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The enantioselective reduction of prochiral ketones catalyzed
by horse liver alcohol dehydrogenase (HLADH), was inves-
tigated via a hybrid computational approach, for molecular
reactions involved in chiral synthesis of S-alcohols, when the
natural co-factor, 1,4-dihyronicotinamide adenine dinucleotide,
1,4-NADH, was replaced with biomimetic co-factor, N-benzyl-
1,4-dihydronicotinamide, 1. We surmised that different hydride
and proton transfer mechanisms were involved using co-factor,
1. An alternative mechanism, where the hydride transfer step
occurred, via an η1-keto-S-η2-5,6-1,4-dihydronicotinamide-Zn(II)
complex, was previously investigated with a model of the
HLADH� Zn(II) catalytic site (J. Organometal. Chem. 2021, 943,
121810). Presently, we studied canonical and alternative

mechanisms compared to models of the entire enzyme
structure. We disproved the η2-Zn(II) complex, and discovered a
canonical hydride transfer from biomimetic 1,4-NADH, 1, to the
Zn(II) bound prochiral ketone substrate, followed by a new
proton relay, consisting of a water chain connecting His51 to
Ser48 that accomplished the S-alkoxy anion’s protonation to
yield the final S-alcohol product. The HLADH catalysis, with
biomimetic co-factor, 1, that replaced the ribose group, the 5’-
diphosphate groups, and the adenine nucleotide with a N-
benzyl group, has provided a new paradigm for the design of
other structures of 1,4-NADH biomimetic co-factors, including
their economic value in biocatalysis reactions.

Introduction

The biocatalysis discipline has been shown to be an out-
standing technique for the synthesis of chiral organic
chemicals.[1–3] The deployment of enzymes in organic synthesis
have been shown to be exceedingly attractive, due to the
higher yields of chiral products,[4–6] in terms of chemo and
stereoselectivity, and their ability to operate under mild
conditions, in aqueous solution.[7] More recently, there have

been numerous studies on the methods to increase biocatalytic
improvements, via the utilization of directed evolution
methodology.[8–11] Among the available biocatalysts, the oxidor-
eductase enzymes have deserved special attention, since
performing a chemical process that was particularly challeng-
ing, or not possible in an aqueous environment, utilizing non-
enzymatic conditions; for example, alkane hydroxylation, ar-
omatic ring functionalization, or hydride transfer reactions.[12]

Therefore, a vast body of data and information has been
accumulated concerning the employment of oxidoreductases
enzymes in chiral chemical synthesis, while the horse liver
alcohol dehydrogenase enzyme (HLADH) has been extensively
studied for this purpose.[13–15] In the most accredited HLADH
mechanistic hypothesis,[14,16,17] the reactive ternary adduct
(Scheme 1) was formed by the η1-O-coordination of the ketone
carbonyl substrate to the Zn(II) center, and by the approach of
the 1,4-NADH co-factor, via several non-covalent interactions,
which stabilized the co-factor in the active position, thus
allowing the proximity of its C4� H bond to the ketone substrate
carbonyl group. The subsequent hydride transfer (HT) step
yielded the configuration, in which the Zn(II) coordinated
ketone substrate was converted into the corresponding S-
alkoxy anion, while forming the NAD+ co-factor. In subsequent
steps, conversion to the chiral S-alcohol occurred by a proton
relay system that transfers a proton from the bulk to the oxygen
of the Zn(II) bound S-alkoxy anion. The Zn(II) bound S-alkoxy
anion then undergoes the final protonation reaction, with the
release of the chiral S-alcohol and NAD+ (Scheme 1).
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One of the paradigms in Scheme 1 describing the HLADH
enzymatic mechanism was the non-covalent binding between
the natural 1,4-NADH co-factor and the protein.[14,16,17] In the
canonical structure, the binding of the natural 1,4-NADH co-
factor at the HLADH pocket relied on numerous weak
interactions, predominantly along the extended N-1,4-dihydro-
nicotinamide nucleotide-5’-diphosphate adenine nucleotide
structure, which was found to be particularly high in potential
hydrogen bonding functionalities. Thus, with the accommoda-
tion of this polar group, the 1,4-dihydronicotinamide structure
was conformationally situated in the proximity of the Zn(II)

bound ketone substrate’s carbonyl group. Several authors have
proposed that the key step of the HLADH reductive pathway,
the donation of the 1,4-NADH hydride to the carbonyl carbon
of the prochiral ketone substrate, was determined by the fact
that one C4� H bond on the 1,4-dihydronicotinamide structure
was at the favorable distance, and at the orientation to favor
the hydride transfer, via the tunneling effect.[16,17]

The importance of the HLADH enzyme, involved in the non-
covalent interactions with 1,4-NADH, has been well docu-
mented by a number of publications, and thus, even if the 1,4
dihydronicotinamide ring was the chemically active structure,

Scheme 1. The mechanism of the HLADH catalyzed reduction of a prochiral ketone substrate in the presence of the natural 1,4-NADH co-factor. The atoms
involved in the proton relay, and the hydride transfer, are colored (red) and (blue), respectively.[16]
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the adenine dinucleotide pendant played a relevant role in the
HLADH catalysis.[14,15] More importantly, several studies have
ascertained that the HLADH biomimetic co-factors, whose
structure contained no adenine dinucleotide groups, but
instead, had an organic group at the N1 position, and was an
efficient substitute for the natural 1, 4 NADH co-factor.[18–25]

Furthermore, the N-benzyl-1,4-dihydronicotinamide biomimetic
co-factor, 1, was probably the most extensively investigated
1,4-NADH biomimetic, due to the relatively high efficiency, and
low cost (Figure 1).[19,23,24a]

In comparison to the natural 1,4-NADH co-factor, the
biomimetic co-factor 1,4-NADH, 1, was expected to interact
differently with the HLADH catalytic site, since the important
structural differences between the N-benzyl group and that of
the ribose-diphosphate-adenine nucleotide groups. Alterna-
tively, the biomimetic 1,4-NADH co-factor, 1, and the other
tested biomimetic co-factors, were found to provide the HLADH
enzyme yields comparable to those obtained with the use of
the natural 1,4-NADH co-factor, including S-
enantioselectivity.[24a–b,25] The data further suggested that the
1,4-NADH biomimetic co-factor might be able to position the
1,4-dihydronicotinamide group in proximity to the prochiral
ketone carbonyl group, providing the hydride transfer by either
alternative sites in comparison to the natural co-factor.

To our knowledge, few structural descriptions concerning
the binding of the 1,4-NADH biomimetic co-factors to the
HLADH enzyme have been reported,[25] while the detailed
structural studies on the binding of these biomimetic co-factors
at the HLADH enzyme were found lacking. Another aspect
connected to the significant structural differences between the
biomimetic 1,4-NADH, co-factor, 1, and the natural 1,4-NADH
co-factor was represented by the Brønsted catalysis; the
protonation of the Zn (II) bound S-alkoxy group, which
represented the final step of the HLADH reduction catalysis to
provide the chiral S-alcohol.

As proposed by several authors, this step was prompted by
the participation of the ribose-OH groups, to a hydrogen bond
pattern connecting the donor Ser48 residue to the Zn(II)-bound
alkoxy oxygen. Thus, this proton relay accomplished the proton
transfer (PT), after the hydride transfer step (Scheme 1);

however, we demonstrated that this pattern cannot be formed
when the biomimetic co-factor, 1, or other biomimetic co-
factors were used in place of the natural 1,4-NADH. Thus, the
final protonation step must be accomplished through an
alternative mechanism.

The above highlighted occurrences pointed to several
critical aspects about the current paradigm for the HLADH
catalytic mechanism, when the reductive pathway to form the
chiral S-alcohol product was considered. Recently, an alternative
reductive route to the HLADH catalysis has been proposed
based on the Density Functional Theory (DFT) calculations of
the thermodynamics and kinetics of the enantioselective
reduction of two ketone substrates; 2-pentanone and 4-phenyl-
2-butanone, operating with the core model of the HLADH
enzyme, including the biomimetic co-factor, 1, while lacking the
proteins surrounding the HLADH site of activity.[13,26]

Our previous calculations have shown that upon decom-
plexation of the 4-methylimidazole ligand from the Zn(II) metal
center, the biomimetic co-factor, 1, could possibly coordinate to
the Zn(II) center by forming the η2-5,6-N-benzyl-1,4-dihydroni-
cotinamide-Zn(II) complex, with the natural HLADH enzyme.[26]

By investigating the calculated structure of the η2-intermediate,
we had detected a close proximity between the C4� H bond of
the biomimetic 1,4-NADH, 1, with the ketone carbonyl group
that facilitated the hydride transfer, via a very low activation
energy.[26] Therefore, our calculations have clearly shown that
the higher contribution to the kinetic barrier for the overall
ketone to the alkoxy anion reaction was associated with the 4-
methylimidazole decomplexation. Such a barrier has been
previously quantified at 15 kcal/mol.[26]

Results and Discussion

A New HLADH Enzyme Mechanistic Paradigm

In the light of these previous computational results, and by
taking into account the above highlighted critical points, we
previously performed a computational investigation based on
the combination of classical and quantum methods detailing

Figure 1. Structures of Biomimetic Co-factors, 1 and 2+ ; Natural Co-factors, 1,4-NADH and NAD+.
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the structure of the HLADH active complex formed by the
biomimetic co-factor, 1; however, in the presence of the core
amino acids surrounding the Zn(II) center, but in the absence of
the proteins surrounding the HLADH site of reactivity. This
approach was utilized to corroborate the viability of the newly
proposed HLADH reductive route, based on the η2-coordination
of the N-benzyl-1,4 dihydronicotinamide’s 5,6-carbon-carbon
double bond to the Zn(II) metal ion center (Scheme 2).

In this computational study, the enantioselective reduction
of the 2-pentanone catalyzed by HLADH in the presence of the
biomimetic co-factor, N-benzy-l,4-dihydronicotinamide, 1, was
investigated by means of a multiscale computational approach
based on the Perturbed Matrix Method (PMM),[27,28] to examine
the possible viability of the mechanistic hypothesis proposed
by Marrone and Fish,[26] and to define the most plausible
mechanisms for both the hydride and proton transfer steps.
Compared to the canonical mechanism (Scheme 1), the alter-
native mechanism proposed by Marrone and Fish[26] (Scheme 2)
observed the hydride transfer from the C4� H of the biomimetic
co-factor, 1, to the prochiral ketone substrate, 2-pentanone,
which occurred in two consecutive steps: (1) decomplexation of
the His imidazole ligand yielding the 5,6-η2-coordination of 1 to
the catalytic Zn(II) metal ion center, and (2) the hydride transfer
providing the Zn(II)-bound S-2-pentoxy anion, and the oxidized
co-factor, the N-benzylnicotinamide cation, 2+.

Although the canonical and alternative mechanisms were
distinguishable based on the hydride transfer process, and the
protonation of the S-2-pentoxy anion, bound to Zn (II), both
these scenarios must be necessarily operating, via the relay of
one proton from the bulk to the catalytic site of reactivity.

Moreover, we firmly believed that a proton was an essential
reactant in the total enzymatic process. In a resemblance to the
HLADH catalysis occurring in the presence of the natural 1,4-
NADH co-factor, we assumed that the His51 residue played a
pivotal role in the proton relay, as well as when the enzyme
catalysis took place in the presence of the biomimetic co-factor,
1. Thus, the ionization state of the His51, with the side chain
imidazole, either mono or doubly protonated, was employed to
either turn on or off, the proton relay system.

This approach allowed us to model two pathways of the
HLADH catalysis; in one pathway, we assumed that the proton
relay was off in the HLADH resting state, thus leading to the
hydride transfer and the S-2-pentoxy protonation occurring in
two consecutive steps. Alternatively, we also assumed that the
proton relay was occurring during the HLADH resting state,
thus allowing the hydride and the proton transfers to be
synchronous.

For major clarity, we utilized the word mechanism with
reference to the type of operating hydride transfer, either
canonical or alternative, and the word pathway with reference
to the type of hydride and proton transfer steps, either
nonsynchronous with HT or PT, in two consecutive steps, or
with HT+PT in one synchronous step. The latter pathway
required that the proton relay was on from the resting state,
which meant that the His51 was doubly protonated in the initial
HLADH configuration. Therefore, we also assumed the possible
participation of water molecules, in the proton transfer steps,
via the H-bond bridging between the protonated His and the
Ser ligands. The mechanisms and pathways of the HLADH

Scheme 2. The alternative mechanistic hypothesis proposed by Marrone and Fish[26] for the HLADH catalyzed chiral reduction of prochiral ketones in the
presence of the 1,4-NADH biomimetic co-factor, 1, obtained by using a core model of the HLADH catalytic site. The left side shows the first tandem catalysis
component, the reduction of the biomimetic NAD+ co-factor, 2+ , with the in situ generated reducing agent using the formate anion, [Cp*Rh(bpy)H]+,
followed by the second tandem catalytic reaction to provide the biomimetic 1,4-NADH co-factor, 1, for a hydride transfer to the Zn(II) bound carbonyl group
of 2-pentanone, followed by a protonation of the Zn(II)-S-2-pentoxy bond to provide S-2-pentanol.
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catalysis explored in the present investigation are provided in
Table 1.

Molecular Dynamics Simulations of the Ternary Complex in
Solution

Classical molecular dynamics (MD) simulations were initially
performed to characterize the structure and dynamics of the
HLADH-ketone-N-benzyl-1,4-dihydronicotinamide ternary com-
plex, corresponding to the resting state of the enzyme catalysis,
in both the canonical and alternative mechanistic hypotheses.
In this complex, the substrate, 2-pentanone, was coordinated to
the Zn (II) center with a pro-S orientation. Therefore, only the S-
enantiomer has been considered in this study, according to the
experimental data reported by Fish et al.[24a], which clearly
showed that the synthesis of chiral alcohols from 2-pentanone,
catalyzed by HLADH in the presence of biomimetic co-factor, 1,
resulted in an enantiomeric excess of approximately 85% for
the S-enantiomer, and much higher for phenyl substituted
ketones, ~96–99% S-enantiomer.[24a]

The multiscale approach used in this study can be
summarized as follows. Firstly, the conformational ensemble of
the protein-ligand system was explored by conducting molec-
ular dynamics (MD), to sample representative geometries from
the respective MD trajectories . The extracted structures were
then used as starting points for the potential energy surface
(PES) scan performed with the ONIOM[29] method, in which the
investigated reaction coordinate was gradually varied, by
accounting for both the solvent and protein environment effect
on the reaction center.For each point in the PES scan, the
geometry of the reaction center (the QM region) was extracted,
and its single point energy calculated in the vacuum using a
DFT method. It is worth noting that no optimization was
performed in the vacuum, while the reaction center’s structure
was kept “as it is” from the scan to guarantee that the scanned
geometries of the reaction center remained consistent with
those obtained within the protein core. For selected reaction
paths, the DFT energies and dipoles calculated in the vacuum
were employed to apply the MD-PMM[27,28] method, which
allowed the calculation of the corresponding Gibbs Free Energy

profiles. Further details on these procedures have been
provided in the Methods Section.

The initial configuration of the MD simulation was con-
structed starting from the crystal structure of the ternary
complex formed by 4-methylbenzyl alcohol and the natural 1,4-
NADH co-factor, as described in the Methods Section. One
50 ns-long MD simulation was performed considering His51 in
the singly protonated state on the ɛ-nitrogen atom; we named
this trajectory as HIE51. A representative structure of the
catalytic site in the HIE51 MD simulation is shown in Figure 2.
The protein structure remained stable along the MD simulation,
as can be seen from the root-mean-square-deviation reported
in the SI.

The free energy barrier of a given reaction model, was
categorized by adopting the following strategy: (i) from the
potential energy surface scans, a set of geometries along a
given reaction path, was generated; (ii) their energies and
dipoles were calculated in the gas phase to generate the
“unperturbed” properties to be used as a basis set for PMM
calculations; (iii) the reactant’s highest energy point (HEP) and
product geometries were chosen according to the gas-phase
profile, and were used to calculate the corresponding free
energy differences with the MD-PMM approach[27,28] (more
details concerning this procedure are reported in the Methods
Section). For the sake of major clarity, all the schemes, (i)–(iii),
were applied to selected reaction models, based on the
response of ONIOM scans’ analysis (vide infra).

As a starting configuration for the ONIOM energy scans, a
representative configuration was extracted from the HIE51 MD
trajectory. This was selected to ensure that the crucial geo-
metrical parameters for the hydride transfer step closely
resemble those hypothesized for the natural 1,4-NADH
reaction;[16,30,31] namely, the C4� H of the biomimetic 1,4-NADH

Table 1. The HLADH reactions are described and labeled, while the
protonation of the His51 is stated. The starting structure for the study of
reaction model I and V is reported in panel a of Figure 3, the starting
structure of model II in panel b of Figure 3 and the starting structure of
models III, IV and VI in panel c of Figure 3.

Reaction Mechanism Pathway His51

I canonical nonsynchronous neutral

II canonical nonsynchronous cationic

III canonical nonsynchronous +H2O cationic

IV canonical synchronous +H2O cationic

V alternative nonsynchronous neutral

VI alternative nonsynchronous +H2O cationic

Figure 2. The reaction center of the enzyme, HLADH. In this figure, the
coordination of the catalytic Zn(II) ion and relevant non-covalent contacts
are rendered with bicolor and dashed lines, respectively. In this simulation,
His51 is singly protonated on the ɛ-nitrogen atom.
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co-factor, 1, to the carbonyl acceptor, the C=O of 2-pentanone,
with a distance of approximately of 4 Å, and a C4� Ĥ� C=O)
angle close to 180°. The ONIOM calculations were performed
through a QM/MM scheme, in which the quantum reaction
center was chosen to include Cys46, Cys174, His67, His51, Zn(II),
2-pentanone, the substrate, co-factor 1, and a water molecule
when specified. Starting from this structure, three different
initial configurations for the QM/MM energy scans were
constructed and optimized at the QM/MM level using ONIOM
(Figure 3). Moreover, we initially analyzed the reaction barrier
involved in the canonical mechanism, which entailed a direct
HT step from the biomimetic 1,4-NADH, 1, to the substrate
(Scheme 1). Subsequently, we examined the reaction barrier
associated with the alternative mechanism proposal by Marrone
and Fish,[26] and depicted in Scheme 2.

Models I and V were investigated starting from the
configuration, in which His51 was neutral, and mono-proto-
nated at the ɛ-N position; structure a in Figure 3. Models II and
III were investigated starting from the configuration, in which
His51 was cationic and doubly protonated, with either none (II),
or one bridging water molecule (III); structures b and c in
Figure 3. From each of these configurations, an energy scan was
performed choosing the distance between the carbon of the
ketone group, C=O, and the incipient hydride, H–, as the
reaction coordinate. This distance was varied from the initial
value obtained after the QM/MM minimization; (see the caption
for Figure 3 ) to 1.10 Å, the ideal C->H bond distance to the
carbon atom of the C= >O group of 2-pentanone to form the
S-2-pentoxy anion bound to Zn(II).

For each step of the ONIOM scan, the geometry of the QM
region was extracted, with the Cα atoms saturated with
hydrogen atoms, and the energy calculated in vacuum through
a single point gas-phase calculation. This methodology guaran-
teed that the geometries remained consistent with those

obtained within the protein. The energy barrier along each of
the four profiles is shown in Figure 4. The lowest barrier was
found in the reaction model I, with the HIE51 in the quantum
center, and in the absence of a bridging water molecule.

The same procedure was applied to the study of the
alternative mechanism by the way of reaction models, V–VI. As
reported in Scheme 2, this mechanism was composed of two
different phases; initially, His67 was released from the catalytic
Zn(II) ion, leading to the η2-5,6 C=C bond coordination of the
biomimetic co-factor, 1, to the Zn(II) metal ion center. This step
was followed by the hydride transfer from biomimetic co-factor
1 to the C=O of 2-pentanone. For the η2 complex formation
step, the length of the Zn-δN coordinative bond was varied in
40 steps from 2.38 to 4.00 Å, while the HT step was investigated
utilizing the same reaction coordinate used in the case of the
canonical mechanism. The results of the ONIOM scans, followed
by the gas-phase calculations, unequivocally indicated that the
alternative mechanism was not viable, since the total energy
barrier calculated for the reaction models, V–VI, was always
higher than 35 kcal/mol, and independent of the protonation
state of the His51, or either in the presence or absence of a
bridging water molecule (see Figure 4). The His67 release
process was largely endothermic, and was followed by a
substantial energy barrier, in the 25–30 kcal/mol range, for the
subsequent hydride transfer from the η2-Zn (II) complex of co-
factor 1, to the C=O of 2-pentanone.

By utilizing this basis data, we proceeded with the free
energy calculations just for the reaction model I, featured by
the lowest gas-phase energy barrier, and for the reaction model
V, starting from the same ternary complex as the reaction
model I, by employing the PMM approach; details on the PMM
approach in the Methods Section and in previous work.[27,28]

Considering that a crucial objective of this investigation was to
ascertain the activation free energy of the hydride transfer

Figure 3. ONIOM-optimized structures of the first point used in the ONIOM scans. The reaction center, which was treated at the QM level in the ONIOM scans,
is shown. All amino acids of the reaction center were truncated at the Cα in the QM/MM calculations. a) His51 was singly protonated on the ɛ-nitrogen; b)
His51 was doubly protonated; and c) His51 was doubly protonated, and a water molecule was also inserted between His51 and Ser48. The H� C acceptor
distance for each structure is highlighted in (red) (dashed lines); (a) 2.63 Å, (b) 2.59 Å, and (c) 2.52 Å, while the coordination of Zn(II) is highlighted with bicolor
lines.
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reaction, we selected three points of the scan for reaction
model I. This corresponded to the reactant (first point), the
transition state-like structure (the highest energy point), and
the product state (last point) of the hydride transfer step.
Furthermore, four points of the scan for reaction model V; the
reactant (first point), the 5,6-η2-intermediate formed when the
imidazole ligand was dissociated from Zn(II) (point 29), and the
transition state-like structure for the hydride transfer step (the
highest energy point), while also including the product state
(last point).

The free energy values, and corresponding structures,
gained by the PMM analysis for reaction model I are reported in
Figure 5 (left). As shown, the late transition state-like structure
provided further evidence of the important role played by the
protein environment in favoring a close approach of the co-
factor to the ketone carbonyl group. More importantly, from
the PMM calculations, a free energy barrier, ~G#=13.8 kcal/mol,
was obtained. This value was in good agreement with the

experimental value of 14 kcal/mol.[16] The distance between the
hydride and the carbon atom at the highest energy point was
1.30 Å, and the C4� H� C=O angle was 153°. These geometrical
parameters were in good agreement with previous
calculations.[16,30,31]

The Left scheme encompassed three critical points; the
reactant adduct (RA), the point of highest energy (HEP), which
can be considered in close proximity to the transition state, and
the product adduct (PA). The Right scheme encompassed four
critical points; the reactant adduct (RA), the 5,6-η2-complex
formed in the imidazole dissociation from Zn(II), the point of
highest energy (HEP), which can be considered in close
proximity to the transition state, and the product adduct (PA).
These structures are rendered by highlighting the interatomic
distances of relevance in the modeled processes, such as the
distance between the transferred hydride and the carbonyl
carbon of 2-pentanone, which was treated as the reaction

Figure 4. Gas-phase energy barrier along each mechanistic path. The black line in the alternative mechanisms V and VI indicated the value of the energy
barrier for the His67 release step. The starting structure of the mechanisms I and V is reported in Figure 3a, and that for mechanism II in Figure 3b, and those
for the mechanisms, III, IV, and VI, in Figure 3c.

Figure 5. PMM reaction pathways are depicted, illustrating the Gibbs’ free energy barrier of the reaction model I(left) and V(right). The error in the transition
free energy ΔG# for the reaction model I and V is 1.8 and 2.4 kcal/mol, respectively, and is calculated as the mean (averaged over the two ΔG# values) standard
error, obtained by dividing the productive MD trajectory into three sets.
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coordinate, during the hydride transfer scans (All distance
values in Å).

The PMM analysis of the reaction model V, yielding an
overall free energy barrier of ~44 kcal/mol, and a barrier of
~28 kcal/mol for the HT step (Figure 5, right), corroborated the
high endothermicity of this mechanistic hypothesis, demon-
strated its mechanistic non-viability. Interestingly, in this case,
the effect of the protein/solvent on the barrier was ~3–4 kcal/
mol, consistent with what was found for the reaction model I.

The Proton Transfer Step, Following the Direct Hydride
Transfer

We have focused on the proton transfer (PT) steps, following
the direct HT for the canonical mechanism. Although the
reaction models II and III were featured by a cationic His51
located to accomplish the proton relay, no evidence of a
concomitant proton transfer was realized from the correspond-
ing HT scans. It was generally believed that the proton transfer,
affording the release of the chiral S-alcohol product, is
sequential, and occurring after the hydride transfer step.How-
ever, Hammes-Schiffer et al. did not rule out the possibility that
the HT and PT steps occurred in a concerted process,[16,30] thus,
we decided to also test the viability of a concerted HT+PT
mechanism, consistent with the reaction model IV (Table 1). In
the calculations of both the sequential proton transfer step,
reaction models II and III, and the concerted HT+PT step,
reaction model IV, the His51 was then modeled in the doubly
protonated state (HIP51), in agreement with the previous
literature results.[16,30]

Starting from the product structure of the hydride transfer
step, when the S-2-pentoxy anion was formed, an ONIOM scan
was performed, moving only the proton of Ser48 closer to the
oxygen of the S-2-pentoxy anion from a distance of 1.50 Å to a

distance of 0.90 Å. This scan clearly showed that only by
moving the hydrogen from Ser48 to the S-2-pentoxy anion, a
proton transfer from His51 to Ser48, mediated by the water
molecule, could occur spontaneously. The process, shown in
Figure 6, was largely exothermic (~16 kcal/mol), with a small
energy barrier of 1.30 kcal/mol, while the concerted mechanism
displayed a total energy barrier of 38 kcal/mol.

To determine whether the bridging water molecules,
between the doubly protonated His51 and Ser48 were
important, an additional 50 ns-long MD simulation was per-
formed considering His51 in its doubly protonated state, as a
HIP51 trajectory. The HIP51 simulation displayed a single water
molecule directly bridging the ɛ-N� H group of His51 and the
OH group of Ser48, via a hydrogen bond, in 2.5% of the
structures. In addition, 8% of the structures showed two, three
or four bridging water molecules, creating a hydrogen bonding
network between the ɛ-NH atom of His51, and the O atom of
Ser48. According to previous studies,[14,16,30] the ribose group of
the natural 1,4-NADH played a pivotal role in the proton
transfer step; see the mechanism in Scheme 1.

The molecular mechanisms utilized with the biomimetic 1,4-
NADH co-factors, including co-factor 1, have somehow compen-
sated for the absence of this functional group, and reasons why
have remained elusive. The presence of one or more water
molecules bridging Ser48 and cationic His51 through a hydro-
gen bond network, along our MD simulation, strongly sug-
gested that when the natural 1,4-NADH co-factor was sub-
stituted with the simplified biomimetic 1,4-NADH co-factor, 1,
the reason for the function of the OH groups in position 2 and
3 of the ribose group, might have been critical for the role of
one or more water molecules. Moreover, this group of water
molecules could also potentially act as a “proton bridge”
between His51 and Ser48 in the proton transfer, utilizing the
biomimetic 1,4-NADH co-factor, 1, as shown in Scheme 3.

Figure 6. a) The proton transfer chain in the xTB scan, highlighted by the atoms and the dashed bonds in (red). The proton transfer path from His51 to the
Zn(II) bound S-2-pentoxy anion in the xTB scan is triggered by moving the hydrogen atom on Ser48 toward the oxygen of the S-2-pentoxy anion ((red arrow)).
b) Reaction center of HLADH in the configuration with the doubly protonated His51. In this structure, extracted from MD simulations, the presence of the
bridging water between His51 and Ser48 are clearly visible; highlighted with dashed (green lines).
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Conclusions

In summary, our computational study has provided a detailed
mechanistic insight of the HLADH enzyme catalysis, for the
chiral reduction of prochiral ketones to chiral S-alcohols, in the
presence of the 1,4-NADH biomimetic co-factor, 1, as epito-
mized in Scheme 3. Calculations clearly showed that the
alternative mechanism, in Scheme 2 proposed by Marrone and
Fish,[26] in the absence of the proteins surrounding the HLADH

active site for reactivity, was not viable, since the energy costs
concerning the His decomplexation, and the subsequent HT
transfer, provided an overall barrier higher than 35 kcal/mol.
The HLADH catalysis in the presence of the biomimetic co-
factor, 1, occurred instead, via the canonical mechanism, with
the initial step represented by a direct hydride transfer from the
C4� H of biomimetic co-factor 1, to the carbonyl C=O group of
the substrate, 2-pentanone, to form the S-2-pentoxy anion, and
then provided the chiral S-enantiomer for the product, S-2-

Scheme 3. HLADH-catalyzed reduction of a prochiral ketone substrate in the presence of the biomimetic co-factor, 1,4-NADH, 1. The atoms involved in the
proton relay and the hydride are colored, (red) and (blue), respectively.
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pentanol. Moreover, the lowest energy barrier for the HT was
with the His51 in its neutral ionization state, thus suggesting
that the His51 protonation may occur later, being consistent
with the reaction model I (Table 1). Importantly, the estimated
free energy barrier of about 14 kcal/mol for the HT step resulted
in being in close agreement with the available experimental
data.[16]

Following the HT step, a series of proton transfers ensued;
the His51 imidazole was protonated by the bulk, and the proton
was then relayed to the oxygen of Ser48, which further donated
the proton to the substrate, the S-2-pentoxy anion. This process
was mediated by one or two water molecules situated between
His51 and Ser48 (Figure 6), and eventually with the formation of
the S-2-pentanol, as the final step of the catalytic cycle.
Therefore, the formation of a water bridge, connecting the
protonated His51 and Ser48, and with a H-bond pattern
consistent with the eventual Ser48 proton transfer to the Zn(II)
bound S-2-pentoxy anion, resulting in an important protonation
step, which was detected in about 11% of the MD trajectory.
Moreover, the calculations of the energy profiles for the proton
transfer through the water-mediated chain indicated that this
process was very rapid, and occurred in an almost concerted
step (Figure 5). The latter outcome also suggested that the
HLADH catalysis, within the limits of the non-denaturating
conditions, might be marginally influenced by the pH of the
bulk medium. This result was in agreement with experimental
evidence, which showed a relatively non-dependence of the
HLADH catalysis on the bulk pH in the 6–10 range of values.[32]

These overall results have provided a Scheme 3 that verifies
that the 1,4-NADH biomimetic, 1, provided a different proto-
nation mechanism, in comparison to the natural 1,4-NADH, for
the critical proton transfer reaction of the water bridge,
connecting the Ser48 proton transfer to the S-2-pentoxy anion
bound to Zn(II), which led to the release of the chiral S-2-
pentanol, while maintaining the exact S-enantiomer chirality
afforded by the natural 1,4-NADH co-factor. This important
HLADH enzyme computational mechanistic study could also
create an economic benefit for the Biocatalysis Industry, since
the utilization of the biomimetic co-factor, 1,4-NADH, 1, and
other likely derivatives of 1, could reduce the synthesis cost of
the production of chiral S-alcohols, and other enzyme products
needing the natural 1,4-NADH co-factor, by a factor of ~16!

Computational Methods

Molecular Dynamics (MD) Simulations

The starting structure for the simulations at 300 K was taken from
the refined crystal structure of the horse liver alcohol dehydrogen-
ase (PDB entry 7 K35).[33] A molecule of 2-pentanone was added to
the protein and aligned to the co-crystallized substrate i. e. 4-
methylbenzyl alcohol. The same procedure was used to attach a N-
Benzyl group to the 1,4-dihydronicotinamide nucleus, as the 1,4-
NADH biomimetic co-factor. The protonation state of the His side
chains was selected through the PropKa server.[34,35] For His51, two
different charge states; namely, +0 with the proton on the ɛ-N
(HIE51 trajectory), and +1 with both the δ-N and the ɛ-N
protonated (HIP51 trajectory), were chosen and MD simulations

were performed in both states. All simulations were performed with
the GROMACS software.[36] The AMBER 99 force-field[37] was used for
the protein and GAFF[38] for the organic molecules (2-pentanone
and N-Benzyl-1,4-dihydronicotinamide,1). The active site was
modeled using a “bonded approach” adapted from the work of Li
et al.[39] according to which the Zn(II) ion was bonded to the two
sulfur atoms of Cys46, the oxygen atom of the substrate and the ɛ-
N atom of His67. The charge state for residues Cys46 and Cys 174
was set to � 1 (CYM residue type), for residue His67 to 0 (HID
residue type) and for the Zn(II) ion to +2. The protein, with the
substrate and the co-factor, was placed in a periodic cubic box with
side length equal to 13.63 nm and solvated in water using the
TIP3P model.[40] An appropriate number of counterions were added
to achieve charge neutrality of the entire system. The Particle Mesh
Ewald (PME) method[41] was used for the long-range electrostatic
interactions applying a 0.132 Fourier spacing,[42] and a real space
cutoff of 1.1 nm. The Lennard-Jones potential was truncated at
1.1 nm. A time step of 0.001 ps was employed in conjunction with
the LINCS algorithm,[43] to constrain bond lengths involving polar
hydrogen atoms. In the following minimization, annealing, and
equilibration steps, the heavy atoms of the protein were restrained
to their initial positions using a force constant of
1000 kJmol� 1nm� 2. After the energy minimization, the temperature
was increased from 50 K–300 K in 100 ps and an equilibration MD
simulation of 2 ns was carried on in the NPT (constant number of
particles, pressure and temperature) ensemble using the canonical
V-Rescale thermostat[44] (relaxation time constant of 0.002 ps, T=

300 K) and the Berendsen barostat[45] (relaxation time of 1 ps,
compressibility of 4.5 10� 5, P=1 bar). After these initial equilibra-
tion steps, the restraints on the heavy atoms of the protein were
released and all atoms of the reaction center; i. e., the atoms
belonging to Cys46, Ser48, His51, His67, Cys174, Zn(II), N-Benzyl-
1,4-dihydronicotinamide,1, and 2-pentanone were restrained to the
starting positions using a force constant of 1000 kJmol� 1nm� 2, and
a 15 ns-long MD simulation was run in the NPT ensemble, using the
same setup of the previous equilibration step. This step was
followed by two additional 2 ns-long MD trajectories, in which the
force constant of the positional restraint was set to
100 kJmol� 1nm� 2 and 10 kJmol� 1nm� 2, respectively. Finally, a
50 ns-long unrestrained MD simulation was carried on using a time
step of 1 fs. This procedure was repeated for both protonation
states of His51. Hydrogen bond networks that involve water
molecules connecting His51 to Ser48 were investigated using an in-
house tool. For defining hydrogen bonds, we have adopted the
definition reported by Kumar et al.[46]

Quantum Mechanics/Molecular Mechanics (QM/MM)
Calculations

All the structures of the HLADH, 2-pentanone, and the eN-Benzyl-
1,4-dihydronicotinamide adduct, which were used in the QM/MM
calculations were optimized with the ONIOM scheme implemented
in the xTB program.[47] The high-level region, which included
residues Cys46, Ser48, His51, His67 and Cys174, the 2-pentanone,
the co-factor 1, the catalytic Zn(II) ion, and water molecules, when
specified, were treated at the GFN2-xTB,[48] while the rest of the
protein was modeled with the GFN-FF force field level.[49]

The GFN2: GFN-FF geometry optimizations were carried out using
the generalized Born solvation algorithm,[50] to simulate the
aqueous environment, and with the fast inertial relaxation engine
(FIRE),[51] with gradient and energy thresholds of 0.002 hartree/bohr
and 0.00005 hartree, respectively. From each of the three starting
geometries described in the main text (see Figure 3), we have
computed the potential energy surface along reactions (I–VI)
indicated in Table 1. The computation of the energy profiles were
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accomplished using the same setup above, while also using a
constrained optimization at each point. Apart from the distances
involved in the reaction, no other constraints in the structure were
imposed. Reaction IV was simulated using a concerted scan of two
distances that were varied simultaneously to generate a 1-dimen-
sional energy profile.

Perturbed Matrix Method (PMM)-MD Calculations

The basic features of the PMM-MD approach have been explained
in detail in previous papers, and here only the essential aspects
were mentioned.[52–54] The PMM-MD method was based on dividing
the whole system into a quantum center (QC), where the quantum
processes of interest occur, the hydride transfer reaction in the
present case, treated at the electronic level, and the environment,
modeled as an atomic-molecular semi-classical subsystem interact-
ing with the QC.

In the present case, the QC chosen corresponded to the reaction
center of the enzyme, which included residues Cys46, Ser48, His51,
His67 and Cys174, the 2-pentanone, the co-factor 1, the catalytic
Zn(II) ion, and a water model when specified. The entire system,
such as the QC, the remaining protein, and the solvent, were used
to sample the phase space by means of MD simulation. The
unperturbed electronic Hamiltonian (Ho) of the isolated QC was
calculated at the B3LYP/6-31G* level of theory.[55–58] Thus, for each
configuration of the entire system extracted from the MD
simulation, the electrostatic perturbation of the external environ-
ment was evaluated on the QC center of mass, and used for
constructing the perturbed electronic Hamiltonian matrix bH accord-
ing to Equations (1–2):

bH ¼ bH0 þ bI qT V þ bZ1 (1)

bZ1 ¼ � E � hϕ0
j bmj jϕ

0
i i (2)

Where cH0 was the unperturbed electronic Hamiltonian matrix, qT
was the total charge, bm was the dipole operator, V and E were,
respectively, the electrostatic potential and field exerted by the
environment on the QC center of mass at each frame of the
simulation, ϕ0 are the unperturbed (gas-phase) electronic eigen-
states of the QC, andbI was the identity matrix.

The diagonalization of the matrix (1) at each MD frame provided a
set of eigenvalues and eigenvectors. Furthermore, the QC proper-
ties/observables of interest can be calculated as a function of time;
for example, the perturbed energy in the present case. In the case
of the Gibbs’ free energy difference (~G0), this quantity was
calculated according to Equation (3):

(3)

Thus, kb was the Boltzmann constant, N was the number of frames
of the MD trajectory, and ~Ei was the QC perturbed electronic
energy difference between two points. All quantities, E and G, were
calculated in the NPT ensemble, T=300 K, and P=1 bar, were the
conditions used in the MD simulation. In the present case, ~G°
values were evaluated for the highest energy point, and for the
product relative to the reactant. Note also that in this equation, we
have neglected the contribution to the free-energy, due to the
vibrational energy shifts between the two points.
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The HLADH catalysis of the S-enantio-
selective reduction of 2-pentanone,
operating in presence of the biomi-
metic co-factor, N-benzyl-1,4-dihydro-
nicotinamide, 1, occurred via the
direct hydride transfer to form the S-
2-pentoxy anion, followed by a water
bridge, connecting the Ser48 proton
relay to the final release step of the
chiral S-2-pentanol.
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