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1. Introduction

ABSTRACT

Automated structural analysis of alcohol dehydrogenase from Thermus thermophilus (ADHTt), a new car-
bonyl reductase recently described belonging to the SDR superfamily, allows to identify the aminoacidic
residues responsible for the reductive catalytic activity, namely Ser-135, Tyr-148 and Lys-152. A series
of acetophenone like compounds reduced with such enzyme was docked showing a distinct preference
for binding to the active center. Favorable docking conformations calculated with two different pro-
tocols fall into two low-energy ensembles. These conformational ensembles are distinguished by the
relative position of a given structure, presenting either the si- or re-face of the ketone to the nicotinamide
mononucleotide (NMN) moiety reductant. For the ketones presented here, there is a correspondence
between the major enantiomer obtained from the experimental data and the conformer found to have
the most stable interaction energy with the receptor site in all cases. Furthermore, based on these two
energy data sets we were able to build a reliable quantitative model (R% =0.98; crossvalidation g% =0.78)
to predict the percentage of conversion from docking energy and the nature of the substrate with the
following equation: conversion (%) =30.80 Eq — 72.840 +224.34, where E, is docking energy and o is the
Mulliken charge of the adjacent group of the ketone. The receptor site modeling, docking simulations,
and enzyme-substrate geometry optimizations lead to a model for understanding the enantioselectivity
of this NADH dependent carbonyl reductase.

© 2011 Elsevier B.V. All rights reserved.

(MDRs), short-chain dehydrogenase/reductases (SDRs), and aldo-
keto reductases (AKRs). MDRs use zinc as catalyst [10], in contrast,

The asymmetric reduction of carbonyl compounds by microor-
ganisms, a method outside the traditional arena of chemical
synthesis, is now a well recognized as an invaluable tool for the
preparation of chiral alcohols, which are important building blocks
for a plethora of pharmaceuticals [1-4]. Thus, there is a constant
demand for efficient biocatalysts for such fundamental transfor-
mations, and many new biocatalytic systems both in whole-cells
and isolated enzymes forms have recently been developed [5-9].
Such isolated enzymes, namely oxidoreductases, belonging to
one of three superfamilies, medium-chain alcohol dehydrogenases
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the SDR which are non-metallo-oxidoreductases of about ca. 250-
residue subunits, with a conserved Tyr-X-X-X-Lys motif and a
Rossmann fold for NAD(P)H binding [11,12]. Finally, the AKRs, are
monomeric proteins that bind nicotinamide cofactor without a
Rossmann fold motif [13,14].

Recently, Raia and coworkers characterized and purified a novel
highly enantioselective short-chain NAD(H)-dependent alcohol
dehydrogenase from Thermus thermophilus [15], highlighting the
exhibition of a Prelog specificity [16]. However, to the best of our
knowledge, no molecular modeling studies supporting this enan-
tioselectivity have been published yet.

Thus, as a part of our effort to develop an effective biocatalytic
system to reduce a series of prochiral a-chloroketones, we con-
sidered appropriate to obtain mechanistic details about ketones
reductions performed with ADHTt, starting from the experimen-
tal data reported by Raia, who showed the high performance of
this ADH in reducing acetophenone like compounds. In order to
achieve a robust and reproducible predictor system, we employed
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two different protocols, namely MOE based docking and molecular
dynamics (MOE-DMD) [17] and Autodock4 [18] base docking with
GROMACS [19] based molecular dynamics (ADGMX) to perform cal-
culations on the crystal structure of ADHTt recently deposited in the
Protein Data Bank [20] (PDB ID 2D1Y).

2. Experimental
2.1. MOE-DMD protocol

The molecular operating environment (MOE, version 2006.03)
[17] program was used for all calculations. Molecular mechan-
ics calculations utilize the Amber94 force field [21] and
Marsilli-Gasteiger “Partial Equalization of Orbital Electronegativ-
ities” (PEOE) atomic charges [22].

2.2. Receptor sites in the ADHTt

The structure of ADHTt was downloaded from the Protein Data
Bank [20]. Hydrogens were added to all atoms, taking care that the
nicotinamide mononucleotide (NMN) moiety unit of the cofactor
was reduced at carbon-4. As the 2D1Y crystal structure is com-
posed by four identical enzyme units, only one of these monomer
unit was used in the subsequent calculations. The enzyme geome-
try was then optimized in two steps. With the heavy atom positions
fixed at their crystallographic positions, hydrogen atoms positions
were geometry optimized. Then, the rest of the structure was also
kept flexible during the optimization. Both sets of calculations were
performed with the Amber94 force field [21]. Potential receptor
sites within 2D1Y were identified using site algorithm within MOE,
which utilized a geometry-based (as opposed to an energy based)
technique, and which is based upon the alpha shape methodol-
ogy [23,24]. Operating settings employed in this study were as
follows: probe radius 1=1.4 A (radius of a hypothetical, hydrogen-
bonding atoms), probe radius 2=1.8A (radius of a hypothetical
hydrophobic atom), isolated donor/acceptor=3 A (if a hydrophilic
alpha sphere had no hydrophobic alpha sphere within the speci-
fied distance, then the former was discarded; this minimized sites
likely to bind only water), connection distance =2.5 A (if individual
clusters had two alpha spheres within this distance they were com-
bined), minimum site size =3 (minimum number of alpha spheres
that comprised a suitable receptor site), radius =2 A (sites smaller
than this size were eliminated). Solvent and salts were excluded in
these simulations.

2.3. Docking simulations

Ketones reduced by Raia and coworkers were docked in a
box that encompassed the two largest receptor sites found. The
enzyme geometry was fixed, while the substrate geometry was
flexible throughout these docking simulations. Water molecules
in the vicinity of the receptor sites were deleted. To minimize
the computational effort per run (and thus conduct more dock-
ing runs), a truncated receptor site model of 2D1Y was validated
(residues included were those in a 7.5A radius of either of the
largest receptor sites or the cofactor). Test docking simulations
with acetophenone using the full enzyme did not lead to appre-
ciably different results versus those obtained with the truncated
receptor site model, so that the latter model was employed for
other ketones. The Tabu search algorithm was employed for dock-
ing [25]. Tabu utilizes a list of previously visited conformations (in
this case 100) to explore novel areas of docking space. 100 dock-
ing runs (each with a random starting geometry of substrate) were
utilized. Each run entailed 1000 steps (maximum number of iter-
ations in which the substrate was moved), and 100 attempts per

step (maximum number of substrate conformations explored per
step).

2.4. Molecular dynamics

The lowest energy substrate/receptor site conformations for
each ligand obtained from docking were submitted to molecular
dynamics (NVT conditions, 300K, 100 ps equilibration, 1fs step
size). Conformations for each compound from docking simulations
were then geometry optimized using the Amber94 force field [21]
and used to perform MD simulations. To maintain the structural
integrity of a full enzyme model and to reduce the computational
time, atoms lying out of a sphere of 10A radius centered on the
substrate, were frozen during both the MD simulations and subse-
quent geometry optimization. To build the models, most favorable
conformations were selected according to the following criteria:
a favorable binding energy and the distance between NC4 atom
of NADH and carbonyl of the ligand shorter than 4 A to allow the
hydride transfer, as postulated by Agarwal for other dehydroge-
nases [26].

2.5. ADGMX-protocol

In order to achieve reliable and reproducible molecular models
of the selected ligands (Table 1), as a first step, before submit-
ting docking and subsequent analysis, geometry optimization of
the ground states were performed using the semi-empirical PM3
Hamiltonian (MOPAC 7.1) [27]. Finally, Gasteiger-Marsili atomic
charge was chosen for the docking (Autodock default method) [22].

2.6. Receptor sites in the ADHTt

As described before, the crystal structure of the alcohol dehydro-
genase of T. thermophilus from Protein Data Bank [20] (PDB ID 2D1Y)
was used as the protein model. From the original tetramer, the chain
A and the bonded NADH cofactor were extracted discarding all
water molecules attached to the protein. All the necessary hydro-
gen atoms were added using the default utility in the GROMACS
software suite (version 4.0.3)[19] that assigns the different states of
protonation according to the most favorable interactions between
residues using geometrical parameters and known physicochemi-
cal properties. Subsequently, to avoid close contacts in the crystal
structure, a 1000 steps conjugate gradient minimization of the sys-
tem was performed and the resulting protein-NADH complex was
used as starting point of docking and molecular dynamics studies.
Energy minimization was performed with the GROMOS 96 43al
force field [28], by setting 1 nm nonbonded cutoff and Particle-
Mesh-Ewald summation [29] for electrostatic interactions. During
minimization, root mean square deviation (RMSD) from the crys-
tal structure of the protein was carefully observed to assure a very
low model distortion (less than 0.02 nm for all ligand-protein com-
plexes).

2.7. Docking and molecular dynamic parameters

All the docking studies were carried out by the program
Autodock4 (version 4.0.3) [18] which allows a very fast energy
evaluation using precomputed grids of affinity potentials for rigid
docking. In order to explore the conformational space of the lig-
ands, all torsional bonds in substrates were set free to perform
flexible docking while the enzyme was kept rigid. Polar hydrogens
and Gasteiger charges were assigned by the respective modules
in Autodock Tools4 [18]. Despite the lack of ligand in the crystal
enzyme used for this work, the grids were designed taking account
of the reaction mechanism that involves the atoms in the proximity
of the cofactor in order to be sure that the hydride transfer occurs.



V. Pace et al. / Journal of Molecular Catalysis B: Enzymatic 70 (2011) 23-31 25

Table 1

Asymmetric reduction of carbonyl compounds by ADHTt reported by Raia and coworkers [15].

Substrate Product Conversion (%) ee (%) Absolute configuration
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For this reason all grids were centered near the cofactor and have
a size of 60 x 60 x 60 grid points with a spacing of 0.375 A between
points, assuring coverage over the active site center and the sur-
rounding area. All the grid maps used to represent the protein in the
rigid docking were calculated by AutoGrid [18]. Docking of the com-
pounds was carried out using the empirical free energy function
and the Lamarckian genetic algorithm applying a standard proto-
col with an initial population of 150 randomly placed individuals, a
maximum number of 2.4 x 107 energy evaluations, a mutation rate
of 0.02, a crossover rate of 0.80, and an elitism value of 1.

The protocol was repeated fifty one times per compound. The
results were clustered according to a RMSD criterion and clas-
sified taking the predicted energy of binding into account. Also
by employing this calculation protocol, the most favorable con-
formations have been chosen according to the aforementioned
Agarwal hypothesis [26] and the energetic criteria, as described
in MOE-DMD protocol.

After selection of the most favorable poses, molecular dynamic
simulations of the ligand-cofactor-enzyme systems were carried
out using the GROMACS suite with the GROMOS 96 43a1 force field
[28].

For each ligand, the most suitable conformations were tested
once for each side (pro-R and pro-S). For some of the substrates,
one of the two orientations is not among the poses generated by
Autodock. In those cases a rotation of 180° of the most favorable
side of the other “proenantiomer” performed to produce a pro-
R/pro-S couple. All the topological parameters for the enzyme and
NADH were created by GROMACS programs and the parameters
of ligands were built by the Dundee PRODRG Beta Server [30].
Before performing a productive simulation, an energy minimiza-
tion protocol consisting of 5000 steps of steepest descents (SD)
minimization followed by a 5000 steps of Polak-Ribiere conjugate
gradient (CG) [31] was carried out. After first minimization, the
system was solvated in a SPC/E water box and the charges were neu-
tralized with sodium ions. Before equilibrating the system, a new
minimization was carried out following the same protocol. After-

wards, an equilibration simulation of 100 ps (NVT) with restraints
in protein backbone and ligand position was performed. Finally a
productive simulation of 300 ps at 300K and 1atm (NpT condi-
tions) using the leapfrog algorithm with constraints in all bonds
(LINCS algorithm) [32]. Particle-Mesh-Ewald summation [29] was
applied dealing with long-range electrostatics and a 1.6 nm cut-
off for Van der Waals interactions was used. The stability of the
selected complexes was examined and snapshots of the MD tra-
jectory were recorded every 1 ps. Also, the distance between NC4
of NADH and the ketone of the ligands was measured in order to
predict the most probable conformation (pro-R or pro-S).

3. Results and discussion

The analysis of the ketones binding consists of three phases.
First, receptor site in 2D1Y were identified. Second, substrates were
docked into the receptor sites found in the first step; in this step,
the substrate was flexible while the enzyme active site was fixed
in its geometry. The third step entailed MD/energy minimization
of receptor-substrate complexes for low energy docked conforma-
tions obtained from the second step.

3.1. NADH-binding site

The structure of the bound NADH, and interactions between this
cofactor and amino acid residues are shown in Fig. 1. In the NMN,
a nicotinamide ring adopts the anti conformation in a relationship
between a carboxamide group and the ribose, and the ribose has the
C2"-endo puckering conformation. Thus, the overall conformation
of the bound NADH is very similar to that found in structure-solved
enzymes belonging to the SDR family.

3.2. Substrate-binding model: docking studies

To study the docking of substrates into ADHTt active site, exper-
imental data on the bioreduction of several acetophenone-like
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Fig. 1. Cofactor binding site of Thermus thermophilus ADH.

compounds were taken from the work of Raia and coworkers [15]
which are summarized in Table 1.

Several interesting features were identified from the docking
simulations. First, docking of the ketones is energetically pre-
ferred in the catalytic portion of the combined catalytic/hydrophilic
receptor site, shown in green in Fig. 2, which is close to the NADH
binding area (Fig. 2, blue).

According to the proposed catalytic mechanism of the enzymes
belonging to the SDR family [33] three catalytic residues (Tyr, Ser
and Lys) are essential for the catalytic reaction. The carbonyl oxy-
gen atom of a substrate forms hydrogen bonds with Ser-135, while
maintaining very close to Tyr-148. It may be assumed that the car-
bonyl oxygen of the substrate is protonated from the Tyr residue,
followed by the attacking of the hydride from the C4 atom of NADH
to the carbonyl carbon atom (presenting a high electrophilicity due
to the H bond) as shown in Scheme 1. In addition, Asn-145, which is
close to the Tyr-148 residue while being in contact with the solvent
may act as a transport system to transfer new protons from the bulk
solvent to the active center [33] allowing the reprotonation of the
Tyr-148.

In other SDR families, the Lys residue forms a direct hydrogen
bond with the Tyr residue [33] however, in this ADHTt, Lys-152

Tyr-OH  Tyr-O

R A

makes a hydrogen bond with the 02" atom of NMN (Fig. 1) and the
02" atom donates hydrogen atoms to the OH atom of Tyr-148, as
shown in Fig. 3.

Acetophenone was selected as the reference compound to
describe the binding mode and interactions with the protein and
cofactor. First, as can be seen in Fig. 3, Ser-135, stabilizes the sub-
strate with a hydrogen bond according to geometrical parameters
(2.6 A between heavy atoms and an angle of 172.1°, very close to
180°), while the phenyl ring is embedded in a hydrophobic cavity
next to the catalytic center composed mainly for Val-136, Gly-179,
Ala-180, Trp-195, Leu-198 and Met-236. These two interactions
allow the ketone to be placed at a distance of 3.6 A (calculated
from the NC4 atom and the carbonylic carbon), closed enough for
the hydride transfer. For the rest of docked compounds, similar
behavior is observed due to a high structural similarity. These com-
pounds have in common an aromatic ring vicinal to a ketone, and
these groups are the essential features of the binding mode exposed
before. The docked conformations ensembles are distinguished by
the positions of the substituents, presenting either the si or re-face
of the ketone to the nicotinamide reductant. Fig. 4 shows an overlay
of the lowest energy conformations obtained by docking the Raia
reduced ketones to the truncated catalytic site of 2D1Y.

+

NADH NAD+ HO H

R R

— >

Scheme 1. Scheme of bioreduction catalyzed by ADH of Thermus thermophilus.
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Fig. 2. NADH binding area (blue) and hydrophobic substrate-binding area (green)
in ADHTt, exemplified for 1-indanone docking. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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It is important to stress that ketones bearing a bicyclic system,
thus presenting more rigid conformations, namely 1-indanone and
a-tetralone, have been reduced with lower rate of conversion. This
observation suggests that flexibility between ketone and aromatic
ring is possibly necessary for achieving high performance reduc-
tion.

In Table 2, docking energies obtained by using the two calcula-
tion protocols MOE-DMD and ADGMX are shown. As can be seen
there is a perfect agreement between the two different algorithms
and energy evaluation functions, giving enough confidence for a
quantitative model.

With the aim of achieving a quantitative model, the Autodock
binding energies were correlated with the percentage of conver-
sion at 5 h (excluding MBF), achieving a not completely satisfactory
coefficient (R2=0.76) and pointing out that specific compound
related features should be taken into account. Bearing in mind
this fact, the electronic properties of substituents have been con-
sidered in the regression employing the Mulliken charges of the
neighbor groups from density functional theory (DFT) calcula-
tions. DFT charges were obtained using Becke’s three-parameter
Lee-Yang-Par (B3LYP) functional and 6-31G++(d,p) basis by means
of the Massively Parallel Quantum Chemistry (MPQC) program [34].
This extra variable represent the electronic effect over the carbonyl
carbon atom that could influence the nucleophilic attack of the
hydride from the NADH cofactor which has been found a key factor
in previous works on ketone reductions [35].

Multivariable linear regression test was carried out on the new
two-variables data set, using the software GNU/PSPP [36]. The
results represent a significant improvement in fitting (R%=0.977)

Fig. 3. The lowest energy docking conformations of acetophenone and NADH in the enzyme active site. The hydride of the C-4 atom of the nicotinamide ring attacks at the
carbonyl carbon of acetophenone from the re-face, leading to the (S) enantiomer of 1-phenylethanol. In green, residues of the hydrophobic pocket near the catalytic center
(shown in blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)



28

Table 2
Comparative study of binding energy calculated on docked conformations.

V. Pace et al. / Journal of Molecular Catalysis B: Enzymatic 70 (2011) 23-31

Compound Egap? (kcal/mol) Egmoe” (kcal/mol) Product® (experimental) Productd (predicted) el

Methyl benzoylformate (MBF) —4.95 —4.87 R R -

Ethyl benzoylformate (EBF) -5.14 -5.20 R R -0.390
Acetophenone —-4.99 -5.04 S S 0.001
2,2,2-Trifluoroacetophenone —-4.77 -4.86 R R -0.210
1-Indanone —5.23 -5.11 S S 0.320
a-Tetralone —6.05 —6.15 S S 0.250

Autodock binding energy.

MOE binding energy.

Experimental configuration of the product.
Predicted configuration of the product.
Mulliken charges of ketone adjacent groups.

b

d
with respect to the energy-only based model. This new model is
represented by the following equation:

Conversion(%) = 30.80E4 — 72.840 + 224.34

shown in Fig. 5, where E4 is the docking energy and o is the elec-
tronic term. This model also was able to reproduce the conversion
percentage of the compounds with a mean error of 4.11%.

To validate the model, “leave-one-out” (LOO) cross-validation
was performed, using g2 as indicator of the predictive performance
according to the following formula:

582
1 S i-3)
—\2
Si-y)
where y; is the actual conversion percentage, y is the average
actual conversion percentage, and y; is the predicted conversion
of compound i, obtained from each new regression. The resulting

cross-validation coefficient, g2 =0.778, give an acceptable confi-
dence in the predictive capacity of the model.

2:

q

3.3. Molecular dynamics

All trajectories appeared to be equilibrated after 70 ps, based on
the energy trend of the system and a stable C-alpha RMSD of the
protein close to 1.5 A which is the resolution of crystal structure. In
all cases, the analysis of trajectories from both protocols confirms
qualitatively the docking results and the binding mode; simulations
performed with less favorable or rotated conformers follow two
trends: displacement from the active center (Fig. 6) or turn into a
nonproductive conformation (Fig. 7). The first behavior has been
observed in the cases of 2,2,2 trifluoroacetophenone pro-S and EBF
pro-S. Otherwise, a non productive conformation has been noticed

Fig. 4. Overlay of lowest energy docked conformations of EBF (gray), 1-indanone
(orange), a-tetralone (pink), acetophenone (yellow), 2,2,2-trifluoroacetophenone
(light blue), MBF (dark blue). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

with acetophenone pro-R, 1-indanone pro-R, a-tetralone pro-R and
MBEF pro-S.

This behavior is shown in the measure of the distance between
the C4 and the ketone carbon (Figs. 8 and 9). In the predicted confor-

100 EBF
y=0,952x+2,933 'S
R?=0,985
ifluoroacetophen
"\3.‘ 80 one
=
p= acetophenone
L
¥ 60
Q
>
=
o
Q
2 40 4—t=indanone
5]
o
20 & u=tetralone
0 L
0 10 20 30 40 50 60 70 80 90 100

Exp conversion (%)

Fig. 5. Fitting of calculated versus experimental conversion.
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Fig. 9. Variation of the distance between the C4 atom of NADH and the carbonylic carbon during the simulation: (A) 1-indanone, (B) acetophenone, (C) a-tetralone and (D)

MBEF.

mation this distance hardly becomes greater than 4 A meanwhile in
the alternative conformation is too far from NADH, so no reduction
can be expected according to Agarwal theoretical study on ADH
[26].

The reason of the change in the alternative conformation is the
lack of the hydrogen bond with Ser-135 residue, a key interac-
tion to maintain a productive conformation, positioning the ketone
group in front of the cofactor. It is worth noting also that additional
hydrogen bonds can exist in some compounds. In the case of EBF
an extra hydrogen bond between the oxygen of the second ketone
and the 03" hydroxyl group of the NADH due to the syn disposi-
tion forced by the ethyl chain is found in the docked conformation
and in the trajectories. MOE based MD trajectories show the same
trends (results not shown).

4. Conclusions

On the basis of the docking and molecular dynamics simula-
tions, several residues essential for the catalytic mechanism in
ADHTt were identified. According to Filling et al. [33], we postu-
late a Tyr-Lys-Ser-Asn catalytic tetrad. In our model, Ser-135 plays

an important role stabilizing the substrate with a hydrogen bond
anchoring the ketone near the NADH, Tyr-148 provides the hydro-
gen atom in the reductive reaction direction, meanwhile positively
charged Lys-152 stabilizes the deprotonated residue and Asn-145
transfers new protons from the bulk solvent to the active center as
a “proton relay system”. In addition to the catalytic residues, and
as uniqueness of our model, a group of hydrophobic residues have
been found, namely Val-136, Gly-179, Ala-180, Leu-198, Trp-195
and Met-236, that stabilize the aromatic ring of the substrate and
give the resulting product stereochemistry.

Furthermore, we have shown a detailed stereochemical mech-
anistic pathway of the bioreductions of different experimental
reduced ketones with this ADH based on docking and molecular
dynamics studies using two different scoring functions and force
fields.

The fact that the two protocols employed estimate the bind-
ing energy values in, practically, the same manner guarantees a
high confidence of the proposed method, thus representing a good
starting point for the evaluation of other potential substrates to be
reduced with this ADH. In fact, we propose a quantitative model
that allows predicting, with a minimum error, the conversion rate
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of the compounds by considering in the approximation the docking
energies and a parameter concerning the electronic properties of
the ketone.

The receptor site model summarized in Figs. 2 and 3 not only
rationalizes the observed stereospecificity of ADHTt reductions of
acetophenone like compounds, but also provides a starting point for
identifying point mutations to active site residues that can enhance
selectivity and activity, as well as broaden the scope of possible
substrates. In fact, we are undergoing a parallel in vitro and in silico
study of the bioreduction of new a-haloketones recently prepared
in our group [37-39] not possessing an aromatic ring conjugated
with the carbonyl function, catalysed by ADHTt and, preliminary
results are in accordance with the proposed model.
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