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Abstract: The kinetics and thermodynamics of cis = trans isomerization by rotation around the Cys~Pro peptide bond
of oxytocin (OT) and arginine~vasopressin (AVP) were characterized in aqueous and methanol solutions. Isomerization
rate constants were determined over a range of temperatures by the inversion-magnetization transfer NMR method,
and isomerization equilibrium constants were determined from resonance intensities. Activation parameters were
obtained from Eyring plots of the rate constants. The trans conformation is the more abundant for both OT and AVP,
and the abundance of the trans conformation is larger in methanol than in aqueous solution. Equilibrium constants
for cis = trans isomerization are 12 and 20 for OT and 15 and 25 for AVP in aqueous and methanol solutions,
respectively. Rate constants for cis-to-trans and trans-to-cis interconversions are 4.2 X 10-2and 3.5 X 10-3s-! for OT
and 6.7 X 10-2 and 4.6 X 103 s~! for AVP in aqueous solution at 25 °C. Rate constants for both cis-to-trans and
trans-to-cis interconversions are significantly larger for both OT and AVP in methanol solution, which is consistent
with interconversion via a mechanism involving a less polar transition state characterized by partial rotation around
the C-N bond. Comparison of trans-to-cis interconversion rate constants for OT and AVP with those for smaller
proline-containing peptides suggests that the trans conformations of OT and AVP are not stabilized by intramolecular

interactions between the macrocyclic hexapeptide rings and the acyclic tripeptide tails.

Introduction

The neurohypophyseal peptide hormones oxytocin (OT) and
arginine~vasopressin (A VP) are nonapeptides having the amino

acid sequences C)I/s-Tyr-Ile-Gln-Asn-C;/s-Pro-Leu-Gly-NHz and

C)I/;Tyr-Phe-Gln-Asn-Eys-Pro-Arg-Gly-NHz, respectively. Key
structural elements of both OT and AVP are the macrocyclic
ring formed by residues 1-6, the acyclic tripeptide tail, and the
proline residue at position 7. The tripeptide tails are connected
tothe macrocyclic hexapeptide rings via cysteine®~proline peptide
bonds.

As compared to peptide bonds for other amino acids, the
additional substitution of the amino group of proline destabilizes
the trans (Z) conformation across the Xaa~Pro peptide bond
relative to the cis (E) conformation.! The barrier to cis = trans

C\ /C\c 0\ /c\c

trans cis

interconversion is sufficiently large that interconversion is slow
on the NMR time scale, and resonances are observed for both
the cis and trans isomers of proline-containing peptides.2 How-
ever, on the basis of early !H and !*C NMR results, the Cysé-Pro
peptide bonds of OT and AVP have been considered to exist
completely in the trans conformation.>4 Recently, it has been
demonstrated using one- and two-dimensional 'H NMR that
some 4-10% of OT and AVP exist in the cis conformation in
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aqueous and methanol solutions.5 This is considerably less than
isoften found for the cis conformation of small proline-containing
peptides, e.g., the average abundance of the cis isomer is 27% for
a series of pentapeptides with proline at position 2,2> which raises
the question: What are the factors which favor the trans
conformations of OT and AVP, e.g., are the trans conformations
stabilized relative to the cis by intramolecular interactions between
the macrocyclic hexapeptide rings and the tripeptide tails?

In this paper, we report the results of a 'H NMR study of the
kinetics and thermodynamics of the interconversion between the
cis and trans conformations of OT and AVP in aqueous and
methanol solutions. The rate of rotation around the Cysé~Pro
imide bond is found to be significantly faster in methanol solution,
which is consistent with interconversion by a mechanism which
involves a less polar, twisted Cys®~Pro imide bond in the transition
state. The rates of cis = trans isomerization of OT and AVP
are also of interest as models for the dynamics of cis-to-trans and
trans-to-cis interconversions of Xaa~Pro peptide bonds in proteins.
The majority of the studies of the dynamics of cis = trans
isomerization of Xaa~Pro peptide bonds have involved di- and
tripeptides. However, energy minimization studies suggest that
the nature of the neighboring atoms may greatly influence the
rate of isomerization of prolyl peptide bonds in proteins,” and
thus it is of interest to characterize the kinetics and thermody-
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namics of prolyl peptide bond isomerization in larger peptides as
models for proteins.

Experimental Section

Solution Preparation. AVP and OT were obtained as the trifluoro-
acetate salts from Bachem. OT was also obtained as the acetate salt
from Fluka. Solutions of the peptides (5-10 mM) were prepared in 90%
H,0/10% D;0O or in CD;OH. Solution pH was adjusted to a meter
reading of 3.0 with DCl or NaOD in 90% H,0/10% D;O or with
concentrated DCl or NaOD diluted with CD;OH. The pH meter readings
for the CD;OH solutions are reported as pH* but are not intended to
represent hydrogen ion activity. The pH meter was calibrated with
aqueous standard solutions at pH 4.00 and 7.00 (Fisher Scientific).

NMR Spectroscopy. 'H NMR spectra were measured at 500 MHz
with a Varian VXR-500S spectrometer. Chemical shifts are reported
relative to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). The variable
temperature unit was calibrated using the chemical shifts of neat ethylene
glycol and methanol. 'H NMR measurements were made on pH 3.0
solutions of OT and AVP in 90% H,0/10% D,O or pH* 3.0 solutions
in CD;OH so that resonances could be observed for the amide protons.
The water resonance in spectra of 90% H,0/10% D,O solutions and the
hydroxyl resonance in spectra of CD3;OH solutions were suppressed by
selective saturation.

ROESY (rotating-frame Overhauser enhancement spectroscopy)
spectra were measured by the standard ROESY pulse sequence® with
elimination of the OH resonance by selective saturation during both the
relaxation delay and the mixing period. Spectra were measured with
spectral widths of 5000 Hz in both dimensions. A total of 2048 data
points were acquired in ¢, and 32 transients were coadded at each of 256
1, increments with zero-filling to 2048 points. Phase-sensitive spectra
were acquired using the method of States et al.> Gaussian apodization
was applied in both dimensions.

Rate constants for trans-to-cis interconversion were determined by
the inversion-transfer method.!® The trans resonance of a given cis/
trans pair of resonances was inverted with the pulse sequence'''? x/2(x)
-1 -7/2(x) - t - ®/2(x,y,~X,-y) — acquisition, where 7 is a fixed delay
of length /34, A = |y — Purans| in hertz, and the carrier is set on the
resonance to be inverted. 7 is a variable delay, the mixing period, during
which transfer of magnetization occurs by exchange between the cis and
trans forms. ¢ values ranging from 0.0001 s to >57 were used; T'js were
estimated by the inversion-recovery method.!* Typically, in each
experiment inversion-transfer spectra were measured at 14-21 f values.

Thelifetime of the trans isomer, 7, was determined from the dependence
of the intensity of the cis resonance on mixing time using Method 4 in
ref 14. Rateconstants for trans-to-cis interconversion, k., were calculated
from the lifetimes; rate constants for cis-to-trans interconversion, k.,
were then calculated from k.. and the equilibrium constant Ky, using the
relation Ko = kefkie.

K, was determined from the relative intensities of the resonances for
the trans and cis isomers. Because the fractional populations of the cis
isomers are so small, it was found that the best precision was obtained
using resonance intensities determined by the cut-and-weight method.
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Figure 1. Amide proton region of the phase-sensitive ROESY spectrum
(symmetrized) of I0mM AVPinCD;OH atpH*3.0and37°C. A0.3-s
spin-locking period was used. The corresponding region of the one-
dimensional spectrum is plotted across the top. Both spectra were
measured with suppression of the OH resonance by presaturation. Only
positive contours are plotted in the ROESY spectrum. The amide protons
giving rise to the exchange cross peaks are identified.

Results

The dynamics of cis == trans isomerization by rotation around
the Cysé-Pro peptide bonds of OT and AVP in aqueous and
methanol solutions were characterized using amide proton
resonances.'* The assignment of NH resonances to specificamino
acids of the cis and trans isomers of OT and AVP in aqueous
solution was reported previously.’ The NH resonances for both
the trans and cis isomers of OT and AVP in CD;OH solution
were assigned in this work using methods similar to those used
previously.> The backbone amide proton region consists of two
groups of resonances: the relatively intense resonances for the
NH protons of the trans isomer and a smaller number of much
less intense resonances for the NH protons of the cis isomer, as
illustrated by the one-dimensional spectrum for AVP in CD;OH
solution in Figure 1. Resonances are assigned to specific amino
acids of the trans and cis isomers, with assignments for the cis
isomers indicated by subscript c.

Rotation around the Cys®~Pro peptide bonds of OT and AVP
takes place on a time scale which can be characterized by
magnetization transfer experiments, as demonstrated by the
presence of exchange cross peaks in ROESY spectra of OT and
AVP. Toillustrate, the phase-sensitive ROESY spectrum of 10
mM AVP in CD;OH solution at pH* 3.0 and 37 °C is shown in
Figure 1. Inthephase-sensitive ROESY experiment, cross peaks
which result from transfer of magnetization by chemical exchange
are the same sign as the diagonal peaks, while those from NOE

(15) The majority of resonances for other protons of the cis conformations
of OT and AVP are overlapped by trans resonances.*
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Table I. Kinetic and Thermodynamic Parameters for cis/trans
Isomerizations of Oxytocin and Arginine-Vasopressin in Aqueous
and Methanol Solutions
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Figure 2. Integrated intensity of the resonance for the Cys®-NH proton
of the cis isomer of OT in aqueous solution as a function of the mixing
time following inversion of the resonance for the Cysé-NH proton of the
trans isomer in inversion-transfer experiments. The data are for 10 mM
oxytocin in 90% H,0/10% D,0O at pH 3.0and 65 °C. The smooth curve
through the points is the theoretical curve calculated using the parameters
obtained by nonlinear least-squares analysis of the data.

transfer are of opposite sign.!® The positive contours, which
comprise the diagonal peaks and the exchange cross peaks, are
plotted in Figure 1. As indicated, exchange cross peaks are
observed for the amide protons of the Gln, Phe, Gly, and Cys®
residues.

The dynamics of cis = trans isomerization were quantitatively
characterized using the one-dimensional inversion-transfer meth-
0d.!® The trans resonance of a given cis/trans pair of resonances
was selectively inverted, and the transfer of inversion to the cis
resonance by rotation around the Cys®~Pro peptide bond was
monitored.'? To illustrate, inversion-transfer data for OT in
aqueous solution at 65 °C are presented in Figure 2. The
integrated intensity of the CysS-NH resonance for the cis isomer
is plotted as a function of the mixing (exchange) time following
inversion of the Cys®-NH resonance for the trans isomer. The
smooth curve through the points is the theoretical curve calculated
with parameters derived from a nonlinear least-squares analysis
of the data,' including a lifetime 7, for the trans isomer of 5.77
s.

Rate constants for trans-to-cis interconversion, k. = 1/7y,
were determined at ~5 °C temperature intervals over the
temperature range 58-72 °C for OT in aqueous solution, 58-72
°C for AVP in aqueous solution, 21-35 °C for OT in CD;OH,
and 35-49 °C for AVP in CD;OH. The cis/trans pair of
resonances for the Cys®-NH proton was used to characterize the
cis==trans isomerization of OT in aqueous and CD;OH solution.
The Phe-NH and Gin-NH resonances were used for AVP in
aqueous and CD;OH solution, respectively.

The activation parameters AH,, and AS} for trans-to-cis
interconversion were obtained from Eyring plots of In(k,./T) vs
1/T:17i8

In(k,./T) = ~AH},/RT + AS* /R + In(kg/h) )

where kp is the Boltzman constant, 4 is Planck’s constant, and
R is the gas constant. The results obtained for AH, and
AS! and the calculated value of AG,, at 25 °C are presented
in Table 1.

Also listed in Table I are equilibrium constants for the cis =
trans isomerization, K|, = [trans]/[cis], and values calculated

(16) Neuhaus, D.; Williamson, M. The Nuclear Overhauser Effect in
Structural and Conformational Analysis;, VCH Publishers, Inc.: New York,
1989; p 212.

(17) Eyring, H. J. Chem. Phys. 1935, 3, 107-115.

(18) Maskill, H. The Physical Basis of Organic Chemistry; Oxford
University Press: Oxford, 1985; p 247.

oT AVP

parameter H,0 CD;OH H,0 CD;OH
AH! (kcal/mol)e 199%1.9 17021 17.1£20 156%1.5
AS; (cal/mol)s  -3&5 K -12%5  -13%5
AG;, (kcal/mol)®  20.8 18.9 20.6 19.5
AG,, (kcal/mol)  -1.5 -1.8 -1.6 -1.9

e 122 203 15£2 254
ki (s71)ab (3.5%03) (8.1£03) (4.6£02) (3.0£04)
X 103 X 10-2 X 103 X 102

ke (s71)b 0.042 1.6 0.067 0.75
AG! (kcal/mol)b< 19.3 17.1 19.0 17.6

2 Uncertainties calculated using the standard errors of the estimates
of the slopes and intercepts obtained from linear least-squares fits of the

kinetic data to eq 1. ? At 25 °C. < Calculated using AG,, and AG)..

Table II.  Kinetic and Thermodynamic Parameters for cis/trans
Isomerization of the Xaa—-Pro Peptide Bond in Selected Peptides?

AG! AG!

{4 ctr

Kyt keos! keal/mol | kg, 57! keal/mol
Gly-Proc 48 X 103 20.6 7.9x% 103 20.3
Gly-Pro? 1.3 x 103 213 22X 1073 21.0

Gly-4-OH-Pro<e 3.6 x 1073 20.8
Ala-Pro? 1.5x10°? 21.3

1.7

1.7

1.8 6.6 X 1073 20.4
1.6

Glu-Pro? 1.6 83x10* 21.6

2.7

3.0

1.9

24X 107 21.0
1.3 X 10-3 213
1.7 x 107} 21.2
2.5x 1073 21.0
4.5% 1073 20.7

His-Pro? 6.3x 104 21.8
Ala-Ala-Pro? 8.3X% 104 21.7
Phe-Pro-Ala 2.3%x10°3 21.1

¢ In aqueous solution at 25 °C.20 % K. = [trans]/[cis]. ¢ Reference
19. 4 Reference 29. ¢ Glycyl-4-hydroxy proline.

from K| for the free energy of cis — trans interconversion, AG®,.
Therateconstants listed in Table I for trans-to-cis interconversion
at 25 °C were calculated using eq 1 and the slopes and intercepts
of the Eyring plots.

Discussion

Theequilibrium constants reported in Table I indicate that the
trans conformation across the Cysé-Pro peptide bond is strongly
favored for both OT and AVP and that the relative abundance
of thetrans isomer is further increased when the solvent is changed
from water to methanol. A comparison of the kinetic and
thermodynamic parameters in Table I with similar parameters
for other proline-containing peptides provides some insight into
factors affecting the cis = trans equilibrium for OT and AVP.
In Table II are listed values for k.., AG},, k., and AG}, at 25 °C
for a group of di- and tripeptides having equilibrium constants
K,,cinthe range of 1-3.221%20 The rate constants for trans-to-cis
interconversion, k,, for these peptides arein the range 6.3 X 104
t0 4.8 X 10-3s-!, which corresponds to free energies of activation
of 20.6-21.8 kcal/mol. Although K|/, is considerably larger for
OT and AVP than for the peptides listed in Table II, k,. and
AG, for OT and AVP are remarkably similar to k,c and AG,, for
the smaller peptides. This suggests that the greater abundance
of the trans conformation for OT and AVP is not a result of
stabilization of the trans conformation by intramolecular inter-
actions, e.g., interactions between the tripeptide tails and the
macrocyclic hexapeptide rings. Rather, the rate constants for
cis-to-trans interconversion, k., indicate that the larger equi-
librium constants for OT and AVP are a result of considerably
faster rates of cis-to-trans interconversion. It is not apparent

(19) Mariappan, S. V. S.; Rabenstein, D. L. J. Org. Chem. 1992, 57, 6675—
6678.

(20) The values listed in Table !l for AG, for peptides from ref 2a were
recalculated using k., and the relation k., = (kyT/h) exp( - AG_.'(/RT). ke
was calculated from k., and K., and AG('L, was calculated from k.
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what structural features destabilize the cis conformations.
However, it will be of interest to elucidate these features,
particularly since the results of energy minimization studies
suggest that the rates of cis = trans isomerization of proline
peptide bonds in proteins are greatly influenced by the protein
matrix.’

The rate and equilibrium parameters for cis = trans isomer-
ization are significantly different in methanol solution for both
OT and AVP: K, increases, as do both k. and kg, with
corresponding decreases in AG,, and AG},.>' The increases in ki
and k., are approximately a factor of 4 larger for OT than for
AVP. Also, for both OT and AVP, k, is increased by a larger
factor than is k., indicating an additional destabilization of the
cis conformations relative to the trans in methanol solution. A
mechanism proposed recently for cis = trans interconversion by
rotation around the Xaa~Pro peptide bond involves a twisted
amide bond in the transition state, with no nucleophilic partic-
ipation by the solvent.® In the twisted transition state, polar
resonance structures are no longer possible. Thus, according to
this mechanism, the rate of cis = trans interconversion is expected

Larive and Rabenstein

to be faster in nonaqueous solvents. This has been observed for
rotation around the C~N bond of simple amides?? and the imide
bond of the simple peptide Ac-Gly-Pro-OMe.22 The finding in
the present study that the rates of cis = trans interconversion are
significantly larger for OT and A VP in methanol solution suggests
that rotation around the Cysé~Pro imide bonds of OT and AVP
also proceeds via the twisted transition-state mechanism. How-
ever, the different effect of solvent on k., and k. for both OT and
AVP indicates that additional factors are involved, e.g., changes
in conformation which further destabilize the cis isomers in
methanol solution.
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