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Abstract: The fundamental reaction mechanism of cocaine esterase (CocE)-catalyzed hydrolysis of (—)-
cocaine and the corresponding free energy profile have been studied by performing pseudobond first-
principles quantum mechanical/molecular mechanical free energy (QM/MM-FE) calculations. On the basis
of the QM/MM-FE results, the entire hydrolysis reaction consists of four reaction steps, including the
nucleophilic attack on the carbonyl carbon of (—)-cocaine benzoyl ester by the hydroxyl group of Ser117,
dissociation of (—)-cocaine benzoyl ester, nucleophilic attack on the carbonyl carbon of (—)-cocaine benzoyl
ester by water, and finally dissociation between the (—)-cocaine benzoyl group and Ser117 of CocE. The
third reaction step involving the nucleophilic attack of a water molecule was found to be rate-determining,
which is remarkably different from (—)-cocaine hydrolysis catalyzed by wild-type butyrylcholinesterase (BChE;
where the formation of the prereactive BChE—(—)-cocaine complex is rate-determining) or its mutants
containing Tyr332Gly or Tyr332Ala mutation (where the first chemical reaction step is rate-determining).
Besides, the role of Asp259 in the catalytic triad of CocE does not follow the general concept of the “charge-
relay system” for all serine esterases. The free energy barrier calculated for the rate-determining step of
CocE-catalyzed hydrolysis of (—)-cocaine is 17.9 kcal/mol, which is in good agreement with the
experimentally derived activation free energy of 16.2 kcal/mol. In the present study, where many sodium
ions are present, the effects of counterions are found to be significant in determining the free energy barrier.
The finding of the significant effects of counterions on the free energy barrier may also be valuable in
guiding future mechanistic studies on other charged enzymes.

Introduction

Cocaine is a powerfully addictive stimulant that directly
affects the brain and produces a number of toxic effects at high
dose. Despite intensive efforts toward education, cocaine abuse
continues to be a serious public health problem.' Recent surveys
in the United States show that cocaine was the first on the list
of causes of illicit-drug-related emergency department visits,”
and cocaine-related emergency department visits increased by
212% between 1995 and 2006, rising from 58 to 181 visits per
100 000 people. The primary toxic effects of cocaine abuse
include liver disease, myocardial ischemia, and acute myocardial
infarction.>* The sequelae of cocaine overdose include general-
ized clonic—tonic seizures and status epilepticus capable of
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producing long-term neurological impairment and death.>®
Unfortunately, there is no effective medication for cocaine abuse
and toxicity, and the search for effective and safe treatments
continues.” !

In chemistry, cocaine can have two enantiomers. One is
synthetic and biologically inactive (+)-cocaine, and the other
is toxic and naturally occurring (—)-cocaine. Although the
classic central nervous system receptor-antagonist approach has
failed to yield an anticocaine therapeutic against (—)-cocaine,
we have developed a proof of principle for a peripheral blocker
to accelerate (—)-cocaine metabolism in the circulation,'*'?
producing biologically inactive metabolites via hydrolysis of
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(—)-cocaine benzoyl ester.”'""'*"'® The bacterial cocaine es-
terase (CocE),'” which was originally identified in the bacterium
Rhodococcus sp. strain MB1, is particularly promising. This
enzyme is one of the two known enzymes that have evolved
under direct selection pressure for (—)-cocaine hydrolysis. It
metabolizes (—)-cocaine through hydrolysis of (—)-cocaine
benzoyl ester and is the most efficient native cocaine hydrolase
yet identified.” In rodent models, CocE can both prevent and
reverse extreme cocaine toxicity>'** and even robustly protects
rodents from the lethal effects of cocaine.”’

A more recent mutagenesis study>* shows that although native
CocE is unstable at physiological temperature, a designed CocE
mutant by a novel computational approach aimed at increasing
enzyme thermostability yielded a ~30-fold increase in the
plasma half-life both in vitro and in vivo, increasing the
probability of clinical application of this enzyme for therapeutic
use. The efficiency for CocE as an enzyme therapy for cocaine
abuse may also be improved by rational design of CocE mutants
aiming at accelerating the rate-determining step of the entire
catalytic reaction process while the other steps are not impeded
by the mutation. To achieve this end, one must first understand
the fundamental mechanisms for CocE-catalyzed hydrolysis of
(—)-cocaine. However, the detailed mechanistic issues including
the rate-determining step as well as the nature of the transition
state have not been addressed.

Recently reported X-ray crystallographic?® and mutagenesis®
studies have revealed 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 Tyrl118
and the hydroxyl group of Tyr44. Mutations on residues in the
catalytic triad or oxyanion hole essentially remove catalytic
activity against (—)-cocaine. The structural properties of the
catalytic triad (Ser117, His287, and Asp259) are very similar
to those of the triad in human butyrylcholinesterase (BChE),
which consists of Ser198, His438, and Glu325, although the
oxyanion hole (Tyr44 and Tyr118) is significantly different from
that of BChE, which consists of Gly116, Gly117, and Ala199.
It is reasonable to assume (—)-cocaine hydrolysis in CocE
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undergoes a pathway similar to that in BChE,'” where the (—)-
cocaine hydrolysis consists of two major stages. The first stage
is acylation, leading to covalent bond formation between (—)-
cocaine and the enzyme and the departure of the ecgonine
methyl ester of (—)-cocaine. The second stage is deacylation,
resulting in the dissociation of the (—)-cocaine benzoyl ester
and enzyme in which a water molecule acts as the nucleophile
and the free form of enzyme is restored. On the basis of our
initial computational exploration of a possible CocE-catalyzed
(—)-cocaine hydrolysis reaction pathway, we propose a hypoth-
esis for the detailed reaction mechanism of (—)-cocaine hy-
drolysis by CocE (Scheme 1).

Although it is reasonable to assume that (—)-cocaine hy-
drolysis in CocE undergoes a pathway similar to that in BChE,
the proposed mechanism (Scheme 1) may not necessarily be
the only choice. The role of the catalytic serine (Serl17) of
CocE may not exactly be the same as the role of the catalytic
serine (Ser198) of BChE. Alternatively, the Serl117 may act as
a general base to activate a water molecule, and the activated
water functions as the nucleophile to attack the carbonyl carbon
of (—)-cocaine benzoyl ester. According to this alternative
mechanistic hypothesis, the entire catalytic hydrolysis reaction
consists of only two reaction steps, as depicted in Scheme 2.
During the first reaction step, while the water oxygen gradually
approaches the carbonyl carbon of (—)-cocaine benzoyl ester,
a proton of the water molecule gradually transfers to the
hydroxyl oxygen of the Serl17 side chain and the hydroxyl
proton of the Ser117 side chain gradually transfers to a nitrogen
atom of the His287 side chain. During the second reaction step,
the proton which the nitrogen atom of the His287 side chain
accepted from the Ser117 side chain gradually transfers to the
ester oxygen of the (—)-cocaine benzoyl ester group while the
benzoyl ester bond (C—O) is gradually broken.

In the present study, we have examined the feasibility of the
two mechanistic hypotheses and, for the feasible mechanistic
hypothesis, carried out first-principles quantum mechanical/
molecular mechanical free energy (QM/MM-FE) calculations®® ™%
to uncover the detailed reaction pathway for the CocE-catalyzed
(—)-cocaine hydrolysis reaction. In these QM/MM-FE calcula-
tions, first-principles QM/MM reaction coordinate calculations
were followed by free energy perturbation (FEP) calculations
on the protein environment to account for the dynamic effects
of the protein environment on the free energy barriers for an
enzymatic reaction. Our QM/MM simulations are based on the
pseudobond first-principles QM/MM approach,?®*7*°3% which
has been demonstrated to be a powerful tool in simulating a
variety of enzymes,''***!~*! and some theoretical predictions®-**
were subsequently confirmed by experimental studies.*> **

In our current study, the computational results clearly reveal
the detailed reaction pathway and the corresponding free energy
profile for the CocE-catalyzed (—)-cocaine hydrolysis reaction
process. The rate-determining reaction step is thereby identified,
and the roles of essential residues including the catalytic triad
and oxyanion hole are discussed on the basis of the QM/MM-
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Scheme 1. Proposed Catalytic Mechanism for CocE-Catalyzed Hydrolysis of (—)-Cocaine Where Ser117 Acts as a Nucleophile in the First

Reaction Step
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optimized geometries of key configurations in the hydrolysis
reaction pathway.

Methods

Structure Preparation. The X-ray crystal structure of CocE
(PDB ID 1JU3)?° and the structure of (—)-cocaine were used in
the molecular docking to understand the detailed binding mode of
CocE binding with (—)-cocaine. To dock a (—)-cocaine molecule
into the active site of the CocE protein, we used a rigid docking
method followed by molecular dynamics (MD) simulation. The
molecular geometry of (—)-cocaine was optimized by performing
ab initio quantum mechanical calculations using the Gaussian03
program®® at the HF/6-31G* level. The optimized geometry was
used to calculate the electrostatic potentials on the molecular
surfaces at the same HF/6-31G* level. The calculated electrostatic
potentials were used to determine the partial atomic charges by
using the standard restrained electrostatic potential (RESP) fitting

11966 J. AM. CHEM. SOC. = VOL. 131, NO. 33, 2009

procedure.*®*” The determined RESP charges were used for the
calculation of electrostatic energies in the docking and MD
simulation processes. The missing force field parameters for (—)-
cocaine were taken from the general AMBER force field (GAFF)
implemented in the AMBERS program.*® The molecular docking
for each ligand binding was carried out in the same way as we
recently did for studying other protein—ligand binding systems.**->°
We first generated and energy-minimized various molecular
orientations and conformations of (—)-cocaine by using the
Omega®' (Open Eye Scientific Software) and AMBERS programs.
Omega sampling is capable of selecting a ligand conformation
similar to that of the targeted X-ray crystal structure by using an
appropriate option (the default) including a low-energy cutoff to
discard high-energy conformations and a low rmsd value below
which two conformations are considered to be similar. FRED>
(Open Eye Scientific Software) docking calculations were carried
out using the protein structure with all hydrogen atoms and with
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Scheme 2. Possible Catalytic Mechanism for CocE-Catalyzed Hydrolysis of (—)-Cocaine Where Ser117 Acts as a General Base To Activate
a Water Molecule and the Activated Water Molecule Acts as a Nucleophile in the First Reaction Step
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the binding site definition provided by the FRED Receptor program
(Open Eye Scientific Software). FRED docking roughly consisted
of two steps, i.e., shape fitting and optimization. During the shape
fitting, the ligand was placed into a 0.5 A resolution grid box
encompassing all active-site atoms (including hydrogen atoms)
using a smooth Gaussian potential. A series of two optimization
filters were then processed, consisting of rigid-body optimization
and optimization of the ligand pose in the dihedral angle space. As
found in the X-ray crystal structure®® of CocE, the phenyl group
of the ligand should first fit between the side chains of the Trp166
and Phe261 residues of the binding site. In separate docking runs,
the conformational poses of (—)-cocaine that passed the shape-
fitting, optimization filters and interacted with the Trp166 and
Phe261 residues were submitted to the MD simulation using the
AMBERS program. During the simulation in a vacuum, the
nonbonded cutoff and the dielectric constant were set to group-
based (20 A cutoff distance) and distance- dependent (& = 4r),>3>*
respectively, to mimic the solvent environment.

Finally, the pose with the lowest interaction energy (sum of the
electrostatic and van der Waals interaction energy terms) was
selected as the best binding mode and then refined by conducting
a ~3 ns MD simulation in a fully solvated system. It was solvated
in a rectangular box of TIP3P water molecules,” with a minimum
solute wall distance of 10 A. A total of 33 sodium ions were added
to neutralize the charge. As a detailed analysis of the MD-simulated
CocE—(—)-cocaine (ES) complex demonstrated that Scheme 2 is
not feasible (see below), our QM/MM reaction coordinate calcula-
tions were carried out to examine Scheme 1 only. As seen in
Scheme 1, there are two reaction stages in the overall CocE-
catalyzed hydrolysis of (—)-cocaine. The ecgonine group of (—)-
cocaine leaves the system after acylation, resulting in different

substrates in the acylation and deacylation stages, i.e., a (—)-cocaine
molecule in the acylation stage and a benzoyl group in the
deacylation stage. Consequently, we constructed the structure of
INT2’ by removing the ecgonine group of (—)-cocaine out of the
QM/MM-optimized INT2 structure. The constructed INT2” was then
relaxed by performing a ~3 ns MD simulation in which the system
was also solvated in a rectangular box of TIP3P water molecules®”
with a minimum solute wall distance of 10 A and was neutralized
by adding 34 sodium ions.

For both acylation and deacylation stages, the last snapshots of
the MD simulations were used to prepare pseudobond first-
principles QM/MM calculations, as the structures in the last
snapshots were close to the average structures simulated. Since we
are interested in the reaction center, the water molecules beyond
50 A of the carbonyl carbon atom (CF, Figure 1) of the (—)-cocaine
benzoyl and all counterions were removed, leaving the QM/MM
system with 3469 water molecules and a total of 18 967 atoms for
acylation and 3401 water molecules and a total of 18 777 atoms
for deacylation. The QM/MM interface has been described by a
pseudobond approach.?®?”-*® The boundaries of QM/MM systems
for the two stages are defined in Figure 1. Prior to the QM/MM
geometry optimizations, each initial reaction system was energy-
minimized with the MM method by using the revised AMBERS
program,*® where the convergence criterion is a root-mean-square
deviation (rmsd) of the energy gradient of less than 0.1
kcal-mol '+ A~
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Figure 1. Division of the QM/MM systems for simulating the CocE-catalyzed (—)-cocaine hydrolysis. Atoms in blue are treated by the QM method. Three
boundary carbon atoms (C%, colored in red) are treated with the improved pseudobond parameters.?® All other atoms belong to the MM subsystem.

Minimum-Energy Path of the Enzymatic Reaction. With a
reaction coordinate driving method and an iterative energy mini-
mization procedure,?® the enzyme reaction path was determined
by the pseudobond QM/MM calculations at the B3LYP/6-31G*:
AMBER level, in which the QM calculations were performed at
the B3LYP/6-31G* level of theory by using a modified version of
Gaussian03* and the MM calculations were performed by using a
modified version of the AMBER program.*® Normal mode analyses
were performed to characterize the reactant, intermediates, transition
states, and final product. In addition, single-point energy calculations
were carried out at the QM/MM(MP2/6-31+G*:AMBER) level on
the QM/MM-optimized geometries to evaluate the energy barriers.
Throughout the QM/MM calculations, the boundary carbon atoms
were treated with improved pseudobond parameters.”® No cutoff
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for nonbonded interactions was used in the QM/MM calculations.
For the QM subsystem, the convergence criterion for geometry
optimizations follows the original Gaussian03 defaults. For the MM
subsystem, the geometry optimization convergence criterion is when
the rmsd of energy gradient is less than 0.1 kcal*mol ™'+ A", Prior
to QM/MM calculations, the MM subsystem was relaxed by
performing ~500 steps of energy minimization with the AMBERS
program. Then atoms within 20 A of the C® atom of the (—)-cocaine
benzoyl were allowed to move while all the other atoms outside
this range were frozen in all QM/MM calculations, resulting in 2981
movable atoms in QM/MM calculations for acylation and 3089
movable atoms in QM/MM calculations for deacylation.

Free Energy Perturbation. After the minimum-energy path was
determined by the QM/MM calculations, the free energy changes
associated with the QM—MM interactions were determined by using
the FEP method.”® In FEP calculations, sampling of the MM
subsystem was carried out with the QM subsystem frozen at
different states along the reaction path. The point charges on the
frozen QM atoms used in the FEP calculation are those determined
by fitting the electrostatic potential (ESP) in the QM part of the
QM/MM calculation. The total free energy difference between the
transition state and the reactant was obtained from the following
formula:

AF(R—TS) = AF

mm(R—TS) + AE_ (R—TS) +

AFglunctuation(R__TS) ( 1 )

where AFgmmm(R—TS) is the free energy change associated with
the QM—MM interaction, AEq,(R—TS) refers to the QM energy
difference between the two QM subsystems, and AFIutaion R—TS)
is the change in contribution from the QM subsystem fluctuation
to the free energy difference.’® The FEP calculations enabled us
to more reasonably determine relative free energy changes due to
the QM—MM interaction. Technically, the final (relative) free
energy determined by the QM/MM-FE calculations is the QM part
of the QM/MM energy (excluding the Coulumbic interaction energy
between the point charges of the MM atoms and the 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 calcula-
tion consisted of 50 ps of equilibration and 300 ps of sampling.

The MD simulations and QM/MM-FE calculations were per-
formed on a supercomputer (e.g., IBM X-series Cluster with 340
nodes or 1360 processors) at the University of Kentucky Center
for Computational Sciences. The other modeling and computations

(56) Zhang, Y.; Liu, H.; Yang, W. In Methods for Macromolecular
Modeling; Schlick, T., Gan, H. H., Eds.; Springer-Verlag: New York,
2002; pp 332—354.
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were carried out on SGI Fuel workstations and a 34-processor IBM
x335 Linux Cluster in our own laboratory.

Results and Discussion

Mechanistic Insights from MD Simulations. As shown clearly
in Schemes 1 and 2, the key difference between the two
mechanistic hypotheses exists in the nucleophile, i.e., Ser117
or the water molecule activated by Serl117. Therefore, it is
important for examining the feasibility of the two possible
catalytic mechanisms to track the four most crucial internuclear
distances, i.e., D1 to D4 depicted in Figure 2, associated with
the two possible nucleophiles. Trace D1 is the distance between
the carbonyl carbon (C%) of (—)-cocaine benzoyl ester and the
hydroxyl oxygen (O7) of the Ser117 side chain. Trace D2 is
the distance between the C° atom of (—)-cocaine benzoyl ester
and the oxygen of the water molecule closest to the C* atom
for a given snapshot of the MD-simulated structure. We noted
that the water molecule closest to the C¢ atom in one snapshot
was not necessarily the same as that in another snapshot. Trace
D3 in Figure 2 is the distance between the O atom of the Ser117
side chain and the water hydrogen atom closest to the O” atom.
Trace D4 is the distance between the hydroxyl hydrogen (H”)
of the Serl117 side chain and the N® atom of the His287 side
chain.

As seen in Figure 2B, in the MD-simulated most favorable
binding structure of the ES complex, the average value of D2
is ~7.7 +£ 0.7 A, showing that the water molecules are too far
away from the C¢ atom to be the nucleophile. Furthermore, the
average value of D3 is ~5.7 & 0.6 A, demonstrating that the
interaction between the Ser117 hydroxyl group and the best
available water molecule is too weak for Ser117 to activate the
water molecule. On the contrary, trace D1 is more stable than
D2, and the average value of trace D1 is ~3.2 £ 0.2 A,
indicating an appropriate distance for the Serl117 hydroxyl
performing nucleophilic attack on the C¢ atom. Trace D4 is also

more stable than D3, and the average value of D4 is ~2.0 £+
0.2 A, showing a strong hydrogen bond between the Serl17
hydroxyl group and the N° atom of the His287 side chain. The
MD-simulated ES complex revealed the feasibility of His287
being the general base to activate Ser117 in the nucleophilic
attack process. Therefore, it is the hydroxyl group of the Ser117
side chain, rather than a water molecule, that can act as the
nucleophile to initiate the hydrolysis reaction.

We also tried to perform the MD simulations using different,
less favorable initial ES binding structures obtained from
molecular docking. The MD simulations using different initial
ES structures also eventually led to a similar ES structure (with
similar ranges of the D1, D2, D3, and D4 values) suitable for
the mechanism associated with Scheme 1. The MD simulations
suggest that the (—)-cocaine hydrolysis in CocE may proceed
in a reaction pathway (Scheme 1) similar to that in BChE. The
possibility of a reaction pathway associated with Scheme 2 may
be excluded in light of the MD simulations.

Fundamental Reaction Pathway. Molecular docking and MD
simulation (see Figures 2 and 3) led to a dynamically stable ES
complex. Our QM/MM reaction coordinate calculations at the
B3LYP/6-31G*:AMBER level starting from the MD-simulated
ES complex revealed that the CocE-catalyzed (—)-cocaine
hydrolysis reaction consists of four reaction steps. The first
reaction step is the nucleophilic attack on the carbonyl carbon
(C% of (—)-cocaine benzoyl ester by the O atom in Serl17.
The second reaction step is the dissociation between (—)-cocaine
benzoyl ester and (—)-cocaine ecgonine methyl ester. The third
reaction step is the nucleophilic attack on the carbonyl carbon
(C% of (—)-cocaine benzoyl ester by a water molecule. The
fourth reaction step is the dissociation between the (—)-cocaine
benzoyl group and Ser117 of CocE. The optimized geometries
of the reactant, intermediates, transition states, and final product
are shown in Figures 4—7. Below we discuss each of these
reaction steps in detail.
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Step 1: Nucleophilic Attack on the C¢ Atom by the O”
Atom of Ser117. As shown in Figures 2B and 3B, the binding
structure (ES) of the (—)-cocaine molecule in the CocE active
site is quite stable. As discussed above, the stable trace D1
suggests (—)-cocaine is at an appropriate distance for nucleo-
philic attack by Ser117, the nucleophile in the CocE catalytic
triad. The strong hydrogen bond between the hydroxyl hydrogen
(H”) of Ser117 and the N* atom of the His287 side chain
indicated by D4 shows that His287, the general base in the CocE
catalytic triad, has been positioned and is ready for facilitating
the nucleophilic attack process through accepting a proton from
the nucleophile. The (—)-cocaine molecule is also stabilized
by the oxyanion hole consisting of the backbone amide of
Tyr118 and the hydroxyl group of Tyr44. The average values
of D5 and D6 shown in Figure 3B are ~1.9 0.2 and ~2.8 £
04 A, respectively, suggesting that two hydrogen bonds are
formed between the carbonyl oxygen (O”) of (—)-cocaine and
the oxyanion hole. One is a strong hydrogen bond (O—H"++-O")
between the Tyr44 hydroxyl and the O” atom of (—)-cocaine,
and the other is a weak hydrogen bond (N—H"-+-O") between
the Tyrl18 NH group and the O7 atom of (—)-cocaine.
Obviously, Tyr44 plays a more important role in stabilizing the
substrate than Tyr118, the other residue in the oxyanion hole,
by providing stronger hydrogen bonding.

The nucleophilic attack process then proceeds as the serine
hydroxyl oxygen, the O” atom of Ser117, gradually approaches
the C’ atom of the (—)-cocaine molecule. Meanwhile, the serine
hydroxyl hydrogen, the H” atom of Ser117, gradually moves
toward the nitrogen (N°) atom of the His287 side chain. Since
this reaction step involves the breaking of the O”—H” bond and
the formation of both C—0” and N°*—H” bonds as shown in
Scheme 1, the distance between O” and H” (Rgr—p), the distance
between C° and O” (Rct_o»), and the distance between N¢ and
H” (Rne—pr) reflect the nature of chemical reaction step 1.
Therefore, the reaction coordinate for the current reaction step
was set as Ror—gr — Rct—or — Rne—mr. As shown in the QM/
MM-optimized geometries (Figure 4), as the O” atom of Ser117
gradually approaches the C® atom, the geometry of the reactant
(ES) in which the C¢ atom is sp’>-hybridized and is in a planar
geometry with its three attached groups gradually changes into
a tetrahedral geometry centering on the sp>-hybridized C® atom
in an intermediate (INT1) through a transition state (TS1).

Step 2: Dissociation of (—)-Cocaine Benzoyl Ester. In this
reaction step, the ecgonine group of (—)-cocaine gradually
departs from the (—)-cocaine benzoyl ester group in which the
benzoyl ester bond C5—0F¢ is broken. Meanwhile, the proton
(H”) attached to the N* atom of the His287 side chain transfers
to the benzoyl ester oxygen atom (O°) of (—)-cocaine. The
changes of the distances Rci—ot, Roi—pr, and Rye—y» reflect the
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nature of a dissociation process. Thus, the reaction coordinate
for the current reaction step can be expressed as Rei—ot + Rne—pr
— Rot—y.

Contrary to what we proposed in Scheme 1 where only one
transition state is hypothesized for reaction step 2, the potential
energy surface (Figure SF) which is determined by QM/MM
reaction coordinate calculations at the B3LYP/6-31G*: AMBER
level shows clearly two transition states in the current reaction
process. The two transition states are labeled as TS2 and TS2’.
The intermediate between the two transition states is labeled as
INT1’. The intermediates and transition states of chemical
reaction step 2 were verified by full geometry optimizations
followed by harmonic normal mode calculations. The QM/MM-
optimized geometries of the intermediates and transition states
of the current reaction process are given in Figure 5.

In the geometry of INT1 where the serine hydroxyl proton
(H”) has been transferred to the N atom of His287 in reaction
step 1, the distance (Ror—pr) between the O” atom of Ser117
and the H” atom of the His287 side chain is 1.77 A, indicating
a very strong hydrogen bond (N*—H"+++O") between the Ser117
terminal oxygen and the His287 side chain. However, the
distance (Rot—p) between H” and the leaving ester oxygen (O%)
to which H” is about to be transferred is 2.51 A, indicating a
weak hydrogen bond between the H” atom and the O° atom
and an unsuitable condition for proton transfer from the N* atom
of His287 to the leaving ester oxygen (O°) atom. In changing
from INT1 to INT1’, there are two major structural changes.
One is the gradual breaking of the covalent bond C*—0% (R¢t_q¢
is 1.60 A in INT1, 2.04 A in TS2, and 2.53 A in INT1’). Another
is the formation of a hydrogen bond (N*—H”+++0%) indicated
by the shorter and shorter distance Ro¢—p» in going from INT1
to INT1’ (2.51 A in INT1, 1.97 A in TS2, and 1.49 A in INT1").
In the meantime, the hydrogen bond N*—H"---O" formed
between the transferring proton (H”) and the O” atom of Ser117
becomes progressively weaker (Ror_y is 1.77 A in INTI, 1.82
A in TS2, and 2.38 A in INT1’), which is reasonable as the
transferring proton (H”) is about to be transferred to the leaving
ester oxygen (O7) in the current reaction step.

The major difference between INT1” and TS2’ is the position
of the transferring proton (H”) while the distance Rci—o¢ remains
unchanged, indicating that the reaction process associated with
TS2’ is primarily the proton (H”) transfer from the N* atom of
the His287 side chain to the leaving ester oxygen (O%) atom
(Rot_y is 1.49 A in INT1’, 1.30 A in TS2’, and 1.03 A in INT2;
Rye_ris 1.07 A in INT1”, 1.17 A in TS2’, and 1.59 A in INT2).
Normally, the phenyl group of (—)-cocaine benzoyl ester is in
the same plane as the sp>-hybridized carbonyl planar geometry
as there is more overlap between the 7 orbitals, which makes
the system more stable. In the geometry of INT2 where (—)-
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cocaine has been broken down into ecgonine methyl ester and
benzoyl, the benzoyl carbonyl carbon (C%) atom becomes sp-
hybrided again and forms a coplanar shape with the three atoms
attached to it. However, the phenyl group in INT2 does not lie
in the same plane as the sp’-hybridized carbonyl. This is
probably because the hydrophobic pocket where the (—)-cocaine
benzoyl sits is too compact for (—)-cocaine benzoyl to rotate.

According to the two transition states given by the QM/MM
potential energy surface, i.e., TS2 and TS2’, the proton transfer
proceeds not simultaneously with but only after the breaking
of the C—O covalent bond. Technically, there should be one
more reaction step in describing the entire hydrolysis reaction,
namely, five reaction steps instead of four reaction steps
proposed in Scheme 1. However, the calculated energy barrier
at the B3LYP/6-31G*:AMBER level for the reaction process
associated with TS2” is only ~0.1 kcal/mol. Such a small energy
barrier is eliminated after the fluctuation of the MM part is
accounted for (see below). Therefore, in the present study we
still use the notation used in Scheme 1 to describe the hydrolysis
reaction pathway. Reaction step 2 involves both C*—0O¢% bond
breaking and the proton transfer from the N¢ atom to the O*
atom, and reaction step 3 is still the nucleophilic attack on the
C¢ atom by water.

Step 3: Nucleophilic Attack on the C* Atom by a Water
Molecule. The ecgonine methyl ester was removed from the
above-discussed QM/MM-optimized geometry of INT2 to
construct the structure of INT2’, which was then relaxed by

performing MD simulation. A water molecule close to the
carbonyl carbon (C%) atom was selected as the nucleophile and
was treated by the QM method. The QM/MM-optimized
geometry of INT2’ (Figure 6A) at the B3LYP/6-31G*:AMBER
level shows that the phenyl group of (—)-cocaine is not
completely on the same plane as the sp*-hybridized carbonyl.
The dihedral angle between the plane of the phenyl group and
the plane of the sp>hybridized carbonyl is 23°. This is probably
for the same reason as the not-quite-planar shape of the benzoyl
moiety in INT2, which is that the hydrophobic pocket is too
compact for the benzoyl to rotate. Similarly to that in the
acylation stage, the benzoyl group is also stabilized by the
oxyanion hole. As shown in Figure 6A, two strong hydrogen
bonds are formed between the carbonyl oxygen (O”) atom of
(—)-cocaine and the oxyanion hole in INT2".

The current nucleophilic process proceeds similarly to reaction
step 1, which involves the breaking of the O“—H“ bond and
the formation of both C:—0% and N*—H® bonds. Thus, the
distances Rov—pe, Rci—oe, and Rye—ge were chosen to establish
the reaction coordinate as Rov—pye — Rci—ge — Rne—pe for the
current reaction step. In proceeding from INT2” to INT3 through
the transition state TS3 (Figure 6), the coplanar geometry
changes into tetrahedral centering on the sp>-hybridized carbonyl
carbon (C%) atom as the nucleophilic water gradually approaches
the C% atom with a spontaneous proton (H®) transfer from the
O® atom of the nucleophilic water to the N* atom of the His287
side chain. The QM/MM-optimized geometry of INT3 shows
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that the nucleophilic attack process is completed with water
dissociating into hydroxyl attaching to the C¢ atom and a proton
(H®) attaching to the N¢ atom.

Step 4: Dissociation between the (—)-Cocaine Benzoyl
Group and Ser117 of CocE. The proton transfer between the
N¢ atom of the His287 side chain and the O” atom of the Ser117
side chain and the breaking of the covalent bond C*—0O7 are
involved in the dissociation of benzoyl enzyme. The changes
of the distances Rct—o7, Ror—pe, and Rye—ge reflect the nature of
reaction step 4. Thus, the reaction coordinate for the current
reaction step was expressed as Rci—or + Rne—pe — Ror—pe.
Reaction step 4 is similar to reaction step 2, the dissociation of
benzoyl ester. In both reaction steps, one type of C—O covalent
bond is broken and one proton is transferred from the N¢ atom
of His287 to the oxygen atom of the broken C—O covalent bond.
The difference between the two reaction steps is that the proton
transfer in the current reaction step proceeds spontaneously as
the C—O bond is gradually broken while that in reaction step
2 does not proceed spontaneously. As shown in Figure 7, in
the same time of C5—0” covalent bond breaking, the distance
between the O” atom and H” atom becomes closer and closer,
illustrating a spontaneous proton transfer from the N® atom of
the His287 side chain to the O” atom of Serl17.

Energetics. 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-
31+G*:AMBER) level for each geometry along the minimum-
energy path for both the acylation and deacylation stages of
CocE-catalyzed hydrolysis of (—)-cocaine. For each geometry
along the minimum-energy path, the ESP charges determined
in the QM part 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 8 is
the energy profile determined by the QM/MM-FE calculations
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excluding the zero-point and thermal corrections for the QM
subsystem. The values given in parentheses are the correspond-
ing relative free energies with the zero-point and thermal
corrections for the QM subsystem.

1. Rate-Determining Step. As shown in Figure 8, the transi-
tion state TS2" of reaction step 2 is eliminated after the free
energy changes of the MM part along the reaction path have
been applied. The free energy barriers with zero-point and
thermal corrections for the QM subsystem of the four reaction
steps are 3.0, 2.1, 20.9, and 1.9 kcal/mol, respectively. Obvi-
ously, reaction step 3 with a free energy barrier of 20.9 kcal/
mol is the rate-determining step of the entire CocE-catalyzed
hydrolysis of (—)-cocaine.

It is remarkable to note that the rate-determining step for
CocE-catalyzed hydrolysis of (—)-cocaine is different from that
for (—)-cocaine hydrolysis catalyzed by BChE. Wild-type BChE
has a low catalytic efficiency (k. = 4.1 min~! and Ky = 4.5
uM)*7 against (—)-cocaine because residue Tyr332 hinders the
formation of the prereactive BChE—(—)-cocaine complex.’® The
combined computational and experimental data and analysis
revealed that the rate-determining step of (—)-cocaine hydrolysis
catalyzed by BChE mutants containing the Tyr332Gly or
Tyr332Ala mutation is the first step of the chemical reaction
process.” For this reason, the computational design of high-
activity mutants of BChE against (—)-cocaine has focused on
the stabilization of the transition state for the first reaction
step.””'"17-38764 Now that the rate-determining step for CocE-
catalyzed hydrolysis of (—)-cocaine is the third reaction step,
future computational design of high-activity mutants of CocE

(57) Sun, H.; Pang, Y.-P.; Lockridge, O.; Brimijoin, S. Mol. Pharmacol.
2002, 62 (2), 220-224.

(58) Hamza, A.; Cho, H.; Tai, H.-H.; Zhan, C.-G. J. Phys. Chem. B 2005,
109 (10), 4776-4782.
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against (—)-cocaine should focus on the stabilization of the
transition state for the third reaction step.

2. Effects of Counterions. The activation free energy derived
from the experimental rate constant (k. = 7.8 S by using
the conventional transition-state theory (CTST)®*%¢ is 16.2 kcal/
mol. By including zero-point and thermal corrections for the
QM subsystem, the free energy barrier of the rate-determining
step is ~20.9 kcal/mol. There is a ~4.7 kcal/mol difference
between the experimental activation free energy and the
calculated free energy barrier. This is interesting as the free
energy barrier determined by the pesudobond first-principles
QM/MM-FE method is usually very close to the experimentally
derived activation free energy. The large number of counterions
which were not presented in QM/MM calculations draws our
attention. There are 33 sodium ions for the acylation stage and
34 sodium ions for the deacylation stage. This large number of
counterions should have effects on the QM part, especially in
determining energy barriers. A question arises of whether the
effects caused by counterions are significant enough to change
the hydrolysis pathway revealed by the counterion-excluded
QM/MM calculations that is discussed above. To answer this
question, a radial distribution of counterions is defined as
follows:

snapshots _
Niws = N;

i T T T

R(r) = 2

nsnapshots

where r is the radius with coordinates of the C° atom as the
origin, the index i runs over all the snapshots of the equilibrated
MD trajectory, the index j runs from O to an unlimited number
and is increased by a small step size of J, N; is the number of
counterions within 7; (A) of the C¢ atom, and gnapshots 1S the
number of snapshots. The radial distributions of counterions
for both acylation and deacylation stages are depicted in Figure
9. As shown clearly in Figure 9, the counterions are mainly
distributed in the range of ~20 to ~100 A to the C¢ atom that

(59) Gao, D. Q.; Zhan, C.-G. J. Phys. Chem. B 2005, 109 (48), 23070—
23076.

(60) Zhan, C.-G.; Gao, D. Q. Biophys. J. 2005, 89 (6), 3863—3872.

(61) Gao, D. Q.; Zhan, C.-G. Proteins 2006, 62 (1), 99-110.

(62) Zheng, F.; Zhan, C.-G. J. Comput.-Aided Mol. Des. 2008, 22 (9), 661—
671.

(63) Zheng, F.; Zhan, C.-G. Org. Biomol. Chem. 2008, 6 (5), 836-843.

(64) Zhan, C.-G. Expert Rev. Clin. Pharmacol. 2009, 2 (1), 1-4.

(65) Pan, Y. M.; Gao, D. Q.; Zhan, C.-G. J. Am. Chem. Soc. 2008, 130
(15), 5140-5149.

(66) Alvarez-Idaboy, J. R.; Galano, A.; Bravo-Perez, G.; Ruiz, M. E. J. Am.
Chem. Soc. 2001, 123 (34), 8387-8395.

is far from the CocE active site. For both reaction stages,
counterions are not found within ~15 A of the C* atom, and
therefore, we conclude that counterions are not directly involved
in the reaction pathway. Therefore, the hydrolysis mechanism
described by counterion-excluded QM/MM calculations should
not be altered in any way by the effects of counterions.

Since the counterions are so far away from the active site,
the van der Waals contribution to the energy barrier of the
hydrolysis reaction is negligible. Only the electrostatic contribu-
tions from counterions would be important to the energy barrier.
Thus, the electrostatic interactions between counterions and the
QM subsystem for each key configuration were calculated with
the QM method. Such electrostatic interactions of each key
configuration could be considered as the approximated correction
of counterion effects on the relative energies. To also take into
account the fluctuation of counterions, the coordinates of the
counterions were taken out every 10 ps from the MD trajectory
where the initial structures for QM/MM calculations were taken.
A total of 100 snapshots were used for estimating counterion
effects. The estimated shift caused by counterion effects on the
relative energies for each key configuration are —0.7 4+ 0.4,
—0.7 £ 0.6, 0.0 & 0.4, and —0.7 % 0.8 kcal/mol in the acylation
stage from TS1 to INT2, respectively, and —3.0 £ 0.9, —4.0
+ 1.1, =3.2 £ 0.3, and 1.0 & 1.2 kcal/mol for each key
configuration in the deacylation stage from TS3 to PD,
respectively. The free energy profile with electrostatic correc-
tions from counterions is replotted in Figure 10. The rate-
determining step is still reaction step 3. By including the zero-
point and thermal corrections for the QM subsystem, the free
energy barrier of the rate-determining step is 17.9 kcal/mol,
which is in good agreement with the experimentally derived
activation energy of 16.2 kcal/mol.

The effects of counterions could be important in studying
the chemical reaction by the QM/MM method. Although
counterions may not be directly involved in the reaction
mechanism, the interaction between counterions and the QM
part is significant in determining the free energy barrier of the
reaction when many counterions are present in the system.

Role of the Catalytic Triad and Oxyanion Hole. According
to the mechanism described by our pseudobond first-principles
QM/MM-FE calculations, the catalytic triad and oxyanion hole
are the most essential factors in the CocE-catalyzed hydrolysis
of (—)-cocaine. The first residue in the catalytic triad, Ser117,
acts as a nucleophile in reaction step 1 and then forms a covalent
bond with the carbonyl carbon (C%) atom of (—)-cocaine benzoyl
ester until the end of the hydrolysis reaction. The second residue
in the catalytic triad, His287, serves as a general base accepting
the proton from the nucleophile to facilitate the two nucleophilic
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corrections from counterions are in italics, while those with corrections are in bold. The zero-point and thermal corrections for the QM subsystem are

included.

attack processes, i.e., reaction steps 1 and 3. The proton is then
donated to the leaving group by His287 in the two dissociation
processes, i.e., reaction steps 2 and 4. His287 facilitates either
the formation or breaking of the C—O covalent bond in each
reaction step. The observations for the two catalytic residues,
Ser117 and His287, are basically the same as those of the
catalytic triad in other widely studied enzymes. There has been
a general concept regarding the role of the third residue in the
catalytic triad during the hydrolysis reaction, i.e., Asp259 in
CocE. Indeed, the carboxylate of the third residue in the catalytic
triad has been suggested as a so-called “charge-relay system™ 7%
to serve as the general-acid—base catalyst, which is involved
in the proton transfer between the catalytic aspartic/glutamic
acid and the catalytic histidine. It is of particular interest to know
whether Asp259 in CocE is involved in a proton transfer
between the catalytic histidine and aspartic acid during the
CocE-catalyzed hydrolysis of (—)-cocaine concerned in the
present study. The answer to this essential mechanistic question
can be gleaned from examining two crucial internuclear
distances within His287 and Asp259: one (Rno—p?) is the distance
between the N° atom and H°® atom of the His287 side chain,
and the other (Ryp_?) is that between the H? atom of the His287
side chain and the nearby oxygen (O°) of the Asp259 side chain.
As seen in Figures 4—7, Ryo—pe and Ryo—o are no more than
1.12 A and no less than 1.42 A, respectively, among the key
configurations along the reaction path, revealing a strong
hydrogen bond between His287 and Asp259 but not a proton
transfer. As suggested by the relatively shorter distance of the
hydrogen bond N°—H?++-0° between His287 and Asp259 in
the transition states of each reaction step, Asp259 stabilizes the
transition states through increasing the strength of its hydrogen
bond with His287 during the whole hydrolysis reaction. Such
a catalytic role of Asp259 does not follow the general concept
of the charge-relay system, but is similar to that of Glu334 in
acetylcholinesterase-catalyzed hydrolysis of acetylcholine.*
It is also interesting to know the catalytic role of the oxyanion
hole consisting of the backbone amide of Tyrl118 and the
hydroxyl group of Tyr44. On the basis of the QM/MM reaction
coordinate calculations, throughout the hydrolysis reaction
process, the carbonyl oxygen (O") of (—)-cocaine forms two

(67) Blow, D. M.; Birktoft, J. J.; Hartley, B. S. Nature 1969, 221 (5178),
337-40.

(68) Bachovchin, W. W.; Roberts, J. D. J. Am. Chem. Soc. 1978, 100 (26),
8041-8047.
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hydrogen bonds with the oxyanion hole. One is the hydrogen
bond O—H"-++O" with the hydroxyl hydrogen (H”) atom of the
Tyrd4 side chain, and the other is the hydrogeon bond
N—H*+++ 0" with the backbone NH group (H* atom) of Tyr118.
As one can see from Figures 4—7, the hydrogen bond
O—H?"---O" between the O” atom and the Tyr44 hydroxyl is
very strong throughout the hydrolysis reaction with a distance
of ~1.7 A. The other hydrogen bond (N—H*++-O") between
the O7 atom and Tyrl118 backbone NH group is relatively
weaker than the one with the Tyr44 hydroxyl during the
hydrolysis reaction. It is weak in ES with a distance of ~2.5 A
and then becomes strong with a distance of ~2.0 A in the
subsequent states of the hydrolysis reaction. Therefore, both
hydrogen bonds stabilize the negative charge of the carbonyl
oxygen (O”) developing during the hydrolysis reaction, where
the primary contribution to the stabilization comes from Tyr44.
This is also consistent with the mutagenesis study*® where Tyrd4
was mutated to Phe, causing the loss of the hydrogen bond with
the carbonyl oxygen (O”) of (—)-cocaine and resulting in the
complete loss of CocE catalytic activity.

Conclusion

The CocE-catalyzed hydrolysis of (—)-cocaine has been
studied by using the first-principles QM/MM-FE approach. The
detailed reaction pathway has been elucidated. First, a (—)-
cocaine molecule binds in the CocE active site with the benzoyl
group residing in the hydrophobic pocket. A nucleophilic attack
on the carbonyl carbon (C?%) of (—)-cocaine benzoyl ester is then
carried out by the hydroxyl oxygen (O”) of Ser117. This process
is facilitated by His287 through proton (H”) transfer from the
Ser117 hydroxyl to the N¢ atom of the His287 side chain, which
increases the nucleophilicity of the Ser117 hydroxyl. His287 is
in turn stabilized by another hydrogen bond formation to
Asp259. The Ser117 nucleophile attacks the electron-deficient
C¢ atom, forming a tetrahedral intermediate, in which the
carbonyl oxygen (O") of (—)-cocaine with developing negative
charge is stabilized by two tyrosine residues in the oxyanion
hole. Then His287 donates a proton (H”) to the ester oxygen
(0% of the leaving ecgonine group, completing the acylation
stage. Then a water molecule which is activated by His287
initiates the deacylation stage. Reaction processes similar to the
acylation stage are repeated in the deacylation stage, and the
benzoic acid is released, with CocE being restored to its free
form.
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There are four reaction steps in the hydrolysis reaction.
Reaction step 3 where a water molecule attacks the C¢ atom is
found to be the rate-determining. Although we did not include
the effects of counterions in the QM/MM calculations, the
counterions are too far away from the active site and thus do
not affect the reaction mechanism as described by our counte-
rion-excluded QM/MM calculations. The calculated free energy
barrier with both estimated correction of counterion effects and
zero-point and thermal corrections for the QM subsystem is 17.9
kcal/mol, which is in good agreement with the experimentally
derived activation free energy of 16.2 kcal/mol. The effects of
counterions in the present study, where many sodium ions are
present, were found to be significant in determining the free
energy barrier. The significant effects of counterions on the free
energy barrier found in the present study suggest that one should
not ignore the effects of counterions in computational prediction
of energy barriers of an enzymatic reaction associated with a
charged enzyme.

The role of the catalytic triad and oxyanion hole has also
been discussed. The QM/MM-optimized geometries of key
configurations of the hydrolysis reaction clearly show no proton
transfer between His287 and Asp259, which does not follow
the general concept of the charge-relay system. The QM/MM-
optimized geometries indicate that the oxyanion hole stabilizes
the negative charge of the carbonyl oxygen developing during
the hydrolysis reaction by providing two hydrogen bonds from
Tyr44 and Tyr118. The hydrogen bond with Tyr44 is particu-
larly strong and is the primary factor in stabilizing the carbonyl
oxygen (O7) of (—)-cocaine. This is also consistent with the
mutagenesis study where Tyr44 was mutated to Phe, causing
the loss of the hydrogen bond with the carbonyl oxygen (O7)
of (—)-cocaine and resulting in the complete loss of CocE
catalytic activity.

The elucidated reaction mechanism of CocE-catalyzed hy-
drolysis of (—)-cocaine provides details of the chemical reaction,
especially the rate-determining step and the nature of the
transition states. The rate-determining step for CocE-catalyzed
hydrolysis of (—)-cocaine is remarkably different from that for
(—)-cocaine hydrolysis catalyzed by wild-type BChE (where
the formation of the prereactive BChE—(—)-cocaine complex
is rate-determining) or its mutants containing Tyr332Gly or
Tyr332Ala mutation (where the first chemical reaction step is
rate-determining). Thus, unlike the computational design of
high-activity mutants of BChE against (—)-cocaine, efforts
aimed at increasing the catalytic activity of CocE against (—)-
cocaine should focus on reaction step 3 where nucleophilic
attack on the C% atom is carried out by a water molecule.
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