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Abstract: Butyrylcholinesterase (BChE)—cocaine binding and the fundamental pathway for BChE-catalyzed
hydrolysis of cocaine have been studied by molecular modeling, molecular dynamics (MD) simulations,
and ab initio calculations. Modeling and simulations indicate that the structures of the prereactive BChE/
substrate complexes for (—)-cocaine and (+)-cocaine are all similar to that of the corresponding prereactive
BChE/butyrylcholine (BCh) complex. The overall binding of BChE with (—)-cocaine and (+)-cocaine is also
similar to that proposed with butyrylthiocholine and succinyldithiocholine, i.e., (—)- or (+)-cocaine first slides
down the substrate-binding gorge to bind to Trp-82 and stands vertically in the gorge between Asp-70 and
Trp-82 (nonprereactive complex) and then rotates to a position in the catalytic site within a favorable distance
for nucleophilic attack and hydrolysis by Ser-198 (prereactive complex). In the prereactive complex, cocaine
lies horizontally at the bottom of the gorge. The fundamental catalytic hydrolysis pathway, consisting of
acylation and deacylation stages similar to those for ester hydrolysis by other serine hydrolases, was
proposed on the basis of the simulated prereactive complex and confirmed theoretically by ab initio reaction
coordinate calculations. Both the acylation and deacylation follow a double-proton-transfer mechanism.
The calculated energetic results show that within the chemical reaction process the highest energy barrier
and Gibbs free energy barrier are all associated with the first step of deacylation. The calculated ratio of
the rate constant (k) for the catalytic hydrolysis to that (ko) for the spontaneous hydrolysis is ~9.0 x 107.
The estimated k.a/ko value of ~9.0 x 107 is in excellent agreement with the experimentally derived Ksa/ko
value of ~7.2 x 107 for (+)-cocaine, whereas it is ~2000 times larger than the experimentally derived
keal ko value of ~4.4 x 10* for (—)-cocaine. All of the results suggest that the rate-determining step of the
BChE-catalyzed hydrolysis of (+)-cocaine is the first step of deacylation, whereas for (—)-cocaine the change
from the nonprereactive complex to the prereactive complex is rate-determining and has a Gibbs free
energy barrier higher than that for the first step of deacylation by ~4 kcal/mol. A further analysis of the
structural changes from the nonprereactive complex to the prereactive complex reveals specific amino
acid residues hindering the structural changes, providing initial clues for the rational design of BChE mutants
with improved catalytic activity for (—)-cocaine.

Introduction cocaine addiction, such as violent crime, loss in individual

Cocaine abuse is a major medical and public health problem Productivity, illness, and death, have made the development of
affecting over 40 million Americans since 198@.is estimated a0 effective pharmacological treatment a high priofityow-
that in the United States nearly 400 000 people use cocaine daily€Ver, cocaine mediates its reinforcing and toxic effects by
and 5000 new users are added each?d8gis widely abused blocking neurotransmitter reuptake. Thus extensive efforts
drug, which reinforces self-administration in relation to the peak Utilizing a classical pharmacodynamic approach that seeks small
serum concentration of the drug, the rate of rise to the peak, molecules to interfere with the cocatheeceptor interaction(s)
and the degree of change of the serum level, produces potenhaVe failed to identify an antagonist due to the difficulties
central nervous system and cardiovascular stimulation followed inherent in blocking a blocker:4
by depressiod.With overdose of the drug, respiratory depres-  As an alternative we embraced an alternative pharmacokinetic
sion, cardiac arrhythmia, and acute hypertension are commonstrategy that would act directly on the drug itself to alter its
effects. The disastrous medical and social consequences oflistribution and accelerate its cleararic®harmacokinetic

R - . antagonism of cocaine could be implemented by administration
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blood—brain barrie A more potent blocking action could also  enzyme substantially decreases cocaine half%ifé® For

be implemented by administration of a more stoichiometric agent example, the addition of human BChE (extracted from donated
such as a catalytic antibody, an artificial enzyme, that not only blood) to human plasma containing cocaing¢mL) decreased
binds but also degrades cocaine and thereby frees itself forthe in vitro half-life of cocaine from 116 min at a BChE
further binding®7 To further the development of catalytic concentration of 3.02g/mL to 10 min at a BChE concentration
antibodies for hydrolysis of cocairé,;2° we sought to under-  of 37.6ug/mL.2° In vivo studies in animals have also revealed
stand the mechanism underlying hydrolysis by natural cocaine significant enhancement of BChE activity on cocaine’s effétts.
esterases. Also, natural esterases could themselves be usefiurther, a single injection of enzyme may increase plasma BChE
therapeutic agents. activity for several days.

The primary pathway for metabolism of cocaine in primates  Clinical studies suggest that BChE has unique advantages.
is enzymatic hydrolysis, at the benzoyl ester or methyl ester First, human BChE has a long history of clinical use, and no
group#21Benzoyl ester hydrolysis yields ecgonine methyl ester adverse effects have been noted with increased BChE plasma
(EME), whereas methyl ester hydrolysis yields benzoylecgonine activity. Second, about 20 different naturally occurring mutants
(BE). The major cocaine-metabolizing enzymes in humans are of human BChE have been identifiétiand there is no evidence
butyrylcholinesterase (BChE), which catalyzes benzoyl ester that these mutants are antigenic. For these reasons, enhancement
hydrolysis, and two liver carboxylesterases (denoted by hCE-1 of cocaine metabolism by administration of BChE is considered
and hCE-2), which catalyze hydrolysis at the methyl ester and a promising pharmacokinetic approach for treatment of cocaine
the benzoyl ester, respectively. Hydrolysis accounts for about abuse and dependerftelowever, the catalytic activity of this
95% of cocaine metabolism in humans, and BChE is the plasma enzyme is 3 orders of magnitude lower against the
principal cocaine hydrolase in human serum. The remaining 5% naturally occurring )-cocaine than that against the relatively
is deactivated through amine oxidation by the liver microsomal biologically inactive ¢+)-cocaine enantiomer:H)-Cocaine can
cytochrome P450 system, producing norcocditteEME ap- be cleared from plasma in seconds and prior to partitioning into
pears the least pharmacologically active of the cocaine metabo-the central nervous system (CNS), whereay¢ocaine has a
lites and may even cause vasodilation, whereas both BE andplasma half-life of~45—90 min, long enough for manifestation
norcocaine appear to cause vasoconstriction and lower theof the CNS effects, which peak in minut€sThus, positron
seizure threshold, similar to cocaine itself. Norcocaine is emission tomography (PET) applied to mapping of the binding
hepatotoxic and a local anesthefid hus, hydrolysis of cocaine  of (—)-cocaine and-)-cocaine in baboon CNS showed marked
at the benzoyl ester by BChE is the pathway most suitable for uptake corresponding te-)-cocaine at the striatum along with
amplification. other areas of low uptake, whereas no CNS uptake correspond-

BChE, designated in older literature as pseudo-cholinesteraseng to (+)-cocaine was observéd(+)-Cocaine was hydrolyzed
or plasma cholinesterase to distinguish it from its close cousin by BChE so rapidly that it never reached the CNS for PET
acetylcholinesterase (AChE), is synthesized in the liver and visualization. Hence, BChE mutants with high activity against
widely distributed in the body, including plasma, brain, and (—)-cocaine are highly desired for use in humans. One could
lung*24 Studies in animals and humans demonstrate that anticipate a highly useful pharmacological treatment for cocaine

enhancement of BChE activity by administration of exogenous
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if a BChE mutant were developed capable of hydrolyzirg-(
cocaine at the rate of)-cocaine hydrolysis by wild-type BChE.

A detailed mechanistic understanding of the difference
between the BChE activity for)- and ()-cocaine could lead
to important insights for the rational design of esterases with a
high activity for natural £)-cocaine. The literatuf& 3" provides
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important background for such an endeavor. Harel €€ al. of AChE are aligned with residues-B32 of BChE. The reliability of
constructed a computer-based model of BChE from the solvedthis model and other similar onés*is supported by their successful
X-ray crystal structure offorpedo californicaAChE. Other application to studies of BChE binding with a variety of substrates
researchers have also reported similar BChE mod®ligr and inhibitors, including organophosphorus nerve ageisio 44
application of the BChE modeks-44 Masson et a5 proposed The overall features of BChE structure closely resemble those of AChE,

a mechanism for human BChE with three discrete enzvme but an interesting difference at the active site has been fAbfEue
zy catalytic triad in the AChE structure is located near the bottom of a

substrate complexes to explain the observation that the MichaelisOleep narrow cavity. In the modeled BChE structure, a simii20 A

constant Km) for butyrylthiocholine differs 10-fold between  geep cavity leads to the catalytic triad, but iti§ A wider, such that
wild-type hl.,lmar.1 EfChE gnd the Asp70Gly mutant, whgreas the a larger substrate, such as butyrylcholine (BCh) or cocaine, can bind
Km for succinyldithiocholine differs 100-fold between wild-type in the active site. When the three-dimensional model of Harel 3t al.
human BChE and the Asp70Gly mutant. The first enzyme of human BChE was used in our computational studies, the missing
substrate complex, ES1, was proposed to form when substrateesidues 483487 were added by comparing the BChE structure with
binds to Asp-70. The second complex, ES2, was proposed tothat constructed by Ekholm et #lFor each substrate, two kinds of
form when the substrate slides down the substrate-binding gorgeP0ssible enzymesubstrate complexes, similar to ES2 and ES3 noted
to bind to Trp-82 and stays vertically in the gorge between Asp- above, were modeled and simulated by performing molecular dynamics
70 and Trp-82. The third complex, ES3, forms when the (MD) simulations. We performed a 500 (or 400) ps MD simulation on

. - each enzymesubstrate complex in a water bath by using the SANDER
substrate rotates to a horizontal position at the bottom of the module of AMBER 4.15 with the Cornell et al. force field® The

gorge to come within a favorable distance for nucleophilic attack ,oein-solvent system was optimized prior to the simulation as
and hydrolysis by Ser-198. Additionally, the kinetic data foliows. First, the protein was frozen and the solvent molecules with
reported for butyrylthiocholine suggested that activation of counterions were allowed to move during a 1000 step minimization
BChE by excess substrate takes place after binding of the secondnd a 3 ps MDrun. Second, the side chains were allowed to relax by
molecule on a peripheral anionic site (PAS) consisting of several subsequent minimizations during which decreasing force

residues Asp-70 and Tyr-332, among oth&r&urther, the

constants were put on the backbone atoms. After full relaxation, the

dissociation constants (approximated by the inhibition constant System was slowly heated to 250 K in 10 ps and then to 300 K in

Ki) of the human BChE#)-cocaine and BChE#)-cocaine
complexes were determined by Berkman e¥als 8.0 and 5.4
uM, respectively. The respectiVg, values determined recently
are 14 and 1QM; the respectivek, values are 3.9 and 7500
min—137 The similar K; (and K, values indicate that the
significant difference in BChE activity betweer)- and ¢)-

40 ps.

The computational details for the MD simulations are much the same
as we performed for phosphotriester&s€In particular, the simulations
used a 2 feime step and employed the particle-mesh Ewald (PME)
method!® The all-atom models were neutralized by adding two chloride
counterions and were immersed in rectangular boxes (with initial size
95.0 A x 96.0 A x 75.0 A) filled with TIP3P water moleculé$.The

cocaine is not determined by a difference in the binding simulations were performed with a periodic boundary condition in the
efficiency but rather by subsequent step(s), e.g., the change fromNPT ensemble at 300 K with Berendsen temperature couifingd

ES2 to ES® or other chemical step¥.

constant pressure (1 atm) with isotropic molecule-based sc&iifige

To understand the origin of this difference, we have examined SHAKE algorithm?'® with a tolerance of 1%, was applied to fix all

BChE/cocaine binding and the fundamental reaction pathway
for BChE-catalyzed hydrolysis of cocaine through molecular

modeling, molecular dynamics (MD) simulations, and ab initio

guantum mechanical (QM) calculations. First, the binding of

BChE with (—)- and (+)-cocaine were modeled and simulated
to provide the prereactive enzymsubstrate complexes. QM

bonds containing a hydrogen atom, and the nonbond pair list was
updated every 10 steps. The restrained electrostatic potential (RESP)
charges of cocaine (protonated) were determined at the Hafiek
(HF) level with the 6-31G* basis set following the standard RESP
procedure®

The QM methods used in our reaction coordinate calculations and
subsequent energy evaluations include the HF, density functional theory

reaction coordinate calculations were then performed on an (DFT) with Becke’s three-parameter hybrid exchange functional and
enzyme-substrate model system derived from the determined the Lee-Yang—Parr correlation functional (B3LYP}, and second-

prereactive enzymesubstrate complex for—)-cocaine to

order Mgller-Plesset (MP2) perturbation theory implemented in

uncover the fundamental reaction pathway for hydrolysis by Gaussian98 The basis sets used include the 3-21G, 6-31G*, 631,

BChE.

Computational Methods

Our computational studies began with a three-dimensional model

of human BChE constructed by Harel et*abased on their X-ray
crystal structure of . californicaAchE. In their model, residues4%34

(38) Millard, C. B.; Lockridge, O.; Broomfield, C. ABiochemistryl995 34,
15925.

(39) Millard, C. B.; Lockridge, O.; Broomfield, C. ABiochemistry1998 37,
237
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Biochemistryl1997, 36, 14642.
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119 413.
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Rudolf, V. Biochim. Biophys. Actd999 1433 261.
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6-31+G**, and 6-3H-+G**.5 Geometries of all transition states,
reactants, and intermediates considered in this study were first optimized
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at the HF/3-21G level, followed by energy calculations at the B3LYP/
6-31+G*, B3LYP/6-31+G**, B3LYP/6-31++G**, and MP2/6-
31+G* levels. To examine the reliability of the geometries optimized
at the HF/3-21G level, the geometries of the transition state and the

corresponding intermediate for the highest energy barrier step of reaction

were further refined at the B3LYP/6-31G* level. Vibrational frequencies
were evaluated at the optimized geometries to confirm all the first-
order saddle points and local minima found on the potential energy
surfaces and to evaluate zero-point vibration energies (ZPVE) and
thermal corrections to Gibbs free energies. Intrinsic reaction coordinate
(IRC) calculation® were also performed to verify the expected
connections of the first-order saddle points with local minima found

on the potential energy surfaces. We did not use diffuse basis functions

for geometry optimization because our previous calculations on the
anionic systems indicate that the diffuse functions are not important
for the geometry optimizations although they are critically important

for the final energy calculatiorf§:5” All calculations were carried out

on SGI Origin 200 multiprocessor computers.

Results and Discussion

Similarity between Structures of Cocaine and Butyryl-
choline. Reaction coordinate calculations for a chemical reaction
begin with a concept of the orientation of the reactants. Different
starting structures for the enzymsubstrate complex can lead
to completely different reactions. For such enzymatic reactions,
we need to know structure of the prereactive enzyswbstrate
complex, which may also be called the near attack conformation
(NAC) defined by Bruice et & and discussed more carefully
by Shurki et aP® Our initial insights into the enzymesubstrate
binding came from a comparison of the optimized geometry of
butyrylcholine (BCh) with those of-{)- and (+)-cocaine.

The geometries of BCh and-j-cocaine optimized at the
B3LYP/6-31+G* level are depicted in Figure 1. Note that
cocaine mainly exists in its protonated form under physiological
conditions because itskg is 8.6%° and thus both BCh and

cocaine have positively charged quaternary ammonium groups.

In human BChE, Trp-82 is thought to be the key factor in the
stabilization of positively charged substrates in the ES2 and ES3
although this interaction should be more properly classified as
a cation-sr interaction3®2While the positively charged quater-
nary ammonium is positioned to effectively bind with Trp-82
in the ES3 complex, the carbonyl carbon of the substrate must
be positioned proximal to Ser-198 @or nucleophilic attack.
Thus the distance between the carbonyl carbon and the

(53) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
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K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
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J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(54) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AAlnitio Molecular
Orbital Theory John Wiley & Sons: New York, 1986.
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J. Chem. Phys1997 107, 7323.
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Chem. Soc2002 124, 2744.
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Figure 1. Geometries of BCh and~)-cocaine optimized at the B3LYP/
6-31+G* level.

Chart 1. Structures of (—)-cocaine and (+)-cocaine
HsC H3C\
\N+/H N+’H
: s
OCH,4 OCH,
[0} (o]
/ /
o=C 0=¢
(-)-cocaine (+)-cocaine

guaternary ammonium is critical, and according to our optimized
geometries depicted in Figure 1, this distance is 4.92 A for the
excellent substrate BCH.The optimized C to N distance for
the substrate cocaine benzoyl ester (5.23 A) is similar to that
of BCh. The C to N distance for the cocaine methyl ester (2.95
A) is remarkably shorter. This helps to explain why){ and
(+)-cocaine bind with BChE in a way to hydrolyze at the
benzoyl ester, instead of the methyl ester, whereas for the
nonenzymatic hydrolysis of cocaine under physiological condi-
tions (pH 7.4, 37°C) the methyl ester hydrolyzes faster than
the benzoyf?

BChE/Substrate ComplexesOn the basis of the structural
similarity discussed above, the relative positions of the positively
charged quaternary ammonium and the carbonyl group of the
benzoyl ester moiety in the prereactive BChE/cocaine complexes
could be similar to that in the corresponding BChE/BCh
complex. The main structural difference between the BCRE/(
)-cocaine and BChEK)-cocaine complexes exists only in the
relative position of the methyl ester group (Chart 1). Hence,
the initial structures of both the BChE/f-cocaine and BChE/
(+)-cocaine complexes used in our first step of molecular
modeling and simulations were generated from the three-
dimensional model of human BChE with substrate butyrylcho-
line (BCh) constructed by Harel et #&.by replacement of
substrate. {)- and ()-cocaine were positioned similarly to
BCh: the carbonyl group of the benzoyl ester was superimposed
on the carbonyl group of BCh, and the nitrogen at the positively
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(-)-cocaine (+)-cocaine

Cc

Figure 2. Minimized structures of prereactive BchE)-cocaine (left) and BChE#)-cocaine (right) complexes. (a) Ribbon. (b) Residues forming the
catalytic triad and residues surrounding substrate within 5 A. (c) Residues forming the catalytic triad and the three-pronged oxyanion hole.

charged tropane nucleus was superimposed on the nitrogen oformed by the peptidic NH functions of Gly-116, Gly-117, and
the positively charged quaternary ammonium. Ala-199, obtained from the MD simulations, are summarized
The energy-minimized geometries of the BChBKcocaine in Figure 3. RMSD in Figure 3 represents the root-mean-square
and BChE/{)-cocaine complexes are depicted in Figure 2. The deviation (for heavy atoms) of the enzyme structure from the
interactions of the carbonyl group of the benzoyl ester with the original structure constructed by Harel efaln the minimized
hydroxyl oxygen (@) of Ser-198 and with the oxyanion hole structures of BChE binding with=)- and @)-cocaine, the
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MD simulation on BChE with (-)-cocaine MD simulation on BChE with (+)-cocaine
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Figure 3. RMSD (trace A) of the BChE structure (heavy atoms) in the simulated prereactive BChE/cocaine complex from the original BChE structure
constructed by Harel et al. and important internuclear distances (traces C, E, F, and G) versus the simulation time. Trace C represents theveestance be
the carbonyl carbon and Ser-198;@aces E, F, and G represent the distances from the carbonyl oxygen to the peptidic NH hydrogens of Gly-116, Gly-117,
and Ala-199, respectively.

o

MD simulations on ES2-like BChE-cocaine complexes
12 T T T T

Bl T YT i ot
R L

—e—RMSD
6 -F— (-)-cocaine
—&— (+)-cocaine

internuclear distances between the carbonyl carbon of the
benzoyl ester and Ser-198 @re 3.19 and 3.18 A, respectively.
During the MD simulations from 100 to 500 ps, the time-average
values of the distance between the carbonyl carbon and Ser-
198 O are~3.51 and~3.53 A for (-)- and &)-cocaine, re-
spectively. These C to 'Qdistances are all comparable to the
distances between the carbonyl carbon and the hydroxide oxygen
(2.99-3.56 A¥Lin our previously optimized geometries of the
prereactive complexes of carboxylic acid esters with hy-
droxide®1-%4 The distances between the carbonyl oxygen of the
benzoyl ester and the NH hydrogen of Gly-116, Gly-117, and
Ala-199 are 1.98, 2.59, and 1.92 A, respecitively, in the mini-
mized structures of BChE with-)-cocaine. The respective O

to H distances in the minimized structures of BChE with)«
cocaine are 1.82, 2.42, and 2.39 A. The respective time-average | | | .
values of the O to H distances ar8.67,~2.21, and~2.46 A 0 0 100 200 300 400 500

for the MD simulation on BChE with-{)-cocaine and-3.80, Simulation time (ps)

N2'39’. and~3.01 A for t.he MP simulation with f)-?ocame' Figure 4. RMSD of the BChE structure (heavy atoms) in the simulated
In addition, the MD trajectories also reveal that in both the gsp.jike BChE/g)-cocaine complex from the starting structure and the
BChE/(—)-cocaine and BChE#f)-cocaine complexes, the co- simulated distances between the benzoyl carbonyl carbon of cocaine and
caine nitrogen atom stays at nearly the same position as theSer-198 @ versus the simulation time.

BCh nitrogen atom in the structure of BChE model constructed i, gigyres 2 and 3 are similar to the ES3 structure proposed for
by Harel et af? These limited results suggest that both){ BChE binding with other positively charged substrates, i.e.,
and (t)-cocaine may bind with human BChE so as to allow 1,y ryithiocholine and succinyldithiocholirf; they are all
Ser-198 @to approach the carbonyl carbon of the benzoyl ester. ,ysitioned horizontally at the bottom of the substrate-binding
Our modeled and simulated structures of the prereactive gorge of BChE. To better understand BChE binding with
BChE/(—)-cocaine and BChE#f)-cocaine complexes depicted cocaine, we also docked-J- and @)-cocaine to the BChE

(61) Zhan, C.-G.: Landry, D. W.; Omstein, R. L Am. Chem. So@00Q 122, active site in a way similar to what was described in the
1522, ' ' ' ' literaturé™in order to model the ES2 complex. Through energy

(62) Zzgzaf C-G.; Landry, D. W.; Ornstein, R. L.Am. Chem. S0@00Q 122, minimization and MD simulations, we obtained the ES2-like
(63) () Zhag, C_.-G.;7 L6aEdr)|//, D.I\]{\B.. F;]hys. Cr:jem. 2001, 105, 1296. (b) Thef o BChE/(—)-cocaine and BChE/f)-cocaine complexes in which
energy barrier, 7.6 kcal/mol for the rate-determining step, given inref 63a ,__ : " - .
was determined by using the calculated total energies plus zero-point ( )'_and {t)-cocaine are positioned vertically in th_e SUbStrat(_:*"
vibration energy corrections. Determination of the Gibbs free energy barrier b|nd|ng gorge between Asp-70 and Trp-82. As illustrated in
requires the thermal corrections to the Gibbs free energies for all relevant . . . . .
species (cocaine, hydroxide ion, and the first transition state), instead of Figure 4, the MD trajectories for the ES2-like BChEJ{cocaine
the zero-point vibration energy corrections. The required thermal corrections and BChE/{+)-cocaine complexes are also very stable. In
to the Gibbs free energies were not presented in ref 63a, and we use these . . . .
results in this paper for the first time. The value after the thermal correction addition, our simulated ES2-like BChE/)-cocaine and BChE/
to Gibbs free energy in the Gaussian98 output actually includes the zero- (+)-cocaine complexes are very close to the simulated Michae-
point vibration energy and all thermal corrections (through corrections to . 37
both enthalpy and entropy) to Gibbs free energy. Hence, the Gibbs free liS—Menten complexes reported by Sun et8lAll these

energy in the gas phase was evaluated to be the calculated total energysuggest that the binding of BChE Wit|°rI— and &)-cocaine is
plus the value after the thermal correction to Gibbs free energy. The free —. % . . : .
energy in solution was determined to be the gas-phase free energy plus theSimilar to those proposed with butyrylthiocholine and succi-

solvent shift obtained from the SVPE or FPCM solvation calculation (see ithi in@35 1 li -
refs 63a and 77 for the solvation method used). So, we obtained the Gibbs nyldltthChO“ne' BOFh the nonprgreactlve (Or ES2 “ke,) com
free energy barrier of 19.5 kcal/mol for the rate-determining step of the plex and the prereactive (or ES3-like) complex could exist before

RMSD or distance (angstrom)

hydroxide ion-catalyzed hydrolysis of cocaine at the benzoyl ester. ; ; ; ;
(64) Zhan. C.-G.: Landry. D. W.; Omnstein, R. L. Phys. Chem. 2000 104 going to the chemical reaction steps. Furthermo_re, on the basis
7672. of the results reported by Sun et &P the Michaelis-Menten
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a of the C-2 methyl ester group. The C-2 methyl ester group of
(—)-cocaine remains on the same side of the carbonyl of the
benzoyl ester as the attacking hydroxyl oxygen (Ser-198 O
whereas the C-2 methyl ester of)-cocaine remains on the
opposite side. This difference could cause a difference in
hydrogen bonding, electrostatic, and van der Waals interactions
during the catalytic process and result in a significant difference
in free energies of activation. Nevertheless, the basic BChE
mechanism for both enantiomers may resemble the common
catalytic mechanism for ester hydrolysis in other serine hydro-
lasesS® including the thoroughly investigated ACKE 59 Thus,
based on our modeling and simulation of the prereactive
complexes and the knowledge about ester hydrolysis in other
serine hydrolases, a possible reaction pathway for BChE-
catalyzed hydrolysis of cocaine can be hypothesized. Scheme
1 depicts {-)-cocaine and important groups from the catalytic
triad (Ser-198, Glu-325, and His-438) and three-pronged oxya-
nion hole (Gly-116, Gly-117, and Ala-199). The proposed
hydrolysis of cocaine consists of both the acylation and
deacylation stages demonstrated for ester hydrolysis by other
serine hydrolase®. A significant difference might exist in the
number of potential hydrogen bonds involving the carbonyl

) - ) ) ) oxygen in the oxyanion hole. The three-pronged oxyanion hole
Figure 5. Relative positions of cocaine and some residues of BChE in the

ES2-like and prereactive BChE/J-cocaine (a, top) and BChB#j/cocaine formgd by peptidic NH groups of Gly-116, Gly-117, and Ala-
(b, bottom) complexes. The red and black refer to the ES2-like and 199 in BChE (or by peptidic NH groups of Gly-118, Gly-119,

prereactive complexes, respectively. and Ala-201 in AChE) contrasts with the two-pronged oxyanion
o ) hole of many other serine hydrolases. Schematic representation
complex is likely the ES2-like complex for—)- and (+)- of the pathway for {)-cocaine hydrolysis should be similar to

cocaine, but it is not the prereactive complex in light of our gcheme 1, differing only in the relative position of the C-2
new results. In other words, the Michaetislenten complex s methyl ester group in the acylation.

different from the prereactive enzymeubstrate complex for
BChE-catalyzed hydrolysis of—)- and (+)-cocaine. The
Michaelis—Menten complex must progress to the prereactive
complex before the first chemical reaction step can occur.

As depicted in Scheme 1, the acylation is initialized by Ser-
198 O attack at the carbonyl carbon of the cocaine benzoyl
ester to form the first tetrahedral intermediate (INT1) through
the first transition state (TS1). During the formation of INTZ1,

To better compare the modeled ES2-like complex with the 6 -0 hond between the carbonyl carbon and Ser-198 O
prereactive complexes for-{- and (+)-cocaine, the protein gradually forms, while the proton at Ser-198' @radually

backbone atoms in the ES2-like complex were superimposedyansfers to the imidazole N atom of His-438, which acts as a

with the corresponding atoms in the prereactive complex. It ganera| base. The second step of the acylation is the decomposi-
turned out that the overall protein structures in the ESZ-Ilkt_a tion of INT1 to the metabolite ecgonine methyl ester and acyl-
and prereactive complexes are very close to each other, whileg~e (INT2a) through the second transition state (TS2). During

the orientations of the substrgte are nearly vertical to each other., change from INT1 to INT2a, the proton gradually transfers
So, for both ¢-)- and (+)-cocaine, the substrate needs to rotate ( e benzoy! ester oxygen, while the-O bond between the

about 90_ during the change_ from_the_ESZ-Iike complex to the carbonyl carbon and the ester oxygen gradually breaks. Also,
prereacu_ve complex as deplcFed in Figure 5; more _speC|f|caIIy, during the first step of acylation, the carbonyl oxygen may
(—)-cocaine needs to rotate slightly more thar)-Cocaine. The — ,engially form up to three hydrogen bonds with the NH groups
energy barrier of the change from the ES2-like complex to the ¢ G)y.116, Gly-117, and Ala-199. Note that these potential
prereactive complex for)-cocaine is expected to differ from v qro0en bonds do not necessarily exist in the prereactive
that for (+)-cocaine. This is because the relative _posmons of enzyme-substrate complex (ES) and in other structures, even
the C-2 methyl est_er group Of_ substr_ate are dlfferent_and, though they are, for convenience, indicated throughout the
therefore, some amino acid residues hindering the rotation of .o tion process in Scheme 1.
one substrate might not hinder the rotation of another. Specific  Ag saen in Figure 3, in the simulated prereactive enzyme
residues possibly hindering substrate rotation will be discussedsubstrate complex oniy one or two of the three NH groups
below.
weakly hydrogen-bond to the carbonyl oxygen #f){or (—)-

Possible Reaction Pathwayd-or both ()- and (+)-cocaine, y hydrog yhoxygen e9r ()

the relative positions of the nitrogen and the benzoyl carbony!l (es) Hu, C.-H.; Brinck, T.; Hult, KInt. J. Quantum Chen1.998 69, 89.

i i i (66) Wlodek, S. T.; Clark, T. W.; Scott, L.; McCammon, J. A.Am. Chem.
in the simulated prereactive BChE/substrate complex are 5061087 116 9543,

)
)
essentially the same as those reported for BCh in BChE, we (67) wiodek, S. T.; Antosiewicz, J.; Briggs, J. M. Am. Chem. Sod 997,
)
)

may eXpeCt that BChE_Catalyzed hydrOIyseS ﬂj_(and 6_)_ (68 %ﬁ%u&hrjgx Wilodek, S. T.; McCammon, J. Rroc. Natl. Acad. Sci. U.S.A.

cocaine follow a reaction pathway similar to that for BChE- 1998 95, 9280.

P ; (69) Malany, S.; Sawai, M.; Sikorski, R. S.; Seravalli, J.; Quinn, D. M.; Radic,
Catalyzed hydmly_SIS C?f BCh. A remarl_<ab|e dlﬁere_nce bet_ween Z.; Taylor, P.; Kronman, C.; Velan, B.; Shafferman,JAAm. Chem. Soc.
(—)- and {)-cocaine is associated with the relative positions 200Q 122, 2981.
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Scheme 1. Schematic representation of the single-proton-transfer mechanism for BChE-catalyzed hydrolysis of (—)-cocaine at the benzoyl

ester
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cocaine during the simulations. No hydrogen bonding was noted carbon, with participation of His-438 as a general base, and is
between the carbonyl oxygen and the NH group of Gly-116. the reverse of acylation with respect to bond breaking/formation
These potential hydrogen bonds are expected to increase inand potential hydrogen bonds.

strength from ES to TS1 and to INT1 due to the expected A common feature of the four reaction steps indicated in
increase of net negative charge on the carbonyl oxygen. By theScheme 1 is that a ©0 bond formation/breaking process
same logic, these potential hydrogen bonds are expected toalways incorporates a single proton transfer along the hydrogen
progressively weaken from INT1 to TS2 and to INT2. The bond between the His-438 nitrogen and the oxygen of th©C
deacylation is initialized by water (oxygen) attack at the carbonyl bond, whereas there is no proton transfer between His-438 and

EB
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Scheme 2. Schematic representation of the double-proton-transfer mechanism for BChE-catalyzed hydrolysis of (—)-cocaine at the benzoyl
ester
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Glu-325. The pathway shown in Scheme 1 is thus a single- hydrolase. Their enzyme model includes the two-pronged
proton-transfer mechanism. A double-proton-transfer mecha- oxyanion hole, represented by two water molecules, and the
nism, depicted in Scheme 2, would involve an additional, catalytic triad, represented by formate anion, imidazole, and
concurrent proton transfer between His-438 and Glu-325, asmethanol. They examined both single- and double-proton-

discussed by Hu et &.for ester hydrolysis catalyzed by a serine transfer mechanisms for the first step of acylation, and the latter
mechanism was found to be energetically unfavorable-By

hydrolase.
Hu et al%® performed QM calculations on a simplified model kcal/mol8® Questions for further study include whether the

system for hydrolysis of methyl formate catalyzed by a serine conclusion for methyl formate hydrolysis catalyzed by a serine
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hydrolase involving the two-pronged oxyanion hole is correct
also for hydrolysis of {)- and ()-cocaine catalyzed by BChE
involving the three-pronged oxyanion hole. Only by performing
extensive reaction coordinate calculations can we know whether
the two mechanisms coexist in all the reaction steps of BChE-
catalyzed hydrolysis of{)- and (+)-cocaine and which is
favorable if the two mechanisms coexist. If the single-proton-
transfer mechanism is favorable for some reaction steps and
the double-proton-transfer mechanism is favorable for other
reaction steps, then the favorable reaction pathway should be a
proper combination of the steps shown in Schemes 1 and 2.
The combination might be very simple, if one mechanism is
favorable for the whole acylation process and the other is
favorable for the whole deacylation process. If one mechanism
is favorable for the first step of acylation (or deacylation) and
the other is favorable for the second step of acylation (or
deacylation), then an additional reaction step, i.e., an individual
proton transfer along the hydrogen bond between His-438 and
Glu-325, may exist between the two major steps. Thus, it is
also possible that the favorable acylation (or deacylation)
pathway includes three reaction steps.

Reaction Coordinates and Energy ProfilesTo examine the
above mechanistic hypotheses, we performed detailed reaction
coordinate calculations on the fundamental reaction pathways
for BChE-catalyzed hydrolysis of+)-cocaine with a BChE
active-site model. The general approach of using fully quantum
mechanical methods for active-site residues has previously been
used by other researchéfsThe BChE active site model used
includes only the six amino acids indicated in Schemes 1 and
2 with the following simplifications: Ser-198 is represented by
methanol, His-438 is represented by imidazole, Glu-325 is
represented by acetate (§E0DO"), and Gly-116, Gly-117, and
Ala-199 are all represented by ammonia molecules. This BChE
active-site model consists of 34 atoms. So, a total of 78 atoms
were included in the ab initio calculations on the model-ef-(
cocaine hydrolysis. Reaction coordinate calculations on this
model system are expected to provide a qualitative picture of
the formation and breaking of covalent bonds at the reaction

center and to estimate the intrinsic energy barriers and Gibbs
Figure 6. Model geometries of the prereactive enzynseibstrate (ES)

free energy barriers for the enzymatic reaction. " . i >
. ) complex, transition states, and intermediates for the acylation (a, top four
We examined both the single- and double-proton-transfer stryctures) and deacylation (b, bottom four structures) stages of the BChE-

mechanisms by testing different initial geometries in the catalyzed hydrolysis of-{)-cocaine optimized at the HF/3-21G level.
transition-state geometry optimizations. However, the calcula-
tions always pointed to the same transition states expected fromcorrelation effects are important only for final energy evaluations
the hypothetical double-proton-transfer mechanism, consistingbut are not important for the geometry optimizations. The
of four individual steps (ES> TS1— INT1 — TS2— INT2 geometry optimizations at a lower HF level (with a smaller basis
— TS3— INT3 — TS4— EB). Depicted in Figure 6 are the  set) followed by single-point energy calculations at the MP2/
geometries of the transition states (TS1, TS2, TS3, and TS4),6-31+G* level are adequate for predicting energy barriers, in
intermediates (INT1, INT2, and INT3), and prereactive BChE/ excellent agreement with the corresponding experimental data.
(—)-cocaine complex model (ES) optimized at the HF/3-21G The calculations at higher levels, e.g., replacing MP2 with
level. The calculated energy barrierAHy) and Gibbs free QCISD(T) or using larger basis sets, do not change the
energy barriersAG,) are summarized in Table 1. Our reaction calculated energy barriers substanti&Hy2In the present study,
coordinate calculations argue against a single-proton-transferye further tested this issue. Our results calculated at the MP2/
mechanism and support a_double-prpton-transfer mechanism folg_31+ G*//HF/3-21G level show that, for both the acylation and
BChE-catalyzed hydrolysis of cocaine. _ deacylation stages, the energy barrier and free energy barrier
Our previous computational studs®7%72on the reaction  preqicted for the first step (i.e., the first or third step of the
pathways for various ester hydrolyses demonstrated that electrorn, e chemical reaction process) is always higher than that for

(70) (a) Tantillo, D. J.; Chen, J.; Houk, K. KCurr. Opin. Chem. Biol199§ 2,
743. (b) Tantillo, D. J.; Houk, K. N. listimulating Concepts in Chemistry (71) Zhan, C.-G.; Shields, G. C.; Landry, D. W. Unpublished results.
Vogtle, F., Stoddart, J. F., Shibasaki, M., Eds.; Wiley-VCH: Weinheim, (72) Zheng, F.; Zhan, C.-G.; Ornstein, R. lL.. Chem Soc., Perkin Trans. 2
Germany, 1998; p 79. 2001, 2355.
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Table 1. Energy Barriers (AE;) and Gibbs Free Energy Barriers (AG,), in Kcal/Mol, Calculated for BChE-catalyzed Hydrolysis of
(—)-cocaine at 298 K and 1 Atm?

AE? AG?
method step 1 step 2 step 3 step 4 step 1 step 2 step 3 step 4
MP2/6-3H-G* 4.0 3.1 16.6 (17.0) 6.5 5.6 3.6 19.0 (18.2) 6.6
B3LYP/6-31+G* 6.2 16.9 (18.5) 7.8 19.2 (19.8)
B3LYP/6-31+G** 55 16.2 (17.5) 7.1 7.1 18.5(18.7)
B3LYP/6-31++G** 5.6 5.6 16.2 (17.5) 7.2 7.2 18.5 (18.7)

aThe values in parentheses were calculated using the geometries optimized at the B3LYP/ 6-31G* level. The other values were calculated using the
geometries optimized at the HF/3-21G level. All values are given in kilocalories per mole.

the corresponding second step (i.e., the second or fourth stepbarrier of 11.4 kcal/mol calculated for GE(O)OCH; hydrolysis

of the entire chemical reaction process). Hence, we performedis in excellent agreement with the available experimental
the B3LYP energy calculations using the 643%* and larger activation energy: 12.2 kcal/m@lor 10.45 kcal/mof®

basis sets on these two critical reaction steps. The barriers Because the third reaction step is predicted to have the highest
calculated at the B3LYP/6-31G*//B3LYP/6-31G* level are  barrier, this reaction step is expected to be rate-determining if
close to the corresponding values at the MP2/6-G¥//HF/3- the effects of the remaining protein environment on the

21G level, although the change for the first steg2(2 kcal/ calculated barriers can be neglected. Furthermore, because the
mol) is significant. When the basis set is increased from third reaction steps for<)- and (+)-cocaine are identical, their
6-31+G* to 6-31++G**, the changes of the calculated barriers  hydrolysis rates in BChE would be expected to be the same if
are smaller than 0.7 kcal/mol. this step of the chemical reaction process were really rate-
Since the third reaction step, i.e., the first step of deacylation, determining for the entire catalytic process. In faet)-€ocaine
is associated with the highest energy barrier and the highesthydrolysis in BChE is about 1002000 times slower thant()-
Gibbs free energy barrier, we further optimized the geometries cocaine hydrolysis, suggesting that some other factors, such as
of TS3 and INT2 at the B3LYP/6-31G* level to evaluate the the change from the ES2-like complex to the prereactive ES
barrier for this highest-barrier reaction step using the B3LYP/ complex, are important for<)-cocaine or for both{)- and
6-31G* geometries. We found that the barriers calculated from (+)-cocaine. To better understand the mechanism, we compare
the B3LYP/6-31G* geometries are close to those from the HF/ the predicted highest barriers in Table 1 with those predicted
3-21G geometries, particularly for the Gibbs free energy barriers. for the alkaline hydrolysis of cocaine predicted in our previous
These comparisons indicate that our energy barriers and Gibbscomputational studies and with available experimental rate
free energy barriers predicted at the MP2/6+&1*//B3LYP/ constants.

6-31G* and MP2/6-31G*//HF/3-21G levels are reliable. BChE-Catalyzed Hydrolysis vs Spontaneous Hydrolysis.

We note that our conclusion about the rate-determining step The highest energy barrier,17 kcal/mol, predicted at the MP2/
for BChE-catalyzed hydrolysis of«)-cocaine is different from 6-31+G*//B3LYP/6-31G* level for the BChE-catalyzed hy-
that for other similar model serine protease enzymatic systemsdrolysis of (—)-cocaine is~9 kcal/mol higher than the energy
with amide substrate HC(O)N/# or CH;C(O)NHCHs.”# The barrier of~7.6 kcal/mol predicted for hydroxide ion-catalyzed
formation of the tetrahedral intermediate during the deacylation hydrolysis of cocaine at the benzoyl ester in aqueous solu-
is rate-determining for the cocaine hydrolysis, whereas the tion.5371For the hydroxide ion-catalyzed hydrolysis of cocaine
formation of the tetrahedral intermediate during the acylation in aqueous solution, we reported two competing reaction
is rate-determining for the amide hydrolysis. This difference pathways for the second step: one is associated with a direct
might be due to the remarkable difference between substrateproton transfer and the other is associated with a water-assisted
cocaine and substrate amide, particularly for the identity of the proton transfef® The energy barrier for the second step
leaving group of the hydrolysis. For the acylation stage of corresponding to the direct proton transfer is higher than that
cocaine hydrolysis a €0 bond will be broken and the leaving (7.6 kcal/mol) for the first step, whereas the barrier for the
group includes a tropanecarboxylic acid methyl ester, whereassecond step corresponding to the water-assisted proton transfer
for the acylation stage of amine hydrolysis a8 bond will is lower than that for the first step. So, the first step is rate-
be broken and the leaving group is dNBr NHCHs. For both determining for the hydroxide ion-catalyzed hydroly&idlev-
the cocaine and amide hydrolyses, the deacylation stage isertheless, the entropy contributions to the Gibbs free energy
always associated with breaking a-O bond. Our previous  barriers for the hydroxide ion-catalyzed hydrolysis are consider-
reaction pathway calculations on base-catalyzed hydrolysis of ably different from those for the BChE-catalyzed hydrolysis.
various estefd-6472indicate that the calculated energy barriers The energy barriers;~17.0 vs ~7.6 kcal/mol, refer to the
are very sensitive to the identity of the leaving group of the barriers at the ideal temperature of O K. Further accounting for
ester. The tropanecarboxylic acid methyl ester existing in the the thermal motion at 298 K and 1 atm (including the entropy
leaving group significantly stabilizes the transition state for the contributions), the Gibbs free energy barrier, denotedh\By,
formation of the tetrahedral intermediate so that the energy
barrier calculated for cocaine hydrolysis (7.6 kcal/mol)»ié (75) Rylander, P. N.; Tarbell, D. S. Am. Chem. Sod95Q 72, 3021.
kcal/mol lower than that for CEC(O)OCH; hydrolysis (11.4 g% (F:;"gf’;rghéf*éf'é?é?@@?'}‘f?%‘#i;m;\'ﬁ‘%heﬁ'ci‘écnﬁ?%ﬁ%éa 108
kcal/mol) calculated at the same level of thebi§The energy 177. (b) Zhan, C.-G.; Chipman, D. M. Chem. Phys1998 109, 10543.
(c) Zhan, C.-G.; Chipman, D. Ml. Chem. Phys1999 110, 1611. (d) Zhan,
C.-G.; Landry, D. W.; Ornstein, R. L1. Phys. ChemA 200Q 104, 7672.

(73) Srajbl, M.; Florian, J.; Warshel, AJ. Am. Chem. So@00Q 122, 5354. (e) Zhan, C.-G.; Dixon, D. AJ. Phys. ChemA 2001, 105 11534. (f)
(74) Daggett, V.; Schider, S.; Kollman, PJ. Am. Chem. Sod991, 113 8926. Zhan, C.-G.; Dixon, D. AJ. Phys. ChemA 2002 in press.
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predicted for the hydroxide ion-catalyzed hydrolysis of cocaine than the transformation from ES2-like complex to the prereactive

at the benzoyl ester should bel9.5 kcal/moE3b about 1 kcal/
mol higher than the Gibbs free energy barrier~af8.2 kcal/
mol predicted for the BChE-catalyzed hydrolysis.

The catalytic rate constarks,: defined by (d[S]/t)cat = Kear

[ES], for the BChE-catalyzed hydrolysis is determined by the

predicted Gibbs free energy barriegxG, = ~18.2 kcal/mol,

BChE/(=)-cocaine complex, is rate-determining, the enzymatic
reaction rate is expected to be pH-dependent. A very recent
experimental studyf® revealed that the rate of the BChE-
catalyzed hydrolysis of)-cocaine is not significantly affected

by the pH of the reaction solution, whereas the rate of the BChE-
catalyzed hydrolysis of)-cocaine is clearly pH-dependent.

through So, itis likely that the rate-determining step is the change from
the ES2-like complex to the prereactive complex for BChE-

Keae= v €XP[-AG4/RT] 1) catalyzed hydrolysis of-{)-cocaine.

in which v is the frequency factorv = kgT/h, wherekg is Insights into thional De:_sign of BChE Muta_nts.GeneraIIy
Boltzmann’s constant anldis Planck’s constant. [S] and [ES] ~ SP€aking, for rational design of a more active mutant of an
represent the concentrations of the substrate and the erzyme €nNZyme for a given substrate, one needs to find a mutation that
substrate complex, respectively. It has been known that the €@n a}ccelergte the rate-determining step of the entire cata]ytm
spontaneous, nonenzymatic hydrolysis of cocaine in aqueousreactlon while the other .ste.ps are not slowed by the mutatlon.
solution is dominated by the hydrolysis catalyzed by hydroxide "€ €nzymesubstrate binding and fundamental reaction path-

ion. The rate constant of the “spontaneous” hydrolykis,s
dependent on the concentration of hydroxide ion, [fH@Gnd
the second-order reaction rate const#gt,

(d[S)dt)o = k[S] @)
(d[S)dt)o = k[HO ][S] ®3)
Thus we have
ko= k[HO™] = v exp[-AG, /RT][HO ] (4)
Equations 1 and 4 give the ratio kfx to ko, i.e.
Kealko = €XPI-(AG, = AG)YRT/[HO]  (5)
WhenAG, = 18.2 kcal/mol AG? = 19.5 kcal/mol, [HO] =

1077 M (i.e., pH=7), andT = 298 K, eq 5 provide&.a/ko =
~9.0 x 10"

ways discussed above provide a rational base for the design of
more active BChE mutants for-{-cocaine. Now that the change
from the ES2-like complex to the prereactive complex is likely
the rate-determining step of the BChE-catalyzed hydrolysis of
(—)-cocaine, useful BChE mutants should be designed to
specifically accelerate the change from the ES2-like complex
to the prereactive BChEK)-cocaine complex. Plausible muta-
tions would focus on the residues surrounding the C-2 methyl
ester group during the-()-cocaine rotation process. The amino
acid residues surrounding the C-2 methyl ester group—9f (
cocaine include Trp-82, Leu-125, and Tyr-128 in the simulated
ES2-like BChE/{)-cocaine complex and GIn-223, Ser-224, and
His-438 in the simulated prereactive BChEJfcocaine com-
plex. Furthermore, during the rotation of \-cocaine from the
ES2-like complex to the prereactive complex, other residues,
such as Tyr-332, could also participate.

The residues that most likely hinder the rotation ef){
cocaine from the ES2-like complex to the prereactive complex

The predictedk.alko value of~9.0 x 107 can be compared  include Tyr-332, Trp-82, and Tyr-128. The relative positions
with available experimental rate constants. The experimental Of the large side chains of these three residues were significantly
ko value for the cocaine benzoyl ester hydrolysis in aqueous changed from the ES2-like complex to the prereactive complex
solution was reported as 0.00536'h= 8.93 x 1075 min~1,60 for (—)-cocaine (Figure 5a), whereas significant changes of the
The ket values for €)- and (-)-cocaine hydrolyses in BChE  relative positions of these three residues were not observed for
were recently determined to be 3t90.8 and 6423t 24 min 4, (+)-cocaine (Figure 5b). We propose that the side chains of
respectively?”? Thus, thek.afko values derived from experi-  these three residues be replaced with smaller ones. A problem
mental rate constants for-§- and ¢-)-cocaine are~4.4 x 10* could come with the mutation on Trp-82, because the side chain
and~7.2 x 107, respectively. Our predictdda/ko value of~9 of Trp-82 was considered to be important for formation of the
x 107 is ~2000 times larger than the experimentally derived ES2 complex for other positively charged substrates, i.e.,
keafko value of~4.4 x 10* for (—)-cocaine but is in excellent  butyrylthiocholine and succinyldithiocholirféIf Trp-82 is also
agreement with the experimentally derivieg/ko value of~7.2 important for formation of the ES2-like BChE/j-cocaine
x 10 for (+)-cocaine. The excellent agreement fdi){cocaine complex, with a BChE mutant including such as Trp82Gly or
implies that the rate-determining step of the BChE-catalyzed Trp82Ala mutation, the formation of the ES2-like complex will
hydrolysis of @-)-cocaine is likely the third step of the chemical be impassed even as the change from the ES2-like complex to
reaction process, i.e., the first step of the deacylation stage, andprereactive complex is facilitated. It would be interesting to test
that the overall effect of the remaining protein environment on BChE mutants that the bulk sizes of these two (i.e., Tyr-332
the third reaction step can be ignored. and Tyr-128) or three (i.e., Tyr-332, Trp-82, and Tyr-128)

The large difference 0f2000 times between the theoretical residues are reduced, e.g., by replacing each with Gly or Ala.
and experimentak../ko values for ()-cocaine implies that It should also be interesting to test the BChE mutants, including
another step in the acylation or the change from the ES2-like some of these mutations and an additional mutation on Ala-
complex to the prereactive BChE/J-cocaine complex has a 328, because the Ala328Tyr mutant is 4-fold more efficient than
Gibbs free energy barrier higher than the third stef& kcal/ the wild type®7@ Other residues that could also hinder the
mol) by ~4 kcal/mol. So the remaining protein environment rotation of (-)-cocaine include Tyr-440. In the simulated ES2-
considerably affects a process other than the deacylation.like BChE/(—)-cocaine complex, the Tyr-440 hydroxyl group
Furthermore, if a chemical reaction step in the acylation, rather binds the carbonyl oxygen of+)-cocaine benzoyl ester. A
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similar interaction was not observed in the simulated ES2-like a single- or a double-proton-transfer mechanism, includes both
BChE/H)-cocaine complex. As a result, the benzoyl ester group acylation and deacylation steps, similar to ester hydrolysis by
was positioned closer to Tyr-440 and farther from the expected other serine hydrolases. The pathway was examined by ab initio
position of the prereactive complex for-J-cocaine than for reaction coordinate calculations on a catalytic reaction model
(+)-cocaine. Note that the benzoyl ester group must move awayconsisting of substrate cocaine and functional groups from the
from Tyr-440 during the change from the ES2-like complex to catalytic triad (Ser-198, Glu-325, and His-438) and three-
the prereactive complex. Thus, the binding between the Tyr- pronged oxyanion hole (Gly-116, Gly-117, and Ala-199) of
440 hydroxyl group and the carbonyl oxygen ef){cocaine BChE. The geometries of all states involved in the deacylation
benzoyl ester group could stabilize the ES2-like complex, but are independent of whether the hydrolyzed cocaine-ijs ¢r

it could slow the rotation of {)-cocaine to the desired (+)-cocaine. The ab initio reaction coordinate calculations
prereactive complex. A mutation, such as Tyr440Phe, could strongly support the pathway involving the double proton
destabilize the ES2-like complex but could speed up the transfer and further show that the highest energy barrier/Gibbs
necessary rotation of+)-cocaine toward the position in the free energy barrier is associated with the first step of deacylation.

prereactive complex. Based on the Gibbs free energy barrier calculated for the first
A recently reported studP on the Michaelis-Menten step of deacylation, the estimated ratio of the rate conskat (

complex (i.e., the ES2-like complex discussed here) suggestedior the catalytic hydrolysis to thatkd) for the spontaneous

that the rotation of{)-cocaine could be hindered by interactions hydrolysis is~9.0 x 107. This value is in excellent agreement

of its phenyl ring with Phe-329 and Trp-430. Our results for wjth the experimentally derivekia/ko value of~7.2 x 107 for

both the ES2-like and prereactive complexes indicate that these(+)-cocaine. However, it is~2000 times larger than the

interactions might, in fact, not be critical because the relative experimentally derived value for-)-cocaine ¢4.4 x 10%). The

positions of Phe-329 and Trp-430 did not significantly change excellent agreement for+)-cocaine reveals that the rate-

when the BChEK)-cocaine binding changed from the ES2-  determining step of the BChE-catalyzed hydrolysis &f)-(

like complex to the prereactive complex. cocaine is likely the first step of deacylation and that the overall

effect of the remaining protein environment on this critical step

) ) ) can be ignored. In contrast, for BChE)tcocaine the trans-
We have carried out a variety of molecular modeling, formation from the ES2-like complex to the prereactive complex

molecular dynamics (MD) simulations, and ab initio calculations g apparently rate-determining and has a Gibbs free energy

to explore butyrylcholinesterase (BChEjocaine binding and  paprier higher than that for the first step of deacylationby

the fundamental reaction pathway for BChE-catalyzed hydroly- ycaj/mol. Specific amino acid residues hindering the structural

sis of cocaine. The molecular modeling and MD simulations changes from the nonprereactive complex to the prereactive

indicate that the structures of the prereactive BChE/substratecommex provide a useful target for the rational design of BChE

complexes for £)- and (t)-cocaine are similar to that of the  yytants with improved catalytic activity for{)-cocaine.
corresponding prereactive BChE/butyrylcholine (BCh) complex.

The overall binding of BChE with-)- and ¢)-cocaine is also Acknowledgment. C.-G. Z. thanks the NIH/NIDA for a RO1
similar to that proposed for butyrylthiocholine and succi- grant.

nyldithiocholine, i.e., the substrate first advances down the

substrate-binding gorge to bind to Trp-82 and remains vertically ~ Note added in proof. After submitting the manuscript, an
in the gorge between Asp-70 and Trp-82 in the nonprereactive interesting experimental study was reportéddharmacol. Expt.
complex. The substrate then rotates to a horizontal position at Therap.2002 302, 710] for the Ala328Trp/Tyr332Ala BChE.
the bottom of the gorge at a favorable distance for nucleophilic Compared with wild-type BChE, this BChE mutant hydrolyzes
attack and hydrolysis by Ser-198 in the prereactive complex. (—)-cocaine with 40-fold improve#ca (154 mirr™ versus 4.1
Thus, for both €)- and ()-cocaine, the substrate must rotate  Min~*) and only slightly increaseldy (18 «M versus 4.5M).
about 90 during the transformation from nonprereactive The new experimental results confirmed one of our theoretical
complex to prereactive complex. The main structural difference Predictions based on the detailed computational studies.
between the BChEK)-cocaine complexes and the correspond-
ing BChE/(t)-cocaine complexes is in the relative position of
the cocaine methyl ester group.

On the basis of the modeled and simulated prereactive BChE/
(—)-cocaine and BChE#f)-cocaine complexes, we have pro-
posed possible reaction pathways for BChE-catalyzed hydrolysis
of cocaine. The proposed fundamental reaction pathway, eitherJA020850+

Conclusion

Supporting Information Available: Cartesian coordinates of
the optimized model geometries (ES, TS1, INT1, TS2, INT2,
TS3, INT3, TS4, and EB) together with the calculated energies
(16 pages, print/PDF). This information is available free of
charge via the Internet at http:/pubs.acs.org.
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