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Abstract A novel alcohol dehydrogenase from Bartonella
apis (BaADH) was heterologous expressed in Escherichia
coli. Its biochemical properties were investigated and used
to catalyze the synthesis of ethyl (S)-4-chloro-3-hydrox-
ybutanoate ((S)-CHBE), which is a chiral intermediate of
the cholesterol-lowering drug atorvastatin. The purified
recombinant BaADH displayed 182.4 U/mg of the specific
activity using ethyl 4-chloroacetoacetate as substrate under
the conditions of 50 °C in pH 7.0 Tris—HCI buffer. It was
stable in storage buffers of pH 7 to 9 and retains up to 96.7%
of the initial activity after 24 h. The K, and V.« values of
BaADH were 0.11 mM and 190.4 pmol min~' mg™',
respectively. Synthesis of (S)-CHBE catalyzed by BaADH
was performed with a cofactor regeneration system using a
glucose dehydrogenase, and a conversion of 94.9% can be
achieved after 1 h reaction. Homology modeling and sub-
strate docking revealed that a typical catalytic triad is in
contact with local water molecules to form a catalytic sys-
tem. The results indicated this ADH could contribute to the
further enzymatic synthesis of (S)-CHBE.
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Introduction

Alcohol dehydrogenase (ADH) is an important biocatalyst
for the manufacture of high optical purity chiral alcohols. It
is classified as short chain dehydrogenase/reductase (SDR)
family [1], which can catalyze the reduction of various
carbonyl compounds to the corresponding chiral hydroxy
derivatives. Among these chiral products, the high optical
purity chiral alcohol ethyl (S)-4-chloro-3-hydroxybutyrate
((S)-CHBE) is an important intermediate for various chiral
drugs including cholesterol-lowering drugs, antidepressants
and anticancer drugs [2].

Therefore, an economical and efficient method for
synthesizing high purity (S)-CHBE has great significance.
A chemical method using a ruthenium catalyst for pro-
ducing (S)-CHBE by asymmetric synthesis under high
pressure has been developed, but the expensive catalyst and
lower optical purity (92%) of product limit its industrial
application. Compared with chemical production, bio-
catalysis has the advantages of high selectivity, mild
reaction environment and simple operating conditions
which made enzymatic production of CHBE become an
important environmentally sustainable alternative [3]. The
preparation of (S)-CHBE through reduction of relatively
inexpensive ethyl 4-chloroacetoacetate (COBE) catalyzed
by ADH or carbonyl reductase is the most promising
method in enzymatic synthesis [4]. Due to the generally
high optical purity (more than 99%) of the product, ADH
has received much attention in the past few years [5]. To
date, few ADHs with high enantioselectivities for highly
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efficient conversion of COBE have been discovered, while
their low enzymatic activity is an obstacle to the industrial
applications [6, 7].

To economically produce these chiral alcohols, the
cofactors must be recycled because of their expense [8, 9].
The construction of a coenzyme regeneration system by
coupling between enzymes is a potential cost-saving
method [10-12]. Although there are several reports
regarding enzymatic synthesis of (S)-CHBE, NADPH was
employed as the coenzyme [13], which is more expensive
but less stable than NADH [14]. To reduce the cost,
reductase could be engineered to exchange the coenzyme
preference from NADP™ to NAD™ [15]. Therefore, highly
active NADH-dependence alcohol dehydrogenases play
essential role in the industrial production of chiral alcohols.

In the present work, an ADH gene from Bartonella apis
was cloned and purified after heterologous expression in
Escherichia coli. The enzyme was characterized and
explored the possibility to produce (S)-CHBE with a
cofactor regeneration system using glucose dehydrogenase
to enzymatically regenerate cofactor NADH (Scheme 1).

Scheme 1 Enzymatic synthesis HO OH
of (S)-CHBE using BaADH and /
BsGDH for cofactor
regeneration / OH
HO
o)
D-Glucono-
o-lactone
N\
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Materials and Methods
Materials

Bartonella apis (DSM: 29779) was obtained from
Deutsche Sammlung von Mikroorganismen und Zellkul-
turen (DSMZ, Braunsweig, Germany). Restriction
enzymes, DNA polymerase and primers were obtained
from Sangon Biotech Co., Ltd. (Shanghai, China). Geno-
mic DNA extraction kits, E. coli DH5a and BL21 (DE3)
were purchased from Beyotime Bio (Haimen, China). T4
DNA ligase and pGEM-T Easy vector were obtained from
Promega Biotech Co., Ltd (Beijing, China). The pET-
28a(+) expression vector and the nickel-nitrilotriacetic
acid (Ni-NTA) super-flow column were supplied by Qia-
gen (Hilden, Germany). All cofactors and other chemicals,
unless otherwise indicated, were obtained from Sigma-
Aldrich (St. Louis, MO, USA).

BaADH Gene Cloning

Primers were designed according to DNA sequences of the
BaADH gene (GenBank: AQT47207) from B. apis:
upstream, 5'-CGCCATATGGCACGTGTAGCAGGTAA
GGTTGCAATT-3’, and downstream, 5'-CCGCTCGAGT-
TATTGTGCTGTGTAGCCACC ATCAAT-3’ (Ndel and
Xhol sites are marked with the underlines respectively).
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The BaADH gene was amplified from the B. apis genome
by polymerase chain reaction (PCR) using primers and
dNTPs. The PCR product with the Ndel and Xhol sites
brought by the upstream and downstream primers was
ligated into the pGEM-T easy vector by DNA ligase. And
the recombinant plasmid was transformed into E. coli
DH5a. The resulted plasmid was submitted for sequencing
by Sangon Biotech Co., Ltd. to eliminate the possibility of
gene mutation. Then the pGEM-T plasmid was digested
with Ndel and Xhol, and the released ADH gene was
subcloned into the vector pET-28a(+4). The harvested
recombinant plasmid was transformed into E. coli BL21
(DE3) to complete the construction of the expression host.

Expression and Purification of BaADH

The recombinant E. coli cells harboring BaADH gene were
cultured in LB medium with 50 mg 1! kanamycin (37 °C,
200 rpm) and the induction of protein expression started by
the addition of 200 uM isopropyl-B-p-thiogalactopyra-
noside (IPTG) when the ODg( reached to 0.8. After 6 h of
induction at 15 °C, the cells were collected through cen-
trifugation at 6000x g for 5 min and resuspended in bind-
ing buffer (0.1 M Tris—=HCl, 0.1 M NaCl, pH 7.0).
Lysozyme was added to the suspension to 1 mg ml~' and
incubated on ice for 30 min, then the cells were disrupted
by sonication for 5 min. The cell debris suspending in the
lysate was separated by centrifugation at 10,000xg for
15 min and then the purification was implemented. The
Ni—NTA ultra-flow column equilibrated with binding buf-
fer was used to bind the enzyme protein in the supernatant,
then the unbound protein was washed away by washing
buffer, and finally the elution buffer was used to release
BaADH protein from the column. The protein was quan-
tified with Bradford method [16] and the purified enzyme
protein was analyzed by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE).

Enzyme Assay

The enzyme solution (containing 5 pg of purified BaADH)
was added to a 1 cm® quartz cuvette containing a premix
(0.2 M pH 7.0 Tris-HCI, 50 mM COBE, 10 mM NADH) at
25 °C. The change in absorbance at 340 nm of the reaction
mixture caused by the decrease in NADH concentration
can be detected by an ultraviolet—visible spectrophotome-
ter. One unit of BaADH was defined as the amount of
enzyme oxidizing 1 pumol of NADH per minute under
assay conditions mentioned above.

Effects of Temperature and pH on the BaADH
Activity

The best catalytic temperature of BaADH was determined
at the ranging of temperature from 25 to 55 °C. To deter-
mine the activity of BaADH at different temperatures, the
pre-mixed reaction solution was heated to a certain tem-
perature and the enzyme solution was added to initiate the
reaction. The favorite buffer and the top suitable pH of
BaADH were evaluated in different pH solutions: 0.2 M
citrate buffers (pH 4.0-6.0), phosphate buffers (pH
6.0-7.0), Tris-HCI buffer (pH 7.0-8.5) and glycine-NaOH
buffers (pH 8.5-10.0).

Effects of Metal Ions and Surfactants on the BaADH
Activity

Metal ions including Mg*", Ca**, Li™, Zn*", Mn*", Ni*™,
Mo>" and ethylenediaminetetraacetic acid (EDTA) were
added to the pH 7.0 Tris-HCI buffer and brought to a
concentration of 5 mM. Tween 80 or Triton X-100 was
dissolved in buffer to form 5% (v/v) surfactant solutions.
These reaction mixtures containing metal ions and surfac-
tants were used to determine the activity of BaADH under
the standard conditions. Reactions without metal ions or
surfactant were used as the control.

Effects of Substrate Concentration on the BaADH
Activity

The BaADH activity was measured to assess the effect of
different COBE concentrations. The concentration of the
coenzyme NADH was set to 0.2 mM. The apparent
Michaelis—Menten constant (K,,) and maximum reaction
rate (V) values of BaADH were evaluated at 25 °C and
pH 7.0 with the COBE concentrations ranging from
0.03 mM to 3 mM and calculated win nonlinear fitting.

Thermal Stability and pH Stability of BaADH

To investigate the thermal stability of BaADH, the enzyme
solution was incubated in a water bath from the tempera-
ture 25 to 45 °C for different time ranging from 5 min to
8 h, then cooled on ice and measured in form of reactive
activity at enzyme assay conditions.

To evaluate the pH stability of BaADH, the enzyme
solution was diluted in different pH buffers. The initial
specific activity of BaADH in each sample was set as
100%, and the activity after storage for 24 h was measured
at 4 °C. The remained activity of BaADH was calculated
as an index for pH stability.
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Homology Modeling and Docking of the BaADH

A similar homologous sequence was searched for as a
template from the BaADH sequence using BLAST.
ESPript-3.0 and Clustal-W were used to align different
DNA sequences. The alcohol dehydrogenase crystal
structure from Lactobacillus kefir (PDB: 1JVZ) was chosen
as the template. The structure of COBE was downloaded
from Zinc and the crystal structure of NADH was down-
loaded from PDB. The substrate is docked with the active
sites of coenzyme and ADH, and the interaction between
local water molecules and active sites is performed by
AutoDock4.

Bioconversion of COBE to (S)-CHBE with BaADH

BaADH and a glucose dehydrogenase from Bacillus sp.
(BsGDH) were coupled to construct an enzyme coupling
system to achieve continuous regeneration of NADH. (S)-
CHBE was synthesized in this optimized NADH regener-
ation system constructed by pH 7.0 Tris-HCI buffer
(0.2 M), NADH (0.1 mM), NAD* (0.1 mM), glucose
(100 mM), COBE (100 mM) and BaADH/BsGDH mixture
(50 pg ml™"). To maximize the catalytic activity of the
BaADH and BsGDH, the ratio of the two enzymes was
optimized from 1:4 to 4:1. To improve the solubility of
COBE, 10% (v/v) choline chloride—glycerol (ChCI-Gly)
was added as an ionic solvent. The reaction temperature
was 35 °C with a continuous rotating at 30 rpm and the
sample was withdrawn after reaction for 8 h. The glucose
conversion was measured by the cysteine-sulfuric acid-
carbazole method [17] and the COBE conversion was
calculated accordingly.

Results and Discussion

Identification of the BAADH Gene and its
Heterologous Expression

Gene sequencing showed the BaADH gene encoding 254
amino acids was 762 bp. The encoded peptide chain had a
calculated molecular weight of 27.19 kDa. This amino acid
sequence was compared to other reported enzymes by
multiple sequence alignment, showing different degrees of
identity with other functional enzymes. The Blast results
found it is classified as one of short-chain dehydrogenases.
Compared with other reductases from Candida parapsilo-
sis [18], Kefir lactic [19], Lactobacillus reuteri [20], the
cloned ADH was found to have a 47, 45 and 44% identity
respectively, and had a relatively lower identity (24%) with
carbonyl reductase from Kluyveromyces [21]. Alignment of
amino acid sequences revealed that BaADH was a member
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of short-chain dehydrogenase family. Although the amino
acid sequence similarity in this enzyme family was not
very high, they all showed a conserved catalytic site
(Tyr154). After induction with IPTG for 6 h, the BaADH
protein was successfully expressed in E. coli. The crude
and purified enzymes were analyzed by SDS-PAGE. The
over-expressed BaADH was clearly displayed in lane 4
(Fig. 1). The band was estimated 27 kDa, which was
consistent with the predicted molecular weight.

Characterization of BaADH

The effect on the BaADH activity of temperature was
shown in Fig. 2a in the range of 25-55 °C. The maximal
activity was observed at 50 °C and BaADH could maintain
relative activity above 60% over a wide temperature range
(30-55 °C). When the temperature was raised to 55 °C, the
enzyme activity was around 76% of the initial activity. The
possible reason for the decreased relative activity is that the
spatial structure change of the enzyme at high temperature
[22]. Several short-chain dehydrogenases including car-
bonyl reductase and alcohol dehydrogenase could catalyze
conversion of COBE to (S)-CHBE. Exception of the car-
bonyl reductase from Pichia stipitis showed the highest
activity at 30 °C [23], most of the enzymes have an optimal
temperature between 45 and 50 °C, which is the same as
BaADH.

Figure 2b showed the effect of pH on the BaADH
activity. The BaADH showed the highest catalytic activity
at pH 7.0, and maintained over 60% of relative activity in

M 1 2 3 4
kDa

100
80+
50
400

30 e
20

Fig. 1 SDS-PAGE analysis of expressed BaADH (lane M: protein
marker, lane 1: precipitation, lane 2: flow-through, lane 3: elute with
50 mM imidazole elution buffer, lane 4: elute with 250 mM
imidazole elution buffer)
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the range of pH 6 to 8. In order to use these enzymes highly
efficient, cofactor regeneration system should be coupled
[24, 25]. Generally, many NADH-dependent dehydroge-
nases, including glucose dehydrogenase, has an optimal pH
between 7 and 8 [26, 27]. Compared to other short-chain
dehydrogenases, the optimum pH of BaADH is the closest
to the optimum pH of BsGDH (pH 8.0), which is beneficial
to the regeneration of the cofactor NADH [28].

Effects of metal ions, EDTA and surfactants on the
BaADH activity were explored and are shown in Fig. 2c.
The blank group with no metal ions or surfactants was set
as 100%. It can be found that most metal ions shown in the
figure had little influence on the BaADH activity, while
Ni** and Mn”" increased the activities of BaADH by
32.1% and 48.0%, respectively. The activation of some
dehydrogenases by Mn”>" and Ni*" has been reported in
some studies. The addition of Ni*" restored 65% of activity
of glucose dehydrogenase inhibited by EDTA, while Mn*"
increased the activity of dehydrogenase from Klebsiella
pneumonia by 4.6 times [29]. However, the activity of
BaADH was reduced to 56.1% in the presence of Zn*". In
addition, EDTA and Tween 80 reduced the activities of
BaADH by 39% and 24%, respectively.

To check the effect of COBE concentration on BaADH
activity, different substrate concentrations were set up from
30 uM to 3 mM (Fig. 2d). The Michaelis constant (K,)
and maximum reaction rate (V.. of BaADH were

calculated to be 0.11 mM and 190.4 pmol min~' mg™'

with non-linear regression, respectively. It can be found
that the V.« of the purified enzyme in this study is close to
the Vi.x of the carbonyl reductase from P. stipitis, and
exceeds the other enzymes. Compared with the other ADH,
BaADH has the smallest K,,,, which means BaADH has the
highest catalytic efficiency and binding specificity to
COBE.

Thermal Stability and pH Stability

The thermal stability of BaADH was studied with the half-
lives at different temperatures from 30 to 45 °C (Fig. 3a).
BaADH retained more than 85% of initial activity at 30 and
35 °C during the 8-hour incubation period, and the half-
lives at 30 and 35 °C were determined as 35 h and 24.9 h,
respectively. It has been reported that most carbonyl
reductases exhibit significant instability when incubated at
40 °C or above. It has been reported that most carbonyl
reductases exhibit significant instability when incubated at
temperatures of 40 °C or above. However, the alcohol
dehydrogenase is relatively stable at 40 °C and the half-life
of BaADH is determined to be 4.9 h, about 2.2 times that
of carbonyl reductase from Candida parapsilosis [2].

The pH stability of BaADH was measured with the
residual activity after storing at 4 °C for 24 h in buffers of
pH 4 to 10 (Fig. 3b). The enzyme was found to be stable in
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Fig. 3 The thermal stability (a) and pH stability (b) of BaADH

pH 8.0 Tris-HCI buffer and retained 96.7% initial activity.
A similar optimal preservation pH was found in ADH from
Yeast (pH 7.0) [30]. However, the difference was that
BaADH still showed good stability in alkaline buffer with
pH greater than 8, and maintained more than 75% of initial
activity in the pH range of 8—10, while the ADH from Yeast
was left with only 5% initial activity after storage in pH 8
buffer.

Homology Modeling and Docking of BaADH

Homology modeling of BaAADH was performed by finding
the most suitable template. As shown in the Fig. 4a, Asp62
contact with the adenine group of NADH (2.1 A), Asp36,
Gly19 and Gly12 bind the ribose moiety with 2.3, 2.3 and
1.8 A hydrogen bonds respectively. In addition, the Leul7
approaches to the phosphate group with a hydrogen bond
with a length of 3.4 A which was close to the adenine

@ Springer

group of NADH. The Ile189 contacts with the nicotinamide
with 2.5 A and 2.1 A hydrogen bonds. In Fig. 4b, Asn113,
Lys158, Tyr154 and Serl41 contact with the local water
molecules (Wat33, Wat163, Watl34 and Watl110) and
form a catalytic system. The Lys158/Tyr154 couple was
relatively close to Serl41 to form a typical catalytic triad.
Both the triad and substrate (COBE) are in close hydrogen
bonding distance to the Wat 110.

The interactions between cofactor and enzyme sug-
gested that the NADH could be stabilized by several resi-
dues and the substrate (COBE). In the catalytic triad which
contains Tyr154/Lys158 couple and Serl41 residue, the
Tyr154 residue was the catalytic residue and is positioned
near the substrate COBE [31]. The Ser141 has a hydroxyl
side chain which is critical to fix the substrate and could
tune the pKa value of the catalytic residue (Tyrl54) to
match that of substrate. These three residues contact with
the water molecules closely, and the proton could be
effectively shared. In addition, coupled with the Wat163
and Watl134, a “proton relay system” composed of a cat-
alytic Tyr154 and the Asnl13 residue was formed. This
system could allow the rapid transfer of proton from sol-
vent to the active site. This could be the reason for high
catalytic activity of BaADH.

(S)-CHBE Synthesis using ADH in a Cofactor
Regeneration System

To explore the possible industrial applications of BaADH,
it was used to synthesize (S)-CHBE with a coenzyme
NADH regeneration system. In this system, ADH reduces
COBE to (S)-CHBE while converting NADH to the oxi-
dized coenzyme NAD™, while the glucose dehydrogenase
is responsible for reducing NAD" to NADH and con-
suming glucose to accumulate glucono-d-lactone. To
increase the conversion rate and maximize the enzyme
utilization, the two enzymes of different mass ratios were
coupled and the conversion of COBE was shown in
Fig. 5a. When the ratio of the two enzymes was set to 1:1
(Fig. 5b), around 94.9% of the substrate was converted to
S-CHBE within 2 h. When two different enzymes are
catalyzed under the same reaction conditions, the ratio of
enzyme addition may have a non-negligible effect on the
conversion rate, and the optimization of enzyme ratio helps
to increase the conversion rate and maximize the enzyme
utilization [32, 33]. For example, in the NAD™ regenera-
tion system comprising glycerol dehydrogenase, when the
enzyme ratio was adjusted from 1:1 to 1:2, the yield of
dihydroxyacetone was increased by 8% [26].
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Asn113

Lys158

Fig. 4 Homology modeling and molecular docking of BaADH. The mode of binding of the catalytic group to COBE and NADH (a) and local
water molecules (b) in the putative catalytic site of BaADH. Hydrogen bonds are shown as black dashed lines and distances are indicated by A
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Fig. 5 Effect of BAADH: BsGDH ratio on the enzymatic synthesis of
(S)-CHBE (a) and the time profile of CHBE production at the ratio of
1:1 (BaADH: BsGDH) (b)

Conclusions

A novel gene encoding ADH was successfully cloned and
expressed. The purified BaADH showed relatively high
enzyme activity and good storage stability in a wide pH
range. The high specific activity of BaADH to COBE
indicates its possible application for production of (S)-
CHBE. The efficiency of producing (S)-CHBE was
demonstrated by coupling BaADH with a highly active
glucose dehydrogenase to establish a coenzyme regenera-
tion system.
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