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ABSTRACT 

The synthesis of seventeen novel conformationally constrained 

analogues of the neurohypophyseal peptide hormone oxytocin is 

described. Synthesis of the pep tides was accomplished using 

solid-phase synthesis techniques on either Merrified or p-methyl

benzhydrylamine resin. Cleavage of pep tides from the solid support 

and deprotection were carried out by either ammonolysis followed by 

treatment with sodium in liquid ammonia or anhydrous HF. Disulfide 

formation was accomplished by treatment of the deprotected peptide 

with aqueous potassium ferricyanide. 

Purification of the peptide analogues involved a combination 

of either partition and/or size exclusion chromatography followed by 

reverse-phase high-performance liquid chromatography. 

Several conformationally constrained unnatural amino acids were 

incorporated into the synthetic peptides. Two were prepared and 

incorporated as a mixture of isomers and the resulting pep tides were 

separated and purified by HPLC. 

The types of analogues prepared fall into three categories: 

analogues incorporating conformational restrictions in positions 1 and 

2; bicyclic oxytocin peptides; oxytocin antagonists with changes at 

the Asn5 residue. 

xii 
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The peptides with conformational restrictions at position 1 or 

2 are: [Tic2]OT, [DTic2]OT, [DTic2,Thr4]OT, [B-MePhe2]OT, [APhe2]OT, 

[CyS(CH2)sl,Phe2,Thr4,Orn8]OT and [Pen1,DPhe2 ,Thr4 ,Orn8]OT. 

Bicyclic peptide analogues ~nd their monocyclic precursors 

include: [Mpal,Lys4,Glu5]OT, [Mpa1,L;s4,Giu5]OT, [Mpa1,Glu4 , 

Lys8]OT and [Mpal,Giu4,Lys8]OT~ 

Antagonists with changes in the Asn5 residue are [Pen1,DPhe2, 

Thr4 ,Thr5 ,Orn8]OT; [Penl,DPhe2,Thr4,Leu5,Orn8]OT; [Pen1,DPhe2 , 

Thr4 ,Asn5,Orn8]OT; and [Penl,DPhe2,Thr4,Tyr5,Orn8]OT. 

Biological assays of these analogues for oxytocic activitiy in 

the rat uterus model have shown one of the B-MePhe2-containing pep

tides, [L-threo-B-MePhe2]OT, to be a very potent agonist and one 

bicyclic, [Mpal,Giu4,L~s8]OT to be an extremely potent oxytocin anta-

gonist. 

Initial biophysical investigations employing 250 MHz nuclear 

magnetic resonance spectroscopy were also undertaken in order to 

determine possible solution conformations of these peptide analogues. 



CHAPTER 1 

INTRODUCTION 

Biological activity of various drugs has been of interest to 

scientists for hundreds of years. Today one of the central issues for 

chemistry and biology is to understand the molecular basis for infor

mation transfer in biological systems. A wide variety of "messenger 

molecules" have been recognized as controlling or modulating biologi

cal processes. These include endocrine hormones, releasing factors, 

analgesic compounds, growth regulators, neurotransmitters, hyperten

sive agents, metabolic regulators and ionophores to name a few. A 

great number of these compounds are peptides. 

The basic chemistry and biology of many of these peptides have 

been elucidated through isolation, structure determination, synthesis, 

pharmacological, and physiological studies. Rapid advances in peptide 

synthesis techniques have provided large quantities of natural and 

modified peptide analogues for structure function studies. These 

"classical" studies have helped to define the biological activity of 

small peptide hormones in terms of classical receptor theory (Schild, 

1949; Stephenson, 1956; Van Rossum and Ariens, 1962). Chemical 

messenger molecules recognize and bind to specific plasma membrane 

receptors of target tissue thereby modulating specific cellular 

I 
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biochemical events. Since peptides and cells are three dimensional 

entities it is assumed that the physical-chemical basis for interac

tion of hormone and receptor must involve the three-dimensional space 

and the molecular motions of both receptor and hormone. 

Ideally one would like to investigate the topological and 

molecular dynamic prop~rties of hormone and receptor when they are in 

the "biologically active" state. However, two major problems arise. 

First very little is known about the chemical-physical properties of 

hormone receptors. Techniques are not yet available which allow iso

lation and characterization of a sufficient quantity of active recep

tor molecules. Therefore, we must investigate the hormone receptor 

system by rather indirect means involving a well characterized hormone 

component of this system in conjunction with biological assays and 

binding studies. The second problem lies in the characterization of 

peptide hormones themselves. So far, biophysical studies have indi

cated that most small, linear peptides exist in solution as a large 

number of interconverting conformers. They are highly flexible mole

cules whose conformations are environment dependent. Despite these 

problems, considerable progress has been made in developing an 

approach to understanding conformation-activity relationships ~or pep

tide hormones (Hruby, 1981a, 1982; Hruby and Hadley, 1985; Kessler, 

1982; Schiller and DiMaio, 1985; Rose et al., 1985; Vida and Gordon, 

1984). Classical structure-function studies with various hormones and 

neurotransmitters have led to the recognition of three distinct steps 
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in the process of hormone receptor interaction. First the hormone 

must recognize and bind to the receptor. Then initiation of the 

biological response, or transduction, must occur. Finally the cell 

must return to its resting state and this occurs via the process of 

reversal or hormone receptor dissociation. The first two steps 

(binding and transduction) have long been recognized as separate pro

cesses (Rudinger, 1971; Schwyzer, 1977; Hruby, 1981a, b, 1984) which 

rely on different structural features of the molecule for them to 

occur. Recently it has been suggested (Hruby et al., 1983b, 1984b; 

Hruby, 1984) that prolongation of biological activity (the opposite of 

reversal) may also be a function of conformational and structural 

features of the hormone-receptor complex after transduction (for ago

nists) or inhibition (for antagonists). Prolongation can occur for 

potent, as well as weak, agonists and antagonists alike. In other 

words different parts of the molecule mediate the separate steps of 

hormone-receptor interaction. Which parts are important for which 

process is one of the major questions that structure-activity studies 

have attempted to answer. 

From structure-function studies analogues have been obtained 

which exhibit four types of bioactivity as illustrated in Figure 1: 

potent full agonists (A); weak agonists (B); potent (C) and weak (C') 

partial agonists; and potent and weak antagonist or inhibitor analo

gues (D'). These latter two categories represent important analogues 

for studying the structural elements necessary for hormone-receptor 
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100 

-log dose 

A = Potent full agonist - Native hormone 

B = Weak full agonist 

C = Potent partial agonist 

C'= Weak partial agonist 

D = Antagonist 

D'= Hormone + antagonist 

Figure 1. Dose-response curves for four types of bioactivity observed 
for peptide hormones. 
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interaction because they possess the structural elements necessary for 

binding, but for topological or dynamic reasons they cannot initiate 

the biological message. Therefore the topological features of the 

molecule important for binding can, in principle, be differentiated 

from those important for transduction. 

, As biophysical techniques for stu~ying complex molecules in 

the solid state and in solution have improved, the emphasis in peptide 

hormone studies has shifted away from classical structure-activity 

studies towards more detailed conformational analysis of these biolo

gically active molecules. Conformational analysis has relied on such 

techniques as X-ray, nuclear magnetic resonance (NMR), circular 

dichroism (CD), Raman, fluorescence, and theoretical energy calcula

tions. As mentioned earlier, peptides are inherently flexible, 

undergoing rapid molecular motion in solution. Unfortunately most of 

the biophysical techniques used to investigate pep tides are relatively 

slow on the time scale of molecular motions. This means spectroscopic 

studies often yield only information on the "average" conformation of 

a peptide, which mayor may not have any physical or biological signi

ficance. 

One approach which has been taken to overcome this problem is 

the use of conformational restrictions in the design of peptide analo

gues (Marshall et al., 1978; Chipens et al., 1979; Kessler, 1982; 

Hruby, 1981, 1982, 1984). Structural changes are introduced which fix 

or limit the conformational space available to a molecule. Several 
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advantages can be gained by this approach. Restrictions, which are of 

either a covalent or steric nature, can give a single or small number 

of conformations which can more easily be determined from solution 

studies. Restrictions make it more likely that the receptor-bound 

conformation is similar to the solution conformation. Often flexible 

pep tides can accomodate themselves to more than one type of receptor 

thereby mediating different physiological responses. Restrictions may 

increase a compound's receptor selectivity if the conformation 

obtained favors interaction with one type of receptor over another. 

Finally, if the conformation "matches" the conformation important for 

biological activity, a "super active" analogue may be obtained. 

Oxytocin: Structure, Source, and Biology 

Oxytocin is the nonapeptide neurohypophyseal hormone respon-

sible for the uterine contractions of labor and milk ejection in mam-

mals (Soloff and Pearlmutter, 1979). It is synthesized along with its 

transport protein, neurophysin I, in the neuroendocrine transducer 

cells of the hypothalamus. After being sequestered in neurosecretory 

granules it is transported to the nerve terminals in the posterior 

pituitary where it is stored until released into the circulation 

through the process of "excitation-secretion" coupling (for reviews 

see Valiquette, 1980; Roberts, 1977). More recently discovered biolo-

gical roles for oxytocin include induction of sexual, maternal, and 

grooming behavior in animals (Pedersen and Prange, 1979; Pedersen et 

.. -- .. ----. . --_ ... - .. _ .. ---- ---------
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a1., 1982), effects on glucose and insulin metabolism (Altszuler and 

Hampshire, 1981), and a role in memory and learning processes (de Wied 

and Versteeg, 1979; de Wied, 1980; Greidanus, van Ree, and Versteeg, 

1980; Brtnik 1986). 

Structurally, oxytocin is similar to the ten other naturally 

occ~rring neurohypophyseal hormones of vertebrate pituitary origin. 

Each of these hormones is a nonapeptide with a 20-membered disulfide

containing ring and a carboxamide C-terminal amino acid, glycinamide 

(Figure 2). In general these peptides can be classified into those 

which are more oxytocin-like (inducing uterine contraction and milk 

ejection) and those which are vasopressin-like (exhibiting antidiure

tic and pressor activity). Because of structural similarities it is 

not surprising to discover that all of these pep tides exhibit activity 

at each of their various target tissue receptors. However there is a 

100 to 1000 fold difference in potencies between oxytocin-like analo

gues and vasopressin-like analogues at oxytocin receptors and vice 

versa. 

Five classical bioassays have been extensively applied in the 

study of neurohypophyseal hormones. These are: (a) rat uterus contrac

tion; (b) avian vasodepressor activity; (c) milk ejecting response in 

guinea pig, rat or rabbit; (d) rat antidiuretic activity; and (e~ rat 

pressor response. The most widely used and accepted for examination of 

oxytocin-like action has been the rat uterus model, both in vitro and 

in vivo. This is the bioassay used in this study. 



Oxytocin-like Peptides: 

Oxytocin (OT) Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2 
I S-S I 

Mesotocin (MT) 11e----

Isotocin (IT) --------Ser-------Ile------

Glumi tocin (GT) ------ Ser ------- Glu -----

Asparatocin (AT) ------ Asn ------- Leu ------

Valitocin (VT) -----Gln -----Val ----

Vasopressin-like Pep tides 

Arginine
Vasopressin 

Lysine-
Vasopressin 

Arginine-
Vasotocin 

Lysine-
Vasotocin 

Phenylpressin 

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH2 
I S--S I 

Lys 

11e Arg 

Ile Lys 

--Phe Lys 

Figure 2. Naturally occurring neurohypophyseal peptides. 

---------_._._-_. -

8 



9 

Oxytocin occupies an historical niche in the peptide field. It 

was the first naturally occurring peptide to be sequenced and have its 

sequence proven by total synthesis (du Vigneaud et a1., 1953). It waR 

also the first to have its solution conformation studied by biophysical 

techniques (Johnson et a1., 1969; Hruby et a1., 1971a) and the first to 

have a model for its biologically active conformation at the uterine 

receptor proposed (Walter et a1., 1971). An impressive array of ana10-

gues have been synthesized over the 30 year period of oxytocin research 

which have contributed to an in depth understanding of the structure-

activity relationships in this hormone. Major reviews on oxytocin 

have appeared over the years both on the structure-activity re1a-

tionships of oxytocin (Berde and Boissonias, 1968; Hruby, 1986; Hruby 

and Smith, 1986) and on conformational analysis of this peptide 

(Hruby, 1974; G1ickson, 1975; Schlesinger, 1981; Hruby, 1981; Hruby 

and Mosberg, 1982; Hruby, 1985a). Only the highlights will he men-

tioned here. 

Structure-Activity Relationships and Conformational 
Analysis of Oxytocin Analogues 

Conformation of Agonist Molecules 

Work with fragments of oxytocin has shown that the acyclic 

tripeptide tail possesses no oxytocic activity while the cyclic hexa-

peptide, tocinoic acid or tocinamide, is a weakly potent agonist 

(Hruby et a1., 1971b, 1972). This implies that part of the binding 

message is found in the tail while all the information necessary for 



biological activity (transduction) is found in the 20-membered 

disulfide-containing ring moiety. 

10 

Various amino acid replacements have been made at every 

position in oxytocin. In general, these replacements have led to ago

nist analogues with decreased potency compared with oxytocin in the 

rat uterus assay. The notable exceptions to this are: (a) replacement 

of the N-terminal amino group with a proton (H) or a hydroxy group 

(OH); (b) replacement of the glutamine-4 side chain by threonine; (c) 

replacement of proline-7 with 3,4-6-pro1ine or thiazolidine-

4-carboxylic acid; (d) replacement of the sulfur atom(s) with methy

lene groups to give "carba" analogues. Table 1 lists these analogues 

with their respective bioactivity in the rat uterus assay. These 

changes lead to agonists with 2-3 times the potency of oxytocin. Com

binations of these changes also give more potent agonists but not 

necessarily in an additive fashion. 

It is believed that an intact 20-membered ring is important 

for biological activity. Yamashiro and coworkers (1966a,b) found that 

the reduced sulfhydryl form of oxytocin possessed very low potency 

with a slow onset of activity indicating possible reoxidation back to 

the cyclic disulfide form. Replacement of the disulfide by an ?mide 

bond (Smith et a1., 1978) results in a full agonist but with greatly 

reduced potency. Replacement of either or both sulfur atoms by car

bons (carba analogues) results in full agonists often with enhanced 

potency (Barth et al., 1973) (see Table 1). Both of these changes 



Table 1. Biological activities of potent oxytocin 
agonist analogues in the rat uterus assay. 

in vitro 
Compound UterotoniC-activity (U/mg) Reference 

Oxytocin 546 a 

[B-Mpal ]-oxytocin 795 b 
(deamino-oxytocin) 

[Thr4]-oxytocin 923 c 

[Hmpl] -oxytocin 1275 d 

[Hmpl, Thr4]-oxytocin 4179 d 

[3,4APro7]-oxytocin 1071 e 

[Thi7]-oxytocin 1180 f 

l-Carba-oxytocin 734 g 

Deamino-l-carba-OT 1898 h, i 

Deamino-6-carba-OT 929 h, i 

Thr4, deamino-6-carba-OT 695 j 

a Chan and Kelley, 1967 
b Ferrier et al., 1965 
c Manning et al., 1971b 
d Manning et al., 1976 
e Moore et al., 1977 
f Rosamund and Ferger, 1976 
g Jost et al., 1973 
h Barth et al., 1973 
i Barth et al., 1975 
j Lebl et al., 1985 

11 
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indicate that the disulfide per se is not necessary for transducation 

to occur. 

The Cooperative Model 

Investigations of the changes at each position in oxytocin have 

led to a number of structure-function relationships in the rat uterus 

assay system and to two major proposals for the interaction of oxytocin 

with the uterine receptor. In 1971 Walter proposed a biologically 

active conformation of oxytocin at the uterine receptor based upon SAR 

work and the conformational analysis of oxytocin by proton NMR in 

DMSO. Walter later developed this into the "cooperative model" 

(Walter, 1977). This model proposes that the tyrosine and asparagine 

residues at position 2 and 5 are critical for transduction while resi

dues 3, 4, 7, and 8, which are predominately lipophilic side chains at 

the corners of two proposed reverse-turns, are responsible for binding 

to the receptor. Furthermore the orientation of the tyrosine and 

asparagine side-chains above the 20-membered ring was considered to be 

essential in initiating the oxytocin response. Table 2 outlines the 

major aspects of this model and Figure 3 illustrates the biologically 

active conformation proposed by Walter (1977). 

Much conformational work in agonist analogues has focused on 

the proposed reverse-turns. Several beta-turn conformations have been 

suggested (Hruby, 1981b). A C7 conformation about the Gln4 residue 

(Hruby and Mosberg, 1981) and a C7 conformation about the I1e3 residue 

(Hruby, unpublished data) also seem plausible. The presence or 



Table 2. Major conformational features of the cooperative model. 

1. Presence of two 1+4 turns involving the residues 

Tyr-Ile-Gln-Asn and Cys-Pro-Leu-Gly. 

13 

2. Tyr-2 side chain oriented over 20-membered disulfide ring of hormone: 

essential for full efficacy. 

3. Ile-3, Gln-4, Pro-7, and Leu-8 important for binding message, located 

at corner positions of turns. 

4. Asn-5 side chain oriented to "interact" with side chain of Tyr-2: 

important for full efficacy. 
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H 

Figure 3. Biologically active conformation of oxytocin at the uterine 
receptor proposed by Roderick Walteret a1. 

------ ---.-... 
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absence of stabilizing intramolecular H-bonds has also been investi

gated (Brewster et al., 1973; Roy et al., 1979, 1982; Gazis et al., 

1982; Sarathy et a1., 1981) and it appears the H-bonds are not essen

tial for either transduction or relatively strong binding to occur. 

Conformational studies of agonist molecules have led to the conclusion 

that despite the 20-membered disulfide-containing rin~, oxytocin 

appears to possess considerable conformational flexibility both in its 

backbone and in its side chain groups (Brewster et al., 1973; Brewster 

and Hruby, 1973; Kote1chuck et al., 1972; Krishna et a1., 1979; 

Cowburn et al., 1980, 1983). The recent X-ray crystal structure of 

deamino-oxytocin (Pitts et al., 1985; Wood et al., 1986), an analogue 

with almost twice the potency of oxytocin and a similar solution con

formation (Hope et al., 1962; Brewster et a1., 1973), establishes the 

presence of beta-turns in the solid state but also indicates a 

flexible molecule with two separate disulfide conformations and other 

conformational differences in the crystal. 

Conformation of Antagonist Analogues 

Although oxytocin agonist molecules have proven difficult to 

study by biophysical techniques due to conformational flexibility, 

antagonist analogues have provided more fruitful opportunities -for 

conformational analysis. 

As mentioned earlier, peptide hormone antagonists provide a 

means of understanding the different structural, conformational, and 

dynamic properties necessary for hormone-receptor binding and 



transduction because they recognize the receptor (bind) but do not 

initiate the biological response (transduce). Therefore antagonists 

can provide direct information regarding the "binding message" struc

tural requirements. Indirect evidence on the structural features cri

tical for transduction can also be obtained by comparison of 

conformations with structurally similar agonist analogues. 

The early oxytocin antagonists, which incorporated Q-a1ky1 

groups at the para position of tyrosine, were quite weak and often 

exhibited partial agonist activities depending upon experimental con

ditions (for a review see Rudinger and Krejci, 1968). The synthesis 

of the potent antagonists [1-penici11amine]oxytocin and 

[deamino-l-penici11amine]oxytocin (Schultz and Du Vigneaud, 1966; 

Chan, Fear, and Du Vigneaud, 1967) ushered in a new era in the 

approach to peptide analogue design. This led to the concept of using 

conformational restrictions in the study of peptide hormones. 

Biophysical investigations employing extensive proton and 

carbon-13 NMR, CD studies, and laser Raman spectroscopy of 

[Penl ]-oxytocin (Hruby et a1., 1978; Mera1di et a1., 1977; Hruby, 

1981a, 1981b; Hruby and Mosberg, 1982) and other penici11amine-l con

taining analogues (Hruby et al., 1979, 1983; Mosberg et a1., 1981; 

Hruby, 1981; Hruby and Mosberg, 1981) have indicated a more rigid 

backbone conformation for these analogues than for oxytocin in both 

aqueous and dimethylsulfoxide solution. A further finding is that the 

side-chain conformations of amino acid residues at positions 1, 2, 4, 

16 



5, 6, and 8 appear to be more restricted as compared with oxytocin. 

Evidence for rigidity and conformational restrictions comes from the 

observance of large ()9Hz) and small «3Hz) NH-aCH coupling constants 

in the ring moiety; large and small HCQ-Hca coupling constants for 

17 

side chain groups of ring residues; amide protons with temperature

independent resonances indicating intramolecular H-bonding or solvent 

shielding; and decreased carbon-13 spin-lattice relaxation times (Tl) 

relative to those in oxytocin (Hruby et al., 1983c). Laser Raman and 

CD studies also have confirmed conformational rigidity and shown that 

the disulfide dihedral angle is substantially different than in oxyto

cin. Oxytocin has a disulfide angle of approximately 90 0 (Beychok and 

Breslow, 1968; Urry et a1., 1968; Maxfield and Scheraga, 1977), while 

penicil1amine-l containing analogues have angles greater than 1100 with 

a right-handed chirality (Hruby et a1., 1978, 1982). 

A conformation has been proposed in these antagonists for the 

20-membered ring in which the rotamer for the tyrosine side chain 

which would place it over the larger 20-membered ring is completely 

excluded. Since this orientation was considered essential for trans

duction in Walter's cooperative model, the exclusion of this orien

tation or conformational restriction· of the Tyr2 aromatic ring in 

combination with the observed increased rigidity at Asn5 is considered 

to be a major reason for the inhibitory activities of these analogues • 

.. . - .. __ .- . __ .-.--_.------------



The Dynamic Model 

Extensive examination of Pen-l analogues of oxytocin has led 

to the proposal of the "dynamic model" of hormone agonist and antago

nist action (Meraldi et al., 1977; Hruby, 1981a,b). Viewed as comple

mentary to the cooperative model, it proposes that conformational 

flexibility in small pep tides is an important aspect of agonist acti

vity. Flexibility is assumed to allow binding to occur following the 

"zipper model" (Burgen et a1., 1975) until the fully bound state is 

reached. Agonists can then attain the active conformation necessary 

for transduction while antagonists, for conformational or dynamic 

reasons, cannot. Therefore the model predicts that introduction of 

conformational rigidity can have one of several effects. It can: (1) 

raise the activation energy for one or more steps in the binding pro

cess leading to reduced potency; (2) enhance the conformation favored 

for binding thereby increasing the potency; (3) exclude the confor

mation necessary for transduction thus inhibiting the biological 

response. It becomes readily apparent that agonists and antagonists 

must therefore be able to use different structural and conformational 

features in their binding interactions with the receptor. Antagonists 

in particular must be able to have conformational, structural, and 

dynamic properties compatible with enhanced binding interactions but 

not with transduction; agonist analogues must possess features 

favorable for both. 

18 
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The dynamic model therefore predicts that full agonists should 

have similar conformational and dynamic properties. Conformations of 

antagonists will differ from those of agonists. Furthermore, antago

nists will possess varying conformational features but will have simi

lar topological ones which allow them to maintain favorable binding 

interactions, and hence maintain their potency. The concept of 

"conformational compensation" has been proposed to explain this pheno

menon (Mosberg et a1., 1981). Conformational compensation is a 

general way that peptides with different amino acids can acomodate 

themselves to the proper topology for receptor interaction. Increased 

rigidity in portions of antagonist analogues is compensated for by 

increased flexibility in parts of the molecule important for main

taining favorable binding. This has been observed in the confor

mational studies of [Pen1 ,Leu2)OT (Mosberg et a1., 1981). 

The proposal that antagonist analogues utilize different 

structural and conformational features for binding than agonists is 

supported by evidence from several groups (see Table 3). The agonist 

[Orn8)-oxytocin is about 13-fo1d less potent than oxytocin while the 

antagonist [dPen1 ,Orn8)-oxytocin is 10-fold more potent than 

[dPen1)-oxytocin (Sawyer et a1., 1980; Bankowski et a1., 1980; Leb1 et 

a1., 1983). Similarly, [Leu2)oxytocin has 1/1200 the potency of 

oxytocin. But the antagonist [Pen1,Leu2)-oxytocin has three times the 

potency of [Pen1)oxytocin (Hruby et a1., 1979). 
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Table 3. Evidence supporting different binding modes for agonist and 
antagonist analogues. 

Peptide Agonist Potency 
(U/mg) 

Oxytocin 546 

Deamino-oxytocin 785 

[Orn8]-OT 42 

[Leu2]-OT 0.45 

[Pen1 ]-OT 

[dPen1]-OT 

[dPen1,Orn8]-OT 

[Pen1,Leu2]-OT 

a Chan and Kelley, 1967 
b Ferrier et a1., 1965 
c Berde et a1., 1964 
d Hruby and du Vigneaud, 1969 
e Chan et a1., 1967 
f Sawyer et a1., 1980 
g Hruby et a1., 1979 

Antagonist Potency 
(pA2)* 

6.86 

6.94 

7.89 

7.14 

Reference 

a 

b 

c 

d 

e 

e 

f 

g 

* pA2 value is the negative log to the base 10 of the molar con
centration of an antagonist which will reduce the response of the 
uterine horn of 2x units of pharmacologically active compound to x 
units of agonist. 
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Investigation of analogues containing conformational 

constraints is an invaluable method for testing the hypotheses of the 

dynamic and cooperative models and for obtaining important information 

on the process of peptide hormone-receptor interaction. 

The Additivity Approach to Antagonist Design 

Other approaches to the design of potent oxytocin antagonists 

also have been successful. Manning and coworkers (1971a,b, 1976, 

1978) and others (Lowbridge et al., 1979; Sawyer, 1980; Bankowski, 

1980;) have focused upon increasing receptor affinity by combining the 

gem-dialkyl substitution in position 1 and the para-alkyl 

substitutions at position 2 with other amino acid substitutions at 

positions 4 and 8, known to be important for binding to the receptor. 

The Prague group has focused upon these combinations in conjunction 

with incorporation of methylene groups in place of sulfur to give 

carba agonist (Lebl et al., 1985b) and antagonist analogues (Lebl et 

al., 1985a). This method of employing additivity rules in the design 

of analogues has been quite successful in the antagonist series while 

not particularly fruitful when dealing with agonist compounds. 

Design of Oxytocin Analogues 

Conformational Constraints 

In order to test the various models of hormone-receptor 

interaction and to design novel peptide analogues which exhibit anta

gonism or enhanced selectivity for one type of receptor over another, 
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it becomes necessary to incorporate creative conformational 

constraints into these analogues. Restrictions in the molecules allow 

for easier investigation by relatively slow spectroscopic techniques 

such as NMR and give some support for the contention that the confor

mation seen in solution approaches that important for receptor 

interaction and biological activity. 

Conformational restrictions can be achieved by two methods: 

(1) modification at the a-carbon atom, the amine nitrogen, or the side 

chain moiety to yield a local rigidity; and (2) cyclization of the 

peptide via side chain groups which produces a global rigidity within 

the peptide backbone and side chains (Hruby, 1982). Figure 4 

illustrates some of the structural changes used in this study which 

can reduce flexibility in peptides. 

The steric bulk of the geminal dimethyl groups in penicilla

mine is an example of the first type of restriction. The Pen moiety 

experiences limited mobility around the ~-CB bond (Xl torsional 

angle), as well as about the disulfide bond. Disubstitution of the B

protons of half-Cys l with larger alkyl groups such as B,B-diethyl 

(Vavrek et al., 1972) and B,B-cyclopentamethylene (Nestor et al., 

1975; Bankowski et al., 1980; Lowbridge et al., 1979) has also been 

employed in antagonist design. These larger substitutions have 

generally been made with simultaneous replacement of the terminal a

amino group with a proton. When B ,B-dimethyl substitutions are made 

within ring systems of moderate size, trans annular effects can also be 



Structural Change Conformational Consequences 

Restricts ~ torsional angle 
Both cis and trans peptide 
bond allowed. 

Restricts ~,~, and X 
torsional angles. Adds 
asymmetric center unless 
RI = R2 

Fixes Xl torsional angle. 

23 

Figure 4. Structural changes used in this study to reduce confor
mational flexibility. 
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observed. These effects produce a global rigidity within the molecule 

in addition to the more local ri~idity mentioned above. 

Increasing the steric bulk by alkylation at either the a

carbon atom or peptide nitrogen atom places limits on the rotation 

around the torsional angles ~ and ~ within the peptide backbone as 

well as around the Xl angle in the side chain. Alkylation of the a

nitrogen results in a tertiary amide bond in which both cis and trans 

isomers are allowed. 

Another side chain modification which limits conformational 

flexibility is the introduction of a double bond to form a dehydro 

amino acid. The incorporation of 3,4-A-proline at the 7 position in 

oxytocin led to a more potent agonist (Moore et al., 1977; Smith et 

a1., 1977). Use of a,a-dehydro amino acids essentially fixes the Xl 

torsional angle to cis and trans isomers only. Incorporation of 

dehydro amino acids in enkephalin analogues has led to a series of ~ 

and 8 selective compounds (Shimohi~ashi and Stammer, 1982a, 1982b). 

Aside from limiting conformational space available to the side 

chain and/or backbone, other advantages can be gained from these 

restrictions. Addition of alkyl groups increases the analogue's 

lipophilicity which can lead to enhanced binding interactions. Simi

lar advantages may be gained by the increased ~-character in dehydro 

amino acids. Peptides with more rigid backbone and side chain groups 

often exhibit increased stability in vivo because the modif.ied amino 

acid residues are no longer recognizable to degradative enzymes. 

Table 4 outlines the advantages gained by such modifications. 



Table 4. Advantages of conformational restrictions in structure
activity studies. 

1. Flexibility is restricted -- rigid and semi-rigid analogues 

obtained. 

2. Determination of solution conformation more easily achieved. 

3. Specific- topological features can be more easily deduced. 

4. Conformational properties seen in solution are more likely to be 

retained at the receptor. 

25 

5. Higher potency analogues may reflect the receptor-relevant confor-

mation. 

6. Analogues are more stable to degradative enzymes. 

7. Conformational and structural features which are important to 

binding and transduction can be more precisely determined. 

8. Can obtain increased receptor specificity for pep tides having 

biological activity at several receptors. 

9. Conformational models for biological activity can be tested. 
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Side chain to side chain or side chain to backbone covalent 

bonds severely limit accessible conformational space within a peptide 

and can reduce greatly the number of possible conformers. A great 

deal of success has been achieved in designing highly potent and 

highly selective agonists and antagonists through the use of cyc1iza

tions. Cyc1izations commonly involve: disulfide bond formation be

tween cysteine side chains; amide bond formation between acidic and 

basic side chain or N- and C-termina1 groups; and ester bond formation 

involving B-hydroxy amino acids. Highly receptor-type selective 

enkepha1ins have been developed through the use of disulfide (Mosberg 

et a1., 1982, 1983) and amide cyc1izations (DiMaio et a1., 1982a,b; 

Schiller, 1984). Similarly, work with somatostatin (Veber et a1., 

1976, 1979; Veber and Saperstein, 1979) has yielded very potent analo

gues. Oxytocin already contains one side chain to side chain linkage, 

the disulfide between Cyst and Cys6. Further conformational restric

tion by bicyc1ization may lead to compounds with interesting biologi

cal and spectroscopic properties. A bicyc1ic vasopressin analogue 

cyc1ized between the Asn5 and Arg8 side chains (Skala et a1., 1984) 

was found to act as a weak antagonist of vasopressin antidiuretic 

activi ty. 

Conformational restrictions via covalent cyc1izations,· 

transannu1ar steric effects, side chain rigidization, and backbone 

conformation stabilization will provide analogues of interest not only 

for their biological properties but also for their relative ease of 

study by biophysical techniques. 
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The Role of the 5-Position in Oxytocin Antagonists 

An area of obvious neglect in the study of the peptide hormone 

oxytocin is the characterization of the role of the Asp5 residue. 

Early investigations showed that any change in this position either by 

elimination of the carboxamide group (Guttmann and Boissonnas, 1963; 

du Vigneaud et al., 1964), lengthening the side chain (Jaquenoud and 

Boissonnas, 1962), substitution by an alkyl side chain (Walter and 

Schwartz, 1966), replacement with serine (Guttmann and Boissonnas, 

1963), or substitution by an alkyl amine side chain (Havran et al., 

1969; Rase et al., 1972) eliminated most if not all of the activity 

(see Table 5). This led Walter to propose the intimate involvement of 

the Asn5 residue in the process of transduction. The only analogue 

with a change in the 5-position which has retained any significant 

agonist activity involves replacement with aspartic acid (Walter et 

al., 1978). Virtually nothing has been done to investigate the role 

of changes in this position in antagonist analogues. Considering the 

results of conformational analysis of Pen1 analogues which suggest 

increased rigidity at the 5-position, and the hypothesis of the dyna

mic model which maintains that agonists and antagonists use different 

topological features for binding, interesting insights may be gained 

from investigation of 5-position changes within a potent antagonist 

compound. It has been suggested (Hruby and Mosberg, 1982) that 

isosteric analogues of asparagine should be examined in position 5 in 

order to get a clearer picture of the Asn residue involvement in the 
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Table 5. Potency of oxytocin analogues modified at the Asns residue. 

Peptide in vitro 
uterotonic activity 

Oxytocin 546 

[5-Decarboxamido]-OT 

[s-Serine]-OT 

[5-Glutamine]-OT 

[s-«,Y-Diaminobutyric acid]-OT 

[5-N,N-Dimethylasparagine]-OT 

[5-CN Ala]-OT 

[5-Aspartic acid]-OT 

a Chan and Kelley, 1967 
b Du Vigneaud et a1., 1964 
c Jaquenoud and Boissonnas, 1962 
d Rase et a1., 1972 
e Walter et a1., 1979 
f Roy et a1., 1983 
g l-lalter et a1., 1978 

0.2 

0.7 

1.0 

0.03 

4.6 

1.33 

20.3 

reference 
(U/mg) 

a 

b 

c 

c 

d 

e 

f 

g 
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binding message and the nature of the properties important to antago

nist activity. 

Focus of This Investigation 

The guiding principles outlined above have been employed in 

this study of the peptide hormone oxytocin. Based upon structure

activity relationships derived from thirty years of work, and more 

recent applications of the principles of conformational restriction, 

fifteen analogues of oxytocin have been designed, synthesized, and 

characterized. Table 6 lists the oxytocin analogues prepared in this 

investigation. 

The focus of the research presented in this study is 

threefold: (1) preparation and biophysical studies of analogues 

incorporating conformational restrictions in positions 1 and 2; (2) 

synthesis and conformational investigation of bicyc1ic oxytocin analo

gues; (3) investigation of the Asn5 position in oxytocin antagonists. 
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Table 6. Summary of oxytocin analogues prepared by solid-phase peptide 
synthesis in this investigation. 

Oxytocin Analogue 

A. [Tic2]-OT 

B. [D-Ti c2 ] -OT 

C. [D-Tic2,Thr4]-OT 

D. [a -MePhe2] -OT 

E. [~-Phe2] -oT 

F. [CYS(CH2)~l,Phe2, 
Thr4,Orn ]-OT 

G. [Penl ,D-Phe2, 
Thr4, Orn8]-OT 

H. [a-Mpal ,Lys4,GluS]-OT 

J. [a-Mpal ,Lys4,GluS]-OT 

K. [a-Mpal ,Glu4 ,Lys8]-OT 

L. [a-Mpal ,Glu4 ,Lys8]-OT 

M. [Penl ,D-Phe2, 
Thr4 ,ThrS,Orn8]-OT 

N. [Penl ,D-Phe2, 
Thr4 LeuS orn8]-OT , , 

o. [Pen l ,D-Phe2, 
Thr4 ,AspS,OrnB]-OT 

P. [Penl D-Phe2 , , 
Thr4,TyrS,Orn8]-OT 

Q. [Phe2]-OT 

R. [D-Phe2 ] -OT 

Primary Structure 

r--S S --, 
Cys-Tic-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2 

---D-Tic---------------------------

---D-Tic--Thr--------------------

-a MePhe -- GIn ------------

--~Phe----------____ _ 

CyS( CH2)SPhe--Thr------Orn----

Pen-DPhe- Thr------Orn-----

,---S S---, 
Mpa-Tyr-Ile-Lys-Glu-Cys-Pro-Leu-Gly-NH2 

~------Lys-Glu--~----------

r-S S---, 
Mpa-Tyr-Ile-Glu-Asn-Cys-Pro-Lys-Gly-NH2 

-'-____ Glu -----' ___ Ly·s ----

iSS ----, 
Pen-DPhe-Ile-Thr-Thr-Cys-Pro-Orn-Gly-NH2 

----------Leu----------

----------Asp------------
_____________ Tyr ___________ __ 

,..--S S--, 
Cys-Phe-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2 

---DPhe----------------------



CHAPTER 2 

EXPERIMENTAL METHODS IN THE 

SYNTHESIS OF OXYTOCIN ANALOGUES 

Introduction 

Protection, Sythesis, and Deprotection 

Because of oxytocin's long history, a wealth of experimental 

data exists regarding its synthesis, purification, characterization, 

and conformational analysis. Virtually every new technique has been 

employed in the preparation of oxytocin analogues. 

Du Vigneaud's original synthesis (1953) was conducted by 

fragment condensation in solution and this method remained the most 

popular one throughout the 50's and 60's. It is still sometimes used 

when special fragments requiring thorough characterization are needed. 

The stepwise construction in solution by way of active esters was 

introduced by Bodanszky and coworkers (1959a,b) and was employed 

extensively for oxytocin synthesis during the 60's and 70's. 

In 1963 the technique of solid-phase peptide synthesis (SPPS) 

was introduced (Merrifield, 1963) and shortly thereafter oxytocin and 

deamino-oxytocin were prepared by this method (Manning, 1968; Bayer 

and Hagenmaier, 1968; Takashima et al., 1968). Solid-phase peptide 

synthesis remains the most popular and rapid method used today for the 

preparation of neurohypophyseal peptides. 
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x E~, 
I 

ATTACHMENT of first amino acid (AAl) to solid support 

1 
protected-AAl~ 

I 
DEPROTECTION of ~-amine p;roup 

I 
NEUTRALIZATION of ~-amine group 

I 
COUPLING of AA2, AA3, ••• AAn 

! 
protected-AAn-------------------------AAl~ 

CLEAVAGE of peptide from support 

I 
DEPROTECTION of all amino acid side chains 

1 
NH2AAn--------------AAI-OH 

Completed peptide 

Figure 5. The general scheme for solid-phase peptide synthesis. 
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The general scheme for SPPS is illustrated in Figure 5. Many 

modifications have been made with respect to the type of polymeric 

support, the coupling reagents, solvents, protecting groups, and 

methods of cleavage from the resin (for reviews see Barany ann Merri

field, 1977; Lebl, 1986). The most utilized methods for attaching 

oxytocin analogues to the support are either via an ester linkage or 

an amide linkage (Figure 6). The ester group, obtained through the 

use of classical Merrifield resin (chloromethylated polystyrene, 1% 

divinylbenzene cross-linked), is ammonolysed (Meienhofer et al., 1970) 

to yield the C-terminal amide of oxytocin. The use of benzhydrylamine 

(BRA) or p-methylbenzhydrylamine (pMBHA) resin (Hruby et al., 1973, 

1977) yields the C-terminal amide upon cleavage with anhydrous 

hydrofluoric acid (HF). 

The most frequently used group for protection of the a-amino 

group in SPPS is the t-butyloxycarbonyl (Boc) group (see Appendix A 

for structure) which is commonly removed by a 50% solution of 

trifluoroacetic acid (TFA) in dichloromethane (DCM). The 

9-fluorenylmethoxycarbonyl group (Fmoc) which is acid stable but can 

be easily removed with secondary amines (Carpino and Han, 1972; Chang 

et al., 1980; Atherton et al., 1981), is growing in popularity and is 

used when orthogonal protection schemes are called for (Barany and 

Merrifield, 1977). Side chain protecting groups must be stable to 

a-amino deprotection conditions and the benzyl group (S-benzyl, 

S-4-methylbenzyl, O-benzyl) has proven successful for protection of 
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MERRIFIELD RESIN 

p-METHYL BENZHYDRYLAMINE RESIN 

Figure 6. Solid supports utilized in solid-phase peptide synthesis of 
oxytocin analogues. 
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Table 7. Functional group protection utilized in this investigation. 

Functional Group Protecting Group* Reference 

1. a-Amino t-butyloxycarbonyl (Boc) a, b, c 
stable: H2/Pd, Na/NH3 
cleaved: TFA, HCI 

9-fluorenylmethoxycarbonyl d 
(Fmoc) 
stable: TFA, H2/Pd, HBr-HOAc, 

hydrazine 

cleaved: mild, non-hydrolytic 
bases (2° amines) 

2. e:-Amino 2,4-dichlorobenzyloxy- e 
(of Lys) carbonyl (2,4-CI2-Z) 

stable: TFA 
cleaved: HF, Na/NH3 

t-butyloxycarbonyl (Boc) 
stable: H2/Pd, Na/NH3 
cleaved: TFA, HCI 

3. a-Amino 4-toluenesulfonyl (Tos) f, g 
(of Orn) stable: TFA, HCI, HBr-TFA, HF 

cleaved: Na/NH3 

Benzyloxycarbonyl (Z) 
stable: TFA, HCI 
cleaved: HF, Na/NH3 

4. Y-Carbonyl Benzyl (Y-BzI) f 
(of Glu) stable: TFA 

cleaved: HF, HBr-TFA 

t-butyl (Y-But) f 
stable: dilute HCI 
cleaved: TFA 

5. a-Hydroxyl Benzyl (O-Bzl) h, i 
(of Thr) stable: TFA, HCI 

cleaved: HF, Na/NH3 
H2/Pd, HBr-TFA 
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Table 7.--Continued. 

Functional Group Protecting Group* Reference 

6. Phenolic 
hydroxyl 
(of Tyr) 

7. Sulfhydryl 
(of Cys, 
Pen, Mpa) 

2,6-dich10robenzy1 
(O-2,6-C12-Bz1) 

stable: TFA 
cleaved: HF 

e 

2-Bromo-benzy10xy- j 
carbonyl (2-Br-Z) 

stable: TFA, dilute He1 
cleaved: HF, Na/NH3, HBr-

TFA, H2/Pd 

Benzyl (S-Bz1) k, 1, m 
stable: TFA, HF (0°C)(partia11y removed) 
cleaved: Na/NH3, HF (20°C) 

4-methylbenzyl (S-4-MeBz1) 
stable: TFA 
cleaved: HF, Na/NH3 

* See Appendix A for structural formulas and abbreviations. 

a McKay and Albertson, 1957 
b Merrifield, 1964 
c Voe1ter, 1980 
d Carpino and Han, 1972 
e Erickson and Merrifield, 1973 
f Erickson and Merrifield, 1976 
g Rudinger, 1973 
h Misoguchi et a1., 1968 
i Sugano and Miyoshi, 1976 
j Yamashiro and Li, 1973 
k Hiskey et a1., 1973 
1 Live et a1., 1977 
m Hruby et a1., 1977 
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cysteine (Live et al., 1977) and threonine (Mizoguchi et al., 1968; 

Sugano and Miyoshi, 1976) residues. Tyrosine has often been incor

porated in oxytocin without protection of of the phenolic hydroxyl. 

However, 2,6-dichlorobenzyl (Erickson and Merrifield, 1976) and 

2-bromo-carbobenzoxycarbonyl (2-Br-Z) (Yamashiro and Li, 1973) also 

have been employed. Table 7 illustrates the protecting groups used in 

this investigation and their method of removal. 

Amino acids are generally coupled to the growing peptide chain 

by the use of dicyclohexylcarbodiimide (DCC) in the presence of 

1-hydroxybenzotriazole (HOBT) in either DCM or dimethylforrnamide (DMF) 

(Konig and Geiger 1970; Sheehan and-"Hess, 1955; Rich and Singh, 1979). 

Another popular method is the use of preformed symmetrical anhydrides 

(Wieland et al., 1971; Hagenmaier and Frank, 1972; Yamashiro and Li, 

1974). Special precautions must be taken for the coupling of aspara

gine and glutamine because DCC can cause dehydration of the side chain 

amide to the nitrile (Gish et al., 1956; Ressler and Ratzkin, 1961). 

Therefore these amino acids, particularly Asn, are condensed with DCC 

in the presence of HOBT or by employing active p-nitrophenyl esters 

(Bodanszky and du Vigneaud, 1959). Coupling schemes for the use of 

Boc-, Fmoc-, and p-nitrophenyl esters are shown in Tables 8, 9, and 

10 respectively. 

Two methods for the solid phase synthesis of oxytocin analo

gues have been compared (Hruby et al., 1977). They are illustrated in 

Figure 7. Method A employs pMBHA resin, Boc protection of the a-amino 

.... _._ .•.... -_ ................ __ ._._- ..... -- ..... _ •... _----------



Table 8. Coupling scheme used for individual ~-Boc amino acids in 
solid-phase peptide synthesis. 

Purpose Solvent or Reagenta Repetitions Time 

38 

1. Wash 4 1 min 

2. Deprotection 50% TFA, 2% anisole 
in CH2Cl2 

1 2 

1 20 

3. Wash CH2Cl2 3 1 

4. Neutralization 10% DIEA/CH2CI2 3 1 

5. Wash CH2Cl2 3 1 

1 6. Deprotection Ninhydrin or 
analysisb Chloranil test 

7. Couplingc ~-Boc amino acid, variable 
DCC, HOBT, CH2Cl2 

8. Coupling Ninhydrin or 1 
analysis b Chloranil test 

9. Wash CH2Cl2 3 1 

10. Wash EtOH 3 1 

a See Appendix A for abbreviations used. 

b Removal of ~-Boc group and completion of the coupling reaction were 
monitored by the ninhydrin (Kaiser et al., 1970) or the chloranil 
test (Christensen, 1979). Generally only one coupling step was 
required for each amino acid. If the ninhydrin test was positive 
after step 7, the amino acid was recoupled or the reactive site was 
acetylated with a 10-fold excess of N-acetylimidazole in CHZCIZ and 
the synthesis continued. 

c A 2-fold excess ~-Boc amino acid dissolved in 5 ml CH2Cl2 was mixed 
with resin for 30 seconds. A 2-fold excess of DCC in 5 ml CHZCl2 
and 2-fold excess of HOBT in 5 ml DMF were added and mixed for 30 
min. A 10 ml portion of DMF was added and coupling continued for an 
additional 30 minutes. 
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Table 9. Coupling scheme for individual ~-Fmoc amino acids in solid
phase peptide synthesis. 

Purpose Solvent or Reagenta Repetition Time 

1. Wash CH2C12 4 1 min 

2. Deprotection 50% piperidine/DMF 1 30 

3. Wash DMF 2 1 

CH2C12 1 1 

4. Deprotection Ninhydrin or 
analysisb Chloranil test 

5. Coupling 3-fold excess ~-Fmoc variable 
amino acid, 2.4-fold 
excess DCC, 3-fold 
excess HOBT/ DMF or 
N-methyl pyrrolidinone 

6. Coupling Ninhydrin or 
analysisb Chloranil test 

7. Wash CH2C12 3 1 

8. Wash EtOH 3 1 

a See Appendix A for abbreviations used. 

b Removal of the N-protecting group and completion of the coupling 
reaction were monitored by the ninhydrin (Kaiser et al., 1970) or 
the chloranil test (Christensen, 1979). 
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Table 10. Coupling scheme used for ~-Boc amino acid p-nitropheny1 
ester coupling in solid-phase peptide synthesis. 

Purpose. Solvent or Reagenta Repetitions Time 

1. Wash CH2C12 4 1 min 

2. Deprotection SO% TFA, 2% anisole 1 2 
in CH2C12 

1 20 

3. Wash CH2C12 3 1 

4. Neutralization 10% DIEA/CH2C12 3 1 

S. Deprotection Ninhydrin or 
analys1sb ch1orani1 test 

6. Coupling 4-fold excess amino acid 4-6 hr 
p-nitropheny1 ester, 4-
fold excess HOBT in DMF 

7. Coupling Ninhydrin or 
ana1ysisb ch1orani1 test 

8. Wash DMF 3 1 

9. Wash EtOH 3 1 

a See Appendix A for abbreviations used. 

b Removal of Na-Boc group and completion of the coupling reaction were 
monitored by the ninhydrin (Kaiser et a1., 1970) or the ch1orani1 
(Christensen, 1979) test. 



METHOD A 

Benzhydry1amine resin 

Boc-Gly 
DCC/HOBT 

METHOD B 

Merrifield resin 

Boc-Gly 
CsHC03 
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Boc-Gly-pMBHA-resin Boc-G1y-Merrifield-resin 

COUPLING CYCLES 
Boc Amino Acid 

DCC/HOBT 
repeat cycle 

NH2-Cys-Tyr-I1e-G1n-Asn-Cys-Pro-Leu-G1y-resin 
, I 
SR SR 

Cleavage and Deprotection 
HF/anisole 

Cyclization 
K3Fe(CN)6 

Cleavage 
MeOH/NH3 

Deprotection 
Na/NH3 

Cyclization 
K3Fe(CN)6 

NH2-Cys-Tyr-I1e-Gln-Asn-Cys-Pro-Leu-Gly-NH2 
I J 
S S 

R = S-4-methy1benzyl for Method A 

= S-benzyl for Method B 

Figure 7. Comparison of popular methods ofSPPS of oxytocin analo
gues. 
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group, 4-MeBzl protection of the sulfur, DCC/HOBT for condensation, 

active ester for coupling asparagine, and liquid HF for cleavage and 

removal of protecting groups. Method B uses Merrifield resin, Boc 

protection for the a-amino group and benzyl (Bzl) or 4-methylbenzyl 

(4-MeBzl) protection for sulfur, ammonolysis for cleavage, and sodium 

in liquid ammonia for removal of the protecting groups (Sifferd and du 

Vigneaud, 1935; Schon et al., 1983). The former scheme was found to 

be the superior of the two methods, however it has been slow to be 

employed due to the lack of high quality, commercially available pMBHA 

resin. This situation is rapidly changing. This investigation 

employs both schemes in the preparation of oxytocin analogues. 

Disulfide Formation 

Upon removal of the peptide from the resin support and depro

tection, the disulfide bond between the Cysl and Cys6 side chains must 

be formed. In order to suppress unwanted dimerization products, oxi

dation is carried out at high dilution (2-4 x 10-4 M) in oxygen-free 

water (Walti and Hope, 1973). Originally disulfide formation was 

accomplished by bubbling the dilute peptide solution with air for 

several hours (du Vigneaud, 1953, 1954). A more effective method 

which is popular today is the use of potassium ferricyanide (dti 

Vigneaud et al., 1960; Hope et al., 1962). Disulfide formation can be 

accomplished rapidly in dilute solution at pH 8.5. The excess ferro

and ferricyanide is then removed by use of an ion exchange resin. 

Other successful methods of disulfide formation include oxidation with 

. -_ ...... _-_._----------



diiodoethane in methanol (Photaki, 1966; Dyckes et al., 1974; 

Yamashiro et al., 1966) and iodine in MeOH (Fluoret et al., 1979). 

The ferricyanide method was employed in this investigation. 

Purification Schemes for Oxytocin 
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Once the crude peptide has been obtained, a series of purifi

cation steps must be carried out. A variety of techniques have been 

used in the isolation and purification of neurohypophyseal hormones. 

During the 1950's and 1960's the most popular method was counter

current distribution (ceo). CCD was eventually surpassed by chroma

tographic techniques. Better separation of diastereomeric peptides 

could be achieved by partition chromatography and this method was 

developed for neurohypophyseal peptides by Yamashiro (1964;1966). Gel 

filtration (Porath and Flodin, 1959) has also been recognized as an 

effective means of removal of both high and low molecular weight con

taminants from peptides. A two-step gel filtration scheme on Sephadex 

G-15 has been extensively used in the purification of oxytocin and 

vasopressin analogues (Manning et al., 1968). 

Today, reversed phase high performance liquid chromatography 

(RP-HPLC) has become one of the most popular approaches to the purifi

cation of synthetic peptides. HPLC has been found to be more effec

tive than partition chromatography in the separation of diastereomeric 

neurohypophyseal peptides (Larsen et al., 1979; Viswanatha et al., 

1979). The stationary phase of RP-HPLC consists of a long alkyl chain 

eC8 to C18) bonded to porous silica. The mobile phase consists of 



varying proportions of a pH-controlled aqueous buffer and an organic 

modifier, commonly acetonitrile or methanol. 

General Synthetic Methods 
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Pep tides were prepared by solid phase peptide synthesis tech

niques on either a semiautomatic instrument designed and built in the 

Chemistry Laboratory at the University of Arizona (Hruby, Barstow, and 

Linhart, 1972) or an ,automated peptide synthesizer (Model 250 or 1000, 

Vega Biotechnologies, Tucson, Arizona). 

Polymeric resin support for solid phase peptide synthesis was 

obtained from several sources. Boc-G1ycine-Merrifie1d resin (0.45 

mM/g) was prepared by Rockway (1983). The p-methy1benzhydry1amine 

resin (1% diviny1benzene cross-linked polystyrene) was purchased from 

Peptides International or was prepared by previously reported methods 

(Hruby et a1., 1973, 1977) with an amine substitution as indicated in 

the text. 

Capillary melting points were determined on a Thomas Hoover 

(Arthur H. Thomas Co., Philadelphia, PA) melting point apparatus and 

are uncorrected. 

N«-Boc and N«-Fmoc amino acids and amino acid derivatives were 

purchased from Vega Biotechnologies, Inc., Tucson, Arizona; Chemical 

Dynamics Corporation, South Plainfield, New Jersey; Bachem, Torrance, 

California; and Aldrich Chemical Company, Milwaukee, Wisconsin. 

Purity for each amino acid was established by the ninhydrin test 

(Kaiser et a1., 1970), melting point and thin layer chromatography 



(TLC) on Baker-flex Silica Gel 1B-F plates (J.T. Baker Chemical Co., 

Phillipsburg, NJ) in three solvent systems: (A) chloroform-methanol 

(95:5); (B) chloroform-methanol (1:1); and (C) acetone-acetic acid 

(98:2). Detection was with UV (254nm), iodine and ninhydrin. 
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Purification of peptides was accomplished by a combination of 

gel filtration, partition chromatography and reversed-phase high per

formance liquid chromatography (RP-HPLC) as noted in the text. Gel 

filtrations were performed on a Sephadex G-15 (Pharmacia Fine 

Chemicals, Piscataway, NJ) column (2.65 x 100 em) with an eluant 

solvent of either 50%, 30%, or 0.2 N HOAc. Fractions were monitored 

for peptide material with a Guilford UV/VIS spectrophotometer at 

either 280 nm, 266 nm, or 258 nm. Partition chromatography was per

formed on a Sephadex G-25 (block polymerizate, 100-200 mesh) column 

(2.6 x 56 cm) with the solvent system 1-BuOH-3.5% aqueous HOAc con

taining 1.5% pyridine (1:1). Analysis of the fractions for peptide 

material ~as by the Folin-Lowry method (Lowry et al., 1951). Prepara

tive RP-HPLC was performed on a Perkin-Elmer Series 3B Liquid Chroma

tograph equipped with an LC-75 Spectrophotometric Detector and an 

LCI-100 Laboratory Computing Integrator. A Vydac CI8 preparative (10 

~m, 2.5 cm x 25 cm) or semi-preparative (10 ~m, 10 mm x 25 cm) column 

was used with either isocratic or linear gradient elution in a mobile 

phase of varying concentrations of acetonitrile (CH3CN) in aqueous 

0.1% trifluoroacetic acid (TFA). Detection of peptide material was 

made by monitoring the UV absorbance of the peptide backbone at 214 nm 



or the absorbance of phenylalanine (258 nm) or tyrosine (280 nm) side 

chains. 
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Solvents used for partition chromatography, gel filtration, 

TLC, and RP-HPLC were purified by redistillation and filtration prior 

to use (Hruby and Groginsky, 1971). Dimethylformamidewas purified by 

distillation (Perrin, Armarego and Perrin, 1966) and bubbled with N2 

for 45-60 min prior to use. Tetrahydrofuran was distilled from Na and 

stored under Ar over 4 A molecular sieves. 

Purity of peptides was checked by TLC performed on glass

backed Silica Gel G plates using the following solvent systems: (D) 

I-butanol-acetic acid-water (4:1:5, upper phase only); (E) 

I-butanol-acetic acid-pyridine-water (15:3:10:12); and (F) 

I-pentanol-pyridine-water (7:7:6) (Rockway, 1983). Detection was made 

by UV, iodine, ninhydrin or C12!0-tolidine. Single symmetrical spots 

were observed for all purified materials unless otherwise noted. 

Purity was also confirmed by analytical RP-HPLC performed on a 

Spectra Physics Model 8700 (Spectra Physics Corporation, San Jose, CA) 

instrument equipped with a Spectra Physics Model 8400 variable wave

length detector. A reversed phase C18 Vydac column (17 ~m, 4.5 mm x 

25 em) was used for analytical analyses. The mobile phase was similar 

to conditions used for preparative HPLC. 

Amino acid analyses were obtained by the method of Spackman, 

Stein and Moore (1958) on a Beckman Instruments, Inc. (Fullerton, CA) 

120C Amino Acid Analyzer following hydrolysis of peptide material for 
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22-48 hours at 110°C with either 6 M RCI or 4 M 2-methanesulfonic acid 

(MSA) and subsequent neutralization with an equivalent volume of 3.5 N 

NaOR (Simpson et al., 1976). No corrections were made for destruction 

of amino acids during hydrolysis. 

Optical rotation values were measured at the mercury green 

line (547nm) using a Rudolph Research (Flanders, NJ) Auto-Pol III 

polarimeter. 

Molecular weights of the obtained pep tides were determined by 

fast atom bombardment mass spectrometry (FAB-MS) using a Kratos MS-50 

Triple Analyzer equipped with a Kratos OS-55 data system. Mass 

spectral determinations were performed by either the University of 

Arizona Department of Pharmacology or by the Midwest Center for Mass 

Spectrometry, a National Science Foundation Regional Instrumentation 

Facility (Grant No. CRE 8211164). 

Preparation of Protected Amino Acids and Dipeptides 

General procedure for synthesis of NX-Boc amino acids 

All ~-Boc amino acids not purchased were synthesized by the 

literature procedure of Tarbell et al. (1972). 

Protection of sulfur-containing amino acids 

The free sulfhydryl groups of cysteine, penicillamine, and 

S-mercaptopropionic acid were protected with either an S-Bzl or 

S-4-MeBzl group. Cysteine(S-Bzl) and cysteine (S-4-MeBzl) were pre

pared according to the literature procedures of Erickson and Merri-

___ . ________ •. -_0_- .0_'. 



field (1973a), while penicillamine(S-4-MeBzl) was prepared according 

to Hruby et al. (1977). 
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S-4-MeBzl-8-mercaptopropionic acid (a) was prepared by a modi

fication of the procedure of Hope and coworkers (1962) for S-Bzl

B-mercaptopropionic acid. B-Mercaptopropionic acid (5 ml, 57.4 mmole) 

was added dropwise to liquid ammonia (250 ml). Sodium was added until 

a blue color persisted for 15 minutes (3.0 g). The blue color was 

discharged with NH4Cl and a-Cl-p-xylene (8.9 ml, 69.5 mmole) was 

added dropwise via a pressure equalizing funnel over a 15 minute 

period. The suspension was stirred for 1 hour. The NH3 was removed 

under a stream of N2 and the residue dissolved in 150 ml of H20. The 

aqueous solution was extracted with ethyl ether (2 x 50 ml) to remove 

any unreacted a-Cl-p-xylene and then acidified with concentrated HCl 

to pH 2.0. The oily product separated out and crystallized upon 

cooling. The crystalline solid was filtered and dried ~ vacuo (11.9 

g, 99%); M.P. 74-76°C (lit. for S-Mpa-S-Bzl, 81-82°C, Hope et al., 

1962); NMR (60 MHz, CDC13) 0 2.3 (3R, s), 2.6 (4H, t), 3.7 (2H, s), 

7.1 (4H, s). 

Synthesis of Amino Acids and Dipeptide Fragments 

L-l,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid (L-Tic) (b).

L-Tic was prepared according to Pictet and Spengler (1911) 

starting with L-phenylalanine (4.51 g, 56.1%); M.P. 308-311°C (lit. 

3UOC). 
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Na -Boc-L-l,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 

(~-Boc-L-Tic) (c). This compound was prepare~ as reported hy Cody 

(1985) followin~ the general procedure for preparation of Na-Boc amino 

acids given above. (4.86 g, 81%); M.P. 122-123°C; [a]25547 = +17.6° 

(c = 1.0, MeOH); NMR (60 MHz, CDC13) 6 1.4 (9H, s), 3.0-3.3 (2H, m), 

4.2-5.2 (3H, m), 7.0 (4H, s). Anal. Calcd. for C15H1904N: C, 64.97; 

H, 6.91; N, 5.05. Found: C, 64.81; H, 6.91; N, 4.93. 

D-l,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid (D-Tic) (d). 

This compound was prepared in exactly the same manner as L-Tic but 

starting with D-phenyIaIanine (4.86 g, 60.4%), M.P. 302-303°C (d). 

Na-Boc-D-l,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (~

Boc-D-Tic) (e). The synthesis of this compound was performed exactly 

as for Na-Boc-L-Tic except that the startin~ amino acio was D-Tic 

(3.89 g, 71%); M.P. 122-123.5°C; [a]25547 = -IR.9° (c = 1.0 in MeOH). 

NMR; see ~-Boc-L-Tic. Anal. Calcd. for C15H1904N: C, 64.97; H, 

6.91; N, 5.05. Found: C, 64.68; H, 6.78; N, 4.94. 

Na-Boc-erythro,threo-D,L-B-methyl-phenylalanine (~-Boc-a-MePhe) (f). 

The ~-Boc protecting group was introduced by the procedure of Tarbell 

et al. (1972). To a stirred solution of erythro,threo-D,L-a-MePhe 

(2.0 g, 9.3 mM, Aldrich) in dioxane:water (30 ml, 2:1) at 4°C was added 

Boc-dicarbonate (2.18 g, 10 mM). The pH was kept at 10.2 by theaddi-
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tion of 4 N NaOH and the solution was stirred overni~ht at room tem

perature. The solvents were removed in vacuo and the residue was 

dissolved in water and washed with ethyl ether (3 x 25 ml). The 

aqueous layer was acidified with cold 1 N HCl and extracted with ethyl 

acetate (3 x 50 ml). The combined organic fractions were washed with 

three 50 ml-portions each of water and saturated NaCl and dried over 

anhydrous magnesium sulfate. The ethyl acetate was removed in 

vacuo and the residue was recrystallized from ethyl acetate/petroleum 

ether (2.59 g 69%); M.P. 100-105°C; NMR (250 MHz, CDC13) 8 1.41 

(12H, s), 3.38-3.43 (2H, m), 4.50-4.55 (IH, m), 4.78 (IH, d), 

7.19-7.37 (5R, m). 

~-Carbobenzoxy(S-4-methylbenzyl)cysteine (~-Z-Cys(S-4-MeBzl» (g). 

The title compound was prepared according to the method of Harrington 

and Mead (1936) for ~-Cbz-Cys-(S-Bzl) starting from S-4-MeBzl 

cysteine. Benzyl chloroformate (4.0 ml, 28 mM) was added in three 

equal portions over a 30 minute period to a vigorously stirred solu

tion of S-4-MeBzl-L-cysteine (3.1 g, 4.4 mM) in 2N NaOH (7.5 ml) at 

O°C. Additional NaOR (9.3 ml) was added to keep the pH above 8.0. 

After addition the mixture was stirred for another hour at 4°C. The 

mixture was extracted with ethyl ether to remove unreacted chlorofor

mate. The aqueous layer was acidified to pH 2.0 with concentrated 

HCI. The resulting oily layer was extracted into ethyl acetate (4 x 

50 ml). The combined organic fractions were washed ~o1ith H20 and 

saturated NaCI and dried over anhydrous MgS04. The ethyl acetate was 

-~--------.--.-
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removed in vacuo and the residue was dissolved in a minimum of warm 

ethyl acetate. Petroleum ether was added to induce crystallization 

(3.17 g, 55%); M.P. 84-86°C (lit. for Z-Cys-S-Bzl, 93-95°C; 

Harrington and Mead, 1936); NMR (250 MHz, CDC13) 6 2.4 (3H, s), 3.0 

(2H, d), 3.8 (2H, s), 4.7 (IH, m), 5.3 (2H, s), 7.2 (4H, s), 7.5 (5H, 

s); TLC Rf = 0.32 (C). FAB mass spectrum: MH+ calc., 360; found, 360 

(CI9H21N04S) • 

L-Phenylalanine Methyl Ester Hydrochloride (L-Phe-OMe·HC1) (h). 

The title compound was prepared by the method of Boissonnas et al. 

(1956) using thionyl chloride. (7.12 g, 95%); M.P. 158-159°C (lit. 

160°C, Boissonnas et al., 1956); TLC Rf = 0.46 (A); 0.66 (B); 0.50 (C). 

Cbz-Cysteine(4-methylbenzyl)-L-phenylalanine Methyl Ester 

(Z-Cys-(S-4-MeBzl)-L-Phe-OMe) (i). The hydrochloride salt of L

phenylalanine methyl ester (2.4 g, 11.2 mmole) and 

Z-cysteine(S-4-MeBzl) (4.0 g, 11.2 mmole) were dissolved in a solution 

of dichloromethane (54 ml) and triethylamine (1.56 ml, 11.2 mM). The 

solution was cooled to O°C and DCC (2.31 g, 11.2 mmole) was added. 

The solution was stirred at 4°C for 1 hr and overnight at room tem

perature. The solution was cooled and the dicyclohexylurea (DCU) 

byproduct removed by filtration. The CH2Cl2 was removed in vacuo and 

the residue was dissolved in ethyl acetate. The organic fraction was 

washed (3 x 50 ml) with 1 N HCl, H20, saturated NaHC03, "20 and dried 

over MgS04. The ethyl acetate was removed in vacuo ann the residue 
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recrystallized from ethyl acetate/petroleum ether (4.43 g, 7610; M.P. 

116-118°C (lit. for Z-r.ys(S-Bzl)-L-Phe-OMe, 106-107°C, Rodanszky and 

du Vigneaud, 1959c); NMR (60 MHz, CDC13) ~ 2.3 (3H, s), 2.7-2.8 (2H, 

d), 3.0-3.2 (2H, d), 3.65 (5H, s), 4.1-4.4 (IN, q), 4.7-5.0 (IR, q), 

5.1 (2H, s), 5.5-5.7 (IH, d), 7.0-7.4 (14H, m); TLC: Rf = 0.74 (A); 

0.80 (B); 0.89 (C). 

Cbz-Cysteine(S-4-methylbenzyl)-L-phenylalanine (Z-Cys(S-4-MeBzl)-L

Phe) (j). The dipeptide methyl ester (4.0 g) was dissolved in 

methanol/dioxane (50 ml, 10:1) and 11.0 ml IN NaOH was added. The 

solution was stirred at room temperature and was deemed complete (TLC 

in A, B and C) after 1 hr. The solvents were removed in vacuo and the 

residue was dissolved in H20. The aqueous solution was acidified to 

pH 4.0 with solid citric acid and extracted (3 x 50 ml) with ethyl 

acetate. The pooled organic fractions were washed with H20 and 

saturated NaCl and dried over anhydrous MgS04. The ethyl acetate was 

removed in vacuo and the residue was recrystallized from ethyl 

acetate/petroleum ether (3.35 g, 77%); M.P. 168-169°C (lit. for 

Z-Cys(S-Bzl)-L-Phe, 157-158°C, Rodanszky and du Vigneaud, 1959c); NMR 

(60 MHz, CDC13/TFA) ~ 2.37 (3H, s), 2.6-2.8 (2H, d), 3.0-3.3 (2H, m), 

3.6 (2H, s), 4.2-4.5 (IH, m), 4.7-5.0 (IH, m), 5.1 (2H, s), 7.0~7.4 

(14H, m). TLC: Rf = 0.0 (A); 0.65 (B); 0.74 (C). FAR mass spectrum: 

MH+ calc., 507; found, 507 (C28H310SN2S). 
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Cbz-Cysteine(S-4-methylbenzyl)-L-Phenylalanine Azlactone 

(Z-Cys(S-4-MeBzl)-L-Phe Azlactone) (k). The dipeptide (2.93 g, 5.8 

mmole) was dissolved in dry tetrahydrofuran (THF, 20 ml) and cooled to 

4°C. DCC was added with stirring and the solution was stored in the 

refrigerator overnight. The solution was filtered to remove the pre

cipitated DCU and the THF was removed in vacuo. The residue was 

dissolved in hot ethyl acetate and petroleum ether was added to induce 

crystallization. After cooling thoroughly the solid was filtered, 

washed with cold petroleum ether and dried ~ vacuo (1.18 g, 41.7%); 

M.P. 137-139°C; NMR (250 MHz, CDC13) 15 2.30 (3H, s), 2.40-2.75 (2H, 

m), 3.00-3.28 (2H, m), 3.55-3.65 (2H, d), 4.40-4.50 (lH, m), 4.60-4.70 

(lH, m), 5.10 (2H, s), 5.34-5.47 (lH, m; NH), 7.09-7.36 (14H, m). TLC: 

Rf = 0.76 (A); 0.78 (B); 0.88 (C). FAB mass spectrum: MH+ calc., 

489; found, 489 (C28H2904N2S). 

Cbz-cysteine(S-4-methylbenzyl)-d-phenylalanine Azlactone (1). 

The azlactone (1.08 g, 2.2 mmole) was dissolved in dry THF (16 ml) and 

dichlorodicyanoquinone (DDQ; 0.50 g, 2.2 mmole) and collidine (0.26 g, 

2.2 mmole) were added with stirring. The deep brown solution was 

stirred at room temperature for 3 days. When the reaction appeared 

complete as monitored by TLC ( CHC13), the solution was filtered and 

the THF removed in vacuo. The brown residue was dissolved in ethyl 

acetate, washed with (4 x 50 ml) IN HCl, H20, saturated NaHC03, H20 

and saturated NaCl, and dried over anhydrous MgS04. The ethyl acetate 



was evaporated and petroleum ether added to induce crystallization. 

The light brown solid was collected by filtration and dried in 
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vacuo (0.68 g). The crude azlactone from several preparations (1.72 g) 

was purified by chromatography on a silica gel (75-150 m particle 

size) column (2.5 x 10 em) with CHCl3 as eluent. The fractions con

taining the azlactone were combined and the CHCl3 was removed in vacuo 

leaving a light cream-colored residue which was recrystallized from 

ethanol (0.82 g, 47.7%); M.P. 147-148°C; NMR (250 MHz, DMSD-d6) 0 2.25 

(3H, s), 2.76-3.07 (2H, m), 3.77 (2H, s), 4.71-4.88 (lH, m), 5.09 (2H, 

s), 7.05-7.25 (4H, q) 7.25-7.60 (9H, m), 8.09-8.28 (3H, m). FAB mass 

spectrum: MH+ calc., 487; found, 487. 

Cbz-Cysteine(S-4-methylbenzyl)~-phenylalanine (m). The dehydroazlac

tone was hydrolyzed by dissolving 1.01 g (2.0 mM) of ! in 7 ml acetone 

to which was added 3.0 ml of 1 N NaOH. The solution was stirred at 

room temperature for 30 minutes and monitored by TLC (D). 

The solution was concentrated in vacuo and acidified with 4 N HCI to 

pH 2.5. The white precipitate was extracted into ethyl acetate (3 x 

50 ml) and the combined organic fractions were pooled and washed with 

H20 and saturated NaCI and then dried over MgS04. The ethyl acetate 

was removed in vacuo and the residue was recrystallized from ethyl 

acetate/petroleum ether (0.33 g, 32.7%); M.P. 168-175°C (d); NMR (250 

~1Hz, DMSD-d6) 0 2.29 (3H, s), 2.50-2.88 (2H, m), 3.76 (2H, s), 

4.39-4.53 (lH, m), 5.05-5.19 (2H, m), 7.05-7.50 (14 H, m), 7.58-7.73 

(3H, m). FAB mass spectrum: MH+ calc., 505; found, 505. 
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Preparation of Oxytocin Pep tides 

Analogues with Conformational Restrictions at Positions 1 and 2 

[L-Tic2]-OT (A). Starting with 2.25 g of ~-Boc-Gly-Merrifield resin 

(1.0 mmoles of ~-Boc-Gly) (Rockway, 1983) the protected title peptide 

was prepared by the stepwise coupling of the following Na-Boc amino 

acids (in order of addition): Leu, Pro, Cys(S-4-MeBzI), Asn(ONP), GIn, 

lIe, L~Tic, and Cys(S-4-MeBzI) following the coupling scheme outlined 

in Table 8 for ~-Boc amino acids and Table 10 for active esters. 

Coupling of L-Tic to lIe and Cys to L-Tic proceeded with difficulty 

and had to be repeated three times before satisfactory ninhydrin or 

chloranil results were obtained. Trifluoroethanol was added (5.0 ml) 

to aid in swelling of the resin during coupling. After cleavage of 

the last ~-Boc protecting group the peptide resin was dried in 

vacuo (2.64 g). The peptide was cleaved from the resin by treatment 

with 150 ml of freshly distilled (from Mg(OMe)2) methanol saturated at 

-7°C with anhydrous ammonia (freshly distilled from sodium). The pep

tide resin suspension was sealed shut and stirred in a dessicator. 

After 4 days, the solvents were removed by aspiration and rotary eva

poration leaving dry resin material. The cleaved, protected peptide 

was extracted from the resin by heating to 65°C with 100 ml DMF for 24 

hours. The resin was filtered and extracted with a second portion of 

DMF at 65°C for 2-3 hours. The combined DMF fractions were con-
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centrated to approximately 5-10 ml in vacuo. Deionized water (125 ml) 

was added dropwise with swirling to the DMF concentrate resulting in a 

white precipitate. After thorough cooling the precipitate was 

collected by filtration, washed with H20 (2 x 20 ml), 75% ethanol (2 x 

20 ml), ether (2 x 20 ml) and dried ~ vacuo yielding 0.74 g of pro

tected nonapeptide. A portion of the protected nonapeptide (304 mg, 

0.25 mM) was dissolved in 250 ml freshly distilled (from sodium) 

anhydrous ammonia. The solution was treated at the boiling point of 

the ammonia with a sodium stick until the blue color persisted for 

30-45 seconds. Blue color lasting longer than 60 seconds was quenched 

by the addition of a few crystals of NH4Cl. The ammonia was eva

porated under a stream of N2 and the last 10-20 ml by lyophilization. 

The crude deprotected peptide material was immediately dissolved in 

0.1% HOAc (1000 ml) which had been deaerated and bubbled with N2 for 

30 minutes. The pH of the solution was adjusted to 8.5 with 3 N NH40H 

and the peptide sulfhydryl groups oxidized to the disulfide by the 

addition of an excess of 0.01 N K3Fe(CN)6 (40 ml) as indicated by the 

persistence of a yellow color. The solution was allowed to stir for 

30-60 minutes. The pH was then adjusted to 4.8 with 30% HOAc and 

anion exchange resin (Amberlite lRA-45; Chemical Dynamics Corp~ration, 

South Plainfield, N.J.) was added (30 ml settled volume) to remove 

excess ferro- and ferricyanide. The suspension was stirred for 1-2 

hours and the resin was removed by filtration and washed (3 x 25 ml) 

with 20% HOAc. The filtrate was reduced in volume by rotary evapora-
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tion and then lyophilized to yield the crude cyclized peptide. The 

crude peptide was dissolved in a minimal amount of 30% HOAc and chro

matographed on a Sephadex G-15 (Pharmacia Fine Chemicals, Piscataway, 

N.J.) column (2.65 x 100 cm) in 30% HOAc. The major peak was isolated 

by monitoring absorbance of fractions (3.5 ml) at 266 nm on a Guilford 

UV/VlS spectrophotometer. The fractions were pooled and lyophilized 

to give a white powder (49.2 mg). The peptide was further purified by 

preparative RP-HPLC using a mobile phase of 23% CH3CN in 0.1% aqueous 

TFA. The desired peak was collected and lyophylized to yield the 

title peptide as the trifluoroacetate salt (12.4 mg); [a]25547 = 

+26.0°, c = 0.15 in 1 M HOAc. The purified title peptide gave single 

uniform spots (UV, iodine, CI2/o-tolidine) on TLC: Rf = 0.15 (D), 

0.38 (E), 0.20 (F). Amino acid analysis (hydrolysis for 48 h at 110°C 

in 4 M MSA) gave the following molar ratios: Cys-eys (1.78), Tic 

(0.96), lIe (0.93), Glu (1.03), Asp (1.04), Pro (1.01), Leu (1.06), 

and Gly (1.00). FAB mass spectrum: MH+ calc., 1003; found, 1003. 

Chromatographic data for A are given in Table 11. 

[D-Tic2]-OT (B). Starting with 3.95 g of p-methyl benzhydrylamine 

(p-MBHA) resin (1.08 mM/g titratable amine, 4.0 roM) the following 

~-Boc protected amino acids were coupled following the method 

outlined in Table 8 (in order of addition): Gly, Leu, Pro, and 

Cys(S-4-MeBzI). At this point the peptide resin was washed with DCM, 

EtOH, and DCM and dried in vacuo to yield ~-Boc-Cys(S-4-MeBzl)-Pro

Leu-Gly-p-MBHA resin (1; 6.48 g). The synthesis of the title compound 

. --_ ... -_.---------------
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was continued with a portion of this peptide resin (1.61 g, 1.0 mM) by 

coupling in the following order the remaining Na-Boc amino acids, 

Asn(ONP), Gln(ONP), Ile, D-Tic(~), and Cys(S-4-methylbenzyl) following 

the methods in Tables 8 and 10. Coupling of the ~-Boc-Cys residue to 

D-Tic was repeated three times, and remaining unreacted amine groups 

(as determined by the chloranil test) were blocked by acetylation with 

N-acetylimidazole (xl0 mM) in CH2C12. Trifluoroethanol (5 ml) was 

added during coupling to aid in swelling of the resin. After cleavage 

of the last ~-Boc protecting group the resultant peptide resin was 

dried in vacuo (1.92 g). The peptide was cleaved from the resin (1.92 

g), along with simultaneous removal of the S-4-methylbenzyl groups, by 

treatment with anhydrous HF (20 ml) and anisole (6 ml) (45 min, O°C). 

After evaporation of the HF and anisole ~ vacuo, the residue was 

washed with deaerated EtOAc (3 x 30 ml). The resin was then extracted 

with deaerated glacial acetic acid (50 ml), and three 30-ml portions 

each of 30% HOAc, 0.2 N HOAc, and H20. The aqueous extracts were 

lyophilized to yield the crude deprotected peptide which was dissolved 

in 0.1% HOAc (1200 ml) and cyclized in the same manner as analogue A. 

Gel filtration (Sephadex G-15) was performed in 30% HOAc on 1/3 of the 

crude cyclized peptide. The major peak (266 nm detection) was 

collected (83.3 mg) and subjected to preparative RP-HPLC using a 

linear gradient of 23-25% CH3CN in aqueous 0.1% TFA (O.I%/min). The 

major peak was collected and lyophilized to yield the title peptide as 

its trifluoroacetate salt (54.25 mg); [a]25547 = -107°, c = 0.21 in 1 
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M HOAc. The purified title peptide gave single uniform spots (UV, 

iodine, and CI2/o-tolidine) on TLC: Rf = 0.18 (D), 0.34 (E), 0.08 (F). 

Amino acid analysis (hydrolysis for 48 h at 110aC in 4 M MSA) gave the 

following molar ratios: Cys-Cys (1.60), DTic (1.02), lIe (0.93), Glu 

(0.97), Asp (1.01), Pro (1.09), Leu (1.02), Gly (1.00). FAB mass 

spectrum: MH+ calc, 1003; found, 1003. Chromatographic data 

for B are given in Table 11. 

[D-Tic2 .Thr4]-OT (C). Starting with 2.5 g pMBHA resin (0.40 rnM/g 

titratable amine, 1.0 mM) the following N«-Boc amino acids were 

coupled following the methods in Tables 8 and 10 (in order of 

addition): Gly, Leu, Pro, Cys(S-4-MeBzl), Asn(ONP), Thr(OBzl), lIe, D

Tic (~). At this point the resin was washed and dried in vacuo (II, 

3.89 g). The synthesis of the title compound was completed by 

coupling ~-Boc-Cys(S-4-MeBzl) to half of the peptide resin (II; 1.69 

g, 0.5 m}f). After removal of the N-terminal Boc group the completed 

peptide resin was dried ~ vacuo (1.95 g). A portion of this peptide 

resin (1.0 g, 0.25 mM) was cleaved with 10 ml anhydrous HF and 3 ml 

anisole (45 min, OaC). After evaporation of the HF and anisole in 

vacuo, the resin material was washed (3 x 30 ml) with EtOAc, and the 

peptide extracted with glacial acetic acid (50 ml), and three 30-ml 

portions each of 30% HOAc, 0.2 N HOAc, and H20. The combined aqueous 

extracts were lyophilized to give a crude white powder which was imme

diately cyclized following the same method as for analogues A and B. 

Gel filtration (Sephadex G-15) was performed in 30% HOAc and the 



desired peak (266 nm detection) was collected and lyophilized (88.1 

mg). Further purification of this material was carried out by pre

parative RP-HPLC utilizing isocratic elution with a mobile phase of 

23% CH3CN in aqueous 0.1% TFA. The major peak was collected and 

lyophilized to yield the title peptide as its trifluroracetate salt 

(15.1 mg); [a]25547 = -104.5°, c = 0.20 in 1 M HOAc. The purified 

title peptide gave single uniform spots (UV, iodine, CI2/0-tolidine) 

on TLC: Rf = 0.22 (0), 0.60 (E), 0.62 (F). Amino acid analysis 

(hydrolysis for 48 h at 110°C in 4 M MSA) gave the following molar 

ratios: Cys-Cys (1.61), O-Tic (0.96), lIe (1.01), Thr (0.91), Asp 

(1.05), Pro (1.04), Leu (1.00) Gly (0.98). FAB mass spectrum: 

~ calc., 976; found, 976. Chromatographic data for C are given in 

Table 11. 
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[Erythro,threo-O,L-B-methyl Phe2]-OT (0-1;0-2). Starting with 0.83 g 

p-MBHA resin (1.2 mM/g titratable amine, 1.0 mM) the diastereomeric 

title peptides were synthesized by coupling the following ~-Boc amino 

acids using the methods shown in Tables 8 and 10 (in order of 

addition): Gly, Leu, Pro, Cys(S-4-MeBzI), Asn(ONP), GIn, lIe, 

erythro,threo-O,L-B-methyIPhe (1), eys (S-4-MeBzI). After removal of 

the N-terminal Boc protecting group the peptide resin was dried.in 

vacuo (1.78 g). A portion of the peptide resin (0.90 g, 0.5mM) was 

cleaved with anhydrous HF, and the peptide was extracted, lyophilized 

and cyclized as previously described for analogue C. Gel filtration 

(Sephadex G-15) in 50% HOAc yielded 216.4 mg of material (258 nm 
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detection) which was subjected to a second gel filtration (Sephadex 

G-15) in 0.2 N HOAc (157.0 mg). Preparative RP-HPLC of a portion 

(45.7 mg) of the desalted peptide (linear gradient of 21-25% CH3CN in 

aqueous 0.1% TFA, 0.5%/mdn, followed by isocratic elution at 25% for 5 . 
min) resulted in isolation of two major fractions (see Figure 8). 

Fraction 1 (12.4 mg) eluted between 9 and 11 minutes and contained one 

major peak and two minor peaks. Fraction 2 eluted at 15 minutes and 

consisted of one major peak (D-3, 14.1 mg). Fraction 1 was further 

purified by RP-HPLC (isocratic, 22% CH3CN in aqueous 0.1% TFA) and two 

peaks were isolated (D-1, 2.5 mg; D-2, 6.3 mg). The isolated peptides 

D-2 and D-3 gave single uniform spots (UV, iodine, CI2/0-tolidine). on 

TLC. TLC of D-1 indicated the presence of minor impurities. 

D-1: Rf = 0.17 (D), 0.57 (E), 0.57 (F) 

D-2: Rf = 0.18 (D), 0.56 (E), 0.58 (F) 

D-3: Rf = 0.18 (D), 0.58 (E), 0.61 (F) 

Optical rotations for the major purified peptides are: 

D-2: [a]25547 = -30.0,oc = 0.19 in 1 M HOAc 

D-3: [a] 25547 = -55.0,oc = 0.20 in 1 M HOAc 

Amino acid analysis (hydrolysis for 48 h at 110°C in 4 M 

MSA) gave the following molar ratios: 

D-2: Cys-Cys (1.87), a -MePhe (1.04) , Ile (0.82), Glu (0.99), Asp 

(0.96), Pro (1.10), Leu (1.05), Gly 0.06) 

D-3: Cys-Cys (1.68), f3 -MePhe (1.14), Ile (0.75), Glu (0.95), Asp 

(0.98) , Pro (1.02), Leu (0.99), Gly (l.00). 



D-2 D-3 62 

D-1 

Figure 8. Chromatogram of S-Methylphenylalanine-containing oxytoci:: 
analogues. 

-- .-- .. ------- .. -- _ ... -._------. 
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Determination of the presence of D-amino acids was made by hydrolyzing 

a 0.5 mg sample of peptide in 6 M HCI for 40 h at 110°C. The HCI was 

removed in vacuo and the residue dissolved in 0.20 ml H20. Tris (5.0 

mg) was added and the pH adjusted to 7.5 with 1 N HCI. L-amino acid 

oxidase (5 mg, 2.24 units, C. adamanteus, Sigma) was added and the 

mixture incubated at 37°C for 24 h. A second portion of enzyme was 

added and the incubation continued for another 24 h. Citrate buffer 

was added (1.0 ml, pH 2.2) and amino acid analysis was performed upon 

the sample. The following molar ratios were found: 

D-2: Cys-Cys (0.00), S-MePhe (0.08), Ile (0.00), Glu (0.22), Asp 

(0.22), Pro (1.00), Leu (0.00), Gly (1.00). 

D-3: Cys-Cys (0.00), S-MePhe (0.60), Ile (0.00), Glu (0.14), Asp 

(0.32), Pro (0.90), Leu (0.00), Gly (1.10). 

Glycine and proline are not attacked by L-amino acid oxidase. Gluta

mine and asparagine are converted to glutamic and aspartic acids upon 

acid hydrolysis and these amino acids are only partially degraded by 

L-amino acid oxidase. FAB mass spectra indicated identical MH+ peaks: 

MH+ calc., 1005; found, D-l: 1005, D-2: 1005, D-3: 1005. Chroma

tographic data for D-1, D-2, and D-3 are given in Table 11. 

[~-Phe2J-OT (E-I, E-2). Starting with 2.5 g of p-MBHA resin (0 •. 40 

mM/g titratable amine, 1.0 mM) the following Na-Boc amino acids were 

coupled according to the scheme illustrated in Tables 8 and 10 (in 

order of addition): Gly, Leu, Pro, Cys(S-4-MeBzI), Asn(ONP), GIn, 
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Ile. The peptide resin was washed with DCM, EtOH and DCM and dried ~ 

vacuo (III, 3.55 g). To a portion of this peptide resin (0.89 g, 0.25 

mM) suspended in DMF was added Z-Cys(S-4-methylbenzyl)-A-Phe dipep

tide (m; 0.25 g, 0.50 mM) and a two-fold excess of DCC and HOBT. 

Coupling proceeded at 55°C and was deemed complete by a negative 

ninhydrin test after 36 hours. The resin was washed with three 30-ml 

portions each of DMF, DCM, EtOH, DCM and dried ~ vacuo (0.82 g). A 

second successful synthetic approach was the coupling of 

Z-Cys(S-4-methylbenzyl)-A-Phe azlactone (~, 0.48 g, 1 mM) to 

Ile-Gln-Asn-Cys(S-4-MeBzl)-Pro-Leu-Gly-pMBHA resin (0.75 mM) for 24 h 

at 60°C in N-methyl pyrrolidinone. Cleavage, deprotection, and cycli

zation were accomplished by the same methods as used for analogues B 

and C. Purification of the crude cyclized peptide was accomplished by 

partition chromatography on a Sephadex G-25 (block polymerizate, 

100-200 mesh) column (2.85 x 56 cm) with 1:1 I-butanol/H20 (3.5% HOAc, 

1.5% pyridine). Fractions (4 ml) corresponding to the major product 

(Rf = 0.46) (Folin-Lowry detection, Lowry et al., 1951) were collected 

and the BuOH was removed by rotary evaporation. The aqueous solution 

was lyophilized to yield the title peptide as a light cream powder 

(14.1 mg). Final purification was accomplished by preparative RP-HPLC 

(isocratic with 22% CH3CN in aqueous 0.1% TFA). Two major products 

were collected (E-l, 2.8 mg; E-2, 4.6 mg) (See Figure 9). The 

purified pep tides gave single uniform spots (UV, iodine, Cl2/o

tolidine) on TLC: 



E-J E-2 

Figure 9. Chromatogram of ~-phenylalanine-containing 
oxytocin analogues. 
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E-1: Rf = 0.11 (D), 0.S9 (E), 0.63 (F) 

E-2: Rf = 0.19 (D), 0.60 (E), 0.62 (F) 
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Amino acid analysis (hydrolysis for 24 h at 110°C in 6 M HCI) gave the 

following molar ratioe: 

E-1: Cye-Cye (2.05), A-Phe (0.00), lIe (0.99), Glu (1.01), 

Aep (1.01), Pro (0.99), Leu (1.03), Gly (1.00). 

E-2: Cye-Cye (1.73), A-Phe (0.00), lIe (0.93), Glu (1.08), 

Asp (1.03), Pro (0.96), Leu (0.94), Gly (1.06). 

No peaks were observed for the A-Phe residue because it is converted 

to the a-keto acid upon hydrolysis in HCI. Amino acid analysis 

(hydrolyeis in 6 N HCI at 110°C for 48 h followed by treatment with L

amino acid oxidase) resulted in the following molar ratios: 

E-1: Cye-Cys (O.IS), lIe (0.08), Glu (0.30), Asp (0.S7), 

Pro (1.04), Leu (0.06), Gly (1.00). 

E-2: Cys-Cys (0.00), lIe (0.00), Glu (0.49), Asp (0.42), 

Pro (1.00), Leu (0.00), Gly (1.00). 

FAB mass spectra gave identical MH+ peaks: MH+ calc., 989; found, F-1: 

989, F-2: 989. Chromatographic data for these two peptides are given 

in Table II. 

[D,L-CYS(CH2)lS, Phe2 ,Thr4 ,Orn8 ,]-OT (F-I, F-2). Starting witn 4.0 g 

pMBHA resin (1.0 mM/g titratable amine, 4.0 mM) the following ~-Boc 

amino acids were coupled following the methods illustrated in Tables 8 

and 10 (in order of addition): Gly, Orn(Tos), Pro, Cys(S-4-MeHzl), 

Asn(ONP), Thr(OBzI), lIe. At this point the peptide resin was washed 
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with DCM, EtOH and DCM and dried ~ vacuo (!y; 8.31 g). The synthesis 

of the title peptides was continued using a portion of this peptide 

resin (2.08 g, 1.0 mM) by coupling the remaining two ~-Boc amino 

acids: Phe, D,L-CYS(CH2)5 (prepared by Cody, 1985). After removal of 

the N-terminal Boc group the resin was dried in vacuo (2.11 g). A 

portion of this peptide resin (1.0 g, 0.5 mM) was treated with 

anhydrous HF (10 ml) and anisole (3 ml, 45 min, O°C) to cleave the pep

tide from the resin. After removal of the HF and anisole the resin 

was washed with EtOAc (3 x 30 ml). The peptide was extracted with 

glacial acetic acid (50 ml) and three portions each of 30% HOAc, 0.2 N 

HOAc, and H20. The aqueous fractions were combined and lyophilized to 

yield a white powder. The toeyl group on the ~-ornithine side chain 

was then removed by dissolving the peptide in ammonia (250 ml, freshly 

distilled from Na) and treating it with a sodium stick until the blue 

color persisted for 30-45 seconds. The NH3 was removed under a stream 

of N2 and the last 10 ml by lyophilization. The residue was imme

diately dissolved in 0.1% HOAc (1000 ml) and cyclized following the 

same method as previously described. The lyophilized product was 

chromatographed on a Sephadex G-15 column with 50% HOAc as eluent. 

The major product (175.94 mg, 258 nm detection) was rechromatographed 

with 0.2 N HOAc (G-15) and 145.23 mg of desired product was obtained. 

Preparative RP-HPLC (linear gradient, 22-27% CH3CN in aqueous 0.1% 

TFA, 0.33%/min) resulted in isolation of two major products (F-l, 

34.45 mg; F-2, 7.82 mg) (See Figure 10). The purified peptides gave 

single, uniform spots (UV, iodine, C12/o-tolidine) on TLC: 



F-I: Rf = 0.08 (D), 0.54 (E), 0.07 (F) 

F-2: Rf = 0.08 (D), 0.53 (E), 0.07 (F) 

Optical rotations for the purified peptide F-I was: 

F-I: [a]25547 = -12.0°, c = 0.20 in I M HOAc 

Amino acid analysis (hydrolysis for 48 h at 110°C with 4 M MSA) 

resulted in the following molar ratios: 
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F-I: CYS(CH2)S-CyS (1.92), Phe (1.04), lIe (0.92), Thr (0.97), 

Asp (1.11), Pro (0.90), Orn (1.02), Gly (1.04). 

F-2: Cys(CH2)S-Cys (1.79), Phe (0.89), Ile (0.94), Thr (1.04), 

Asp (1.11), Pro (1.10), Orn (1.03), Gly (1.06). 

Amino acid analysis (hydrolysis for 48 h at 110°C with 6 N HCL 

followed by treatment with L-amino acid oxidase) resulted in the 

following molar ratios: 

F-I: Cys(CH2)S-CyS (0.37), Phe (0.19), Ile (0.00), Thr 

(0.73), Asp (0.26), Pro (0.91), Orn (0.00), Gly (1.09). 

F-2: CYS(CH2)S-CyS (0.00), Phe (0.22), lIe (0.00), Thr 

(0.60), Asp (0.48), Pro (0.96), Orn (0.00), Gly (1.04). 

Threonine is only minimally attacked by L-amino acid oxidase. FAB 

mass spectra indicated identical MH+ peaks: MH+ calc., 1033; found, 

F-I: 1033, F-2: 1033. Chromatographic data for F-I and F-2 are given 

in Table II. 

[Penl,D-Phe2,Thr4,Orn8]-OT (G). The title peptide was synthesized 

starting with 4.S0 g ~-Boc-Gly-Merrifielrl resin (2.0 mM ~-Boc-Gly). 

The following Na-Boc amino acids were couplerl according to the methods 



F-\ 

F-2 

Figure 10. Chromatogram of cyclopentamethylene cysteine-containing 
oxytocin analogues. 
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outlined in Tables 8 and 10 (in order of addition): Orn(Tos), Pro, 

Cys(S-4-MeBzI), Asn(ONP), Thr(OBzI), Ile. At this point the resin was 

dried ~ vacuo (6.44 g). The synthesis was continued with half of the 

peptide resin (3.22 g) and the final two ~-Boc amino acids, D-Phe and 

Pen(S-4-MeBzI) were coupled by the method illustrated in Table 8. 

After removal of the N-terminal Boc group, the peptide resin was dried 

in vacuo (3.32 g). The peptide was cleaved from the resin by ammono

lysis as described for analogue A (1.09 g protected nonapeptide). A 

portion of the protected nonapeptide (365.6 mg, 0.25 m~f) was depro

tected and cyclized following the methods described for analogue A. 

The crude peptide was purified by gel filtration (Sephadex G-15) with 

50% HOAc followed by a second gel filtration (G-15) with 0.2 N HOAc. 

The major peak was collected (258 nm detection) and lyophilized (85.2 

mg). Final purification was by preparative RP-HPLC with isocratic elu

tion in a mobile phase of 21% CH3CN in aqueous 0.1% TFA. The major 

peak was collected (214 nm detection) and lyophilized to yield the 

title peptide as its trifluoroacetate salt (43.6 mg): [a)25547 = 

-18.0°, c = 0.20 in 1 M HOAc. The purified peptide gave single uni

form spots on TLC: Rf = 0.06 (D), 0.33 (E), 0.41 (F). Amino acid ana

lysis (hydrolysis for 48 h at 110°C in 4 M MSA) gave the following 

molar ratios: Pen-Cys (1.75), Phe (0.92), Ile (0.92), Thr (0.98), Asp 

(1.09), Pro (1.06), Orn (1.04), Gly (1.02). FAB mass spectrum: MH+ 

calc., 993; found, 993. Chromatographic data for G are given in Table 

11. 

- -~---.---.. --.. -.----------------~-
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Synthesis of Bicyclic Oxytocin Peptides 

Ca-Mpa1,Lys4,Glu5J-OT (H). The title peptide was synthesized starting 

with 1.61 g (1.0 mM) of Boc-Cys(S-4-MeBzl)-Pro-Leu-Gly-p-MBHA resin 

(£). The following ~-Boc amino acids were coupled following methods 

outlined in Tables 8 and 10 (in order of addition): Glu(OBzl), 

Lys(2,4-CI2-Z), Ile, Tyr. The final residue, a-Mpa(S-4-MeBzI) was 

coupled (x 2) using DCC/HOBT. The peptide resin was washed and dried 

~ vacuo (2.19 g). A portion of this peptide resin (1.06 g) was 

treated with anhydrous HF and the peptide extracted and cyclized as 

previously described. Purification by two gel filtrations (50% and 

0.2 N HOAc) resulted in 164.7 mg of white peptide material. Analyti

cal RP-HPLC with isocratic elution using a mobile phase of 20% CH3CN 

in aqueous 0.1% TFA indicated one major product with no contaminants: 

[a]25547 = -84.5°,c = 0.20 in 1 M HOAc. TLC of the peptide showed 

single, uniform spots (UV, iodine): Rf = 0.22 (D), 0.53 (E). Amino 

acid analysis (hydrolysis for 22 h 110°C in 4 M MSA) resulted in the 

following molar ratios: Mpa-Cys (1.02), Tyr (1.00), Ile (1.02), Lys 

(0.90), Glu (1.02), Pro (1.05), Leu (1.08), Gly (1.00). FAB mass 

spectrum: MH+ calc., 1007; found, 1007. Chromatographic data for H 

are given in Table 11. The title peptide was used directly in the 

synthesis of the next analogue • 

. ........ ... __ ..... . ... -' .. - -.. -............ _--_._----_ ..... _ .. _-----_ .................. . 
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rS-MPa1,iys4,Glu5]-OT (J). The title compound was prepared by the 

side-chain to side-chain amide cyclization of analogue ~. 

[a-Mpal,Lys4,Glu5J-OT (100.5 mg, 0.10 mM) was dissolved in dry DMF (25 

ml). This solution was added over 3 hours to an ice cold solution of 

diphenylphosphoryl azide (DPPA, 40 ul) and triethylamine (TEA, 30 Ul) 

in DMF (100 ml). The reaction mixture was kept cold and allowed to 

stir for 48 hours. The reaction was deemed complete at this time by 

TLC (D). The DMF was removed in vacuo to a volume of 2-5 mI. Water 

was added to precipitate the peptide, however a gummy oil was 

obtained. The solution was lyophilized and the resultant yellowish 

oil was dissolved in a minimal amount of DMF and chromatographed on an 

LH-20 (Pharmacia Fine Chemicals, Piscataway, NJ) column (2.65 x 70 cm) 

with DMF as eluent. The major fraction was collected (280 nm detec

tion) and lyophilized to yield 87.78 mg of a fluffy, cream-colored 

powder. Preparative RP-HPLC with isocratic elution in a mobile phase 

of 28% CH3CN in aqueous 0.1% TFA resulted in isolation of the title 

peptide as its trifluoroacetate salt (25 mg). TLC of this peptide 

material indicated the presence of two major products and this was 

confirmed by use of a slow (0.5 %/ min) linear gradient of 20-30% 

CH3CN in aqueous 0.1% TFA. Further purification of the peptide (19.8 

mg) using this gradient scheme resulted in the isolation of two peaks 

(J-1, 7.8 mg; J-2, 2.6 mg). These two pep tides gave single uniform 

spots (UV, iodine) on TLC: 

. -_.-._--_._--- -----



J-l: Rf 0.39 (D), 0.66 (E), 0.65 (F) 

J-2: Rf = 0.32 (D), 0.61 (E), 0.54 (F) 

FAB mass spectral analysis indicated J-l to have the correct expected 

molecular weight: MH+ calc., 990; found, J-l: 990, J-2: 1049. A 

ninhydrin test on J-I appeared to be negative. Amino acid analysis 

(hydrolysis for 40 h at 110°C in 6 M HCI) resulted in the following 

molar ratios: 

J-I: Mpa-Cys (0.72), Tyr (0.97), lIe (0.97), Lys (1.02), Glu 

(0.96), Pro (0.92), Leu (1.02), Gly (1.13). 
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The Mpa-Cys disulfide peak occurred at the buffer change and could not 

be quantitated accurately. Chromatographic data for J-I are given in 

Table 11. 

ra-MpaI ,Glu4 ,Lys8]-OT (K). The synthesis of the title peptide was 

accomplished starting with 0.93 g p-MBHA resin (1.1 mM/g titratable 

amine, 1.0 mM). The following ~-Boc amino acid were coupled to the 

resin following the methods in Tables 8 and 10 (in order of addition): 

Gly, Lys(2,4-CI2-Z), Pro, Cys(S-4-MeBzI), Asn(ONP), Glu(OBzI), lIe, 

Tyr, a-Mpa(S-4-MeBzI). The peptide resin was dried ~ vacuo (2.06 g). 

A portion of the peptide resin (0.69 g, 0.33 mM) was treated with 

anhydrous HF and the peptide was extracted and cyclized as previously 

described for analogues Band C. Two gel filtrations (50% and 0.2 N 

HOAc on G-15 Sephadex) resulted in collection of a major product (280 

nm detection) which was lyophilized to a fluffy white powder (132.30 

mg). The peptide was further purified by preparative RP-HPLC using a 



linear gradient of 20-24% CH3CN in aqueous 0.1% TFA (0.4%/min). The 

title peptide was obtained (97.8 mg) as its trifluoroacetate salt: 

[«]25547 = -92.5°, c = 0.20 in 1 M HOAc. The purified peptide gave 

single, uniform spots (UV, iodine, CI2/o-tolidine) on TLC: ~ = 0.02 

(D), 0.36 (E), 0.14 (F). Amino acid analysis (hydrolysis for 48 h at 

110°C in 4 M MSA) resulted in the following molar ratios: Mpa-Cys 

(0.93), Tyr (0.94), lIe (0.93), Glu (1.00), Asp (1.03), Pro (0.95), 

Lys (0.97), Gly (0.95). FAB mass spectrum: MH+ calc., 1008; found 

1008. Chromatographic data for K is given in Table 11. 
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[a-Mpa1,Giu4 ,L¥s8J-OT (L). The title peptide was synthesized by the 

side-chain to side-chain amide cyclization of analogue !. 

[a-Mpa1,Glu4,Lys8J-OT (90.0 mg, 0.09 mM) was dissolved in DMF (25 ml). 

This solution was slowly added to a solution of DPPA (40 ~l) and TEA 

(30 ul) in DMF (100 ml) at O°C. The reaction mixture was stirred at 

O°C for 24 hrs and then at room temperature for 3 days when a 

ninhydrin test upon the solution was negative. The DMF was removed in 

vacuo. The residue was dissolved in minimal DMF and the peptide pre-

cipitated by the addition of H20. The product was collected by 

filtration and dried ~ vacuo (97.6 mg). Gel filtration on a Biorad 

P-4 column (1.0 x 100 em) with 3 M HOAc resulted in isolation 6f 52.5 

mg of peptide material. A portion of this peptide (15.0 mg) was sub

jected to preparative RP-HPLC using a linear gradient of 15-30% CH3CN 

in aqueous 0.1% TFA (0.75 %/min). The title peptide was obtained 

(5.4 mg) as its trifluoroacetate salt: [a]25S47 = -68.0°, c = 0.20 in 

------------~ .. -
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1 M HOAc. The purified peptide gave single uniform spots (UV, iodine, 

CI2/o-tolidine) on TLC: Rf = 0.15 (D), 0.55 (E), 0.58 (F). Amino 

acid analysis (hydrolysis for 48 h at 110°C in 4 M MSA) resulted in 

the following molar ratios: Mpa-Cys (1.19), Tyr (1.07), lIe (0.93), 

Glu (0.98), Asp (1.03), Pro (1.00), Lys (1.03), Gly (0.99). FAB mass 

spectrum: MH+ calc., 990; found, 990. Chromatographic data for L are 

given in Table 11. 

Synthesis of Antagonists with 5-Position Changes 

[Penl,D-Phe2,Thr4,Thr5,Orn8]-OT (M). Starting with 3.62 g of p-MBHA 

resin (1.1 mM/g titratable amine, 4.0 mM) the title peptide was 

synthesized by the coupling of the following N«-Boc amino acids 

according to the procedures outlined in Table 8 (in order of 

addition): Gly, Orn(Tos), Pro, Cys(S-4-MeBzI). The peptide resin was 

washed with DCM, EtOH, DCM and dried in vacuo (V, 5.79 g). The 

synthesis was continued following the same protocol (Table 8) with a 

portion of the peptide resin (1.44 g, 1.0 mM) by coupling the 

remaining N«-Boc amino acids: Thr(OBzI), Thr(OBzI), lIe, D-Phe, 

Pen(S-4-MeBzl). After removal of the N-terminal Boc group the resin 

was dried in vacuo (1.98 g). A portion of the peptide resin (0.50 g, 

0.25 mM) was treated with anhydrous HF and the peptide was extracted 

and lyophilized as previously described. The lyophilizate was then 

dissolved in NH3 (250 ml) and treated with a Na stick as described for 

analogue A in order to remove the ~-tosyl group of ornithine. After 

removal of the tosyl group the peptide was cyclized as previously 
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described to yield 582 mg of crude cyclized peptide material. The 

peptide was purified by ion exchange chromatography (Sephadex C-25) in 

10% HOAc containing 10 mM NaOAc with a linear NaCI gradient. Detec

tion at 258 nm resulted in collection of the major fraction which was 

desalted by gel filtration (Sephadex G-15) in 30% HOAc. The major peak 

was collected (258 nm detection) and lyophilized (40 mg). Final puri

fication by preparative RP-HPLC (linear gradient of 22-26% CH3CN in 

aqueous 0.1% TFA, 0.4 %/min) resulted in collection of 28.16 mg of 

title peptide as its trifluoroacetate salt: [a]25547 -22.0 0
, c = 

0.20 in 1 M HOAc. The purified peptide gave single, uniform spots 

(UV, ninhydrin, iodine) on TLC: Rf ~ 0.10 (D), 0.33 (E), 0.05 (F). 

Amino acid analysis (hydrolysis for 48 h at 110°C in 4 M MSA) resulted 

in the following molar ratios: Pen-Cys (1.85), Phe (0.95), lIe (1.08), 

Thr (1.99), Pro (0.96), Orn (0.95), Gly (1.02). FAB mass spectrum: 

MH+ calc., 980; found, 980. Chromatographic data for M are given in 

Table 11. 

[Penl,D-Phe2,Thr4,Leu5,Orn8]-OT (N). The synthesis of the title pep

tide was accomplished starting with 1.44 g (1.0 mM) of 

Na-Boc-Cys(S-4-MeBzl)-Pro-Orn(Tos)-Gly p-MBHA resin (V). The 

following ~-Boc amino acids were coupled following the protocol in 

Table 8 (in order of addition): Leu, Thr(OBzI), lIe, D-Phe, 

Pen(S-4-MeBzI). The peptide resin was dried in vacuo (1.81 g). A 

portion of the peptide resin (0.45 g, 0.25 mM) was cleaved with 

anhydrous HF and then treated with Na in liquid ammonia to remove the 
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~-tosyl protection on ornithine as described above for analogue M. 

The crude deprotected peptide was cyclized following the procedure 

described for analogues Band C. Purification by two gel filtrations 

(50% and 0.2 N HOAc) on a Sephadex G-15 column resulted in 43 mg of 

fluffy white peptide material. Further purification by RP-HPLC 

(linear gradient, 25-35% CH3CN in aqueous 0.1% TFA, 1.0%/min) gave the 

purified title peptide as its trifluoroacetate salt (29.6 mg): 

[a]25547 = -32.3°, c = 0.20 in 1 M HOAc. The purified peptide gave 

single, uniform spots (UV, ninhydrin, CI2/0-tolidine) on TLC: Rf= 

0.07 (D), 0.60 (E), 0.55 (F). Amino acid analysis (hydrolysis for 48 

h at 110°C in 4 M MSA) resulted in the following molar ratios: Pen-Cys 

(1.96), Phe (0.93), lIe (1.10), Thr (0.92), Leu (0.99), Pro (0.93), 

Gly (1.01). FAB mass spectrum: MH+ calc., 993; found 993. Chroma-

tographic data for N are given in Table 11. 

[Pen1,D-Phe2,Thr4,Asp5,Orn8]-OT (0). Starting with 1.44 g (1.0 mM) of 
. 

Na-Boc-Cys(S-4-MeBzl)-Pro-Orn(Tos)-Gly-p-MBHA resin (V) the title pep-

tide was synthesized by the coupling of the following Na-Boc amino 

acids according to the method illustrated in Table 8 (in order 

of addition): Asp(OCHX), Thr(OBzI), lIe, D-Phe, Pen(S-4-MeBzI). The 

completed peptide resin was dried ~ vacuo (1.85 g) and a portion 

(0.62 g, 0.33 mM) was subjected to cleavage, deprotection and cycliza-

tion by the same methods as described above for analogues M and N. 

Gel filtration on Sephadex G-15 with 50% HOAc followed by a second gel 

filtration (G-15) with 0.2 N HOAc resulted in isolation of 50.16 mg of 
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the desired product. This peptide material was further purified hy 

RP-HPLC (linear gradient, 22-27% CH3CN in aqueous 0.1% TFA, 0.5 %/min) 

resulting in 10.6 mg of the title peptide as its trifluoroacetate 

salt: [a]25547 ~ -14.7°, c = 0.15 in 1 M HOAc. The purified peptide 

gave single, uniform spots (UV, ninhydrin, CI2/0-tolidine on TLC: 

Rf = 0.02 (D), 0.33 (E), 0.42 (F). Amino acid analysis (hydrolysis 

for 48 h at 110°C in 4 N MSA) resulted in the following molar ratios: 

Pen-Cys (1.63), Phe (0.90), lIe (1.00), Thr (1.10), Asp (1.02), Pro 

(1.04), Orn (0.97), Gly (1.04). FAB mass spectrum: MH+ calc., 995; 

found, 995. Chromatographic data for 0 are given in Table 11. 

[penl,n-Phe2,Thr4,Tyr5,orn8J-OT (p). The title peptide was synthe

sized starting with 1.0 g of pMBHA resin (1.0 mM/g titratable amine, 

1.0 mM) and coupling the following ~-Boc amino acids according to the 

methods outlined in Table 8 (in order of addition): Gly, Orn(Z), Pro, 

Cys(S-4-MeBzI), Tyr(2,6-CI2-BzI), Thr(OHzI), lIe, D-Phe, 

Pen(S-4-MeBzI). The coupling of the final amino acid (Pen) proceeded 

with difficulty and was repeated three times. At this point the 

remaining unreacted amine groups were acetylated with a 10-fold excess 

(1.10 g) of N-acetylimidazole in CH2C12. After removal of the N

terminal Boc group the resin was dried in vacuo (3.40 g). A portion 

o'f the peptide resin (l.0 g) was treated with anhydrous HF and the 

peptide was extracted and lyophilized as previously described (0.60g). 

The crude deprotected peptide was dissolved in 0.1% aqueous HOAc 

(1000 ml) and cyclized as described for analogues Band C. Half of 

. -- ... -_.'--- -_._---------
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the lyophilized cyclized peptide was purified by gel filtration 

(Sephadex G-15) with 30% HOAc as eluent. The desired product (65 mg) 

was further purified by RP-HPLC using a linear gradient (22-30% CH3CN 

in aqueous 0.1% TFA, 0.53 %/min). The title peptide was obtained 

(35.0 mg) as its trifluoroacetate salt: [a)25547 = +2.93°, c = 0.20 in 

1 M HOAc. The purified peptide gave single uniform spots (UV, iodine, 

CI2/0-tolidine) on TLC: Rf = 0.17 (D), 0.59 (E), 0.52 (F). Amino 

acid analysis (Hydrolysis for 48 h at 110°C in 4 M MSA) resulted in 

the following molar ratios: Pen-Cys (1.69), Phe (1.03), Ile (1.09), 

Thr (0.90), Tyr (1.02), Pro (0.92) Orn (0.98), Gly (1.02). FAB mass 

spectrum: MH+ calc. 1043; found, 1043. Chromatographic data for Pare 

given in Table 11. 

Other Analogues 

[L-Phe2)-OT (Q). Starting with 2.0 g p-MBHA resin (l.0 mM/g titra

table amine, 2.0 mM) the following ~-amino acids were coupled 

according to the schemes illustrated in Tables 8 and 10 (in order of 

addition): Gly, Leu, Pro, Cys(S-4-MeBzI), Asn(ONP), GIn, Ile. The 

peptide resin was dried ~ vacuo (VI). The synthesis was continued 

with a portion (0.79 g, 0.50 mM) of the peptide resin by the coupling 

of the last two ~-Boc amino acids, L-Phe and Cys(S-4-MeBzI). After 

removal of the N-terminal protecting group the resin was dried in 

vacuo (0.82 g). The peptide resin was treated with anhydrous HF and 

the peptide was extracted and lyophilized as previously ·described 

(0.32 g). The crude deprotected peptide was dissolved in 0.1% aqueous 
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HOAc (1000 ml) and cyclized as previously described. The peptide was 

purified by gel filtration on Sephadex G-15 with 20 % HOAc followed by 

RP-HPLC using a linear gradient (20-28% CH3CN in aqueous 0.1% TFA, 

O.5%/min). The title peptide was obtained as its trifluoroacetate 

salt (75.4 mg): [a]25547 = -21.0°, c = 0.20 in 1 M HOAc. The purified 

peptide gave single uniform spots (UV, iodine) on TLC: Rf = 0.14 (D), 

0.57 (E), 0.55 (F). Amino acid analysis (hydrolysis for 40 h at 110°C 

in 6 M HCI) resulted in the following molar ratios: Cys-Cys (1.62), 

Phe (1.10), lIe (0.98), Glu (1.08), Asp (1.08), Pro (1.10), Leu 

(0.96), Gly (1.05). Chromatographic data for Q are given in Table 11. 

[D-Phe2 ]-OT (R). The title peptide was synthesized starting with 0.79 

g of Boc-Ile-Gln-Asn-Cys-(S-4-MeBzl)-Pro-Leu-Gly-p-MBHA resin (VI, 

0.50 mM). The ~-Boc group was removed and the last two amino acids, 

D-Phe and Cys(S-4-MeBzI), were coupled following the method outlined 

in Table 8. After removal of the N-terminal protecting group and 

drying of the peptide resin, the peptide was cleaved, extracted and 

cyclized as previously described for analogues Band C. The peptide 

was purified by a combination of gel filtration on Sephadex G-15 

(20% HOAc) and RP-HPLC using a linear gradient (23-28% CH3CN in 

aqueous 0.1% TFA, 0.4%/min). The title peptide was obtained as its 

trifluoroacetate salt (40.5 mg): [a]25547 = -63.5°, c = 0.20 in 1 M 

HOAc. The purified peptide gave single uniform spots (UV, iodine) on 

TLC: Rf = 0.15 (D), 0.59 (E), 0.59 (F). Amino acid analysis 

(hydrolysis for 40 h at 110°C in 6 M Hel) resulted in the following 

-- ...... _ .... _----------



Table 11. Analytical chromatographic constants (TLC and HPLC) of the 
synthetically prepared oxytocin analogues. 

. Pept!dea 
D 

A. 0.15 

B. 0.18 

C. 0.22 

D-1. 0.17 

D-2. 0.18 

D-3. 0.18 

E-l. 0.11 

E-2. 0.19 

F-l. 0.08 

F-2. 0.08 

G. 0.06 

H. 0.22 

J-l. 0.39 

J-2. 0.32 

K. 0.02 

L. 0.15 

M. 0.10 

TLCb 
E 

0.38 

0.34 

0.60 

0.57 

0.56 

0.58 

0.59 

0.60 

0.54 

0.53 

0.33 

0.53 

0.66 

0.61 

0.36 

0.55 

0.33 

F 

0.20 3.54 

0.08 3.73 

0.62 6.24 

0.57 3.20 

0.58 3.80 

0.61 8.14 

0.63 1.49 

0.62 2.26 

0.07 2.43 

0.07 5.38 

0.41 3.37 

5.06 

0.65 6.83 

0.54 

0.14 0.66 

0.58 1.91 

0.05 3.77 
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Table 11. Continued 

N. 

O. 

P. 

Q. 

R. 

a 

b 

c 

0.07 

0.02 

0.17 

0.14 

0.15 

0.60 

0.33 

0.59 

0.57 

·0.59 

0.55 

0.42 

0.52 

0.55 

0.59 

Peptide lettering corresponds to that in the text. 

Values given are Rf in the following TLC systems: 

D) 1-butanol/HOAc/H20 (4:1:5) upper phase only 

E) 1-butanol/HOAc/pyridine/H20 (15:3:10:12) 

F) 1-pentanol/pyridine/H20 (7:7:6) 

7.98 

4.42 

5.48 

2.18 

5.22 

k' values (k' = tr-to/to 
TFA/CH3CN (78:22). 

for isocratic elution in 0.10% aqueous 

----------
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molar ratios: eys-Cys (1.73), Phe (0.94), Ile (0.99), Glu (1.06), Asp 

(1.08), Pro (0.99), Leu (0.96), Gly (0.98). Chromatographic data for 

R are given in Table 11. 

Solid-Phase Synthesis of Oxytocin Analogues: 
Summary of Results and Future Perspectives 

With the exception of the precursor peptides leading to 

bicyclic oxytocin analogues, all compounds prepared in this study 

required the incorporation of sterically hindered, semi-rigid, or 

relatively unreactive amino acids. The synthetic challenge thus pre-

sented is reflected by the type of problems encountered during pre-

paration and characterization of these analogues. 

Slow or incomplete couplings occurred in the preparation of 

all Tic-containing analogues. Coupling of L- and D-Tic to the hulky 

Ile moiety required two repetitions with prolonged reaction times (24 

h) but coupling appeared complete as monitored by the ninhydrin test. 

However, coupling of Cys to both L- and D-Tic proceeded very slowly. 

Couplings were repeated three times with a 3-fold excess of amino acid 

in the presence of trifluoroethanol to enhance swelling of the resin. 

Complete elimination of free amines (indicated by the chloranil test) 

was never achieved and acetylation with a 10-fold excess of N-

acetylimidazole had to be repeated twice in order to fully eliminate 

unreacted amines. 

Even more difficulty was encountered in the attempted prepara-

tion of the analogues [Pen1,D-Tic2]-OT and [Pen1,D-Tic2 ,Thr4 ]-OT. 
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Conventional methods of SPPS did not allow coupling between the Pen 

and Tic moieties (as monitored by the chloranil test). Although reac

tion of Pen with Tic-peptide resin in DMF at elevated temperature 

(65°C) resulted in a negative chloranil test, upon cleavage and 

disulfide cyclization only polymeric products were obtained. 

Slow acylation was also observed in the coupling of B-MePhe to 

Ile which required repetition (x 3) and prolonged reaction time (6 h) 

followed by acetylation. In general, the coupling of Pen to D-Phe or 

of CYS(CH2)S to Phe presented no problems. However, in the analogue 

[Penl,D-Phe2,Thr4,TyrS,Orn81-0T difficulty in coupling the Pen moiety 

was encountered. Completion of the synthesis required repetition of 

the Pen coupling (x 3) followed by acetylation to eliminate remaining 

free amines. 

Several factors may be important in explaining these slow or 

incomplete coupling reactions. Isoleucine is a lipophilic amino acid 

with two bulky B-substituents. Coupling of another bulky amino acid 

to isoleucine, such as Tic or another B-substituent-containing amino 

acid, would be expected to proceed with some difficulty due to steric 

crowding. The incomplete coupling observed between the Tic and Cys 

residues is presumably due to the lowered reactivity of the secondary 

amine of the Tic moiety. On the other hand, the lack of coupling bet

ween Tic and Pen is most likely due to a combination of steric factors 

and lowered reactivity of the i~ino acid. 
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The incomplete coupling observed for the 

[Pen1,D-Phe2,Thr4,Tyr5,Orn8]-OT analogue cannot be explained by steric 

factors since no problems were observed in other analogues with the 

same Pen-D-Phe sequence. Mutter and coworkers (1985) have suggested 

that conformationally induced changes in the physical-chemical proper

ties of a growing peptide chain can be a general source of trouble in 

coupling reactions. Kent (1985) has determined that slow or 

incomplete couplings are related to a peptide sequence's tendency to 

form intermolecular a-sheet aggregates. Different sequences can cause 

between 2-20% incomplete coupling yields. This particular oxytocin 

analogue contains two aromatic residues in its sequence which could 

potentially be the i and i + 4 residues of a a-turn. Aromatic

aromatic interactions in peptides have been well documented (Burley 

and Petsco, 1985) and could in this case contribute to folding of the 

peptide chain producing an unfavorable situation for coupling. This 

tendency to form a turn involving residues in positions 2 throu~h 5 of 

oxytocin may contribute to the slow coupling observed in the synthesis 

of other oxytocin analogues in this study. 

Improvements in the synthesis of conformationally restricted 

oxytocin analogues may be realized through the use of a polyac~ylamide 

type resin rather than a polystyrene based resin. Polyacrylamide 

resins are more polar and will exhibit increased swelling in solvents 

which tend to disrupt a-structure (Arshady et al., 1981). Improve

ments in coupling reactions of sterically bulky or less reactive resi-

--------------_. --



dues may be achieved through the use of newer couplin~ reagents such 

as Bis-(2-oxo-3-oxazolidinyl) phosphinic chloride (BOP-Cl) which has 

been successfully used for coupling hindered, N-alkyl amino acids 

(Tung and Rich, 1985). Other options which should be tried include 

solution synthesis of troublesome di- and tripeptide fragments 

followed by coupling to the peptide via SPPS. 
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Closure of the 20-membered ring by disulfide formation may be 

hindered by the presence of bulky, restricted amino acids. This would 

lead to isolation of predominately polymeric products as was seen with 

,the attempted preparation of [Pen1 ,DTic2]OT. One approach toward 

overcoming this problem would be incorporation of cystine or cystine

containing peptide fragments during synthesis. Ring closure could 

then be accomplished by amide bond formation at a less sterically hin

dered pair of residues. This approach would require a systematic 

study to determ:J.ne the best location for ring closure. 

The effect of rigid and bulky amino acids was also noted 

during characterization of the peptide analogues. Most of these ana

logues exhibited resistance to acid hydrolysis as indicated by the 

consistently low values for amino acids in positions 2 (Tyr, Phe) and 

3 (lIe) when hydrolysis was carried out for only 24 h. The values for 

these amino acids usually improved upon 48 h hydrolyses. In the case 

of the B-MePhe-containing compounds, however, the B-MePhe-Ile amide 

bond appears to be very slowly hydrolyzed even after 48 h as indicated 

by the low lIe values. Difficulty was also encountered in the quan-
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titation of the disulfides of Cys-Cys, Pen-Cys, Mpa-Cys, and 

Cys(CH2)S-Cys. The longer hydrolysis times allow for increased race

mization ~f these dipeptides causing broadening of peaks observed for 

amino acid analysis and interfering with quantitative analysis. Peni

cillamine gives poor color values with ninhydrin and mercaptopropionic 

acid has no amine to react with ninhydrin. Although the amino acid 

analysis values obtained for these amino acids and dipeptides were 

low, mass spectral analysis of all analogues gave the correct molecu

lar weight and all compounds appeared chromatographically pure. Care

ful examination of the proton NMR spectra for all analogues also 

indicated that all residues were present in their correct proportions. 

Dehydrophenylalanine Peptides 

Another synthetic problem which had to be tackled relating to 

low reactivity of amino acids in coupling reactions was the strategy 

for incorporation of the dehydrophenylalanine (~-Phe) moiety into oxy

tocin. Coupling reactions utilizing a,a-dehydroamino acid derivatives 

as amine components are generally inefficient because the enamino acid 

is less nucleophilic than the amino acid and the tautomeric imino form 

may interfere with the reaction. The acid chloride (Shin et al., 

1971), mixed anhydrides (McCapara and Roth, 1972) and DCC (Shin-et 

a1., 1981) methods have been moderately successful (coupling yields of 

20-S0%) in coupling of amino acids to enamino acins. However, no 

systematic study of enamino coupling has been reported. In the case 

of a,a-dehydrophenylalanine the resonance stabilization provided by 
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the extended conjugated system would be expected make coupling even 

more difficult. When N-b1ocked a,~-dehydroamino acids are employed as 

the acid components the usual coupling procedures are successful 

(Konno and Stammer, 1978; Shin et a1., 1981). 

Therefore, the incorporation of a,B-dehydroamino acids into 

peptides has relied primarily upon two approaches: (1) formation of 

the double bond by a B-e1imination reaction (Photaki, 1963; Shin et 

a1., 1978; Rich and Tam, 1977) or N-ch1orination-dehydroch1orination 

(Schmidt and Ohler, 1977) after completion of the peptide chain; and 

(2) synthesis of a dehydro dipeptide fragment which is incorporated 

during the synthesis either in solution (Konno and Stammer, 1978) or 

by solid phase techniques (Fisher et a1., 1981). a,B-Dehydroamino 

acids possessing non-equivalent B-substituents can exist in either the 

z- (larger ~-substituent cis to N) or E (larger ~-substituent trans to 

N) configuration. In general the elimination routes to dehydro pep

tides give a mixture of E and Z isomers. Preparation of dehydro 

dipeptides can be approached by formation of dehydroaz1actones as 

illustrated in Figure 11 for the synthesis of Z-Pro-~-Phe: 

(1) Erlenmeyer condensation (Bergmann et a1., 1926); (2) formation of 

dehydro ac1actones from B-pheny1serine (Doherty et a1., 1943; Bergman 

and Grafe, 1930; Konno and Stammer, 1978; Shimohigashi and Stammer, 

1982); and (3) oxidation of saturated az1actones by 

2,3-dich1orc-5,6-dicyano-l,4-benzoquinone (DDQ) in the presence of 

co11idine (Konno and Stammer, 1978). The resulting dehydro az1actones 
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can either be coupled directly to a growing peptide chain or hydro

lyzed to give the dehydro dipeptide which is then coupled by conven

tional methods. Better selectivity in geometric isomers is obtained 

when utilizing azlactones particularly when A-Phe is desired, and the 

Z-isomer is usually the exclusive product (Rao and Filler, 1975). For 

these reasons method (3) was chosen for the preparation of [A-Phe21-

OT in this investigation. 

A-Phe is one of the most frequently used, and well studied 

dehydroamino acids (Noda et al., 1983). It has been incorporated into 

tentoxin (Rich and Mathiaparanam, 1974), angiotensin (Halliman and 

Mazur, 1979), bradykinin (Fisher et aID, 1981), and the enkephalins 

(English and Stammer, 1978; Shimohigashi and Stammer, 1982a,b). Rich 

utilized a a-elimination scheme while Fisher and English both employed 

dehydro dipeptide incorporation. The syntheses of these dehydro 

dipeptides, however, have involved only simple non-functional side 

chain amino acids such as Gly, Pro, and Phe. Incorporating A-Phe in 

place of tyrosine in oxytocin requires the preparation of Cys-A-Phe, a 

dehydro dipeptide with a protected cysteine side chain. The prepara

tion of such a dehydro dipeptide has not been reported. The proce

dures used in the preparation of Z-Cys(S-4-MeBzl)-A-Phe followed those 

of Konno and Stammer (1978). The saturated dipeptide, 

Z-Cys(S-4-MeBzl)-L-Phe, has not been reported in the literature 

although the same dipeptide with benzyl protection on sulfur has 

appeared (Jaquenoud and Boissonnas, 1959; Bodanszky and du Vigneaud, 
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Figure 11. Routes to the synthesis of dehydro azlactones and dipeptides. 
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1959c). The physical characteristics of these two protected dipep

tides were very similar. 

Once the dehydro dipeptide or dehydro az1actone is coupled to 

the peptide resin, deprotection and disulfide cyc1ization must be per

formed. This necessitated the use of pMBHA resin and HF cleavage and 

deprotection to avoid the reduction of the double bond which would 

occur if Na/NH3 were employed for deprotection. (Z)-6-Phe residues 

have been shown to be stable towards acids and bases (Shimohigashi and 

Stammer, 1982) and will survive HF-aniso1e treatment in the final 

deblocking step of synthesis. However, Nitz and coworkers (1981) have 

suggested that the less stable E-isomer probably does not survive 

under the conditions of usual peptide synthesis. The presence of a 

dehydro amino acid residue in a peptide results in a possible 

electrophilic site for attack by a nucleophi1e. It has been shown 

that 6-A1a-Pro amides undergo Michael addition of thiols (Ohler et 

al., 1978). Therefore a possible side product of disulfide cycliza

tion in [6-Phe2]-OT is the Michael adduct of the sulfhydryl group of 

Cys 6 to the double bond. Considering the small yield of [6-Phe2]-OT 

obtained (4% overall), this side reaction may have occurred. Several 

uncharacterized products were observed by RP-HPLC and further work to 

determine the structure of these products would help elucidate the 

processes occurring during cyclization. 

The synthesis of [6-Phe2]-OT resulted in the isolation of two 

peptides (E-1 and E-2). Peptide E-2 is the major product isolated 



92 

by RP-HPLC (see Figure 9). FAB-MS gave the correct molecular 

weight for each isolated product indicating they are diastereomers of 

each other. A possible explanation is that one peptide contains the 

E-configuration and the other the Z-configuration of the ~-Phe resi

due. However, based upon literature reports, the E-configuration is 

not likely to survive peptide synthesis and dehydro az1actones of phe

nylalanine generally adopt the Z-configuration. A second possibility 

is that during preparation of the dehydro dipeptide some racemization 

of the cysteine residue occurred. This second possibility is sup

ported by the fact that when [~-Phe2]-OT was synthesized by coupling 

of the dehydro az1actone a much lower amount of the earlier eluting 

peak was observed. Acid hydrolysis of dehydropeptides converts the 

a,a-dehydro amino acid residue to the ninhydrin-negative a-keto acid. 

Therefore no phenylalanine is seen in the amino acid analysis of these 

two products. Hydrolysis of the peptides followed by incubation with 

L-amino acid oxidase, which selectively destroys most L-amino acids, 

indicated that E-2 consists of all L-amino acids. No peaks were 

observed for Cys-Cys disulfide after treatment of E-2 while a small 

amount of Cys-Cys disulfide was present after treatment of E-1. 

The synthesis of two other oxytocin analogues also resulted in 

the isolation of diastereomeric peptides. In the case of 

[Cys(CH2)ls,Phe2,Thr4,Orn8]-OT, the cyc10pentamethy1ene cysteine 

moiety was prepared as a racemate and incorporated as a mixture of the 

D,L-isomers. Likewise a-MePhe was incorporated as a mixture of four 

isomers: erythro-D-, erythro-L-, threo-D-, and threo-L-a-MePhe. 
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Two major products were isolated for the cyclopentamethylene 

cysteine-containing peptides, F-l and F-2, (see Figure 10), each 

having identical molecular weights and amino acid analyses. It has 

been shown (Larsen et al., 1979; Lebl, 1983) that in most cases the D

diastereomers of oxytocin analogues elute later than the corresponding 

L-containing peptides. Larsen and coworkers (1978) also have found 

that [1-hemi-D-Cys l]-OT always elutes much slower than oxytocin. The 

k' value for F-l is 2.43 while for F-2 it is S.3R (see Figure 10). 

The earlier-eluting peak was also obtained in a greater yield (S-10 

fold) than the later-eluting peak, possibly the result of preferential 

disulfide formation during cycl!zation. Based upon these obser

vations, the earlier-eluting peak (F-l) was believed to contain the 

L-CYS(CH2)S residue. However, somewhat contradictory results are 

indicated by amino acid analysis following treatment with L-amino acid 

oxidase. No CYS(CH2)S-CyS disulfide peak was observed for the F-2 

peptide while a moderate amount (0.37) of CYS(CH2)S-CyS disulfide was 

present for the F-l peptide. This could suggest the earlier-eluting 

peptide contains the D-CYS(CH2)S-CyS moiety while the later-eluting 

peak (F-2) contains the all-L diastereomer. Complete elucidation of 

this question must rely on resolution and stereochemical assignment of 

cyclopentamethylene cysteine prior to incorporation into the peptide. 

This work is presently in progress. 
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Although four diastereomeric pep tides should have been 

obtained in the 6-MePhe case, only two major products were isolated 

(D-2 and 0-3). A third peptide (0-1) was isolated in sufficient quan

tity for only limited assessment (Figure 8). All three pep tides exhi

bited identical MH+ peaks. 

Because the assignment of the correct stereochemistry is of 

critical importance in relating structure to function, experiments are 

underway to clarify the stereochemistry of these diastereomeric pep

tides. This can be done by resolution of the isomers prior to'incor

poration into peptides or by asymmetric synthesis of each isomer. 

Resolution of 6-methylphenylalanine has been achieved by preparing the 

benzyloxycarbonyl derivative of erythro, threo-0,L-6-MePhe which can 

be separated into the erythro and threo enantiomeric pairs by frac

tional crystallization. These pairs can be resolved further by the 

use of quinine or quinidine salts (Kataoka et al., 1976). Other 

possible methods of resolution of the four isomers of 6-MePhe involve 

the use of enzymes such as N-acylase or a-chymotrypsin which can 

theoretically cleave only the L-isomers of N-acetyl amino acids or 

amino acid ethyl esters respectively. A major problem however, with 

unusual amino acids is whether or not the enzyme will be able to 

recognize and cleave them. Little literature is available describing 

enzymatic cleavage of unusual amino acids. Therefore the success of 

this approach may involve much trial and error. 
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Examination of the 250 MHz proton NMR spectrum of Cbz-B-MePhe 

prepared from B-MePhe·HCl obtained from Aldrich Chemical Co. showed 

the presence of two isomers in about a 10 to 1 ratio. Couplin~ 

constants (Kataoka et al., 1976) indicated that the predominant isomer 

was the threo enantiomeric pair. Acid hydrolysis of the two isolated 

peptides prepared from Aldrich's B-MePhe followed by treatment with L

amino acid oxidase indicated that D-2 is the threo all L-containing 

diastereomer and 0-3 contains threo-O-B-MePhe. Final confirmation of 

the stereochemistry of the B-MePhe moiety in these two peptide analo

gues will involve synthesis of the analogues starting with pure D- or 

L-erythro and 0- or L-threo B-MePhe. This is presently in progress. 

Synthesis of Bicyclics 

Although the syntheses of peptides leading to bicyclic oxyto

cin analogues were rather straightforward, the cyclization reactions 

and purifications of bicyclic products presented some problems. Amide 

cyclization between side chains in oxytocin analo~ues can be 

accomplished in several ways: (1) cyclization on the resin during pep

tide synthesis; (2) cyclization in solution prior to disulfide for

mation; and (3) cyclization in solution after disulfide formation. 

Cyclization after cleavage ,from the resin necessitates the use 

of orthogonal protection schemes which allow sufficient selectivity in 

cleavage of the peptide from the resin and deprotection of reactive 

groups in order to avoid incorrect amide bond formation with the N

terminal amine. Another viable solution which circumvents this 

- -------------- --------



96 

problem for oxytocin pep tides is the use of 6-mercaptopropionic acid 

in place of cysteine-1 because deamino oxytocin has been shown to be a 

potent oxytocin agonist. Two bicyclic compounos were prepared using 

6-mercaptopropionic acid in this investigation: [MPa1,Giu4 ,L;s8]-OT 

and [Mpa1,L;s4,Glu5]-OT (See Figure 12). 

[Mpa1,Giu4 ,Lis8]-OT contains the 20-membererl disulfide-brioged 

ring of oxytocin plus a 21-membered ring bridged by an amide bond bet

ween the Glu4 and Lys8 side chains. [Mpa1,L~s4,Giu5]-OT is a more 

strained molecule containing the 20-membered disulfioe-containing ring 

and a 12-membered ring between adjacent side chains at positions 4 and 

5. The strain is reflected in the relative ease of preparation and 

yields of these two bicyclics. Both compounds were prepared from 

purified disulfide-cyclized "precursor" oxytocin analogues using 

diphenylphosphoryl azide (DPPA) as a coupling agent (Brady et al., 

1979, 1983) at a dilution of 0.8 mM in DMF. Coupling proceeded for 48 

h and progress was monitored by TLC (D) and the ninhydrin test. After 

48 h the ninhydrin test appeared negative. However, upon purification 

via gel filtration and RP-HPLC, both bicyclics were found to be con-

taminated with some precursor peptides and other peptide si~e pro

ducts. Cyclization yields of [Mpa1,Giu4,L~s8]-OT were substantially 

better (30%) than yields of the more strained [Mpa1,L~s4,Giu5]-OT 

analogue (8%). Proof of bicyclic structure relied upon FAB-MS, amino 

acid analysis, and proton NMR of the precursor and cyclized compounds. 

FAB-MS and amino acid analyses indicated the correct molecular weight 
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Figure 12. Two bicyclic oxytocin analogues prepared in this investigation. 
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and amino acid content for each compound. Proton NMR in OMSO indi

cated the appearance of a new amide resonance and a shift of the 

Y-protons of the G1u4 side chain and E-protons of the Lys8 side chain 

which would be expected to occur upon cyc1ization. Shifts were also 

observed in 020. 

The more highly strained bicyclic, [Mpa l ,Lys4,Glu5J-OT, exhi

bited diminished solubility in aqueous solution compared with either 

oxytocin or the other bicyclic [Mpa l ,Giu4 ,Lys8J-OT and its increased 

lipophilicity is reflected in its chromatographic behavior (see Table 

II). This is presumably due to the lack of side chain functionality 

after the second cycle is formed 0 Solubility of the other bicyclic 

analogue, [Mpa l ,Giu4,Lys8]-oT, appeared similar to other oxytocin ana

logues. It still possesses the hydrophilic Asn amide side chain. 

The synthesis of another bicyclic analogue was attempted using 

the technique of amide cyclization on the resin during synthesis. 

This was [Lys3,Giu4J-OT, an analogue possessing a 20- and a 

12-membered ring. The synthesis employed a low-substituted pMBHA 

resin (O.4 mM titratable amine/g) in order to avoid cross-linking bet

ween peptide chains. A combination of ~-Fmoc and ~-tBoc and t-butyl 

ester side chain protection was utilized. Coupling between side 

chains of Leu3 and Glu4 was carried out for 8 days using first 

OCC/HOBT and then DPPA. A negative ninhydrin test was never observed. 

Therefore after 8 days the remaining amine groups were acetylated and 

the synthesis continued. After cleavage, cyclization, and purifica-
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tion by gel filtration, the only products detected by HPLC were 

polymer or dimer. The synthesis could have failed in several placeso 

First, based on continued highly positive ninhydrin results, the 

cyclization between positions 3 and 4 may not have occurred. Second, 

interchain cyclization may have taken place to a great extent despite 

the low resin substitution. And finally if the amide cyclization was 

moderately successful, the later closure of the disulfide ring may 

have been difficult due to conformational changes brought about by the 

12-membered ring. This would have led to predominately intermolecular 

disulfide formation and polymeric and dimeric products. 

Successful preparation of this analogue is of some interest 

because residues 3 and 4 are recognized as important to the binding 

message of oxytocin and are known to occur in the i + 1 and i + 2 

positions of a a-turn within the 20-membered ring. Insertion of a 

semi-rigid structure in this region may help to stabilize the a-turn. 

Also, increased lipophilic bulk in this area may aid in increased 

receptor binding. Model building indicates that the 12- and 

20-membered rings can coexist. Therefore, some other approaches 

should be tried in the preparation of this analogue. These include: 

(1) use of Mpa1 and amide cyclization post disulfide formation; (2) 

disulfide cyclization on the resin followed by amide cyclization on 

the resin; and (3) insertion of a spacer molecule such as glycine, 

leading to a 15-membered ring, between the Lys3 and Glu4 side chains. 

The most straightforward of these three approaches is the first which 
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has been shown to be successful in the preparation of the other two 

oxytocin bicyclics. The use of a spacer molecule would also be rela

tively straightforward. However, similar problems could be encoun

tered in cyclizing the disulfide despite the larger ring. The use of 

elaborate orthogonal protection schemes to allow successive disulfide 

and amide cyclization on the resin would be more time consuming and' 

costly. Therefore the first attempt should be the use of Mpa. If the 

biological activity of the analogue warrants futher work, then the 

other route shown in Figure 13 should be attempted • 

. --- .... --_ .. _-- ----------------
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CHAPTER 3 

BIOLOGICAL AND CONFORMATIONAL ASPECTS OF 

SYNTHETIC OXYTOCIN ANALOGUES 

Developing and testing conformational models which can relate 

a peptide's three-dimensional structure to its biological function 

requires the use of specific, sensitive, and reliable biological 

assays in which the relative potencies of agonist or antagonist analo

gues can be compared with those of previously reported compounds. 

Because potencies can vary depending upon experimental conditions, and 

analogues which appear to be inhibitors ~ vitro can exhibit agonism 

or partial agonism ~ vivo, care must be taken in the interpretation 

of bioassay results. The solubility characteristics of an ana1o~\e 

must also be considered, especially when bioassay indicates a weakly 

potent or inactive compound. 

Measurement of Oxytocic Activity 

The most widely utilized method for the examination of 

oxytocin-like activity in structure function studies of neurohypophy

seal hormones has been the rat uterus model. In vitro oxytocic. and 

anti-oxytocic activities are measured on the isolated rat uterus or on 

uterine myometrial strips. In vivo activity for agonists and antago

nists is measured in either 22-day pregnant rats or in the nonpregnant 

rat. 
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The uterotonic activity of the synthetically prepared analo-

gues was determined in collaboration with Dr. Walter Y. Chan, Pro-

fessor of Pharmacology, Cornell Medical College, New York, and with 

Jirina Slaninov8 of the Institute of Organic Chemistry and Biochem-

istry, Czechoslovak Academy of Sciences, Prague, Czechoslovakia. 

In vitro oxytocic assays were performed on isolated uteri from 

Wistar rats (Chan et al., 1967) using Mg2+-free van Dyke-Hastings 

solution, or on isolated uterine strips (Holton, 1948; Munsick, 1960). 

The anti-oxytocic potencies were quantitated by the pA2 method of 

Schild (1947) using synthetic oxytocin as the agonist. In vivo oxyto-

cic or anti-oxytocic activities were determined in 21- and 22-day 

pregnant rats according to the method of Chan et a1. (1974) or in 

estrogenized non-pregnant rats (Pliska, 1969). The in vivo anti----
oxytocic potency was determined by injecting an appropriate dose of 

the antagonist 20-30 seconds prior to the standard dose of oxytocin so 

that the oxytocic response was reduced by 50-80%. Time-action the 

inhibitory response was measured by monitoring the recovery of the 

oxytocic response (i.e. recurrence of uterine contractions). The time 

for 50% recovery from the maximal inhibition is designated as tV2 (Chan 

et al. 1986). 

Bioactivity of Analogues With Conformational 
Restrictions in Positions 1 and 2 

Investigation of the structural, topological, and dynamic 

requirements of residues 1 and 2 in oxytocin is not a new concept. 

--------------_. __ .-
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Early structure-activity work with these residues grew out of the 

observation that oxytocin is inactivated in ~ by enzymatic attack 

at the N-terminus (Hope et al., 1963; Jost et al., 1963). Modifica

tion of the Cys1 residue by a,a-dialkylation led to the first really 

potent antagonist analogues of neurohypophyseal hormones (Schultz and 

du Vigneaud, 1966). Recent reports on the X-ray crystal structure of 

deamino-oxytocin (Pitts et al., 1985; Wood et al., 1986) have shed new 

light on possible conformations important for binding and transduc

tion. Two distinct disulfide conformations are observed which cause 

changes in side chain residues at positions 1, 2, and 3. This 

suggests that one conformation may be important for hormone binding 

and the second one for biological message transduction. 

Structure-function studies have strongly established the 

importance of the Cys1(6), Tyr2, and AsnS residues for both receptor 

recognition and transduction. Furthermore it appears that these resi

dues operate in a cooperative manner. A topological picture of the 

oxytocin uterine receptor has been suggested (Hruby, 1985; Hruby and 

Smith, 1986) which proposes three distinct sites important for 

oxytocin-receptor binding: (1) a lipophilic site residues 1(6) 

through 3 which can accomodate a H or OH better than an a-amino group; 

(2) a hydrophilic region which requires hydrogen bond donor/acceptor 

character in the area of residues 4 and 5; and (3) another lipophilic 

region which accomodates the lipophilic acyclic tripeptide tail 

(residues 7 through 9). This last region can also accomodate a basic 
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side chain group such as ornithine or lysine, particularly in the case 

of antagonist analogues. 

Finally, the flexibility of the oxytocin molecule appears to 

play a major role in determining whether an analogue will behave as an 

agonist or antagonist. Based on the dynamic model proposed by Hruby 

(1981) and supported by the hypothesis of Wood et a1.(1986), an analo

gue must possess enough flexibility to bind and then undergo some type 

of conformational change to initiate the biological response. This 

balance between conformational flexibility and rigidity is easily 

observed in the biological activity of carba analogues of oxytocin. 

Carba-l and carba-6 analogues (where the sulfur of position 1 or 6 is 

substituted by a methylene group) possess high oxytocic activity 

(greater than OT) while the dicarba-l,6 analogue, presumably a more 

flexible compound, is about five times less potent than oxytocin. In 

the case of the amide-bridged oxytocin analogue, which contains a much 

less conformationally flexible bridging group than a disulfide, a 

great loss in agonist activity is observed (Smith et a1., 1978). Con

formation.a1 restrictions involving residues 1 and 2 therefore should 

prevent conformational change upon binding and lead to antagonist ana

logues. This is supported by the evidence from B,B- dialky1-

substituted analogues. 

With the exception of [3,4-6-Pr07]-OT, incorporation of con

formational restrictions in the oxytocin series has resulted in either 

a drastic reduction in agonist potency (cyclo-Leu2-oxytocin, Rockway, 

. -----------_._--- -------
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1983) or in the creation of antagonist analogues (B,B-dia1ky1-

substituted cysteine analogues). As noted earlier, conformational 

restrictions in pep tides can be obtained by introducing either 

"conformationally constrained" or "conformationally constraining" 

amino acids or by side chain to side chain cyclization. Confor

mationally constrained amino acids limit molecular motions by virtue 

of an intrinsic lack of free rotation about their covalent bonds (eg. 

Tic, A-Phe,A-Pro). Conformationally constraining amino acids on the 

other hand would be expected to have relatively free rotation about 

their bonds. However, when incorporated into peptides they can exert 

motion-limiting and conformational space-limiting effects by virtue of 

their steric bulk (eg. Pen,S-MePhe) or via transannular effects in 

cyclic compounds such as oxytocin. 

Position-2 Substitutions 

This study has introduced conformational restrictions in posi

tion 2 of oxytocin with the aim of better defining the orientation of 

the aromatic ring necessary for initiating the oxytocic response or 

for producing antagonist analogues. The amino acids chosen to substi

tute for the tyrosine moiety in position-2 were L- and D-Tic, B-MePhe, 

and A-Phe (see Figure 14). Peptides containing these amino acids are 

structurally related to [Phe2]-oxytocin or [D-Phe2]-oxytocin and all 

lack the phenolic hydroxyl group present in the native hormone. The 

phenolic hydroxyl group is not considered essential for biological 

activity although its removal as in [Phe2]-OT reduces oxytocic acti-

. -_ ...... __ ._- - ---------
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a 
Or\ Tetrahydroisoquinoline 

carboxylic acid (Tic) 

OH 6-Methylphenylalanine (6-MePhe) 

o 
OH 

a,6-Dehydrophenylalanine (A-Phe) 

Figure 14. Restricted amino acids incorporated in the 2-position of 
oxytocin employed in this investigation. 
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vity to 32 U/mg (Bodanszky and Du Vigneaud, 1959). On the other hand, 

substitution D-Phe in the 2-position of oxytocin produces a weak 

antagonist with a pA2 value of 6.0 (Kaurov et a1., 1973). Therefore 

the substitutions in this study had the potential of leading to either 

agonist or antagonist compounds. Of particular interest would be the 

preparation of a potent conformationally constrained oxytocin agonist, 

a goal which has not yet been achieved. The choice to eliminate the 

hydroxyl group in the synthesis of the chosen restricted amino acids 

was because synthetic routes to restricted tyrosine-like amino acids 

are not yet available. 

The biological activities for the analogues with confor

mational restrictions in the 2-position are given in Table 12. 

Although [Phe2J-OT is a weak agonist the L-Tic analogue, which differs 

only by the insertion of a methylene bridge between the amino group 

and the ortho position of the phenyl ring, behaves as a weak antago

nist in vitro. This is one of the few examples of a single change in 

the oxytocin structure at position 2, particularly incorporating an L

amino acid, which has led to antagonism. [D-Tic2J-OT also was found 

to be an antagonist ~ vitro with its potency about three times lower 

than [Pen1J-OT. This antagonism was somewhat expected considering the 

mixed agonist/antagonist behavior observed with other D-amino acid 

substitutions at this position. Preliminary bioassay results of 

[D-Tic2 ,Thr4J-OT show it to have a disappointingly low in vitro pA2 

value. However it does exhibit weak in ~ antagonist activity which 

is not seen in the [D-Tic2]-OT analogue. 
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Table 12. In vitro uterotonic activities of oxytocin analogues with 
conformational restrictions at position 2. 

Peptide 

Oxytocin 

[Pen1]-OT 

[Phe2]-OT 

[D-Phe2]-OT 

[Tic2]-OT 

[D-Tic2]-OT 

in vitro 
Uterert:onic Activity 

(U/mg) 

546 

32 

[D-Tic2,Thr4]-OT 

[6 -MePhe2] -OT 

D-2 500-900 

D-3 45 

[~-Phe2 ] -OT N.A. 

N.A. = not available 

* = inactive up to 12 1.I g/rat 

in vitro 
- pA2 

6.86 

6.00 

5.46 ± 0.03(5) 

6.50 ± 0.04(5) 

6.0 

in vivo ---

* 
* 

6.5 
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Extremely interesting results have been obtained in the case 

of B-MePhe-containing analogues. The later eluting analogue (D-3) 

behaves as a weak agonist in the rat uterus assay. However, prelimi

nary bioassay results on the earlier-eluting major peak (D-2) indicate 

this analogue is equipotent with oxytocin or possibly more potent by a 

factor of about two. This high uterotonic activity is particularly 

remarkable considering this analogue does not have the phenolic 

hydroxyl group in position 2. Obviously the hydroxyl group is absolu

tely unnecessary for transduction of the biological message. The 

addition of the B-methy1 group in both B-MePhe2 analogues has 

increased the compounds' lipophilicity as compared to [Phe2]-OT as 

indicated by their respective k' values (see Table 11). It is now of 

utmost importance to be able to assign the correct configuration at 

both the a- and B-carbon atoms in these two analogues in order to 

derive valuable conformational information which can be related to 

each analogue's biological activity. The fact that analogue D-2 

possesses such high oxytocic activity argues in favor of it containing 

the L-enantiomer since D-isomers at the 2-position have traditionally 

been antagonists. The author further believes, based on the ratio of 

isomers observed in the NMR of the B-MePhe used in the synthesis of 

these analogues, that this active agonist is the L-threo-B-MePhe con

taining peptide. The less active analogue therefore is the D-threo-B

MePhe-containing compound. The assignment of L-and D-stereochemistry 

at the a-carbon atom is further supported by the results of amino acid 

analysis following treatment with L-amino acid oxidase. 
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Biological data are not yet available for the ~-Phe-containing 

analogue. This peptide has the potential of being either an agonist 

or antagonist of the oxytocic response. The lipophilic character 

brought about by the unsaturation may aid in increased receptor 

binding. Furthermore, the restrictions induced by the double bond 

which limits rotation about the ca-Ca bond of Phe2 may either place 

the phenyl ring in the correct orientation for transduction or else 

exclude this conformation completely. 

Position-1 Substitutions 

Three new analogues incorporating position 1 restrictions in 

combination with multiple substitutions known to lead to high antago

nist activity were also synthesized in this study. Their design was 

based upon structure-activity work with a series of compounds incor

porating a,a-dialkyl substitution at position 1 with changes at posi

tions 2,4, and 8 (Mosberg et al., 1981; Rockway, 1983). It was found 

that highly potent ~~ oxytocin antagonists with prolonged dura

tion of action could be developed by combining the Pen1 , Thr4 substi

tutions with Orn8 and various L- and D-p-alkylated or p-O-alkylated 

aromatic amino acids in position 2. The biological activities of 

these analogues are given in Table 13. Analysis of the biological 

data indicates that the Orn8 substitution increases the duration of 

action of these antagonists while the presence of a D-stereoisomer in 

the 2-position increases both the duration and the antagonistic 

potency (Chan et al., 1986). Examination of the antioxytocic activity 
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Table 13. Biological activity of potent and prolonged oxytocin 
antagonists containing multiple amino acid substitutions • 

Peptide in vitro pA2 

[Pen1] -OT 6.86 

[Pen1, Thr4] -OT 7.55 

[Pen1,Phe2 ,Thr4]-OT 7.67 

[Pen1,orn8]-OT 6.75 

[Pen1,Phe{Me)2,Thr4,Orn8]-OT 7.30 

[Pen1,DPhe{Me)2,Thr4,Orn8]-OT 7.30 

[Pen1,DPhe{Et)2,Thr4 ,Orn8]-OT 7.3 

[Pen1,Tyr{OMe)2,Thr4 ,Orn8]-OT 7.3 

[Pen1,DTyr{OEt)2,Thr4 ,Orn8 ]-OT 7.38 

[Pen1,DPhe2,Thr4 ,Orn8]-OT* 7.22 

* Analogue prepared in this study. 

.!.!!. vi vo t 1/2 
~min) 

<30 

50 

160 

148 

155 

130 

45 

120 
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for the analogue [Pen1,D-Phe2,Thr4 ,Orn8]-OT designed in this study 

(see Table 13) reveals the influence of the D-isomer and Orn for pro

longation. However, the ~ vitro potency of this analogue is somewhat 

lower than those of analogues with p-alkyl substitution or even with 

L-Phe in the 2-position. This is somewhat unexpected. 

Until recently, the route to B,B-dialkylsubstitued cysteine 

residues which retain the a-amino funcitonality was not readily 

available. With the exception of Pen-1 analogues, all modified Cys 

residues have had no N-terminal amine group. Removal of the N

terminal amine group in agonists leads to higher potency, presumably 

due to less electrostatic repulsion between hormone and receptor in 

the Cys1 region. Although [deamino-Pen1)-OT is also slightly more 

potent than [Pen1)-OT this relationship does not hold up when com

paring other Pen1- and deamino-Pen1 containing analogues (see Table 

14). Now that a-amino-B,B-dialkylated cysteines with larger B-groups 

are available (Stanfield et al., 1986) comparisons of amino and 

deamino analogues in the antagonist series can be made and further 

insight gained in the stereoelectronic requirements of the 1 position 

for binding to the receptor. Results of bioassay of peptide F-l, pre

sumed to be the L-cyclopentamethylene cysteine-containing analogue, 

given in Table 14 indicate moderate ~ vitro antagonistic potency, 

potent in ~ activity, and moderate prolongation of antagonist aci

tivity. Preliminary results on F-2, the presumed D-stereoisomer, 

indicate it is also an antagonist, however its potency is slightly 
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Table 14. Comparative bioactivity of desamino analogues with oxytocin 
agonists and antagonists possessing an a-amino group. 

Peptide agonist activity 

Oxytocin 546 

Deaminooxytocin 795 

[Pen1]-OT 

[dPen1]-OT 

[Pen1 ,Thr4]-OT 

[dPen1,Thr4]-OT 

[B,B-Et2Mpa l]-oT 

[B,B-( CH2)s-Mpa']-OT 

[Cys(CH2)s,Phe2,Thr4,Orn8]-OT *(F-l) 

[D-Cys(CH2)s,Phe2,Thr4,orn8]-OT *(F-2) 

* Analogues prepared in this study. 
N.A. = Not Available 

antagonist activity tl/2 

6.86 (30 

6.94 

7.55 

7.46 

7.24 

7.43 

7.1O±0.09 ~s 

6.72±0.OS N.A. 
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reduced as compared to the L-Cys(CH2)5-containing analogue. It 

appears that in the case of the S ,S-cyclopentamethylene substitution, 

the presence of the N-terminal amine group may slightly reduce 

hormone-receptor binding interactions. However, to test this hypothe-

sis thoroughly, the deamino derivative of this analogue should be pre-

pared and tested. 

Bicyclic Oxytocin Analogues 

Very little work has been done with bicyc1ic oxytocin ana10-

gues. Two compounds synthesized by Russian workers, one cyclized be-

tween the C-terminal carboxyl and N-terminal amine group (Zaoral and 

Krchnak, 1977) and the second prepared by side-chain cyclization bet-

ween 2-p-aminophenylalanine and 4-glutamic acid (Kaurov, 1978), 

were both completely inactive in the rat uterus assay. In the 

vasopressin series, however, a bicyclic analogue cyclized between Asp5 

and Lys8 was found to be a weak inhibitor of the pressor response 

(Skala et al., 1984). 

The recent X-ray structure of deamino-oxytocin (Wood et al., 

1986) has shown the 20-membered ring to adopt a pleated or basket 

shape with the Gln4 side chain and the acyclic tripeptide tail both 

protruding to the same side of the molecule. Bridging the tocin ring 

with the tripeptide tail via side chain cyclization was designed with 

the hope of stabilizing the basket shape seen in the crystalline form. 

This could potentially allow easier interaction of the active elements 

(ie. Tyr2 and Asn5) with the uterine receptor. The bio10g'ical acti-
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vity of this bicyc1ic analogue, [6-Mpal,Giu4,L~s8J-OT, was extremely 

suprising and is given in Table IS along with the activity of its 

monocyc1ic precursor peptide [6-Mpa1 ,G1u4 ,Lys8J-OT. As can be seen, 

the monocyc1ic peptide is an extremely weak agonist, about 3000-fo1d 

less potent than oxytocino Upon bicyc1ization, however, this weak 

agonist is converted into a very potent antagonist. Apparently the 

rigidity introduced into the molecule prevents the conformational 

change necessary for transduction but at the same time allows the 

binding elements to efficiently interact with the oxytocin receptor. 

Susceptibility of this analogue towards enzymatic inactivation may be 

decreased due to the rigidity of the molecule. However, studies on 

prolongation of this compound's anti-oxytocic activity have not been 

completed. 

A second bicyc1ic peptide prepared in this study is cyc1ized 

between the side chains of positions 4 and S. Because the AsnS resi

due is known to be critical for transduction, this analogue is 

expected to have very low, activity. Perhaps if enough conformational 

restriction is introduced by the medium sized ring formed, antagonist 

activity may be observed. Unfortunately the biological studies have 

not been completed on this analogue. 

Analogues With Changes in the 5-Position 

As mentioned earlier, the structure-function relationships of 

the 5-position in oxytocin have not been widely examined, particularly 
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Table 15.. Uterotonic activity of bicyclic oxytocin analogues and 
their precursor peptides. 

Peptide Agonist activity 
(U/mg) 

Oxytocin 546 

[Pen1]-OT 

[B-Mpa1,Glu4 ,Lys8]-OT 0.2 

[B-Mpal,Glu4,L~s8]-OT 

[B-Mpal,Lys4,Glu5]-OT N.A. 

[B-Mpal,L~s4,Giu5]-OT N.A. 

N.A. = not available 

in vitro 
Antagonist activity 

(pA2) 

546 

6.86 

8.00 

in vivo 
-pX;-

6.5 
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in antagonist compounds. It has been assumed that Asn5 is a critical 

residue for the transduction process ever since it was discovered that 

[5-Ala]-OT is a very weak partial agonist (du Vigneaud et a1., 1963). 

The recent X-ray structure of pressinoic acid, the cyclic moiety of 

vasopressin, has shown the Asn5 side chain to be oriented over one 

face of the disulfide-containing ring. This analogue is essentially 

devoid of oxytocic activity and it is suggested that the Asn5 residue 

is in the incorrect position for interaction with the receptor (Langs 

et al., 1986). 

Because antagonists recognize the receptor (bind) but do not 

transduce the biological message, the author believed that examination 

of analogues with suitable amino acid replacements for the Asn5 resi-

due in a compound known to be a potent, long-acting antagonist could 

lead to further insights into the structural and stereoelectronic 

Lequirements for antagonist binding. It may also contribute to a 

better understanding of the prolongation phenomena in oxytocin antago

nists. [Pen1,D-Phe2 ,Thr4 ,Orn8]-OT, designed in this study and found 

to be a potent long acting (see Table 13) antagonist of the oxytocic 

response, served as a reference antagonist in this series of 

compounds. Four analogues were synthesized with the general structure 

[Pen1 D-Phe2 Thr4 XXX5 Orn8]-OT. The amino acids chosen for substitu-, , , , 

tion in place of Asn5 are illustrated in Figure 15. Threonine substi-

tution results in a somewhat smaller side chain which maintains 

hydrogen bond donating and accepting character. Leucine provides an 
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essentially isosteric and totally lipophilic replacement for the 

asparagine side chain. Aspartic acid substitution for asparagine in 

agonist analogues results in maintenance of substantial activity. 

Therefore it was felt necessary to employ this substitution in antago

nists also. Replacement of asparagine with tyrosine was designed to 

test the steric requirements of this position while maintaining hydro

gen bond accepting and donating character. This replacement also may 

allow for transannular aromatic-aromatic interactions between the Phe2 

and TyrS side chains. Although this may totally eliminate all acti

vity, it may also introduce further conformational restrictions which 

would lead to increased antagonist activity. 

At the present time thorough biological assays have only been 

completed on the ThrS containing analogue. Its in vitro antagonist 

potency is 7.16 and is comparable to that of the reference antagonist 

[Pen1,O-Phe2 ,Thr4 ,Orn8]-OT whose pA2 value is 7.22. However, it has 

substantially lower ~~ potency and all prolongation effects asso

ciated with the O-Phe and Orn residues appear to be lost in this ana

logue (see Table 16). Preliminary results with the LeuS and AspS 

analogues of this series indicate both are also antagonists. 

However, substitution of the lipophilic leucine side chain has reduced 

the antagonist potency about lO-fold. This supports the hypothesis of 

a hydrophilic binding region involving residues 4 and 5. The aspartic 

acid substitution appears to be compatable with antagonism as the 

resultant peptide is highly potent both in vitro and in~. Surpri-
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Figure 15. Structures of four oxytocin antagonists with modifications 
at the Asn5 residue. 
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Table 16. Antagonist potencies of oxytocin analogues with changes in 
the 5-position. 

Peptide 

[Pen1,n-Phe2 ,Thr4 ,Orn8J-OT 

[Penl,n-Phe2,Thr4,Thr5,orn8J-OT 

[Penl,n-Phe2,Thr4,Leu5,Orn8J-OT 

[Penl,n-Phe2,Thr4,Asp5,Orn8J-OT 

[Penl,n-Phe2,Thr4,Tyr5,Orn8J-OT 

in vitro 
pA

2 

7.22 

7.16 

6.6(6.65* ) 

7.7(7.4)* 

7.@ 

in vivo 
potency 

5ug* 

30ug* 

5.8a 

7.5a 

tlf2 
(min) 

120 

(30 

* = amount of antagonist needed to reduce the response to a dose of 
oxytocin by 50-80% 

a pA2 value 

:f: Results from W.Y. Chan 
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singly, the Tyr5 substitution is also compatible with a fairly high 

level of antagonism despite the steric bulk of this amino acid as com

pared with Asn5• Prolongation studies on the Leu5 , Asp5 and Tyr5 

analogues have not been completed. It is hoped that this series of 

compounds will provide fruitful results from a structure-function 

point of view and will also provide a starting point for further 

spectroscopic investigation of these interesting peptides. 

Nuclear Magnetic Resonance Experiments 

A variety of biophysical methods are available for studying 

the conformational features of peptides in solution and in the solid 

state. These techniques include: multinuclear magnetic resonance 

(NMR) (Hruby, 1974; Bovey, 1972; Wuthrich, 1976; Wyssbrod, 1983); cir

cular dichroism (cn) (Hruby et al., 1982; Crisma et al., 1984; Woody, 

1985); infrared spectroscopy (IR) (Susi and Byler, 1983); Raman 

spectroscopy (Hruby et al., 1982; Fox et al., 1981); X-ray 

crystallography (Smith and Griffin, 1978; Wood et al., 1986; Langs et 

al., 1986); fluorescence (Ross et al., 1986); and theoretical energy 

calculations (Hagler et al., 1979; Bendetti et al., 1983). Table 17 

lists some of these methods along with the potential information to be 

gleaned from such studies. Most often these techniques are used in 

conjunction with each other since no one method is sufficient for 

completely establishing the preferred conformation of a peptide. 

Of all these biophysical methods, the most popular is NMR. A 

large amount of spectral information can be extracted from NMR data 
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Table 17. Biophysical methods for determining peptide conformation. 

Technique Information Obtained 

NMR Amino acid side chain conformation 

CD 

Raman 

X-Ray 

Fluorescence 

Peptide backbone conformation 

Intramolecular H-bonding 

Proximity of atoms 

Dynamics 

Disulfide conformations 

Mobility of the peptide backbone 

Mobility of chromophoric side chains 

Presence of turns and helices 

Disulfide conformations 

Presence of turns and helices 

Intramolecular H-bonding 

Solid state conformations 

Distances between chromophoric side 
chains 
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which can be directly related to conformational properties of hiomole

cules (Markley and Ulrich, 1984). The NMR experiment is relatively 

simple and in most cases the sample is easily recovered in a biologi

cally active state. Advances in spectrometer design and development 

of advanced NMR theory (such as two-dimensional techniques) (Kessler 

et al., 1985; Bax, 1984) have increased the sensitivity, resolution, 

and ease of spectral assignment for complex molecules. The biggest 

drawbacks to NMR are the large sample required (as compared to other 

techniques) and the complexity of spectra which can grow to enormous 

proportions with larger peptides and proteins. 

Proton NMR studies of peptides have focused upon obtaining 

information on both backbone and side chain conformational preferen

ces. A peptide is composed of a chain of amino acids linked through 

what are assumed to be planar trans amide bonds. Because of this, the 

backbone conformation of a peptide can be described in terms of the 

rotational angles <p and 1jI about the Qx-N and Ca-C' bonds respectively 

(Kendrew, 1970). Similarly, preferred side chain conformations can be 

described by the rotational angle Xl about the ca-Ca bond. Theoreti

cal studies (Bystrov et a1., 1969; Bystrov, 1976; Barfield and 

Karplus, 1969) have found a relationship between the vicinal coupling 

constants of the amide and ca protons (JNH-CaH) and the dihedr~l angle 

of the N-Ca bond. Unfortunately NMR is a slow technique relative to 

molecular motions and the coupling constants and chemical shifts 

derived from NMR spectra only represent a molecule's "average 
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conformation". Futhermore, from inspection of the theoretical curves 

relating JNH-CaH to the dihedral angle one can see that except for 

very large and very small coupling constants several values of rota

tional angles can be derived (see Figure 16). 

An indication of the overall flexibility or rigidity of a pep

tide can be derived by measuring the effect of temperature upon the 

chemical shifts of peptide amide protons. This temperature dependence 

(-dB/dT) can be related to the amide proton's relative accessibility 

to solvent. Values (ppm/K) lying between 0-2 x 10-3 imply par

ticipation of the amide proton in an intramolecular hydrogen bond. 

Amides with temperature dependence greater than 3 ppm/oK are con

sidered to be relatively exposed to the solvent, while intermediate 

values (2-3 ppm/K) suggest that the amide proton is somewhat less 

accessible to the solvent. 

Finally, a simple examination of the NMR spectruM for any unu

sual chemical shifts of the alpha or amide protons can often suggest 

possible conformational features of the peptide. 

It is becoming increasingly evident that amino acid side chain 

groups are the crucial factor in receptor recognition and transduc

tion. Conformational preferences of individual amino acid side chains 

can in theory be obtained from NMR parameters. Pachler (1964) deve

loped the classical method of relating the coupling constants of alpha 

and beta protons to the three preferred rotamer populations (gauche+, 

gauche-, and trans) illustrated in Figure 17. In general the gauche+ 
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Figure 16. Theoretical relationship of JNH-CaH to backbone dihedral angles. 
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rotamer is the least populated in peptides composed of common amino 

acids. 

The proton NMR spectra of oxytocin analogues, comprised of 

nine amino acid residues, falls at the upper limit of easily interpre

table NMR spectra. Depending upon the amino acid substitutions and 

their sequence, the unambiguous assignment of resonances in oxytocin 

spectra can range from fairly straightforward to very difficult. 

Before the advent of modern techniques, ambiguities could only be 

resolved by the incorporation of specifically deuterated residues 

(Brewster et al., 1972, 1973; Upson and Hruby, 1976). 

This investigation involves only a limited amount of proton 

NMR work. Although the 250 MHz proton NMR spectrum was recorded for 

each of the synthetically prepared ocytocin analogues of this study in 

order to confirm the presence of each amino acid residue, only a few 

selected analogues were examined in more depth. However, this initial 

study should help point the way toward more detailed biophysical 

investigation of these extremely interesting analogues. 

General Methods 

High field proton NMR studies were performed on a multinuclear 

Bruker Fourier transform WM-250 or AM-250 NMR spectrometer utitizing 

Bruker software. Spectra were generally obtained first in D20 and 

later in D20/H20 (1:1) in order to study amide protons. Several 

spectra were also obtained in DMSo-d6. In general, 5-10 mg of 

purified peptide was dissolved in 300 ~l of D20 or n2o/H2o. The pH 



was adjusted to 3.5 with d4-acetic acid. The solvent (HDO or H20) 

signal was reduced by employing a selective solvent suppression 

program (Kao and Hruby, 1986). 
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Resonances and their corresponding chemical shifts (referenced 

to sodium 3-trimethylsi1yltetradeuteriopropionate (TSP» were assigned 

by 2-D-COSY, 2-D-Relayed COSY, double resonance, and comparison with 

literature and unpublished spectra of oxytocin analogues. The alpha

beta and alpha-beta' coupling constants, when obtained, were calcu

lated using a first order approximation. The temperature dependence 

of the amide protons was determined at four different temperatures 

ranging from 295 to 315°K. 

Conformational Constraints at Position 2 

In order to study the effects of the conformationally 

constrained and constraining amino acids incorporated at the 

2-position, two reference analogues, [Phe2]-OT and [D-Phe2]-OT, were 

also synthesized and examined by proton NMR. Coupling constants for 

the amide-alpha protons and the amide temperature dependency shown in 

Table 18 indicate backbone flexibility in both of these peptides. 

Only the Gln4 amide proton appears to be slightly shielded from 

solvent. Inspection of the proton 250 MHz COSY NMR spectra for both 

analogues shown in Figures 18 and 19, indicate a downfield shift of 

the Gln4 alpha proton in the D-Phe compound. Also, in the D-Phe ana

logue the beta protons of D-Phe residue appear as a doublet rather 

than as the expected 8-line pattern of an ABX system. The same is 
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Table 18. 250 MHz NMR data for the amide protons in [Phe2]-OT 
and [D-Phe2]-OT. 

Residue 6 NH ppm/K 
(-d6/dT x 103) 

132 

Phe D-Phe Phe D-Phe Phe D-Phe 

Cysl 

Phe2 9.03 8.75 4.71 6.37 7.68 7.67 

I1e3 8.00 8.33 5.28 5.38 6.21 6.95 

Gln4 8.28 7.75 5.40 3.04 4.02 8.05 

Asn5 8.34 8.52 3.83 5.17 8.41 5.84 

Cys6 8.23 8.84 3.86 4.68 6.59 6.95 

Pro7 

Leu8 8.47 8.45 8.04 7.74 6.94 6.58 

Gly9 8.38 8.39 5.76 5.99 
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true for the Asn5 beta protons of both analogues. This indicates both 

beta protons appear as magnetically equivalent on the NMR time scale 

and is a further indication of conformational flexibility in these 

analogues. 

The Tic-containing analogues appear to possess more confor

mational rigidity than the Phe-containing compounds. Although there 

appear to be no hydrogen bonded amide protons, several amides do 

appear to be slightly shielded from solvent in both [Tic21-0T and 

[D-Tic21-0T (see Table 19). Several interesting chemical shift 

changes also are observed in the spectra of both analogues. In 

[Tic21-0T the resonances of the amide, alpha, and gamma protons of the 

Ile3 residue are substantially shifted. The amide proton is located 

at higher field (6.77 ppm) than in [Phe21-0T (8.00 ppm). This is also 

quite different than the chemical shift for this amide proton in oxy

tocin (7.96 ppm) whose NMR parameters are given in Table 20 (Meraldi 

also shifted to much higher field. This suggests that the Ile residue 

is located in the proximity of the shielding cone of the aromatic ring 

of the Tic moiety. The temperature dependence of the Ile3 residue is 

in the borderline region indicating some solvent shielding. None of 

these effects are observed in the D-Tic2 analogue. Rather it is the 

Asn5 amide proton which shows the greatest shift in comparison ~th 

oxytocin or [Phe21-0T. The amide resonance appears at 9.18 ppm and 

this shift is due either to effects of the aromatic ring or, more 

likely, to a backbone conformation which places the amide in the 

----'- --------
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Table 19. Proton 250 MHz NMR data for amide protons of [Tie2]-OT 
and [D-Tie2]-OT. 

Residue 6 NH ppmrK JNH-CaH 
(-d6/dTxl03) 

Tic D-Tie Tic D-Tie Tic D-Tie 

Cys1 

Tie2 

Ile3 6.77 8.57 3.03 4.95 9.2 10.47 

Gln4 8.13 8.45 3.28 3.52 4.22 6.1 

Asn5 7.78 9.18 2.50 6.77 8.58 8.83 

Cys6 8.45 8.15 5.58 2.86 7.30 7.17 

Pro7 

Leu8 8.49 8.58 6.46 6.27 6.2 6.3 

Gly9 8.38 8.47 5.75 3.52 



Table 20. Proton 250 MHz data for the amide and alpha protons of 
oxytocin in D20/H20. 

Residue 

Cysl 

Tyr2 

Ile3 

Gln4 

Asn5 

Cys6 

Pro7 

Leu8 

G1y9 

6NH 

8.99 

7.96 

8.22 

8.34 

8.21 

8.45 

8.36 

ppm/K 
(-d6/dT xl03) 

6.5 

7.0 

5.5 

5.0 

5.5 

9.5 

7.0 

-.. - -.- . - - - ... -_.- .. - .-._----_._--

4.30 

6.4 4.79 

6.0 4.04 

4.0 4.12 

8.0 4.74 

6.5 4.89 

4.60 

6.0 4.34 

6.0 3.94 
4.5 3.87 
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deshie1ding cone of a neighboring carbonyl group. Alpha-beta coupling 

constants for the Tic side chain were calculated by first order 

approximation and found to be 2.8 Hz and 5.8 Hz for the L-Tic2 analo

gue and 4.05 Hz and 3.54 Hz for the D-Tic2 analogue. Using these 

values to calculate rotamer populations of the Tic residue by the 

method of Pachler (1964), it appears that the gauche+ is the favored 

rotamer (Figure 20). Because of the methylene bridge between the 

ortho position of the aromatic ring and the alpha amine, the trans 

rotamer is excluded. Although the gauche- rotamer is generally the 

dominant one in naturally occurring peptides, the gauche+ rotamer of 

Tic results in a "chair form" which helps alleviate strain in this 

highly inflexible unusau1 amino acid. The dominance of this rotamer 

has also been observed in analogues of a-MSH (Cody, 1985) and the 

enkephalins (Kao and Hruby, 1986). Its presence may explain the anta

gonist activity of this analogue. 

The 250 MHz proton NMR of [D-Tic2 ,Thr4 ]-OT is illustrated in 

Figure 21. Amide proton chemical shifts for this analogue are very 

similar to those in [D-Tic2]-OT and the amide temperature dependencies 

indicate even more flexibility than in the other D-Tic analogue (data 

not given). Inspection of the spectrum reveals the presence of what 

appears to be a small amount (10%) of p second conformation which is 

easily observed in the amide and beta proton regions. These small 

peaks remain visible even when the temperature is raised to 330 K. 

Therefore it is suspected that they may represent some contaminant 



co-

Gauche- + Gauche 

Figure 20. Two possible rotamer conformations for 
tetrahydroisoquinoline carboxylic acid (Tic). 
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Figure 21. The proton 250 MHZ NMR spectrum of [D-Tic2,Thr4 ]-OT in 
D20/H20. 

0.0 



139 

isolated with the peptide. However, RP-HPLC, TLC, and AAA indicates 

an analytically pure peptide. Further investigation of this analogue 

is warranted. 

An NMR study of [L-threo-B-MePhe2 ]-OT, analogue D-2, which is 

as potent as or more potent than oxytocin, is in its early stages. 

Preliminary two-dimensional work in D20 and in D20/H20 has revealed a 

very similar spectrum to that of [Phe2]-OT (compare Figures 18 and 

22). The similarities between amide resonances and amide-alpha proton 

coupling constants are illustrated in Table 21. A major difference is 

the temperature dependence of the Ile3 residue in the B-MePhe2 analo

gue which appears to be somewhat solvent shielded. Performing tem

perature studies upon this analogue was difficult due to the crowding 

of amide resonances and values for AsnS , teu8 , and Gly9 are only 

approximate. Better results could be obtained by employing a 500 MHz 

instrument. The coupling constant for the alpha-beta protons of the 

B-MePhe residue was obtained by difference decoupling. The value 

(8.4 Hz) indicates the preferred rotamer for this analogue is gauche

because a small coupling constant would be expected for the gauche+ 

rotamer and a large coupling constant would be expected for the trans 

rotamer (see Figure 23). The gauche- configuration is also the 

favored one in oxytocin. It is conceivable that the beta methyl group 

stabilizes this rotamer, as well as providing a lipophilic binding 

site, which allows this agonist to bind more favorably and transduce 

the biological message. Further areas of investigation of this analo-
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Figure 22. Proton 250 MHz COSY NMR spectrum of [L-threo-S-MePhe2]-OT 
in D20/H20. 
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Table 21. NMR data for the amide protons of [L-threo-B-MePhe2]-OT. 

Residue 15 NH 

eysl 

B-MePhe2 8.73 4.59 R.04 

Ile3 8.05 1.99 6.58 

Gln4 8.34 3.88 4.75 

Asn5 8.58 6.50 (?) 7.3 

eys6 8.31 4.27 6.58 

Pro7 

Leu8 8.62 6.50 (?) 6.58 

Gly9 8.54 6.50 (?) 

---------------- -
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gue include study of the disulfide chirality using CD or Raman 

spectroscopy, examination of NMR and CD for evidence of interaction 

between the sulfur groups and the aromatic ring, and examination of 

the other much less active diastereomeric' peptide to discover what 

differences may exist between them. Preparation of D- and 

L-erythro-B-MePhe2-containing analogues, the minor isomers in this 

synthesis, is also warranted. 

A Bicyclic Oxytocin Analogue 

The last analogue examined in any detail in this investigation 

is the bicyclic compound, [B-Mpa1,Giu4,LYs8]-OT. This peptide and its 

precursor were examined initially in DMSo-d6 rather than in D20/H20 

in order to avoid problems with solvent suppression. Also, most ana

logues lacking an amine terminal have been studied in DMSO because of 

solubility problems. 

Comparison of the 250 MHz proton NMR of both the monocyclic 

precursor and the bicyclic peptide (Figure 24) reveals a number of 

substantial chemical shift differences in the alpha region. Three 

alpha protons are shifted upfield: Ile3 by 0.15 ppm; Tyr2 by 0.35 

ppm; and Cys6 by 0.45 ppm. Two alpha protons are shifted downfield: 

Pr07 by 0.20 ppm and Glu4 by 0.6 ppm. The alpha shifts for Asn~, 

Lys8 and Gly9 remain essentially the same. The large number of 

substantial chemical shift differences argues for a great degree of 

conformational change between these two analogues. The amide region 

of the monocyclic precursor contains seven amide resonances. Upon 

------------- -
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L-erythro-p-MePhe 

Figure 23. Preferred side chain rotamers for L-threo-S-MePhe and 
L-erythro-S-MePhe residues. 
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Figure 24. Proton 250 MHz NMR of bicyclic analogue and its monocyclic 
precursor in DMSD-d6. 



145 

bicyclization the eighth amide resonance, a triplet, appears as a 

shoulder under one of the primary side chain amides at about 7.3 ppm. 

The largest chemical shift difference of amide protons between these 

two analogues is seen in the large (0.6 ppm) upfield shift of the 

Asn5 amide proton in the bicyclic compound. Inspection of the amide 

proton temperature-dependence (Table 22) indicates the Asn5 amide is 

involved in an intramolecular hydrogen bond. The Ile3 amide may also 

be hydrogen bonded and several other amides appear to be quite 

shielded from solvent as well. Upon preliminary inspection, this 

bicyclic analogue appears to be quite rigid and presumably this rigi

dity contributes to its antagonist activity. Further NMR studies 

should attempt to extract the alpha-amide and alpha-beta coupling 

constants in order to be able to calculate backbone ~ angles and side 

chain rotamer populations. In particular, examination of the pre

ferred orientation of the Tyr2 side chain would test the hypotheses of 

the dynamic and cooperative models of oxytocin action. Another 

interesting and important study would be determination of the 

disulfide chirality by either CD or Raman spectroscopy. Is it predo

minantely right-handed with an angle larger than 90° as is the case 

with Pen1-containing antagonists? Finally, because this analogue 

has no N-terminal amine group and because it appears to be fairly 

rigid, attempts to obtain crystals suitable for X-ray analysis may be 

successful. This would allow for the direct comparison of the solid 

state conformation of a potent agonist (deamino-oxytocin) with a 

potent antagonist (bicyclic-deamino-oxytocin). 



Table 22. 

Residue 

Cysl 

Tyr2 

Ile3 

Glu4 

Asn5 

Cys6 

Pro7 

Lys8 

Gly9 

Amide iroton tem§erature dependence for 
[B-Mpa ,Giu4,Lys ]-DT. 

-d~/dT x 103 (ppm/oK) 

2.15 

1.20 

2.48 

0.23 

4.40 

2.48 

3.48 

Side chain amide 2.26 
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Summary and Future Perspectives 

The future for research in the area of oxytocin peptide

receptor interaction looks bright. The discovery of one very potent 

agonist which possesses no aromatic hydroxyl group has posed new 

challenges in the explanation of transduction and binding in neurohy

pophyseal hormones. It has opened new ways of thinking about confor

mationally constraining amino acids and has supported some of the 

hypotheses of the dynamic model for hormone action. 

Further investigation of B-MePhe-containing oxytocin analogues 

should involve the separate synthesis of the four diastereomeric pep

tides using resolved erythro,threo-D,L-B-MePhe. In this investigation 

the predominant peptides obtained by incorporating B-MePhe were the 

threo enantiomeric pair. The erythro-containing peptides may also 

yield interesting biological results. Detailed biophysical studies on 

the two B-MePhe2 analogues of this investigation should now be under

taken in order to compare the similarities and differences between a 

weakly and highly potent B-MePhe-containing agonist and the reference 

compound, [Phe2J-OT. These studies should include: SOOMHz proton NMR 

and heteronuclear 2-D NMR to absolutely confirm assignment of resonan

ces; 2-D NOE studies to determine proximity of various protonsf 

carbon-13 NMR relaxation studies to assess the analogues' backbone and 

side chain flexibility; and CD and Raman investigation to determine 

the chirality of the disulfide. 
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Suggestions for future work with [L-threo-a-MePhe2]-OT inclu

des combining the 2 position substitution with Thr4 and/or 3,4-~-Pr07 

to see if these analogues maintain or increase their biological 

potency. Efforts to synthesize and employ other a-alkyl substituted 

amino acids in peptide synthesis should be increased. Preparation of 

a-methyltyrosine for example would be of interest in the oxytocin 

field. 

Although the biological data for Tic-containing oxytocin ana

logues are not as dramatic as for a-MePhe-containing compounds, 

insights can be gained by more detailed investigation of these pep

tides. Progress is underway to obtain a tyrosine analogue of Tic 

which would possess the phenolic hydroxyl group of the native hormone. 

p-Methyl- or p-ethyl-Tic residues should be readily synthesized and 

the p-alkyl group may provide increased binding interactions and lead 

to more potent antagonist activity. The preparation of [Pen1,Tic2]-OT 

should also be vigorously pursued since such a molecule would be 

expected to be highly conformationlly restricted and may be a potent 

antagonist as well. 

The discovery of an extremely potent oxytocin antagonist, a 

bicyclic analogue of the potent agonist deamino-oxytocin, has provided 

new avenues for exploring the role of conformational restrictions in 

the design of oxytocin antagonists. Although early work with bicyclic 

oxytocin analogues was unsuccessful, the author believes significant 

results and insights can be obtained through the careful design and 
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synthesis of bicyclic analogues. Because these molecules will be more 

rigid, their topology will be easier to assess. This in turn will 

lead to better design and the ability to test specific topological and 

dynamic features of the oxytocin molecule. The challenge presented is 

largely a synthetic one. Cyclizations must be specific and must be of 

high enough yield to obtain sufficient compound for biophysical stu

dies. It will require all the skills of an organic and peptide 

chemist. 

Immediate avenues to be pursued with the potent bicyclic anta

gonist analogue, [Mpa1,Giu4 ,Lys8]-OT, are: attempts to obtain 

crystals suitable for X-ray analysis; Raman studies to determirte the 

disulfide chirality and bond angle; carbon-13 NMR investigations of Tl 

relaxation times; 2-D'NOE studies; and more complete bioassays to 

determine if this analogue exhibits prolonged antagonist activity. 

Longer range studies would require the synthesis of a series of 

bicyclics cyclized between the 4 'and 8 positions with varying length 

side chains. Ring size in this series would vary from 18 to 21 mem

bers. Molecular modeling and molecular dynamics studies on these 

bicyclic analogues may yield insights into possible conformations 

important for antagonist activity. 

Finally, the high potency exhibited by the bicyclic deamino

oxytocin analogue of this study implies that the lipophilicity and 

unbranched nature of the 8 position may be important for binding to 

the receptor in oxytocin antagonists. This suggests the substitution 
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of norleucine in place of ornithine in the series of prolonged anta~o

nists which would help to clarify the structural requirements of posi

tion 8. 

It is obvious that this study has posed many more questions 

than it has answered. Although oxytocin is one of the most studied 

small peptide hormones, the molecular basis of its biological infor

mation transfer is still a goal which will be pursued for many years 

to come. 



APPENDIX A 

LIST OF ABBREVIATIONS 

Amino Acids 

General Structural Formula: NH2-CH-C02H 
I 

Name 

Asparagine 

Cyclopentamethylene cysteine 

Cysteine 

Cystine 

Dehydrophenylalamnine 

3,4-Dehydroproline 

Glutamic acid 

Glutamine 

Glycine 

Isoleucine 

R 

R 

-CH2CONH2 

-C-SH 
/\ 

jH2 j2 

CH2 " CH2 
""'CH2 

-CH2-S-S-CH2-

NHXCO- * 
Ph H 

..... o-CO- · 
-CH2CH2C02H 

-CH2CH2CONH2 

-H 

-9H- CH3 
CH2CH3 
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Abbreviation 

Asn 

CYS( CH2)S 

Cys(SH), Half-Cys 

Cys, Cys-Cys 

ll-Phe 

3,4-11-Pro 

Glu 

Gln, Glx 

Gly 

Ile 



Leucine 

Lysine 

B-Mercaptopropionic acid 

B-Methy1pheny1a1anine 

Norleucine 

Ornithine 

Penicillamine 

Phenylalanine 

B-Pheny1serine 

Proline 

Threonine 

Thiazolidine-4-
Carboxylic acid 

Tyrosine 

-CH2CH(CH3)2 

-CH2CH2CH2CH2NH2 

HSCH2 CH2C02H * 

-CH-Ph 
CH3 

-CH2CH2CH2CH3 

-CH2CH2CH2NH2 

- CH2PH 

-g~-Ph 

erea-. 
-~-CH3 

OH 

1,2,3,4-Tetrahydro- ooCO- * 
isoquino1ine carboxylic acid I 

~ N 

*Structure represents entire residue. 
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Leu 

Lys 

B-Mpa 

B-MePhe 

Nle 

Orn 

Pen 

Phe 

Phe(B-oH) 

Pro 

Thr 

Thi 

Tyr 

Tic. 



Amino Acid Protecting Groups 

Name Structure 

Benzyl 

Benzyloxycarbonyl 

2-Bromo-carbenzoxyca rbonyl \ f CH20J

Br Cl 

2,6-Dichlorobenzyl \ ~CH2-
Cl 

2,4-Dichlorobenzyloxycarbonyl Cl~ fCH2-O-S
Cl 

9-Fluorenylmethoxycarbonyl 

tert-Butyl 

tert-Butyloxycarbonyl 

4-Methyl benzyl 

4-Toluenesulfonyl 

S-Ethyl 

CH -o-c-
2 " o 

o 
(CH3)3C-0-8-

CH3-{ }-~-

0
0 

CH3 ~ !J g-
-S-CH2CH3 
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Abhreviation 

Bzl 

Cbz,Z 

2-Br-Z 

Fmoc 

t-Butyl 

t-Boc 

4-MeBz1 

Tos 

-SEt 



Reagents 

Structure 

Dicyclohexylcarbo
diimide 

ON:C:NO 
2,3-Dichloro-5,6-

dicyano-1,4-benzo
quinone 

Dipheny1phosphory1 azide 

Collidine 

1-Hydroxybenzotriazole 

N~ethyl-pyrro1idinone 

CNl)Cl 
CNYCl 

o .. 
Ph-O-P-N 

I 3 o 
I 

Ph 
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Abbreviation 

DCC 

DDQ 

DPPA 

HOBT 
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