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ABSTRACT: The present study was aimed to explore the correlation between the protein structure and catalytic
efficiency of butyrylcholinesterase (BChE) mutants against (-)-cocaine by modeling the rate-determining
transition state (TS1), i.e., the transition state for the first step of chemical reaction process, of (-)-cocaine
hydrolysis catalyzed by various mutants of human BChE in comparison with the wild type. Molecular
modeling of the TS1 structures revealed that mutations on certain nonactive site residues can indirectly affect
the catalytic efficiency of the enzyme against (-)-cocaine through enhancing or weakening the overall
hydrogen bonding between the carbonyl oxygen of (-)-cocaine benzoyl ester and the oxyanion hole of the
enzyme. Computational insights and predictions were supported by the catalytic activity data obtained from
wet experimental tests on the mutants of human BChE, including five newmutants reported for the first time.
The BChE mutants with at least ∼1000-fold improved catalytic efficiency against (-)-cocaine compared to
the wild-type BChE are all associated with the TS1 structures having stronger overall hydrogen bonding
between the carbonyl oxygen of (-)-cocaine benzoyl ester and the oxyanion hole of the enzyme.
The combined computational and experimental data demonstrate a reasonable correlation relationship
between the hydrogen-bonding distances in the TS1 structure and the catalytic efficiency of the enzyme
against (-)-cocaine.

Cocaine is a widely abused drug (1-3) without an FDA1-
approved medication. The disastrous medical and social con-
sequences of cocaine abuse have made a high priority the
development of a medication for treatment of cocaine overdose
and addiction (4, 5). It has been recognized an ideal anti-cocaine
medication to accelerate cocaine metabolism producing biologi-
cally inactive metabolites via a route similar to the primary
cocaine-metabolizing pathway, i.e., cocaine hydrolysis catalyzed
by butyrylcholinesterase (BChE) in plasma (4, 6-16). Unfortu-
nately, wild-type BChE has a low catalytic efficiency against
naturally occurring (-)-cocaine (kcat = 4.1 min-1 and KM =
4.5 μM) (17-21). For development of an anti-cocaine medication,
it is interesting to design amutant of humanBChE,whichmay be

regarded as a cocaine hydrolase (CocH), with a significantly
improved catalytic activity against (-)-cocaine.

It has been known that computational design of a high-activity
enzyme mutant is extremely challenging, particularly when the
chemical reaction process is rate-determining for the enzymatic
reaction (22-24). In general, for computational design of a
mutant enzyme with an improved catalytic activity for a given
substrate, one needs to design possible mutations that can
accelerate the rate-determining step of the catalytic reaction
process (18, 25, 26) while the other steps are not slowed down
by the mutations. The detailed catalytic reaction pathway for
BChE-catalyzed hydrolysis of (-)-cocaine was uncovered by
extensive molecular dynamics (MD) simulations (18, 25) and
reaction coordinate calculations (25, 26) using quantum me-
chanics (QM) and hybrid quantum mechanics/molecular me-
chanics (QM/MM). It has been known (18, 22, 25, 27) that the
rate-determining step of (-)-cocaine hydrolysis catalyzed by the
A328W/Y332A and A328W/Y332G mutants is the first step of
the chemical reaction process, although the rate-determining step
of (-)-cocaine hydrolysis catalyzed by wild-type BChE is the
rotation from the nonprereactive BChE-(-)-cocaine complex to
the prereactive BChE-(-)-cocaine complex. Therefore, starting
from the A328W/Y332A or A328W/Y332G mutant, rational
design of BChEmutants against (-)-cocaine has been focused on
decreasing the energy barrier for the first reaction step without
significantly affecting the other reaction steps, and our rational
design efforts have led to discovery of promising mutants of
human BChE with a considerably improved catalytic efficiency
(kcat/KM) against (-)-cocaine (27-30).

It deserves to be pointed out that the high activity (kcat =
3060 min-1 andKM= 3.1 μM) (31) of our previously discovered
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A199S/S287G/A328W/Y332G mutant (27) against (-)-cocaine
has been validated in vitro and in vivo byBrimijoin et al. (32), who
concluded that this mutant is “a true CocH with a catalytic
efficiency that is 1,000-fold greater than wild-type BChE” (32).
Fusing this BChE mutant at its C-terminus with human serum
albumin to extend the plasma half-life of the enzyme, Brimijoin
et al. found that the A199S/S287G/A328W/Y332G mutant (27)
(or CocH in their notation) fused with human serum albumin can
selectively block cocaine toxicity and reinstatement of drug
seeking in rats (32). The extensive experimental data reported
by Brimijoin et al. (32) strongly supported the potential ther-
apeutic value of our designed and discovered A199S/S287G/
A328W/Y332G mutant (27) of human BChE, and they con-
cluded that the treatment with this mutant (fused with human
serum albumin) “was well tolerated and may be worth exploring
for clinical application in humans” (32). In vivo studies described
in our previous report (29) also revealed that the A199S/F227A/
S287G/A328W/Y332G mutant of human BChE, without fusing
with any other protein, can also efficiently protect mice from the
acute toxicity of a lethal dose of cocaine (180 mg/kg). All of the
encouraging in vivo activity data (29, 32, 33) concerning our
designed and discovered high-activity mutants of human BChE
inspired us to continue rational design and discovery of new
mutants of human BChE with a further improved catalytic
efficiency against (-)-cocaine.

For rational design of new mutants of BChE with a further
improved catalytic efficiency against (-)-cocaine, it is important
to explore the major factors affecting the catalytic efficiency of
BChE mutants and understand the correlation between the
protein structure and catalytic efficiency for the mutants against
(-)-cocaine. In the present study, we aimed to explore the
structure-activity correlation by modeling the rate-determining
transition state (TS1), i.e., the transition state for the first step of
chemical reaction process (see Figure 1), of (-)-cocaine hydro-
lysis catalyzed by various mutants of human BChE in compar-
ison with the wild-type enzyme. Computational modeling and
predictions were followed by wet experimental tests to determine
the actual catalytic efficiency of the BChE mutants against
(-)-cocaine. The combined computational and experimental
data demonstrate a reasonable correlation relationship between
the calculated enzyme-(-)-cocaine hydrogen-bonding distances
in the TS1 structure and the measured catalytic efficiency of the
enzyme against (-)-cocaine.

MATERIALS AND METHODS

Computational Modeling. The general strategy of perform-
ing an energy minimization or MD simulation on a transition
state structure of an enzymatic reaction using a classical force
field (molecular mechanics) has been described and justified in
our recent studies (22-30). Molecular modeling of the TS1
structures associated with various mutants of human BChE was
based on the TS1 geometry determined in our previously reported
molecular modeling and reaction coordinate calculation (29) on
(-)-cocaine hydrolysis catalyzed by the A199S/F227A/S287G/
A328W/Y332Gmutant of humanBChE; themolecularmodeling
started from the X-ray crystal structure (34) deposited in the
Protein Data Bank (PDB code 1POP), and the reaction coordi-
nate calculation was carried out by using a hybrid quantum
mechanical/molecular mechanical (QM/MM) approach in which
the QMpart was treated at the B3LYP/6-31G* level and theMM
part was treated by using Amber force field (version ff99).

Starting from the QM/MM-optimized TS1 geometry (29), we
usedAmber9 package (35) tomodel the TS1 structures associated
with all BChE mutants and the wild-type involved in the present
study.

In order to be consistent with our previous studies on this
enzyme, the ff99 force field parameters were used for all standard
amino acid residues of BChE, whereas the (-)-cocaine and other
residues (His438 andGlu325) involved in the reaction center were
considered as the nonstandard residues and parametrized in the
same way described in our previous report (29). The partial
atomic charges of the nonstandard residues in the TS1 structures
were calculated by using the RESP protocol implemented in the
Antechamber module of the Amber9 program (35) following
electrostatic potential (ESP) calculations at ab initio HF/6-31G*
level using the Gaussian03 program (36).

The general strategy of modeling a transition state structure of
an enzymatic reaction using an Amber force field or another
classical force field (molecular mechanism) has been described
and justified in our recent studies (27, 29). In principle, energy
minimization (or molecular dynamics simulation) using an
Amber force field can only model a stable structure correspond-
ing to a local minimumon the potential energy surface, whereas a
transition state during a reaction process is always associated
with a first-order saddle point on the potential energy surface.
Hence, one cannot energy-minimize a transition state struc-
ture by using an Amber force field without any restraint on
the geometry of the transition state. Nevertheless, if we can

FIGURE 1: Schematic representation of the first reaction step of the
chemical reaction process for (-)-cocaine hydrolysis catalyzed by
BChE mutant including the A199S mutation.
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technically remove a vibrational degree of freedom associated
with the imaginary vibration in the transition state structure, then
the number of the vibrational degrees of freedom (normal
vibration modes) for a nonlinear molecule will decrease from
3N - 6. The transition state structure is associated with a local
minimumon the potential energy surface within a subspace of the
reduced vibrational degrees of freedom, although it is associated
with a first-order saddle point on the potential energy surface
with all of the 3N - 6 vibrational degrees of freedom. Theore-
tically, the vibrational degree of freedom associated with the
imaginary vibrational frequency in the transition state structure
can be removed by appropriately freezing the reaction coordi-
nate. The reaction coordinate corresponding to the imaginary
vibration of the transition state is generally characterized by a
combination of some key geometric parameters. These key
geometric parameters are usually bond lengths of the transition
bonds, i.e., the forming and breaking covalent bonds during the
specific reaction step under consideration (see below for the
specific transition bonds involved in this work). Thus, one just
needs to maintain the lengths of the transition bonds during the
energy minimization of a transition state structure.

For each TS1 structure involved in this study, the system was
neutralized and solvated in a rectangular box of TIP3P water
molecule (37) with a minimum solute-wall distance of 10 Å. The
solvent water molecules and counterions in the solvated systems
were carefully equilibrated and energy-minimized first, and then
the entire system was energy-minimized until convergence by
using the Sander module of Amber9 programwith a convergence
criterion of 0.01 kcal mol-1 Å-1. For each energy minimization
job, we used steepest descent method for the first 1000 steps, and
then it was switched to conjugate gradient method until the
convergence. During the energy minimization on the entire
system, only the lengths of the transition bonds (i.e., the gradually
forming/breaking covalent bonds during the reaction step) were
restrained. Specifically, there are a total of three transition bonds
in the modeled TS1 structure: partial covalent bond between the
carbonyl carbon of (-)-cocaine and the hydroxyl oxygen of S198
side chain (the optimized transition bond length: 1.93 Å); partial
covalent bond between the oxygen and hydrogen atoms of the
hydroxyl group of S198 side chain (the optimized transition bond
length: 1.43 Å); partial covalent bond between the hydroxyl
hydrogen of S198 side chain and the nitrogen (Nε) atom of H438
side chain (the optimized transition bond length: 1.13 Å). The
particle mesh Ewald (PME) method (38) was used to treat long-
range electrostatic interactions. Ten angstroms was used as the
nonbonded cutoff. The energy-minimized TS1 structures were
used to obtain the key internuclear distances required in this
work.
Experimental Studies. Cloned pfu DNA polymerase and

DpnI endonuclease were obtained from Stratagene (La Jolla,
CA). [3H]-(-)-cocaine (50Ci/mmol) was purchased fromPerkin-
Elmer Life Sciences (Boston, MA). All oligonucleotides were
synthesized by the Integrated DNA Technologies, Inc.
(Coralville, IA). The QIAprep spin plasmid miniprep kit and
Qiagen plasmid purification kit and QIAquick PCR purification
kit were obtained from Qiagen (Santa Clarita, CA). Human
embryonic kidney 293T/17 cells were from ATCC (Manassas,
VA). Dulbecco’s modified Eagle’s medium (DMEM) was pur-
chased from Fisher Scientific (Fairlawn, NJ). 3,30,5,50-Tetra-
methylbenzidine (TMB) was obtained from Sigma (St. Louis,
MO). Anti-BChE (mouse monoclonal antibody, product no.
HAH002-01) was purchased from AntibodyShop (Gentofte,

Denmark), and goat anti-mouse IgG HRP conjugate was from
Zymed (San Francisco, CA).

Site-directed mutagenesis of human BChE cDNA was per-
formed by using the QuikChange method (39). Further muta-
tion(s) required to produce a new BChE mutant cDNA was
(were) generated from the cDNA corresponding to the A199S/
S287G/A328W/Y332G mutant of human BChE in a pRc/CMV
expression plasmid (40). Using plasmid DNA as template and
primers with specific base pair alterations, mutations were made
by polymerase chain reaction with Pfu DNA polymerase for
replication fidelity. The PCR product was treated with DpnI
endonuclease to digest the parental DNA template. Modified
plasmid DNA was transformed into Escherichia coli, amplified,
and purified. TheDNA sequences of themutants were confirmed
by DNA sequencing.

Both the wild type and mutants of human BChE were
expressed, and their enzyme activity against (-)-cocaine was
assayed at the same time under the same experimental conditions;
the wild type was used as a standard reference. The proteins (wild
type and mutants of BChE) were expressed in human embryonic
kidney cell line 293T/17. Cells were grown to 80-90%confluence
in six-well dishes and then transfected by Lipofectamine 2000
complexes of 4 μg of plasmid DNA per each well. Cells were
incubated at 37 �C in a CO2 incubator for 24 h, and cells were
moved to a 60 mm culture vessel and cultured for an additional
4 days. The culturemedium [10% fetal bovine serum inDulbecco’s
modified Eagle’s medium (DMEM)] was harvested for the BChE
activity assays.

To measure (-)-cocaine and benzoic acid, the product of
(-)-cocaine hydrolysis catalyzed byBChE,we used sensitive radio-
metric assays based on toluene extraction of [3H]-(-)-cocaine
labeled on its benzene ring (41). In brief, to initiate the enzymatic
reaction, 100 nCi of [3H]-(-)-cocaine was mixed with 100 μL of
culture medium. The enzymatic reactions proceeded at room
temperature (25 �C) with varying concentrations of (-)-cocaine.
The reactions were stopped by adding 300 μL of 0.02 M HCl,
which neutralized the liberated benzoic acid while ensuring a
positive charge on the residual (-)-cocaine. [3H]Benzoic acid was
extracted by 1 mL of toluene and measured by scintillation
counting. Finally, the measured (-)-cocaine concentration-
dependent radiometric data were analyzed by using the standard
Michaelis-Menten kinetics so that the catalytic parameters were
determined along with the use of an enzyme-linked immunosor-
bent assay (ELISA) protocol (29).

RESULTS AND DISCUSSION

Energy-Minimized TS1 Structures and Hydrogen-Bonding
Distances. We modeled the TS1 structures for (-)-cocaine
hydrolysis catalyzed by wild-type BChE (E1) and its various
mutants. Summarized in Table 1 are important geometric para-
meters related to hydrogen bonding in the modeled TS1 struc-
tures. We will first discuss the results calculated for E1 and eight
representative mutants, including A328W/Y332A (E2), A328W/
Y332G (E3), F227A/S287G/A328W/Y332A (AME359 or E4)
and five other mutants containing the A199S/S287G/A328W/
Y332G mutations (E5 to E9). The modeled TS1 structures
revealed a total of four potential enzyme-(-)-cocaine hydrogen
bonds, all with the carbonyl oxygen of (-)-cocaine benzoyl ester.
The four potential hydrogen bonds may be characterized by the
H 3 3 3Odistances D1 toD4 listed in Table 1. Specifically, D1, D2,
andD3 represent the internuclear distances between the carbonyl
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oxygen of (-)-cocaine benzoyl ester and the NH hydrogen of
G116, G117, andA199 (or S199) of BChE, respectively. D4 is the
internuclear distance between the carbonyl oxygen of (-)-cocaine
benzoyl ester and the hydroxyl hydrogen of the S199 side chain in
themutants containing theA199Smutation.As shown inTable 1,
the simulated H 3 3 3O distance D1 is always too long for the
peptidic NH of G116 to form a really significant N-H 3 3 3O
hydrogen bond with the carbonyl oxygen of (-)-cocaine in all of
the simulated TS1 structures.

Compared to wild-type BChE (E1), mutant enzymes E2 to E4
all have a smaller D2 value which means a shorter and stronger
hydrogen bond between the carbonyl oxygen of (-)-cocaine
benzoyl ester and the NH group ofG117 backbone. Correspond-
ingly, these mutants have an improved catalytic efficacy of E2 to
E4 compared to E1. Compared to E2 to E4, the other BChE
mutants (E5 to E9) listed in Table 1 have shorter hydrogen bond
interactions between the carbonyl oxygen of (-)-cocaine benzoyl
ester and residue 199 (i.e., S199), including a significantly
shorter hydrogen bond with the S199 backbone NH group
(corresponding to D3) and an additional hydrogen bond with
the hydroxyl group of S199 side chain (corresponding to D4).

Starting from E5, the further mutation on F227 changes the
hydrogen-bonding interactions bymainly adjusting the lengths of
three hydrogen bonds associated withD2,D3, andD4, especially
that associated withD2, through perturbing the protein structure
(including both the backbone and side chains). Compared to E5,
whereas E6 to E9 display similar structural patterns associated
with D1 to D4, it is notable that E6 to E9 all have a smaller D2
value and, therefore, a stronger hydrogen bond between the
carbonyl oxygen of (-)-cocaine benzoyl ester and the NH group
of G117 backbone. Based on the values of D2 to D4 listed in
Table 1, the overall hydrogen bonding is enhanced in the TS1
structures associated with E7 to E9, compared to the TS1
structure associated with E5; E9 is associated with the most
stable TS1 structure compared to all others mutants listed in
Table 1.

The results calculated for E1 to E9 revealed an important
insight into the computational design of high-activity mutants of
the enzyme against (-)-cocaine. F227 residue of BChE is not in
the active site, and it is far away from (-)-cocaine. The inter-
nuclear distance measured between the CR atom of F227 residue
and the carbonyl carbon of (-)-cocaine benzoyl ester in the TS1
state is ∼12 Å. However, a mutation on F227 can still signifi-
cantly affect the transition state stabilization and, thus, shift the
catalytic efficiency of BChE. This is because mutation on a
nonactive site residue, such as F227, could indirectly affect the
hydrogen bonding between the oxyanion hole and (-)-cocaine
through perturbing the protein environment of the active site.
Such kind of structural perturbation could have either beneficial
or adverse effects on the catalytic efficiency of the enzyme. Only
when all residues in an enzyme cooperate in a way which
stabilizes the rate-determining transition state and, thus, lowers
the free energy barrier of the enzymatic reaction can the catalytic
efficacy of the enzyme be improved. In light of the computational
insight, it would be naı̈ve to believe that any mutation based on
E5 or E9 will keep or further improve the catalytic efficiency of
the mutant enzyme. In contrast, manymutations would decrease
the catalytic efficiency of the mutant. For example, the L286I
mutation on E5 produces E10 and the F329V mutation on E9
results in E11. Both the L286I mutation on E5 and F329V
mutation on E9 weaken the overall hydrogen bonding between
the oxyanion hole and (-)-cocaine in the modeled TS1 structures
and, thus, destabilize the TS1 structures compared to the
corresponding parent mutants (i.e., E5 for E10 and E9 for E11),
as seen in Table 1.
Experimental Kinetic Data. To examine the above compu-

tational insights and predictions, all of the newmutants of human
BChE listed in Table 1 were produced through site-directed
mutagenesis and protein expression. For comparison, wild-type
BChE and its high-activity mutants (E5 to E9) listed in Table 2
were expressed, and their catalytic activity against (-)-cocaine
was assayed at the same time under the same experimental
conditions. On the basis of the kinetic analysis, we have deter-
mined the catalytic efficiency of each new mutant against
(-)-cocaine compared to wild-type BChE. Summarized in
Table 2 are experimental kinetic data for E1 and E9 in com-
parison with the calculated results.

As summarized in Table 2, E5 to E9 all have an ∼1000- to
∼2000-fold improved catalytic efficiency (kcat/KM) against
(-)-cocaine compared to the wild type. The considerably
improved catalytic efficiency of E5 to E9 is consistent with the
significantly shortened hydrogen bonds calculated for these
mutants. Compared to E5 (a proven promising therapeutic
candidate in anti-cocaine medication development (32)) in which
F227 is not mutated, the other four mutants (i.e., E6 to E9) with
mutations on F227 have a further improved catalytic efficiency
against (-)-cocaine. All of these high-activity mutants (E5 to E9)
may be considered as promising candidates in the development of
an anti-cocaine medication. Both the computational and experi-
mental data consistently indicate that the highest catalytic
efficiency is associated with E9.

Further, we examined other two mutants (E10 and E11)
corresponding to the L286I mutation on E5 and the F329V
mutation on E9. With the relatively longer hydrogen bonds in
overall (see Table 1), the L286I mutation on E5 and the F329V
mutation on E9 were all predicted to decrease the catalytic
efficiency of the mutant against (-)-cocaine. According to
the experimental data in Table 3, the L286I mutation on

Table 1: Calculated Key Internuclear Distances (D1-D4) between

(-)-Cocaine and the Oxyanion Hole (Consisting of Residues 116, 117,

and 199) in the Modeled First Transition State (TS1)

enzyme internuclear distancea

ID mutation D1 D2 D3 D4

E1 wild-type BChE 2.63 2.05 1.95 N/A

E2 A328W/Y332A 2.91 1.97 2.01 N/A

E3 A328W/Y332G 2.92 1.94 1.98 N/A

E4 F227A/S287G/A328W/Y332M

(AME359)

2.86 1.95 1.95 N/A

E5 A199S/S287G/A328W/Y332G 2.86 2.05 1.71 1.95

E6 A199S/F227L/S287G/A328W/Y332G 2.83 2.02 1.73 1.92

E7 A199S/F227I/S287G/A328W/Y332G 2.90 2.01 1.71 1.93

E8 A199S/F227V/S287G/A328W/Y332G 2.91 2.03 1.71 1.92

E9 A199S/F227A/S287G/A328W/Y332G 2.94 1.98 1.71 1.92

E10 A199S/S287G/A328W/Y332G/L286I 2.61 2.09 1.72 2.01

E11 A199S/F227A/S287G/A328W/

Y332G/F329V

3.01 2.06 1.77 1.97

aD1, D2, and D3 represent the internuclear distances between the
carbonyl oxygen of (-)-cocaine benzoyl ester and the NH hydrogen of
residues 116 (i.e., G116), 117 (i.e., G117), and 199 (i.e., A199 or S199) of
BChE, respectively, in the modeled TS1 structure. D4 is the internuclear
distance between the carbonyl oxygen of (-)-cocaine benzoyl ester and the
hydroxyl hydrogen of the S199 side chain in the mutants containing the
A199S mutation.
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E5 decreased the catalytic efficiency of E5 by ∼5-fold, and the
F329Vmutation on E9 decreased the catalytic efficiency of E9 by
∼17-fold. All of the experimental kinetic data are qualitatively
consistent with the computational predictions.
Quantitative Correlation Relationship between the

Hydrogen-Bonding Distances and the Catalytic Efficiency
of BChE Mutant against (-)-Cocaine. In light of the
encouraging agreement between the computational and experi-
mental data discussed above, we wanted to know whether it is
possible to develop a quantitative correlation relationship be-
tween the calculated hydrogen-bonding distances (D2 toD4) and
the experimental catalytic efficiency of the enzyme against
(-)-cocaine. Theoretically, the catalytic efficiency (kcat/KM) of
an enzyme for a substrate is dependent on the free energy change
from the free enzyme (E) and free substrate (S) to the rate-
determining transition state (TS1 in the present work), denoted
byΔG(EþSfTS1). For a series of BChEmutants, assuming that
the relativemagnitudes ofΔG(EþSfTS1) aremainly affected by
the overall hydrogen bonding discussed above, we should have
the following empirical correlation relationship:

lnðkcat=KMÞ ¼ af ðD;nÞþ b0 ð1Þ
When the relative catalytic efficiency (RCE) is used, eq 1 becomes

lnðRCEÞ � ln
ðkcat=KMÞmutant

ðkcat=KMÞwild type

" #
¼ af ðD;nÞþ b ð2Þ

In eqs 1 and 2, a, b0, and b are all constants for a series of BChE
mutants with b = b0 - ln(kcat/KM)wild type, and f(D,n) is a
generally defined function (descriptor) which will be chosen to

reflect the overall hydrogen bonding between the carbonyl
oxygen of (-)-cocaine benzoyl ester and the oxyanion hole of
the enzyme. In the present study, f(D,n) is defined as follows:

f ðD;nÞ ¼ 1

D2n
þ 1

D3n
þ 1

D4n
ð3Þ

in which n is an empirical parameter (an integer) to be fitted. The
actual value of n might be determined by the nature of the
interactions. For example, n = 1 would suggest that the main
interactions are electrostatic. We expect n>1 for mainly none-
lectrostatic interactions. For the enzymes (including E1 to E4)
where D4 is not applicable, D4 in eq 4 is considered to be infinite
(D4 = ¥) such that 1/D4 = 0.

For a preliminary practical test of eqs 2 and 3, the empirical
parameters n, a, and b were determined by the least-squares
fitting to the corresponding experimental ln(RCE) values for all
of the 11 enzymes (E1 to E11) examined in this study. Through
the least-squares fitting, we obtained

lnðRCEÞ ¼ 633:7f ðD;9Þ- 0:806 ð4Þ
with a high linear correlation coefficient of R= 0.96 and a root-
mean-square deviation (rmsd) of 0.71. In eq 4, n= 9, suggesting
that the interactions involving D2 to D4 are mainly nonelectro-
static. The ln(RCE) values calculated by using eq 4 are listed in
Tables 2 and 3 for comparison with the corresponding experi-
mental ln(RCE) values. As seen in Tables 2 and 3, the calculated
ln(RCE) values are reasonably close to the corresponding
experimental data on the whole. The deviations of the calculated
ln(RCE) values from the experimental data can be attributed
to many other factors (beyond the hydrogen binding between

Table 3: Predicted and Observed Effects of the L286I and F329V Mutations on the Catalytic Activity of E5 and E9, Respectively

BChE mutant exptla calcd

ID mutation RCEb ln(RCE) CR-COC (Å)c ln(RCE)d

E5 A199S/S287G/A328W/Y332G 1080 6.98 8.0 6.90 (6.87)

E10 A199S/S287G/A328W/Y332G/L286I 242 5.49 8.3 6.02 (6.10)

E9 A199S/F227A/S287G/A328W/Y332G 2020 7.61 10.4 7.44 (7.34)

E11 A199S/F227A/S287G/A328W/Y332G/F329V 121 4.80 10.2 5.24 (5.42)

aExperimental activity data for E10 and E11 were estimated by performing kinetic analysis using 5 μM (-)-cocaine. bRelative catalytic efficiency of the
enzyme (relative to that of E1) against (-)-cocaine. cThe distance between the carbonyl carbon of (-)-cocaine benzoyl ester and the CR atom of the residue for
the additional mutation, i.e., 286 (for E5 and E10) or 329 (for E9 and E11). dCalculated by using eq 4. The values in parentheses are calculated by using eq 5.

Table 2: Experimental Kinetic Parameters in Comparison with the Calculated Relative Catalytic Activity (RCE) Data for (-)-Cocaine Hydrolysis Catalyzed

by Wild-Type BChE and Its Mutants

enzyme (wild-type BChE or its mutant) exptl calcd

ID mutation kcat/KM (min-1 M-1) RCEa ln(RCE) ln(RCE) f

E1 wild-type BChEb 9.1� 105 1 0.00 1.74

E2 A328W/Y332Ac 8.5� 106 9.4 2.24 1.84 (2.46)

E3 A328W/Y332Gd 1.4� 107 15 2.71 2.17 (2.75)

E4 F227A/S287G/A328W/Y332M (AME359)e 3.1� 107 34 3.53 2.30 (2.86)

E5 A199S/S287G/A328W/Y332G 9.9� 108 1080 6.98 6.90 (6.87)

E6 A199S/F227L/S287G/A328W/Y332G 1.0� 109 1130 7.03 6.77 (6.75)

E7 A199S/F227I/S287G/A328W/Y332G 1.1� 109 1170 7.06 7.14 (7.07)

E8 A199S/F227V/S287G/A328W/Y332G 1.4� 109 1490 7.31 7.19 (7.12)

E9 A199S/F227A/S287G/A328W/Y332G 1.8� 109 2020 7.61 7.44 (7.34)

aRCE refers to the relative catalytic efficiency (kcat/KM), i.e., the ratio of the kcat/KM value of the enzyme to that of wild-type BChE (E1) against
(-)-cocaine. bData from ref 41. cData from ref 41. dData from ref 28. eData from ref 11. fCalculated by using eq 4. The values in parentheses are calculated
by using eq 5.
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(-)-cocaine and the oxyanion hole) that have not been accounted
for in eq 2. Nevertheless, the satisfactory correlation (R = 0.96
and rmsd =0.71) between the f(D,9) and ln(RCE) values clearly
demonstrates that the enzyme-substrate hydrogen-bonding in-
teractions are indeed the primary factor affecting the catalytic
efficiency of the BChE mutants against (-)-cocaine.

Further, within the ln(RCE) values calculated by using eq 4 for
the 11 enzymes, the largest deviation is associated with E1 (wild-
type BChE). Equation 4 overestimates the ln(RCE) value of E1
by 1.74. This is not surprising in consideration of the fact that the
rate-determining step of (-)-cocaine hydrolysis catalyzed by
wild-type BChE (E1) is the (-)-cocaine rotation from the
nonprereactive BChE-(-)-cocaine complex to the prereactive
BChE-(-)-cocaine complex (25), instead of the first step of the
chemical reaction process. So, the actual catalytic efficiency of E1
should be significantly lower than that predicted from eq 2 or 4
which was based on the preassumption that the first step of the
chemical reaction process is rate-determining.

Excluding E1, when the least-squares fitting was applied to
only the BChE mutants (E2 to E11), we obtained

lnðRCEÞ ¼ 551:2f ðD;9Þþ 0:163 ð5Þ
with R = 0.98 and rmsd = 0.39. Equation 5 looks more reason-
able, as the rmsd value of 0.39 for eq 5 is significantly smaller than
that of 0.71 for eq 4. The ln(RCE) values calculated by using eq 5
are also listed in Tables 2 and 3 for comparison. As seen in Tables 2
and 3, the overall agreement between the computational and
experimental ln(RCE) values becomes better when eq 5 is used
instead of eq 4.

CONCLUSION

Molecular modeling of the rate-determining transition state
(TS1), i.e., the transition state for the first step of chemical
reaction process, of (-)-cocaine hydrolysis catalyzed by various
mutants of human BChE in comparison with wild-type BChE
revealed that certainmutations on nonactive site residues (even if
they are far away from the reaction center) can indirectly affect
the catalytic efficiency of the enzyme against (-)-cocaine through
enhancing/weakening the overall hydrogen bonding between the
carbonyl oxygen of (-)-cocaine benzoyl ester and the oxyanion
hole of the enzyme in the TS1 structure. The computational
insights and predictions were supported by the results obtained
from wet experimental tests on the mutants of human BChE. All
of the high-activity mutants, i.e., those with at least ∼1000-fold
improved catalytic efficiency against (-)-cocaine compared to
the wild type, are indeed associated with the TS1 structures
having stronger overall hydrogen bonding between the carbonyl
oxygen of (-)-cocaine benzoyl ester and the oxyanion hole of the
enzyme. All of these high-activity mutants (E5 to E9) may be
considered as promising candidates in anti-cocaine medication
development. The combined computational and experimental
data demonstrate a reasonable correlation relationship between
the calculated hydrogen-bonding distances in the TS1 structure
and the measured catalytic efficiency of the enzyme against
(-)-cocaine. The general concept of the computational design
of BChE mutants and the correlation between the catalytic
efficiency of an enzyme and the structural parameters in the
rate-determining transition state may also be useful in studying
catalytic mechanisms of other enzymes and factors affecting their
catalytic efficiency.
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