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ABSTRACI' 

Some space-constraining amino acid-containing oxytocin analogues were synthe

sized, of which the biological activities were found to be remarkably consistent with the 

predictions based on molecular mechanics calculations Using the CHARMM program. 

Correlations of the biological activities and computer modeling studies of the con

formational properties of Tyr1, Phe1, eBmp1 (agonists), Pen1, and Tic1 (antagonists) oxyto

cin analogs revealed that a g+ conformation for the aromatic ring in the 2-position is 

important for the oxytocin-uterus receptor tranductio~. Examination of the topographical 

features of the energy minimized conformations of these analogs shows that a parallel aro

matic surface over the top of the 20-membered disulfide containing ring of the molecule is 

equally important for the transduction. Though the Tic compound may exclusively exist as 

the g+ conformation for the aromatic ring in the 2-posiAion, possible backbone changes 

and particularly the perpendicularly located aromatic ring on the top of the 20-membered 

ring may be the reason for its antagonism. 

Calculations shows that [erythro(2S, 3S)-p-methyltyrosine1]OXT has all the require

ments for being an highly active compound, while the isomer [threo-L-(2S, 

3R)-p-methyltyrosine1]OXT, which differs only in the configuration of the p carbon, is 

unlikely to be an agonist according to our calculations. Both compounds were synthesized 

together with other analogs by the solid-phase peptide synthesis techniques on p-methyl

benzhydrylamine resin. The biological activities of these two compounds were consistent 

with the predictions. 
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Oxytocin, with the sequence H-C~s-Tyr-ne-Gln-Asn-C~s-Pro-Leu-GlY-NH~, is 

one of the naturally occurring neurohypophyseal hormones (Table I) found throughout 

the animal kingdom. It is synthesized in neurons of the supraoptic and the paraventricu

tar nuclei within the hypothalamus from larger precursor proteins. After being sequest

ered in neurosecretory granules, it is transported via axonal processes to the posterior lobe 

of the pituitary gland and stored until released into the circulation. The biological activi

ties of oxytocin include milk ejecting, uterine contraction, antidiuretic, pressor, etc. 

Thus, the rat uterus (oxytoxic) assay, the avian vasodepressor assay, and the milk ejection 

assay are all used for examining oxytocin and oxytocin analogs biological activities. 

However, studies of conformation-activity relationships of oxytocin and its analogs have 

mostly utilized the rat uterus assay. Hence discussion in this investigation will primarily 

refer to this receptor. Major reviews on oxytocin have appeared over the years both on 

the structure-activity relationships of oxytocin (Hruby and Smith, 1987; Lebl et al., 1987; 

Hruby et al., 1989) and conformational analysis of this peptide (Hruby, 1974; Glickson, 

1975; Hruby and Mosberg, 1982; Hruby and Lebl, 1987). In this introduction, only the 

highlights and related aspects will be mentioned. 
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Table 1. Structure and biological activities of naturally occuning neurohypophyseal 
hormones . 

IIoIoticoII Aaiwrllft 

Name IUuClur. a.f 
lal Av .. n Milk Anll' 

UI.' ... VMOd.,UftlO' (,Kling d,U'.li, Prouor 

Olylotln C f;. Tyr," •. Gln'AiII.C~.Pro.t.u.Gly.NHl 546 S07 ",0 U 1.1 •• b 

~~f v'lOlo"n C~'.T,'.II •. Gln'A",.C~·Pro.~·Gly·NHl 127 .. 93 210 231 160 '.d 

Mnotoun C~'.T,r·II'·Gln.AiII·C~·Pro.II.·GIy.NHl 2119 .. " ua 1.1 6.3 • 
\/.1.'0(1" C~'.Ty"" •. Gln .... ",.CJ..P'o·~·GI,.NHl Iii 27. JOa 0._ t • 
A'lWtto(lR C~.TY""'·~·A",.C}..PrO'l!!!.GI"NHl lSi 201 382 0.17 0.11 I.g 

GlumltO(ln C~'.Tyr.II.'1!!'A",.C~·P,o'!ili!.:GI,.NHl 10 53 I 0.'" 035 h 

.... \O<ln Ch·T,'.II.'1!!'A",.C~·P'Qo!!t.Gly·NHl , .. 5 )82 J7S 0.75 O.OS hoi 

Alllnin. vlsop'HWn C~.Ty'.Ph •. Gln .... 'n·Ct.·P,o·~·Gly.NHl 12.0 100 JI)·I2O S03 ... 7 i 
LyWI .... op' .... n C",.f!!!.f!!!.Gln A"'·C~·P,o·m·GI,.NHl .... U 51 203 20 k 

"",nylp,,",n C"'f!!!'f!!!.Gln'AiII,,"'.p,o.~.GI,.NHl 0.2 <I 3 3SO 122 I 

IChan .nd K.II., 119(7). Kh.n .nd duVlQnuud (1962); eM.nnlng., M. (117)<1; .. "de"., (1962); ',.qu.noud.nd _oiuonnlll196ll. flulln.," 
(1917). QBtrd •• nd BOI"oonll (I968).~...,.,., .1. (1961); oRud"'9".' II. (I"'); lMNnhol"., M. (1170), 'It""bfough., M (IM').l!tuguen"' .... 
IooiAOnnti (19621. 
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Conformational Stud'ies 

Of Oxytocin Agonist Analogs At The Uterus Receptor 

Backbone conformations 

Structurally, oxytocin is a nonapeptide with a 20-membered disulfide containing 

ring and an acyclic tripeptide tail attached to the ring. Like all other small peptides, 

oxytocin can assume many conformations both in its backbone and in its side-chain 

groups. Thus, a question arises, "What is(are) the conformation(s) responsible for the 

biological activity at the uterus receptor?" In order to answer this question, numerous 

efforts have been made to examine the relationships of conformation and structure to 

biological activities for oxytocin and its agonist analogs by using a wide variety of physi

cal methods (for an extensive review see Hruby and'Lebl, 1987). Despite the fact that 

oxytocin is more or less constrained by the tum structure stabilized by the disulfide 

bridge containing ring, results of conformational studies of oxytocin and its agonist ana

logs have led to the conclusion that oxytocin and its agonist analogs have considerable 

conformational flexibility in solution, and thus it is not possible to propose a single back

bone conformation for oxytocin in solution. Though whether or not the backbone of 

oxytocin participates directly in activating the receptor, specific backbone conformation 

assignments are desired. Clearly identified backbone conformation may provide impor

tant information on the side-chain conformation. Several similar backbone conforma

tions involving various types of turns (Figure 1; Hruby, 1985) have been suggested in the 

literature (for review also see Hruby and Lebl, 1987). 

Side-chain conformations 



[
CYS-TYi- re 
CYS-Asn-Gln 
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CYS-Ty>r 
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... ...... ........ 

" I 
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I 
Pro-Leu-Gly-NH2 

Figure 1. Proposed hydrogen bonding schemes for oxytocin relevan 
" to its biologically active confonnation 

21 



22 

Although the conformational, dynamic, and topographical features of oxytocin 

side-chain groups are believed to be critical for its biological activities, not much has 

been done to investigate this aspect. Analysis of side-chain conformations, whether by 

classical methods (Meraldi et aI., 1977; BoiceUi et aI:, 1977; Wyssbord et aI., 1977) or by 

use of a variety of isotopic labels (Fischman et aI., 1980; Cowbum et aI., 1983), are best 

interpreted by assuming that most of the side-chain groups of oxytocin also have consid

erable conformational flexibility in solutions. In order to make physical-chemical studies 

possible, constraints on side-chain groups may be necessary. 

Conformational Studies Of 

Oxytocin Antagonist Analogs At The Uterus Receptor 

Backbone conformation 

While the conformational flexibility of most oxytocin agonists has limited our abil

ity to deduce conformation-activity relationships for oxytocin agonist activity, more 

extensive conformational studies of [Penl]oxytocin, an oxytocin competitive antagonist, 

and some of its analogs using NMR, CD, and laser Raman spectroscopies (Hruby, 1981a, 

1981b, 1984, 1985; Hruby and Mosberg, 1981; Hruby et aI., 1982; Meraldi et aI., 1975, 

1977; Mosberg et aI., 1981) provided considerable insight as to how introduction of gem

inal p-methyl groups into the Cysl residue restricted the conformation of the oxytocin 

molecule. Some of the physical evidence supporting a more restricted backbone confor

mation for these analogs are summarized in Table 2 (Hruby, 1985). It was shown that 

this conformational family is somewhat different from the backbone conformations pro

posed for agonist analogs, especially in the 20-membered ring moiety. For example, stu

dies led to the suggestion that the backbone conformation of [Penl]OXT and [Penl , c-



Table 2. Physical evidence consistent with a defined confonnation for [Pen l )

OXT analogs 

Method Evidence 

NMR Large (>8 Hz) and very small «3 Hz) 3J NH-aCH values in the 
20-membered ring 

NMR Very large (>10 Hz) and very small «3 Hz) 3J aCH-~CH values 
for side-chain groups of residues in the 20-membered ring 

NMR Near zero temperature dependence for one or two Na amide protons 
in residues in the 20-membered ring . 

NMR Reduced 13C spin-Iattic~ relaxation times (T 1) in side-chain groups 
relative to oxytocin and agonist analogs 

Raman Disulfide bond similar to penicillamine not cystine 

CD Cotton effects for disulfide S-transition consistent with a right
handed chirality 

CD Absorption maxima consistent with a dihedral angle of about 115-

120°C 
CD Peptide backbone quite rigid - intense amide absorptions 

23 
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LeuZ]OXT contain either two or a single C7-tum (AsnfNH to DelCO and/or De3NH to 

Pen1Co, Figure 2). In addition, restriction of the conformation of disulfide bridge is 

also observed. In atl the cases, the dihedral angle C-S-S-C was restricted to be greater 

than 100°. 

Side-chain conformations 

As mentioned, [PenllOXT and its analogs are more rigid in their backbone confor

mations. The same is true for their side-chains. ThiS property led to the more confident 

assignments of NMR data which has made it possible to pursue the coupling constant 

parameters and these in tum enabled a more detailed investigation of the side-chain con

formations, especially the TyrZ, AsnG, and Cys6 residues (Meraldi et at., 1975, 1977). In 

fact, some of the proton JaCH-PCH and JpCH-,8CD coupling constants found were used 

to calculate the relative population of side-chains (Nicholls et at., 1977a, 1977b; Rock

way, 1983; for examples see Table 3). Constraints on these side chain groups-together 

with the rigid backbone conformation, including the restricted disulfide bridge, are sug

gested to be directly related to their antagonists activities, and the "dynamic model", com

plementary to the cooperative model, hence was proposed for the interaction of oxytocin 

agonists and antagonists with the uterus receptor (Hruby and Mosberg, 1981; Hruby et 

at, 1979, 1983c). 

The Cooperative Model And The Dynamic Model: 

Proposed Biologically Active Agonist Conformations 

The cooperative model 
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OH 

CONH~ 

Figure 2. Proposed hydrogen bonding scheme for oxytocin antagonists 



Table 3. Rotamer populations of side-chain residues in some 
oxytocin analogs 

Analog Residue P(g+) P(g-) P(t) 

Oxytocin Tyr-2 0.17 0.50 0.32 
Gln-4 0.26 0.36 0.38 
Asn-5 0.12 0.44 0.44 
Leu-8 0.30 0.54 0.16 

[Penl]OXT Tyr-2 0.28 0.67 0.05 
Gln-4 0.22 0.53 0.23 
Asn-5 0.14 0.44 0.42 
Leu-8 0.26 0.63 0.11 

[Pen1,O-MeTyrS, O-MeTyr-2 0.24 0.76 0.00 
Thr",Orn8]OXT Asn-5 0.47 0.27 0.26 

Cys-6 0.19 0.74 0.07 
Pro-7 0.19 0.52 0.29 
Orn-8 0.68 0.23 0.09 

g+: Xl = +60°; g-: Xl = -600; t Xl = !180o 
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Despite the fact that oxytocin is quite flexible conformationally under the condi

tions of physiochemical investigation. Walter et aI. (1971) proposed a biologically active 

conformation for oxytocin based primarily on IH NMR data. in which 2 p-turns possess

ing intramolecular hydrogen bonds (Asn li peptide NH to Tyr2 carbonyl and Gly9 peptide 

NH to Cys6 carbonyl) were present. This initially proposed model later was modified 

into "the co-operative model" latter (Figure 3; Walter. 1977). Some aspects of this model 

and related suggestions are summarized in Table 4. Subsequent investigations mostly in

volved arguments over the backbone amide intramolecular H-bonds ( Roy et aI .• 1982 

and 1983; Gazis et aI., 1982). Very little work was done to determine the topographical 

features that are essential for biological activity. 

The dynamic model 

The proposal of the dynamic model (Meraldi et aI .• 1977; Hruby. 1981a, 1981b) 

resulted from intensive studies of [Penl]OXT analogs which usually have a relatively 

rigid peptide backbone and a right-handed chirality of the disulfide bridge (the C-S-S-C 

dihedral angle is about 1150; Hruby et aI.. 1978. 1982. and 1983a). In the dynamic 

model. the flexibility of oxytocin is an important property related to the agonist activity 

of the compound based on kinetic considerations. This conformational flexibility is pro

posed to allow the molecule binding to the receptor following the "zipper model" (Burgen 

et al.. 1975) and then to transduce the message by transforming the hormone-receptor 

complex to the required conformation for transduction (Figure 4). Consequently. increas

ing conformational constraint in a agonist can have two distinct effects: (1) enhancement 

of the conformation favored for binding or transduction. thereby increasing the potency; 

or the opposite (2) increase of the transition energy between the bound state and the 

transduction state, thereby no transduction occurs after the binding. In this case an anta-



o 

o 
One plane, hydrophobic surface, is essentially featureless 
except for the protruding disulfide bond and the peptide 

28 

N-H of glutamine. The other side, hydrophylic surface, 
involves the Tyr2, AsnS, Gln4, and the linear tripeptide 
sequence of oxytocin. The model utilizes each of the 
constituent amino acids to its greatest effectiveness to 
achieve: (1) formation and intramolecular stabilization of 
the backbone to which the side-chains of Cys1, Cys6, Tyr2 
and AsnS contribute; (2) the side-chains of Ile3 , Gln4, 
Pr07, and Leu8 are considered to be free to engage in inter
molecular interactions, while having a limited effect on the 
conformation of the peptide backbone, with the exception of 
the corner residue Pro in view of its relative rigidity. 

Figure 3. Proposed biologically active conformation oi oxytocin while bound 
to its uterotonic receptor 



Table 4. Proposed conformation-activity relationships of oxytocin at uterus 
receptor 

Residue Proposed Conformational Property Biological Consequence 

Tyr-2 Side-chain oriented over the Essential for full efficacy 
20-membered disulfide ring 

Ile-3 At comer of a p-tum or C-7 tum Affects potency only 

Gln-4 At comer of a p-tum or C-7 tum Affects potency only 

Asn-S Side-chain oriented to interact Essential for full efficacy 
with side-chain of Tyr-2 

Pro-7 At comer of a reverse turn Affects potency only 

Leu-8 At corner of a reverse tum Affects potency only 
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gonist will be obtained. 

X-Ray Crystal Structure of Deamino-Oxytocin 

An X-ray crystal structure of deamino-oxytocin was recently reported (Figure 5; 

Wood et al., 1986). It was found that in the crystalline state, deamino-oxytocin is flexi

ble and exists in at least two defined and closely related conformations with disulfide 

bridges of different chirality. There are three intramolecular hydrogen bonds observed 

in the crystal structure of deamino-oxytocin: (i) Tyr% CO - Asn6 NH, (ii) Tyr% NH -

Asn6 CO, and (iii) Cys6 CO - Gly9 NH. These features are similar to conformations 

proposed on the basis of spectroscopic studies in DMSO except that the Cys6 CO - Gly9 

NH H-bond may not be retained in solution. In the cooperative model, the 20-mem

bered ring was viewed as a planar ring, while X-ray analysis shows that the ring is likely 

to be pleated with Tyr2 and Asn6 on one side and lle3 and GIn. protruding on the other. 

The chirality of the disulfide bridge in solution has "been a subject of much discussion 

(for review see Fric, 1987). Interestingly, in the crystal structure, one deamino-oxytocin 

conformer has a disulfide torsional angle of +76° (right-handed helicity), while the other 

has a torsional angle of -101 ° (left-handed helicity). Based on this and the observation 

that the antagonist [Pen1]oxytocin is much more conformationally restricted in the ring 

and has a preferred disulfide torsion angle of +110-115°, it was suggested (Wood et al., 

1986; Hruby, 1987) that agonist activity may be enhanced by lowering the barrier to 

conversion from right-handed helicity to left-handed helicity (a dynamic motion of the 

receptor complex to transduction state), or by designing an analog which is conforma

tionally constrained and is left-handed disulfide bridge preferred. 



The space.fiiling (A) and equivalent stick model (8) for dwnino-oxytocin showing the "pleat" 
of the 20·membcred ring and the accentuation of this form by the: "tail" peptide: and the Gin· side chain 
dis~sitions. The: main chain torsion angle:s (1\I.1\I),n eSc" ... for one: molc:cule: of the: Pl. ce:1l arc (-.. 
101)·, (-126, 164)2, (-65, 125)3, (56, 29)\ (-158,66)', (-128,98)6, (-73, -12)', (-77, -33)', 
(-176, 168)9. The three intramolecular hydr~cn bonds have: O-N distances and N-H-O ~ of (i) 
Tvr CO-Asn' NH: 2.93 A. 156.31·, (iiI Tyr NH-Asn' CO: 3.09 A, 162.62°, and (iii) Cvs6 <::o-uty' 
NH: 3.37 A, 134.19". 

Figure 5. The space-fillinsz (A) and equivalent stick model (B) for deamino-oxytocin 

32 



33 

Conventional Structure-Activity Studies 

Agonist analogs 

The conformation-activity relationships sometime can also be deduced from the 

insights provided by the classical structure-activity studies. Since the first total synthesis 

of oxytocin (du Vigneaud et al.~ 1953), hundreds of oxytocin analogs have been synthe

sized and studied. In general, replacement of residues in oxytocin leads to less potent 

analogs. However, several more potent analogs have been synthesized. For example, it 

was shown that the uterus receptor prefers a small s.ide-chain group at Cysl-CQ. Thus, 

replacement of Q-NHz of Cysl with a hydrogen resulted a more potent analog, deamino

oxytocin [Mpa1]OXT (Table 5). Modifications at two binding sites, GIn. (by a hydrogen 

bond donating and/or accepting residue, e.g. threonine) or Pro7 (by a more lipophilic res

idue, e.g. 3,·~-proline), also give more potent analogs (Table 5). Other modifications can 

also reSUlt in potent agonists. For a review see Hruby and Smith (1987). 

Role of the side-chain group in the 2-position of oxytocin 

Clearly the TyrZ residue is important both for binding and transduction. In the 

cooperative model, the correct orientation of the aro~atic ring of TyrZ (g+ conformation, 

over the 20-membered ring) is considered to be critical for agonist activity (Walter, 

1977). Thus, changing stereochemistry of TyrZ to D-Tyr, produces [D-Tyrz]OT (Table 

6), which has only partial agonist activity. It is also suggested that the TyrZ OH group 

plays an important role in terms of orienting the aromatic ring by forming a H-bond 

with the AsnG side-chain amide group. This hypothesis is indirectly supported by the 

fact that [Phez]OXT has only about 1/15th the potency of oxytocin (Table 6). Some stu

dies showed evidences for the interaction of 2-aromatic '" electrons with Cys6-sulfur 



Table 5. Biological activities of some potent agonist oxytocin analogs 

Analog 

Oxytocin 

[Mpa1}OXY 

[Thr4}OXT 

Uterotonic Activity 

(~g) 

546 

795 

923 

1071 

Reference 

Chan and Kelly, 1967 

Ferrier et al., 1965 

Manning et al.. 1970 

Moore et al.. 1977 
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Table 6. Biological activities of some 2-substituted oxytocin analogs 

Analog 

Oxytocin 

[D-Tyr2]OXY 

[Phe2]OXT 

[De2]OXT 

[L-Tic2]OXT 

[D-Tic210XT 

[c-Leu2]OXT 

[Bmp2]OXT 
isomer 1 
isomer 2 

Uterotonic Activity 

(~g) pAJ 

546 

p.a. 

30 

20 

4.9 

500-900 
45 

very weak 

6.50 

Reference 

Chan and Kelly, 1967 

Chan and Kelly, 1967 

Bodanszky and 
du Vigneaud, 1959 

Branda et aI., 1967 

Hill. 1986; Lebl et aI., 1990 

Hill. 1986; " 

Hruby et aI., 1983a, 1983b 

Hill, 1986 
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(Fric et al., 1974; Ross et al., 1986; Lebl et al., 1987a, 1897b), and it was suggested that 

the 1r electrons may also assist in correctly orienting the aromatic ring over the top of the 

20-membered ring for transduction. The low agonist activity of [De2)OXT (Table 6), in 

which neither H-bonding nor 1r electron-sulfur interaction is possible, may be partly 

explained in this point of view. Though the proposal of a g+ conformation of 2-aromatic 

side-chain as being essential for agonist activity is indirectly supported by the structure

activity studies, no direct detection of this conformation has ever been claimed. This is 

mainly due to the limitation that most of the investigation methods used usually can only 

detect "an averaged" conformation of oxytocin. Thus, "the specific" biologically impor

tant conformation will not be seen for this highly flexible molecule. This problem may 

well be solved by designing 2-side-chain conformationally constrained potent agonist 

analogs. Subsequent conformational studies of so designed analogs should lead to a 

clearer picture of the bioactive orientation of the 2-side-chain in oxytocin. 

Further Investigations of The Role of The Side-Chain in Position Two by 

Structure-Activity Studies of Analogs with Constrained Side-Chain Residues 

Structure of Proteins and Peptides 

Basically a protein or a peptide is defined by its "primary structure" - the amino 

acid sequence. It is now realized that the main conformational features (backbone con

formation) also are related to the amino acid sequence and are defined as "secondary 

structure" of the peptide. More specific and more detailed secondary structures can be 

detected if the examination method has moderate resolution. Some common secondary 

structures, including a-helix, p-sheet, p-turns, 'l-tum, and loops etc. (Figure 6), usually 

are described by the dihedral angles of the peptide backbone conformation (Figure 7). 



A short segment of 3 .. helix from carbonic anhydrase (residues 159-164,. 
Main chain carbonyl oxygen! are shown as open circle •. 

ro., 
Schematic drawing of the backbone offlavodollin. a protein in which a par

allel fJ sheet is the dominant structural feature. The sheet (represented by arrows) Is 
sho\\ll from one edge. so that the characteristic twist can be seen clearly. 

type II' f3 turn T turn reverse turn 

Figure 6. Some secondary structures found in proteins and peptides 
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The arrangement of the side-chain groups of a peptide also is critical to biofunctions. 

Including the topographical features, these structural features of a peptide are defined as 

"the tertiary structure". Subsequent dihedral angles (Xl' X2' X3 .... etc., defined by starting 

with an N atom and moving away through CQ onto side-chain atoms) are used to 

describe the conformation of side-chain groups. With no imposed constraints, side-chain 

group normally can freely rotate around the Ca-C{J bond. Three minimum energy rota

mers are usually designated by different Xl angles (Figure 8). 

Conformational constraints in peptide design 

A lot of small peptide hormones have the ability to interact with multiple receptors 

due to the inherent flexibility which allows the hormones to assume the specific confor

mations needed for the different receptors. As a consequence, rational design of potent 

and highly receptor selective ligands is difficult. Of more direct concern, conformational 

studies of these highly flexible molecule will provid~ only average conformation infor

mation. In order to assess the physiochemical studies and/or synthesize selective analogs, 

it becomes necessary to introduce conformational constraints into the peptide of interest. 

Generally, restrictions fall into two categories: (I) backbone conformation restrictions, 

and (2) side-chain conformation restrictions. For example, some synthetic peptido-mim

etics (Feigel, 1986; Kemp and Carter, 1987; Sato ~d Nagai, 1986; Figure 9), sterically 

constrained amino acids (Table 7), and pseudo-isosteric cyclization (Sawyer et al., 1981), 

all have been successfully applied in constraining peptide backbone conformations. 

Kazmierski and Hruby (1988) have shown that it is now possible to restrict the topologi

cal features without apparent change at backbone conformation. This approach has res

ulted in the syntheses of IS opioid receptor selective peptides. However, the effects of 

side-chain constraining strategies on changes in the backbone conformations should still 
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Figure S. Xi angles of side-chain and three minimum energy 
rotamers of side-chain groups described by Xl angle 
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A ~-turn template proposed by Kemp and Carter (1987). 

4-alkylamino-3-cyano-6-azabicyclo[3.2.1]oct-3-ene 

o 0 

9i:~ 
H2N HO"'-O 

H 

,e;ts CH 
N X, CH: 

BocNH '( 
o COOH 

2,8-Dimethyl-4-(carboxymethyl)-6- Structurt o/8.8-dimtthyl-BTD 
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(aminomethyl)phenoxathiin S-Dioxide Sato. K •• Ind Nagli. U.(1986).J.Chem. 
Soc.Perkin Trans.I.1231 

Feigel. M.(1986).J.Am.Chem.Soc. 
108,181-182. 

Structure. of 80 .. ~-turn peptldo-mlmetlc •• 

Figure 9. Some synthetic peptido-mimetics with defined peptide 
secondary structure features 



Table 7. Conformation constraining effect of structure modifications '" 

Structure Modifications 

amide N-H -> amide N-(CH3 ) 

o 

" .--C-NH- -> ~C=C ... 

~l Rnl 
-NH-CH-CO-NH-CH-CO-

CRz-S------S-CR'2 , , 
-NH-CH-CO-NH-CH-CO-

CH2R 
I 
CH -> 

CHR 

" C 
/ \ / \. 

- NH CO--HN CO-

C(CH3)3 

I 
-> CH 

/ \ I '\. 
-NH CO- -HN CO-

ri 
-NCH-NH-CH-CO-

Conformational effect 

restricts ~ tosional 
angle; cis & trans 
peptide bond allowed 

restricts ~, t/J, Xl 

fixes "peptide" bond 
at 1800; i and i+l 
resi. at fixed geom. 

relationship of Rl , 

Rn fixed; ~, t/J, Xl 
fixed or limited 

if R or R' ~ CH3, 

C-S-S-C> 1000 • ~, 
t/J, and X restricted 
for medium size ring 

fixes Xl 

Xl possibilities 
limited by symmetry; 
affect ~, t/J angles 

Xl fixed; affects 
~ and t/J angles 

a. Vitoux et aI., 1986 d. Hruby, 1982; Hill et al.,1988 g. Hill, 1986 
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Reference 

a 

b 

c 

d 

e 

f 

g 

h 

b. Prasad and Balaram, 1984 e. Meraldi et aI., 1977 h. Kazmierski et al., 1988 
c. Lebl et al., 1987, 1989 f. Nitz et aI., 1986 Hill, 1986 

*Taken after Hruby, 1982 
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be carefully examined when this approach is undertaken, since specially designed side

chain constrained analogs with unintended backbone perturbation may lead to the wrong 

conclusion in conformation-activity relationship studies. 

2-Position constrained oxytocin analogs 

In order to further understand the role of residue two in oxytocin, some efforts 

have been made in imposing conformationally constrained amino acids into this position. 

The biological activities of the resulting analogs are summarized in Table 6. Both L-tet

rahydroisoquinoline carboxylic acid (L-Tic) and its D-isomer (D-Tic) have been intro

duced into position 2 in oxytocin (Table 6). Almost no activity was observed for analog 

[L-Tic!]OXT, and both it and [D-Tic!]OXT were found to be a weak antagonists. Cyclic 

leucine (c-Leu) was also used in replacing Tyr2 to give an analog, [c-Leu2]OXT, which 

had very little agonist activity. Conformational studies of these analogs (Hruby et aI., 

1983a, 1983b; Rockway, 1983; Lebl et at., 1990) have shown that the L-Tic2 or c-Leu2 

analogs possess conformations which are somewhat different from that of oxytocin in 

aqueous solution. However, a very interesting result was observed by Hill(1986). In her 

study, when p-methylphenylalanine (Bmp, having four possible isomers; Figure 10) was 

used in the replacement of Tyr2 in oxytocin, she was able to isolate two isomeric pep

tides, and one of the isomers (suggested to be [threo-L-(S,R)-Bmp2]OXT) has equal or 

twice the potency of oxytocin (Table 6), but the other isomer, thought to be [threo-D

(R,S)-Bmp2]OXT, is a very weak agonist. This indeed is an amazing result considering 

how much the potency was increased (15-30 tim~) by only introducing a p-methyl 

group into the low potency analog [phe2]OXT. Results of these studies showed that 

imposition of conformational constrains in the 2-position is very critical for agonist and 

antagonist activities. This again shows careful examination of conformation constraining 



H 

(2S,3S) 
erytbro.L.~.metbylpbenylalanine 

eBmp 

(2S,3R) 
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Figure 10. Four possible isomers of ~-methylphenylalanine (Bmp) 
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strategy is a key to successful design of peptides. 

Implications of The Biological Activity of 

[eBmpz]OXT and The X-Ray Structure of Deamino-Oxytocin 

Qualitative conformation analysis of OXT, [Phe2]QXT, and [eBmpZ]OXT 

45 

From the structure-activity studies discussed above, one Question might be asked 

immediately: "why is there such a large potency difference between [Phez]OXT and the 

active isomer of [BmpZ]OXT which only differ by a p-methyl group?". Before anything 

can be done to answer this Question, correct stereochemical assignment of the active 

[Bmp]OXT isomer is necessary. The stereochemistry of two chiral centers of p-methyl

phenylalaninez in the active isomer are now correctly assigned as 2-S and 3-S (erythro

L-Bmp; Figure 10). Compared to the [Phez]OXT analog, [eBmpz]OXT is different by 

(1) being more lipophilic in the 2-side chain area due to the extra p-methyl group, and 

(2) having a more limited three dimensional space for the aromatic ring (more steric hin

dered). Normally, the side-chain group in the 2-position would have Quite free rotation 

about Co.-CP bond. Three staggered conformations (g+, g-, and trans) are generally the 

most stable ones (Figure 8). Among these three conformations, g+ may be least stable 

due to more repulsions of the larger p-aromatic group and the two large backbone groups 

on Co.. However, the g+ conformation was proposed as the conformation necessary for 

agonist biological activity (transduction conformation) for oxytocin-uterus receptor inter

action (Walter et al., 1977), and it was suggested that an H-bond between Tyr2 OH and 

the Asn6 side chain amide group is a stabilizing factor (Figure 11). In the case of 

[PheZ]OXT, H-bond interaction between Phez-Asn6 cannot stabilize the g+ conformation 

(Figure 12), hence the activity is decreased by being unable to transduce efficiently. 
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Figure 11. Hydrogen-bond stabilized g+ of Tyr-2 in oxytocin 
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From the same point of view, we may expect to see a stabilized g+ conformation for the 

aromatic ring of the highly potent (eBmps]OXT analog. However, the qualitative confor

mational analysis of [eBmpS]OXT shows that introduction of a p-methyl group might 

have made the trans (with the methyl between two Ca peptide backbone groups) less 

stable than g- (with a hydrogen between two CQ peptide backbone groups; Figure 12). 

In other words, introduction of the p-methyl group Qn the pro-S face at the p-carbon of 

Phes in [Phe2)OXT may have stabilized the g- conformation for the aromatic ring, which 

does not seem to correlate with its high biological activity if the proposed g+ conforma

tion has been true. Thus, the proposed bioactive conformation was in doubt. Moreover, 

the question of whether the g+ conformation is the active conformation is strengthened 

by the activity observed for [L-Tic2)OXT. It was shown that the aromatic side-chain of 

an L-Tic residue assumes exclusively the g+ conformation when it is incorporated into 

somatostatin related peptide (Kazmierski and Hruby, 1988). This seems to be true for 

[L-Tic2)OXT, and yet there is almost no activity observed for the L-TicS analog. With 

these confusions, the guidance for future design of oxytocin agonist analogs involving 

modification of position 2 is not at all clear. At this point, we have felt that it is neces

sary to have a better understanding of the conformation-activity relationship of the side

chain in position 2. While the physiochemical investigation of these hormones has its 

limits (being unable to obtain information on "the specific conformation"), computer 

molecular modeling may be another approach in persuing the desired conformational in

formation. The report of X-ray crystal structure of the [Mpa1]OXT analog provided a 

good starting point for computer modeling. 

X-ray structure of [Mpa1]OXT and computer molecular modeling 
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Since the concept of constraining peptide conformations was introduced, a lot of 

effort has been made in designing constrained analogs. Some approaches have been suc

cessful (see previous discussions), but more often the designs led to analogs with unex

pected biological activities. This is due to the fact that the precise constraining effects 

introduced to the whole molecule by the modification are usually difficult to determine. 

In particular, long-range interactions usually cannot be pictured beforehand. Even with 

minimum local modifications, the resulting topographical features are not always so clear. 

Evaluation of design ideas by molecular modeling may help compensate for this shortage. 

Ideally, computer molecular modeling has the ability of studying "the particular confor

mation" of a hormone. This function is more or less like "unscrambling" the average con

formation usually obtained in physiochemical studies. Technically, for computer model

ling, some preliminary physiochemical information usually is needed as a starting point 

for getting reasonable results without going through huge amounts of calculations. 

Unfortunately, the physiochemical information itself is often not so easy to obtain, and 

this is probably the main reason why computer assisted design is still at the cutting edge 

of research in this area. But this limitation is no longer severe for oxytocin. It was 

pointed out by Victor Hruby in 1987, shortly after the X-ray structure of [Mpa1]OXT 

was reported (Wood et al., 1986), that the report of the X-ray structural data (unambigu

ous physiochemical structural information) would provide a unique opportunity to 

explore the conformation-activity relationships of oxytocin at the uterus receptor in con

junction with computer molecular modeling. This approach may be particularly useful in 

cases where the examined molecules are closely related in structure while distinct bioac

tivities are observed (e.g. [Phe2]OXT and (eBmp2]OXT), or in cases where the molecules 

have some distinct structural features but very similar bioactivities (e.g. oxytocin and 

[eBmp2]OXT). Thus useful information is expected by careful comparative computer 
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modeling of oxytocin, [Phe!]OXT, and [eBmps]OXT. 

Focus of This Investigation 

The basic idea of this investigation is to explore possible answers to the question of 

"why there is so much activity difference between [Phes]OXT and [eBmp']OXT?". 

Meanwhile, we also are interested in maximizing agonist activity by synthesizing analogs 

of [eBmp!]OXT, e.g. [eBmp!, Thr4]OXT etc .. Focus of the research presented in this in

vestigation is threefold: (I) theoretical conformational analysis and computer modeling of 

oxytocin analogs based on the X-ray crystal structure of [Mpa1]OXT; (2) design and syn

thesis of oxytocin analogs based on the conformational insights obtained in the computer 

modeling; and (3) synthesis of [eBmp!]OXT analogs for agonist activity enhancement by 

applying an additivity approach. 



CHAPTER 2 

THEORETICAL MOLECULAR MODELING AND 

MECHANICS CALCULATION OF OXYTOCIN ANALOGS 

Purposes 
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The main purpose of this study is to specifically investigate by computer modeling 

the possible bioactive conformation of the aromatic ring in the two position of oxytocin 

when interacting with uterus receptor. We believe that the correlation of structural 

differences and biological activity differences among TyrZ, Phez, and eBmpz (erythro

L-p-methylphenylalanine) analogs can provide very interesting information about the 

transduction conformation by proper molecular modeling. For computer modeling, the 

X-ray crystal structure of deamino-oxytocin was taken as a "starting point" into which 

the modified residues were incorporated and the molecule generated was studied. It 

should be noted that we do not imply that the X-ray crystal structure is the bioactive 

structure. What we can expect from this starting structure is that it provides a good and 

reasonable starting conformation for our molecular modeling and is more likely to cor

rectly reveal conformational effects caused by different structure modifications in the 

2-position. Most of the calculations were carried out on known compounds. Calculation 

results (the final energy and the final conformation) were correlated to the observed bio

logical data. Some of the unknown compounds were generated by computer and studied 

as models for the purpose of verifying some of our thinking. 

Experimental Procedure 
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The basic concept of the experiment 

As discussed in the above section, we are taking advantage of the known X-ray 

crystal structure of [Mpa1]OXT. The Cartesian coordinates of the X-ray crystal structure 

were input to computer and transferred to the internal coordinates from which modifica

tion was performed to give the conformations of the molecule studied (see the discussion 

in the following sections). The modification mainly involved removal of the Tyr2 side

chain moieties and installation of the side-chain moieties of the desired residue. The 

backbone conformation of the X-ray structure is not changed initially. Then the molec

ule with its starting conformation is subjected to energy minimization to give the final 

conformation for comparison (Figure 13). Since the modification only involves the side

chain at position two, any conformational difference and energy difference observed 

between the molecules are considered to be caused mainly by the structural difference in 

residue two. 

Energy minimization: the CHARMM program 

The computer program CHARMM (Chemistry at HARvard Macromolecular 

Mechanics; Brooks et aI., 1983)-version 19-was used for all the calculations in this study. 

The starting structures (see the following sections for the generation of structures) are 

energy minimized by adopted-basis set Newton-Raphson method (ABNR; States and 

Karplus, 1984). The stability of the conformation after minimization is indicated by the 

final energy which is in turn a sum of many individual energy terms, as expressed in the 

following equation: 

E = Eb + EO + E¢ + Ew + EvdW + Eel +Ehb +Ec 

where, Eb: bond potential 
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Figure 13. Scheme of the general procedure of computer modeling 
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EO : bond angle potential 

Eif> : dihedral angle potential 

Ew : improper torsions (see Brooks et al., 1983 for definition) 

EvdW : van der Waals interaction 

Eej : electrostatic potential 

Ehb : hydrogen bonding energy 

Ec : energy of any constraint that may be imposed 

These energy functions (Brooks et aI., 1983) are calculated according to the parameters 

provided (PSF: protein structure file; appendix A; Brooks et al., 1983). The final struc

ture can be outputed either as a table of the Cartesian coordinates of each atom (called 

PDB file in the CHARMM program), or as a table of internal coordinates (called IC file 

in the program) in which information on the relative positions of atoms, e.g., bond 

lengths, bond angles, dihedral angles, and improper angles, are contained. The IC file 

has two types of table entries corresponding to proper and improper torsions. For the 

proper torsion, the entries specifying four atoms ABC D and five values correspond to 

RAB, 0ACB, if>ABCD. 0BCD, and ReD' For the improper torsion (when atom C is a 

chiral center), the entries specifying also four atoms A B ·C D (the presence of • indi

cates it is an improper angle) and five values correspond to RAC, 0ACB, if>ABCD. OsCD, 

and RCD. To view the structure, the PDB fite of the molecule is transferred to a graph

ics terminal and displayed using the Midas graphical program and stick structures. A 

hard copy of the structural data can be printed out on an Imagen 2308/S laser printer. 

The structure generation and energy minimization for different conformers of [Mpa1, L

TicZ]OXT (for structure of L-Tic see Table 8) will be used as an example to illustrate the 

detail experimental procedure. 
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Table 8. The topology file of L-Tic amino acid 

RESI TIC 0.00000 !tetrahydro lsoqulnoline 
GROU C&I 

ATOM N N -0.20 CG 
ATOM CA CHIE 0.10 CJl CPI 

ATOM CK CH2E 0.10 CB 
GROU 
ATOM CB CH2E 0.00 CK CII 

ATOM CG C 0.00 N 
ATOM CJl C 0.00 CA 
GROU 
ATOM COl CRIE 0.00 cn ............. c.····· ATOM CEI CRIE 0.00 CJl C\\"'·~ 
ATOM CFl CRIE 0.00 CG 

" 
ATOM cn CRIE 0.00 COl 
GROU 0 
ATOM C C 0.45 0 

ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N CK 
BOND CA CB CB CG CG COl COl CEI CEI CFl 
BOND CFl cn Cll CJl CJ1 CK CJ1 CG 
DIHE CB CA C 0 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB CG CA CB CG COl CA CB CG CJl 
DIHE CB CG CJl CK CG CJ1 CK N N CK CJ1 cn 
IMPH N CA CK -C C CA +N 0 CA N C CB 
IMPH CG COl CE1 CFl COl CE1 CF1 cn CE1 CF1 Cll CJl 
IMPH CF1 Cll CJl CG cn CJ1 CG COl CJ1 CG COl CEI 
IMPH CG COl CJ1 CB CJ1 CG cn CK 
ACCE 0 C 
IC CB CA C 0 0.0000 0.00 60.00 0.00 0.0000 
IC -C CA *N CK 0.0000 0.00 1BO.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 -60.100 0.00 0.0000 
IC N CA C +N 0.0000 0.00 1BO.00 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 1BO.OO 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 1BO.00 0.00 0.0000 
IC C N *CA CB 0.0000 0.00 -120.00 0.00 0.0000 
IC CA N CK CJ1 0.0000 0.00 0.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 0.00 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CJ1 0.0000 0.00 120.00 0.00 0.0000 
IC COl CG CJ1 Cll 0.0000 0.00 0.00 0.00 0.0000 
IC CJl CG COl CE1 0.0000 0.00 0.00 0.00 0.0000 
IC CG COl CE1 CF1 0.0000 0.00 0.00 0.00 0.0000 
IC COl CE1 CF1 cn 0.0000 0.00 0.00 0.00 0.0000 
IC CEI CF1 Cll CJ1 0.0000 0.00 0.00 0.00 0.0000 
IC CB CG CJ1 CK 0.0000 0.00 0.00 0.00 0.0000 
IC CG CK *CJl Cll 0.0000 0.00 120.00 0.00 0.0000 
PATe FIRS PROP 
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The residue topology file (RTF) of residue L-Tic 

In CHARMM, a macromolecule is built from the individual monomers contained 

in the molecule. To define each possible type of monomer unit ("a residue"), a RTF 

(residue topology file; Brook et al., 1983) is required, in which the information about 

atoms, bonds, and torsional angles of the residue are defined. To illustrate, the informa

tion for the residue L-Tic contained in the topology file is given in Table 8. This infor

mation can be input through an editorial program, and the input information then needs 

to be converted to CHARMM language by doing "streaming" under the CARMM pro

gram. In CHARMM, only the RTFs for common amino acids are provided. The RTFs 

of unusual amino acids can be defined in a manner similar to that provided by Brooks et 

al. (1983). Some special amino acid's RTFs defined in this investigation are listed in 

Table 9 (for some of the structures, see Figure 14) .. All the new topology files defined 

have been verified by being appliable in constructing the test molecule, Ac-amino acid

CONHz (Ac: N-terminal acetyl group). These RTFs are stored at the area of 

CGFIOUAl:[MSCHOW] under the file named "OXT.INP". 

The IC file of (Mpa110XT X-ray crystal structure 

There are two simple ways to manipulate the structure of a peptide in CHARMM: 

(1) from the Cartesian coordinates (POB file), or (2) from the internal coordinates (IC 

file). For our purpose, the later method turned out to be much easier to perform. Thus, 

the X-ray crystal structure data (Cartesian coordinates) was input as a CHARMM read

able POB file (Table 10); the corresponding IC file of the structure can be output upon 

request (Figure 15 and Table 11). This IC file was used as a "base" in constructing struc

tures of other molecules interested for modeling. 



Table 9. List of the amino acids with newly built topology files in this study 

Amino Acid 

1. p-mercaptopropionic acid 
2. erythro-L-p-methylphenyla1anine 
3. threo-L-p-methylphenyla1anine 
4. p-cyclohexylalanine 
5. a-aminobutyric acid 
6. erythro-L-p-methyltyrosine 
7. threo-L-p-methyltyrosine 
8. erythro-L-p-ethylphenyla1anine 
9. erythro-L-p-isopropylphenylalanine 
10. a,a-cyclohexamethylenc-p(S)-phenylglycine 
11. terminal glycine amide 
12. a,a-cyclohexamethylene-p(R)-phenylglycineb 
13. a-methyl-phenylalanineb 
14. a,p(S, S)-dimethylphenylalanineb 
15. erythro-D-p-methyltyrosineb 
16. threo-D-p-methyltyrosineb 
17. D-tyrosineb 
18. D-O-ethyltyrosineb 
19.0-ethyltyrosineb 
20.2' -methyltyrosineb 
21.2-aminotetralin-2-carboxylic acidb 

aFor structure see Figure 14 
bThe residure was not used in this investigation 

Abbreviationa 

Mpa 
eBmp 
tBmp 
Bch 
Abu 
eBmt 
tBmt 
eBep 
eBip 
Chp 
Gla 
tChp 
Amp 
ABmp 
DeMt 
DtMt 
Dtyr 
DEOT 
OeTy 
oMty 
Atc 
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Figure 14. Structures of the amino acids in Table 9 with defined RTF in this study 
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Table 10. The PDB file of [Mpa1]OXT X-ray crystal 
structure 

REHAR!: TaE POD OF IKPA110XYTOCIN 
REHAR!: DATE. 2/ 4/90 12.17.14 CItEA'fEl) IIY USER. HSCIIOII 
ATOM 1 CA HPA 1 11.382 5.714 '.154 0.00 0.00 OXT 
ATOM 2 CD MPA 1 20.533 4.845 9.206 0.00 0.00 OXT 
ATOM 3 SG MPA 1 ll.274 4.142 7.821 0.00 0.00 OXT 
ATOM 4 C MPA 1 18.126 5.088 8.584 0.00 0.00 OXT 
ATOM 5 0 MPA 1 17.482 4.112 9.060 0.00 0.00 OXT 
ATOM 6 N TYR 2 17.725 5.796 7.444 0.00 0.00 OXT 
ATOM 7 D TYR 2 18.ltO 6.547 7.043 0.00 0.00 OXT 
ATOM 8 CA TYR 2 16 .456 5.568 6.77' 0.00 0.00 OXT 
ATOM 9 CD TYR 2 15.497 6.752 6.972 0.00 0.00 OXT 
ATOM 10 CG TYR 2 15.332 7.204 8.3" 0.00 0.00 OXT 
ATOM 11 COl TYR 2 16.185 8.132 8.977 0.00 0.00 OXT 
ATOM U C02 TYR 2 14 .309 6.702 9.1n 0.00 0.00 OXT 
ATOM 13 CEl TYR 2 16.021 8.573 10.284 0.00 0.00 OXT 
ATOM 14 CE2 TYR 2 14.110 7.173 10.478 0.00 0.00 OXT 
ATOM 15 CZ TYR 2 14 .953 8.121 11.062 0.00 0.00 OXT 
ATOM 16 OB TYR 2 14.711 8.552 12.304 0.00 0.00 OXT 
ATOM 17 BB TYR 2 14.445 7.751 12.908 0.00 0.00 OXT 
ATOM 18 C TYR 2 16.767 5.455 5.297 0.00 0.00 OXT 
ATOM 11 0 TYR 2 17.836 5.721 4.792 0.00 0.00 OXT 
ATOM 20 N ILE 3 15.693 4.949 4.551 0.00 0.00 OXT 
ATOM II B ILE 3 14.791 4.634 5.055 0.00 0.00 OXT 
ATOM 22 CA ILE 3 15.787 4.860 3.100 0.00 0.00 OXT 
ATOM 23 CB ILE 3 14 .456 4.312 2.540 0.00 0.00 OXT 
ATOM 24 CGl ILE 3 14.239 2.879 2.930 0.00 0.00 OXT 
ATOM 25 CG2 ILE 3 14 .350 4.547 0.977 0.00 0.00 OXT 
ATOM 26 CD ILE 3 15.043 1.939 2.066 0.00 0.00 OXT 
ATOM 27 C ILE 3 16 .161 6.207 2.515 0.00 0.00 OXT 
ATOM 28 0 ILE 3 15.407 7.179 2.593 0.00 0.00 OXT 
ATOM 29 N GLN 4 17.343 6.210 1.790 0.00 0.00 OXT 
ATOM 30 B GLN 4 17.915 5.296 1. 729 0.00 0.00 OXT 
ATOM II CA GLN 4 17.858 7.437 1.120 0.00 0.00 OXT 
ATOM 32 CD GLN 4 17.024 7.807 -O.OU 0.00 0.00 OXT 
ATOM 33 CG GLN 4 17.11' 6.780 -1.190 0.00 0.00 OXT 
ATOM 34 CD GLN 4 lB.496 6.467 -1.633 0.00 0.00 OXT 
ATOM 35 NE2 GLN 4 18.945 5.no -1.652 0.00 0.00 OXT 
ATOM 36 BE21 GLN 4 1I.9ll 4.976 -1. 880 0.00 0.00 OXT 
ATOM 37 BE22 GLH 4 lB .367 4.379 -1.507 0.00 0.00 OXT 
ATOM 38 OEl GLH 4 19 .333 7.439 -1.894 0.00 0.00 OXT 
ATOM It C GLN 4 lB.083 8.617 2.047 0.00 0.00 OXT 
ATOM 40 0 GLH 4 18.175 9.778 1.694 0.00 0.00 OXT 
ATOM 41 N ASH 5 18.296 8.281 3.lt4 0.00 0.00 OXT 
ATOM 42 B ASH 5 18.146 7.260 3.715 0.00 0.00 OXT 
ATOM 43 CA ASH 5 18.722 9.266 4.360 0.00 0.00 OXT 
ATOM 44 CB ASH 5 17.501 9.934 4.948 0.00 0.00 OXT 
ATOM 45 CG ASN 5 17.759 10.801 6.182 0.00 0.00 OXT 
ATOM 46 001 ASH 5 18.947 11.324 6.3lB 0.00 0.00 OXT 
ATOM 47 ND2 ASH 5 16.838 11.0ll 7.112 0.00 0.00 OXT 
ATOM 48 BOll ASN 5 17.1ll 11.737 7.815 0.00 0.00 OXT 
ATOM 49 B022 ASH 5 15.803 10.850 7.216 0.00 0.00 OXT 
ATOM 50 C ASH 5 19.527 8.603 5.435 0.00 0.00 OXT 
ATOM 51 0 ASH 5 19.110 8.260 6.522 0.00 0.00 OXT 
ATOM 52 H CYS 6 20.775 8.290 4.971 0.00 0.00 OXT 
ATOM 53 B CYS 6 21.075 8.570 3.972 0.00 0.00 OXT 
ATOM 54 CA CYS 6 21.700 7.574 5.837 0.00 0.00 OXT 
ATOM 55 CB CYS 6 n.685 6.085 5.53' 0.00 0.00 OXT 
ATOM 56 SG CYS 6 22.786 5.150 6.681 0.00 0.00 OXT 
ATOM 57 C CYS 6 23.065 8.128 5.498 0.00 0.00 OXT 
ATOM 58 0 CYS 6 23.781 7.716 4.636 0.00 0.00 OIT 
ATOM 59 N PRO 7 23.543 9.138 6.373 0.00 0.00 OXT 
ATOM 60 CA PRO 7 24.823 '.785 '.050 0.00 0.00 OXT 
ATOM 61 CB PRO 7 24.787 11.057 '.838 0.00 0.00 OXT 
ATOM '2 CG PRO 7 23.836 10.7l0 7.'28 0.00 0.00 OXT 
ATOM 'l CD PRO 7 22.750 '.843 7.l98 0.00 0.00 OXT 
ATOM 64 C PRO 7 26.004 8.'ll '.4U 0.00 0.00 OXT 
ATOM '5 0 PliO 7 27.13' '.227 '.119 0.00 0.00 OXT 
ATOM " H LEU 8 25.761 7.746 7.154 0.00 0.00 OXT 
ATOM '7 II LEU 8 24.749 7.495 7.4l6 0.00 0.00 OXT 
ATOM U CA LEU 1 26.Il' '.'7' 7.52' 0.00 0.00 OXT 
ATOM " CB LEU 1 26 .l77 5.935 8.61' 0.00 0.00 OXT 
ATOM 70 CG LEU 8 25.893 6.615 '.895 0.00 0.00 OXT 
ATOM 71 COl LEU 8 25.l18 5.580 10.8l6 0.00 0.00 OXT 
ATOM 72 C02 LEU 8 26.988 7.402 10.550 0.00 0.00 OIT 
ATOM 13 C LEU 8 27.41l '.095 6.l86 0.00 0.00 OXT 
ATOM 74 0 LEU 8 28.594 5.802 6.l05 0.00 0.00 OXT 
ATOM 75 N GLA 9 26.504 5.588 5.462 0.00 0.00 OXT 
ATOM 76 B GLA 9 25.448 5.801 5.543 0.00 0.00 OXT 
ATOM 77 CA GLA 9 27.0lB 4.761 4.lt2 0.00 0.00 OXT 
ATOM 78 CB GLA 9 25.789 4.188 3.7ll 0.00 0.00 OXT 
ATOM 79 OG GLA 9 24.615 4.l62 4.024 0.00 0.00 OXT 
ATOM 80 NG GLA 9 26 .124 l.299 2.688 0.00 0.00 OXT 
ATOM It BG21 GLA , 25.l29 2.'" 2.0n 0.00 0.00 OXT 
ATOM 12 .G22 GLA , 27.0ll 2.ne 2.UO 0.00 0.00 OXT 
END 
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$RCH 
* GENERATED IC OF CRYSTAL [HPA1]OXYTOCIN FROM MPACRY.PDB 
* 
BOHBLEV -1 
OPEN READ UNFORMATED UNIT 1 NAME CGF1$DUA1: [MSCHOW]OXT.MOD 
READ RTF UNIT 1 
OPEN READ UNFORMATED UNIT 3 NAME CGF1$DUA1: [MSCHOW]PARAHNIP.MOD 
READ PARA UNIT 3 
READ SEQUENCE CARD 
* MPA-TYR-ILE-GLN-ASN-CYS-PRO-LEU-GLA 
* 
9 
MPA TYR ILE GLN ASN CYS PRO LEU GLA 
GENERATE MPAOXT FIRS NONE LAST NONE SETUP 
PATCH DISU MPAOXT 1 MPAOXT 6 SETUP SORT 
OPEN READ FORMAT UNIT 2 NAME CGF1$DUA1:[MSCHOW]mpacry.PDB 
READ COOR PDB UNIT 2 
CLOSE UNIT 2 
PRINT COORD 
IC BUILD 
IC FILL 
IC PURGE 
PRINT IC 
OPEN WRITE FORMAT UNIT 7 NAME CGF1$DUA1:[HSCHOW]mpacry.IC 
WRITE IC UNIT 7 
* THE GENERATED IC COORD OF [MPA1jOXYTOCIN FROM mpacry.PDB 
* STOP 
END 

Figure 15. The scheme of PDB to Ie converting program 
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Table 11. The generated internal coordinates (Ie) of 

[Mpa1]OXT X-ray crystal structure 

TBE GENERATED IC COORD or CRYSTAL IHPAI101YTOCIII rROM HPACRY.PD8 
DATE, 2/14/90 15,46,14 CREATED BY USER, HSCDOM 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
93 1 

1 1 C 1 CA 1 CB 1 SG 1.5147 115.22 51.U 124.01 1.720' 
2 1 CB 1 CA 1 C 1 0 1.4411 115.22 61.04 127.12 1.2017 
3 2 II 1 CA 1 'C 1 0 1.4006 10'.56 -174.48 127.12 1.2017 
4 1 CA 1 C 2 II 2 CA 1.5147 109.56 -170.89 122.96 1. 4507 
5 2 CB 2 CA 2 C 2 0 1.5351 107. n lot.30 124.1l 1.ll1l 
6 1 C 2 CA 2 'N 2 D 1.4001 122." -179.11 111.53 1.0103 
7 1 C 2 II 2 CA 2 C 1.4006 lll." -132.66 106.26 1.5185 
I 2 II 2 CA 2 C 3 N 1. 4507 106.26 167.01 112.n 1.4022 
9 3 II 2 CA 2 'C 2 0 1.4022 112.91 -171.48 124.1l 1.llll 

10 2 CA 2 C 1 N 3 CA 1.5115 112.91 175.13 nO.17 1.4561 
11 2 N 2 C 2 'CA 2 CB 1.4507 106.26 11'.71 101. tl 1.5351 
12 2 N 2 CA 2 CB 2 CG 1.4507 111. 51 -50.n 114.16 1.505' 
1] 2 CA 2 CB 2 CG 2 COl 1.5351 114.76 17.24 Ill. '0 1.3167 
14 2 COl 2 CB 2 'CG 2 CO2 1.31" lll.'O 179.92 120.10 1. 31" 
15 2 CO2 2 CG 2 COl 2 CEl 1.3161 117.30 -1.27 122.14 1.3891 
16 2 COl 2 CG 2 CO2 2 CE2 1. 3167 117.30 3.10 120.13 1.3167 
17 2 CG 2 COl 2 CEI 2 CZ 1.31" Ill. 14 -1.91 120.71 1.3"5 
18 2 COl 2 CEl 2 CZ 2 CE2 1.3891 120.71 2.67 111.64 1.39" 
19 2 CE2 2 CEl 2 'CZ 2 OD 1.3966 116.64 -179.12 123.41 1. 3367 
20 2 CEl 2 cz 2 OB 2 DB 1.3965 lll.41 -131.01 10'.77 1. 0379 
II 3 CB 3 CA 3 C 3 0 1.5445 112.14 56.1t Ul.70 1.2ll1 
II 2 C 3 CA 3 'N 3 B 1.4022 120.17 179.40 UO.05 1.0102 
13 2 C 3 N 3 CA 3 C 1.4022· 120.17 -53.16 110.25 1.5154 
24 3 N 3 CA 3 C 4 N 1.4561 110.25 UO.41 114.41 1.3G" 
25 4 N 3 CA 3 'C 3 0 1.31" 114.46 174.11 U1.70 1.2321 
l6 3 CA 3 C 4 N 4 CA 1.5154 114.46 171.16 122.11 1.4191 
21 3 N 3 C 3 'CA 3 CD 1.4561 110.25 122.21 112.14 1.5445 
21 3 N 3 CA 3 CB 3 CGl 1.4561 10' .10 -67.n 111." 1.500' 
a 3 CA 3 CB 3 CGl 3 CD 1.5445 111." -71.17 111.65 1.5011 
30 3 CGl 3 CA 3 'CD 3 CG2 1.500' Ill." -127.0' 111.27 1.5141 
31 4 CB 4 CA 4 C 4 0 1.5116 lU.36 -31.91 125.16 1.1170 
3l 3 C 4 CA 4 'N 4 D 1.3866 122.11 -171.12 11' .24 1. 0100 
33 3 C 4 N 4 CA 4 C 1.31" U2.11 57.56 114.64 1.5174 
34 4 N 4 CA 4 C 5 N 1.41t1 114.14 24.11 114. ,. 1.4045 
35 5 N 4 CA 4 'C 4 0 1.4045 114.n 175.00 125.16 1.1170 
36 4 CA 4 C 5 N 5 CA 1.5174 114. ,. 170.51 Ul.55 1.443' 
37 4 N 4 C 4 'CA 4 CD 1.41t1 114.64 U8." 112.36 1.5116 
31 4 N 4 CA 4 CD 4 CG 1.Utl 111.74 -65.67 1U.41 1.5050 
39 4 CA 4 CD 4 CG 4 CD 1.5116 1U.41 -54.71 114.'0 1. 4800 
40 4 CD 4 CG 4 CD 4 OEl 1.5050 114. '0 -47.5' 11' .14 1. 30'0 
41 4 OEl 4 CG 4 'CD 4 NE2 1.30'0 IIt.1t 173.50 U1.37 1.31il 
4l 4 OEI 4 CD 4 NE2 4 BEll 1.30'0 11'.41 -1.24 lll.79 1.0340 
U 4 BEH 4 CD 4 'NE2 4 BEl2 1.0340 123.79 -175.63 U5.ll LOll' 
44 5 CD 5 CA 5 C 5 0 1.510' 110.53 1l.'0 U5.61 1.2ll7 
45 4 C 5 CA 5 'N 5 II 1.4045 U1.55 179.41 l1'.U 1. 0101 
46 4 C 5 N 5 CA 5 C 1.4045 Ul.55 -150.67 10'.61 1.U71 
47 5 N 5 CA 5 C 6 N 1.4439 10'.11 74.12 110.31 1.3671 
41 I N 5 CA 5 'C 5 0 1.n" 110.31 -172." U5.6I 1.2137 
49 5 CA 5 C 6 N I CA 1.4117 110.3' -176.15 11'.31 1.4554 
50 5 N 5 C 5 'CA 5 CD 1.4439 10'.61 UO.OI 110.53 1.510' 
51 5 II 5 CA 5 CD 5 CG 1.4439 101.11 161.31 115.35 1.5300 
52 5 CA 5 CB 5 CG 5 001 1.510' 115.35 26.40 117.61 1.3051 
53 5 001 5 CB 5 'CG 5 ND2 1.3051 117.61 -179.49 U3.07 1.ll11 
54 5 001 5 CG 5 ND2 511DH 1.3051 11'.25 1.14 113. II 1. 0315 
55 5 BOll 5 CG 5 'NDl 5 Ell 1.0315 113.32 163.01 135.94 1.0551 
56 6 C I CA , C8 , 51; 1.5116 101. '2 67.'0 111.73 1.1414 
51 6 CD , CA 6 C I 0 1.5116 101.'2 31.15 U5.24 LIn, 
51 5 C 6 CA 6 'N I I 1.3671 11' .31 179." UO.O' 1.0100 
59 5 C I N , CA , C 1.3671 11'.11 -l".U 105.01 1.5116 
10 I N I CA I C 7 1/ 1.4554 105.01 n.1I 115.21 1.41'2 
51 7 II I CA I 'C I 0 1.4192 115.21 174.21 125.24 1.1939 
12 I CA I C 7 1/ 7 CA 1.51U 115.21 -175.U 111.10 1.4701 
63 I 1/ , C , 'CA I C8 1.455. 105.01 11'.01 101.n 1.5186 
64 I II I CA I CB I 110 1. 455. 111. 01 -177.14 111.71 1.1414 
IS 7 CB 7 CA 7 C 7 0 1.un 111.17 -71.41 111.44 1.1157 

" 6 C 7 CA 7 'N 7 CD 1.4192 111.10 -UI.03 114.23 1 •• 753 
67 6 C 7 N 7 CA 7 C 1.4192 111.10 -71.37 111.14 1.5111 
61 7 II 7 CA 7 C I II 1.4701 111. '4 -7.43 111.25 1.4019 

" I II 7 CA 7 'C 7 0 1 •• 019 111.25 -179." lll.44 1.ll57 
70 7 CA 7 C I N I CA 1.5116 111.25 179.10 UO.It 1.43ll 
1l 7 C 1 N 7 'CA 7 CB 1.5111 111.94 -120.79 103.73 1.un 
13 7 N 7 CA 7 CD 7 CG 1.4701 103.73 23.12 102.41 1.4130 
73 I CD CA I C I 0 1.511.· 10' .,. -'0.37 U3.30 1.2195 
74 7 C CA I 'N I B 1.4019 uo.n -179.'5 119.62 1.0101 
75 7 C N I CA I C 1.4019 ll0.It -72.70 114.10 1..,75 
76 I II CA 8 C , II 1.4331 11 •• 10 -40.44 11' .34 1.3911 
77 , II CA I 'C I 0 1.3911 111.34 -17l.70 123.30 1.2195 
71 I CA C , II , CA 1.4975 111.34 -171.37 117.15 1. ... 7 
19 B N C 8 'CA I C8 1.4331 11 •• 10 123.77 10'." 1.5114 
10 I N CA I C8 I CG 1.4331 10'.73 -59." 115.02 1.5213 
11 I CA CB • CG I COl 1.511. 115.0l 173.55 10,.n 1.5124 
12 I COl C8 8 'CG I CO2 1.512. 10'.11 Ill." 111.10 1 . .,91 
13 I C CA , 'N , I 1.3911 117.15 -179.73 121.03 1.0103 
14 I C N , CA , CD 1.3911 117. IS 170.37 104.53 1.5077 
85 , N CA , CD , NG 1.4117 10 •• 53 -171.45 111.67 1.4123 

" , N , CA , CD ,OG 1."17 10 •• 53 -0.39 UI.II 1.2220 
17 'OG , CD , IIG , BGll 1.lalO 119.5' 11.00 115.11 1.0430 
II 'OG , CD , IIG , IGal 1.al20 11'.5' -173.10 133.11 1.0ll1 
at , DG31 , CB , 'NG , BGll 1.0430 115. " 0.00 115." 1.0430 
'0 'OG , NG , 'C8 , CA 1.al20 11'.5' 177.31 111.17 1.5017 
t1 1 CA 1 C8 1 SG I IG 1.4431 U4.01 11.54 122.63 2.1452 
U 1 CB 1 SG 'IG , CB 1.720' U2.U -11.91 n ... 1.1414 
tl 1 110 , IG 1 CB , CA 2.145l n ... 11'.61 111.73 1.5111 
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The IC file of the starting conformation of [Mpa1, L_TIC2]OXT 

As mentioned above, we built each interesting conformation of any molecule start

ing with the X-ray crystal structure IC iIle (Table 11). For example, to construct the 

structure of [Mpa1, L-Tic210XT, the IC file of the structure defined by sequence Ac-L

Tic-CCONH2 (Ac: N-terminal acetyl group) was first generated from the information in 

the PSF file by a simple program (Table 12). We have now two IC files, one for 

[Mpa1]OXT and one for Ac-L-Tic-CONH2. Neither one of them is the desired starting 

conformation of [Mpa1, L-Tic2]OXT yet. The "cutting" and the "patching" operations 

(using the editorial program) on the two individual ICs will get us the desired structure 

(Figure 16). Rows #5, #11 .. #20 in Table 11 corresponding to the side-chain moieties of 

Tyr in [Mpa1]OXT are deleted from the table to give ,a new file, file "X-ray.ic"; rows #1, 

2, 5, 18, 19, and 20 in Table 12 corresponding to the undesired moieties of Ac-L-Tic

CONH2 are deleted from the table to result aother new file, file "tic.ic". These two new 

files now contain the IC coordinates specifying partial structures of molecule [Mpa1, L

Tic2]OXT, and they can be combined together by the following command: 

append x-ray.ic tic.ic 

The above command will put the X-ray.ic file under the tic.ic file. So, now in the new 

tic.ic file, the complete information specifying one of the conformations of [Mpa1, L

Tic2]OXT (in this case the side-chain at position two is with g+ conformation) is stored 

(Table 13). This IC file then can be read in the CHARMM program as the starting con

formation (in this case, g+) for energy minimization to give the final conformation stored 

in file Tic60min.ic by using the program described in,Figure 17. 

IC file of the other starting conformation of [Mpa1, L-Tic2]OXT 



63 

Table 12. The IC file of Ace-L-Tic-CONH2 generated from CHARMM 

INTERNAL COORDINATES 
TITLE: '/r ENERGY MINIMIZATION OF ACE-AMINO ACID-
TITLE: '/r 

NUMBER OF INTERNAL COORDINATES 20 

N I J K L R(I(J/K)) T(I(JK/KJ)) PHI T(JKL) R(KL) 

1 2 N 1 CH3 1 '/rC 1 0 1.3300 117.50 -180.00 121. 50 1. 2300 
2 1 CH3 1 C 2 N 2 CA 1.5200 117.50 -180.00 120.00 1. 4500 
3 2 CB 2 CA 2 C 2 0 1.5334 113.61 42.73 123.07 1.2272 
4 1 C 2 CA 2 '/rN 2 CK 1.3421 121. 42 167.01 114.98 1. 4619 
5 1 C 2 N 2 CA 2 C 1.3300 120.00 -60.00 111.60 1.5200 
6 2 C 2 N 2 '/rCA 2 CB 1. 5295 118.11 -130.94 108.33 1.5334 
7 2 CA 2 N 2 CK 2 CJ1 1. 4658 114.98 43.63 113.71 1. 5172 
8 2 N 2 CA 2 CB 2 CG 1.4658 108.33 47.27 113.64 1. 5159 
9 2 CA 2 CB 2 CG 2 COl 1. 5334 113.64 160.86 118.75 1. 3799 

10 2 COl 2 CB 2 '/rCG 2 CJ1 1.3799 118.75 179.72 120.73 1.3741 
11 2 COl 2 CG 2 CJ1 2 cn 1.3799 120.52 0.32 120.40 1.3801 
12 2 CJ1 2 CG 2 COl 2 CE1 1.3741 120.52 -0.18 119.16 1.3792 
13 2 CG 2 COl 2 CE1 2 CF1 1.3799 119.16 -0.03 120.35 1. 3789 
14 2 CD! 2 CE1 2 CF1 2 en 1.3792 120.35 0.10 120.37 1.3793 
15 2 CE1 2 CF1 2 cn 2 CJ1 1.3789 120.37 0.02 119.20 1. 3801 
16 2 CB 2 CG 2 CJ1 2 CK 1.5159 120.73 1.15 121.05 1. 5172 
17 2 CG 2 CK 2 '/rCJ1 2 cn 1.3741 121.05 -179.47 118.55 1.3801 
18 2 N 2 CA 2 C 3 NT2 1.4500 111. 60 -180.00 117.50 1. 3300 
19 2 CA 2 C 3 NT2 3 HT21 1. 5200 117.50 -180.00 120.00 0.9800 
20 2 C 3 HT21 3 *NT2 3 HT22 1.3300 120.00 120.00 125.00 0.9800 
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Figure 16. Generation of [Mpa 1, L-Tic2]OXT from [Mpa1]OXT and 
Ace-L-Tic-CONH2by IC editing 
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Table 13. The IC file of [Mpa 1, L-Tic 2)OXT generated from 
editing X-ray crystal IC and Ace-L-Tic-CONH2 IC 

THE GENERATED IC or IMPA1,L-TICl\OXYTOCIN rROM MPACRY.NIC AND TIC.NIC 
DATE, U14/'O 15,46,14 CREATED DY USER. MICBOW 

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
96 1 

1 1 C 1 CA 1 CD 1 SG 1.5141 115.33 U.86 124.01 1.130' 
l 1 CD 1 CA 1 C 1 0 1.4411 115.22 ".04 121.12 1.3011 
3 3 N 1 CA 1 -C 1 0 1. 4006 109.56 -114.48 ll1.12 1.3011 
4 1 CA 1 C 3 N 3 CA 1.5141 109.56 -110.89 122.96 1. 4501 
6 1 C 2 CA 3 -N 2 B 1.4006 122.96 -119.88 118.53 1. 0803 
1 1 C 3 N 3 CA 2 C 1. 4006 123.96 -132." 106.35 1.5185 
I 2 N 3 CA 2 C 3 N 1.4507 106.26 167 .01 112.91 1.40n , 3 N 2 CA 2 -C 2 0 1.40n 112.91 -117.48 124.82 1.2118 
3 2 CD 2 CA 2 C 2 0 1.5334 113.61 42.13 123.07 1.2272 
4 1 C 2 CA 2 -N 2 CJ: 1.3421 lU.42 167.01 114.98 1.4619 
6 2 C J N 2 'CA 2 CD 1.5295 111.11 -130.94 101.31 1.5334 
7 2 CA 2 II 2 CJ: 2 cn 1.4658 114." 41.63 113.71 1.5172 
I 2 N 2 CA 2 CD 2 CG 1.4651 108.33 47.21 113.&4 1. 515' , 2 CA 2 CD 2 CG 2 COl 1.5334 113.64 160.86 118.75 1.37" 

10 2 COl 2 CD 2 'CG 2 Col 1 1.31" 118.75 119.72 120.13 1.3741 
11 l COl 2 CG 2 cn 2 Cll 1.31" 120.52 0.32 120.40 1.3101 
12 2 Coll 2 CG 2 COl 3 CEl 1.3741 120.52 -0.18 119 .16 1.3192 
13 2 CG 2 COl 2 CEl 2 crt 1.3799 119.11 -0.03 120.35 1. 3119 
14 2 COl 2 CEl 2 cn 2 Cll 1.1192 120.35 0.10 120.31 1.3793 
15 2 CEl 2 Crt 2 Cll 2 Col 1 1.3119 120.11 0.02 11'.20 1.3101 
16 2 CD 3 CG 3 Col 1 2 CJ: 1.515' 120.13 1.15 121. 05 1.5112 
17 2 CG 2 CJ: 2 -eJl 2 Cll 1.3741 lU.05 -119.41 118.55 1.3101 
10 2 CA 1 C 3 N 3 CA 1.5115 112.91 175.83 120.17 1. 4 561 
H 3 CD 3 CA 3 C 3 0 1.5445 112.14 56.19 121.70 1.3U6 
n 1 C ) CA ) -N 3 B 1.40n 110.11 119.40 120.05 1. 0102 
2l 2 C ) N 3 CA 3 C 1. 4021 110.11 -53.11 110.25 1. 5154 
24 3 N 1 CA 3 C 4 II 1.4561 110.15 120.41 114.46 1.31" 
25 4 N 3 CA 3 -C 3 0 1.3866 114.46 114.H 121.70 1.2U6 
26 3 CA 3 C 4 N 4 CA 1. 5154 114.41 171.16 122.11 1.4191 
27 3 II ) C 3 'CA 1 CD 1.4561 110.15 123.21 111.14 1.5445 
28 1 II 1 CA 3 CD 1 CGl 1.4511 109.10 -".n 111." 1.500t 
19 3 CA ) CD 3 CGl 1 CD 1.5445 111.66 -71.11 111. 65 1.5011 
30 1 CGl 3 CA 1 'CD 1 CG2 1.500t 111.66 -121.0t 111.27 1.5141 
31 4 CD 4 CA 4 C 4 0 1.5186 112.16 -31.91 125.16 1.2170 
3l 1 C 4 CA 4 '11 4 B loll" 122.11 -171.72 11'.14 1.0100 
13 1 C 4 N 4 CA 4 C loll" 122.11 57.56 114.&4 1.5114 
14 4 N 4 CA 4 C 5 N 1.4191 114.64 14.11 114." 1.4045 
15 5 II 4 CA 4 'C 4 0 1.4045 114." 115.00 125.15 1. 2170 
36 • CA • C 5 II 5 CA 1.5114 114." 110.56 121.55 l. .. lt 
17 4 N 4 C 4 'CA 4 CD 1.4191 114.64 U8." 112.16 1.5116 
J8 4 N 4 CA 4 CD 4 CG 1.41,. 111.74 -65.67 lU.41 1.5050 
H 4 CA 4 CD 4 CG 4 CD 1.5186 112.41 -54.17 114.90 1. 4100 
40 4 CD .4 CG 4 CD 4 OEl 1. 5050 114.'0 -41.5' 11'.14 1.10'0 
41 4 OEl 4 CG 4 'CO 4 IIE2 1.1090 lU.14 111.50 In.)1 1.3161 
42 4 OEl 4 CD 4 NE2 4 BEU 1.1090 111.41 -1.24 123.79 1.0340 
41 4 HEH 4 CD 4 'NE2 4 BEn 1.0340 121.19 -175.63 125.32 1.0119 
44 5 CB 5 CA 5 C 5 0 1.5109 110.5) 21.90 125.68 1.21l7 
45 4 C 5 CA 5 '11 5 B 1.4045 lU.55 119.41 119.12 1.0107 
H 4 C 5 N 5 CA 5 C 1.4045 121.55 -150.67 10t.61 1.4917 
47 5 N 5 CA 5 C 6 II 1.441' 10'. " 14.82 110.38 1.1611 
48 6 II 5 CA 5 'C 5 0 1.1"1 110.31 -172.91 125.68 1.2U7 
49 5 CA 5 C 6 II 6 CA 1.4977 110.31 -176.15 111.11 1. 4554 
SO 5 N 5 C 5 'CA 5 CD 1.4419 10'.61 nO.06 110.53 1.510' 
51 5 N 5 CA 5 CD 5 CG 1.4419 101.88 161.31 115.15 1. 5100 
52 5 CA 5 CD 5 CG 5 001 1. 510' 115.15 26.40 111.61 1.1051 
51 5 001 5 CD 5 'CG 5 N02 1.1051 117.61 -119.49 123.07 1.1319 
54 5 001 5 CG 5 1103 5 BOll 1.3051 119.25 1.14 113.12 1. 0115 
55 5 BOll 5 CG 5 '1103 5 1022 1.0185 113.12 163.06 135.14 1.0551 
56 6 C 6 CA 6 CII 6 SG 1.5116 101.13 61.60 111.13 1.1414 
51 6 CD • CA 6 C 6 0 1.5116 101.n 11.15 135.24 1.193' 
sa 5 C , CA 6 -II 6 B 1.1"1 llt.3I 179." 130.0' 1.0100 
5' 5 C 6 1/ 6 CA 6 C 1.3"1 11'.31 -144.t3 105.01 1.51U 
60 6 1/ , CA 6 C 7 1/ 1. 4554 105.01 ".11 115.21 1.41n 
61 7 II 6 CA 6 'C 6 0 1.4193 115.21 114.21 135.34 1.lU' 
62 6 CA 6 C 7 1/ 7 CA 1.5116 115.26 -115. tJ 111.10 1.4701 
6l 6 N 6 C 6 'CA 6 CD 1. 4554 105.01 lU.06 101.n 1.5116 
64 6 N , CA 6 CD 6 lIG 1.4554 111.06 -171.14 111.13 1.1414 
65 7 CD 7 CA 1 C 7 0 1.4961 111.11 -71.41 lll." 1.2157 
66 6 C 1 CA 7 '11 7 CD 1.41'2 111.10 -156.03 114.33 1.4753 
67 6 C 1 N 1 CA 1 C 1.4193 118.10 -71.31 111.94 1.5116 
6B 7 II 7 CA 1 C I N 1.4701 111.94 -7.43 111.35 1.4019 

" a N 7 CA 1 'C 7 0 1.4019 111.35 -171." lll.44 1.U51 
70 7 CA 7 C 8 N I CA 1.5116 111.35 179 .10 130.89 LUll 
71 7 C 7 N 7 'CA 7 CD 1.5116 111.94 -120.71 103.13 1.4961 
72 7 II 1 CA 7 CII 7 CG 1.4701 103.13 n.13 102.41 1.41l0 
13 8 CD 8 CA C I 0 1.5114 lOt. " -'0.)1 lll.30 1.ll95 
14 1 C 8 CA '11 I B 1.4019 130.1t -179.t5 11'.62 1.0101 
75 7 C I N CA 1 C 1.4011 120.1t -12.10 114.10 1.4915 

" 1/ I CA C t II 1.un 114.10 -40.44 116.)4 1.3UI 
77 II 1 CA 'C I 0 1.ltll 116.34 -173.10 13).)0 loUtS 
71 CA I C II , CA 1.4915 116 .)4 -116.31 111.15 1.4411 
79 N 1 C 'CA 1 CD 1.un 114.10 U3.77 10'. " 1.5114 
10 II I CA CII • CG 1.43n 10t.13 -5t.44 115.02 1.537) 
n CA I CD CG I COl 1.5114 115.02 113.55 10t.6I 1.5U4 
12 COl I CD 'CG I CD3 1.5U4 10'.61 In.'' 111.60 1.4911 
U C , CA '11 , B 1.ltll 117.15 -179.13 131.0) 1.0103 
14 C , N CA , CD 1.)UI 117.15 170.37 104.53 1.5071 
15 II , CA , CII , IIG 1.4461 104.5) -177.45 111.61 1.41U 
86 II t CA , CII 'OG 1.4461 104.53 -O.lt ll1.61 1.2330 
17 OG , CD t IIG , BGll 1.2320 11'.5' 11.00 115.16 1.0410 
II OG , CB t NG t BGll 1.2320 119.59 -113.60 133.11 1.0111 
It BGll , CD , 'IIG , IGll 1.0410 115.11 0.00 115.16 1.0430 
'0 OG , NG , 'CD , CA 1.33l0 111.59 177.36 111.61 1.5071 
U CA 1 CD 1 BG 6 SG 1.4411 n4.01 U.54 132.63 3.1452 
'3 CD 1 BG 6 IG , CB 1.nOt lU.U -11.91 II." 1.1414 
93 SG 61G 6 CB , CA 3.UU II." 10'. " 111.13 1.5116 
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* ENERGY MINIMIZATION OF ed [HPA1,TIC2)OXYTOCINS 
* BOMBLEV -1 
OPEN READ UNIT 1 UNFORMATTED NAME cgf1$dua1:[MSCHOW)OXT.MOD 
READ RTF UNIT 1 
OPEN READ UNIT 2 UNFORMATTED NAME CGF1$DUA1:[MSCHOW)PARAMNIP.MOD 
READ PARAM UNIT 2 
READ SEQU CARD 
* [MPA1,L-Tic2)OXYTOCIN 
* 
9 
HPA TIC ILE GLN ASN CYS PRO LEU GLA 
GENERATE TICOXT FIRS NONE LAST NONE SETU 
PATCH DISU TICOXT 1 TICOXT 6 SETUP SORT 
OPEN READ FORMAT UNIT 7 NAME TIC60.NIC 
READ ic UNIT 7 
CLOSE UNIT 7 
IC SEED 2 N 2 CA 2 C 
IC BUILD 
IC FILL 
IC PURGE 
PRINT IC 
!! !! ! !G~ERATE H-BOND LIST 
HBONDS ACCE BEST ALL CTONHB 3.5 CTOFHB 4. 0 CUTHB 4. 5 CTONHA 50. 0 -

CUTHBA 90.0 
!! I!! !GENERATE N-BONDED LIST 
NBONDS ELEC ATOM VOW NOEX COlE SWITCH VATO VSWI VOIS ST2L -
CUTNB 9.0 CTOFNB 8.5 CTONNB 7.5 WMIN 1.5 EPS 80.0 -
SIGCUT 1.5 SIGADD 0.5 SIGMAX 8.0 SIGON 1.25 SIGOFF 1.5 SIGWRN 0.7 -
WRNMXD 0.5 E14FAC 1.0 
PRINT HBONDS ANAL 
ENERGY 
MINI ABNR NSTEP 3000 NPRINT 100 INBFRQ 100 IHBFRQ 100 
PRINT Coord 
OPEN WRITE FORM UNIT 3 NAME CGF1$DUA1: (MSCHOW)TIC60MIN.PDB 
WRITE COORD PBD UNIT 3 
* THE PDB COORD OF (MPA1,L-TIC2)OXT ENERGY MINIMIZED 
* OPEN READ FORM UNIT 3 NAME CGF1$DUA1:{MSCHOW)TIC60MIN.PDB 
READ COORD PDB UNIT 3 
CLOSE UNIT 3 
IC BUILD 
IC FILL 
IC PURGE 
print hbonds anal 
ENERGY 
PRINT IC 
OPEN WRITE FORM UNIT 12 NAME CGF1$DUA1:(MSCHOW)TIC60min.IC 
WRITE IC UNIT 12 
* THE IC OF (HPA1,bmT2)OXYTOCIN (g+) energy MINIMIZED 
* STOP 
~D 
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Figure 17. The scheme of energy minimization program 
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The conformation of [Mpa1, L-Tic2)OXT generated by the methods outlined in the 

above section has a g+ orientation of the 2-aromatic ring specified by dihedral angle 2N 

2CA 2CB 2CG = +470• The other possible conformation g- is also of interest and needed 

to be generated. Fortunately, once one of the conformations has been generated by the 

procedure described above, the rest of the possible conformation(s) is(are) generated 

from the existent conformation simply by "rotating" the side-chain of the amino acid res

idue in question. This "rotating" effect is achieved by changing the related dihedral 

angle(s) to the number(s) corresponding to the desired conformation(s). For example, in 

order to generate the g- conformation of [Mpa1, L-Tic2]OXT, the dihedral angle which 

needed to be modified in Table 13 is: 2N 2CA 2CB 2CG (+470 - -600) (Figure 18; Table 

14). The g- conformation of [Mpa1, L-Tic2)OXT defined in Table 14 then also is energy 

minimized. For [Mpa1, L-Tic2]OXT the trans conformer is not possible. But for other 

analogs, the trans conformation can be obtained by specifying 2N 2CA 2CB 2CG to be 

tlS00. A list of the structures studied in this investigation is given in Table IS. The rel

ative stability of different conformers for the same analog or for comparison of different 

analogs are compared after the energy minimization process, and all the observations 

obtained from the calculations are used to correlate with the biological activities if exis

tent. The results and discussions are given in the following sections. 

Energy Minimization of Original [Mpa1]OXT X-Ray Crystal Structure 

The original X-ray structure of [Mpal)OXT (defined in Table 11; with the Tyr2 

side chain in the g- conformation) was energy minimized to examine the effect of the 

energy minimization process on the conformation. The internal coordinates (IC file) 

after energy minimization are given in Table 16. It was found that no drastic change 



g+ conformer: 2N 2CA 2CB 2CG = 48 0 

changing angle value 
from the IC file 

g- conformer: 2N 2CA 2CB 2CG = -60 0 

Figure 18. Generation of [Mpa l , L-Tic2]OXT g- conformer 
from g+ conformer by changing 2N 2CA 2CB 2CG 

68 
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Table 14. ·The Ie of the other conformer of [Mpa1, L-Tic2]OXT 
generated from the existent conformer (g+ to g-) 

~BE GEIII!!IlATED IC or IMPA1, L-~ICaIOXYTOCIN (G-) rROM IC OF G+ COIII'OIUIER 
DATE. a/14190 15.4,.14 CftEA~ED BY OSER: MSCBON 

ao 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
96 1 

1 1 C 1 CA 1 CD 1 SG 1.5147 115.n 61.86 lH.08 1.1209 
a 1 CD 1 CA 1 C 1 0 1.4431 115.aa 66.04 127.12 1.aOl1 
3 3 N 1 CA 1 'C 1 0 1. 4006 109.56 -174.48 121.12 1.aOl1 
4 1 CA 1 C 2 N a CA 1.5141 109.56 -110.89 laa. " 1.4501 
6 1 C a CA 2 'N 2 B 1.4006 122.96 -l79.n 118.53 1. 0803 
1 1 C 2 N a CA 2 C 1. 4006 12a.96 -132.66 106.26 1.5115 
8 a N 2 CA 2 C 3 N 1.4501 106.36 161.01 113.91 1.40n , 3 N 2 CA 2 *C 2 0 1.40n 113. n -111.48 lH.U 1.2118 

10 2 CA 3 C 3 N 3 CA 1.5115 112.91 115.83 130.11 1.4558 
3 2 CD 2 CA 2 C 2 0 1.53l4 113.61 42.13 123.01 1.2212 
4 1 C a CA 2 *N 2 C~ 1.3421 121.42 167.01 114.98 1.4619 
6 2 C 2 N 2 *CA 2 CD .1.5395 118.11 -130.94 108.33 1.5334 
1 2 CA 2 N 2 C~ 2 CJl 1.4658 114.98 43.63 113.11 1.5112 
8 2 N 2 CA 2 CD 2 CG 1. 4658 108.3l -60.00 113.64 1.5159 , 2 CA 2 CD a CG 2 COL 1.5334 113.64 160.16 118.15 1.3199 

10 2 COL 3 CD 2 *CG 2 CJl 1.3199 118.15 179.12 120.13 1.3141 
11 2 COL 2 CG 2 CJl a Cll 1.3199 120.52 0.3a 120.40 1.3801 
13 a CJl a CG 2 COL a CEl 1.3141 nO.5a -0.18 119.16 1.319a 
13 2 ce a CDl 2 CEl 2 CFl 1.3199 119.16 -0.03 120.35 1. 3119 
14 a COL 2 CEl 2 CFl 2 Cll 1.3192 120.35 0.10 120.31 1.31t3 
15 a CEl 2 CFl 2 Cll 2 CJl 1.3189 120.31 0.03 119.30 1.3801 
16 3 CD a CG 2 CJl 3 C~ 1.5159 130.13 1.15 In.05 1. 5112 
11 3 ce 2 C~ 3 *CJl 2 Cll 1.3141 In.OS -179.41 118.55 1.3801 
21 3 CD 3 CA 3 C 3 0 1.5445 112.84 56.89 In.10 1.2326 
32 2 C 3 CA 3 *N 3 B 1.40n 120.11 119.40 120.05 1.0803 
H 2 C 3 N 3 CA 3 C 1.40n 120.17 -53.86 110. as 1.5154 
24 3 N 3 CA 3 C 4 N 1. 4 568 110.35 120.41 114.46 1.3866 
35 4 N 3 CA 3 *c 3 0 1.3866 114.46 lH.n 131.10 1. a326 
36 3 CA 3 C 4 N 4 CA 1. 5154 114.46 118.86 132.11 1. un 
21 3 N 3 C 3 *CA 3 CD 1.4568 110.25 122.36 113.84 1.5445 
as 3 N 3 CA 3 CD 3 ce1 1.4568 109.10 -61.89 111.66 1.5009 
39 3 CA 3 CD 3 cel 3 CD 1. 544 5 111.66 -18.81 111.65 1.5018 
30 3 cel 3 CA 3 *CD 3 ce3 1.5009 111.66 -127.09 111. 31 1.5141 
31 4 CD 4 CA 4 C 4 0 1.5116 lla .36 -ll.n 125.16 1.ll10 
12 3 C 4 CA 4 *N 4 B 1.3166 133.11 -111.12 119. a4 1.0100 
II 3 C 4 N 4 CA 4 C 1.3866 In.ll 51.56 114.64 1.5114 
34 4 N 4 CI\ 4 C 5 N 1.4898 114.64 24.11 114. ,. 1.4045 
35 5 N 4 CA 4 *C 4 0 1.4045 114.98 175.00 135.16 1.ll10 
36 4 CA 4 C 5 N 5 CA 1. 5114 114.98 110.56 131. 55 1.4439 
31 4 N 4 C 4 *CA 4 CD 1.4898 114.64 138.99 11Ll6 1.5186 
31 4 N 4 CA 4 CD 4 ce 1.4898 111.14 -65.61 113.41 1.5050 
39 4 CA 4 CD 4 CG 4 CD 1.5186 113.41 -54.11 114.90 1.4100 
40 4 CD 4 ce 4 CD 4 OEl 1.5050 114.90 -47 .59 119.84 1.30'0 
41 4 OEl 4 CG 4 *Co 4 NE3 1.3090 119.84 113.50 In.31 1.3161 
42 4 OEl 4 CD 4 NEa 4 Hcn 1.3090 118.48 -l.H 123.19 1.0140 
43 4 HEn 4 CD 4 'NEa 4 BCH 1.0340 123.19 -115.63 135.33 1.0389 
44 5 CD 5 CA 5 C 50 1.5109 110.53 31.90 135.68 1.3131 
45 4 C 5 CA 5 'N 5 B 1.4045 131.55 119.48 119.12 1. 0101 
46 4 C 5 N 5 CA 5 C 1.4045 131.55 -150.61 109.68 1..,11 
41 5 N 5 CA 5 C 6 N 1.4439 109.68 14.13 110. J8 1.3618 
48 6 N 5 CA 5 'C 5 0 1.3611 110.38 -In.'' 135.68 1. a131 
49 5 CA 5 C 6 N 6 CA 1.4911 110.38 -116.15 119.38 1.4554 
50 5 N 5 C 5 'CA 5 CD 1.4439 1.09.68 130.06 110.53 1. 510' 
51 5 N 5 CA 5 CD 5 ce 1.4439 101. DB 168.31 115.35 1.5300 
53 5 CA 5 CD 5 ce 5 001 1.5109 115.35 36.40 111.68 1.3051 
53 5 001 5 CD 5 'ce 5 NDa 1. 3051 111.68 -179.49 123.01 1.3289 
54 5 ODl 5 CG 5 Noa 5 Ion 1.3051 119.35 1.14 113.3a 1.0385 
55 5 Ion 5 CG 5 'N03 5 1032 1. 0315 113.13 In.06 135.94 1.0551 
56 , C , CA , CB , se 1.5116 101. '3 n.'o 111.13 1.1414 
51 , CD , CA , C , 0 1.5186 101. t2 31.15 125.34 1.1939 
58 5 C 6 CA 6 'N 6 B 1.3671 119.38 119.99 120.09 1.0800 
59 5 C , N , CA , C 1.3nl 119.31 -144.n 105.01 1.5116 
'0 , N , CA , C 7 N 1.4554 105.01 t1.11 115. a6 1.41'3 
61 1 N , CA , ·C , 0 1.4193 115.n 114.n U5.H 1.1939 
53 , CA , C 7 N 1 CA 1.5116 115.36 -115.93 111.10 1.4101 
63 6 N 6 C 6 'CA 6 CD 1.4554 105.01 119.06 101.'3 1.5186 
64 6 N 6 CA 6 CD 6 se 1. 4 554 111. 06 -111.14 111.13 1.8414 
65 1 CD 1 CA 1 C 1 0 1.U61 111.81 -11. CD In.44 1.n51 
66 6 C 1 CA 1 'N 1 CD 1.4193 118.10 -166.03 114.a3 1.4753 
61 6 C 1 N 1 CA 7 C 1.4192 118.10 -18.37 111. 94 1.5116 
68 1 N 1 CA 7 C 8 N 1.4101 111.94 -1.43 118.35 1.4019 
69 8 N 1 CA 1 'C 1 0 1.4019 118.25 -119.99 121.44 1.3151 
10 1 CA 1 C I N I CA 1.5116 111.35 119 .10 120.89 1.4331 
11 7 C 1 N 7 *CA 1 CB 1.5116 111. 94 -120.19 103.13 1..,61 
12 1 N 1 CA 1 CD 1 ce 1. 4101 103.73 23.12 102.41 1.4130 
13 I CD CA C I 0 1.5114 109.96 -90.31 123.30 loUts 
74 1 C CA 'N I D 1.4019 120.89 -179.95 119.63 1.0101 
15 1 C N CA 8 C 1. 4019 120.89 -12.10 114.10 1..,,5 
16 I N CA C 9 N 1.43ll 114.10 -40.44 116.34 1.3111 
11 9 N CA 'C I 0 1.3918 116.34 -113.10 123.30 1.2195 
18 8 CA C N , CA 1.U15 116.34 -176.31 111.15 1.4461 
79 I N C 'CA I CD 1.43ll 114.10 133.11 109.96 1.5114 
10 I N CA CB I ce 1.43ll 109.13 -59.44 115.0a 1. 5a13 
11 I CA CD ce I COL 1.5114 115.03 113.55 109.68 1.5U4 
la 8 COL CD 'ce I CD3 1. 51a4 10'.68 133.91 111.60 1 • .,91 
8l 8 C CA 'N t B 1.3UI 117.15 -119.13 131. 03 1.0103 .. I C H CA , CB 1.3911 117.85 170.37 104.53 1.5011 
15 9 N CA CD 9 Ne 1.4461 104.53 -111.45 111.61 1. 41a3 
86 , N CA CB tOG 1.4461 104.53 -0.39 In.58 1.ano 
81 90G CD NG 9 Ben 1.nao 119.59 11.00 115.86 1.0UO 
18 90G CD Ne 9 BeH 1.n30 119.59 -113.60 133.11 1.0381 
89 9 Ben CD 'Ne 9 olin 1.0430 115.86 0.00 115.86 1.0UO 
'0 'OG HG 'CD , CA 1.ano 119.5' 111.36 111.61 1.5011 
n 1 CA CD 1 Be 6 se 1.4431 la4.01 86.54 U3.U a .1453 
fa 1 CD 1 ae , ae , CD 1.no, lH.U -16.91 n ... 1.1414 
u 1 aG , 51: , CB , CA a .1453 ".44 109.16 111.13 1.5116 
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Table 15. List of the structures studied in this chapter 

Analog Page 

Oxytocin 82 

[Mpa1]OXT 67 

[Mpa1, Phe2]OXT 88 

[Mpa1, Bch2]OXP 90 

[Mpa1, Gly2]OXT 92 

[Mpa1, Abu2]OXT 92 

[Mpa1, eBmp2]OXT 95 

[Mpa1, tBmp2]OXT 97 

[Mpa1, L-Tic2]OXT 102 

[Penl]OXT 109 

aBch: p-cyclohexylalanine 
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Table 16_ The Ie file of X-ray crystal structure after 
energy minimization 

TBE IC or CRYSTIIL (KPlll1~1:~~IN ENE~;~II~~~I:~Z~~ER. D ... TE. 31 7/90 HSCDON 

20 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
t3 1 

1 1 C 1 CII 1 CB 1 SG 1.5113 114.01 58.34 114.63 1.8111 
2 1 CB 1 CII 1 C 1 0 1.5132 114.01 48.22 112.31 1.1326 
3 2 N 1 CII 1 -C 1 0 1.3349 114.41 -lH.l0 111.31 1.2]26 
4 1 CII 1 C 2 N 2 C ... 1.511] 114.42 -179.47 113.11 1.4565 
5 2 CB 2 C ... 2 C 2 0 1.53H 108.74 116.64 121.25 1.2ll' 
6 1 C 2 CII 2 -N 2 B 1. 3]49 123.11 179.70 117.26 0.9802 
7 1 C 2 N 2 C ... 2 C l.ll49 11].11 -110.49 110.90 1. 5158 
8 2 N 2 CII 2 C ] N 1.4565 110.90 177.07 11&.5] 1. 3401 
9 3 N 2 CII 2 -C 2 0 1. 3401 116.53 178. t8 121.25 1.2]3' 

10 2 t;1I 2 C 3 N 3 C ... 1. 5258 116.53 176.75 1l2.64 1.4595 
11 2 N 2 C 2 -C", 2 CB 1.4565 110. '0 1l0.58 108.74 1.5319 
Il 2 N 2 C ... 2 CB 2 CG 1.4565 109.60 -54.11 114.27 1.5115 
13 2 CII 2 CB 2 CG 2 COl 1.53H 114 .27 103.29 119.41 1.3971 
14 2 CD1 2 CB 2 -CG 2 CD2 1.3971 119.42 -179.03 120.34 1.3973 
15 2 CD2 2 CG 2 COl 2 CEl 1.3973 120.13 0.55 120.05 1.n49 
16 2 CDl 2 CG 2 CD2 2 CE2 1.3971 120.23 -0.5] 11'.'0 1.3960 
17 2 CG 2 CD1 2 CE1 2 cz 1.3971 120.05 -0.18 11'.40 1.3943 
15 2 CDl 2 CEl 2 cz 2CEl 1. 3949 119.40 -0.20 120.94 1. 3954 
19 2 CE2 2 CEl 2 -CZ 2 OB 1.3954 120.94 179.U 11'.31 1.3791 
20 2CEl 2 CZ 2 OB 2 DB 1. 3943 119.31 179.92 10'.12 O.UOO 
II 3 CB 3 CII 3 C 3 0 1. 5538 111.61 63.11 121.11 1.2335 
11 2 C 3 CII 3 -N 3 D 1.3401 1l2.14 179.71 111. " 0.9100 
II 2 C 3 N 3 C ... 3 C 1. 3401 122.64 -It.45 110.07 1. 5273 
14 ] N 3 CII 3 C 4 N 1.4595 110.07 111.49 113.55 1.3419 
25 4 N 3 CII ] -C 3 0 1.34H 113.55 -171.49 111.11 1.23]5 
16 ] CII 3 C 4 N 4 CII 1. 5273 113.55 -174.55 125.13 l.46ll 
27 3 N 3 C 3 -CII 3 CB 1.4595 110.07 123.12 111.51 1.5531 
28 ] N 3 CII ] CB 3 CGl 1.4595 110.49 -55.49 112.5' 1.5325 
29 ] CII 3 CB ] CGl ] CD 1.5531 . 112.5' -5' .11 115.41 1.5470 
30 3 CG1 3 CII 3 -CB 3 CG2 1.5325 112.5' -114.13 111.46 1.5282 
31 4 CB 4 CII 4 C 4 0 1. 5402 111.21 -29.75 l11.U 1.2340 
II 3 C 4 CII 4 -N 4 D 1.3419 115.13 179.97 117.45 0.9797 
33 3 C 4 N 4 CII 4 C 1.3419 125.13 61.'0 116.00 1. 5307 
34 4 N 4 CII 4 C 5 N 1. 4632 116.00 11.15 116.00 1. 33" 
35 5 N 4 CII 4 -C 4 0 l.ll96 116.00 171.33 121.61 1.2340 
36 4 CII 4 C 5 N 5 CII 1.5307 116.00 -179.24 113.19 1.4554 
37 4 H 4 C 4 -CII 4 CD LUll 116.00 129.07 111.21 1.5402 
Ja 4 H 4 CII 4 CD 4 CG l.46ll 111.14 -'3.11 114.50 1.5216 
39 4 CII 4 CB 4 CG 4 CD 1. 5402 114.50 -63.79 113.51 1. 5225 
40 4 CB 4 CG 4 CD 4 OEl 1.5216 113.51 -79.49 111.67 1.230] 
41 4 OE1 4 CG 4 -CD 4 HE2 1.2303 111.67 -179.14 117.47 1.3304 
U 4 OE1 4 CD 4 NE2 4 BEll 1.1303 120.86 0.01 111.26 0.9100 
41 4 BEU 4 CD 4 ·NEl 4 BEl2 O. tlOO 111.2' 179.80 111.39 0.tl01 
44 5 CB 5 CII 5 C 5 0 1.5359 111. 5' 21. 31 122.31 1.2325 
45 4 C 5 CII 5 -H 5 B 1.3396 123.19 179.40 118.11 O. tlO] 
46 4 C 5 H 5 CII 5 C 1.3396 123.it -155.92 107.43 1.5262 
47 5 N 5 CII 5 C 6 N 1.4554 107.43 79.72 115. t1 1.3352 
48 6 H 5 CII 5 -C 5 0 1.3352 115.91 -171.40 111.31 1. 2]25 
49 5 CII 5 C , H 6 CII 1.52U 115.91 -174.91 121. 04 1. 4 5ll 
50 5 H 5 C 5 -CII 5 CB 1.4554 107.43 120.06 111.5' 1.535' 
51 5 N 5 CII 5 CB 5 CG 1.4554 10'.52 -172.47 114.02 1. 5221 
52 5 CII 5 CB 5 CG 5 001 1. 5359 114.02 82.46 121. 53 1.22" 
53 5 OD1 5 CB 5 -cc: 5 NOl 1.2l" 1ll. 5] -179.97 117.61 1. 3301 
54 5 OD1 5 CG 5 HD2 5 BOll 1.1196 1l0.14 0.57 111.35 0."" 
55 5 BDU 5 CG 5 -ND2 5 BD22 O. "tI 118.35 -179.69 111.2& 0."" 
56 6 C , CII 6 CD 6 SG 1.5nl 111.13 '0.13 114.22 1.810' 
57 , CD , CII 6 C 6 0 1. 5149 111.23 51.33 120.19 l.ll35 
58 5 C , CII , -H , B 1.3352 121. 04 -179.'0 119.43 O. tlOO 
5' 5 C , 1/ , CII , C 1.ll52 121. 04 -125.99 112.63 1.5l61 
'0 , N , CII , C 7 1/ 1.4531 111.U 107.97 111.11 1.3456 
n 7 H , CII 6 -C , 0 1. 345' 111.11 -171.'0 120.19 l.ll35 
'2 , CII , C 7 1/ 7 CII 1. 5112 111.11 175.94 124.51 1.4141 
63 , 1/ 6 C , -CII , CD 1.4531 lll.U 12].26 l11.U 1.52" 
54 , 1/ 6 CII , ca , sc: 1.4531 10'.42 -174.10 114.12 1.1106 
65 7 CII 7 CII 7 C 7 0 1.5111 111.86 -84.43 120.75 l.ll11 

" 6 C 7 CII 7 -N 7 CD 1.34 51 114.51 -174.41 110.75 1.4614 
67 , C 7 N 7 CII 7 C 1.345' 1l4.51 -11.71 115.60 1. 5213 
61 7 N 7 CII 7 C 8 H 1.4641 115.60 -1l.68 116.52 1. 3]17 
69 8 H 7 CII 7 -C 7 0 1. 3387 111.51 -179.91 120.75 1.1311 
70 7 CII 7 C e N I CII 1.5273 111.52 177.0' 111. " 1.4561 
71 7 C 7 N 7 -CII 7 CB 1.5173 115.60 -1l1.11 101.14 1.5111 
12 7 H 7 CII 7 CD 7 CG 1.4641 101.84 30.66 103.43 1.5011 
13 8 CD CII 8 C I 0 1.5281 10'.35 -'0.84 110.71 1.1324 
H 7 C CII I -H I B 1.3317 112. " 179.66 111.11 0.9100 
75 7 C H 8 CII 8 C 1.3387 121. " -79.37 111.70 1.5240 
76 I N CII I C , N 1.4561 111.70 -ll.15 116.47 1.3377 
77 , N CII 8 -C I 0 l.ll77 115.47 179.61 110.71 1.1ll4 
71 CII C , N 9 CII 1.5240. 115.47 179.14 lll.ll 1. 45]0 
79 N C I -CII I CD 1.4561 lU.70 111.7] 10'.]5 1. 5111 
80 H CII I CD 8 CG 1.4561 110.05 -62.10 113." 1.5112 
81 CII CD I CG I eDl 1.5111 lll." 171. 45 10'.'0 1.5111 
12 CD1 CD 8 -CG I CD2 1.5181 10'.90 U].16 111.70 1.5224 
83 C CII , -N 9 D 1.3377 122.21 179.72 111.tt O.tlO] 
14 C N , CII , CD 1.ll77 122.21 -176.93 111.25 1.5191 
85 N , CII 9 CD , NG 1.4530 111.15 -84.58 117.41 1.11t7 
16 H 9 CII , CD ,OG 1. 4530 111.25 '4.99 121.62 1.22t7 
87 OG , CD , HG , UGll 1.1191 120.91 O.lt 111.24 0.9'" 
ee OG , CB , NG , BGll 1.2291 120.91 -1".31 118.43 0.9100 
at BGll , CD 9 -NG , BG21 0.9791 111.24 0.00 111.24 O. t7t1 
'0 OG , HG , -CD , CII 1.2317 120.91 179.57 117.41 1.5191 
91 CII 1 CD 1 SG 6 SG 1.5ll2 114.63 n.n 105.5' 2.0]5' 
92 1 CD 1 SG 6 SG , CD 1.8112 105.59 -100.81 104.47 1.110' 
U 1 It: 6 SG , CII , ell 2.0]5' 104.47 ".13 114.22 1.514!..--
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occurred in the backbone conformation of the 20-membered disulfide-containing ring 

(see Table 17 for comparison of ¢i, ,pi, and xi), but the tripeptide tail was brought closer 

to the ring after energy minimization. The H-bonding analyses of [Mpa1]OXT before 

and after energy minimization are listed below: 

before energy minimization (total EH-bond = -2.1 kcal) 

donor 

TyrZNH 
Asn6NH 
Gly9NH 

acceptor 

Asn6CO 
TyrZCO 
CysSCO 

energy (kcal) 

-1.079 
-0.896 
-0.094 

after energy minimization (EH-bond = -2.2 kcal) 

donor 

TyrZNH 
Asn6NH 
Gly9NH 

acceptor 

Asn6CO 
Tyr2CO 
CysSCO 

energy (kcal) 

-1.533 
-0.777 
-0.001 

As can be seen from above, the total H-bonding energy (Ebefore = -2.1 kcal/mole and 

Eafter = -2.2 kcal/mole) was almost unchanged. However, contributions from the indi-

vidual H-bonds are slightly different (see the list above). Most of the dihedral angles 

which have a change larger than 200 are involved in H-bond donating or accepting 

groups in the side-chains (residues Tyr2-0H, Gln4-CONHs' Asn6-CONHs' and 

Gly9-CONH2; Table 18). These changes may be due to the seven water molecules in the 

original X-ray crystal structure (solvating the polar side-chains) being removed in the 

energy minimization process. Thus the initially solvated side-chains apparantly can und-

ertake more variations. Overall the structure (especially in the ring moiety) was not sig-
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Table 17. The tf. ,pi. and X} angles of [Mpa1]OXT before and 
after energy minimization 

Residue before E mini. after E mini. 
i 

1 ( -, - , 172 ) ( -, -, 168 ) 

2 ( -133, 167, -50 ) ( -110, 1 T1, -54 ) 

3 ( -54, 120, -68 ( -69, 118, -55 

4 ( 58, 24, -66 ) ( 62, 23, -63 ) 

5 ( -151, 75, 168 ) ( -156, 80, -172 ) 

6 ( -145, 98, -177 ) ( -126, 108, -174 ) 

7 ( -78, -7, 24 ) ( -69, -22, 31 ) 

8 ( -73, -40, -59 ) ( -79, -33, -62 ) 
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Table 18. Significantly changed (> 20° ) dihedral 
angles of [Mpal]OXT after E minimized 

Dihedral Before E After E Angle 
Minimized Minimized Change 

Angles (degree) (degree) (degree) 

lC 2N 2CA 2C -133 -110 +23 

2CE1 2CZ 20R 2RR -138 -180 -42 

4CB 4CG 4CD 40E1 -48 -79 31 

5CA 5CB 5CG SOD! 26 82 34 

6CB 6CA 6C 60 31 52 21 

9N 9CA 9CB 9NG -177 -85 92 

9N 9CA 9CB 90G 0 95 95 
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nificantly changed by the energy minimization proces.s. The stereo pictures of the struc

ture before and after energy minimization and also the superimposed picture are given in 

Figure 19. 

Energy Minimization of [Mpal]OXT With The Tyr% 

Side-Chain At G+ And Trans Conformations 

As discussed above, the relative stabilities of the three conformations, which are 

different only at the rotation of the 2-side-chain, e.g. g+, g-, and trans, are of our great 

interest. So the original g- conformation of Tyr% in the X-ray crystal structure was con

verted into its g+ and trans conformations and energy minimized respectively according 

to the experimental procedure described above. The. final rfJi, ,pi, and Xli angles of each 

conformer are listed in Table 19. As can be seen from the Tables, conformers g- and 

trans have almost identical (4)i, ,pi, Xli) angles as the initial conformation, but have xl = 

-54 and -177 for g- and trans respectively. The g+ conformer has some differences 

when compared to the g- and trans conformers in its 20-membered ring moiety, particu

larly in the angles 1/>%, t/J4, and ,p6. The topological features are also different for the three 

conformers (Figures 19-21). As you can see from Figure 20, the g+ conformer has its 

aromatic ring placed parallelly on top of the 20-membered ring compared to the other 

two conformers. The relative energy of three conformers is also interesting (Table 20). 

The g+ conformer in fact is the most stable conformer (by 5-6 kcal/mole) according to 

the calculations. When considering the individual energy contributions, we can see that 

the extra stabilization of g+ conformer is due to the large gain in H-bond energy (by -4.7 

kcal/mole) mainly from the formation of a Tyr2 OH to Asn6 CONH% H-bond (-3.2 

kcal/mole; Table 21). Formation of the similar side-chains H-bond is not possible for 



Structure before energy minimization 

Structure after energy minimization 

The superimposed picture of the two structures 

Figure 19. The stereo view of X-ray crystal structure of 
[Hpa1]OXT before and after energy ainimization 
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Table 19. The ¢i. ,pi. and Xli angles of three conformers in [Mpal]OXT after 
energy minimization (initial disulfide: -860; angle unit degree) 

Residue ( ¢i. ,pi. xi ) in conformer 

i g+ g- trans 

1 ( ---.---.-I77a) ( ---.---.-17ga) ( ---.---.-179a) 

2 (-143.-168,59) (-110,177,-54) (-107,167,-177) 

3 (-66,126,-55) (-69,118,-56) (-64,118,-55) 

4 (68,5,-64) (62,23,-63) (63,23,-62) 

5 (-158,118,-174) (-156,80,-172) (-156.76,-175) 

6 (-144,112,-177) (-126,108,-174) (-125,109,-174) 

7 (-68,-21,30) (-69,-22,31 ) (-70,-22,31) 

8 ( -80,-32,-62) ( -79,-33,-62) ( -79,-33,-62) 

9 ( ---,---.-92b) ( ---,---.-85b) ( ---,---,-84b) 

disulfide 
bridge -101 -98 -102 

aDihedral angle of C Cel C{3 S 
bDihedral angle of N Cel C{3 N(amide) 
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Figure 20. Stereo picture of [MpallOXT g(+) confonner after energy minimization 
in three different perspectives 
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Figure 21. Stereo picture of [Mpa1]OXT uans conformer after energy minimization 
in three differem perspectives 



Table 20. The contributions of individual energy terms to the three 
conformers of [Mpa1]OXT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -15.2 -9.1 -9.0 

van der Waals -25.5 -23.9 -24.7 

H-bond energy -6.9 -2.2 -2.3 

bonds +2.2 +2.0 +2.1 

dihedral angles +5.3 +6.2 +6.2 

bond angles +9.2 +8.7 +9.5 

improper dihedrals +1.2 +1.0 +1.0 

electrostatic energy -0.7 -0.9 -0.8 

aFor the energy terms, see Brook et at., 1983 
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Table 21. H-bonding analysis of the three confonners 
of [Mpa l]OXT 

Donor Acceptor E (kcal/mole) 

the g+ confonner 

Ty?NH AsnSCO -2.81 

AsnsNH Ty?CO -0.63 

Asns CONH2 
Tyr2 0H -3.43 

the trans confonner 

Ty?NH AsnSCO -1.71 

AsnsNH Ty?CO -0.49 

the g- confonner 

Ty?NH AsnsCO -1.53 

AsnsNH Ty?CO -0.78 
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the g- or trans conformation. This observation seemed to be consistent with the coopera

tive model in which the g+ of Tyr2 side-chain is the bioactive conformation and is stabil

ized by "the interaction of Tyr2 and Asn& side-chains" as proposed first by Walter (1977). 

At this point, I thought it was necessary to examine if these observations in the analog 

[MpallOXT would be retained in oxytocin itself. Thus the g- conformer of oxytocin was 

obtained by replacing the Mpal residue in the analog [Mpal]OXT with Cysl, and the g+ 

and trans conformers of oxytocin were obtained by changing the Xl angle of the 2-side

chain in the corresponding g- conformer. These three conformers were subjected to 

energy minimization. The results are summarized in Tables 22 and 23. Parallel results 

were obtained for oxytocin and [MpallOXT. That is, both pep tides have very similar 

conformational properties in their low energy conformations. In other words, in oxytocin 

the most stable conformation is also g+ and it is stabilized by an H-bond between 

Tyr2-0H and the Asn&-CONH2. The g+ conformer of [Mpal]OXT compares very favor

ably with oxytocin's g+ conformer of Tyr2 in that has very similar topological features in 

terms of the position of the aromatic ring relative to the 20-membered disulfide-contain

ing ring (Figure 20 and 22). For convenience, all the discussions were based on the cal

culation results of Mpal analogs. The corresponding Cysl analogs are assumed to have 

similar conformational features, except where it is otherwise indicated. 

The disulfide dihedral angle in the conformations just disc~ed started from left

handed helixity -86° (one of the original dihedral angles of disulfide bridge in the X-ray 

crystal structure; the other was left-handed). After energy minimization, the value was 

between -98° and -102°. To avoid any possible misleading results, it is also necessary to 

study the conformations with a right-handed disulfide bridge. So the three conformers 

of [Mpal, Tyr210XT were again energy minimized with the disulfide bridge starting at 

+1100. Similar results were obtained (Tables 24 and 25). Again the g+ conformer is 



Table 22. The ¢i, ,pi, and Xli angles of three conformers in native oxytocin 
after energy minimization (initial disulfide: -860; unit degree) 

Residue ( ¢i, ,pi, Xli) in conformer 

i g+ g- trans 

1 (---,---,-180) (---,---,-180) (---,---,180) 

2 (-147,-166,60) (-115,179,-59) (-113,170,-174) 

3 (-65,123,-56) ( -69,120,-55) (-64,119,-55) 

4 (64, 12,-67) (60,25,-63) (62,24,-63) 

5 (-155,104,-174) (-156,76,-175) (-154,73,175) 

6 (-153,105,-178) ( -139,108,-17.4) (-139,105,-174) 

7 (-67,-16,32) (-72,-19,33) (-72,-18,33) 

8 (-81,-27,-61 ) (-79,-40,-61) (-79,-40,-61) 

9 (---,---,-167) ( ---,---,-132) ( ---,---,-143) 

disulfide 
bridge -92 -98 -99 

aDihedral angle of C CQ Cp S 
bDihedral angle of N CQ Cp N 
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Table 23. The contributions of individual energy terms to the three 
conformers of native oxytocin after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -12.6 -8.6 -7.7 

van der Waals -24.1 -23.5 -23.8 

H-bond energy -7.0 -2.4 -2.5 

bonds +2.4 +2.0 +2.2 

dihedral angles +5.2 +6.1 +6.2 

bond angles +10.1 +8.7 +9.7 

improper dihedrals +1.3 +1.0 +1.0 

electrostatic energy -0.5 -0.5 -0.4 

aFor the energy terms, see Brook et at, 1983 
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Figure 22. Stereo picture of oxytocin g(+) confonner after energy minimization 
in three different perspectives 
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Table 24. The~,,pi, and Xli angles of the three conformers in [Mpal]OXT after 
energy minimization (initial disulfide: + 11 00; angle unit degree) 

Residue ( ~, ,pi, Xli) in conformer 

i g+ g- trans 

1 (---,---,50a) (---,---, 158a) (---,---, 175a) 

2 (-129,-132,49) (-120,-179,-56) (-128,176,-176) 

3 (-73,132,-55) (-69,119,-55) (-67,114,-54) 

4 (66,-71,-63) (61,27,-63) (59,27,-63) 

5 (-81,105,54) (-154,95,-176) (-161,152,-178) 

6 (-150,120,171) (-148,110,-176) (-131,106,-165) 

7 (-67,-22,30) (-70,-21,31) (-72,-19,32) 

8 (-81,-21,-62) ( -80,-32,-62) ( -79,-34,-60) 

9 (---,---,-71 b) ( ---,---,-88b) ( ___ , ___ ,_92b) 

disulfide 
bridge 85 73 74 

aDihedral angle of C Ca Cp S 
bDihedral angle of N Ca Cp N(amide) 
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Table 25. The contributions of individual energy terms to the three 
conformers of [Mpal10X~ after energy minimization 

Energy termb Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -10.0 -6.2 -7.5 

van der Waals -27.5 -22.7 -26.1 

H-bond energy -5.3 -3.3 -2.5 

bonds +2.2 +2.0 +2.2 

dihedral angles +8.5 +8.9 +8.5 

bond angles +11.4 +8.8 +9.7 

improper dihedrals +1.7 +1.0 +1.2 

electrostatic energy -1.1 -0.9 -0.5 

aThe initial disulfide bridge = +1100 in this case 
bFor the energy terms, see Brook et aI., 1983 
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better stabilized by a H-bond between Tyr2-0Hand the Asn&-CONHJ even when the 

disulfide bridge is right-handed. Together with the calculations for conformers with a 

left-handed disulfide bridge, all six possible conformers of the Mpa1 analog had an 

energy minimium -7 to -IS kcal. Previously we have considered that the left-handed 

disulfide bridge is quite likely involved in the transduction process (Hruby et al., 1978; 

Hruby, 1987; in fact this concept was further supported in the calculations of 

[Penl]OXT, and will be discussed later); calculations in this study are mainly concen

trated in conformations with a left-handed disulfide bridge, unless otherwise specified. 

Relation of the Turn Structure and the Orientation of the 2-Side-Chain 

The preferred conformation in [Mpa1, PheJIOXT 

As discussed in Chapter I, removal of the hydroxy group of the TyrJ in oxytocin 

resulted a much less active analog [PheJ]OXT. Lack of the hydroxy group to form a H

bond with the Asn5-CONH2 to stabilize the g+ bioactive conformation of the aromatic 

ring of the Phe2 is considered to be the main cause for the loss of its potency. We were 

surprised that the most stable conformer (by 3 kcal/mole) of the PheJ analog was found 

to be g+ from the calculation (see Table 26). Considering that the PheJ analog is still an 

agonist, though much less potent than the native hormone which has a Tyr2 residue, we 

should not be surprised that the Phe residue still shows a preference for the bioactive 

conformation (supposely g+). Calculations showed that the g+ conformer of the PheJ 

analog is more stable than the g- and trans conformers by 3 kcal, which is less than that 

of the TyrJ analog (6 kcal). This indicates that stabilization of the g+ aromatic ring (the 

bioactive position) of a PheJ residue is considerably weaker than the TyrJ residure. This 

observation may account for the lower potency of the PheJ analog. 



Table 26. The contributions of individual energy terms to the three 
conformers of [Mpa1, Phe~]OXT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -11.6 -8.6 -8.5 

van der Waals -24.8 -23.2 -24.1 

H-bond energy -3.7 -2.2 -2.3 

bonds +2.2 +2.0 +2.1 

dihedral angles +5.3 +6.1 +6.2 

bond angles +9.0 +8.6 +9.5 

improper dihedrals +1.2 +1.0 +1.0 

electrostatic energy -0.6 -0.9 -0.9 

aFor the energy terms, see Brook et aI., 1983 
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We were curious to further explore the factors that may lead to a preference for 

the g+ conformer in [Mpa1, Phe~]OXT. From Table 26, it can be seen that mainly the 

H-bond energy and the van der Waals interaction cOntribute to the total energy differ

ences between the g+ conformer and the g-(or trans) conformer. The H-bonding ana

lyses of the three conformers (Table 27) show that the H-bond between Tyr2NH and the 

AsnGCO is stronger when the aromatic ring is in the g+ position. This indicates that the 

orientation of the 2-side-chain may have some influence on the stability of the tum 

structure. No detailed analysis of the van der Waals interaction is available from the pro

gram. The suggested interaction of aromatic 11' electrons in residue 2 and the Cys6 S (the 

electronic effect, Fric et al.,1974; Ross et al., 1986; Lebl et al., 1987) may be considered 

to be one of the possible contributions to the van der Waals interaction. Modeling of the 

following molecules were designed to verify our thoughts. 

The electronic effect of the aromatic ring 

To examine if the electronic effect is essential or not, we thought of "taking out" 

the 11' electrons in the aromatic ring and studying the conformational properties of the 

structure without them. But the uniqueness of the aromatic ring makes it very difficult 

to find a model that can be used to eliminate the electronic effect without influencing 

the steric and lipophilic properties. Though it is not a perfect residue, p-cyclohexylalan

ine, more sterieally demanding than the aromatic ring. was used to replace phenylalanine 

in the 2-position to give [Mpa1, Bch~]OXT. This model was expected to provide some 

insights of the 11' electron effect. Interestingly enough. without the aromatic 11' electrons. 

the g+ conformer of [Mpa1, Bch2]OXT was still the most stable conformation. The 

energy difference between the g+ and the g- (or trans) conformation was mainly due to 

the difference in van der Waals interactions and was about 11 keal/mole (only 3 



Table 27. H-bonding analysis of the three confonners 
of [Mpa 1, Phe2]OXT and[Mpa 1, Gly2]OXT 

Donor Acceptor E (kcal/mole) 

the g+ confonner of [Mpa 1, Phe2]OXT 

-2.93 
-0.63 

the trans confonner of [Mpa1
, Phe2]OXT 

-1.73 
-0.52 

the g- confonner of [Mpa1
, Phe2]OXT 

Phe2NH AsnsCO -1.54 

AsnsNH Phe2CO -0.76 

H-bonding analysis of [Mpa1
, Gly2)OXT 

Gly2NH AsnsCO -3.30 

AsnsNH GliCO -0.39 
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kcal/mole in the case of Phez analog; Table 28). From this examination it seems that the 

preference for the g+ conformation of the 2-side-cbain is related to the steric effect 

(conformational properties). However we were not able to clarify the effect of the 11' 

electrons by molecular modelling using this model. Synthesizing the [Bchz]OXT and exa

mining its biological activity and conformational properties could be a more direct way to 

understand the effect of the 11' electrons. 

The steric effect of the 2-side-chain 

To better understand the relation of side-chain conformation of the residue in pos

ition 2 and the backbone conformation, the molecule [Mpa1, Gly2]OXT, which bas no 

side-chain moiety in position 2, was examined to investigate the preferred backbone con

formation without a side-chain group in the position two. The result showed that the 

backbone conformation of this molecule is similar to that of the g+ conformer of Phez 

analog and the H-bonding energy is about the same (Table 27). This indicated that when 

there is no side-chain in position two the molecule would arrange to have good H-bond

ing in the ring backbone structure. How much does the orientation of p-substituted 

2-side-chain affect the backbone H-bonding? In an attempt to answer this question, the 

molecule [Mpa1, AbuZ]OXT was studied. This molecule has the smallest P-alkyl group, 

CH3, in residue 2, just enough to produce three distinguishable conformers. Results 

showed that even with a p-methyl group, the g- and trans conformers are less stable than 

the g+ conformation due to perturbation of the TyrI NH-Asn6CO backbone hydrogen 

bonding (Table 29). A conclusion from these studies was that in oxytocin analogs the 

preference for 2-side-chain orientation may be closely related to the backbone confor

mation. 



Table 28. The contributions of individual energy terms to the three 
conformers of [Mpa1, Bch!]OXT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -13.7 -2.8 -2.8 

van der Waals -29.1 -26.3 -25.9 

H-bond energy -3.4 -1.7 -2.1 

bonds +1.7 +1.9 +1.9 

dihedral angles +7.8 +13.4 +13.1 

bond angles +8.7 +9.9 +10.0 

improper dihedrals +1.1 +1.0 +1.0 

electrostatic energy -0.6 -0.9 -0.8 

aFor the energy terms, see Brook et at, 1983 
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Table 29. The ~i, ,pi, and Xli angles of the three conformers in [Mpal , Abu210XT 
after energy minimization (initial bridge: -860; angle unit degree) 

Residue ( ~, ,pi, Xli) in conformer 

g+ 

1 (---,---,59a) 

2 (-139,-171,59) 

3 (-67,125,-56) 

4 (64,15,-63) 

5 (-158,105,-178) 

6 (-145,111,-174) 

7 (-69,-22,30) 

8 ( -80,-33,-62) 

9 ( ---,---,-89b) 

disulfide -98 
bridge 

final E -15.1 
(kcal) 

H-bond E -3.6 
(kcal) 

aDihedral angle of C Ca Cp S 
bDihedral angle of N Ca Cp N(amide) 

g-

(---,---,58a) 

(-109,177,-64) 

(-69,119,-56) 

(62,23,-63) 

(-156,80,-175) 

(-128,109,-174) 

(-69,-22,31) 

( -79,-33,-62) 

( ---,---,-84b) 

-100 

-14.1 

-2.4 

trans 

(---,---,58a) 

(-118,170,-165) 

(-64,122,-56) 

(64,19,-63) 

(-157,86,-175) 

(-134,109,-174) 

(-69,-22,31) 

( -79,-34,-62) 

( ---,---,-84b) 

-100 

-12.8 

-3.0 
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Up to now, the low energy conformations of analogs examined seemed to fall into 

two different conformational categories. The lust category has the g+ conformation for 

the Xl angle of the side-chain moiety in the 2-position, in which there is better H-bond

ing (about -3 kcal) and more favorable van der Waals interactions (by 0.5-1.2 kcal) com

pared to the g- and trans conformers. The other category has the Xl angle of the 2-side

chain in either a g- or a trans position, but in which a less stabilized backbone tum 

structure (H-bond energy is around -2 kcal). To show the differences between these two 

backbone conformation categories, the dihedral angles of the backbone, ¢J' tP2; ¢3' tP3; ¢4' 

tP4; ¢6' tP&; ¢6' tP6; ¢7' tPr. and ¢s' tPs' for each conformation of [Mpal]OXT, oxytocin, 

[Mpal , PheJ]OXT, and [Mpal , BchJ]OXT are plotted in Figure 23, (a) and (b). As can 

be seen in Figure 23(a), the backbone dihedral angles of the four g+ conformers of 

[Mpa1]OXT, oxytocin, [Mpa1, Phe2]OXT, and [Mpa1, BchJ]OXT molecules overlapped 

nearly perfectly. Figure 23(b) shows the great similarity of the backbone conformation 

of the g- and trans conformers of [Mpa1]OXT, oxytocin, [Mpa1, PheJ10XT, and [Mpa1, 

Bch2]OXT. The averages of Figure 23(a) and 23(b) were calculated respectively and 

plotted in Figure 23(c) to show the differences between the two categories. 

Conformational Effect of Introducing a Methyl Group at C{J of the Phe2 Residue: 

The Orientation of 2-Aromatic Ring in The Transduction State 

If the g+ conformation of the 2-position aromatic ring is that which corresponds to 

the proposed bioactive conformation (Walter et al., 1977), the results of our computer 

modeling of TyrJ and PheJ oxytocin analogs are consistent with the biological activities. 

However, this is exactly the question that we have raised based on the biological activity 

of the eBmp2 (erythro-L-{J-methyl-phenylalanineJ) analog and discussions that appeared 
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in Chapter 1. In an attempt to examine this issure more carefully, the three conformers 

of [Mpa1, eBmp2)OXT were generated in the computer and energy minimized to examine 

the influence of the p-methyl group on the relative stabilities of the three conformers. 

The dihedral angles ¢i, vA and Xli of each conformer after energy minimization are sum

marized in Table 30. As can be seen from the Table, the g+ conformation is slightly dif

ferent from the g-/trans conformations. Also the calculation result shows that the g+ 

conformer is still the most stable conformation (Table 31)! And it is very interesting to 

observe that the van der Waals interaction seemed to be the major contribution for stabil

izing of the g+ conformation (by 3.1-4.5 kcal; Table 31). For Phe2 and Tyr2 analogs, the 

difference of van der Waals interaction among the three conformers was only about 1.2 

kcal (see Tables 20 and 26). In other words, replacement of the pro-S hydrogen at the 

p-carbon of the Phe2 residue by a methyl group does' constrain the space of the aromatic 

ring, stabilizing the g+ conformation by van der Waals interaction in this particular case. 

From the stand point of topography, the g+ aromatic ring of the eBmp2 analog also is in 

a similar position on top of the 20-membered ring as found for the native hormone (Fig

ures 20 and 24). The observation that the g+ position of the aromatic ring is further sta

bilized by a pro-S p-methyl group (consequently the eBmp2 analog is more active than 

the Phe2 analog) is different from the conclusion derived from the qualitative local con

formational analysis (see discussion in Chapter 1). We think the calculation result is more 

reliable since the qualitative conformational analysis Can not take into account additional 

interactions that occur in a polypeptide. It is interesting to consider what the steric 

effects would be observed if the replacement was at pro-R hydrogen instead of pro-S 

hydrogen. To examine this effect, three conformers' of tBmp2 (threo-L-,8-methyl-phe

nylalanine2) analog were generated and energy minimized. The results clearly indicated 

the preference for the g+ aromatic ring would be highly disturbed (Table 32). In fact, in 



Table 30. The ¢i, ,pi, and Xli angles of the three conformers in [Mpal, eBmp2]OXT 
after energy minimization (initial disulfide: -S60; angle unit degree) 

Residue ( ¢i, ,pi, Xli) in conformer 

i g+ g- trans 

1 (---,---,56a) (---,---,593) (---,---,5Sa) 

2 (-112,-16S,57) (-95,164,-53) (-136,172,-172) 

3 (-67,125,-55) (-64,120,-56) (-56,125,-55) 

4 (67,6,-63.4) (65,21,-63) (67,13,-63) 

5 (-159,121,-171) (-156, SI,-I72) (-15S,101,-17S) 

6 (-124,97,-175) (-123,10S,-174) (-142,111,-174) 

7 (-69,-21,31) (-69,-22,31) (-69,-22,31 ) 

S (-SI ,-27,-63) ( -79,-33,-62) (-SO,-34,-62) 

9 (---,---,-92b) ( ---,---,-S5b) ( ---,-__ ,-SSb) 

disulfide 
bridge -103 -102 -99 

aDihedral angle of C Ca Cp S 
bDihedral angle of N Ca Cp N(amide) 

9S 



Table 31. The contributions of individual energy terms to the six conformers 
of [Mpa1,eBmp210XT after energy minimization 

Energy terma 
(kcal) 

total energy 
van der Waals 
H-bond energy 
bonds 
dihedral angles 
bond angles 
improper dihedrals 
electrostatic energy 
final disulfide angle 

total energy 
van der Waals 
H-bond energy 
bonds 
dihedral angles 
bond angles 
improper dihedrals 
electrostatic energy 
final disulfide angle 

Conformer 
g+ 

Conformer 
g-

Conformer 
trans 

left-handed disulfide bridge 

-10.6 
-26.0 
-3.8 
+2.4 
+6.2 
+9.8 
+1.3 
-0.6 
-103 

-6.9 
-22.9 
-2.6 
+2.3 
+6.3 
+9.6 
+1.2 
-0.8 
-102 

right-handed disulfide bridge 

-7.2 
-24.8 
-4.7 
+2.4 
+8.8 
+10.1 
+1.3 
-0.3 
+74 

-4.0 
-21.7 
-'3.6 
+2.3 
+9.3 
+9.5 
+1.1 
-0.9 
+73 

-6.1 
-21.5 
-3.6 
+2.6 
+5.7 
+10.0 
+1.4 
-0.8 
-99 

-3.4 
-21.1 
-4.2 
+2.6 
+8.4 
+10.2 
+1.4 
-0.7 
+74 

aFor the energy terms, see Brook et al., 1983 
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Figure 24. Stereo picture of [Mpa1
, eBmp2)OXT g+ conformer after energy 

minimization in three different perspectives 
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Table 32. The contributions of individual energy terms to the three conformers 
of [Mpa1, tBmp2]OXT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -7.1 -7.1 -8.3 

van der Waals -23.5 -21.0 -24.0 

H - bond energy -4.0 -3.9 -2.6 

bonds +2.7 +2.4 +2.4 

dihedral angles +5.6 +5.7 +6.0 

bond angles +10.7 +9.1 +9.7 

improper dihedrals +2.0 +1.3 +1.2 

electrostatic energy -0.6 -0.7 -0.9 

aFor the energy terms, see Brook et al., 1983 
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this case the trans conformer might become the most stable one. In other words, for the 

Phe2 analog, depending on which of the hydrogens at the fJ carbon is replaced, the con

straining effect of the fJ-methyl group on the 2-aromatic ring can be varied. It would be 

very interesting to synthesize the tBmp2 analog and compare its activity with the eBmp2 

analog. 

These results we have obtained appear to satisfactorily address the questions we in

itially asked: "Is the g+ position of the aromatic ring.really the bioactive conformation?" 

and "Why is the eBmp2 analog much more active than the Phe2 analog?". Several conclu

sions can be derived from the studies: (I) the g+ conformation is probably the bioactive 

conformation according to the computer modeling of Tyr2, Phe2, and eBmp2 analogs, and 

(2) the enhanced activity of the eBmp2 analog is due to the g+ conformation constraining 

the methyl group on the fJ-carbon at the pro-S position. 

The Specific Backbone Conformation in The Transduction State 

In an earlier approach to constraining the aromatic ring in position two of oxyto

cin, both the L-Tic! and D-Tic2 analogs (only g+ and g- conformations are possible, see 

Figure 25) were synthesized. The D-Tic2 compouQd may well be expected to be an 

antagonist from the conventional structure-activity relationship point of view. But even 

the L-Tic! analog showed only weak antagonist activity in the oxytocic assay, and no 

agonist activity was observed (Table 6). "It has been shown that the L-Tic aromatic ring 

exists exclusively as the g+ conformation while D-Tic prefers the g- conformation when 

they are incorporated in the somatostatin peptide chain (Kazmierski, 1988). Based on 

extensive spectroscopic studies of the L-Ticl and D-Ticl oxytocin analogs (Lebl et al., 

1990), it was found that the analogs assume a different backbone conformation from 
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Figure 25. The possible staggered conformers of D-Tic and L-Tic 
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oxytocin. We have also computer modeled the L-Tic% analog by the same procedure. 

From the calculation, we were able to see that the g+ conformer of L-Tic analog is 

indeed much more stable than the g- conformer (Figure 26; Tables 33 and 34). The 

preference of the aromatic ring orientation of L-Tic in oxytocin seemed to be consistent 

with the conclusions reported by Kazmierski (1988). However, the exclusive preference 

of a g+ conformer for the L-Tic% analog (the g+ conformer is more stable than the g

conformer by about 10 kcal) seemed to be in conflict with the conclusions we have 

obtained so far, since the analog highly prefers the g+ conformer but it is an antagonist. 

However, close comparison of the topographical features between the g+ conformers of 

the L-Tic% and the Tyr% analogs (Figures 20 and 26) shows that when the aromatic ring 

of the L-Tic% analog is in the g+ position, it actually does not form a lipophilic surface 

essential for transduction suggested from our modeling studies. Although the L-Tic 

side-chain has a g+ (Xl = 51 0) conformation, the aromatic ring is essentially perpendicu

lar (X% ... 1580) to the 20-membered ring, while a more parallel lipophilic surface with the 

aromatic ring on the top of the 20-membered ring is observed in cases of the Phez (Xl ... 

590; X% ... 97°), eBmpz (Xl = 570; Xz = 106°), and TyrZ (Xl lIS 600; X% ... 990) analogs. In 

addition, close examination of the backbone dihedral angles and the individual energy 

terms of the L-Tic% analog shows that some of the backbone dihedral angles (especially 

positions 2, 4, 5, and 6) have been considerably changed, and there appears to be very 

little backbone H-bonding (Table 34), which usually has been about 2 - 3.5 kcal in the 

g+ conformer of all the analogs studied so far. This may be an indication that incorpora

tion of the Tic residue in the 2-position of oxytocin may cause some backbone confor

mational changes. This conformational change was suggested to be the possible reason 

for the antagonist activity of Ticz analog (Lebl et al.,1990). A very interesting observa

tion was the distance between the Gln4 CONHz and. the Leus CH~ in the g+ conformer 



Figure 26. Stereo picture of [Mpa1
, L-Tic2]OXT g(+) confonner after energy 

minimization in three different perspectives 
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Table 33. The ,pi, ,pi, and Xli angles of two conformers in [Mpal, L-Tic~]OXT 
after energy minimization (initial disulfide: '-860; angle unit degree) 

Residue ( ¢i, ,pi, xi ) in conformer 
i g+ 

1 (---,---, 54a) 

2 (-121,-112,51) 

3 (-96,128,-55) 

4 (65,-62,-64) 

5 (-85,66,-169) 

6 (-98,124,178) 

7 (-67,-23,30) 

8 (-81,-36,-61 ) 

9 ( ---,---,-87b) 

disulfide -97 
bridge 

aDihedral angle of C Ca Cp S 
bDihedral angle of N Ca Cp N(amide) 

g-

(---,---,81 a) 

(53,111,-55) 

(-78, 135,-56) 

(64,16,-61) 

(-154,53,-172) 

( -180,-113,-172) 

(-70,-21,31) 

(-79,-37,-61) 

( ---,---,-96b) 

-89 

cNo trans conformer exits for this compound 

transC 

(---,---,---) 

(---,---,---) 

(---,---,---) 

(---,---,---) 

(---,---,---) 

(---,---,---) 

(---,---,---) 

(---,---,---) 

(---,---,---) 
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Table 34. The contributions of individual energy terms to the two conformers 
of [Mpa1, L-Tic210XT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- transb 

total energy -10.6 -0.5 

van der Waal -31.2 -29.0 

H-bond energy -0.3 -0.3 

bonds +1.6 +1.7 

dihedral angles +6.9 +8.0 

bond angles +12.4 +17.4 

improper dihedrals +1.1 +2.6 

eI~ctrostatic energy -1.1 -1.1 

aFor the energy terms, see Brook et a1., 1983 
bNo trans conformer exits for this compound 
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of [Mpa1, L-Ticz]OXT, which is about 6.4 A and is much shorter than it of [Mpa1]OXT 

o 
(15.2 A). This observation is particularly interesting in conjunction with considering the 

biological activity of [Mpa1, diu" L~sIl]OXT. As reported by Hill (1986) cyclization of 

the side-chains of Glu' and LysB in [Mpa1, Glu', LysB]OXT was designed with the hope 

of allowing easier interaction of the active elements (ie. TyrZ and AsnG) with the uterine 

receptor. Surprisingly this design has converted the weak agonist [Mpa1, Glu', LysB]OXT 

. i i . 
to a very potent antagonISt [Mpa1, Glu', LysB]OXT. The author suggests that the relatIve 

positions of the GIn' and the LeuB residues in the [L-TicZ]OXT may be similar to the 

relative positions of the GIu' and the LysB residues in the bicyclic analog based on the 

observation that the distance between the GIn' CONHz and the LeuB CH3, 6.4 A, is 

about the distance in the cyclic moiety. In other words, cyclizing the side-chains of Glu' 

and LysB in [Mpa1, Glu', LysB]OXT may have stabilized the binding conformation simi-

Iar to the one we obtained in the modeling studies of [L-TicZ]OXT. However, the bicy-

clic analog now is covalently constrained and may not be able to dynamically undergo the 

proper conformational change (ie. relax the distance between Tesidues 4 and 8) necessary 

for transduction. In addition to a possible backbone conformational change, we have also 

observed different topographical features in the Ticz analogs. Thus, lack of the parallely 

lipophilic surface over the 20-membered ring, as well as a change in the backbone con-

formation for the L-Ticz analog, may both be reasons for its antagonist activity. If the 

backbone is directly involved in transduction, a change in the backbone conformation is 

likely to affect the bioactivity. Even if the backbone is not directly involved in trans-

duction, if the change is severe enough to vary the important topographical features, it 

also may affect the bioactivity. Thus it is suggested that "a specific backbone conforma-

tion" may be essential for the transduction. On the other hand, the reason for the anta-

gonist activity of the L-Ticz analog may simply be lack of the lipophilic surface on top 
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of the 20-membered ring! More detail related to this Question will be discussed in the 

following chapter. 

The Helicity of the Disulfide Bridge in the Transduction State: 

Computer Modeling of Six Possible Conformers of [Penl]OXT Analog 

Based on the findings that both a left-handed and a right-handed disulfide bridge 

exist in the crystal structure of [Mpal]OXT (a potent agonist) and that a rigid right

handed disulfide bridge is present in most the Penl analogs (antagonists), Hruby (1987) 

has suggested that a left-handed disulfide bridge may be involved in the transduction 

state. In this study, six conformers of [Penl]OXT, three different aromatic ring positions 

(g+, g- and trans) each with two different disulfide bridges: -860 and +1100, were gener

ated from the X-ray crystal structure by replacing the Mpal residue with the Penl resi

due. These six conformers were energy minimized. The final energy analyses are given 

in Table 35. Since all the left-handed disulfide bridge conformers have higher final 

energies, only the <p, ,p, and Xl angles of right-handed disulfide bridge conformers are 

listed in Table 36. It is clearly seen that some of the dihedral angles were significantly 

changed. In addition, judged by the final energies, the conformation with a left-handed 

disulfide bridge and a g+ aromatic ring in the 2-position appears not be possible, since 

the conformation could not be energy minimized (Tables 35 and 36). However, by 

simply changing the aromatic ring to either the g- or trans position, the structures could 

be energy minimized to a reasonable energy level. All three conformers having right

handed disulfide bridges (even the one with g+ aromatic ring) could be energy minimized 

to a much lower energy, -1.6 to -3.0 kcal. Although this energy is relatively low among 

the Penl conformers, it is not in the -10 or -15 kcal/mole range found for the agonist 



Table 35. The contributions of individual energy terms to the six conformers 
of [Pen1]oxytocin after energy minimization 

Energy terma 
(kcal) 

Conformer 
g+ 

Conformer 
g-

Conformer 
trans 

left-handed disulfide bridge 

total energy 
van der Waals 
H - bond energy 
bonds 
dihedral angles 
bond angles 
improper dihedrals 
electrostatic energy 

15458031.7b 
15457032.7 

-5.3 
+697.8 
+14.3 
+290.8 
+2.0 
-0.6 

+6.3 
-19.9 
-1.7 
+2.9 
+8.3 
+15.9 
+1.2 
-0.3 

+7.2 
-20.8 
-2.7 
+2.9 
+9.5 
+17.4 
+1.3 
-0.5 

right-handed disulfide bridge 

total energy 
van der Waals 
H-bond energy 
bonds 
dihedral angles 
bond angles 
improper dihedrals 
electrostatic energy 

-3.0 
-22.4 
-5.5 
+2.6 
+7.1 
+13.2 
+1.9 
-0.0 

aFor the energy terms, see Brook et aI., 1983 
bThe initial -860 of disulfide bridge became +740 

in the process, but the structure still could not be 
energy minimized 

-1.6 
-22.6 
-3.3 
+2.4 
+7.2 
+13.2 
+1.6 
-0.1 

-1.8 
-22.1' 
-3.0 
+2.2 
+7.1 
+12.5 
+1.8 
-0.2 
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Table 36. The ¢Ii. !pi. and Xli angles of the six conformers in [Penl]OXT after 
energy minimization (angle unit: II) 

Residue ( rpi. vA Xli) in conformer 

g+ g- trans 

initial disulfide bridge: _86°; left-handed 

1 
2 
3 
4 
5 
6 
7 
8 
9 

disulfide 
bridge 

(-.-.5oa) 
(-129.-132.49) 
(-73.132.-55) 
(66.-71.-63) 
(-81.105.54) 
(-150.120.170) 
(-67.-22. 30) 
(-81.-21.-62) 
(_._._72b) 

85e 

(-.-.-65a) 
(-112.-173.-59) 
(-68. 119.-56) 
(61.24.-63) 
(-156.57.-172) 
(-127.94.-172) 
(-67.-18.33) 
(-82.-24.-63) 
(-.-.-1 58b) 

-109 

(-.-.-65a) 
(-109. 173.-176) 
(-63. 120.-52) 
(63.21.-63) 
(-156.67.-173) 
(-133.93.-173) 
(-65.-18.33) 
(-81.-25.-62) 
(-.-.-1 58b) 

-113 

initial disulfide bridge: + 11 0°; right-handed 

I (-.-.16oa) 
2 (-142.-173.63) 
3 (-60.116.-54) 
4 (61.25.-65) 
5 (-156.108.-171) 
6 (-157.86.-179) 
7 (-62.-13.31) 
8 (-78.-24.-61 ) 
9 (-.-.-1 24b) 

disulfide 
bridge 74 

aDihedral angle of C ax C/3 S 
bDihedral angle of N Ca C/3 N(amide) 

(-.-.156a) 
(-117.179.-58) 
(-69.115.-56) 
(61.29.-65) 
(-152.89.-179) 
(-150.98.-175) 
(-70.-16.32) 
(-78.-41.-61) 
(-.-.-1 29b) 

77 

cThe disulfide angle was changed to +85° from _86° 

(-.-.154a) 
(-118.168.180) 
(-63. 115.-55) 
(61.30.-63) 
(-154.88.-180) 
(-152.95.-177) 
(-70.-15.32) 
(-78.-40.-60) 
(-.-.-120b) 

75 
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analogs studied. We think these observations have very interesting implications: (l) the 

higher final energies indicate that Pen1 analogs have more rigid structures that are not as 

easily energy minimized, (2) the Pen1 analogs may actually have different conformations 

from the X-ray crystal structure on which we based this investigation, and (3) the rela

tively high final energy of the left-handed disulfide-containing conformers supported the 

previous suggestion based on biophysical studies that [Penl]OXT does not appear to read

ily assume a left-handed disulfide bridge (Hruby et, al., 1978, 1982). The most interest

ing result is the extremely high energy of the left-handed disulfide-containing conformer 

with a g+ position for the aromatic ring. This indicates that it is highly unlikely for a 

Pen1 analog to assume a conformation which has a left-handed disulfide bridge and a g+ 

aromatic ring simutaneously (a right-handed disulfide bridge and a g+ aromatic ring is, 

however, possible). From this study, it seems quite clear that not only is a g+ position of 

the aromatic ring important for transduction, but also a left-handed disulfide bridge 

probably is required simultaneously! 

Because of the possible existence of a left-handed disulfide bridge in conjunction 

with both a g- or a trans conformation of the aromatic ring in position 2 (final structures 

are with E = 6-7 kcal), we cannot suggest conclusively the disulfide helicity for binding. 

However, from previous conformational studies of Pen1 analogs (Hruby et al., 1978, 

1982, and 1983a), we think that possibly the right-handed disulfide bridge is most suited 

for the binding process. Whether or not a specific orientation of the side-chain in posi

tion 2 is preferred for binding cannot be seen from this study. A more specific com

puter modeling of antagonists may provide some fruitful insights into the binding state. 

This subject is now under investigation in our group. 



A Summary of the Results: Possible Guidelines for Computer Assisted Design 

of Oxytocin Agonists Constrained in the Side-Chain of Position Two 
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I wish to emphasize again the importance of the proper orientation of the side

chain group in position 2 for agonist activity. Modification at this position was never a 

benefit for the agonist activity except for the eBmpJ analog we recently synthesized in 

conjunction with these studies. The conformation-activity relationship revealed by our 

computer modeling was quite fruitful. The conformational features of the side-chain 

group in position 2 and the helicity of the disulfide bridge. important for agonist activ

ity. are more clearly specified from our computer modeling studies. Although we sti11 do 

not have enough information to identify "the bioactive conformation". we are comfort

able with the guidelines we have obtained from the observations in our study. The 

observations can be summarized as follow: 

(I) From a study of [Gly2]OXT (without a side-chain group at position 2). the 

backbone H-bonding was found to be about -3.7 kcal. mainly the result of a Gly2NH

Asn 5CO H-bond (-3.3 kcal). For analogs with side-chain groups in position 2. the back

bone H-bonding is best retained when the side-chain in position 2 is placed in a g+ posi

tion. For example. analog [Abu2]OXT has -3.6 kcal of backbone H-bonding energy 

when 2-side-chain is in the g+ orientation. but it has only -2.4 kcal of H-bonding energy 

when the 2-side-chain is in the g- position. 

(2) The g+ conformer of Phe2 analog is slightly more stable than the g-/trans con

formers due to better backbone H-bonding (by 1.5 kca1) and some van der Waals stabili

zation (by 1.1 kcal). Thus. the Phe2 analog shows weak agonist activity. 

(3) In the Tyr2 analog. the preference for the g+ aromatic side-chain group in pos

ition 2 is enhanced by the formation of a H-bond between TyrJ-OH and Asn5-CONH2 
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(extra 3-4 kcal). 

(4) Compared to the Phe! analog, substituted at the S-face with aa p-methyl group 

in the eBmp! residue has a g+ constraining effect (by 3.5-4 kca1) on the aromatic ring 

due to more stable van der Waals interactions. This is not true for R-face p-methyl 

group which actually disturbs the preference for the g+ conformation. 

(5) In all of the above mentioned molecules, the g- conformer and trans conformer 

have very similar overall conformational properties except for the orientation of the side

chain group in position 2, which is different from the conformation with the 2-side

chain in a g+ position. 

(6) Studies of [Penl]OXT shows that this molecule cannot have the aromatic ring in 

the g+ orientation when the disulfide bridge is left-handed. 

(7) Although a g+ conformation is highly preferred for the L-Tic2 residue in [L

Tic2]OXT, the aromatic ring is sitting perpendicularly to the 20-membered ring instead 

of parallel as is found in the Tyr!, Phe!, and eBmp! analogs. The fused aromatic ring 

(constrained X2 angle) was suggested as the cause for this topographical feature. In addi

tion, the backbone conformation may be varied significantly, since no 2-amide hydrogen 

is available to form a backbone H-bond with the Asn6CO which seems to be the main 

stabilizing factor for the backbone conformation in the molecules we have studied. 

From the above observations we can derive some guidelines for design of agonist 

analogs: (I) compounds need to have a well stabilized tum structure by the backbone H

bonding between residue 2 and residue 5, (2) compounds which can assume a stable left

handed disulfide bridge simontaneously, with (3) a g+ oriented 2-aromatic ring which 

constructs a good parallel lipophilic surface over the top of the 20-membered ring. Since 

a fused aromatic ring was found to have a too constrained X! angle to be placed into the 

parallel position, a free aromatic ring may be necessary to achieve this requirement. We 
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believe that computer modeling of the designed compounds and subsequent evaluation of 

the conformational properties according to the guidelines discussed above should be a 

more rational approach in design of substituted oxytoCin agonists. 

Although we were able to obtain some interesting results, the study here was not 

all inclusive. First of all, the modeling was based mainly on one conformation; the possi

bility of other starting conformations was not considered in the study. Only one short 

dynamic run (20 ps) was done to search for the other conformation families, and no 

other conformational families were obtained in this try. However, the possibility of 

other low energy conformation families cannot be excluded. A longer and higher tem

perature dynamic simulation should be run to further examine the existence of other 

conformations. Our study was concentrated on the 2-position except in the case of 

[Pen1]OXT. Interesting results may also be obtainable from systematic study of other in

dividual residues. For example, very preliminary modeling of [D-Pen6]OXT (which has 

not been made) shows that the D-Pen6 residue may have left-handed disulfide bridge 

constraining effect (in contrast to L-Pen1 which is highly right-handed constraining). 

This is actually a quite interesting result, and more information may be obtained in a 

follow-up investigation. There are certainly some questions that arose during the study 

that we cannot answer yet, e.g., the exact reason for "the antagonist activity of the L-Ticz 

analog (see discussion above). Is it the backbone conformation change (Lebl, 1990) or 

the lack aromatic ring available for the construction of a good lipophilic surface causing 

the antagonistic property? They both may be involved. Another question may be not 

closely related to the discussions thus far. "Is an aromatic ring in position 2 really needed 

for potent transduction, or does it just require a good lipophilic surface even with no 

aromaticity?" We have further discussion related to the last question in the next chapter. 
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Due to the limited knowledge obtained from physiochemical conformation studies, 

the design of oxytocin analogs has relied quite heavily on conventional strUcture-activity 

relationships. Based on computer modeling, we have made the effort in trying to estab

lish some possible guidelines for design of oxytocin. agonists, especially modifications in 

position two (see discussions in chapter 2). To illustrate the application of these studies, 

we have examined the conformational properties of some analogs we are considering 

making by computer modeling and molecular mechanics calculation prior to synthesis. 

The results will be discussed in the following sections. 

Additivity of p-Hydroxy Group and p-Methyl Group on Phe2 Analog 

In our computer assisted design of oxytocin the first approach was based on addi

tivity considerations. Judging from the biological activity of Tyr2 and eBmp2 analogs, 

we are trying to combine two important functional groups, a hydroxy group and a 

p-methyl group, into one single residue. The residue erythro(2S, 3S)-L-p-methyltyrosine 

(eBmt Figure 27) was designed. We are hoping that the bioactive g+ conformation will 

be further stabilized by H-bonding of the TyrZ OH with the Asn6 CONHz' and by the 

relative stability of the g+ conformer imposed by the p-methyl group. Thus the new 

erythro(2S, 3S)-L-p-methyltyrosine2 (eBmtZ) analog we will make is expected to be a 
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more potent agonist than oxytocin and the eBmp2 analog. The conformational properties 

of the eBmt2 analog were studied according to the procedures described in Chapter 2. 

The results are summarized in Tables 37-39. From Tables 38 and 39, we can see that 

when the disulfide bridge is left-handed, the g+ conformation indeed will be stabilized 

by H-bonding of eBmt2 OH-Asn& CONHJ and by g+ constraining p-methyl group: the 

g+ is more stable by 6.7 - 7.6 kcal. Furthermore the. g+ oriented aromatic ring (X2 = 580) 

of eBmt is able to form a good parallel lipophilic surface over the 20-membered ring (X2 

= 1070; Figure 28). Also putting the erythro(2S, 3S)-L-p-methyltyrosine in the position 

two does not seem to cause significant changes in the backbone conformation (Table 37). 

From our molecular mechanics calculations, the eBmt2 analog fits all the requirements 

that are considered to be important for agonist activities. These include the correct posi

tion of the aromatic ring with a left-handed disulfide bridge, a larger energy gap 

between Eg+ and Eg-,trans (preference for the bioactive conformation), and a well sta

bilized turn structure by H-bonding between residue 2 and residue 5. These results 

strongly suggest that this analog will be a good agonist. For comparison, conformational 

properties of the isomeric tBmt2 (threo(2S, 3R)-L-p-methyltyrosine2) analog were also 

studied. The results (Table 40) again showed that ~y putting a p-methyl group in the 

pro-R direction the g+ conformation of the aromatic ring will not be further stabilized, 

but also that the H-bonding between the Tyr2 OH and the Asn& CONH2 will be dis

turbed. No preference for the g+ conformation of the aromatic ring in the [tBmt210XT 

analog is observed in the molecular mechanics calculations. We suggest that this analog 

will not have high agonist activity. 

We think these results again demostrate the ability of computer calculations to pro

vide a more detailed conformational analysis that can assist peptide design. Of course 

they will need to be verified by actually synthesizing these two compounds and examin-



Table 37. The t/Ji, ,pi, and Xli angles of three conformers in [Mpal, eBmt2]OXT 
after energy minimization (initial bridge: -860; angle unit degree) 

Residue ( q,i, ,pi, Xli) in conformer 
g+ g- trans 

1 (---,---,64a) (---,---, 5~) (---,---,58a) 

2 (-114,-167,58) (-65,165,-51) (-131,172,-172) 

3 (-68,127,-55) (-65, 120,-56) (-55,125,-54) 

4 (69,2,-64) (65,20,-63) (67,13,-63) 

5 (-159,123,-175) (-156,81,-171) (-158,101,-178) 

6 (-125,99,-175) (-122, 108,-174) (-142,111,-174) 

7 (-68,-21,30) (-69,-22,31 ) (-69,-22,31) 

8 (-81,-29,-63) (-80,-32,-62) . (-80,-34,-62) 

9 ( ---,---,-94b) ( ---.---.-87b) ( ---,---.-86b) 

disulfide -102 -102 -99 
bridge 

aDihedral angle of C Ccx Cp S 
bDihedral angle of N Ccx Cp N(amide) 
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Table 38. The contributions of individual energy terms to the three conformers 
of [Mpa1, eBmtZ]OXT after energy minim.i2ation 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -14.3 -7.6 -6.7 

van der Waals -26.3 -23.6 -22.1 

H-bond energy -7.1 -2.6 -3.6 

bonds +2.4 +2.3 +2.6 

dihedral angles +6.0 +6.5 +5.7 

bond angles +10.0 +9.6 +10.1 

improper dihedrals +1.4 +1.2 +1.4 

electrostatic energy -0.6 -1.0 -0.7 

aFor the energy terms, see Brook et al., 1983 
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Table 39. H-bonding analysis of the three conformers of 
[Mpa1, eBmt2]OXT 

Donor 

{J-Me-Tyr2NH 
Asn6NH 
Asn6 CONH2 

Acceptor 

the g+ conformer 

Asn6CO 
{J-Me-TyrZCO 
{J-Me-Tyr2 0H 

the trans conformer 

{J-Me-TYr2NH 
Asn6NH 

{J-Me-Tyr2NH 
Asn6NH 

Asn6CO 
{J-Me-Tyr2CO 

the g- conformer 

Asn6CO 
{J-Me-Tyr2CO 

E (kca1) 

-2.79 
-0.89 
-3.46 

-2.77 
-0.86 

-1.67 
-0.93 
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Figure 28. Stereo picture of [Mpa1
, eBmt2]OXT g(+) conformer after energy 

minimization in three different perspectives 
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Table 40. The contributions of individual energy terms to the three conformers 
of [Mpa1, tBmt1]OXT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -8.7 -7.3 -8.5 

van der Waals -25.0 -21.7 -24.9 

H-bond energy -4.0 -3.3 -2.0 

bonds +2.6 +2.4 +2.4 

dihedral angles +5.5 +5.6 +6.1 

bond angles +10.1 +9.1 +9.5 

improper dihedrals +2.0 +1.4 +1.3 

electrostatic energy -0.6 -0.9 -0.9 

aFor the energy terms, see Brook et aI., 1983 
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ing their biological activities. 

Constraining Effect of the Larger P-Alkyl Groups 

It should be quite straightforward to try to enhance the g+ constraining effect of a 

P-alkyl group by increasing its steric properties. Thus a p-ethyl group and a p-isopropyl 

group are considered. This approach was examined by computer modeling of the corres

ponding analogs, [Mpa1, eBepZ]OXT (eBep: erythro-L-p-ethylphenylalanine) and [Mpa1, 

eBipZ]OXT (eBip: erythro-L-p-isopropylphenylalanine). From studies of these two com

pounds it was observed that specific steric properties of the introduced P-alkyl group are 

required to have the desired constraining effect (Tables 41-44). As the P-alkyl group is 

enlarged by one more carbon, the resulting eBepz analog still shows some preference for 

the g+ conformer due to the van der Waals interaction (Eg+ - Eg_,trans = 3 kcal; 3.8 kcal 

for having the p-methyl group). The eBipz analog, which has a even bulkier group in 

the g+ constraining position and was expected to display a better result, apparantly 

behaves differently. The van der Waals interaction will no longer be playing a dominant 

role for the relative stabilities of three conformers in this analog, since its contribution to 

the final energy was about the same in all the conformers. The molecule may actually 

prefer the trans conformation (Figure 29). From computer modeling of these two molec

ules we concluded that increasing the size of the p-alkyl group does not necessarily 

enhance the g+ constraining effect. Thus it may not be a good approach for designing 

oxytocin agonists. On the other hand, if ever the other conformation is of interest, this 

study has shown us that there are ways to achieve ~pecific topographical properties by 

using the proper space-constraining group. Thus, with the aid of molecular mechanics 

calculation, design ideas can quickly be checked to examine their likelihood of success. 



Table 41. The ¢i, ,pi, and xi angles of three conformers in [Mpal , eBep2]OXT 
after energy minimization (initial bridge: -860; angle unit degree) 

Residue ( ¢i, ,pi, Xli) in conformer 
i g+ 

1 (---,---,65a) 

2 (-112,-168,58) 

3 (-67, 125,-55} 

4 (69,6,-64) 

5 (-159,121,-171) 

6 (-124,97,-175) 

7 (-69,-20,31) 

8 (-81,-28,-63) 

9 ( ---,---,-92b) 

disulfide -103 
bridge 

aDihedraI angle of C Ca Cp S 
bDihedraI angle of N Ca Cp N(amide) 

g-

(---,---, 5~) 

(-94,161,-54) 

(-63,120,-56) 

(65,20,-63) 

(-157,79,-173) 

(-120,108,-174) 

(-69,-22,31) 

( -80,-32,-62) 

( ---,---,-87b) 

-103 

trans 

(---,---,59a) 

(-138,171,-169) 

(-56,124,-55) 

(67,13,-63) 

(-158,100,-178) 

(-142,111,-174) 

(-69,-22,31) 

( -80,-34,-62) 

( ---,---,-8Sb) 

-99 
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Table 42. The contributions of individual energy terms to the three conformers 
of [Mpa1, eBepZ]OXT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ g- trans 

total energy -10.4 -7.3 -6.1 

van der Waals -26.3 -24.1 -22.7 

H-bond energy -3.9 -2.3 -3.6 

bonds +2.5 +2.4 +2.7 

dihedral angles +6.6 +6.7 +6.8 

bond angles +9.7 +9.4 +9.9 

improper dihedrals +1.5 +1.3 +1.5 

electrostatic energy -0.5 -0.8 -0.8 

aFor the energy terms, see Brook et aI., 1983 
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Table 43. The ¢i, ,pi, and Xli angles of three conformers in [Mpal, eBip210XT 
after energy minimization (initial bridge: -86"; angle unit degree) 

Residue ( ¢i, ,pi, Xli) in conformer 

i g+ 

1 (---,---,60a) 

2 (-124,-159,79) 

3 (-73, 130,-56) 

4 (65,9,-64) 

5 (-157,116,-178) 

6 (-146,108,-175) 

7 (-68,-21,30) 

8 ( -80,-32,-62) 

9 ( ---,---,-89b) 

disulfide -95 
bridge 

aDihedral angle of C Ccr Cp S 
bDihedral angle of N Ccr Cp N(amide) 

g-

(---,---,6oa) 

(-103,172,-78) 

( -66,120,-55) 

(66,14,-63) 

(-155,108,-177) 

(-133,108,-175) 

(-68,-21,30) 

( -SI,-32,-62) 

(---,-__ ,-SSb) 

-99 

trans 

(---,---,59a) 

(-90,160,177) 

(-62,119,-55) 

(65,20,-63) 

(-157,81,-175) 

(-121,109,-174) 

(-69,-22,31) 

( -79,-32,-62) 

( ---,---,-86b) 

-103 
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Table 44. The contributions of individual energy terms to the three conformers 
of [Mpa1, eBip2]OXT after energy minimization 

Energy terma Conformer Conformer Conformer 
(kcal) g+ . g- trans 

total energy -1.5 -3.5 -6.5 

van der Waals -25.5 -23.4 -26.1 

H-bond energy -3.8 -4.2 -2.5 

bonds +2.8 +2.8 +2.8 

dihedral angles +8.9 +7.0 +7.4 

bond angles +13.3 +12.0 +11.0 

improper dihedrals +3.6 +2.8 +1.7 

electrostatic energy -0.7 -0.5 -0.9 

aFor the energy terms, see Brook et aI., 1983 
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Figure 29. Stereo picture of [Mpa1
, t;;Bip2]OXT trans conformer after energy 

minimization in three different perspectives 
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Constraining Effect on the Aromatic Ring 

by Introduction of A Second Ring 

130 

Constraining the aromatic ring in position 2 by introducing a second ring structure 

between the side-chain moiety and the backbone is not a new idea. Both the L-Tic2 and 

the D-Tic2 analogs were designed in this way. However, the design idea of these two 

analogs was not evaluated by any computational means. Unexpectly, the L-Tic2 analog 

turned out to be a very weak antagonist. Therefore, we have decided to investigate these 

analogs and have found that incorporation of a Tic residue in position two of oxytocin 

may cause some changes in the backbone conformation. The fused aromatic ring is too 

tightly attached to the backbone to be placed correctly over the 20-membered ring 

(highly constrained X2 angle). These may be the reasons for the antagonist activity (see 

discussion in Chapter 2). Thus, knowing that a fused ring between the amide nitrogen 

and the aromatic ring (in the Tic residues) is not favored in creating agonists can help 

evaluate which other types of ring construction between side-chain and backbone may be 

useful. Thus a new design idea followed the steps described below (see Figure 30): (1) 

the aromatic ring should exist with a g+ conformation; (2) do not fuse aromatic ring, so 

the second ring needs to be constructed from the C{3 on the side-chian and of course 

from the pro-S face in order to have the right constraining effect; and (3) do not modify 

the peptide bond, so the ring needs to be connected at CIl in the backbone. This 

approach led to the design of (2S,3S)-Il,Il-hexamethylene-{3-phenylglycine. A cyclohexyl 

ring has several advantages over other ring systems. . First, this amino acid may be rela

tively easy to make. Second, introducing the second ring in this way excludes the trans 

conformation of the aromatic ring. However, it is not clear what conformational proper

ties the resulting Chp2 analog will have. Thus, this was investigated by computer assisted 
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molecular modeling. Taking the possibilities of boat and chair form for the cyclohexane 

ring into consideration, the four possible conformers of [Mpa1, Chp2]OXT were gener

ated and energy minimized by molecular mechanics calculations. The two g- conformers 

(with a chair or a boat cyclohexane ring) were energy minimized and in so doing given 

the same conformation (a g- aromatic ring with a twisted boat cyclohexane ring; Figure 

31). However, this apparently is not the preferred conformation (higher final energy 

than g+ conformers;' Table 45, and Table 46). The two g+ conformers (Figures 32 and 

33) had lower energies, suggesting that the aromatic ring will prefer the g+ conformation 

(energy gap between g+ and g- conformers is 12.4 kcal). However, the more stable g+ 

conformer (with a chair form of the cyclohexane ring and an equatorial position of aro

matic ring) apparently will not have good backbone H-bonding (Table 46). This suggests 

that putting an Q,Q-disubstituted amino acid (for example the Q,Q-hexamethylene ring in 

Chp) in position two of oxytocin can introduce considerable constraint in the backbone 

conformation and this may lead to a backbone conformational change. However, it is 

quite interesting that even though the backbone conformation may be changed, the topo

graphical properties formed by the unfused aromatic ring in this analog are still very 

similar to those required for agonist activity. In summary, attempts to keep the backbone 

conformation by changing the ring connection to CQ is not quite sucessful, but preserving 

the desirable topographical features by avoiding a fused aromatic ring may provide a 

good approach. These calculations suggest that the Chp2 analog will be very interesting 

and provide insight whether a specific backbone conformation is essential for transduc

tion since incorporation of this residue in oxytocin may cause some changes in the back

bone conformation, but maintain the topographical properties for transduction. The 

potential problem of this analog will be its lipophicity property which may be drastically 

increased by the four extra carbons of the cyclohexane ring. On the other hand, the in-



Figure 31. Stereo picture of [Mpa1, Chp2]OXT g(-) confOImer after energy 
minimization in three different perspectives 
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Table 45. The ¢i, ,pi, and Xli angles of three conformers in [Mpal, Chp:210XT 
after energy minimization (initial bridge: -860; angle unit degree) 

Residue ( ¢i, ,pi, Xli) in conformer 
i g+; chair 

1 (---,---,64a) 

2 (-63,-175,62) 

3 (-67,131,-54) 

4 (68,0,-64) 

S (-160,122,-173) 

6 (-116,101,-176) 

7 (-70,-20,31) 

8 (-81,-28,-63) 

9 ( ---,---,-93b) 

disulfide -102 
bridge 

aDihedral angle of C Cex C{3 S 
bDihedral angle of N Cex C{3 N(amide) 

g+; boat 

(---,---,63a) 

(-159,-164,46) 

(-70, 130,-54) 

(66,7,-63) 

(-157,115,-177) 

(-148,106,-173) 

(-68,-21,30) 

( -80,-32,-62) 

(---,---,-91 b) 

-94 

cThe single structure obtained from (g-;chair) and (g-;boat) 

g_C 

(---,---, 65a) 

(-144,-167,-35) 

(-82, 132,-55) 

(63,16,-63) 

(-156,-103,175) 

(-150,108,-171) 

(-69,-21,30) 

( -79,-33,-62) 

( ---,---,-90b) 

-95 
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Table 46. The contributions of individual energy terms to the three conformers 
of [Mpa1• Chp2]OXT after energy minimization 

Energy terma Conformer 
(kcal) g+; chairb 

total energy -5.6 

van der Waals -25.7 

H-bond energy -1.0 

bonds +3.1 

dihedral angles +5.7 

bond angles +11.3 

improper dihedrals +1.4 

electrostatic energy -0.6 

aFor the energy terms, see Brook et al.. 1983 
bThe initial confoqnation of the cyclohexyl ring 

Conformer 
g+; boatb 

+3.0 

-22.2 

-3.8 

+3.5 

+12.0 

+12.4 

+1.8 

-0.8 

cThe single conformer obtained from (g-;chair) and (g-;boat) 

Conformer 
g_C 

+6.8 

-18.6 

-3.3 

+4.0 

+9.4 

+14.4 

+1.8 

-0.9 
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Figure 32. Stereo picture of [Mpa I, Chp2]OXT g( +) confonner (chair cyclohexyl 
ring) after energy minimization in three different perspectives 
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Figure 33. Stereo picture of [Mpa1
, Chp2]OXT g(+) confonner (boat cyclohexyl 

ring) after energy minimization in three different perspectives 
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creased lipophilicity may be favorable for binding. These effects should be verified by 

actually synthesizing this analog. 

Some Other Considerations 

The necessity for "a hydrophilic surface" involving the Tyr2, Asn&, and Gln& side

chains for transduction was suggested in the cooperative model (Walter et al., 1977; 

Figure 3), but this no longer appears to be valid based on the high agonist activity of 

[eBmp2]OXT. Instead, a lipophilic aromatic ring in position 2 is sufficient for high pot

ency and for transduction if it can be correctly oriented over the 20-membered ring. 

Some oxytocin analogs in which Tyr2 is replaced by aliphatic amino acids showed only 

low agonist activity (Table 6). The reason suggested for the low activity was the lack of 

a hydrophilic aromatic ring. Again considering the activity of the eBmp2 analog this 

suggested reason at least should be modified to the "lack of an aromatic ring". However, 

based on our computer modeling, a question remains: "Is an aromatic ring really required 

for transduction?". We consider this is only true if the aromatic 1r electrons are directly 

interacting with the receptor! Other than that, maybe a good lipophilic surface is all that 

is needed for high potency. But why do not most of the oxytocins with aliphatic amino 

acid at position two have good agonist activities? Our computer modeling of the lle2 

analog shows that this analog does not really have a good lipophilic surface on top of the 

20-membered ring (Figure 34), and this may be the reason for its low agonist potency. 

So to design an analog which has an aliphatic amino acid in the 2-position that prefers a 

g+ conformation of the side-chain and a good lipophilic surface at the right position may 

provide some interesting insight into this question. Our computer modeling of the Bchz 

analog (see Table 28) suggested that this analog may be a good model in this regard, since 



Figure 34. Stereo picture of [Mpa I, ne2)OXT g( +) confOImer after energy 
minimization in three different perspectives 
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the cyclohexyl ring highly prefers the g+ conformation and is very likely to have a good 

lipophilic surface on top of the 20-membered ring (Figure 35). The only problem we 

may encounter using this molecule to detect the electronic effect of an aromatic ring is 

that if the receptor has a well fit pocket for the aromatic ring to get in for transduction, 

the "thicker" cyclohexyl ring (3-4 Angstroms) may not be able to get in the pocket and 

thus will fail to transduce due to a steric effect instead of an electronic effect. Nonethe

less, we hope these questions can be clarified by making the Bch2 analog as a probe. 



Figure 35. Stereo picture of [Mpa1
• Bch2]OXT g(+) confonner after energy 

minimization in three different perspectives 
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CHAPTER 4 

THE SYNTHESIS OF OXYTOCIN ANALOGS 

AND THEIR OBSERVED BIOLOGICAL ACTIVITIES 

Introduction 

142 

In the discussion of previous chapter, we have illustrated the use of computer mod

eling studies in assisting in oxytocin angonist design. Some analogs were found to be 

potentially interesting by theoretical calculations (see discussion in Chapter 3), and to test 

this approach several analogues were synthesized. The analog [eBmpZ]OXT was synthe

sized again using erythro-D,L-p-methylphenylalanine for further biological activity studies 

and for verification of the configuration assignment. By examining the conventional addi

tivity approach, some multisubstituted analogs of [eBmpZ]OXT also were synthesized. The 

modification included Mpa1 for Cysl, Thr4 for Gln4, or 3,4~-Pr07 for Pr07, all of which 

have been shown to enhance agonist activity. The analog [eBmt2]OXT, was expected to be 

highly potent from our calculations, was synthesized. The analogs [(2S, 3R)-p-methyltyro

sineZ]OXT ([tBmtZ]OXT) and [(2S, 3R)-p-methylphenyllanine2]OXT ([tBmpZ]OXT) having 

the p-methyl group introduced at the pro-R face (no g+ constraining effect observed from 

the modeling studies) are expected to be less active. Both analogs also were synthesized to 

examine our predictions. The analog [BchZ]OXT may highly prefer the g+ orientation of 

the 2-side-chain and should have a good lipophilic surface over the top of the 20-mem

bered ring. Thus it is considered to be a good model analog for probing the importance of 

the aromatic 11" electrons in the transduction process. This analog was also synthesized. A 

list of the analogs prepared in this study and their arialytical "data are given in Table 47. 

The syntheses and results will be discussed in the following sections. 
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Table 47. The HPLC k' and TLC Rf values of oxytocin analogs prepared 
in this study 

No. Peptide Thin Layer Chromatography Rf RP-HPLCC 
Aa Bb cc k'value 

1 [D-eBmp2]OXT 0.22 0.79 0.64 6.75 

2 [eBmp2]OXT 0.22 0.79 0.63 6.21 

3 [tBmp2]OXT 0.22 0.76 0.60 6.11 

4 [Bch2]OXT 0.24 0.83 0.62 6.49 

5 [D-tBmt2]OXT 0.29 0.72 0.58 5.16 

6 [tBmt2]OXT 0.29 0.72 0.58 4.94 

7 [D-eBmt2]OXT 0.24 0.78 0.60 5.94 

8 [eBmt2]OXT 0.24 0.78 0.60 5.44 

9 [Mpa1, e-D,L-Bmp2]OXT 0.29 0.85 0.62 8.53 

10 [Mpa1, eBmp2]OXT 0.28 0.84 0.60 8.41 

11 [D-eBmp2, Thr4]OXT 0.53 0.83 0.61 7.36 

12 [eBmp2, Thr4]OXT 0.50 0.83 0.61 6.38 

13 [D-eBmp2,3,4A-Pro7]OXT 0.21 0.80 0.60 7.04 

14 [eBmp2,3,4A-Pro7]OXT 0.21 0.79 0.61 6.28 

15 [Mpa1• eBmp2. 0.32 0.84 0.61 8.22 
3.4A-Pro7]OXT 

G [Atc2]dOXT 0.21 0.72 0.56 9.43 

an-BuOH:HOAc:H20. 4: 1: 1 bi-PrOH:NH3:H20. 3: 1: I 
Cn-BuOH:HOAc:EtOAc:H20, 1: 1: 1: 1 d2-aminotetralin-2-carboxylic acid 
eA anal~tical column (CdS Vydac: l7lJm, 4.5 mm x 25 cm) was used. conditions 
of mobi e phase was usi g a gradient of 10 - 40 (1 in 1 min) of CHCN in 0.1 TFA 
and flow rate was 1 mL per minute 
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A Brief Description of the Development of Peptide Synthesis, 

and the Synthesis Methodology Used in this Investigation 

Development of peptide synthesis 

Synthesizing a peptide may seem as simple as making subsequent amide bonds 

between a growing peptide fragment and an incoming amino acid; however, there are 

many complexities that require our consideration. For example, reaction of any two 

unprotected amino acids will give at least four different products under a regular dehydra-

tion condition due to the bifunctionality of the amino acids (see the following equation; of 

course, it can be even more complicated for trifunctional amino acids). 

R1 RI 

I I 
HOOCOINHCOCHNH2 

Rl 

I 
HOOC0INH2 

R2 

I 
HOOCCHNH2 -

R1 + R2 

I I 
HOOCCHNHCOCHNH2 

j2 + i1 + 

HOOCCHNHCOCHNH2 

j2 + j2 
HOOCOINHCOOiNH2 

From this equation, we can obviously see that depending on the sequence desired, one of 

the two functional groups in the amino acids must be blocked to avoid the undesired cou-

pling. Furthermore, to eliminate side reactions, mild reaction conditions (regular dehydra-

tion requires heat and acid) are usually desired. Thus activating either the acid group or 

the amino group (commonly the acid group) is usually necessary during the formation of 

the amide bond. The classical approach for peptide synthesis was in solution. "Solution" 

methods of peptide synthesis are labor, time, and skill intensive. In overcoming the disad-
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vantages of the solution approach, introduction of solid phase peptide synthesis (SPPS; 

Merrifield, 1963) was a major milestone in the development of peptide synthesis metho

dology. The basic concept of SPPS involves covalent attachment of the growing peptide 

chain to an insoluble polymeric support (usually from the C-terminal), which can be easily 

isolated from the unreacted soluble reagents by simple filtration and subsequent washing. 

Repetitive cycles of deprotection of the N-terminal protecting group of the growing pep

tide chain, coupling of a protected amino acid, filtration and washing lead to the desired 

peptide-resin (Figure 36). Fortunately, SPPS could adopt protecting and coupling strateg

ies very similar to those previously used in the solution approach. The choice and optimi

zation of protection chemistry is perhaps the key factor for a successful peptide synthesis. 

For the most basic peptide synthesis, at least two levels of protecting groups are required: 

temporary protection of the Q-amino groups (for example the Boc group) which can be 

successively removed and coupled properly, and protection of the side-chain groups which 

remains intact throughout the synthesis to prevent branching or other problems. Two 

approaches have been successfully employed in choosing a combination of protection 

groups. The first approach is the graduated acidolysis approach. The success of this 

approach depends highly on the acidolysis rate differences of groups being removed, since 

the same chemical mechanism is involved in the removal of both classes of protection 

groups. Thus kinetic fine-tuning of the protecting groups is necessary. For example, 

ether or ester types side-chain protecting groups must withstand conditions in which the 

NQ-Boc protecting group is removed (e.g. 50% TFA) ,in each step. Then the side-chain 

protecting groups must be readily cleaved by HF at the end of synthesis. (Figure 37). The 

alternative approach is the orthogonal approach. In this approach the two classes of pro

tecting groups are removed by different chemical mechanisms. A good example is given 

in Figure 37. In the scheme, NQ protecting group Fmoc (often used in orthogonal protec-
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One of the commonly used protection schemes for solid-phase synthesis. based on graduated acidolysis. Temporary 
:x·amino protection is provided hy the Itrl.-butyloxycarhonyl (Boc) groups, removed at each step by the moderately 
stron[Z acid triHuoroacetic acid CTFA). Permanent benzyl-based (BzI) and cyclohexyl-based (cHex) side-chain protect
ing groups, and the p-methylbenzhydrylamide (MBHA) linkage are then cleaved simultaneously by HF or other 
strong acids. with a free peptide amide being formed in good yield. 

A mild two-dimensional orthogonal protection scheme for solid-phase synthesis. Temporary :t-amino protection is 
pro\'ided by the 9-f\uorcnylmcthyloxycarbonyl (Fmoc) group, removed by the indicated base-catalyzcd elimination 
m.:chanism. Permanent/trl.-butyl-based side-chain protecting groups and the p-l6lkoxybcnzyl C'ster handle Iinkilile are 
both cleaved by treatment with TFA to yield the frcc peptide acid at the end of the syntheSIs. 

Figure 37. The two commonly used protection strategies in SPPS 



148 

tion schemes; Carpino and Han, 1972; Chang et al., 1980; Atherton et al., 1981) is removed 

by secondary amines without attacking the side-chain acid labile protecting groups. Using 

this approach, one class of protecting groups can be removed in any order in the presence 

of the other class of protecting groups. This approach generally is employed for the pre

paration of partially protected peptide segments. For coupling reactions, the carbodiimide 

method (using DCC or DIC; Sheehan and Hess, 1955) and the active ester method (usually 

DCC or DIC in the presence of HOBt; K()nig and Geiger, 1970; Rich and Singh, 1979) 

have been the most popular methods (Figure 38). In addition to all these commonly used 

methodologies, many additional techniques have been developed and applied to meet a 

variety of needs, such as, new types of polymeric supports (Barlos et al., 1989; Mergler et 

al., 1989a and 1989b), new protecting groups (see review of Barany et al., 1987), new cou

pling reagents (Fournier et a1., 1988; Felix et al., 1988; Anjaneyulu and Staros, 1987; 

Staros, 1982), new methodologies for making cylic pep tides (Mottet et at, 1984; Ploux et 

aL, 1987; Schiller et a1., 1985; AI-0beidi et al., 1989) and new methods of cleaving peptide 

from the resin (Mergler et at, 1988a and 1988b; Swerdloff et al., 1989; for a recent 

review, see Barany et at, 1987). 

Synthesis methodology used in this investigation 

As the first peptide hormone studied, initially oxytocin analogs were mainly synthe

sized by the stepwise active ester method or fragments condensation method in solution 

(Bodanszky and du Vigneaud. 1959a, 1959b, and 1959c; SchrMer and LUbke, 1966). This 

approach was the most popular method throughout the 50's to 70's. Soon after the solid

phase peptide synthesis (SPPS) was introduced, it was slightly modified and employed in 

the syntheses of oxytocin and deamino-oxytocin (Bayer and Hagenmaier, 1968; Manning, 

1968; Takashima et at, 1968). This technique remains the most popular and fastest 



amino acid 

peptide 

+ 

coupling with 

H2N-R' 

DCU 
(or DIU) 

o-N=C=N-Q 
DCC 

(orDIC) 

coupling with HOBt 

o 
R)l.O 

'N:© DCU N a + (orDIU) \N 
HOBt active ester 

coupling with 
H2N-R' 

peptide 

Figure 38. The carbodiimide and HOBt active ester coupling scheme 

149 



150 

approach in most syntheses of oxytocin analogs up to date. All the analogs prepared in 

this investigation were obtained by SPPS, and the methods used are discussed as follows: 

Polymeric Support. The most generally used polymeric supports in solid phase syn

thesis of oxytocin analogs are the Merrifield resin (chloromethylated polystyrene, 1% divi

nylbenzene cross-linked) and the benzhydryJamine (BHA; or p-methylbenzhydrylamine: 

p-MBHA) resin. To the Merrifield resin, the growing peptide is attached by an ester link

age which is ammonolysed (Meienhofer et aI., 1970) to yield the C-terminal amide of oxy

tocin (Figure 39, method A). To the p-MBHA resin the growing peptide chain is attached 

by an amide linkage which is cleaved with anhydrous hydrofluoric acid to give the C-ter

minal amide of the peptide (Hruby et al., 1973, 1977; Figure 39, method B). Comparison 

of these two approaches was carried out by Hruby and his co-workers (1977), and syn

thesis using p-MBHA resin was shown to be superior. Thus method B (using p-MBHA 

resin) was used for the synthesis of all the analogs in this study. 

Protecting Groups. The protection scheme used in this study is the graduated aci

dolysis approach. The Boc group was used as the amino protecting group, which is rem

oved upon treatment with 50% TF A. The P-sulfhydryl group of Cys and Mpa is protected 

as thio ether (S-p-methylbenzyl, S-p-MeBz1) and the p-hydroxyl group of Thr is protected 

as benzyl ethers (O-benzyl, O-Bz1). Those side-chain protecting groups were removed by 

anhydrous HF simultaneously with the cleavage of peptide from the resin. Residues Tyr 

and eBmt can be incorporated in oxytocin analogs without protecting the phenolic 

hydroxyl group. 

Coupling of NQ-Boc Amino Acids. Except for the coupling of asparagine and glu

tamine, all of the NQ-Boc amino acids are activated by carbodiimide (DIC in DCM) and 

coupled to the growing peptide chain. In the activation of asparagine and glutamine by 

carbodiimide, dehydration of side-chain amide to nitrile may be a severe side-reaction. 
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Fortunately, this dehydration reaction usually can be suppressed by adopting an active 

ester approach, as shown below: 

~O-NH: 
DCC 

CH: 

Boc-NH-tH-COOH 
R-NH: 

DCC. HO-@-NO: 

~O-NH: 

CH, 

Boc-NH-~H-COONp 

DCC 

R-NH: 

C:N • 
I 
CH. 
I • 

Boc-NH-CH-CO-NH-R 

CO-NH. 
I • 

CH: 
I 

Boc-NH-CH-CO-NH-R 

Thus, coupling of Asn and GIn is carried out in DMF with adding DIC and the HOBt at 

the same time. In this situation, conversion of the DIC-activated intermediate to HOBt 

active ester, which then couples with the growing peptide chain, occurs before significant 

dehydration of the side-chain amide can take place (Figure 38). The completion for cou-

piing of all the amino acids except proline is monitored using the ninhydrin test. Coupling 

of proline is monitored by the chloranil test. 

Cleavage of the Peptide From the Resin. Since the p-MBHA resin is used as the 

polymeric support, the most convenient way of removing peptide from the resin is the 

anhydrous HF acidolysis, in which the benzyl amine bond of the resin is cleaved and the 

linear peptide is released with a C-terminal amide (Figure 39). Upon HF treatment, all 

the side-chain protecting groups are removed. The sulfhydryl groups of Cysl (or Mpa1) 

and Cys6 are ready for disulfide bond formation. 

Formation of Disulfide Bond. Right after the linear peptide has been cleaved from 

the resin, the disulfide bond needs to be formed. Formation of disulfide bond involves 

oxidation of sulfhydryl groups which then form disulfide bonds intramolecularly. In order 

to increase the intramolecular disulfide bond formation, the cyclization is usually carried 

out under highly dilute conditions (3 - 7 x 10-4 M in this investigation). Quite a few 
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methods have been reported for effective disulfide bond formation. Initially air (the oxi

dant) was bubbled through the peptide solution for several hours to form the disulfide 

bond (du Vigneaud et al., 1953). Iodine in methanol was reported to be effective for a 

larger scale of preparation (Fluoret et al., 1979). The use of potassium ferricyanide has 

been quite popular since its first report (du Vigneaud et al., 1960; Hope et al., 1962), and 

it is the method employed in this study. The crude product obtained after the cyclization 

needs subsequent purification to give the pure peptide: 

Purification of Oxytocin Analogs. The techniques for purification of oxytocin ana

logs have been very well developed. Gel filtration, which removes salt and polymer con

taminations (Porrath and Flodin, 1959), and partition chromatography, which effectively 

separates the diastereoisomers (Yamashiro, 1964), were developed some time ago and are 

still often applied in the purification of oxytocin analogs. Additionally, reverse phase high 

performance liquid chromatography (RP-HPLC) has now become the most popular purifi

cation method for synthetic peptides. In principle, the peptide is flushed through a 

column packed with stationary phase (long alkyl chain, Cs to CIS, bound to porous silica) 

by the mobile phase (usually mixtures of acetonitrile or methanol in an aqueous buffer), in 

which the peptides are separated mainly according to their lipophilicity (a surface pro

perty). It has been shown that HPLC is more effective in the separation of diastereomers 

than partition chromatography in some cases. In our study, a two-step gel filtration 

scheme is first carried out to isolate the peptide (usually purity> SO% after the gel filtra

tions; Manning et al., 1965), and then the obtained peptide is further purified by HPLC. 

General Experimental Procedures 

Synthesis of the peptides 
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The linear precursor peptides of oxytocin analogs were synthesized by solid phase 

synthesis techniques. The Boc amino acids were coupled into p-MBHA resin according to 

the cycle described in Table 48. The cycles were carried out either on the semi-automatic 

instrument designed and built in the Chemistry Laboratory at the University of Arizona 

(Hruby et al., 1972) or on an automatic peptide synthesizer (Model 250 or 1000, Vega Bio

technologies, Tucson, Arizona). The p-methylbenzhydrylamine resin (1% divinylbenzene 

cross-linked polystyrene) was purchased from Bachem, Torrance, California (degree of 

substitution 0.5-0.7 mmol/g). Sources of the amino acids are described in next section. 

Purity of each NQ-Boc amino acid was checked by ninhydrin test prior to use. 

Upon the completion of coupling of the nine amino acids, the linear precursor pep

tide was cleaved with anhydrous HF (10 mLlg of peptide resin) in the HF peptide cleav

age apparatus under vaccuum. Anisole was usually used as a scavanger (l mLlg of peptide 

resin) to prevent side reactions. After the cleavage, extraction of the resin with anhydrous 

HOAc and subsequent lyophilization of the extract yielded the unprotected linear precur

sor, which was oxidatively cyclized by treatment with potassium ferricyanide solution 

(0.01 N) under high dilute conditions (3-7 x 10-4 M degased aqueous solution) at pH 8.3 

to give the crude desired peptide. All the analogs were prepared by following the general 

procedure discussed above. Very small modifications used on some occasions will be dis

cussed in the detailed procedures described for the individual compounds. 

Purification of Peptides 

The crude peptides were purified by a combination of gel filtration and reverse

phase high performance liquid chromatography (see the text for details). The gel filtra

tions were performed on Sephadex G-15 (Pharmacia Fine Chemicals, Piscataway, NJ) 

packed columns (2.65 x 100 cm) with an eluent (degassed prior to use; flow rate 12-15 
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Table 48. The coupling cycles used for peptide synthesis in this study 

Step Description Solvent; Reagent Time(min) repet. 

1. Deprotectiona 50 TF A, 2 anisole 2 1 
of amino group inDCM 20 1 

2. Washing DCM 1 3 

3. Neutralization 10 DIEA in DCM 2 3 

4. Washing DCM 1 5 
DMFb 1 5 

5. Free amino group ninhydrin test 
monitering or chloranil test 

6. Coupling NQ-Boc-AA 30-60 1 
DIe in DCM 
DIC and HOBt in DMFb 

7. Coupling analysisC ninhydrin test 
or chloranil test 

8. Washing DMFb 5 
DCM 5 

9. Acetylationd of the Ac,.o and DIEA 10 1 
free amino acid 10 fold excess 

aAlso used to swell the pMBHA resin for first coupling 
bperformed for the coupling of Asn and Gin 
clf the couplin~ was not com~lete, the second coupling was carried out by 
repeating step through step 7. 
dOnly performed when free amino group was still detected after second coupling 
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mLjhr) of either 50%, 20%, or 0.2 N HOAc. FractiollS were collected (4-5 ml/tube) and 

monitored with a Guilford UV jVIS spectrophotometer at 280 om (for analogs with a phe

nolic aromatic ring) or at 258 nm (for analogs with a phenyl ring) for identification of the 

peptide materials. RP-HPLC was performed on one of the following: (1) Perkin-Elmer 

Series 3B Liquid Chromatograph equipped with an LC-90 UV Spectrophotometric Detec

tor and an LCI-IOO Laboratory Computing Integrator, (2) Perkin-Elmer Series 410 BIO 

Liquid Chromatograph Pump equipped with an LC-235 Diode Array Detector and a GP-

100 Graphics Printer, (3) Spectra-Physics SP-8800 Liquid Chromatograph equipped with 

an ABI Spectroflow 757 Absorbance Detector and a Spectra-Physics SP-4270 Integrator, 

and (4) Spectra-Physics SP-8800 Liquid Chromatograph equipped with an SP-8450 

UV jVIS Detector and a Spectra-Physics SP-4270 Integrator. A Vydac CI8 preparative (10 

I'm, 2.5 cm x 25 cm) or semi-preparative (10 I'm, 10 mm x 25 cm) column was used with 

either isocratic or linear gradient elution in a mobile phase (flow rate 1:1 3-4 mljmin for 

semi-preparative column; flow rate = 10 ml/min for preparative column) of varying 

concentrations of acetonitrile (CH3CN; UV grade; Baxter, Burdick & Jackson Division, 

Muskegon, MI) in 0.1% trifluoroacetic acid (TFA) aqueous buffer (filtrated and degassed 

prior to use). Detection of peptide material was made by monitoring the UV absorption of 

either the phenyl ring (258 nm), the phenolic ring (280 nm), or the peptide backbone (225 

nm). The fraction of the major peak(s) was(were) collected and the molecular weight of 

each individual peak was determined to locate the desired product. Measurement of 

molecular weight (by fast atom bombardment mass spectrometry (FAB-MS) using a Kratos 

MS-50 Triple Analyzer equipped with a Kratos OS-55 data system) was performed by 

either the Department of Pharmacology, University of Arizona or by the Midwest Center 

for Mass Spectrometry, a National Science Foundation Regional Instrumentation Facility. 
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Characterization of the products 

The purity of the desired products was verified by TLC analysis performed on 

glass-packed Silica Gel G plates using three different solvent systems: (A) I-butanOl/acetic 

acid/water (4:1:1; upper phase). (B) isopropyl alcohol/ammonia/water (3:1:1). and (C) 

I-butanOl/acetic acid/ethyl acetate/water (I: I: 1: 1). Detection of the material was made by 

ninhydrin, iodine, or UV. Single symmetrical spots were observed for all the purified 

materials unless otherwise noted. The purity was also checked by RP-HPLC using an ana

lytical column (CI8 Vydac column (17 I'm, 4.5 mm x 25 cm). A gradient of 10% - 40% 

(1 %/min) of CH3CN in 0.1 % TF A and a flow rate of 1 mL/min were used. 

The hydrolysis of peptide (in 6 N HCI 1 mL/5 mg of peptide) was carried out at 

1l0OC for 20-24 hours. The resulting solution was lyophilized and the residue was dis

solved in the proper solution for amino acid analysis. The amino acid analyses were carr

ied out on an ABI 420A instrument by the Department of Biochemistry at University of 

Arizona. Analysis Data were reported without correction for any destruction of amino 

acids during the hydrolysis. 

Synthesis of The Unusual NQ-Boc-Amino Acids 

All the common NQ-Boc amino acids not purchased were synthesized by our group 

members following the procedure of Tarbell et al. (1972). Two unusual amino acids. 

NQ-Boc-3,",t.-Proline and NQ-Boc-P-cyclohexylalanine, were directly purchased from 

Bachem. Torrance. California. Some unusual amino acids were provided by other 

members in our laboratory: NQ-Boc-2-amino-(R,S)-tetraIin-2-carboxylic acid was synthe

sized by Dr. Landis (1989). and S-p-MeBzl-p-mercaptopropionic acid was prepared by Dr. 

Hill (1986); the unusual NQ-Boc protected amino acids threo-L-p-methylphenylalanine. 
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erythro-D,L-p-methylphenylalanine, tbreo-D,L-p-methyltyrosine, and erythro-D,L

p-methyltyrosine (containing some threo-D,L-isomers) were synthesized by the procedure 

described next. 

NQ-Boc-threo-L-p-methylphenylalanine (NQ-Boc-tBm·p) 

Starting with the optically pure threo-L-p-methylphenylalanine (provided by Dr. R. 

Dharanipragada et al., 1989), the title compound was prepared by the procedure of Tarball 

et at. (1972). In 70 ml of dioxane/water (2: I) was dissolved 1.5 g of tBmp. The pH of the 

solution was adjusted to 10.2 with 4 N NaOH. The temperature of the solution was 

brought down to 0-5OC using an ice bath before adding Boc-dicarbonate (2.3 g). The pH 

was kept at 10.2 by adding 4 N NaOH occasionally within the next 3 hours. The solution 

was then stirred overnight at room temperature. The pH value of the solution was checked 

again the next morning; a steady pH (10.2) indicated. the completion of the reaction. If 

not, more 4 N NaOH should be added to keep the pH at 10.2 for some extra period. At 

the completion of the reaction, solvent was removed by rotary evaporation and the residue 

was dissolved in SO mL of water and 30 mL of EtOAc. This organic/aqueous solution was 

acidified (pH = 3-4) by 10% of citric acid at O-SOC. The aqueous layer was again 

extracted by 2 x 30 mL of EtOAc. The combined organic fractions were washed with 

three SO ml-portions of water and saturated NaCI and dried over anhydrous magnesium 

sulfate. After evaporation of solvent, a crude oily product was obtained and the negative 

ninhydrin test on the crude product indicated successful introduction of the protecting 

group. Recystallization was carried out by adding a minimum of EtOAc (in this case 0.5 

mL) to dissolve the oily residue. Then ethyl ether was added until the first cloudness 

appeared. The solution was then left at room temperature for 4-5 hours to form the solid 

and stored in the refrigerator overnight. The solid was collected by filtration (1.8 g; 65%) 
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on the second day; mp 101-102OC; NMR (Bruker WM 250 MHz, CDCI3) S 1.43 (d, 3H); 

1.40 (s, 9H); 3.48 (m, IH); 4.55 (m, IH); 4.83 (d, IH); 7.20 - 7.40 (m, 5H). 

NQ-Boc-erythro-D,L-,9-methylphenylalanine (NQ-Boc-D,L-eBmp) 

The erytbro-D,L-,9-methylphenylalanine mixture was provided by Dr. G. Toth. 

Synthesis of the title compound was performed by following the procedure previously 

described for NQ-Boc-tBmp except it was started with 3.4 g of erythro-D,L-eBmp mix

ture. The solid was obtained in 66% yield (4.2 g); mp 1I3OC; NMR (Bruker WM 250, 

CDCI3) S 1.39 (d, 3H); 1.40 (s, 9H); 3.41 (m, IH); 4.52 (m, IH); 4.79 (d, IH); 7.20 - 7.40 

(m,5H). 

Threo-D,L-,9-methyltyrosine (C; D,L-tBmt) 

The title compound was prepared by following the method developed by Landis 

(1989) with some modifications. The synthesis was started with the intermediate, methyl 

2-benzamido-2-E,Z-ene-3-p-methoxyphenylbutanoate (A), previously prepared by Landis 

(Figure 40). Hydrogenation of A gave intermediate B (containing 4 possible isomers), 

methyl 2-(R,S)-benzamido-3-(R,S)-p-methoxyphenylbutanoate. Recystallization of the 

mixture was able to give the threo enantiomers pair, (2R, 3S) and (2S, 3R) isomers with a 

purity> 95%. The threo-D,L-mixture was hydrolyzed to give the unprotected threo-D,L

,9-methyItyrosine. Detailed procedures are as follows: 

Compound A (7 g; M.W. = 313.4 g) was dissolved in a hydrogenation reaction vessel 

with 90 mL of AcOH/EtOH (1:5). A gram of Pd/C (10%) was added and the suspension 

was shaken under 42 psi for 5 days. Due to the incomplete hydrogenation (according to 

TLC analysis), two more batches of catalyst (I g of 5% Pd/BaSO. and 1 g of 10% Pd/C) 

were subsequently added during the 5 days. Upon the completion of reaction, the catalysts 
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were removed by filtration and solvent of the filtrate was removed by rotary evaporation 

to yield crude B (6.3 g; 90%). This crude mixture was dissolved in 30 m1 of EtOH upon 

heating (45OC) and recrystallization was allowed to proceed at room temperature slowly. 

The solid was isolated by filtration and washed with ice-cooled EtOH and dried in ~ 

(2.0 g); mp l30-l3IOC; NMR showed that only the threo-D,L-enantiomers of p-methylty

rosine were present in the solid. NMR (Broker WM 250, CDC13) 6 1.45 (d, 3H); 3.30 (m, 

IH); 3.62 (s, 3H); 3.80 (s, 3H); 4.98 (m, IH); 6.60 (d, IH); 6.82 (d, IH); 7.12 (d, 2H); 7.47 

- 7.80 (m, 5H) (Landis, 1989). 

A fraction (0.8 g) of the threo-enantiomers obtained was dissolved in 10 mL of 48% 

HBr(aq) and 8 mL of HOAc in a SO mL round-bottomed flask. The suspension was 

heated to reflux for 20 hours and solvent was removed by rotary evaporation. Ten ml of 

water was added and evaporated again. The solid was again treated with 30 mL of water 

and the water insoluble by-product, benzoic acid, was removed by filtration. The aqueous 

filtrate was washed with 3 x 20 ml of CHCI3 to remove trace benzoic acid, then water was 

evaporated to give the salt form of the title compound; mp 278-280OC; NMR (Bruker WM 

250, °2°/1 drop TFA) 6 1.05 (d, 3H); 3.15 (m, IH); 3.89 (d, IH); 6.50 (d, 2H); 6.85 (d, 

2H). 

NQ-Boc-threo-O,L-p-methyltyrosine (NQ-Boc-O,L-tBmt) 

The crude D,L-tBmt (salt form; without further purification) obtained above was 

treated with Boc anhydride following exactly the same procedure used in the preparation 

of NQ-Boc-tBmp. However, the regular recrystallization procedure failed to give the solid. 

A slightly different technique was used to recrystallize NQ-Boc-D,L-tBmt. The crude 

protected amino acid (oil) was dissolved in 2 mL of ethyl acetate. The ethyl acetate solu

tion was added dropwise to a stirred and cooled (by ice bath) SO mL of ether. The 
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suspension was left in a refrigerator overnight, and the solid was collected ( 0.84 g); mp 

10S-1l0OC; NMR (250 MHz; CDCI3) /) 1.26 (d, 3H); 1.39 (s, 9H); 3.15 (m, IH); 4.2S (m, 

IH); 5.62 (d, IH); 6.72 (d, 2H); 7.03 (d, 2H). 

NQ-Boc-erythro-D,L-fJ-methyltyrosine (NQ-Boc-D,L-.eBmt) 

Successful isolation of the erythro-enantiomers from mixture B was not achieved. 

The best ratio of erythro/threo was about 5/1. A mixture (compound B; 3.0 g) with 3: I of 

erythro/threo was hydrolyzed by following the exact procedure described for hydrolysis of 

threo-enantiomers except the hydrolyzed products (salt form) were dissolved in 15 ml of 

water and neutralized with NH.OH (pH 5-5.5) to give free amino acids (1.31 g). A frac

tion of the free amino acids (0.S6 g) was used to prepare the title compound following the 

procedure for NQ-Boc-tBmp except the recrystallization was following the procedure for 

NQ-Boc-D,L-tBmt. The product (0.54 g) obtained gave a negative ninhydrin test; mp 

143OC; NMR (250 MHZ; ~DC13) /) 1.14 (d, 3H); 1.30 (s, 9H); 2.S7 (m, IH); 3.30 (m, IH); 

3.90 (m, IH); 6.50 (d, IH); 6.5S (d, 2H); 6.S7 (d, 2H). This protected mixture was used in 

the synthesis of [D,L-eBmt2}OXT. The desired erytbro-D- and erythro-L-peptides were 

obtained by isolation. 

Synthesis of the 2-Substituted Oxytocin Analogs 

[Erythro-D-/J-methylphenylalanine2}OXT «(DeBmp2}OXT, 1) and [Erythro-L-fJ-methyl

phenylalanine2}OXT ([eBmp2}OXT, 2) 

Starting with 3.1 g of p-methylbenzhydrylamine (p-MBHA) resin (1.5 mmole of 

amine group) the following NQ-Boc-amino acids (3.0 mmole; except for Asn and GIn: 6.0 

mmole) were coupled by following the cycle outlined in Table 48: Gly, Leu, Pro, Cys(S-p-
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MeBzl), Asn, Gin, De, D,L-eBmp, and Cys(S-p-MeBzl) (in the order of addition). At the 

completion of the coupling of the last amino acid, NQ-Boc-Cys(S-p-MeBzl), the peptide 

resin was washed successively with five portions of DCM and EtOH. The solid was col

lected and dried in vacuo overnight to yield 4.7 g of NQ-Boc-Cys(S-p-MeBzl)-D,L

eBmp-De-Gln-Asn-Cys(S-p-MeBzl)-Pro-Leu-Gly-p-MBHA resin. The linear peptide 

was removed from the resin by anhydrous HF cleavage (01lC, 1 hour) in the presence of 

anisole. After cleavage, the HF was evaporated over a period of 20-30 minutes. The solid 

residue was washed with ethyl ether (3 x 30 mL; degassed by bubbling nitrogen for a few 

minutes prior to use) to remove anisole, and then transferred to a 100 mL beaker in which 

the peptide resin solid mixture was stirred with glacial acetic acid (80 mL) for 20 minutes 

to extract the peptide. The suspension was filtered and the resin was washed with glacial 

HOAc again (2 x 80 mL). The three HOAc fractions were combined and lyophilized to 

give the crude unprotected linear peptide as a white powder. This solid was subjected to 

cyclization immediately. The linear peptide was dissolved in 3000 mL of degassed water 

with stirring. The pH of the solution was adjusted to 8.S with NH.OH and the sulfhydryl 

groups were oxidized to disulfide by the addition of 0.01 N K3Fe(CN)6' Completion of 

the cyclization reaction was indicated by the persistence of a yellow color for 30-60 min

utes (in this case a total of 166 ml K3Fe(CN)6 was added). The pH was then adjusted to 

3.8 with 30% HOAc and anion exchange resin (Amberlite IRA-45; Chemical Dynamics 

Corporation, South Plainfield, N.J.) was added (ISO niL settled volume) to remove excess 

ferro- or ferricyanide. The suspension was stirred for 1-2 hours and the ion exchange 

resin was removed by filtration. The filtrate was reduced in volume (to 100-200 mL) by 

rotary evaporation (occassionally n-butanol was added to keep the solution from bumping). 

The solution then was lyophilized to yield the crude cyclic peptide (1.57 g). A portion 

(SOO mg) of the crude peptide was purified by gel filtration (Sephadex G-IS) with 50% 
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HOAc (flow rate 12-15 mL/h) followed by a second ·gel filtration (Sephadex G-15) with 

0.2 N HOAc (flow rate 12-15 mL/h). The major peak was collected (UV detection at 

257.5 nm) and lyophilized to give 60 mg of purified peptide material. Analytical HPLC 

indicated the purified peptide contained two major peaks which were separated twice by 

semi-preparative HPLC using an isocratic elution with a mobile phase of 25% for the first 

time and 22% for the second time of CH3CN in 0.1% TFA aqueous buffer (flow rate: 3 

mL/min). Two major peaks were collected and lyophilized to yield the purified peptides 

as the trifluoroacetate salts. Both purified peptides gave single uniform spots (UV, and 

iodine) on TLC (for Rf see Table 47), and analytical RP-HPLC showed only one peak 

contained in each purified peptide (for chromatographic data see Table 47). FAB mass 

spectra indicated identical MH+ peaks for both compounds equal to the calculated value 

for the title peptides: MH+ calc., 1005; found, peak 1: .1005, peak 2: 1005. Assignments of 

the D- (peak 1 ; Rf 0.35, Macherey-Nagel, Chiralplate) and L-isomer (peak 2 ; Rf 0.55, 

Macherey-Nagel, Chiralplate) were based on the method described by Toth and his co

workers (1990). Amino acid analysis gave the following ratios; 

peak 1: Cys-Cys (0.79), eBmp (1.02), lie (0.95), Glu (1.06), Asp (0.89), Pro (1.03), Leu 

(1.09), Gly (1.00). 

peak 2: Cys-Cys (0.73), DeBmp (0.93), lie (1.08), Glu (0.98), Asp (0.91), Pro (1.00), Leu 

(0.90), Gly (1.00). 

lIe-Gln-Asn-Cys(S-p-MeBzI)-Pro-Leu-Gly-p-MBHA peptide resin (E) 

The common linear fragment, NQ-Boc-IIe-Gln-Asn-Cys(S-p-MeBzI)-Pro-Leu-Gly

-p-MBHA peptide resin of [tBmp~]OXT. [D,L-Te~]O~T, and [Bch~]OXT analogs was first 

synthesized in a big scale batch and divided into smaller fractions for complete syntheses 

of the above mentioned 2-substituted oxytocin analogs. 
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Starting with 4 g of p-methylbenzhydrylamine (p-MBHA) resin (degree of substitu

tion was indicated as 0.7 mmol/g when purchased; total of about 2.8 mmole of amine 

group) the following NQ-amino acids (7.0 mmole; 2.S equivalents; for Asn and Gin: 11.2 

mmole; 4 equivalents) were coupled following the cycles outlined in Table 48: Gly, Leu, 

Pro, Cys(S-p-MeBzl), Asn, GIn, and De (in the order of addition). At completion of cou

pling of NQ-Boc-De, the peptide resin was washed subsequently with five portions of 

DCM and EtOH. The solid was collected and dried in ~ overnight to yield 6.3 g of 

NQ-Boc-Ile-Gln-Asn-Cys(S-p-MeBzl)-Pro-Leu-Gly-p-MBHA peptide resin (E; 0.44 

mmol/g) which was used in the following syntheses. 

[Threo-L-,8-Methylphenylalanine2]OXT «(tBmp2]OXT: 3) 

The title compound was synthesized by incorperating the optically pure NQ-Boc

threo-L-,8-methylphenylalanine synthesized as previously described. Starting with 0.45 g 

(0.2 mmole) of E, NQ-Boc-tBmp and NQ-Boc-Cys(S-p-MeBzl) were coupled to the pep

tide resin following the procedure outlined in Table 48. The resulting peptide resin was 

washed with DCM and EtOH and dried in vacuo overnight. The linear peptide was 

cleaved and extracted from the resin following the same procedure previously described 

for preparation of analogs ill and (2). After lyophilization 200 mg of the crude unpro

tected linear peptide was obtained as a white powder. For the cyclization, 500 ml of deg

assed water was enough to dissolve all the linear peptide obtained. The cycilization then 

proceeded following the method previously described for analogs ill and (2). A fraction 

of the crude cyclic peptide (100 mg) was directly purified by preparative RP-HPLC using 

an isocratic elution with a mobile phase of 19% CH3CN in 0.1 % TF A aqueous buffer (flow 

rate: 10 mL/min) followed by a second preparative RP-HPLC purification by using gradi

ent elution with a mobile phase of 17.5% - 18.5% (in 40 min) CH3CN in 0.1% TFA. Only 
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one major peak appeared in RP-HPLC, which was collected and lyophilized to yield the 

purified peptide (purity> 98%, 15.7 mg) as the trifluoroacetate salt. The purified peptide 

gave a single uniform spot (UV and iodine) on TLC (for Rf see Table 47), and analytical 

RP-HPLC of the material showed only one peak contained in the purified peptide material 

(for chromatographic data see Table 47). FAB mass spectrum confirmed that the isolated 

compound is the title peptide: MH+ calc., 1005; found, 1005. Amino acid analysis gave 

the following ratios: Cys-Cys (1.02), tBmp (0.93), De (1.00), Glu (0.98), Asp (1.00), Pro 

(0.90), Leu (0.95), Gly (1.00). 

[L-P-CycIohexylalanine%]OXT ([Bch%]OXT: 4) 

The title compound was synthesized by incorperating optically pure NQ-Boc-L

p-cyclohexylalanine (Bachem, Torrance, CAl. Starting with 0.57 g (0.25 mmole) of E, 

NQ-Boc-Bch and NQ-Boc-Cys(S-p-MeBzl) were subsequently coupled to the peptide resin 

following the procedure outlined in Table 48. The resulting peptide resin was washed with 

DCM and EtOH and dried in vacuo overnight. The linear peptide was cleaved and 

extracted following the same method previously described for preparation of analogs (l) 

and (2). After lyophilization 250 mg of the crude unprotected linear peptide was obtained 

as a white powder. For the cyclization, 500 mL of degassed water was enough to dissolve 

all the linear peptide obtained. The cyclization then proceeded following the method pre

viously described for analogs ill and (2). A fraction of the crude cyclic peptide (140 mg) 

was directly purified twice by preparative RP-HPLC using gradient elution with a mobile 

phase of 18% - 19.5% (in 40 min) CH3CN in 0.1% TFA aqueous buffer (flow rate: 10 

mL/min). Only one major peak appeared in the RP-HPLC, which was collected and lyo

philized to yield the purified peptide (purity >95%, 13 mg) as the trifluoroacetate salt. 

The purified peptide gave a single uniform spot (UV. and iodine) on TLC (for Rf see 
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Table 47), and analytical RP-HPLC of the material showed only one peak (for chromato

graphic data see Table 47). FAB mass spectrum confirmed that the isolated compound is 

the title peptide: MH+ calc., 996; found, 996. Amino acid analysis gave the following 

ratios: Cys-Cys (1.20), Bch (0.90), De (0.93), Glu (0.94), Asp (1.03), Pro (1.04), Leu (0.91), 

Gly (1.05). 

[Threo-D-,8-Methyltyrosine1]OXT (5, [D-tBmt1]OXT) and [threo-L-,8-Methyltyro

sine1]OXT (6, [tBmt1]OXT) 

The title compounds were synthesized by incorperating the NQ-Boc-threo-D,L

,8-methyltyrosine synthesized in this study. Starting with 0.90 g (0.4 mmole) of E, 

NQ-Boc-D,L-tBmt and NQ-Boc-Cys(S-p-MeBz1) were subsequently coupled to the peptide 

resin following the procedure outlined in Table 48. The resulting peptide resin was 

washed with DCM and EtOH and dried in ~ overnight. The linear peptide was 

cleaved and extracted following the method previously described for preparation of analogs 

o and (2). After lyophilization 380 mg of the crude unprotected linear peptide was 

obtained as a white powder. For the cyclization, 700 mL of degassed water was enough to 

dissolve all the linear peptide obtained. The cyclization then proceeded following the 

method described for analogs (!) and (2). The crude cyclic peptide was directly purified 

by preparative RP-HPLC using gradient elution with a mobile phase of step 1, 13% - 23% 

in 30 min; then step 2, 23% - 26% in 20 min CH:sCN in 0.1 % TF A aqueous buffer (flow 

rate: 10 mL/min). Two fractions were collected from this separation. The second fraction 

(10 mg, containing D- and L-isomers) was further purified (15% - 22% CH:sCN in 30 

min) to yield the purified peptides as the trifluoroacetate salts. Both purified peptides 

gave a single uniform spot (UV and iodine) on TLC (for Rf see Table 47), and analytical 

RP-HPLC of the materials showed only one peak for each fraction (purity> 95%; for 
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chromatographic data see Table 47). FAB mass spectrum confirmed that the isolated com

pounds are the title peptides: MH+ calc .• 1021; found. peak 1. 1021; peak 2. 1021. 

Assignments of the D- (peak 1 ; Rf 0.54. Macherey-Nagel. Chiralplate) and L-isomer 

(peak 2 ; Rf 0.67. Macherey-Nagel. Chiralplate) were based on the method described by 

Toth and co-workers (1990). Amino acid analysis gave the following ratios: 

peak 1: Cys-Cys (1.19). tBmt (1.00). lie (0.95). Glu (1.00). Asp (0.96). Pro (0.97). Leu 

(1.02). Gly (0.92). 

peak 2: Cys-Cys (1.19). DtBmt (0.73). lie (0.83), Glu (0.97), Asp (1.03), Pro (1.01), Leu 

(1.05), Gly (1.00). 

[Erythro-O-,8-MethyltyrosineZ)OXT (7, [DeBmtZ)OXT) and [erythro-L-,8-Methyltyro

sineZ)OXT (8, [eBmtz]OXT) 

The NQ-Boc-erythro,threo-D,L-,8-methyltyrosiIie (erythro/threo: 3/1) synthesized 

in this study was used in the synthesis. The title compounds were isolated from the result

ing peptide mixture. Starting with 5.4 g (3.7 mmole) of p-MBHA resin, the following 

NQ-amino acids (9.3 mmole; 2.5 equivalents) were coupled by the cycle outlined in Table 

48: Gly, Leu, Pro, Cys(S-p-MeBz1) (in the order of addition). At completion of coupling 

of NQ-Cys(S-p-MeBz1), the peptide resin was washed successively with five portions of 

DCM and EtOH. The solid was collected and dried in ~ overnight to yield 6.3 g of 

NQ-Boc-Cys(S-p-MeBz1)-Pro-Leu-Gly-p-MBHA peptide resin (0.58 mmol/g). A frac

tion of the peptide resin (1.7 g; 1 mmole) was taken for synthesis of the title compounds. 

Procedures in Table 48 were followed and coupling of NQ-Boc-Asn and NQ-Boc-Gln (4 

eq.) were done using DIC/HOBt in DMF. Then NQ-Boc-IIe and NQ-Boc-erythro,threo

D,L-Bmt (2.5 eq.) were coupled using OIC in DCM. Acylation with acetic anhy

dride/OlEA (10 eq.) was performed after coupling of NQ-Boc-erythro,threo-D,L-Bmt. 
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The peptide resin was washed with DCM and EtOH. and dried in ~ overnight. A 

gram (0.45 mmole) of the dried peptide resin was used for the coupling of the last amino 

acid, NQ-Boc-Cys(S-p-MeBzl). After washing and drying, the peptide resin was cleaved 

and extracted following the method described for analogs ill and (2). After lyophilization, 

380 mg of the crude unprotected linear peptide was obtained as a white powder. For the 

cyclization, 700 mL of degassed water was enough to dissolve all the linear peptide 

obtained. The cyclization then proceeded following the method described for analogs ill 

and (2) to give the crude cyclic peptide (500 mg). A portion (107 mg) of the crude cyclic 

peptide was directly purified with semi-preparative RP-HPLC using a mobile phase pro

gram of: step (1) 19% (for 10 min.), step (2) 19-22% (in 3 min.), step (3) 22% (for 10 

min.) of CH3CN in 0.1% TFA aqueous buffer (flow rate: 3 mL/min). Peaks 1 and 2 

(Figure 41) were identified as the threo-enantiomers ~y comparing to the previously syn

thesized samples (5 and~. Only peaks 3 and 4 were collected and lyophilized to yield the 

purified peptides as the trifluoroacetate salts. Both purified pep tides gave a single uniform 

spot (UV and iodine) on TLC (for Rf see Table 47), and analytical RP-HPLC of the mat

erials showed only one peak contained in each fraction (purity> 95%; for chromatographic 

data see Table 47). FAB mass spectrum confirmed that the isolated compounds are the 

title pep tides: MH+ calc., 1021; found, peak 3, 1021; peak 4, 1021. Assignments of the D

(peak 1 ; Rf 0.51, Macherey-Nagel, Chiralplate) and L-isomer (peak 2 ; Rf 0.65, Mach

erey-Nagel, Chiralplate) were based on the method described by Toth and his co-workers 

(1990). Amino acid analysis gave the following ratios: 

peak 3: Cys-Cys (1.13), eBmt (0.96), TIe (0.90), Glu (1.00), Asp (0.97), Pro (1.00), Leu 

(1.00), Gly (1.37). 

peak 4: Cys-Cys (1.28), DeBmt (0.83), TIe (0.99), Glu (1.00), Asp (0.97), Pro (1.03), Leu 

(1.04), Gly (1.00). 
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[NQ-Boc-2(R)-aminotetralin-2-carboxylic acid2]OXT ([R,S-Atc2]OXT, G) 

The title compounds were synthesized by incorperating the R,S-diastereomeric mix

ture of NQ-Boc-2(R,S)-aminotetralin-2-carboxylic acid (NQ-Boc-R,S-Atc, previously pre

pared by Landis, 1989) in the peptide. Separation of the resulting diastereomeric peptide 

has not been successfuL 

Starting with 1.1 g (0.5 mmole) of E, the NQ-Boc-R.S-Atc (O.3g; 1.2 mmole) was 

coupled to the peptide resin following the procedure outlined in Table 48. A second cou

pling, using 0.12 g of NQ-Boc-D,L-Atc, was necessary for complete coupling. Even when 

the deprotection of NQ-Boc-D,L-Atc-peptide resin was repeated twice (steps 1-4 in Table 

48). A ninhydrin test for the free amino group did not give a deep blue color due to the 

hindrance of the Te residure. The coupling of NQ-Boc-Cys(S-p-MeBz1) (0.4 g; 1.2 

mmole) was carried out for 90 minutes. The resulting peptide resin was washed with 

DCM and EtOH and dried in vacuo overnight. The linear peptide was removed from the 

resin by anhydrous HF cleavage (OOC, 1 hour) in the presence of anisole. After the cleav

age, the HF was slowly evaporated. The solid residue was washed with ethyl ether (3 x 30 

mL; degassed by bubbling nitrogen for a few minutes prior to use), and then stirred in 

glacial acetic acid (40 mL) for 20 minutes to extract the peptide. The solution was filtered 

and the resin was washed with glacial HOAc again (2 x 40 mL). The three fractions of 

HOAc were combined and lyophilized to give the crude unprotected linear peptide a: a 

white powder (500 mg). The linear peptide obtained was dissolved in 4 mL of MeOH (for 

the purpose of increasing solubility), and this solution was slowly added to 1500 mL of 

degassed water with stirring. The cyclization and lyophilization of the solution were carr

ied out following the procedures described for analogS.! and 1. to yield the crude cyclic 

peptide which was directly purified by preparative RP-HPLC using an isocratic elution 

with a mobile phase of 24% CH3CN in 0.1% TFA aqueous buffer (flow rate: 10 mL/min). 
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A non-separable R,S-mixture was collected and lyophilized to yield the purified peptide 

mixture as the trifluoroacetate salt. The purified peptide material gave single uniform 

spots (UV and iodine) on TLC (for Rf see Table 47). and analytical RP-HPLC showed 

only one peak (may contain R- and S-isomers) in the purified peptide material (for chro

matographic data see Table 47). FAD mass spectra indicated an identical MH+ peak for 

the purified material to the value calculated for the title +peptide: MH+ calc., 1017; found, 

1017. Amino acid analysis gave the following ratios: 'Cys-Cys (l.40), R,S-Atc (1.00), De 

(0.90), Glu (0.93), Asp (1.00), Pro (0.97), L~u (1.03), Gly (1.00). 

Synthesis of the Multi-Substituted [D-eBmp2]OXT and [eBmp2]OXT Analogs 

The NQ-Boc-D,L-eBmp mixture was used in the synthesis. The resulting diastere

omeric peptides were separated by RP-HPLC to give the 2-0- and 2-L-isomeric peptides. 

The detailed procedures are discussed in the preparation of the individual compounds. 

[p-Mercaptopropionyll. erythro-D,L-p-methylphenylalanine2)OXT (9, [Mpa1, D,L

eBmp210XT) 

Starting with 0.95 g of p-methylbenzhydrylamine (p-MBHA) resin (0.5 mmole of 

amine group) the following NQ-amino acids (1.0 mmole; except for Asn and GIn: 2.0 

mmole) were coupled by the cycle outlined in Table 48: Gly, Leu, Pro, Cys(S-p-MeBz1), 

Asn, GIn, Ile, and O,L-eBmp. Mpa(S-p-MeBz1) (in the order of addition). At the com

pletion of the coupling of Mpa(S-p-MeBz1), the peptide resin was washed successively 

with five portions of DCM and EtOH. The solid was collected and dried in ~ over

night to yield 1.4 g of Mpa(S-p-MeBz1-D,L-eBmp-De-Gln-Asn-Cys(S-p-MeBz1)-Pro

Leu-Gly-p-MBHA peptide resin. The linear peptide was removed from the resin by 
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anhydrous HF cleavage (OOC, I hour) in the presence of anisole. After the cleavage, the 

HF was slowly evaporated. The solid residue was washed with ethyl ether (2 x 25 mL; 

degassed by bubbling nitrogen for a few minutes prior to use), and then stirred in glacial 

acetic acid (30 mL) for 20 minutes to extract the peptide. The solution was filtered and 

the resin was washed with water again (3 x 50 mL). The washings were combined and 

lyophilized to give the crude unprotected linear peptide as a white powder (390 mg). The 

linear peptide obtained was dissolved in 20 mL of 0.2 N HOAc and added to 700 mL of 

degassed water for cyciizatiol1. Due to the poor solubility of the linear peptide, 60 mL of 

DMF was subsequently added to the solution to assist the solubility. Not everything dis

solved. The pH of the solution was adjusted to 8.5 with NH"OH and the sulfhydryl 

groups were oxidized to disulfide by the addition of 0.01 N K 3Fe(CN)s' Completion of 

the cyclization was indicated by the persistence of a yellow color for 30-60 minutes (in 

this case a total of 40 mL K3Fe(CN)s was added). The pH of the solution was then 

adjusted to 4.2 with 30% HOAc and anion exchange resin (Amberlite IRA-45; Chemical 

Dynamics Corporation, South Plainfield, N.J.) was added (80 mL settled volume) to 

remove excess ferro- or ferricyanide. The suspension was stirred for 1-2 hours and the 

ion exchange resin was removed by filtration. The filtrate was reduced in volume (to 

100-200 mL) by rotary evaporation (100 mL of n-butanol was added to keep the solution 

from bumping). The solution then was lyophilized to yield the crude cyclic peptide which 

was purified by gel filtration (Sephadex G-15) with 50% HOAc (flow rate 12-15 mL/h). 

The major peak was collected (UV detection at 257.5 nm) and lyophilized to give 220 mg 

of peptide material. A portion (70 mg) of the peptide material obtained after the gel fil

tration was further purified by semi-preparative RP-HPLC using gradient elution with a 

mobile phase of 30-44% (in 14 minutes) CH3CN in 0.1% TFA aqueous buffer (flow rate: 3 

mL/min). The major peak (D- and L-isomers were not separable) was collected and lyo-
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philized to yield the purified peptide (purity >95%; 25.4 mg) as the trifluoroacetate salts. 

The TLC of the purified peptide material gave a single uniform spot (UV and iodine) on 

TLC (for Rf see Table 47), and analytical RP-HPLC·showed only one peak contained in 

the purified material (for chromatographic data see Table 47). FAB mass spectra indicated 

the MH+ peaks for tje compound are equal to the value calculated for the title peptides; 

MH+ calc., 990; found: 990. Amino acid analysis gave the following ratios: 

Mpa-Cys (0.42), e-D,L-Bmp (1.03), lIe (0.88), GIn (0.98), Asn (1.00), Pro (1.02), Leu 

(1.08), Gly (0.98). 

(p-Mercaptopropionyll, erythro-L-p-methylphenylalanine%]OXT (10, [Mpa1, eBmp%]OXT) 

The title compound was obtained by incorperating the optically pure NQ-Boc-L

p-methylphenylalanine (NQ-Boc-eBmp, provided by Dr. Dharanipragada). Starting with 

0.54 g. of peptide resin E previously prepared (see the last section), NQ-Boc-eBmp and 

Mpa(S-p-MeBzI) were coupled by following the procedure described in Table 48. At the 

completion of the coupling of Mpa(S-p-MeBz1), the peptide resin was washed successively 

with five portions of DCM and EtOH. The solid was collected and dried in ~ over

night to yield 0.63 g of Mpa(S-p-MeBz1)-eBmp-lIe-Gln-Asn-Cys(S-p-MeBz1)-Pro-Leu

Gly-p-MBHA peptide resin. The linear peptide was removed from the resin by anhy

drous HF cleavage (OOC, 1 hour) in the presence of anisole. After the cleavage, the HF 

was slowly evaporated. The solid residue was washed with ethyl ether (2 x 25 mL; deg

assed by bubbling nitrogen for a few minutes prior to use) and then stirred in 100 mL of 

0.2 N HOAc (degassed) for 20 minutes. This resin suspension was poured into 600 mL 

degassed water and stirred for another 10 minutes. The resin was removed by filtration 

and the filtrate (containing the linear peptide) was subjected to cyclization directly follow

ing the procedure described for analog.2.. The crude ·cyclic peptide was purified directly 
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by preparative HPLC using a gradient elution with mobile phase of step I, 15% - 25% in 

25 min; then step 2, 25% for 40 min CH,CN in 0.1% TFA aqueous buffer (flow rate: 10 

mL/min). The major peak was collected and lyophilized to yield the purified peptide 

material (purity >95%; 12 mg) as the trifluoroacetate salt. The purified peptide material 

gave a single uniform spot (UV and iodine) on TLC (for Rf see Table 47), and analytical 

RP-HPLC showed only one peak contained in the p~ified material (for chromatographic 

data see Table 47). FAB mass spectra indicated the MH+ peaks for the compound is equal 

to the value calculated for the title peptides: MH+ calc., 990; found: 990. Amino acid 

analysis gave the following ratios: Mpa-Cys (1.30), eBmp (1.02), lIe (1.12), Gin (0.90), Asn 

(0.93), Pro (0.91), Leu (0.90), Gly (1.04). 

[Erythro-D-,B-methyl-phenylalanine%, threonine410XT (11, [DeBmpz, Thr410XT) and 

[erythro-L-,B-methyl-phenylalaninez, threonine410XT (12, [eBmpZ, Thr410XT) 

Starting with 1.7 g of p-methylbenzhydrylamine (p-MBHA) resin (1.0 mmole of 

amine group) the following NQ-amino acids (2.5 mmoie; except for Aso: 4.0 mmole) were 

coupled following the cycle outlined in Table 48: Gly, Leu, Pro, Cys(S-p-MeBzl), Asn, 

Thr(O-Bzl), Ile, and D,L-eBmp (in the order of addition). At the completion of the cou

pling of NQ-Boc-D,L-eBmp, the peptide resin was washed with five portions of DCM and 

EtOH. The solid was collected and dried in ~ overnight to yield 2.2 g of NQ-Boc

D,L-eBmp-IIe-Thr( 0-BzI)-Asn-Cys(S-p-MeBzI)-Pro-Leu-Gly-p-MBHA peptide resin. 

Half of the peptide resin (1.1 g, 0.5 mmole) was used in the continued coupling of 

NQ-Boc-Cys(S-p-MeBzI) following the method described in Table 54. The resulting pep

tide resin was washed with DCM and EtCH and dried in ~ overnight. The linear 

peptide was removed from the resin by anhydrous HF cleavage (OOC, 1 hour) in the pres

ence of anisole. After the cleavage, the HF was slowly evaporated. The solid residue was 
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washed with ethyl ether (3 x 30 mL; degassed by bubbling nitrogen for several minutes 

prior to use), and then filtered. The solid collected was stirred in glacial acetic acid (40 

mL) for 20 minutes to extract the peptide. The solution was filtered and the resin was 

washed with glacial HOAc again (2 x 40 mL). The three fractions of HOAc were com

bined and lyophilized to give the crude unprotected linear peptide as a white powder (400 

mg). The linear peptide obtained was dissolved in 1200 mL of water for cyclization. The 

cyclization was performed following the procedure described for analog 1.. The crude 

cyclic peptide was purified by gel filtration (Sephadex G-15) with 50% HOAc (flow rate 

12-15 mL/h) followed by a second gel filtration (Sephadex G-15) with 0.2 N HOAc (flow 

rate 12-15 mL/h). The major peak was collected (UV'detection at 257.5 nm) and lyophil

ized to give 170 mg of peptide material. Analytical HPLC indicated the peptide material 

after gel filtrations contained two major peaks which were separated by semi-preparative 

HPLC with a mobile phase of 25% CH3CN (isocretic) in 0.1% TFA aqueous buffer (flow 

rate: 3 ml/min). From 80 mg of gel filtration purified.peptide, two major peaks were col

lected and lyophilized to yield the purified peptides as the trifluoroacetate salt (peak I: 

10.0 mg; peak 2: 10.1 mg). Both purified peptides gave single uniform spots (UV and 

iodine) on TLC (for Rf see Table 47), and analytical RP-HPLC showed only one peak in 

each HPLC purified material (for chromatographic data see Table 47). FAB mass spectra 

indicated identical MH+ peaks for both compounds equal to the value calculated for the 

title peptides: MH+ calc., 978; found, peak 1: 978, peak 2: 978. Assignments of the D

(peak I ; Rf 0.36, Macherey-Nagel, Chiralplate) and L-isomer (peak 2 ; Rf 0.56, Mach

erey-Nagel, Chiralplate) were based on the method described by Toth and co-workers 

(1990). Amino acid analysis gave the following ratios: 

peak 1: Cys-Cys (1.30), eBmp (1.00), De (0.90), Thr (0.87), Asn (0.90), Pro (0.95), Leu 

(1.06), Gly (0.90). 
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peak 2: Cys-Cys (1.24), DeBmp (0.90), De (0.80), Thr (0.82), Asn (1.00), Pro (1.02), Leu 

(1.00), Gly (0.97). 

[Erythro-D-P-Methylphenylalan.ine2, 3,4-dehydroproline7]OXT (13, [DeBmp2, s,4A-Pr07] 

OXT) and [erythro-L-p-Methylphenylalanine2, 3,4-dehydroproline7]OXT (14, [eBmp2, 

3,4A-Pr07]OXT) 

Starting with 4.4 g of p-methylbenzhydrylamine (p-MBHA) resin (2.4 mmole of 

amine group) the following NQ-Boc-amino acids (2.5 mmole; except for Asn and GIn: 4.0 

mmole) were coupled following the cycle outlined in Table 48: Gly, Leu, 3,4A-Pro, Cys(S-

p-MeBzI), Asn, Gin, and lie (in the order of addition). At completion of coupling of 

NQ-Boc-lIe, the peptide resin was washed with five portions of DCM and EtOH. The 

solid was collected and dried in vacuo overnight to yield 7.1 g of NQ-Boc-De-Gln-Asn

Cys(S-p-MeBzI)-3,4A-Pro-Leu-Gly-p-MBHA (F) peptide resin. A fraction (1.4 g, 0.5 - . 

mmole) of the peptide resin was used for the synthesis of the title compounds which was 

completed by coupling NQ-Boc-D,L-eBmp and NQ-Boc-Cys(S-p-MeBzI) to the peptide 

resin. The resulting peptide resin was washed with DCM and EtOH and dried in ~ 

overnight. The linear peptide was removed from the resin by anhydrous HF cleavage 

(OOC, 1 hour) in the presence of anisole. After the cleavage, the HF was slowly evapo-

rated. The solid residue was washed with ethyl ether.(3 x 30 mL; degassed by bubbling 

nitrogen for several minutes prior to use), and then stirred in glacial acetic acid (40 mL) 

for 20 minutes to extract the peptide. The solution was filtered and the resin was washed 

with glacial HOAc again (2 x 40 mL). The three fractions of HOAc were combined and 

lyophilized to give the crude unprotected linear peptide as a white powder (450 mg). The 

linear peptide obtained was dissolved in 8 mL of DMF and added to 1000 mL of degassed 

water for cyclization. Cyclization was carried out following the same methods as for 
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analog 1.. The crude cyclic peptide was purified by gel filtration (Sephadex G-15) with 

50% HOAc (flow rate 12-15 mL/h) followed by a second gel filtration (Sephadex G-15) 

with 0.2 N HOAc (flow rate 12-15 mL/h). The major peak was collected (UV detection 

at 257.5 nm) and lyophilized to give 170 mg of peptide material. Final purification was 

carried out by preparative RP-HPLC using isocratic elution with a mobile phase of 18% 

CH3CN 0.1% TFA aqueous buffer (flow rate: 10 mL/min). Two major peaks were col

lected and lyophilized to yield the purified peptides as the trifluoroacetate salt (peak 1: 

12.7 mg; peak 2: 11.3 mg). Both purified peptides gave single uniform spots (UV and 

iodine) on TLC (for Rf see Table 47). and analytical RP-HPLC showed only one peak in 

each purified peptide material (for chromatographic data see Table 47). F AB mass spectra 

indicated identical MH+ peaks for both compounds equal to the value calculated for the 

title pep tides: MH+ calc .• 1003; found. peak 1: 1003. peak 2: 1003. Assignments of the D

(peak 1 ; Rf 0.36. Macherey-Nagel, Chiralplate) and L-isomer (peak 2 ; Rf 0.55. Mach

erey-Nagel. Chiralplate) were based on the method described by Toth and co-workers 

(1990). Amino acid analysis gave the following ratios: 

peak I: Cys-Cys (1.25). eBmp (0.85). Ile (0.85). Glu (1.00). Asp (1.01). 3.4~-Pro (0.87). 

Leu (1.02). Gly (1.00). 

peak 2: Cys-Cys (1.09). DeBmp (0.92). Ile (1.00). Glu (1.01). Asp (1.00). 3.4~-Pro 

(0.78). Leu (1.04). Gly (1.01). 

(,8-Mercaptopropionyll. erythro-L-p-methylphenylalanines• 3.4-dehydroproline7]OXT (1 S. 

[Mpa1• eBmps. 3.4~-Pr07]OXT) 

The title compound was obtained by incorporating optically pure NIl-Boc-L

p-methylphenylalanine (NIl-Boc-eBmp. provided by Dr. Dharanipragada). Starting with 

0.7 g of peptide resin F previously prepared for analog 11. NIl-Boc-eBmp and Mpa(S-p-
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MeBz1) were coupled following the procedure described in Table 48. At the completion of 

the coupling of Mpa(S-p-MeBz1), the peptide resin was washed with five portions of DCM 

and EtOH. The solid was collected and dried in ~ overnight to yield 0.82 g of Mpa(S

p-MeBz1)-eBmp-De-Gln-Asn-Cys(S-p-MeBz1)-3.fA-Pro-Leu-Gly-p-MBHA peptide 

resin. The linear peptide was removed from the resin by anhydrous HF cleavage (OOC, 1 

hour) in the presence of anisole. After cleavage, the HF was evaporated. The solid resi

due was washed with ethyl ether (2 x 25 mL; degassed by bubbling nitrogen for several 

minutes prior to use) and then stirred in 100 mL of 0.2 N HOAc (degassed) for 20 min

utes. This resin suspension was poured into 600 mL d~gassed water and stirred for another 

10 minutes. The resin was removed by filtration and the filtrate (containing the linear 

peptide) was subjected to cyclization directly following the procedure described for analog 

1.. The crude cyclic peptide was purified directly by preparative HPLC using a gradient 

elution with mobile phase of step 1. 15% - 24% in 20 min then step 2. 24% - 26% in 30 

min CH3CN in 0.1% TFA aqueous buffer (flow rate: 10 mL/min). The major peak was 

collected and lyophilized to yield the purified peptide material (purity >95%, 11 mg) as the 

trifluoroacetate salt. The purified peptide material gave a single uniform spot (UV and 

iodine) on TLC (for Rf see Table 47), and analytical RP-HPLC showed only one peak 

contained in the purified material (for chromatographic data see Table 47). FAB mass 

spectra indicated the MH+ peak for the compound is equal to the calculated value for the 

title peptides: MH+ calc., 988; found: 988. Amino acid analysis gave the following ratios: 

Mpa-Cys (1.20), eBmp (0.92), lie (0.90), Gin (0.95), Asn (0.98), ',fA-Pro (0.90), Leu 

(0.90), Gly (1.00). 

Implications From the Synthesis and Further Work 
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Generally speaking, the syntheses involved in this investigation were quite straight

forward. The solubility problem encountered in cyclization of the more lipophilic analogs, 

such as [Mpa1, eBmp~]OXT and [Mpa1, DeBmp~)OXT, can be overcome in many ways. 

For example, dissolving the linear peptide in a small amount of MeOH or DMF which can 

then be added to the degassed water for cyclization is one method. Another alternative 

method involving direct cyclization after the HF cleavage (see the synthesis of [Mpa1, 

eBmpZ]OXT) was found to be workable. Especially in the case of analog 1., only direct 

cyclization after HF cleavage gave reasonable amounts of product. The same strategy was 

suggested for the synthesis of some highly lipophilic deltorphin analogs, and it was also 

found to be superior in this case (Cavagnero, 1990). In addition to the solubility problem, 

incorporation of a Mpa residue in the first position also causes difficulty in separation of 

the 2-0- and 2-L-isomers. The reason for this phenomenon is not understood. The 

desired 2-L-isomer was finally obtained by incorporating the optically pure erythro-L

p-methylphenylalanine. A quite interesting observation is the similarity in the surface 

properties of [R-AtcZ]OXT and [S-AtcZ]OXT. Very many RP-HPLC conditions were 

tried, but these two isomers have not been separated to date. For mono-2-substituted oxy

tocin analogs, the D- and L-isomers are usually very easy to separate, e.g., [D-Tyr~]OXT 

and [TyrZ]OXT; [O-eBmp~]OXT and [eBmpZ]OXT to name just a few. We think this unu

sual property of the AtcZ analog can be explained by the structure of the Atc residue. In 

the discussion of Chapter 2, based on the computer modeling of analogs we have suggested 

that the g- and the trans conformers are similar to each other in overall conformational 

properties and g+ conformer has some differences from the two. We have also shown that 

one- distinct difference in the O-amino acid and L-amino acid in position two is that the 

L-AA can assume a g+ conformation and place the aromatic ring on top of the 20-mem

bered ring, while D-AA has very little chance to place the aromatic ring on top of the 
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20-membered ring (see discussions in Chapter 2). We suggested this may be the reason 

why the monosubstituted 2-L- and 2-D-isomers are easily separated since the L-isomer 

can assume the distinguishable g+ conformation. In Figure 42, we have clearly shown that 

both R-Atc or S-Atc can only have g- and trans conformers. Thus when they are incor

porated in the peptide, we may expect the resulting peptides (no g+ conformer in either 

case) can only exist in conformations with very similar properties to each other. And this 

seemed to be the case we observed from the RP-HPLC analysis of [R,S-Atc2]OXT. This 

hypothesis is also supported from the RP-HPLC analysis of the four isomers of 

[Bmt2]OXT. Again, from the computer modelling we found that the ,8-methyl group in 

the threo-L-isomer may lower the preference for the g+ conformer in the peptide, and the 

,8-methyl group in the erythro-L-isomer could stabilize the g+ conformer. In the RP

HPLC analysis (Figure 41), we can see that the separation of the threo-D- and threo-L

isomers (peaks 1 and 2) in fact was much smaller than the separation of erythro-D- and 

erythro-L-isomers (peaks 3 and 4). We think the correlation of the computer calculation 

results with the experimental RP-HPLC data was quite interesting. Effort in obtaining the 

pure [R-Atc2]OXT and [S-Atc2]OXT (finding suitabl~ separation conditions or resolving 

the starting R,S-Ace amino acids) for conformational investigation may be quite reward

ing. 

The Biological Activity of Synthetic Oxytocin Analogues 

The uterotonic activity of the synthetic analogs in this study was determined in col

laboration with Dr. Walter Y. Chan, Professor of Pharmacology, Cornell Medical College, 

New York. In vitro oxytocic assays were performed on isolated uterine from Wistar rats ( 

Chan et al., 1967) using Mg+2 - free van Dyk - Hastings solution. 
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Figure 42. The possible conformers of 2(R)- and 2(S)-aminotetralin-2-carboxylic acids 
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Position-2 substituted analogs 

The biological activities of the analogs with modifictions in the 2-position are given 

in Table 49. The biological activity for the [eBmpz]OXT analog synthesized in this study 

was determined to be 80 - 265 ulmg, which is different from the activity determined pre

viously by Sianinova (Hill, 1986). These differences may be a result of the differences in 

assay conditions. The data listed in Table 49 were used for examining correlations with 

the results of computer calculations, since these bioassay data were obtained in the same 

laboratory. 

From the computer calculations we have suggested that the [eBmtZ]OXT analog 

should be a highly potent agonist due to the highly stabilized bioactive conformation of the 

aromatic ring (the g+ conformation) in the 2-position (see the detailed discussions in 

Chapter 3). The observed activity of the analog was found to be consistent with the pred

iction (Table 49, compound 2). More interestingly, both the [(2S, 3R)-p-Me-PheZ]OXT 

(4, [tBmpZ10XT) and [(2S, 3R)-p-Me-Tyr2]OXT ~, [tBmt2]OXT) analogs are found to 

have very little oxytocic activity.· These results are actually remarkably consistent with 

predictions from modeling, especially considering that the [tBmt2]OXT analog only is dif

ferent from the superagonist [eBmtZ10XT by having the p-methyl group on the pro-R 

face at Cp instead of on the pro-S face. However, the biological activity of the 

[tBmt210XT analog was somewhat expected from the computer modeling study of this 

compound (see the detailed discussions in Chapter 3). In addition, the biological activity 

of the [eBmpZ10XT analog determined in this study is less than that of the native hor

mone, which correlates well with the computer calculation results (see discussions in 

Chapter 2). In summary, the biological tests of those compounds further supported the 

conclusions from the computer calculations. 



Table 49. The biological activity of the 2-substituted 
oxytocin analogs 

Analog ~Ea Uterotonic 
(kcal) activity 

1 oxytocin 6.1 500 

2 [Phe2.]OXT 3.0 30 

3 [eBmp2.]OXTb 4.1 127±28c (8) 

4 [tBmp2.]OXTb -0.6 8.7±0.9c (8) 

S [eBmt2]OXTb 7.2 618±82c (8) 

6 [tBmt2]OXTb 0.9 0.2 

7 [DeBmt2]OXTb d 128±7c (8) 

8 [Bch2]OXTb 11.0 inactive 

9 [Atc2]OXTb d e 

aThe energy difference between the g+ conformer and the 
g-(trans) conformers from the computer calculations 

b Analog prepared in this study 
cMean values with n experiments in parenthesis 
dCalculation was not performed 
eNot available 
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The computer modeling of [.8-cyclohexylalanine2]OXT @' [Bch2]OXT) indicated that 

the analog may prefer exclusively the g+ conformation for the cyclohexyl ring in the 

2-position. Based on these calculations we suggested that [Bch2]OXT would be a good 

compound for examining whether or not the '" electrons of the aromatic ring in the 2-pos

ition are involved in the transduction state. No oxytocic agonist activity was observed for 

[Bch2]OXT. The author believes that the '" electrons are involved in the transduction pro

cess. On the other hand, the steric differences between a cyclohexyl ring and an aromatic 

ring may have prevented the [Bch2]OXT analog being an adequate probe for the effect we 

were interested in examining (see the detailed discussion in Chapter 3). 

The biological activities of the [R-Atc2]OXT and [S-Atc2]OXT analogs are not yet 

available since the separation of the R- and S- isomers has not been successful. However, 

the author believes that the Atc2 analogs are unlikely to have agonist activity. Instead, no 

activity or antagonist activity is expected for the Atc2 analogs since the analogs cannot 

have the g+ conformation for the aromatic ring in the 2-position (see the possible isomers 

of Atc in Figure 40). 

The multi-substituted analogs 

It has been noticed that additivity is not necessarily applicable in design of oxytocin 

agonists (Table 50). For example, both the [Mpa1]9XT and [Thr4]OXT analogs were 

found more active than the native hormone (see Table 50). However, the [Mpa1, 

Thr4]OXT analog has disappointingly low agonist activity (Table 50). This was also found 

to be true in the case of the [eBmp2, Thr4]OXT analog prepared in this study (Table 50). 

The replacement of Gln4 with Thr4 in the moderately potent [eBmp2]OXT analog led to a 

drop in potency instead of enhancement of potency. The biological activities are not yet 

available for the Mpa1-, and 3,4~-Pr07- containing [eBmp2]OXT analogs. Judging from 



Table 50. The biological activity of the multi-substituted· 
oxytocin analogs 

Analog Uterotonic 
activity 

oxytocin 546 

[Mpa110XT 803 

[Thr410XT 900 

[Mpa1, Thr410XT 149 

[eBmp210XT 127±28c (8) 

[eBmp2, Thr410XT 96±13c (8) 

[DeBmp2, Thr4]OXT 2.0 

[Mpa1, eBmp210XT b 

[eBmp2, 3,4~-Pro7]OXT b 

[DeBmp2, 3,4~_Pro7]OXT b 

[Mpa1, eBmp2, 
3,4~-Pro710XT b 

aAnalog prepared in this study 
bNot available 
cMean values with n experiments in parenthesis 

Reference 

Chan et aI., 1962 

Ferrier et aI., 1965 

Manning et aI., 1970 

Manning et al., 1971 

a 

a 

a 

a 

a 

a 

a 

186 



187 

the activities of [eBmp:!]OXT and [eBmp:!, 1"br4]OXT, those analogs may also tum out to 

be only moderately potent agonists. 

Summary and Future Perspectives 

The correlation of the biological activities of the native oxytocin, [Phe:!]OXT, 

[eBmp:!]OXT, [tBmp:!]OXT, [eBmt:!]OXT, [tBmt:!]OXT, [L-Tic:!]OXT, and [Penl]OXT ana-

logs with the results of computer calculations has revealed the topographical features of the 

2-position that are essential for transduction in oxytocin-uterus receptor interaction. The 

drastic activity difference between [eBmt:!]OXT and [tBmt:!]OXT has clearly demostrated 

the effects of incorporation of conformation-constraining amino acids on the topographical 

features of the peptide. Detailed biophysical studies on these two analogs should now be 

undertaken in order to compare the similarities and differences between these two com-

pounds. These studies should include: 500 MHz proton NMR and COSY or HOHAHA to 

absolutely confirm assignment of resonances; 2-D NOE studies to determine proximity of 

various protons; carbon-13 NMR relaxation studies to assess the analogs' backbone and 

side-chain flexibility. 

To further enhance the agonist activity multi-substituted analogs of [eBmt:!10XT 

should be of great interest. The modifications might include Mpa1 for Cys1, Ths-' for 

Glnt, and 3,t6.-ProT for ProT. 

Investigation of the TicS compounds has posed new ways of thinking about the 

design of conformationally constrained peptides. It suggests that the backbone changes as 

well as the topographical changes should be carefully considered. As discussed in Chapter 

2, the conformation of the L-TicS analog has provided an interesting starting point for 
, j 

computer modeling studies of [Mpa1, Glut, LysB]OXT, which may provide a fruitful in-
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formation of binding conformation in conjunction with biophysical examinations of the 

molecule. The author also suggests that incorporation of the L-Tic residue in the bicyclic 
i I 

analog may also result in an antagonist, [Mpa1, L-Tic2, Glu4, Lys8]OXT, with increased 

stability which may be benefitial to biophysical studies. 

Some interesting biological information may be obtained in further work with the 

[Atc2]OXT and [Bch2]OXT analogs. Separation or separate synthesis of the diastereomeric 

R-Atc2- and S-Atc2- oxytocin analogs is now of the utmost importance in this regard. 

The g+ conformation of the side-chain in the 2-position is not possible in either Atc2 ana-

logs, thus little or no agonist activity or even antagonistic activity is expected for both ana-

logs. Although the [Bch2]OXT analog, possibly having a g+ conforma~ion for the aliphatic 

side-chain in the 2-position, is not active as an agonist, its antagonism has not been deter-

mined. A test of its antagonist activity may be of some interest especially in comparison 

with the activity of the [AtcZ]OXT analogs. If both the Bchz and AtcZ analogs are found 

to be equally potent antagonists, it may be concluded that there is not a specific conforma-

tion of the side-chain in the 2-position required for the binding of antagonists. On the 

other hand, if only the AtcZ analog turns out to be an antagonist, the side-chain in the 

2-position may need to be either in a g- or a trans conformation in order to bind to the 

receptor. Synthesis of the AtcZ or Bchz [Pen110XT analogs also may be considered if 

[BchZ]OXT and [AtcZ10XT do have some antagonistic activity. 

As mentioned, the Pen1 containing analogs were found to have a restricted right-

handed disulfide bridge. The results of computer calculation of the [Penl)OXT analog also 

supported the idea that the left-handed disulfide bridge is essential for transduction. 

However, whether or not only "a conformation with a right-handed disulfide bridge" will 

bind to the receptor cannot be concluded from the studies. If an analog can only bind to 

the receptor with a right-handed disulfide bridge then the hormone-receptor complex can 



189 

undergo a helicity change at the disulfide bridge for ~e transduction. and a left-handed 

disulfide bridge constrained analog will not be good in binding. Thus. to constrain the 

left-handed disulfide bridge may not necessarily be fruitful for agonist activity. Unlike 

the right-handed disulfide brige-containing Penl analogs. the left-handed disulfide bridge

containing analogs have not been reported. It is interesting to consider how this can be 

done synthetically. Some of our preliminary computer calculations showed that putting a 

D-Pen in the 6-position (not done before) may have some left-handed disulfide bridge 

constraining effect. Further computer calculation of related compounds may open a new 

area in oxytocin research. 

In summary. by computer assisted modeling. we were able to clarify some of our 

problems. Of course. there are many more questions . have been aroused from the study. 

For example, some preliminary computer modeling studies of the D-Tyr2 and D-Tic2 ana

logs were not quite successful. Apparently. the starting conformation we have used in the 

study, the X-ray crystal structure of [Mpa1]OXT. does not accomodate a change of the 

configuration in the 2-position. A successful modeling of analogs with a D-amino acid in 

the 2-position may need to be done by starting with another conformation more related to 

the antagonist. Nonetheless. this study has demostrated the potential power of computer 

modeling in assisting peptide design. Modern computational methodologies together with 

advancing biophysical methods and synthetic strategies may make the goal of specific 

design of bioactive peptides not so far away as it seems today. 



Abbreviation 

Abu 

Asn 

Asp 

Ate 

Beh 

eBep 

eBip 

eBmp 

tBmp 

eBmt 

D-eBmt 

tBmt 

D-tBmt 

Boe 

Bzl 

Cbz 

Chp 

tChp 

Cys 

DCM 

APPENDIX A 
LIST OF ABBREVIA nONS 

Name 

a-Aminobutyric acid 

Asparagine 

Aspartic acid 

2-Aminotetralin-2-carboxylic acid 

P-Cyclohexylalanine 

erythro-L-P-Ethylphenylalanine 

erythro-L-P-Isopropylphenylalanine 

erythro-L-P-Methylphenylalanine 

threo-L-p-Methylphenylalanine 

erythro-L-P-Methyltyrosine 

erythro-D-p-Methyltyrosine 

threo-L-{J-Methyltyrosine 

threo-D-fJ-Methyltyrosine 

tert-Butyloxycarbonyl 

Benzyl 
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Benzyloxylcarbonyl 

a,a-Cyclohexamethylene-p(S)-phenylglycine 

a,a-Cyclohexamethylene-p(R)-phenylglycine 

Cystine 

Dichloromethane 



DIC, DeC 

DMF 

Fmoc 

Gla 

GIn 

Glu 

Gly 

HOBt 

lie 

Leu 

Mpa 

Pen 

Phe 

Pro 

TFA 

Thr 

L-Tic 

D-Tic 

Tyr 

D-Tyr 
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Diisopropyl-(or dicyc1ohexyl-)carbodiimide 

Dimetbylf ormamide 

9-Fluorenylmethoxycarbonyl 

Terminal glycine amide 

Glutamine 

Glutamic acid 

Glycine 

1-Hydroxybenzotriazole 

Isoleucine 

Leucine 

p-Mercaptopropionic acid 

Penicillamine 

Phenylalanine 

Proline 

3,4-Dehydroproline 

Trifluoroacetic acid 

Threonine 

1,2,3,4-(25)-Tetrahydroisoquinoline carboxylic 
acid 

l,2,3,4-(2R)-Tetrahydroisoquinoline carboxylic 
acid 

Tyrosine 

D-Tyrosine 
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APPENDIX B 
LIST OF THE PDB FILES STORED ON THE DISC 

Directory CGF1$DUA1:[MSCHOW] 

2GLYMIN.PDB;2 
3PHE-60MIN.PDB;1 
4GLY1BOMIN.PDB;2 
5GLY60MIN.PDB;2 
6DCYS1BOSMIN.PDB;1 
6DPEN-60SMIN.PDB;3 
6DPEN60SMIN.PDB;3 
6PEN-60MIN.PDB;1 
6PEN60MIN.PDB;1 
BCH60MIN.PDB;1 
BEP60MIN.PDB;1 
BMP-60MIN.PDB;2 
BMP60MIN.PDB;3 
BMT60MIN.PDB;3 
CHP-60CMIN.PDB;2 
CPHE-60MIN.PDB;1 
CTIC60MIN.PDB;1 
CTYR60MIN.PDB;1 
CYS60MIN.PDB;3 
DBMT60MIN.PDB;1 
DPEN-60MIN.PDB;1 
DPEN60MIN.PDB;2 
DTYR1BOMIN.PDB;1 
EGL60MIN.PDB;1 
GLY-60MIN.PDB;1 
ILEIBOMIN.PDB;1 
MTYR1BOMIN.PDB,1 
PEN1BOMIN.PDB;1 
PENPHE-60MIN.PDB;1 
PENPHE60MIN.PDB;2 
PHEIBOMIN.PDB;l 
PPR01BOMIN.PDB;1 
RBMP60MIN.PDB;1 
RRBP60MIN.PDB;2 
TCHP60BMIN.PDB;1 
TE60MIN.PDB;1 
TIC60SMIN.PDB;1 
TYR1BOSMIN.PDB;1 

Total of 152 files. 

3GLY-60MIN.PDB;1 
3PHE1BOMIN.PDB;1 
4GLY60MIN.PDB;2 
6DCYS-60MIN.PDB;1 
6DCYS60MIN.PDB;1 
6DPEN1BOMIN.PDB;2 
6GLY-60MIN.PDB;1 
6PEN-60SMIN.PDB;1 
6PEN60SMIN.PDB;1 
BCH60SMIN.PDB;1 
BIP-60MIN.PDB;1 
BMP-60SMIN.PDB;1 
BMP60SMIN.PDB;1 
CBMP-60MIN.PDB;1 
CHP60BMIN.PDB;3 
CPHEIBOMIN.PDB;1 
CTYR-60MIN.PDB;1 
CTYRK2MIN.PDB;1 
DBMT-60MIN.PDB;1 
DEOT-60MIN.PDB;1 
DPEN-60SMIN.PDB;1 
DPEN60SMIN.PDB;2 
DTYR60MIN.PDB;1 
EOTY-60MIN.PDB;1 
GLYlBOMIN. PDB; 1 
ILE60MIN.PDB;1 
MTYR60MIN.PDB;1 
PEN1BOSMIN.PDB;2 
PENPHE-60SMIN.PDB;1 
PENPHE60SMIN.PDB;2 
PHE1BOSMIN.PDB;1 
PPR060MIN.PDB;2 
RPHE-60MIN.PDB;1 
RRBP60MIN.PDB;1 
TCHP60CMIN.PDB;1 
TIC-60MIN.PDB;2 
TYR-60MIN.PDB;1 
TYR60MIN.PDB;1 

3GLY1BOMIN.PDB;1 
3PHE60MIN.PDB;1 
5GLY-60MIN.PDB;2 
6DCYS-60SMIN.PDB;1 
6DCYS60SMIN.PDB;1 
6DPEN1BOSMIN.PDB;3 
6GLY1BOMIN.PDB;1 
6PEN1BOMIN.PDB;2 
BCH-60MIN.PDB;1 
BEP-60MIN.PDB;1 
BIP1BOMIN.PDB;1 
BMP1BOMIN.PDB;2 
BMT-60MIN.PDB;2 
CBMP1BOMIN.PDB;1 
CHP60CMIN.PDB;2 
CPHE60MIN.PDB;1 
CTYR1BOMIN.PDB;1 
CYS-60MIN.PDB;1 
DBMT120MIN.PDB;1 
DEOTIBOMIN.PDB;l 
DPEN1BOMIN.PDB;1 
DTYR-60MIN.PDB;1 
EGL-60MIN.PDB;1 
EOTYIBOMIN.PDB;1 
GLY60MIN.PDB;1 
MPACYRMIN.PDB;2 
PEN-60MIN.PDB;1 
PEN60MIN.PDB;2 
PENPHEIBOMIN.PDB;l 
PHE-60MIN.PDB;1 
PHE60MIN. PDB; 2 
RBMP-60MIN.PDB;2 
RPHEIBOMIN.PDB;1 
RTAILMIN.PDB;l 
TE-60MIN. PDB; 1 
TIC1BOMIN.PDB;1 
TYR-60SMIN.PDB;1 
TYR60SMIN.PDB;1 

3GLY60MIN.PDB;1 
4GLY-60MIN.PDB;2 
5GLYIBOMIN.PDB;2 
6DCYSIBOMIN.PDB;1 
6DPEN-60MIN.PDB;2 
6DPEN60MIN.PDB;2 
6GLY60MIN.PDB;1 
6PEN1BOSMIN.PDB;1 
BCH180MIN.PDB;1 
BEPIBOMIN.PDB;1 
BIP60MIN.PDB;1 
BMP1BOSMIN.PDB;1 
BMTIBOMIN.PDB;2 
CBMP60MIN.PDB;1 
CHP60CSMIN.PDB;1 
CTIC-60MIN.PDB;1 
CTYR601MIN.PDB;1 
CYS1BOMIN.PDB;1 
DBMT1BOMIN.PDB;1 
DEOT60MIN.PDB;1 
DPENIBOSMIN.PDB;1 
DTYR120MIN.PDB;1 
EGL1BOMIN.PDB,1 
EOTY60MIN.PDB;1 
ILE-60MIN.PDB;1 
MTYR-60MIN.PDB;1 
PEN-60SMIN.PDB;2 
PEN60SMIN.PDB;2 
PENPHEIBOSMIN.PDB;l 
PHE-60SMIN.PDB,1 
PHE60SMIN.PDB;1 
RBMPIBOMIN.PDB;l 
RPHE60MIN.PDB;1 
TCHP-60CMIN.PDB,1 
TEIBOMIN.PDB;l 
TIC60MIN.PDB;2 
TYRIBOMIN.PDB;l 
TYRK2MIN.PDB;1 
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