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ABSTRACT: Oxido-reductases from medium-chain dehydrogenase/reductase
(MDR) family are excellent biocatalysts for the generation of optically pure
alcohols from prochiral ketones. The mechanism of hydride and proton transfer
steps in zinc-catalyzed carbonyl reduction has been investigated by quantum
mechanical/molecular mechanical (QM/MM) calculations. The recent X-ray
structure of zinc-dependent carbonyl reductase from Candida parapsilosis
(CPCR2; PDB ID 4C4O) shows two different conformers of Glu66 and two
positions of the catalytic zinc ion. Starting from four different hypothetical
states, we obtained only two minima, so-called Znrest−Gluin and Zncat−Gluout of
zinc ion and Glu66, indicating a coupled movement. We analyzed the
dependence of barriers for the hydride transfer for these two states in the
reduction of carbonyl substrate using QM/MM steered molecular dynamics
(SMD) simulations. Our calculations show that the catalytic state (Zncat−
Gluout) has a ∼20 kcal/mol lower reaction barrier in comparison to the resting
state (Znrest−Gluin). This indicates that the coupled movement of zinc ion and Glu influences not only the ligand exchange but
also the catalytic process of MDRs.

KEYWORDS: QM/MM simulation, hydride transfer, steered molecular dynamics (SMD) simulation, ADH (alcohol dehydrogenase),
MDR (medium chain dehydrogenase/reductase), carbonyl reduction

1. INTRODUCTION

Alcohol dehydrogenases (ADHs) catalyze the reversible
oxidation of primary and secondary alcohols to corresponding
carbonyl compounds such as aldehydes or ketones1−3 using
NAD(P)+ as a cofactor. In particular, the medium-chain
dehydrogenase/reductase (MDR) family contains valuable
oxido-reductases that have been proven to be excellent for
the biocatalytic generation of optically pure alcohols from
prochiral ketones.4−6 Alcohol dehydrogenase from Candida
parapsilosis (CPCR2; EC 1.1.1.1) was described to be a suitable
catalyst for the asymmetric reduction of carbonyl substrates
such as aliphatic and aromatic ketones, diketones, and keto
acids.7−9 The recently solved homotetrameric structure of
ADH from Candida parapsilosis (CPCR2)10 consists of two
subunits (each 36 kDa) and belongs to the zinc-containing
MDR family of ADHs. The MDR family of ADHs contains two
zinc ions: one zinc ion is involved in catalysis, so-called catalytic
zinc, while the other maintains the structural integrity of the
enzyme, so-called structural zinc.11 The oxidation mechanism
of alcoholic substrate by zinc-dependent ADHs involves two
steps: initially a chain of sequential events of proton transfers
(PTs) followed by a hydride transfer (HT) step from the
alcoholic substrate to the NAD+ cofactor.12,13

In MDRs, catalytic zinc ion coordination varies in different
combination of Cys, His, and Cys/Asp residues, but most
commonly occurring is Cys-His-Cys, which forms the first shell
of the catalytic zinc ion. The residues in the first shell of

catalytic zinc maintain the stability of the metal complex and
determine the selectivity along with the ligand binding
mode.14,15 However, the residues in the second shell of the
catalytic zinc ion play an important role in protein−metal
recognition and contribute energetically to the stabilization of
the metal complex.16−18 A recent study by Tiwari et al.19 shows
that conserved second shell Gly77 residue maintains the
electronic and geometrical flexibility at the first coordination
shell of the zinc ion during catalysis, highlighting the role of
second-shell residues in MDRs. Glutamic acid (Glu) residue
present in the second shell of the catalytic zinc is one of the
conserved residues in the family of ADHs.20,21 It is located on
the side opposite to the substrate binding pocket behind the
catalytic zinc. In horse liver alcohol dehydrogenase (HLADH),
Glu68 is located at a distance of 4.70 Å behind the catalytic
zinc. It has been already reported that Glu68 in HLADH plays
an important role in enzyme catalysis and facilitates the
exchange of ligands by coordination to the zinc ion when the
old ligand dissociates.22 Mutation of Glu68 to glutamine in
HLADH22,23 decreases the activity 100 times in comparison to
wild type. A similar decrease in enzyme activity has been
reported by mutation of conserved Glu60 residue to alanine
(E60A-TbADH) and aspartate (E60D-TbADH) in ADH from
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Thermoanaerobacter brockii (TbADH).24 A study on human
glutathione dependent formaldehyde dehydrogenase (FDH)
clarifies the role of the conserved Glu residue in a ligand
exchange mechanism.25 The furfural reduction in a zinc-
dependent ADH from Cupriavidus necator26 involves the
rotational movement of two domains. The crystal structure of
the closed form shows no coordination between Glu66 and
catalytic zinc ion, while in the apo (open) form, Glu66 remains
coordinated to catalytic zinc ion. This was proposed to facilitate
the release of product and exchange of cofactor and explains the
reduction in the overall enzymatic activity upon mutation of
conserved glutamate residue in MDRs.24,27 Structural studies
on human glutathione dependent formaldehyde dehydrogenase
(FDH) revealed that the catalytic zinc ion is located in two
positions.28 It has been postulated that movement of the
catalytic zinc ion assists ligand substitution at the active site
during the catalytic cycle22 in HLADH. In addition for other
zinc-dependent dehydrogenases, evidence for zinc ion move-
ment were observed.29,30 In ADH from Sulfobolus solfataricus,30

catalytic zinc is directly coordinated to the Glu69 in the
apoenzyme, while in the holoenzyme, the side chain of Glu69 is
located 5.1 Å away from the catalytic zinc. In the X-ray
structure of CPCR210 (PDB ID 4C4O), two different
conformers for the conserved residue Glu66 (Gluin and Gluout)
and two different positions of catalytic zinc ion (Znrest and
Zncat) are observed (see Figure 1).

In this study, we investigate the role of the two conformers of
Glu66 and two catalytic zinc ion positions found in the crystal
structure of CPCR2, using a quantum mechanical/molecular
mechanical (QM/MM) approach.31 First, we performed the
geometry optimization of the active site for two different
conformers of Glu66 and two different positions of catalytic
zinc ions to identify the corresponding minima. We then
carried out QM/MM steered molecular dynamics (SMD)
simulations to quantify the effect of different conformers of
Glu66 on the barriers to hydride transfer from NADH cofactor
to the carbonyl substrate. Our calculations identified two
minimum energy states, the so-called resting state (Znrest−

Gluin) and catalytic state (Zncat−Gluout), and the catalytic state
has a lower barrier (20 kcal/mol) in comparison to the resting
state for the hydride transfer step.

2. COMPUTATIONAL DETAILS
2.1. System Preparation. The initial starting structure was

obtained from the X-ray crystal structure of CPCR2 (PDB ID
4C4O).10 CPCR2 forms a tetrameric quaternary structure,
consisting of two close dimers; therefore, a dimeric structure of
CPCR2 was used as a starting point for all calculations. The
protonation states of all residues apart from the zinc-
coordinating residues (Cys44, His65, and Asp154) were
determined using H++ protonation state calculation server.32

All Glu and Asp residues were defined as being negatively
charged, while Lys and Arg were positively charged. The
protonation states of histidine residues for HID/HIE values
were assigned on the basis of a hydrogen bonding network;
His49 and His161 have protons on both nitrogens, His65,
His45, and His161 have a proton on the Nδ position, and all
other His residues have a proton on the Nε position. The
cysteine residues coordinated to the structural zinc ion, Cys95,
Cys98, Cys101, and Cys109, were treated as being negatively
charged, while other cysteine residues were treated as being
neutral. We used the SLEF approach, which is a nonbonded
approach, to treat zinc interactions.33 The input files were
generated using the antechamber module in combination with
the general amber force field (GAFF).34 The amber force field
parameters (force constants for bonds and angles) for
nicotinamide cofactor NAD+ were taken from the litera-
ture.35,36 The hydrogen atoms were added by using the tleap
module in Amber12,37 and the Amber99SB force field38,39 for
the protein was employed. The protein was surrounded by a 12
Å rectangular box of TIP3P water molecules.40 The system was
then neutralized by adding 6 Na+ ions. The complete CPCR2
simulation setup contains 66638 water molecules and 210145
atoms overall.

2.2. QM/MM Geometry Optimizations. On the basis of
the atomic coordinates obtained from the X-ray structure of
CPCR2 (PDB ID 4C4O), showing two different positions for
zinc ion (Znrest and Zncat) and two different conformers of the
residue Glu66 (Gluin and Gluout), four different model systems
(Znrest−Gluin, Znrest−Gluout, Zncat−Gluin, Zncat−Gluout) were
constructed as starting states for QM/MM calculations. The
QM region (shown in Figure 2) consists of the side chains of
zinc-coordinating residues (Cys44, His65, and Asp154) along
with water as a fourth ligand, a part of the cofactor (NAD+),
Ser46 and His49, Glu66, and Arg331. The amino acid residues
were cut between Cα and Cβ carbon. The NAD+ cofactor was
cut after the ribose moiety, as it is involved in the catalytic
hydrogen bond network toward His49. Electrostatic embedding
with a cutoff of 8 Å was used to maintain the interactions
between QM and MM regions, and the link atom method41

was used to maintain the valency of QM boundary atoms. All
protein residues and the crystal waters within 10 Å from the
QM region were allowed to be minimized, while the rest of the
system was kept frozen. The four models mentioned above
were subjected to QM/MM minimization to optimize the
geometry of the catalytic zinc environment. We employed the
M06-2X functional42 in combination with 6-31G(d,p)43 basis
sets to optimize the geometry of the catalytic zinc environment.
Geometry optimizations were performed using an Amber1244−
Gaussian0945 QM/MM interface.46 To compare with a
previous study on ADH,12,13 we present the optimization

Figure 1. Catalytically active site of X-ray structure of CPCR2 (PDB
ID 4C4O). All of the coordinating residues (Cys44, His65, and
Asp154) with coordination bond (yellow) and the crystal water as
fourth ligands are seen. Two positions of catalytic zinc (Zncat and
Znrest) and two different conformers of Glu66 (Gluin and Gluout) are
observed.
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results using the B3LYP functional in the Supporting
Information (see Figure S1 and Table S1).
2.3. Steered QM/MM Molecular Dynamics Simula-

tions. We employed the hybrid QM/MM scheme47,48 to
calculate the barriers for hydride transfer (HT) and proton
transfer (PT) steps involved in the reduction of a carbonyl
substrate by two alternative pathways, where QM part is treated
using the PM649 semiempirical method and the MM part using
the Amber99SB force field.39 Semiempirical methods such as
PM6 are suitable for large systems and allow free activation
energy calculation, but the calculated barriers are overestimated
by 10 kcal/mol or perhaps more.50,51 The steered molecular
dynamics simulation (SMD) approach implemented in
Amber12 was used to force hydride transfer or proton transfer
from either NADH cofactor or Ser46 to substrate, respectively.
The simulations were carried out with the QM/MM PM6/
ff99SB Hamiltonian using a linear combination of distances
(LCOD)37 for driving the reaction coordinate (RC). RC for
the HT step is defined as the distance difference (D1 − D2) of
the transferred hydrogen (H) toward C of the carbonyl
substrate (D1) and H to the C4 carbon of NADH (D2). The H
atom of NADH cofactor was moved step by step toward the
carbonyl carbon (C) of the substrate by applying strong
harmonic constraint to force the reaction. In the second
pathway, RC for PT is defined as the distance difference (D1 −
D2) between the proton donor (OH group) of Ser46 (D1) and
the carbonyl oxygen of the substrate (D2). Initially, the solvent
and the ions were minimized followed by the whole system,
using 3000 steps of steepest descent and 2000 steps of
conjugate gradient. The minimized system was heated gradually
from 0 to 300 K in 50 ps (using Langevin dynamics for
temperature control). Afterward, QM/MMMD equilibration at
300 K (25 ps) was carried out using PM6/ff99SB. To stay as
close as possible to the catalytic state or resting state obtained
from the CPCR2 X-ray structure, we applied catalytic distance
constraints (Zn−COsubstrate, Zn−NE2His65, Zn−OD2Asp154, Zn−
SGCys44, Zn−OE1Glu66) during energy minimization, heating,
and equilibration steps. The equilibrated system was then
further subjected to QM/MM SMD simulation for 25 ps at 300

K with a time step of 0.5 fs to calculate the barriers involved in
the reaction process. The hydride or proton was transferred
with a time step of 0.5 fs for 25 ps with 50000 steps and 50
integration windows (1000 steps per window) along the
reaction coordinate from +1.25 to −1.25. We performed all
calculations in forward and backward directions to ensure the
absence of hysteresis effects. Additionally, we performed
simulations with time steps of 0.1 fs for 25 ps with 250000
steps and 250 integration windows (1000 steps per window)
and 0.5 fs for 50 ps with 100000 steps and 100 integration
windows (1000 steps per window) along the reaction
coordinate. The results of these simulations are shown in
Figures S11 and S20 in the Supporting Information. The
applied force constant was 1000 kcal/mol Å−2. SHAKE52 was
turned off for the QM region during all QM/MM simulations.
To calculate the QM/MM electrostatic interactions, a cutoff of
8 Å was used.
To study the effect of the conserved residue Glu66 on the

barriers involved in the hydride transfer step, we examined
three different sets of QM regions. As the crystal structure was
solved without substrate, acetaldehyde substrate was docked in
the catalytic site of CPCR2. For molecular docking purposes, a
bonded model of the catalytic zinc ion (where the charge on
zinc ion is 1.01+) and AM1-BCC charges53 for the substrate
were used. HF-RESP charges for the catalytic zinc environment
are given in Table S9 in the Supporting Information. Molecular
docking was performed using AutoDock4.254 in Yasara
structure version 13.9.8.55 Initially, 81 atoms were included in
the QM region (QMact) and subjected to QM/MM SMD
simulations. The QM region includes carbonyl substrate
(acetaldehyde) and the reactive part of the nicotinamide
cofactor (NADH) along with three zinc-coordinating residue
side chains: i.e., Cys44, His65, and Asp154. Additionally, Ser46
and His49 (protonated) were included in the QM region
because of their involvement in the proton relay mechanism.
To analyze the effect of Glu66 on reaction barriers further, we
enlarged the QM region and included Glu66 depicted in the
model QMact+Glu66, having a total of 88 atoms. Finally, we
included both Glu66 and Arg331 in the QM region, and in total
we have 101 atoms in the model QMact+Glu66+Arg331.
Defined QM models are depicted in Figure 2. The overall
charges of the QMact, QMact+Glu66, and QMact+Glu66+Arg331
models are +1, 0, and +1, respectively. The QM/MM SMD
simulations for calculating the barriers involved in the hydride
transfer step were repeated five times, and average values for
the computed barriers in kcal/mol were calculated.
All three models were subsequently minimized to have a

reliable starting reactant complex using the QM/MM scheme
implemented in Amber12. Throughout the study, we have used
a PM649 semiempirical Hamiltonian which has been described
to be qualitatively consistent with the DFT calculations.56 PM3
has been described to be reliable for studying the catalytic
mechanism for HLADH in an active site model system.57

3. RESULTS AND DISCUSSION
The main aim of this study is to clarify the effect of two
different conformers of Glu66 (Gluin and Gluout) and two
different positions of zinc ion (Zncat and Znrest) on the barriers
involved in the hydride transfer step during CPCR2-catalyzed
reduction of a carbonyl substrate. First, we will analyze two
Glu66 conformers (Gluin and Gluout) and two positions of zinc
ion (Zncat and Znrest) with QM/MM geometry optimizations to
provide insight into which individual states comprise the

Figure 2. Three different QM models (QMact, QMact+Glu66 and
QMact+Glu66+Arg331) used to calculate the barriers for hydride
transfer step in this study. Reduction reaction pathway including both
hydride (HT) attack and proton transfer (PT) mechanism is shown.
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disorder seen in the X-ray structure. Then, we will present a
detailed map of the reduction mechanism, including a hydride
transfer step and proton relay pathway, using QM/MM SMD
comparison of three different QM regions to investigate the
importance of the strictly conserved Glu66 residue and its
neighboring partner Arg331. In addition, we will describe a
molecular dynamics simulation study of CPCR2 enzyme to
investigate the movement of zinc ion from the catalytic state
(Zncat) to the resting state (Znrest).
3.1. Geometry-Optimized Structures for Glu66 Con-

formers of CPCR2. In the subunit B of the X-ray crystal
structure of CPCR2 (PDB ID: 4C4O),10 two different side
chain conformers of the residue Glu66 and two different
positions for the catalytic zinc ion with occupancies of 50% are
observed: namely, Znrest and Zncat, depicted in Figure 1. In one
of the Glu66 (Gluin) conformers the side chain is pointing
toward the catalytic zinc ion, while in the other conformer
(Gluout) it is pointing away. The distances between two
carboxylate oxygen atoms of Glu66 conformers toward Znrest
are 1.96 and 4.98 Å, whereas with Zncat they are 4.84 and 5.19
Å, respectively (see Figure 1). The fourth coordination position
of the zinc ion oriented toward the substrate binding site
(Zncat) is occupied by crystal water, which is located at a
distance of 2.03 Å, while for Znrest it is at a distance of 4.26 Å.
The distances of the zinc-coordinating residues (Cys44, His65,
and Asp154) to zinc ions in all cases remain in the ranges 2.30−
2.38, 1.96−2.00, and 1.93−1.96 Å, respectively. The main aim
behind the geometry optimization of a catalytic zinc environ-
ment is to identify the most predominant states of Glu66
conformers and possible associated positions of catalytic zinc
ions, which can explain the disorder seen in the X-ray structure
of CPCR2. The four possible models (Znrest−Gluin, Znrest−
Gluout, Zncat−Gluin, and Zncat−Gluout) were minimized using
QM/MM at the M06-2X/6-31G(d,p)//ff99SB level, and the

resulting geometries (see Table 1) were compared. After
geometry optimization of all four models, we primarily found
only two minima for the Glu66 and zinc ion combination:
namely, Znrest−Gluin and Zncat−Gluout.
In the minimized Znrest−Gluin model, no remarkable

geometry changes were observed; the Gluin conformer remains
intact on coordination to the Znrest ion with a distance of 1.96
Å, in comparison to 1.97 Å in the X-ray structure. This strong
coordination of Znrest toward Glu66 does not allow the water
molecule to act as a fourth ligand and to come close enough to
the zinc ion (Znrest) and remains at a distance of 3.62 Å.
However, in the Znrest−Gluout model, Znrest moves to the
position of Zncat and shows a direct coordination toward water
after minimization with a distance of 2.03 Å vs 4.26 Å in the
starting structure. Gluout stays near its starting position after
geometry optimization; thus, the observed minima correspond
to the Zncat−Gluout geometry.
Therefore, the Znrest−Gluout model is not stable and

converges barrierless into the Zncat−Gluout state. Similar
changes were also observed in the Zncat−Gluin model, where
zinc remains at its original position and Gluin moves outward
and occupies a position similar to that of Gluout after geometry
optimization, thus reaching again the Zncat−Gluout geometry.
Consequently, the Zncat−Gluout model did not show any
structural changes and remains near the starting coordinates
from the X-ray structure during minimization. We conclude
that the X-ray structure is not comprised of an independent
overlay of four different geometries; a coupled state
combination of either Zncat with Gluout or Znrest with Gluin
seems to explain the disorder. Henceforth, we confirmed two
minima after geometry optimization: i.e., the resting state
(Znrest−Gluin) and the catalytic state (Zncat−Gluout), shown in
Figure 3.

Table 1. Comparison of Distances between Zinc-Coordinating and Catalytically Important Residues Involved in the Active Site
of CPCR2 in QM/MM Optimized Structures Calculated at the M06-2X/6-31G(d,p)//ff99SB Level of Theorya

interatomic distance (Å)

atom pairs Znrest−Gluin Znrest−Gluout Zncat−Gluin Zncat−Gluout
Zn−S (Cys44) 2.35 (2.34) 2.30 (2.34) 2.36 (2.35) 2.38 (2.35)
Zn−NE2 (His65) 2.01 (2.01) 2.00 (2.01) 1.96 (2.10) 1.96 (2.10)
Zn−OD2 (Asp154) 1.96 (2.07) 1.93 (2.07) 1.95 (1.80) 1.95 (1.80)
Zn−O (Wat) 3.6 2(4.26) 2.03 (4.26) 1.99 (2.03) 1.98 (2.03)
Wat−OH (Ser46) 3.64 (2.30) 2.59 (2.30) 2.90 (2.30) 3.45 (2.30)
Zn−OE (Glu66) 1.96 (1.97) 4.98 (4.37) 4.84 (3.99) 5.19 (6.09)
OE (Glu66)−H (Arg331) 1.83 (2.28) 1.89 (1.83) 1.85 (2.28) 1.82 (1.83)

aValues in parentheses are from the CPCR2 X-ray crystal structure (PDB ID: 4C4O). States shown in boldface type correspond to local minima.

Figure 3. Catalytic zinc environments: (A) resting state (Znrest−Gluin); (B) catalytic state (Zncat−Gluout). Geometries were optimized at the QM/
MM M06-2X/6-31G(d,p) level of theory. All of the coordinating residues (Cys44, His65, and Asp154) and crystal water as the fourth ligand along
with NAD+ cofactor are shown.
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3.2. Identification of the Fourth Ligand of Zncat. It has
already been speculated that, in HLADH, a water molecule or a
hydroxide ion (OH−) may occupy the fourth coordination site
of the zinc ion in the absence of substrate.2 Using the catalytic
state (Zncat−Gluout) identified above as a model system, we
inspected the hydrogen bond network and coordination
distance of water toward Zncat and found that the distance
for water is slightly longer (2.14 Å) than that in the crystal
structure (2.03 Å) and the hydrogen bond between Ser46 and
water is also elongated: 3.60 Å vs 2.30 Å. The Zncat−Gluout
distance (5.07 Å) after geometry optimization is lower by 1 Å
than the crystal structure (6.09 Å) distance. Hence, we decided
to introduce a hydroxide ion (OH−) as a fourth zinc-
coordinating ligand which could strengthen electrostatic
interactions and the hydrogen bond network shown in Figure
4. The coordination distance of water toward Zncat is reduced

to 1.93 Å, the H-bond distance toward Ser46 is 1.53 Å, and
Glu66 is found 6.4 Å away. With this OH− model, we were able
to reproduce the interatomic distances for the catalytic state
(Zncat−Gluout) found in the crystal structure.
3.3. Occurrence of Catalytic and Resting State PDB

Structures of MDR. In the protein data bank (PDB), to date
136 structures of MDRs have been deposited. In most of them
the catalytic zinc ion is coordinated to three amino acid ligands
(Cys-His-Cys/Asp) and the fourth coordination site is
occupied by a water molecule or substrate. In the holoenzyme
of TbADH and its analog, ADH from Clostridium beijerinckii
(CbADH),58 the fourth coordination is occupied by conserved
Glu60 residue, instead of a water molecule. This raises the
question about the general importance of varying the
tetrahedral coordination of the catalytic zinc ion. To study
this more precisely, we analyzed the zinc-containing medium-
chain dehydrogenases (MDR) within the PDB. Our analysis
showed that only in 12% of available structures does the
conserved glutamic acid residue coordinate to the catalytic zinc
(resting state), while most commonly Glu stays away from the
catalytic zinc (catalytic state). A detailed analysis is presented in

Figure S12 in the Supporting Information. In the case of
CPCR2, three monomers of the tetrameric enzyme are found
in the resting state and one in a disordered state (vide infra). In
three further structures of Candida parapsilosis carbonyl
reductase (denoted CPR; PDB IDs 3WLE, 3WLF, and
3WNQ)59 the enzyme is found in a catalytic state in the apo
form with bound cofactor NAD+, but in the resting state
without cofactor, and consequently the bound ligand within the
active center is not coordinated to the catalytic zinc ion.
Additionally, we also analyzed the coupled movement of two
different positions of Glu and catalytic zinc ion. We found that
the crystal structure of human glutathione dependent form-
aldehyde dehydrogenase (PDB ID 2FZE)28 contains two
different positions of zinc (376) ion, Zncat 75% occupancy and
Znrest 25%, in combination with a disordered Glu67, showing a
high B factor. Glu67 is located at distances of 2.49 and 4.48 Å
from the two resolved zinc ions, indicating an average
disordered position between the Gluin and Gluout states.
Therefore, the known crystal structure data can be explained
using the previously discussed resting and catalytic states with
coupled movement of zinc ion and conserved Glu behind the
active site.

3.4. Reduction Reaction Mechanism of CPCR2 using
QM/MM SMD Simulations. The plausible reduction
mechanism of carbonyl reduction by CPCR2 consists of two
steps; one is hydride transfer from NADH cofactor toward the
carbonyl carbon of the substrate, and the other is a proton relay
mechanism to protonate the alkoxide ion, schematically shown
in Figure 2. In the hydride transfer step, the hydrogen from C4
of the nicotinamide moiety of the NADH cofactor is transferred
to the carbonyl carbon of the substrate, while the carbonyl
oxygen is activated via the catalytic zinc ion. The proton relay
mechanism involves the neighboring Ser46, connected through
a hydrogen bond network via the riboxyl group of NADH
cofactor to the surface residue His49. To drive this reaction, we
defined the reaction coordinate (see Computational Details) as
transfer of the hydride from the cofactor to the substrate in our
QM/MM SMD simulations.

3.4.1. Calculation of Reduction Reaction Path of CPCR2.
In order to study the reaction path, we employed the Zncat−
Gluout model as the catalytic state with acetaldehyde
coordinated as the fourth ligand to the zinc ion. The natural
substrate of CPCR2 is not known; therefore, we have used
acetaldehyde as a model carbonyl substrate to explore the
reaction pathway. As the QM region we selected the QMact
model described in Figure 2. This model contains zinc-
coordinating residues (Cys44, His65, and Asp154), Ser46, and
His49 along with acetaldehyde and the nicotinamide moiety of
NADH cofactor involved in the reduction reaction pathway. In
the starting structure, the proposed catalytic hydrogen bond
network involving the side chain of Ser46, pointing toward the
carbonyl oxygen, the riboxyl group of the cofactor, and
protonated His49 was present.
In Figure 5, the energy profile along the hydride transfer

(defined by reaction coordinates) is shown. The free energy
path of five independent QM/MM SMD runs shows an
acetaldehyde reduction barrier of 36.9 kcal/mol with a standard
deviation <1 kcal/mol closer to the midpoint of the hydride
transfer pathway. The barrier for the reverse reaction is 21.1
kcal/mol for ethanol dehydrogenation. Since acetaldehyde is
not the natural substrate for CPCR2, this explains the high
barriers observed. In addition, we also calculated the barriers for
better substrates taken from the recent study of CPCR2 in our

Figure 4. QM/MM M06-2X/6-31G(d,p) geometry optimized
structure of the catalytic state (Zncat−Gluout). All of the coordinating
residues (Cys44, His65, and Asp154) and hydroxide ion as the fourth
ligand along with the NAD+ cofactor are shown; hydroxide ions
(HO−) are shown as ball and stick representations. The hydrogen
bond network involving Ser46, the riboxyl group of NAD+ cofactor,
and His49 are shown.
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group.8 The calculated reduction barrier for these substrates
(methyl 3-oxopentanoate8 and 2,3-hexanedione) using the
QMact model of the catalytic state (Zncat−Gluout) was found to
be lower than 30 kcal/mol and the dehydrogenation barriers
are below 20 kcal/mol for 2,3-hexanedione, as shown in Table
S10 in the Supporting Information. It is also known that
semiempirical methods such as SCC-DFTB or PM3/6
overestimate the barrier for hydride transfer reactions in
HLADH.12,57,60 However, it is not expected that this changes
the mechanistic conclusions for the resting and catalytic states
drawn from our results. Benchmark calculations showed that
high-level QM/MM calculations using MP2 and CCSD
(coupled-cluster theory with single and double excitations)
are needed to obtain more quantitative results for activation
enthalpies.50,51 The amount of tunneling in the hydride transfer
reaction has been shown not to be dominant at 300 K for
LbADH,12,13 and the pathway does not deviate from the
minimum energy path.
Inspection of the obtained transition state (TS) structures

shows that the hydride is equidistant (1.4 Å) from both C
atoms of the substrate and C4 of NADH cofactor. The angle
C4−H−C is 160°, favoring a linear hydride transfer pathway.
The distance between the carbonyl oxygen of substrate and zinc
ion decreases from 2.6 Å in the starting structure to 2.0 Å,
indicating carbonyl activation by the zinc ion. The geometrical
parameters involved in the catalytic process throughout the
SMD simulation are given in Tables S2−S7 in the Supporting
Information. During the completion of hydride transfer,
typically at reaction coordinate −0.25 Å (C−H distance <1.3
Å), the formed alkoxide ion was protonated spontaneously by
the neighboring Ser46. Simultaneously, reprotonation of Ser46
via PT2 from riboxyl and reprotonation via PT3 from
protonated His49 to riboxyl take place. This indicated that as
soon as the hydride transfer takes place it is followed by
barrierless simultaneous proton transfers, leading to the
reduction of carbonyl substrate to the protonated alcohol. A
typical trajectory of the catalytic reduction pathway is shown in
a movie supplied as Supporting Information. The 3D-structures
of the of active site of CPCR2 for the reactant, TS, and product
taken from QM/MM SMD simulat ions for the

QMact+Glu66+Arg331 model of catalytic state (Zncat-Gluout)
are shown in Figure S8 in the Supporting Information. The
calculations involving RC for HT step has been repeated with
QMact model in the backward direction using forward reaction
coordinates as a starting point. The calculated barriers (QM/
MM work) for both forward and backward direction shows no
hysteresis effect and follow the same free energy path (see
Figure S17 in the Supporting Information). Overlay of
structures of the active site of CPCR2 for the forward,
backward, and backward-forward reaction is shown in Figure
S18 in the Supporting Information.
To explore the existence of an alternative pathway in the

reduction of carbonyl substrate, we also calculated the barrier
using SMD simulations driven by an initial proton transfer
(PT1). In this SMD simulation, we pulled the proton from
Ser46 to the carbonyl oxygen of substrate. As shown in Figure
S10 in the Supporting Information, in these simulations the
energy profile reaches a maximum of 40 kcal/mol after proton
transfers. The protonated carbonyl (in contrast to the
negatively charged alkoxide) detaches from zinc ion (distance
>2.5 Å), and thus this pathway is not productive. Analysis of
dynamics trajectories showed that all three proton transfer
events (PT1, PT2, and PT3 in Figure 2) take place
simultaneously, but no hydride transfer was observed (see
Figure S9 in the Supporting Information). From these results,
we conclude that the favorable pathway for the reduction of
carbonyl substrates by ADHs involves a hydride transfer step
followed by the sequential events of proton relay mechanism.
This proposed pathway for reduction of carbonyl substrate via
zinc-stabilized alkoxide formation follows the reverse of the
order for the previously reported alcohol dehydrogenation
pathway,12,13 where the proton transfer is followed by a hydride
abstraction. An alternative proton pathway in HLADH has
been proposed by Luo and Bruice in 200161 and Esposito et al.
in 2003,30 in which the proton transfer takes place between the
hydroxyl group of nicotinamide-ribose and the backbone
carbonyl oxygen of Ile269. However, in the crystal structure
of CPCR2, we found a large distance (>5 Å) between the
riboxyl group of NADH cofactor (proton acceptor group) and
the backbone carboxyl group of Phe237 (proton donor group).
This ruled out the possibility of this alternative proton transfer
pathway in CPCR2.
Additionally, we also calculated the barriers using a

combination of RC for HT and PT events. The calculated
barriers including only the RC for HT step (37.32 kcal/mol)
was lower than that of a combination of RC for HT and PT
events (RC for HT+1PT, HT+2PT, HT+3PT gives barriers of
41.79, 44.17, and 46.88 kcal/mol, respectively) shown in Figure
S23 in the Supporting Information.
In order to investigate the minimum energy path, we have

applied the QM/MM coupled nudged elastic band (NEB)
method.62−64 The reactant (acetaldehyde) and product
(ethanol) structures were used as starting structures. Using
NEB, we were able to locate the TS region (shown in Figure
S25 in the Supporting Information) with the highest barrier for
hydride transfer. The calculated barrier for HT using NEB was
found to be 33.50 kcal/mol, close to the calculated barrier using
QM/MM SMD simulations (36.9 kcal/mol). This identified TS
region in NEB and SMD calculations is geometrically close to
that of previously identified transition state structures12,13 in
which the hydride remains equidistant from the cofactor and
the carbonyl carbon of substrate (see Table S11 in the
Supporting Information). Our NEB calculations also suggested

Figure 5. Energy profiles for the calculated barriers involved in the
hydride transfer step using QM/MM SMD simulations along with the
noticeable changes in the reaction coordinates during the reduction of
carbonyl substrate: reactant, acetaldehyde; product, ethanol; TS,
transition state region; hydride transfer, red; proton transfers, blue.

ACS Catalysis Research Article

DOI: 10.1021/cs501524k
ACS Catal. 2015, 5, 3207−3215

3212

http://pubs.acs.org/doi/suppl/10.1021/cs501524k/suppl_file/cs501524k_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501524k/suppl_file/cs501524k_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501524k/suppl_file/cs501524k_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501524k/suppl_file/cs501524k_si_002.mpg
http://dx.doi.org/10.1021/cs501524k


that the hydride transfer takes place first, followed by the
proton transfer events (shown in Figure S24 in the Supporting
Information) during carbonyl reduction.
3.4.2. Influence of Glu66 Position on the Barriers for the

Reduction of Acetaldehyde. To investigate the role of the
conserved Glu66 residue in the catalytic mechanism, we
compared the barriers (Figure 6) for hydride transfer using

two previously identified states, namely the resting (Znrest−
Gluin) and catalytic states (Zncat−Gluout) as a starting
structures. Our QM/MM SMD simulations using the QMact
region of the resting state (Znrest−Gluin) having Glu66 at a
starting distance of 1.97 Å coordinated to zinc ion and 4.65 Å
to the carbonyl substrate showed that the geometry converted
to an arrangement similar to that of the catalytic state and a low
barrier (36.0 kcal/mol) was obtained. Notably, Glu66 is not
included in the QM region (QMact), and therefore, we
additionally included Glu66 and subsequently the adjacent
Arg331 in the QM region. The resulting barriers for these QM
regions are shown in Figure 6. In the second model using
QMact+Glu66 as the quantum region of our QM/MM SMD,
Glu66 remains coordinated to the zinc ion (Znrest) throughout
the reaction pathway calculations. The carbonyl group of the
substrate is not coordinated to Znrest (Zn−O distance >4.5 Å)
in the reactant, TS, and product structures (see Figures S3 and
S4 in the Supporting Information). Therefore, the resulting
barriers are higher (49.9 kcal/mol) due to missing carbonyl
activation by the zinc ion. Consistent average barriers (50.3
kcal/mol) were obtained when we treated Arg331
(QMact+Glu66+Arg331) quantum mechanically. The barriers
starting from the catalytic state are not influenced by including
either Glu66 or Arg331 in the QM region.
To monitor the movement of catalytic zinc ion with respect

to Glu66 and the coordinating residues (Cys44, His65, and
Asp154), we defined a pseudo dihedral angle, as shown in
Figure S15 in the Supporting Information. In the Zncat position,
the dihedral angle is +38°, which indicates it is above the plane
of zinc-coordinating residues oriented toward the substrate

binding pocket. In the Znrest position, the dihedral angle is
−41°, indicating orientation toward Glu66. We observed
coupled movement of Znrest to the Zncat position and of Gluin
to the Gluout position when Glu66 was treated by molecular
mechanics (not allowing covalent coordination) in our QM/
MM calculations. No mixed states, e.g. Zncat−Gluin and Znrest−
Gluout, were observed. We also performed classical molecular
dynamics simulatiosn without substrate to investigate how the
system would relax from either a catalytic or a resting state. In
these simulations having NAD+ and water in the binding site,
the resting state remains stable and the catalytic state relaxes
toward the resting state in 100 ps (see Figure S16 in the
Supporting Information). As mentioned previously in zinc-
dependent ADH from Cupriavidus necator,26 the closed form
can change to an open form (Glu66 coordinates to zinc ion),
leading to release of product and exchange of cofactor, which
increases the enzymatic turnovers. Similarly, our MD
simulation results for CPCR2 also suggest that, in the absence
of substrate, the catalytic state relaxes to the resting state and
establishes the Glu66 coordination with the catalytic zinc ion.
This relaxation to the resting state is important for product
dissociation and cofactor exchange. This corresponds to the
mutation studies of Glu residue,22,23 which reduces the overall
enzyme activity by impairing the dissociation of the product
after chemical transformation.

4. CONCLUSIONS
In this paper, we have studied the reaction mechanism for
reduction of a carbonyl substrate using CPCR2 by means of a
QM/MM approach. With our QM/MM geometry optimiza-
tions, we obtained two minima (Znrest−Gluin and Zncat−Gluout)
of Glu66 conformers (Gluin and Gluout) and zinc ion (Zncat and
Znrest). Our QM/MM SMD simulations show that the carbonyl
reduction mechanism occurs through an initial hydride transfer
step which donates H− to the carbonyl carbon followed by
sequential events of barrierless proton transfer steps to
protonate the generated alkoxide ion. Calculated barriers of
the catalytic and resting states show that the catalytic state
(Zncat−Gluout) has a lower barrier for the hydride transfer step
in comparison to the resting state (Znrest−Gluin), indicating the
influence of the Glu position on the reactivity of MDRs. This
highlights the role of the coupled movement of conserved Glu
and catalytic zinc in determining MDR structure and reactivity
and sets the stage for a computational analysis of substrate
specificity. More studies are in progress to identify the natural
substrate for CPCR2, and high-level QM/MM calculations are
needed to quantify the reaction barriers.
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