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Alcohol Dehydrogenase (ADH) enzymes catalyse the reversible reduction of prochiral ketones to the
corresponding alcohols. These enzymes present two differently shaped active site pockets, which dictate
their substrate scope and selectivity. In this study, we computationally evaluate the effect of two com-
monly reported active site mutations (I86A, and W110T) on a secondary alcohol dehydrogenase from
Thermoanaerobacter brockii (TbSADH) through Molecular Dynamics simulations. Our results indicate that
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the introduced mutations induce dramatic changes in the shape of the active site, but most importantly
they impact the substrate—enzyme interactions. We demonstrate that the combination of Molecular
Dynamics simulations with the tools POVME and NClplot corresponds to a powerful strategy for rationa-
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1. Introduction

Biocatalysis is based on the application of natural catalysts for
new purposes, for which the enzymes were not designed. The
advantages of biocatalysts with respect to traditional catalysts
make enzyme-based routes a preferable alternative for the
synthesis of optically active compounds." The asymmetric
reduction of prochiral ketones to yield optically pure alcohols
can be achieved with metal-based catalysts,” but also with
enzymes such as alcohol dehydrogenases (ADH). Many studies
have been reported in the literature showing the importance of
ADH in asymmetric synthesis,®™ of relevance is their usually
high thermostability,” and the ability to operate in non-
aqueous media with high activity and selectivity.®°

ADH enzymes catalyse the reversible reduction of prochiral
ketones to their corresponding alcohols. They require the pres-
ence of NAD(P)H as a cofactor, which delivers its pro-(R)
hydride to the usually Re face of the ketone yielding the corres-
ponding (S)-alcohols (see Scheme 1). The stereoselectivity of
ADHs towards the formation of (S)-alcohols mainly arises from
the shape of the active site of the enzymes that usually present
a small and a large binding pocket (see Fig. 1)."° As most ADH
follow Prelog’s rule (Scheme 1), the engineering of their active
sites for the formation of the (R)-enantiomer, i.e. anti-Prelog
ADHps, is of great interest. In addition to that, the expansion of
the substrate scope of ADH is also highly appealing for broad-
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lising and engineering the stereoselectivity of ADH variants.
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Scheme 1 Representation of Prelog and anti-Prelog rules for the
studied substrate 1a, together with the stereoselectivity of the engin-
eered variants TbSADH'®%*, and TbSADH"!°T by Reetz et al.?°

Fig. 1 Volume representation of the small and large TbSADH binding
pockets for the WT enzyme (middle), W110T (left), and I86A (right)
variants. These calculations have been performed with POVME 2.0.3!

ening their applicability in asymmetric synthesis. To that end,
Directed Evolution (DE)“'** and rational site-specific muta-
genesis'® have been applied in some ADH enzymes. Reetz
et al. developed a powerful strategy for reducing the number of
variants to screen by generating a collection of small but
‘smart’ enzyme libraries.'® This was applied on the zinc-depen-
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dent secondary ADH from Thermoanaerobacter brockii
(TbSADH) for the asymmetric reduction of tetrahydrofuran-3-
one towards the (S)-alcohol, which is of importance for the
synthesis of the HIV inhibitors amprenavir and fosamprena-
vir."®'” Engineered variants of Lactobacillus kefir short-chain
alcohol dehydrogenase were also developed for the asymmetric
reduction of the same tetrahydrofuran-3-one, but also for the
related thiolan-3-one.'® Phillips and coworkers engineered
TbSADH for accepting several structurally diverse ketones.®
Similarly, Reetz evolved the same ADH for accepting a set of
non-cyclic ketones.® They also engineered TbSADH for the
catalytic asymmetric reduction of prochiral ketones of type
4-alkylidene cyclohexanone with formation of the corres-
ponding axially chiral (R) or (S)-alcohols.> Interestingly, the
singly mutated variants ThSADH"''°" and TbSADH"®* were
found to yield respectively either the unusual (R)-alcohol or
the (S)-alcohol with high conversion rates and selectivity. The
same W110 and 186 positions were found to be important in
determining the enantioselectivity of the highly homologous
secondary ADH from Thermoanaerobacter ethanolicus (TeSADH)
enzyme.®*'"%?

The previously mentioned examples highlight the outstand-
ing performance of laboratory-evolution for enhancing activity,
and reversing the enantioselectivity of ADHs. Complementary
to experimental evolution, computational methods can be
used for rationalizing the activity and selectivity of natural and
laboratory-engineered enzymes.>* Bocola and coworkers eluci-
dated through Quantum Mechanics and Molecular Mechanics
(i.ie. QM/MM) calculations the mechanism of hydride
and proton transfer of the oxidoreductase from Candida
Parapsilosis.>® Electronic structure calculations and Molecular
Dynamics (MD) simulations were performed to investigate the
mechanism of liver alcohol dehydrogenase (LADH).>® The cal-
culations revealed a lower activation barrier for the hydride
transfer step if alcohol deprotonation occurs first. Many com-
putational studies have been devoted to elucidate the funda-
mental nature of hydrogen tunnelling that occurs in these
NAD(P)H-dependent enzymes.”’>° Some of us explored
through MD simulations of the Michaelis-Menten and tran-
sition state-bound complexes the stereoselectivity of some
Lactobacillus kefir short-chain alcohol dehydrogenases.'® These
simulations allow rationalising the effect of active site
mutations on the selectivity of this Zn(i1) free ADH enzyme.

In this study we computationally evaluate the effect of
W110 and I86A active site mutations on a series of zinc-depen-
dent TbSADH variants*® through MD simulations. We demon-
strate that the introduced mutations induce dramatic changes
in the shape of the enzyme active site, which affect the sub-
strate-enzyme interactions thus determining the stereo-
selectivity of the TbSADH variants.

2. Results and discussion

ADH enzymes present two differently shaped active site
pockets, which are responsible for their substrate scope and

This journal is © The Royal Society of Chemistry 2017
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selectivities (see Fig. 1). By introducing mutations to the ADH
active site, both pro-(R) and pro-(S) selectivities can be
obtained. In most experimental studies based on TbSADH and
the homologous TeSADH published so far two positions,
namely 186 and W110, have been found to be key for either
enhancing the enzyme activity towards bulky substrates and/or
reverting the stereoselectivity of ADHs.>?%*"**?° In order to
shed some light into the role of the latter mutations in ADH
catalytic activity and selectivity, we performed MD simulations
on the Wild-Type (WT) TbSADH enzyme, and the variants
TbSADH™"'’T and ThSADH™®*. We restricted our study to the
analysis of the prochiral ketone of type 4-alkelidene cyclohexa-
none (1a, see Scheme 1) studied by Reetz and coworkers.””
This ketone is especially challenging as the steric preferences
of the carbon atoms surrounding the carbonyl group are iden-
tical. Of importance is the fact that positions 186 and W110 are
key to revert the enzyme enantioselectivity even with this non-
conventional substrate.

We carried out five independent 200 ns MD simulations
(i.e. accumulated simulation time of 1 microsecond) in both
pro-(R) and pro-(S) conformations of 1a in the WT TbSADH,
ThSADH" """, and TbSADH"** enzyme variants. In order to
maintain the substrate 1a bound to the Zn(u) metal ion, a
force constant was applied. This approach allows us to analyse
the positioning of 1a for efficient hydride transfer, and thus
explain the activity and origin of enantioselectivity observed
experimentally.

As shown in Scheme 1, 1a has a bromide atom that can be
differently oriented in the small and large binding pockets
depending on the variant and the starting pose (pro-(R) and
pro-(S) conformation, see Fig. 2-5). The positioning of both the
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Fig. 2 Representation of some representative snapshots of the
different conformational states sampled along the MD simulations for
TbSADH starting from the pro-(R) orientation of 1a. The histogram of
the hydride transfer distance together with the pro-(R)/pro-(S) angle
(detailed in Fig. S11) is displayed.
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Fig. 3 Representation of the non-covalent interactions for the pro-(S) and pro-(R) conformations of 1a in the active site pocket of TbOSADH enzyme,
computed with the computational tool NClplot.3435
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Fig. 4 Representation of some representative snapshots of the different conformational states sampled along the MD simulations for the

TbSADHWCT and TbSADH'®® starting from the pro-(R) (in orange) and pro-(S) (in blue) orientations of 1a, respectively. The histogram of the hydride
transfer distance together with the pro-(R)/pro-(S) angle (detailed in Fig. S1}) is displayed for both variants.
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Fig. 5 Representation of the non-covalent interactions for pro-(S) and pro-(R) conformations of 1a in the active site pocket of TBSADHV°T (top)
and TbSADH'®%* (down) enzymes, computed with the computational tool NClplot.343>

bromide and the cyclohexane ring of 1a and its interactions
with the enzyme active site pocket will dictate ADH selectivity.
The difference in activity can be predicted by analysing the dis-
tance between the carbonyl group of the substrate and the
NAD(P)H carbon atom involved in the hydride transfer (see
Scheme 2). Our computed hydride transfer Transition State
(TS) using DFT and a small subset of the enzyme active site
residues, i.e. following the theozyme approach,®” indicates that
at the TS it is ca. 2.7 A for both axial and equatorial attacks
(see Scheme 2, and Fig. S8t). This is in line with previous cal-
culations for the hydride transfer. As with classical MD simu-
lations we cannot model the bond-breaking/forming hydride
transfer step, we instead evaluate the active site preorganiza-
tion towards the pro-(S)/pro-(R) enzyme-substrate complexes to
shed some light into the enzyme enantioselectivities.
We define as catalytically competent poses those MD confor-

This journal is © The Royal Society of Chemistry 2017

mations that present hydride transfer distances shorter than
4.5 A, whereas those orientations with longer hydride dis-
tances were defined as non-catalytic. This allows us to
indirectly quantify the number of reactive events along the
simulation time, ie. it provides an estimate of the enzyme
catalytic activity.

We evaluate ADH enantioselectivity preferences by compar-
ing the angle formed between the carbonyl group of the active
site residue T38 (situated next to C37, one of the Zn(u)-coordi-
nating residues), the C5 and C3 carbon of 1a cyclohexane ring
(see Fig. S1t) in all variants. As the NAD(P)H cofactor is in
some cases displaced from the active site, the angle provided
by the rigid T38 residue together with the measure of the
hydride transfer distance allow us to better evaluate the cataly-
tically competent pro-(S) and pro-(R) conformations. As done
in previous studies,'® by computing the relative populations of
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Scheme 2 DFT optimized TS structure for the hydride transfer step. For
visualization purposes, non-polar hydrogen atoms are hidden.

the reactive pro-(S) and pro-(R) poses observed along the MD
simulations, the experimental enantiomeric excess ratios can
be estimated (see Table S2+).

Evaluation of the Tb)SADH WT enzyme stereoselectivity

Our analysis starts with the evaluation of the WT TbSADH
enzyme activity and selectivity towards 1a. Reetz et al. reported
that TbSADH is able to produce the corresponding (R)-alcohol
in a 95% conversion, but only with 66 (R) % ee.”® We evaluated
the WT enzyme active site pockets in the most populated con-
formational states (i.e. most visited along the MD simulations)
using the computational tool POVME,*" indicating that the
small and large active site pockets have an approximated
volume of ca. 73 A* and 100 A® (see Fig. 1 and Table S17),
which evidence their drastic difference in size as observed
with X-ray structures.*

In our ThbSADH MD simulations starting from the pro-(R)
orientation of 1a, the bromide atom is forced to fit in the
small pocket because the bulky W110 residue does not allow
the rotation of the substrate towards the large binding pocket
(see Fig. 2, pro-(R) A). This corresponds to the most populated
conformation, where 1a remains properly positioned for the
hydride transfer to occur towards its Si-face and thus allowing
the (R)-alcohol formation. The average hydride distance is ca.
3.9 A, which coincides with the computed hydride transfer dis-
tance at the reactant complex (i.e. 3.8 A).>” This rather short
distance is in agreement with the high conversion rate
observed experimentally. The analysis of non-covalent inter-
actions with the NCI plot of 1a in the pro-(R) conformation
reveals stabilizing C-H---n interactions between H59, Y267,
and W110 with the cyclohexane ring of the substrate (see
Fig. 3). In contrast, the latter stabilizing interactions are much
weaker in the pro-(S) conformations (in particular non-covalent
interactions with the residue W110), which evidence how the
TbSADH pocket is more complementary to the pro-(R) confor-
mation of 1a to produce the corresponding (R)-alcohol.

In the MD simulations starting from the pro-(S) confor-
mation of 1a, short catalytic distances of ca. 3.9 A are also
observed (see Fig. S2 At), where 1a is properly positioned for
the formation of the (S)-alcohol. However, this pro-(S) catalyti-
cally active conformation has a quite low population. This
rather low stability of the pro-(S) conformation is also evi-
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denced by analysing the non-covalent interactions of 1a and
the active site pocket of TbSADH. The enzyme also adopts
some intermediate conformations that present substantially
longer unproductive hydride transfer distances. Overall, our
MD simulations on TbSADH starting from both pro-(R) and
pro-(S) orientations of 1a indicate that the formation of the
(R)-alcohol is substantially preferred, although some catalyti-
cally competent pro-(S) conformations are also explored. This
is in line with the 66% (R) ee observed in the experimental
assays.

Evaluation of the ThSADHY"'°" and TbSADH"®*** enzyme
stereoselectivity

The substitution of W110 by threonine makes the enzyme
large binding pocket even wider. The computed volume is ca.
166 A®, whereas for the TbSADH it was 100 A® (as discussed
previously). This mutation therefore gives extra space to 1a for
a better accommodation of the bromide substituent in the
enzyme active site pocket, and thus allows the substrate to
rotate towards the large binding site. Experimentally, it was
found that TbSADH"''°T was able to convert 1a into the
corresponding (R)-alcohol with high conversion rates and high
enantioselectivities (99% conversion, and 97 (R) % ee).”° In
this enzyme variant, angles of ca. 70° are observed for the pro-
(R) conformation, whereas ca. 20° for the pro-(S) attack (see
Fig. 4, W110T A and B).

In our MD simulations starting from the pro-(R) orientation
of 1a, the substrate rapidly rotates to position the bromide into
the large binding pocket, and remains in this pro-(R) orien-
tation most of the simulation time (see Fig. 4, W110T). The
NAD(P)H cofactor is perfectly positioned to deliver the hydride
and allow the (R)-alcohol formation (see Fig. 4, W110T pro-(R)
A) displaying catalytically competent hydride distances and
angles. Moreover, starting from pro-(S) orientations (Fig. S37)
1a rapidly rotates towards pro-(R) conformations.

The analysis of non-covalent interactions in the pro-(R) con-
formations of 1a reveals stabilizing C-H---m interactions
between the cyclohexane ring of the substrate and residues
H59, and Y267, but also with the nicotinamide ring of the
NAD(P)H cofactor (see Fig. 5, W110T pro-(R)). The W110T
mutation enlarges the active site pocket, but also allows the
formation of stabilizing interactions between the bromide and
the side-chains of L107 and the newly introduced T110
residue. We also observe during the MD simulations that the
substrate can rotate to explore pro-(S) conformations (see
Fig. 4, W110T pro-(S) B), however long hydride distances are
observed due to the displacement of the NADP(H) cofactor,
which interacts with the bromide atom of the substrate (see
Fig. 5, W110T pro-(S)).

We finally evaluated the TbSADH™®* enzyme variant, which
was found to allow the formation of the opposite (S)-alcohol in
high enantiomeric excess (98 (S) % ee), and conversion (95%).
Our volume calculations on the most populated conformation-
al states indicate that the small enzyme active site pocket is
enlarged from ca. 73 to 89 A’. In contrast to what we observe
in the ThSADH and TbSADHY''°T variants, MD simulations

This journal is © The Royal Society of Chemistry 2017
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starting from the pro-(S) poses of 1a reveal that the substrate
stays in the pro-(S) conformations with an angle of ca. 60°
most of the simulation time (see Fig. 4, I86A pro-(S) A). In this
most populated state, catalytically competent hydride transfer
distances are sampled (ca. 4 A), which fits with the high
activity of the variant observed experimentally. This favourable
pro-(S) conformations are mainly stabilized by C-H---n inter-
actions between the cyclohexane ring and residues W110, H59,
and Y267 (see Fig. 5, I86A pro-(S)). As observed in the case of
TbSADHW''°T, C-H---n interactions are also observed within
the cyclohexane ring and the nicotinamide ring of NAD(P)H.
The mutation introduced at position 86 (i.e. I86A) creates
additional space in the small binding pocket, which is occu-
pied by the indole ring of W110. This new conformation of
W110 maximizes the C-H---x interactions with the cyclohexane
ring of 1a, and thus favors the pro-(S) attack (see Fig. 5, I86A
pro-(s)).

In the MD simulations, when 1a rotates to explore pro-(R)
conformations, long hydride transfer distances are observed
due to the displacement of the NAD(P)H cofactor (see Fig. 4,
I86A pro-(R) B). MD simulations starting from the pro-(R) con-
formation (Fig. S41) show that the substrate stays most of the
time in the pro-(R) orientation, but again leads to the displace-
ment of the NAD(P)H cofactor and thus results in a non-cata-
lytic configuration. The analysis of non-covalent interactions
in this pro-(R) conformation reveals that most of the above
mentioned interactions with W110, H59, and Y267 are lost
(see Fig. 5, I86A pro-(R)). These results point out that although
1a can adopt both pro-(R) and pro-(S) orientations, pro-(S) is
the catalytically competent pose as only with this orientation
both 1a and NAD(P)H are properly positioned for the catalysis.

3. Conclusions

Our MD simulations indicate that the poor selectivity of the
WT TbSADH enzyme is due to the possible positioning of the
substrate in both pro-(R) and pro-(S) orientations. The pro-(R)
conformation is, however, substantially favoured due to stron-
ger non-covalent interactions between the substrate and the
enzyme active site. ThSADH™''°T presents a substantially
wider active site, especially the large binding pocket, which
allows the substrate to explore pro-(R) conformations with cata-
lytically active hydride transfer distances. In the pro-(R) confor-
mation, C-H---n interactions are observed between the cyclo-
hexane ring and active site residues H59 and Y267. The intro-
duced threonine residue at position 110 also allows the for-
mation of stabilizing interactions between its side-chain and
the bromide group of 1a. TbSADH"*** enzyme variant shows a
significantly different behaviour revealing a highly pre-orga-
nized active site for the pro-(S) conformation with catalytically
efficient distances. The introduced I86A mutation enlarges the
small binding pocket, and induces a conformational change in
W110 that optimally positions the indole group for enhanced
C-H---m interactions with the cyclohexane ring of the substrate.
The combination of MD simulations, theozyme calculations,

This journal is © The Royal Society of Chemistry 2017
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and in-depth analysis of the active site pocket through the
computational tools POVME and NCIplot allows us to rational-
ise the effect of these two key active site mutations in the
enantioselectivity of the zinc-dependent TbSADH enzyme.
Given that many studies based on TbSADH and TeSADH target
the same active site mutations, we believe that the obtained
results are rather general. Our results also highlight the feasi-
bility of MD simulations, coupled with POVME and NCIplot
calculations for the engineering of natural enzyme active sites
for enhanced activity and selectivity.

Computational methods

MD simulations in explicit water were performed using
AMBER 16 package® and starting from the PDB structure:
1YKF.>® The W110T and I86A variants were generated using
the mutagenesis tool included in PyMOL (http:/www.pymol.
org). Parameters for substrate 1a for the MD simulations were
generated within the antechamber module of AMBER 16 using
the general AMBER force field (GAFF),*® with partial charges
set to fit the electrostatic potential generated at the B3LYP/6-
31G(d) level by the restrained electrostatic potential (RESP)
model.>” The charges were calculated according to the Merz—
Singh-Kollman scheme®®?° using Gaussian 09.*° Amino acid
protonation states were predicted using the H++ server (http:/
biophysics.cs.vt.edu/H++).*" We have used the bonded model
for Zn and the residues of the first coordination sphere, in par-
ticular we used the Seminario approach?® to obtain the metal
parameters needed for the simulation as implemented in Prof.
Ryde program.*® The optimization, frequencies and charge cal-
culations to obtain the parameters were done at the B3LYP/6-
31G(d) level using Gaussian 09.*° The parameters for NAD(P)H
were extracted from previous studies by Prof. Ryde.**** The
WT enzyme (PDB: 1YKF) and variant were solvated in a pre-
equilibrated truncated cuboid box with a 10 A buffer of
TIP3P*® water molecules using the AMBER16 leap module,
resulting in the addition of ca. 11 000 solvent molecules. The
system was neutralized by the addition of explicit counterions
(Na" and CI7). All calculations were done using the ff14SB
Amber force field.”” A two-stage geometry optimization
approach was performed. The first stage minimizes the posi-
tions of solvent molecules and ions imposing positional
restraints on the solute by a harmonic potential with a force
constant of 500 kcal mol™ A™?, and the second stage is an
unrestrained minimization of all the atoms in the simulation
cell. The systems are gently heated using six 50 ps steps, incre-
menting the temperature 50 K each step (0-300 K) under con-
stant volume and periodic boundary conditions. Water mole-
cules were treated with the SHAKE algorithm such that the
angle between the hydrogen atoms is kept fixed. Long-range
electrostatic effects were modeled using the particle-mesh-
Ewald method.*® An 8 A cutoff was applied to Lennard-Jones
and electrostatic interactions. Harmonic restraints of 10 kcal
mol™" were applied to the solute, and the Langevin equili-
bration scheme was used to control and equalize the tempera-
ture. The time step was maintained at 1 fs during the heating
stages, allowing potential inhomogeneities to self-adjust. Each
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system was then equilibrated without restrains for 2 ns with a
2 fs time step at a constant pressure of 1 atm and a tempera-
ture of 300 K. After the systems were equilibrated in the NPT
ensemble, 3 independent five hundred nanosecond MD simu-
lations were performed under the NVT ensemble and periodic-
boundary conditions.

The theozyme calculations for the hydride transfer step were
performed at the B3LYP/6-31G(d) level of theory using
Gaussian 09.%° Active site volume calculations were performed
with the computational tool POVME 2.0.%"
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