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Abstract

Carbonyl reductase, as biocatalyst, is very important to chiral alcohols production through asymmetric reduction of carbonyl
compound. A novel thermal stable carbonyl reductase from Bacillus cereus (BcCR) dependant on NADPH was obtained
through a new genome mining strategy proposed in this work. By analyzing its amino acid sequence and structure, the BcCR
should be a thermal stability and wide pH tolerance carbonyl reductase. Its gene was cloned by PCR with B. cereus genomic
DNA as template. Its heterologous expression system, E. coli BL21 (DE3) plysS/pET28a-bccr, was constructed, and BcCR
was successfully expressed. Enzymatic properties show that at 57.5 °C and pH 7.0 it can reach maximum reaction rate. Its
K, and V ,,, to ethyl 4-chloroacetoacetate is 1.85 mmol/L and 0.22 pmol/(min-mg.;,), respectively. It can catalyze the
asymmetric reduction of the f-carbonyl compound, such as ethyl 4-chloroacetoacetate to ethyl S-4-chloro-3-hydroxybutyrate.
This paper proposes a practical method for discovery of new carbonyl reductases, and provides a novel enzyme as biocatalyst
for asymmetric reduction of f-carbonyl compound.
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1 Introduction

Chiral alcohols serve as an important chiral blocks in the
process of industrial synthetic drugs, agrochemicals, natural
products and certain special materials [1-3]. Synthesis of
chiral alcohols through asymmetric reduction of the cor-
responding prochiral ketones with carbonyl reductase is a
promising route. Compared to chemical synthesis, it pos-
sesses inherent various advantages, such as high stereose-
lectivity, mild conditions, environmentally friendly and
meeting green chemistry guidelines [3—5]. The carbonyl
reductases were mainly classified in three families, i.e. short-
chain dehydrogenases/reductase (SDRs), medium-chain
dehydrogenases/reductase (MDRs) and Aldehyde ketone
reductase (Aldo-keto reductase, AKRs). Some new carbonyl
reductases were reported, which can catalyze the asymmet-
ric reduction of various ketones to chiral alcohols with stere-
oselectivity [6-8], such as SDR (LCRIII) from Lactobacillus
curieae S1L19 [9], MDR (CPCR from Candida parapsilosis
ATCC 7330) [10] and AKRs (LEAKR 48, LEAKR 49, and
LEAKR 50 from Lodderomyces elongisporus LH703) [11].
But obtaining a new high activity enzyme is still the most
significant to a biocatalysis process. Therefore, discovery
of the high efficient novel carbonyl reductases is always the
hot spot in biocatalysis especial in biocatalytic asymmetric
synthesis [7].

Traditionally, a new enzyme was discovered by screen-
ing from nature based on substrate specificity and stere-
oselectivity [12, 13]. This route is high time and labor

cost. In recent years, with the rapid development of high-
throughput gene sequencing technology, the number of
gene data in bioinformatics database is explosively grow-
ing. Simultaneously, the protein databases provide abun-
dant biological information for many enzymes, such as the
relationship between structure and function. At the end
of November 2018, the putative SDRs number is 233818
in UniProt database. But it is about just 1000, which has
been confirmed by literatures or simulation analysis. To
AKRs, these numbers are respectively 143550 and 324.
And to MDRs, they are 82 and 30, respectively. These
gene and protein databases are very valuable bioinformat-
ics resource for the potential, novel and efficient enzyme
discovery. With bioinformatics technology such as genome
mining, it is possible to discover a potential high efficient
novel enzyme [14-16]. Compared with the traditional
route, genome mining can obtain new enzyme from a
wider sources and various organisms. Also, it will be more
cost saving in time and labor.

This paper proposes a genome mining strategy. This
mining strategy was based on the reported thermal stabil-
ity carbonyl reductase from an extreme thermophilic bac-
teria as probe to mine potential carbonyl reductase from
protein database with laboring and time save. With this
strategy, a novel carbonyl reductase from Bacillus cereus
(BcCR) was discovered. Its gene was successfully cloned
from Bacillus cereus genome DNA by PCR. An expres-
sion vector was constructed and was transformed into E.
coli BL21 (DE3)(pLysS) for expression. Furthermore, its
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enzymatic properties were investigated. Its catalytic activ-
ity to the asymmetric reduction of f-carbonyl compound
such as ethyl 4-chloroacetoacetate in the whole cell were
also assessed.

2 Materials and Methods
2.1 Chemicals and Strains

Plasmid extraction kit and PCR product recovery kit were
purchased from Tiangen Biotech Co., Ltd (Beijing, China).
DNA gel recovery kit was purchased from Omega Bio-tek
(Norcross GA, USA). T4 DNA ligase, PCR Mix, DNA
marker and protein maker were purchased from Vazyme Bio-
tech Co., Ltd (Nanjing, China). BamHI and Xhol restriction
endonucleases were purchased from New England Biolabs
Ltd (Beijing, China). Ethyl 4-chloroacetoacetate (COBE)
and ethyl S-4-chloro-3-hydroxybutyate (CHBE) were pur-
chased from Acros Organics (New Jersey, US). The other
ordinary chemical regents were purchased from Aladdin
regents (Shanghai, China).

Bacillus cereus was purchased from China Center for
Type Culture Collection (CCTCC AB 2011085), which was
used for genomic DNA extract as the PCR template. E. coli
DH5a and E. coli BL21 (DE3)(pLysS) was preserved in our
laboratory. They were respectively used for plasmid opera-
tion and BcCR expression.

2.2 Genome Mining for Carbonyl Reductase

In this work, the carbonyl reductase genome mining was
based on the UniProt database. The main strategy is using
an amino acid (AA) sequence as the probe to extract out as
many proteins as possible from the UniProt database to form
the potential enzyme pool. The select process is based on
the conservative AA sequence for the carbonyl reductase,
such as co-factor binding site and catalysis site. The genome
mining procedure mainly include the flowing four steps [17].
The first step is to construct a carbonyl reductase probe bank
and selecting a favorable probe. The probe enzymes in the
bank were selected out the reported carbonyl reductases
from the main bioinformation database such NCBI and Uni-
Prot. Their enzymatic properties and catalytic efficiency of
these selected carbonyl reductases in the probe bank were
compared and evaluated. The most suitable one was chosen
as the probe based on its enzymatic properties and cata-
lytic efficiency. The second step is to construct the carbonyl
reductase candidate pool. The potential carbonyl reductase
candidate was mined out from the protein database, such as
UniProt, through homologous alignment (BLAST) with the
probe AA sequence. These proteins, which AA sequence
have a consistency more than 30% to the probe, were
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selected out as the potential enzyme candidates. The third
step is to select out the target carbonyl reductase from the
candidate pool. In this step, the AA sequence of candidate
enzymes was analyzed, their secondary structure and tertiary
structure were simulated, and their catalysis function was
predicted based on the conserved sequence and structure
comparing with the probe enzyme. After comparing the
structure with the probe enzyme, the best candidate protein
was chosen as the target enzyme. In the last step, the gene
DNA of the chosen target enzyme will be cloned by PCR
from its source microorganism genomic DNA.

2.3 Cloning of Carbonyl Reductase Gene from B.
cereus

B. cereus genomic DNA was extracted by CTAB/NaCl
method from its culture broth in Luria-Bertani medium (LB)
[18]. The primers was designed by Primer Premier5 with
the target gene sequence (GenBank: AAP10771.1, Gene ID:
1206194), which was obtained by the genome minging in the
previous section. The foward primer is 5-CGCG/GATCC
ATGTTAAAAGGGAAGGTAGC-3" (with BamHI site,
G/GATCC). And the reverse primer is 5'-CCGC/TCGAG
CATTACCATACCGCCATCAAC-3' (with Xhol site, C/
TCGAG). The target gene was amplified by PCR using B.
cereus genomic DNA as template. The reaction conditions
were: 95 °C for 5 min initial denaturation, 35 amplification
cycles (95 °C for 1 min denaturation, 71 °C for 15 s anneal-
ing, 72 °C for 1 min elongation), 72 °C for 10 min final
elongation and stored at 4 °C.

2.4 Construction of BcCR Heterogeneous
Expression System and Expression of BcCR

The vector, plasmid pET-28a, and BcCR gene (bccr) were
digested with BamHI and Xhol. After purification of the
digested product, the digested bccr was ligated into the
digested pET-28a with T4 DNA ligase at 16 °C for over-
night. The ligation product, pET-28a-bccr, was trans-
formed into E. coli DH5« and screened on the LB/Kan50
(LB medium with 50 ug/mL of Kanamycin) resistant agar
plate. The positive transformants were identified by PCR,
and further confirmed by double enzymes digestion of the
recombinant plasmid, which was extracted from the transfor-
mant. Also, it was sequenced to further certify the bccr. The
recombinant plasmid pET-28a-bccr was further transformed
into E. coli BL21 (DE3)(pLysS) for BcCR heterologous
expression. Then, E. coli BL21 (DE3)(pLysS)/pET-28a-bccr
was constructed, which was BcCR heterologous expression
system. The recombinant E. coli was cultured in LB medium
with Kan50 at 37 °C and induced with 0.5 mmol/L IPTG
at 24 °C for 16 h. After expression, cell were collected by
centrifugation from the culture broth, and washed twice with
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0.01 mol/L phosphate buffer (PBS, pH 7.0). The cells were
lysed by sonication and the supernatant was collected by
centrifuged at 4 °C. The expression product was detected
by SDS-PAGE.

2.5 Investigation of BcCR Enzymatic Properties

In this paper, the effects of temperature, pH and metal ions
on the heterogeneous expressed BcCR activity were investi-
gated. Its thermal stability and kinetic parameters were also
assessed. The generally procedure was as following: after
respectively incubating the BcCR solution and the reaction
mixture solution at the test temperature, general 37 °C, for
30 s, then the 100 pL. BcCR solution was added into 1.9 mL
reaction mixture solution to catalyze the reduction reac-
tion, and the corresponding enzyme activity was assayed.
The 1.9 mL reaction mixture solution was composition of
1.865 mL PBS buffer, 10 uL of 400 mmol/L COBE and 25
pL of 8 mmol/L NADPH.

2.6 Asymmetric Reduction of COBE with Whole Cell

The asymmetric reduction of COBE is carried out with
whole cell. The catalysis capability of the recombinant E.
coli BL21 (DE3)(pLysS)/pET-28a-bccr, which expressed
BcCR, was investigated. The recombinant cell was cultured
and induced as the previous mentioned. The cell were col-
lected by centrifugation and re-suspended after washing with
PBS buffer. A certain amount of cell was added into the
reaction mixture to a cell concentration of 0.1 g/mL. The
reaction mixture contained 5% of glucose and 50 mmol/L
COBE. Based on the BcCR enzymatic properties, the reac-
tion temperature was 37 °C, and the pH was 7.0. The reac-
tion samples was periodically withdrawn and extracted with
ethyl acetate (1 mL of reaction sample was extracted with
1 mL ethyl acetate for two times). Finally, the concentra-
tions of product and substrate were analyzed by GC, and
the chemical yield and enantioselectivity were evaluated.

2.7 Analytical Techniques

Protein concentration, BcCR enzyme activity, substrate and
product concentration were analyzed in this work.

The protein concentration was determined by the Brad-
ford method with a spectrophotometer (GE Ultrospec 2100
pro, GE Healthcare Life Science, USA) at 595 nm using
bovine serum albumin as the standard [19]. BcCR enzyme
activity assay was based on the NAD(P)H consumption
method [8]. One unit of the BcCR activity was defined as
the amount of enzyme that catalyzed to consume 1 pmoL of
NADPH per minute with the reduction of COBE, which was
measured by the absorbance value at 340 nm with a spectro-
photometer (Ultrospec 3300 pro, GE healthcare).

The reaction samples were extracted with ethyl acetate
and were dried with anhydrous Na,SO,. The concentration
of product and substrate were quantitatively analyzed by
GC (SHIMADZU GC-2010 Plus, Japan) with an Rtx-Wax
Capillary column (30 mx0.32 mm) and FID. N, was used
as carrier gas with 1.5 mL/min flow rate. The accounts of
S-form and R-form product were determined by high-per-
formance liquid chromatography (HPLC, model 1100; Agi-
lent Technologies Co., Ltd.) equipped with a Chiralcel OB
column (4.6 mm X 250 mm) (Daicel Chemicals, Japan). The
HPLC conditions were hexane/isopropyl alcohol (9/1, v/v)
as mobile phase, flow rate of 1.5 mL/min, ambient column
temperature, and ultraviolet (UV) detection set at 215 nm.
The analytical approach was similar to our previous work

[1].

3 Results and Discussion
3.1 Genome Mining for Carbonyl Reductase

By aligning and analyzing the reported carbonyl reductases,
we found the conserved amino acids sequence for traditional
SDRs family carbonyl reductases are usually composed of
Tyr and Lys (Y-X3-K, X means variable amino acids), and
the cofactor binding sites are usually composed of Thr and
Gly (TG-X3-G-X-G) [20]. To the AKRs family, the con-
served amino acids sequences are usually composed of Asp,
Tyr, Lys and His (D-Y-K-H), and the coenzyme binding site
are composed of Asp, Asn, Gln, Ser, Arg (D-N-Q-S-R) [6].
The corresponding results was present in Electronic sup-
plementary material Figure S1 and S2. To genome mining,
the probe is very key and important. It should directly domi-
nate the mining efficiency and influence the target enzyme
properties. By searching and analyzing for the reported car-
bonyl reductases, we constructed a probe enzyme bank for
asymmetric reduction of B-carbonyl ester, which was present
in Electronic supplementary material Table S1. Based on
the requirement of the target enzyme and combining the
reported carbonyl reductases, the carbonyl reductase ApCR
(UniProt: Q9Y8Y1) from Aeropyrum pernix K1, an extreme
thermophilic bacteria, was chosen as the probe. The ApCR
belongs to the SDRs family and contains the typical con-
served amino acids structure. It can catalyze the asymmet-
ric reduction of B-carbonyl ester, for example COBE, with
excellent enzymatic properties, such as high temperature tol-
erance, good stability and wide range of pH tolerance [21].

By genome mining from UniProt database with ApCR
as the probe, we find out 8 candidate potential carbonyl
reductases. Further comparing their AA sequence, struc-
ture and predicting function, an AA sequence from Bacil-
lus cereus (UniProt Accession Number: Q819V6, Gen-
Bank: AAP10771.1, Gene ID: 1206194) was chosen as the
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potential target carbonyl reductase, which was named as
BcCR. Its AA sequence was aligned with ApCR by homol-
ogy alignment. The result was presented in Fig. 1. The
amino acid sequence of the protein BcCR, was 38.4% iden-
tical to the probe ApCR. BcCR contains the active center
conserved region Y-X3-K and the cofactor binding site con-
served region TG-X3-G-X-G. These show that it is a typi-
cal SDR family reductase. Their structures was modelled

by SWISS-MODEL (https://swissmodel.expasy.org/), the
tertiary structures presented in Fig. 2 and the secondary
structures given in Figure S3. Their secondary and tertiary
structures are very similar. It can be speculated that the two
enzymes possess similar enzymatic properties. This means
that BcCR should have the potential catalytic activity of
asymmetric reduction of f-carbonyl ester and have excellent
enzymatic properties such as good thermal stability.

Fo-1 Aminoackd sequence BEpCR.seq  .METTYN TVLREERHen R 12l SRAD 39
aligniments of AL and Be BcCR.zeq  MLEGRVEVATNNE 2fy=Teptel T2 TR E e 2 gt VIR A GHNED 40
Consensus alwv a a g wvw vy
RpCR.=seqgq EETLERLE « P EFs Y TRRES SSRVGEL 7a
BcCR.=seqg HEVVORIE < . OF TIgnhs VEQIVOT 79
Consensus e lgs a wr dv vt m
ApCR.=eq IFHLN LOLGGIEETSI EETLRWV 113
BcCR.=seqg FGQVD E TEOHLLMEMEE DTVIN 1135
Consensus lvn agv nl gv 1
ApCR.=seq VNG LLLELLEEAEWA EE VGV R S S 159
BcCR. seq AVSRYMMEQRHG V‘ PGQ.EE‘“‘ 4 158
Consensus Ttk in as
RpCR.=seqgq AGVIGLTEES RSFLOT 199
BcCR.=seqg AGVIGLTERN SRI DVLDEN 198
Consensus agvigltk a i vna ap f tdmt
ApCR.=eqgq PEERERIASLHSLEIILEP DPR 239
BcCR.=seqg . . IKAEMLEWV AAQFGEA 235
Consensus daa tg
ApCR.=seqgq HVESIHN 2439
BcCR. seq QIENYVD MV 245
Consensus 1

Fig.2 Tertiary structure of
ApCR (left) and BeCR (right)
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3.2 Cloning of Carbonyl Reductase Gene from B.
cereus and Heterogeneous Expression of BcCR
in E. coli

The target gene was cloned by PCR using the designed
primers according to the DNA sequence of bccr (Gene
ID: 1206194). The PCR product size was about 750 bps,
the gel shown in Figure S4, which was consistent with the
741 bp of the gene shown in GenBank. The recombinant
plasmid pET28a-bccr was constructed by ligating the double
enzymes (BamHI and Xhol) digestion product of the PCR
product and pET28a. The recombinant plasmid pET28a-
bccer was verified by double enzymes digestion and DNA
sequence. Figure 3 shows the result of the double enzymes
digestion agarose gel. The target fragments of about 5300 bp
and 750 bp size were obtained in the double enzymes diges-
tion product, which was the size of pET28a and bccr frag-
ments respectively. The cloned bccr was sequenced, and
the result was presented in Figure S5 with the alignment of
DNA sequence of Gene ID: 1206194.

The recombinant plasmid pET28a-bccr was further trans-
formed into E. coli BL21 (DE3)(pLysS), and the BcCR het-
erologous expression system, E. coli BL21 (DE3)(pLysS)/
pET-28a-bccr, was obtained. After screening and identifi-
cation, the positive transformant was selected for further
culture, and induced by IPTG. After cell lysing and col-
lecting the supernatant, the expression product was detected

bp M 1

5000 — pET28a
1500 —
750 — BcCR gene

Fig.3 Agarose gel of double enzyme digestion of recombinant
plasmid pET 28a-bccr. Lane: M: DL5000 DNA Ladder, 1: Double

enzyme digestion product

by SDS-PAGE, shown in Fig. 4. A target protein of about
32 kDa can be seen from the SDS-PAGE, which is consist-
ent to the predicted size translated from the DNA sequence.
This means that the BcCR was successfully expressed E.
coli BL21 (DE3) (pLysS)/pET-28a-bccr in soluble status.

3.3 BcCR Enzymatic Properties

Different enzymes from different sources will possess differ-
ent enzymatic properties. Even though the structure of BcCR
is similar to that of ApCR, their enzymatic properties are
very likely different. The Enzymatic properties of the heter-
ologous expressed BcCR were investigated. The effects of
temperature, pH and metal ions on the BcCR activity were
assessed. Its thermal stability and kinetic parameters were
also evaluated. The corresponding results were presented in
Fig. 5 and Table 1.

Figure 5a indicated the effects of temperature on the
enzyme activity. At 57.5 °C, B¢cCR could reach to its high-
est activity. This temperature is lower than that of the probe
enzyme ApCR, which is about 70 °C. However, it is higher
than most carbonyl reductases such as RpCR [7], CPE [22],
ScCR [23], CgKR2 [24] about 10 °C. The higher tempera-
ture means better operating conditions and application per-
formance. Thermal stability is another important property to
an enzyme. The thermal stability of BcCR was investigated
at 40 °C, 50 °C and 60 °C, the results were shown in Fig. 5b.
Although incubated at 40 °C and 50 °C for 2 h, BcCR could
still maintain its residual enzyme activity more than 70%.
This means that BcCR possesses good thermal stability.
The pH property of BcCR was determined, results shown in
Fig. 5c. The results show that the optimum pH is 7.0. In pH
range from 6.0 to 8.0, the relative activity of BcCR can keep

kDa M 1 2 3 4
1160 —— o= —— (S
662 —— e _—— T
450 —— w— - -
———
350 - S S
S — <<~ __ Target protein
S— ; — 32kDa
25.0 ———w— ==
184 — &a
sl ~
1us —= S5 BE B
v LR ?
o em -

Fig.4 SDS-PAGE of induced expression products with IPTG. Lane:
M: Protein Marker, 1-3: E. coli BL2l (DE3)(pLysS)/pET-28a, 4: E.
coli BL21 (DE3)(pLysS)/pET-28a-bccr
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Table 1 Effect of EDTA and Tons Relative activity% higher affinity to S}lbstrate CQBE, yv%uch demonstrates
metal ions on BeCR activity BcCR can possess higher catalytic activity to COBE.
Blank 100
EDTA 96.8+0.2
Mn?* 97.6+0.1 3.4 Asymmetric Reduction of COBE with Resting
Ca%t 80.2+0.2 Cell
Mg+ 739403
Co** 70.7+0.2

more than 75%. The effect of metal ions on BcCR was deter-
mined, results were presented in Table 1. The results showed
that no metal ions were found to promote the enzyme activ-
ity. In general, the carbonyl reductase of SDRs family is a
kind of nonmetallic dependent dehydrogenase. This indi-
cates that BcCR follow the SDRs family feature.

Its kinetic constant was determined through the initial
rate at various concentration of COBE based on Michae-
lis—-Menten equation. K, and V,, were obtained by fitting
the V-[S] data with least squares method. The experiment
data and fitting curve is shown in Fig. 5d. By curve fitting,
K, is 1.85 mmol/L and V,,,, is 0.22 pmol/min/mg . ein)
with R2=0.9973. The K, value indicates the affinity of
enzyme to substrate, the smaller K, means higher affinity.
Compared with the reported SDR carbonyl reductase, such
as PsCRII(3.3 mmol/L) [25], CpCR(3.7 mmol/L) [7] and
CHKRED20 (7.5 mmol/L) [26], the K , of BcCR is smaller
than that of those enzymes. This means that BcCR possesses
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To assay BcCR catalytic ability for asymmetric reduction
of p-carbonyl ester, the asymmetric reduction ethyl 4-chlo-
roacetoacetate (COBE) by the recombinant E. coli BL21
(DE3) (pLysS)/pET-28a-bccr resting cell was preliminarily
investigated. Reduction of COBE to chiral ethyl S-4-chloro-
3-hydroxybutyrate catalyzed by the recombinant resting cell
was chosen as the model reaction due to the product ethyl
S-4-chloro-3-hydroxybutyrate is a key important chiral
building block and which was widely researched. The prod-
uct is main S-form configuration, and e.e. of S-form is more
than 97%. The results were given in Fig. 6. With the increase
of reaction time, the yield of whole cell reaction increased
from 35.8% at 8 h to 61.7% at 32 h. Wei et al. reported a
carbonyl reductase (AcCR) from Acetobacter sp. and co-
expressed with GDH in E. coli BL21(DE3)pLysS (pETDuet-
gaccr-gdh) [27]. The product also is S-form configuration,
ethyl S-4-chloro-3-hydroxybutyate. But they reported an
80% yield. The higher yield to this work because they used
a co-express system which can express GDH to enhance
NADPH regeneration. Additionally, the cell (biocatalyst)
amount was another factor to the higher yield. This shows
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Fig.6 Asymmetric reduction of COBE with E. coli BL2l (DE3)
(pLysS)/pET-28a-bccr resting cell

that the recombinant cell has catalytic ability to f-carbonyl
ester.

4 Concluding Remarks

Based on the protein database, a novel carbonyl reductase,
BcCR from B. cereus, was discovered by the constructed
gene mining strategy. The open reading frame of BcCR
was 738 bp, and encodes 246 amino acids. The BcCR was
successfully expressed in E. coli BL21 (DE3) (pLysS) with
pET28a-bccr vector. Its optimum reaction temperature and
pH were about 57.5 °C and 7.0, respectively. Also, the car-
bonyl reductase shows good thermal stability. Its kinetic
parameters showed that the K, value was 1.85 mmol/L to
COBE, and the corresponding maximum reaction rate V.
was 0.22umol/min/mg. These show that the BcCR is a good
potential carbonyl reductase for asymmetric reduction of
B-carbonyl ester to chiral alcohol. Also, the proposed gene
mining strategy show good practical application prospects
for discovery of new carbonyl reductases.
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