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Abstract

The pharmacological function of heroin requires an activation process which transforms heroin
into 6-monoacetylmorphine (6-MAM) which is the most active form. The primary enzyme
responsible for this activation process in human plasma is butyrylcholinesterase (BChE). The
detailed reaction pathway of the activation process via BChE-catalyzed hydrolysis has been
explored computationally, for the first time, in the present study by performing molecular
dynamics simulation and first-principles quantum mechanical/molecular mechanical free energy
calculations. It has been demonstrated that the whole reaction process includes acylation and
deacylation stages. The acylation consists of two reaction steps, /.e. the nucleophilic attack on the
carbonyl carbon of 3-acetyl group of heroin by the hydroxyl oxygen of Ser198 side chain and the
dissociation of 6-MAM. The deacylation also consists of two reaction steps, 7.é. the nucleophilic
attack on the carbonyl carbon of the acyl-enzyme intermediate by a water molecule and the
dissociation of the acetic acid from Ser198. The calculated free energy profile reveals that the
second transition state (TS2) should be rate-determining. The structural analysis reveals that the
oxyanion hole of BChE plays an important role in the stabilization of the rate-determining
transition state TS2. The free energy barrier (15.9+0.2 or 16.1+0.2 kcal/mol) calculated for the
rate-determining step is in good agreement with the experimentally-derived activation free energy
(~16.2 kcal/mol), suggesting that the mechanistic insights obtained from the present computational
study are reliable. The obtained structural and mechanistic insights could be valuable for use in
future rational design of a novel therapeutic treatment of heroin abuse.

Introduction

Heroin (3,6-diacetylmorphine) is an illegal, highly addictive opiate drug.(1) Heroin produces
euphoria or pleasurable feelings. A pleasurable euphoria feeling is usually followed by
drowsy feeling for several hours due to depression of the central nervous system (CNS).
Because of the drowsy feeling and depression of the CNS, the drug may impair judgment
and memory, and cloud mental functioning.

Heroin is the most abused one of the opiates.(1) For example, in 2011, 4.2 million
Americans reported using heroin at some time in their lives, with 23% of the individuals
were classified with dependence on or abuse of heroin.(1) Heroin abuse can result in serious
health problems including miscarriages, heart infections, and even death. In addition, heroin
abuse also has repercussions that extend far beyond the individual users. The medical and
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social consequences of heroin abuse include transmission of HIVV/AIDS, tuberculosis, crime,
violence, and disruptions in family, workplace, and educational environments. These
consequences have a devastating impact on our society and cost billions of dollars per year.
(1) The disastrous medical and social consequences of heroin addiction have made a high
priority the development of an effective pharmacological treatment of heroin abuse.

Heroin is also the most rapidly acting of the opiates.(2) However, heroin actually has a very
low p-opioid receptor binding affinity and, thus, heroin itself has a low potency in activating
the G-protein to produce its effects on neurotransmitter systems.(3) Nevertheless, once
injected, heroin is very rapidly metabolized via hydrolysis to 6-monoacetylmorphine (6-
MAM) (Scheme 1), which can readily cross the blood-brain barrier (BBB) and be rapidly
concentrated in the brain.(4-6) More importantly, 6-MAM has a higher p-opioid receptor
affinity than its precursor heroin.(3) It has been recognized that heroin acts principally via 6-
MAM.(3, 7-10) These pharmacological characteristics of heroin suggest that heroin actually
behaves as a prodrug.(11-12) The prodrug is metabolized into 6-MAM which is actually the
most potent form of the drug responsible for the main pharmacological effects of heroin.
From this point of view, the hydrolysis of heroin to 6-MAM may be regarded as an
activation process, /.e. the activation of heroin itself, which transforms heroin (a relatively
inactive form) into 6-MAM (the most active form).

Concerning the endogenous enzymes responsible for the activation process, while
carboxylesterases 1 and 2 (hCE-1 and hCE-2) in liver and brain can catalyze the hydrolysis
of heroin to 6-MAM,(13) serum butyrylcholinesterase (BChE) and erythrocyte
acetylcholinesterase (AChE) can also hydrolyze heroin to 6-MAM in blood.(9, 13-14)
Although many tissues have the ability to hydrolyze heroin, blood is generally the first to act
on heroin.(9) According to the results from Boix et al.,(15) it is the high blood metabolism
rate of heroin and the good BBB permeability of 6-MAM, rather than heroin itself, that
could account for the highly efficient delivery of the active metabolites to the brain after
heroin is administered. The experimental results reported by Lockridge et a/.(9) also
indicated that serum should be the major site of 6-MAM production. In comparison, human
serum BChE can hydrolyze heroin to 6-MAM with a reaction rate of 4.5/min per pmol/L,
which is nine-fold of the heroin hydrolysis rate (0.5/min per umol/L) by human erythrocyte
AChE.(14) Therefore, BChE should be the major enzyme hydrolyzing heroin to 6-MAM in
human body. Because BChE can hydrolyze heroin to 6-MAM efficiently with a high
catalytic rate constant (kg = 540 min~1),(14) the half-life of heroin itself in human is only
~2 to 5 minutes.(14, 16-18) In comparison, 6-MAM has a much longer half-life (up to 52
minutes) in human body.(19)

Based on the above background, it is interesting for understanding the molecular mechanism
of heroin abuse to uncover the detailed catalytic mechanism concerning how human BChE
hydrolyzes heroin to 6-MAM and thus activates heroin. A detailed understanding of the
molecular mechanism could provide valuable mechanistic clues for rational design of a
novel therapeutic treatment of heroin abuse.

In the present study, the detailed reaction pathway for BChE-catalyzed hydrolysis of heroin
to 6-MAM has been explored, for the first time, by performing molecular dynamics (MD)
simulation and first-principles quantum mechanical/molecular mechanical (QM/MM)-free
energy (QM/MM-FE) calculations.(20-23) In the QM/MM-FE calculations, first-principles
QM/MM reaction-coordinate calculations were followed by free energy perturbation (FEP)
calculations to account for the dynamic effects of the protein environment on the free energy
profile for the catalytic reaction process. Our QM/MM calculations are based on the
pseudobond first-principles QM/MM approach,(20-23) which has been demonstrated to be a
powerful tool in simulating a variety of enzymes,(24—35) and some theoretical predictions
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have been confirmed by subsequent experimental studies.(28, 35) The computational results
clearly reveal the detailed reaction pathway and the corresponding free energy profile for
BChE-catalyzed hydrolysis of heroin. Based on the calculated free energy profile for the
favorable reaction pathway of BChE-catalyzed hydrolysis process, we were able to identify
the rate-determining step and understand the roles of essential residues in light of the QM/
MM-optimized geometries.

Computational Methods

Preparation of initial structure of the reaction system

The initial enzyme-substrate (ES) structure was constructed from the X-ray crystal structure
of human BChE (PDB ID: 2XQF)(36) and the optimized structure of heroin.(37) Initially,
the geometry of heroin was optimized at the HF/6-31G* level using Gaussian03 program.
(38) Then, the optimized geometry of heroin was used to calculate the electrostatic potential
distribution on the molecular surface at the same HF/6-31G* level. The calculated
electrostatic potential distribution was used to determine the partial atomic charges by using
the standard restrained electrostatic potential (RESP) fitting procedure(39-40) implemented
in the Antechamber module of the AMBER11 program.(41) The determined RESP charges
of the heroin atoms were used in the MD simulations described below.

To construct a reasonable binding structure of BChE binding with heroin, molecular docking
and MD simulations were performed. Heroin was docked into the active site of BChE by
using the AutoDock 4.0 program.(42) The docking process started from a conformational
search by using the Solis and Wets local search method and the Lamarkian genetic
algorithm (LGA) which was used to deal with the BChE-heroin interactions. The grid size
used in the docking was 60 x 60 x 60 with the grid space of 0.375 A (default). The docked
enzyme-ligand complex structure was selected according to the binding energy.

The complex structure of BChE binding with heroin obtained from the molecular docking
was used as the starting structures for the energy minimization and MD simulation using the
Sander module of AMBER11.(41) The AMBER ff03 force field(43) was used for protein,
and the general AMBER force field (gaff)(44) was used for heroin in the energy
minimization and MD simulation. The BChE-heroin binding complex was first solvated in
an orthorhombic box of TIP3P water molecules(45) with a minimum solute-wall distance of
10 A and neutralized by adding one chloride ion. The final system size was about 103 A x
116 A x 119 A, composed of 71,173 atoms. The solvated system was subjected to the
energy minimization using the AMBER11 program with a non-bonded cutoff of 10 A and a
conjugate gradient energy-minimization method. The energy minimization was performed
first for 20,000 steps for the water molecules, and then 6,000 steps for the backbone atoms,
followed by additional 20,000 steps for the side chain atoms of the enzyme together with
water molecules. Finally, the whole system was energy-minimized until a convergence
criterion of 0.001 kcal -mol~1-A~1 was achieved.

Starting from the energy-minimized complex structure, MD simulation was performed by
using the Sander module of AMBER11.(41) The energy-minimized complex structure was
gradually heated to 300 K by using the weak-coupling method with a constrained force
constant of 50 kcal-mol~1.A~2 on the backbone of BChE. The constrained force constant
was gradually decreased during a period of 600 ps equilibration and finally removed for the
production MD simulation. Throughout the MD simulation, a 10 A non-bonded interaction
cutoff was used and the non-bonded list was updated once every 1,000 steps. The particle
mesh Ewald (PME) method(46) was applied to the calculation of the long-range electrostatic
interactions. During the MD simulation, the SHAKE algorithm(47) was used to fix the
lengths of covalent bonds involving a hydrogen atom, enabling the use of a 2-fs time step to
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numerically integrate the equations of motion. The production MD run was kept for 2 ns
with a periodic boundary condition in the NTP ensemble at T = 300 K using Berendsen
temperature coupling and at P = 1 atm using anisotropic molecule-based scaling.

As seen in Scheme 2, there are two reaction stages (acylation and deacylation) in the BChE-
catalyzed hydrolysis of heroin. The reaction product 6-MAM leaves the protein after the
acylation stage. Consequently, the initial structure of INT2' was constructed by removing
the 6-MAM from the QM/MM-optimized INT2 structure. The constructed INT2' structure
was then relaxed by performing a ~2 ns MD simulation. The simulated INT2' system was
solvated in an orthorhombic box of TIP3P water molecules,(45) with a minimum solute-wall
distance of 10 A.

For each reaction stage (acylation or deacylation), the last snapshot of the MD simulation
was used to prepare the pseudobond first-principles QM/MM calculation as we noted that
the structure of the last snapshot was close to the average structure simulated. As we are
mainly interested in the reaction center, the water molecules beyond 50 A of the hydroxy
oxygen (QOY) of Ser198 were removed. Thus, the QM/MM system consisted of 3,760 water
molecules and a total of 19,696 atoms for the acylation, and 4,232 water molecules and a
total of 21,065 atoms for the deacylation. The QM/MM partition strategy was based on the
treatment in previous QM/MM calculations on the hydrolysis reactions of other substrates
catalyzed by BChE or another serine esterase.(23-24, 26, 28, 48) The QM subsystem in the
acylation stage consisted of heroin and the catalytic triad (side chains of Ser198, His438,
and Glu325), whereas the QM subsystem in the deacylation stage included the reactive
water molecule and side chains of acetyl-Ser198, His438, and Glu325. A pseudobond
approach(20-23) was used to deal with the QM-MM interface; see below for the used
boundary of the QM-MM system. For QM/MM geometry optimization on each state of the
reaction system, the initial geometry was energy-minimized first with the MM method by
using the AMBER11 program(41) until the convergence criterion for energy gradient of 0.1
kcal-mol~1.A~1 was achieved.

Minimum-energy path of the reaction

With a reaction-coordinate driving method and an iterative energy minimization procedure,
(21) the enzymatic reaction path was determined by performing the pseudobond QM/MM
calculations at the B3LYP/6-31G*:AMBER level. Specifically, the QM calculations were
performed with the B3LYP functional(49-51) and 6-31G* basis set by using a modified
version of Gaussian03 program(38) and the MM calculations were carried out by using a
modified version of the AMBERS program.(52) Normal mode analysis was performed to
characterize the geometries optimized for the reactant, intermediates, transition sates, and
the final product of the reaction process. The QM/MM-optimized structures were used to
perform single-point QM/MM energy calculations with the QM part performed at the
B3LYP/6-31++G** level. The B3LYP functional has been used extensively in previous
QM/MM calculations on enzymatic reaction systems by many researchers including our
own group,(25, 27, 31, 33-34, 53-54) and the calculated results are generally in good
agreement with the experimental data. For comparison, the QM part of the single-point QM/
MM energy calculations were also performed at the B3LYP/6-31+G* and B3LYP/6-311+
+G** levels for the rate-determining step. In the QM/MM calculations, the boundary carbon
atoms were treated with previously improved pseudobond parameters,(20-23) and no cutoff
was applied to the non-bonded interactions. The convergence criterion used in the geometry
optimization on the QM subsystem was the same as the original Gaussian03 default, and the
convergence criterion used in the geometry optimization on the MM subsystem was that the
root-mean-square deviation (RMSD) of energy gradient is < 0.1 kcal-mol~1-A~1. In all QM/
MM geometry optimizations, the atoms within 20 A of OY atom of Ser198 side chain
(Scheme 2) were allowed to move while all the other atoms outside this range were frozen,
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and the QM and MM subsystems were energy-minimized iteratively. For each iteration step
of the QM/MM geometry optimization, the MM subsystem was energy-minimized while the
QM subsystem was kept frozen, whereas the QM subsystem was energy-minimized while
the MM subsystem was kept frozen.

Free energy perturbation

Free energy perturbation (FEP) is known as a reliable computational method in combination
with the MD or Monte Carlo (MC) simulation to evaluate free energy change caused by a
small structural change.(55-58) This method has been used extensively in computational
studies on organic reactions, (55, 58—60) protein-ligand interaction,(61-66) and protein
stability.(67—68) In the present study, after the minimum-energy path was determined by the
QM/MM calculations, the free energy changes associated with the QM-MM interactions
were evaluated by using the FEP method.(21) The sampling of the MM subsystem was
performed with the QM subsystem frozen at each state along the reaction path in the FEP
calculations. During the FEP calculations, the used atomic point charges on the frozen QM
atoms were determined by fitting the electrostatic potential (ESP) in the QM part of the QM/
MM single-point calculations. The total free energy change from the reactant to the
transition state was evaluated by using the same procedure as used in our previous
computational studies on other enzymatic reaction systems.(24-34) Using our own version
of the FEP implementation(24), the FEP calculations enabled us to more reasonably evaluate
the relative free energy changes due to the QM-MM interactions. The final relative free
energy predicted by the QM/MM-FE calculations was the QM part of the QM/MM energy
(excluding the Coulumbic interaction energy between the point charges of the MM atoms
and the ESP charges of the QM atoms) plus the relative free energy change obtained from
the FEP calculations at 298.15 K. The time step used in the FEP calculations was 2 fs, and
the lengths of all covalent bonds involving a hydrogen atom were constrained. Each MD-
based FEP calculation consisted of 50 ps of equilibration and 300 ps of sampling.

All of the MD simulations and QM/MM-FE calculations were performed on a Dell
supercomputer (X-series Cluster with 384 nodes or 4,768 processors) at University of
Kentucky’s Computer Center. The other modeling and computations were performed on
SGI Fuel workstations in our own laboratory at University of Kentucky.

Results and Discussion

BChE-heroin binding structure from MD simulation

The docked BChE-heroin complex structure revealed that the 3-acetyl group of heroin was
positioned in the oxyanion hole consisting of Gly116, Gly117, and Ala199, and the
positively charged amino-group was positioned in the choline binding site nearby Trp82.
Further energy minimizations and a ~2 ns MD simulation were performed on the docked
enzyme-substrate (ES) complex to refine the BChE-heroin binding structure. Depicted in
Figure 1 are plots of the key internuclear distances and the root-mean-square deviation
(RMSD) of the positions of the all backbone atoms vsthe simulation time in the MD-
simulated ES complex. Traces D1, D2, and D3 represent the internuclear distances between
the carbonyl oxygen O? of the 3-acetyl group of heroin and the backbone NH hydrogen
atoms of residues Gly116, Gly117, and Ala199, respectively. Trace D4 refers to the
internuclear distance between the hydroxyl oxygen OY of Ser198 side chain and carbonyl
carbon C1 of the 3-acetyl group of heroin, and trace D5 represents the internuclear distance
between the hydroxyl hydrogen HY of Ser198 side chain and N¢ atom of His438 side chain.

As seen in Figure 1B, in the MD-simulated ES complex structure, the average values of D1,
D2, and D3 are 2.49, 1.97, and 3.10 A, respectively, indicating that only two hydrogen
bonds are formed between the carbonyl oxygen of 3-acetyl group of heroin and the oxyanion
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hole (consisting of the backbone NH groups of Gly116, Gly117, and Ala199). As shown in
Figure 1C, the average value (3.35 A) of D4 indicates that the hydroxyl oxygen OY of
Ser198 side chain is in an appropriate position to initiate the nucleophilic attack on the C of
heroin. The average value of D5 is 1.87 A, showing that a strong hydrogen bond is formed
between the hydroxyl group of Ser198 side chain and the N€ atom of His438 side chain.
RMSD of the positions of all backbone atoms from those in the initial structure was also
monitored to represent the overall conformational change of the protein during the MD
simulation. As shown in Figure 1C, the MD trajectory was stabilized at ~100 ps, suggesting
that 2 ns is long enough for the MD simulation on the ES complex.

Reaction pathway for BChE-catalyzed hydrolysis of heroin to 6-MAM

As shown in Figure 1B and 1C, the MD simulation led to a dynamically stable ES complex
structure. The QM/MM reaction-coordinate calculations at the B3LYP/6-31G*:AMBER
level starting from the MD-simulated ES complex structure revealed that the BChE-
catalyzed heroin hydrolysis reaction pathway should consist of four reaction steps. The
whole reaction is initiated by the nucleophilic attack of OY of Ser198 side chain on the
carbonyl carbon C1 of heroin, followed by the dissociation between acetyl-enzyme
intermediate and 6-MAM. Then, a water molecule initiates the nucleophilic attack on the
carbonyl carbon (C1) of the acylated Ser198. Finally, the dissociation of the acetic acid
regenerates Ser198 of BChE. The QM/MM-optimized structures of the reactant,
intermediates, transition states, and final product are depicted in Figure 2. Below we discuss
each of the reaction steps in detail.

Step 1. The initial nucleophilic attack on the carbonyl carbon of heroin—The
initial structure of the ES complex was first optimized at the QM/MM(B3LYP/6—
31G*:AMBER) level prior to the reaction-coordinate calculations. As shown in Figure 2B
for the QM/MM-optimized ES structure, D1, D2, and D3 are 1.88, 1.87, and 2.54 A,
respectively, suggesting that two strong hydrogen bonds are formed between the carbonyl
oxygen O? of heroin and the oxyanion hole. One is between the backbone NH group of
Gly116 and O? of heroin, and the other is between the NH group of Gly117 and O! of
heroin. In comparison, the D3 = 2.54 A, indicating that the interaction between the backbone
NH of Ala199 and the carbonyl oxygen O? of heroin is much weaker.

The nucleophilic attack process proceeds as the hydroxyl oxygen OY of Ser198 side chain
gradually approaches to the carbonyl carbon C! of heroin, while the hydroxyl hydrogen HY
of Ser198 gradually transfers to the N€ atom of His438 side chain. This reaction step
involves the breaking of the HY-OY bond and the formation of both the HY— N€ and C1-OY
bonds, as shown in Scheme 2. So, the changes of the distances HY-OY (Rpy.oy), HY-
N¥(Rpy-Ne), and cl-ov (Rc1-oy) can reflect the nature of reaction step 1. Therefore, Rpy.oy—
Rhy-Ne—Rc1-oy Was used as the reaction coordinate in the QM/MM reaction-coordinate
calculations for this reaction step. As shown in Figure 2, Rc1.oy shortens from 2.74 AinES
to 1.81 A'in TS1 and then to 1.62 A in INT1. Simultaneously, Ryy.oy elongates from 1.00 A
in ESto 1.61 Ain TS1 and then to 1.70 A in INT1, while Ryy.ng shortens from 1.79 A'in
ESto 1.07 A in TS1 and then to 1.06 A in INT1. These structural variations indicate that the
C1-0Y bond has formed and the hydroxyl hydrogen HY has transferred to N€ atom of His438
in intermediate INT1. Noteworthy, it is interesting to know the catalytic role of the oxyanion
hole in this reaction step, although the distance D1 (between the hydrogen of NH group in
Gly117 and O? of heroin) is elongated from 1.88 A in ES to 1.99 A in TS1 and then to 2.05
A'in INT1, the distances D2 (between the hydrogen of NH group in Gly116 and O! of
heroin) and D3 (between the hydrogen of NH group in Ala199 and O? of heroin) are
shortened. In particular, D3 = 2.54 Ain ES, 2.02 A in TS1, and 1.94 A in INTZ1. In other
words, the interaction between the oxyanion hole and the negatively charged carbonyl
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oxygen (O1) of heroin is strengthened, which helps to stabilize the transition state TS1 and
intermediate INT1. Moreover, accompanied by the proton (HY) transfer from the hydroxyl
oxygen (OY) of Ser198 to the N& atom of His438, the imidazole ring of His438 side chain
becomes more and more positively charged. However, the developed positive charge on the
imidazole ring of His438 can be stabilized by the negative charge of Glu325 side chain,
which is demonstrated by the shortened hydrogen-bond distance between the carboxylate
anion of Glu325 and the proton (H%) on N® of His438 (the H3.--O distance in the N°-H0 ...O
hydrogen bond: 1.66 A in ES, 1.57 Ain TS1, and 1.56 A in INT1).

Step 2. Dissociation of 6-MAM from the enzyme—In this reaction step, the C1-0?
bond is gradually broken while the proton (HY) transfers from N€ of His438 to O2, resulting
in the dissociation of 6-MAM from the enzyme. This reaction step involves the breaking of
the N&-HY and C1-02 bonds and the formation of the O2—HY bond. The nature of this
reaction step can be represented by the changes of the N®~HY distance (Rne-y), the cl-0?
distance (Rc1-02), and the O?-HY distance (Ro2-Hy)- Thus, the reaction coordinate in the
QM/MM calculations for this step was chosen as Rng-Hy*Rc1-02-Ro2-Hy- In the INT1
structure, the proton (HY) of Ser198 side chain has been transferred to the N& of His438 in
reaction step 1 while the distance Roy.y between the OY atom of Ser198 and the HY atom of
His438 is 1.70 A, indicating a very strong hydrogen bond (Né-HY ---OY) between the oxygen
of Ser198 side chain and the NH group of His438 side chain. The distance (Roz-Hy) between
the HY atom and the leaving ester oxygen O atom to which HY is about to be transferred is
2.73 A. However, accompanied by the elongation of Re1_op (1.57 Ain INT1 and 1.86 A in
TS2), Rog-y is gradually shortened (2.73 A in INT1 and 2.48 A in TS2). Our reaction-
coordinate calculations reveal that it is a one-step reaction process consisting of two
substeps. In the first substep, the C1-02 bond is broken. In the second substep, the proton
(HY) gradually transfers to O2. It should be noted that the interaction between the oxyanion
hole and the negatively charged carbonyl oxygen (O%) of heroin is enhanced from INT1 to
TS2, indicating that the oxyanion hole plays an important role in stabilization of the
transition state TS2. In addition, associated with these structural variations, the positive
charge on the imidazole ring of His438 is decreased and, therefore, the hydrogen bond
between the carboxylate anion of Glu325 and the proton (H%) of His438 is weakened during
this reaction step (N3~H? --.O distance: 1.56 A in INT1, 1.54 A in TS2, and 1.74 A in INT2).

Step 3. Nucleophilic attack on the carbonyl carbon of heroin by a water
molecule—The generated reaction product 6-MAM was removed from the above-
discussed QM/MM-optimized geometry of INT2 to construct the initial structure of INT2’
which was then relaxed by performing the MD simulation. A water molecule which is close
to the carbonyl carbon (C1) of heroin was selected as the nucleophile and was included in
the QM part of the QM/MM calculation. As shown in Figure 3, two strong hydrogen bonds
are formed between the carbonyl oxygen (O%) and the oxyanion hole in the QM/MM-
optimized geometry of INT2'.

The current nucleophilic attack process involves the breaking of the O®~H® bond and the
formation of the C1-0% and Né~H® bonds (Scheme 2). Thus, the distances Rog—te» Rci-oys
and Rns_He Were chosen to represent the reaction coordinate as Roy—Ho—Rc1-0w—RNe—He i
the QM/MM calculations for the current reaction step. During this reaction process, the
distance Rpg,_H, elongates from 0.98 A in INT2' to 1.43 A in TS3 and then to 2.28 A in
INT3, while the distances Rc1_oq and Rye_, respectively shorten from 2.62 and 1.89 A in
INT2' to 1.76 and 1.13 A in TS3 and then to 1.49 and 1.05 A in INT3. Noteworthy, similar
to reaction step 1 in the acylation stage, the interaction between the carbonyl oxygen (O1)
and the oxyanion hole is strengthened during this reaction step, which helps to stabilize the
transition state TS3 and intermediate INT3. The developed positive charge on the imidazole
ring of His438 is also stabilized by the strengthened hydrogen bond between the carboxylate

Biochemistry. Author manuscript; available in PMC 2014 September 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qiao et al.

Page 8

anion of Glu325 and the proton (H0) of His438 (N®-H9 -..O distance: 1.79 A in INT2’, 1.69
AinTS3,and 1.61 A in INT3).

In addition, we also tested the QM/MM reaction-coordinate calculations using alternative
reaction coordinates in which two internuclear distances involving OY of Ser198 were added
into the reaction coordinate. The first alternative reaction coordinate tested was Rc1_oy—
Rc1-0wtRow-Hw—Roy-Hw—RNe-Hw: The QM/MM reaction-coordinate calculations using
such a reaction coordinate may lead to a reaction pathway with the proton (HY) of the water
molecule transferred to either N& of His438 (the main reaction pathway discussed above) or
OY of Ser198 (an alternative reaction pathway). It turned out that the QM/MM calculations
using this reaction coordinate led to exactly the same results as shown in Scheme 2 and
Figure 3, /.e. the proton (H®) was still transferred to N® of His438 rather than OY of Ser198
during the reaction process.

Further, we performed the QM/MM reaction-coordinate calculations using RC1-Oy~
Rc1-0wtRow-Hw—Roy-Hw as the reaction coordinate. This reaction coordinate involves the
breaking of the C1-OY and O“-~H® bonds and formation of the C1-O® and OY-H® bonds.
The QM/MM reaction-coordinate calculations using such a reaction coordinate may only
lead to a reaction pathway (as shown in Scheme 3) with the proton (H®) transferred to OY of
Ser198 during the nucleophilic attack of O% on C1 of Ser198. In fact, the QM/MM reaction-
coordinate calculations using this reaction coordinate led to an unfavorable, high-energy
transition state structure, denoted as TS3a in Figure 4, with a four-membered ring (see
below for the energetic results); we stopped the unnecessary further reaction-coordinate
calculations after the transition state TS3a was identified.

Step 4. Dissociation between the acetic acid and Ser198 of BChE—ASs seen from
Scheme 2, this reaction step involves the breaking of the C1-OY and N&-H® bonds and the
formation of the OY-H® bond. The changes in the distances Rc1-oy, RNe-Hw: and Roy-He
reflect the nature of this reaction step. Thus, the reaction coordinate Rc1_oy+RNe-Ho—
Roy-He Was set in the QM/MM calculations for this reaction step. In the formed
intermediate INT3, the distance Roy_n is 1.79 A, indicating that a strong hydrogen bond
has formed between the oxygen of Ser198 side chain and the H atom. As shown in Figure 3,
the distances Rc1-oy and Rne_H, respectively elongate from 1.60 and 1.05 AinINT3to
1.85and 1.14 A in TS4 and then to 2.40 and 1.80 A in PD, while the distance Roy_i
shortens from 1.79 A in INT3 to 1.45 A in TS4 and then to 1.00 A in PD.

Roles of the catalytic triad and oxyanion hole—According to the above reaction
pathways examined by our pseudobond first-principles QM/MM-FE calculations, the
catalytic triad and oxyanion hole of the enzyme are the most important factors in BChE-
catalyzed hydrolysis of heroin to 6-MAM. The catalytic triad consists of Ser198, His438,
and Glu325, in which Ser198 acts as a nucleophile in reaction step 1 to initiate the
hydrolysis reaction, His438 serves as a general base which accepts the proton from the
nucleophile to facilitate the two nucleophilic attack processes, /.e. reaction steps 1 and 3, and
Glu325 helps to stabilize the transition states through increasing the hydrogen-bonding
interaction with His438 throughout the hydrolysis reaction. The oxyanion hole consists of
the backbone NH groups of Gly116, Gly117, and Alal199, and helps to stabilize the
transition states throughout the hydrolysis reaction. Based on the QM/MM reaction-
coordinate calculations, in the initial ES complex, the carbonyl oxygen (O1) of heroin only
forms two hydrogen bonds with the oxyanion hole: the of N-H---O® hydrogen bond with the
backbone NH group of Gly116; the N-H---O® hydrogen bond with the backbone NH group
of Gly117. As shown in Figure 2B, the two H---O? distances are all ~1.9 A. In comparison,
the H---O! distance between the backbone NH group of Ala199 and the carbonyl oxygen
(OY) of heroin (~2.5 A) is relatively longer. However, in the rate-determining transition state
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TS2 (see below for the free energy profile) shown in Figure 2E, the hydrogen bond between
the backbone NH group of Ala199 and the carbonyl oxygen (O1) of heroin is strengthened
significantly (with the H---O? distance changing from ~2.5 A to ~1.9 A). For the other two
hydrogen bonds with the backbone NH groups of Gly116 and Gly117, the changes in the
H.--O1 distances (~1.8 A and ~2.0 A, respectively) are relatively small during the hydrolysis
reaction. All of the three hydrogen bonds stabilize the negative charge on the carbonyl
oxygen (O1) of heroin that develops during the hydrolysis reaction. Thus, it can be
concluded that, for BChE-catalyzed hydrolysis of heroin, the catalytic triad initiates the
reaction and the oxyanion hole helps to accelerate the reaction. The roles of the catalytic
triad and oxyanion hole noted in the BChE-catalyzed hydrolysis of heroin are essentially
similar to those observed in previous QM/MM reaction-coordinate calculations on
acetylcholine (ACh) hydrolysis or other ester hydrolysis reactions catalyzed by either
AChE(69-70) or BChE.(26, 29-30) In fact, AChE and BChE have the same catalytic triad
and oxyanion hole. The main difference between AChE and BChE exists in the size of the
active-site gorge, with BChE having a relatively larger active-site gorge, resulting in
different substrate selectivity.(71-78) With a larger active-site gorge, BChE can
accommodate relatively larger substrates compared to AChE. For a common substrate such
as ACh, the two enzymes are expected to follow the same fundamental reaction pathway,
(26, 29, 48, 70) but with different energy barriers.

Free energy profiles

The aforementioned QM/MM reaction-coordinate calculations at the B3LYP/6-
31G*:AMBER level have revealed that the main reaction pathway consists of four reaction
steps (steps 1 and 2 belong to the acylation stage, and steps 3 and 4 belong to the deacylation
stage) in the BChE-catalyzed hydrolysis of heroin to 6-MAM. For an alternative reaction
pathway, the deacylation stage becomes a single reaction step (the third reaction step).
Further, to determine the free energy profiles for the reaction pathways, we carried out the
single-point QM/MM energy calculations with the QM part treated at the B3LYP/6-31+
+G** level for each QM/MM optimized geometry along the minimum-energy path.
Concerning the results of the FEP calculations, the relative free energy of the reaction
system was taken as the average of the “forward” and “backward” perturbation results in
which the difference between the “forward” and “backward” perturbation results may
represent the error bar of the FEP calculations.

Depicted in Figure 5 is the free energy profile calculated for the main reaction pathway by
the QM/MM-FE calculations at the B3LYP/6-31++G**:AMBER level without the zero-
point and thermal corrections for the QM subsystem, and depicted in Figure 6 is the free
energy profile determined for the alternative third reaction step by using the same
computational approach. The values in parentheses are the corresponding relative free
energies including the zero-point and thermal corrections for the QM subsystem. The error
bars given to the relative free energies in the figures are associated with the free energy
differences between the “forward” and “backward” perturbation calculations. The largest
error bar was 0.2 kcal/mol, suggesting that the FEP calculations converged well in terms of
the number of the FEP windows used.

As seen in Figure 6, the free energy barrier calculated for the alternative pathway of the third
reaction step (deacylation) is as high as 46.5+0.2 kcal/mol and, thus, this alternative reaction
pathway can be ignored compared to the main reaction pathway. So, in the discussion
below, we focus on the free energy profile (Figure 5) calculated for the main reaction
pathway.

As can be seen from Figure 5, the calculated results reveal that the relative energy of TS2 is
higher than TS1, indicating that the calculated overall free energy barrier for the entire
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acylation stage is the free energy change from ES to TS2. Similarly, the higher energy of
TS3 relative to TS4 indicates that the overall free energy barrier calculated for the
deacylation is the free energy change from INT2' to TS3. According to the results, the free
energy barrier for the acylation is higher than that for the deacylation, demonstrating that the
free energy change associated with the structural transformation from ES to TS2 is rate-
determining for the BChE-catalyzed hydrolysis of heroin to 6-MAM. Noteworthy, the
energy barrier of the fourth step, 7.e. the dissociation of the acetic acid and Ser198, is only
~0.2 kcal/mol according to the potential energy surface calculated at the QM/MM(B3LYP/
6-31G*:AMBER) level. The negligible energy barrier disappears according to the final QM/
MM-FE calculations performed at the B3LYP/6-31++G**:AMBER level, suggesting that
the final step of the enzymatic reaction is actually barrier-less after the FEP calculations.

Finally, we examined the basis set dependence of the QM/MM-FE calculations results for
the rate-determining step associated with TS2 (/.e. the free energy change from ES to TS2).
When the basis set used in the QM part of the QM/MM changed from 6-31+G* to 6-31+
+G**, the overall free energy barrier calculated for the rate-determining step (/.e. the free
energy change from ES to TS2) changed significantly from 13.8+0.2 kcal/mol to 15.9+0.2
kcal/mol, with a net change of 2.1 kcal/mol. However, when the basis set further changed
from 6-31++G** to 6-311++G**, the calculated overall free energy barrier for the rate-
determining step changed from 15.9+0.2 kcal/mol to 16.1+0.2 kcal/mol, with a net change
of only 0.2 kcal/mol, suggesting that the 6-31++G** or 6-311++G** basis set is large
enough. So, the overall free energy barrier calculated for the rate-determining step
associated with transition state TS2 is 15.940.2 kcal/mol (using the 6-31++G** basis set) or
16.1+0.2 kcal/mol (using the 6-311++G** basis set). According to the reported
experimental data,(14) Acat = 540 min~1 which is associated with an activation free energy
of ~16.2 kcal/mol at room temperature (25°C) according to the conventional transition state
theory.(79) The calculated free energy barrier of 15.9+0.2 or 16.1+0.2 kcal/mol is very close
to the experimentally derived activation free energy of ~16.2 kcal/mol, which suggests that
the computational results are reasonable.

Insights from the mechanistic understanding for rational design of novel therapeutic

agents

Currently used therapeutic treatments of heroin abuse all target opiate receptors. As noted
above, the pharmacological function of heroin requires an activation process which
transforms heroin into 6-MAM (the most active form), and BChE is the major enzyme
responsible for this activation process. It might be interesting to develop a novel therapeutic
treatment targeting the activation process, particularly BChE-catalyzed hydrolysis of heroin
to 6-MAM. One possibility is to design a small-molecule allosteric inhibitor which can
significantly increase the free energy barrier for BChE-catalyzed hydrolysis of heroin to 6-
MAM without significantly affecting the other functions of the enzyme. The desirable
allosteric inhibitor should bind to a binding site (other than the active site), such as the well-
known peripheral anionic site of BChE (around Asp70),{Masson, 1996 #80} so that it does
not block the active site. The allosteric inhibitor should be designed to increase the overall
free energy barrier, /.e. the free energy change from ES to TS2 depicted in Figure 2. For the
purpose of increasing the free energy change from ES to TS2, one should aim to design an
allosteric inhibitor which can more favorably stabilize the ES structure and less favorably
stabilize (or destabilize) the TS2 structure.

For practical design of an allosteric inhibitor, one may computationally test variety of
possible small molecules. For each of the possible small molecules, one may first
computationally evaluate its binding affinity with the ES structure of BChE. If the small
molecule is evaluated to have a high affinity with the ES structure, then one may further
carry out QM/MM-FE calculations on the BChE-catalyzed hydrolysis of heroin in the
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presence of the small molecule to predict the free energy barrier (7.e. the free energy change
from ES to TS2). The small molecule predicted to significantly increase the free energy
barrier may be recommended for wet experiments including chemical synthesis and /n vitro
activity assays.

Conclusion

The first-principles QM/MM-FE calculations performed in this study have demonstrated the
detailed reaction pathway for the BChE-catalyzed hydrolysis of heroin to 6-MAM.
According to the QM/MM calculations, the whole reaction pathway for the BChE-catalyzed
hydrolysis of heroin consists of four reaction steps. The reaction is initiated by the
nucleophilic attack of hydroxyl oxygen (OY) atom of Ser198 side chain on the carbonyl
carbon (C1) of 3-acetyl group of heroin, accompanied by the proton (HY) transfer from the
Ser198-OY atom to the His438-N¢ atom. The tetrahedral intermediate INT1 is thus formed,
in which the negatively charged carbonyl oxygen (O1) is stabilized by the backbone NH
groups of Gly116, Gly117, and Ala199 in the oxyanion hole. Subsequently, the C1-02 bond
is gradually broken while the proton (HY) transfers from His438-N¢ to the O2 atom, leading
to the formation of 6-MAM and the acyl-enzyme intermediate. The third reaction step is
initiated by the nucleophilic attack of a water molecule on the carbonyl carbon (C1) atom of
the acyl-enzyme intermediate. This process is coupled with a proton (HY) transfer from the
water oxygen (O%) to His438-NE. Finally, the acetyl group is released with the regeneration
of Ser198.

The calculated free energy profile reveals that the second transition state (TS2) should be the
rate-determining transition state, and that the overall free energy barrier for the reaction
should be the free energy change from ES and TS2. The structural analysis reveals that the
oxyanion hole plays an important role in stabilization of the rate-determining transition state
TS2. The calculated overall free energy barrier of 15.9+0.2 or 16.1+0.2 kcal/mol is in good
agreement with the experimentally derived activation free energy of ~16.2 kcal/mol,
suggesting that the mechanistic insights obtained from the QM/MM-FE calculations are
reliable. The obtained structural and mechanistic insights could be valuable for use in future
rational design of a novel therapeutic strategy which aims to control heroin mechanism and,
thus, treat heroin abuse.
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Plots of key internuclear distances and RMSD vsthe simulation time in the MD-simulated

ES structure.
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Figure 2.

(A) Division of the QM/MM system. Atoms in blue color belong to the QM subsystem, the
boundary carbon atoms in red were treated with the pseudobond parameters, and all of the
other atoms were included in the MM subsystem. (B—F) Geometries optimized at the QM/
MM(B3LYP/6-31G*:AMBER) level for the key states during the acylation stage of BChE-
catalyzed hydrolysis of heroin. The key distances indicated in the figures are given in A. The
carbon, oxygen, nitrogen, and hydrogen atoms are in green, red, blue, and white,
respectively. Represented as balls and sticks are the QM atoms, with the surrounding
residues rendered as sticks and the protein rendered as cartoon.
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Geometries optimized at the QM/MM(B3LYP/6-31G*:AMBER) level for the key states of
the reaction system in the deacylation stage of BChE-catalyzed hydrolysis of heroin. The

color code used here is the same as that of Figure 2.
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Figure 4.
Geometries of INT2' and TS3a optimized at the QM/MM(B3LYP/6-31G*:AMBER) level.
The color code used here is the same as that of Figure 2.
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Figure5.

Free energy profile determined by the QM/MM-FE calculations for the acylation (A) and
deacylation (B) stages of the reaction pathway. Given in the parentheses are the relative free
energies with the zero-point and thermal corrections for the QM subsystem. The QM/MM-
FE calculations on for all QM/MM optimized geometries along the reaction path were
performed at the B3LYP/6-31++G**:AMBER level.
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BChE-catalyzed hydrolysis of heroin to 6-MAM
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Fundamental reaction pathway for BChE-catalyzed hydrolysis of heroin to 6-MAM. The
atoms in blue belong to the QM subsystem, the atoms in red are treated with the improved
pseudobond parameters, and the other atoms belong to the MM subsystem in the
pseudobond first-principles QM/MM calculations.
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