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Abstract: Aldo-keto reductases (AKRs) mediated stereoselective reduction of prochiral carbonyl
compounds is an efficient way of preparing single enantiomers of chiral alcohols due to their
high chemo-, enantio-, and regio-selectivity. To date, the application of AKRs in the asymmetric
synthesis of chiral alcohols has been limited, due to the challenges of cloning and purifying. In this
work, the aldo-keto reductase (AKR3-2-9) from Bacillus sp. was obtained, purified and proved to
be NADPH-dependent. It exhibits good bioactivity and stability at 37 °C, pH 6.0. AKR3-2-9 is
catalytically active on 11 pairs of substrates such as 3-methylcyclohexanone and methyl pyruvate,
among which it showed the highest catalytic activity for acetylacetone. In addition, AKR3-2-9 was able
to be resistant to five common organic solvents such as methanol and ethanol, it retained high catalytic
activity even in a reaction system containing 10% v/v organic solvent for 6 h, which indicates its broad
substrate spectrum and exceptional organic solvent tolerance. Furthermore, its three-dimensional
structure was constructed and catalytic-site-analysis of the enzyme was conducted. Notably, it was
capable of catalyzing the reaction of the key intermediates of duloxetine. The extensive substrate
spectrum and predominant organic solvents resistance makes AK3-2-9 a promising enzyme which
can be potentially applied in medicine synthesis.
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1. Introduction

Chiral alcohols are compounds with hydroxyl groups on the chiral carbon atoms. Based on this
structure, other sites may have different functional groups or substituents, such as aromatic alcohols,
fatty alcohols, and transoxides [1-3]. Chiral alcohols and their derivatives are important intermediates
of the synthesis of chiral drugs [4], chiral pesticides and many chemical materials like liquid crystal
materials, thus they play an increasingly important role in medicine and other chemical fields [5,6].
Traditionally, chiral alcohols can be synthesized by chemical methods which were proved to be harsh
for the complicated preparation process, severe environmental pollution and low selectivity of the
product enantiomer [7,8]. In contrast to chemical methods, biological methods show the advantages of
mild conditions, low-environmental pollution, strong substrate specificity, high stereoselectivity and
regioselectivity, and high product enantiomeric purity [9,10]. Biocatalytic synthesis of chiral alcohols
provides an efficient strategy in the preparation of pharmaceutical intermediates [11], which is a green
and sustainable synthetic route [12].

The aldo-keto reductases (AKRs) are one of the three super families that perform oxidoreduction
on a wide variety of natural and foreign substrates [13]. The AKRs catalyze the reduction of
different acids or ketones to form the corresponding alcohols with the participation of NAD(P)H [14].
With the strength of high chemo-, enantio-, and regioselectivity, the reduction of prochiral carbonyl
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compounds mediated by AKRs is of great potential in the preparation of single enantiomers of
chiral alcohols. However, challenges still remain in the cloning, purification, characterization and
application in the asymmetric synthesis of AKRs. Yuan-Hui Ma et al. cloned an AKR gene from
Thermotoga maritimeit (Tm1743) with broad substrate specificity towards various keto esters, ketones
and aldehydes [15]. Yun Hee Choi et al. cloned an AKR gene, YOL151W, from Saccha-romyces
cerevisiae to realize the asymmetric synthesis of (5)-3-chloro-1-phenyl-1-propanol [16]. Similarly,
all of these AKRs, alkyl 4-halo-3-oxobutyrate reductase from Penicillium citrinum IFO4631 [17],
the carbonyl-reducing enzymes from C. albicans [18], an AKR gene (klakr) from Kluyveromyces lactis
XP1461 [19], can also be used for the synthesis of chiral alcohols. Nevertheless, compared to carbonyl
reductase and alcohol dehydrogenase, the synthesis of AKRs for chiral alcohols is still rare and
worthy of further study [20,21].

In this study, an aldo-keto reductase (AKR3-2-9) was cloned from Bacillus sp., and its catalytic
performance was analyzed. Meanwhile, the three-dimensional structure was also constructed and
catalytic-site-analysis of the enzyme was executed. The results showed that AKR3-2-9 has a broad
substrate spectrum and excellent organic solvent tolerance, making it a promising biocatalyst for the
synthesis of chiral alcohols.

2. Results

2.1. Cloning and Sequencing Analysis of AKR3-2-9

AKR3-2-9 encodes a putative polypeptide of 311 amino acid residues with a predicted molecular
mass of 36.2 kDa. The deduced amino acid sequence of the AKR3-2-9 gene was submitted to the
NCBI database (http://www.ncbi.nlm.nih.gov/) and then blasted. (The GenBank accession number
MKS503097) The results of the multiple sequence alignment of NCBI protein explosion are shown
in Figure 1. The sequence of AKR3-2-9 displayed similarity to the identical proteins from others
Bacillus. The identities of AKR3-2-9 with other proteins were shown as follows: 99% with AKR
from Bacillus aryabhattai (NO.: WP_098627560.1), 98% with AKR family oxidoreductase from Bacillus
megaterium (NO.: WP_116076470.1), 82% with AKR from Bacillus sonorensis (NO.: WP_006637001.1),
77% with AKR family oxidoreductase from Bacillus endophyticus (NO.: WP_113749864.1), 73% with
AKR from Bacillus galactosidilyticus (NO.: WP_064468779.1), 68% with AKR from Brevibacillus sp.
OKO042 (NO.:WP_092270417.1), 68% with AKR from Paenibacillus pectinilyticus (NO.: WP_065854942.1),
62% with AKR from Thermoanaerobacter thermocopriae (NO.: KUJ89763.1), and 26% with MULTISPECIES:
AKR from Microcystis (NO.:WP_008205609.1).
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Figure 1. Alignment of multiple deduced amino acid sequences of AKR3-2-9 and others AKRs.

Conserved sites are all marked in red and catalytically active tetrads (DX4YX31KX33H) are marked

with black triangles.

2.2. Expression and the Purification of AKR3-2-9

SDS-PAGE analysis indicated that the AKR3-2-9 was successfully expressed, most in the soluble
form (Figure 2). Recombinant AKR3-2-9 was further purified using the Ni-IDA column due to the
presence of the His-tagged fusion protein. The further purified AKR3-2-9 exhibited a single band with
a molecular weight of approximately 36.2 kDa, which is consistent with the predicted results.
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Figure 2. SDS-PAGE analysis of expression products. Lane 1, not induced with IPTG; lane 2, crude
enzyme solution after IPTG induction; lane 3, purified AKR3-2-9; lane M: marker.
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2.3. Substrate Specificity

To investigate the substrate specificity of AKR3-2-9, we studied the catalytic efficiency of AKR3-2-9
for various ketones and keto acids. AKR3-2-9 showed varying degree of catalytic activity to different
substrates (Figure 3), indicating that AKR3-2-9 has a broad substrate spectrum. Among the substrates,
3-methylcyclohexanone, 2-octanone and phenyl methyl ketone had less than 40% enzyme activity and
2-octanone had the lowest activity. Most of the relative activity was higher than 60%. The activity of
acetylacetone was the highest.
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Figure 3. Substrate specificity of the enzyme. Substrate specificity of the carbonyl substrate to be tested
for the enzyme, including 3-methylcyclohexanone, methyl pyruvate, phenoxyacetone, ethyl levulinate,
2-octanone, acetylacetone, 5-methyl-2-hexanone, 4-methyl-2-pentanone, phenylmethylketone,
N-Boc-3-piperidone, DKTP. The reaction mixture (220 pL) contained 10 pL of substrate, 170 puL
of PBS, 10 uL of NADPH and 30 pL of enzyme AKR 3-2-9. The experiment was performed in triplicate

and the error bars represented the standard error of the mean. The maximum enzyme activity was
defined as 100%.

2.4. Effect of Temperature and pH

Normally, enzyme activity will be affected by temperature and pH conditions. As shown in
(Figure 4A), the relative activity of AKR3-2-9 increased with the increment of temperature from 31 to
37 °C. At 37 °C, AKR3-2-9 has the greatest activity. After the temperature exceeded 37 °C, the enzyme
activity of AKR3-2-9 began to decrease. It was different that the optimum temperature for AKR3-2-9
was higher than 30 °C for AKR from a newly isolated Kluyveromyces lactis XP1461 [19]. The AKR3-2-9
was incubated in an environment of 30 °C to 80 °C to study the thermal stability of AKR 3-2-9. As shown
in (Figure 4B), AKR3-2-9 retained 55% of the enzyme activity, showing the good thermal stability at
80 °C compared to AKR from Candida albicans XP1463 which lost 80% of its enzyme activity at 50 °C [22].
As shown in (Figure 4C), AKR3-2-9 has maximum activity at pH 6.0, it maintained more than 60%
activity in sodium phosphate buffer at pH 6.0-8.0, demonstrating its relatively broad catalytic pH.
When the pH ranges from 8.0 to 9.0, the activity of AKR3-2-9 remained above 40%. However, when the
pH is lower than 5.0, its activity dropped sharply. In addition, AKR3-2-9 reduced its activity in sodium
citrate and Tris-HCl buffers at the same pH compared to sodium phosphate buffer. To investigate
the pH stability, AKR3-2-9 was incubated for 24 h in the buffer at pH ranging from 4.0 to 9.0, and the
reaction temperature was fixed to 4 °C. As shown in (Figure 4D), AKR3-2-9 kept more than 80% activity
in slightly acidic and neutral environments. However, when the pH was less than 5.0 and more than
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8.0, AKR3-2-9 lost most of its activity, which may due to the instability when it was exposed to extreme
acidity or alkaline conditions.
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Figure 4. Effects of temperature and pH on AKR3-2-9 activity and stability. (A) Temperature dependence
of AKR3-2-9. The enzyme activity was measured at different temperatures according to the standard
assay, and the maximum enzyme activity was defined as 100%. (B) The thermal inactivation curve
for AKR3-2-9. AKR3-2-9 in 30 to 80 ° C for 1 h after incubation, according to the standard method for
measuring the enzyme activity, the maximum enzyme activity was defined as 100%. (C) pH dependence
of AKR3-2-9. 50 mM acetate buffer (e), 50 mM potassium phosphate (m) and 50 mM Tris-HCl (a) were
used. The maximum enzyme activity was defined as 100%. (D) pH stability of AKR3-2-9. AKR3-2-9
was incubated at 4 °C, pH 4.0-9.0 for up to 24 h. The residual activities were assessed under the
standard assay conditions. The maximum enzyme activity was defined as 100%. The experiment was
performed in triplicate and the error bars represented the standard error of the mean.

2.5. Detection of AKR3-2-9 Tolerant Organic Solvent Properties

Five common organic solvents, methanol, ethanol, isopropanol, acetonitrile and DMSO were
selected to study the tolerance of the organic solvent of AKR3-2-9. The result is shown in Figure 5.
In the reaction system, five different kinds of organic solvents with different concentrations (10-30%
v/v) were added respectively, and AKR3-2-9 remained relatively high enzyme activity. This suggests
that AKR3-2-9 has a strong organic solvent tolerance. Commonly, organic solvents are essential in drug

synthesis, and AKR3-2-9’s superior organic solvent tolerance indicates the possibilities of applications
in biomedical field.
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Figure 5. AKRB3-2-9 is resistant to six different organic solvents, methanol, ethanol, isopropanol,
acetonitrile and DMSO. Each organic solvent has a gradient of 10-30% (v/v). The enzyme activity of
AKR3-2-9 was measured using standard methods. The experiment was performed in triplicate and the
error bars represented the standard error of the mean. The enzyme activity of AKR3-2-9 was measured
using standard methods.

2.6. Kinetic Analysis

The kinetic parameters of the purified AKR3-2-9 to DKTP, acetylacetone, phenoxyacetone and
methyl pyruvate substrates are shown in Table 1. The results showed that from the K, value, AKR3-2-9
had a minimum Ky, value of 2.81 mM for DKTP. From the perspective of kcat/Km, AKR3-2-9 has the
largest kcat/Km value of 0.667 X 103 s mM~! for acetylacetone.

Table 1. Kinetic parameters of AKR3-2-9 on four substrates.

Substrate Km (mM) keat (s71) keat/Km (571 mM~1)
Acetylacetone 6.29 + 0.36 (4.195 + 0.08) x 10° 0.667 x 103
Methyl pyruvate 7.431 + 0.47 (4.24 +0.09) x 103 0.571 x 103
Phenoxyacetone 9.844 + 0.82 (3.648 + 0.12) x 103 0.371 x 103
DKTP 2.81+0.78 (1.601 + 0.19) x 103 0.569 x 103

2.7. The Activity towards DKTP

To further determine the activity towards DKTP, nuclear magnetic resonance analysis was used to
determine if (S)-N, N-dimethyl-3-hydroxy-3-(2-thienyl)-1-propanamine (S-DHTP) was present in the
culture. When DKTP was reduced to S-DHTP, a significant chemical shift occurs in 13C on the carbonyl
group. The Figure 6A shows the reaction of AKR3-2-9 to catalyze the formation of S-DHTP by the
substrate DKTP. The Figure 6B is a '3C NMR chart of the substrate DKTP and the product S-DHTP.
The results showed that the chemical shift of 13C(e) on the substrate DKTP carbonyl was 192 ppm,
while the chemical shift of 1>C (5) on the product S-DHTP was 58 ppm. Obviously, under the catalysis
of AKR3-2-9, DKTP undergoes a reduction reaction, resulting in S-DHTP. Therefore, we can confirm
that AKR3-2-9 has the potential to catalyze the formation of S-DHTP by the substrate DKTP. Since
NMR can only be qualitatively analyzed, in subsequent studies we will also analyze the reaction by
high performance liquid chromatography (HPLC).
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Figure 6. The activity towards DKTP. (A) The reaction of AKR3-2-9 catalyzing the substrate DKTP to
generate S-DHTP. (B) The 13C NMR chart of the substrate DKTP and the product DHTP.

2.8. Molecular Modeling

Homology modeling of AKR3-2-9 was constructed by using SWISS-MODEL, which showed the
unique three-dimensional protein structure (Figure 7A). The three subunits are tightly clasped together
in a geometrically symmetrical shape, indicating that AKR3-2-9 is very conservative. In addition,
we also evaluated the structure of AKR3-2-9, as shown in (Figure 7B). The results show that the model
of AKR3-29 is reliable. In addition, the crystal structure of AKR3-2-9 and AKR (Ydhf) from E. coli
has a similarity of 42.76% (SMTL ID: 1og6.1, an AKR derived from E. coli complexed with NADPH).
The sequence alignment of AKR3-2-9 is shown in Figure S1.

0° 180°

Figure 7. (A) The 3D model of AKR3-2-9. (B) Raman diagram for AKR3-2-9 model evaluation.

3. Discussion

According to the sequencing analysis of AKR3-2-9, these amino acid sequences share the same
conserved sites, particularly the conserved sites of Asp47, Tyr51, Lys83 and His122, which constitute
catalytic tetranes of AKR [23]. So far, the role of these four amino acids in catalytic and coenzyme
binding motifs remains unclear, and has not been studied very thoroughly—especially for Asp, whose
function is still unclear. Several studies on the clarification of AKR crystal structure and site-directed
mutagenesis have shown that Lys residues function in electrostatic interaction and contribute to
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electrostatic stability [24,25]. The Tyr residue binds to the substrate and participates in the carbonyl
reduction reaction [26] while His residue is critical to the proton relay [27,28].

In addition, based on the substrate specificity results of AKR3-2-9, it is worth mentioning that
AKRB3-2-9 has more than 70% relative enzyme activity on (DKTP), This indicates that it is capable of
the enantioselective reduction of DKTP to S-DHTP, a key intermediate in the synthesis of the drug
duloxetine [29,30]. This result illustrates that AKR3-2-9 enables the production of duloxetine with high
application values. Previously, Chen Liang et al. reported that AKRs by gene mining have a relatively
broad substrate spectrum with only five substrates [18].

Most medicine is synthesized in organic solvent, and thus the organic solvent tolerance of the
enzyme is very important. AKR3-2-9 exhibited excellent organic solvent tolerance compared to the
AKRs from Kluyveromyces lactis which can only withstand 5% v/v organic solvent [19]. Interestingly,
in the reaction system containing isopropanol, the enzyme activity of AKR3-2-9 maintained the highest
activity, at 20% organic solvent concentration. We assume that an appropriate amount of isopropanol
tends to alter the spatial transformation of AKR3-2-9, thereby enhancing enzyme activity. However, the
exact reaction mechanism is unclear. In subsequent studies, we can use it to test the circular dichroism
(CD) of the natural structure of proteins in organic solvents under different pH and temperature
conditions, so that we can better study the reaction of AKR3-3-9 tolerating organic solvents mechanism.

The Ky, values to represents the affinity of the enzyme for the substrate, while kcat/Km represents
the catalytic efficiency of the enzyme [31]. In contrast, AKR3-2-9 has a stronger substrate affinity for
DKTP and a stronger catalytic efficiency for acetylacetone.

The structural novelty of the enzyme is of great importance. To demonstrate the novelty of the
AKR3-2-9 structure, the structure of other AKRs were searched for in the protein data bank (PDB).
In the PDB, a total of 285 structures were found, of which 43 were from bacteria. The structure of these
43 AKRs were summarized (See Figure S2). The results show that AKR3-2-9 is completely different
from the other 42 structures, and the similarity with one of the structures (PDB ID: 1UR3) is only 42.76%.
This suggests that the structure of AKR3-2-9 is very novel. The three subunits of AKR3-2-9 are tightly
entangled to form a symmetrical structure. This structure is closely linked. Because of this, in view of
the strong organic solvent tolerance of AKR3-2-9, it is very related to the structure of AKR3-2-9. It is
very likely that the organic solvent cannot easily destroy the spatial structure of AKR3-2-9.

4. Materials and Methods

4.1. Strains, Vectors, Chemicals

Escherichia coli DH5c was used for cloning, and E. coli BL21 (DE3) was used for heterologous
expression. They were cultivated in Luria—Bertani (LB) medium. Plasmid pET-28a was utilized for
heterologous expression studies. All enzymes used in this study were from TaKaRa Co., Ltd. (Dalian,
China). The Plasmid Mini Kit I (200) and Gel Extraction Kit (200) were purchased from OMEGA Co.
(USA). NADPH was purchased from Sigma-Aldrich Co. (Shanghai, China). All the other chemicals
were chromatographically pure or analytically graded and used without further purification, and they
were obtained from Aladdin (Germany).

4.2. Homologous Protein-Searching Analysis and Homology Modeling

The BLAST tool at NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to discover sequences
similar to AKR3-2-9. Nine other sources of AKRs were selected from all blast results and subjected
to multiple sequence alignment analysis used DNAMEN. Homology modeling was constructed by
SWISS MODEL (http://swissmodel.expasy.org/) with the sequence of AKR3-2-9 [32].

4.3. Cloning, Expression and Purification of AKR3-2-9

The primer of AHR3-2-9 gene was synthesized by Bioengineering Biotechnology (Shanghai)
Co., Ltd., and the target gene was amplified by bacterial PCR. The DNA fragment was then


https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://swissmodel.expasy.org/

Catalysts 2020, 10, 1121 90f12

sub cloned into the original vector of pET-28a to construct a recombinant expression vector
pET-28a-akr3-2-9, which was finally transformed into E. coli BL21 (DE3) cells. The E. coli BL21
(DE3) was cultured in 200 mL of LB medium (pH 6.5) containing 100 ug/mL of ampicillin at 37 °C,
200 rpm. The temperature was changed to 18 °C when the optical density at 600 nm (OD 600) reached
0.6-0.8, then isopropyl-3-D-thiogalactoside(IPTG) was added with a final concentration of 0.1 mM,
and the cultivation was continued for another 14 h. The cells were then harvested by recombinant
centrifugation (5000 rpm, 3 min) and washed three times with PBS at 4 °C and stored at 4 °C for further
usage. The cell pellet was suspended in PBS and disrupted by sonication. Subsequently, the disrupted
cell debris was centrifuged for 20 min to remove the precipitate at 12,000 rpm, 4 °C. Afterwards,
his-tagged enzyme was purified by an AKTA Prime system equipped with a 10-mL Ni-IDA column (GE
Healthcare, USA). Finally, the results of expression and purification of the enzyme were characterized
by 12% SDS-PAGE and the pure protein concentration was determined by Bradford Protein Assay Kit.

4.4. Enzyme Activity Assays and Kinetic Parameter Studies

The rates of reduction were assayed at 37 °C by measuring the change of NADPH absorbance at
340 nm (¢ = 6.22 mM~! cm™!). The reaction mixture (220 uL) contained 10 uL acetylacetone, 170 pL
PBS, 10 uL NADPH, and 30 pL enzyme AKR 3-2-9. One unit of AKR 3-2-9 enzyme activity was defined
as the amount of enzyme that catalyzed the oxidation of 1 umol NADPH per minute. The protein
concentration was estimated using the Bradford method. The ket and apparent Michaelis-Menten
constant (Kp,) of the enzyme were calculated by the Lineweaver—Burk double-reciprocal plot.

4.5. Characterization of the AKR 3-2-9

4.5.1. Substrate Specificity of AKR3-2-9

In order to study the substrate spectrum, the reduction of aldehydes, ketones and ketoesters
catalyzed by AKR3-2-9 was investigated under standard assay conditions. The reaction mixture (220 pL)
contained 10 pL substrate, 170 nL. PBS, 10 uL. NADPH, and 30 pL. AKR 3-2-9. The residual maximum
activity was set as 100%. Eleven substrates, 3-Methylcyclohexanone, methyl pyruvate, phenoxyacetone,
ethyl levulinate, 2-octanone, acetylacetone, 5-methyl-2-hexanone, 4-methyl-2-pentanone, phenyl
methyl ketone, N-boc-3-piperidone and N, N-dimethyl-3-keto-3-(2-thienyl)-1-propanamine (DKTP)
were utilized.

4.5.2. Effect of Temperature and pH

By preincubation the reaction system (without NADPH) at the specific temperature for 5 min,
the enzyme activity was detected at the temperature ranging from 30 to 50 °C to study the optimum
temperature. The thermal stability of the enzyme was determined by pre-incubation the enzyme
at temperatures of 30 to 80 °C for 1 h and then the residual enzyme activity was detected using the
method described above.

To study the pH effect on the enzyme, the activity of purified AKR3-2-9 activity was assayed in
50 mM bulffers systems with pH 4.0-6.0, pH 6.0-8.0 and pH 8.0-9.0, which were made of acetate buffer,
phosphate buffer and Tris-HCI buffer, respectively. The pH stability of the enzymes was measured by
pre-incubating them in different pH value of pH 4.0-9.0 at 4 °C for 24 h. Then, the residual activity of
the incubated samples was measured according to the standard method. The substrate of the reaction
system was acetylacetone.

4.5.3. Organic Solvent Tolerance of AKR3-2-9

The effect of organic solvents on AKR3-2-9 was exploited by adding different organic solvents
(10%, 20%, 30%) v/v to the reaction system. In this experiment, methanol, ethanol, isopropanol,
acetonitrile and dimethyl sulfoxide (DMSO) were used. The residual activity of the incubated samples
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was then calculated according to standard methods. The original activity was designated as 100%.
The substrate of the reaction system was DKTP.

4.6. The Activity towards DKTP

A quantity of 0.05 g of DKTP was dissolved in the AKR3-2-9 enzyme solution, and a sufficient
amount of NADPH was added. Then, it was then placed in a shaker for 24 h at 37 °C, 200 rpm.
The reaction product was analyzed by nuclear magnetic resonance (NMR).

4.7. The GenBank Accession Number of the AKR3-2-9

The GenBank accession number of the sequence reported in this paper is MK503097.

5. Conclusions

A novel ketone reductase (AKR3-2-9) was obtained, which has good thermolability and pH
stability, broad substrate spectrum, predominant organic solvent tolerance and the ability to catalyze
the synthesis of key intermediates of duloxetine, which makes it a promising enzyme with potential
applications in medical field. Moreover, the homology modeling and sequence analysis of AKR3-2-9
were conducted to further clarify the mechanism of organic solvent tolerance. Due to the advantages
of biosynthesis, an increasing number of enzymes for adaption to the drug synthesis conditions are
required to be excavated and even designed, to hence promote the development of medicine production.
In this work, the obtained AKR3-2-9 possessed superior characteristics; its application and mechanism
of organic solvent tolerance require further investigation in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1121/s1,
Figure S1: Alignment of the sequence of AKR3-2-9 with the sequence of 1og6.1, Figure S2: Summary of the
structure of other aldo-keto reductases in the PDB.
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