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Received 4 October 2002; Revised 4 October 2004; Accepted 5 October 2004

Abstract: The synthesis and biological evaluation of penicillamine6-5-tert-butylproline7-oxytocin analogs and comparison with
their proline7-oxytocin counterparts has led to the discovery of two potent oxytocin (OT) antagonists: [dPen1,Pen6]-oxytocin (1,
pA2 = 8.22, EC50 = 6.0 nM) and [dPen1,Pen6,5-tBuPro7]-oxytocin (2, pA2 = 8.19, EC50 = 6.5 nM). In an attempt to understand the
conformational requirements for their biological activity, spectroscopic analyses of 1 and 2 were performed using 1H NMR, laser
Raman and CD techniques. In H2O, oxytocin analogs 1 and 2 exhibited cis-isomer populations of 7% and 35%, respectively.
Measurement of the amide proton temperature coefficients revealed solvent shielded hydrogens for Gln4 and Pen6 in the major
trans-conformer of 1 as well as for Gln4 in the minor cis-conformer of 2. Few long-distance NOEs were observed, suggesting
conformational averaging for analogs 1 and 2 in water; moreover, a lower barrier (16.6 ± 0.2 kcal/mol) for isomerization of the
amide N-terminal to 5-tBuPro7 relative to OT was calculated from measuring the coalescence temperature of the Gly9 backbone
NH signals in the NMR spectra of 2. Observed bands in the Raman spectra of 1 and 2 correspond to Cβ-S-S-Cβ dihedral angles of
+110–115° and ±90°, respectively. In water, acetonitrile and methanol, the CD spectra for 1 exhibited a positive maximum around
236–239 nm; in trifluoroethanol, the spectra shifted and a negative maximum was observed at 240 nm. The CD spectra of 2 were
unaffected by solvent changes and exhibited a negative maximum at 236–239 nm. The CD and Raman data both suggested that
a conformation having a right-handed screw sense about the disulfide and a χCS−SC dihedral angle value close to 115° was favored
for analog 1 in water, methanol and acetonitrile, but not trifluoroethanol, where a ±90° angle was favored. Analog 2 was more
resilient to conformational change about the disulfide, and adopted a preferred disulfide geometry corresponding to a ±90°χCS−SC

dihedral angle. Monte Carlo conformational analysis of analogs 1 and 2 using distance restraints derived from NMR spectroscopy
revealed two prominent conformational minima for analog 1 with disulfide geometries around +114° and +116°. Similar analysis
of analog 2 revealed one conformational minimum with a disulfide geometry around +104°. In sum, the conformation about the
disulfide in [dPen1,Pen6]-OT (1) was shown to be contingent on environment and in TFE, adopted a geometry similar to that of
[dPen1,Pen6,5-tBuPro7]-OT (2) which appeared to be stabilized by hydrophobic interactions between the 5-tBuPro7 (5R)-tert-butyl
group, the Leu8 isopropyl sidechain and the Pen6β-methyl substituents. In light of the conformational rigidity of 2 about the
disulfide bond, and the similar geometry adopted by 1 in TFE, a S-S dihedral angle close to +110° may be a prerequisite for their
binding at the receptor. Copyright  2005 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Conformationally rigid analogs of biologically active
peptides are important for studying G-protein cou-
pled receptor (GPCR) interactions that operate in sig-
nal transduction [1]. In structure–activity relationship
(SAR) investigations, they can help elucidate the three-
dimensional structure responsible for biological activ-
ity. For example, attempts to define the conformational
prerequisites for the activity of the peptide hormone
oxytocin (OT) 3 at its receptor have led to the synthesis
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of various analogs incorporating modifications to the
peptide backbone, amino acid sequence, ring size and
side-chain functional groups [2–6].

Mainly responsible for lactation and uterine con-
tractions in mammals, OT has been used clinically to
induce rhythmic contractions of the uterus in pregnant
women since the 1950s [7–9]. Inhibitors of oxytocin
activity have been clinically evaluated over the past
20 years as treatments of preterm labor [4,10–13]. For
example, Atosiban [Mpa1,D-Tyr(OEt)2,Thr4,Orn8-OT] 4
is used clinically in Europe to treat preterm labor [14].
A more detailed understanding of the conformational
requirements for biological activity of OT analogs is
thus essential for the rational design of drugs that
regulate activity at its receptor.

In the 1970s, conformational analyses of several OT
analogs led to the proposal of two models describing
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Figure 1 Structures of oxytocin 3, atosiban 4, malformin A1

5 [69]and retro-D-tocinamide 6 [65].

the structural requirements for biological activity: the
cooperative model and the dynamic model [15–18].
In the cooperative model, two β-turns, centered on
Ile3-Gln4 and Pro7-Leu8, create a sheet-like structure
with hydrophilic and hydrophobic residues on oppo-
site sides. According to this model the side-chains of
Tyr2 and Asn5 interact in a way responsible for signal
transduction. The dynamic model refers to the confor-
mational flexibility of oxytocin analogs [17,18]. Based
on biophysical studies, it concludes that the macro-
cyclic portion and certain side chains of antagonist
analogs are less flexible. In particular, the Ile3 and Asn5

amide hydrogens are shielded from solvent inside the
cyclic portion of the peptide such that the lipophilic
and hydrophilic residues are on opposite sides of the
peptide. The prerequisites for biological activity of OT
analogs that were predicted by these models still hold
true today after the synthesis of hundreds of analogs
featuring systematic modifications that have refined the
conformation and location of turns within the macro-
cycle, altered the chirality and structure of side chains
such as those of Tyr2 and Asn5, and modified the amides
involved in hydrogen bonding [5].

Two structural features of OT analogs that have
been more recently associated with biological activ-
ity are the geometry of the disulfide bond and the
amide N-terminal to proline7. Since the x-ray crys-
tal structure of Mpa1-OT revealed two conformers in
the crystal unit that differed mainly in their disul-
fide bond geometry (one exhibiting right-handed P-
helicity (+76°)§ and the other left-handed M-helicity
(−101°), Figure 2 and 3) [19,20], the handedness of
the disulfide has been suggested as a determinant
for activity: right-handed P-helicity has been sug-
gested to be adopted by antagonists, and left-handed
M-helicity to be adopted by agonists [19]. Although
both conformers in the crystal structure of Mpa1-OT

§ For rules of nomenclature concerning helicity see reference [88].

possessed the amide N-terminal to proline7 in the trans-
isomer conformation, an NMR spectroscopic study of
OT (3) demonstrated that the amide N-terminal to
Pro7 could adopt up to 10% cis-isomer in solution
[21,22]. Furthermore, conformational analyses of the
potent bicyclic OT antagonists [Mpa1,cyclo(Glu4,Lys8)]-
OT and [dPen1,cyclo(Glu4,Lys8)]-OT by NMR spec-
troscopy (DMSO) and molecular modeling revealed the
disulfide bond to be flexible and the prolyl amide locked
in the cis-isomer conformation [23]. Comparison of
these bicyclic analogs and other OT analogs has led
to the hypothesis that the prolyl amide trans-isomer is
necessary for agonist activity and that the cis-isomer
may favor antagonism [24].

To improve the understanding of the relationship
between the structure and biological activity of OT
antagonists, the steric interactions of alkyl group
substituents were used to modify peptide conformation.
Recently, the synthesis and biological evaluation was
reported of six penicillamine6-oxytocin analogs, five
of which had not previously been reported [25]. Two
analogs exhibited strong inhibition of OT activity:
[dPen1,Pen6]-OT (1) and [dPen1,Pen6,5-tBuPro7]-OT (2).
Although the amide N-terminal to 5-tert-butylproline
in the latter analog exhibited a 5-fold greater cis-
isomer population (35% for 2 and 7% for 1) relative
to its proline counterpart, the trans-amide conformer
still predominated. Furthermore, their conformational
differences, observed in water, did not have a significant

Figure 2 Illustrations of disulfide helicity and quadrant rule.

Figure 3 Prolyl amide isomers of [dPen1,Pen6]-OT (1, R = H)
and [dPen1,Pen6,5-tBuPro7]-OT (2, R = t-Bu).
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impact on their uterotonic potency (pA2 = 8.22, EC50 =
6.0 nM for 1 and pA2 = 8.19, EC50 = 6.5 nM for 2)
nor receptor affinity (Ki = 37 nM for 1 and 33 nM for
2) as measured in vitro on the rat uterine receptor
[25]. The apparent discrepancy between conformation
and biology of peptides 1 and 2 warranted further
investigation to better understand the significance
of conformation for antagonist activity of these OT
analogs. This paper reports the conformational study of
these oxytocin antagonists using NMR, Raman and CD
spectroscopy in conjunction with molecular modeling.

MATERIALS AND METHODS

Synthesis and Biological Evaluation of Peptides

The synthesis and biological evaluation of peptide analogs 1
and 2 has been described previously [25].

NMR Measurements
1H NMR experiments were performed on a Bruker DMX600
spectrometer. The chemical shifts are reported in ppm (δ units).
Coupling constants are in Hz. For temperature coefficient
(�δ/�T ) determinations, six 1H NMR spectra were recorded
at 5° intervals from 303 to 328 K, with dioxane as an internal
standard. COSY, TOCSY and ROESY spectra were obtained
on 3.0 mM samples in 9 : 1 H2O : D2O and 3.5 mM samples in
D2O at pH 6.5 without added buffer. Some 1H NMR, NOESY
and ROESY spectra were also recorded at pH ≈ 3.5 by adding
CD3CO2D. Spectra were measured at 303 K with 2048 by
either 512 or 1024 data points with mixing times of 70 and
107 ms for the TOCSY spectra; 100, 200, 300 and 500 ms for
the NOESY spectra; 100, 200, 250 and 500 ms for the ROESY
spectra. At 288 K in D2O, additional ROESY spectra were
obtained with 2048 by either 320 or 400 data points and a
250 ms mixing time. Distance restraints were generated from
intermolecular NOEs observed in the ROESY spectra with a
250 ms mixing time using the intensity-ratio method [26]; peak
volumes were corrected for the ROESY offset dependence [27],
and the intraresidue NOE between the meta and ortho ring
hydrogens of Tyr was used as a reference distance (2.47 Å).
Peak volumes from at least three experiments were used to
generate each distance restraint.

Laser Raman Spectroscopy

Raman spectra were obtained with a Renishaw imaging
microscope using a 782.0 nm diode laser (near infrared)
excitation, with 5 mW of power at the sample. A 50× objective
was used to focus the laser on a 2 µm area. Spectral acquisition
was effected with a coupled charge detector (CCD; 15 × 576)
and a resolution of 2 cm−1. Spectra were recorded on solid
lyophilized samples between 1800 cm−1 and 400 cm−1 with
acquisition times of 300 s per scan for ten scans, which were
averaged to obtain each spectrum. Due to the great sensitivity
of the CCD detector, a cosmic ray filter was employed.

Circular Dichroism

The CD spectra were obtained on a Jasco J-710 spectropo-
larimeter, using a 1 cm cell length and a concentration of

0.1 mg/ml of peptides 1 and 2 (for each solvent) at 25 °C.
The CD spectra were recorded with a sensitivity of 100 mdeg,
a resolution of 0.2 nm, a bandwidth of 1.0 nm, a response
time of 0.25 s, and a scan speed of 100 nm/min. Five scans
were averaged for each spectrum. Units for [θ ] values are
deg × cm2 × decimole−1.

Molecular Modeling

Molecular modeling was carried out using Macromodel 8.5 [28]
(Schrödinger, Portland, OR) on a Pentium 4 personal computer
running Red Hat Linux 9. All minimization and conformational
searches were done within a GB/SA continuum model with
extended electrostatics and force field charges to mimic
aqueous solvation [29,30]; initial calculations were carried
out using the AMBER∗ force field implementation [31–33] in
Macromodel, and later repeated using the OPLS-AA force field
[34,35] for the final calculations, owing to the higher quality
disulfide parameters in OPLS-AA [35]. The Polak-Ribière
Conjugate Gradient method [36] was used in all minimization
steps. Models of analogs 1 and 2 were built within Macromodel
and minimized. Initial Monte Carlo conformational searches
[37,38] were carried out in the absence of restraints.
Subsequent Monte Carlo conformational searches [37,39] on
1 and 2 used 16 and 9 inter-residue distance constraints,
respectively. In the final round of searching on 2, a Cβ-S-S-Cβ

angle restraint of 90° ± 5° was introduced as well. For each
conformational search experiment, 5000–10 000 structures
were generated, and 2000 minimization steps were used.
Convergence was assessed within and between experiments;
the conformational search was halted when no additional low
energy conformations were found. This process completed
after 35 000 structures were generated for analog 1 and
80 000 structures were generated for analog 2. Rebuilding the
structures with the opposite disulfide geometry (M helicity) and
repeating the conformational search resulted in convergence
at structures with P helicity. Electrostatic calculations were
carried out using APBS [40] with the non-linear Poisson-
Boltzmann equation [41,42] and visualized in PyMOL [43].

RESULTS AND DISCUSSION

Conformational Analysis by NMR Spectroscopy

As previously reported, both analogs 1 and 2 were
observed to exhibit prolyl amide equilibrium by 1H
NMR spectroscopy [25]. Proton resonance chemical
shifts were determined for residues of major and
minor conformations of peptides 1 and 2 using COSY,
TOCSY and ROESY 1H NMR experiments (Table 1)
[26]. The major and minor sets of signals observed
in the spectra of 1 and 2 were attributed to the trans-
and cis-isomers N-terminal to the proline7 and 5-tert-
butylproline7, respectively, based on NOE cross-peaks
observed between their α- and δ-protons with the α-
proton of penicillamine6 [25]. Certain residues (dPen1,
Ile3, Gln4, Asn5, Pen6 and Pro7) of the less populated
proline7 amide cis-isomer conformer of peptide 1 were
not detected and thus not assigned. The NH-CαH
coupling constants were measured, φ dihedral angles
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were calculated, and CαHi-NHi+1 NOEs were used
to confirm the sequential connectivities (Tables 2–4)
[26,44,45]. Other than the expected CαHi-NHi+1 and
some NHi-NHi+1, only a few inter-residue NOEs were
detected (Table 4) [26,46], despite the recording of
multiple ROESY and NOESY spectra for both analogs
with mixing times ranging from 100 to 500 ms using
different pulse sequences. Although the maximum
intensity of the NOE signals was observed at 250 and
300 ms, application of these optimum mixing times

and recording of the ROESY spectra at 278 K together
gave no additional observable NOE signals. This result
combined with the observation that most (6/7) of the
JNH−CαH values were in the conformational averaging
range (5–8 Hz), suggested that peptides 1 and 2 were
flexible and adopted multiple conformations in water.
Nonetheless, the weak Tyr2 NH and Asn5 NH NOE
observed in the spectra for the major conformer of
analog 1 suggested less than a 5 Å separation of these
residues, indicative of a turn bordered by the Tyr2 and

Table 1 1H NMR Data for [dPen1,Pen6]-OT (1) and [dPen1,Pen6,5-tBuPro7]-OT (2) in Water

Residue 1 2 1 2

Major Minor Major Minor Residue Major Minor Major Minor

dPen1 Asn5

CαH 2.48 — 2.51 2.56 NH 8.31 — 8.22 8.29
CαH 2.31 — 2.34 2.29 CαH 4.72 — 4.64 4.60
Cγ H3 1.29 — 1.25 1.25 CβH 2.77 — 2.77 2.80
Cγ H3 1.29 — 1.18 1.22 CβH 2.68 — 2.77 2.71
Tyr2 JαβD 5.5 — 7.7 5.0
NH 8.23 8.21 8.15 8.22 JαβU — — 7.9 9.5
CαH 4.52 4.53 4.50 4.57 Jββ — — — 16.4
CβH 3.11 3.12 3.12 3.12 JNHCH 8.16 — 7.6 7.3
CβH 2.94 2.88 2.94 2.90 Pen6

CmH 7.11 (7.11) 7.11 7.12 NH 7.70 — 8.07 7.61
CoH 6.80 (6.80) 6.80 6.79 CαH 4.55 — 5.17 4.58
Jαβ — — 6.2 6.2 Cγ CH3 1.34 — 1.39 (1.26)
Jαβ — — 7.7 8.3 Cγ CH3 1.33 — 1.26 (1.22)
Jδε 8.6 (4.8) 8.5 8.5 JNHCH 6.6 — — 7.8
JNHCH 7.1 7.7 7.4 (7.0) Pro7 or 5-t-BuPro7

Ile3 CαH 4.36 — 4.57 4.78
NH 7.73 — 7.93 7.75 CβH 2.21 — 2.19 2.32
CαH 4.13 — 4.08 4.12 CβH 2.01 — 2.07 2.09
CβH 1.91 — 1.91 1.89 Cγ H 1.93 — 2.00 1.91
Cγ CH2 1.22 — 1.30 1.29 Cγ H 1.85 — 1.75 1.83
Cγ CH3 1.01 — 1.06 1.07 CδH 3.83 — 3.81 4.09
CδCH3 0.81 — 0.85 0.86 CδH 3.65 — — —
Jαβ (6.1) — 7.0 (7.1) t-Bu — — 0.91 0.81
JNHCH 6.9 — 7.0 6.4 Leu8

Gln4 NH 8.37 8.43 7.94 8.35
NH 7.78 — 7.73 7.69 CαH 4.24 4.15 4.24 4.17
CαH 4.10 — 4.22 4.16 CβH 1.63 1.59 1.59 1.61
CβH 2.06 — 2.06 2.03 CβH 1.53 — 1.55 1.55
CβH 2.00 — 1.96 1.97 CδH3 0.87 0.88 0.84 0.88
Cγ H 2.29 — 2.29 2.29 CδH3 0.82 0.83 — —
Cγ H 2.29 — 2.29 2.29 Jαβ (5.0) — 6.8 —
Jαβ 8.8 — (6.0) (6.4) Jγ δ 6.5 — — —
JNHCH 5.8 — 7.0 (6.7) JNHCH 6.8 5.1 6.5 7.2

Gly9

NH 8.32 8.48 8.45 8.46
CαH 3.84 3.86 3.87 3.87
CαH 3.84 3.79 3.77 3.77
Jαα 15.5 16.1 17.2 17.2

JNHCH 6.1 5.7 6.3 5.4

— not observed; () overlap.
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Table 2 Coupling Constant (3JNH−Hα ) and φ Dihedral Angle
Correlations for 1

Residue Major Minor

3JNH−Hα
a

(θ1) [θ2]b
φb φc 3JNH−Hα

a

(θ1) [θ2]b
φb φc

Tyr2 7.1 40.5 7.7 48.9
(19.5) 79.5 (11.1) 71.1
[145.7] −85.7 −83.0 [149.9] −89.9 −88.1

−154.3 −157.0 −150.1 −151.9
Ile3 6.9 38.4 38.4 —

(21.6) 81.6 60.0
[144.4] −84.4 −81.4

−155.6 −158.6
Gln4 5.8 28.5 33.8 —

(31.5) 91.5 86.2
[137.4] −77.4 −72.8

−162.6 −167.2
Asn5 8.2 −93.6 −92.7 —

[153.6] −146.4 −147.3
Pen6 6.6 35.4 46.7 —

(24.6) 84.6 73.3
[142.5] −82.5 −79.0

−157.5 −161.0
Leu8 6.8 37.3 52.4 5.1 23.1 25.6

(22.7) 82.7 67.6 (36.9) 96.9 94.4
[143.8] −83.8 −80.6 [133.1] −73.1 −67.3

−156.2 −159.4 −166.9 −172.7
Gly9 6.1 31.0 37.9 5.7 27.7 32.6

(29.0) 89.0 82.1 (32.3) 92.3 87.4
[139.3] −79.3 −75.1 [136.8] −76.8 −72.0

−160.7 −164.9 −163.2 −168.0

a In Hz (±0.3), determined at 30 °C and pH ≈ 6.5 in 9 : 1
H2O : D2O. — , not observed.
b Calculated according to Bystrov [45]: 3JNH−Hα = 8.6 cos2 θ −
1.0 cos θ + 0.4, where θ = |φ − 60|; ±θ1 and θ2 are possible
solutions.
c Calculated according to Wüthrich [26]: 3JNH−Hα = 6.4 cos2 θ −
1.4 cos θ + 1.9, where θ = |φ − 60|.
Values are reported following IUPAC-IUB nomenclature.
‡ For examples and illustrations of θ to φ correlations see
references [24], [26] (and references 26 and 27 therein), and
[45].

Asn5 residues. In addition, for the major conformer of
1, strong NOEs were observed between the CαH of Asn5

and the NH of Pen6, between the CαH of Pen6 and the
CδH of Pro7, and between the CαH of Pro7 and the NH
of Leu8; a weak NOE was observed between the CβH
of Gln4 and the backbone NH of Asn5. Strong NOEs
were observed between the CαH of Pen6 and both the
CδH and CδtBu of 5-tBuPro7 for the major conformer of
2. Other than a weak NOE between the CβH of Asn5

and the NH of Pen6, no other long-range NOE was
observed in the spectra for the major conformer of 2
and few NHi-NHi+1 NOEs were detected. These spectral
variations indicated conformational differences for 1

Table 3 Coupling Constant (3JNH−Hα ) and φ Dihedral Angle
Correlations for 2

Residue Major Minor

3JNH−Hα
a

(θ1) [θ2]b
φb φc 3JNH−Hα

a

(θ1) [θ2]b
φb φc

Tyr2 7.4 44.2 —
(15.8) 75.8
[147.7] −87.8 −85.5

−152.3 −154.5
Ile3 7.0 39.4 6.4 33.6 42.7

(20.6) 80.6 (26.4) 86.4 77.3
[145.1] −85.1 −82.2 [141.2] −81.2 −77.4

−154.9 −157.8 −158.8 −162.6
Gln4 7.0 39.4 6.7 36.3 49.2

(20.6) 80.6 (23.7) 83.7 70.8
[145.1] −85.1 −82.2 [143.1] −83.1 −79.8

−154.9 −157.8 −156.9 −160.2
Asn5 7.6 47.2 7.3 42.9

(12.8) 72.8 (17.1) 77.1
[149.2] −89.2 −87.2 [147.1] −87.1 −84.7

−150.8 −152.8 −152.9 −155.3
Pen6 — 7.8 51.0

(9.0) 69.0
[150.6] −90.6 −89.0

−149.4 −151.0
Leu8 6.5 34.5 44.6 7.2 41.7

(25.5) 85.5 75.4 (18.3) 78.3
[141.8] −81.8 −78.2 [146.4] −86.4 −83.8

−158.2 −161.8 −153.6 −156.2
Gly9 6.3 32.7 41.0 5.4 25.4 29.0

(27.3) 87.3 79.0 (34.6) 94.6 91.0
[140.5] −80.5 −76.6 [135.0] −75.0 −69.7

−159.5 −163.4 −165.0 −170.3

a In Hz (±0.3), determined at 30 °C and pH ≈ 6.5 in 9 : 1
H2O : D2O. — , not observed.
b Calculated according to Bystrov [45]: 3JNH−Hα = 8.6 cos2 θ −
1.0 cos θ + 0.4, where θ = |φ − 60|; ±θ1 and θ2 are possible
solutions.
c Calculated according to Wüthrich [26]: 3JNH−Hα = 6.4 cos2 θ −
1.4 cos θ + 1.9, were θ = |φ − 60|.
Values are reported following IUPAC-IUB nomenclature.
‡ For examples and illustrations of θ to φ correlations see
references [24], [26] (and references 26 and 27 therein), and
[45].

and 2 in water; moreover, the lack of long distance
NOEs signified considerable conformational averaging
of both peptides on the NMR time-scale.

In model peptides, (2S,5R)-5-tert-butylproline (5-
tBuPro) was shown to possess a lower barrier of
isomerization about its N-terminal amide bond relative
to proline (16.5 vs 20.4 kcal/mol, respectively, for their
N-acetyl N ′-methylamide derivatives in water) [47]. By
measuring the coalescence temperature (313 K) for
the major and minor NH signals of Gly9 in the 5-
tBuPro analogue 2, the �G‡ was approximated to
be 16.6 ± 0.2 kcal/mol. This value was significantly
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Table 4 Inter-residue NOEs for 1 and 2

NOE 1a 2

dPen1 CαH Tyr2 NH m m
dPen1 CαH′ Tyr2 NH w m
Tyr2 CαH Ile3 NH m w
Tyr2 NH Asn5 NH w —
Tyr2 NH Asn5 CαH [m] —
Ile3 CαH Gln4 NH m m(w)
Ile3 NH Tyr2 NH m —
Gln4 CαH Asn5 NH m w(w)
Gln4 CβH Asn5 NH w —
Asn5 CαH Pen6 NH s w
Asn5 NH Gln4 NH m —
Asn5 NH Pen6 NH m —
Asn5 CβH Pen6 NH — w
Pen6 CαH Pro7 CδH s
Pen6 CαH Pro7 CδH′ m
Pen6 Cγ CH3 Pro7 CδH m
Pen6 Cγ CH3 Pro7 CδH′ w
Pen6 CαH tBuPro7 CδH s
Pen6 CαH tBuPro7 CδtBu s
Pro7 CαH Leu8 NH s
tBuPro7 CαH Leu8 NH m(w)
Leu8 CαH Gly9 NH m m(w)
Leu8 NH Gly9 NH m —

a Values in square brackets represent possible artifacts.
Values in parentheses are for the minor cis isomer.
— , not observed. w, weak; m, medium; s, strong.

lower than �G‡ values calculated for isomerization N-
terminal to Pro7 in OT and arginine vasopressin (20.8
and 20.6 kcal/mol, respectively) [22]. Isomerization
about the amide N-terminal to 5-tBuPro7 may thus
account in part for the conformational averaging
observed with peptide 2.

Temperature coefficients were calculated for back-
bone amide hydrogens of peptides 1 and 2 in water

Table 5 Temperature Coefficients (�δ/�T ) for Amide Proton
Resonances

NH 1 2

Major Minor Major Minor

Tyr2 8.6 8.3 8.0 7.5
Ile3 5.5 — 7.5 3.6
Gln4 2.5 — 3.6 2.7
Asn5 6.4 — 6.0 6.4
Pen6 1.3 — 4.0 3.6
Leu8 10.2 7.8 6.5 4.5
Gly9 7.3 8.8 7.7 8.7

At pH ≈ 3 in 9 : 1 H2O : D2O; units of ppm/K × −103. — ,
not observed.

after recording 1H NMR spectra at 5 K intervals
between 303 K and 328 K (Table 5). In the major
prolyl amide trans-isomer of 1, the backbone amide
hydrogens of Gln4 and Pen6 exhibited temperature
coefficients indicative of solvent shielding (�δ/�T >

−3 × 10−3 ppm/K) [21,48] and hydrogen bonding, sug-
gesting possible turns around these residues. In the
major prolyl amide trans-isomer of 2, the tempera-
ture coefficients of the same amide hydrogens (Gln4

and Pen6) were in the intermediate range between sol-
vent shielded and solvent exposed hydrogens (−3 >

�δ/�T > −6 × 10−3 ppm/K) indicating the absence of
strong hydrogen bonding. In the minor prolyl amide
cis-isomer conformation of 2, a temperature coefficient
was measured for the backbone amide of Gln4 that
was consistent with solvent shielding, and intermediate
range temperature coefficient values were observed for
Ile3, Pen6 and Leu8. Due to its small population, most of
the hydrogen amide resonances for the minor cis-isomer
conformation of 1 were not detected. Temperature coef-
ficients consistent with solvent shielded hydrogens were
previously observed in the studies of antagonist ana-
log [Pen1]-OT (pA2 = 6.9) for Ile3 and Asn5 [17]; and
in the bicyclic antagonists [Mpa1,cyclo(Glu4,Lys8)]-OT
(pA2 = 8.2) and [dPen1,cyclo(Glu4,Lys8)]-OT (pA2 = 8.7)
for Ile3 and Glu4 [23]. Temperature coefficients were
also calculated for the NH2 amide proton resonances
of Gln4, Asn5 and Gly9 in analogs 1 and 2 (data not
shown) and the �δ/�T values ranged from −6.5 to
−4.3 × 10−3 ppm/K indicating the absence of strong
hydrogen bonding.

Because of a conformational change observed by CD
spectroscopy when switching solvents from water to
TFE (see CD section below), NMR spectra of 1 were
recorded in TFE-d2; however, the solubility of 1 in neat
TFE did not permit concentrations required for NMR
spectroscopy on our 600 MHz instrument. Instead, the
peptide was soluble at practical concentrations for NMR
experiments in a mixture of 7 : 3 TFE : H2O. In these
conditions the amide protons of Tyr2, Ile3, Leu8 and
Gly9 all shifted significantly upfield (�δ of 0.7, 0.2, 0.6
and 0.4 ppm, respectively) relative to water (Table 6)
indicating a modification of the peptide conformation in
changing from water to 7 : 3 TFE : H2O. In the spectrum
of OT (3), similar upfield shifts of the amide protons
of Ile3, Leu8 and Gly9 have been observed upon the
titration of TFE into DMSO [49–51].

Analysis of 1 and 2 with Laser Raman Spectroscopy

Raman spectroscopy has been used to examine the
conformation of oxytocin analogs [52–54]. Detailed
investigations of disulfide containing molecules with
Raman spectroscopy have provided carbon-sulfur,
sulfur-sulfur, and amide stretching frequencies for
the assignment of specific conformations [55–57]. For
example, OT (3) and [Gly4]-OT, which have been shown

Copyright  2005 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 11: 365–378 (2005)



STRUCTURAL CHARACTERISTICS OF POTENT OT ANALOGS 371

Table 6 Proton NMR Data for [dPen1, Pen6]-OT Recorded in
7 : 3 TFE : H2O

Residue δ (ppm)a Residue δ (ppm)

dPen1 Pen6

CαH 2.52 NH 7.69
CαH 2.43 CαH 4.73
Cγ H3 1.37 Cγ CH3 1.43
Cγ H3 1.37 Cγ CH3 1.37

JNHCH 7.1
Tyr2

NH 7.58 Pro7

CαH 4.53 CαH 4.47
CβH 3.15 CβH 2.22
CβH 3.09 CβH 2.07
CmH 7.16 Cγ H 2.01
CoH 6.86 Cγ H 2.01
Jδε 8.6 CδH 3.91
JNHCH 6.6 CδH 3.69
Ile3 Leu8

NH 7.51 NH 7.73
CαH 4.12 CαH 4.30
CβH 2.04 CβH 1.68
Cγ CH2 — CβH 1.62
Cγ CH3 1.13 CδH3 0.94
CδCH3 0.92 CδH3 0.90
JNHCH 5.8 JNHCH 6.6
Gln4 Gly9

NH 7.76 NH 7.94
CαH 4.19 CαH 3.94
CβH 2.16 CαH 3.86
CβH 2.16 JNHCH —
Cγ H 2.37
Cγ H 2.37
JNHCH 5.6
Asn5

NH 8.34
CαH 4.82
CβH 2.84
CβH 2.76
JNHCH —

a Major isomer; — , not observed.

by NMR spectroscopy to adopt reverse turn structures,
exhibit amide I bands at 1663 to 1670 cm−1, resulting
from the coupled in-plane stretching vibrations of the
amide carbonyl group, as well as amide III bands
at 1266 to 1270 cm−1, resulting from the in-plane
vibration of the amide bond [53]. Correlation between
S-S stretching frequencies and disulfide dihedral angles
(χSS−CC and χCS−SC) for several alkyl disulfides (primary,
secondary, tertiary and strained disulfides) has been
established based on the analysis of compounds for
which the disulfide geometry was assigned by other
means of determination (x-ray crystallography and NMR
spectroscopy) [57–60].

In the present study of 1 and 2, background
fluorescence, especially at shorter wavelengths (i.e. the

Figure 4 Laser Raman spectra of OT, 1 and 2.

blue 488 nm or the green 515 nm lines of argon),
was observed for all of the analogs tested. A longer
wavelength (near infrared 782 nm) was used to reduce
fluorescence; however, longer acquisition times were
required to obtain an acceptable signal to noise ratio.
As a reference standard, Raman spectra were first
obtained on OT (3) and were found to be comparable
to literature examples for OT (3), the agonist [Gly4]-
OT and the partial agonist [D-Tyr2]-OT (obtained at
515 nm) [53]. Oxytocin, as well as the analogs 1 and
2, exhibited similar Tyr (830 and 852 cm−1), amide I
(1663 cm−1) and amide III (1251–1271 cm−1) bands,
the latter having been associated with β-turns in
peptides [52, 53].

The strong disulfide band at 510 cm−1 exhibited
in the spectrum for OT (3) has been shown to
be in accordance with a ±90°χCS−SC dihedral angle
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(within 30 degrees of ±90°) [52–54]. The antago-
nist analogs [dPen1,Pen6]-OT (1) and [dPen1,Pen6,5-
tBuPro7]-OT (2) both exhibited a medium intensity
band, at 543 cm−1 and 541 cm−1, respectively, which
corresponded well with values previously reported for
the antagonists [Pen1]-OT, [Pen1,Leu2]-OT, [Pen1,Thr4]-
OT and [Pen1,Thr4]-OT which have been suggested to
adopt a 115°χCS−SC dihedral angle [52,53]. This medium
intensity band was assigned to a 115°χCS−SC dihedral
angle based on the x-ray structure of penicillamine
disulfide [52,59,61]; however, compounds with alterna-
tive χCS−SC dihedral angle values have exhibited bands
around 540 cm−1 in their Raman spectra [59,60]. For
example, diphenyl disulfide which possesses a χCS−SC

dihedral angle of 84° in its x-ray structure exhibited a
strong disulfide stretch at 542 cm−1 in the solid state
[59]. Because di-tert-butyl disulfide exhibited stretches
at 540 cm−1 (strong) and 507 cm−1 (weak) similar to
those measured for peptide 2 (Figure 4) [59], the posi-
tion of the disulfide stretches in the Raman spectra
of these tertiary disulfides may be in part indicative
of substitution at the β-carbons [59,60]. Additional
weaker bands at 509 cm−1 and 495 cm−1 were also
observed in the Raman spectra of 2. Such closely lying
bands near 500 cm−1 have been ascribed to a disulfide
dihedral angle close to ±90° [57]. Moreover, the Cβ-S
stretch varied from 585 cm−1 to 589 cm−1 to 656 cm−1

in the respective spectra of peptides 2, 1, and OT, and
was characteristic of the differences between tertiary
and primary disulfides [58].

Analysis of 1 and 2 by Circular Dichroism
Spectroscopy

Specific peptide conformations exhibit characteristic
CD spectra [62–64]. Because oxytocin analogs possess
chromophores, such as the tyrosine aromatic ring, the
disulfide bond and amide bonds, CD has been used
to study the conformation of agonists and antagonists
[52–54, 65–68]. In particular, CD provides a convenient
means for studying the influence of environment on
peptide conformation. For this reason, the CD spectra
of analogs 1 and 2 were measured in water, methanol,
acetonitrile and 2,2,2-trifluoroethanol (TFE) to examine
the influence of environment on conformation.

The general appearance of the spectra of 1 was
similar in water, methanol and acetonitrile exhibiting
a shallow negative maximum around 270–279 nm
([θ ] = −780, −1298, and −996, respectively) and a
positive maximum at 229–234 nm ([θ ] = 5439, 7010
and 3773, respectively, Figure 5). On the other hand,
in TFE, the CD spectrum of 1 changed shape and
exhibited a shallow negative maximum at 274 nm ([θ ] =
−1254) and a second negative maximum at 240 nm,
[θ ] = −2034. The general appearance of the CD spectra
of 2 remained relatively similar in all four solvents
exhibiting a strong negative maximum at 236–239 nm

(Figure 6); moreover, the intensity of this maximum
augmented in TFE (from [θ ] = −16 200–−18 060 to
[θ ] = −23 900).

Although the assignment of these bands may be
complicated because of their potential association
with the tyrosine aromatic residue and the disulfide
bond, significant evidence exists to suggest that the
contribution of the former is less important in the
230–250 nm region of the CD spectra measured at
neutral pH. Titration studies of oxytocin analogs have
indicated that ionization (at pH 10.4) of the tyrosine
hydroxyl generates a positive band at 240 nm in
the CD spectrum of [Pen1]-OT; however, this band
was not present at neutral nor acid pH, nor in the
spectra of [Pen1,Leu2]-OT (without the Tyr2 residue) at
different pH values [52]. Furthermore, spectra of OT
analogs without disulfides do not exhibit CD bands
in the 230–250 nm region at 20 °C and neutral pH
[68]. Peptides having disulfide bonds and no aromatic
residues have shown bands around 240 nm in their
CD spectra [69,70]. For example, the CD spectra of D-
penicillamine mixed ethyl disulfide (D-PenS-SCH2CH3)
in methanol exhibits a positive maximum around
238 nm [71]. Conformationally restricted disulfides

Figure 5 CD spectra of [dPen1,Pen6]-OT 1.

Figure 6 CD spectra of [dPen1,Pen6,5-tBuPro7]-OT 2.
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exhibit strong CD bands in this region [65,69,70,72,73].
For example, in their respective CD spectra in TFE,
malformin A1 5 (Figure 1), which possesses a D-Cys-
D-Cys strained disulfide, exhibited a strong positive
maximum at around 235 nm [69], its enantio-[5-
valine]malformin analogue with L-Cys disulfide showed
a negative maximum at the same wavelength [70], and
desthiomalformin without the disulfide, having D-Ala in
place of D-Cys, exhibited no such band [74].

In the CD spectra of disulfides, two maxima of
opposite sign were generally observed, one being
referred to as the long wavelength (>250 nm) or
low energy transition and the other as the shorter
wavelength (<250 nm) or higher energy transition.
Application of the Bergson model for determination
of disulfide chirality has correlated disulfide geometry
with optical activity, Cotton effect amplitude and
the location of disulfide bands in the CD spectra
[75,76]. In particular, the magnitude of the long
wavelength transition varies with geometry and follows
the quadrant rule (Figure 2) [75,77]. In the case of
disulfides with right-handed screw sense (P-helicity)
having dihedral angles of 0° < χCS−SC < 90° the long
wavelength CD band is positive. Conversely, the
long wavelength transition is negative for disulfides
dihedral angles of 90° < χCS−SC < 180° (P-helicity). For
a χCS−SC value of 90°, the long wavelength transition
is not observed because of degeneracy [75,76]. This
correlation has been verified primarily with molecules
and peptides containing primary disulfides for which
specific CD patterns were predicted based on different
disulfide dihedral angle geometry.

In the CD spectra of 1, the shallow negative max-
imum at 270–279 nm corresponded to a long wave-
length disulfide transition (with a possible contribu-
tion from transitions of the Tyr2 phenolate). In water,
methanol and acetonitrile, the spectra for 1 also exhib-
ited a positive maximum corresponding to the shorter
wavelength transition of the disulfide. Interpretation of
the CD spectra for 1 in these three solvents according
to the Bergson model leads to either a right-handed
screw sense (P-helicity, Figure 2) with a χCS−SC dihe-
dral angle value of close to +115° or a left-handed
screw sense (M-helicity, Figure 2) with a χCS−SC dihe-
dral angle of around −60°. The former value (+115°) has
previously been ascribed to [Pen1, Leu2]-OT which pos-
sesses a mixed tertiary-primary disulfide and exhibits
a negative longer wavelength transition at 276–279 nm
and a positive shorter wavelength disulfide band at
248 nm [52]. The latter value (−60°) is rare in macro-
cyclic disulfides and likely to be disfavored due to the
steric interaction of the substituted β-carbons of the
mixed deamino-penicillamine-L-penicillamine disulfide
[52]. However, such a conformation (χCS−SC = −60°) has
been proposed for malformin A1 5 (Figure 1), which
possesses a strained cyclic disulfide, and exhibits CD
spectra with a strong positive maximum at 235 nm and

a negative maximum at 280 nm [69,71]. To the best
of our knowledge, no extensive CD study of di-tertiary
disulfides (R3CS-SCR3) has been reported;¶ however,
further support for our assignment can be inferred from
the study of D-penicillamine disulfide which showed a
χCS−SC dihedral angle of +115° in its x-ray structure
[61], and exhibited a 543 cm−1 disulfide stretch in its
Raman spectra, comparable to the 543 cm−1 disulfide
stretch seen in the Raman spectra of 1 (Figure 4) [59].

The CD spectra of analog 2 exhibited a strong
negative maximum at 236–239 nm. Because no long
wavelength contribution was detected, the disulfide
χCS−SC dihedral angle was assigned to a value of ±90°

[76,78]. Although the assignment of the screw sense
of the disulfide can not be made based solely on the
shorter wavelength transition [54,72,75,76,78], indirect
evidence to suggest a right-handed screw sense (P-
helicity) comes from the CD spectra of cyclo-L-cystine
which was shown by NMR spectroscopy to adopt a
χCS−SC dihedral angle of +90°. A strong negative Cotton
effect at 228 nm that was correlated to P-helicity
was observed in the CD spectra for this strained
diketopiperazine in ethanol and assigned to a perturbed
peptide n → π∗ transition [78].

The CD spectrum for 1 in TFE could not be assigned
to a single conformation, because of the presence of
two shallow negative maxima at 274 nm and 240 nm.
A change in conformation about the disulfide bond
was indicated by the disappearance of the positive
maximum around 229–234 nm and the appearance of
a negative maximum at 240 nm in going from water to
TFE as solvent. The TFE spectrum for 1 may result from
contributions of two conformers in equilibrium about
the disulfide [65]: one having a +115°χCS−SC dihedral
angle and P-helicity as described for 1 in water, and
the other having a ±90°χCS−SC dihedral angle exhibiting
no contribution in the long-wavelength region and a
strong negative contribution in the short wavelength
region as described for compound 2. This composite CD
spectrum would exhibit two shallow negative maxima,
one in the long wavelength region, and one in the short
wavelength region, as observed in the CD spectra for 1
in TFE. Similar composite spectra have been assigned to
the retro-D analog of tocinamide 6 (Figure 1), whose CD
spectra were compatible with a combination of +115°

and −60°χCS−SC dihedral angles [65].

Analysis of 1 and 2 by Molecular Modeling

Although the NMR spectra suggested that analogs
1 and 2 were conformationally flexible in aqueous
solution, the presence of some inter-residue NOEs in

¶ Relevant examples of CD include the spectra of D-penicillamine
disulfide and mixed ethyl-D-penicillamine are reported in reference
[71]. The absorption spectra of di-tert-butyl disulfide and related alkyl
disulfides are reported in reference [89]. For Raman spectra of tertiary
disulfides see references [58–60].
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the major (trans-) conformers of 1 and 2 suggested
along with the Raman and CD data that a subset
of lower-energy conformations existed with a specific
disulfide geometry. Computational methods have been
used extensively to search for preferred conformations
for oxytocin analogs, and have resulted in the discovery
of several families of stable conformations [23,79–83].
In a similar fashion, a conformational search was
undertaken to assess whether or not the observed
data corresponded to a unique set of conformations
for both analogs. Initial Monte Carlo conformational
searches [37,39] were performed on both the trans-
and cis-conformers of 1 and 2, but failed to converge
to low energy structures. Extensive Monte Carlo
conformational searches were also conducted using
distance restraints derived from the observed inter-
residue NOEs for the major (trans-) conformers of 1 and
2. Searches on both analogs converged to families of
low energy conformations in the presence of restraints.
No similar searches were done on the minor (cis-)
conformers owing to a paucity of inter-residue NOEs,
and thus an absence of potential restraints.

For analog 1, two families of expanded conformations
(1a and 1b), emerged from the search in a 2 : 1 ratio
(Figure 7). The lowest energy set (−1324 kJ/mol) of
conformations, 1a, possesses two reverse turns, one
centered on Gln4-Asn5 (Type VIII beta turn, φ4 −49.6°,
ψ4 −53.0°, φ5 −147.3°, ψ5 140.0°) and the second
centered on Pro7-Leu8 (φ7 −74.3°, ψ7 51.0°, φ8 −134°,
ψ8 −64.9°). A similar Gln4-Asn5 reverse turn has
been observed as a major conformer for the potent
antagonist [dPen1,cyclo(Glu4,Lys8)]-OT (pA2 8.74) [84].
This family of conformations appears stabilized by a
multipoint hydrogen bond between the Gly9 terminal
amide, the Asn5 sidechain, the Pen6 carbonyl and the
Pen6 amide nitrogen. In addition, hydrophobic packing
is observed between the geminal dimethyls of Pen6,
the sidechain of Leu8, and the phenolic ring of Tyr2.
In most conformations, an additional hydrogen bond
appears between the sidechain and backbone amide
of Gln4. The observed disulfide dihedral angle clusters
around +114° (P helicity). The observed backbone φ

dihedral angles also closely fit the calculated values
from the 3JNH−Hα coupling constants (Table 2). A similar
conformation has been calculated to be one of the two
lowest energy conformers of OT (3) [80].

Table 7 Calculated Free Energies for 1 and 2

Analog Conformer Force field Restraints E (kJ/mol)

1 Major/trans AMBER∗ No −1028.7
2 Major/trans AMBER∗ No −1025.9
1a Major/trans OPLS-AA Yes −1324.0
1b Major/trans OPLS-AA Yes −1315.3
2 Major/trans OPLS-AA Yes −1203

Figure 7 Low energy conformations of analogs 1 and 2.
Images generated using PyMOL [43].

The higher energy (−1315 kJ/mol) set of conforma-
tions, 1b, possesses a similar reverse turn at Pro7-Leu8

(φ7 −73.3°, ψ7 58.9°, φ8 −150.1°, ψ8 −66.7°), and a
tighter structure, resulting in a relatively close dis-
tance between the amide NH of Tyr2 and Asn5 (3.15 Å),
arising from a three-point hydrogen bond formed with
the sidechain of Gln4, as well as a short distance
between the CαH of Asn5 and the NH of Pen6 (2.18 Å).
The observed disulfide dihedral angle clusters around
+116° (P helicity). The observed backbone φ dihedral
angles for 1b also closely fit the calculated values from
the 3JNH−Hα coupling constants for residues Tyr2, Ile3,
Pen6, Pro7 and Leu8 (Table 2). The backbone dihedral
angles of Asn5 are outlying on a Ramachandran plot
(φ581°,ψ592°). Taken together, both sets of conforma-
tions (1a and 1b) are consistent with the observed NOEs
and solvent shielding data for the major conformer of
1, as well as the observed CD and Raman spectra.

For analog 2, one family of compact conformations
was found at a higher energy (−1203 kJ/mol) than
either family of conformations for analog 1 (Figure 7).
In this set of conformations, the phenolic ring of Tyr2

is packed over the macrolide cycle, partially stabilized
by a putative hydrogen bond between the phenol and
the sidechain of Gln4. The tert-butyl group of t-BuPro7

is packed tightly against the geminal dimethyls of
Pen6 and the Leu8 sidechain, which places the CαH
of Pen6 close to the CδH and CδtBu of 5-tBuPro7. The
sidechain of Asn5 rests in the center of the peptide
cycle, below the ring of Tyr2, and forms a putative
four-point hydrogen bond with the backbone amide
protons of Tyr2, Ile3 and Pen6. The terminal amide
of Gly9 also makes a putative three-point hydrogen
bond with the backbone carbonyl of Tyr2 and Pen6. The
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Figure 8 Electrostatic potential of the lowest energy conformation of 2 mapped onto the surface. A. Conformation of 2 from the
same perspective as Figure 7. The hydrophobic patch is clearly visible. Rotating the molecule by 180° results in B, showing the
charge distribution on the other side of the molecule. This image was generated using APBS [40] and PyMOL [43].

observed disulfide dihedral angle clusters around +104°

(P helicity). The observed backbone φ dihedral angles
also closely fit the calculated values from the 3JNH−Hα

coupling constants (Table 3). The backbone dihedral
angles of Ile3 are outlying on a Ramachandran plot (φ5

−161°, ψ5 −51°). This structure for 2 matches with the
existing Raman and CD observations, and results in
opposing hydrophilic and hydrophobic faces (Figure 8).

The changes in the electrostatic environment and
ellipticity that were measured for 1 upon changing
solvents from water to 7 : 3 TFE : H2O may also be
explained if analog 1 adopted a similar conformation
as shown for 2. Such a relatively compacted structure
would be expected to have an increase in observable
long-range inter-residue NOEs, although the higher
energy of the stable conformations of 2 compared with
1 suggests that this conformation would be less fre-
quently populated in aqueous solution for 1 than for 2.

An interesting comparison can be made between
the conformation of 2 and conformations pre-
viously found in a comprehensive molecu-
lar dynamics study of [Mpa1,cyclo(Glu4,Lys8)]-OT
and [dPen1,cyclo(Glu4,Lys8)]-OT [23], using distance
restraints derived from NMR studies in DMSO. The
additional lactam bridge between residues 4 and 8 on
these analogs was shown to constrain the geometry of
the three residue exocyclic ‘tail’ of oxytocin, such that
they adopted conformers with a similar amphipathic
character as 2. A polar surface was formed by back-
bone amides and the sidechains of Tyr2 and Asn5. A
hydrophobic patch was composed of the sidechains
of Mpa1(dPen1

),Tyr2, Ile3, Cys6, Pro7 and Lys8. In
[dPen1,cyclo(Glu4,Lys8)]-OT, resulted in a continuous
hydrophobic surface [23], similar that observed for 2.

CONCLUSIONS

Although the NMR data suggested considerable confor-
mational flexibility about the different side-chains for

peptides 1 and 2, the Raman and CD spectra indicated
preferred conformations for the disulfide geometry of
these analogs, which were reinforced by a Monte Carlo
conformational search that found several families of
low energy conformations for 1 and 2. The observed
CD spectra for 1 in water, acetonitrile and methanol
corresponded well with a χCS−SC dihedral angle of +115°

and P-helicity; however, the spectra for 1 in TFE
shifted to suggest two different disulfide conformers
possessing ±90° and +115°χCS−SC dihedral angles. The
CD spectra of 2 in all solvents were indicative of a
χCS−SC dihedral angle closer to ±90° because no long
wavelength disulfide contribution was observed. The
tert-butyl group and the disulfide were shown to be
in close proximity by the presence of a strong NOE
between CαH of Pen6 and the tert-butyl group of 5-
tBuPro7 in the NMR spectra for 2. Steric repulsion
between the tert-butyl group on proline at position 7
and the β-methyl groups on penicillamine at position
6 appeared to favor a particular conformation close to
±90° about the disulfide in 2. Two rotations about the
disulfide could explain the conformational change for
analog 1: one going from +115° to +90°, and the other
passing from +115° to −90°. Conformational analy-
sis using a Monte Carlo conformational search using
restraints generated from observable NOEs further sup-
ported that 2 adopts a stable, compacted conformation
with a χCS−SC dihedral angle of +104°, suggesting that
the dominant conformational transition observed is the
former.

Analogs 1 and 2 differ solely because of the pres-
ence of the (5R)-tert-butyl substituent on Pro7. Sig-
nificant differences in their conformations and in
their dynamic properties beyond disulfide geometry
were, however, apparent from the present study. For
example, a lower barrier for isomerization about the
amide N-terminal to the 5-tert-butylproline residue
was measured in 2 relative to proline-containing
analogs of OT (approximately 4 kcal/mol lower). An
increased prolyl amide cis-isomer population was
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also measured for tert-butyl analog 2. Although both
analogs are conformationally flexible about the pro-
lyl N-terminal amide bond, they may adopt dif-
ferent predominant conformations when bound at
the receptor. Because the significant increase in
cis-isomer population for 2 over 1 did not corre-
spond to an increase in antagonistic activity (EC50

values for 1 and 2 are 6.0 and 6.5 nM, respec-
tively), the absence of cis-prolyl amide geometry does
not correlate with reduced binding and antagonism
within these analogs, unlike the rigid (and sim-
ilarly potent) antagonists [Mpa1,cyclo(Glu4,Lys8)]-OT
and [dPen1,cyclo(Glu4,Lys8)]-OT which possess a cis-
prolyl amide geometry [23,24,85,86]. Because the disul-
fide geometry of 2 was not affected by changes in
environment, a χCS−SC dihedral angle near +90° may
be a prerequisite for both analogs to bind at the OT
receptor.

Considering that the minimum energy conformation
obtained from computational analysis of analog 2 is
relevant for binding at the receptor, and analog 1
adopts a similar conformation, then the data for 1 and
2 support the ‘cooperative’ model for oxytocin binding
[16]. In the ‘cooperative’ model, oxytocin analogs
adopt conformations that place the hydrophilic and
hydrophobic residues on opposite faces of the molecule.
Binding is promoted by hydrophobic interactions
between the receptor and a hydrophobic surface formed
by the sidechains of Ile3, Gln4, Pro7 and Leu8. Such
an amphipathic structure is observed in the minimum
energy conformer of analog 2 (Figure 8). Moreover,
because of the presence of the 5-tBuPro, analog 2 is
more hydrophobic than 1 and exhibits a slightly higher
receptor affinity in vitro (Ki = 33 nM for 2 vs 37 nM for
1).

In contrast to the ‘dynamic’ model, which postulates
that conformationally rigid OT analogs should prove
better at binding to the uterine receptor [17,18],
analogs 1 and 2 are both substantially more flexible
(and less structured) than native OT (3) yet both
exhibit similar binding and antagonistic activity as the
most constrained OT analogs. The ‘dynamic’ model
does predict that antagonists bind in a different
conformation than OT (3), and that antagonists may
prevent the conversion of oxytocin analogs from an
initial bound conformation to a final conformation
that allows for signal transduction. In accordance with
the dynamic model, the constrained disulfide geometry
around [dPen1,Pen6], and the increased hydrophobicity
from the β-methyl groups on [dPen1,Pen6] and tert-
butyl group on tBuPro7 may stabilize a specific
binding conformation for analogs 1 and 2 at the
receptor [87]. This work demonstrated, furthermore,
that hydrophobic effects of added methyl substituents
may stabilize the receptor bound conformation as
effectively as structural constraints that bridge regions
of the peptide.
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