral angle and chirality with 

data previous reported for oxytocin and [Pen1]oxytocin 

antagonists. Initial theoretical studies by Carmack and 

Neubert (1967), Dodson and Nelson (1968), and Linderberg 

and Michl (1970) of the disulfide-containing organic com-

pounds developed an empirical correlation between the sign 

of the lowest energy CD band and the disulfide chirality. 

More complete theoretical studies by Woody (1973) and 

Linderberg and Michl (1970) of chiral disulfides suggest 

a relationship between the disulfide dihedral angle and 

the observed sign of the lowest energy CD band. The com-

bination of all the theoretical studies suggested that 

disulfides had right-handed chirality and that a negative 

sign for the lowest energy CD band would indicate a disul-

fide dihedral angle (~) between 90° and 180°, while a 

positive sign for the lowest energy CD band would indicate 

a dihedral angle of less than 90°. The proposed quadrant 

rule for chiral disulfides suggested by theoretical studies 

was verified experimentally (Ludescher and Schwyzer, 1971) 

for a compound containing a known disulfide dihedral 
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angle. These studies, coupled with some recent experi

mental verification, have aided greatly the interpretation 

of vast numbers of complex molecules containing disulfides 

including the data reported in this dissertation. 

Cycloleucine-containing Oxytocin Agonist Analogs. 

Figures. 6, 7, 8, and 9, as well as Tables 46 and 47, which 

illustrate the CD spectra and the corresponding molar ellip

ticities obtained for cycloleucine-containing oxytocin ago

nists and antagonists, respectively, are located in this 

and the subparagraph following. The values in the tables 

were recorded at various pH values so thata change in con

formation with respect to a pH change might be detected. 

Examination of the CD s~ectrum of each cycloleucine

containing oxytocin analog at various pH values shows the 

general features of the individual CD curves remain intact. 

This general property of the analog maintaining conforma

tional integrity throughout a broad spectrum has been 

observed for pH changes in oxytocin itself (Beychok and 

Breslow, 1968). A more important feature inherent to the 

[Cle 2 ]oxytocin analog that suggests a more careful examin

ation of its CD spectra is the absence of the competing 

aromatic chromophore, tyrosine. The CD spectrum in the 

region 300 nm to 250 nm of oxytocin is complicated by the 

overlap of the weak n~a* transition of the disulfide moi

ety with the much stronger n~n* transition corresponding 
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to the aromatic ring of tyrosine. The substitution of 

cycloleucine for tyrosine in position 2 of oxytocin removes 

this complication thus permitting the determination of the 

disulfide dihedral angle and chirality. 

The CD data in Tables 46 and Figure 6 for [Cle 2 ]

oxytocin indicate a small negative band ([8] = -1.2-2.3 x 

10 3 ) in the wavelength range 270-290 nm for all measured 

pH values. Comparison of this result with previous studies 

of non-tyrosine-containing oxytocin analogs (Hruby et al., 

1978) suggests very similar disulfide conformations. The 

minimum of the negative band centered at a wavelength of 

280 nm suggests a disulfide dihedral angle for [Cle 2 ]oxy

tocin to be close to 120 0 with right-handed chirality. 

Additional confirmation of the disulfide dihedral angle 

may be obtained by observing that there is a positive CD band 

of next lowest energy also attributable to an n--o* transi

tion for the disulfide centered at 235 nm. The assignment 

of the negative CD band centered at 280 nm and the positive 

CD band centered at 235 nm to the n~o* transition of the 

disulfide suggest a disulfide dihedral angle of approxi

mately 120 0 with right-handed chirality. 

The observation of a CD band in the wavelength 

region 230-210 nm represents the n--n* transition for the 

backbone amides overlapping with the n ___ n* transition for 



Table 46. Molar ellipticity values for cycloleucine
containing oxytocin analogs substituted in 
position 2 

pH 

1. 96 

7.10 

11.94 

1. 96 

7.10 

11. 94 

a. [e] 

A (nm) 
max 

[Cle 2 ]oxytocin 

210 
215 
240 
260 
280 

210 
215 
240 
260 
280 

210 
215 
240 
260 
280 

[pen 1 ,Cle 2 ]oxytocin 

210 
215 
240 
260 
280 

210 
215 
240 
260 
280 

210 
215 
240 
260 
280 

-57.9 
-28.9 
-10.4 
- 2.3 
- 2.3 

-57.9 
-31. 2 
-16.2 

0.0 
- 2.3 

4.6 
16.4 
11. 6 

5.8 
1.2 

- 2.95 
28.1 

-39.8 
-10.3 
- 2.95 

8.9 
29.5 

- 1. 5 
2.95 
0.0 

8.9 
29.5 

7.4 
4.4 
0.0 

molar ellipticity in deg-cm 2 /dmole 

150 
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the tyrosine moiety. The replacement of tyrosine in posi

tion 2 with cycloleucine allows unambiguous assignment of 

the weakly positive band observed at pH 11.5 and centered 

at 220 nm to be n---+n* transition for the peptide backbone 

amides. This weak transition is comparable with other oxy

tocin analogs not containing tyrosine,. however, for other 

pH values where CD spectra were recorded for [Cle 2]oxytocin, 

no maximum was observed; a result very similar to that ob

tained for 1-hemi-D-cysteine oxytocin (Hruby et al., 1982). 

There was, however, no explanation for this observation in 

[hemi-D-Cysl]oxytocin, and the fact that a similar result was 

obtained for [Cle 2]oxytocin is still not easily explained. 

The CD spectrum measured at various pH values for 

[Cle 8 joxytocin is shown in Figure 7. The calculated molar 

ellipticity values, [8], are listed in Table 47. A cursory 

examination of the spectrum obtained at various pH values 

shows essentially no change. Careful inspection of the 

spectrum for [Cle 8 ]oxytocin in the 340 to 250 nm range 

shows the presence of 2 distinct negative bands. The 

first band centered at 290 nm ([e] = -4.5 x 10 3 ) corre 

sponds to 1 of the 2 bands of the n~a* transition for the 

disulfide bond. A second negative band centered ([e] = 

-5.9 x 10 3 ) at 270 nm represents then---+n* transition 

of the tyrosine aromatic moiety. The second band 
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Table 47. 

pH 

1.6 

6.1 

11.8 

1.6 

6.1 

11. 8 

a. [ e ] 

Molar ellipicity values for 
containing oxytocin analogs 
position 8 

A max{nm) 

[Cle 8 ]oxytocin 

210 
225 
265 
275 

210 
225 
265 
275 

210 
225 
265 
275 

[Pen 1 ,Cle 8]oxytocin 

210 
220 
265 
275 

210 
220 
265 
280 

210 
220 
265 
280 

154 

cycloleucine-
substituted in 

[e ] a x 10 3 

-11. 9 
89.9 

- 2.3 
- 5.9 

- 5.9 
86.3 

- 1.2 
- 5.9 

-19.2 
19.2 

0.0 
- 1.2 

43.6 
63.3 

- 2.1 
- 5.4 

6.5 
42.5 

- 5.4 
- 7.6 

3.29 
26.2 

- 2.1 
- 5.4 

molar ellipticity in deg-cm 2 /dmole 
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corresponding to the n--+cr* transition of the disulfide 

bond is positive ([8] = 2.4 x 10 3 ) and centered at 255 nm. 

The two bands representing the n--+a* transition of the 

disulfide bond correspond to a disulfide dihedral angle 

between 90 0 and 120 0 with right-handed chirality are in 

very good agreement with recent work by Fric et ale (1974) 

and Fric et al. (1983) 

The large positive ellipticity ([8] = 89.9 x 10 3 ) 

centered at 225 nm represents overlap of both the n--+n* 

transition of the amide backbone as well as the n--+n* 

transition of the tyrosine aromatic ring moiety. Compari

son of this region of the spectrum with the CD spectra 

obtained for [Cle 2 ]oxytocin in the same region show that 

the intensity gain is due most probably to the transitions 

caused by the presence of the tyrosine moiety. The overlap 

of the n-TI* and n--+n* transitions in the CD spectrum of 

[Cle 8 ]oxytocin is most apparent at the basic pH value where 

the tyrosine transition is shifted to a longer wavelength 

because of the titration of the tyrosine hydroxyl group. 

Cycloleucine-containing Oxytocin Antagonists. An 

examination of the CD spectrum for [Pen 1 ,Cle 2 ]oxytocin 

shown in Figure 8 and the data listed in Table 46 indicates 

a similar overall conformation when compared with the pre

viously reported oxytocin antagonist [Pen 1 ,Leu 2 ]oxytocin 

(Hruby et al., 1978). The comparison of the CD spectra of 
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[Pen 1 ,Cle 2]oxytocin and [Pen 1 ,Leu 2 ]oxytocin is a natural 

one since these 2 analogs are the only known oxytocin 

antagonists that do not contain an aromatic residue in 

position 2. The disulfide chromophore for [Pen 1 ,Cle 2 ]

oxytocin may be aS$igned by the observation of a moderate 

negative CD band ([6] = -5.9 x 10 3 ) centered at 270 nm. 

The presence of a strong negative CD band ([6] -37.8 x 

10 3 ) centered at 235 nm is heretofore unknown and is prob

ably not attributable to the disulfide bond. These results 

suggest a very similar disulfide dihedral angle (1100~1200) 

for [Pen 1 ,Cle 2 ]oxytocin relative to [Pen 1 ,Leu 2 ]oxytocin. 

As the pH is made more basic in the peptide solution the 

intensity of the negative CD band attributable to the 

disulfide chromophore at 270 nm goes to zero while the 

intensity of the positive CD band also attributable to the 

disulfide becomes greater, in direct agreement with the 

results previously reported for [Pen 1 ,Leu 2 ]oxytocin (Hruby 

et a 1 ., 1978). 

The intense band centered at 215 nm is clearly 

assigned as the n--+n*transition for the peptide backbone 

amides. The range of molar ellipticities obtained for 

[Pen 1 ,Cle 2 ]oxytocin ([6]= 28.1-29.2 x 10 3 ) are in direct 

agreement with the values previously reported for [Pen 1 ,

Leu 2 ] oxytocin. 



158 

The strong negative band c~ntered at 235 nm ([8] = 

-39.8 x 10 3) has never been observ~d in any known oxytocin 

antagonist to date. The observed negative CD band may sug

gest that the peptide backbone conformation within the 20-

membered ring may exist in a sligh~ly different conforma

tion than previously studied oxytoqin antagonists; however, 

the conformation of the backbone tqat is represented by the 

CD is uncertain. 

The circular dichroism speqtralobtained at various 

pH values for [Pen 1 ,Cle8 ]oxytocin ~s shown in Figure 9 and 

Table 47. The presence of a negat~ve CD band centered at 

280 nm represents the 1T-1T* tranE/ition of the aromatic 

ring moiety of tyrosine, while the shoulder centered at 290 

nm represents the weaker n--+ 0* tr:ansi tion of the disu 1-

fide chromophore. A weak positive CD band ([8] = 8.7-22.9 

x 10 3) centered at 240 nm again co~responds to the transi

tion of the disulfide. The combinationlof the negative band 

at 280 nm and the positive band at 2~10 nin suggests a disulfide 

dihedral angle based on Woody's (1973) theoretical treatment 

somewhere between +90 0 and +130 0 with right-handed chirality. 

The large positive CD ([8] = 26.2-63.3 x 10 3 ) band 

centered at 220 nm represents agaiD overlap of two transi

tions, 1T -1T* transition for tyrosj.ne and n-1T* transi

tion of the amide moiety. The con~ribution to this band 

by n-1T* transition is manifested when the hydroxyl group 
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of tyrosine is titrated with base. The result of titrating 

the hydroxyl group is a red shift of the contributing 

TI~TI* band of tyrosine to 245 nm. 

A comparison of the CD spectra of cycloleucine

containing oxytocin agonists and cycloleucine-containing 

[Pen1]oxytocin antagonists indicate that the main differ

ence lies in the intense maxima between 220 nm and 215 nm 

for the cycloleucine-containing [Pen1]oxytocin analogs. 

This observation suggests that the peptide backbone is much 

more rigid in cycloleucine-containing oxytocin antagonists 

than the peptide backbone in the corresponding cycloleucine

containing oxytocin agonist analogs. This observation con

firms the earlier observations of Hruby et al. (1982) and 

Fric et al. (1983), who suggested that antagonists possess 

more conformationally rigid structures than the correspond

ing oxytocin agonist analogs and possess very similar solu

tion conformations among each group of analogs. 

L-amino Acid-containing Oxytocin Antagonists Sub

stituted in position 2. Investigations of the conformation 

of the disulfide bond for each oxytocin antagonist contain

ing an L-amino acid in position 2, including [Pen 1,L-TyrEt2 ,

Thr 4 ,Orn 8]oxytocin, [Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn B]oxytocin, 

[Pen 1,L-PheMe 2 ,Thr 4 ,Orn B] oxytocin, and [Pen 1,L-PheEt2 ,Thr 4 ,

OrnB]oxytocin, were undertaken utilizing CD spectroscopy. 
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The CD spectra for [Pen 1,TyrMe 2,Thr 4 ,Orn 8]oxytocin 

and [Pen 1 ,TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin are shown in Figures 

10 and 11. Tabulated values for particular wavelengths of 

interest at 3 different pH values for each of these O-alkyl

L-tyrosine-containing antagonists are listed in Table 48. 

The lowest energy negative band centered at 280 nm for 

[Pen 1 ,TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin ([6] = -3.6 to -11.9 x 

10 3 ) and 275 nm for [Pen 1 ,TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin ([a] 

-9.6 to -6.8 x 10 3 ) represent both the low energy 1T-n* 

transition for tyrosine as well as the n---+a* transition 

of the disulfide bond. The molar ellipticity values 

obtained in this region are approximately 1 order of magni

tude larger than similar values observed for [Pen 1 ,Thr 4 ]

oxytocin. Employing arguments very similar to those used 

previously by Hruby et al. (1982) and Fric et al. (1974), 

the increased intensity of the band implies a greater rigid

ity in the O-alkyl-L-tyrosine-containing antagonists than 

the corresponding [Pen 1 ,Thr 4 ]oxytocin antagonist. There 

is no observed red shift of the long wavelength band when 

the CD spectrum is measured at basic pH due to alkylation 

of the hydroxyl group of tyrosine. This observation is 

also apparent in the shorter wavelength region (210-250 nm) 

where again the red shift of the tyrosine is undetectable. 

A weak positive band between 245 and 250 nm for [Pen 1 ,

TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin ([6] = 0.59-1.2 x 10 3 ) and 



110 

100 

90 

80 

70 

60 

50 

It) 

'Q 40 

)( 30 
'<D' J....;;;.j 

20 

10 

0 

-10 

-20 

UlI 

'\ II pH 2.4 

6 pH 6.3 

/ 8 G pH 12.6 

l {!l I [penl ,L: TyrMe~ Thr~ Orn8]-oxytocin 81 ~ I 
I l 1/\ «9 

'6 6 

'/ \ 
~ 6 

\. 8;c(" I 
I /~ II 

I "';",;1 , , 
\J / I / I. 

I 1\1 

I I 
I Ii 

/ I 
I Ii 

fI / 

'a"-Irll 

210 220 230 240 250 260 270 280 290 300 310 320 330 340 

A (nm) 

162 

'[e] 

+3000 

+2000 

+1000 

0 

-1000 

-2000 

-3000 

-4000 

-5000 

-6000 

-7000 

-8000 

-9000 

Figure 10. Circular dichroism spectra of [Pen 1 ,
L-TyrMe2,Thr4,Orn8]oxytocin in aqueous solution at 3 pH 
values 



50 

45 

40 

35 

30 

25 

IlJ pH 2.S 

6. pH 6.0 

@ pH 9.S 

210 220 230 240 250 260 270 2S0 290 300 310 320 330 340 

.A (nm) 

163 

[e] 
+ 2000 

+1000 

o 
-1000 

-2000 

-3000 

-4000 

-5000 

-6000 

-7000 

-SOOO 

-9000 

Figure 11. Circular dichroism spectra of [pen 1 ,
L-TyrEt2,Thr4,Orn8joxytocin in aqueous solution at 3 pH 
values 



164 

Table 48. Molar ellipticity values for [Pen 1 , L-Tyr4-
Thr 4 ,Orn 8]oxytocin antagonists 

pH A max(nm) [S]a x 10 3 

[Pen 1 ,TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin 

210 53.8 

2.4 225 113.6 
260 9.6 
280 - 11.9 

210 33.4 

6.3 225 62.2 
260 3.6 
280 3.6 

210 29.9 

12.6 225 68.7 
260 0.0 
280 2.4 

[Pen 1 ,TyrEt 2 ,Thr 4 ,Orn B]oxytocin 

210 22.7 

2.8 225 38.6 
265 5.7 
275 9.6 

210 11. 3 

6.0 225 38.6 
265 5.7 
275 9.6 

210 6.2 

9.8 225 22.7 
265 5.7 
275 6.8 

a. [8] molar ellipticity values in deg-cm 2/dmole 
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[Pen 1 ,TyrEt 2 ,Thr 4 ,Orn 8]oxytocin ([6] = 12.5-17.0 x 10 3) 

is assigned to a second n ___ 0* disulfi .. de t.ransition. 

Applying the quadrant rule proposed by Woody (1973) sug

gests a very similar disulfide bond angle and chirality 

for both O-alkyl-L-tyrosine-containing antagonists and is 

in complete agreement with observation$ made for previous 

oxytocin antagonists. 

The intense positive CD band c~ntered at 225 nm for 

[Pen 1 ,TyrMe 2 ,Thr 4 ,Orn 8]oxytocin ([6] = 62.0-113.6 x 10 3) 

and [Pen 1 ,TyrEt 2 ,Thr 4 ,Orn 8]oxytocin ([6] =139.0-23.0 x 10 3) 

representing both amide n~ 1f * transi t;ion and the higher 

1f~1f* transitions for tyrosine. The :intense bands (about 

1 order of magnitude more intense) suggestla highly rigid 

(ordered) conformation (Fric et al., 1983) I for both oxy

tocin antagonists containing O-alkyl-L~tyrDsine. Compari

son of the individual CD spectra for [renl~TyrMe2,Thr4,

Orn 8]oxytocin and [Penl,TyrEt2,Thr4,Orp8]oxytocin show that 

each band in the CD spectrum is more iptense than the cor

responding bands for [Penl,TyrEt2,Thr4,Orn~]oxytocin, sug

gesting that the O-methyltyrosine-cont~ining oxytocin 

antagonist possesses a slightly more r~gid:conformation 

than the corresponding O-ethyltyrosine~containing antago

nist. 

The CD spectra of [Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8 ]oxyto

cin and [Penl,L-PheMe2,Thr4,Orn8]oxyto~in obtained at 
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several pH values are shown in Figures 12 and 13 and the 

corresponding tabulated data in Table 49. The curves are 

very similar in shape over the range of experimental pH 

values for each analog indicating no significant change in 

conformation with a concomitant change in pH. The negative 

low energy CD band centered at 280 nm ([6] = -10.0 to -3.0 

x 10 2 ) for [Pen 1 ,L-PheMe 2 ,Thr 4 ,Orn 8]oxytocin represents the 

n~o* transition corresponding to the disulfide bond. Some 

overlap of the observed n--~o* disulfide transition with the 

low energy aromatic TI~TI* transitions is usually observed 

for analogs containing aromatic residues. Observation of 

the CD spectrum for oxytocin antagonists containing phe

nylalanine, however, show that the low energy TI~TI* aro

matic transitions are slightly blue shifted. The negative 

low energy CD band center~d at 260 nm ([6] = -14.1 to -3.5 

x 10 2 ) represents the low energy TI~TI* transitions for the 

para-alkylphenylalanine moiety. At basic pH there is a 

very weak positive CD band centered at 250 nm ([6] = 0.1 x 

10 2) possibly indicative of the higher energy n---+o* disul

fide transition. The low energy negative CD band for 

[Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8 ]oxytocin representing n~o* 

transition of the disulfide is also centered at 280 nm 

([6] = -1.7 to -5.0 x 10 3 ) while the low energy aromatic 

TI~TI* transition is centered at 260 nm ([6] -1.1 to 

-7.5 x 10 3). A weakly positive CD band, ([6] 4.3 x 10 3 ) 
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Table 49. Molar ellipticity values for [Pen 1 ,L-Phe(R)2,
Thr 4 ,Orn 8 ]oxytocin antagonists 

pH 

2.1 

6.5 

12.4 

2.1 

6.5 

12.2 

a. [ e ] 

A (nm) max 

[Pen 1 ,L-PheMe 2 ,Thr 4 ,Orn 8]oxytocin 

210 
215 
255 
265 
280 

210 
215 
255 
265 
280 

210 
215 
255 
265 
280 

[Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8 ]oxytocin 

215 
225 
255 
265 
280 

215 
225 
255 
265 
280 

215 
225 
255 
265 
280 

7.1 
24.6 

- 2.1 
- 1. 7 
- 1. 0 

6.7 
9.7 

- 0.53 
- 1. 2 
- 0.40 

4.9 
8.8 
0.0 

- 0.70 
- 0.30 

-30.9 
18.2 

0.0 
- 2.1 
- 1. 7 

-30.5 
7.5 

- 5.3 
- 4.3 
- 2.0 

-53.4 
0.0 

- 7.5 
- 6.4 
- 5.0 

molar ellipticity in deg-cm 2/dmole 
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centered at 240 nm representing the second n--*~ disul

fide transition for [Pen 1,L-PheEt 2 ,Thr 4 ,Orn 8]oxytocin is 

observed at acidic and neutral pH. The second n~~ 

disulfide transition was not observed for [Pen 1,L-PheEt 2,

Thr 4 ,Orn 8]oxytocin at basic pH, possibly due to overlap of 

the broad negative band representing the n~n* transitions 

of the aromatic moiety. Application of the quadrant rule 

(Woody, 1973) and comparison of these CD spectra with pre

viously reported CD spectra for other oxytocin antagonists 

suggests a disulfide dihedral angle between +115 0 and 125 0 

with right-handed chirality for both [Pen 1 ,L-PheMe 2 ,Thr 4 ,

Orn 8]oxytocin and [Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8 ]oxytocin . 

. The positive ([8] = 35.1-14.1 x 10 3) CD band cen

tered at 215 nm for [Pen 1 ,L-PheMe 2 ,Thr 4 ,Orn 8]oxytocin cor

responds to overlapping n~n* peptide backbone transitions 

and higher energy aromatic n~~ transitions. No red 

shift of the higher energy aromatic n~n* CD band is 

observed at basic pH as there is no titratable group on 

the aromatic ring. The most intense positive CD band in 

the spectrum of [Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8]oxytocin ([8] = 

7.5-18.2 x 10 3) represented by overlapping peptide n~n* 

transitions and higher energy aromatic n--4n* transitions 

is red shifted slightly to 225 nm. A comparison of the in

tensities of the molar ellipticities between [Penl,L-Ph~Me2,

Thr 4 ,Orn 8 ]oxytocin and [Pen 1,L-PheEt2 ,Thr 4,Orn 8 ]oxytocin 
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shows that the para-methyl-L-phenylalanine-containing oxy

tocin antagonist contains more intense bands overall. Em

ploying similar arguments as Fric et ale (1974) and Fric 

et al~ (1983), this observation suggests a more rigid con

formation for the [Pen 1,L-PheMe 2,Thr 4,Orn 8]oxytocin rela

tive to [Pen 1 ,L-PheEt 2 ,Thr 4 ,Orn 8]oxytocin. 

D-amino Acid-containing Oxytocin Antagonists Sub

stituted in Position 2. A determination of the conforma

tion of the disulfide bond in oxytocin antagonists contain

ing a D-amino acid in position 2, including [Pen 1 ,D-TyrEt 2 ,

Thr 4 ,Orn 8]oxytocin, [Pen 1 ,D-PheMe 2 ,Thr 4 ,Orn 8]oxytocin, and 

[Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8]oxytocin, was undertaken using 

circular dichroism spectroscopy 

The CD spectrum of [Pen 1 ,D-TyrEt 2,Thr 4,Orn 8]oxytocjn 

is shown in Figure 14. Tabulated values of the prominent 

transition at various pH values for this antagonist are 

listed in Table 50. There are no significant conforma

tional changes of the peptide over a wide range of pH val

ues, suggesting the overall integrity of the molecule is 

retained. The negative CD bands representing the combined 

n---a* and the low energy ~---4~* transitions centered at 

275 nm ([6] = -1.3-0.56 x 10 3) for the D-diastereomer are 

slightly weaker than the corresponding L-peptide diastere

orner. The weakly positive CD band between 240-250 nm rep

resenting the second n---+a* transition for the disulfide 
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Figure 14. Circular dichroism spectra of [Pen 1 ,
D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin in aqueous solution at 3 pH 
values 
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Table 50. Molar ellipticity values for the oxytocin 
antagonist [Pen 1 ,D-TyrEt 2 ,Thr 4 ,Orn B]oxytocin 

pH A (nm) 
max 

220 18.2 

2.8 265 - 0.54 

280 - 0.54 

220 13.5 

6.0 265 - 0.81 

280 - 1.4 

220 9.4 

12.6 265 - 0.3 

280 - 0.81 

a. [e] molar ellipticity values in deg-cm 2 /dmole 



174 

([8] = 5.6-4.0 x 10 3 ) is also in excellent agreement with 

data obtained for the L-peptide diastereomer. 

The positive CD band centered at 225 nm ([8] = 

17.8-8.8 x 10 3 ) representing the combined n~n* amide 

transition and high energy tyrosine n-4n* transition com

pare extremely well with values obtained for the L-tyrosine 

peptide diastereomer. The lower intensity of the CD band 

centered at 225 nm for the D-tyrosine-containing peptide 

diastereomer suggests a slightly less rigid conformation 

for this analog relative to the corresponding antagonist 

containing L-tyrosine. The increased flexibility is pos

sibly due to the presence of an intramolecular hydrogen 

bond in this region of the peptide backbone. More impor

tant, however, is the fact that the observed disulfide 

transitions for the O-alkyl-D-tyrosine-containing peptide 

diastereomer imply a disulfide dihedral angle and chirality 

very similar to the disulfide conformation of the O-ethyl 

L-tyrosine-containing oxytocin antagonist diastereomer. 

The CD spectra for [Pen 1 ,D-PheMe 2 ,Thr 4 ,Orn 8]oxyto

cin and [Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8 ]oxytocin are shown in 

Figures 15 and 16, respectively. Tabulated values of the 

prominent transitions corresponding to each compound 

recorded at 3 different pH values are listed in Table 51. 

The low energy negative CD band representing the n---o* 

disulfide transition for [Pen 1 ,D-PheMe 2 ,Thr 4 ,Orn B]oxytocin 
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D-PheEt2,Thr4,OrnB]oxytocin in aqueous solution at 3 pH 
values 



177 

Table 51. Molar ellipticity values for [Pen 1 ,D-Phe(R)2,
Thr 4 ,Orn 8]oxytocin antagonists 

pH 

2.1 

6.5 

12.4 

2.1 

6.5 

12.2 

a. [ e ] 

"max (nm) 

[Pen 1 ,D-PheMe 2 ,Thr 4 ,Orn 8]oxytocin 

210 
215 
255 
265 
280 

210 
215 
255 
265 
280 

210 
215 
255 
265 
280 

[Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8]oxytocin 

215 
225 
255 
265 
30(\ 

215 
225 
250 
260 
290 

215 
225 
255 
260 
290 

6.02 
21.1 

- 1. 8 
- 1. 5 
- 1. 0 

5.7 
8.3 

- 0.45 
- 1. 05 
- 0.30 

4.2 
7.5 
0.0 

- 0.6 
- 0.20 

12.4 
16.1 

- 0.5 
- 0.5 
- 0.40 

6.8 
9.9 

- 0.3 
- 0.3 
- 0.25 

2.9 
5.3 

- 0.4 
- 0.4 
- 0.20 

molar ellipticity values in deg-cm 2/dmole 
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([9] = -1.0 - -0.20 x 10 ) is centered at 280 nm. The corre

sponding low energy negative CD band for [Pen 1 ,D-PheEt 2 ,

Thr 4,Orn 8 ]oxytocin ([6] = -0.4 to -0.2 x 10 3 ) is centered 

between 290and 300 nm. The second low energy disulfide 

n--+o* transition although much weaker was not observed 

in the usual wavelength region (255-240 nm), probably due 

to the overlapping n--4n* transition of the phenylalanine 

moiety. The negative n---n* CD band for [pen 1 ,D-PheMe 2 , 

Thr 4 ,Orn 8]oxytocin ([6] = -1.9-0.3 x 10 3 ) is centered at 

255 nm, while the negative CD band assigned to the n--+n* 

transition for [pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8 ]oxytocin ([6] = 

-8.0 to -2.5 x 10 3 ) is centered at 250 nm. The consistent 

blue shift of the CD bands for [pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8 ]

oxytocin relative to the same CD bands for [pen 1 ,D-PheMe 2 , 

Thr 4 ,Orn 8]oxytocin are not easily explained, however, this 

phenomenon might suggest a higher energy conformation for 

theD-PheEt-containing oxytocin antagonist possibly due to 

steric interactions of the aromatic moiety with thedisul

fide bond. 

The overlapping n--4n* amide transitions and higher 

n~~ aromatic transitions in the wavelength region 210-

240 nm also exhibit a slight red shift when the para-ethyl

D-phenylalanine-containing peptide is compared with the 

para-methyl-D phenylalanine-containing peptide. The posi

tive CD band representing the aforementioned transitions 
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for [Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8]oxytocin ([8] = 16.1-5.3 x 

10 3 ) is centered at 225 nm while the positive CD band rep-

resenting these same transitions for [Pen 1 ,D-PheMe 2 ,Thr 4 ,-

Orn 8 ]oxytocin ([8] 21.1-7.5 x 10 3 ) is centered at 215 

nm. A comparative analysis of the CD bands observed for 

D-peptide antagonist diastereomers with similar bands for 

the corresponding L-peptide diastereomers suggest very 

similar disulfide conformations (Xl = +110°-125°, right-

handed chirality) for each diastereomer. 

It appears then that the substitution of an L-

amino acid by a D-amino acid into position 2 of an oxytocin 

antagonist does not alter the orientation of the disulfide 

bond. The positive CD bands in the wavelength region (210-

230 nm) for each para-alkyl-D-phenylalanine-containing 

oxytocin antagonist suggest a more rigid conformation 

than those bands observed previously in other oxytocin 

agonist analogs, but they are also suggestive of a more 

flexible conformation than were previously discussed 

oxytocin antagonist analogs. 

Conformation-activity Relationships for 
Oxytocin Analogs 

The determination of possible solution conforma-

tions of oxytocin analogs utilizing biophysical methods 

has led to the suggestion of 2 possible peptide backbone 

conformations for oxytocin antagonist analogs. Figures 
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17 and 18 depict the peptide backbone conformation sug

gested for the oxytocin antagonists examined in this study. 

Figure 19 depicts the backbone conformation of [Pen1]oxyto

cin suggested by Meraldi et al. (1977) and Mosberg et al. 

(1981). Figure 17 shows a possible backbone conformation 

including the presence of proposed hydrogen bonds for oxyto

cin antagonist analogs containing an L-amino acid in posi

tion 2 of the primary structure. Figure 18, alternatively, 

shows a possible backbone conformation for oxytocin antag

onist analogs containing a D-amino acid in position 2 of 

the primary structure. Attempts to correlate the observed 

biological activity of the oxytocin analogs described in 

this dissertation with the proposed backbone conformations 

shown in Figure 17 and 18 may be only a matter of specula

tion due to incomplete biological results. However, the 

relationship between possible conformational tendencies of 

oxytocin antagonists obtained from biophysical measurements 

and preliminary biological results will be discussed. 

The models depicting the peptide backbone confor

mation in Figures 17 and 18 permit a comparison between 

possible backbone conformations determined by biophysical 

methods and observed biological activity. Comparative 3nal

ysis of the NMR spectra of oxytocin antagonists containing 

an L-amino acid in position 2 with the NMR spectra of the 

corresponding oxytocin antagonists containing aD-amino 

acid in position 2 suggests that different peptide backbone 
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Figure 17. Peptide backbone conformation of 
oxytocin antagonists containing either a L-amino acid 
or cycloleucine substituted in position 2 
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R 

Figure 18. Peptide backbone conformation of 
oxytocin antagonists containing a D-amino acid substituted 
in position 2 
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Figure 19. Proposed hydrogen bonding scheme for 
oxytocin antagonists 
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conformations (Tables 21, 52, 53, and 54) exist within the 

20-membered ring depending upon the configuration of the 

amino acid substituted in position 2. Preliminary biologi-

cal results suggest that each compound discussed in this 

work exhibits inhibitory activity. The possibility of oxy-

tocin analogs assuming slightly different peptide backbone 

conformations within the 20-membered ring and still exhib-

iting inhibitor properties suggests that the uterine recep-

tor may be compatible with a family of peptide backbone 

conformations assumed by diastereomeric oxytocin antago-

nists. 

The discussion of the relationship between possible 

solution conformations and observed biological activity of 

the oxytocin analogs described in this dissertation are 

grouped into 2 distin9t classes: 

1. Cycloleucine-containing oxytocin analogs. 

2. Diastereomeric oxytocin antagonists substituted 

in position. 2. 

Cycloleucine-containing 
Oxytocin Analogs 

Cycloleucine-containing oxytocin agonists. The 

observed potency for [Cle 2 )oxytocin relative to oxytocin 

suggests that a less favorable receptor interaction occurs 

when cycloleucine is substituted for tyrosine in position 2. 

Examination of the conformational and dynamic properties in 



Table 52. Backbone conformations for diastereomeric 
O-a1ky1tyrosine oxytocin antagonists substi
tuted in position 2 a 

Residue 

Pen 1 - 60 +60 

Tyr(OR) 2 100 - 60 

I1e 3 - 50 - 60 

Thr4 - 60 60 

Asn 5 -175 -120 
Cys 6 60 -60 

Pen 1 - 60 +60 

Tyr(OR) 2 100 - 60 

I1e 3 - 50 - 60 

Thr4 - 60 60 

Asn 5 -165 -120 
Cys 6 60 -60 

{pen 1 ,D-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin 

Pen 1 - 60 +60 

Tyr(OR) 2 150 - 60 

I1e 3 -160 150 

Thr4 - 60 120 

Asn 5 +100 - 60 
Cys 6 60 -60 

a. All torsional angles are ± 30° 

185 
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Table 53. Backbone conformations for the diastereomeric 
oxytocin antagonists, [Pen l ,D-,L-PheMe 2 ,Thr 4 ,
Orn 8] oxytocin a 

<P 1/1 x' 
Residue ( 0 ) ( 0 ) (0 ) 

[Pen l ,L-PheMe 2 ,Thr 4 ,Orn 8]oxytocin 

Pen l - 60 +60 

PheMe 2 100 - 60 

Ile 3 - 50 - 60 

Thr4 - 60 60 

Asu 5 -160 -120 

Cys 6 60 -60 

[Pen l ,D-PheMe 2 ,Thr 4 ,Orn 8]oxytocin 

Pen l - 60 +60 

PheMe 2 160 - 60 

Ile 3 -160 150 

Thr4 - 60 120 

Asu 5 + 80 - 60 

Cys 6 60 -60 

a. All torsional angles are ± 30° 
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Table 54. Backbone conformation for the diastereomeric 
oxytocin antaionists, [Pen l ,D-,L-PheEt2 ,Thr 4 ,
Orn 8] oxytocin 

Residue 

[pen l ,L-PheEt 2 ,Thr 4 ,Orn 8]oxytocin 

Pen l - 60 +60 

PheEt 2 100 - 60 

- 50 - 60 

- 60 + 60 

Asn 5 -160 -120 

60 -60 

[Pen 1 ,D-PheEt 2 ,Thr 4 ,Orn 8]oxytocin 

- 60 +60 

PheEt 2 160 - 60 

-160 150 

- 60 120 

Asn 5 + 80 - 60 

60 -60 

a. All torsional angles are ± 30° 
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aqueous solution obtained for [Cle 2 ]oxytocin indicate that 

the solution conformation of [Cle 2 ]oxytocin is almost iden

tical to oxytocin. The conformational constraints imposed 

by cycloleucine substitution in position 2 of oxytocin do 

not seem to adversely affect the overall conformation of 

the oxytocin molecule. In addition, the observation that 

[Cle 2 ]oxytocin is a full agonist while [D-Tyr 2 ]oxytocin is 

a partial agonist suggests that cycloleucine substitution 

in position 2 may indeed impose favorable constraints on 

the peptide backbone such that a more favorable receptor 

interaction may result. A comparison of the complete con

formational and dynamic properties of [D-Tyr 2 ]oxytocin has 

never been reported. A comparison of the reported CD spec

trum of [D-Tyr 2 ]oxytocin (Hruby et al., 1982) with the CD 

spectrum of [Cle 2 ]oxytocin implies the existence of very 

similar disulfide conformations. Further conformational 

studies of oxytocin analogs containing a D-amino acid in 

pOSition 2 are needed in order to help correlate observed 

biological activities with conformational preference. 

The 3-fold loss in oxytocic activity of [Cle 8 ]oxy

tocin relative to oxytocin is not a very significant de

crease in potency for this compound. Therefore, it is not 

surprising that both [Cle 8 ]oxytocin and oxytocin have very 

similar solution conformations. The reduction in potency 

may, however, be explained from a comparison of the 
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relative side-chain restrictions for leucine and cyqloleu

cine. Clearly, cycloleucine contains much less sid~-chain 

flexibility than leucine because of its cyclic nature. 

The 'cyclic nature removes the branching at the y carbon 

that is observed for leucine. In addition, the cyc~open

tane ring is much more restricted than the correspoDding 

linear side chain. The comparative NTI values of tQe e 

and y carbons of cycloleucine and leucine show less flexi

bility in the cycloleucine carbons than in the corr~spond

ing leucine carbons. This reduction in side-chain f,lexi

bility may be a possible reason for the slight loss in 

potency for [Cle B ] oxytocin relative to oxytocin. Qecause 

of the cyclopentane side chain, cycloleucine has be~n cal

culated to have very distinct. and ~ angles (Marshall and 

Bosshard, 1972). The incorporation of cycloleucine into 

position 8 of oxytocin may not impose significant backbone 

restrictions because of the overall flexibility of tQe tri

peptide tail as was observed for the incorporation of cyclo

leucine into position 2. Thus, it appears that maximal 

receptor interaction and concomitant biological activity 

requires the branched side chain at the y carbon of ~eucine. 

Cycloleucine-containing Oxytocin Antagonist~. The 

observed antagonist potency of [Pen 1 ,Cle 2 ]oxytocin IpA2:= 

6.70) corresponds extremely well with the observed ant~g

onist potency for [Pen1]oxytocin (pA2 = 6.86). Thi, result 
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is not surprising when the conformational and dynamic prop

erties of each antagonist is compared. The C-13 NMR chem

ical shifts and spin-lattice relaxation times (NTl), CD 

data as well as the proton chemical shifts, coupling con

stants, and calculated side-chain rotamer populations indi

cate very similar solution conformations for [Penljoxytocin 

and [Pen l ,Cle 2 joxytocin. Although [Pen l ,Cle 2 joxytocin pos

sesses only the hydrogen bond between the asparagine-5 

peptide amide proton and the isoleucine-3 backbone carbonyl 

oxygen relative to [Penljoxytocin, the loss of 1 hydrogen 

bond (isoleucine peptide NH to penicillamine-1 CO) does 

not seem to reduce antagonist potency since the more potent 

antagonist, [Pen l ,Leu 2 joxytocin, contains only 1 hydrogen 

bond--the same one (asparagine-5 NH to isoleucine-3 CO) as 

[Pen l ,Cle 2 joxytocin .. The conformational restrictions of 

the peptide backbone (Table 21) imposed by the substitution 

of cycloleucine into position 2 preclude any possible 

hydrogen bond between the isoleucine peptide amide proton 

and the penicillamine backbone carbonyl. 

The observed differences in antagonist potency 

between [Pen l ,Cle 2 joxytocin and [Pen l ,Leu 2 joxytocin may be 

explaineq by a comparison of the experimentally determined 

NTl values, the calculated side-chain rotamer populations 

for the asparagine residue in each of the respective antag

onist analogs and the suggested ¢ and ~ angles for the 
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individual amino-acid residues contained within the peptide 

backbone of the 20-membered ring shown in Table 21. The 

asparagine residue in [Pen 1 ,Cle 2 ]oxytocin is much more 

flexible than asparagine in [Pen 1 ,Leu 2 ]oxytocin. This 

inflexibility of the asparagine residue in [Pen 1 ,Leu 2 ]oxy

tocin causes 1 of the asparagine side-chain rotamers avail

able to it (Xl = ±1800) to be "frozen" out. This result 

suggests that the asparagine side-chain rotamers of either 

Xl = +60 0or Xl = -60° may 'be the more favorable conforma

tions for asparagine leading to enhanced antagonist potency. 

The values of the ~ and ~ angles listed in Table 21 

for the amino-acid residues contained in the 20-membered 

ring of [Pen 1 ,Cle 2 ]oxytocin show a significant difference 

in the values for the cycloleucine residue relative to the 

corresponding tyrosine residue or leucine residue in 

[Pen1]oxytocin and [Pen 1 ,Leu 2 ]oxytocin, respectively. The 

observed difference of the ~ and ~ angles for the cycloleu

cine residue has been suggested by Marshall and Bosshard 

(1972) to be a consequence of the cyclic nature of the side 

chain as well as the imposed restrictions inherent to a

substituted amino acids. 

The weak inhibitory activity of [Pen 1 ,Cle 8 ]oxytocin 

relative to [Pen1]oxytocin suggests a large reduction in 

hormone receptor interactions. A comparison of the biophys

ical data obtained for [Pen 1 ,Cle 8 ]oxytocin with previously 
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reported data for [Pen1Joxytocin shows no significant dif

ferences in solution conformation. 

A comparison of the possible peptide backbone • and 

~ angles listed in Table 21 for [Pen 1 ,Cle 8] oxytocin with 

the corresponding values listed in Table 21 for [Pen1Joxy

tocin suggest essentially identical solution conformations 

within the 20-membered ring for each analog. The markedly 

reduced inhibitor potency for [Pen 1 ,Cle 8 ]oxytocin relative 

to [Pen1]oxytocin then suggests that the cyclic nature of 

the cycloleucine side chain despite similar hydrophobic 

characteristics to leucine does not possess the steric 

requirements necessary for maximal interaction with the 

receptor. 

A comparison of the conformation-activity relation

ships for [Pen 1 ,Cle 2 ]oxytocin and [Pen 1 ,Cle 8 ]oxytocin sug

gests that the incorporation of a conformationally 

restricted amino acid into position 8 in the primary struc

ture of an oxytocin antagonist is important for binding to 

the receptor ([pen 1,Cle2]oxytocin) and shows a more drastic 

reduction in antagonist potency than the incorporation of a 

conformationally restricted amino acid into a position impor

tant for transduction of the biological message, [Pen 1 ;

Cle 2 ]oxytocin. These results indicate that the residue 

in position 8 of oxytocin antagonists is very improtant for 

maximal hormone-receptor interaction. In addition, the 
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conformational constraints placed on the peptide backbone 

by cycloleucine incorporation into position 2 suggest a 

slightly different peptide backbone conformation for [Pen 1 ,

Cle 2 ]oxytocin than the conformation suggested in Figure 17. 

Although there is a slight difference in the peptide back-

bone conformation for [Pen 1 ,Cle 2 ]oxytocin relative to 

either [Pen1]oxytocin or [Pen 1 ,Leu 2 ]oxytocin, the overall 

peptide backbone conformation for this analog is almost 

identical to the conformation shown in Figure 17. Thus it 

appears that maximal receptor interaction for peptide hor-

mone antagonists requires a y-branched moiety in position 8 

as was observed for the oxytocin agonist, [CleB]oxytocin. 

The conformation-activity relationships determined 

for oxytocin analogs containing cycloleucine show slight 

differences in the peptide backbone conformation that do 

not adversely affect the observed biological properties of 

these analogs. This result suggests the possibility of a 

family of several closely related conformations for these 

analogs that are still amenable to hormone-receptor inter-

actions. 

Diastereomeric Oxytocin Antagonists 
Substituted in Position 2 

Diastereomeric O-alkyltyrosine-containing Oxytocin 

Antagonists. Although only preliminary biological results 

have been determined on the oxytocin antagonists containing 
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O-alkyl D or L tyrosine in position 2, several suggestions 

may be made concerning the correlation of biological activ

ity with proposed solution conformation. Preliminary 

results from biological assays on oxytocin antagonists con

taining ornithine in position 8 suggest that the ornithine

containing peptides exhibit prolonged inhibitory activity 

relative to antagonists not containing ornithine. Confor

mational studies performed on both ornithine-containing and 

non-ornithine-containing oxytocin antagonists show essenti

ally no differences in the side-chain rotamer probabilities 

or side-chain dynamics for any of these analogs. Previous 

results reported by Huguenin (1966) on oxytocin agonist 

analogs containing ornithine in position 8 show very low 

uterotonic potencies for these analogs; however, a more 

recent report by Gazis (1978) suggests a slightly prolonged 

blood-plasma half-life for [Orn 8 ]oxytocin relative to oxy

tocin. The observed prolonged inhibitory activity of 

ornithine-containing oxytocin antagonists is suggestive of 

a better hormone receptor interaction because the ornithine 

residue is substituted in a proposed (Walter, 1977) binding 

position as well as the greater metabolic stability of the 

peptide possibly due to reduced enzymatic cleavage. 

The enhanced potency of these O-alkyl D,L-tyrosine

containing oxytocin antagonists may also be due to the 

incorporation of threonine into position 4 as well as the 
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alkylation of the tyrosine hydroxyl group. Alkylation of 

the tyrosine hydroxyl group, as well as the threonine sub

stitution for glutamine in position 4, enhance the hydro

phobic properties of these 2 residues. Increased hydropho

bicity in position 4, another proposed binding residue 

(Walter, 1977), by glutamine substitution with threonine 

was shown by Manning et ale (1980) to enhance uterotonic 

activity and by Hrubyet ale (1980) to enhance inhibitor 

potency through increased receptor interaction by the hor

mone. Previous studies by Manning and Sawyer (1977) sug

gested that increased hydrophobicity in the para position 

of the aromatic side chain may be responsible for enhanced 

potency. A comparative biological assay done by Sawyer et 

ale (1982) between antagonists containing O-alkyltyrosine 

residues and antagonists containing unalkylated tyrosine 

residues suggest that enhanced potency is indeed found for 

those antagonists containing O-alkyltyrosine residues. In 

addition to alkylation of the tyrosine hydroxyl group, the 

size of the alkyl group on tyrosine is important for en

hancing potency in oxytocin antagonists. A comparjson of 

the preliminary biological assay data performed on [Pen 1 ,

L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin and [Pen 1 ,L-TyrEt 2 ,Thr 4 ,Orn 8 ]

oxytocin suggest the O-methyl-L-tyrosine-containing antag

onist to be more potent relative to the O-ethyl-L-tyrosine

containing antagonist. Conformational and dynamic studies 
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performed on each of these antagonist analogs show that 

both analogs exhibit very similar dynamic properties. Con

formational studies show that the preferred orientation of 

the tyrosine side chain about the Ca-C~ bond suggests a 

dihedral angle (Xl) of approximately -60°. Comparison of 

the calculated side-chain rotamer population probabilities 

for both [Pen 1 ,L-TyrMe 2 ,Thr 4 ,Orn 8 ]oxytocin and [Pen 1 ,

L-TyrEt 2 ,Thr 4 ,Orn 8 ]oxytocin shows that the O-methyl-L

tyrosine peptide diastereomer has a higher probability of 

the side chain existing in a -60° dihedral angle than the 

corresponding O-ethyl-L-tyrosine peptide diastereomer sug

gesting that this type of conformation for the tyrosine 

side chain provides better receptor interaction. The 

increased size of the ethyl group attached to the tyrosine 

hydroxyl most probably causes a steric repulsion between the 

ethyl group and the neighboring penicillamine residue such 

that the preferred orientation of the tyrosine side chain 

is not as easily attainable. The preferred orientation of 

the tyrosine side chain of -60° about the Ca-C~ bond is 

suggested as important for better hormone-receptor interac

tion. This enhanced receptor interaction of the tyrosine 

side chain may also be responsible in part for the pro

longed inhibitory activity observed for these antagonist 

analogs. 
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In addition to the importance of increased hydro

phobicity of the threonine side chain for enhance receptor 

interaction, the a-branching of the side chain may be also 

partially responsible for enhancE~d receptor interaction. 

Melin et ale (1983) reported that substitution of threonine 

by valine in position 4 of an oxytocin antagonist increased 

the in vivo potency of the resultant analog markedly, sug

gesting that both a-branching and hydrophobicity in position 

4 residues may indeed enhance antagonist potency. 

The importance of D-amino-acid substitution in posi

tion 2 of oxytocin antagonist analogs is not fully under

stood. Lebl et ale (1982) showed that a D-amino-acid sub

stitution into position 2 of [Pen 1 ,PheEt 2 ]oxytocin shows a 

slightly increased inhibitor potency relative to the antag

onist analog containing the corrE!sponding L-amino acid. 

Conformational and dynamic studiE!s performed on the O-alkyl

alkyl tyrosine-containing oxytocin antagonists just discussed 

suggest slightly different peptide backbone conformations 

(Table 52) at certain residues in the disulfide ring depen

dent upon the stereochemistry of the tyrosine derivative 

in position 2. 

The proposed conformation for D-amino acid-containing 

oxytocin antagonists is depicted in Figure 18. Whether this 

change in peptide backbone conformation with stereochemical 

change in the tyrosine residue leads to increased inhibitory 
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potency is presently just a matter of speculation. However, 

if the inhibitor potency of the D-amino acid-containing oxy

tocin antagonists exhibits similar potency to the L-amino 

acid-containing oxytocin antagonists, then the observed dif

ferences in peptide backbone conformation for either the 

D-amino acid-containing antagonists or the L-amino acid

containing oxytocin antagonists do not adversely effect 

the interaction of the hormone analog with the receptor. 

This result would suggest then that a family of "bioactive" 

conformations is possible for inhibitory activity. 

Diastereomeric Para-alkylphenylalanine-containing 

Oxytocin Antagonists. Preliminary bioassay results deter

mined for the 2 L-peptidediastereomers [Pen 1,L-PheMe 2 ,Thr 4,

Orn 8 ]oxytocin and [Pen 1,L-PheEt 2 ,Thr 4 ,Orn 8 ]oxytocin exhibit 

very similar inhibitory activities to the previously de

scribed O-alkyltyrosine-containing antagonists [Pen 1,

L-TyrEt 2 ,Thr 4 ,Orn 8] oxytocin and [Pen 1,L-TyrMe 2 ,Thr 4 ,Orn 8]

oxytocin. It is not surprising, therefore, that the solution 

conformations determined for the L-para-alkylphenylalanine 

derivatives are almost identical to the antagonist analogs 

containing O-alkyl-L-tyrosine derivatives. The prolonged 

inhibitory activity of para-alkylphenylalanine-containing 

antagonist analogs may be attributed to substitution of leu

cine by ornithine in the same way that prolonged activity 

was observed for the O-alkyl-L-tyrosine-containing oxytocin 
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antagonist analogs. It appears then that prolonged 

inhibitory activity in the para-alkylphenylalanine- 0-

alkyltyrosine-containing oxytocin antagonists may be due 

in a large part to the ornithine residue in position 8. 

The import~nce of ornithine substitution for prolonged 

inhibitor activity in oxytocin antagonists is presently 

under further investigation utilizing the analog [Pen 1-

Orn 8 ] oxytocin. The bioassay results obtained from this 

analog may distinguish further those residues important 

for prolonged activity. Threonine incorporation into 

[Pen1]oxytocin has been shown to enhance inhibitor potency 

(Sawyer et al., 1980; Hruby et al., 1980). The increased 

antagonist potency of threonine-containing oxytocin antag

onists relative to [Pen1]oxytocin is thought to arise from 

enhanced hormone-receptor interaction. The S-branching of 

the threonine side chain appears to be an important confor

mational feature for enhanced hormone-receptor interaction. 

Nevertheless, threonine substitution appears not to impart 

any prolonged inhibitory activity to the antagonist analog. 

The size of the alkyl group on the phenylalanine 

ring appears to be important for increased inhibitory 

potency. Preliminary bioassay results on each para-alkyl

L-phenylalanine antagonist analog suggest that the para

methyl-L-phenylalanine-containing antagonist is more potent 

than the corresponding para-ethyl-L-phenylalanine-containing 
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antagonist. These results are somewhat surprising since 

the para-methyl group would be approximately the same size 

as the tyrosine hydroxyl group, and the para-ethyl group 

would be approximately the same size as the O-methyl group 

of tyrosine. Although relative inhibitor potencies have 

not been determined for [penl,~-TyrMe2,Thr4,Orn8]oxytocin 

or [Pen 1 ,L-PheMe 2,Thr 4 ,Orn 8]oxytocin, it may be suggested 

that enhanced potency for para-alkylphenylalanine- or 

O-alkyltyrosine-containing antagonists may be due to hydro

phobic interactions between the para-alkyl group and the 

receptor. Steric considerations as to the size of the alkyl 

group substituent may be important for determining the 

strength of antagonist-receptor interactions; however, an 

additional consideration, the conformational preference of 

the alkyl group substituent, may also determine the strength 

of the hormone-receptor interaction. Whether the para

alkyl substituent of either phenylalanine or tyrosine is 

involved in actual receptor binding is not known. Prelim

inary biological results suggest, however, that the pro

longed inhibitory activity of the para-alkylphenylalanine

containing or tyrosine-containing oxytocin antagonists may 

be due in part to enhanced hormone receptor interaction. 

In addition, the prolonged inhibitory activity may be due 

to multiple amino-acid substitutions into the primary 

structure. The combination of 2 hydrophobic interactions 
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(para-alkylphenyalanine and threonine) and 1 ionic interac

tion (protonated ornithine amino group) may provide the 

additional binding energy required for a prolongation of 

inhibitory activity. Alternatively, the prolonged activity 

may be due to increased enzymatic resistance of the peptide 

because of the ornithine substitution. 

The recent work by Lebl et al. (1983), investiga

ting the differences in antagonist potency of [Pen1]oxyto

cincontaining either para-ethyl-L-phenylalanine or para

ethyl-D-phenylalanine, shows a slight increase in the 

antagonist potency for [Pen 1 ,D-PheEt 2 ]oxytocin. Although 

no conformational and dynamic studies have been performed 

on these analogs, the biological results suggest similar 

solution conformations for each diastereomeric antagonist. 

No preliminary bioassay data are available for the oxytocin 

antagonists containing para-alkyl-D-phenylalanine deriva- . 

tives, however, conformational and dynamic studies performed 

on the D-peptide diastereomers show a slight change in the 

solution conformation of these antagonist analogs, mainly in 

the peptide backbone of the 20-membered ring moiety (Tables 

53 and 54). The importance of incorporating aD-amino 

acid into position 2 of oxytocin antagonists will only be 

realized when the appropriate bioassay results have been 

determined. The differentiation of amino-acid residues 

involved in intramolecular hydrogen bonding between the 
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para-alkyl-L-phenylalanine-containing oxytocin antagonists 

and the para-alkyl-D-phenylalanine-containing oxytocin 

antagonists, along with the corresponding peptide backbone 

changes (Tables 53 and 54) should be helpful in the develop

ment of more potent oxytocin antagonists. 

The most important conclusion drawn from a correla

tion of the observed solution conformation with observed 

biological activity for peptide hormones is that a family 

of "bioactive" conformations contributes to the observed 

biological activity. The oxytocin antagonists described 

in this work have been found to exist in the 2 possible 

solution conformations depicted in Figures 17 and 18. Each 

analog exhibits inhibitory activity, suggesting that either 

of these 2 proposed solution conformations are contributing 

to the observed i~hibitory activity. However, the relative 

potencies of the oxytocin antagonists may also be related to 

the individual amino-acid side-chain conformations as well 

as the relative strength of the interactions of these amino

side chains with the uterine receptor. Thus, in addition to 

the knowledge of the most favorable peptide backbone confor

mation for oxytocin antagonists, knowledge of the most favor

able amino-acid side-chain conformations and the requisite 

hydrophobic characteristics of individual amino-acid side 

chains are also important for our understanding of the inter

action of peptide hormones with their particular receptor. 
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Future Perspectives and Conclusions 

The structural models illustrating the proposed 

solution conformations of the diastereomeric oxytocin 

antagonist analogs are shown in Figures 17 and 18. These 

proposed structures may provide possible models for the 

design of future oxytocin antagonists. The analog proper

ties described in this dissertation represent an investiga

tion of the relationship between biological activity and 

the conformational and dynamic properties of peptide hor

mone antagonists produced by an enantiomeric amino-acid 

substitution in position 2. An important conformational 

difference between each set of diastereomeric peptides 

studied in this dissertation is the change in peptide back

bone conformation upon D-amino acid substitution into posi

tion 2. This change in backbone conformation allows an 

investigation into the receptor preferred hormone confor

mation or "bioactive" conformation. Changes in peptide 

backbone conformation may provide useful information as to 

possible changes in individual side-chain residue conforma

tions. The overall conformation of the peptide resulting 

from either backbone or side-chain conformational changes 

appears to show no significant change relative to the 

observed biological activity. In order to clarify the 

relationship of the individual side-chain residue confor

mations with observed antagonist or agonist biological 
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activities, synthetic manipulations of the individual side

chain residues must be performed to further restrict the 

overall dynamics of the peptide hormone. 

Oxytocin, unlike many peptide hormones, enjoys a 

natural conformational restriction--that being the disul

fide bridge. This disulfide restriction reduces slightly 

the number of possible alternative conformations respon

sible for the observed biological activity. An additional 

restriction involving a synthetic manipulation of the pri

mary structure of the oxytocin molecule ultimately causing 

a dramatic change in observed biological activity is the 

replacement of both e hydrogens of the cysteine-1 residue 

with methyl groups (penicillamine). The incorporation of 

penicillamine in position 1 combined with the disulfide 

bridge produced the first inhibitor of oxytocin, [Pen 1]

oxytocin. Conformational studies discussed by Meraldi et 

al. (1977) comparing the solution conformation between 

oxytocin and [Pen1]oxytocin show the inhibitor, [Pen1 ]

oxytocin, to possess a more rigid conformation. The antag

onist properties of the analogs described in this disserta

tion suggest that further restriction of the oxytocin mol

ecule may lead to more potent oxytocin inhibitors a,s well 

as a better understanding of the solution conformation 

responsible for observed biological activity. 
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I would like to suggest several sYnthetric modifica

tions of the oxytocin molecule that may ai~ inlthe under

standing of the conformation responsible for inhibitor 

activity. Initial studies would involve fqrther modifica

tion of position 2 through the incorporation of restricted 

amino acids. Initial restriction would involv~ the intro

duction of a double bond between the a and ~ carbons. The 

- preparation of aromatic dehydro amino acids, including 

para-substituted dehydrophenylalanine and Q-alkyl dehydro

tyrosine derivatives, might elucidate the ~ynamic features 

important to the transmission or non-transmission of bio

logical information. Further incorporation of:a-substi

tuted amino acids, similar to cycloleucine, into position 

2 might be useful. In addition to restric~inglthe phi ($) 

and psi (~) angles available to the peptid~ baGkbone, a -

substituted amino acids with larger rings, sucfu as cyclo

hexyl or cycloheptyl, may provide insight ~ntoithe steric 

or spatial requirements of adjacent residu~s as well as 

additional side-chain requirements important for transduc

tion by residues in position 2. 

Additional primary structure modif~cations would 

include positions in the oxytocin molecule imp0rtant for 

receptor binding. Previous studies by Moore et al. (1977) 

show that replacement of proline in positiqn 7:with A3,4 

proline (dehydroproline) produced an oxytoqin agonist 
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molecule 2 times more potent than oxytocin itself. These 

results suggest better hormone-receptor interaction through 

~---~ interactions with an unknown moiety on the receptor. 

De6ydrogenation of the leucine-8 side chain or the 

isoleucine-3 side chain in a position other than the Cu-Ce 
bond would produce dehydro amino acids exhibiting similar 

side-chain flexibility but different electronic and steric 

properties. The modified steric and electronic properties 

of the side chains of residues important for binding may 

produce enhanced biological activities of the corresponding 

oxytocin analogs similar to the observed increase in biolog

ical activity for [6 3pro 7 ]oxytocin. 

A modification of the side chain of glutamine-4, a 

proposed binding element, may produce oxytocin analogs with 

irreversible receptor binding characteristics. Recent work 

by Lebl et ale (1979) suggests that modifications including 

hydrazides, highly reactive esters, and azides of the 

glutamine residue sid~ chain show some biological activity 

relating to the suggestion that receptor binding has indeed 

occurred. The work by Lebl et ale provides some initial 

evidence for the possibility of preparing irreversible oxy

tocin analogs. The incorporation of an amino-acid deriva

tive containing other reactive groups including epoxides, 

double bonds, or cyclopropyl rings may provide irreversible 

analogs with better biological activity. The proposed 
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analogs just described involve the incorporation of indi

vidual modified amino-acid derivatives into the peptide 

backbone. 

An alternative approach to the investigation of 

peptide hormone structure-activity relationships using more 

restricted peptide analogs involves the connection of adja

cent residue side chains. The incorporation of the "con

nected dipeptides" into a peptide hormone analog may pro

vide additional evidence for the conformational properties, 

both steric and spatial, of adjacent side-chain residues. 

The most useful information supplied by this approach would 

involve residues important for transduction; that is, 

tyrosine-2 and asparagine-5. Adjacent side chain-side 

chain residue restriction where 1 of the residues is either 

tyrosine or asparagine would limit the possible side chain 

conformations available to each residue involved in the 

side-chain connection. One example of this approach would 

involve the connection of the threonine-4 side chain with 

the asparagine-S side chain via an ester bond. The insta

bility of an ester bond in hydrolytic media suggests further 

modifications of the side chain-side chain restriction 

between threonine and asparagine including an ether bond, 

thioether bond, amide bond, or ketomethylene bond may pro

vide enhanced stability toward hydrolytic enzymes or media. 

Another example of side chain-side chain restriction would 
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involve connecting the tyrosine-2 side chain with the 

asparagine-5 side chain via an ester bond or other bonds 

similar to those described above. This side-chain attach

ment would not only restrict mobility of these 2 side 

chains but also provide evidence whether the interaction 

of these 2 side chains is important for antagonist potency 

in a way similar to the "cooperative" model proposed by 

Walter (1977). 

The proposed modifications of the primary structure 

of oxytocin antagonists presented in this section serve 

only as a guide for future endeavors in this area. These 

future analogs may provide additional information concern

ing the conformational and dynamic properties of oxytocin 

analogs important for observed biological activity. More 

important, though! is the fact that these modifications 

could be applied to a variety of other peptide hormones, in 

order to obtain a more complete description of the "bioac

tive" conformation. 

It appears then that the future of understanding pep

tide hormone-receptor interactions as well as the mechanism 

of peptide hormone action lies in the ability of the chem

ist to manipulate and restrict the conformation of peptide 

hormones in such a way that a complete understanding of the 

features of a particular peptide hormone responsible for 

biological activity are well documented. 



CHAPTER 3 

EXPERIMENTAL METHODS 

General Synthetic Methods 

All optically active amino acids are of the L vari

ety unless otherwise stated. Symbols and abbreviations are 

in accord with the recommendations of the IUPAC-IUB Commis

sion on Biochemical Nomenclature (Kendrew, 1970). 

Capillary melting points were determined on a 

Thomas-Hoover (Arthur H. Thomas Co., Philadelphia, PAl melt

ing point apparatus and are uncorrected Thin-layer chroma

tography was performed on glass-backed Silica Gel G plates 

(E. M. Science, Gibbstown, NJ) using the following solvent 

systems: 

1. A: 1-butanol-acetic acid-water (4:1:5, upper 

phase only) , 

2. B: 1-butanol-acetic acid-pyridine-water, 

(15:3:10:12) 

3. C: 1-pentanol-pyridine-water (7:7:6). 

The load size was 30-60 ~g with chromatographic lengths of 

125-~60 nm. Detection was made by UV (254 nm), iodine nin

hydrin, and in some cases fluorescamine. In all cases sin

gle symmetrical spots were observed for purified materials. 

High performance liquid chromatography was performed on a 

209 
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Spectra Physics Model 8700 (Spectra Physics Corporation, 

San Jose, CAl instrument equipped with a Spectra Physics 

Model 8400 variable wavelength detector. Analytical samples 

were detected at 214 nm and load size per run was 25 ~l. 

Optical rotation values were measured at the mercury green 

line (547 nm) using a Rudolph Research (Flanders, NJ) Auto

Pol III polarimeter. Amino-acid analyses were obtained by 

the methods of Spackman, Stein, and Moore (1958) on a 

Beckman Instruments, Inc. (Fullerton, CAl 120C Amino Acid 

Analyzer following hydrolysis. Hydrolysis involving pro

tected or purified peptides was done in 6M HCl (0.1% Phenol) 

for 22 hr at 110°C. Peptide resin hydrolysis was done by 

heating a mixture of 12M HCl:propionic acid (1:1) at 110°C 

for 22 hr. Elemental analyses were performed by MicAnal, 

Tucson, Arizona. Nm-Boc amino acids and amino-acid deriva

tives were purchased from Vega Biotechnologies, Inc., 

Tucson, Arizona; Chemical Dynamics Corporation, South Plain

field, New Jersey; and Bachem, Torrance, California. 

Before use, each amino-acid derivative was tested 

for purity by thin-layer chromatography (TLC) in 3 solvent 

systems: 

4. D: Chloroform-methanol (95:5), 

5. E: Chloroform-methanol (1:1), 

6. F: acetone-acetic acid (98:2), 
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and a ninhydrin test. S-benzylpenicillamine, S-4-methyl 

benzylpenicillamine, Nu-t-Boc or NU-benzyloxycarbonlyl 

penicillamine were prepared by literature procedures (Chan 

et al., 1974; Marshall et al., 1957). Progress in the 

solid-phase synthetic coupling scheme was followed by the 

Kaiser ninhydrin test (Kaiser et al., 1957). Solvents for 

partition chromatography were purified by distillation as 

previously reported by Hruby and Groginsky (1971). Dimethyl 

formamide was purified by distillation (Perrin, Armarego, 

and Perrin, 1966) and bubbled with N2 for 45-60 min prior 

to use. The acetic acid used for the final gel filtration 

was glass distilled and metal free. 

Preparation of Amino-acid Derivatives 

The synthetic methods described in this section for 

the preparation of amino-acid derivatives utilized modifica

tions of previously reported procedures (Herr et al., 1957; 

Snyder et al., 1945; Viswanatha and Hruby, 1979). 

NU-Boc-cycloleucine (Boc-1-Aminocyclopentane Carbox

ylic Acid). The protected amino acid was prepared according 

to the procedure described by Nagasawa et ale (1972). 

1-Aminocyclopentane carboxylic acid (cyclocleucine, 

Cle) (3 g, 23.2 mmoles) was added with stirring to 15-ml 

distilled water. The resulting slurry was stirred while 

3.52-9 (34.8 mmoles, 5 ml) triethylamine (freshly distilled 



212 

from ninhydrin) was added dropwise over a 5-min period. The 

mixture was stirred for an additional 5 min whereupon 6.2-g 

(25.8 mmoles) t-butyl S-4,6-dimethyl pyrimidyl-2-thiol car-

bonate (Protein Research Institute, Osaka, Japan) dissolved 

in 15-ml p-dioxane was added in 1 portion to the basic solu

tion containing amino acid. The resulting yellow slurry was 

stirred overnight at room temperature. During the course of 

the overnight stirring, the slurry became a clear, yellow 

homogeneous mixture. The next day, 30-ml distilled H 0 was 

added to this solution and the mixture was extracted with 

ethyl acetate (2x25 ml) to remove unreacted bocylating agent. 

The aqueous phase was cooled in an ice bath for 1 hr, then 

acidified with ice cold 40% NCI to pH 3.3. The cold acidi

fied aqueous phase was extracted 3 times with ethyl acetate 

(3x25 ml). The combined organic extracts were washed in 

the following manner: 

1. Cold 4% HCI (3x15 ml) 

2. Cold saturated NaCI (2x25 ml). 

3. Cold distilled water (2x25 ml). 

The organic layer was dried over solid anhydrous sodium 

sulfate. The solution was filtered and evaporated in vacuo 

leaving a yellow oil. The oil was crystallized by tritura

tion with hexane. 
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Yield: 3.2 g (60%) 

m.p.: 128-131°C, lit.: Paul, Asselin, and Berlinquet (1972) 

m.p.: 128-130°C 

l'JMR(CDCI 3 ): 61.4 (s,9H) i 62.1-61.8 (b,multiplet, 8H) i 

610.8 (brs, 1H) 

TLC (D): Rf = 0.42. 

Cycloleucine Methyl Ester Hydrochloride. Anydrous 

methanol (100 ml) was cooled to SoC in an ice bath and then 

S.9~ml (8 mmoles) thionyl chloride was added dropwise over 

a 5-min period. Cycloleucine (S.2 g, 40 mmoles) was added 

to the reaction mixture and the resulting white slurry was 

heated at 40°C for a 6-hr period followed by stirring at 

room temperatrure for an additional 14 hr. After stirring 

was completed, the clear solution was evaporated to dryness 

in vacuo leaving a clear oil. The oil was redissolved in 

methanol and evaporated to dryness (twice) in vacuo leaving 

a white solid. The solid was washed with diethyl ether and 

dried in vacuo for 3 hr. 

Yield: 2.8 (39%) i m.p.: 108-209°C 

NMR (TFA) : 

TLC (A) : 

63.6 (s,3H) i 62.1-1.8 (m,8H) 

Rf = 0.42. 

NU-Boc-L-prolycycloleucine Methyl Ester. A solution 

containing NU-Boc-L-proline (4.3 g, 20 mmoles), hydroxyben

zotriazole (2.S g, 20 mmoles) and dicyclohexylcarbodiimide 
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(4.1 g, 20 mmoles) in 50-ml DMF was cooled to -10° and 

stirred for 30 min. Cycloleucine methyl ester hydrochlo

ride (3.6 g, 20 mmoles) and triethylamine (2.8 ml, 20 

mmoles) were added to the cold amino-acid solution with 

stirring. The reaction mixture was warmed to room tempera

ture over a 3-hr period and then continued stirring for an 

additional 20 hr. The reaction mixture was filtered to 

remove dicyclohexylurea (DCU) and the solution was then 

evaporated to dryness in vacuo. The oil resulting from 

evaporation was dissolved in diethyl ether (100 ml) and the 

organic layer was washed with 1M sodium bicarbonate (3x50 

ml), 10% citric acid (3x50 ml), and water (3x50 ml). The 

organic layer was dried over anhydrous sodium sulfate, fil

tered, and evaporated in vacuo leaving a clear oil. The oil 

was crystallized b~ the addition of petroleum ether, follow

ed by recrystallization from an ethyl acetate-petroleum 

ether mixture. 

Yield: 4.5 g (67%); m.p.: 96-98°C 

NMR(d 6 -DMSO): 64.2 (m,lH); 63.6 (s,3H); 63.2 (m,2H); 

62.3-1.7 (m,12H); 61.4 (s,9H) 

TLC (A): Rf = O. 72 . 

NU-Boc-L-prolylcycloleucine •. NU-Boc-L-prolylcyclo

leucine methyl ester (1.72 g, 5 mmoles) was dissolved in 

20-ml anhydrous methanol and then added to 2.5 ml of 2M 

sodium hydroxide. The reaction mixture was stirred at room 
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temperature for 40 hr. The reaction mixture was then evap

orated to dryness in vacuo leaving a semi-solid residue. 

The residue was dissolved in 20-ml water and the aqueous 

solution was then washed with ethyl acetate (2x10 ml). The 

aqueous layer was then acidified to pH 3 with 20% citric 

acid solution, followed by extraction with ethyl acetate 

(3x20 ml). The combined organic extracts were washed with 

water (5x15 ml), dried over solid sodium sulfate, and evap

orated to dryness in vacuo leaving an oily residue. The 

residue was washed with ether (3x20 ml) and evaporated to 

dryness (3 times) yielding a foamy solid product. 

Yield: 1.35 (82%) 

NMR(d 6 -DMSO): 04.2 (m,1H); 63.2 (m,2H); 02.3-1.7 (m,12HO); 

61.4 (s,9H) 

TLC (A): Rf = 0.61. 

This compound was used without further purificationin solid

phase peptide synthesis. 

Tyrosine Methyl" Ester Hydrochloride. Anhydrous 

methanol (300 ml) was cooled to -30°C in a dry-ice acetone 

bath, whereupon 39.3-g (330 mmole, 25 ml) thionyl chloride 

was added dropwise over a period of 20 min. After addition 

of the thionyl chloride, the mixture was continued stirring 

for 5 min in the cold. Then, 50-g (280 mmoles) L-tyrosine 

was added to the cold mixture over a period of approximately 

5 min yielding a white slurry. The slurry was continued 
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stirring in the cold for 1 hr, the ice bath removed, and 

the mixture stirred for 2 days at room temperature. During 

the course of stirring at room temperature, the white slurry 

became a homogeneous mixture. After stirring was completed, 

the mixture was evaporated to dryness in vacuo leaving a 

white solid. The solvent was redissolved in methanol (2x150 

ml) and evaporated to dryness (twice) to further dry the 

solid. The copious white solid was dissolved in 350-ml dry 

methanol and then triturated with anhydrous ethyl ether 

until the solution became turbid. The turbid solution was 

stirred in an ice bath, whereupon a flocculent white precip

itate formed. The solution was filtered, then dried over

night in vacuo. 

Yield: 56.8 g (88%); m.p.: 189-192°C 

Lit.: Kolodziejczyk and Manning (1981); 189-190°C 

NMR(TFA): 66.98 (4H,q; J = 8.0 Hz); 6; 64.6 (lH,dd); 

63.6 (s, 3H); 62.3 (d, 2H; J = 6.5 Hz) 

TLC (F): Rf = O. 12 • 

Tyrosine Methyl Ester. The Hydrochloride Salt of 

tyrosine methyl ester (10 g, 43 mmoles) was added to 40 ml 

of an aqueous solution containing 5.9-g (43 mmoles) potas

sium carbonate. The resulting mixture was stirred for 10 

min at room temperature whereupon a copious white precipi

tate formed. The precipitate (neutralized tyrosine methyl 
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ester) was filtered and used immediat~ly in the next step 

of the procedure. 

yield (moist): 10 g. 

N~-Boc-tyrosine Methyl Ester. The neutralized 

tyrosine methyl ester was added to a ~ixture of 100-ml 

tert-butyl alcohol and 150-ml anhydro~s euhyl ether, and 

the remaining slurry stirred at room t~mperature whereupon 

9.38-g (43 mmoles) Boc-dicarbonate wa~ added dropwise to 

the mixture over a period of 5 min. After addition of Boc

dicarbonate, the stirring mixture begqn to tUrn clear, 

stirring was then continued for 2 mor~ hr~ After the stir

ring period, the mixture was further 4iluted with 150-ml 

ethyl ether. The resulting solution was extracted with 

water (3x100 ml), and the organic pha~e was dried over 

anhydrous magnesium sulfate. The sol~tion was filtered, 

evaporated to dryness, yielding a cleqr, oil residue. The 

residue was dissolved in 50-ml toluen~ and the resulting 

solution was stirred in an ice-water ~athlfor 4 hr to 

induce crystallization. The crystals that formed were 

filtered, then dried overnight in vacyo. 

Y i e 1 d :' 6 . 2 g ( 4 8 %); m . p. : 1 0 3 -15 0 ° C 

Lit.: Kolodziejczyk and Manning (198+); 101-103°C 

NMR(CDCI3): 66.98 (q,4H; J = 8.0 Hz) ~ 64~6 (dd,lH); 

63.6 (s,3H); 62.3 (d,2H; J =16.5 Hz); 

61. 4 ( s , 9H) . 
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NU-t-Boc-O-methyl-(L or D) Tyrosine Methyl Ester. 

NU-Boc-tyrosine methyl ester (4.0 g, 13.6 mmoles) was added 

to a mixture of 61-ml benzene and 5-ml dimethyl formamide 

co'ntained in a 250-ml round-bottom flask fitted with a con

denser and a Dean-Stark trap. The mixture was stirred for 

approximately 5 min until a homogeneous solution resulted. 

2.06-g (14.9 mmoles) potassium carbonate followed by 0.39-g 

18-crown-6 (1.49 mmoles) was added to the mixture with 

stirring. The resulting slurry continued to stir while 

1.9-g (1.4 ml) dimethyl sulfate was added dropwise over a 

3-min period. The mixture was then heated to reflux and 

continued refluxing for 90 min. The mixture was cooled to 

room temperature and poured into 25-ml cold water. The 

organic layer was separated and washed with 10% aqueous 

ammonium hydroxide (2x20 ml) followed by water (2x20 ml). 

The organic layer was dried over anhydrous magnesium sul

fate. The solution was filtered and the solvent evaporated 

in vacuo leaving a yellow oil. 

Yield: 3.6 g (87%) 

NMR(CDC1 3 ): 66.9 (q,4H); 64.8 (d,d,1H); 63.9 (s,3H); 

63.0 (d,2H; J = 6.3 Hz); 61.4 (s,9H) 

TLC(D): Rf = 0.48. 

The compound was saponified without further purifi-

cation. 
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Na-Boc-O-methyltyrosine. The oil collected from 

the preparation of Na-Boc-O-methyltyrosine methyl ester was 

saponified to the carboxylic acid in the following manner: 

The yellow oil was dissolved in 20-ml anhydrous 

methanol with stirring. The resultant homogeneous solution 

was placed in an ice bath and cooled to SoC. NaOH (0.5 g) 

dissolved in 10-ml water was added to the chilled solution 

and the mixture was stirred in the ice bath for 30 min. The 

methanol was removed in vacuo, leaving an oily residue which 

was dissolved in 100-ml ice water and immediately, while 

still cold, acidified to pH 2 with 2M HCl. During the addi

tion of the acid, a white precipitate formed which redis

solved upon addition of lOO-ml ethyl acetate to the solution. 

The biphasic solution was transferred immediately to a sep

aratory funnel and the layers separated. The aqueous layer 

was ext raced further with ethyl acetate (2x50 ml) and the

combined organic extracts were washed with saturated sodium 

chloride solution (2x25 ml), then water (2x20 ml), and dried 

over magnesium sulfate. The solution was filtered and the 

solvent was evaporated in vacuo leaving a clear colorless 

oil. 

Yield: 3.15 g (75%) 

TLC(100 CHCI 3 :6HOAc): Rf = 0.29 

TLC(65/35/4 CHC I 3/MeOH/HOAc): Rf 0.62 



NMR (CDC 13 ) : <56. 85 (q, 4H; J = 8.0 Hz); <55. 2 (d, 1H; 

J = 2. 0 Hz); 64.5 (dd, 1H); 63. 7 (s, 3H) ; 

63.0 (d,2H; J = 6.0 Hz); 62.4 (s,9H) 

L Stereoisomer: [a] t6 = +41. 9 (C = 1, EtOH) 

Lit.: Kolodziejczyk and Manning (1981): [a] 26 
D 

D Stereoisomer: [a]2~ = -39.8 (C = 1, EtOH) 
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Lit.: Kolodziejczyk and Manning (1981); [a]26 = -42.P. 
D 

The compound was used without further purification 

in solid-phase peptide synthesis. 

N -Boc-O-ethyltyrosine Methyl Ester. N -Boc

tyrosine methyl ester (2.0 g, 6.78 mmoles) was added to 30-

ml benzene containing 1-ml dimethyl formamide (DMF) in a 

200-ml round-bottom flask fitted with a condenser and a 

Dean-Stark trap. To this mixture was added 1.0-g (7.45 

mmoles) potassium carbonate and 0.18-g 18-crown-6 and the 

mixture stirred for 10 min. 2.32-g (14.90 mmoles) ethyl 

iodide was added dropwise to the stirring mixture over a 

period of 5 min. The mixture was then heated to reflux 

and continued refluxing for 2 hr. Another portion of ethyl 

iodide (2.32 g, 14.90 mmoles) was added and the mixture 

continued refluxing for 2 additional hr. A third portion 

of ethyl iodide was added (2.32 g, 14.90 mmoles) and the 

mixture continued refluxing for 2 more hr. The reaction 

mixture was cooled to room temperature and poured into 20-

ml ice water. The phases were separated and the benzene 
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layer was washed with water (2x20 ml) and dried over anhy

drous magnesium sulfate. The organic layer was filtered of 

magnesium sulfate and the solvent was evaporated in vacuo 

leaving a colorless oil. 

Yield: 2.0 g (93%) 

NMR(CDC13): 66.95 (q,4H; J = 8.0 Hz); 65.3 (d,lH; J 

2.0 Hz); 64. 70 (dd, 1H); 63.8 (q, 2H; J 7.0 

Hz); 63.6 (s,3H); 62.9 (d,2H; J = 6.3 Hz); 

61.4 (s,9H); 61.3 (t,3H; J = 7.0 Hz) 

TLC (E): R
f 

= o. 69 . 

Na-Boc-O-ethyltyrosine. N -Boc-O-ethyltyrosine 

methyl ester (2.0 g, 6.18 mmoles) was dissolved in 20-ml 

anhydrous methanol. To this solution was added 0.3-g (6.18) 

mmoles) NaOH and the mixture was placed in an ice bath and 

stirred in the cold for 30 min. The solution was evaporated 

in vacuo leaving a clear viscous oil. The oil was dissolved 

in 70-ml ice cold water and the pH of the solution was ad

justed to 2 with the addition of 4% hydrochloric acid solu

tion. The acidified mixture was quickly transferred to a 

separatory funnel and the aqueous solution was extracted with 

ethyl acetate (2x50 ml). The combined organic extracts were 

washed with water 2x15 ml), saturated sodium chloride (2x50 

ml), and then dried over anhydrous magnesium sulfate. The 

ethyl acetate layer was filtered of the drying agent and the 

solvent was evaporated in vacuo leaving a clear viscous oil. 
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Yield: 1.5 9 (79%) 

NMR (CDC 13): 66. 7 (g, 4H; J = 8.0 Hz); 65.9 (d, 1H; J = 

2.0 Hz); 64.29 (dd, 1H); 63.8 (g, 2H; J = 6.8 Hz); 

62.69 (d,2H; J = 6.5 Hz); 61.4 (s,9H); 61.3 

(t,3H; J = 6.8 Hz) 

TLC(D): Rf = 0.69; TLC(E): Rf = 0.76 

D Stereoisomer: [CI.]2
D
6 (C = 1, EtOH) = -33.8 

Lit.: Kolodziejczyk and Manning (1981): 

[ CI.] 2
D
6 = - 3 9 • 7, [ CI. ] 2

D
6 = - 3 3 • 8 

L Stereoisomer: [CI.]2
D
6 (C = 1, EtOH) = +31.9 

Lit.: Kolodziejczyk and Manning (1981): 

[ CI.] 2
D
6 = + 3 9 • 8 , [ CI.] 2

D
6 = + 3 3 • 8 • 

The oil obtained was used without further purifica

tion in solid-phase peptide synthesis. 

4-Methylbenzyl Diethylacetamidomalonate. Sodium 

metal (1.55 g, 67 mmoles) was added to 45-ml absolute ethanol. 

When the sodium was dissolved, 14.2-g (66 mmoles) diethyl-

acetamidomalonate was added and the mixture stirred at room 

temperature for 1 hr. The resultant yellow mixture was 

cooled in an ice bath (5°C) and 12.2-g (65 mmoles) 4-methyl-

benzyl bromide in 25-ml 100% ethanol was added dropwise over 

a 10-min period. The mixture continued to stir in the ice 

bath for 1 hr further. A white solid began to form in the 

stirring mixture, the ice bath removed and the mixture was 

stirred overnight at room temperature. The reaction was 
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stopped the following morning by pouring the mixture into 

300-ml of distilled water. The resulting aqueous solution 

was cooled in an ice bath for 1 hr. The white solid that 

formed was filtered and washed with cold water (3x75 ml). 

The coumpound was air-dried overnight leaving 15.62 g (74%) 

of a white solid. 

m.p.: 94-98°C 

Lit.: Herr et al. (1957); m.p.: 103-105°C 

TLC (D): Rf = O. 67 

NMR(CDCI 3 ): 67.1 (4H, AB type; J = 8.0 Hz); 66.63 (lH, 

broad singlet); 64.35 (4H,q; J = 7.0 Hz); 

63.7 (2H,s); 62.1 (3H,s); 61.4 (6H,t; 

J = 7.0 Hz). 

iMethyl (d,l) Phenylalanine. 4-Methylbenzyl aceta

midodiethyl malonate, 4.0 g (12.4 mmoles), was added to 40 

ml of 48% HBr. The mixture was refluxed for 10 hr. After 

heating, the mixture was cooled to room temperature where

upon the mixture solidified. The resultant solid mass was 

dissolved in 25-ml distilled water, and the pH of the solu

t~on was then adjusted to 7.0 with the dropwise addition of 

concentrated ammonium hydroxide. The mixture was cooled in 

an ice bath for 2 hr, then filtered. The mother liquor was 

concentrated in vacuo and the resulting white solid was fil

tered. The combined solids were washed with water (2x10 

ml), 95% ethanol (2x10 ml), and ethyl ether (2x10 ml), then 



air dried overnig~t at room temperature. The resulting 

white solid siolated amounted to 1.42 g (69%). 

TLC (A): R f = O. 5 "( ; TLC(B): Rf = 0.66 

NMR(TFA,CDCI3): ~7.2 (4H,<q; J 8.0 Hz) i 04.65 (1H,m); 

~3. 5 (2H, t; J 6.0 Hz); 02.4 (3H, s) 

Lit.: Herr et al~ (1957);,Zhuze et al. (1964): 

m.p.: 243-445°C (dec.) 

m.p.: 240-245°C (dec.). 

224 

NU-t-Boc-4-methyl ~d,l) Phenylalanine. 4-Methyl 

(d/l) phenylalani~e, 1.42 9 (7.9 mmoles), was added to 30 ml 

of a 2:1 dioxane:water mixture and the resulting slurry was 

cooled in an ice ~ath. 10:ml 1M NaOH solution was added to 

the cold solution and the mixture was stirred until a clear 

solution resulted~ 1.83-g, (8.7 mmoles) Boc-dicarbonate was 

added to the stirring mixture and then continued stirring 

in the ice b~th fqr an additional 30 min. The ice bath was 

removed and the sqlution continued stirring overnight. The 

mixture was evapo~ated to dryness in vacuo leaving a white 

amorphous residue. The residue was dissolved in 40-ml dis

tilled water adn ~hen added to 50-ml ethyl acetate. The 

resulting biphasiq mixture:was cooled in an ice bath and 

then acidified to pH 3 with the addition of solid citric 

acid. The solutioD was transferred to a separatory funnel 

and the layers separated. :The aqueous layer was extracted 

twice more with 5Q-ml portions of ethyl acetate. The 
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combined organic extracts were then washed with water (3x20 

ml), dried over anhydrous sodium sulfate, filtered, and the 

solvent evaporated to dryness leaving a clear oily residue. 

The oily residue was crystallized from hexane/ethyl acetate. 

Yield: 1.71 g (77%) 

m.p.: 114-116°C 

TLC(D): Rf = 0.58 

NMR(CDCI 3): 610.2 (lH, broad); 67.21 (4H,s); 64.7 (lH, m); 

63.2 (2H, t; J = 6.8 Hz); 63.4 (3H, s); 61. 3 

(9H,s). 

4-Ethylbenzyl Bromide. 4-Ethylbenzyl alcohol, 2.0 9 

(15 mmoles), was dissolved in 5-ml benzene and the mixture 

placed in an ice bath and maintained at a temeprature of 

5-10°C. Then 3.98 9 (1.4 ml) freshly distilled phosphorus 

tribromide (14 mmoles) was added dropwise to the stirring 

mixture over a period of 1-2 min. When addition was comblete 

the mixture was refluxed for 2 hr, then cooled. The mixture 

was poured into 100 9 crushed ice and the ice allowed to warm 

to room temperature. The biphasic mixture was placed in a 

separatory funnel and the mixture extracted with ethyl ether 

(3x25 ml). The combined organic extracts were then washed 

with water (2x10 ml) and dried over anhydrous MgS0 4 • The 

solution was filtered and evaporated in vacuo leaving a 

clear mobile oil. 

Yield: 2.5 9 (84%) 



IR (neat): No hydroxyl stretch, 3,070 em-I, 3,010-cm- l , 

2,940 cm- 1 
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NMR (neat): 67.14, 7.11, 7.01, 6.97 (J = 8.0 Hz (AB pat

tern), 4H); 64.24 (2H , s) i 62.52, 2.49, 2.43 

(q,2H; J = 7.6 Hz); 61.13, 1.10, 1.07 

(J = 7.6 Hz, 3H). 

TLC (D): Rf = 0.5 0. 

The compound was used without further purification. 

Diethyl a-(4-Ethylbenzyl)-acetamidomalonate. Sodium 

metal, 0.4 g (17 mmoles), was added to 20-ml anhydrous ethanol. 

When the sodium had dissolved, 1.52-g diethylacetamidomalonate 

(7 mmoles) was added to the solution and the mixture stirred 

at roomtemperature for 20 min. The yellow solution was 

cooled in an ide bath and 1.35-g 4-ethylbenzyl bromide (6.8 

mmoles) was added dropwise to the cool solution over a period 

of 5 min. The solution continued to stir in the ice bath 

for an additional 10 min. The ice bath was removed and the 

solution continued to stir at room temperature (12-14 hr) 

overnight. The mixture was poured into 100-ml cold distilled 

water and cooled in an ice bath for 1 hr. The resulting 

solid formed during cooling was filtered, washed with water, 

and dried. 

Yield: 1.15 g (50%) 

m.p.: 92-94°C 

TLC (D): Rf = 0.47. 
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NMR (CDC1 3 ) : 67.05 (g,4Hi J 

64.15 (q,4Hi J 

8.0 Hz) i 66.75 (bs,NH,lH); 

7.0 Hz); 63.62 (g,2H, J = 7.0 

Hz); 62.05 (s,3H); 01.2 (t,6H; J = 7.0 Hz) i 

01.5 (t, 3); J = 7.0 Hz). 

4-Ethyl d,l Phenylalanine. Diethyl a-(4-ethyl

benzyl) acetamidomalonate, 1.0 g (2.9 mmoles), was added to 

10 ml 48% HBr, the mixture was then heated at reflux for 8 

hr. The solution was cooled to room temperature resulting 

in a solid mass. The solid material was dissolved in 10 ml 

distilled water and the pH of the solution was adjusted to 

7 by the dropwise addition of concentrated ammonium hydrox

ide. A solid precipitate began to form and the solution 

was cooled in an ice bath for 2 hr. The resulting solid 

precipitate was filtered and dried. 

Yield: 0.50 g (63%) 

NMR (TFA) : 07.01 (g,4H; J = 8.0 Hz); 04.3 (m,lH); 63.3 

(t,2H; J = 6.0 Hz); 02.75 (q,2H); 01.4 (t,3H) 

Lit.: Zhuze et al., 1964; m.p.: 250-255°C 

m.p.: 245-250°C 

Na-t-Boc-4-ethyl (d,l) Phenylalanine. 4-Ethyl d,l 

phenylalanine, 0.50 g (2.6 mmoles), was dissolved in 10 ml 

of a 2:1 dioxane:water solution and then cooled in an ice 

bath. 3-ml 1N NaOH was added to the amino-acid solution 

and the mixture was stirred in the ice bath for 10 min. 

Boc-dicarbonate, 0.82 g (3.9 mmoles), was added to the 
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mixture and the mixture was stirred in the ice bath for 30 

min. The ice bath was removed and the mixture was stirred 

overnight at room temperature. The solvent was evaporated 

in vacuo leaving a white residue. The residue was dis-

solved in 20-ml distilled water, then 50-ml ethyl acetate 

was added. The mixture was acidified to pH 3 by the addi-

tion of solid citric acid. The layers were separated and 

the aqueous layer was extracted with 2 more portions of 

ethyl acetate (2x50 ml). The combined ethyl acetate 

extracts were washed with water (2x25 ml), saturated NaCI 

(lx25 ml), and then dried over solid anhydrous sodium sul-

fate. The dry organic layer was filtered and the solvent 

evaporated in vacuo leaving an oily residue. The oily 

residue was crystallized from hexane/ethyl acetate. 

Yield: 0.25 g (50%) 

m.p.: 132-134°C 

TLC (D): Rf = 0.51 

NMR(CDCI3): 07.10 (s,4H; J = 7.5 Hz); 04.6 (m,lH); 03.22 

(t,2H; J = 6.8 Hz); 02.75 (q,2H; J = 7.0 Hz); 

01.4 (s,9H); 02.25 (t,3H; J = 6.0 Hz). 

Solid-phase Peptide Synthesis of 
Protected Oxytocin Nonapeptides 

Each protected nonapeptide was prepared utilizing 

solid-phase peptide synthetic methodoloty on a semiauto-

mated instrument designed and built in the Chemistry Labo-

ratory at the University of Arizona (Hruby, Barstow, and 
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Linhart, 1972). t-Boc-Gly-O-resin was prepared from chloro

methylated polystyrene resin (1% crosslinked with divinyl

benzene, CI- content 1.02 mmole/g) and Na-Boc-Glycine by 

the method of Gisen (1973). 

The substitution level of the first amino acid was 

0.45 mmole Gly/g resin as determined by amino-acid analy

ses (hydrolysis of 3 samples using 6M HCI:propionic acid 

(1:1) for 22 hr at 110°C). A 2.3-g (1.00 mmole) sample of 

Na-Boc-Gly-resin was used in each synthesis of a protected 

nonapeptide. The protocol developed by Upson (1975) was 

generally followed, however, with several exceptions. The 

general coupling schemes used for the synthesis of pro

tected nonapeptides are shown in Tables 55 and 56. Each 

coupling step was monitored for completeness using the 

Kaiser ninhydrin test (Kaiser et al., 1970). Complete 

coupling of each amino acid was observed. After completion 

of the synthesis, the N-terminal protecting group was 

removed (when Na-t-Boc protection used). The neutralized 

resin was removed from the peptide synthesis vessel by 

washing the resin with N,N-dimethylformamide (4x30 ml) into 

a sintered glass funnel, followed by CH 2Cl 2 washes (4x30 ml) 

and the resin was dried in vacuo for 3 hr, then weighed. 

When the N-terminal protecting group was carbobenzyloxy 

(Cbz) instead of t-butoxycarbonyl, an alternative resin 

isolation procedure was employed. After completion of the 
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Table 55. Solid-phase peptide synthesis experimental proto
col for coupling with dicyclohexyl-carbodiimide 

Step Purpose 

1 wash 

2 deprotection 

3 deprotect 

4 wash 

neutralize 
5 neutralize 

6 wash 

7 analysis 

8 couple 

9 analysis 

10 wash 

11 wash 

12 wash 

13 couple 

14 analysis 

15 wash 

16 wash 

Solvent or Reagent 

TFA-CH2C12-Anisole 
(50:48:2) 

TFA-CH2C1 2-Anisole 
(50:48:2) 

DIEA-CH 2C1 2 
(10:90) 

ninhydrin test 

Boc-amino acid (3 eq)/CH2C1 2 (3 ml) 
HOBT (3 equiv)/DMF 

Time 
(min) 

1 

2 

20 

1 

2 

1 

DCC (2.4 equiv)/CH2C12 45-90 

ninhydrin test 

100% EtOH 

Additional Coupling (if necessary) 

Boc-amino acid (1.5 eq)/CH2C12 
HOBT (1.3 equiv)/DMF 
DCC (1.2 eq)/CH2C12 

ninhydrin test 

100% EtOH 

1 

1 

1 

45-90 

1 

1 

Repeti
tion 

4 

1 

1 

3 

2 

4 

1 

1 
1 
1 

1 

3 

4 

3 

3 
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Table 56. Solid-phase peptide synthesis experimental 
protocol for nitrophenyl ester coupling 

Step Purpose 

1 wash 

2 deprotection 

3 

4 wash 

5 neutralize 

6 wash 

7 wash 

8 analysis 

9 coupling 

10 analysis 

11 wash 

12 wash 

13 wash 

Solvent or Reagent 

TFA/CH2C12/Anisole 
(50:48:2) 

TFA/CH2C12/Anisole 
(50:48:2) 

DIEA/CH2 C12 
(10:90) 

DMF 

ninhydrin test 

Boc-amino acid nitropheny1 
ester (4 equiv)/DMF 
HOBT (4 equiv)/DMF 

ninhydrin test 

DMF 

100% EtOH 

Time 
(min) 

1 

2 

20 

1 

2 

1 

1 

240-360 

1 

1 

1 

--Additional Coupling (if necessary) --

14 wash 

15 couple 

16 analysis 

17 wash 

18 wash 

19 wash 

DMF 

Boc-AA-OPNP (2.5 equiv)/DMF 
HOBT (2.0 equiv)/DMF 

ninhydrin test 

DMF 

100% EtOH 

1 

120-180 

1 

1 

1 

1 

Repeti
tion 

4 

1 

1 

3 

2 

4 

3 

1 

1 
1 

1 

3 

4 

3 

4 

1 
1 

1 

3 

3 

3 
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last coupling step, the resin was transferred into a sin

tered glass funnel by washing with N,N-dimethyl formamide 

(4x30 ml). Repeated washes with CH2C~ (4x30 ml) followed 

by drying in vacuo for 3 hr yielded dry resin which was 

then weighed. 

The protected nonapeptides and their corresponding 

physical properties are listed in Tables 57 and 58. 

t-Boc-Gly-O-resin. Na-Boc-glycine was attached to 

the resin following the method of Gisen (1973). 

Cesium Salt of Boc-glycine. 2.0-g Boc-glycine 

(11.4 mmoles) was dissolved in 15-ml anhydrous ethanol. 

The amino-acid/ethanol mixture was diluted to 20 ml with 

the addition of 5-ml distilled water. The pH of the stir

ring mixture was adjusted to 7 with the addition of 2.9-g 

(15 mmole) cesium hydrogen carbonate. The neutralized 

solution was then evaporated to dryness in vacuo leaving a 

gooey oil .. The oil was repeatedly dried by alternative 

addition and evaporation of benzene (3x30 ml) until a white 

solid material resulted. The cesium salt of Boc-glycine 

was then dried in vacuo for 5 hr. Yield 3.3 g (94%). This 

compound was used without further purification. 

Esterificatin of Boc-glycine Cesium Salt to Merri

field Chloromethyl Resin. 20-g (20.4 mmoles) chlorometh

ylated polystyrene resin (Lab Systems, Inc., Belmont, CA 
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Table 57. Physical data for protected nonapeptide interme
diates of oxytocin antagonists 

Weight 
Gain 

Resin 
(g) 

0.7 

1.09 

0.32 

0.87 

Weight 
Isolated 
Protected 
Peptide 

(g) 

Melting 
Point 
(OC) Amino-acid Analysis 

Z-Pen(Bzl),Cle,Ile,Gln,Asn,Cys(Bzl),
prO,LeU,GlyNH

2 

0.79 190-200 Pen(Bzl) 1.10, Cle 0.8, 
Ile 0.91, Leu 0.97, 
Gly 1.00, Pro 0.94, 
Gln 1.04, Asn 1.00 
Cys (Bzl) 1.02 

Z-Pen(Bzl),TyrEt,Ile,Thr(Bzl),Asn,
Cys(Bzl),Pro,Orn(Tos) ,GlyNH

2 

1. 24 235-240 (dec.) Cys(Bzl) 0.90, 
Pen(Bzl) 1.10, Asx 1.00, 
Orn(Tos) 0.06, Thr 0.90, 
Pro 1.06, Gly 1.04, 
Ile 0.55, TyrEt 0.19 

Z-Pen(Bzl) ,TyrMe.Ile,Thr(Bzl) ,Asn,
Cys(Bzl) ,Pro,Orn(Tos) ,GlyNH

2 

0.99 248-253 (dec.) Asx 1.06, Thr 0.94, 
Pro 0.98, Gly 1.04, 
Cys(Bzl) 0.88, 
Pen(Bzl) 1.12, 
Orn(Tos) 0.13, Ile 0.98, 
TyrMe 0.26 

Pen(Bzl) ,D,L-PheMe,Ile,Thr(Bzl) ,Asn,
Cys(Bzl),Pro,Orn(Tos) ,G1YNH

2 

1.16 232-253 Pen(Bzl) 1.10 
Cys (Bzl) 0.9, 
Orn(Tos) 0.20, Asx 1.01, 
Thr 0.91, Pro 1.04, 
Gly 1.14, Ile 0.90, 
PheMe 0.48 
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Weight 
Gain 

Resin 
(g) 

0.46 

1.06 

0.81 

0.6 

57.--Continued 

Weight 
Isolated 
Protected Melting 

Peptide Point 
(g) ( °C) Amino-acid analysis 

Pen(Bzl) ,D,L-PheEt,Ile,Thr(Bzl),Asn,
Cys(Bzl),Pro,Orn(Tos) ,GlyNH

2 

0.44 202-204 Pen (Bzl) 
Cys(Bzl) 

1.09, Asx 
0.89, Thr 

234 

1.03, 
0.84, 

Orn(Tos) 0.48, Pro 1.13, 

0.97 

1.16 

0.69 

Gly 1.18, 
PheEt 0.63 

Pen(Bzl),D-TyrMe,Ile,Thr(Bzl),Asn,
Cys(Bzl),Pro,Orn(Tos) ,GlyNH

2 

184-186 

Pen(Bzl),D-TyrEt,I1e,Thr(Bzl) ,Asn,
CyS(Bzl),pro,Orn(TOS),G1yNH

2 

189-193 

Pen(Bzl),Tyr(Bzl),Ile,Gln,Asn,
CyS(Bzl),pro,Cle,GlYNH

2 

Ile 0.81, 

198-202 Cys(Bz1) 0.76, Asp 1.07, 
Pen(Bz1) 1.11, Glu 1.04, 
Pro 1.00, Gly 1.07, 
lIe 0.96, Cle 0.97, 
Tyr 0.59 
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Table 58. Physical data for protected nonapeptide inter
mediates of oxytocin analogs 

Weight 
Gain 
Resin 

(g) 

.46 

.40 

Weight Isolated 
Protected Peptide 

( g) 

Cys(BzI)-Cle-Ile-Gln-Asn-Cys(Bzl)
Pro-Leu-Gly-NH 2 

.32 

CyS(BzI)-Tyr-Ile-Gln-Asn-Cys(Bzl)
Pro-Cle-Gly-NH 2 

.50 

Melting 
Point 
( ec) 

155-163 

192-199 

containing a CI content of 1.02 meq/g was swelled in 200-

ml dry DMF with very slow stirring for approximately 30 

min. 3.3-g t-Boc glycine cesium salt was added to the stir-

ring resin mixture and the mixture was heated at 50 e C for 

12 hr. The next day the resin mixture was cooled to room 

temperature and filtered. The resin was then washed in the 

following manner: 

1. DMF (4x50 ml) 

2. 9:1 (v/v) DMF:H 20 (4x50 ml) 

3. DMF (4x50 ml) 

4. 100% ethanol (4x50 ml). 
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The resin dried in vacuo for 3 hr. The amino-acid substitu-

tion of the resin was determined by hydrolyzing 3 resin sam-

pIes in sealed ampoules containing 2 ml of a 1:1 mixture 

12 N HCI:propionic acid for 22 hr at 110°C, cooling, open-

ing the ampoules, evaporating the solvent in vacuo for 2 hr, 

and finally amino-acid analysis. The substitution of gly-

cine was determined by this method to be 0.45-mmoles/g 

resin. 

Cleavage of Protected Peptide 
from the Solid Support 

The protected nonapeptide was cleaved from the resin 

by addition of the dried resin to a 250-ml round-bottom 

flask containing 150-ml freshly distilled (from Mg(OMe)2) 

methanol and anhydrous ammonia (freshly distilled from 

Na) at -5°C. The volume of the flask increased slightly 

(-20 ml) with the addition of ammonia to methanol. After 

addition of the resin, the flask was wired shut and stirred 

in a desiccator containing KOH pellets for 4 days at 25°C. 

The solvent was removed by aspiration and rotary evaporation 

in vacuo leaving dry resin material. The cleaved peptide was 

extracted from the resin by addition of a 125-ml portion of 

DMF and heating the resulting slurry at 62°C for 8 hr. The 

mixture was cooled, filtered, and a fresh 125-ml portion of 

DMF was added to the resin and heated at 85°C for 2 hr. 

The resin mixture was cooled, filtered, and the resulting 
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DMF extracts were combined. The DMF extracts were concen-

trated to approximately 15 ml in vacuo. Deionized water 

(125 ml) was added dropwise to the DMF concentrate with 

swirling, resulting in a white precipitate. The solution 

containing the solvent was cooled in an ice bath for 2 hr 

to induce further solid precipitation from the solution. 

The precipitate was collected by suction filtration, washed 

with water (2x20 ml), ether (2x20 ml), and dried for 1 hr 

at room temperature, and dried in vacuo, leaving a white 

powder. A second crop of protected nonapeptide was obtained 

by lyophilization of the mother liquor. The resulting 

lyophilizate was analyzed for purity by comparison of the 

melting point and amino-acid analysis with the solid mate-

rial obtained by trituration with water. Tables 57 and 58 

list the melting point and amino-acid analysis of each 

protected nonapeptide by solid-phase synthesis. 

Deprotection and Disulfide Formation 
of Oxytocin Analogs 

A typical reaction included the following general 

procedure: A sample of 250mgof protected nonapeptide was 

dissolved in 200-ml anhydrous ammonia (freshly distilled 

from Na). The solution was warmed to the boiling point and 

treated with a sodium stick until a blue color persisted 

for 60 sec. If the blue color persisted for longer than 

60 sec, addition of a few mg of NH 4Cl crystals rapidly 
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dissipated the color and prevented cleavage of the proline 

residue. The ammonia was evaporated under an N2 stream and 

the last 20 ml by lyophilization. The white powder resulting 

from lyophilization was dissolved in 650-ml deaerated 0.1% 

HOAc under an N2 atmosphere. The pH of the peptide solu

tion was adjusted to 8.5 with 3 M NH 40H and then oxidized 

with addition of excess 0.01 N K Fe(CN)6. The resultant 

dark yellow solution was stirred for 30 min, while main

taining the pH at 8.5. The excess ferro- and ferricyanide 

ions was removed from the solution by first adjusting the 

solution to pH 5 with 20% HOAc then adding 5-ml (wet volume) 

anion exchange resin (Rexyn 203 (CI cycle) Fisher Chemi

Company, Pittsburgh, PAl or BioRad 3-X4A (BioRad Labora

tories, Richmond, CA). After stirring the peptide solu

tion for 20 min, the resin was removed by filtration an~ 

washed with 20% HOAc (3x20 ml) to ensure complete exchange 

of the peptide material from the resin. Approximately 75-

ml butanol (reduce bumping) was added to the aqueous peptide 

solution and concentrated in vacuo at 20-30° to about 100 

ml and lyophilized. Tables 59 and 60 present the compounds 

cyclized and purified. 
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Table 59. Physical data for purified oxytocin analogs 

Chromatography 
Solvent 

Part i- Gel 
tiona Filtration 

AI 20% HOAc 

AI 0.2 N HOAc 

0.28 

0.22 

Isolated 
Yield 

(mg) (%) 

Optical 
Rotation 

(0 ) 

[Cle2 Joxytocin 

50 18 -13.9 

[Cle 8 Joxytocin 

80 25 -16.7 

Amino-acid Analysis 

Asp 1.05, Gly 1.03, 
Pro 1.01, Gly 1.05, 
Half Cys 0.83, 
lIe 0.90, Leu 1.04, 
C1e 0.96 

Asx 1.09, Glx 1.09, 
Pro 1.00, Gly 0.90, 
Ha1f-Cys 0.94, 
lIe 1.04, Cle 0.94, 
Tyr 0.98 

a. Partition chromatography solvent system designations: 

AI: 1:1 BuOH:HZO (containing 3.5% acetic acid, 1.5% pyridine, 
upper phase) 
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Table 60. Physical data for purified oxytocin antagonists 

Chromatography 
Solvent 

Parti- Gel 
tiona Filtration 

A' 0.2 N HOAc 

A' 0.2 N HOAc 

A' 0.2 N HOAc 

B' 0.2 N HOAc 

0.39 

0.23 

Isolated 
Yield 

(mg) (%) 

Optical 
Rotation 

(0 ) 

[Pen1 ,Cle2 ]oxytocin 

30 16 -54.1 

[Pen 1 ,Cle8 ]oxytocin 

40 19 

Amino-acid Analysis 

Asp 0.98, Glx 1.00, 
Pro 1.05, Gly 1.09, 
Half-Cys 0.58, 
mixed disulfide 
Pen-Cys 1.20, 
lIe 0.92, Leu 0.98, 
Cle 0.99 

Asp 1.03, GIn 1.02, 
Pro 0.91, Gly 1.00, 
Ile 1.01, 
Cys-Pen 1. 22, 
Cle 0.88, Tyr 0.80, 
Half-Cys 0.22 

[Pen 1,L-TyrMe 2,Thr 4,Orn 8]oxytocin 

0.23 47 31 +95.1 Orn 0.94, Asp 1.04, 
Thr 0.95, Pro 1.03, 
Gly 1.06, 
Cys-Pen 1. 62, 
lIe 0.84, TyrMe 0.16 

[pen 1,L-TyrEt 2,Thr 4,Orn 8]oxytocin 

0.17 42 28 +37.8 Orn 0.93, Asp 1.04, 
Thr 0.91, Pro 1.13, 
Gly 1.14, 
Cys-Pen 1. 24, 
lIe 0.84, TyrEt 0.24 
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Table 60.--Continued 

Chromatography 
Solvent 

Parti- Gel 
Isolated 
Yield 

(mg) (%) 

Optical 
Rotation 

(0 ) tiona Filtration Amino-acid Analysis 

A' 

A' 

A' 

[Pen 1,0,L-PheMe 2,Thr 4 ,Orn B]oxytocin 

o • 2 N HOAc 0 . 19 L 13 15L L +52.4 Gly 0.99, lIe 1.04, 
PheMe 0.61, Pro 1.06, 
Asx 1.01, Orn 1.01, 
Thr 0.97, 

20% HOAc 

20% HOAc 

20% HOAc 

0.37 0 25 150 

Pen-Cys 0.86 
Cys-Cys 0.08 

o -42.50 Gly 1.00, lIe 1.01, 
PheMe 0.61, Pro 1. 06, 
Asx 1.05, Orn 1.07, 
Thr 0.96, 
Pen-Cys 1. 24, 
Cys-Cys 0.20 

[Pen 1 ,0,L-PheEt 2 ,Thr 4 ,Orn B]oxytocin 

0.37 L 30 14 L=+81.9 

0.89 0 30 14 0=-60 

Gly 1.03, lIe 1.00, 
PheEt 0.97, Pro 1.01, 

0.95, Asx 0.99 
Orn 0.97, 
Cys-Pen 1. 00 

Gly 1.02, I1e 0.96 
PheEt 1. 08, Pro 1. 02, 
Thr 0.95, Asx 1.03, 
Orn 0.92, 
Cys-Pen 0.26, 
Cys-Cys 0.72 

[pen 1 ,0-TyrEt 2 ,Thr 4 ,Orn B]opxytocin 

0.23 10 6 +44.2 Gly 1.00, lIe 1.02, 
TyrEt 0.97, Pro 1.00, 
Asx 1.00, orn 0.98, 
Thr 0.98, 
Pen-Cys 0.71, 
Cys-Cys 0.21 

a. Partition chromatography solvetn system designations: 

A': 1:1 BuOH:H20 (containing 3.5% acetic acid, 1.5% pyridine; 
upper phase) 

B': 4:1:5 BuOH:HOAc:H20 (upper phase) 
C ' : 4:1:5 BuOH:EtOH:H20 (containing 3.5% acetic acid, 1.5% 

pyridine, upper phase) 
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Partition Chromatography and Gel Filtration. The 

lyophilized product was initially purified by partition 

chromatography (Yamashiro, 1964) on Sephadex G-25 (Pharmacia 

Fine Chemicals, Piscataway, NJ) block polymerizate using 

the organic phase of a biphasic butanol-water solvent sys

tem as eluent (see Tables 59 and 60 for specific solvents 

used for each peptide). Fractions of 4 ml each were col

lected and analyzed for peptide material using either UV 

measurement at A = 280 nm of Folin-Lowry analysis (Lowry et 

al., 1951; Larsen et al., 1979). The fractions correspond

ing to the product were pooled, rinsed with 20% HOAc and 

0.2 M HOAc, then lyophilized. The resulting white powder 

was further purified by gel filtration on Sephadex G-25 

(240-270 mesh) using either aqueous 0.2 M HOAc or 20% HOAc 

as the eluent solvent. The fractions corresponding to the 

major peak were pooled and lyophilized as before, yielding 

a white powder as purified peptide material. 

High Performance Liquid Chromatography. Initial 

high performance liquid chromatography (HPLC) purifications 

of peptide samples were performed according to the protocol 

developed by Blevins, Burke, and Hruby (1980). 

Preparation of Reagents. The mobile phase consisted 

of 2 solvents: A and B. Solvent A was an aqueous solution 

of either trifluoracetic acid (TFA) (0.1%, 1.0%), ammonium 
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acetate (0.04 M, pH 4), or triethylammonium acetate (O.OSO 

M, pH 4). Trifluoroacetic acid solutions were prepared by 

adding the appropriate amount of TFA (1 ml, 0.1%; 10 ml, 

1.0%) to 9S0-ml HPLC pure water, purified by filtration of 

deionized water through a NORGANIC rn cartridge (Millipore 

Corp., Bedford, MA), then diluting the mixture to 1 L with 

purified water. Ammonium acetate solution (0.04 M) was pre

pared by adding 3.08-g ammonium acetate to 9S0-ml HPLC water, 

adjusting the pH to 4 with glass distilled acetic acid (G. 

Frederick Smith Co., Cleveland, OH) and further diluting 

the solution to 1 L with HPLC water. O.OS-M triethylammo

nium acetate was prepared by addition of 2.90-ml glass dis

tilled acetic acid to 9S0-ml HPLC water, adjusting the pH 

to 4 with triethylamine (ninhydrin distilled) and diluting 

further with water to a final volume of 1 L. Before use, 

the ressulting solution was filtered through a Millipore 

HAWP 0.4S-~M filter and degassed for 30 min with helium. 

Solvent B was the organic portion of the mobile 

phase. Acetonitrile (CH2CN) (Burdick & Jackson Laboratories, 

Inc., Muskegan, MI) was the only organic modifier used in 

these studies because it gave good results. Prior to use, 

the organic solvent was filtered through a Millipore filter 

FNLP O.S ~m and degassed 30 min with helium. 

Sample Preparation. High pressure liquid chromatog

raphy samples for purification were prepared by dissolving 
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a preweighed peptide sample in the beginning elution mix

ture of solvents A and B. The concentration of each peptide 

sample purified was in the range of 5-7 mg/ml. 

Apparatus and Experimental Operating Conditions. 

Analytical HPLC determinations were performed on a VYDAC 

218TP4.6 15-16 ~ 25-cm long x 0.46 cm id. CI8 reverse phase 

column (Separation Group, Inc., Hesperia, CA). Semi

preparative HPLC purifications were performed on a waters 

C I8 reverse phase column 10-cm long x 0.8 cm id. (Waters 

Associates, Milford, MA) contained in a Radial Compression 

Module (RCM). The mobile phase for each column consisted 

of a starting mixture of 80% solvent A and 20% solvent B. 

Gradient elutions were sometimes performed to improve peak 

separation or decrease retention of lipophilic materials. 

Chart speed was 0.5 cm/min, solvent breakthrough depended 

on the flow rate of the mobile phase through the column 

(flow rate 1 ml/mini 4 mini flow rate 2 ml/min, 2 min). 

The sample load size injected for analytical determinations 

was usually between 25-100 ~l, sample injection size for 

semi-preparative purifications was usually in the range of 

100 ~1-500 ~l. In semi-preparative purifications, collec

tion of the particular peak of interest was done by. placing 

a round-bottom flask or Erlenmeyer flask under the solvent 

outlet for the duration of the observed peak detection. 

Reinjection of the recovered material confirmed the purity 
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of the collected material. Table 61 lists the peptides 

purified and analyzed by HPLC. 

General Analytical Methods 

Diastereomeric peptide samples were analyzed for 

stereochemical integrity utilization enzymatic digestion. 

NMR speotra were obtained using a Bruker WM-250 FT NMR spec-

trometer (Bruker Instruments Inc., Billerica, MA) equipped 

with an Aspect 2000A Computer, Varian T-60 NMR spectrometer 

(Varian Associates, Inc., Palo Alto, CA), Varian EM-360 NMR 

spectrometer or Bruker WH-90 FT NMR spectrometer equipped 

with a Nicolet computer. IR spectra were obtained using a 

Perkin-Elmer Model 630 scanning spectrophotometer (Perkin-

Elmer Corp., Norwalk, CT). CD spectra were obtained using 

a Cary Model 60recording spectrometer equipped with a Model 

6001 CD attachment with a half-band width of 1.5 nm. Ultra-

violet spectroscopic measurements were performed on a Perkin-

Elmer Model 440 scanning UV-Vis spectrometer. 

H-1 and C-13 Nuclear Magnetic 
Resonance Studies 

Peptide samples for NMR spectra measurements were 

prepared according to methods previously reported by Mos-

berg et al. (1982). 



Table 61. Final purification of oxytocin antagonists 
using high performance liquid chromatography 

Solvent System a 

Component 

a 
0.05 M TEAOAc pH 4 
CH3CN 

0.05 M TEAOAc pH 4 
CH3CN 

0.05 M TEAOAc pH 4 
CH3CN 

0.1% TFA 
CH3CN 

0.1% TFA 
CH 3CN 

Elution Conditions 

Isocratic 

[Pen 1,L-TyrMe 2,Thr" ,Orn 8) oxytocin 

78 
22 

Isocratic 
2 ml/min 

[pen 1,L-TyrEt 2,Thr",Orn 8)oxytocin 

81 
19 

Isocratic 1 ml/min 
Linear Gradient (20 min) 
80/20 + 70/30 + 80/20 

[pen 1,D-TyrEt 2,Thr",Orn 8)oxytocin 

80 
20 

Linear Gradient (30 min) 
80/20 + 65/35 + 80/20 
2 ml/min 

[Pen 1,D,L-PheMe 2,Thr",Orn 8joxytocin 

80 
20 

Linear Gradient (30 min) 
80/20 + 65/35 + 80/20 
2 ml/min 

[Pen 1,D,L-PheEt 2,Thr",Orn 8)oxytocin 

80 
20 

Linear Gradient (30 min) 
80/20 + 65/35 + 80/20 
2 ml/min 

a. TEAOAc = triethyl ammonium acetate 

b. k' 

c. a 

2.0 

7.S 

5.0 
5.7 

5.S 

L 5.0 
06.0 

L 6.0 
D 8.5 
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c 
a 

1.16 

1. 42 
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Sample Preparation for H-1 NMR Studies. 

1. Experiments in 100% 020: 

Approximately 5-7 mg of the purified peptide was 

dissolved in 3 ml 020' containing 8 ~l acetic acid-d 4 , to 

exchange water labile protons with deuterium and lyophi

lized. H-1 NMR samples were then prepared by dissolving 

the previously exchanged peptide sample in 99.96% 020 

(Aldrich Chemical Co., Milwaukee, WI), sealed in a glass 

bottle, and adjusting the pH to 3.5 direct meter reading) 

with acetic acid-d 4 • The prepared samples were -0-5 ml 

and were 10-15 mM in peptide. 8 ~l of a 90-mM d 4-sodium-

3-trimethylsilyl propionate (TSP) in 99.96% 020 solution 

was added to the peptide samples as an internal reference. 

2. Experiments in 90% H20/IO% 020: 

The preparation of peptide samples for observation 

in 90% H20 was very similar to the preparation of samples 

stated above. Approximately 3-5 mg of purified peptide was 

dissolved in deionized water, 8 ~l TSP solution added, and 

the resulting solution adjusted to pH 3.5 (direct meter 

reading) with acetic acid-d 4 • 020 was added to a concen

tration of 10% to serve as a lock signal. The samples were 

-0.4 ml and were 10-15 mM in peptide. 

Sample Preparation for C-13 NMR Studies. Peptide 

samples for C-13 NMR studies were prepared by dissolving 

20-40 mg of purified peptide in 2 ml 99.96% 020 and adjusting 
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the pH of the resulting solution to 3.5 with acetic acid-dl. 

The solution was degassed by bubbling with N2 for 15 min 

then sealed prior to measurement of spectra. 8 ~l of 

dioxane:0 20 (1.5 M) solution was added to the peptide 

sample as an internal standard (67.6 ppm relative to TMS) 

for all C-13 measurements. 

spectrum Acquisition. C-13 and H-1 NMR experiments 

performed on peptide samples utilized a Bruker WM-250 

Fourier transform NMR spectrometer equipped with an Aspect 

2000 computer. 

1. H-1 NMR Spectra 

The individual a, S, y, etc. proton resonances were 

assigned by decoupling experiments on peptide samples in 

020. The experiments in 020 solutions were performed by 

using an accumulation of free induction decays following a 

(180° -t-900 -T) WEFT sequence (Patt and Sykes, 1972) in 

which the value of t is chosen such that the residual HOO 

peak is nulled and T ~ 5T I , where TI is the longitudinal 

relaxation time of the HOO proton. Individual amide reso

nances were assigned by decoupling experiments in 90% H20/ 

10% 020 peptide solution. Oecoupling the large proton sig

nal from water utilized maximum power followed by low power 

decoupling of the a proton resonances with a 90° pulse; 

followed by data collection, ensured clean decoupling of 

individual amide resonances and unequivocal assignment. 
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The temperature dependence of the amide proton chemical 

shifts in H2 0 was determined by decoupling the water reso

nance with maximum power followed by accumulation of the 

free induction decays with a 90° pulse. The temperature 

rante for this experiment included 10°C-50°C and the values 

obtained are listed in the tables for each peptide studied. 

The H-1 NMR spectra were collected using quadrature 

detection, an 8K data base, and a spectral bandwidth of 

3,000 Hz. An average of 128 pulses were accumulated for 

each experiment. The resulting FlO was zero filled with 

an additional 8K data points and Gaussian multiplied (LB 

-4.50, GB = 0.130) before Fourier transformation (Becker, 

Ferretti, and Gambhir, 1979). The chemical shifts reported 

are relative to internal TSP. 

2. C-13 NMR Spectra 

The proton noise decoupled C-13 NMR spectr.a were 

performed at 62.9 MHz (broadband decoupling mode) usinS ~n 

accumulation of free induction decays following a 90° 

pulse. Approximately 10,000 transients were collected for 

each experiment. Off resonance decoupled spectra were 

obtained for each sample in order to aid the assignment 

of each carbon resonance. Carbon-13 spin-lattice relaxa

tion times (T I ) were acquired using the inversion recovery 

pulse sequence method (180 0-t-900-tool where too is at least 

5 times the longest TI). A routine TI measurement included 
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collecting 13 points of 3,000 to 4,000 transients each. 

The experimental error is approximately 10-15%. NTI values 

obtained by this technique are listed in the tables for the 

respective peptide analog. 

Circular Dichroism Studies 

Circular dichroism (CD) measurements were performed 

on each oxytocin analog according to previously published 

procedures (Hruby et al., 1982). 

Sample Preparation and Spectrum Measurement. All 

spectroscopic measurements were done at room temperature 

(22 ± 2°C) in aqueous solutions. Carefully weighed lyophi

lized powders of each peptide were added to a 10-ml volu

etric flask and diluted with deionized water. The pH of 

each stock -solution was adjusted to 3.5 with acetic acid. 

Peptide concentrations were in the range 0.4-0.6 mg/ml. 

Peptide solution (~l) measurements ata pH other than the 

stock solution were performed by removing 2 ml of stock 

solution and adjusting the pH with either 0.01 N HCI or 

0.01 N NaOH immediately before measurement. Calculation of 

molar extinction coefficients of each peptide were done by 

allowing for an equivalent of acetic acid and water which 

are present in lyophilized peptide samples. In all CD 

experiments, baseline determinations were made before and 

after each experimental determination. Baseline drift was 
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found to be negligible under the experimental conditions. 

The values reported for each respective peptide analog are 

expessed as molar ellipticities, [e], in degrees-cm/dmol. 

The molar ellipticities are related to the observed ellip-

ticities, e b ' by the following expression: o s 

[e] 
100 x e b o s 

LIGHT PATH (cm) x CONCENTRATION (molar peptide/L) 

Ultraviolet spectroscopic measurements were performed on 

each individual pH sample immediately after measurement of 

its CD spectrum. 

Determination of Stereochemical 
Integrity of Diastereomeric 
Peptides 

Enzymatic digestion of the synthetic peptide ana-

logs with leucine amino peptidase was chosen because of its 

specificity for digestion from the amino terminus of pep-

tide or protein. Analogs analyzed by this method contained 

either a 0 or L amino acid in position 2 in the primary 

sequence of the hormone antagonist. The protocol utilized 

for this analysis followed methods previously described by 

Hanson and Frohne (1976) and is outlined below: 

1. Step I: MgC12 (92 ).11,0.025 M), 100 ).110.5 M Tris 

buffer (pH 8.5), 20.4 ).11 Leucine amino peptidase 

were mixed together and the resulting solution was 
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adjusted to pH 8.5 with solid Tris base (1 mg or 

less if necessary), this mixture was diluted to 

500 ~l with distilled water. The enzyme solutinn 

was incubated for 3 hr at 40°C. During the incu

bation period, Step II was performed. 

2. Step II: The peptide material (1.0 mg) was dis

solved in a solution containing 50 ~l 0.5 M Tris 

buffer (pH 8.5); 200 ~l 0.025M MgCl2 and 250 ~l 

distilled water and the pH then adjusted to 8.5 

with solid Tris base previously described in Step 

1. 

3. Step III: After completion of enzyme activation, 

the peptide solution prepared in Step II above was 

added and the reaction was allowed to stir at 

40°C for 24 hr. 

4. Step IV: After 24 hr, 1 drop glacial acetic acid 

was added to the solution, frozen and lyophilized. 

The lyophilized sample was analyzed by amino-acid 

analysis. 
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