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Summary
A novel strain, Microbacterium sp., which can be used as a catalyst in the asymmetric
reduction of simple aromatic ketones to produce chiral aromatic alcohols, was isolated from
soil by microbial screening. Using acetophenone as a model substrate for asymmetric reduction, 82 % reaction yield with more than 99 % enantiomeric excess of (R)-1-phenylethanol
were achieved under the optimal conditions. Furthermore, the key reductase responsible
for the asymmetric reduction was purified from the newly isolated Microbacterium sp.
through (NH4)2SO4 fractional precipitation, anion exchange chromatography and gel filtration chromatography. The purified reductase is a NADH-dependent aromatic ketone reductase. Gel filtration chromatography and SDS-PAGE results reveal that it is a homodimer
with two 28-kDa subunits. The enzymatic properties of the reductase indicate that it is a
highly efficient catalyst for the asymmetric reduction of simple aromatic ketone.
Key words: asymmetric reduction, Microbacterium sp., aromatic ketone reductase, acetophenone

Introduction
Because of safety, therapeutical and regulatory concerns, there is an increasing interest in the development
of a process capable of producing single-enantiomer
pharmaceuticals (1). Usually, chiral building blocks, such
as single-enantiomer alcohols and amines, are important
intermediates in the construction of target chiral products.
Due to the structural superiority, enantiopure aromatic
alcohols are the key chiral building blocks for many important chiral pharmaceuticals, such as L-chlorpheniramine, S-fluoxetine, R-tomoxetine, R-denopamine, etc. (2–
6). Asymmetric reduction of the corresponding prochiral
simple aromatic ketones with chemical catalyst or biocatalyst is one of the most promising routes to the enantiopure aromatic alcohol production (7,8). Since 1980s,
both biological and chemical methods have been developed to produce the chiral aromatic alcohols by this

route (9–11). Compared with the chemical process, biological approach has many advantages, such as high
enantioselectivity, mild reaction conditions and environmental compatibility (9,12).
Both whole-cell biocatalyst and isolated oxidoreductase from a microorganism are applied in this kind of
biocatalytic asymmetric reduction. In recent research,
more than 200 microbes, plants and microalgae have
been reported for the production of various enantiopure
alcohols through asymmetric reduction of the corresponding ketones (13–15). To discover the bioreduction
reaction mechanism and evolve the key enzyme, many
kinds of reductases have been purified from these microorganisms (16–21).
In our previous work, we devoted our efforts to exploring the asymmetric reduction of aromatic ketones
and b-ketoesters by microalgae, plant tissue and yeast

*Corresponding author; Phone: ++86 27 8656 3448, ++86 27 6392 7637; E-mail: yangzh@wust.edu.cn, rongzengce@163.com

L. LUO et al.: New Microbacterium for Asymmetric Reduction of ACP, Food Technol. Biotechnol. 51 (3) 392–402 (2013)

(14,15,22). We also developed techniques to improve the
asymmetric reduction processes by introducing resin adsorption and organic solvent-aqueous biphasic system
(23–25). Furthermore, screening and obtaining an excellent microbe strain is always the most important and essential way to improve the asymmetric reduction. In this
paper, we will devote our efforts to isolation of a novel
microbe which can reduce prochiral simple aromatic ketones to produce enantiopure aromatic alcohols with
high stereospecificity. Acetophenone was used as the
model substrate for the asymmetric reduction. To determine the mechanism of this asymmetric reduction catalyzed by the microbe, the key reductase which is responsible for the asymmetric reduction was purified from the
newly isolated microbe. Furthermore, the enzymatic properties of this reductase were also evaluated.

Materials and Methods
Materials and media
Acetophenone (ACP) and benzaldehyde were purchased from Sinopharm Chemical Reagent Co, Ltd (Shanghai, PR China), both of analytical grade. (R)-1-phenylethanol (R-PEA) and (S)-1-phenylethanol (S-PEA) were
purchased from ACROS Organics (Thermo Fisher Scientific, Hoboken, NJ, USA), both of laboratory reagent
grade. NADH disodium salt, dithiothreitol (DTT) and
phenylmethylsulphonyl fluoride (PMSF) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
other reagents were of analytical grade and commercially available. Materials for enzyme protein separation
were purchased from GE Healthcare Life Sciences (Piscataway, NJ, USA).
The following media were used for microbe screening and cultivation: the medium used to enrich the microbe was composed of (in g/L): glucose 20.0, peptone
20.0, yeast extract 10.0, beef extract 30.0, KH2PO4 2.0 and
NaCl 1.0. Mineral salt medium (MSM) was used to screen
the target microbe, and it was composed of (in g/L):
(NH4)2SO4 2.0, KH2PO4 2.0, NaCl 1.0 and MgSO4·7H2O
0.2. Fermentation medium was used to cultivate the isolated microbe, and it was composed of (in g/L): glucose
15.0, yeast extract 5.0, peptone 5.0, KH2PO4 1.0, K2HPO4
1.0, NaCl 1.0, MgSO4·7H2O 0.5 and (NH4)2SO4 2.0. All
media were adjusted to pH=7.0 and autoclaved at 121
°C for 30 min. The corresponding solid media were prepared by supplementation with 2 % agar.

Screening the microbe for asymmetric reduction of
ACP and microbe identification
The microorganisms for asymmetric reduction of
ACP were isolated from a soil sample collected from
Wuhan Botanical Garden (30°32'52'' N, and 114°24'02'' E,
Wuhan, PR China). Soil sample (2.0 g) was suspended in
20 mL of sterile distilled water. Then, 0.2 mL of the
supernatant were inoculated into 50 mL of enrichment
medium and incubated in an orbital shaker operating at
150 rpm and 30 °C for 24 h. The enrichment broth was
inoculated into the MSM plate (containing 0–5 g/L of
glucose and 10–15 mmol/L of ACP) for the isolation of
target microbe. The plates and a 25-mL glass beaker containing 10 mL of ACP were sealed in a plastic bag and
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incubated at 30 °C for 2 days. Colonies that appeared on
the plate were inoculated individually into slant culture
media (with fermentation medium) and cultured in an
incubator for 1 day at 30 °C. Then different ACP-utilizing microorganisms were obtained and their ability as
catalysts in the asymmetric reduction of simple aromatic
ketones was assayed.
Morphological and physiological analyses of the isolated microbe were done according to the Bergey’s Manual of Determinative Bacteriology (26). A light microscope was used to observe its morphological features.
Genomic DNA for molecular identification of the strain
was extracted using the modified benzyl chloride method (27). In order to identify the isolated microbe, the 16S
rDNA was cloned by PCR. The PCR amplification of 16S
rDNA was carried out in 25 mL of reaction mixture containing 10× Pfu reaction buffer (with Mg2+), 10 mmol/L
of each deoxynucleoside triphosphate, 1.25 U of Pfu
DNA polymerase (Tiangen Biotech, Beijing, PR China),
1.25 mmol/L of each forward primer (5’-GAGAGTTTGATCCTGGCTCAG-3’) and reverse primer (5’-AAGGAGGTGATCCAGCC-3’) and 50–100 ng of template DNA.
The PCR reaction conditions were as follows: 5 min at
95 °C for initial denaturation, 1 min at 94 °C for denaturation, 1 min at 67 °C for annealing of DNA, 2 min at
72 °C for extension with total of 30 cycles of amplification
and 10 min at 72 °C of final extension. The PCR-amplified products were purified by Gel Extraction kit (Omega
Bio-Tek, Norcross, GA, USA) and sequenced by Sangon
Biotech (Shanghai, PR China). The 16S rDNA was compared with sequences in nucleotide database (NCBI) using
the BLAST algorithm (28). Multiple sequence alignment
was carried out with CLUSTALW (Conway Institute
UCD, Dublin, Ireland) multiple sequence alignment. The
neighbour-joining phylogenetic analysis was constructed
with MEGA v. 4.0 software (Center for Evolutionary
Medicine and Informatics, The Biodesign Institute, Tempe, AZ, USA).

Microbial culture and asymmetric reduction
To obtain plenty of cells for the biocatalysis of the
asymmetric reduction and enzyme separation and purification, the microbe was aerobically cultured in a 7-litre
fermentor (BIOSTAT®A plus, Sartorius AG, Goettingen,
Germany) with 5 L of fermentation medium for 24 h.
The fermentor was operated at 30 °C, 300 rpm and pH=
7.0. The cells were harvested by centrifugation (10 000×g
for 10 min, at 4 °C), and were washed with normal saline. Finally, the resting cells were conserved at –86 °C
for enzyme separation and bioreduction.
Properties of this isolated microorganism as a biocatalyst for asymmetric reduction of ACP were also studied. The resting cells were used to investigate the effects
of reduction conditions, such as temperature, pH, substrate concentration, cosubstrate and reaction time on the
asymmetric reduction of ACP.

Key ketone reductase separation and purification
procedure
The key ketone reductase, used for the asymmetric
reduction of aromatic ketones, was separated and purified by cell-free extract, fractionation salting out, anion
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exchange chromatography and gel filtration chromatography. The anion exchange chromatography and gel filtration were performed with an AKTA prime chromatography system (GE Healthcare Life Sciences). All
separation and purification steps were carried out at 4
°C. Detailed information for the separation and purification procedure is given in the Supplementary material
S1.

Determination of the enzyme molecular mass
The molecular mass of the native enzyme was evaluated by gel filtration column chromatography using a
Sephadex G-75 column with phosphate buffer containing 0.14 mol/L of NaCl as the mobile phase at a flow
rate of 0.5 mL/min. The column was precalibrated with
a standard protein ladder: bovine serum albumin (66.2
kDa), ovalbumin (43.0 kDa), protease K (28.5 kDa) and
lysozyme (14.4 kDa).
The molecular mass of the subunit of the purified
enzyme was determined by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) with an
unstained SDS-PAGE molecular mass ladder (composed
of seven standard proteins from 14.4 to 116 kDa) as the
standard.

Evaluation of enzymatic properties
The following enzymatic properties of the purified
ketone reductase were evaluated: cofactor requirement,
the optimum pH and pH stability, the optimum temperature and thermal stability, effect of metal ions, and storage stability. The standard experimental procedure for
the general evaluation of enzymatic properties was used.

Analysis of the reaction products
The concentrations of ACP, R-PEA and S-PEA were
determined by a gas chromatography (GC) with a b-cyclodextrin (Cyclodex B) chiral capillary chromatographic
column. The GC analytical approach was the same as in
our previous work (14,15). The reaction degree and the
enantioselectivity were indicated by chemical yield and
enantiomeric excess (e.e.), respectively, which were calculated as follows:
c
Yield = P ⋅ 100
/1/
cO
e.e. =

cR − cS
⋅ 100
cR + cS

/2/

where cO is initial substrate concentration, cP is final product concentration, cR is final R-PEA concentration, and cS
is final S-PEA concentration.

Enzyme activity assay
The aromatic ketone reductase activity of ACP was
assayed using spectrophotometrical method (29) based
on the reduction of one molecule of ACP coupled with
oxidation of one molecule of NADH to NAD+. NADH
has a characteristic absorbance at 340 nm, therefore the
decrease of the absorbance at 340 nm can represent the
ketone reductase activity. The standard assay mixture
contained 700 mL of phosphate buffer (0.1 mol/L, pH=

7.0), 5 mmol/L of ACP and 0.25 mmol/L of NADH. The
mixture was preheated to 30 °C, and then the enzyme
solution was added. The reaction mixture was monitored by absorbance decrease at 340 nm for 2 min with a
spectrophotometer (Ultrospec 3300 Pro UV/VIS Spectrophotometer, GE Healthcare Life Sciences) using reaction
kinetics application modules of SWIFT II software (GE
Healthcare Life Sciences). One unit of the enzyme activity was defined as the amount of enzyme that catalyzed
the oxidation of 1 mmol of NADH to NAD+ per minute,
accompanied by the reduction of ACP. Specific activity
was expressed as units per milligram of protein.

Protein content assay
Protein content was estimated by Bradford protein-dye binding method using bovine serum albumin as
the protein standard (30).

Results and Discussion
Microbial screening and identification
The purpose of screening procedure was to obtain a
microbial strain that possessed satisfactory catalytic activity and excellent stereoselectivity. Also, it should tolerate high concentrations of the substrate. With the novel
screening procedure, a total of 18 microbial strains were
obtained, which were able to reduce ACP to the corresponding chiral alcohol. In terms of yield and e.e., strain
no. 1–2 was the best for the asymmetric reduction of
simple aromatic ketone. The reaction yield and e.e. were
more than 72 and 90 %, respectively. The superior enantiomer of the product is R-PEA, which demonstrates
that the asymmetric reaction catalyzed by the newly isolated strain follows anti-Prelog rule.
To identify strain no. 1–2, its 16S rDNA region was
cloned by PCR and sequenced. The nucleotide blast analysis was conducted in NCBI (28) to find homologous
sequences. Fourteen corresponding sequences of representative species were selected and used to construct an
unrooted phylogenetic tree (using MEGA v. 4.0 software). The 16S rDNA sequence and the unrooted phylogenetic tree are given in Supplementary material S2 and
S3. The results show that strain no. 1–2 is a Microbacterium sp. Furthermore, the morphological and physiological identification experiments also confirm that the
strain no. 1–2 is a Microbacterium sp. according to Bergey’s Manual of Determinative Bacteriology (26). The
morphological, physiological and biochemical data are
given in Supplementary material S4. The newly isolated
strain, Microbacterium sp., was deposited in the China
Center for Type Culture Collection (CCTCC) with CCTCC
Accession No. M 2011449. The 16S rDNA sequence of
the newly isolated Microbacterium sp. was deposited at
the GenBank database with the Accession No. JQ080914.

Asymmetric reduction of ACP with Microbacterium
sp. resting cells
The reaction characteristics of asymmetric reduction
of ACP catalyzed by the newly isolated Microbacterium
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sp. were determined. The effects of substrate concentration, reaction time, pH, temperature and cosubstrate on
the asymmetric reduction of ACP were investigated.
The results in Fig. 1 show that these factors markedly affected the reaction yield. In all cases, the stereoselectivity was outstanding, and the e.e. was almost 100
%. The optimal reduction conditions were: 30 °C, pH=5.0,
15 mmol/L of ACP, reaction time of 30 h and 2-propanol
as the cosubstrate. With the optimal reduction condia) 70

tions, 82 % reaction yield and >99 % e.e. of R-PEA were
achieved. The reaction followed anti-Prelog rule, which
indicated that the novel Microbacterium sp. was an efficient biocatalyst for the asymmetric reduction of prochiral simple aromatic ketones. In previous report, Microbacterium sp. MA 5614 was able to produce MK-0476
(S)-hydroxy ester by asymmetric reduction of the corresponding keto ester (31). This indicates that Microbacterium sp. has a broad substrate range.
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Fig. 1. Reaction characteristics (yield and enantiomeric excess (e.e.) of (R)-1-phenylethanol (R-PEA)) of asymmetric reduction of
acetophenone (ACP) catalyzed by the newly isolated Microbacterium sp.: a) the effect of substrate concentration on the asymmetric reduction (reaction conditions: 30 °C, potassium phosphate buffer (KPB) 20 mL, pH=7.0, resting cells 2 g, reaction time 24 h); b) the effect
of reaction time on the asymmetric reduction (reaction conditions: 30 °C, KPB 20 mL, pH=7.0, resting cells 2 g, ACP 15 mmol/L); c) the
effect of pH on the asymmetric reduction (reaction conditions: 30 °C, resting cells 2 g, reaction time 24 h, ACP 15 mmol/L); d) the effect
of temperature on the asymmetric reduction (reaction conditions: KPB 20 mL, pH=7.0, resting cells 2 g, reaction 24 h, ACP 15 mmol/L);
e) the efect of cosubstrate on the asymmetric reduction (reaction conditions: 30 °C, KPB buffer 20 mL, pH=7.0, resting cells 2 g, ACP 15
mmol/L, cosubstrate 10 g/L, reaction time 24 h). n: yield, l e.e. for a, b, c, d and o: yield, : e.e. for e
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Purification of the ketone reductase from
Microbacterium sp.
The reductase responsible for the asymmetric reduction of simple aromatic ketones was purified from the
newly isolated Microbacterium sp. With the three complementary separation steps (fractional precipitation, anion
exchange chromatography and gel filtration chromatography), it was purified 87.5-fold to a SDS-PAGE purity
with a 29.9 % yield. The results of each separation step
are given in Table 1. The SDS-PAGE of the purified ketone reductase is shown in Fig. 2.

Molecular mass of the enzyme
The molecular mass of the whole native aromatic
ketone reductase is about 61.9 kDa as determined by gel
filtration chromatography in comparison with the elution volume of standard proteins. The gel filtration chromatography data are given in Supplementary material
S5. The molecular mass of the subunit is 28 kDa as determined by SDS-PAGE and presented in Fig. 2. According to the results of gel filtration chromatography and
SDS-PAGE, it could be deduced that the Microbacterium
sp. aromatic ketone reductase is a homodimer with two
28-kDa subunits. This result coincides with the ACP reductase from Geotrichum candidum NBRC 4597 (17), which
consists of two 36-kDa identical subunits. In general,
dehydrogenases and reductases are low-molecular-mass
monomeric enzymes (32). However, many reported reductases consist of two subunits, such as carbonyl reductase from C. parapsilosis DSM 70125, which comprises
two 67-kDa identical subunits (33), and heterodimeric
carbonyl reductase from Geotrichum capitatum JCM 3908,
which comprises a 39- and 41-kDa subunits (20).

Fig. 2. SDS-PAGE of the purified aromatic ketone reductase from
the newly isolated Microbacterium sp. Lane M: standard protein
ladder (Mr/kDa), b-galactosidase (116.0), bovine serum albumin
(66.2), ovalbumin (45.0), lactate dehydrogenase (35.0), REase Bsp
981 (25.0), b-lactoglobulin (18.4 kDa), lysozyme (14.4); lane 1:
cell-free extract; lane 2: (NH4)2SO4 fractional precipitation; lane 3:
DEAE Sepharose FF ion exchange chromatography; lane 4: Sephadex G-75 gel filtration chromatography. Gel was stained with
0.25 % Coomassie Brilliant Blue R-250

Enzymatic properties
Coenzyme requirement
The coenzyme requirement for the purified reductase showed that the specific enzyme activity was about
16.3 U/mg with NADH as the coenzyme, whereas its
activity was null with NADPH as the coenzyme. These
results clearly indicate that the aromatic ketone reductase from Microbacterium sp. is NADH-dependent. The
coenzyme requirement of other reported ketone reductases from various microorganisms were compared and
listed in Table 2 (16,17,32,34–38). The results clearly show
that the specific activity of the purified ketone reduc-

Table 1. Summary of the purification steps of the aromatic ketone reductase from Microbacterium sp.
Purification step

m(protein)

Activity

Specific activity

Yield

Purification

mg

U

U/mg

%

fold

56.9

11.7

0.2

100

3.2

10.5

3.3

Cell-free extract
(NH4)2SO4 fractional precipitation

89.7

1.00
16.5

DEAE Sepharose FF ion exchange chromatography

2.0

6.9

3.5

59.0

17.5

Sephadex G-75 gel filtration chromatography

0.2

3.5

17.5

29.9

87.5

Table 2. Specific activities of ketone reductases from different microorganisms
Microorganism

Substrate

Coenzyme

Specific activity
U/mg

Reference

Microbacterium sp.

ACP

NADH

16.23

this study

Candida krusei SW 2026

OPBE

NADPH

12.6

(16)

Geotrichum candidum
Geotrichum candidum NBRC 4597
Candida viswanathii MTCC 5158
Williopsis saturnus var. mrakii AJ-5620
Sporobolomyces salmonicolor AKU 4429

1-acetonaphthone

NADH

ACP

NADH

40.1
358.58

(34)

0.89

(35)

ACP

NADH

HPPO

NADPH

590

(32)
(17)

COBE

NADPH

10.4

(36)

C. parapsilosis ATCC 28474

b-hydroxyacetophenone

NADH

14

(37)

C. macedoniensis AKU 4588

quinones

NADPH

131

(38)

ACP=acetophenone, OPBE=ethyl 2-oxo-4-phenylbutyrate, HPPO=3-hydroxy-1-phenylpropane-1-one, COBE=ethyl 4-chloroacetoacetate
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tases from different microorganisms lies in a broad range
from 0.89–590 U/mg. The disparity in the activity is due
to their different microorganism source or protein structure.
Effect of pH
The effect of pH on the purified reductase activity is
given in Fig. 3a with pH ranges from 4.0–9.0. In a broad
pH range, from 6.0 to 9.0, this reductase showed good
activity. The optimum pH was 7.0. However, the reductase activity rapidly decreased with pH decrease from
6.0 to 4.0. The optimum pH zone of the enzyme in a
neutral pH was also observed for other carbonyl reductases from Geotrichum capitatum JCM 3908 (20) and Candida magnolia KFCC 11023 (39).
The pH stability of purified reductase was determined
in a pH range from 3.0 to 9.0. The results are presented
in Fig. 3b. It shows that the reductase was stable in pH=
6.0–8.0. The residual activity was able to keep more than
90 % in this pH range. The reductase stability sharply
decreased when pH was lower than 6.0 or higher than
8.0, which proves that the reductase was sensitive to pH.
A similar trend of the stability profile of reductases was
observed with other reported carbonyl reductases such
as those from Candida viswanathii MTCC 5158 (34) and
Rhodococcus ruber DSM 44541 (40), which showed good
stability at pH=6.5–7.0 and pH=6.0–7.0, respectively.
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Effect of temperature
The effect of temperature on the reductase activity
was investigated by measuring the enzyme activity at
different temperatures (from 20 to 60 °C). The results are
given in Fig. 4a. The optimum temperature was 40 °C, at
which the reductase showed the highest enzymatic activity. Its activity rapidly increased with the increase of
the reaction temperature from 20 to 40 °C. Further increase of the reaction temperature resulted in the decrease of reductase activity. Regarding the optimum temperature of the purified aromatic ketone reductase, it
was similar to the carbonyl reductase from Rhodococcus
erythropolis DSM 743 (41). However, it was different
from the carbonyl reductases from Geotrichum candidum
NCIM 980 (32), Candida viswanathii MTCC 5158 (34) and
Rhodococcus ruber DSM 44541 (40); their optimum temperatures are about 50 to 65 °C. On the other hand, carbonyl reductases from Candida krusei SW 2026 (16) and
Geotrichum capitatum JCM 3908 (20) showed lower optimum temperature, about 30 °C.
The thermal stability of the reductase was also evaluated. The preincubation temperature range was from
10 to 60 °C. The results in Fig. 4b demonstrate that this
reductase is thermally stable. Although it was preincubated at 60 °C for 1 h, it still retained about 80 % residual activity. The good thermal stability indicated that
this reductase possessed a good prospect for practical
application.
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Fig. 3. The effect of pH on the aromatic ketone reductase isolated
from the Microbacterium sp.: a) the effect of pH on the enzyme activity, n c(acetate buffer)=0.1 mmol/L, l c(phosphate buffer)=0.1
mmol/L,  c(Tris–HCl)=0.1 mmol/L (the maximum activity in
the tested buffers was taken as 100 %, and relative activities of
other pH values were expressed as its percentage); b) the effect of
pH on the enzyme stability (the activity without preincubation in
different pH buffers was taken as 100 %, and the residual activities under corresponding pH were expressed as its percentage)

Fig. 4. The effect of temperature on the aromatic ketone reductase
isolated from the Microbacterium sp.: a) the effect of temperature
on the enzyme activity (the maximum activity at the tested temperatures was taken as 100 %, and relative activities of other temperatures were expressed as its percentage); b) the effect of temperature
on the enzyme stability (the activity without heat preincubation
was taken as 100 %, and residual activities under corresponding
temperature were expressed as its percentage)
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Effect of metal ions
Cu2+, Ca2+, Fe2+, Zn2+, Mg2+ and Mn2+ were used to
evaluate the effect of metal ions on the aromatic ketone
reductase from Microbacterium sp. Also, EDTA was used
to chelate the possible metal ion in the solution in order
to find the effect of the absence of trace metal ions.
The experimental results (Table 3) show that Fe2+
could significantly improve the activity of the reductase,
more than 30 %, while Cu2+ could remarkably inhibit the
reductase activity, even cause a total loss of its activity.
Generally, ketone reductases have thiol group at the catalytic site. Cu2+ is a thiol-specific ion, and it can bind
with the group to deactivate its activity (32). With the
addition of EDTA, the relative activity was just about 85
%, which proved that the reductase from Microbacterium
sp. needed the metal ions to perform its highest activity.

Conclusion
A novel Microbacterium sp. was isolated that can catalyze the asymmetric reduction of prochiral simple aromatic ketones with high catalytic activity and excellent
enantioselectivity. Using acetophenone as a model substrate for asymmetric reduction, the reaction yield of 82
% and e.e. of 99 % were obtained under the optimal reaction conditions. The key reductase, which was responsible
for the reduction, was purified from the newly isolated
Microbacterium sp. It is a 61.9-kDa NADH-dependent dimeric reductase. The enzymatic properties show that it
is an excellent reductase for the asymmetric reduction of
simple aromatic ketones. Based on these findings, it can
be concluded that this newly obtained microbe has a
good prospect for practical application.
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Supplementary material
S1. Aromatic ketone reductase separation and purification procedure
Step 1. Preparation of cell-free extract. Washed cells (6.0 g) were suspended in 10-mL buffer A (20 mM, pH=7.0, phosphate buffer) with
1 mM DTT and 1 mM PMSF. The cells were disrupted by ultrasonication (200–240 W, pulse 4 s, pause 7 s) for 30 min. Cell
debris was removed by centrifugation (10 000×g for 25 min) at 4 °C. Then the clear supernatant, crude enzyme solution designated as cell-free extract (CFE) was obtained.
Step 2. Ammonium sulphate fractional precipitation. Initially, ammonium sulphate was added to the CFE to a final content of 50 % saturation and the mixture was settled at 4 °C for 1 h. The precipitate was removed by centrifugation (10 000×g for 25 min). The
clear supernatant was subjected to increased concentration of ammonium sulphate to 70 % saturation. The solution was further settled for 1 h at 4 °C. The resulting precipitate was collected by centrifugation (10 000×g for 25 min). Then it was resuspended in buffer A and dialyzed against the same buffer containing 1 mM DTT at 4 °C overnight.
Step 3. Anion exchange chromatography. The dialyzed fraction was filtered through a 0.45-mm micropore membrane, and loaded on a
DEAE Sepharose Fast Flow column (1.6×20 cm, GE Healthcare Life Sciences) prebalanced with buffer A. The column was
washed with buffer A. Then the enzyme was eluted with a linear gradient of NaCl (from 0 to 0.8 M) in the same buffer with
a flow rate of 1 mL/min. Fractions containing aromatic ketone reductase activity were collected and concentrated with polyethylene glycol. The concentrated protein solution was dialyzed against buffer A containing 1 mM DTT at 4 °C overnight.
Step 4. Gel filtration chromatography. The dialyzed solution was then loaded on Sephadex G-75 column (1.6×70 cm). The column was
balanced and eluted with buffer A mixed in 0.14 M NaCl until the basic line was plain. The active fraction was collected. It
was a purified enzyme solution, which was used for the following enzyme characterization experiment.

S2. 16S rDNA sequence of strain no. 1–2
1

CCGAAAGGGG GCGTGCCTA C CATGCAAGTC GAACGGT GAA GCAGAGCTTG

50

51

CTCTGTGGAT CAGTG GCGAA CGGGTGAGGA ACA CGTGAGC AACCTGCCCT

100

101 GGACTCTGGG ATAAGCGCTG GAAACGGCGT CTAATACTGG ATACGAGACG

150

151 TGGCCGCATG GTCAACGTTT GGAAAGATTT TTTGGTTCAG GATGGGCTCG

200

201 CGGCCTATCA GCTTGTTGGT GAGGTAATGG CTCACCAAGG CGTCGACGGG

250

251 TAGCCGGCCT GAGAGGGTGA CCGGCCACAC TGGGACTGAG ACACGGCCCA

300

301 GACTCCTACG GGAGGCAGCA GTGGGGAATA TTGCACAATG GGCGAAAGCC

350

351 TGATGCAGCA ACGCCGCGTG AGGGATGACG GCCTTCGGGT TGTAAACCTC

400

401 TTTTAGCAAG GAAGAAGCGA AAGTGACGGT ACTTGCAGAA AAAGCGCCGG

450

451 CTAACTACGT GCCAGCAGCC GCGGTAATAC GTAGGGCGCA AGCGTTATCC

500

501 GGAATTATTG GGCGTAAAGA GCTCGTAGGC GGTTTGTCGC GTCTGCTGTG

550

551 AAAACTGGAG GCTCAACCTC CAGCCTGCAG TGGGTACGGG CAGACTAGAG

600

601 TGCGGTAGGG GAGATTGGAA TTCCTGGTGT AGCGGTGGAA TGCGCAGATA

650

651 TCAGGAGGAA CACCGATGGC GAAGGCAGAT CTCTGGGCCG TAACTGACGC

700

701 TGAGGAGCGA AAGGGTGGGG AGCAAACAGG CTTAGATACC CTGGTAGTCC

750

751 ACCCCGTAAA CGTTGGGAAC TAGTTGTGGG GACCATTCCA CGGTTTCCGT

800

801 GACGCAGCTA ACGCATTAAG TTCCCCGCCT GGGGAGTACG GCCGCAAGGC

850

851 TAAAACTCAA AGGAATTGAC GGGGACCCGC ACAAGCGGCG GAGCATGCGG

900

901 ATTAATTCGA TGCAACGCGA AGAACCTTAC CAAGGCTTGA CATATACGAG

950

951 AACGCTGCAG AAATGTAGAA CTCTTTGGAC ACTCGTATAC AGGTGGTGCA 1000
1001 TGGTTGTCGT CAGCTCGTGT CGTGAGATGT TGGGTTAAGT CCCGCAACGA 1050
1051 GCGCAACCCT CGTTCTATGT TGCCAGCACG TAATGGTGGG AACTCATGGG 1100
1101 ATACTGCCGG GGTCAACTCG GAGGAAGGTG GGGATGACGT CAAATCATCA 1150
1151 TGCCCCTTAT GTCTTGGGCT TCACGCATGC TACAATGGCC GGTACAAAGG 1200
1201 GCTGCAATAC CGTGAGGTGG AGCGAATCCC AAAAAGCCGG TCCCAGTTCG 1250
1251 GATTGAGGTC TGCAACTCGA CCTCATGAAG TCGGAGTCGC TAGTAATCGC 1300
1301 AGATCAGCAA CGCTGCGGTG AATACGTTCC CGGGTCTTGT ACACACCGCC 1350
1351 CGTCAAGTCA TGAAAGTCGG TAACACCTGA AGCCGGTGGC CTAACCCTTG 1400
1401 TGGAGGGAGC CGTCGAAGGT GGGATCGGTA ATTAGGACTA AGTCGAACAA 1450
1451 GTGCCCCCC
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S3. Unrooted phylogenetic tree
The unrooted phylogenetic tree was constructed based on the BLAST results from NCBI with the 16S rDNA sequences (28)
Microbacterium paraoxydans strain 58
98

Microbacterium paraoxydans strain 3131
Microbacterium paraoxydans strain 76

99

Microbacterium oxydans strain 2345
100

Microbacterium oxydans strain 2350
Microbacterium flavescens strain 3373
Microbacterium thalassium

92

Microbacterium thalassium DSM 12511

100

Microbacterium sp. SKJH-22
Microbacterium sp. 13635I
100

Microbacterium sp. 2229
78
72

Microbacterium sp. R-33775
Microbacterium sp. 2121
Microbacterium thalassium strain JH4
strain no. 1-2

0.010

0.008

0.006

0.004

0.002

0.000

S4. Morphological, physiological and biochemical analyses of strain no. 1–2

Single colony of strain no. 1–2

Physiological and biochemical characteristics of the strain no. 1–2
Test

Result

Test

Result

gelatin liquefaction

–

D-glucose

++

milk solidification

+

D-fructose

+

milk peptonization

–

sucrose

+

starch hydrolysis

–

D-xylose

++

cellulose hydrolysis

–

D-mannitol

–

nitrate reduced

–

L-inositol

–

hydrogen sulphide produced

–

L-arabinose

–

pigment production using tyrosine

–

L-

rhamnose

–

The morphological and physiological analyses were conducted according to the Bergey’s Manual of Determinative Bacteriology (26)
–=negative reaction, + and ++=positive reaction; the more +, the stronger the reaction degree
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S5. Standard curve of gel filtration chromatography to determine the ketone reductase molecular mass
4.9
standard proteins
target enzyme

4.8

log M r /kDa

4.7
y=-1.09246x+4.85411

4.6

2

R =4.791771

4.5
4.4
4.3
4.2
4.1
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Kav
Mr=molecular mass, Kav=(Ve–V0)/(Vt–V0), Ve=elution volume, V0=void volume, Vt=total liquid volume
standard proteins: bovine serum albumin (66.2 kDa), ovalbumin (43.0 kDa), protease K (28.5 kDa), lysozyme (14.4 kDa)

