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ABSTRACT: Pinl is an enzyme that specifically catalyzes the cis—trans
isomerization of proline amide bonds in peptides that contain a phosphorylated
threonine or serine residue in the position preceding proline. In the cell, the
isomerization reaction is associated with cellular signaling and has been related
to diseases such as Alzheimer and cancer. The catalytic mechanism by which
Pinl accelerates the isomerization reaction, however, is still unknown. In this
study, we use molecular dynamics simulation in combination with the QM/MM
methodology to disclose the influence of the residues Ser-154 and Cys-113 in
the enzyme and the phosphorylated threonine residue in the peptide on the
reaction mechanism. To account for the correct electrostatic interaction between
the three residues and the reactive center, we derive atomic charges that account
for the varying electrostatic field in the catalytic cavity. Different methods based
on reproducing the molecular electrostatic potential or an atoms in molecules

approach were investigated. Finally, the reaction mechanism is analyzed with the mean reaction force and the influence of the
three residues is disclosed. Our results show that Pinl specifically catalyzes the isomerization of the trans conformer in a jump-
rope type of motion, as suggested by us and confirmed experimentally by others. This is accomplished by anchoring the
threonine phosphate residue on one end of the peptide through electrostatic interactions with the basic triad of the enzyme and
at the other end through specific enzyme—peptide hydrogen bonds. Cys-113 reduces the structural contribution to the activation
free energy through the stabilization of the cis conformer, and Ser-154 in combination with Gln-131 assist in the isomerization

reaction of the trans isomer.

B INTRODUCTION

Amide bonds in peptides that involve the nitrogen and carbon—
carbonyl atom are produced by the ribosomes almost
exclusively in the trans configuration in the cell. Crystal
structures of proteins in combination with other experimental
techniques, however, have provided conclusive evidence that
some of these bonds—especially the ones in proline residues—
present a cis conformation. Therefore, the newly formed proline
peptide bonds have to isomerize from the trans to the cis
conformation before the protein can adopt its biological
function in the cell.

From experimental studies in bulk water, it is known that at
room temperature this process is very slow owing to the large
free energy barrier that separates the conformations. The free
energy barrier is even larger when a phosphorylated serine or
threonine residue (pSer, pThr) is found in the position
preceding the proline.

Therefore, one might expect the cell to contain prolyl-
isomerase enzymes that accelerate the interconversion. Pinl has
been identified to catalyze the isomerization reaction, being
highly selective for peptides with the aforementioned pThr/
pSer-Pro motif.>* The ability of Pin1 to switch between the two
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conformations has been associated with its function as a
molecular timer for cellular signaling® and also with various
diseases such as Alzheimer®” and cancer.® Recently, the Pinl
catalyzed isomerization reaction of the C-terminal end of RNA
polymerase II, the molecule for eukaryotic transcription and
most significant substrate of Pinl in humans, has been found to
be coupled with the phosphorylation step, thereby contributing
to the mechanism by which cells regulate gene expression.
Despite the importance of Pinl in the regulatory mechanism
of the cell, the exact catalytic mechanism of the isomerization
reaction has only been studied experimentally and theoretically
recently. After the pioneering work of Prof. Fischer on the
characterization of Pinl and its role,” *''" the group of Prof.
Etzkorn has unveiled important interactions between reactant,
transition state, and product peptide analogues and Pinl by X-
ray crystallography and NMR spectroscopy.”'>™"> Recently,
new insights into the mechanism were provided by kinetic
isotope studies.'® Earlier mutational studies addressed the effect
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Figure 1. Snapshot of the catalytic active site of human Pinl with the Ace-Gly-TPO-Pro-Phe-Gln-Nme peptide (orange) and the dihedral angle {
representing the reaction coordinate together with the yqpo bond which has to be rotated for the activation of the trans form. Atoms shown as

spheres represent the QM region in the QM/MM calculations.

of a special residue (Cys-113) that was proposed in the first X-
ray structure.'”'® From the theory side, accelerated molecular
dynamics simulations have also contributed to the qualitative
understanding of the reaction mechanism in Pinl and in
solution, yielding a guiding map on how the isomerization may
occur.'”*® Recently, we refined this map by extensive QM/MM
MD simulations in combination with the mean reaction force
providing quantitative free energy barriers for the reaction in
solution and in the enzyme and also insights on their origins.”!

The selectivity of Pinl and important aspects of its catalytic
reaction mechanism are reflected in its catalytic cavity located
in the peptidyl-prolyl isomerase (PPIase) domain, as shown in
Figure 1 (a schematic poseview representation of the relevant
enzyme—peptide interactions is shown in Figure 1 in the
Supporting Information). The basic triad formed by residues
Lys-63, Arg-68, and Arg-69 (not shown because of its flexible
character) stabilizes the negative charged phosphate group of
the pThr-Pro motif (TPO). Hydrogen bonds between the
proline carbonyl oxygen atom and the backbone amide group
of Gln-131 in the enzyme (green dotted line) and the amino
backbone group of the glutamine residue of the peptide and the
carbonyl oxygen atom of the GIn-129 residue keep this part of
the peptide essentially fixed, allowing for the rotation only of
the C-terminal part of the peptide (left side of the peptide in
Figure 1). The isomerizing peptide bond forms an intra-
molecular hydrogen bond between its nitrogen atom and the
amide hydrogen atom of the next but one residue (phenyl-
alanine). This interaction has already been proposed as one
factor contributing to catalysis due to the stabilization of the sp*
character of the nitrogen atom at the transition state.”>** In our
previous study, we were able to show that this interaction is
also present in bulk water, excluding it as the main origin of the
enzyme catalysis.”"

On the basis of the first reported crystal structure,* Cys-113
was proposed to catalyze the reaction in the enzyme by a
nucleophilic attack on the carbonyl carbon atom. However,
mutational studies and the recent kinetic isotope study have
ruled out this mechanism.'®™*® In our recent contribution, we
have identified Cys-113 to play a role in the first part of the

9872

reaction stabilizing the carbonyl group in the initial rotation.
This interaction was also confirmed experimentally by the
crystal structures of cis isosteric compounds and the loss of
flexibility of Cys-113 upon binding.”'> In our previous work,
we were able to identify one additional residue, Ser-154, that
interacts with the carbonyl oxygen atom via a hydrogen bond
near the transition state.”* This interaction was also reported in
a previous crystal structure of a reduced amide inhibitor that
resembled the twisted amide transition state.'> More recently,
Velazquez et al. found by accelerated MD simulations that the
interaction of Ser-154 in the transition state and in the cis form
is predominantly with the phosphate group of the threonine
residue but in the trans form with the carbonyl oxygen atom.'?

In this study, we focus on the specific role of Cys-113, Ser-
154, and the phosphorylated (TPO) residue in the catalytic
mechanism. We use QM/MM MD simulations to explicitly
account for the electron reorganization during the isomer-
ization reaction and follow the reaction coordinate assuring
proper equilibration of the system from the cis reactant through
the transition state to the trans product.

The influence of the residues on the reaction mechanism
depends critically on how they interact with the rotating bond.
The largest contribution originates in the QM/MM simulations
from the electrostatic interaction represented by their atomic
charges taken from the employed force field. Therefore, in this
contribution, we propose a new method where the atomic
charges of the residues are first calculated from their electron
density in the protein environment to reproduce the molecular
electrastic potential or in an atoms in molecules (AIM)
approach. Additionally, to account for the varying electrostatic
field from the dynamics of the neighboring solvent and protein,
the charges are updated “on the fly” in molecular dynamics
simulation until their convergence.

Finally, the influence of the residues on the reaction
mechanism is addressed by the mean reaction force which, as
we have shown previously, is able to provide structural and
electronic contributions to activation free energies in enzyme
catalysis and other molecular environments.*"**
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B METHODS

1. Methods for the Calculation of Atomic Charges.
The performance of different procedures to derive atomic
charges for force fields was analyzed distinguishing two kinds of
widely used methods. In the first one, the atomic charges are
calculated to reproduce the molecular electrostatic potential
(MEP) of small model systems in vacuum. The MEP is
obtained from electronic structure calculations employing
different molecular surfaces (Chelpg surface and the surface
by Conolly, ESP-C1, ESP-A1 in the Supporting Information).
In the past, however, it has been shown that these methods
produce unphysical high charges on “buried atoms”—atoms
that are distant from the surface—since the electrostatic
potential on the molecular surface used for their derivation
becomes independent of their values. To avoid this problem, it
has been proposed to apply an additional hyperbolic restraint
on the charges of the heavy atoms in a second step of the
charge derivation procedure. These methods have been used
and are recommended for new parametrizations of the well-
known Amber and Gaff force fields.”® The atomic charges for
these methods were calculated with the Red-IILS software
package®” (for further details, see the Supporting Information).

In the second category, the atomic charges are computed
with different atoms in molecules (AIM) approaches. Hirshfeld
suggested to decompose the molecular electron density, p(r),
into atomic contributions by means of §iven pro-atomic
densities, p3, using the Stockholder formula:*®

B P, (x)
p(r) = p( )722,21%%) "

The AIM charge is then obtained as usual, by adding the charge
of the nucleus and the electrons assigned to the atom:

q, =2y — /pA(r) dr @)

One can show that this definition corresponds to the minimum
of the Kullback—Leibler divergence between the AIM density
and the pro-atom;*>*° ie, the AIM densities are maximally
similar to the pro-atom densities. Also, other AIM methods
using geometric considerations (e.g., DMA>") or the topology
of the electron density (e.g, QTAIM*) have been proposed.

Hirshfeld suggested to use spherically averaged densities of
isolated atoms as pro-atoms. This has been shown to yield
charges that are relatively small.*® Furthermore, one may as well
use other pro-atoms, e.g., derived from isolated cations or
anions, leading to vastly different numbers. These weaknesses
were addressed by Bultinck et al.,** who proposed an iterative
approach, Hirshfeld-I, where the charge of each pro-atom is
updated until it becomes consistent with the AIM charge. Pro-
atoms with fractional charges are obtained from a linear
interpolation between the densities of two isolated atoms with
an integer charge.’>*® The Hirshfeld-I method has been tested
over the last years and has presented some remarkable
characteristics: the charges are only weakly dependent on the
basis set,>” and they reproduce the electrostatic properties of
the molecule.*® Additionally, the charges are almost independ-
ent of the conformation which is a major advantage over some
other methods, such as unrestrained ESP-fitting and Mulliken
population analysis.>* All atomic charges of the Hirshfeld
derived methods were calculated with the HORTON 1.2.0
software package.*’
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The atomic charges of the model systems, ethanol (Ser-148),
ethanthiol (Cys-113), and 2-propanylphosphate (TPO), were
calculated with these methods at the HF/6-31G(d) level.
Bigger basis sets and other methods including electron
correlation were not considered to maintain the compatibility
with charges of the Amber99sb force field which were derived
at the same level of theory. Initial structures were taken from
the side chains of the residues in the crystal structure (PBD-ID:
2Q5A), saturated with hydrogen atoms and optimized prior to
the derivation of their charges.

2. Atomic Charges in the Protein Environment. For the
calculation of the atomic charges in the protein environment
for each residue, an independent calculation was performed in
which the residue up to the a-carbon was described quantum
mechanically at the HF/6-31G(d) level and the rest of the
protein with the Amber99sb force field. For the covalent bond
connecting the QM a-carbon and the MM atoms, the link atom
method was used. The methods for the derivation of the atomic
charges applied were the ESP method as implemented in the
ORCA software package with the COSMO radii, a grid s}pacing
of 0.3 A, and a cutoff of 2.8 A and the Hirshfeld-I°* and
Hirshfeld-E methods*' as implemented in the HORTON 1.2.0
software package.** ESP charges to represent the interactions
between the QM region and the MM atoms were already
proposed in previous studies to speed up QM/MM
simulations.**?

Initially, the minimized, solvated protein X-ray structure was
used without the inclusion of the force field charges
(mechanical embedding). In a second step, the surroundings
were considered including the atomic charges of the protein
and the solvent in a radius of 1.5 nm (electrostatic embedding).
Finally, to account for the solvent and protein dynamics which
produce a varying electrostatic field around each residue, the
charges were obtained as an average from molecular dynamics
simulations. This average value was obtained by first
equilibrating the protein and the solvent erﬁploying the
standard Amber99sb force field and the Sticht™ parameters
for the threonine phosphate. Then, new charges were calculated
for each method “on the fly” in a QM/MM calculation and the
old charges of the respective QM atoms were replaced prior to
the continuation of the simulations. This procedure was
repeated after a variable number of integration steps in
molecular dynamics simulation. This routine was implemented
in a modified version of the GROMACS package that performs
the QM/MM calculation and replaces the charges automatically
in a MD simulation. The convergence of the charges was
investigated by varying the total simulation time from 500 ps to
3 ns (see Tables 11—13 in the Supporting Information). Also,
the number of integration steps between new charge
calculations was varied but no dependence for time steps
longer than 1 ps was observed. The obtained charges were
named D-ESP, D-HI, and D-HE to account for the dynamics
used for their derivation.

3. Molecular Dynamics Simulations. All MD simulations
were performed with the Gromacs 4.5.3 software package.*’
For a detailed overview of the emgloyed parameters, the reader
is referred to our previous study.”!

The QM/MM molecular dynamics simulations were
performed in combination with the ORCA package* in an
electrostatic embedding, as incorporated in the Gromacs 4.5.3
package. In these simulations, the electrostatic interactions in
the MM region were treated with the reaction field method
(cutoff radius = 1.0 nm, switching radius = 0.9 nm, ¢, = 78) and
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the time step was reduced to 1 fs. The neighbor list was
updated at every step.

4. System Setup. A detailed description of the system
setup can be found in ref 21. To avoid any bias from the
absence of the missing residues 39—50 in the crystal structure,
here they were modeled with the xleap program of the
antechamber module of AMBER12. The threonine phosphate
residue was described by Craft et al.*’ parameters as in our
previous study but also compared to parameters provided by
Sticht** that only introduce a change in the OS-P bond in the
bonded part of the force field. The atomic charges derived by
Sticht et al, however, follow the general procedure recom-
mended for the parametrization of new molecules for the
Amber99 force field (RESP HF/6-31G*) and therefore should
be more compatible with the rest of the peptide and the
enzyme.

For each charge set (Craft, Sticht and D-HI/E), the whole
system consisting of the Pinl enzyme, the peptide, and the
surrounding water and ions was equilibrated for 100—150 ns
starting from the minimized crystal structure until a constant
backbone RMSD was reached.”'

5. Reaction Mechanism. The reaction mechanism was
studied starting from the respective equilibrated structure in the
cis form and following the reaction coordinate represented by
the angle ¢ (see Figure 1), as described in our previous study.21
It is important to note that the rotation of the amide bond was
first followed at the force-field level equilibrating the system
always S ns after 10 degrees of rotation. This should result in a
proper relaxation of the perpendicular degrees of freedom and
proper sampling.

As in our previous study and in accordance with the results of
Velazquez et al,'*? a second reaction coordinate, described by
the iy, angle of the threonine phosphate residue (see Figure
1), was introduced once 140° was reached. The second reaction
coordinate was needed to avoid unfavorable interactions with
the enzyme. The simulation procedure was the same and the
chosen ¢ and wqy, values were 140/90, 150/70, 160/50, 160/
30, 160/10, 160/—10, 160/—30, 170/—30, 180/—30, and 180/
—50.

From the MM simulations, three structures were taken from
the last 4 ns along the reaction coordinate and served as input
for the QM/MM simulations. The QM region was the same as
in our previous study involving all atoms in the amino acid
sequence starting at the C, atom of threonine phosphate until
the N—H group of phenylalanine (in total 20 atoms
represented as balls in Figure 1). Each window was simulated
1S ps saving a frame every 0.05 ps and the last 10 ps were used
to obtain the mean reaction force (MRF). The QM calculations
were performed with the HF/3-21G and the link atom method
in an electrostatic embedding. To test the accuracy of the QM
method and the possible impact of electron correlation, the
MREF of one of the three starting structures was also calculated
with the BLYP/SVP method.

To elucidate the mechanistic features and the impact of the
electrostatics on the reaction mechanism, the mean reaction
force (MRF) that has proven to unveil valuable mechanistic
insights in catalysis™ was used. It is defined as the negative
derivative of the free energy along the reaction path (at
constant pressure and temperature):

(F(e) = -3

d¢ ©)
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As we have shown previously, the mean reaction force
represents a sensitive tool to study the influence of the
environment on reaction mechanisms.”"** It provides a direct
access to the characterization of different processes taking place
along the path. The minimum and maximum of the mean
reaction force divide the reaction path in three regions: the
reactant, transition state, and product region. The reactant and
product region involve mostly structural rearrangements of the
atoms to reach the transition state from either the reactant or
the product, whereas the transition state region involves mainly
changes in the electron configuration required to make or break
chemical bonds.

These regions allow one to divide the activation energy AG*
into two contributions, AG* = [G(&rs) — G(&R)] = W, + W,
W, is mostly structural and W, encompasses mostly electronic
contributions.

The MRF was obtained along the reaction coordinate with
the umbrella integration method of Kistner et al, % ag
reported previously.”!

B RESULTS AND DISCUSSION

To study the influence of Cys-113, Ser-154, and the threonine
phosphate (TPO) residue on the reaction mechanism, we first
have to guarantee that their interaction with the reactive center
(amide bond) is described correctly. The largest contribution
stems from the electrostatic interaction, and this is described by
the atomic charges that are included in the QM/MM
calculations. Because the atomic charge is not a proper
quantum-mechanical observable, different methods are used
for their derivation.>® In this first part, we compared a selection
of methods on small model systems of the residues in the gas
phase and in the protein environment.

Atomic Charges of Cys-113, Ser-154, and the
Threonine Phosphate (TPO) Residue. For the derivation
of the atomic charges, two kinds of methods were studied. In
the first one, the atomic charges are calculated to reproduce the
molecular electrostatic potential (MEP), and in the second one,
the charges are obtained with different atoms in molecules
(AIM) approaches (for details, see the Methods section).
Specifically, in the first category, different molecular surfaces
were considered and additional hyperbolic restraints on the
heavy atoms were added in the charge evaluation procedure to
reduce the unphysical high charges on “buried atoms”, whereas
for the second kind the original Hirshfeld*® and the Hirshfeld-
I*7 were taken into account.

Recently, a variant of the original Hirshfeld method was
proposed by Truhlar as CMS5.>" This method corrects the
original Hirshfeld scheme to reproduce molecular dipoles of
organic molecules in the gas phase. Albeit the good
performance in the reproduction of the dipole moment, it
also displayed conformational independence and a small basis
set dependence in agreement with the Hirshfeld-I method.
Additionally, in a recent study, small organic molecules
described by scaled CMS charges were able to produce
solvation free energies with errors of approximately 1 kcal/mol
with respect to the experimental values.>

Therefore, we expect Hirshfeld derived charges to be
adequate for the derivation of atomic charges of classical
force fields and also for their application in QM/MM
simulations.>

First, we tested the performance of the mentioned methods
to compute charges on small model systems in the gas phase:
ethanol (Ser-109), ethanthiol (Cys-113), and 2-propylphos-
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phate (TPO) (for details, see the Methods section and the
Supporting Information). For the methods employing the
molecular electrostatic potential (MEP), the main conclusions
are that the atomic charges varied only marginally with the
molecular surfaces employed for their calculation, showing the
largest variations on carbon atoms. This may be related to the
“buried atom” problem that stems from ill-conditioned
derivation of charges distant from the MEP. When a restraint
on the carbon atoms is applied (RESP-Al, RESP-C1), large
changes in the atomic charges of polar groups as the hydroxyl,
sulfuryl, or the phosphate group are observed. As a
consequence, the resulting dipole moments (ethanol and
ethanthiol) deviate considerably from the one obtained from
the electronic structure calculation, raising doubts about the
ability of this method to reproduce higher order moments of
intermolecular interactions. For the second category, where the
atomic charges are derived directly from the molecular electron
density, we could confirm the too small values for the Hirshfeld
atomic charges. The Hirshfeld-I charges, however, reproduced
very nicely the trend observed in the charges from the
electrostatic potential and also the dipole moments. In the case
of 2-propylphosphate, the Hirshfeld-I method predicted large
negative charges on the oxygen atoms and large positive ones
on the phosphorus atom. Verstraelen et al.*' had already shown
in their work on silica clusters that Hirshfeld-I results in large
negative charges on the oxygen atoms, because the atomic
density of the O*™ anion is used as a pro-atom. This dianion,
however, is unstable, and the atomic density is only bounded by
the basis set employed in the calculation. Therefore, for this
model system, we also tested the Hirshfeld-E method proposed
by Verstraelen et al.*' As expected, the Hirshfeld-E method
reduced the magnitude of the atomic charges in the phosphate
group.

From the results of the model systems, we decided to focus
only on the three methods: ESP where the charges are derived
directly from the electrostatic potential without applying
restraints on the charges of heavy atoms and the Hirshfeld-I
(HI) and Hirshfeld-E (HE) methods.

To evaluate the charges for Cys-113, Ser-154, and TPO
inside the protein, we only took the atoms in the amino acid
side chain into account starting at the a-carbon and employing
the link atom technique to saturate its valence. The atomic
charges of the side chain atoms of each residue were derived
from HF/6-31G(d) electronic structure calculations using the
methods described above in three different ways: (i) employing
the position of the atoms as found in the solvated, minimized
X-ray structure of the protein neglecting all interactions with
the surroundings; (i) for the same structure but including the
point charges of the surrounding atoms (QM/MM, electro-
static embedding); (iii) with a new implemented method where
the charges are calculated as an average from molecular
dynamics (MD) simulations. In these MD simulations after a
variable number of steps, a QM/MM calculation is invoked to
derive new atomic charges that replace the old ones prior to the
continuation of the dynamics (for details, see the Methods
section and the Supporting Information). All charges obtained
with this procedure will be labeled with a D- standing for
dynamics, e.g., D-ESP, D-HI, or D-HE. We are aware that
updating the charges in a MD simulation with a classical force
field does not produce a correct ensemble, since the
Hamiltonian is changed constantly. However, assuming that
the dynamics of the system is not coupled to the variation of
the charges and that the procedure serves only for a refinement
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of the charges rather than producing a correct ensemble from
which to obtain physical observables, we do think that the
average represents the average charge of the atom in the
specific environment.

The results for each residue and method are summarized in
the Supporting Information. Comparison with the atomic
charges of the model systems shows that the charges derived
neglecting interactions to the surrounding atoms (i) match the
previous results. This confirms that the introduced link atom
and the structure in the protein correspond to the minimum
structure. However, when the surrounding atoms are added as
point charges in the QM/MM methodology, an increase in the
absolute value is observed due to a polarization of the electron
density. This polarization is largest at the link atoms (D1 and
D2) and the polar groups as the hydroxyl, sulfuryl, and
phosphate group. For the hydrogen link atoms, the origin of the
polarization is the neighboring amine or carboxyl group along
the backbone. The polarization of the polar groups, however, is
mostly ascribed to the surrounding water molecules and protein
atoms.

It is also interesting to see how the charges obtained as an
average from the MD simulation (case iii) compare to the
charges from only one minimized structure (case ii) (see the
Supporting Information). The results in all cases clearly show
that one structure is not enough to capture the average
electrostatics of the protein and the solvent. The charges of
only one structure even do not lie in the range of the standard
deviation of the average charges. This confirms the fact that
different structures have to be taken into account to describe
the correct average electric field to which the electron density
of the atoms is exposed.

To discuss the method dependence of the obtained averaged
charges over the MD simulation, we show in Table 1 the

Table 1. Atomic Charges (+Standard Deviation) in
Elementary Units of the Side Chain Atoms of Threonine
Phosphate Calculated with Different Methods from a 500 ps
MD Simulation in the Protein Environment (D1 and D2 Are
the Link Atoms in the QM/MM Calculation)

D-ESP D-Hirshfeld-I D-Hirshfeld-E
C, —0.48 + 0.08 —0.43 + 0.03 —0.17 £+ 0.02
H(D1) 0.35 + 0.04 0.38 + 0.03 0.32 + 0.02
H(D2) —0.17 + 0.03 —0.21 + 0.02 —027 + 0.02
H 0.11 + 0.03 0.11 + 0.01 0.03 + 0.02
Cy 0.89 + 0.08 0.60 + 0.03 0.48 + 0.02
H —0.08 + 0.03 —0.05 + 0.02 —0.06 + 0.02
C —0.64 + 0.07 —0.47 + 0.02 —0.25 + 0.02
H 0.13 + 0.03 0.10 + 0.01 0.04 + 0.01
H 0.15 + 0.03 0.10 + 0.01 0.05 £ 0.02
H 0.11 + 0.02 0.10 + 0.02 0.04 + 0.01
(e} —0.70 + 0.05 —0.90 + 0.03 —-0.73 £ 0.02
P 1.75 + 0.08 3.14 + 0.12 2.46 + 0.08
(¢} —1.16 + 0.03 —1.51 + 0.04 —1.31 = 0.03
(e} —1.14 + 0.03 —1.47 £+ 0.0 —1.34 + 0.03
(@] —1.12 + 0.03 —1.48 + 0.04 —1.28 + 0.03

atomic charges obtained for the threonine phosphate residue.
From the table, one can conclude that D-ESP charges depend
on the conformation which is reflected in the higher standard
deviation but also in unphysical values for the structures of the
minimized solvated X-ray structure (see the Supporting
Information). The D-ESP charges also suffer from the “buried”
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Figure 2. Relevant enzyme—substrate interactions (Ser-154, Cys-113, and Gln-131 in the enzyme and the carbonyl oxygen atom of the rotating
amide bond in the peptide, see Figure 1) and the intramolecular hydrogen bond in the peptide for the simulation setup (a) Craft and (b) with the
optimized charges with the D-HI/E method. The interactions are shown as a function of the reaction coordinate for the isomerization reaction that

includes the rotation of the { and y angles shown in Figure 1.

atom problem for the carbon and the phosphorus atom. The
charges of these atoms that are distant from the molecular
surface where the electrostatic potential is evaluated are nearly
arbitrary, and very sensitive to unimportant details in the fitting
procedure.

The problem of the Hirshfeld-I charges with respect to the
phosphate group (already described in the previous section)
persists and is even enhanced due to the polarization. Despite
the phosphate group, however, one can observe by analysis of
the last two columns that both methods, D-HI and D-HE,
present very small standard deviations on all atoms. Addition-
ally, hydrogen atoms as, e.g., in the CH; group have the same
charge in accordance with chemical intuition. The small
difference in the oxygen atoms of the phosphate group is due
to specific interactions in the catalytic cavity that make the
three atoms inequivalent with respect to their surroundings.

For the phosphorylated threonine residue, one can conclude
that the D-HE method presents the best method, since it
corrects the failures of D-HI and it does not suffer from the
buried atom problem due to its derivation from the local
electron density. Additionally, it also yields equal charges for
equivalent atoms, as can be noted in the CH; group.

To test if the charges are converged with respect to the
length of the simulation, we extended the simulation time to 3
ns but only a small deviation of the charges could be observed
that lay in the standard deviation (see Tables 11—13 in the
Supporting Information).

According to the results described above, we decided to take
the D-HI charges for Cys-113 and Ser-154 and the D-HE ones
for the threonine phosphate residue from a 3 ns trajectory for
the study of the influence of the residues on the reaction
mechanism. However, since the link atoms suffer from an
unphysical polarization due to the presence of the covalent
bonded MM atoms included as point charges, we decided to
only replace the charges of the polar groups (—SH or —OH) in
the case of Cys-113 and Ser-154. The difference between the
sum of these charges and the charges provided by the
Amber99sb force field was distributed equally between the
oxygen/sulfur and hydrogen atom to retain the neutrality of the
system. Only changing the charges on the polar group has an
additional benefit, since the internal dihedral rotation of the
residues is not altered due to the presence of the new charges.
Threonine phosphate, however, is not part of the standard
Amber force field. Therefore, we decided to replace all charges
from the f-carbon onward and the difference in the sum of the
old and new charges was distributed equally between the f
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carbon and its hydrogen atom. The complete set of charges is
provided in the Supporting Information.

Influence of Cys-113, Ser-154, and Threonine
Phosphate on the Catalytic Reaction Mechanism of
Pin1. The influence of the three residues on the catalytic
reaction mechanism of Pinl was studied employing three
different setups for the molecular dynamics simulations. The
first one uses the parameters in our previous study which were
given by Craft et al. for the threonine phosphate residue.”" The
second one uses the parameters of Sticht,"* who followed the
standard parametrization procedure employing the RESP
method, as suggested for the Amber force field. Finally, the
last setup replaces the RESP charges of Sticht et al. using the
values reported in the previous section and also changes the
atomic charges of the sulfuryl and hydroxyl group for Cys-113
and Ser-154. Accordingly, in the following, the three setups will
be called Craft, Sticht, and D-HI/E.

For each setup, the entire solvated protein with the peptide
was first equilibrated in the cis form for 100—150 ns until a
constant backbone RMSD was obtained. Then, applying a
harmonic restraint on the { angle (see Figure 1), the peptide
bond was rotated from the cis conformation until 140° where
the y angle of the threonine phosphate was also restrained as
described in the Methods section and in accordance with the
minimum free energy path reported by Velazquez et al.">*° The
whole rotation until the trans form was first performed at the
force-field level with S ns equilibration after a 10° rotation. This
ensures a proper equilibration of the system during the
rotation.

All relevant interactions between the peptide and the enzyme
were analyzed along the reaction path for each setup. Figure 2
shows the average distances between the oxygen and sulfur
atoms of Cys-113 and Ser-154 and the oxygen atom of the
rotating carbonyl group in the peptide for the setups Craft (a)
and D-HI/E (b). Additionally, Figure 2 also displays the
intramolecular distance between the nitrogen atom of the
rotating bond and the amino backbone group of the
phenylalanine residue in the peptide, which remains constant
during the isomerization process in both systems. This
intramolecular distance was already reported in our previous
study to be important for the reaction mechanism but also
present in solution. Therefore, it may not be the origin of the
enzyme catalysis.

From the comparison of the distances involving Cys-113 for
the two setups, one can conclude that in both cases this residue
interacts with the oxygen atom of the rotating carbonyl bond in
the beginning of the reaction, while the interaction is stronger
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in the Craft system. For both systems, the interaction vanishes
around 50°. The distance between the hydroxyl oxygen atom of
Ser-154 and the rotating carbonyl group, however, difters in the
two setups. For the Craft setup, there is a strong interaction
after S0° which persists after the transition state, whereas this
interaction is absent in the D-HI/E system. In this simulation
setup, Ser-154 interacts rather with the phosphate group. Its
position is taken over by Gln-131 but only after the transition
state at 90°, as is also shown in Figure 2. The distances for the
setup Sticht are in general similar to the ones in the D-HI/E
setup but present some variations in the interaction of Ser-154
after 130° (see the Supporting Information). Therefore, one
can conclude that the parameters from Sticht** describe the
enzyme—substrate interactions better than the Craft parame-
ters”” but that the improved atomic charges of TPO, Ser-154,
and Cys-113 are needed to describe them correctly.

One may ask what the effect of the weak interaction to Cys-
113 and the absence of any interaction to Ser-154 in the D-HI/
E system would be on the reaction mechanism. From our
previous study and the mean reaction force analysis, one can
anticipate that a weak interaction with Cys-113 would increase
the structural contribution to the free energy barrier and,
therefore, also the total free energy barrier. The influence of
Ser-154 can be rationalized with the two resonance structures
in Figure 3. The presence of a hydrogen bond to Ser-154 before

p.sef154 pSer154
. H
3 = -6 Phe
H O  Phe = H .
D T RD
TPO TPO

Figure 3. Scheme with resonance structures showing the influence of a
hydrogen bond to Ser-154 on the peptide undergoing isomerization.

reaching the transition state would stabilize the double bond
character of the rotating bond and increase the electronic
contribution to the free energy barrier. Indeed, we found a
larger electronic contribution to the total free energy barrier in
our previous study with the Craft setup confirming our
hypothesis. Therefore, the absence of this interaction in the D-
HI/E system should decrease the electronic contribution to the
total free energy barrier.

All these effects can now be analyzed in detail with the mean
reaction force (MRF) that is shown for each setup in Figure 4.
The increased structural contribution due to the weaker
interaction to Cys-113 prior to the minimum is reflected by

the larger MRF value of the D-HI/E setup in red with respect
to the Craft setup in blue (for comparison with the MRF
profile of the Sticht setup, see the Supporting Information). The
minimum is slightly shifted to smaller values of the angle,
resulting in an electronic contribution to the free energy barrier
that equals the structural one for the D-HI/E system. This can
be compared to the ratio of 61% to 39% electronic to structural
contribution in the Craft setup. Therefore, the absent
interaction with Ser-154 reduces the electronic contribution
to the free energy barrier but at the expense of the structural
contribution so that a larger total free energy barrier is obtained
(see Figure 4, right side).

It is also clear from Figure 4 that for the reverse process the
small barrier found for the Craft system almost disappears such
that the trans—cis isomerization reaction would be a barrier-less
process in the presence of the enzyme.

To exclude that the barrier and the energetics depend on the
level of theory used for the QM calculation (HF/3-21G), we
also calculated the mean reaction force starting from one
starting structure employing the BLYP/SVP method that
includes electron correlation and a bigger basis set (see the
Supporting Information). However, the MRF profiles were the
same despite a small variance that could be ascribed to slightly
different dynamics and were also present in the other
simulations.

Since we started from a crystal structure containing the cis
form, we wanted to check if our trans product is correct.
However, until now, no crystal structure of the trans form has
been isolated. The absence of a crystal structure for the trans
form may suggest that this form is only present in small
population, which agrees with the reported lower free energy of
the cis isomer and the smaller binding affinity of the trans form
as noted below. Additionally, the almost barrier free isomer-
ization process from the trans form would make the isolation of
this bound isomer difficult to achieve. However, there is a
crystal structure of a trans isosteric compound reported by
Zhang et al.” (PDB-ID: 3tdb). To compare our simulation
product, we took the last structure obtained from the
isomerization reaction with the Sticht parameters and simulated
it without any restraint for 100 ns (¢ = 165°, Prpo = —20°). In
Figure §, a superposition of one representative snapshot of the
equilibrated trans product and the respective isosteric
compound by Zhang et al. is shown. As can be seen, the
match between the two is almost complete (backbone RMSD
0.9 A) and provides us with the evidence that the obtained
product is correct.
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Figure 4. Mean reaction force (left) and free energy (right) for the setup Craft (blue) and D-HI/E (red) as a function of the reaction coordinate for
the isomerization reaction that includes the rotation of the { and y angles shown in Figure 1.
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N

Figure S. Equilibrated trans conformer (gray) using the Sticht setup and the crystal structure of the trans form analogue PDBID: 3tdb.

One might ask, however, what the D-HI/E setup yields as a
product. The comparison in fact displays that this setup
presented a product that was different in structure than the
trans isoster (see the Supporting Information). However, the
question is if the crystal structure is able to represent all binding
modes in solution. The authors of the crystal structure already
noted that the electron density of the trans isosteric compound
at the alkene bond was lower than the one for the cis isosteric
compound, whereas the electron density of the enzyme remains
the same. This already indicates that the alkene bond was less
ordered in the trans analogue than in the cis compound. The
increased flexibility of the trans binding mode was further
confirmed by NMR studies in solution, where larger side-chain
flexibility in the interacting enzyme residues was observed for
the trans analogue in comparison to the cis form.'”"* The
decrease in rigidity is also reflected in a binding constant which
is 20—40 times larger for the trans isosteric compounds than for
the cis one. The experimental evidence and our simulation
result therefore suggest that the trans form indeed may present
different binding modes which contribute to catalysis.

One question is yet to be answered: How does the enzyme
catalyze the reaction from the trans to the cis form? Our results
indicate that GIn-131 plays a double role: it fixes the N-terminal
part of the peptide through hydrogen bonds of the backbone
impeding the rotation (see the Introduction), and it also
stabilizes the rotating carbonyl group through the amide group
in its side chain (see Figure 2). Additionally, the peptide is
anchored through interactions of the phosphate group with the
basic triad (see Figure 1) such that the peptide has to rotate
over the { angle and the y backbone angle of the
phosphorylated treonine residue. Our results, therefore,
confirm the experimental evidence of the recently reported
crystal structures and the proposed mechanism of Mercedes-
Chamacho et al.'® However, with our results, we could refine
their mechanism and assign their suggested “jump-rope” type of
motion only to the rotation of the trans form. The enzyme lets
the peptide rotate first only along the y bond which is almost
barrier free. The beginning of this rotation is assisted by an
intramolecular hydrogen bond between the carbonyl oxygen
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atom of the glycine residue and the amino group of the
phenylalanine residue in the y turn of the peptide. Once the y
angle has adopted positive values, further rotation contributes
to the rotation of the { bond with its partial double bond
character.

Cys-113 plays only a minor role in the stabilization of the cis
form, and Ser-154 will most likely interact with the phosphate
group or may stabilize the transition state through specific
hydrogen bonds.

If our mechanism is correct, the release of the cis and trans
peptide from the enzyme has to be associated with different
free energy changes, with the cis form presenting a higher
binding affinity. This difference in free energy of binding has to
be present to restore the almost equal free energies of the two
isomeric forms in bulk water.” Indeed, the larger flexibility of
the trans isomer and a smaller bindin% constant of the cis
isosteric compounds support our results. ">

B CONCLUSIONS

In this study, we have shown that the combination of molecular
dynamics simulations with atomic charges derived from the
electron density and the QM/MM methodology are able to
provide useful insights in the catalytic reaction mechanism of
Pinl. Our results show that the influence of Cys-113 is
restricted to the isomerization reaction from the cis form where
it interacts with the substrate in the beginning of the rotation of
the carbonyl bond. Ser-154 and Gln-131 stabilize the rotation
from the trans form but are not involved in the transition state.

The main effect of Pinl on the isomerization reaction is the
reduction of the free energy barrier for the trans form to an
extent where the reaction is almost barrier free. This is
accomplished by a combined rotation of the i backbone angle
of the threonine residue and the amide bond in a “jump-rope”
type motion. This mechanism proposed by us in our previous
study has recentl?r been confirmed experimentally by Mercedes-
Chamacho et al.'® through kinetic isotope effects. The key for
this mechanism is the electrostatic stabilization of the
phosphate group of the threonine residue through the basic
triad and the hydrogen bonds between the enzyme (Gln-131/
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129) and the peptide which fix one part of the peptide in the
catalytic site, hindering its rotation.

B ASSOCIATED CONTENT

© Supporting Information

Atomic charges of various methods in different environments,
mean reaction force profile at the BLYP/SVP level, results for
the Sticht setup, and comparison of the X-ray structure of a
trans-peptide analogue with the product of the D-HI/E setup
are provided. This material is available free of charge via the
Internet at http://pubs.acs.org.
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