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Abstract: Proton NMR spectra of oxytocin in aqueous solution over the temperature range 0-60 °C were measured, and the
vicinal coupling constants and chemical shifts of a and 8 protons and their temperature dependencies were derived. The possi-
ble fixed dihedral angles of the C*-C# bonds in the cystyl region of the ring and the populations of several interconverting
staggered rotamers were calculated. The small temperature dependencies suggest that there are no marked changes in confor-
mation over the temperature range studied. These results add to our knowledge of the dynamic conformation of oxytocin in
solution and are useful in considering possible biologically active conformers.

The conformation of the peptide hormone oxytocin is be-
lieved to be relatively flexible in aqueous solution.z The number
of conformers contributing to the overall dynamic conforma-
tion is probably small, however. This latter assertion is based
on 'H NMR studies of the conformation of oxytocin in di-
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methyl sulfoxide,? on calculation of conformations based either
on energy minimization or on statistical analysis of the de-
pendence of conformation on adjacent residues,* on the relative
rigidity of derivatives of oxytocin,® on the analysis of 2H and
13C relaxation times of oxytocin, and on the apparent Stokes
radius of the molecule.” If there is indeed a small number of
interconverting conformers, then it is plausible that in the
20-membered ring formed by the first six residues only a lim-
ited number of the torsional angles show rotational isomerism.
In addition, it is probable that rotational isomerism of side
chains pendent to the ring will be restricted. Some information
about values of torsional angles x' about the C=~C* bonds and
their rotational isomerism on the NMR time scale may be
obtained by measurement of the vicinal coupling constants
about these bonds for the side chains of individual residues in
the peptide.® Two of these side chains, those of the half-cystyl
residues, are part of the 20-membered ring. We have derived
those H*-H¥ coupling constants which may be obtained from
270-MHz proton spectra of the natural material without iso-
topic substitution over the temperature range 0-60 °C at pD
3.8. This paper summarizes the data obtained from these
measurements and presents an interpretation of the vicinal
coupling constants in terms of the conformation of the pep-
tide.

Experimental Section

Proton NMR spectra were collected on a Bruker HX-270 spec-
trometer. Sample concentration was 40 mg of peptide/mL of D,0.
An exponential decay equivalent to 0.4 Hz in the frequency domain
was applied prior to the transformation of the free-induction decay
(the average of about 64 transients) in order to increase the signal-
to-noise ratio at the expense of a slight loss in resolution. After Fourier
transformation the 2703-Hz spectral width occupied 8192 memory

locations. To compensate partially for the limited number of computer
memory locations, peak positions were calculated from a three-point
interpolation of a Lorentzian function. The pD was measured using
an electrode equilibrated in D;0O at 25 °C and calibrated using deu-
terated standards.? pD was adjusted to 3.8 using DCl. Sodium
[2,2.3,3-2Hg4]-3-(trimethylsilyl)propionate (TSP) was added as an
internal standard, from which all chemical shifts and resonance po-
sitions are reported in parts per million or hertz downfield. Analysis
and simulation of spectra were performed by an implementation of
LAOCNS3,19 or analysis as an ABX spin system was performed in ac-
cordance with previously published conventions.!! In cases in which
only the frequencies of the 3 protons were observable, two possible
solutions arise from the analysis. The solution used was selected on
the basis that both vicinal couplings should be positive and <20 Hz.
The assignments used were those of ref 5, which were confirmed by
decoupling using the standard method of searching for multiplet
collapse, or by double-resonance-difference spectroscopy.!? The
oxytocin sample used was synthetic,!3 had a uterotonic activity of 560
U/mg,'4 and showed a single spot in standard TLC systems before
and after the experimental series.

Results and Discussion

Figure 1A illustrates a typical observed spectrum in the
range 2-6 ppm. The frequencies of the assigned transitions for
the , 82, and 53 protons were analyzed to give chemical shifts
and coupling constants. Figure 1B shows the result of using
such derived values to calculate a simulation for the transitions
of the « and 8 protons of half-cystyls 1 and 6, tyrosyl 2, and
asparaginyl 5. The derived chemical shifts and coupling con-
stants of the o and 8 protons of these and several other residues
are presented in Table I. The temperature dependencies of
these chemical shifts and coupling constants are also tabulated
in Table I.

The use of vicinal coupling constants to investigate either
a fixed conformation or rotational isomerism is well known 815
At present, intuition rather than physical measurement is often
used to decide whether rotational isomerism or a fixed angle
pertains, and the appropriate form of analysis is then used. The
values of 3J(H2-H#), the vicinal coupling between H~ and H5,
for the half-cystyl residues 1 and 6 are related to the values of
two of the torsional angles'® of the cystyl link, x;! and x¢!. If
the assumption is made that the two half-cystyl residues possess
fixed torsional angles x!, then their possible values can be
derived graphically using an appropriate Karplus equation
(Figure 2).17 For half-cystyl 1, the value found (~—120°) is
not significantly affected by the choice of NMR assignments
to the B protons, because the two coupling constants
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Table I, Chemical Shifts and Coupling Constants for Some a and 8 Protons of Oxytocin in DO at pD 3.84

Chemical shifts

Coupling constants

Value Temperature Value Temperature
at 25°C,cd coefficient, Between at 25 °C,c coefficient,®
Residue Proton® ppm ppm/deg X 104 protons® Hz Hz/deg X 103
Half-cystyl | a 4.274 (4.276) 3.9(0.4) B2-83 —15.0(—-15.3) 2(3)
B2 3.290 (3.291) 5.8 (0.1) a-2 4.6 (4.9) 1(2)
B3 3.472(3.473) 4.4(04) a-f3 5.1(5.4) 1 (4)
Tyrosyl 2 a 4.777 (4.775) 4.4(0.3) B2-83 —142(-14.2) -1(5
B2 3.009 (3.010) 5.7(0.2) a-f32 7.9(7.8) -4 (5)
83 3.167 (3.169) -0.9(0.2) a-f33 6.9 (7.0) -1(3)
Isoleucyl 3 a 4.025(4.033) 3.6(0.2) a-B 6.5(6.5) =2(1)
Glutaminyl 4 a 4.100 (4.110) 4.8(0.2) a-f32, B3¢ 14.0 (14.0) -3(2)
Asparginyl 5 a 4.740 (4.742) =2.1(0.1) a-f2, 384 12.9 (13.4) 4(6)
82, 83 2.562 (2.562) -3.9(0.2)
Half-cystyl 6 a 4.880 (4.878) -1.1(0.2) B2-83 —14.3(-14.5) 6(3)
B2 2.972(2.972) 11.1(0.3) a-32 9.8 (9.6) =20 (5)
83 3.234 (3.234) -4.8(0.2) a-f3 3.2(3.49) 11(3)
Prolyl 7 a 4.448 (4.448) 0.7 (0.2) a-2,83¢ 13.4 (13.2) —15(8)
Glycyl 9 a2 3.934 (3.932) -2.2(0.3) a2-al -17.2(-17.2) =1 ()
a3 3.850 (3.862) 5.3(0.6)

@ pD at 25 °C. ¥ No stereochemical assignments for o« protons of glycyl 9 or 3 protons of other residues have been made in oxytocin. Assignments
here are arbitrary. ¢ The measured value is given; the value in parentheses is that estimated from the regression. ¢ Downfield from TSP. ¢ This
value is derived from a linear regression. The figure in parentheses is the standard error. / A downfield shift with increasing temperature is
considered positive. £ The sum of these coupling constants is derived from analysis of the a proton spectral region. # A difference in chemical
shift of the two 3 protons of asparginyl 5 cannot be detected at 270 MHz. Thus, individual couplings cannot be determined.
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Figure 1, (A) Observed 270-MHz 'H NMR spectrum of oxytocin in D,O
at pD 3.8 and 50 °C. Chemical shifts are downfield with respect to TSP.
pD was adjusted to 3.8 at 25 °C before raising temperature to 50 °C. The
large peak around 4.5 ppm is the resonance of HDO. (B) Calculated
simulation of the transitions of the a and 8 protons of half-cystyls | and
6, tyrosyl 2, and asparginyl 5.

[3J(H=-H#?2), 3J(H*-H#3)] are approximately equal. On the
other hand, two possible values are found for half-cystyl 6
(approximately O and +120°), corresponding to the two pos-
sible choices of assignment. Figure 3 illustrates these confor-
mations and shows the values of x! which result from a precise
interpretation of Figure 2. The upper conformations shown
result from assignment of the upfield signal for each residue
to HA2; the lower conformations result from assignment of
these signals to H5? in each case. Although the presence of
coincident intersections in Figure 2 supports the assumption
of fixed angles x;! and x¢', the values derived imply virtually
eclipsed conformers (Figure 2). Each of these conformers is
expected to require an energy of internal rotation approxi-

Table I, Possible Populations of Rotamers about C*-C# Bonds
in Oxytocin in DO at pD 3.8 and 25 °C#

Population®

Residue 1 11 111
Half-cystyl | 0.15 0.20 0.65
Tyrosyl 2 0.51 0.40 0.09
Isoleucyl 3¢ 0.36
Glutaminyl 44 0.18
Asparginyl 54 0.24
Half-cystyl 6 0.72 0.28 0.00

2 Populations (p) are calculated from vicinal coupling constants
(3J) by standard methods.!8 py = 3J(H*-H2) — 3J,}/A3J, py; =
BJ(Ha-HA3) = 3J,}/A%, and pyyy = | = py — puy, where A3J = 3J,
— 3J,. 3Jg and 3J,, the vicinal coupling constants for o and 8 protons
in the gauche and trans conformations, respectively, are taken to be
2,60 and 13.56 Hz, respectively (K. G. R. Pachler, Spectrochim. Acta,
20, 581 (1964)]. Note that pjy; is a function of the sum of vicinal
coupling constants. ® The rotamers 1, 11, and 111 correspond to x!
values of —60, +180, and +60°, respectively. The stereochemical
assignment of 1 and 11 in half-cystyls | and 6 and tyrosyl 2 is arbitrary.
¢ There is only a single H*-H? coupling constant. ¢ Only the sum of
H~-HA2 and H2-HA? coupling constants is measurable at 270
MHz.

mately 4 kcal/mol greater than that of the staggered con-
formers.1?

Alternatively, the a-8 proton vicinal coupling constants for
half-cystyl 1 and half-cystyl 6 may be time-averaged resulting
from interconversion of substantially populated rotameric
isomers (rotamers). Standard analysis!8 of the data for the two
half-cystyls with the assumption of three staggered rotamers
would indicate that the fractional population of each rotamer
(Figure 4) would be as shown in Table I1. While it is reasonable
to assume that side chains attached to the ring solely by the
C=-C# bond show conventional rotational isomerism, the
C=-Cf bonds of the half-cystyls are a part of the 20-membered
ring which may impose substantial structural limitations on
the values of x,! and x¢'. The problem arises, therefore, of
distinguishing these possibilities.
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Figure 2. Graphical derivation of possible fixed values of the torsional angle
x! for half-cystyls | and 6 of oxytocin in D>O at pD 3.8 and 25 °C. Ex-
perimentally observed coupling constants are indicated by horizontal lines
that intersect the two Karplus curves.!” The coupling constants indicated
by the dashed and solid lines are arbitrarily assigned to the 82 and (3
protons, respectively. The intersections between the horizontal lines and
Karplus curves for residues 1, 2, and 6 are indicated by triangles, circles,
and squares, respectively; open and closed symbols represent intersections
for 32 and 33 protons, respectively. Reversal of the assignments of the 52
and 33 protons for residue 6 leads to the compatible intersections denoted
by the diamonds. Data for tyrosyl 2 are shown solely for comparison; the
absence of coincident intersections is consistent with rotational averaging
about the C*-C#8 bond. See text.
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Figure 3, Possible fixed conformations about the C*-C# bonds in half-
cystyls | and 6 of oxytocin in D,O at pD 3.8 and 25 °C. The deviations of
these conformations from the eclipsed conformation are exaggerated for
the sake of clarity. These torsional angles have estimated errors of ap-
proximately +10°. See text.

One method of distinguishing the case in which a fixed
conformation pertains from that in which rotational isomerism
is manifest is based on the value of temperature dependencies
of vicinal coupling constants. It will be seen in Table I that the
only statistically significant temperature coefficients of cou-
pling constants are associated with half-cystyl 6 and prolyl 7.
It has been generally agreed that temperature coefficients >2
X 1073 Hz/°C indicate that some rotational averaging is oc-
curring.!® The coincidence of solutions in Figure 2 is suggestive
of both x;! and x¢' having fixed conformations; on the other
hand, the temperature dependence of x¢! makes rotational
isomerism seem more likely. Additional experimental evidence
is needed before either analysis is acceptable. Alternatively,
it is possible that neither analysis describes the physical sit-
uation, and that either substantial libration is occurring about
a single angle or that averaging is occurring among rotamers
having average torsional angles well away from the normal
staggered positions.
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Side - Chain Rotamers about the C®-CP Bond
of Amino Acid Residues in Peplides
ABX Systems

83
o Mg 2 B9 ]
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Figure 4. The classical, staggered rotamers about the C*-C# bond of an
amino acid of the L configuration with two 8 protons. R denoted the side
chain starting with the  position. In an L-isoleucyl residue, which possesses
only a single 8 proton, R is the methyl group and H#? is replaced by an
ethyl group. In this illustration the backbone amide proton is shown ex-
changed for a deuteron. In a peptide with a free amino terminus, the
ND;*- group replaces the -ND- group in residue |.
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Figure 5. The dependencies of populations (p) of classical, staggered ro-
tamers on temperature for tyrosyl 2 of oxytocin in D2O. pD at 25 °C s 3.8.
Calculation of p is described in footnote a of Table I1. Solid lines represent
regression of the data against temperature; dashed lines represent 95%
confidence limits. Some confidence limits have been omitted for the sake
of clarity.

The NMR and CD spectra of retro-D-tocinamide have been
interpreted to indicate that the region of the ring near the di-
sulfide occurs in at least two different conformations.2’ The
differences in 3J(H*-H#) of the comparable half-cystyls of
that compound and of oxytocin indicate, however, that it is
most likely that the conformations of the two molecules are
markedly different.

Table II also presents populations of rotamers for four other
side chains, which were calculated from the data in Table I
using standard assumptions.!® The distributions of rotamers
in all the pendent side chains is similar to those described for
side chains in other small acyclic peptides.® Figure 5 shows the
dependencies of the populations on temperature for tyrosyl
2,

Such information is directly useful in considering possible
biologically active conformers of oxytocin. For example, ro-
tamer III (x3! = +60°) in tyrosyl 2 has a much lower popu-
lation and higher energy than rotamers I and II. It has pre-
viously been suggested that, in the hypothetical model of the
biologically active conformer of oxytocin, the tyrosyl side chain
folds over the 20-membered ring.2! The value of x>! that would
be most energetically favorable with regard to the Ca-C#
rotation in order to achieve such a folding is +60°. The results
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in Table I indicate that <1 kcal/mol is required to transform
the equilibrium mixture of conformers to this proposed con-
former of tyrosyl 2.22 It is probable that this amount of energy
is small compared to the energy of binding of the peptide to its
natural receptors.

The observed temperature dependencies of the chemical
shifts range from 11 to —4 ppm downfield/°C X 104 Some
attempts have been made to use temperature dependencies of
chemical shifts in conformational analysis.2? In general, it
seems unlikely that such analyses can be successfully applied
to a molecule of the size of oxytocin, in which the number of
interconverting equilibria affecting chemical shifts is large.
The linearity of changes of chemical shifts and coupling con-
stants with temperature indicates that the interconversions
between conformations of oxytocin in water are continuous
over the temperature range studied in this report.

This study illustrates how a substantial amount of confor-
mational detail can be obtained from the « and 8 proton NMR
regions of a peptide such as oxytocin and how suggested bio-
logically active conformations can be compared to the observed
solution conformations.

Note Added in Proof. A recent publication [C. A. Boicelli,
A. F. Bradbury, and J. Feeney, J. Chem. Soc.. Perkin Trans.
2,477 (1977)] reports comparable data for oxytocin and draws
similar conclusions concerning the x!’s of the half-cystyl
residues.
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