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ABSTRACT: The catalytic mechanism for butyrylcholineserase (BChE)-
catalyzed hydrolysis of acetylthiocholine (ATCh) has been studied by
performing pseudobond first-principles quantum mechanical/molecular
mechanical-free energy (QM/MM-FE) calculations on both acylation and
deacylation of BChE. Additional quantum mechanical (QM) calculations have
been carried out, along with the QM/MM-FE calculations, to understand the
known substrate activation effect on the enzymatic hydrolysis of ATCh. It has
been shown that the acylation of BChE with ATCh consists of two reaction
steps including the nucleophilic attack on the carbonyl carbon of ATCh and
the dissociation of thiocholine ester. The deacylation stage includes
nucleophilic attack of a water molecule on the carboxyl carbon of substrate
and dissociation between the carboxyl carbon of substrate and hydroxyl oxygen
of Ser198 side chain. QM/MM-FE calculation results reveal that the acylation
of BChE is rate-determining. It has also been demonstrated that an additional substrate molecule binding to the peripheral
anionic site (PAS) of BChE is responsible for the substrate activation effect. In the presence of this additional substrate molecule
at PAS, the calculated free energy barrier for the acylation stage (rate-determining step) is decreased by ∼1.7 kcal/mol. All of our
computational predictions are consistent with available experimental kinetic data. The overall free energy barriers calculated for
BChE-catalyzed hydrolysis of ATCh at regular hydrolysis phase and substrate activation phase are ∼13.6 and ∼11.9 kcal/mol,
respectively, which are in reasonable agreement with the corresponding experimentally derived activation free energies of 14.0
kcal/mol (for regular hydrolysis phase) and 13.5 kcal/mol (for substrate activation phase).

Cholinesterases are a family of enzymes that catalyze the
hydrolysis of neurotransmitter acetylcholine (ACh), an

essential reaction necessary to allow a cholinergic neuron to
return to the resting state after impulse transmission. There are
two types of cholinesterases, i.e., acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE), that differ in their
distribution in the body. AChE mainly exists in neuromuscular
junctions and cholinergic synapses and hydrolyzes ACh with
extremely high efficiency.1 BChE is known as plasma
cholinesterase, which is widely distributed in tissues and
plasma. Although the physiological roles of BChE are still not
completely clear, it has been known that BChE can catalyze the
hydrolysis of various acyl cholines, acyl thiocholines,2 cocaine,3

and acetanilides.4 It has been noted that BChE can rapidly
hydrolyze ACh in the nerves and brain,5,6 and thus, BChE can
apparently substitute for AChE in maintaining the structural
and functional integrity of central cholinergic pathway.
In addition, BChE has been proven a therapeutically

important protein. First of all, BChE has been used as a
bioscavenger in clinic for detoxification of organophosphorus
(OP) nerve agents.7,8 Our recently reported studies3,9−22 have
led to discovery of high-activity mutants of BChE with a
considerably improved catalytic efficiency against naturally
occurring, widely abused cocaine. The high-activity mutants of

BChE have been recognized as promising candidates for
therapeutic treatment of cocaine overdose and addiction.23 In
addition, BChE is an important target for cholinergic drugs
(that include reversible inhibitors of BChE and/or AChE) in
treatment of Alzheimer's disease (AD) etc.24

According to X-ray crystal structures of AChE and BChE
reported so far, the overall architecture of BChE is quite similar
to that of AChE.25 The active site of BChE is located at the
bottom of deep “aromatic gorge” lined by side chains of several
aromatic residues. The channel leading from the surface to the
active site is much less confining than that of AChE.26 Hence,
the active site of BChE can accommodate a larger ligand such
as cocaine.10 Similar to AChE, the active site of BChE possesses
a catalytic triad (consisting of Ser198, Glu325, and His438) and
an oxyanion hole (consisting of Gly116, Gly117, and Ala199)
that are essential for the catalytic function. It is commonly
accepted that, when a substrate molecule reaches the active site
of BChE, the hydroxyl group of Ser198 acts as a nucleophile to
attack the carbonyl carbon of the substrate, which initiates the
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acylation of BChE. The acylation gives an acyl enzyme
intermediate. Subsequently, a water molecule initiates the
deacylation to break the ester linkage. Throughout the
hydrolysis process, the Glu325-His438 pair is crucial in
activating the nucleophile and in transferring a proton to the
leaving group and, thus, significantly accelerates the hydrolysis
reaction.
Cholinesterase-catalyzed hydrolysis of ACh or acetylthiocho-

line (ATCh) has been the topic for extensive experimental and
computational studies.1,27−38 The molecular geometry of ATCh
is essentially the same as that of ACh, as the only structural
difference between the two substrates is that the ester oxygen
(O) in ACh is replaced by a sulfur (S) atom in ATCh. ACh and
ATCh were considered to have similar hydrolysis reactions in
AChE and BChE, but the experimental assay for the enzyme
activity against ATCh is more convenient than that against
ACh. Thus, ATCh has widely been used as an “equivalent”
substitute of ACh in experimental studies on the AChE/BChE-
catalyzed hydrolysis of ACh in the absence/presence of an
AChE/BChE inhibitor for mechanistic studies and drug
discovery.2,5,37,39 The kinetic studies have revealed a complex
kinetic behavior of the BChE-catalyzed hydrolysis of
ATCh.2,40−44 At a low ATCh concentration (0−0.3 mM,
regular hydrolysis phase) the kinetic data fit well to the
equation of the standard Michaelis−Menten kinetics, whereas
at a high substrate concentration (over 0.3 mM, substrate
activation phase) there is a ∼3-fold increase in the turnover
number (catalytic rate constant kcat) of the BChE enzyme in the
presence of excess substrate.2 This substrate activation is
generally considered to be a defining property of BChE, in

contrast to AChE which exhibits the substrate inhibition.
Masson et al. have showed that the Asp70, which is located in
the peripheral anionic site of BChE, is essential for the
phenomenon of substrate activation.42 Interestingly, the
corresponding residue in AChE, Asp72, has a role in the
substrate inhibition in AChE as shown by the finding that
Asp72Gly reduced substrate inhibition in AChE.45 Kinetic
study37 revealed that the reaction rate constant for the
deacylation is smaller than that for the acylation, indicating
that the deacylation is rate-determining for AChE-catalyzed
hydrolysis of ACh. Reported QM/MM studies36,38 on AChE-
catalyzed hydrolysis of ACh further suggested that the first
reaction step in deacylation is rate-determining for the catalytic
hydrolysis process. With respect to the BChE-catalyzed
hydrolysis of ACh, early studies suggested that the deacylation
could be rate-determining at this stage.40 However, a series of
recent studies demonstrated that at a low substrate
concentration hydrolysis of ACh is rate-determined by the
acylation reaction,2,41,46 which is consistent with our recently
reported study.47 Despite extensive studies on the catalytic
mechanisms of cholinesterase-catalyzed hydrolysis of ACh/
ATCh,1,2,15,27−30,33,34,36,38,48−50 questions remain for the
mechanism of the substrate activation for BChE-catalyzed
hydrolysis of ACh/ATCh. For example, what is the main factor
leading to the observed substrate activation effect? Does the
substrate activation effect change the reaction pathway or the
rate-determining step of ACh/ATCh hydrolysis by BChE? In
the present study, we have carried out pseudobond first-
principles quantum mechanical/molecular mechanical-free
energy (QM/MM-FE) calculations51−54 to study the detailed

Scheme 1. Proposed Catalytic Mechanism for BChE-Catalyzed Hydrolysis of Acetylthiocholine
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reaction pathway for BChE-catalyzed hydrolysis of ATCh. The
pseudobond first-principles QM/MM-FE approach51,52,54,55

has been demonstrated to be a powerful tool in simulating a
variety of enzymes,12,29,30,53,56,57 and some theoretical pre-
dictions29,30 were subsequently confirmed by experimental
studies.58−60 The computational data clearly reveal the detailed
reaction pathway and the corresponding free energy profiles for
BChE-catalyzed ATCh hydrolysis. The rate-determining steps
are thereby identified, and the roles of essential residues
including the catalytic triad and oxyanion hole are discussed on
the basis of the QM/MM-optimized geometries of the key
states in each catalytic hydrolysis reaction process. Based on the
QM/MM-FE free energy profile determined for BChE-
catalyzed hydrolysis of ATCh, the substrate activation effect
was examined and the key factor leading to this phenomenon
was identified.

■ COMPUTATIONAL AND EXPERIMENTAL
METHODS

Preparation of the Initial Structures. The initial
structures of BChE−ATCh complex (ES) were constructed
from the corresponding BChE−ACh complex structure
determined in our previous study.47 On the basis of the
structural similarity between ACh and ATCh, it was believed
that the binding mode and hydrolysis mechanism of ATCh

should be very similar to those of ACh.37 For this reason, in the
preparation for the calculations on acylation of BChE with
ATCh, the initial structure of the ES was constructed by
replacing the ester oxygen of substrate with a sulfur atom based
on the corresponding QM/MM-optimized ES geometry of
BChE with ACh. At the time when the acylation is finished, the
thiocholine part of ATCh moves away from the binding site,
resulting in the acylated enzyme structure for the ATCh
hydrolysis.

Minimum-Energy Path of the Enzymatic Reaction.
With a reaction coordinate driving method and an iterative
energy minimization procedure,54 the enzyme reaction path
was determined by performing the pseudobond QM/MM
calculations at the B3LYP/6-31+G*:AMBER level, in which the
QM calculations were performed at the B3LYP/6-31+G* level
of theory by using a modified version of Gaussian03 program,61

and the MM calculations were performed by using a modified
version of the AMBER8 program.62 The reaction coordinate
driving method is based on the computational determination of
the energy profile along a possible minimum-energy reaction
path. The determined energy profile will clearly show the
transition state and the corresponding local minimum on the
energy surface along the possible reaction path examined.
Normal mode analyses were performed to characterize the
reactants, intermediates, transition states, and final products. In

Figure 1. Key states for the acylation reaction stage of BChE-catalyzed ATCh hydrolysis. The geometries were optimized at the QM/MM(B3LYP/
6-31+G*:AMBER) level. The key distances in the figure are in angstroms. Carbon, oxygen, nitrogen, sulfur, and hydrogen atoms are colored in
green, red, blue, yellow, and white, respectively. The backbone of the protein is rendered in orange. The QM atoms are represented as balls and
sticks, and the surrounding residues are rendered as sticks or lines. The figures below are represented using the same method.
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addition, single-point energy calculations were carried out at
the QM/MM(MP2/6-31+G*:AMBER) level on the QM/MM-
optimized geometries. Throughout the QM/MM calculations,
the boundary carbon atoms were treated with improved
pseudobond parameters.51 No cutoff for nonbonded inter-
actions was used in the QM/MM calculations. For the QM
subsystem, the convergence criterion for geometry optimiza-
tions follows the original Gaussian03 defaults. For the MM
subsystem, the geometry optimization convergence criterion is
when the root-mean-square deviation (rmsd) of energy
gradient is less than 0.1 kcal mol−1 Å−1. Prior to the QM/
MM calculations, the MM subsystem was relaxed by perform-
ing ∼500 steps of energy minimization with the AMBER8
program. Then atoms within 20 Å of the carbonyl carbon (C1)
of ATCh were allowed to move, while all the other atoms
outside this range were frozen in all QM/MM calculations.
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 free energy perturbation (FEP)
method.54 In the 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 calculations were those
determined by fitting the electrostatic potential (ESP) for the
QM part of the QM/MM single-point calculations. The total
free energy difference between the transition state and the
reactant was calculated with the same procedure used in our
previous work on other reaction systems.56 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 Coulombic 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 the FEP calculations, the time step
used was 2 fs, and bond lengths involving hydrogen atoms were
constrained. In sampling of the MM subsystem by MD
simulations, the temperature was maintained at 298.15 K. Each
FEP calculation consisted of 50 ps of equilibration and 300 ps
of sampling.
The QM/MM-FE calculations were performed on a

supercomputer (e.g., Lipscomb High Performance Computing
cluster with 378 nodes or 4656 processors) at the University of
Kentucky Center for Computational Sciences. The other
modeling and computations were carried out on SGI Fuel
workstations and a 34-processor IBM x335 Linux cluster in our
own laboratory.

■ RESULTS AND DISCUSSION
Reaction Pathway for the Hydrolysis of ATCh

Catalyzed by BChE. The QM/MM-optimized ES structure
for BChE-catalyzed hydrolysis of ATCh is depicted in Figure
1B. In this structure, the internuclear distances between the
carbonyl oxygen of ATCh and the NH groups of Gly116,
Gly117, and Ala199 are 2.11, 1.88, and 2.34 Å, respectively,
showing that the carbonyl oxygen (O1) of ATCh forms
hydrogen bonds with the oxyanion hole formed by the
backbone NH groups of Gly116, Gly117, and Ala199. The
internuclear distance between the carbonyl carbon (C1) of
ATCh and the hydroxyl oxygen (Oγ) of Ser198 side chain is
∼2.7 Å, indicating an appropriate distance for the Ser198

hydroxyl to start nucleophilic attack on the carbonyl carbon C1
of ATCh. The internuclear distance between the hydroxyl
hydrogen (Hγ) of Ser198 and the Hε of His438 is ∼1.7 Å,
suggesting that His438, the general base in the BChE catalytic
triad, has been positioned well and is ready for facilitating the
nucleophilic attack process through accepting a proton from
the nucleophile. These values are similar to the corresponding
distances in the ES structure for BChE-catalyzed hydrolysis of
ACh in our previous study.47 This is not surprising because the
only difference between ACh and ATCh is that the ester
oxygen in ACh is replaced by a sulfur atom in ATCh.

Step 1: Nucleophilic Attack on the Carbonyl Carbon by
Ser 198. Similar to BChE-catalyzed hydrolysis of ACh from our
previous study,47 the acylation stage of BChE-catalyzed
hydrolysis of ATCh is initiated by the nucleophilic attack of
the Oγ atom of Ser198 side chain on the carbonyl carbon of
ATCh. For this reason, the reaction coordinate for the current
reaction step was set as ROγ−Hγ − RC1−Oγ − RNε−Hγ in which
ROγ−Hγ is the distance between the Oγ and Hγ atoms of Ser198
side chain, RC−Oγ is the distance between the C1 (carbonyl
carbon) and Oγ atoms, and RNε−Hγ is the distance between the
Nε (on H438 side chain) and Hγ atoms. As the Oγ atom of
Ser198 gradually approaches the C1 atom, the geometry of the
reactant (ES), in which the C1 atom is sp2-hybridized and is in
a planar geometry with its three attached groups, gradually
changes into a tetrahedral geometry centered at the sp3-
hybridized C1 atom in an intermediate (INT1) through a
transition state (TS1). The geometrical parameters in TS1 are
similar to the ones in the TS1 structure of BChE-catalyzed
hydrolysis of ACh; i.e., the interatomic distances ROγ−Hγ,
RC1−Oγ, and RNε−Hγ in TS1 are 1.90, 1.64, and 1.07 Å,
respectively, close to the corresponding ROγ−Hγ, RC1−Oγ, and
RNε−Hγ values 1.87, 1.56, and 1.10 Å in the TS1 structure of
BChE-catalyzed hydrolysis of ACh.47 In the intermediate
structure of INT1, the optimized internuclear distances
ROγ−Hγ, RC1−Oγ, and RNε−Hγ are 1.88, 1.53, and 1.04 Å,
respectively, indicating that the Ser198 has transferred Hγ to
the Nε atom of His438. Meanwhile, the optimized C1−S
distance between the S atom and the carbonyl carbon is 2.12 Å
(Figure 1D), showing that the C1−S bond has been greatly
weakened during the nucleophilic attack step.

Step 2: Dissociation of the Thiocholine Ester. In this
reaction step, the thiocholine moiety of ATCh gradually
departs from the acetyl group in which the thiocholine thioester
bond C1−S is broken. Meanwhile, the proton (Hγ) attached to
the Nε atom of the His438 side chain transfers to thiocholine
sulfur atom (S) of ATCh. The changes of the distances RC1−S,
RS−Hγ, and RNε−Hγ reflect the nature of the dissociation process.
Thus, the reaction coordinate for the current reaction step was
chosen to be RC1−S + RNε−Hγ − RS−Hγ.
In the geometry of INT1 in which the serine hydroxyl proton

(Hγ) has been transferred to the Nε atom of His438 in reaction
step 1, the optimized distance (ROγ−‑Hγ) is 1.88 Å, suggesting
the interaction between the Ser198 terminal oxygen and the
protonated His438 side chain is quite strong. At the same time,
the distance (RS−Hγ) between Hγ (attached to His438) and the
leaving atom S to which Hγ is about to be transferred is as long
as 3.15 Å, indicating that the Hγ atom is not in the appropriate
place to protonate the leaving S atom of ATCh. The RS−Hγ
value of 3.15 Å in INT1 is larger than the corresponding RO2−Hγ
value of 2.32 Å in the INT1 structure of BChE-catalyzed
hydrolysis of ACh,47 which is partly due to the fact that the
atomic radius of the sulfur atom (0.88 Å) is larger than that of
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the oxygen atom (0.48 Å). Because of the same reason, in the
subsequent step the optimized interatomic distances involving
the sulfur atom will be slightly longer than the corresponding
ones obtained from the study on ACh hydrolysis catalyzed by
BChE.
In changing from INT1 to TS2, there are two major types of

structural changes. One is the gradual breaking of the covalent
bond C1−S (RC1−S is 2.12 Å in INT1 and 2.87 Å in TS2). The
other is the formation of a hydrogen bond (Nε−Hγ···S)
indicated by the shorter and shorter distance RS−Hγ in going
from INT1 to TS2 (3.15 Å in INT1 and 1.65 Å in TS2). In the
meantime, the hydrogen bond Nε−Hγ···Oγ involving the
transferring proton (Hγ) and the Oγ atom of Ser198 becomes
progressively weaker (ROγ−Hγ is 1.88 Å in INT1 and 2.72 Å in
TS2), which is reasonable as the transferring proton (Hγ) is
about to be transferred to the leaving sulfur atom (S) in the
current reaction step.
Step 3: Nucleophilic Attack on the Carbonyl Carbon by a

Water Molecule. The thiocholine 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. The deacylation stage in BChE-
catalyzed hydrolysis of ATCh is the same as that in BChE-
catalyzed hydrolysis of ACh since the leaving group choline/

thiocholine has been released after the acylation stage. A water
molecule close to the carbonyl carbon (C1) of the substrate
was selected as the nucleophile and was treated by the QM
method. Similar to that in the acylation stage, the carbonyl
oxygen of the substrate is also stabilized by the oxyanion hole.
As shown in Figure 2B, two strong hydrogen bonds are formed
between the carbonyl oxygen (O1) of ATCh and the oxyanion
hole in INT2′.
The current nucleophilic attacking process involves the

breaking of the Oω−Hω bond and the formation of both C1−
Oω and Nε−Hω bonds (see Figure 2B). Thus, the distances
ROω−Hω, RC1−Oω, and RNε−Hω were chosen to establish the
reaction coordinate as ROω−Hω − RC1−Oω + RNε−Hω for the
current reaction step. In proceeding from INT2′ to INT3
through the transition state TS2 (Figure 2), the coplanar
geometry changes into tetrahedral centering on the sp3-
hybridized carbonyl carbon (C1) atom as the nucleophilic
water gradually approaches the C1 atom with a spontaneous
proton (Hω) transferring from the Oω atom of the nucleophilic
water to the Nε atom of the His438 side chain. The QM/MM-
optimized geometry of INT3 shows that the nucleophilic attack
process is completed with water dissociating into hydroxide ion
attaching to the C1 atom and a proton (Hω) attaching to the Nε

atom.

Figure 2. Key states for the deacylation reaction of BChE-catalyzed ATCh hydrolysis. The geometries were optimized at QM/MM(B3LYP/6-
31+G*:AMBER) level. See caption of Figure 1 for the color codes for different types of atoms.
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Step 4: Dissociation between the Acetyl Group and
Ser198 of BChE. The proton transfer between the Nε atom of
His438 side chain and the Oγ atom of Ser198 side chain and the
breaking of the covalent bond C1−Oγ are involved in the
dissociation of acetyl enzyme. The changes of the distances
RC1−Oγ, ROγ−Hω, and RNε−Hω reflect the nature of reaction step
3. Thus, the reaction coordinate for the current reaction step
was expressed as RC1−Oγ − RNε−Hω − ROγ−Hω. In reaction step 3,
the C−O covalent bond is broken and a proton is transferred
from the Nε atom of His438 to the oxygen atom of the broken
C−O covalent bond. As shown in Figure 2, during the breaking
of the C1−Oγ covalent bond, the distance between the Oγ and
Hω atoms becomes closer and closer, illustrating a spontaneous
proton transfer from the Nε atom of His438 side chain to the Oγ

atom of Ser198.
Energetics and Kinetic Parameters. Depicted in Figure 3

are the free energy profiles for BChE-catalyzed hydrolysis of

ATCh, determined by the QM/MM-FE calculations at the
MP2/6-31+G*:AMBER level excluding the zero-point and
thermal corrections for the QM subsystem. The values given in
parentheses are the corresponding relative free energies
including the zero-point and thermal corrections for the QM
subsystem.
1. Rate-Determining Step. As shown in Figure 3A, with the

zero-point and thermal corrections for the QM subsystem, the
free energy barriers calculated for the first and second step
(acylation) of BChE-catalyzed hydrolysis of ATCh are 11.4 and
6.7 kcal/mol, respectively. Although the free energy barrier for
the first reaction step is higher than that for the second reaction
step, the relative free energy of TS2 is higher than that of TS1,
indicating that the calculated overall free energy barrier for the

acylation is the free energy change from ES to TS2, which is
13.6 kcal/mol. Similarly, in the deacylation stage of BChE-
catalyzed hydrolysis of ATCh, the free energy barrier (9.5 kcal/
mol) calculated for the third reaction step is higher than that
(4.8 kcal/mol) calculated for the fourth reaction step, but the
relative free energy of TS4 is higher than that of TS3, implying
that the calculated overall free energy barrier for the deacylation
is the free energy change from INT2′ to TS3, which is 9.7 kcal/
mol. Apparently, the acylation stage with the overall free energy
barrier of 13.6 kcal/mol, which is the free energy change from
ES to TS2, is rate-determining for BChE-catalyzed hydrolysis of
ATCh. The conclusion is in consistent with the previous study
on BChE-catalyzed hydrolysis of ACh, in which the acylation
reactions was found to be rate-determining.47

In fact, the experimental catalytic rate constant for BChE-
catalyzed hydrolysis of ATCh was reported to be 2.02 × 104

min−1.2 According to the conventional transition state theory
(CTST),63 a rate constants of 2.02 × 104 min−1 is associated
with an activation free energy of 14.0 kcal/mol. The predicted
free energy barrier of 13.6 kcal/mol is in good agreement with
the experimentally derived activation free energy of 14.0 kcal/
mol.

2. Substrate Activation Effect. As mentioned above, the
hydrolysis of ATCh by BChE can be accelerated by excessive
substrate ATCh in the reaction system. Masson et al.
investigated this substrate activation phenomenon by site-
directed mutagenesis and steady-state kinetic experiment.42

They have found that the Asp70 residue, which is located at the
PAS of BChE, is the only residue which is important for this
function. In substrate activation phase, an additional substrate
molecule will transiently bind to the Asp70 residue. They
further proposed a binding mode of this additional substrate
molecule with the PAS by molecular docking.42 On the basis of
the binding mode described by Masson et al., we placed an
ATCh molecule in the PAS of BChE ES complex structure.
The position and orientation of this molecule were further
refined by performing ∼500 steps of energy minimization using
the AMBER8 program. In the optimized structure (see Figure
4), the positively charged −N+(CH3)3 moiety of this molecule
is ∼4.6 Å away from the carboxylate oxygen of Asp70,
indicating a strong electrostatic attraction interaction between
the ATCh molecule at PAS and the Asp70. On the other hand,
the substrate molecule at PAS is more than 11 Å away from the
catalytic site (QM subsystem of BChE, where the hydrolysis
reaction takes place), implying that the substrate molecule at
PAS will not be directly involved in the reaction pathway.
Furthermore, since the substrate molecule at PAS is far away
from the QM subsystem, the van der Waals interactions
between the additional substrate molecule at PAS and the
active site of BChE is negligible. The free energy barrier of
ATCh hydrolysis by BChE could only be affected by the long-
range electrostatic interactions between the substrate molecule
at PAS and the QM subsystem. Thus, the effects of the
electrostatic interaction between the QM subsystem and the
substrate molecule at PAS were estimated by performing the
QM calculations on the QM subsystem (at each state during
the reaction process) in the presence and absence of the point
charges of the atoms in the substrate molecule at PAS. As
shown in Table 1, the estimated shifts of the relative free
energies due to the electrostatic effect of the additional ATCh
molecule at PAS for TS1, INT1, TS2, and INT2 during the
acylation stage are −1.4, −2.5, −1.7, and −0.5 kcal/mol,
respectively. The estimated shifts of the relative free energies

Figure 3. Free energy profiles for the acylation and deacylation stages
of BChE-catalyzed hydrolysis of ATCh. The relative free energies were
determined by the QM/MM-FE calculations at the MP2/6-
31+G*:AMBER level, excluding the zero-point and thermal
corrections for the QM system. Values in the parentheses are relative
free energies including the zero-point and thermal corrections for the
QM subsystem.
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for TS3, INT3, TS4, and PD during the deacylation stage are
−0.1, −0.1, 0.1, and 0.6 kcal/mol, respectively. Further,
replacing the point charges of the atoms in the ATCh molecule
at PAS with a single unit positive (+1) charge in the
calculations, the resulting relative free energies are very close
to the corresponding ones obtained with the point charges of
the atoms in the ATCh molecule at PAS (see Table 1). Hence,
we may conclude that the positive charge at the −N+(CH3)3
moiety of the ATCh molecule at PAS plays a key role for the
substrate activation phenomenon observed in the BChE-
catalyzed hydrolysis of ATCh. The data in Table 1 indicate
that, at the substrate activation phase, the acylation of BChE is
still rate-determining, with an overall free energy barrier of 11.9

kcal/mol. The calculated shift of the overall free energy barrier
(from 13.6 to 11.9 kcal/mol) is qualitatively consistent with the
experimentally observed substrate activation that the excessive
substrate ATCh accelerates the BChE-catalyzed hydrolysis of
ATCh. According to the reported experimental kinetic data,2

the experimental activation free energy decreased from of 14.0
kcal/mol for the regular hydrolysis phase to 13.5 kcal/mol for
the substrate activation phase. Our theoretical calculations
overestimated the substrate activation effect, which is likely due
to the imperfect computational model used in the present
study. Nevertheless, our calculated results have clearly
demonstrated that the additional ATCh molecule at the PAS
site is responsible for the substrate activation phenomenon of
ATCh hydrolysis by BChE.

■ CONCLUSION
In this work, we employed pseudobond first-principles QM/
MM-FE approach to study the reaction pathway for BChE-
catalyzed hydrolysis of ATCh and the corresponding free
energy profiles. The computational results demonstrate that
ATCh hydrolysis catalyzed by BChE consists of two major
reaction stages, i.e., acylation and deacylation of BChE. The
acylation with ATCh includes two reaction steps including the
nucleophilic attack on the carbonyl carbon of ATCh and the
dissociation of thiocholine ester. The deacylation stage includes
the nucleophilic attack of a water molecule on the carboxyl
carbon of substrate, followed by the dissociation between the
carbonyl carbon of substrate and hydroxyl oxygen of Ser198
side chain. The computationally determined free energy profiles
indicate that the acylation is rate-determining for BChE-
catalyzed hydrolysis of ATCh. In substrate activation phase, an
additional ATCh molecule will bind with the PAS of BChE.
Our QM calculations demonstrate that the positive charge of
the ATCh at PAS will reduce the free energy barrier of the
ATCh hydrolysis by ∼1.7 kcal/mol and thus lead to the
substrate activation phenomenon of ATCh hydrolysis by BChE.
The overall free energy barriers calculated for BChE-catalyzed
hydrolysis of ATCh at the regular hydrolysis phase and the
substrate activation phase are ∼13.6 and ∼11.9 kcal/mol,
respectively, which are in reasonable agreement with the
corresponding experimentally derived activation free energies
of 14.0 kcal/mol (for regular hydrolysis phase) and 13.5 kcal/
mol (for substrate activation phase).
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Figure 4. In substrate activate phase, an additional substrate ATCh
molecule binds with the peripheral anionic site of BChE and interacts
with the QM part of BChE by electrostatic interaction. Atoms of the
QM part are rendered in balls and sticks. Atoms of the additional
ATCh and Asp70 (D70) in the peripheral anionic site are rendered in
sticks. Other atoms of BChE are rendered in cartoon of lines. See
caption of Figure 1 for the color codes for different types of atoms.

Table 1. Relative Free Energies (in kcal/mol) Calculated
with or without the Considering the Effect of the Additional
ATCh Molecule at PAS of BChE

structure
ΔG (no ATCh at

PAS)a
ΔG (with ATCh

at PAS)b
ΔG (with +1 charge

at PAS)c

acylation
stage

ES 0.0 0.0 0.0
TS1 11.4 10.0 10.1
INT1 6.9 4.4 4.5
TS2 13.6 11.9 11.7
INT2 8.2 7.7 7.8

deacylation
stage

INT2′ 0.0 0.0 0.0
TS3 9.5 9.4 9.4
INT3 4.9 4.8 4.8
TS4 9.7 9.8 9.8
PD 4.8 5.4 5.4

aRelative Gibbs free energies calculated without considering the effect
of the additional ATCh molecule at PAS of BChE. bRelative Gibbs
free energies calculated by accounting for the electrostatic effect of the
point charges of the atoms in the additional ATCh molecule at PAS.
cRelative Gibbs free energies calculated by replacing the point charges
of the ATCh at PAS with a single unit positive (+1) charge.
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