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Abstract

Combined targeted molecular dynamics (TMD) and potential of mean force (PMF) simulations
have been carried out to uncover the detailed pathway and determine the corresponding free
energy profile for the structural transformation from the nonprereactive butyrylcholinesterase
(BChE)-(—)-cocaine binding to the prereactive BChE-(—)-cocaine binding associated with the (—)-
cocaine rotation in the binding pocket of BChE. It has been shown that the structural
transformation involves two transition states (TS1;o; and TS2,q). TS1,o; is mainly associated with
the deformation of the nonprereactive complex, whereas TS2,; is mainly associated with the
formation of the prereactive complex. It has also been demonstrated that the A328W/Y 332G
mutation significantly reduces the steric hindrance for (—)-cocaine rotation in the binding pocket
of BChE and, thus, decreases the free energy barrier for the structural transformation from the
nonprereactive binding to the prereactive binding. The calculated relative free energy barriers are
all consistent with available experimental kinetic data. The new mechanistic insights obtained and
the novel computational protocol tested in this study should be valuable for future computational
design of high-activity mutants of BChE. The general computational strategy and approach based
on the combined TMD and PMF simulations may be also valuable in computational studies of
detailed pathways and free energy profiles for other similar mechanistic problems involving ligand
rotation or another type of structural transformation in the binding pocket of a protein.

Introduction

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.>6 It has been found

that the rewarding and reinforcing effects of cocaine are predominantly mediated by its
inhibition of dopamine transporter (DAT), i.e. blocking the reuptake of neurotransmitter

dopamine in the central nervous system (CNS).”:8:9 Traditional pharmacodynamic approach
has failed to yield a therapeutically useful antagonist of DAT due to the difficulties inherent

in blocking a blocker.2:3:4:6 An alternative to receptor-based approaches is to interfere with
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the delivery of cocaine to its receptors or accelerate its clearance from the peripheral
circulation,10:11,12,13,14,15,16, 17 Ay jdeal molecule for this purpose should be a potent
enzyme catalyzing the hydrolysis of cocaine into biologically inactive metabolites. The
dominant pathway for cocaine metabolism in primates is butyrylcholinesterase (BChE)-
catalyzed hydrolysis at the benzoyl ester group (Chart 1) and the metabolites for this
pathway are all biologically inactive.18:19:20 Clearly, BChE-catalyzed hydrolysis of cocaine
at the benzoy!| ester is the metabolic pathway most suitable for amplification. However,
wild-type BChE has a low catalytic efficiency against naturally occurring (—)-cocaine; only
(—)-cocaine is biologically active.2? Thus, (—)-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.).19 The plasma half-life of (-)-
cocaine is expected to be dependent on the dose of (—)-cocaine after the enzyme is saturated.
It is highly desirable to develop a mutant of human BChE with a significantly improved
catalytic activity against (—)-cocaine.

Generally speaking, rational design of a high-activity enzyme mutant is extremely
challenging, particularly when the enzymatic reaction process consists of multiple steps.
21,22,23 For rational design of a mutant enzyme with an improved catalytic activity for a
given substrate, one needs to design possible amino acid mutations that can accelerate the
rate-determining step of the catalytic reaction process® 24 while the other steps are not
slowed down by the mutations. The general reaction pathway for BChE-catalyzed
hydrolysis of (—)-cocaine was uncovered by extensive MD simulations?1:22:23, 24, 25 gnq
reaction coordinate calculations'923 using quantum mechanics (QM) and hybrid quantum
mechanics/molecular mechanics (QM/MM). These computational studies revealed that the
BChE-(—)-cocaine binding involves two different types of 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, although the detailed pathway for the (—)-cocaine rotation
has not been determined. 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 S198-H438-
E325 of the enzyme. Starting from the prereactive BChE-(—)-cocaine complex, the chemical
reaction process consists of four steps.19:23:24,26

Our recently reported studies?1:22,23,24,25,26, 21, 28 29, 30 haye demonstrated that
computational design of a high-activity mutant of BChE is both promising and challenging.
It is promising because the catalytic activity of BChE against (—)-cocaine can be improved
through structure-and-mechanism-based computational design of site-directed mutagenesis
followed by wet experimental tests. It is very challenging because the rate-determining step
of the enzymatic reaction process could be changed to another step following amino acid
mutations. Particularly, it has been demonstrated!9:23:26,27,29,30 that the structural
transformation from the nonprereactive BChE-(—)-cocaine complex to the prereactive
BChE-(—)-cocaine complex is the rate-determining step of (—)-cocaine hydrolysis catalyzed
by wild-type BChE (K = 4.5 pM, keat = 4.1 min™1, and Keat/Kiy, = 9.1 x 10° M1 min=1).30,
31 However, for (—)-cocaine hydrolysis catalyzed by the A328W/Y332G mutant (K = 17
UM, Kear = 240 min~L, keat/Kiy = 1.4 x 107 M~1 min~1),27 the rate-determining step becomes
the first step of the chemical reaction process. So, for (—)-cocaine hydrolysis catalyzed by
wild-type BChE and its different mutants, the rate-determining step could be completely
different. In order to reliably design a BChE mutant with an improved catalytic activity
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against (—)-cocaine, one needs to determine the transition states and the corresponding free
energy barriers for all steps of the enzymatic reaction, including those in the structural
transformation from the nonprereactive complex to the prereactive complex and the
subsequent four chemical reaction steps.

The background discussed above indicates that the entire catalytic reaction process for
BChE-catalyzed hydrolysis of (—)-cocaine should involve at least five transition states: at
least one for the structural transformation from the nonprereactive complex to the
prereactive complex and four for the subsequent chemical reaction steps. One needs to
determine the free energy barriers for all of these five (or more) reaction steps for
computational design of high-activity mutants of BChE against (—)-cocaine. QM/MM
reaction coordinate calculations have been carried out to uncover the fundamental reaction
pathway and determine the corresponding free energy barriers for the chemical reaction
steps.19:23:26,:29 However, it has been a puzzle how to determine the pathway and free
energy profile for the structural transformation from the nonprereactive complex to the
prereactive complex, as the reaction coordinate during such a structural transformation does
not involve any covalent bond formation or breaking. Thus, the pathway and the free energy
profile for the structural transformation from the nonprereactive complex to the prereactive
complex still remain to be determined.

In the present study, we have tested an efficient computational approach to uncover the
detailed pathway and determine the corresponding free energy profile for the structural
transformation from the nonprereactive complex to the prereactive complex. Our
computational protocol is based on the combined use of targeted molecular dynamics
(TMD) and potential of mean force (PMF) methods; TMD simulation provides more
reasonable initial structures for PMF simulations. This computational protocol has been used
to uncover the fundamental pathway for the structural transformation from the
nonprereactive complex to the prereactive complex and determine the free energy profiles
for (—)-cocaine hydrolysis catalyzed by wild-type BChE and the A328W/Y 332G mutant. To
the best of our knowledge, it is the first time for the combined use TMD and PMF methods
to explore the pathway of substrate rotation in the binding site of an enzyme involving two
different enzyme-substrate binding structures (i.e. nonprereactive and prereactive
complexes). The calculated difference in free energy barrier between wild-type BChE and
the A328W/Y 332G mutant is consistent with the experimentally kinetic data, suggesting
that the computational approach may be valuable in prediction of the relative free energy
barriers for the structural transformation from the nonprereactive complex to the prereactive
complex associated with various mutants of BChE and in future computational design of
high-activity mutants of an enzyme.

Computational Methods

Molecular Dynamics Simulations

The initial structures of both the nonprereactive and prereactive complexes were prepared
based on our previous molecular modeling and molecular docking study9:22:25 on wild-type
BChE and the A328W/Y 332G mutant that were derived from the X-ray crystal structure32
deposited in the Protein Data Bank33 with PDB code 1POP. In order to further relax all of
the constructed binding structures, MD simulations were performed by using the Sander
module of Amber 8 program package3* and ff02 force field with the same procedures as
used in our previous computational studies.19:21:23,24,25,26,27,29,30 |n 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,34
following the electrostatic potential (ESP) calculation at ab initio HF/6-31G* level using
Gaussian 03 program.3® The geometry used in the ESP calculations was obtained from the
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previous ab initio reaction coordinate calculations.1® Each of the complex structures was
solvated in a rectangular box of TIP3P water molecules3® with a minimum solvent-wall
distance of 10 A. The solvated system for each complex structure was gradually heated to
298.15 K by weak-coupling method3” and equilibrated for 100 ps. Throughout the MD
simulations, a 15.0 A 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) method38: 32 was applied to treat long-range
electrostatic interactions. The lengths of covalent bonds involving hydrogen atoms were
fixed with the SHAKE algorithm, %0 enabling the use of a 2-fs time step to numerically
integrate the equations of motion. Finally, the production MD was kept running for 1 ns or
longer 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.
37,41

Targeted MD Simulations

The MD-equilibrat ed structure of the nonprereactive complex of either wild-type BChE or
the A328W/Y 332G mutant was used as the starting structure to perform TMD simulations
by using the Amber 8 program,34 with the MD-simulated structure of the prereactive
complex set as the target structure. An additional energy term

1 ) .
E(1)=ktorce Natom (RMSD(1) — RMSDy)? -

was added in the TMD simulations. In Eq. (1), kforce is the additional force constant, Natom IS
the number of atoms, and RMSD(t) is the mass-weighted root-mean square deviation
(RMSD) of the positions of (—)-cocaine atoms in the simulated structure at time t from the
corresponding positions in the prescribed target structure. During the TMD simulations, the
force constant kgorce Was set as 0.8 kcal/(molA2) and applied on all atoms of (—)cocaine
molecule in order to bias the MD trajectory toward the targeted structure. The RMSDy, i.e.
the target RMSD, was set to zero, and the time step for the integration of equations of
motion was set to 1 fs. The whole TMD simulation was kept running for 630 ps for the
structure of wild-type BChE-(—)-cocaine complex, and 800 ps for the structure of A328W/
Y 332G BChE-(—)-cocaine complex.

Potential of Mean Force (PMF) Calculations

In order to explore the free energy profile for the structural transformation from the
nonprereactive complex to the prereactive complex for wild-type BChE, and to explore the
changes of free energy caused by the A328W/Y 332G mutations, PMF calculations were
carried out by using umbrella-sampling*? MD simulations. The classic PMF definition?3 can
be represented by a function of reaction coordinate as

w(y)=— RTIn (o(x)) — U(x)+F. (2)

In Eq.(2), p(x) is the probability density along the reaction coordinate y, R is the gas
constant, T is the simulation temperature, U(y) 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,
each of which is sampled separately. A biasing (umbrella) potential, i.e. U(y), is applied for
each window in order to obtain nearly uniform sampling of the potential energy surface. In
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the present study, the reaction coordinate was defined as the distance from the mass center
of the benzoy! group of (—)-cocaine to the mass center of the side chain of residue S198 of
the enzyme. The total number of windows was 29, each of which was separated by 0.2 A,
covering the reaction coordinate between 9.6 A ~ 4.0 A. The biasing force constant applied
in different windows of umbrella-sampling ranged from 2.0 to 65.0 kcal/(moleA2). For each
umbrella-sampling window, the initial complex structure was selected from the trajectory of
TMD simulations based on the reaction coordinate to be sampled for the interested window.
The selected structure for each window was first equilibrated for 30 ps and then kept
running for 500 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. As indicated in
our previous study,19:23, 25,26 the binding mode for the cationic head of (—)-cocaine in the
nonprereactive complex was very similar as that in the prereactive complex. For
convenience, the distance between the nitrogen atom of the cationic head of (—)-cocaine and
the aromatic center of the side chain of residue W82 was constrained by a force constant of
20.0 kcal/(molsA?2) throughout all the umbrella-sampling windows, as this distance was not
expected to change during the structural transformation process.

After all the umbrella-sampling MD simulations were finished, 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 structural transformation process with the
weighed histogram analysis method (WHAM)**4° using the code developed by Alan
Grossfield (http://membrane.urmc.rochester.edu/Software/WHAM/WHAM.html).

Most of the MD, TMD, and umbrella-sampling MD simulations were performed on a
supercomputer (e.g. IBM X-series Cluster with 340 nodes or 1,360 processors) at University
of Kentucky Center for Computational Sciences. Some other modeling and computations
were carried out on SGI Fuel workstations and a 34-processor IBM x335 Linux cluster in
our own lab.

Results and Discussion

Nonprereactive Binding Structures

As suggested in our previous studies,19:21:23:25,.26 (—).cocaine can form both the
nonprereactive and prereactive complexes with BChE. Once the initial structures were
constructed, they were subjected to structural relaxation through MD simulations (see
Figures S1 and S2 in Supporting Information). The performed MD simulations were also
served to obtain stable complex structures used as the starting structures in subsequent TMD
simulations (discussed below). The time-evolved curve (Figure S1 in Supporting
Information) of the positional root-mean square deviation (RMSD) for Ca atoms from those
in the starting structure indicates that the nonprereactive complex structures for both wild-
type BChE and the A328W/Y 332G mutant have been well equilibrated and stabilized by the
intermolecular interactions between (—)-cocaine and the enzymes. In the nonprereactive
complex structures of both wild-type BChE and the A328W/Y 332G mutant (Figure 1), the
cationic head of (—)-cocaine was 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-n interaction. Other residues, including Y128, G439,
Y440, and 1442, are also around the bottom of the sub-binding site for the cationic head of
(—)-cocaine. The differences between the nonprereactive complex for wild-type BChE-(-)-
cocaine binding and the nonprereactive complex for A328W/Y 332G BChE-(—)cocaine
binding came from the sub-binding site for the benzoyl ester group and the sub-binding site
for methyl ester group. For the nonprereactive complex of wild-type BChE-(—)-cocaine
binding (Figure 1A), the benzoyl ester group of (—)-cocaine packs tightly with residue Y332
as the distance between the center of benzoyl group and the center of Y332 side chain
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(denoted by Y332-COCbenzoyl distance here for convenience) fluctuates around ~5.0 A
(Figure S1A in Supporting Information) during the MD simulations, and this Y332-
COCbenzoyl distance is ~4.6 A in the final structure (Figure 1A) derived from MD
trajectory. The methyl ester group of (—)-cocaine was situated above residues H438 and
Y440 of BChE, and in close contact with residues A328 and F329 (Figure 1A).

However, in the nonprereactive complex of (—)-cocaine with the A328W/Y 332G mutant
(Figure 1B), both the benzoy! ester group and the methyl ester group of (—)cocaine pack
with residues W328 and F329. The distance between the center of benzoyl group of (-)-
cocaine to the center of W328 side chain (denoted by W328-COChbenzoyl distance here for
convenience) fluctuates around ~6.0 A in the MD simulations (Figure S1B in Supporting
Information), much longer than the Y332-COCbenzoyl distance in the nonprereactive
complex with the wild-type (Figure S1A in Supporting Information). Once residue Y332
was replaced by G in the A328W/Y332G mutant, much more space was left around the
benzoyl group of (—)-cocaine, making the benzoyl group easier to move around or toward
the backbone of G116 and G117. As observed from the MD simulations (Figure S1B in
Supporting Information), the fluctuation was very small for the distance from the carbonyl
oxygen atom at benzoy!| ester group of (—)-cocaine to backbone hydrogen of residue G116.

Prereactive Binding Structures

In the MD-simulated prereactive complex structures (Figure 2, and also Figure S2 in
Supporting Information) of (—)-cocaine binding with both wild-type BChE (Figure 2A) and
the A328W/Y 332G mutant (Figure 2B), the orientation of (—)-cocaine at the catalytic site
was essentially the same, i.e. lying down at the bottom of the substrate-binding gorge of
BChE. The carbonyl oxygen at the benzoy! ester group of (—)-cocaine came very close to
the oxyanion hole consisting of the backbone hydrogen atoms of G116, G117, and A199,
and formed one hydrogen bond with the backbone of G117 (Figure 2). The methyl ester
group of (—)-cocaine rotated down and formed contacts with residues Q223, H438, and
G439 of BChE, while the benzoyl group of (—)-cocaine was located to a new position in
contact with residues W231 and F398. In the prereactive complex of (—)-cocaine with the
A328W/Y332G mutant, residue W328 was also within ~5.0 A around the cationic head of
(—)-cocaine, closely packed with each other. However, residue Y332 in the prereactive
complex (—)-cocaine with wild-type BChE became ~8.0 A away from the cationic head of
(—)-cocaine.

Transformation of Wild-type BChE-(—)-Cocaine Binding Structures

Unlike other studies*6+47 using TMD to simulate major molecular motions related to open-
close processes of channel proteins, we used TMD to simulate the structural transformation
involving (—)-cocaine rotation at the catalytic site of wild-type BChE. Depicted in Figure 3
are the plots for some key distances and the conformational change of (—)-cocaine molecule
itself which were tracked during the TMD simulations. As the TMD was started, the MD-
equilibrated structure of the nonprereactive complex (Figure 1A) was transformed gradually
into the corresponding prereactive complex (Figure 2A). The positional RMSD for (-)-
cocaine molecule between the nonprereactive complex and prereactive complex was ~5.7 A.
This RMSD was gradually reduced (lower panel of Figure 3A) via the application of
additional energy constraint, resulting in conformational changes of (—)-cocaine molecule
itself (Figure 3B). As shown in Figure 3A, the whole transformation process covers two
transition states (TS1,o; and TS2,q;) for the conformational changes. Figure 4 represents the
typical structures for TS1,ot and TS2,q; derived from TMD simulations. The first transition
state TS1,,; appeared between ~170 ps and ~200 ps of TMD simulation (upper panel of
Figure 3A). The TS1,, echoes dramatic enlargement for the Y332G-COCbenzoy! distance
(Figure 3A), and the distance from the center of methyl ester group of (—)-cocaine to the
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center of F329 side chain of BChE (denoted as F329-COCmethyl distance in Figure 3A).
Meanwhile, the carbonyl oxygen at the benzoy! ester group of (—)-cocaine came
significantly closer to the oxyanion hole, especially approaching to the backbone of residue
A199 of BChE (lower panel of Figure 3A). The transition state TS1,,; was also associated
with the conformational change of benzoyl ester group of (—)-cocaine, as the angle (61)
between the Z-axis and the vector point from the center of cationic head to the center of
benzoyl group of (—)-cocaine increased dramatically (Figure 3B). As the simulation went
on, the BChE-(—)-cocaine binding structure came to a time period of plateau with the
structural transformation continued slowly and gradually. The second transition state TS2,q¢
showed up between ~500 ps and ~530 ps, featured with second dramatic changes of the
above described distances (Figure 3A). The benzoyl ester group of (—)-cocaine left far away
from residues F329 and Y332 of BChE, while the carbonyl oxygen at the benzoyl ester
group jumped into the oxyanion hole by hydrogen bonding with the backbone of G117 of
BChE. Echoing to TS24, the angle (62) between the Z-axis and the vector pointing from the
center of cationic head to the center of the methyl ester group of (—)-cocaine increased from
~90° to ~270° (Figure 3B), indicating that the methyl ester group rotated dramatically.

To demonstrate the details of the conformational changes of wild-type BChE during the
structural transformation from the nonprereactive complex to the prereactive complex,
contacts between BChE and (—)-cocaine molecule were calculated using an atomic distance
cutoff of 5 A and collected at the residue level. For calculating the number of contacts
between (—)-cocaine and a residue in a given snapshot, the internuclear distanc es between
all non-hydrogen atoms of (—)-cocaine and all non-hydrogen atoms of the residue were
evaluated. Any of these distances being shorter than 5 A was considered as a contact.
According to this criterion, a non-hydrogen atom of (—)-cocaine could contact with multiple
non-hydrogen atoms of a residue, and a non-hydrogen atom of a residue could also contact
with multiple non-hydrogen atoms of (—)-cocaine. Thus, the total number of contacts
between (—)-cocaine and a residue could be very large. Residues of BChE having contacts
with (—)-cocaine for more than 8% of the TMD trajectory were further analyzed. Based on
the calculations, the residue-level contacts (Figure 5, and Table S1 in Supporting
Information) can be categorized into three types: type | residues experienced significant
increase in the number of contacts with (—)-cocaine during the periods of conformational
transitions (Figure 5A); type Il residues had stable contacts with (—)-cocaine throughout the
TMD trajectory (upper panel of Figure 5B); and type 111 residues experienced significant
decrease in the number of contacts with (—)-cocaine during the conformational transitions
(lower panel of Figure 5B).

As depicted in Figure 5 and listed in Table S1 (see Supporting Information), residues G116,
G117, E197, and H438 in type | group significantly increased their number of contacts with
(—)-cocaine during the time periods associated with transition states TS1q; and TS2qy,
indicating their vital contributions to the deformation of nonprereactive complex and
formation of prereactive complex. Residues G115, S198, A199, S224, V288, W231, and
F398 significantly increased the number of contacts, or just came into contact with (—)-
cocaine at TS24, suggesting these residues only played important role in the formation of
prereactive complex (Figure 5A). However, the dramatic decrease in the humber of contacts
for residues A328, F329, and Y332 (Figure 5B) suggests that their interactions with (-)-
cocaine in the nonprereactive complex must be destroyed in order to form prereactive
complex. Along the TMD simulations, residue W82 also suffered obvious decrease in the
number of contacts with (—)-cocaine at TS1,4; period (lower panel of Figure 5B), but still
retained a large number of contacts when the prereactive complex was formed near the end
of TMD simulations. The change in the contact number indicates that the cationic head of
(—)-cocaine adjusted its orientation at its binding site around residue W82. The curve for the
number of contacts of residue Y440 (upper panel of Figure 5B) is interesting. This residue
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(Y440) first experienced an increase in the number of contacts in TS1,q, then a decrease in
the number of contacts in TS24, and finally retained the number of contacts in the
prereactive complex similar to that in the nonprereactive complex, suggesting that this
residue acted cooperatively for the change of TS1,qt to TS2,;.

Transformation of A328W/Y332G BChE-(—)-Cocaine Binding Structures

Depicted in Figure 6 are some important changes tracked from TMD simulations, which
represents the transformation from the nonprereactive complex to the prereactive complex of
the A328W/Y 332G BChE-(—)-cocaine binding. Figure 7 represents the typical structures
corresponding to the conformational transitions along the transformation pathway. Similar to
that in the transformation process of wild-type BChE-(—)-cocaine binding, the positional
RMSD for (—)-cocaine molecule at the catalytic site of the A328W/Y 332G mutant was
gradually reduced due to the application of the additional force. There was also an obvious
transition state TS24 corresponding to the rotation of the methyl ester group of (—)-cocaine
(Figures 6B and 7B).

However, there were some significant differences in the transformation process between the
A328W/Y332G BChE-(—)-cocaine binding and wild-type BChE-(—)-cocaine binding. As
shown in Figure 6A, the tracked key distances increased or decreased gradually around the
time point of 200 ps during the TMD simulations on A328W/Y 332G BChE-(—)-cocaine
binding structure. As this time period (around 200 ps of the TMD trajectory) did represent
the conformational changes, we still denoted the conformational transition at this time
period as INT1 state, and such state can be represented by a typical structure (Figure 7A)
selected from the TMD trajectory. Another difference was the conformational change for the
benzoyl ester group of (—)-cocaine. As shown in Figure 6B, the 61 angle increased
gradually, indicating that this functional group of (—)-cocaine rotated smoothly. The step-
by-step change of 61 also suggests that the steric hindrance for the rotation of (—)-cocaine
was reduced in the A328W/Y 332G mutant compared to that in wild-type BChE. This
favorable change on the rotation of (—)cocaine is attributed to the A328W/Y 332G
mutations. When comparing the time period before INT1,4; in Figure 7A with the time
period before TS1,q: in Figure 3A, the W328-COCbenzoy! distance for A328W/Y 332G
BChE-(—)-cocaine binding structure was much longer than the Y332-COCbhenzoyl distance
in the wild-type BChE-(—)-cocaine binding structure, and the W328-COCbenzoyl distance
had no dramatic change. The shorter distance in the wild-type BChE-(—)-cocaine suggests
that W328 residue is not an obstacle for the rotation of (—)-cocaine toward catalytic residue
S198 of the enzyme. At the first 200 ps time period of TMD simulations, the F329-
COCmethyl distance (Figure 7A) for the A328W/Y 332G BChE-(—)-cocaine binding
structure was always longer than that in the TMD simulations on the wild-type BChE-(—)-
cocaine binding structure (Figure 3A), suggesting that the steric hindrance from residue
F329 for the rotation of (—)-cocaine was reduced after the A328W/Y 332G mutations. The
residue-based contacts along the TMD trajectory for the A328W/Y 332G mutant were also
analyzed in a similar way as did for wild-type BChE, and the results are shown in Figure 8
and also summarized in Table S2 (see Supporting Information). At this time of TMD
simulations on the A328W/Y 332G BChE-(—)-cocaine binding structure, type I residues with
significantly increased contacts include G115, G116, G117, E197, S198, L286, and H438,
suggesting that these residues are critical for the formation of the prereactive complex.
Residues A199, Y231, V288, and F398 came into contact with (—)-cocaine when TS2,;
showed up, indicating their cooperative role in the formation of prereactive complex for
A328W/Y332G BChE-(—)cocaine binding. Residue Y440 experienced significant decrease
in the number of contacts around TS24, while its number of contacts significantly increased
around INTZ1,4:. The change in the contact number indicates that residue Y440 is helpful for
the structural transformation toward TS2,,: but not important for the formation of the
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prereactive complex. Type Il1 residues with decreasing number of contacts are D70, P285,
S287, and W328, suggesting that these residues may be important only for the existence of
the nonprereactive complex.

In addition, we also analyzed the residue-based contacts of A328W/Y 332G BChE with (-)-
cocaine along the reaction coordinate (i.e. the distance from the mass center of the benzoyl
group of (—)-cocaine to the mass center of the side chain of residue S198 of the enzyme) by
using the MD trajectories from all the windows of umbrella sampling. The pattern of
residue-based contacts tracked along the reaction coordinate (see Figure S3 in Supporting
Information) for each residue is very similar with that from the TMD trajectory (Figure 8),
suggesting the observed transformation pathway for A328W/Y 332G BChE-(—)-cocaine
binding structure is reasonable.

Free Energy Barriers

Based on the data collected from the umbrella-sampling MD simulations, the potential of
mean force (PMF) for the transformation from the nonprereactive complex to the prereactive
complex was determined, and the PMF results for both the wild-type BChE-(—)-cocaine
binding and A328W/Y 332G BChE-(—)-cocaine binding are depicted in Figure 9. The
distance between the mass center of benzoyl group of (—)-cocaine and the mass center of the
side chain of residue S198 was used as the reaction coordinate for the PMF calculations. The
choice of the reaction coordinate was based on the structural features of our modeled BChE-
cocaine binding structures (Figures 1 and 2) and the results of the TMD simulations. We
noted that such a distance as the reaction coordinate could more reasonably represent the
(—)-cocaine rotation compared to other geometrical parameters such as 61 or 62 shown in
Figure 3. Along the chosen reaction coordinate, two transition states were identified from
the free energy profile for the transformation process of wild-type BChE-(—)-cocaine
binding structure (black curve in Figure 9). According to this free energy profile for the
transformation process of wild-type BChE-(—)-cocaine binding structure, the first energy
barrier (TS1,4; in Figure 9) appeared at a position where the value of reaction coordinate was
~8.2 A. A detailed check on the umbrella-sampling MD simulations revealed that this
energy barrier corresponds to the event of unbinding of the benzoyl ester group from its sub-
binding site consisting of residues A328, F329, and Y332 of wild-type BChE. This
unbinding event also represents the deformation of the nonprereactive complex. Such
unbinding event (TS1,q) for benzoyl ester group of (—)-cocaine was also observed at the
first conformational transition (Figures 3, 4A, and 5) during the TMD simulations on the
wild-type BChE-(—)-cocaine binding, e.g. the significant increase of Y332-COCbenzoyl
distance (cyan-colored curve in Figure 3A). The second energy barrier (TS24t in Figure 8)
showed up at a position with a value of ~5.7 A for the reaction coordinate. This energy
barrier occurred when the methyl ester group of (—)-cocaine rotated into its sub-binding site
of wild-type BChE. The existence of transition state TS2,.; in the free energy profile can
also be supported by the observations of structural changes at the second conformational
transition through the TMD simulations (Figures 3, 4B, and 5), e.g. the significant decrease
of G117H-033 distance (red curve in the lower panel of Figure 3A) and the significant
change of 62 angle around TS2,; as described in Figure 3B.

Concerning the transformation process of A328W/Y 332G BChE-(—)-cocaine binding, the
free energy profile is quite different from that of the transformation process of wild-type
BChE-(—)-cocaine binding. As shown in Figure 9, the free energy barriers corresponding to
the deformation of the nonprereactive complex and the formation of the prereactive complex
for A328W/Y 332G BChE-(—)-cocaine binding are all lower than those for wild-type BChE-
(—)-cocaine binding. The lower free energy barriers suggest that the rotation of (—)-cocaine
in the binding pocket of the A328W/Y 332G mutant is much easier than that in the binding
pocket of wild-type BChE. In other words, the prereactive complex formation is easier for
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(—)-cocaine binding with the A328W/Y 332G mutant compared to that for the (—)-cocaine
binding with wild-type BChE. The features of the free energy profile (Figure 9) for the
transformation process of the A328W/Y 332G BChE-(—)-cocaine binding are consistent with
the features of structural changes observed during the TMD simulations on the A328W/

Y 332G BChE-(—)-cocaine binding structure (Figures 6 to 8).

Based on the experimental findings in previous reports,19:21,23,24,25,26 27,28,29,30 the
formation of the prereactive complex is the rate-determining step for (—)-cocaine hydrolysis
catalyzed by wild-type BChE. So, the experimentally determined catalytic rate constant

(kcat) can be used to estimate the free energy barrier ( AGZ) for the structural transformation

from the nonprereactive complex to the prereactive complex. According to classic transition
state theory,*8:4% we have

kear=vexp(—~AGY, /RT) @

where v is the frequency factor and v = kgT/h, ky, is the Boltzmann’s constant, h is the Planck
constant, and T is the temperature. In Eq.(3), AGZ, is the overall free energy barrier for the
enzymatic reaction process. AG%,=AGZ, only when the structural transformation from the

rot

nonprereactive complex to the prereactive complex is the rate-determining step for the
enzymatic reaction process. AG%,<AG?%, when the structural transformation from the

rot

nonprereactive complex to the prereactive complex is not the rate-determining step.
According to Eq. (3), AGZ, can be calculated as

k
#_ _ cat
AGT,= = RTIn(=*). @

Using the experimental key value (4.1 min~1)30:31 for (—)-cocaine hydrolysis catalyzed by
wild-type BChE, we obtained AG%, =AGZ,=19.0 kcal /mol for wild-type BChE. Using the

rot

experimentally determined kg (240 min~1) for (—)-cocaine hydrolysis catalyzed by the
A328W/Y332G mutant,2” we got AGZ,=16.6 keal /mol and AG?, <16.6 kcal /mol for the

rot
A328W/Y332G mutant as the rate-determining step for the A328W/Y 332G mutant is not
the structural transformation from the nonprereactive complex to the prereactive complex.

19,25,26,27,29,30 These experimentally-derived free energy barriers indicate that the
difference ( AAGZ,) in the free energy barrier for the structural transformation between wild-

rot

type BChE and the A328W/Y 332G mutant should be larger than 19.0 — 16.6 = 2.4 kcal/mol,
i.e. AAGZ >2.4 kcal/mol.

rot
As shown in Figure 9, the free energy barrier ( AGZ,) obtained from the PMF calculations is
11.2 kcal/mol for the wild-type BChE-(—)-cocaine binding, and 8.7 kcal/mol for the

A328W/Y 332G BChE-(—)-cocaine binding, giving a AAGZ, value of 2.5 kcal/mol. The

rot
directly calculated AAGZ, value of 2.5 kcal/mol is consistent with the experimental kinetic
data showing AAGZ >2.4 kcal /mol. Further, in comparison with the experimental AGZ,

values, the PMF calculations based on the classical MD simulations systematically
underestimated the free energy barriers for the structural transformation from the

nonprereactive complex to the prereactive complex, although the calculated relative AG?,
values are qualitatively reasonable. For wild-type BChE, the experimental AG*, value of

Tot
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19.0 kcal/mol is 1.69 times the calculated AG%, value of 11.2 kcal/mol. If we can employ the

same scaling factor of 1.69 to correct the calculated AGZ, values for both wild-type BChE

Tot
and the mutants, the corrected theoretical AG7, values should be 19.0 and 14.7 kcal/mol for

Tot

wild-type BChE and the A328W/Y 332G mutant, respectively. Thus, it might be more
reasonable to predict that the free energy barrier ( AG7 ) for the structural transformation

Tot:

from the nonprereactive complex to the prereactive complex should be ~14.7 kcal/mol for
the A328W/Y 332G mutant. Based on this prediction, we have

AAGE, = AGZ, (wild - type) — AGZ, (A328W/Y332G)=4.3 kcal /mol, which is also

ot — rot

consistent with available experimental kinetic data showing AAGZ, >2.4 kcal/mol.

rot

The consistency between the predicted free energy barriers and available experimental
kinetc data suggests that the computational protocol is feasible and may be valuable for
future computational design of high-activity mutants of BChE. Further, the general
computational strategy and approach based on the combined use of TMD and PMF
simulations may also be used to study the detailed pathway and free energy profile for other
similar mechanistic problems involving ligand rotation or any other type of structural
transformation in the binding pocket of a protein.

Conclusion

The combined targeted molecular dynamics (TMD) and potential of mean force (PMF)
simulations have allowed us, for the first time, to uncover the detailed pathway and
determine the corresponding free energy profile for a structural transformation associated
with the substrate rotation in the binding pocket of a protein. The combined use of TMD and
PMF simulations reveal that the structural transformation from the nonprereactive BChE-
(—)-cocaine binding to the prereactive BChE-(—)-cocaine binding associated with the (-)-
cocaine rotation in the binding pocket involves two transition states (TS1,ot and TS2q1). The
transition state TS1,,; is mainly associated with the deformation of the nonprereactive
complex in which the benzoyl ester group of (—)-cocaine moves toward the catalytic residue
S198 of BChE. The transition state TS2,q; is mainly associated with the formation of the
prereactive complex in which the methyl ester group of (—)-cocaine rotates and the carbonyl
oxygen at the benzoyl ester group of (—)-cocaine moves into the oxyanion hole of BChE.

The combined TMD and PMF simulations also demonstrate that the A328W/Y 332G
mutation do not change the fundamental pathway for the structural transformation from the
nonprereactive binding to the prereactive binding. However, the A328W/Y 332G mutation
significantly reduces the steric hindrance for (—)-cocaine rotation in the binding pocket of
BChE and, thus, decreases the free energy barrier for the structural transformation from the
nonprereactive binding to the prereactive binding. The calculated relative free energy
barriers are all consistent with available experimental kinetic data, suggesting that the
computational protocol is reliable for prediction of the relative free energy barriers for wild-
type enzyme and the mutants. The new mechanistic insights obtained and the novel
computational protocol tested in this study should be valuable for future computational
design of high-activity mutants of BChE.

Finally, the general computational strategy and approach based on the combined TMD and
PMF simulations may be also valuable in computational studies of detailed pathways and
free energy profiles for other similar mechanistic problems involving ligand rotation or
another type of structural transformation in the binding pocket of a protein.
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Figure 1.

MD-simulated nonprereactive complex structures for (—)-cocaine binding with both wild-
type BChE (A) and A328W/Y332A mutant (B). BChE is shown as gold ribbon. Key
residues of BChE and (—)-cocaine molecule are shown in stick style and colored by atom
type. Dashed lines represent importance distances between different residues of BChE and
different groups of (—)-cocaine, including the distance from the center (green ball) of
benzoyl group of (—)-cocaine to the center (green ball) of the aromatic side chain of Y332 in
wild-type BChE (A) or W328 in the mutant (B); the distance from the center (green ball) of
methyl ester group of (—)-cocaine to the center (green ball) of the aromatic side chain of
F329; and the distances from the carbonyl oxygen at the benzoyl ester group of (—)-cocaine
to the backbone hydrogen atoms of residues G116 and G117, respectively.
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Figure 2.

MD-simulated prereactive complex structures for (—)-cocaine binding with both wild-type
BChE (A) and the A328W/Y332A mutant (B). BChE is shown as gold ribbon. Key residues
of BChE and (—)-cocaine molecule are shown in stick style and colored by atom type.
Dashed lines represent the hydrogen bond between the carbonyl oxygen at benzoy! ester
group of (—)-cocaine and the backbone of residue G117, and hydrogen bonds within the
catalytic triad residues S198-H438-E325.
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Figure 3.

(A) Tracked key distances and RMSD for (—)-cocaine molecule of wild-type BChE-(—)-
cocaine hinding structure along the TMD trajectory. W82-N20 represents the distance from
the center of aromatic side chain of W82 to the nitrogen atom at the cationic head 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; Y332-COChbenzoyl means the
distance from the center of aromatic side chain of Y332 to the center of benzoyl group of
(—)-cocaine; G116H-033 represents the distance between the backbone hydrogen of residue
G116 to the carbonyl oxygen at the benzoyl ester of (—)cocaine, and similar meaning for
distances as G117H-033 and A199H-033, respectively; S198HG-H438NE and H438HD-
E3250E represent the distances of hydrogen bonding interactions within the catalytic triad
residues S198-H438-E325 of the enzyme. TS1,4; and TS2,; represent the transition states
(shaded regions) for the transformation process. (B) Conformational change for (—)-cocaine
molecule along the TMD trajectory. This is represented by the changes of the two angles
(61, 62). 61 is the angle between the Z-axis and the vector pointing from the center of the
cationic head to the center of benzoyl group of (—)-cocaine, and 62 is the angle between the
Z-axis and the vector starting from the cationic head to the center of methyl ester group of
(—)-cocaine.
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Figure 4.

Typical structures of the transition states derived from TMD simulations. (A) TS1qt
complex structure. It was derived from the snapshot at 190 ps of TMD trajectory. (B) TS2ot
complex structure. It was derived from the snapshot at 520 ps of the TMD trajectory. BChE
is shown as gold ribbon. Key residues of wild-type BChE and (—)cocaine molecule are
shown in stick style and colored by atom type. Dashed lines represent importance distances
between different residues of BChE and different groups of (—)-cocaine. Those include the
distance from the center (green ball) of benzoyl group of (—)-cocaine to the aromatic center
(green ball) of the side chain of Y332; the distance from the center (green ball) of methyl
ester group of (—)-cocaine to the aromatic center (green ball) of the side chain of F329; and
the distance from the carbonyl oxygen at the benzoyl ester group of (—)-cocaine to the
backbone hydrogen of G117 (A), and both G116 and G117 (B). Hydrogen bonding within
the catalytic triad residues (S198-H328-E325) of BChE is also shown as dashed lines with
labeled distances for the TS24 complex structure in (B).

J Phys Chem B. Author manuscript; available in PMC 2011 October 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Huang et al.

(A) TS1,,, TS2

rot
60— A199 ~—L286 — H438 ’
W231 — f \ V288 }1“ W Wﬂw’mw
407 M\N ”U %{' M WWM J"M H‘ W ” W’v‘
2 20y h M Wy e
& LSy Nu At T S Mg i s ‘b o V;Z i ”JRLWQMMM i"v»\" !
2] 0- B o e b h Mﬁm N i s O Ll
- i | T r
g 0 100 200 300 400 500 600
O 40{—— G115 G117 198
——— G116 ™ W ) ?ﬂ ™ sS4
20- i u\ﬂ l N 4\' “‘ | il “ ' “|1 ) I il “" M,“n “‘ﬂr\""“l@ il
0 '“’\L Mﬁ "M ’“"'W s WMMW mJ"AWN“WJA“‘J WWWWWWM

0 100 200 300 400 500 600

Time (ps)
(B)
E 0 100 200 300 400 500 600
g MV — D70 P285 A328
Q40 Al w82 8287
Uy WW Yo w. W T
20 i !W il V“ ,,
0 Mmt 1 'v'”’" i TR 1D AL PP ) bk b A LR M\,iYssz
0 100 200 300 400 500 600
Time (ps)
Figure 5.

Page 19

Residue-based contacts for wild-type BChE in contacting with (—)-cocaine tracked along the
TMD trajectory. (A) Type | residues with significant increase in the number of contacts
during the transformation process. (B) Type Il and Type 111 residues. These residues have
either continuous contacts (upper panel) or decreased number of contacts (lower panel).

J Phys Chem B. Author manuscript; available in PMC 2011 October 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Huang et al.

Page 20

A - W82-N20  swsHGH4sNE 1O Zrol
o {—— W328-COCbenzoyl __ y1438D-E325 A
-~ 8 F329- COCmet yl WWMMW MWW NﬁL

8 6yt i
= 4
]
: 2’*"’“““‘* 4 e -,
80 100 200 300 400 500 600 700 800
=9 INT, :
3 1 G116H-033 A199H-033
6 ———G117H-033 —— COC RMSD
(I) W f\’v
2 3 ‘J«u‘\.\;\"‘,‘“’m
2o ~ : : : : R
0 100 200 300 400 500 600 700 800
Time (ps)

(B) A328W/Y332G

0 200 400 600 800

Figure 6.

(A) Tracked key distances and RMSD for (—)-cocaine molecule in the A328W/Y 332G
BChE-(—)-cocaine binding structure along the TMD trajectory. The definitions for tracked
distances (W82-N20, F329-COCmethyl, G116H-033, G117H-033, A199H-033, S198HG-
H438NE and H438HD-E3250E) are the same as that in Figure 3A, except that W328-
COChbenzoyl represents the distance from the center of aromatic side chain of W328 to the
center of benzoyl group of (—)-cocaine. TS24 represents the transition state (shaded region)
for the transformation process. (B) Conformational change for (—)-cocaine molecule along
the TMD trajectory. The definitions of 61 and 62 are the same as that in Figure 3B.
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Figure 7.

Typical structures for A328W/Y 332G BChE-(—)-cocaine complex derived from TMD
simulations. (A) INT structure corresponding to the snapshot at 200 ps of TMD trajectory.
(B) TS2q structure from the snapshot at 760 ps of TMD trajectory. BChE is shown as gold
ribbon. Key residues of wild-type BChE and (—)-cocaine molecule are shown in stick style
and colored by atom type. Dashed lines represent importance distances between different
residues of A328W/Y 332G mutant and different groups of (—)-cocaine. Those include the
distance from the center (green ball) of benzoyl group of (—)cocaine to the aromatic center
(green ball) of the side chain of W328; the distance from the center (green ball) of methyl
ester group of (—)-cocaine to the aromatic center (green ball) of the side chain of F329; and
the distance from the carbonyl oxygen at the benzoyl ester group of (—)-cocaine to the
backbone hydrogen of either G116 or G117, or both. Hydrogen bonding interactions within
the catalytic triad residues (S198-H328-E325) of A328W/Y 332G mutant are also
represented as dashed lines with labeled distances for the TS2,; structure.
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Plots for residue-based contacts of A328W/Y 332G mutant interacting with (—)cocaine along

the TMD trajectory. (A) Type I residues showing significant increase in the number of

contacts. (B) Residues with either continuous contacts (upper panel, type I1) or decreased
number of contacts (lower panel, type I11).
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Free energy profiles determined for the structural transformation of binding structures of
(—)-cocaine with wild-type BChE (black line) and the A328W/Y 332G mutant (red line). The
reaction coordinate was defined as the distance from the mass center of benzoyl group of
(—)-cocaine to the mass center of the side chain of S198 of wild-type BChE or the A328W/

Y332G mutant. The free energy barriers corresponding to TS1,,: and TS2,; of the

transformation process are also labeled (unit in kcal/mol).
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Chart 1.

BChE-catalyzed Hydrolysis of (—)-cocaine
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