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ABSTRACT: A recombinant carboxylesterase, cloned from
Pseudomonas putida and designated as rPPE, is capable of
catalyzing the bioresolution of racemic 2-acetoxy-2-(2'-
chlorophenyl)acetate (rac-AcO-CPA) with excellent (S)-
enantioselectivity. Semirational design of the enzyme showed
that the W187H variant could increase the activity by ~100-
fold compared to the wild type (WT) enzyme. In this study,
we performed all-atom molecular dynamics (MD) simulations
of both apo-rPPE and rPPE in complex with (S)-AcO-CPA to
gain insights into the origin of the increased catalysis in the
WI187H mutant. Our results show differential binding of (S)-AcO-CPA in the WT and W187H enzymes, especially the
interactions of the substrate with the two active site residues Ser159 and His286. The replacement of Trp187 by His leads to
considerable structural rearrangement in the active site of W187H. Unlike in the WT rPPE, the cap domain in the W187 mutant
shows an open conformation in the simulations of both apo and substrate-bound enzymes. This open conformation exposes the
catalytic triad to the solvent through a water accessible channel, which may facilitate the entry of the substrate and/or the exit of
the product. Binding free energy calculations confirmed that the substrate binds more strongly in W187H than in WT. On the
basis of these computational results, we further predicted that the mutations W187Y and D287G might also be able to increase
the substrate binding and thus improve the enzyme’s catalytic efficiency. Experimental binding and kinetic assays on W187Y and
D287G show improved catalytic efficiency over WT, but not W187H. Contrary to our prediction, W187Y shows slightly
decreased substrate binding coupled with a 100-fold increase in turnover rate, while in D287G the substrate binding is 8 times
stronger but with a slightly reduced turnover rate. Our work provides important molecular-level insights into the binding of the
(S)-AcO-CPA substrate to carboxylesterase rPPEs, which will help guide future development of more efficient rPPE variants.

arboxylesterases (EC 3.1.1.1) are members of the a/f

hydrolase family which have been found widely
distributed in animals, plants, and microorganisms." They can
hydrolyze numerous structurally diverse compounds that
contain a specific functional group, such as amide, thioester,
carboxylic acid ester, and so on. Because of their broad
substrate spectrum, carboxylesterases are widely used as
biocatalysts for the synthesis of important materials in
pharmaceutical and chemical industries.”

The research on catalytic mechanism and enzyme improve-
ment has advanced significantly by the exploitation of structure-
based and rational design methods.>™” Important mutations
that affect the enzymatic activity can be identified through
structural analysis as the “hot spots”. Site-directed mutagenesis
and saturated mutation experiments can then be performed to
search for enzymes with improved catalytic efficiency and/or
suitability for industrial applications.
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In our previous work, a recombinant carboxylesterase, cloned
from Pseudomonas putida and designated as rPPE, is found to
be capable of catalyzing the bioresolution of racemic 2-acetoxy-
2-(2’-chlorophenyl)acetate (rac-AcO-CPA) with excellent (S)-
enantioselectivity,8 as shown in Figure S1, Supporting
Information. (S)-AcO-CPA is a crucial chiral intermediate for
the synthesis of a widely prescribed drug named Clopidogrel
(Plavix) for antiplatelet therapy.” The wild type rPPE has a very
low activity on rac-AcO-CPA, but our previous experimental
studies showed that the WI87H mutant increases the
enzymatic activity by ~100-fold compared to the wild type,
which significantly improves the potential of industrial

application of this recombinant enzyme.'®
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(b)

Figure 1. Crystal structure (a) and active site (b) of apo-form rPPE. a Helices, § strands, and loops are represented by helical ribbons, arrows and
ropes, respectively. The catalytic triad is represented by sticks and labeled. The overall a/f hydrolase fold is shown in gray and the cap domain is

shown in orange.

The crystal structures of the apo rPPE, the W187H mutant
and the W187H mutant complexed with the substrate (S)-
AcO-CPA have been determined recently.'' The overall
structure of rPPE (Figure 1) shows an a/f hydrolase fold
together with a cap domain, similar to other enzymes in the
hormone sensitive lipase (HSL) family.'> The cap domain is
formed by the clustering of two N-terminal a-helices (a1 and
a2) and two other a-helices (a6 and 7). The conserved
catalytic triad consists of Serl59, Asp256, and His286.
Compared to the crystal structure of WT rPPE, the side
chain of His187 in W187H has shifted by about 2.3 A, which
may provide an explanation for the improved catalytic efficiency
in the W187H mutant. However, the molecular details on how
this W187H mutation may affect the enzyme activity remains
elusive only by inspecting these static structures.

Several catalytic mechanisms of different carboxylesterases
have been proposed. Ross’s group proposed a “side door”
mechanism in mammalian carboxylesterases (CEs) that may
govern the entry of the substrate and the exit of the product.'®
From the analysis of the crystal structure of a Bacillus subtilis
CE (pnb-CE), the “side-door” residues were found to be
important for the metabolism of a water-soluble anticancer
prodrug CPT-11 (7-ethyl-10-[4-(1-piperidino)-1-piperidino]-
carbonyloxycamptothecin).'* All-atom MD simulation of pnb-
CE by Wadkins et al. has shown that the dynamic motions of
coil S (residues 61—82) and coil 21 (residues 408—422)
located on the surface of pnbCE are critical to the substrate
binding."*

Here, we performed all-atom MD simulations of the wild
type and mutant rPPE enzymes, both apo and in complex with
(S)-AcO-CPA, to investigate the binding mechanisms of the
substrate in different enzymes. Our studies provide insights into
why the catalytic activity of the W187H mutant has increased
from the perspective of the substrate binding. Based on these
insights along with additional Molecular Mechanics—Poisson—
Boltzmann (Generalized Born)/Surface Area (MM-PB(GB)/
SA) binding energy results, we predicted that the W187Y and
D287G mutants might have increased catalytic efficiency given
their potentially improved substrate binding than the WT and
WI187H enzymes. Finally, experimental site-directed muta-
genesis and biochemical assays were employed to verify the
importance of the “hot spots” for the substrate binding
predicted by our MD simulations.
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B MATERIALS AND METHODS

Molecular Dynamics Simulation. The X-ray crystal
structures of the wild type rPPE (APO-WT, PDB: 40BS8),
the W187H mutant (APO-W187H, PDB: 40B7), and the
W187H mutant complexed with the substrate (S)-AcO-CPA
(rPPE-W187H, PDB: 40B6) have been resolved recently."
Auto Dock Vina was used to obtain a starting structure of the
wild type rPPE in complex with the substrate (rPPE-WT),
where the APO-WT structure was used for the ligand
docking.lé To ensure convergence of the simulations, we also
built another starting structure of the substrate-bound wild type
complex named as rPPE-WT-parallel, which was generated by
mutating H187 back to W187 in the rPPE-W187H structure
(PDB: 40B6). All these five structures were then used as the
initial models for the all-atom MD simulations.

LEaP module in Amberll was used to add missing atoms
and hydrogen atoms.'” Each system was solvated in a TIP3P
water box and extended by a thickness of 15 A on each side of
the protein.'® The final five systems each contain 317 residues
and ~S50 000 atoms. The Amber FF99SB force field was used
for the protein.'” The force field parameters of the substrate
(S)-AcO—CPA were generated via the Antechamber package
and the partial charges were calculated with the RESP
method.”**" The ligand force field parameters are listed in
Table S1, Supporting Information.

All the simulations were performed using NAMD v2.9.2
Each system was minimized following four steps: step 1, fix all
nonwater atoms, minimize water only; step 2, minimize water
and all hydrogen atoms in protein; step 3, fix protein backbone
atoms and minimize everything else; and step 4, minimize all
the atoms in the system. Each step consists of 5000
minimization steps. After minimization, each of the simulation
systems was heated gradually from 0 K to 300 K in the NVT
ensemble by Langevin dynamics followed by 2 ns of
equilibration and S0 ns of NPT production simulations. The
van der Waals (vdW) interactions were treated with a smooth
cutoff of 10.5—12.0 A using a switching function. The particle-
mesh Ewald (PME) method was employed to compute the
long-range electrostatic interactions with a 1.0 A grid spacing.”®
The integration step is 2 fs, and the coordinates were saved
every 2 ps.

Trajectory analyses, including the root-mean-square devia-
tion (RMSD), root-mean-square fluctuation (RMSF), struc-
tural clustering and principal component analysis (PCA), were
performed using the Gromacs 4.5.5 program.” The R package
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Figure 2. RMSD (a) and RMSF (b) results of WT (black) and W187H (red) rPPEs in complex with the substrate (S)-AcO—CPA.
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Figure 3. Binding modes of the substrate in the WT (a) and W187H mutant (c) rPPEs; binding pocket in the WT (b) and W187H mutant (d)
tPPEs. The catalytic triad and the substrate (S)-AcO-CPA are shown in green, and other relevant residues are shown in orange (WT) and purple

(W187H), respectively.

Bio3D utilities were employed for correlation matrix calculation
and analysis.”® Visualization and figures of protein structures
were generated with VMD.*®

MM-PB(GB)/SA methods from Amber were used to
quantify the binding free energy for the substrate in both
WT and W187H enzymes.”” >” The calculation principle of
MM-PB(GB)/SA can be described as follows.

AGbind = Gcomplex - Greceptor - Gligand (1)
G = Eyv + GPB + Gnonpolar - TS )
EMM = Ebond + Ea.ngle + Etorsion + Eimproper + EvdW + Eelec

©)

From eq 1, the total binding free energy change for a
protein—ligand system (AG;,q) is defined as the difference
between the free energies of the complex (Geompiex), the
receptor (Giecepor), and the ligand (Gigyna). Each free energy
term is calculated as the sum of the internal energy (Eyp,) in
the gas phase, the solvation free energy comprised of an
electrostatic term (Gpy or Ggg) and a nonpolar component
(Guonpotar)y and the entropy (TS). As shown in eq 3, Eyy
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consists of energies from bonded interactions (Epong Engler
Eqorsion Eimproper) and nonbonded interactions (the van der
Waals E, g, the electrostatic E,..). The nonpolar component of
the solvation free energy Gonpolr Was estimated by the
molecular solvent accessible surface area (SASA).

Site-Directed Mutagenesis. Site-directed mutations were
constructed by Quick Change Site-Directed Mutagenesis kit,
and the plasmid pET21a(+) containing the gene of rPPE was
used as the template. Primers used for the mutations are listed
in Table S3, Supporting Information. The PCR products were
then transformed into Escherichia coli BL21 (DE3) for esterase
expression. Cultivation of the recombinant E. coli cells
expressing rPPE or its mutants and enzyme purification using
Ni** affinity chromatography were performed as described
previously.®

The enzymatic activity toward acetoxy acid (with K" as the
counterion) was analyzed using HPLC. One unit of enzyme
activity was defined as the amount of enzyme required for
releasing 1.0 umol of hydroxy acid per minute under the assay
conditions. The reaction was performed in potassium
phosphate buffer (pH 6.5, 50 mM) at 30 °C. The kinetic
parameters of the purified variants (W187Y and D287G) on

DOI: 10.1021/bi5015612
Biochemistry 2015, 54, 1841—1848


http://dx.doi.org/10.1021/bi5015612

Biochemistry

the substrate were determined by measuring the activity under
the varied substrate concentration (10—200 mM). The
Michaelis—Menten constant (K,,) and the maximal reaction
rate (V) of the enzyme were calculated from Lineweaver—
Burk plots.

B RESULTS

RMSD and RMSF Analysis. Figure 2a shows the RMSDs
relative to their respective initial structures as a function of time
in the simulations of the substrate bound rPPE-WT and rPPE-
W187H. The RMSDs of the apo wild type and mutant enzymes
are shown in Figure S2a. It is clear that all the four systems have
reached equilibrium with a RMSD of about 2 A after 20 ns. The
RMSEF results displayed in Figures 2b and S2b show significant
fluctuations in the loop regions of the enzyme, such as residues
18—28 (“20-loop”), residues S5—60 (“SO-loop”) and residues
200—210 (“200-loop”). As the “200-loop” is located near the
binding pocket (Figure 1), its structural fluctuation may directly
affect the substrate binding and thus the catalytic activity of the
enzyme, which will be discussed in more details below.

Binding Mode Analysis. According to the crystal structure
of rPPE-W187H, the side chains of His187 and Asp287
undergo a significant positional shift, which expands the
substrate-binding pocket.11 However, this conformational
change is not seen in the apo-W187H crystal structure.
Nevertheless, we found that the structural movement of the
His187 and Asp287 side chains can be maintained in the entire
MD simulations of the W187H mutant. Notably, the binding
mode of the substrate in W187H is significantly different from
that in the wild type. As shown in Figure 3a, in the wild type
enzyme, the indole group of Trp187 is hydro%en bonded with
Asp287 as reported in the crystal structure.'' However, no
stable interactions could be noticed between the catalytic triad
and the substrate during the rPPE-WT simulation. The oxygen
atom of the carboxyl group in the substrate is coordinated with
Gly87, and the aromatic ring of the substrate forms a 7—n
stacking interaction with the benzene ring of Phe216. A similar
binding mode (with ligand RMSD < 0.5 A) can be found in the
simulation of the rPPE-WT-parallel system as shown in Figure
S3, which highlights the reproducibility of the MD simulations.
Only the rPPE-WT simulation results are used for further
analysis described below.

Figure 3c shows the binding mode of the substrate in the
W187H mutant. The distinct binding modes observed in the
wild type and W187H are accompanied by the rearrangement
of the active site.*® The imidazole moiety of His187 swings
toward Asp256 and interacts with the side chains of Tyr288 and
Asp256, leading to a structural rearrangement of the active site.
A stable hydrogen bond is formed between the carboxyl group
of the substrate and the imidazole ring of His286. The aromatic
ring of the substrate is sandwiched between the two benzene
rings of Phe207 and Phe216. Overall, the substrate appears to
make more extensive interactions with the surrounding residues
in W187H than in the WT. The catalytic triad of residues
(Ser159-His286-Asp256) is highly conserved among carbox-
ylesterases. According to the proposed catalytic mechanism, the
OH group of Serl59 undergoes a nucleophilic attack on the
carbonyl carbon atom of the substrate, generating a tetrahedral
intermediate. A low-barrier hydrogen bond formed between
Asp256 and His286 facilitates the nucleophilic attack.>"** The
average distance between the OH group of Ser159 and the
carbonyl carbon atom of the substrate during the entire
simulation is 3.3 + 0.3 A in W187H compared to 3.9 + 0.3 A in
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wild type. Moreover, the nucleophilic attack angle “6¢” defined
in Figure S4 is 73° + 9° in W187H and 63° + 12° in wild type.
The smaller distance and larger angle of the nucleophilic attack
in the W187H mutant suggest that the WI187H-substrate
complex represents a more potential near-attack conformation
(NAC) than the wild type enzyme complex. The NAC is
thought to be a necessary state for the reactant to proceed to a
transition state.>> Therefore, in addition to a potentially
stronger substrate binding, the observed conformational change
of the catalytic triad in W187H may also increase the reaction
rate. The substrate assumes a more “activated” conformation in
the W187H mutant with the active site residues prearranged for
the reaction.

Structural Dynamics of the Cap Domain. The cap
domain, comprised of two N-terminal a-helices (a1 and a2)
and two other a-helices (a6 and a7), functions as a gate to the
active site of the enzyme as shown in Figure la. The cap
domain has been shown to be very important for the substrate
binding.>*** The cap domain assumes an “open” conformation
in W187H as shown in Figure 4c. The open conformation

Figure 4. Surface view of the WT (a) and W187H (b) rPPEs. The
distinct structures of the cap domain (c) in WT (orange) and W187H
(purple) are superimposed.

exposes the catalytic triad to the solvent through a larger water
accessible channel (shown in Figure 4b) lined by the cap
domain, which may facilitate the substrate entry and/or the
product exit. To quantify the size of the active site in the WT
and mutant enzymes, we calculated the binding pocket volumes
using POVME 2.0 (32). The average pocket volume in the wild
type simulation is 252 + 43 A%, compared to 375 + 67 A® in
WI187H.

As shown in Figure 2b, the “20-loop” that connects a1 and
a2 and the “200-loop” that connects @6 and a7 both show
significant RMSF differences between the WT and W187H
mutant enzymes. We further performed the principal
component analysis (PCA) of the Car atoms of the “20-loop”
and the “200-loop” to investigate the underlying patterns in the
atomic fluctuations of the cap domain with a reduced
dimensionality. We computed eigenvectors (the components)
from our data set, and each of those eigenvectors is associated
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Figure 5. Projection of MD simulations of rPPE-WT and rPPE-W187H onto the corresponding first and second PC modes from the PCA analysis

of the “20-loop” (a) and the “200-loop” (b) Ca atom fluctuations.

Table 1. Binding Energies of rPPE in Complex with (S)-AcO-CPA Computed Using the MM-PB/SA Method

energy (kcal/mol) rPPE-WT
AE .. —4.8 + 9.1
AEypy -273 + 2.1
AEpp glec 32.5 + 11.0
AE, npolar —212 + 09
AEgigper 35.6 + 1.6
AGying 14.8 + 6.0

rPPE-W187H rPPE-W187Y rPPE-D287G
—47.1 £ 11.1 -95+76 —1164 + 8.4
=27.0 £ 29 —24.5 + 2.1 —27.0 + 2.7
57.7 + 10.8 23.8 + 6.7 103.6 + 5.6
—-222 + 1.0 —204 £+ 0.7 223 + 0.5
36.0 + 1.2 348 £ 0.8 37.1 £ 0.8
—2.7 + 4.6 42 + 3.5 —25.0 £ 5.3

with an eigenvalue, which tell us about how much variance
there is in the data in that eigenvector direction. The first two
components accounts for larger than 72.9% of the total
variance. The MD trajectories of the two loops were then
projected onto their respective first and second principal
component modes as shown in Figure S. The “20-loop” and
“200-loop” in wild type are widely distributed, especially along
the first PC mode, while W187H exhibits only modest variation
along the two PC modes. Smaller fluctuations in both loops in
W187H than WT are also observed in the corresponding apo
systems (Figure SS). The two loops represent more stable
outward conformation in W187H than WT. As both loops are
located close to the entrance to the enzyme’s active site, the
differential flexibility of these loops should have a direct effect
on the conformation of the substrate’s accessible channel, and
thus the enzyme’s binding and activity.

Binding Free Energy Analysis. 1000 snapshots retrieved
from the last 25 ns MD trajectories were used for the binding
free energy calculations. The MM-PB(GB)/SA binding energy
calculation results are listed in Tables 1 and S2. In these results,
the entropic contributions to the binding free energy are
ignored for two reasons. First, they are assumed to be similar
among the different rPPE systems due to relatively small
structural perturbations. Second and practically, quantitative
entropy calculation remains a challenge for large biomolecular
systems. Using the MM-PB/SA method, the calculated binding
energy values are 14.8 + 6.0 kcal/mol in the WT and —2.7 +
4.6 kcal/mol in the W187H. With the MM-GB/SA method, the
computed binding energies are —17.6 & 2.5 kcal/mol in the
WT and —28.0 + 4.0 kcal/mol in the W187H. These calculated
numbers may deviate from the corresponding experimental
measurements due to various approximations used in the MM-
PB(GB)/SA calculation, but the overall trend is consistent with
the experimentally determined K, values (146 mM in wild type
versus 19.9 mM in the W187H mutant) listed in Table 2. The
W187H mutant shows 1 order of magnitude increase in the
substrate binding than the wild type enzyme. From the detailed
decomposition of the total binding energy, the van der Waals
interaction (AEypy) contributes more to the total binding

Table 2. Binding and Kinetic Parameters of Various rPPEs
for Acetoxy Acid

ke /Ky
enzyme K, (mM) ke (579 (mM™' s7!) references
PPE-WT 146 8.9 0.0611 Ma et al.'’
PPE-W187H  19.9 123 6.20 Ma et al.*’
PPE-WIS7Y 301 + 87 844 + 169 2.81 this work
PPE-D287G 183 +20 43 +0. 0.23 this work

energy than the electrostatic component (AEpg,..), consistent
with the observation that (S)-AcO-CPA makes more contacts
with the W187H mutant than the WT enzyme. The decreased
K,, thus improves the catalytic activity (k../K,,) of the W187H
mutant, whereas the rest improvement in the overall catalytic
efficiency may arise from an increased k, due to the formation
of a potentially more “active” near attack complex in W187H.

Rational Design and Experimental Verification. Our
MD simulations showed that the imidazole moiety of His187
swings toward Asp256 and interacts with the side chains of
Asp256 and Tyr288, leading to subsequent structural rearrange-
ment of the active site that ultimately affects the substrate
binding. On the basis of this observation, we speculate that
residues that have a smaller aromatic ring than W187, such as
phenylalanine and tyrosine, may undergo a similar conforma-
tional change, thus improve the enzyme’s activity. Moreover,
residues that have a smaller side chain than D287 may result in
more space for the positional shift of His187 such that the
substrate can bind more deeply and strongly in the binding
pocket. Therefore, a smaller side chain in residue 287 may be
important for overcoming steric clashes between the substrate
and the enzyme, thus improve the substrate binding.

We further considered the conservation of individual residues
in the rPPE family enzymes via the multiple sequence
alignment method as shown in Figure $6.%° Tyrosine is highly
conserved in position 187 and glycine is highly conserved in
position 287 in the esterases from different organisms.
Moreover, the “SuSPect” estimation method using a support
vector machine (SVM) algorithm37 confirmed that both
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Figure 6. Binding modes of the substrate in the (a) W187Y and (b) D287G mutants. The catalytic triad and the substrate (S)-AcO-CPA are shown
in green, and other relevant residues are shown in purple (W187Y) and in yellow (D287G), respectively.

positions 187 and 287 are highly conserved, with tyrosine more
favorable than tryptophan in position 187, and glycine more
favorable than aspartic acid in position 287. We subsequently
generated the simulation systems for the two predicted mutants
W187Y and D287G, and the MD simulations were carried out
for about 50 ns to substantiate our prediction on their
improved enzyme activity. rPPE-W187Y and rPPE-D287G
were prepared using the same strategy as rPPE-WT. The apo
W187Y and D287G structures were first generated from the
APO-WT structure, which were then used to obtain ligand
bound structures by Auto Dock Vina.

Similar to the other five systems, the simulations of rPPE-
W187Y and rPPE-D287G have reached equilibrium after about
20 ns (Figure S7). From the surface view shown in Figure S8, it
is clear that the cap domain assumes an “open” conformation in
the W187Y mutant, similar to what has been observed in
W187H. However, unlike in W187H, the “sandwich” structure
no longer exists for the substrate binding in W187Y (Figure
6a), which may explain why the binding in W187Y has
decreased when compared to that in W187H. The calculated
binding energy for W187Y is 4.2 + 3.5 kcal/mol using MM-
PB/SA method and —18.9 + 2.1 kcal/mol using MM-GB/SA
method (Table 1, Table S2). These results suggest that W187Y
increases the substrate binding as compared to the wild type,
but decreases relative to the W187H mutant. In the D287G
mutant, the substrate appears to bind more deeply to the
binding pocket compared to the wild type (Figure 6b). The
side chain of G287 is smaller and provides more room for the
substrate to bind as predicted. The MM-PB(GB)/SA results for
the D287G mutant are —25.0 + 5.3 kcal/mol and —39.0 + 3.5
kcal/mol respectively, indicating stronger substrate binding
than the wild type and W187H mutants (Tables 1 and S2).
Taken together, these calculations confirm that the two
predicted residues (W187 and D287) may be considered as
potential “hot spots” for mutagenesis screening to improve the
catalytic efficiency of the enzyme.

Site-directed mutagenesis and biochemical assays were
performed on the two predicted mutants W187Y and D287G
to verify the binding and catalytic activity changes toward (S)-
AcO-CPA (Table S3). We determined the binding and kinetic
parameters of the purified mutant enzymes by measuring their
activities under varying substrate concentrations (10—200
mM). As shown in Table 2, the overall catalytic activities of
both W187Y and D287G are improved over that of the WT,
but through different mechanisms. The Michaelis constant K,
is an inverse measure of the substrate’s affinity for the enzyme
with a small K, indicating high affinity. The substrate binds a
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little less strongly to the W187Y mutant (K, = 300) than to the
WT (K, = 146); therefore, the overall higher catalytic
efficiency of W187Y than the WT is because the turnover
number of W187Y (k, = 844) has increased by about 2 orders
of magnitude than that of the WT (k. = 8.9). By contrast,
D287G has an increased binding (K, = 18.3) but a slightly
decreased turnover number (k. = 4.3).

Discussion. With the availability of high-resolution
structures of the enzyme—substrate complexes, structure-
based molecular dynamics simulations can be carried out to
unravel the molecular-level mechanisms of the substrate
binding and catalysis, thus guiding rational design of the
enzyme to improve its catalytic efficiency and stability. Our
previous work reported that a recombinant carboxylesterase
rPPE can hydrolyze racemic 2-acetoxy-2-(2’-chlorophenyl)-
acetate with excellent (S)-enantioselectivity. Subsequently, the
crystal structures of rPPE were determined.

In this work, we performed all-atom molecular dynamics
simulations of the WT and several mutant rPPEs, both apo and
in complex with the substrate (S)-AcO-CPA. The results show
that the H187 mutation rearranges the active site so that the
substrate binds more strongly and also is better positioned for
the subsequent reaction in W187H than in the wild type, likely
leading to the increased catalytic efficiency of the W187H
mutant. In light of this observation together with additional
binding free energy calculation results, we predicted that the
mutants W187Y and D287G might improve the enzymatic
efficiency through a similar mechanism. Further experiments
verified that both W187Y and D287G mutants increase
enzyme’s catalytic efficiency, albeit through different mecha-
nisms.

Although not entirely consistent with experimental valida-
tions, our computational work provides molecular insights into
the binding of the substrate to carboxylesterase rPPEs; the
binding free energy results obtained from MD simulations
show a similar trend as those obtained experimentally, i.e., the
substrate’s binding affinity K. These results have helped
identify potential sites for mutagenesis studies to rationally
improve the enzyme’s activity. However, it is worth noting that
the substrate binding is only one side of a coin; the turnover
rate k, is equally important in determining the overall catalytic
activity of an enzyme. A full understanding of the detailed
reaction mechanism (and determination of the associated
reaction barriers and k) of rPPEs will require a quantum
mechanical/molecular mechanical (QM/MM) treatment of the
system, which is beyond the scope of this paper and will be
pursued in the future.
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