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Abstract
In the present study, we have performed combined molecular dynamics (MD) and potential of
mean force (PMF) simulations to determine the enzyme-substrate (ES) binding pathway and the
corresponding free energy profiles for wild-type butyrylcholinesterase (BChE) binding with (−)/
(+)-cocaine and for the A328W/Y332G mutant binding with (−)-cocaine. According to the PMF
simulations, for each ES binding system, the substrate first binds with the enzyme at a peripheral
anionic site around the entrance of the active site gorge to form the first ES complex (ES1-like)
during the binding process. Further evolution from the ES1-like complex to the nonprereactive ES
complex is nearly barrierless, with a free energy barrier being lower than 1.0 kcal/mol. So, the
nonprereactive ES binding process should be very fast. The rate-determining step of the entire ES
binding process is the subsequent evolution from the nonprereactive ES complex to the prereactive
ES complex. Further accounting for the entire ES binding process, the PMF-based simulations
qualitatively reproduced the relative order of the experimentally-derived binding free energies
(ΔGbind), although the simulations systematically overestimated the magnitude of the binding
affinity and systematically underestimated the differences between the ΔGbind values. The
obtained structural and energetic insights into the entire ES binding process provide a valuable
base for future rational design of high-activity mutants of BChE as candidates of an enzyme
therapy for cocaine overdose and abuse.

Introduction
The naturally occurring and biologically active (−)-cocaine is well-known as the most-
psychostimulant drug abused by millions of people worldwide.1,2,3,4 The disastrous medical
and social consequences of cocaine addiction, such as increasing crimes, medical expense,
and loss of lives, have made the development of an effective pharmacological treatment of
cocaine abuse a high priority. 5 , 6 However, traditional pharmacodynamic approach has
failed to yield a therapeutically useful small-molecule drug due to the difficulties inherent in
blocking a blocker.2,3,4,6 Human butyrylcholinesterase (BChE) is the principal plasma
enzyme that catalyzes the hydrolysis of cocaine into biologically inactive metabolites; thus,
the BChE-catalyzed hydrolysis of (−)-cocaine is the most suitable metabolic pathway for
amplification in development of a therapeutic enzyme as an anti-cocaine medication.7,8,9

*Corresponding author. Correspondence: Chang-Guo Zhan, Ph.D., Professor, Department of Pharmaceutical Sciences, College of
Pharmacy, University of Kentucky, 789 South Limestone Street, Lexington, KY 40536, TEL: 859-323-3943, FAX: 859-323-3575,
zhan@uky.edu.
Supporting Information Available. Additional three figures (Figures S1 to S3) for the ES1-like binding structures and the free energy
profiles of the ES binding processes and five tables (Tables S1 to S5) for the structural changes during the ES binding process. This
material is available free of charge via the Internet http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Phys Chem B. Author manuscript; available in PMC 2012 September 29.

Published in final edited form as:
J Phys Chem B. 2011 September 29; 115(38): 11254–11260. doi:10.1021/jp2047807.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


However, wild-type BChE has a low catalytic efficiency against (−)-cocaine. The catalytic
efficiency of wild-type BChE against (−)-cocaine is three-orders-of-magnitude lower than
that against the biologically inactive (+)-cocaine.8,10 (+)-Cocaine (Scheme 1) can be cleared
from plasma in seconds and prior to penetrating into the central nervous system, whereas
(−)-cocaine has a plasma half-life of ~47 min or longer even for a (−)-cocaine dose as low
as 0.2 mg/kg (i.v.). 11 Based on these experimental observations, it is important to
understand structurally and energetically how BChE binds with cocaine enantiomers.

There are two forms of cholinesterase that coexist ubiquitously throughout our human body,
one is BChE and another is acetylcholinesterase (AChE). The two enzymes share a 65%
homology.12,13 AChE is responsible for the hydrolysis of neurotransmitter acetylcholine,
which is released in the synaptic cleft and the neuromuscular junction.14 The catalytic
efficiency of AChE against acetylcholine is close to the known diffusion-controlled rate. 15

The X-ray crystal structure of AChE12 showed that the catalytic site is located at the bottom
of a 20 Å deep gorge lined mostly with aromatic residues. AChE has a peripheral anionic
site (PAS) located near the entrance of the gorge.16 Ligands targeting both the active site
and the PAS, or either of these two sites of AChE have been found to be potential
therapeutics for Alzheimer disease.17,18 Compared with AChE, BChE is relatively abundant
in plasma (~3 mg/L), and is able to hydrolyze a large number of ester-containing compounds
including acetylcholine.19 The main difference between the structures of BChE and AChE
exists in the residues lining the gorge. The gorge of BChE is much wider than that of AChE,
as 6 of 14 aromatic residues lining the gorge of AChE are replaced by less bulky residues in
BChE. Based on the structural similarity between BChE and AChE in the shape and
composition of the gorge, one wants to know whether or not BChE also has a PAS around
residue D70 corresponding to residue D74 at the PAS of AChE. Masson et al.20,21 proposed
that BChE could form three discrete enzyme-substrate (ES) complexes for a substrate. The
first one (ES1) forms when substrate binds with residue D70. The second ES complex, ES2,
forms when the substrate slides down the substrate-binding gorge to bind with residue W82
and stayed vertically in the gorge between D70 and W82. The third ES complex, ES3, forms
when the substrate rotates to a horizontal position at the bottom of the gorge to come within
a favorable distance for nucleophilic attack and hydrolysis by residue S198. The question is
whether the existence of the three discrete enzyme-substrate complexes applies to the
binding pathway for BChE with (−)- and (+)-cocaine.

We performed extensive molecular dynamics (MD) simulations 22 , 23 , 24 , 25 and reaction
coordinate calculations8,24 in order to uncover the fundamental reaction mechanism for
BChE-catalyzed hydrolysis of (−)-cocaine. Our studies revealed that the BChE-(−)-cocaine
binding involves two types of stable complexes, i.e. nonprereactive BChE-(−)-cocaine
complex and prereactive BChE-(−)-cocaine complex. The nonprereactive complex is the
initial enzyme-substrate (ES) binding complex which is not suitable for chemical reaction.
In the nonprereactive complex, (−)-cocaine molecule stays vertically inside the substrate-
binding gorge between residues D70 and W82 of the enzyme, while the cationic head of (−)-
cocaine is close to W82 and other surrounding residues like E197 and Y440. After the
initial, nonprereactive BChE-(−)cocaine binding, (−)-cocaine needs to rotate in the binding
pocket to become the prereactive BChE-(−)-cocaine complex ready for the chemical
reaction. In the prereactive complex, (−)cocaine molecule lies horizontally at the bottom of
the substrate-binding gorge, with the benzoyl ester group of (−)-cocaine favorably located
near the catalytic site consisting of the catalytic triad residues Ser198-His438-Glu325 of the
enzyme. We recently determined the free energy profile for the transformation of the
nonprereactive ES complex to the prereactive ES complex, showing two transition states
during the structural transformation for the wild-type BChE-(−)-cocaine complex, and the
A328W/Y332G mutation helped to reduce the free energy barrier for the rotation of (−)-
cocaine in the active site of BChE.26 However, the previously reported work26 did not study
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the nonprereactive ES binding pathway, i.e. the pathway concerning how the nonprereactive
ES complex is formed. It is necessary to examine the nonprereactive ES binding pathway
and the corresponding free energy profile for understanding the entire ES binding process. It
is also interesting to compare wild-type BChE with the A328W/Y332G mutant in the free
energy profiles of the entire ES binding process for the binding with (−)/(+)-cocaine.

To connect our modeled BChE-cocaine complexes with the general concept of the enzyme-
substrate (ES) complexes proposed by Masson et al.,20,21 our modeled nonprereactive
enzyme-substrate complex may be regarded as an ES2-like complex, whereas our modeled
prereactive enzyme-substrate complex may be considered to be an ES3-like complex.
However, it is unknown whether an ES1-like complex (with the substrate binding at the PAS
of BChE) exists in the BChE binding with (−)- or (+)-cocaine.

In the present study, we have performed MD and potential of mean force (PMF) simulations
to determine the free energy profiles for the formation processes of the nonprereactive
complexes for wild-type BChE binding with (−)- and (+)-cocaine and for the A328W/
Y332G mutant binding with (−)-cocaine. The combined MD and PMF simulations have
revealed that the three simulated nonprereactive complexes are associated with a similar
binding pathway with similar free energy profiles. The relative binding free energies
calculated for the prereactive complexes are qualitatively consistent with available
experimental data. The simulated free energy profiles reveal that the nonprereactive binding
process is nearly barrierless, because the affinity for (−)/(+)-cocaine binding at the assumed
PAS of BChE (wild-type or A328W/Y332G mutant) is too weak to form a stable ES1-like
complex. The novel insights obtained from our MD and PMF simulations help to better
understand the detailed molecular mechanisms of BChE-cocaine binding.

Computational Methods
MD simulation

The initial structure of the nonprereactive complex for wild-type BChE-(+)-cocaine binding
was prepared based on our previous molecular docking and MD simulations studies8,23,26,27

on wild-type BChE and the A328W/Y332G mutant that were derived from the X-ray crystal
structure13 deposited in the Protein Data Bank28 with PDB code 1P0P. In order to further
relax the wild-type BChE-(+)-cocaine structure, MD simulations were performed by using
the Sander module of Amber 8 program package.29 The procedure of MD simulations was
similar to that used in our previous MD simulations on the nonprereactive complexes of
wild-type BChE-(−)-cocaine binding and the A328W/Y332G mutant-(−)-cocaine binding.26

In particular, the partial charges of (+)-cocaine atoms were calculated by using the restrained
electrostatic potential-fitting (RESP) protocol implemented in the Antechamber module of
Amber 8 program,29 following the electrostatic potential (ESP) calculation at ab initio HF/
6-31G* level using Gaussian 03 program.30 The geometry used in the ESP calculations was
obtained from the previous ab initio reaction coordinate calculations.8 The complex
structure was solvated in a rectangular box of TIP3P water molecules31 with a minimum
solvent-wall distance of 10 Å. The solvated system was gradually heated to 298.15 K by
weak-coupling method 32 and equilibrated for 100 ps. During the MD simulations, a 15.0 Å
non-bonded interaction cutoff was used and the non-bonded list was updated every 25 steps.
The motion for the mass center of the system was removed every 1,000 steps. The particle-
mesh Ewald (PME) method33,34 was applied to treat long-range electrostatic interactions.
The lengths of covalent bonds involving hydrogen atoms were fixed with the SHAKE
algorithm,35 enabling the use of a 2-fs time step to numerically integrate the equations of
motion. Finally, the production MD was kept running for 2.0 ns with a periodic boundary
condition in the NTP ensemble at T = 298.15 K with Berendsen temperature coupling, and
at P = 1 atm with isotropic molecule-based scaling.32,36
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Potential of mean force (PMF) simulation
In order to explore the free energy profiles for the processes of (−)-cocaine binding with
both wild-type and the A328W/Y332G mutant, and to explore the free energy profile for the
process of (+)-cocaine binding with wild-type BChE, PMF calculations were carried out by
using umbrella-sampling 37 MD simulations. The starting structures for the nonprereactive
complexes of wild-type BChE-(−)-cocaine binding and the A328W/Y332G mutant-(−)-
cocaine binding were adopted directly from our previous MD simulations.26 The classic
PMF definition 38 can be represented by a function of reaction coordinate as

(1)

In Eq.(1), ρ (χ) is the probability density along the reaction coordinate χ, R is the gas
constant, T is the simulation temperature, U(χ) is the biasing potential applied in the
umbrella-sampling MD simulations, and F is the normalization constant. According to this
approach, the reaction coordinate is usually divided into different regions, i.e. windows, and
each of which is sampled separately. A biasing (umbrella) potential, i.e. U(χ), is applied for
each window in order to obtain nearly uniform sampling of the potential energy surface. In
the present study, the reaction coordinate was defined as the distance from the mass center
of the non-hydrogen atoms of either (−)-cocaine or (+)-cocaine to the mass center of the
non-hydrogen atoms at the side chains of residues E197 and I442 of the enzyme. For each of
the three complex structures, the total number of windows was about 22, depending on the
starting structure of each system. Each window was separated by 0.5 Å, covering the
reaction coordinate from ~9.74 Å to 20.74 Å. The biasing force constant applied in all
windows of umbrella-sampling was 18.0 kcal/(mol•Å2). For each umbrella-sampling
window, the initial complex structure was selected from the last snapshot of the PMF
simulations of the previous window. The selected structure for each window was first
equilibrated for 200 ps and then kept running for 800 ps for production sampling. The
frequency for data collection was set to 1 fs, which was the same as that of the time step of
umbrella-sampling MD.

After all the umbrella-sampling MD simulations were finished for each system, the data
collected from separate simulation windows were combined along the reaction coordinate.
These data were then used to calculate the PMF for the whole binding process with the
weighed histogram analysis method (WHAM) 39 , 40 using the code developed by Alan
Grossfield (http://membrane.urmc.rochester.edu/Software/WHAM/WHAM.html).

Most of the MD and umbrella-sampling MD simulations were performed on an IBM
Supercomputer Cluster with 1,360 processors and on a Dell Supercomputer Cluster with
4,816 processors at University of Kentucky Center for Computational Sciences. Some other
modeling and computations were carried out on SGI Fuel workstations in our own lab.

Results and Discussion
Nonprereactive Structure of wild-type BChE-(+)-cocaine binding

As suggested in our previous studies,8,25,26,27 (+)-cocaine can also form both the
nonprereactive and prereactive complexes with wild-type BChE. Once the initial
nonprereactive structure of wild-type BChE-(+)-cocaine complex was constructed, it was
subjected to structural relaxation through MD simulations (Figure 1). The performed MD
simulations were also served to obtain stable complex structure used as the starting structure
in subsequent PMF simulations (discussed below). The time-evolved curves (Figure 1) of
important distances indicate that the nonprereactive complex structure for wild-type BChE-
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(+)-cocaine binding has been well stabilized by the intermolecular interactions between
wild-type BChE and (+)-cocaine. In the nonprereactive complex (Figure 2), the cationic
head of (+)-cocaine is located at a sub-binding site around residue W82. It interacts with
residue E197 through tight electrostatic attractions; and with aromatic side chain of W82
through a strong cation-π interaction. The cationic head of (+)cocaine is also weakly
hydrogen-bonded with the backbone of residue H438 at an average hydrogen bonding
distance of ~2.6 Å (see the cyan curve in the lower panel of Figure 1 and the structure in
Figure 2). Several other residues, including Y128, Y440, and I442, are also around the
bottom of the sub-binding site for the cationic head of (+)-cocaine. The methyl ester group
of (+)-cocaine stays above residues H438 and Y440 of wild-type BChE, and contacts closely
with residues A328, F329, M437, and Y332 (Figure 2). However, the benzoyl ester group of
(+)cocaine is far away from the side chains of residues F329 and Y332. The distance from
the center of aromatic side chain of Y332 to the center of the benzoyl group of (+)-cocaine
fluctuates around 7.7 Å (red curve in the upper panel of Figure 1), indicating no direct
interactions. The benzoyl group of (+)-cocaine is close to the loop containing residue S287
and the loop containing residues G115 and G116 (Figure 2). The distance from the backbone
hydrogen of G116 to the carbonyl oxygen atom of the benzoyl group of (+)-cocaine is
around 5.3 Å (blue curve at the upper panel of Figure 1). The binding mode of the benzoyl
group of (+)-cocaine in wild-type BChE-(+)-cocaine complex simulated in the present study
is quite different from the binding mode of the benzoyl group of (−)-cocaine in the wild-
type BChE-(−)-cocaine complex simulated in our previous study.26 According to the results
of our previous MD simulations,26 the benzoyl group of (−)-cocaine was found in close
packing with the side chains of residues F329 and Y332 of wild-type BChE, and such
intermolecular interactions contributed to the first free energy barrier associated with the
first rotational transition state (TS1rot) during the structural transformation from the
nonprereactive complex to the prereactive complex of wild-type BChE-(−)-cocaine binding.
The loose packing of the benzoyl group of (+)-cocaine with the surrounding loops in wild-
type BChE-(+)-cocaine complex (Figure 2) makes it much easier for the rotation of (+)-
cocaine in the binding site to form the prereactive complex. It can be expected that the free
energy barrier for the transformation from the nonprereactive complex to the prereactive
complex of wild-type BChE-(+)-cocaine binding should be much lower than that of the
(−)cocaine rotation in the binding site of wild-type BChE. Such BChE-(+)-cocaine binding
mode also indicates that the rate-determining step for the BChE-catalyzed hydrolysis of (+)-
cocaine will not be the (+)-cocaine rotation in the binding site of wild-type BChE from the
nonprereactive complex to the prereactive complex. This is in consistent with the well-
established mechanistic understanding that the rate-determining step for wild-type BChE-
catalyzed hydrolysis of (+)-cocaine is the first step of the chemical reaction.8

Nonprereactive binding pathway and free energy profile
Based on the data collected from the umbrella-sampling MD simulations, we have
determined the PMF for each of the three simulated enzyme-substrate binding complexes,
including the wild-type BChE-(+)-cocaine binding, wild-type BChE-(−)-cocaine binding,
and A328W/Y332G mutant-(−)-cocaine binding. Figure 3 depicts the calculated PMF
results for the formation of these three nonprereactive complexes. The PMF results depicted
in Figure 3 were based on the MD simulations for 1 ns for each window. In order to examine
the convergence of the PMF results, we also performed longer MD simulations on the wild-
type BChE-(+)-cocaine complex in each PMF window. The additional PMF results
(provided as Figure S1 in Supporting Information) revealed that when extending the MD
simulations in each window from the original 1.0 ns to 2.0 ns did not noticeably change the
PMF curve. In fact, the three curves (associated with the MD simulations during 0.2 to 1.0
ns, 0.2 to 1.4 ns, and 0.2 to 2.0 ns) depicted in Figure S1 are indistinguishable or identical,
which suggests 1.0 ns is sufficient for each window of the PMF simulations.

Huang et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2012 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



During the PMF simulations, the distance between the mass center of the non-hydrogen
atoms of cocaine and the mass center of the non-hydrogen atoms at the side chains of
residues E197 and I442 was used as the reaction coordinate for each of the PMF
simulations. Such selection of reaction coordinate was based on the structural features of our
modeled BChE-cocaine binding structures in the present study and those obtained in our
previous study,26 as we found that the direction of reaction coordinate roughly went along
the axis of active site gorge of BChE to reach the entrance of the gorge.

A detailed check on the umbrella-sampling MD simulations on wild-type BChE-(−)-cocaine
binding revealed that the (−)-cocaine molecule stays around the entrance of the gorge of
wild-type BChE and interacts mainly with residues D70 and S287 when the reaction
coordinate has the value of ~17 Å. The (−)-cocaine molecule diffuses into the active-site
gorge of wild-type BChE when the value of the reaction coordinate becomes smaller than 17
Å. After then, the (−)cocaine molecule slides down smoothly along the active-site gorge,
and its cationic head reaches the sub-binding site around residue W82 of BChE in the end of
the binding process. According to our umbrella-sampling MD simulations, the binding
processes for the wild-type BChE-(+)cocaine binding and the A328W/Y332G mutant-(−)-
cocaine binding are all very similar to that of the nonprereactive binding process of wild-
type BChE-(−)-cocaine binding.

According to reported X-ray crystal structure analysis,13 there was no significant difference
between the conformation of the Ω-loop (residue #65 to #92) of BChE and that of AChE
when the X-ray crystal structure of BChE was superimposed with that of AChE. Previous
studies9,21 indicated that residue D70 from the Ω-loop of BChE played an important role in
the process of substrate binding, and that the D70G mutant had a ~10-fold decreased binding
affinity (corresponding to a 10-fold increased KM value) for cocaine or butyrlthiocholine
(BTC). In order to explore the possible conformational change of the Ω-loop of BChE
during the binding process, we tracked the positional root-mean square deviation (RMSD) of
this loop along the reaction coordinate of the PMF simulations using wild-type BChE-(+)-
cocaine complex as an example. Based on the MD trajectories from all the PMF simulation
windows, each snapshot of the MD-simulated structure was superimposed with the X-ray
crystal structure of BChE (PDB entry code 1P0P),13 the positional RMSD for the backbone
atoms of the Ω-loop was calculated for each PMF window. The numerical data are provided
in Supporting Information (as Tables S1 and S2). As listed in Table S1, the RMSD of the Ω-
loop of BChE had the largest value when (+)-cocaine was entering into the active site gorge,
and gradually decreased as (+)-cocaine slid down along the active site gorge. The RMSD of
this Ω-loop was also calculated based on the starting structure, i.e. the nonprereactive ES
structure as shown in Figure 2, and the results are listed in Table S2 (Supporting
Information). The general trend of the change in the RMSD for the Ω-loop of BChE was the
same, no matter whether the RMSD was relative to the X-ray crystal structure or the MD-
simulated nonprereactive ES complex structure (see tables in Supporting Information).
These RMSD data suggest that the Ω-loop of BChE changed from the opening conformation
(before the substrate reached the entrance of the active site gorge) to the closed
conformation after the nonprereactive ES complex was formed. The distance from the
cationic head of (−)/(+)cocaine to the negatively charged atom (OD1 or OD2) of the D70
side chain of BChE was also tracked along the reaction coordinate for each of the three ES
complexes, and the numerical results are provided as Supporting Information (Tables S3 to
S5). For the wild-type BChE-(−)- cocaine binding, the tracked minimum distance (Dmin)
was as short as ~3 Å when (−)-cocaine reached the entrance of the active site gorge,
indicating that (−)-cocaine interacted directly with residue D70 of BChE. Such distance
increased gradually as (−)-cocaine slid down along the active site gorge of BChE.
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Based on the calculated PMF profiles (Figure 3), we identified a local free-energy minimum
(i.e. a local minimum on the free energy surface) at a reaction coordinate value of ~16 to 17
Å for each of the enzyme-substrate binding complex systems. Such a value of the reaction
coordinate corresponds to the local binding event on the entrance of gorge for wild-type
BChE binding with (−)-cocaine and (+)-cocaine and for the A328W/Y332G mutant-(−)-
cocaine binding. The binding structure corresponding to such a local free-energy minimum
may be regarded as the ES1-like complex.20,21 Each of the ES1-like structures was
identified based on the criterion that the distance from the cationic head of (−)/(+)-cocaine
to the negatively charged atom (OD1 or OD2) on the side chain of residue D70 reached the
minimum (average) value while the reaction coordinate is associated with the identified
local free-energy minimum (i.e. in the range of ~16–17 Å). As shown in Figure S2
(Supporting Information) for the ES1-like structure for each of the enzyme-substrate
complexes, (−)/(+)-cocaine is located nearby the entrance of the active site gorge, and
contacts closely with residue D70 from the Ω-loop and/or residue Y332 of BChE. According
to the results of PMF simulations (Figure 3), further binding process starting from this local
minimum is nearly barrierless, with a free energy barrier of < 1.0 kcal/mol: 0.2 kcal/mol for
the ES1-like complex of wild-type BChE-(−)-cocaine binding (black curve in Figure 3); 0.8
kcal/mol for the ES1-like complex of wild-type BChE-(+)-cocaine binding (red curve in
Figure 3); and 0.3 kcal/mol for the ES1-like complex of A328W/Y332G mutant-(−)-cocaine
binding (blue curve in Figure 3).

Figure 3 also suggests that the binding free energies calculated for the three nonprereactive
complexes are close to each other. Based on the results obtained from the PMF simulations,
the binding free energy (ΔGbind) for the nonprereactive complex of wild-type BChE-(−)-
cocaine binding has a value of −8.6 kcal/mol. The calculated binding free energy of the
nonprereactive complex for A328W/Y332G/mutant-(−)-cocaine binding is −8.6 kcal/mol,
and that for wild-type BChE-(+)-cocaine binding is −8.7 kcal/mol. According to our
previous study,26 the free energy difference between the prereactive and nonprereactive
complexes for wild-type BChE-(−)cocaine structure was determined to be −2.6 kcal/mol,
and such difference for the A328W/Y332G mutant-(−)-cocaine structure was −2.4 kcal/mol.
We also simulated the transformation from the nonprereactive complex to the prereactive
complex for wild-type BChE-(+)-cocaine structure (Figure S3 in Supporting Information),
and the calculated free energy difference between the prereactive and nonprereactive
complexes was −2.4 kcal/mol. Combining our previous results26 with the calculated free
energies in the present study (Figure 3), we have obtained the free energy profile (shown in
Figure 4) for the entire binding process from the free enzyme + free substrate to the
prereactive complex. Based on the results depicted in Figure 4, the binding free energy
(ΔGbind) of the prereactive binding complex is predicted to be −11.2 kcal/mol for wild-type
BChE binding with (−)-cocaine, −11.1 kcal/mol for wild-type BChE binding with (+)-
cocaine, and −11.0 kcal/mol for the A328W/Y332G mutant binding with (−)-cocaine.

In order to examine how good the calculated binding free energies are, we also estimated the
corresponding experimental binding free energies from available experimental data (i.e. the
experimental values of Michaelist-Menten constant KM) under the well-known rapid
equilibration assumption, i.e. KM ≈ Kd (dissociation constant). Under the assumption, we
may have

(2)

It has been reported that KM = 4.5 μM for wild-type BChE against (−)-cocaine,6 KM = 17
μM for the A328W/332G mutant against (−)-cocaine,6 and KM = 8.5 μM for wild-type
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BChE against (+)-cocaine.9 Thus, when T = 298.15 K, we may have ΔGbind(expt) ≈ −7.3
kcal/mol for wild-type BChE binding with (−)-cocaine, −6.9 kcal/mol for wild-type BChE
binding with (+)-cocaine, and −6.5 kcal/mol for the A328W/Y332G mutant binding with
(−)-cocaine. Compared to the experimentally-derived binding free energies, the PMF-based
computational simulations systematically overestimated the enzyme-substrate binding
affinity by ~4 kcal/mol. The systematical overestimation is likely due to the inherent limits
of the classical MD simulations based on the empirical force field. Nevertheless, despite of
the overestimation of the binding affinity, the PMF-based simulations qualitatively
reproduced the relative order of the experimental data, i.e. ΔGbind(wild-type BChE-(−)-
cocaine) < ΔGbind(wild-type BChE-(+)-cocaine) < ΔGbind(A328W/Y332G BChE-(−)-
cocaine), although the simulations also systematically underestimated the differences
between the ΔGbind values.

Conclusion
The combined molecular dynamics (MD) and potential of mean force (PMF) simulations
have allowed us to determine the nonprereactive enzyme-substrate (ES) binding pathway
and the corresponding free energy profiles for wild-type BChE binding with (−)/(+)-cocaine
and for the A328W/Y332G mutant binding with (−)-cocaine. It has been shown that the
nonprereactive binding pathway for (+)-cocaine binding with wild-type BChE is similar to
that for (−)-cocaine binding with wild-type BChE and the A328W/Y332G mutant. For each
ES binding system, the simulated PMF free energy profile reveals a local minimum on the
free energy surface corresponding to the formation of ES1-like complex (in which the
substrate binds with the enzyme at the presumed peripheral anionic site around the entrance
of the active site gorge) prior to the formation of the prereactive ES complex during the
enzyme-substrate binding process. However, further evolution from the ES1-like complex to
the nonprereactive ES complex is nearly barrierless, with a free energy barrier being lower
than 1.0 kcal/mol. So, the nonprereactive ES binding process should be very fast. The rate-
determining step of the entire ES binding process is the further evolution from the
nonprereactive ES complex to the prereactive ES complex. The combined MD and PMF
simulations also demonstrate that all of the three simulated nonprereactive complexes have
similar free energy profiles for the binding processes, and the calculated binding free
energies are close to each other. Further accounting for the PMF-simulated free energy
change from the nonprereactive ES complex to the prereactive ES complex have allowed us
to estimate the binding free energy for the entire ES binding process. The PMF simulations
qualitatively reproduced the relative order of the experimentally-derived binding free
energies, i.e. ΔGbind(wild-type BChE-(−)-cocaine) < ΔGbind(wild-type BChE-(+)-cocaine) <
ΔGbind(A328W/Y332G BChE-(−)-cocaine), although the simulations systematically
overestimated the magnitude of the binding affinity and systematically underestimated the
differences between the ΔGbind values. The obtained structural and energetic insights into
the entire ES binding process provide a valuable base for future rational design of high-
activity mutants of BChE as candidates of an enzyme therapy for cocaine overdose and
abuse.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Plots of important distances tracked through MD simulation on the nonprereactive complex
for wild-type BChE-(+)-cocaine binding. W82---N20 represents the distance from the center
of aromatic side chain of W82 to the nitrogen atom at the cationic head of (+)-cocaine;
Y332---COCbenzoyl means the distance from the center of aromatic side chain of Y332 to
the center of benzoyl group of (+)-cocaine; F329---COCmethyl represents the distance from
the center of aromatic side chain of F329 to the center of methyl ester group of (+)-cocaine;
G116H---O33 represents the distance between the backbone hydrogen of residue G116 to
the carbonyl oxygen at the benzoyl ester of (+)-cocaine; S198HG-H438NE and H438HD-
E325OE represent the hydrogen bonding distances within the catalytic triad residues S198-
H438-E325 of the enzyme; S198OG---C32 represents the distance from the OG atom of the
hydroxyl group at the side chain of residue S198 to the carbonyl carbon atom at the benzoyl
ester of (+)-cocaine, and the H438O---NH+ for the distance from the backbone oxygen atom
of H438 to the proton at the cationic head of (+)-cocaine.
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Figure 2.
MD-simulated nonprereactive complex structure for (+)-cocaine binding with wild-type
BChE. BChE is shown as gold ribbon. (+)-cocaine molecule and residues of BChE within 5
Å around (+)-cocaine are shown in the stick style and colored by the atom type. The
distances from the proton at the cationic head of (+)-cocaine to the backbone oxygen atom
of residue H438 and from the carbonyl oxygen at the benzoyl group of (+)-cocaine to the
OG atom at the hydroxyl group of residue S198 are represented as dashed lines and labeled.
Labeled also are the hydrogen bonds formed within the catalytic triad S198-H438-E325 of
BChE.
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Figure 3.
Free energy profiles determined for (−)-cocaine binding with wild-type BChE (black curve)
and the A328W/Y332G mutant (blue curve) and for (+)-cocaine binding with wild-type
BChE (red curve). The reaction coordinate was defined as the distance between the mass
center of all non-hydrogen atoms of either (−)-cocaine or (+)-cocaine and the mass center of
all non-hydrogen atoms belonging to the E197 and I442 side chains of BChE.
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Figure 4.
Free energy profiles for the formation of prereactive complex for wild-type BChE binding
with (−)-cocaine (left), wild-type BChE binding with (+)-cocaine (middle), and the A328W/
Y332G mutant binding with (−)-cocaine (right).
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Scheme 1.
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