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Proline isomerization is a ubiquitous process that plays a key role
in the folding of proteins and in the regulation of their functions.
Different families of enzymes, known as “peptidyl-prolyl isomer-
ases” (PPlases), catalyze this reaction, which involves the intercon-
version between the cis and trans isomers of the N-terminal amide
bond of the amino acid proline. However, complete descriptions of
the mechanisms by which these enzymes function have remained
elusive. We show here that cyclophilin A, one of the most common
PPlases, provides a catalytic environment that acts on the sub-
strate through an electrostatic handle mechanism. In this mecha-
nism, the electrostatic field in the catalytic site turns the electric
dipole associated with the carbonyl group of the amino acid pre-
ceding the proline in the substrate, thus causing the rotation of
the peptide bond between the two residues. We identified this
mechanism using a combination of NMR measurements, molecular
dynamics simulations, and density functional theory calculations
to simultaneously determine the cis-bound and trans-bound con-
formations of cyclophilin A and its substrate as the enzymatic re-
action takes place. We anticipate that this approach will be helpful
in elucidating whether the electrostatic handle mechanism that we
describe here is common to other PPlases and, more generally, in
characterizing other enzymatic processes.

enzyme catalysis | NMR spectroscopy

Different families of enzymes, often referred to as “peptidyl-
prolyl isomerases” (PPIases), catalyze proline isomerization,
a process that involves the interconversion between the cis and
trans isomers of the N-terminal amide bond of the amino acid
proline (1-3). This isomerization process is an intrinsically slow
reaction, typically occurring on the time scale of several minutes
under physiological conditions. Hence it often represents a rate-
limiting step in biochemical reactions and indeed is used ubig-
uitously as a molecular switch in regulation (1-7).

The possible mechanisms by which PPlases speed up this
reaction have been the subject of intense scrutiny (8-16), although
consensus descriptions of such mechanisms have not yet emerged.
A question of particular relevance is the specific manner in which
the electrostatic field in the catalytic site may facilitate the isom-
erization reaction. To investigate this problem, we considered the
case of cyclophilin A, a member of the cyclophilin family of
PPIases (17-20). Previous studies have suggested that con-
formations resembling those typical of the cis-bound and the
trans-bound states are populated through conformational fluctu-
ations in the free state of the enzyme and therefore functional
insights into its mechanism of action might be obtained from the
study of the free state (21-23).

The approach that we followed in studying the mechanism of
action of cyclophilin A is based on the simultaneous de-
termination of the structures of the cis-bound and #rans-bound
states of the complex between the enzyme and its substrate as the
catalytic process takes place. Our results reveal that the mech-
anism of the reaction involves the presence of an electrostatic
field that acts on the N-terminal peptide bond of the proline
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residue in the substrate and induces the rotation of the electric
dipole corresponding to the carbonyl group of the residue pre-
ceding the proline. In this sense, the carbonyl group represents
a handle operated by an electrostatic field and helps overcome
the isomerization barrier.

We investigated the conformational properties of cyclophilin
A during the proline isomerization process by using NMR
spectroscopy, which can provide atomic-resolution descriptions
of the motions of macromolecules in solution (24-32). In our
strategy, NMR data are used as replica-averaged structural
restraints in molecular dynamics simulations. Such calculations,
which in general can include NOE-derived distances (29), $°-
order parameters (29), residual dipolar couplings (33-35), and
chemical shifts (36-38), are particularly suitable when multiple
conformations of a protein are present simultaneously in solu-
tion, because these conformations can be determined at the
same time (29, 37).

Results and Discussion

Simultaneous Determination of the cis-Bound and trans-Bound States.
To study the proline isomerization process catalyzed by
cyclophilin A, we considered the model peptide substrate
GSFGPDLRAGD (39, 40). We carried out chemical shift
measurements in the bound state during the catalytic reaction
(SI Text). In addition, we used NOESY measurements to obtain
information about interproton distances (i.e., intermolecular
NOE restraints) between the enzyme and the substrate; there-
fore NOEs were measured as averages over the cis-bound and
the frans-bound conformations during the isomerization reaction
(SI Text). We then performed molecular dynamics simulations
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Fig. 1.

Ensembles of structures representing the conformational fluctuations of cyclophilin A in the trans-bound (A), the cis-bound (B), and the free (C) states.

The ensembles have been determined using backbone chemical shifts as replica-averaged restraints (free state) and backbone chemical shifts and interchain
NOEs replica-averaged restraints (bound state). The simulations were performed with a modified version of GROMACS, using the Amber99SB*-ILDN force-
field and applying the CamShift and NOE restraints over two replicas (37). More details are provided in S/ Text.

with replica-averaged chemical shifts (37) and intermolecular
NOE restraints (29), a technique that enables the information
provided by NMR measurements to be incorporated in the
structural determination procedure in a manner consistent with
the maximum entropy principle (41-43). We used two replicas
of the system; the initial structures were chosen with the proline
in the model peptide in the cis conformation in the first replica
and in the frans conformation in the second replica (SI Text).
These calculations resulted in two (cis-bound and frans-bound)
conformational ensembles (Fig. 1) with corresponding free-
energy landscapes (Fig. 2). The agreement between experimen-
tal and calculated intermolecular NOEs and chemical shifts was
excellent (Table S1 and Fig. 3). For comparison, we also carried
out similar calculations for the free state of the enzyme (Fig. 2; see
also Conformational Fluctuations in the Free State).

A Possible Electrostatic Handle Mechanism of Catalysis. To formulate
a hypothesis about the mechanism of catalysis, we analyzed the
ensemble of conformations representing the bound state of
cyclophilin A and its substrate. This ensemble can be divided into
cis-bound and frans-bound subensembles. We then considered
the overall electrostatic field in the active site of the enzyme (44),
prompted by the observation that the presence of a conserved
arginine residue at position 55 (R55) is known to play a key role
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in the function of cyclophilin A (13-15). More specifically, density
functional theory (DFT) calculations (SI Text) of the electrostatic
field acting on the glycine—proline peptide bond were carried out
for the cis-bound and the frans-bound ensembles (Figs. S1-S3).
Our results indicate that the z component, defined as the normal
to the ring plane defined by the N, Ca, and Cy atoms of the
proline residue, is approximately the same for the cis-bound and
the trans-bound states (Fig. 4).

Having determined the electrostatic field present in the active
site of cyclophilin A during the catalytic process, we investigated
its specific effect on the proline isomerization process. To obtain
an initial insight into this effect, we performed DFT calculations
(8I Text) on a model system, the N-acetyl-L-prolyl-N-methyl-
amide (Ace-Pro-Nme) proline dipeptide, in vacuo and compared
the potential energy surface of this system in the presence and
absence of an electrostatic field corresponding to that found in
the active site of cyclophilin A. The potential energy surfaces for
the isomerization process as a function of the o and y angles
(Fig. 4) indicate that in the absence of electrostatic fields the
trans isomer is about 20 kJ/mol more stable than the cis isomer,
with the clockwise (® = —90°) and counterclockwise (o = 90°)
energy barriers between the cis-bound and frans-bound states
being of comparable height (“clockwise” and “counterclockwise”
are defined for the frans-to-cis transition) (Fig. 4).
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Fig. 2. Cyclophilin A samples regions of its conformational space in the absence of the substrate similar to those sampled during the catalytic turnover. Free-
energy surfaces for the bound state of cyclophilin A as a function of active site and protein core side chains are shown. (A) Free-energy landscape as a function
of the y3 dihedral angle of GLN63 and the y, dihedral angle of LEU98. (B) Free-energy landscape as a function of the y; dihedral angle of ARG55 and the y»
dihedral angle of PHE112. The isolines are plotted at intervals of 2.0 kJ/mol. The contours represent the trans-bound- and cis-bound-specific basins; the red

dots represent the free ensemble.
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A B negative direction of the z axis is shown in Fig. 4. In this case the
70 ———T 30 ‘ main effect of the electrostatic field is to reduce the energy
65 ] ] , barrier strongly, by about 30 kJ/mol, at ® = 90° while slightly
whb 1 6ol i increasing the energy barrier at ® = —90°. Furthermore this
L i L , electrostatic field increases the stability of the cis-bound state by
3 1 sl | about 10 kJ/mol. Previous studies that used classic molecular
50 - — | , dynamics simulations suggested that cyclophilin A catalyzes pro-
45 7 4 =099, d:0.87ppm{ 20l =100, sd=0.88ppm — line .isomeriz.ation along a counterclockwise direction for the frans-
gol L L L 1 | I to-cis transition (14, 15).

40 45 50 55 60 65 70 20 40 60 80 Here, our model calculations enable us to put forward the
C D hypothesis that, perhaps not surprisingly, the source of this effect
140 —— H ——— is the electrostatic field generated by the enzyme in its catalytic

- N 1 ok W 4 site and acting on the glycine—proline peptide bond. These
1301~ “ ol ] results, more in detail, also suggest that the effect of cyclophilin
]20; ] oL b A is to create an electrostatic handle that acts on the electric

I | L j dipole of the glycine carbonyl group of the glycine—proline sub-
Lol B Un 7] strate (Movie S1), which is the only substantial electric dipole in

I 1=0.93, sd=2.44ppm - 6 1=0.85, sd=0.47ppm | proximity of the glycine—proline peptide bond, thus stabilizing
100 ‘ [ N 5 ‘ [ S B the transition state in which the dipole is aligned with the field
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(w =90). The lowering of the barrier (i.e., the stabilization of the

Fig. 3. Comparison between the experimental and calculated chemical shifts ~ transition state) is compatible with the experimentally observed

for the bound-state ensemble of cyclophilin A. (4) Cx atoms, (8) Cp atoms, (ON  speed-up of four to five orders of magnitude (from minutes to
atoms, and (D) HN atoms. r, correlation coefficient; sd, SE. milliseconds) of the isomerization process.

To investigate the presence of possible additional effects of

the electrostatic field on the electron density in correspondence

The potential energy surface of the proline dipeptide modelin  to the peptide bond, we performed a natural bond orbital anal-

the presence of an electrostatic field of 50 MV/cm along the  ysis (SI Text) that clearly indicated that the electron density along
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Fig. 4. (A) Probability distributions of the electrostatic field (in megavolts per centimeter) components along the z axis. The cis-bound ensemble is shown in green and
the trans-bound ensemble in blue. The electrostatic field was calculated from the electronic density derived by DFT (S/ Text). (B) lllustration of the electrostatic handle
mechanism (see also Movie S1). (C) Potential energy surfaces (in kilojoules per mole) of the Ace-Pro-Nme peptide in vacuo with and without an electric field of the
magnitude found in the active site of cyclophilin A. The potential energy surfaces were calculated at the same level of accuracy (S/ Text) as the electric field of A. The
negative value of the z component of the field, which has same magnitude in both the cis-bound and the trans-bound states, has the effect of reducing the potential
energy barrier between the cis (o = 0) and trans (o = 180°) in the positive direction (from 0° to 180°), whereas it increases the barrier in the negative direction (from 0° to
—180°). (D) Schematic illustration of the electrostatic handle mechanism of proline isomerization. The electric field in the catalytic site acts on the electric dipole associated
with the carbonyl group of the glycine preceding the proline in the substrate, thus causing a rotation in the ® angle of the peptide bond between the two residues.
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Fig. 5. Homonuclear NOESY spectra of the model peptide (A) and thioamide-substituted peptide (B) in the presence of 20 pM cyclophilin A after a 200-ms
mixing time. Exchange peaks, which indicate isomerization, are visible for the model peptide but not for the thioamide-substituted peptide. The sulfur atom

is shown in yellow in B.

the peptide bond is almost completely unaffected by the presence
of the electrostatic field, showing that the nature of the chemical
bond remains unchanged.

Validation of the Electrostatic Handle Mechanism with a Thioamide-
Substituted Peptide. To test the electrostatic handle mechanism
suggested by the model calculations described above, we selec-
tively altered the electrostatic properties of the handle by
replacing the CO group with a CS group in the glycine residue
preceding the proline in the substrate. The replacement of an
oxygen atom by a sulfur atom modifies the substrate primarily by
reducing the electrostatic dipole of the handle (i.e., the CO
group in the wild-type peptide and the CS group in the modified
peptide) and thus is expected to reduce the catalytic activity of
cyclophilin A. Indeed, a calculation of the electrostatic potential
charge on the Ace-Pro-Nme proline dipeptide in vacuo indicates
that replacing a CO group by a CS group reduces the value of the
dipole from 0.65 eA for the CO bond to 0.35 eA for the CS bond.
Assuming that the average electrostatic field in the active site of
cyclophilin A is 40 MV/cm, one can estimate the increase in the
isomerization barrier associated with the CS replacement to be
~10 kJ/mol, corresponding to a slowing down of the isomeriza-
tion process by approximately two orders of magnitude.

We verified that the thioamide modification alters the binding
affinity only marginally (Fig. S4), but, consistently with the above
prediction, the absence of exchange peaks in the homonuclear
NOESY spectrum (Fig. 5) and the absence of cross-peaks in the
Z7Z-exchange spectrum (Fig. S5) correspond to a lack of proline
isomerization in the thioamide-substituted peptide.

Further Support for the Electrostatic Handle Mechanism from the
R55A Mutant. To characterize better the specific contribution to
the total electrostatic field of the arginine residue at position 55
(R55), which has been proposed to be key in the catalytic process
(22, 23), the DFT calculations were repeated over the same
ensemble of bound structures but with an R55A mutation. The
analysis of the electric field distributions in this case is consistent
with the observation of an almost complete loss of enzymatic
activity of this mutation (22). Indeed, the z component of the
electrostatic field is strongly reduced (Fig. 6). In the RS55A

10206 | www.pnas.org/cgi/doi/10.1073/pnas.1404220111

variant, the electrostatic field lowers the isomerization barrier by
less than 15 kJ/mol, to about half the value in the wild-type R55.
These calculations confirmed that R55 plays a key role in the
catalysis by generating the electrostatic field that turns the car-
bonyl group of glycine and by keeping the proline in place by
a hydrogen bond with its side chain. Overall, the global effect of
the electrostatic field is to reduce the counterclockwise barrier,
thus making the isomerization process much more accessible, as
well as stabilizing the alternative isomerization state.

Other PPlases. To investigate whether the electrostatic handle
mechanism is specific for cyclophilin A or is used more generally
by other PPlases, we calculated the electrostatic field acting
on the carbonyl group in three other structures representing
the three major families of PPIases: immunophilins (including
cyclophilins), FK506-binding proteins (FKBPs), and parvulins
(3). Our results were consistent with those found for cyclophilin
A: —19 MV/cm for cyclophilin B (PDB ID code 1VAI), =33 MV/cm
for an FKBP (PDB ID code 4ITZ), and —10 MV/cm for Pinl
(PDB ID code 1PIN), a parvulin (Fig. 44). These values of the
electrostatic field indicate, but do not prove, that the electro-
static handle mechanism may be common among PPlases, al-
though other effects also may contribute to the isomerization
process in different cases (1-3).

The values of the electrostatic field shown in Fig. 44 for in-
dividual structures also illustrate the importance of determining
an ensemble of conformations representing the dynamics of the
enzyme because individual structures may exhibit low values
of the electrostatic field just by chance, thus making it diffi-
cult to identify the importance of the electrostatic field in the
catalytic mechanism.

Conformational Fluctuations in the Free State. We then applied the
approach we used for the bound states, i.e., using molecular
dynamics simulations with chemical shift restraints (but this time
without NOE restraints), to characterize the free conformations
of cyclophilin A (Fig. 1C). In this case also, the agreement be-
tween experimental and calculated chemical shifts was excellent
(Fig. S6). Moreover, in the absence of the substrate, residual
dipolar couplings (RDCs) were readily obtained for cyclophilin

Camilloni et al.
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Fig. 6. Comparison between the probability distributions of the electro-
static field component (in megavolts per centimeter) along the z axis for the
R55A mutant in the cis-bound and trans-bound states. The corresponding
distributions for wild-type R55 (Fig. 4A) are shifted to the left by about
30 MV/cm.

A (SI Text). The free-state ensemble thus was validated by using
RDC data, which were not used in the structure calculations
(Fig. S7). We found that the Q factor for the X-ray structure of
PDB ID code 10CA (45) is 0.45, whereas that of the ensemble
is 0.31.

From relaxation-dispersion measurements of the free (21, 22,
39) and bound (46) states of cyclophilin A, it has been suggested
that the conformational fluctuations of these states are similar
(21-23). Recently presented crystal structures of the free state
(23) showed that two populations could be characterized in terms
of different rotameric states of a specific set of amino acids. An
analysis of the ensembles determined in this work demonstrates
that in the free state of cyclophilin A the cis-bound-like and the
trans-bound-like conformations are in conformational exchange
(i.e., these functionally relevant conformations already are being
sampled in the absence of the substrate). These results are illus-
trated by plotting the free-energy surface for the free state of
cyclophilin A as a function of the rotameric state of four amino
acids belonging either to the active site or to the core of the
protein. The cis-bound and frans-bound ensembles are clearly
included in the free-energy surface of the free enzyme (Fig. 2).
Further analysis of the conformational fluctuations of the side
chains shows that, in particular for S99 and F113, the free en-
semble that we determined is fully consistent with previous
results (23) (Fig. S8). The coexistence of cis-bound-like and
trans-bound-like conformations in the free state of cyclophilin A
is a defining trait of the high conformational mobility of this
enzyme in the absence of a substrate.

Concluding Remarks. To characterize the mechanism by which
cyclophilin A catalyzes proline isomerization, we simultaneously
determined the cis-bound and trans-bound states of the enzyme
as the catalytic reaction takes place (Fig. 1). This result was
obtained by using NMR spectroscopy in combination with

. Fischer G, Bang H, Mech C (1984) Detection of enzyme catalysis for cis-trans-isomer-
ization of peptide-bonds using proline-containing peptides as substrates. Biomed
Biochim Acta 43:1101-1111.

2. Gothel SF, Marahiel MA (1999) Peptidyl-prolyl cis-trans isomerases, a superfamily of

ubiquitous folding catalysts. Cell Mol Life Sci 55(3):423-436.

3. LuKP, Finn G, Lee TH, Nicholson LK (2007) Prolyl cis-trans isomerization as a molecular

timer. Nat Chem Biol 3(10):619-629.

4. Andreotti AH (2003) Native state proline isomerization: An intrinsic molecular switch.

Biochemistry 42(32):9515-9524.

5. Eakin CM, Berman AJ, Miranker AD (2006) A native to amyloidogenic transition

regulated by a backbone trigger. Nat Struct Mol Biol 13(3):202-208.

6. Eckert B, Martin A, Balbach J, Schmid FX (2005) Prolyl isomerization as a molecular

timer in phage infection. Nat Struct Mol Biol 12(7):619-623.

7. Sarkar P, Saleh T, Tzeng SR, Birge RB, Kalodimos CG (2011) Structural basis for

regulation of the Crk signaling protein by a proline switch. Nat Chem Biol 7(1):

51-57.

Camilloni et al.

molecular dynamics simulations. In our approach, the NMR
measurements are used as replica-averaged structural restraints
in molecular dynamics simulations (29, 37, 41-43). Because
the experimental information is used to restrain the average
values corresponding to the measured quantities over multiple
copies of the protein molecules, it is possible to take into account
the conformational flexibility of the molecules themselves
(Figs. 1 and 2).

By analyzing the electrostatic field in the catalytic site in
the ensembles of conformations that we determined, which
represent the cis-bound and frans-bound states of the peptide
substrate in complex with cyclophilin A, we identified an elec-
trostatic handle mechanism underlying the catalytic process
(Fig. 4 and Movie S1). We then validated this mechanism by
studying the proline isomerization process of a modified version
of the substrate, in which we performed a targeted change in the
electric dipole representing the handle. We obtained this result
by replacing the oxygen atom of the carbonyl group of the amino
acid preceding the proline with a sulfur atom, a specific sub-
stitution that concerns a single atom in the substrate and con-
serves the group in the periodic table. As expected, this rationally
designed substitution, which significantly reduces the electric
dipole of the handle but leaves the other properties of the sub-
strate essentially unchanged, suppressed significantly the cata-
Iytic activity of cyclophilin A (Fig. 5).

These results also provide further insights into the possible
roles of dynamics in catalysis (21-23, 27, 47-50) when no
chemical bond is formed or broken, because the conformational
fluctuations in the bound state, which resemble those previously
described in the free state (21-23), enable the population of
structures that are particularly effective in reducing the isomer-
ization barrier by providing the appropriate electrostatic fields
(Fig. 44).

More generally, our findings illustrate that the combination of
NMR spectroscopy with molecular dynamics simulations and
quantum mechanical calculations has the potential of identifying
the specific mechanisms by which enzymes use electrostatic fields
for catalysis.

Methods

Expression and purification of recombinant '3C,"*N-labeled cyclophilin A
were carried out as described in S/ Text. The measurements of chemical shifts
and residual dipolar couplings in the free and peptide-bound states (in-
cluding the bound state with the thioamide-substituted peptide) were car-
ried out as described in S/ Text. Molecular dynamics simulations with replica-
averaged NMR restraints and quantum mechanical calculations were carried
out as described in S/ Text.
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