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Abstract: Thecis/transconformational equilibrium of the two Ac—Pro isomers of gieurn model
dipeptide [*Cl-Ac-t-Pro-p-Ala—NHMe, 98%*C enriched at the acetyl carbonyl atom, was
investigated by the use of variable temperature gradient enhatidatnr, two-dimensional (2D)
1H,*H nuclear Overhauser effect spectroscopy (NOESYQ,'H one-dimensional steady-state
intermolecular NOE, and molecular dynamics calculations. The temperature dependence of the
cis/transAla(NH) protons are in the region expected for random-coil peptides j@ KAS/AT

= —9.0 and —8.9 ppb for thecis and transisomers, respectively). Theans NH(CH,) proton
indicates smaller temperature dependenté/AT ~ —4.8 ppb) than that of theisisomer (7.5

ppb). 2D *H,*H NOESY experiments at 273 K demonstrate significant NOEs betweer{-RroH
AlaNH and AlaNH—NH(R) for thdrans isomer. The experimental NOE data, coupled with
computational analysis, can be interpreted by assuming thatrémsisomer most likely adopts an
ensemble of folded conformations. The C-CONH{Gtagment exhibits significant conformational
flexibility; however, a low-energy conformer resembles closeltheurn folded conformations of

the x-ray structure of the related model peptitansBuCO-t-Pro—Me-p-Ala—NHMe. On the
contrary, thecis isomer adopts open conformations. Steady-state intermolecular solute—solvent
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(H,0) **C*H NOE indicates that the water accessibility of the acetyl carbonyl carbons is nearly the
same for both isomers. This is consistent with rapid fluctuations of the conformational ensemble and
the absence of a highly shielded acetyl oxygen from the bulk solvent. Variable tempékhiure
studies of thecis/transconformational equilibrium indicate that thi#ansform is enthalpically
favored AH° = —5.14 kJ mole') and entropically AS° = —5.47 J- K~* - mole %) disfavored
relative to thecis form. This demonstrates that, in the absence of strongly stabilizing sequence-
specific interresidue interactions involving side chains and/or charged terminal groups, the ther-
modynamic difference of thas/transisomers is due to the combined effect of intramolecular and
intermolecular (hydration) induced conformational change€ 2000 John Wiley & Sons, Inc.
Biopoly 53: 72—83, 2000

Keywords: hydration;cis/transisomerism; gradient enhancé#i-nmr; *C-nmr; NOE; molecular
dynamics; enthalpy; entropy

INTRODUCTION approximately—10.0 kcal/mol,AG® of solvation of
the cis andtransisomers appear to differ by less than

Peptide bond isomerization is important in many pro- 0.1 kcal/mol. It was concluded that the transfer of a
cesses that require alternation of peptide and protein peptide bond from the interior of a protein to an
structure. Among them are the transport of peptides €xposed position on its surface would not, in itself, be
through membranes, oligomerization, folding, and €xpected to change its intrinsic preference forcree
catalytic activity of peptides and proteilis’ There-  or trans configuration.
fore, numerous studies have been reported on the Nuclear magnetic resonance is a primary experi-
hindered internal rotation of peptide bonds and a mental technique in investigatingis/trans peptide
variety of statistical, theoretical, x-ray, and spectro- bonds with emphasis to the effects of solvents, con-
scopic techniques has been appfieBiThe presence  centration, temperature, pH, intra- and intermolecular
of a cyclic side chain and/or alkyl substitution of the hydrogen bonds, and determination of rates and bar-
peptide bond, as in proline and sarcosine, is of par- riers to conformational isomerizatidr.*>"*® De-
ticular interest because of the resulting increase in tailed information, however, on the thermodynamic
population of thesisisomer about the X—Pro borfd® origin of thecis/transpeptide bonds is rather limited
Furthermore, the proling-angle is highly constrained ~ and the results are often contradictory. More recently,
by the five-membered pyrrolidine ring and contributes there have been several developments both in sensi-
a conformational rigidifying effect to proline-contain- tivity and in multipulse sequences, with particular
ing peptide$ emphasis to gradient methodology, for investigating

Intra- and intermolecular (hydration) effects might the conformation of peptides in agueous solution and
be the primary factors that contribute to the difference the interaction of water with molecules of biological
in stability betweercis andtrans peptides in aqueous interest via two-dimensional and three-dimensional
solution. Peptide bonds interact strongly with wa- homonuclear nuclear Overhauser effect (NOE) and
ter”® therefore, even a modest difference between the rotating frame NOE (ROE) type dipolar cross-relax-
free enthalpies of hydration of thes andtrans iso- ation processes between water protons and polypep-
mers would have a significant bearing on peptide tide protons:®~** However, to our knowledge, only
structure. For example, if theans configuration was ~ one report has so far been published in investigating

associated with a stronger dipole than tieconfig- the interaction of water with the side chains of the
uration, then, thdransisomer would be expected to  cis/transisomers of a peptide that forms an unusually
be relatively favored in water; conversely, tlois highly populated type VIp-turn?? Heteronuclear

configuration might be relatively favored in less polar *°C,*H Overhauser effect spectroscdpy’® can pro-
surroundings such as the interior of a globular protein. vide a valuable probe for investigating hydration of

The difference in enthalpy for theis andtrans iso- the peptide carbonyl carbon. However, this method
mers of X—Pro bonds in aqueous solution has been has only been explored in the case of simple amfdes.
reported to be zero for model peptid®s'2 however, In this paper we report the application of variable

other investigators reported a variety of values up to temperature gradient enhancdid-nmr, two-dimen-
1.3 kcal/mole'*~*® Radzicka et at’ found that the  sional (2D),*H,'H gradient enhanced NOE spectros-
cis/transequilibrium of simple amides is almost com- copy (NOESY), steady-state one-dimensional (1D)
pletely insensitive to the solvent environment. Thus, selective intermolecular®C.*H NOE experiments,
although AG® of solvation of the peptide bond is and NOE distance constraints molecular dynamics
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calculations of the blocked model dipeptideG]-
Ac—L-Pro-s-Ala-NHMe, 98% *°C enriched at the
acetyl carbonyl atom, in aqueous solution (Ac is the
amino-terminal blocking group—COCH; and
—NHCH; is the carboxy-terminal blocking group).
By carrying out variable temperature nmr experiments
in water, we investigated the thermodynamic origin of
the peptidecis/transconformational equilibrium and
provide the first direct experimental evidence that the
trans isomer of the above proline-containirgturn
model dipeptide is enthalpically favored and entropi-
cally disfavored relative to theis form. This model

by the use of low temperature (273 K) and to choose the
appropriate combination of selective, low-power decou-
pling followed by a high-power broadband composite de-
coupling during the acquisition of free induction de-
cays?>?" The T, of the H,O resonance was found to be
1.4 s. The'C longitudinal relaxation times of theis/trans
carbonyl carbons were 2.6 s at 150.91 MHz. Selective
saturation of the KO resonance was achieved by continu-
ous wave preirradiation of the solvent protons for 2.5-6 s
with a decoupling band widthB, ~ 5-12 Hz, which avoids
the partial excitation of the &protons and minimizes small
frequency shifts of the solute signals due to demagnetization
effects®* NOE factorsn were calculated from peak-height

dipeptide, was chosen because it is one of the simplestratios after exponential multiplication and Fourier transfor-

molecules compatible wit|g-turn folding containing

an intramolecular hydrogen bond of the4 3) — i
type’®—3Cin a variety of organic solvents; it does not
experience a conformational transitigsi o BlI fold-

ing mode) when changing from the solute to the
crystalline stat?"3? and backbone conformational
preferences should be representative of the amino
acids in the absence of side-chain specific interac-
tions.

MATERIALS AND METHODS

Peptide Synthesis

The blocked dipeptide*fC]-Ac—-Pro-n-Ala—NHMe has
been prepared by classical proced£$?*2The acetyl
group (CHCO) was introduced on proline by the coupling
reaction of CHCOOH (98%"'*C enriched) and HCI-Pro-
p-Ala-NHCHS,

NMR Measurements

H-nmr spectra of T°C]-Ac—-Pro-p-Ala-NHMe in 90%
H,0/10% D,0O, concentration 15 M, were recorded on a
Bruker AMX-600 instrument equipped vita 5 mm Z-
gradient probe. Chemical shifts were measured with refer-
ence to internal 3-(trimethyl silyl)3,3,2,2-tetra-deuteropro-
pionic acid Na salt§ = 0.000). Temperature calibration
was achieved by the use of 4% methanol in methanol-d
Variable temperature 2D gradient enhanced NOESY exper-
iments® were performed on a Bruker AMX-400 instrument
equipped with a Z-gradient probe, spectral width 4274 Hz,
acquisition time 0.23 s, relaxation delay 1 s. NOE intensities
were measured by integration of the volume of the respec-
tive cross peaks in the 2D spectra and were used to obtain
upper limit distance constraints.

Conventionaf*C and 1D**C-*H NOE difference spec-
tra were recorded on a Bruker AMX-600 instrument
equipped wih a 5 mmmultinuclear probe. In seeking the
observation of a differential interaction between water and
the cis or the trans carbonyl group, it is important to
minimize magnetization transfer between the two isomers

mation. Thusn = {[I] no[ll s} — 1, where the subscripts
NOE and B refer to the NOE spectrum and the unperturbed
spectrum, respectively.

Molecular Modeling

Theoretical calculations were performed using a Silicon
Graphics O2 workstation and Quanta version of MSI. The
structures of theis andtransisomers of Act-Pro-p-Ala—
NHMe were first minimized using a combination of steepest
descent and conjugate gradient algorithms. The minimiza-
tions were performed using a dielectric constant 81 and
solvation box (8 A}*®>*¢The resulting minimized structures
were imposed to adopt the experimental NOEs by applying
distance constraints in combination with conjugate gradient
minimization algorithm. The minimization procedure was
completed when no improvement in the model could be
achieved (NOE distance constraints remained constant). To
further explore the low energy conformers of tbis and
trans isomer, molecular dynamics was applied at 1000 K
using 1.2 and 1 ps time frame for heating, equilibration, and
simulation steps? One hundred structures from the simu-
lated ones were minimized using iteration steps and a con-
jugate gradient algorithm. The one hundred structures gen-
erated three clusters using dihedral criterion of 40° (rms min
0.617° and rms max 87.935). From the three clusters the
three lowest energy structures for each cluster were consid-
ered to best represent the NOE data.

RESULTS AND DISCUSSION

The cis/transinterconversion of amides and peptides
indicates a relatively high activation barrieA G*
~ 20 kcal/molé=>*#3§. This process, therefore, is
usually slow on the nmr time scale and the two
species can be observed separately if a sufficient
spectral resolution is available. The slow rate of the
cis/transisomerization of X—Pro peptide bonds is an
essential factor in the experiments discussed below.
The assignments of proton resonances ofdisé
trans isomers of Ace-Prop-Ala-NHMe were deter-
mined from the 2D correlated spectroscopy and 2D
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FIGURE 1 2D TOCSY-WATERGATE spectrum of *fC]-Ac—-Pro-e-Ala—NHMe in 90%
H,0/10% D,O, concentration 15 M at 297 K on a Bruker AMX-600 instrument equipped with a

5 mm Z-gradient probe. Spin—locking pulse 70 ms. Spectral acquisition parameters: 256 increments,
number of scans 48, spectral width in &d F, 9615 Hz, 0.21 s acquisition tim& s relaxation

delay, 4 dummy scans, a shifted squared sine-bell function was used in both dimensions. “c” and “t”

denote thecis andtransisomers, respectively.

total COSY (TOCSY)'H,'H gradient enhanced spec-
tra. A number of relayed connectivities can be ob-
served in the 2D TOCSY spectrum (Figure 1), which
allows the unambiguous identification of the spin
systems of the amino acidsPro andp-Ala and the
terminal —NH(CH3) group. The Ala NH proton

proton resonances are expected toHgeto —10 parts
per 10 (ppb) per K for random-coil peptides in,B.
The range from—2 to —4 ppb/K suggests strong
solvent shielding and-4 to —6 ppb/K denotes mod-
erate shielding. Due to spectral overlap, low intensity
and quadrupolar broadening due’tN nucleus, the

shows the expected cross-peak connectivities to both N resonances from thes form of the peptide could
C“H and CH; protons; however, the resonances of the e resolved only over a limited temperature range.

cis and trans isomers are strongly overlapped. The
shieldings of thecis/trans amide protons of the

—NH(CHj) terminal group are significantly different,
however, thecis/trans —CH; protons are strongly

overlapped.

Temperature Dependence of
Amide Proton Resonances

Temperature coefficients were calculated by a linear
least-squares fit to up to 14 experimental data points
for each resonance (Figure 2). The Ala NH proton
resonances show the characteristic temperature de-
pendence expected for random coil peptides, where
amide protons are completely exposed to solvent
(A8/AT = —9.0 and—8.9 ppb for thecis andtrans
isomers, respectively). On the contrary, thrans

The temperature dependence of amide proton reso-NH(CH,) proton indicates a smaller temperature de-
nances can be used to identify backbone hydrogenpendence A6/AT = —4.8 ppb) than that of theis

bonding>3° The temperature coefficients of amide

isomer & —7.5 ppb).
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FIGURE 2 Temperature dependences of tthans (-]
andcis (@) amide proton nmr chemical shifts dfC]-Ac—
L-Pro-p-Ala—-NHMe in 90% HO/10% D,O, concentration
15 mM, on a Bruker AMX-600 instrument equipped with a
5 mm Z-gradient probe. (A) Ala NH and (B) NHCH
protons.

The model protected dipeptides with the general
formula RCO+-Pro—X-NHiPr (R = Ac, iPr, and
tBu) have been investigated in detail with a variety of
theoretical, x-ray, and spectroscopic techniques. Mc-
Donald and Stiff investigated by the use of a new set
of molecular mechanics parameters the conforma-
tional free energies of model dipeptides and con-
cluded thatB-turns are present in small amounts in
most dipeptides. The calculations predict the most
populated hydrogen bonding pattern in CH@ be a
y-turn across the proline. A-turn across the X res-
idue in the Ac—Pro—X—-NHMe sequence becomes in-

interconverting on the ir time scale, conformers: (a)
An open conformer with free NH and CO bonds; (b)
a y-folded conformer characterized by a bifurcated
<~ (i + 2) = (i + 3) hydrogen bond; and (c) a
B-turn type |l folded conformer characterized byia (
+ 3) — i intramolecular hydrogen bond, which has
been observed also in the crystalline state. The
v-folded conformers are converted in weakly acidic
chlorinated (CHCI,) or weakly aprotic (CHCN) sol-
vents into the3-folded form, which is then converted
into the open form in a stronger aprotic solvent such
as (CH,),SO.

The high temperature coefficient of the AlaNH
proton demonstrates that the population of the
vy-folded conformation across the proline orygurn
with a bifurcatedi < (i + 2) — (i + 3) hydrogen
bond is unlikely to be significant in aqueous solution.
On the basis, however, of the reduced temperature
coefficient and the significant shielding of the
NH(CHS,) proton of thetransisomer, compared to that
of the cisisomer, it can be concluded that this amide
proton is partially shielded from the solvent. It is
therefore likely that théransisomer exists in a folded
conformation (see discussion below).

Variable Temperature 2D Grandient
Enhanced 'H,"H NOESY-NOE Distance
Constraints Molecular Dynamics

The gradient enhanced 2D NOESY spectra at 298 and
273 K indicate the presence of several intraresidue
and sequential NOE cross peaks especially at low
temperature. Seven interresidue and nine intraresidue
NOEs were observed for theans isomer and only
one interresidue and two intraresidue NOEs fordise
isomer (strongly overlappeds andtrans NOE cross
peaks were not considered in the structure analysis).
At 298 and 273 K a strong NOE cross peak between
ProC*H and AlaNH is observed for theeansisomer
(Figure 3). At 298 K, a medium size AlaNH
NH(CHS,) cross peak is observed for thransisomer,
which becomes rather strong at 273 K. The respective
cross peak for theis isomer is beyond recognition
even at 273 K (Figure 3).

NOESY spectra are capable for providing informa-
tion on short proton—proton distances in the range
from the van der Waals distance of 2.0 A to approx-
imately 4.4 A®4° Wiithrich et al*®“° provided a

creasingly favored as X becomes more bulky. These detailed description of proton—proton distances in

conclusions, however, are at variance with detailed ir,
nmr, and x-ray structural investigations of Marraud
and collaboratoré®2°3132These authors suggested
that the conformational properties of model dipeptides
in solution can be interpreted in terms of three, slowly

standard tight turns of type | and Il farPro—+-X
sequences. For a typical hydrogen bongket turn
conformation the following interproton distances are
short enough to yield significant NOE interactions:
ProC*H-AlaNH ~ 2.1 A, ProCH-AlaC*H ~ 2.3 A,
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FIGURE 3 Selected region of the gradient enhanéelghtH NOESY spectra of fC]-Ac—-Pro—
p-Ala—NHMe in 90% H0/10% D,O, concentration 15 M on a Bruker AMX-400 equipped with
a 5 mm Z-gradient probe. (A) 298 K, mixing time 750 ms, 176 transients were acquired for each
of 256 increments. (B) 273 K, mixing time 500 ms, 336 transients were acquired for each of 256
increments.

AlaNH-NH(CH,) ~ 2.4 A, ProCH-NH(CH,) ~ 3.3 —NH(CH_y) proton [( + 3) — i hydrogen bond with
A. Proton—proton distances forPro-e-X sequences  N(H) - - - O(C) = 2.97 A]. In the hydrated form this
can be obtained from the x-ray structural data of the hydrogen bond is mediated by a water molecule
related model peptidegransBu—CO-t-Pro—Me-e-

Ala—NHMe t-BuCO is the tertiobutyl CO group),

which crystallizes in both anhydrous and monohy- C=0:- - H-0- - - H=N(CHy—

drated state¥? Table | lists the most significant pro- \H

ton—proton distances (A) ofrans-tBuCO--Pro—

Me-p-Ala—NHMe in both the anhydrous and mono-

hydrated state. In the anhydrous structure the resulting in a slight expansion of the hydrogen bonded
t-butanoyl oxygen is directly hydrogen bonded to the ll-turn ring N(H) - - - O(W) = 2.815 A, O(W)- - - O(C)
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Table |
and trans-Ac—L-Pro—p-Ala—NHMe

Significant Proton—Proton Distances (A) oftrans-t-BuCO-L-Pro-Me-b-Ala—NHMe

trans-tBuCO-.-Pro—Me-p-Ala—

NHMe transAc—L-Pro-p-Ala—_NHMe
Anhydrous Monohydrated

Proton Pair Staté Staté' Model (A)° Model (B
ProC*H, AlaNH 2.3 25 2.1 21
ProC'H, AlaC*H 4.3 4.4 4.4 4.4
ProC*H, NH(Me) 3.4 3.8 3.8 4.0
ProC®H, AlaCPH 4.4 3.3 53 5.4
AlaC*H, AlaNH 2.9 3.0 2.9 2.7
AlaC*H, NH(Me) 3.0 2.8 35 3.2
AlaNH, NH(Me) 25 2.6 2.4 3.0

2The x-ray structural data from Refs. 31 and 32.

P Low-energy conformers derived from NOE distance constraints molecular dynamics (Figure 4).

= 2.752 A). The molecule of water is also bonded to a with most probable H- - O bond lengths in the re-
neighboring peptide molecule with an intermolecular gion of 2.08—1.89 &° This is due to the fact that in
hydrogen bond O(W)- - O(C) = 2.812 A. Introduction the low-energy conformer of Figure 4(A), the
of the water molecule results in some significant confor- N—H - - - O angle is strongly bend~ 141°), which
mational changes especially as concerns the dihedralimplies a relatively weak diredt + 3 — i intramo-

anglesys,, defined by the atoms N-C**—C'*—N?,
ande,, defined by the atoms’€—N*—C*%—C"? and
the hydrogen-bonding scheme. The dihedral angle

lecular NH- - - OC hydrogen bond interaction. For
model (B), a rotation by 45° is observed for the
AlaCa—CONH(CH;) bond, which results in a signif-

increases from 136° in the anhydrous state to 164.3° in icant increase of the N(H)- - O(C) distance from 3.2
the monohydrated state and the angjéncreases from A in model (A) to 4.2 A. Evidently the
97°, in the anhydrous state, to 138.6° in the monohy- C—CONH(CH;) fragment exhibits significant con-
drated state. This results in a significant increase in the formational flexibility; however, the general folded

distance between the N(H) and O(C) atoms from 2.97 A,
in the anhydrous structure, to 5.00 A in the monohy-

shape of the molecule is retained in model (B).
The experimental 2D-NOESY data coupled with

drated state; however, the general folded shape of thecomputational analysis, therefore, are in good agree-

molecule is retained.

Although the conformational averaging that usu-
ally occurs in peptides hinders a rigorous interpreta-
tion of NOE intensities in terms of a unique structure,
it is useful to calculate a limited number of structures
compatible with NOE constraints, which helps us to
visualize the conformational properties of the ensem-
ble. Figure 4 illustrates stereoviews of two low-en-
ergy conformers oftransAc—-Pro-p-Ala—_NHMe
derived from NOE distance constraints molecular
dynamics, and Table | lists the most significant
proton—proton distances (A). For model (A), the
N(H) - - - O(C) distance is 3.2 A, and thus comparable
with the x-ray distance of 2.97 A in the anhydrous
state. However, the (N)H- - O(C) distance of 2.6 A
is significantly longer than the respective
(N)H - - - O(C) hydrogen-bond distances in the x-ray
structures of several model dipeptideBuCO-t-Pro—
X—NHMe (X=t-, or p-Leu, Val, Cys, Met, Phe, and
Tyr), which indicate a relatively narrow distribution

ment with the x-ray structural data of the related
model peptidet-BuCO-+-Pro—Mep-Ala-NHMe and
demonstrate that theans-isomer in aqueous solution
accommodates an ensemble of folded conformations.
The formation ofgll-turns is also consistent with the
3Jne ~ 8.8 Hz for the residue-Ala. As pointed out
by Marraud et al?’ pl- and Bll-turns of the L-p
sequence could be distinguished by low (4.5 Hz) and
high (9.0 Hz) values ofJy, of residuei + 2.
Interestingly “reverse turns” are frequently observed
in proteins, and eight classes@turns, four of which
are withouti + 3 — i interaction, have been listéd.
Although there are several recent reports that pro-
line-containing sequences of short linear peptides can
have significant secondary structure in wafet?—*4
to the best of our knowledge, this is the first reported
case of highly populated reverse turn conformations
of a model dipeptide in aqueous solution. Interest-
ingly, extensive molecular dynamics simulations of
Tobias et af'® of the conformational equilibria of two
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FIGURE 4 Stereoviews of two low energy conformers of tlransAc—-Pro-p-Ala—_NHMe
derived from NOE distance constraints molecular dynamics.

protected dipeptides, Ac-Ala—Ala—_NHMe atrdns
Ac—Pro—Ala—NHMe, in water indicated that reverse
turns with and without a direct intramoleculart- 3

— i hydrogen bond are unstable by several kcal/mol
with respect to the extended conformations.

1D Steady-State Intermolecular
13C,'"H NOE

The *3C-nmr spectrum of the acetyl carbonyl reso-
nances of the model dipeptide (Figure 5) indicates two
resonances that can be attributed to this/trans
isomerization of the Ac—Pro amide bond. On the basis
of the presence of the majdrans conformer 6

= 175.6 ppm), the smaller high frequency component
(6 = 175.9 ppm) can be attributed to thes isomer,
and its intensity corresponds to a population of 16.3%,
in agreement with integration data frofH-nmr. Fig-
ure 5B shows thé3C,*H NOE difference spectrum.
Hydration of both isomers is clearly demonstrated by

spectrum. This indicates that the water clustering
around the acetyl carbonyl carbons is nearly the same
for both isomers provided that the observation of
equal NOE at the two CO signals is not due to
exchange averaging a differential effect. Exchange
phenomena, however, at 273 K seem to play a negli-
gible role since 1D steady-state homonucl&as*H
NOE difference spectra, with selective irradiation of
the trans-proline Ca proton, demonstrate significant
NOEs to thetrans-CB protons of Pro and th&ans

NH of p-Ala (Figure 6) but negligible migration of
magnetization throughis/transexchange to protons
of the cis-isomer for a variety of selective low-power
irradiation times (0.5—-6 s).

The above results are at variance witfC,'H
HOESY experiments of theis/transisomers of the
sterically hinderedert-butylformamide in HO/D,O
(85%/15%)>" These studies indicated that the NOE
cross peaks from the water proton resonance to the
CO carbons of the two isomers are significantly dif-

the significant NOE peaks between the water protons ferent compared to the conventional 18C-nmr

and the acetyl carbonyl carbon of the blocked dipep-
tide. The ratio of the integrated NOE peak intensities
of the two resonances)(= 0.024 for thecis and n

= 0.022 for thetrans isomer) are not significantly
different compared with the conventional 1BC-nmr

spectrum. Thus thérans amide CO NOE peak is
smaller compared to thes-isomer, while the respec-
tive integrals are reversed in the conventional 1D
13C-nmr spectrum. This was interpreted by assuming
that the water clustering of the water molecules
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FIGURE 5 (A) Conventional*C-nmr spectrum (150.91
MHz) of [**C]-Ac—-Pro-n-Ala—NHMe in 90% H0/10%
D,0, concentration 15 M at 273 K, 5 mm sample tube, on
a Bruker AMX-600 instrument. Spectral acquisition param-
eters: 2.41 s acquisition time, 27.17 KHz spectral width,
6496 scans. The asterisks mark the position of 1@
satellites due to one bont?C-*3C coupling after vertical
expansion X32). (B) 1D **C-*H NOE difference experi-
ment, 6496 scan$ s selective low-power irradiation of the
water resonance.

around thetrans amide CO group is significantly
reduced, compared to th@s CO group, due to the
presence of the bulktert-butyl group.

It could be concluded that the hydration state of the
acetyl carbons of the model dipeptide is essentially
the same for both isomers. This result is not at vari-
ance with the previous discussion that thens iso-
mer mostly likely adopts an ensemble of folded low-

energy conformations. Although the various fast in-
terchanging conformational substates, such as folded
and unfolded states, are expected to have variable
hydration properties, the experimental data reflect the
ensemble average and do not allow unambiguous
determination of the solvation of individual confor-
mational substates. Uniform fast time scale hydration
has been observed for oxytocin, via NOESY and
ROESY type dipolar cross-relaxation processes be-
tween water protons and polypeptide protons, irre-
spective of the sequence position and hydrophobic
character of the amino acid8In this context, similar
hydration characteristics have been observed for a
ribonuclease C-peptide analogue that exhibits a high
population, approximately 60% by CD spectroscopy,
of helical conformers in aqueous solutith.

Our data, therefore, are consistent with rapid fluc-
tuations of the conformational ensemble and the car-
bonyl group CHCO— of the trans isomer of the
model dipeptide is in close proximity to water al-
though it adopts significant population of secondary
structure.

Analysis of Thermodynamic Quantities
Relating to cis/trans Equilibrium

The cis/transequilibrium of an X—Pro peptide group
can be described either by the equilibrium constant
Keg
[trans]
Keq = [cis] (1)

or by the free enthalppG®
AG® = —RTIn K, 2

The thermodynamic parameters of tis/transisom-
erism in water can be obtained from variable temper-
ature experiments, provided that this/transforms

are present simultaneously and the relative concentra-
tions of the two species can be determined accurately.
Once the equilibrium constant for this process has
been determined at several temperatures, then, ac-
cording to the Van't Hoff equation,

AH® AS
InKeq——ﬁ+? 3)
a plot of In K, vs 1/T provides AH® and AS’.
Because of the limited sensitivity oH-nmr, applica-
tions of this probe are, in practice, confined in the
range of free enthalpies between approximately 2
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FIGURE 6 (A) Selected regions of a conventiondfi-nmr spectrum of 1°C]Ac-L-Pro-o-Ala-

NHMe in 90% H,0/10% D,O, concentration 15 M at 273 K, on a Bruker AMX-600 instrument
equipped wih a 5 mmZ-gradient probe. Spectral acquisition parameters: 1.70 s acquisition time, 2 s
relaxation delay, 8 scans. (B) One-dimensional steady-state NOE difference spectrum resulting from
selective irradiation (marked by the arrow) of thens-proline Cx proton for 3 s, 80 scans. The “c”

and “t” denote thecis andtransisomers, respectively.

kcal/mol> AG°® > —2 kcal/mole. One of the attrac- Figure 7 shows a representative van't Hoff plot. The
tive features of this technique is that, within this relation can be expressed as
range, small differences ihG® of the order of several
tenths of a kcal/mole are readily discernible. 1

The cis/transequilibrium of the Ac+-Pro bond is In Keg= —0.65784+ 0_6182‘<T) (4)
most readily measured by the relative intensities of

the GH proton resonances of proline. FogK the
relative chemical shifts betweeis andtrans proline The line represents the best fit to Egs. (2) and (3) with

are of the order of 0.15 ppm, and hence the resonancesa correlation coefficient 00.991, AH® = —-5.14
of the isomeric forms are well separated at 600 MHz. kJ/mole andAS® = —5.47 J- K~ *-mole . It can be
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Recently, Eberhardt et &f.investigated the ther-
modynamic origin of prolyl peptide bond isomers of
the racemic dipeptide Ac—Glyg[ 8-1°C] Pro-OMe in
aqueous buffer and in toluene. It was concluded that
the difference inAG® for the X—Pro isomers origi-
nates almost entirely from enthalpic differences. Fur-
ther, the similarity of the enthalpies determined in
aqueous buffer X\H° = —1.27 kcal/mole) and in
toluene AH° = —1.27 kcal/mole) suggests that the
enthalpic forces that differentiate thes and trans
isomers of prolyl peptide bonds are similar in protic
11 77—} and aprotic environments. Differences in entropy,

2.8 3.0 32 3.4 3.6 38 .. .
(1T) x 103 though small, favor theis isomer in both aqueous
buffer and toluene. This entropic preference was

Ink
N
L

FIGURE 7 Representative van't Hoff plot based on the : _
cis/transequilibrium nmr integration data of th# CH pro- found to be less in aqueous buffery’ 0.25 cal

. —1 -1 1 = —
line protons of }*C]-Ac-L-Pro-p-Ala-NHMe in 90% HO/ mole_l K_1] tha.n n tolgene As 0.71 gal
10% D,O, concentration 15 M. The solid line represents  * Mole”~ K™7]. This was interpreted by assuming a
the best fit to Eq. (3). lower solvent accessibility of the amide CO group in

the transisomer, which diminishes the ability of this
group to restrict HO molecules through hydrogen
concluded, first, that th&rans form is enthalpically bonding.
favored and entropically disfavored relative to the Our result that the difference Ge for the Ac=-Pro
form. Second, the difference ING® for the Ac—Pro  ponq originates primarily from enthalpic differences, is
bond originates primarily from enthalpic differences. j, 5greement with that of Eberhardt e &However, the
13CCheng andlBovei"_;? mve(sjhgriltedl by tlhe use dOf contribution of entropy was found to be appreciably
-nmr acetyle-proline and glycyle-proline, an larger. This can be attributed to the significant folding of

concluded that thQrans conformer is favored by . thetransisomer, and thus reduced disorder or configu-
enthalpy (the magnitude of the apparent enthalpy isin __ .
rational freedom.

agreement with our results) but disfavored by entropy, . . .
. In conclusion variable temperatutd-nmr studies
Table Il. The latter was attributed to greater solvent f the cis/t f tional ilibri f th
immobilization by thetrans isomer. Higashijima et of the cis/trans conforma |01na equilibrium ot the
B-turn model dipeptide fC]-Ac—-Pro-p-Ala—

al** investigated N-acetyl—proline N-methylamide e - ,
in various solvents by the use SH-nmr. In D,O NHMe indicate that thdrans form is enthalpically

(concentration~ 88 mM) the fraction of thecis iso- favored and enFropicaIIy disfgvored relative to the
mer was found to decrease only slightly on lowering form. Thetransisomer most likely agopts an ensem-

changes for the conversion of th@ansisomer to the ~ Cis isomer adopts more open conformations. This
cis were found to be 0.3 kcat mole™! (1.26 demonstrates that in the absence of strongly stabiliz-

kJ- mole *) and—4.6 J- deg * - mole * respectively ing sequence-specific interresidue interactions involv-
(Table 11). The sign ofAS® is not in agreement with  ing side chains and/or charged terminal groups the
our results, and the magnitude &H° is appreciably  influences of solvent water and the conformational
different. properties of thecis/transisomers are not identical.

Table Il Apparent Enthalpy ( AH®) and Entropy (AS°) Changes for the Conversion of the
cis to the trans Isomer for Model Peptides

AH° AS
Peptide Solvent (kJ- mole™ 1) (J-K ' mole )
Gly—-Prats D,O —4.2 -9.7
Ac—-Pro-NHMée* D,O —-1.26 4.6
Ac—Gly—[B,6-°C]Pro—-OMe*® 80% H,0/20% D,O —-5.33 —1.05

Ac—-Pro-p-Ala—-NHMe 90% HO/10% D,O —-5.14 —5.47
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