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Abstract The reaction mechanism of ketone reduction by
short chain dehydrogenase/reductase, (S)-1-phenylethanol
dehydrogenase from Aromatoleum aromaticum, was stud-
ied with DFT methods using cluster model approach. The
characteristics of the hydride transfer process were inves-
tigated based on reaction of acetophenone and its eight
structural analogues. The results confirmed previously sug-
gested concomitant transfer of hydride from NADH to car-
bonyl C atom of the substrate with proton transfer from Tyr
to carbonyl O atom. However, additional coupled motion
of the next proton in the proton-relay system, between O2'
ribose hydroxyl and Tyr154 was observed. The protonation
of Lys158 seems not to affect the pKa of Tyr154, as the
stable tyrosyl anion was observed only for a neutral Lys158
in the high pH model. The calculated reaction energies
and reaction barriers were calibrated by calorimetric and
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kinetic methods. This allowed an excellent prediction of the
reaction enthalpies (R>=0.93) and a good prediction of the
reaction kinetics (R>=0.89). The observed relations were
validated in prediction of log K, obtained for real whole-
cell reactor systems that modelled industrial synthesis of
S-alcohols.

Keywords Short chain dehydrogenase - (S)-1-
phenylethanol dehydrogenase - PEDH - Alcohol
dehydrogenase/ketoreductase - Reduction of ketones -
Hydride transfer

Introduction

Pure enantiomers of chiral alcohols are one of the most
valuable synthons for the production of various biologi-
cally active compounds especially pharmaceuticals, agro-
chemicals or flavours [1-6]. A straightforward approach
to the synthesis of chiral alcohols is the asymmetric reduc-
tion of corresponding carbonyl compounds, which can be
achieved by chemical or biocatalytic methods. Biocatalytic
methods offer potentially lower cost and higher enantiose-
lectivity of the process comparing with traditional chemical
synthesis. One of the successful examples of commercial-
ized biocatalytic methods for synthesis of chiral alcohols is
(S)-1-phenylethanol dehydrogenase (PEDH) from Aroma-
toleum aromaticum (strain EbN1) [7—-12]. It catalyses the
NAD™* dependent stereospecific oxidation of (S)-1-pheny-
lethanol to acetophenone during anaerobic ethylbenzene
mineralization as well as the reverse reaction: the NADH
dependent enantioselective reduction of acetophenone
to (S)-1-phenylethanol (Fig. 1). The latter reaction is par-
ticularly interesting since such alcohols are important sub-
stances for pharmaceutical, fragrance or food industry [13].
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Fig. 1 Reaction mechanism postulated for short-chain alcohol dehydrogenase

The reaction mechanism postulated for short-chain alcohol
dehydrogenases assumes ordered ternary complex kinetic
mechanism i.e., the order binding of NAD*/NADH to the
active site followed by binding of the substrate [14]. The
enantioselectivity of the reaction is enforced by recognition
of the bigger and smaller substituents (in this case phenyl
and methyl group) as well as H-bonding interactions of the
keto/hydroxy group with Tyr and Ser residues. It is postu-
lated that at high pH the Tyr residue is present as a tyrosyl
anion (TyrO™), which promotes proton abstraction from
the hydroxyl group during hydride shift from the oxidized
carbon atom to NAD™. The tyrosyl anion form is puta-
tively stabilized by positive charges of nicotinamide ring of
NAD"* as well as NeH;* group of Lys, that is involved in
proton relay system [15]. On the other hand in the acidic
pH the Tyr residue is predominantly neutral, which again
promotes protonation of the ketone group during hydride
shift from NADH to carbonyl atom of the reagent [8].
PEDH is a short-chain dehydrogenase/reductase with
a homotetrameric structure which was characterized by
means of protein crystallography [7]. This finding allows to
apply quantum chemical methods to describe the enzyme
structure and function. Among important scientific and
practical challenges, in terms of application of alcohol
dehydrogenases in organic synthesis, is an efficient predic-
tion of the reaction rates and equilibria with respect to the
structure of the reactant. The previously developed statis-
tical artificial neural network models required huge num-
ber of experimental data in order to approximate PEDH
performance in reduction of new ketones in reactor con-
ditions [8]. The other way to address this issue is to use
cluster models that can account for pH shift of the system
(i.e., include the H-bond transfer chain present in alcohol
dehydrogenases and pH sensitive residues) and quantum
chemical methods for prediction of both energy barriers
of the hydride transfer and overall energetics of the ketone
reduction process. However, as cluster models are far too
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simple to deliver an exact values of transition state barriers
or reaction thermodynamics the experimental verification
and calibration of the obtained results is required. To reach
this goal kinetic and thermodynamic experiments were
conducted for a series of nine substrates which differed in
reaction rates and observed equilibria of ketone reduction.
Both spectroscopic kinetic techniques and isothermal titra-
tion calorimetric method were used to obtain experimental
parameters and the results of these experiments were cor-
related with results of molecular modelling. Finally, the
obtained relations were tested in prediction of equilibria in
the real whole-cell reactor systems, which modelled indus-
trial reactor systems.

Materials and methods
Reagents

All reagents were obtained from Sigma—Aldrich, Fluka
(Germany). The recombinant PEDH from Aromatoleum
aromaticum was overexpressed in Escherichia coli [16] and
isolated according to the previously described protocol [8].
The solution of the enzyme (app. 2 mg ml~!) was obtained
in water and its concentration was determined with Brad-
ford assay. 10% of glycerol was added to the protein sam-
ples before freezing in —20 °C.

Enzyme assay—Kinetic measurements

PEDH for enzymatic assay was purified according to
the procedure described previously [8]. Ketone reduc-
tion activity of PEDH was initiated by addition of the
selected substrate (acetophenone, 2,2-di-chloroaceto-
phenone, 2-chloroacetophenone, 4'-nitroacetophenone,
4'-hydroxyacetophenone, 4'-chloroacetophenone, 4'-bro-
moacetophenone as well as 2- and 4-acetylpyridine) from
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stock solution in acetonitrile (the final concentration was
0.5 mM), and NADH oxidation was followed at 365 nm
(Ae=34%x10M'em™).

The experiments were performed at an optimum pH of
5.5 at 30°C in 0.5 ml quartz cuvettes, in 100 mM MES/
KOH buffer containing 0.5 mM NADH and 5-10 pl of
purified PEDH (app. 2 mg ml™!). To determine changes in
absorbance Lambda Bio 25 (Perkin-Elmer) spectrophotom-
eter was used.

Isothermal titration calorimetry, ITC

The tested reactions catalysed by PEDH were monitored
by measuring the heat released upon the reaction progress
using an ITC NANO 2G calorimeter (TA Instruments,
USA). The apparatus had a 950 ul sample cell and a 50 ul
dosing syringe, the measurement temperature was 25 °C.
During all the experiments, the reference cell was filled
with deionized water. Before starting the measurement, the
apparatus was equilibrated at a desired temperature. The
stirring rate provided by the injector paddle rotation was
set at 250 rpm. In the performed experiments, the reac-
tion cell was filled with PEDH (titrand, 2x 10~> mg ml~")
solution in 100 mM MES buffer pH 5.5, containing NADH
(0.5 mM) and 10% (v/v) of acetonitrile. The titrant (the
substrate) was dissolved in acetonitrile (HPLC grade) and
mixed with the MES buffer (100 mM, pH 5.5, 1:9 v/v) to
the final concentration of 125 uM. All the solutions were
degassed at ca 40 kPa for 10-15 min using Degassing Sta-
tion (TA Instruments). The combined reaction and mix-
ing heats were established by a single injection of the
tested substrate, i.e., acetophenone and its eight different
structural analogues (Fig. 3) into the PEDH solution. The
standard volume of the substrate solution introduced to the
reaction cell was 20 pl with the exception of 4'-hydroxy-
acetophenone for which a 15 pl injection was used in order
to decrease the experiment time to approx. 4000 s. The
reaction progress was monitored by heat flow. In order to
eliminate the heat effects which were not responsible for
the reaction progress (i.e., the heat of reactant mixing, the
heat of substrate solvatation), reference experiments were
performed (injection of the tested substrate to the solution
without PEDH). The average values obtained for blank
experiments were subtracted from the values of PEDH
experiments. All the tests were performed in 2—4 replicates.

The ITC signal processing (i.e., baseline subtraction,
peak integration) was performed using the NanoAnalyze™
Software (TA Instruments). To calculate the heat effect of
each process, the linear baseline was subtracted from each
curve to account for the instrument thermal drift. Imme-
diately after the experiments, samples were removed from
the calorimeter and stored at —80 °C prior to a quantitative
HPLC analysis.

HPLC

In order to calculate the reactant and the product concen-
trations, the samples were analysed with DAD-HPLC (Agi-
lent 1100) as described previously [8].

Preparation of the cluster model

The quantum chemical modelling of the PEDH reaction
mechanism was conducted within DFT theory using cluster
model approach. The model was developed on the basis of
the crystal structure of PEDH deposited in the PDB data-
base (PDB code 2EWM). The acetophenone was docked
into the active site using previously described protocol [8]
and the initial geometry of the enzyme-substrate complex
was minimized with CHARMm force field in Discovery
Studio 4.0 (Biovia) [17] with 0.004 kJ mol~! gradient tol-
erance using a distance-dependent dielectric model solvent
(e=4). The cluster model accounted for those amino acids
that are involved in H-bond interaction with a substrate
and are essential to the catalytic process as well as the resi-
dues involved in proton transfer chain to the solvent. As a
result, the model consisted of the substrate (acetophenone
or its analogue), a fragment of the NADH cofactor (a ring
of nicotinamide acid and ribose ring), residues of amino
acids of the catalytic triad (Tyr154, Ser141, Lys158) and a
water molecule that formed a hydrogen-bond with y-NH;-
Lys group. The Lys158 was in either protonated or deproto-
nated form, thus representing in turn low or high pH. Such
protonation aimed at modelling the reaction optimal condi-
tions for reduction of ketones (pH 5.5) or oxidation of alco-
hols (pH 8.5), respectively. This is due to the fact that the
higher concentration of protons favours the reduction pro-
cess which consumes one proton, whereas a deprotonated
active site promotes the oxidation reaction which produces
a proton. The truncated bonds were caped with hydrogen
atoms and their coordinates as well as the coordinates of
the adjacent carbon atoms were frozen as indicated on
Fig. 2. The only exception was a residue of Serl41 where
H atoms were introduced in place of the backbone C and N
atoms and their coordinates were frozen.

Computational procedures

The DFT calculations were conducted with Gaussian 09
programme [18]. For the initial model evaluation (i.e.,
reactions with acetophenone with high and low pH mod-
els) the restricted B3LYP [19] and restricted X3LYP
[20] functionals were used. The geometry optimiza-
tion was conducted in vacuum with 6-31(d,p) basis set
and transition states were localized in relaxed poten-
tial energy scans along the reaction coordinate (i.e.,
NAD-H-C=0 distance) followed by optimization of TS
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Fig. 2 The low pH cluster model (protonated Lys158). The dashed
lines indicate hydrogen bonds while red asterisks mark atoms with
frozen coordinates

with Berny algorithm. The electronic energy of station-
ary points was corrected with single point calculation on
6-311+g(2d,2p) theory while corrections for the effect of
the solvent were obtained with single point calculation
with PCM model solvent (¢ =4.0) on 6-31(d,p) level of
theory according to previously validated protocols [21].
The vibration analysis conducted at B3LYP(X3LYP)/6-
31g(d,p) level was used to obtain ZPE, enthalpy and
Gibbs free energy corrections for each of the stationary
points. The vibrational corrections were calculated for

standard conditions (1 atm., 298 K, no scaling factor)
with constrains introduced in Cartesian coordinates.

Finally, the vdW dispersion effects were evaluated for
B3LYP functional for stationary point using Grimme D
approach [22] implemented in XYZ-Viewer (s6=1.05,
damping factor o = 20).

The low pH cluster model was used to investigate kinet-
ics and thermodynamics of the PEDH -catalysed reduc-
tions of ketones to alcohols. The optimization of enzyme-
ketone complexes (ES), transitions states (TS) as well as
the enzyme-alcohol complexes (EP) were obtained for ace-
tophenone and its structural analogues: 2,2-di-chloroace-
tophenone, 2-chloroacetophenone, 4'-nitroacetophenone,
4'-hydroxyacetophenone, 4'-methoxyacetophenone, 4'-eth-
ylacetophenone, 4'-fluoroacetophenone, 4'-chloroacetophe-
none, 4'-bromoacetophenone, 2-acetyl- and 4-acetylpyri-
dine (Fig. 3). As for 2-acetylpyridine two substrate binding
poses were possible (either presenting N atom of the pyr-
idine ring toward or away from keto group) two different
variants were considered and averages of energetic and
geometric descriptors were used in the statistical analyses.

Results

Thermodynamic and Kinetic characterization
of ketones reduction

The heats of ketones to alcohols reduction were measured
with ITC [23-26]. The amount of heat (Q) involved in con-
verting of n moles of selected substrate to the product is
expresses by the equation:

cl
o CH o o o CH o CH
N e % Cl Xy Cl § E \ &
X N
P I
N =
4'-H 2-Cl 2,2-di-Cl 4-acpy 2-acpy
o§ CH, o§ CH, o§ CH, o§ CH, o\ CH, o§ CH, o§ CH,
NO, OH OCH, F Cl Br
H,C
4'-NO, 4'-OH 4'-OCH, 4'-C.H; 4'-F 4'-Cl 4'-Br

Fig. 3 PEDH substrates used in the study. The red labelled substrates were used as an external validation set
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At =2

n

where AH is the total molar enthalpy (in kJ mol™") for the
tested reaction determined experimentally by ITC (average
values Table 1, all results in Table S1 in the supplementary
material). The number of moles of the selected substrate,
which was converted into the product, was calculated on
the basis of HPLC measurements.

The initial rates for ketones reductions were estab-
lished at the high substrate concentrations ensuring satu-
ration of enzyme with substrates. The average values are
collected in Table 1 while the full experimental results
are available in the supplementary material (Table S2).

The theoretical values of thermodynamic functions
corresponding to a transition state (marked by *) or the
overall energetic effect of a reaction were calculated on
various levels of theory. The change in electronic energy
was established for 6-31g(d,p) and 6-311+g(2d,2p) basis
sets in the gas-phase as well as for 6-31g(d,p) in PCM
solvent model (¢ =4). The solvent corrections established
at 6-31g(d,p) level of theory were subsequently added to
the further calculations (AE(6-311+g(2d,2p))+PCM).
The vibrational corrections calculated at 6-31g(d,p) level
of theory were added to the electronic energy estab-
lished for 6-311+g(2d,2p). This resulted with AE(6-
311+g(2d,2p)) + PCM with ZPE, enthalpy (H) and Gibbs
free energy (G) corrections. Finally, all these values were
corrected for dispersion interactions by single point D
calculations [22].

This elaborate calculation scheme resulted with vari-
ous theoretical descriptors which should, in theory,
describe the reaction under study with an increasing

accuracy. Our aim was to evaluate quantitatively, which
of these corrections indeed introduce meaningful correc-
tions to the phenomenon under study and assess if such
descriptors can be used for prediction of the reaction
energetic and kinetics.

The obtained experimental data enabled the validation
of the theoretical model. A linear correlation analysis was
used in order to obtained relation between enthalpy of the
reaction (AH,; ) and energetics of reaction (i.e., energy dif-
ference between substrate and product) and geometries of
transition state (in accordance with Hammond postulate).
For explanation of the reaction rate (In k_,) both the lin-
ear correlation and multivariate regression analysis was
employed utilizing a range of energy values describing the
height of the reaction barrier as well as various geometri-
cal parameters describing advancement of the reaction (see
“Correlation analysis” and further sections).

Reaction mechanism—cluster model

The reaction of acetophenone reduction was investigated
in two model pH conditions i.e., at the low pH (protonated
Lys158) corresponding to the optimal conditions for ketone
reduction and at the high pH (deprotonated Lys158) cor-
responding to the conditions optimal for alcohol oxidation
(Fig. 4). In each case the modelling started with enzyme-
acetophenone (ES) complex where acetophenone keto
group formed two hydrogen bonds with the enzyme active
site (Ser141 and Tyr154). The proton relay chain involved
Tyr154, which was an H-bond acceptor to the O2'H group
of the NADH ribose, which in turn formed H-bond with
Lys158 NeH;/NeH, group. In case of the low pH model
Lys158 NeH; was a donor of H-bond to H,O molecule.

OT?:;fhtﬂpTyl?i;‘;;r;%afylueS Substrate AHge (I mol™)  AHper (I mol™)  Ink,  AG*(kImol™)

calculated and experimentally Acetophenone -18.26 13.58 031 103.89

Z?::E:l’pis ;;etﬁeatsez?egcrtgflzzgﬁ 4'-Hydroxyacetophenone -9.63 19.47 -1.25 112.94
4'-Chloroacetophenone -21.76 12.17 0.07 105.10
4'-Bromoacetophenone -16.26 23.69 0.27 107.35
4'-Nitroacetophenone —24.44 0.98 1.32 89.81
4-Acetylpyridine —28.83 -3.62 1.88 89.02
2-Acetylpyridine —22.57 10.32 1.70 99.95
2-Chloroacetophenone -29.93 —5.06 0.34 99.08
2,2-Di-chloroacetophenone -35.61 —14.30 1.51 86.58
4'-Methoxyacetophenone n.d 20.87 n.d 113.48
4'-Fluoroacetophenone n.d 15.20 n.d 110.19
4'-Ethylacetophenone n.d 17.97 n.d 105.77

AH ;- the enthalpy of the reaction of ketone with NADH measured with ITC, AH - the enthalpy of the
k., found in saturation conditions

reaction calculated for cluster model, In k

cat

the average values of In

cat

(1 mM substrate, 0.5 mM NADH), AG” the activation enthalpy obtained from DFT calculations

n.d. not determined
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(S)-1-phenylethanol * (S)-1-phenylethanol

Fig. 4 Reduction of acetophenone to (S)-1-phenylethanol catalysed H-bond and crucial transition state distances were marked with
by PEDH calculated with cluster model with B3LYP: a low pH dashed lines and their length provided in A
model (protonated Lys158) and b high pH model (neutral Lys158).
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In case of the high pH model Lys158 NeH, group was an
acceptor of the H-bond from H,O molecule. Moreover,
O3'H group of the NADH formed H-bond interaction with
H,0, where H,0 was a bond donor for low-pH models and
a H-bond acceptor in the high-pH model. The transition
state of the reduction reaction involved two elementary pro-
cesses: (i) transfer of a hydride from NADH to the carbonyl
carbon atom of the substrate and (ii) a shift of the proton
in Tyr154-ketone H-bond from phenol group of Tyr to the
oxygen atom of the reagent. Our calculations showed that
in case of SDR these two processes proceed in concert. The
independent preliminary calculations (conducted for ace-
tophenone and 4'-OH derivative, data not shown) proved
that the reduction process is not initiated by protonation of
the keto group. If the keto group is protonated before the
hydride starts to shifts towards carbon atom the proton
spontaneously moves back to the Tyr154. The analysis of
transitions state geometry shows that for the low pH model
the TS is reached at an earlier stage, i.e., for a shorter
CNAPH_H bond (1.37 A) and longer H-C**® bond (1.30 A)
than in case of the high pH model (1.51 and 1.23 A, respec-
tively). Moreover, for the low pH model the H atom of
the Tyr154 OH group is almost completely transferred to
the carbonyl oxygen atom (d(C=0O-H-OTyr) of 1.09 A,
d(H-OTyr)=1.34 A) while for the high pH model it is
localized closer to TyrO™ (d(C=0-H-OTyr) of 1.45 A and
d(H-OTyr) of 1.05 A). Asa consequence also the next pro-
ton in the proton relay system is more advanced in the shift
for the low pH model (d(Tyr-O-H-02'-ryb) 1.40 A) than in
case of the high pH model (1.70 A).

The analysis of the imaginary vibration associated with
the transition state showed, that all three molecular motions
(i.e., H™ transfer and the shifts of two protons) are coupled.
Finally, for enzyme-alcohol complex (EP) the hydride and
proton shifts are finalized and secondary alcohol is formed.
The alcohol product is stabilized again by two H-bond
interactions, one with Serl41 and the other with Tyr154.
However, as is postulated for the high pH conditions, in the
high pH model the Tyr154 is in the negative phenolic state,
stabilized by H-bonds with the alcohol and ribose O2'H
group. On the other hand for the low pH model Tyr154 is in
a neutral form and the ribose O2'H group is deprotonated.
Such form is however stabilized by a significant shorten-
ing of O-H-NeH,-Lys158 distance from 1.7 to 1.39 ATt
is expected that in the next step of the proton transfer cas-
cade the ribose O™ group would get protonated and Lys158
reprotonated by H;O0* molecule from the solvent. Then
again, this part of the reaction mechanism was beyond the
scope of the conducted modelling.

The analysis of reaction energetic profiles revealed that
barriers between ES and TS are not sensitive to the proto-
nation state, i.e., for both models similar energy barriers
were observed (Table 2). On the other hand, the energetics

Table 2 Energies of stationary points with various corrections calculated with B3LYP and X3LYP functionals for low and high pH cluster models

AH+PCM AG+PCM AH+PCM+D AG+PCM+D

AE(6- AE(6- AE(6-

AE(6-

AE(6-31g(d.p))

kJ mol~!

311+g(2d,2p)) + PCM + ZPE

311+g(2d,2p)) + PCM

311+g(2d,2p))

31g(d,p)) + PCM

Low pH model

81.23
3.69
n.d
n.d

64.94

1.

103.89

87.59
13.58

87.9

92.31

101.04 113.99 110.71

104.32

B3LYP TS

26

16.01
105.4

15.23
93.0

19.79
108.7

20.19

111.9

12.08
99.7

12.47
102.8

EP

X3LYP TS

n.d

n.d

15.9

12.8

14.5

18.7

19.6

10.5

11.4

EP

High pH model

80.49

24.93
n.d
n.d

62.04
19.59
n.d
n.d

100.68

82.22
40.54

87.62
42.13

101.51 97.13

85.52
36.37

89.91

B3LYP TS

45.88

48.55

65.35
101.1

53.18

EP

X3LYP TS

98.5

81.4

86.6

96.4

85.0

89.7

42.1

383

39.8

46.3

63.2

33.8

50.7

EP

The energies of ES of the particular model were always used as a reference (0 kJ mol™")

n.d. not determined
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Fig. 5 Comparison of enthalpy reaction profiles calculated for low
pH (black lines) and high pH (red lines) models with B3LYP (solid
lines) and X3LYP (doited lines) functionals. AH* ™ and AH* °* are
enthalpies of activation for reduction or oxidation process, respec-
tively, while AH," are the reaction enthalpies for the reduction pro-
cess

of EP complex differed significantly. Due to the pres-
ence of the reactive tyrosyl anion in EP of the high pH
model the system energy was elevated by approximately
30 kJ mol~'. As a result, the energy barrier for the alcohol

dehydrogenation in the high pH is significantly lower com-
pared to that in the low pH conditions (by 32.3 kJ mol™).
Moreover, the energy barriers associated with the oxida-
tion of alcohol were always lower than barriers of ketone
reduction, regardless of the model used. These facts are in
qualitative agreement with the experimental data, which by
and large validate our modelling approach [7]. Finally, the
energies (and geometries) obtained with X3LYP functional
yielded very similar results with similar tendencies com-
paring to those found with B3LYP functional. Therefore, as
the DFT-D damping factors were not available for X3LYP,
the rest of calculations were conducted with the latter one
(Fig. 5).

The calculated energies of the barrier were in the range
of the experimentally obtained values (E* for acetophe-
none is in the range of 62-77.6 kJ mol~'—see Table S3
in the supplementary material), especially after vdW cor-
rections were included in the calculations. However, it has
to be remembered that the method used in the study was
definitely not calibrated for delivering the exact experi-
mental values (see below) and the whole aim of the study
was to calibrate quantum chemical calculation with the
experiment.

The analysis of transition states for acetophenone
derivatives

The analysis of transition state geometries for all stud-
ied acetophenone structural analogues delivered further

Table 3 The geometrical parameters of transition states for hydride transfer from NADH to acetophenone and its structural analogues and pro-

ton relay (i.e., Lys158-ribose-Tyr154—-O=C of the reactant)

Model CNMAPHH H-C 4CY*PMHC C=0-H-OTyr H-OTyr Tyr-O-H-O2-ryb H-O2-ryb ryb-O2'- H-NH,-Lys
H-NH,-
Lys

4'-H high pH X3LYP 1.508 1.233  158.305 1.441 1.051 1.694 0.991 2.086 1.022
4'-H low pH X3LYP 1.372 1.297 161.462 1.098 1.343 1.467 1.044 1.814 1.043
4'-H high pH 1.512 1.234 158.409 1.447 1.051 1.702 0.991 2.097 1.023
4'-H low pH 1.373 1.303 162.073 1.097 1.345 1.397 1.069 1.679 1.058
4'-OH 1.390 1.289 162.019 1.074 1.394 1.449 1.052 1.801 1.045
4'-Cl 1.376 1.303 162.052 1.112 1.321 1.413 1.062 1.682 1.057
4'-Br 1.383 1.297 162.166 1.116 1.315 1.410 1.065 1.660 1.060
4'-NO, 1.478 1.249 159.925 1.324 1.110 1.509 1.026 1.714 1.052
4-acpy 1.489 1.246 158.947 1.400 1.071 1.534 1.020 1.701 1.052
2-Cl 1.442 1.276  160.020 1.447 1.048 1.543 1.017 1.721 1.052
2,2-di-Cl 1.431 1.295 157.629 1.493 1.033 1.554 1.015 1.728 1.051
4'-MeO 1.394 1.287 165.619 1.069 1.405 1.442 1.054 1.798 1.045
4'-F 1.379 1.299 162.195 1.104 1.334 1.404 1.066 1.683 1.058
4'-Et 1.377 1.299 162.498 1.079 1.380 1.375 1.080 1.666 1.060
2-acpy syn 1.376 1.312  158.056 1.125 1.294 1.402 1.066 1.659 1.060
2-acpy anti 1.478 1.249 159.821 1.300 1.124 1.497 1.031 1.695 1.055
All distances are provided in A and the angle between CNAPH_H_(subtrate jpyo
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interesting information on chemistry of the hydride transfer
process in SDR (Table 3, see the supplementary material
for figures of all stationary points). In all studied cases the
proton relay system (Lys158—02'-ribose-Tyr154-0=C)
was involved in the protonation of the reactant carbonyl
oxygen atom. All substrates could be divided into two
general groups: those, for which at the TS the transfer of
the H* from Tyr154 to C=0 group was already beyond
the mid-point (i.e., is on the side of carbonyl oxygen) and
those for which the proton was still closer to the Tyr154.
4'-OH, 4-MeO, 4-H (low pH), 4'-Et, 4'-F, 4'-Cl, 4'-Br
and a syn conformer of 2-acpy belonged to the first group
with the average C=0O-H distance of 1.10 A. For the rest
of the studied compounds the proton transfer in TS was less
advanced and the average C=0O-H distance was 1.42 A.
Based on Hammond postulate one would expect earlier
TS (more reactant-like, less advanced hydride shift, i.e.,
longer CNAPH_H distance compared to the H-C distance)
for those reactions which are more exothermic [27]. Such
effect is clearly visible in case of the low and high pH mod-
els of 4'-H where less endothermic low pH mechanism

results with the TS at shorter CN*PH_H distance (1.372 A)
when compared to the high pH model (1.508 A). This effect
is even more apparent if an alcohol product is assumed as
a reactant state for the alcohol oxidation process. Then the
high pH process becomes ‘more exothermic’ than the low
pH and, consequently, the TS is clearly more ‘reactant-
like’ in accordance with the Hammond postulate. How-
ever, the general correlation for all studied compounds is
relatively weak and unconvincing (R?<0.5). On the other
hand, the proton shift to the carbonyl group concomitant
with a hydride transfer turned out to be much more indica-
tive descriptor of the TS advancement and consistent with
Hammond postulate (see correlation analysis below).

The analysis of transition state barrier Gibbs free
energies (AG") clearly indicates that the introduction
of the electron withdrawing group to the acetophenone
core lowers the energy barrier of hydride transfer. This
effect was especially visible for 2,2-di-Cl (relative AAG*
—17.30 kJ mol™!, where AG* of acetophenone was used
as a reference) and to a lesser extent for 2-Cl (AAG*
—4.81 kJ mol™"), which exerts closest induction effect on

Table 4 Results of correlation

) ; Experimental value AH, In k In k ,, without
analysls between theqretlcal 2-acpy
descriptors and experimental
heat of reaction AH, and natural Descriptor R R? R R? R R?
logarithm of reaction rate (In
K. AE(6-31g(d,p)) 0.70 0.50 —0.82 0.67 —0.89 0.79

AE(6-31g(d,p)) +PCM 0.85 0.72 —0.82 0.68 —0.90 0.82
AE(6-311+4g(2d,2p)) 0.96 0.93 —0.73 0.54 —0.82 0.67
AE(6-311+4g(2d,2p)) + PCM 0.95 0.91 -0.77 0.60 —0.87 0.76
AE(6-311+4g(2d,2p))+PCM +ZPE 0.91 0.83 —0.83 0.69 -0.91 0.82
AH+PCM 0.93 0.87 —0.82 0.66 —0.89 0.80
AG+PCM 0.76 0.57 —-0.88 0.78 -0.94 0.89
AE(6-31g(d,p)) +vdW 0.28 0.08 —0.60 0.37 -0.67 0.46
AE(6-31g(d,p)) + PCM + vdW 0.41 0.17 —0.66 0.43 -0.74 0.55
AE(6-311+4g(2d,2p)) + vdW 0.61 0.37 -0.51 0.26 —0.60 0.36
AE(6-311+g(2d,2p)) +PCM + vdW 0.74 0.55 —0.60 0.36 —0.69 0.48
AE(6-311+g(2d,2p)) + PCM + ZPE + vdW 0.81 0.66 -0.61 0.37 —-0.68 0.47
AH+PCM + vdW 0.78 0.61 —-0.59 0.35 —-0.67 0.45
AG+PCM +vdW 0.97 0.95 -0.71 0.50 -0.77 0.60
CNAPH_p -0.66 044  0.76 0.58 0.79 0.63
H-C 0.39 0.16 —-0.59 0.34 -0.61 0.37
£CNAPHHC 0.85 0.73 -0.85 0.71 -0.83  0.69
C=0-H-OTyr —0.93 0.86 0.73 0.53 0.8 0.64
H-OTyr 0.93 0.86 —0.8 0.64 —0.85 0.73
Tyr-O-H-02'-ryb -0.81 0.66 0.59 0.35 0.68 0.46
H-02'"-ryb 0.82 0.67 —0.62 0.38 -0.7 0.49
ryb-O2'-H—NH,-Lys 0.04 0.00 —0.47 0.22 -0.42 0.18
H-NH,-Lys 0.14 0.02 0.26 0.07 0.19 0.04

The R and R? for In k

cat

were calculated for the whole dataset (In k) and for the data set with 2-acpy

excluded as an outlier (In k_,, without 2-acpy)

The best correlations were marked with bold
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experimental AH, [kJ/mol]
bbb L
N

4-acpy ~Ooq
o~

S0
2,2-di-Ci®«
-38 =
105 110 115 120 125 130 135 140 145 150 155

d(C=0-—-H-Tyr) [A]

Fig. 6 Correlation plot of the experimental reaction enthalpy AH,
with C=0-H-OTyr distance (R®*=0.8573). The solid line represents
linear fit while dashed line represents 95% confidence range

the carbon atom directly adjacent to the carbonyl atom
that is being reduced during the H™ transfer. Similar
effect was also observed for substituents/ring modifica-
tions that were introduced into the aromatic ring although
the electron withdrawing shift had to be exerted on the
carbonyl atom indirectly through the aromatic ring sys-
tem. The highest stabilization of the reaction barrier was
calculated for 4-acpy and 4'-NO, (AAG*—14.87 and
—14.08 kJ mol~!, respectively). On the other hand for
substituents that increased the electron density of the ring
system (either through induction or resonance effect) such
as 4-Et, 4-MeO and 4-OH the relative increase of AG*
was observed in the range of 1.88-9.6 kJ mol~". Interest-
ingly, the substitution of acetophenone with 4'-halogene
atoms also resulted with increase of the AG* with 4'-Cl
exhibiting the lowest increase of 1.22 kJ mol ™.

(A) *

experimental AH, [kJ/mol]

5 0 5 10 15 20 25 30 35
AE(6-311+g(2d,2p)) [kJ/mol]

Correlation analysis

The obtained theoretical descriptors were correlated with
experimental values: AH (ITC) and In k_, (see the supple-
mentary Excel spreadsheet for all data). The analysis was
initiated by calculation of the Pearson linear correlations
between descriptors and experimental variables (Table 4).

Prediction of AH |

As was already mentioned the progress of the proton shift
in TS turned out to be in accordance with the Hammond
postulate. The correlation between d(C=0-H-OTyr) and
the experimental AH, (R=-0.9259) explained 85% of the
observed variance and only 4-OH compound was posi-
tioned outside of the 95% confidence boundaries (Fig. 6).
This correlation indicated that the more exothermic the
reduction of ketone the less advance is the shift of the pro-
ton in the transition state toward the reactant (i.e., the ear-
lier, more reactant-like TS). As a result one can use this
geometric descriptor to predict the reaction energetics (with
a standard estimation error of 2.83 kJ mol™!). To a lesser
extent this correlation is also visible in the next proton
relay between ribose 2'-OH and Tyr but only 66% of the
variability can be explained by these distances.

—42.425 (+4.064) d(C = O—H-OTyr)
+31.5 (£5.049) [kJ mol 1.

AH, =

n =21, R* = 0.8573, R> =

corr

0.8498, F = 114.18,
p =179 x 107?, error of estimation = 2.832.

Moreover, the correlation analysis showed that the
best descriptor predicting AH, is AE(6-311+g(24d,2p))

B)

experimental AH, [kJ/mol]

AH [kJ/mol]

Fig. 7 Correlation plot of the experimental reaction enthalpy AH, with energetic descriptors calculated with cluster models: a AE(6-
3114+g(2d,2p)) (R*=0.9292) or b AH (R*=0.8713). The solid line represents a linear fit while dashed line represents 95% confidence range
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explaining 93% of the observed variation (R* = 0.9292)
followed by AE(6-3114+g(2d,2p))+PCM and AH which
explained 91 and 87% of the observed experimental vari-
ation (Table 4). As a result the experimental value of AH,
can be predicted with a very good accuracy according to
the following formulas (Fig. 7):

AH, = 0.7196 (+0.0456) AE(6 — 311 + g(2d,2p))
— 33.796 (+0.86) [kJ mol~!].

n =21, R? = 0.9292, R?

corr

= 0.9255, F = 249.53,
p = 2.21 x 107 '2, error of estimation = 1.994.

AH, = 0.5499 (+0.0485) AH — 26.603 (+0.711) [kJ mol™'].

n =21, R? = 0.8713, R?

corr

= 0.8645, F = 128.57,
p = 670x10" 10 error of estimation = 2.690.

The fact that AE(6-311+g(2d,2p)) descriptor, which car-
ries no information on vibrational energy of the model sys-
tem, turned out to be better than the AH (corrected with
solvent corrections) suggested that introduction of solvent
corrections may have slightly decreased the correlation.
Indeed, if the AH without solvent corrections is used as a
descriptor (AH™ *°¥*™) it can explain 90% of the experi-
mental variation (R>=0.8956). It seems that most of the
variations between the substrates is well described by dif-
ferences of the electronic energy and therefore such calcu-
lations (on the TZVP basis set level of theory) are enough
for decent prediction of the system thermodynamics.

The introduction of vdW corrections generally
decreased the correlation quality with AH,. Unexpectedly,
the best correlations was observed with AG+vdW which

220101 B O~
4N, T2

experimental In k

-2.0

84 8 88 90 92 94 96 98 100 102 104 106 108 110 112 114

AG* [kJ/mol]

Fig. 8 Correlation plot of the In k., with AG* (R>=0.8866). The
solid line represents linear fit while dashed line represents 95% con-
fidence range. The outlier 2-acpy (full circles) was excluded from the
correlation

could explained almost 95% of the experimental variation
(R? 0.9460—see Fig. S1 of the supplementary material).
However, as AH+vdW exhibited lower correlation with the
experimental AH, than the AH not corrected by vdW, we
must assume that this effect is most probably due to some
compensation of errors.

Prediction of In k
The prediction of reaction rate proved to be more chal-
lenging than the reaction enthalpy. First of all the results
for 2-acpy turned out to be outliers in every analysis (for
each of the isomers and for an average as well). Therefore,
2-acpy was excluded from further analyses.

The correlation analysis revealed that the best descrip-
tor for prediction of In k., is AG" (R?=0.8866) which
explained 89% of the experimental variability fol-
lowed by AE(6-3114+g(2d,2p))+PCM+ZPE and AE(6-
31g(d.p)) +PCM (R*=0.8208 and 0.8159, respectively).

Similarly as in case of AH,, introduction of vdW correc-
tion decreased the quality of correlation with the experi-
ment and the best results were observed for AG*+vdW
(R?=0.5981).

Based on these results the following regression models
can be used to predict In k,, of reduction of 4'- and 2- sub-
stituted structural analogues of acetophenone (Fig. 8):

Ink, = —0.1061 (£0.0061) AG* + 10.98 (z0.61)[kJ mol™].

n = 41, R? = 0.8866, R?

corr

= 0.8837, F = 304.90,
p=4.08 x 10720, estimation error = 0.363.

The correlations with geometrical descriptors derived
from transition state geometries turned out to be inferior to
that with energetic descriptors, and the highest R? (0.7246)
was observed for d(H-OTyr). Most of them were linearly
correlated with AG" and they did not introduce any non-
redundant information. As a result, most of them could
not be used to supplement AG” in prediction of the In k.
However, three descriptors (d(H-C), d(ryb-O-H-NH,-Lys)
and d(H-NH,-Lys), two latter linearly dependent from each
other) were not correlated with AG* and enabled construc-
tion of a more complex MLR that proved to be slightly
more precise in prediction of In k,;:

Ink,, = —0.052 (+0.008) AG*
—5.78 (£1)d(ryb-O—H-NH,-Lys)
—9.363 (+2.516) d(H-C) + 30.99 (+3.73).

n = 41, R? = 0.9439, corr. R = 0.9394, F = 207.62,
p =343 x 1072, estimation error = 0.397.

The analysis of MLR P coefficients showed that the
most important descriptor is the AG* (=0.77) followed
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by d(ryb-O-H-NH,-Lys) (f=-0.24) and d(H-CO)
(B=-0.19). The scatter plot presenting quality of the
prediction is shown in Fig. S2 of the supplementary
material.

Moreover, such approach enabled prediction of the In
k., including 2-acpy with corr. R? of 0.8753 (see sup-
plementary material for the equation and Fig. S3 for the
correlation plot).

Validation

We have decided to test the obtained relations in predic-
tion of the equilibria in the real reactor system. In order
to be able to do this we had to extend the validation set
and calculate AH, for three additional acetophenone
analogues (4'-MeO, 4'-F, 4'-Et), which were not experi-
mentally characterized in this study by ITC. However,
for these compounds experimental estimates of the log
K were previously established in the whole-cell reactor

o 4

3.4

(A)*° &

3.2
3.0
2.8
26
24
22
20

experimental log K,

18
16
14
12
10

0.8 <
1.06 1.07 1.08 1.09 1.10 1.1 1.12

d(C=0-H-Tyr) [A]

(€)*° o

3.4 .
32
30
28 v
260 -

24

experimental log K.,

Tl Oy
<. g4-MeO

1.0
1.372 1.374 1376 1.378 1.380 1.382 1.384 1.386 1.388 1.390 1.392 1.394 1.39%
d(cNADN_H) [A]

Fig.9 Correlation plot of the log K,, with: (A) d(C=0O-H-Tyr)
(R?=0.8728) and (B) AH+vdW (R?*=0.8277) for the whole
data set of the experimentally determined K,,; (C) d(CNADH-H)
(R?=0.7494) and (D) AH (R*>=0.7502) for the data set with excluded
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system. In those reactor tests the ketones were reduced
in the presence of sacrificial co-substrate, isopropanol,
which was used in the recovery of NADH. In such sys-
tems the NAD* produced during ketone reduction is con-
verted back to NADH in a reverse reaction (catalysed by
the same SDR) with isopropanol, yielding acetone in the
system. As a result, the equilibrium constant contains
not only the concentration of the acetophenone deriva-
tive and the respective alcohols, but also isopropanol
(introduced to reactor in a significant excess to the other
reagents) as well as the acetone (with final concentration
slightly lower than the alcohol product due to initial pool
of NADH in bacteria).

As the reactions were carried out for an extended
period of time (up to 10 days) and were subjected to
multiple HPLC sampling, in case of the longer reac-
tions the acetone produced in the mixture evaporated
from the system. Such phenomenon was indicated by the
increased sum of substrate and product concentrations

experimental log K.,
N
N

-20 -15 -10 -5 0 5 10 15 20
AH+VAW [kJ/mol]

experimental log K,

24

AH[kJ/mol]

values, which were potentially overestimated (full ovals). The solid
line represents linear fit while dashed line represents 95% confidence
range
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(due to decrease of the total reactor volume). Although
in calculations of the equilibrium constant the ‘real’
concentrations of reagents were re-calculated based on
the initial concentration of the substrate and relative
concentrations of reagents at the end of reactor run, the
final equilibrium might have been shifted toward the
alcohol products due to the evaporation of the acetone
from the system. The points for which the decrease of
the final reactor volume was observed were marked in
blue on the correlation plots in order to indicate a possi-
ble bias associated with such results. As mentioned ear-
lier we decided to check how our theoretical descriptors
perform in prediction of log K of the real reactor system
for all reactor runs, not excluding those for which the
potential overestimation of the log K was possible.
Surprisingly, the correlation analysis with all theo-
retical descriptors showed that experimental log K
can be well predated by AH+vdW (R*=0.8277)
or AE+ZPE+vdW (R?’=0.8259) or even bet-
ter by geometrical descriptors d(C=0-H-Tyr) and
d(Tyr-O-H) (R>=0.8728 and 0.8566, respectively).
In case the overestimated log K (for 4'-Br, 4'-F and
4'-Cl) were eliminated from the data set the best cor-
relations were observed for AE(6-31+g(d,p)),
AE(6-31+g(d,p))+PCM, AE(6-3114g(2d,2p)) + PCM
(R*=0.78) (Fig. 9) as well as AH (R*=0.7502). The
best geometrical descriptors were d(CNAPH-H) and
d(Tyr-O-H) explaining 75 and 73% of experimental
variability. However, as the experimental error of K,,
determination was very high the particular preference
for a given descriptor may be fortuitous. Nevertheless,
as obtained trends agree with physicochemical interpre-
tation of the process (see “Discussion” section) it can
be assumed that our approach provides a quantitative
method of prediction of equilibrium point for the real
(i.e., industrial type) process of chiral alcohol synthesis
and validation of the utility of our modelling approach.

Discussion

Despite the fact that mechanism of the SDR enzymes has
been extensively studied for years by both experimen-
tal and theoretical approaches there still are plenty ambi-
guities about the process. However, the sequence analyses,
enzyme mutation and kinetic studies unequivocally con-
firmed that Ser, Tyr and Lys triad is essential to the cata-
lytic mechanism [15, 28-33]. The structural studies also
confirmed involvement of the conserved water molecule
and Asn in the proton relay system [15, 28, 34, 35]. Most
of the studies point also at Tyr residue as the acid/base
catalysts responsible for protonation of the carbonyl group
or deprotonation of the alcohol hydroxyl, although if Tyr

is mutated to Phe this role can be conducted by Ser [28].
It was also suggested that positive charge of Lys may sta-
bilize phenolate form of Tyr [31, 36]. Furthermore, plenty
of studies have been aimed at discerning the protonation of
various residues at different pH and the intricate working
of the H-bonding network [36-38]. This issue is indeed a
bit complicated especially if studied for oxidation process,
when the pH dependent protonation state of Tyr influences
the alcohol binding and the energy barrier of the oxidation
process. However, in our case since we started with ketone
as a substrate it was assumed that Tyr was in the protonated
state, regardless of the pH. This was due to presence of the
favourite hydrogen bonding between substrate carbonyl
group and TyrOH and known fact of a proton transfer con-
comitant with a hydride transfer.

Such protonation was also confirmed in previous dock-
ing studies both for PEDH and Hped [8, 39]. Moreo-
ver, our QM calculations (data not shown) demonstrated,
that if TyrO7/Lys-NH;" model is formed with ketone,
TyrO™ spontaneously strips proton from O2' ribose and
proton from Lys-NH;* is transferred on O2' atom, result-
ing with formation of TyrOH/Lys-NH, system. As in such
model the ketone carbonyl is stabilized only by H-bond
with Serl41 and one of the NH, protons is not involved
in the H-bonding network the overall energetics is higher
than respective high pH model, that has properly arranged
H-bonding network. Therefore, despite the fact that it was
predicted that Tyr and Lys are being protonated/deproto-
nated in concert (i.e., as a single titratable site) and sig-
nificant fraction of Tyr seems to remain deprotonated
while Lys appears to be protonated in the whole range of
pH [38] we decided to model deprotonation of the whole
proton relay only at the Lys158. The change of protona-
tion of Lys158 had a very small effect (5 kJ mol~!) on the
height of the energy barrier of the ketone reduction, but a
very significant effect on the overall energetics of the pro-
cess. For the high pH model the EP enthalpy was signifi-
cantly elevated (AH of 26.6 kJ mol™}) compared to the EP
of the low pH model. This resulted with the lower barrier
for alcohol oxidation in high pH. Moreover, in case of the
high pH model for EP the Tyr154 is indeed in the phenolic,
charged state as postulated by many authors, stabilized by
H-bonds with alcohol product and O2'" hydroxyl of ribose.
These findings indicate that pH influences the kinetics of
the oxidation process and the reaction equilibrium of the
reduction process. Moreover, our results do not confirm a
hypothesis that the protonation of Lys158 stabilizes phe-
nolic state of Tyrl54, as we observed formation of the
TyrO™ only in case of deprotonated (i.e., neutral) Lys. In
case of the low pH model the proton transfer turns out to be
more advanced, i.e. the proton from ribose hydroxyl group
is already positioned on Tyr, while alkoxide, stabilized
by two H-bonds, is formed on the ribose O2'. This result

@ Springer



600

J Comput Aided Mol Des (2017) 31:587-602

would suggest that indeed lower pH and higher ‘concentra-
tion’ of protons in the relay system shift the equilibrium of
the reduction process by slowing down the oxidation (i.e.,
by preventing the formation of the reactive TyrO™ species).

The analysis of transition states also confirmed the
concomitant nature of the hydride transfer and proton
shift from the Tyr154 to ketone carboxyl group. However,
in our model for all studied compounds these processes
were combined with concomitant transfer of the proton
from ribose to Tyr. Therefore, at low pH all three elemen-
tary processes seem to be associated with just one energy
barrier. This effect is not observed in case of the high pH
model, i.e., only Tyr proton and hydride transfer are cou-
pled, while motion of the proton of the O2' hydroxyl is only
slightly associated with imaginary frequency of the hydride
transfer. We therefore assume that, indeed, positive charge
of NeH; group lowers the pK, not of Tyr itself, as was
suggested previously [37], but of the ribose O2' hydroxyl,
which is then able to transfer proton to Tyr more readily.
Our results also confirm suggestion of Koumanov et al.
about the key role of O2' hydroxyl as a switch responsi-
ble for guiding direction of proton flow in the proton relay
system, because the oxidation of alcohol after H™ transfer
and protonation of the Tyr154 would require rotation of O2'
hydroxyl group toward Lys158 [38].

Up to date the hydride transfer processes, especially
in case of LADH, were extensively studied theoretically
[40—44]. However, the LADH is a medium-chain, Zn con-
taining MDR, and despite several mechanistic similarities
to SDR, it differs in some crucial details (e.g., deprotona-
tion of alcohol is frequently postulated to proceed before
hydride transfer). Moreover, the focus of these studies
was mainly on the kinetic isotopic effect associated with
H™ transfer. Surprisingly, the theoretical studies of SDRs
were much less frequent [30, 36-38, 45, 46] and we were
unable to find works that investigated the mechanism with
DFT methods. Therefore, despite the abundant literature on
SDR, it seems that our paper might be one of the first, that
addresses the mechanism with DFT calculations. Our rela-
tively simple QM-cluster model turned out to be surpris-
ingly robust in prediction of process energetics. Of course
the absolute values obtained in calculations differed from
those measured in the experiment but the observed correla-
tions enabled excellent prediction of both reaction enthalpy
as well as a good prediction of reaction kinetics. The latter
fact is especially notable, as also in case of SDR the KIE
is an important factor contributing to the observed kinet-
ics [47]. Our calculations confirmed that molecular factors
stabilizing transition state are also stabilizing ketone form
(thus decreasing enthalpy of reaction), a fact we previously
postulated based on simple thermochemical calculations
and artificial neural network modelling of reactor kinet-
ics [8]. The influence of electron withdrawing groups on
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kinetics of SDR was already quantitatively studied with
rat liver 3a-hydroxysteroid dehydrogenase for a series of
p-substituted acetophenone structural analogues [48] and
our conclusions are in general agreement with the results
presented there. However, our calculation scheme is inde-
pendent of the availability of Hammett o, as demonstrated
by incorporation of 4-acpy as well as 2-Cl and 2,2-di-Cl
derivatives. It turned out that the experiment-calibrated
theoretical prediction method can use solely electronic
energy for good prediction of experimental AH, and that
vdW corrections do not improve the observed correlation.
We were also able to correlate the reaction energetics with
the degree of the proton transfer in TS, which is in quanti-
tative agreement with Hammond postulate. The geometric
features of the proton transfer and hydride shift were also
used for MLR model which to some degree enhanced pre-
diction of kinetics (In k,,) obtained solely from AG”.

To validate our prediction scheme we used equilibrium
constant established from real life reactor systems, which
exhibited high experimental error. However, despite that
significant discrepancies in values of experimentally deter-
mined K,, (due to more complex experimental setup and
long-time of the experiments), we were able to obtain satis-
factory degree of prediction. It seems that higher utility of
vdW corrected descriptors in that case might have been an
artefact, so further studies specially aimed at validation of
our claims are required.

Conclusions

The observed reaction rates were obtained in the uniformed
spectrophotometric assay. The heats of the reaction were
measured using calorimetry methods (ITC). Taking these
experimental values we have tested both energetic descrip-
tors obtained at different level of theory and geometric
parameters as predictors of reaction rates and reaction
enthalpies. We have shown that the magnitude of the reac-
tion rate and reaction energetics can be fairly well predicted
based on relatively simple DFT calculations. The validity
of this approach was checked in prediction of end points
for the real reactor tests which were modelling the indus-
trial batch processes. Moreover, we believe that as alcohol
dehydrogenases form a very mechanistically uniform class
of biocatalysts our system can be used to predict the kinet-
ics and thermodynamics of any enzyme of this SDR class.

Acknowledgements AD and MSz acknowledge financial support
of the project ‘Biotransformations for pharmaceutical and cosmet-
ics industry’ No. POIG.01.03.01-00-158/09-00 part-financed by the
European Union within the European Regional Development Fund.
MW acknowledges the Marian Smoluchowski Krakow Research
Consortium—a Leading National Research Centre KNOW supported
by the Ministry of Science and Higher Education for supporting of



J Comput Aided Mol Des (2017) 31:587-602

601

post-dock position. This computations were supported in part by
PL-Grid Infrastructure by AGH Cyfronet Supercomputing centre.
Authors acknowledge The Malopolska Centre of Biotechnology
(MCB) and Institute of Plant Physiology PAS for granting access to
ITC instruments as well as to Dr Sven de Marothy (from Stockholm
University) for providing xyzviewer to create figures of the molecule
models and calculate DFT-D corrections.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Patel RN (2008) Coordin Chem Rev 252(5-7):659-701

2. Matsuda T, Yamanaka R, Nakamura K (2009) Tetrahedron
20(5):513-557

3. Nakamura K, Yamanaka R, Matsuda T, Harada T (2003) Tetra-
hedron 14(18):2659-2681

4. Kaluzna IA, David Rozzell J, Kambourakis S (2005) Tetrahe-
dron 16(22):3682-3689

5. Patel RN (2013) Biomolecules 3(4):741-777

6. Leuthner B, Heider J (2000) J Bacteriol 182(2):272-277

7. Hoftken HW, Duong M, Friedrich T, Breuer M, Hauer B, Rein-
hardt R, Rabus R, Heider J (2006) BioChemistry 45(1):82-93

8. Dudzik A, Snoch W, Borowiecki P, Opalinska-Piskorz J, Witko
M, Heider J, Szaleniec M (2015) Appl Microbiol Biotechnol
99(12):5055-5069

9. Schneider N, Hoftken HW, BASF SE, Ludwigshafen (DE),
assignee (2011) Biocatalysts for manufacturing duloxetine alco-
hol patent US20110250655 Al

10. Breuer M, Rabus R, Heider J, MAX-PLANCK-Gesellschaft zur
Forderung der Wissenschaften e.V. assignee (2010) Method for
producing optically active alcohols using an azoarcus sp. ebnl
dehydrogenase patent US20100143991 Al

11. Breuer M, Friedrich TM, KeBeler M, Ludwigshafen, DE,
assignee (2007) Neue Dehydrogenasen, deren Derivate und ein
Venfahren zur Herstellung von optisch aktiven Al-kanolen patent
DE 102005044736A1

12. Rabus R, Widdel F (1995) Arch Microbiol 163(2):96-103

13. Breuer M, Ditrich K, Habicher T, Hauer B, KeB3eler M, Sturmer
R, Zelinski T (2004) Angew Chem Int Ed 43(7):788-824

14. Purich DL (2010) Kinetic behavior of enzyme inhibitors.
In: Enzyme kinetics: catalysis & control. Elsevier, Boston,
pp 485-574

15. Filling C, Berndt KD, Benach J, Knapp S, Prozorovski T, Nor-
dling E, Ladenstein R, Jornvall H, Oppermann U (2002) J Biol
Chem 277(28):25677-25684

16. Kloer DP, Hagel C, Heider J, Schulz GE (2006) Structure
14(9):1377-1388

17. Brooks BR, Brooks CL 3rd, Mackerell AD Jr, Nilsson L, Pet-
rella RJ, Roux B, Won Y, Archontis G, Bartels C, Boresch
S, Caflisch A, Caves L, Cui Q, Dinner AR, Feig M, Fischer
S, Gao J, Hodoscek M, Im W, Kuczera K, Lazaridis T, Ma J,
Ovchinnikov V, Paci E, Pastor RW, Post CB, Pu JZ, Schaefer
M, Tidor B, Venable RM, Woodcock HL, Wu X, Yang W, York
DM, Karplus M (2009) J Comput Chem 30(10):1545-1614

18.

19.

21.
22.
23.
24.
25.
26.
217.
28.
29.

30.

31.
32.
33.
34.
. Filling C, Nordling E, Benach J, Berndt KD, Ladenstein R,

36.

37.
38.
39.
40.
41.
42.

43.

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Mennucci B, Peters-
son GA, Nakatsuji H, Caricato M, Li X, Hratchian HP, Izmay-
lov AF, Bloino J, Zheng G, Sonnenberg JL, Hada M, Ehara
M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Nakajima T,
Honda Y, Kitao O, Nakai H, Vreven T, Montgomery J, J A,
Peralta JE, Ogliaro F, Bearpark M, Heyd 1J, Brothers E, Kudin
KN, Staroverov VN, Kobayashi R, Normand J, Raghavachari
K, Rendell A, Burant JC, Iyengar SS, Tomasi J, Cossi M,
Rega N, Millam NJ, Klene M, Knox JE, Cross JB, Bakken V,
Adamo C, Jaramillo J, Gomperts R, Stratmann RE, Yazyev O,
Austin AJ, Cammi R, Pomelli C, Ochterski JW, Martin RL,
Morokuma K, Zakrzewski VG, Voth GA, Salvador P, Dan-
nenberg JJ, Dapprich S, Daniels AD, Farkas O, Foresman JB,
Ortiz IV, Cioslowski J, Fox DJ(2009) Gaussian 09 Revision
C.01. Gaussian, Inc, Wallingford CT

Becke AD (1993) J Chem Phys 98(7):5648-5652

Xu X, Goddard WA (2004) Proc Natl Acad Sci USA
101(9):2673-2677

Siegbahn PEM, Blomberg MRA, Pavlov M (1998) Chem Phys
Lett 292(4-6):421-430

Grimme S, Antony J, Ehrlich S, Krieg H (2010) J Chem Phys
132(15):154104

Spink C, Wadso I (1976) Methods Biochem Anal 23(0):1-159
Watt GD (1990) Anal Biochem 187(1):141-146

Lonhienne T, Baise E, Feller G, Bouriotis V, Gerday C (2001)
Biochim Biophys Acta 1545(1-2):349-356

Bianconi ML (2003) J Biol Chem 278(21):18709-18713
Hammond GS (1955) J Am Chem Soc 77(2):334-338

Hwang CC, Chang YH, Hsu CN, Hsu HH, Li CW, Pon HI
(2005) J Biol Chem 280(5):3522-3528

Tanaka N, Nonaka T, Nakamura KT, Hara A (2001) Curr Org
Chem 5(1):89-111

Hofmann L, Tsybovsky Y, Alexander NS, Babino D, Leung
NY, Montell C, Banerjee S, von Lintig J, Palczewski K (2016)
Biochemistry 55(47):6545-6557

Tanaka N, Nonaka T, Tanabe T, Yoshimoto T, Tsuru D, Mitsui
Y (1996) Biochemistry 35(24):7715-7730

Persson B, Krook M, JORnvall H (1991) Eur J Biochem
200(2):537-543

Oppermann UCT, Filling C, Berndt KD, Persson B, Benach J,
Ladenstein R, Jornvall H (1997) Biochemistry 36(1):34-40
Oppermann U (2003) Chem-Biol Interact 143-144:247-253

Jornvall H, Oppermann U (2001) Biochem Biophys Res Com-
mun 289(3):712-717

Gani OA, Adekoya OA, Giurato L, Spyrakis F, Coz-
zini P, Guccione S, Winberg JO, Sylte I (2008) Biophys J
94(4):1412-1427

Winberg JO, Brendskag MK, Sylte I, Lindstad RI, McKinley-
McKee JS (1999) J Mol Biol 294(2):601-616

Koumanov A, Benach J, Atrian S, Gonzalez-Duarte R, Karshi-
koff A, Ladenstein R (2003) Proteins 51(2):289-298

Busing I, Hoftken HW, Breuer M, Wohlbrand L, Hauer B, Rabus
R (2015) J Mol Microbiol Biotechnol 25(5):327-339

Alhambra C, Corchado JC, Sanchez ML, Gao J, Truhlar DG
(2000) J Am Chem Soc 122(34):8197-8203

Alhambra C, Corchado J, Sanchez ML, Garcia-Viloca M, Gao J,
Truhlar DG (2001) J Phys Chem B 105(45):11326-11340

Cui Q, Elstner M, Karplus M (2002) J Phys Chem B
106(10):2721-2740

Roston D, Kohen A (2010) Proc Natl Acad Sci
107(21):9572-9577

Agarwal PK, Webb SP, Hammes-Schiffer S (2000) J Am Chem
Soc 122(19):4803-4812

USA

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

602 J Comput Aided Mol Des (2017) 31:587-602

45. Yeon Y], Park H-Y, Park K, Park HJ, Yoo YJ (2016) Biotechnol 47. Nagel ZD, Klinman JP (2006) Chem Rev 106(8):3095-3118
Bioprocess Eng 21(3):364-372 48. Uwai K, Konno N, Yasuta Y, Takeshita M (2008) Bioorg Med

46. Kwiecienn RA, Ayadi F, Nemmaoui Y, Silvestre V, Zhang B-L, Chem 16(3):1084-1089
Robins RJ (2009) Arch Biochem Biophys 482(1-2):42-51

@ Springer



	DFT-based prediction of reactivity of short-chain alcohol dehydrogenase
	Abstract 
	Introduction
	Materials and methods
	Reagents
	Enzyme assay—kinetic measurements
	Isothermal titration calorimetry, ITC
	HPLC
	Preparation of the cluster model
	Computational procedures

	Results
	Thermodynamic and kinetic characterization of ketones reduction
	Reaction mechanism—cluster model
	The analysis of transition states for acetophenone derivatives
	Correlation analysis
	Prediction of ΔHr
	Prediction of ln kcat
	Validation

	Discussion
	Conclusions
	Acknowledgements 
	References


