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The quantum mechanics/molecular mechanics method was used to model the mechanism
of hydrolysis of succinylcholine in the active site of native butyrylcholinesterase and the
Asp70Gly single mutant enzyme. The energy diagram for the reaction pathway of the acylation
was constructed, and the effect of the mutation on the reaction mechanism and energy charac�
teristics of the process are discussed.
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Butyrylcholinesterase (BuChE, 1), also called plasma
cholinesterase or pseudocholinesterase, is widespread in
various tissues, but is mainly present in the blood plasma
and liver. The physiological function of this enzyme re�
mains unclear. Nevertheless, it was reported that BuChE
supposedly protects against poisoning with small doses of
organophosphorus compounds1 by binding part of toxic
substances taken into the body, thus decreasing their acute
toxicity. Butyrylcholinesterase is involved in the metabo�
lism of a broad spectrum of endogenous and exogenous
substrates and in the biotransformation of xenobiotics. In
particular, the hydrolysis of cocaine by BuChE is the main
metabolic pathway of elimination of this substance from
the body.2 Inactive precursors of many drugs are trans�
formed into the active form during the metabolic activa�
tion through their hydrolysis by BuChE.3

Since BuChE�encoding genes are polymorphic, sever�
al enzymes with different levels of activity, including si�
lent variant lacking the enzymatic activity, are formed in
the body. The atypical isoform of BuChE is of most im�
portance from the medical point of view. People with this
genotype are characterized by the abnormal response to
the introduction of the short�acting muscle relaxant suc�
cinylcholine (2), which is manifested in respiratory failure
during 2–5 h.4 Succinylcholine (or succinyldicholine) is
an ester of two choline molecules joined to succinic acid
bearing a double positive charge.

In 1989, it was already found5 that a decrease in the
activity of BuChE against 2 is associated with a single

mutation in the nucleotide 209 of GAT2GGT, which is
reflected in the substitution of Gly for Asp70 in the pro�
tein. In this context, detailed investigation, including mod�
eling and simulation, of the reaction mechanism of hy�
drolysis of 2 in the active site of BuChE and the effect of
the Asp70Gly mutation on this mechanism is of great
interest. However, the hydrolysis was poorly character�
ized in theoretical studies. For instance, only the second
reaction step (deacylation) was considered.6 In another
study,7 the hydrolysis of another substrate, viz., cocaine,
was investigated.

Like in all serine hydrolases, the active site of BuChE
is formed by the amino acid residues of the catalytic triad
Ser198—His438—Glu325 (the numbering of amino acid
residues in the present study is according to the crystal�
lograghic numbering for the structure PDB ID: 1P0P). It
is located at the bottom of a 20 Å�long narrow gorge. The
oxyanion hole formed by the peptide NH groups of Gly116,
Gly117, and Ala199 is an important component of the
active site. These residues hold the carbonyl oxygen atom
of the substrate by hydrogen bonds. The amino acid resi�
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dues Glu197, Trp82, and Tyr332 form the anionic site,
and the mutation of any of these residues leads to a de�
crease in the rate of catalysis.8 According to the common�
ly accepted mechanism of catalysis by serine proteases,9

the hydrolysis occurs in two steps. The acylation step in�
volves the nucleophilic attack of the oxygen atom of Ser198
on the carbonyl carbon atom of the substrate giving
a tetrahedral intermediate followed by the release of the
choline molecule. In the second step, the acyl�enzyme
that is formed in the first step is subjected to deacylation.

Modern molecular modeling methods, such as molec�
ular docking, molecular dynamics, quantum chemis�
try, and the quantum mechanics/molecular mechanics
(QM/MM) approach, provide detailed information on the
mechanisms of enzymatic reactions at the atomic level.
Previously, this method has been used to study the hydrol�
ysis of the hexapeptide fragment in the active site of sed�
olisin,10 of guanosine triphosphate by the proteins RAS
and RAS�GAP,11 of adenosine triphosphate by myosin,12

and of acetylcholine in the active site of acetylcholinest�
erase.13,14 All these studies showed a good agreement be�
tween the results of calculations and the experimental
structural and kinetic data.

The aim of the present study was to investigate the
effect of the Asp70Gly mutation in butyrylcholinesterase
on the energy profile of the hydrolysis of 2 for the acyla�
tion step by the QM/MM method.

Models and Methods

The model system for the calculations was constructed based
on the crystallographic structure from the Protein Data Base
(PDB)15 with the PDB ID 1P0P solved at 2.7 Å resolution.
The peptide groups of the central fragment of a radius of ap�
proximately 20 Å about the catalytic triad were used. Geome�
try optimization was performed with the fixed positions of
the atoms located at distances longer than 8—10 Å from
the active site.

The hydrogen atoms, which are absent in the crystallographic
structure, were added using the Reduce program.16 The deter�
mination of the ionization state of His438 is of importance for
the subsequent modeling of the hydrolysis. According to the
commonly accepted mechanism17 of hydrolysis of esters by cho�
linesterases, the first acylation step involves the nucleophilic
attack accompanied by the proton transfer from the oxygen atom
of Ser198 to the nitrogen atom of His438, whereas the transfer of
the second proton from the nitrogen atom of histidine to Glu334
is still debated.18 These two facts provide unambiguous evidence
that in the enzyme—substrate complex, His438 exists in the un�
charged state, the orientation of the imidazole ring being such
that the proton is at the Nδ atom of His438. In the crystallo�
graphic protein structure, the distance between the oxygen atom
of Ser198 and the nitrogen atom of His438 is too large (3.27 Å)
for the proton transfer to occur during the nucleophilic attack.
This can lead to an artificial overestimation of the energy barri�
ers. To preclude this situation, the orientation of the histidine
residue was corrected, and the distance between the above�men�

tioned atoms was 2.7 Å. The subsequent geometry optimization
of the enzyme—substrate complex by the QM/MM method
showed that this correction was adequate. Thus, this distance
was decreased to 2.5 Å, whereas this important result was not
achieved for the initial conformation.

Molecule 2 was placed in the model structure using the mo�
lecular docking (Autodock 3.0 program).19 The water molecules
located in the cavities formed by the side chains of the amino
acid residues in the vicinity of the active site play an important
role in the reaction, but not all of them are present in the crystal�
lographic structure. Therefore, cavities in the vicinity of the ac�
tive site were searched for using the TINKER 3.7 program.20

Cavities thus located were filled with water molecules whose
positions, as well as the position and conformation of the sub�
strate molecule, were then optimized by the molecular dynamics
annealing. The molecular dynamics simulation was carried out
using the TINKER program package and the MMFF94 force
field21 by varying the temperature from 0 to 300 K and in the
reverse direction with a total duration of 200 ps.

The starting geometric configuration of the system (1950 atoms)
thus obtained was used in the QM/MM calculations.

When constructing the model system for QM/MM calcula�
tions, it is very important to separate the quantum�mechanical
and molecular�mechanical subsystems. The former subsystem
should include molecules or amino acid residues, which are di�
rectly involved in chemical transformations and influence the
electron density distribution in the system. The quantum�me�
chanical subsystem used for the simulation of the acylation step
included molecule 2 and the side�chain atoms of the amino acid
residues of the catalytic triad Ser198—His438—Glu325 directly
involved in the catalysis (a total of 25 atoms, Fig. 1).

Fig. 1. Quantum�mechanical subsystem.
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Note. Figs 2—5 are available in full color in the on�line ver�
sion of the journal (http://www.springerlink.com/issn/
1573�9171/current) and on the web�site of the journal (http://
russchembull.ru).
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All other atoms of the model system were assigned to the
molecular�mechanical subsystem. The model for the modified
enzyme was constructed by the substitution of Gly for the resi�
due Asp70 in the starting structure.

The equilibrium geometric configurations were refined by
the flexible effective fragment QM/MM method22,23 using the
parameters of the AMBER 99 force field,24 which was imple�
mented in the PC GAMESS 7.1.F program package,25 to ac�
count for interactions between the fragments. The energies and
forces in the quantum subsystem were calculated by the restrict�
ed Hartree—Fock method with the cc�pVDZ basis set.

The energy barriers for all regions of the acylation step were
calculated using an appropriate interatomic distance taken as
the reaction coordinate. Since the true reaction coordinate was
unknown, several possible reaction coordinates were used to esti�
mate the energy barriers to the acylation and deacylation steps. For
example, simultaneous scanning along the R(Oγ

Ser198—CSuCh)
and R(Oγ

Ser198—Hγ
Ser198) reaction coordinates was carried out

for the acylation step. It appeared that in this case the reaction
coordinate is a linear combination of the R(Oγ

Ser198—CSuCh) and
R(Oγ

Ser198—Hγ
Ser198) coordinates. The intermediate geometric

configurations of the system corresponding to the points on the
potential energy surface (PES) between the local minima were
obtained by varying the reaction coordinate from the initial to
the final value with a specified increment (∼0.1—0.2 Å). The
coordinates of the other atoms in the starting configuration were
determined by the linear interpolation of the values for the geo�
metric configurations corresponding to the stationary points on
the PES. Each starting intermediate geometric configuration
was optimized in the calculations at a fixed current value of the
reaction coordinate.

Results and Discussion

The calculations gave a set of stationary points on the
PES of the model molecular system corresponding to the

reaction proceeding from the enzyme—substrate complex
to the acyl�enzyme through the tetrahedral intermediate
along the assumed reaction coordinates. We also calculat�
ed the energy barriers to the reaction steps for the native
and modified enzymes.

The superimposition of the enzyme—substrate com�
plexes for the modified and unmodified enzymes is shown
in Fig. 2. It should be noted that the geometric configura�
tions of the residues of the catalytic triad remain virtually
unchanged. The introduction of the mutation leads to a
slight shift of the substrate (because the charged amino
acid is replaced by the uncharged amino acid) and, conse�
quently, to a decrease in the binding energy.

The enzyme—substrate complex (Fig. 3) corresponds
to the geometric configuration of the reactants in the be�
ginning of the reaction. The planarity of the ester group of
succinylcholine (RC—C(O)—OCH2R, ∼170°) is indica�
tive of the sp2 hybridization of the carbonyl carbon
atom of the substrate. The R(Hγ

Ser198—Nγ
His438) and

R(Oγ
Ser198—CSuCh) distances are 1.51 Å (1.56 Å for

Asp70Gly) and 2.77 Å (2.64 Å for Asp70Gly), respective�
ly, which should not hinder the nucleophilic attack of
Ser198 and the concerted proton transfer from Ser198 to
His438 in the first reaction step. In the enzyme—substrate
complex, the strong hydrogen bond with a length of 1.76 Å
(1.83 Å for Asp70Gly) is formed between the carboxyl
oxygen atom of Glu 325 and the proton of His 438.

In the tetrahedral intermediate (Fig. 4), the distance
between the oxygen atom of Ser 198 and the carbonyl
carbon atom of molecule 2 is 1.44 Å (cf. 1.45 Å for
Asp70Gly) and corresponds to the formation of a covalent
bond. The ester group adopts a tetrahedral configuration.
The RC—C(O)—OCH2R angle is ~120°, which corre�

Fig. 2. Superimposition of the enzyme—substrate complexes for the unmodified (shown in pale) and modified enzymes (shown in dark).
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sponds to the sp3 hybridization of the carbonyl carbon
atom of the substrate. The Nδ

His438
—Hδ

His438 bond is slight�
ly elongated (by 0.04 Å), and the proton is slightly shifted
to the —COO– group. In the modified enzyme, the dis�
tance between the oxygen atom of serine Oγ

Ser198 and the
nitrogen atom of histidine Nε

His438 is 0.3 Å shorter than in
the native enzyme, resulting in additional stabilization of
the tetrahedral intermediate.

The geometry of the acyl�enzyme (Fig. 5) corresponds
to the hydrolyzed substrate. The decomposition of the tet�
rahedral intermediate in the acylation step releases an al�
cohol (choline) molecule and the acyl�enzyme. The dis�
tance between Oγ

Ser198 and CSuCh is 1.31 Å (cf. 1.30 Å for
Asp70Gly), which is indicative of the formation of a cova�

lent bond between these atoms; the RC—C(O)—OSer198
angle is 175° (planar acyl group).

The total energies of the configurations corresponding
to the stationary points on the PES of the system, which
were obtained by the geometry optimization, were used to
construct the energy profile of the reaction (Fig. 6).

It can be seen that the introduced mutation has no
noticeable effect on the activation energy and, consequent�
ly, on the catalytic constant kcat. This is evidence for an
identical reaction mechanism. This result is consistent
with the experimental data8 showing that this mutation
has the major effect on the Michaelis constant. Neverthe�
less, the effect of the introduced mutation on the total
energy profile of the reaction manifests itself in stabiliza�

Fig. 3. Geometry of the enzyme—substrate complex for the native (a) and modified (b) enzymes. The distances are given in Angstrøms.
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Fig. 4. Tetrahedral intermediate of the acylation step for the native (a) and modified (b) enzymes. The distances are given in
Angstrøms.
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tion of the transition states. Electrostatic interactions be�
tween one of the choline fragments of the substrate and
Asp70 cause a slight shift of the substrate away from the
catalytic triad, whereas these interactions in the modified
enzyme are absent, which leads to greater stabilization of the
tetrahedral intermediate (see Figs 2 and 4) and to an in�
crease in the energy gain from its formation by 3 kcal mol–1.

According to the tentative mechanism of hydrolysis,
the initial acylation step involves the simultaneous nu�
cleophilic attack of Oγ

Ser198 on the carbonyl carbon atom
of the substrate and the transfer of the proton Hγ

Ser198
from serine to histidine to form the tetrahedral intermedi�
ate. By analyzing the changes in the geometry of the sta�
tionary points for the tetrahedral intermediate compared
to the enzyme—substrate complex, the process can be moni�
tored at the molecular level. As the R(Oγ

Ser198—Hγ
Ser198)

distance decreases, resulting finally in the formation of

the covalent bond between these atoms, and the proton is
transferred from Ser198 to His 438, the ester group is bent,
adopts a tetrahedral configuration (sp3 hybridization of
the CSuCh atom), and becomes nonplanar (sp2 hybridiza�
tion of the CSuCh atom). The resulting tetrahedral inter�
mediate is stabilized by hydrogen bonds between the nega�
tively charged carbonyl oxygen atom OSuCh and the resi�
dues of the oxyanion hole.

The positively charged imidazolium cation that is
formed upon the proton transfer from Ser198 to His438 is
stabilized by electrostatic interactions with the closely
spaced (~3.5 Å), negatively charged residues Glu325 and
Glu197. An additional interaction with Glu197 leads to
substantial stabilization of the tetrahedral intermediate ly�
ing 14 kcal mol–1 (16 kcal mol–1 for the Asp70Gly mu�
tant) lower in energy than the enzyme�substrate complex.

The calculated barriers to the acylation step can be
used to compare our results with the experimental data.
The published26 catalytic constant of hydrolysis of 2 is
kcat = 500 s–1. In terms of the transition state theory, this
gives the estimate of the energy barrier of about 14 kcal
mol–1. Hence, the deacylation is the rate�limiting step.6

The transfer of the second proton between His438 and
Glu325 in the acylation step (the possibility of this process
was discussed in a series of studies14,27) does not occur.
Our data showed that the protonation of His438 with
the proton of Ser198 leads to only a slight elongation (by
∼0.04 Å) of the Nδ

His438—Hδ
His438 bond and an insignifi�

cant shift of the proton to Glu325 in the tetrahedral inter�
mediate compared to the enzyme—substrate complex.
Therefore, due to the stabilizing effect of Glu325 on the
imidazolium cation, the one�proton mechanism is ener�
getically more favorable. These results are in complete
agreement with the results of our previous calculations of
the hydrolysis in the active site of acetylcholinesterase,
which is similar in the structure and the mechanism of
hydrolysis to BuChE,13 and also with other results of mod�

Fig. 5. Geometry of the acyl�enzyme for the native (a) and modified (b) enzymes. The distances are given in Angstrøms.
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Fig. 6. Calculated energy barriers (kcal mol–1) for the acylation
step of hydrolysis of 2 by the native BuChE (1) and modified
BuChE (2) with the single mutation Asp70Gly. ES is the en�
zyme—substrate complex, TI is the tetrahedral intermediate, and
AE is the acyl�enzyme.
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eling of the mechanisms of hydrolysis of serine proteases28

and carboxypeptidases.10

To sum up, the results of QM/MM simulation showed
that the Asp70Gly single mutation of butyrylcholinest�
erase does not lead to the qualitatively different energy
profile of the hydrolysis of succinylcholine for the acyla�
tion step compared to the native enzyme. The quantitative
differences in the activation barriers are also small. How�
ever, the modified enzyme is characterized by greater sta�
bilization of the tetrahedral intermediate.
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