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Cis/Trans Isomerization at Proline: Desolvation and lts
Consequences for Protein Folding

Peptide bonds to the nitrogen atom of proline undergo cis/trans isomerization slowly, in
a process that limits the rates of refolding of many denatured proteins in vitro. At 333 K,
acetylproline N-methylamide undergoes cis-to-trans isomerization 46-fold more rapidly in
toluene than in water, consistent with the idea that the transition state for isomerization is less
polar than that for either the cis or the trans isomer. The catalytic action of peptidyl-prolyl
isomerases, whose active sites appear to be relatively nonpolar, may thus be explained at
least in part by desolvation. These results imply that protein folding is most likely to be
impeded by isomerization at exposed proline residues that remain exposed to solvent in the
transition state for refolding, whereas peptidyl-prolyl linkages in a protein’s interior, or at
a nonpolar protein—protein interface, probably undergo rapid isomerization without the
assistance of an external catalyst. © 1992 Academic Press, Inc.

In a slow process that often governs the rate of protein folding (1), peptide bonds
to the nitrogen atom of proline undergo cis/trans isomerization with typical half-
times of 0.5-1.0 min in water. Enzymes with peptidyl-prolyl isomerase activity
(2), which may serve as catalysts for the folding of denatured or newly synthesized
polypeptides in vivo, include proteins that bind the immunosuppressive drugs
cyclosporin A, rapamycin, and FK506 (3). In considering how these enzymes
might act, it was originally suggested that the reaction might be initiated by addition
of a nucleophile at the carbonyl group of the substrate, to generate a tetrahedral
adduct in which bond rotation might occur more easily than in the ground state
(2). Later evidence from kinetic isotope effects (4), the insensitivity of the reaction
rate to changing pH (¢), the inhibitory activity of a compound that is bound in a
form resembling a twisted substrate (5), and the negligible effect of replacing amino
acids that might serve as nucleophiles (6, 7) appears to render addition—elimination
mechanisms unlikely for this enzyme.

If enzyme-catalyzed cis/trans isomerization does not involve addition or elimina-
tion, then some other mechanism must facilitate rotation of the peptide bond out
of its original plane. Peptide bonds are among the most hydrophilic uncharged
groups that occur in biological molecules (8), and the free energies of solvation of
their cis and trans isomers are similar in magnitude (9). Furthermore, peptides to
the nitrogen atom of proline are more strongly solvated than noncyclic peptides
of similar size (10). When either the cis or the trans isomer is distorted from
planarity, the hybridization of its nitrogen atom changes from sp? to sp?, the C-N
bond becomes elongated, and the dipole moment is reduced significantly (11, 12).
Isomerization might therefore be promoted by transfer from water to less polar
surroundings as shown in Scheme 1, furnishing one possible mechanism for cataly-
sis by isomerases (/3). Earlier work had shown that cis/trans isomerization of
N,N-dimethylacetamide occurs more rapidly in cyclohexane than in water (/4).
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ScHEME 1. Affinity for nonpolar surroundings changes during peptide rotation. By interfering with
resonance, bond rotation is expected to reduce the polarity and strength of solvation of a peptide bond
by water. Accordingly, the barrier to rotation is expected to be lower in a nonpolar environment
(broken line) than in water (solid line).

Thus, it seemed desirable to examine the isomerization properties of proline
peptides directly.

To determine whether isomerization of peptide bonds to proline nitrogen is
susceptible to catalysis by desolvation, as shown in Scheme 1, we used 'H NMR
inversion—transfer experiments to examine equilibria and rates of interconversion
between isomers of acetylproline N-methylamide in water and in toluene. At
333 K, the temperature at which these experiments were conducted, equilibrium
cis : trans ratios for this compound were 1:3 in water and 1: 15 in toluene (/5). To
observe the rate of interconversion of isomers, one of the NMR signals arising
from the cis or trans isomer was inverted, and the amplitudes of signals from both
isomers were then monitored as a function of the time that had elapsed since
inversion (16). In water, signals from the N-methyl protons were suitable for this
purpose, whereas in toluene, signals from the a-proton proved to be more useful.
Rate constants were then obtained by numerical integration of differential equa-
tions describing the time dependence of signal amplitudes for a two-site chemical
exchange process, using the program NONLIN84 (/7).

Overall rate constants observed for isomerization at 333 K were 0.59 + 0.04 s !
in D,O and 21.3 * 13 s7! in Dg-toluene. In toluene, the rapid interconversion of
isomers, together with the low abundance of the cis isomer (18), resulted in a
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TABLE 1

Rate Constants for Cis/Trans Isomerization of Acetylproline N-methylamide, 333 K

Solvent Keis - rans Kerans — cis koveraii Equilibrium constant
Water” 0.44 57! 0.15 57! 0.59 = 0.04 5! (Trans)(cis) = 3
Toluene? 20 s~! 1.33 57! 21 £ 13 57! (Trans)/(cis) = 15
Toluene rate 46-fold 9-fold

enhancement

“In D,0, the N-methyl proton was monitored at 2.81 ppm for the cis isomer and 2.76 ppm for the
trans isomer, downfield from a TSP reference.

® In toluene-Ds, the proton on the a-carbon of proline was monitored at 3.88 ppm for the cis isomer
and 4.82 ppm for the trans isomer, using the residual methyl protons of toluene at 2.09 ppm as a
reference.

substantial experimental error. These rate ratios should therefore be regarded as
semiquantitative, although this does not affect the general conclusions drawn
below. In order to estimate the individual rate constants for cis-to-trans and trans-
to-cis conversion, overall rate constants in water and in toluene were combined
with the equilibrium constants observed in these solvents, using the following
conventional equations for a first order process:

koverall = kcis—»tmns + ktrans—> cis
ch(CiS - trans) = (kcis - trans)/(ktrans — cis)

Table 1 shows that when acetylproline N-methylamide was transferred from
aqueous solution to toluene, its rate of cis-to-trans isomerization was enhanced
by a factor of approximately 46, whereas the rate of the reverse process was
enhanced by a factor of 9. As noted above, this difference in rate enhancements
is associated with a difference in the abundance of the trans isomer at equilibrium.

The active sites of peptidyl-proline isomerases have been found to be lined with
nonpolar aliphatic and aromatic residues (19), for which solvent toluene may
furnish a reasonable model (20). The present findings support the possibility that
isomerase catalysis can be explained, at least in pari, by stabilization of the
distorted substrate relative to the more polar ground states, at a nonpolar active
site. The half-time for refolding of denatured proteins, limited by isomerization of
a single peptide bond to proline, appears typically to be in the neighborhood of
50 s (7). A nonpolar environment, if it produced a rate enhancement of ca. 50-fold
(similar to that observed in the present experiments), would reduce the half-time
for isomerization to roughly 1 s, eliminating any serious impediment to cis/trans
isomerization at proline nitrogen (21). Such a nonpolar environment could be
furnished by aregion of contact with a peptidyl-prolyl isomerase, another member
of a multiprotein complex, or a chaperonin.

The relative rate constants in Table 1 lead to more specific inferences about the
environment in which rate-limiting proline residues are likely to be found. Since
most proline residues are expected to be in the frans configuration in the unfolded
state, those that remain solvated in the transition state for isomerization, but
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appear in the cis configuration in the native protein, seem especially likely to retard
folding (22). The reverse process, involving conversion of exposed cis to trans
isomers, is inherently more rapid but is also likely to limit the rate of folding of
some proteins: trans residues are especially abundant in folded proteins, and some
of these are expected to have been in the cis configuration in the unfolded structure
(23). Both of the above processes involve residues that were initiaily exposed to
solvent, and presumably accessible to the approach of peptidyl-prolyl isomerases.

Finally, it should be noted that a nonpolar environment, conducive to isomeriza-
tion, could also be furnished by the interior of the very protein molecule in
which isomerization occurs. Thus, acylproline linkages that are inaccessible to
isomerases because they are buried in the relatively nonpolar environment of a
protein’s interior, or at a nonpolar protein—protein interface, seem likely to be
capable of isomerizing relatively easily. For peptide bonds of this kind, assistance
from an external catalyst is probably unnecessary.
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