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Abstract: Benzoylecgonine (BZE) is the major toxic metab-
olite of cocaine and is responsible for the long-term cocaine-
induced toxicity owing to its long residence time in humans.
BZE is also the main contaminant following cocaine con-
sumption. Here, we identified the bacterial cocaine esterase
(CocE) as a BZE-metabolizing enzyme (BZEase), which can
degrade BZE into biological inactive metabolites (ecgonine
and benzoic acid). CocE was redesigned by a reactant-state-
based enzyme design theory. An encouraging mutant denoted
as BZEase2, presented a > 400-fold improved catalytic
efficiency against BZE compared with wild-type (WT) CocE.
In vivo, a single dose of BZEase2 (1 mgkg�1, IV) could
eliminate nearly all BZE within only two minutes, suggesting
the enzyme has the potential for cocaine overdose treatment
and BZE elimination in the environment by accelerating BZE
clearance. The crystal structure of a designed BZEase was also
determined.

Introduction

Cocaine is one of the most reinforcing and toxic drugs,
accounting for the majority of illicit drug-related emergence
department visits without an approved medication specifi-
cally for cocaine overdose.[1] Cocaine elicits its toxic effects
primarily by binding to noradrenergic transporters and
blocking several voltage-gated ion channels including sodium
and potassium channels,[2] leading to increased heart rate,
elevated blood pressure, and vasoconstriction seen in cocaine

users.[3] A therapeutic approach using an efficient cocaine-
metabolizing enzyme has been recognized as the most
promising strategy for cocaine abuse treatment. Administra-
tion of an efficient cocaine-metabolizing enzyme can dramat-
ically accelerate the elimination of cocaine in both the brain
and blood, and therefore significantly reduce cocaine-induced
physiological and toxic effects.[4,5] A potential concern is that
in human approximately 50 % of cocaine is metabolized into
benzoylecgonine (BZE), which has been recognized as
cocaine�s major toxic metabolite.[6] Studies reveal that BZE
is a more potent vasoconstrictor than cocaine itself,[7] and the
incidence of seizure is highly related to the presence of
BZE.[8] Moreover, BZE has a significantly longer residence
time in the body and is commonly used as a marker to screen
individuals with a history of cocaine use. Therefore, BZE is
mainly responsible for the long-term toxicity of cocaine.
Furthermore, as the main substance excreted from urine
following cocaine metabolism, BZE is one of the common
addictive drug contaminants in the environment and is often
detected in urban water systems in western and central
European cities.[1, 9] Studies reported that BZE exposure
could cause DNA damage, enhanced cell mortality, long-term
change of protein expression profile, thereby leading to
decreased offspring cycle for some animals or developmental
inhibition for certain plants.[10] The increasing consumption of
cocaine worldwide has caused significant environmental
problems, and represents a potential hazard to non-target
organisms, especially on aquatic animals and plants.[9a]

Given the toxic effects of BZE on both humans and the
environment, an ideal therapy for cocaine overdose should
detoxify not only cocaine itself but also its main toxic
metabolite BZE. Therefore, we aim to develop a highly
active BZE-metabolizing enzyme (BZEase), which can
efficiently degrade BZE to biologically inactive metabolites,
and therefore eliminate the toxicity of BZE. Such a BZEase is
valuable not only in developing new therapeutics for cocaine
overdose treatment but also in developing eco-friendly
methods for BZE elimination from the environment. Here
we demonstrated for the first time that bacterial cocaine
esterase (CocE) can hydrolyze the BZE into biologically
inactive metabolites ecgonine and benzoic acid (Figure 1a),
but its catalytic activity against BZE should be dramatically
improved. Enzyme engineering to increase catalytic activity
remains a challenge in the research fields of biochemistry and
drug discovery. Computer-aided enzyme design (CAED) has
proven to be an effective method for enzyme engineering,
especially with the continuous improvement of supercom-
puter performance and the emergence of computational
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chemistry algorithms.[12] However, the prediction accuracy of
CAED is not sufficient enough,[13] which limits its applications
in enzyme engineering. Hybrid QM/MM molecular dynamics
(MD) and free energy (FE) simulations are powerful and
accurate tools for the computational study of enzymatic
reaction mechanisms and relative catalytic efficiency (kcat/
KM).[14] However, the QM/MM-based relevant activation FE
barriers calculation has not been extensively applied in
enzyme design (ED),[15] because it is very computationally
expensive.[12b]

To make QM/MM MD and FE simulations suitable for
ED, in the present study, we combined the traditional
enzymatic catalysis theories[16] and QM/MM tools to develop
a computing-time-affordable reactant state (RS) based ED
methodology (RED, see Supporting Information). Near

attack conformers (NACs) in the nucleophilic attack and
total hydrogen bonding energy (tHBE) in the oxyanion hole
were calculated for evaluation of relative activation FE
barriers of computer-engineered mutants. Thus, the comput-
ing-time-consuming reaction pathway (including transition
state, TS) simulation[13c] can be avoided for the enzyme
design. In addition, a CHARMM rotamer force field (named
CHARMMr) containing all sets of internal coordinates for
residues� sidechains was created for mutagenesis modeling
and computational ED by CHARMM. This quickly identified
the energy-favorable sidechain conformations of the mutant
residues, minimizing MD simulation time. Starting from
T172R/G173Q/L196C/I301C mutant of CocE (denoted as
CocE-4M for convenience), a thermostable mutant without
a significant change in its catalytic activity reported in our

Figure 1. Identification of a potential BZEase. a) Hydrolysis reaction of BZE catalyzed by CocE. b) Kinetic data for WT CocE against BZE, with the
reaction rate represented in mMmin�1 per mM enzyme. c) QM/MM free energy profile of the acylation process of the BZE hydrolysis catalyzed by
the WT CocE. d) Average structure of the CocE-BZE Michaelis–Menten complex, obtained by QM/MM MD simulations. e) BZE hydrolysis
mechanism catalyzed by the CocE.
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previous study,[17] the computationally designed mutant (i.e.
the A51L/V116K/T172R/G173Q/L196C/I301C mutant of
CocE, denoted as enzyme BZEase2 for convenience) has
a 427-fold improved catalytic efficiency against BZE com-
pared with wild-type (WT) CocE. A single dose (1 mgkg�1,
IV) of BZEase2 could degrade nearly all cocaine�s toxic
metabolite BZE in rats within only two minutes, indicating it
might be a very promising agent for cocaine overdose
treatment. A highly efficient BZEase is also valuable for
BZE elimination in the environment.

Results and Discussion

We first focus on identifying a suitable naturally evolved
or engineered esterase that could efficiently hydrolyze the
BZE analog (for example cocaine). Ideally, such a cocaine
hydrolase should exhibit high safety and stability in humans,
under hematic conditions. CocE was selected as a starting
point for our QM/MM-based ED efforts because its safety
and stability in humans have been proved by the clinical
study.[5b] CocE contains a classical catalytic triad (Ser117,
His287, and Asp259) and an oxyanion hole (Tyr44 and
Tyr118).[18] We then built the initial coordinates of the CocE-
BZE complex by using the X-Ray crystal structure of WT
CocE (PDB ID: 1JU3)[19] and the energy-minimized cocaine
structure obtained in our previous study.[20] As shown in
Figure S1a, BZE fits the active site of CocE very well, and no
steric hindrance is observed. The BZE phenyl ester carbonyl
oxygen is located in the oxyanion hole and forms two
hydrogen bonds with Tyr44 and Tyr118. The hydrogen bond
network is observed in the catalytic triad and the distance
between Ser117 nucleophile oxygen atom and BZE carbonyl
carbon is 2.78 �, suggesting CocE can catalyze the hydrolysis
of BZE. CocE was then cloned, expressed, purified, and
characterized for its activity against BZE. Interestingly, CocE
indeed hydrolyzes the BZE into biological inactive metabo-
lites ecgonine and benzoic acid (Figure 1a and Figure S3).
According to the kinetic data (Figure 1b), WT CocE has
a catalytic rate constant (i.e. turnover number, kcat) of
301 min�1, but a large Michalis–Menten constant value
(KM = 5153 mM) against BZE. Compared to its catalytic
efficiency (kcat/KM) against cocaine (kcat/KM = 1.97 �
108 M�1 min�1, Figure S4 & Table S3), WT CocE has a ca.
3000 fold lower catalytic efficiency against BZE, which is too
low to be effective for BZE detoxification.

The reaction mechanism of CocE-catalyzed hydrolysis of
BZE was also revealed by QM/MM MD and FE (potential of
mean force, PMF) simulations. We proposed that the reaction
mechanism of the CocE-BZE complex follows the classical
esterase catalytic mechanism, including two reaction process-
es, including acylation and deacylation. As shown in Figure 1e
and Figure S2, the acylation process follows the classical
mechanism of esterases.[20, 21] It starts from the nucleophilic
attack by Ser117 and ends with the ecgonine leaving the active
site. One tetrahedral intermediate (TI) is sandwiched by TS1
and TS2. TI and TSs are stabilized by the electrostatic effect
of hydrogen bondings in the oxyanion hole (Tyr44 and
Tyr118). Particularly, the proton of Ser117 transfers to His287

during the nucleophilic attack. The positively charged His287
sidechain stabilizes the developing negative charge in oxygen
atoms of the nucleophile and leaving groups. The negatively
charged Asp259 sidechain stabilizes the positively charged
His287. The activation FE profile is plotted by QM/MM MD
and FE simulations, and the corresponding FE barrier is
about 17.2 kcalmol�1 (Figure 1 d). Besides, the FE barrier of
the deacylation process of the CocE-BZE complex is about
15.7 kcal mol�1 (corresponding to a kcat value of ca.
1080 min�1),[22] according to the conventional transition state
theory (CTST). Taken together, our computational results
predict that the activation FE barrier of CocE-catalyzed
hydrolysis of BZE is about 17.2 kcal mol�1, implicating that
CocE can degrade BZE efficiently in term of the turnover
number. Indeed, the experimental-derived turnover number
is 301 min�1 (Figure 1b). According to CTST, the activation
FE barrier is 16.5 kcalmol�1, which agrees well with our
computational prediction. The agreement between the com-
puter prediction and the subsequent experimental data
suggests our computational obtained mechanism is reason-
able.

However, the initial model (Figure S1a) shows that the
carboxyl group of BZE is quite close to a hydrophobic residue
Val116 (the closest distance between heavy atoms of BZE and
Val116 is 4.66 �). Indeed, the BZE carboxyl group moves
away from Val116 in the equilibrated structure (Figure 1d)
obtained by QM/MM MD simulation. No additional force is
observed to stabilize the negatively charged carboxyl group of
BZE during the equilibrated QM/MM MD simulation, which
may contribute (at least partly) to the high KM value. Thus,
our strategy for developing a highly efficient BEZase focuses
on improving the catalytic efficiency (kcat/KM, especially the
binding affinity of CocE-BZE) by QM/MM MD and FE
simulations.

To make QM/MM MD and FE simulations suitable for
the CocE redesign, RED was created by the integration of
CHARMMr, NACs, and tHBE (Figure 2a). NACs proposed
by Thomas Bruice are some conformations of the enzyme-
substrate complex that belonged to RS.[23] NACs resemble TS
and thus they can be used to estimate the relative TS
stabilization of various computational-designed mutants, and
it is a potential catalysis theory for development of RS-based
ED methods for enzymes such as esterases.

According to the classical esterase mechanism,[21a,c,24] TS is
not only characterized by the nucleophilic-attack-associated
bond-forming-and-breaking processes, but also by the oxy-
anion hole stabilization of developing negative charge of
carbonyl oxygen atom along with the nucleophilic attack. The
FE of the oxyanion hole stabilization at TS can be approx-
imately evaluated by the total hydrogen bonding energy
(tHBE) formed in the oxyanion hole. Our previous computa-
tional-designed work[25] of the cocaine hydrolase has proved
that calculations of tHBE at TS had been proved to be
a useful tool for ED because it is an efficient tool for
evaluation of relative activation FE barriers of computer-
engineered mutants. The tHBE method was first applied to
enzyme design tasks by Prof. Chang-Guo Zhan at the
University of Kentucky College of Pharmacy.[26] Since NACs
resemble TS, we propose that the integration of NACs and
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tHBE concepts would produce a more efficient RED for the
efficient estimation of relative activation FE barriers of
various engineered mutants by QM/MM and MD simulations.

Although RED can help to efficiently evaluate TS
stabilization of various mutants, obtaining average structures
of various mutants by QM/MM MD simulations is time-
consuming, because it needs at least several nanoseconds for
the sidechain of mutated residues to get equilibrated. To
largely shorten the simulation time of CHARMM for the
mutagenesis modeling purpose, we created CHARMMr (as
a part of RED, available in supporting information) by
integrating the residues sidechains rotamer structural coor-
dinates of the Penultimate Rotamer Library into the tradi-
tional CHARMM force field.[27]

Based on the analysis of the CocE-BZE initial model
(Figure S1a) and the corresponding average structure (Fig-
ure 1d) obtained by QM/MM MD simulation, we modeled
mutations of Val116 in the active site of CocE. Rationally, the
best candidate residues to replace Val116 are positively
charged residues such as lysine and arginine, because the
positively charged sidechain may provide a strong electro-
static effect of the salt bridge to stabilize the negative charge
of the BZE carboxyl group, thus improving the binding
affinity of CocE-BZE. Arginine�s sidechain is too large to fit
the active site of CocE, so the Val116 is mutated to a Lysine
residue. According to the initial coordinates of V116K
modeled by CHARMM36mr force field (Figure S1c), the
distance between the V116K sidechain nitrogen atom (NZ)
and BZE carboxyl oxygen atom (OC) is only 2.27 �, display-

Figure 2. Computational design of highly efficient BZE hydrolases. a) RS-based ED method (RED) development. b),c) Average RS structures of
V116K-BZE (b) and A51L/V116K-BZE (c) complexes, obtained by QM/MM and MD simulations. d),e) Kinetic data for BZEase1 (d) and BZEase2
(e) against BZE. BZEase1 or BZEase2 is the thermostable mutant CocE-4 M with extra V116K mutation or A51L/V116K mutations. The reaction
rate is represented in mMmin�1 per mM enzyme.
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ing a strong salt bridge between Lys116 and BZE, while the
traditional CHARMM36m-constructed model presents no
salt bridge formed between V116K and BZE (Figure S1b).
The equilibrated RS average structure of the V116K-BZE
complex supports the existence of the CHARMM36mr
modeled salt bridge and the corresponding average distance
is 2.72 � (Figure 2b). The further experimental data showed
that a single mutation V116K extensively decreases the KM

value to 46 mM, ca. 100 fold lower than that of WT CocE or
CocE-4 M mutant (Figure 2 d). To further improve the bind-
ing affinity between the V116K mutant of CocE and the
hydrophobic moiety of BZE at RS, we mutate the ecgonine-
surrounding Ala51 to a Leucine residue to form a double
mutant A51L/V116K (Figure 2c).

To quantitatively compare the substrate (BZE) binding
affinity difference between A51L/V116K and WT CocE, the
state-of-the-art QM/MM FEP (alchemical) simulations were
performed to calculate the binding FE difference by the
PERT module implemented in CHARMM.[14b] The obtained
relative substrate-binding FE DGWT!A51L/V116K =�4.79�
1.51 kcal mol�1. The calculated result predicts that BZE
significantly prefers binding to the active site of A51L/
V116K compared to the WT active site. In other words, the
KM value would be significantly decreased from WT to A51L/
V116K. Indeed, the experimental-derived KM value of A51L/
V116K is 36 mM (Figure 2e), which is significantly lower
compared to WT CocE KM value of 5,157 mM. The agreement
between the computational prediction and the experimental
results proves that our mutagenesis modeling approaches
including CHARMMr are valid in computational ED practice
and would be an attractive start point for future ED method-
ology development.

Along with the rational design of CocE mutants (such as
V116K and A51L/V116K), we also computationally evaluat-
ed their relative activation FE barriers using our newly
developed RED, to make sure that the overall catalytic
efficiencies of the mutants are largely increased compared to
the WT CocE. RED is applied for the evaluation of relative
TS stabilizations between WT and mutants of CocE-BZE
complexes. According to the definition of NACs, NACs for
the acylation of CocE-BZE reaction is defined as that the
nucleophilic attack distance r(Og···C1) within 2.8–3.2 � and
the angle approach of angles q(Og···C1···O1) deviates by � 158
of the q (98.0� 4.68) at TS1 (Figure S2a). As shown in
Table S1, the RS�s average distances and angles of WT CocE
and two mutants are all within the NACs range, showing that
all of the three RS are NACs. Since these NACs (RS)
resemble TS1, the calculation of NACs oxyanion hole�s tHBE
can be applied to the evaluation of TS1 stabilization of
various mutants. Enhancement of tHBE at TS1 had been
successfully applied in cocaine hydrolase design by our
previous work.[25] According to the tHBE equation imple-
mented in AutoDock software,[28] tHBE is correlated with
hydrogen bonding distances, and is proportional to a descrip-
tor,

P
ið1=RiÞ9 in which Ri represents the ith hydrogen

bonding distance in the oxyanion hole of the CocE-BZE
complex, including the CocE mutants. As shown in Table S2,
tHBE values are close to each other among WT CocE,
V116K, and A51L/V116K mutants, indicating mutations

V116K and A51L would not significantly decrease the kcat

values, compared to the WT CocE.
The close tHBE values predict that the kcat values of

V116K and A51L/V116K mutants of CocE toward BZE are
slightly better than WT CocE. Indeed, the experimental-
derived kcat values (Figure 1b and Figure 2) prove the
computational prediction that two mutants only show 1–2
fold improved kcat values compared to WT CocE. The
consistency between the RED prediction and experimental
data shows that RED is a simple, fast, and reliable ED
method for the estimation of relative activation FE barriers
for QM/MM MD and FE simulations. Overall, the successful
prediction of the BZE hydrolase design suggests that the
RED-powered QM/MM MD and FE simulations would be
a promising and general computational ED method for not
only future ED tasks but also ED methodology development.

To test the effectiveness of BZEase2 (Figure 3 a) in
accelerating BZE hydrolysis in vivo, rats were injected
intravenously (IV) with saline or 0.2 mg kg�1 or 1 mg kg�1

BZEase2, followed by IV injection of 2 mgkg�1 BZE one
minute after the enzyme or saline injection. For each rat,
blood samples were collected at 2, 5, 10, 30, 60, 90, and
120 min after the BZE injection. The collected blood samples
were analyzed using an HPLC method to determine the blood
concentrations of BZE and benzoic acid. The corresponding
calibration curves of BZE and benzoic acid detection are
shown in Figure S5. According to the in vivo data (Figure S3),
BZEase2 dose-dependently accelerated BZE hydrolysis to
benzoic acid and ecgonine. In the control rats, the average
concentration of BZE in blood was 15.8 mM 2 min after the
IV injection of BZE, while the average blood concentration of
benzoic acid was ca. 0.3 mM. The injection of 0.2 mg kg�1

BZEase2 effectively enhanced the BZE metabolism in vivo,
with a substantially lower concentration of BZE was detected
(< 3 mM vs. 15.8 mM in the control group). This enzyme-
accelerated BZE metabolism (Figure 3b) is consistent with
the increased production of BZE metabolite benzoic acid
(Figure 3c), with the blood concentration at the first time
point (2 min) of 11.2 mM. In the testing group with IV
injection of 1 mg kg�1 BZEase2, nearly all BZE molecules
were hydrolyzed into ecgonine and benzoic acid within 2 min
after the injection of BZE. The average blood concentration
of BZE at the first time point was ca. 0.3 mM which is lower
than the limit of detection (LOD), while the concentration of
benzoic acid was 11.7 mM (ca. 0.3 mM in the control group).

For the design of the next generation of BZEases, we
solved the structure of CocE mutant (T172R/G173Q/V116K/
S117A/A51L) in complex with benzoic acid at 2.20 �
resolution (Table S4). The disulfide bond (L196C and
I301C) of BZEase2 was not included for the sake of crystal
homogeneity. The overall monomeric structure of CocE
mutant was composed of three domains, domain 1 (residues
1–144 and residues 241–354), domain 2 (residues 145–240),
and domain 3 (residues 355–574), whose structures are
a three-layered a/b sandwich, a-helical domain, and jelly-roll
b-barrel, respectively (Figure 4a). Initial efforts to obtain the
structures bound with BZE failed (see details in Supporting
Information) because mutation of one key residue Ser117 in
catalytic triad to Ala was not enough to abolish the catalytic
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activity thoroughly (data not shown). Thus, the globular
structure of CocE mutant was obtained in complex with its
product benzoic acid (Figure 4b). Regarding the new muta-
tion introduced into the active center, Val116 to Lys
generated a new hydrogen bond with the oxygen of His287,
which is consistent with our simulation result (Figure 4c).
This new interaction introduced by the V116K mutation may
also stabilize the active site conformation, contributing to the
higher catalytic activity of designed BZEases. Overall, the
structure of this quintuple mutant (T172R/G173Q/V116K/
S117A/A51L) structure has no significant change compared
with WT CocE (r.m.s.d = 0.117).

Conclusion

This is the first identification of an exogenous BZE-
metabolizing enzyme, demonstrating that the bacterial CocE
could catalyze the hydrolysis of BZE at the benzoyl ester
group. To further improve the catalytic efficiency of CocE
against BZE, we have developed a novel, generally applicable
computational-aided enzyme design method (RED) based on
the CHARMM-rotamer-force-field, near-attack-conformers,
and total-hydrogen-bond-energy. The current method has led
to the discovery of a potential therapeutic CocE mutant with
a 427-fold improved catalytic efficiency against BZE (Fig-
ure 3c), sufficient for the effective metabolism of BZE to
completely eliminate its toxicity. The successful design of
a highly efficient BZEase demonstrates the RED theory is
a promising ED method for the catalysis involving the
nucleophilic attack and the oxyanion-hole stabilization.
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Figure 3. BZE clearance accelerated by the computational designed
BZEase2. Saline or 0.2 mgkg�1 or 1 mgkg�1 BZEase2 was injected IV
in rats (n= 5) followed by IV injection of 2 mgkg�1 BZE. a) Highly
efficient BZEases developed by CAED. b) Time course of BZE concen-
tration in rat blood. c) Time course of benzoic acid (a metabolite of
BZE) concentration in rat blood.

Figure 4. Crystal structures of an active CocE mutant. a) Secondary structure elements of CocE mutant (T172R/G173Q/V116K/S117A/A51L)
structure are shown as cartoon representations. b) Surface representation of binding pocked with a BA product inside. c) Structure comparison of
CocE mutant (cyan) and WT (PDB ID: 1JU4, slate) at the substrate binding site (r.m.s.d. = 0.117 for 507 atoms). The new interaction between
residue Lys116 and His287 has a distance of 2.9 �.
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Computational Design and Crystal
Structure of a Highly Efficient
Benzoylecgonine Hydrolase

Benzoylecgonine (BZE) is the major toxic
metabolite of cocaine and is responsible
for cocaine-induced long-term toxicity
owing to its long residence time in
humans. We computationally identified,
re-designed, and crystallized a novel

BZEase. The obtained BZEase mutant
shows a 427-fold improved catalytic effi-
ciency toward BZE compared to WT
BZEase. In vivo tests prove that the
BZEase mutant is a promising treatment
for BZE detoxification.
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