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’ INTRODUCTION

Cocaine is recognized as the most reinforcing drug of abuse.1�3

Recent surveys in the United States show that, among the causes
of illicit-drug-related emergency department visits, cocaine is the
first on the list.4,5 Disastrous medical and social consequences of
cocaine addiction have made the development of an anticocaine
medication a high priority.6,7 There is still no FDA-approved
medication for treatment of cocaine abuse and toxicity.8�12

Cocaine esterase (CocE)13 is the most efficient native enzyme
for metabolizing the naturally occurring cocaine yet identified.14

In rodent models, CocE can both prevent and reverse extreme
cocaine toxicity15,16 and even robustly protects rodents from the
lethal effects of cocaine.17 Although native CocE is unstable at
physiological temperature, CocE mutants designed by a novel
computational approach significantly improved its thermostabil-
ity, increasing the probability of clinical application of this
enzyme for therapeutic use against cocaine.18�21

Cocaine has two enantiomers: one is the naturally occurring
(�)-cocaine, which is biologically active; the other is synthetic
and biologically inactive (þ)-cocaine. A remarkable difference
between (�)- and (þ)-cocaine is associated with the relative
positions of the methyl ester group (Chart 1). The methyl ester
group of (�)-cocaine remains on the same side of the carbonyl of
the benzoyl ester, whereas the methyl ester group of (þ)-cocaine

remains on the opposite side. The structural difference could cause
a difference in hydrogen bonding, electrostatic, and van der Waals
interactions during the catalytic process and result in a significant
difference in free energies of activation. Understanding such a
mechanistic difference has been proven beneficial to computational
design of high-activity mutants of human butyrylcholinesterase
(BChE) against (�)-cocaine.9,22�27 In particular, the catalytic
efficiency of native human BChE against (�)-cocaine is 3 orders
of magnitude lower than that against (þ)-cocaine.23With an effort
to understand the mechanistic differences between the BChE-
catalyzed hydrolyses of (þ)- and (�)-cocaine, our further com-
putational design followed by wet experimental studies23,24,27�31

has resulted in discovery of various BChE mutants with a
considerably improved catalytic efficiency against (�)-
cocaine.9,11,12,24,29�31 One of the BChE mutants has a ∼2000-
fold improved catalytic efficiency against (�)-cocaine compared
to wild-type BChE.11

On the basis of the background discussed above, it is im-
portant to understand the mechanistic differences between the
CocE-catalyzed hydrolyses of (þ)- and (�)-cocaine, as their
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ABSTRACT: First-principles quantum mechanical/molecular
mechanical free energy calculations have been performed to
examine the catalytic mechanism for cocaine esterase (CocE)-
catalyzed hydrolysis of (þ)-cocaine in comparison with CocE-
catalyzed hydrolysis of (�)-cocaine. It has been shown that the
acylation of (þ)-cocaine consists of nucleophilic attack of the
hydroxyl group of Ser117 on the carbonyl carbon of (þ)-
cocaine benzoyl ester and the dissociation of (þ)-cocaine
benzoyl ester. The first reaction step of deacylation of (þ)-
cocaine, which is identical to that of (�)-cocaine, is rate-
determining, indicating that CocE-catalyzed hydrolyses of (þ)- and (�)-cocaine have a common rate-determining step. The
computational results predict that the catalytic rate constant of CocE against (þ)-cocaine should be the same as that of CocE against
(�)-cocaine, in contrast with the remarkable difference between human butyrylcholinesterase-catalyzed hydrolyses of (þ)- and
(�)-cocaine. The prediction has been confirmed by experimental kinetic analysis on CocE-catalyzed hydrolysis of (þ)-cocaine in
comparison with CocE-catalyzed hydrolysis of (�)-cocaine. The determined common rate-determining step indicates that rational
design of a high-activity mutant of CocE should be focused on the first reaction step of the deacylation. Furthermore, the obtained
mechanistic insights into the detailed differences in the acylation between the (þ)- and (�)-cocaine hydrolyses provide indirect
clues for rational design of amino acid mutations that could more favorably stabilize the rate-determining transition state in the
deacylation and, thus, improve the catalytic activity of CocE. This study provides a valuablemechanistic base for rational design of an
improved esterase for therapeutic treatment of cocaine abuse.
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mechanistic differences could be beneficial to the design of high-
activity mutants of CocE against cocaine. In a previous study,32

we have elucidated the catalytic mechanism of CocE-catalyzed
hydrolysis of (�)-cocaine. However, the detailed catalytic me-
chanism of CocE-catalyzed hydrolysis of (þ)-cocaine remains
unknown. To understand the mechanistic differences between
the (þ)- and (�)-cocaine hydrolyses, it is also necessary to
uncover and understand the reaction mechanism of CocE-
catalyzed (þ)-cocaine hydrolysis. For this purpose, the present
study was first focused on the detailed mechanism of CocE-
catalyzed hydrolysis of (þ)-cocaine.

X-ray crystallographic14 and site-directed mutagenesis33 stud-
ies have revealed that CocE is a serine carboxylesterase with a
catalytic triad formed by Ser117, His287, and Asp259 and with an
oxyanion hole formed by the backbone amide of Tyr118 and the
hydroxyl group of Tyr44. In light of the mechanistic insights
obtained fromour recent computational studies onCocE-catalyzed
hydrolysis of (�)-cocaine as well as BChE-catalyzed hydrolysis of
carboxylic esters (e.g., acetylcholine, butyrylcholine, (þ)-cocaine,
and (�)-cocaine),11,12,22,26,27,34�36 CocE-catalyzed hydrolysis of
(þ)-cocaine might undergo a pathway similar to that for CocE-
catalyzed hydrolysis of (�)-cocaine consisting of twomajor stages.
The first stage is acylation, leading to formation of a covalent bond
between (þ)-cocaine and the enzyme and the departure of
ecgonine methyl ester of (þ)-cocaine. The second stage is
deacylation, resulting in the dissociation of the (þ)-cocaine
benzoyl ester and enzyme, in which a water molecule acts as the
nucleophile and the free form of enzyme is restored.

Notably, the (�)- and (þ)-cocaine hydrolyses share the same
deacylation stage (see Scheme 1), and thus, in the present study, we
first focused on the reaction coordinate calculations on the first
stage, i.e., acylation, of CocE-catalyzed hydrolysis of (þ)-cocaine.
The pseudobond first-principles quantum mechanical/molecular
mechanical free energy (QM/MM-FE) approach,37�40 which has
been demonstrated to be a powerful tool in simulating a variety of
enzymes,11,32,41�52 was employed to uncover the detailed reaction
pathway and determine the free energy profile for CocE-catalyzed
hydrolysis of (þ)-cocaine. The computational simulations were
followed by wet experimental tests. The computational data de-
monstrate that the rate-determining step for CocE-catalyzed hydro-
lysis of (þ)-cocaine should be the same as that for CocE-catalyzed
hydrolysis of (�)-cocaine, unlike the reported findings for BChE-
catalyzed hydrolyses of (þ)-cocaine and (�)-cocaine. The new
insights into the catalytic mechanisms of CocE against (þ)- and
(�)-cocaine have been supported by wet experimental kinetic data.

’COMPUTATIONAL AND EXPERIMENTAL METHODS

QM/MM-FE Simulation. All of the QM/MM calculations
were performed by a pseudobond QM/MM method37,38 im-
plemented recently in a revised version11 of the Gaussian 03 and
AMBER 8 programs. The QM�MM interface was treated by a
pseudobond approach, where a seven-valence-electron atom
with an effective core potential is constructed to replace the
boundary atom of the environment part and to form a pseudo-
bond with the boundary atom of the active part. The starting
structure of the CocE�(þ)-cocaine complex was constructed by
using the same strategy as used in our previous study on the
fundamental mechanism of CocE-catalyzed hydrolysis of (�)-
cocaine.32 The coordinates of CocE from the previously QM/
MM-optimized structure of prereactive CocE-(-)-cocaine com-
plex and the structure of (þ)-cocaine were used in the molecular
docking simulation followed by a ∼4 ns MD simulation to
understand the detailed binding mode of CocE binding with
(þ)-cocaine. In QM/MM calculations, all atoms of (þ)-cocaine
and the side chains of Ser117, His287, and Asp259 were
considered as the QM atoms, whereas the other atoms were
regarded as MM atoms (Figure 1). The QM/MM calculations
were performed using an iterative minimization procedure39 at the
B3LYP/6-31G*:AMBER level; i.e., the QM calculations were
carried out at the B3LYP/6-31G* level, whereas the MM calcula-
tions were carried out by using the AMBER force field implemen-
ted in the AMBER 8 program.53 For the QM subsystem, the
convergence criterion for geometry optimizations follows the
original Gaussian 0354 defaults; for the MM subsystem, the
geometry optimization convergence criterion is the root-mean-
square deviation (rmsd) of the energy gradient less than 0.1
kcal 3mol�1

3Å
�1. An iterative restrained optimization procedure39

was then repeatedly applied to different points along the reaction
coordinate, resulting in a minimum-energy path. Full QM/MM
geometry optimizations at the B3LYP/6-31G*:AMBER level
followed by vibrational frequency analyses were performed to
characterize the reactant, intermediates, and transition states. The
contribution of the QM subsystem fluctuation to the free energy
change was then calculated with the obtained vibrational frequen-
cies using the harmonic approximation. In addition, single-point
energy calculations were carried out at the QM/MM(MP2/6-
31þG*:AMBER) level for each geometry along the minimum-
energy path.
The free energy changes associated with the QM�MM interac-

tion were then determined by the free energy perturbation (FEP)
method39,40 using a revised version32 of the AMBER8 program. The
FEP calculations enabled us to more reasonably determine relative
free energy changes due to the QM�MM interaction. In the FEP
calculations, sampling of theMM subsystemwas carried out with the
QM subsystem frozen at different states along the reaction path.39

Technically, the final (relative) free energy determined by the QM/
MM-FE calculations is the QM part of the QM/MM energy
(excluding the Coulombic interaction energy between the point
charges of the MM atoms and the electrostatic potential (ESP)
charges of the QM atoms) plus the relative free energy change
determined by the FEP calculations. In FEP calculations, the time
step used was 2 fs, and bond lengths involving hydrogen atoms were
constrained. In sampling of the MM subsystem by MD simulations,
the temperature was maintained at 298.15 K. Each FEP calculation
consisted of 50 ps of equilibration and 300 ps of sampling.
The MD simulations and QM/MM-FE calculations were

performed on a supercomputer (e.g., IBM X-series cluster with

Chart 1. Structures of (�)-Cocaine and (þ)-Cocaine
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340 nodes or 1360 processors) at the University of Kentucky
Center for Computational Sciences. The other less-time-
consuming modeling and computations were carried out on SGI
Fuel workstations and a 34-processor IBM x335 Linux cluster in
our own laboratory.
Expression and Purification of Cocaine Esterase. A poten-

tial problem in wet experimental studies on CocE was that the
wild-type enzyme is unstable, with a half-life of only ∼10 min at
37 �C. Due to the low thermostability, it was difficult to
accurately measure the catalytic activity in wet experiments.

Nevertheless, a thermostable version of CocE (i.e., the T172R/
G173Q mutant) was developed recently.18 The T172R/G173Q
mutations significantly increase the half-life of CocE to ∼5�6 h
at 37 �C without changing its catalytic function because residues
172 and 173 are not in the active site. Therefore, to accurately
measure the kinetic parameters of the enzyme, we carried out the
kinetic characterization using the thermostable version of CocE.
The previously prepared CocE cDNA cloned in a bacterial
expression vector, pET-22b(þ),18 was used to express the
enzyme as 6His-tagged proteins in Escherichia coli BL-21

Scheme 1. Proposed Catalytic Mechanism for CocE-Catalyzed Hydrolysis of (þ)-Cocaine
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(DE3) cells grown at 37 �C. Protein expression was induced with
1 mM isopropyl β-thiogalactopyranoside (Sigma-Aldrich) for
∼15 h at 18 �C. Cells were pelleted, resuspended in 50 mM
Tris�HCl, pH 8.0, 150 mM NaCl, and a protease inhibitor
cocktail (34 μg/mL concentration each of L-tosylamido-2-phe-
nylethyl chloromethyl ketone, 1-chloro-3-tosylamido-7-amino-
2-heptanone, and phenylmethanesulfonyl fluoride and 3 μg/mL
concentration each of leupeptin and lima bean trypsin inhibitor),
and lysed using a French press (Thermo Fisher Scientific,
Waltham, MA). The 6His-tagged enzyme was enriched using
HisPur cobalt resin (Thermo Fisher Scientific) storage buffers
containing 20 mMHEPES, pH 8.0, 2 mMMgCl2, 1 mM EDTA,
and 1 mM dithiothreitol. The fractions were concentrated by
using an AmiconUltra-50K centrifuge (Millipore, Billerica, MA).
The enzyme concentration was determined using a CB-Protein
Assay kit (from CALBIOCHEM) with bovine serum albumin as
a standard.
Michaelis�Menten Kinetics of Cocaine Esterase. The

catalytic activities of the enzyme against (þ)- and (�)-cocaine
were determined at the same time under the same experimental
conditions. The initial rates of the enzymatic hydrolysis of
(þ)/(�)-cocaine were estimated by following the change in
the intrinsic absorbance of (þ)/(�)-cocaine at 230 nm with
time using a GENios Pro microplate reader (TECAN, Research
Triangle Park, NC) with the XFluor software. The initial rates
were estimated from the linear portion of the progress curves and
spanned no longer than 15 min. The reaction was initiated by
adding 100 μL of an enzyme solution (phosphate-buffered saline
(PBS; pH 7.4) to 100 μL of a cocaine solution (50 ng/mL
enzyme, 100 mM phosphate buffer, pH 7.4). Final (þ)/(�)-
cocaine concentrations were as follows: 100, 50, 20, 15, 10, 7.5, 5,
and 2.5 μM.Vmax andKM values were calculated by using Prism 5
(GraphPad Software Inc., San Diego, CA). All of the activity
assays were performed at room temperature (∼25 �C).

’RESULTS AND DISCUSSION

Reaction Pathway.Our QM/MM reaction coordinate calcu-
lations at the B3LYP/6-31G*:AMBER level revealed that the
acylation stage of CocE-catalyzed (þ)-cocaine hydrolysis reac-
tion consists of two reaction steps. The first reaction step is the
nucleophilic attack on the carbonyl carbon (Cζ) of (þ)-cocaine
benzoyl ester by the Oγ atom in the Ser117 site chain. The
second reaction step is the dissociation between the benzoyl ester

and ecgonine methyl ester of (þ)-cocaine. The optimized
geometries of the reactant, intermediates, and transition states
are shown in Figures 2 and 3. Below we discuss each of these
reaction steps in detail.
During the first step of the catalytic reaction, the nucleophilic

attack process proceeds as the serine hydroxyl oxygen, i.e., Oγ atom
of Ser117, gradually approaches the Cζ atom of (þ)-cocaine
benzoyl ester. Meanwhile, the serine hydroxyl hydrogen, i.e., Hγ

atom of Ser117, gradually moves toward the nitrogen (Nε) atom of
the His287 side chain. Since this reaction step involves the breaking
of the Oγ�Hγ bond and formation of both Cζ�Oγ and Nε�Hγ

Figure 1. Division of the QM/MM system for simulating the acylation
stage of CocE-catalyzed hydrolysis of (þ)-cocaine. Atoms in blue are
treated by the QMmethod. Three boundary carbon atoms (CR, colored
in red) are treated with the improved pseudobond parameters.37 All
other atoms belong to the MM subsystem.

Figure 2. Key configurations for reaction step 1, the nucleophilic attack
by the Oγ atom of Ser117. The geometries were optimized at the QM/
MM(B3LYP/6-31G*:AMBER) level. The key distances in the figure are
in angstroms. Carbon, oxygen, nitrogen, and hydrogen atoms are colored in
green, red, blue, and white, respectively. The backbone of the protein is
rendered as a cartoon and colored in orange. TheQMatoms are represented
as balls and sticks and the surrounding residues rendered as sticks. The
configurations in Figure 3 are represented using the same method.
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bonds as shown in Scheme 1, the distances between Oγ and Hγ

(ROγ�Hγ), between Cζ and Oγ (RCζ�Oγ), and between Nε and Hγ

(RNε�Hγ) reflect the nature of the first chemical reaction step.
Therefore, the reaction coordinate for the first reaction step was set
as ROγ�Hγ � RCζ�Oγ � RNε�Hγ. As shown in the QM/MM-
optimized geometries (Figure 2), as the Oγ atom of Ser117
gradually approaches the Cζ atom, the geometry of the reactant
(ES), in which the Cζ atom is sp2 hybridized and is in a planar
geometry with its three bonding atoms, gradually changes into a
tetrahedral geometry centered on the sp3-hybridized Cζ atom in an
intermediate (INT1) through a transition state (TS1).
During the dissociation of (þ)-cocaine benzoyl ester, the

ecgonine group of (þ)-cocaine gradually departs from the (þ)-
cocaine benzoyl ester group in which the benzoyl ester bond
Cζ�Oζ is broken. Meanwhile, the proton (Hγ) attached to the
Nε atom of the His287 side chain transfers to the benzoyl ester
oxygen atom (Oζ) of (þ)-cocaine. The changes of the distances
RCζ�Oζ, ROζ�Hγ, and RNε�Hγ reflect the nature of a dissociation
process. Thus, the reaction coordinate for the second reaction
step was chosen as RCζ�Oζ þ RNε�Hγ � ROζ�Hγ.
Contrary to what we purposed in Scheme 1 where only one

transition state is hypothesized for reaction step 2, two transition
states in the current reaction process were found. This observa-
tion is similar to that in CocE-catalyzed (�)-cocaine hydrolysis
where two transition states were characterized in the dissociation
of (�)-cocaine benzoyl ester.32 The two transition states here are
denoted by TS2 and TS20. The intermediate between the two
transition states is denoted by INT10. The QM/MM-optimized
geometries of the intermediates and transition states of the
current reaction process are given in Figure 3.

In the geometry of INT1 where the serine hydroxyl proton
(Hγ) has been transferred to the Nε atom of His287 in reaction
step 1, the distance (ROγ�Hγ) between the Oγ atom of the Ser117
side chain and the Hγ atom of the His287 side chain is 2.02 Å,
indicating a strong hydrogen bond of Nε�Hγ

3 3 3O
γ between

the Ser117 and His287 side chains. However, the distance
(ROζ�Hγ) between Hγ and the leaving ester oxygen (Oζ) to
which Hγ is about to be transferred is 2.67 Å, indicating a very
weak hydrogen bond between the Hγ and Oζ atoms and an
environment unsuitable for proton transfer from the Nε atom of
His287 to the leaving ester oxygen (Oζ) atom. In changing from
INT1 to INT10, there are two major structural changes. One is
the gradual breaking of the covalent bond Cζ�Oζ (RCζ�Oζ is
1.58 Å in INT1, 1.90 Å in TS2, and 2.73 Å in INT10). The other
is the formation of the hydrogen bond Nε�Hγ

3 3 3O
ζ indicated

by the decreasing distance ROζ�Hγ in going from INT1 to INT10
(2.67 Å in INT1, 2.38 Å in TS2, and 1.62 Å in INT10). In the
meantime, the hydrogen bond Nε�Hγ

3 3 3O
γ formed between

the transferring proton (Hγ) and the Oγ atom of Ser117
becomes progressively weaker (ROγ�Hγ is 2.02 Å in INT1, 2.16
Å in TS2, and 2.68 Å in INT10), which is reasonable as the
transferring proton (Hγ) is about to be transferred to the leaving
ester oxygen (Oζ) in the current reaction step.
The major difference between INT10 and TS20 is the position

of the transferring proton (Hγ), while the distance RCζ�Oζ

remains unchanged, indicating that the reaction process asso-
ciated with TS20 is primarily the proton (Hγ) transfer from the
Nε atom of the His287 side chain to the leaving ester oxygen
(Oζ) atom (ROζ�Hγ is 1.62 Å in INT10, 1.54 Å in TS20, and 0.99 Å
in INT2; RNε�Hγ is 1.07 Å in INT10, 1.09 Å in TS20, and 1.87 Å in

Figure 3. Key configurations except INT1 for reaction step 2, the dissociation of (þ)-cocaine benzoyl ester. The geometries were optimized at theQM/
MM(B3LYP/6-31G*:AMBER) level. The structure of INT1 is given in Figure 2C.
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INT2). Therefore, the proton transfer in the current reaction
process proceeds not simultaneously with but only after the
breaking of the C�O covalent bond.
Catalytic Role of the Oxyanion Hole. It is interesting to

know the catalytic role of the oxyanion hole consisting of the
backbone amide of Tyr118 and the hydroxyl group of the Tyr44
side chain. On the basis of the QM/MM reaction coordinate
calculations, throughout the acylation stage of (þ)-cocaine hydro-
lysis, the carbonyl oxygen (Oη) of (þ)-cocaine forms two
hydrogen bonds with the oxyanion hole. One is the hydrogen
bond of O�Hη

3 3 3O
η with the hydroxyl hydrogen (Hη) atom of

Tyr44 side chain, and the other is the hydrogen bond of N�Hκ

3 3 3O
η with the backbone NH group (Hκ atom) of Tyr118. As one

can see from Figures 2 and 3, the hydrogen bond O�Hη
3 3 3O

η

between the Oη atom and Tyr44 hydroxyl is very strong
throughout the acylation stage with a distance of ∼1.8 Å. The
other hydrogen bond N�Hκ

3 3 3O
η between the Oη atom and

Tyr118 backbone NH group is relatively weaker than that with
the Tyr44 hydroxyl during the reaction. It is weak in ES with a
distance of∼2.6 Å and then becomes stronger with a distance of
∼2.1 Å in the subsequent states of the reaction. Therefore, both
hydrogen bonds stabilize the negative charge of the carbonyl
oxygen (Oη) developing during the hydrolysis, where the
primary contribution to the stabilization comes from Tyr44.
Energetics and Kinetic Parameters. Using the QM/MM-

optimized geometries at the QM/MM(B3LYP/6-31G*:
AMBER) level, we carried out QM/MM single-point energy
calculations at the QM/MM(MP2/6-31þG*:AMBER) level for
each geometry along the minimum-energy path. For each
geometry along the minimum-energy path, the ESP charges
determined in the QM subsystem of the QM/MM single-point
energy calculation were used in subsequent FEP simulations for
estimating the free energy changes along the reaction path.
Depicted in Figure 4A is the energy profile determined by the
QM/MM-FE calculations excluding the zero-point and thermal
corrections for the QM subsystem. The values given in parenth-
eses are the corresponding relative free energies with the zero-
point and thermal corrections for the QM subsystem. It has been
pointed out in our previous study32 that, although the counter-
ions in the CocE system are not directly involved in the reac-
tion mechanism, the interaction (particularly the electrostatic

interaction) between the QM subsystem and the large number of
counterions in the CocE system is significant in determining the
free energy barrier of the reaction. Therefore, in the present
study, we also estimated the electrostatic interaction between the
QM subsystem and counterions, which can be considered as the
correction with counterions to the free energies, by following
the same computational strategy as in our previous study on the
CocE-catalyzed (�)-cocaine hydrolysis where the coordinates of
the counterions in 100 snapshots were taken out (one snapshot
in each 10 ps) of the MD trajectory.32 The relative free energies
with both zero-point and thermal corrections for the QM
subsystem and electrostatic corrections with the counterions
are shown in Figure 4B. The calculated final free energy barriers
are summarized in Table 1 in comparison with those calculated
for CocE-catalyzed hydrolysis of (�)-cocaine.
As shown in Figure 4B, the relative free energy (9.1 kcal/mol)

associated with TS1 is slightly higher than those associated with

Figure 4. (A) Free energy profile determined by the MP2/6-31þG*:AMBER QM/MM-FE calculations excluding the zero-point and thermal
corrections for the QM subsystem. The values in parentheses are relative free energies including zero-point and thermal corrections for the QM
subsystem. (B) Relative free energies with both zero-point and thermal corrections for the QM subsystem and electrostatic corrections from
counterions.

Table 1. Final Relative Free Energies for CocE-Catalyzed
Hydrolyses of (þ)- and (�)-Cocaine

relative free energy (kcal/mol)

reaction stage geometry (�)-cocainea (þ)-cocaine

acylation ES 0.0 0.0

TS1 2.3 9.1

INT1 �5.3 1.8

TS2 �2.6 7.5

INT10 NAb 6.7

TS20 NAb 8.1

INT2 �13.1 �1.7

deacylation INT20 0.0 0.0

TS3 17.9 17.9

INT3 14.8 14.8

TS4 17.5 17.5

PD �3.8 �3.8
aData for (�)-cocaine are all from ref 32. bNA = not applicable. The
energy barrier associated with TS20 on the potential energy surface was
too small (∼0.1 kcal/mol) for the (�)-cocaine hydrolysis, and the
barrier disappeared after the FEP simulation was applied.
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the remaining two transition states in the acylation stage, namely,
TS2 (7.5 kcal/mol) and TS20 (8.1 kcal/mol). Therefore, the rate-
determining step of the acylation stage of CocE-catalyzed (þ)-
cocaine hydrolysis is the first reaction step, i.e., the nucleophilic
attack on the Cζ atom by the Oγ atom of Ser117. As mentioned in
the Introduction, CocE-catalyzed hydrolyses of (þ)- and (�)-
cocaine share the same deacylation stage. Thus, the free energy
profiles for the deacylation of both (þ)- and (�)-cocaine byCocE
are identical. Our previous study32 has shown that the calculated
free energy barrier of deacylation in the CocE-catalyzed (�)-
cocaine hydrolysis, which was found to be rate-determining, is
∼17.9 kcal/mol. Therefore, the free energy barrier for the
deacylation of (þ)-cocaine should also be ∼17.9 kcal/mol, and
the deacylation is also rate-determining for CocE-catalyzed (þ)-
cocaine hydrolysis because its energy barrier is much higher than
that of the acylation stage (9.1 kcal/mol).
Now that the common deacylation step is rate-determining for

both (þ)- and (�)-cocaine hydrolyses catalyzed by CocE, these
computational results predict that the catalytic rate constant
(kcat) of CocE against (þ)-cocaine should be the same as that of
CocE against (�)-cocaine. The predicted reaction mechanisms
and relative catalytic rate constants of CocE against (þ)- and
(�)-cocaine are remarkably different from those of BChE against
(þ)- and (�)-cocaine.22,23 Human BChE-catalyzed hydrolyses
of (þ)- and (�)-cocaine have different rate-determining steps
and considerably different catalytic rate constants, with a differ-
ence of 3 orders of magnitude .23

Kinetic parameters for CocE-catalyzed hydrolysis of (þ)-
cocaine are not available in the literature, although kinetic
parameters for CocE-catalyzed hydrolysis of (�)-cocaine were
determined previously.14,18 To examine whether the computa-
tional prediction is correct, we also carried out experimental
kinetic analysis on CocE-catalyzed hydrolyses of (þ)- and (�)-
cocaine at the same time under the same experimental condi-
tions. The determined kinetic parameters are summarized in
Table 2. As shown in Table 2, the kcat values for CocE-catalyzed
hydrolyses of (þ)- and (�)-cocaine were determined to be 1078(
250 and 1082( 181 min�1, respectively. The two kcat values are
identical within the experimental fluctuations, which strongly
supports the computational prediction that CocE-catalyzed
hydrolyses of (þ)- and (�)-cocaine have a common rate-
determining reaction step. In addition, the determined two KM

(Michaelis�Menten constant) values are also identical within
the experimental fluctuations.
Implication from the Mechanistic Insights for Design of

an Improved Cocaine Esterase. The mechanistic differences
between (þ)- and (�)-cocaine hydrolyses catalyzed by CocE
and their rate-determining steps are remarkably different from
those catalyzed by human BChE. In the (þ)- and (�)-cocaine
hydrolyses catalyzed by human BChE, the rate-determining step
for the (þ)-cocaine hydrolysis is different from that for the (�)-
cocaine hydrolysis; the rate-determining step for the (�)-co-
caine hydrolysis is a reaction step before the deacylation. As a
result, (þ)-cocaine hydrolysis in human BChE is about 3 orders

of magnitude faster than the corresponding (�)-cocaine hydro-
lysis in the same enzyme. Thus, computational design of high-
activity mutants of human BChE against (�)-cocaine has been
focused on the reaction steps before the deacylation. Unlike
BChE, the rate-determining steps for CocE-catalyzed hydrolyses
of (þ)- and (�)-cocaine are a common reaction step (the first
step) in the deacylation stage such that the catalytic rate
constants for both (þ)- and (�)-cocaine hydrolyses are the
same. Therefore, computational design of high-activity mutants
of CocE against cocaine should be focused on the first reaction
step of the deacylation.
The mechanistic differences between CocE-catalyzed (þ)-

and (�)-cocaine hydrolyses reside in the acylation stage, which is
not rate-determining, and, thus, do not seem to provide direct
clues to design a CocEmutant with an improved catalytic activity
against (�)-cocaine. Nevertheless, the mechanistic differences
between CocE-catalyzed (þ)- and (�)-cocaine hydrolyses may
indirectly provide beneficial clues to design high-activity mutants
of CocE against (�)-cocaine. As reported in our previous
study,32 the free energy barriers for the first and second reaction
steps in the acylation of (�)-cocaine are ∼2.3 and ∼2.7 kcal/
mol, respectively. As shown in Figure 4B and Table 1, the free
energy barrier for the first reaction step of CocE-catalyzed
hydrolysis of (þ)-cocaine is ∼9.1 kcal/mol, much higher than
that for the first or second reaction step of the (�)-cocaine
hydrolysis. A detailed analysis of the QM/MM-optimized geo-
metries suggests that the significant difference in the free energy
barrier for the first reaction step between the (þ)- and (�)-
cocaine hydrolyses may be attributed to the difference in the
hydrogen bonding with the oxyanion hole in the transition state
TS1. As discussed above, there are two hydrogen bonds between
the carbonyl oxygen (Oη) of the substrate and the oxyanion hole
consisting of the hydroxyl group (O�Hη) of the Tyr44 side
chain and the backbone NH group (Hκ atom) of Tyr118. In the
TS1 geometry with (þ)-cocaine, as depicted in Figure 2B, the
optimized Hη

3 3 3O
η and Hκ

3 3 3O
η distances were 1.99 and 2.20

Å, respectively. In the corresponding TS1 geometry with (�)-
cocaine, the optimized Hη

3 3 3O
η and Hκ

3 3 3O
η distances were

1.75 and 2.25 Å, respectively.32 The overall hydrogen bonding of
the oxyanion hole with (�)-cocaine should be significantly
stronger than that with (þ)-cocaine. The possible effect of the
hydrogen bonding on the TS1 stabilization may provide some
indirect clues in rational design of high-activity mutants of CocE
against cocaine, because the two similar hydrogen bonds also
exist in the transition state (denoted by TS3) for the rate-
determining step, deacylation.32 Apparently, certain amino acid
mutations capable of enhancing the overall hydrogen bonding
with the oxyanion hole in the TS3 structure could decrease the
energy barrier for the rate-determining step and thus improve the
catalytic activity of the enzyme against cocaine.

’CONCLUSION

Results from the first-principle QM/MM-FE calculations
demonstrate that the acylation stage of CocE-catalyzed hydro-
lysis of (þ)-cocaine is initiated by the attack of the hydroxyl
oxygen (Oγ) of Ser117 on the carbonyl carbon (Cζ) of (þ)-
cocaine benzoyl ester. This process is facilitated by His287
through proton (Hγ) transfer from the Ser117 hydroxyl to the
Nε atom of the His287 side chain, which increases the nucleo-
philicity of the Ser117 hydroxyl. His287 is in turn stabilized by
the formation of another hydrogen bond between the His287

Table 2. Kinetic Parameters Determined for CocE-Catalyzed
Hydrolyses of (þ)- and (�)-Cocaine

(þ)-cocaine (�)-cocaine

KM (μM) kcat (min
�1) KM (μM) kcat (min�1)

15( 4 1078( 250 13( 3 1082( 181
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and Asp259 side chains. The Ser117 nucleophile attacks the
electron-deficient Cζ atom of (þ)-cocaine benzoyl ester, form-
ing a tetrahedral intermediate in which the carbonyl oxygen (Oη)
of (þ)-cocaine with developing negative charge is stabilized by
two tyrosine residues (Tyr44 and Tyr118) in the oxyanion hole.
ThenHis287 transfers a proton (Hγ) to the ester oxygen (Oζ) of
the leaving ecgonine group, completing the acylation stage.

The QM/MM-optimized geometries indicate that the oxya-
nion hole stabilizes the negative charge of the (þ)-cocaine
carbonyl oxygen (Oη) developing during the hydrolysis by
providing two hydrogen bonds with Tyr44 and Tyr118. The
hydrogen bond with Tyr44 is particularly strong and is the
primary factor stabilizing the carbonyl oxygen (Oη) of (þ)-
cocaine benzoyl ester.

The highest energy barrier calculated for the acylation of (þ)-
cocaine is∼9.1 kcal/mol, associated with the first reaction step of
acylation. The calculated energy barrier of ∼9.1 kcal/mol is
much lower than the highest energy barrier for the deacylation
(∼17.9 kcal/mol, associated with the first reaction step of
deacylation). Therefore, the deacylation of (þ)-cocaine, which
is identical to that of (�)-cocaine, is rate-determining, revealing
that CocE-catalyzed hydrolyses of (þ)- and (�)-cocaine have a
common rate-determining step. All of these results predict that
the catalytic rate constant (kcat) of CocE against (þ)-cocaine
should be the same as that of CocE against (�)-cocaine, in
contrast with the remarkable difference between human BChE-
catalyzed hydrolyses of (þ)- and (�)-cocaine. The computa-
tional prediction has been confirmed by performing experimen-
tal kinetic analysis on CocE-catalyzed hydrolysis of (þ)-cocaine,
for the first time, in comparison with CocE-catalyzed hydrolysis
of (�)-cocaine.

The determined common rate-determining reaction step and
detailed mechanistic differences in the acylation between CocE-
catalyzed hydrolyses of (þ)- and (�)-cocaine provide a valuable
mechanistic base for future rational design of CocE mutants with
an improved catalytic activity against cocaine. In particular, the
common rate-determining reaction step indicates that rational
design of a high-activity mutant of CocE should be focused on
stabilization of the transition-state structure (TS3) for the first
reaction step of the deacylation. The mutation-caused stabiliza-
tion of the transition state for the rate-determining reaction step
could lead to a decrease in the overall energy barrier and, thus, an
increase in the catalytic rate constant.
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