
BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS

Characterization of a stereospecific acetoin(diacetyl)
reductase from Rhodococcus erythropolis WZ010
and its application for the synthesis of (2S,3S)-2,3-butanediol

Zhao Wang & Qingqing Song & Meilan Yu &

Yifang Wang & Bin Xiong & Yinjun Zhang &

Jianyong Zheng & Xiangxian Ying

Received: 2 February 2013 /Revised: 12 March 2013 /Accepted: 19 March 2013 /Published online: 9 April 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract Rhodococcus erythropolisWZ010 was capable of
producing optically pure (2S,3S)-2,3-butanediol in alcoholic
fermentation. The gene encoding an acetoin(diacetyl) reduc-
tase from R. erythropolis WZ010 (ReADR) was cloned,
overexpressed in Escherichia coli, and subsequently puri-
fied by Ni-affinity chromatography. ReADR in the native
form appeared to be a homodimer with a calculated subunit
size of 26,864, belonging to the family of the short-chain
dehydrogenase/reductases. The enzyme accepted a broad
range of substrates including aliphatic and aryl alcohols,
aldehydes, and ketones. It exhibited remarkable tolerance
to dimethyl sulfoxide (DMSO) and retained 53.6 % of the
initial activity after 4 h incubation with 30 % (v/v) DMSO.
The enzyme displayed absolute stereospecificity in the reduc-
tion of diacetyl to (2S,3S)-2,3-butanediol via (S)-acetoin. The
optimal pH and temperature for diacetyl reduction were pH 7.0
and 30 °C, whereas those for (2S,3S)-2,3-butanediol oxidation
were pH 9.5 and 25 °C. Under the optimized conditions, the
activity of diacetyl reduction was 11.9-fold higher than that of
(2S,3S)-2,3-butanediol oxidation. Kinetic parameters of the
enzyme showed lower Km values and higher catalytic efficien-
cy for diacetyl and NADH in comparison to those for (2S,3S)-
2,3-butanediol and NAD+, suggesting its physiological role in
favor of (2S,3S)-2,3-butanediol formation. Interestingly, the

enzyme showed higher catalytic efficiency for (S)-1-
phenylethanol oxidation than that for acetophenone reduction.
ReADR-catalyzed asymmetric reduction of diacetyl was
coupled with stereoselective oxidation of 1-phenylethanol,
which simultaneously formed both (2S,3S)-2,3-butanediol
and (R)-1-phenylethanol in great conversions and enantiomeric
excess values.

Keywords Acetoin(diacetyl) reductase . Rhodococcus
erythropolisWZ010 . (2S,3S)-2,3-butanediol . Asymmetric
reduction . Stereoselective oxidation

Introduction

Acetoin(diacetyl) reductase (ADR; also known as 2,3-
butanediol dehydrogenase) is one of the key enzymes in the
microbial production of 2,3-butanediol, a platform chemical
with extensive industrial applications in the production of
plastics, printing inks, perfumes, fumigants, spandex, moisten-
ing and softening agents, plasticizers, and pharmaceutical
carrier (Syu 2001; Celińska and Grajek 2009; Ji et al. 2011).
ADRs can reduce diacetyl to acetoin and then to 2,3-butanediol
that has three types of stereoisomers: meso-2,3-butanediol,
(2R,3R)-2,3-butanediol, and (2S,3S)-2,3-butanediol. Optically
pure 2,3-butanediol with two vicinal stereogenic centers can be
used as an excellent building block in asymmetric synthesis of
chiral compounds. However, native microorganisms usually
produce a mixture of two 2,3-butanediol stereoisomers (Yan et
al. 2009). Particularly, no native microorganism has been
reported to produce optically pure (2S,3S)-2,3-butanediol
yet (Ji et al. 2011). Therefore, it is desirable to discover
the native producer or its ADR with the capability to form
enantiomerically pure (2S,3S)-2,3-butanediol. Due to
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difficulties in the direct fermentative production of (2S,3S)-2,3-
butanediol, researchers have developed different methods for
(2S,3S)-2,3-butanediol production. The ADR-overexpressed
Escherichia coli cells in conjunctionwith asymmetric reduction
of diacetyl has been approved to be a promising alternative for
the production of (2S,3S)-2,3-butanediol (Xiao et al. 2010;
Zeng and Sabra 2011; Li et al. 2012).

In terms of stereospecificity, carbonyl reductases such as
ADRs are also a group of important biocatalysts for the
synthesis of chiral alcohols by either asymmetric reduction
or stereoselective oxidation. Rhodococcus erythropolis
strains have been reported to contain a large set of oxidore-
ductases that asymmetrically reduce prochiral ketones to
chiral alcohols (de Carvalho and da Fonseca 2005). Two
NADP+-dependent short-chain dehydrogenases from R.
erythropolis MAK154 and R. erythropolis BCRC 10909
were characterized as promising enzymes for the prepara-
tion of double chiral amino alcohols (Kataoka et al. 2006;
Lin et al. 2010). The gene encoding an NAD+-dependent
medium-chain alcohol dehydrogenase was isolated from the
genomic DNA of R. erythropolis DSM 43297, which gene
product displayed (S)-stereospecificity for the reduction of
acetophenone (Abokitse and Hummel 2003). Another
medium-chain alcohol dehydrogenase characterized from R.
erythropolis ATCC 4277 was (R)-enantioselective in β-keto
esters transformation (Zhu et al. 2012). Up to date, neither
ADR nor 2,3-butanediol dehydrogenase has been character-
ized from R. erythropolis yet.

We previously identified and characterized R. erythropolis
WZ010 as a versatile biocatalyst with excellent stereoselectivity
in the whole-cell-catalyzed reduction of various aryl ketones
(Yang et al. 2012). Here, we report that R. erythropolisWZ010
had the capability to produce optically pure (2S,3S)-2,3-
butanediol in alcoholic fermentation. The recombinant NAD+-
dependent ADR was strictly (S)-enantioselective in ketone
reduction and highly stable at elevated concentrations of di-
methyl sulfoxide (DMSO). In addition, the enzyme was used
for simultaneous catalysis of both asymmetric reduction
of diacetyl and stereoselective oxidation of racemic
1-phenylethanol, which led to efficient recycling of
NAD+/NADH and the production of both (2S,3S)-2,3-
butanediol and (R)-1-phenylethanol.

Materials and methods

Chemicals, enzymes, and organisms

All chemicals were purchased from J&K Chemical Ltd.
(Shanghai, China) or Shanghai Jingchun Reagent Co., Ltd.
(Shanghai, China), unless stated otherwise. Restriction en-
zymes were purchased from TaKaRa Bio Inc. (Dalian,
China). TransStrat™ Taq DNA Polymerase for polymerase

chain reaction (PCR) amplification and pEASY-E1 expression
vector were purchased from TransGen Biotech Co., Ltd.
(Beijing, China). R. erythropolis WZ010 used as the donor
of adr gene had been deposited in the China Center for Type
Culture Collection (CCTCC 2011336). The strains E. coli
DH5α and BL21(DE3) were used for the purposes of cloning
and expression, respectively.

Growth conditions

The Luria–Bertani (LB) medium was routinely used for
culturing recombinant E. coli and preparing seed inocula of
R. erythropolis WZ010. The alcoholic fermentation of R.
erythropolis WZ010 was carried out with a simple control
strategy of O2 limitation in a previously described fermenta-
tion medium containing 110 mM glucose (Jung et al. 2012).
During the first 12 h of incubation, R. erythropolis WZ010
was cultivated on a rotary shaker at 200 rpm for sufficient O2

supply. After then, the cells were cultured under static condi-
tion for strong O2 limitation. All bacteria were cultured at
30 °C, 200 rpm for 24 h, unless stated otherwise.

Construction of the expression plasmid pEASY-E1-adr

The gene of R. erythropolis WZ010 encoding the puta-
tive ADR, named as adr, was amplified from the geno-
mic DNA using forward and reverse primers adrF (5′-
ATGAGCATCACGGGCA - 3 ′ ) a n d a d rR ( 5 ′ -
TCAGCGGTAGACGAGACC-3′). The adr gene was
PCR-amplified with the conditions as follows: 94 °C
for 4 min for initial denaturation; 30 cycles of 94 °C
for 30 s, 52 °C for 30 s, and 72 °C for 50 s; and 72 °C
for 10 min for the final extension. The PCR products were
purified using the Genomic DNA Fragment Rapid
Purification Kit (BioDev-Tech, Beijing, China). According
to the instruction of the pEASY-E1 Expression Kit, the
targeted DNA fragment was ligated with the expression vector
and then the ligated product was transformed into E. coli
DH5α competent cells. The plasmid DNAwas isolated from
positive transformers screened through colony PCRs and fur-
ther verified by DNA sequencing (Sangon, Shanghai, China).
The plasmid harboring the adr gene was designated as
pEASY-E1-adr.

Expression and purification of ReADR

The plasmid pEASY-E1-adr was transformed into the strain
E. coli BL21(DE3). The recombinant cells were grown at
37 °C in the LB medium until the OD600 reached up to 0.5,
when the gene expression was induced with 1 mM isopropyl
β-D-1-thiogalactopyranoside. The cells were subsequently
cultured at 28 °C for 16 h and then harvested by centrifu-
gation. The precipitate was resuspended in 50 mM Tris–HCl
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buffer (pH 8.0) and disrupted through ultrasonication for
8 min. The cell lysate was then centrifuged to remove the cell
debris. The obtained supernatant from the crude extract was
applied to a Ni-NTA chelating affinity column (Bio-Rad
Laboratories, Hercules, CA, USA) equilibrated with the bind-
ing buffer (5 mM imidazole and 300 mM NaCl dissolved in
50 mM Tris–HCl, pH 8.0). The bound enzyme was eluted by
applying a stepwise gradient of imidazole concentrations from
10 to 250 mM. Fractions containing ReADRwere eluted with
100 mM imidazole, desalted with 50 mM Tris–HCl (pH 8.0)
by ultrafiltration, and then stored at −20 °C for further char-
acterization. The purity of the purified ReADR was verified
using sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) as described previously (Laemmli 1970).
The molecular mass of the enzyme in the native form was
determined using a high-performance liquid chromatography
equipped with the size-exclusion column WAT011535
(Waters Corporation, Milford, MA, USA), in which the flow
phase was 50 mM phosphate buffer containing 150 mMNaCl
(pH 6.8) and the molecular mass standards consist of thyro-
globulin (670,000), γ-globulin (158,000), ovalbumin
(44,000), myoglobin (17,000), and vitamin B12 (1,350).

Enzyme activity assay of the purified ReADR

The catalytic activity of ReADRwas measured by monitoring
the substrate-dependent absorbance change of NAD(H) at
340 nm (ε340=6.3 mM−1 cm−1). Unless otherwise specified,
the enzyme assay was carried out in duplicate using the assay
mixture (2.5 ml) for alcohol oxidation containing 22 mM 2,3-
butanediol and 0.64 mM NAD+ at 25 °C in the 50 mM
N-cyclohexyl-2-hydroxyl-3-aminopropanesulfonic acid
(CAPSO) buffer (pH 9.5). The assay mixture (2.5 ml) for
the reduction of ketone/aldehyde contained 22 mM diacetyl
and 0.4 mM NADH at 30 °C in the 50 mM piperazine-N,
N′-bis(ethanesulfonic acid) buffer (PIPES, pH 7.0). The addi-
tion of the purified enzyme (40 μg) initiated the enzyme assay.
One unit of the activity is defined as 1 μmol NADH formation
or oxidation per minute. The protein concentrations of all
samples were determined using the Bradford method, and
bovine serum albumin served as the standard protein.

Catalytic properties of ReADR

The effect of temperature on the enzyme activity was exam-
ined at temperatures from 15 to 50 °C. The effect of pH on the
enzyme activity was determined over a range of pH 6.1 to 11.
The buffers (50 mM) used were PIPES (pH 6.1 to 7.5),
Tris–HCl (pH 7.5 to 9.0), CAPSO (pH 9.0 to 10.0), and
3-(cyclohexylamino)-1-propanesulfonic acid (pH 10.0 to
11.0). Substrate specificity was determined using primary
and secondary alcohols, diols, polyols, and aromatic alcohols
or aldehydes and ketones under standard assay conditions.

The effect of cations, ethylenediaminetetraacetic acid
(EDTA), and organic solvents on enzyme activity was exam-
ined by adding each compound at a final concentration of
1 mM (metal ions and EDTA) or 10% (v/v) (organic solvents).
The residual enzyme activity was determined by measuring
the reduction of diacetyl in the 50 mM PIPES (pH 7.0), and
the control enzyme activity was assayed in the absence of any
test compound. The stability at elevated concentrations of
DMSO was carried out by incubating the enzyme in the
50 mM Tris–HCl buffer (pH 8.0) with DMSO ranging from
10 to 40 % (v/v) at 4 °C for 4 h and then the residual activity
for diacetyl reduction was determined.

Enzyme kinetic parameters were determined using differ-
ent substrates and coenzymes (NAD+ or NADH). Various
substrate concentrations were used for determining the corre-
sponding activities at the appropriate temperature (30 °C for
ketone reduction and 25 °C for alcohol oxidation) when
concentrations of corresponding coenzymes were kept con-
stant. Substrates and coenzymes used were NAD+ (0, 0.05,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 mM), (2S,3S)-2,3-
butanediol (0, 0.45, 2.3, 5.8, 11.6, 23.2, 34.8, 46.4, 58, and
116 mM), (S)-1-phenylethanol (0, 1.16, 2.3, 4.0, 6.9, 11.6,
23.2, 46.4, and 92.8 mM), NADH (0, 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, and 0.6 mM), diacetyl (0, 0.45, 2.3, 5.8, 11.6, 23.2, 34.8,
46.4, and 92.8 mM), and acetophenone (0, 0.58, 2.0, 4.6, 8.4,
11.6, 23.2, 34.8, 46.4, and 92.8 mM). Apparent values of Km

and Vmax were calculated by fitting the data into the
Michaelis–Menten equation using SigmaPlot (Systat
Software Inc., San Jose, CA, USA). All the reactions followed
Michaelis–Menten-type kinetics.

Analyses of end products in alcoholic fermentation

The possible end products, such as acetoin and 2,3-butanediol,
were quantitated using a gas chromatography (GC) method as
follows: instrument, Shimadzu GC-2014; column, Agilent
HP-5, 30 m×0.32 mm×0.25 μm; carrier gas, nitrogen at a
flow rate of 20 ml/min; split ratio, 1:50; oven temperature
program, isotherm at 50 °C for 3 min, a 10 °C/min ramp to
200 °C, and isotherm at 200 °C. Prior to the analyses, the
culture medium was centrifuged at 10,000×g for 10 min and
the supernatant was filtered through a 0.45-μm membrane to
remove the residual cells. After filtration, the supernatant was
mixed with methanol at a ratio of 1:1 and 1 μl treated sample
was applied for GC analyses. The stereoselectivity of acetoin
and 2,3-butanediol was determined using a chiral GC method
described in the succeeding section.

Asymmetric reduction of diacetyl and acetoin

The reduction mixture (2 ml) containing 10 mM diacetyl or
racemic acetoin, 50 mM 2-butanol as cosubstrate, 1 mM
NADH, and 300 μg purified enzyme in the 50 mM PIPES
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buffer (pH 7.0). The reaction was carried out at 30 °C for 36 h
under static condition, unless otherwise specified. The reac-
tants were determined with a Shimadzu GC-2014 gas chro-
matograph equipped with a chiral GC column (Varian
CP7502, 25 m×0.25 mm×0.39 mm). The GC analyses were
performed under the following conditions: carrier gas, nitro-
gen at a flow rate of 20 ml/min; split ratio, 1:50; oven tem-
perature program, isotherm at 80 °C for 5 min, 30 °C/min
ramp to 120 °C, 15 °C/min ramp to 180 °C, and then isotherm
at 180 °C for 5 min; detector, flame ionization detector
(250 °C). The 2-ml reaction mixture was extracted with 1 ml
1-butanol under strong vibration. The reaction mixture after
extraction was dehydrated with anhydrous sodium sulfate and
then 1 μl dehydrated sample was directly applied onto the
injector (250 °C) for GC analyses. The peak areas were
quantitated using specific external standards. Retention times
of the reactants were listed as follows: 3.25 min for diacetyl,
6.30 min for (R)-acetoin, 6.60 min for (S)-acetoin, 9.16 min
for (2S,3S)-2,3-butanediol, 9.25 min for (2R,3R)-2,
3-butanediol, and 9.42 min for meso-2,3-butanediol.

Asymmetric reduction of diacetyl and stereoselective
oxidation of 1-phenylethanol simultaneously catalyzed
by ReADR

The reaction mixture (2 ml) containing 60 mM diacetyl,
300 mM racemic 1-phenylethanol, 1 mM NADH, and
1.8 mg purified enzyme in the 50 mM PIPES buffer
(pH 7.0). The reaction was carried out at 30 °C for 60 h under
static condition. To investigate the effect of different
ketone/alcohol ratios on conversion and stereoselectivity, the
concentration of diacetyl was fixed at 60 mM but that of
racemic 1-phenylethanol varied over a range of 120 to
480 mM. The chiral GC method used for stereoselectivity
determination was the same as that described in the previous
section. In addition, the retention times for acetophenone and
1-phenylethanol enantiomers were listed as follows:
10.35 min for acetophenone, 11.68 min for (R)-1-
phenylethanol, and 11.81 min for (S)-1-phenylethanol.

Nucleotide sequence accession number

The nucleotide sequence of ReADR has been submitted to
the GenBank database under accession number KC508606.

Results

Identification, cloning, and expression of ReADR

During alcoholic fermentation, R. erythropolis WZ010 pro-
duced optically pure (S)-acetoin and (2S,3S)-2,3-butanediol
in small amounts (<0.5 mM) as end products, suggesting the

presence of the entire metabolic pathway of (2S,3S)-2,3-
butanediol formation and corresponding stereospecific ADR
(Yan et al. 2009; Ji et al. 2011; Li et al. 2012). The mining of
the genome sequence of R. erythropolis PR4 revealed two
genes involving the interconversion between acetoin/diacetyl
and 2,3-butanediol: a putative medium-chain (2R,3R)-2,3-
butanediol dehydrogenase (GenBank accession number
BAH34736) and an ADR (GenBank accession number
BAH31367) (Sekine et al. 2006), the latter of which was
studied further in detail. The adr gene encoding the putative
ADR was PCR-amplified from the genomic DNA of R.
erythropolisWZ010, of which a 780-bp PCR product encoded
259 amino acid residues with a deduced molecular mass of
26,864. The gene adr was subsequently overexpressed in E.
coli cells using the pEASY-E1 expression vector. The recom-
binant ReADR with an N-terminal His-tag was purified to
electrophoretic homogeneity by nickel affinity chromatogra-
phy. The specific activity of the purified enzyme was
9.16 U/mg using diacetyl as substrate, indicating a 4.0-fold
purification from the crude extract. The purified enzyme mi-
grated as a single band with a size of 29,000±1,000 on SDS-
PAGE (Fig. 1) and its native molecular mass was determined
using gel filtration to be 70,000±2,000. Thus, the purified
ReADR in the native form could be a homodimer.

The nucleotide sequence of ReADR showed 97 % identity
with its homologue in R. erythropolis PR4 (Sekine et al.
2006), with two amino acid residues Arg51 and Val60 in
ReADR different from Gln51 and Ile60 in R. erythropolis
PR4 ADR. The deduced amino acid sequence of ReADR also
showed high overall identities to ADRs from other
Rhodococcus species, e.g., ADRs from Rhodococcus opacus
B4 (79 % identity; BAH53568), Rhodococcus jostii RHA1
(78 % identity; ABG97060), Rhodococcus sp. JVH1 (78 %
identity; EJI95910), Rhodococcus wratislaviensis IFP 2016

Fig. 1 SDS-PAGE (12.5 %) analysis of the purified ReADR. Lane 1
molecular weight marker, lane 2 4 μg ReADR
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(77 % identity; ELB92199), and Rhodococcus imtechensis
RKJ300 (77 % identity; EID77487). The enzyme ReADR
showed high sequence homology to two NAD+-dependent
stereospecific 2,3-butanediol dehydrogenases with known
three-dimensional structure, and the sequence alignment
revealed that the enzyme harbored the highly conserved
amino acid residues for all “classical” short-chain
dehydrogenases/reductases (SDRs) (Fig. 2). The coen-
zyme binding motif T11G12XXXG16XG18 was conserved
in the N-terminal region, which is the glycine-rich consensus
sequence in all “classical” SDRs (Kavanagh et al. 2008). The
conserved catalytic tetrad Asn113-Ser142-Tyr155-Lys159
was also identified with the active site motif Y155XXXK159.

Catalytic properties of ReADR

The enzyme ReADR was strictly NAD+-dependent. The
enzyme activity was not detectable when NADP(H) was used
as coenzyme. ReADR was active in the range of 10–50 °C.
The optimal temperatures of the enzyme was found to be
25 °C for the oxidation of 2,3-butanediol and 30 °C for the

reduction of diacetyl (Fig. 3a). The enzyme could also be
adapted to a broader pH range from 6.1 to 11.0. The enzyme
exhibited the highest activity at pH 9.5 for the oxidation
reaction, of which the optimal pH was higher than that for
the reduction reaction (pH 7.0) (Fig. 3b). Under the optimized
conditions, the highest activity of diacetyl reduction was 11.9
times higher than that of (2S,3S)-2,3-butanediol oxidation,
revealing the nature of reductase.

The substrate specificity of the recombinant enzyme
was determined using a set of alcohols, aldehydes, and
ketones (Table 1). In the oxidation reaction, the enzyme
was able to transform a broad range of primary and
secondary alcohols including aromatic alcohols. The
enzyme could oxidize 2,3-butanediol but not acetoin.
Among the tested alcohols, the enzyme exhibited the
highest activity for 2-pentanol as substrate. In the re-
duction reaction, the enzyme exhibited the ability to
reduce diacetyl, acetoin, and various aromatic ketones
and aldehydes. Differing from the oxidation reaction,
the enzyme showed the highest activity on diacetyl but
not acetophenone in the reduction reaction.

Fig. 2 Structure-related sequence alignment between ReADR and
homologous proteins. The homologues of ReADR were identified by
performing BLASTP searches (Altschul et al. 1997). The alignment of
ReADR and its close homologues of SDR families were carried out
using the program ClustalW and subsequently visualized using ESPript
2.2 (Thompson et al. 1994; Gouet et al. 1999). PDB codes and DDBJ
accession numbers for the sequences are as follows: 1GEG (D86412),
meso-2,3-butanediol dehydrogenase from K. pneumoniae IAM 1063

(Ui et al. 1997; Otagiri et al. 2001); 3A28 (AB009078), (2S,3S)-2,3-
butanediol dehydrogenase from B. saccharolyticum C-1012 (Ui et al.
1998; Otagiri et al. 2010). Shown above the alignments are elements of
the secondary structure of 1GEG. The numbering shown is from
1GEG. Blue triangles critical cofactor binding residues, red stars
putative catalytic residues located at the corresponding positions of
the conserved catalytic residues N113, S142, Y155, and K159. Strictly
conserved residues are highlighted with red boxes
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Enzymes resistant to environmental factors such as metal
ions or organic solvents are of great interest for the purpose
of practical applications. The addition of EDTA or the
cations (1 mM) such as Na+, K+, Mn2+, Mg2+, and Ca2+

had no significant effect on the activity of ReADR, whereas
2 mM cations including Na+, K+, and Mn2+ significantly
increased the activity by 201.6 to 265.6 %. On the other
hand, the cations Zn2+ and Fe2+ decreased the activity to 5.4
and 8.4 % of the control enzyme activity, respectively, and
Al3+ thoroughly inhibited the enzyme activity. When 10 %
(v/v) organic solvent such as methanol, ethanol, acetone, or
acetonitrile was added into the assay mixture, the residual
activity remained at 35.8–57.2 % of the control enzyme
activity. Interestingly, when DMSO at a final concentration
of 30 % (v/v) was added into the assay mixture, the activity
was increased up to 120 % of the control enzyme activity.
To further investigate its stability at elevated concentrations

of DMSO, the enzyme was incubated with 30 % (v/v)
DMSO at 4 °C for 4 h and the residual activity was
53.6 % of the initial activity.

Stereoselectivity and kinetic parameters of ReADR

In the oxidation of alcohols, ReADR demonstrated
activities on meso-2,3-butanediol, (2S,3S)-2,3-butanediol,
and (S)-1-phenylethanol, but not (2R,3R)-2,3-butanediol
and (R)-1-phenylethanol, suggesting that the enzyme
stereoselectively functioned on the (S)-hydroxyl group
of 2,3-butanediol and 1-phenylethanol as substrate
(Table 1). To further approve its stereoselectivity, the
corresponding ketone reduction and its products were
further investigated. In the reduction reaction, the
ReADR-catalyzed reduction of diacetyl led to optically
pure (S)-acetoin and (2S,3S)-2,3-butanediol with 34 and
60 % yields, respectively. Moreover, the reduction of
racemic (R/S)-acetoin formed (2S,3S)-2,3-butanediol and
meso-2,3-butanediol, which were presumably originated
from (S)-acetoin and (R)-acetoin, respectively, indicating
that the reduction of diacetyl and acetoin was also (S)-
stereoselective.

The apparent Km value for the coenzyme NADH was
3.6 times lower than that for the coenzyme NAD+

(Table 2). The specificity constant Kcat/Km for NADH
as an electron donor in the diacetyl reduction
(8,519 s−1 M−1) was over 30 times higher than that of
the electron acceptor NAD+ in the oxidation of corre-
sponding alcohol (269 s−1 M−1). These catalytic proper-
ties suggest that the enzyme was more likely to be
involved in the oxidation of NADH rather than the
reduction of NAD+ in vivo. In the interconversion
between diacetyl and (2S,3S)-2,3-butanediol, the enzyme
had higher catalytic efficiency for diacetyl as compared
to (2S,3S)-2,3-butanediol. Since the diacetyl reduction
requires the coupling of the NADH oxidation, the
kinetic parameters of the enzyme supported that its
physiological role was very likely to be responsible for
the formation of (2S,3S)-2,3-butanediol rather than its
oxidation. Different from the interconversion between
(2S,3S)-2,3-butanediol and diacetyl, the enzyme showed
lower Km and higher catalytic efficiency for (S)-1-
phenylethanol in comparison to those for acetophenone.

Asymmetric reduction of diacetyl and stereoselective
oxidation of 1-phenylethanol simultaneously catalyzed
by ReADR

Both asymmetric reduction of diacetyl and stereoselective
oxidation of racemic 1-phenylethanol were coupled together
to achieve not only two chiral alcohols from the single-
enzyme-catalyzed system but also efficient coenzyme
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Fig. 3 Effect of temperature (a) and pH (b) on the activities of
ReADR. The relative activity of 100 % represents 9.16 U/mg for
diacetyl reduction at 30 °C and pH 7.0. Solid symbols reduction, empty
symbols oxidation
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recycling (Fig. 4). The concentration of diacetyl was fixed as
60 mM and that of racemic 1-phenylethanol varied. When the
ratio of ketone/alcohol was 1:5, diacetyl was completely re-
duced to optically pure (2S,3S)-2,3-butanediol meanwhile the
enzyme oxidized (S)-enantiomer of racemic 1-phenylethanol
(300 mM) to acetophenone in 49.3 % conversion and afforded
the unoxidized (R)-1-phenylethanol in 97 % enantiomeric
excess (e.e.) value (Table 3). In the coupled reaction, the
concentration of coenzyme used was only 1 mM and its total
turnover number (TTN) was calculated to be 147.9 based on
the oxidation of 1-phenylethanol, indicating that the recycling
of NAD+/NADH was highly efficient. When the concentra-
tion of racemic 1-phenylethanol was reduced to 120 mM, the
conversion of diacetyl reduction was decreased to 81 % and
the product was a mixture of (S)-acetoin and (2S,3S)-2,3-
butanediol. The TTN value of the coenzyme was lowered to
be 60, suggesting that the incomplete conversion of diacetyl
and the emergence of (S)-acetoin might be attributed to the
relatively lower level of the coenzyme regeneration. On
the other hand, the elevated concentration of racemic 1-
phenylethanol (480 mM) lowered its conversion (24.7 %)
and the optical purity of (R)-1-phenylethanol (32.9 % e.e.),
although the yield and optical purity of (2S,3S)-2,3-butanediol
remained excellent.

Discussion

The enzyme ReADR shares common features with other
homologues in the SDR family. Short-chain ADRs from bac-
teria have highly conserved residues and similar overall three-
dimensional structures. They usually are NAD+-dependent, of
which coenzyme discrimination is determined by an acidic
residue located about 20 residues downstream of the
coenzyme-binding motif (Lesk 1995; Kavanagh et al. 2008).
Using themeso-2,3-butanediol dehydrogenase from Klebsiella
pneumoniae IAM 1063 (PDB code 1GEG) as template, the
secondary and tertiary structures of ReADR were predicted
using the SWISS-MODEL server (Arnold et al. 2006) and
visualized using the software program PyMOL (Delano
2002). The three-dimensional modeling of the structure indi-
cated that the enzyme folding is highly similar to that found in
other SDRs (Otagiri et al. 2001, 2010). Seven parallel β-sheets
(β1–β7) flanked by seven parallel α-helices (α1–α6, α9)
were the core of the domain constituting the putative dinucle-
otide and substrate binding motifs, while two α-helices (α7
and α8) formed a small lobe on top of the core structure.
Similar to other ADRs (Giovannini et al. 1996; González et
al. 2000; Nicholson 2008; Ying and Ma 2011), ReADR could
not oxidize acetoin to diacetyl and the reduction of diacetyl to

Table 1 Substrate specificity of
ReADR

aIt consisted of 5.5 %
(2S,3S)-2,3-butanediol, 12.9 %
(2R,3R)-2,3-butanediol, and
81.9 % meso-2,3-butanediol
bThe relative activity of 100 %
represents 0.49 U/mg for
2,3-butanediol oxidation at 25 °C
and pH 9.5
cThe relative activity of 100 %
represents 9.16 U/mg for diacetyl
reduction at 30 °C and pH 7.0

Alcohols (22 mM) Relative activity (%) Aldehydes or ketones (22 mM) Relative activity (%)

2,3-Butanediola 100b Diacetyl 100c

Acetoin 0 Acetoin 50.2

(2S,3S)-2,3-butanediol 157.1 3-Methyl-2-butenal 3.1

(2R,3R)-2,3-butanediol 0 Acetophenone 8.4

(S)-1-phenylethanol 215.6 4-Cl acetophenone 0

(R)-1-phenylethanol 0 4-Br acetophenone 9.0

1-Phenylpropanol 107.8 2-Br acetophenone 2.4

1,2-Propanediol 57.1 2,2,2-Trifluoroacetophenone 27.0

Isopropanol 28.5 Benzaldehyde 4.7

1-Butanol 42.8 Ethyl pyruvate 63.3

2-Butanol 71.4 Isophorone 6.7

2-Pentanol 257.1

Cyclohexanol 42.8

Sodium lactate 28.5

Table 2 Kinetic parameters of
the recombinant ReADR Substrate (mM) Cosubstrate (mM) Apparent Km

(mM)
Vmax (U/mg) Kcat (s

−1) Kcat/Km

(s−1 M−1)

(2S,3S)-2,3-butanediol NAD+ (0.64) 8.82 1.13 0.54 61

(S)-1-phenylethanol NAD+ (0.64) 6.64 2.04 0.91 138

NAD+ (2S,3S)-2,3-butanediol (50) 2.78 1.57 0.75 269

Diacetyl NADH (0.4) 0.44 4.10 1.95 4,432

Acetophenone NADH (0.4) 11.91 1.35 0.61 51

NADH Diacetyl (50) 0.77 13.8 6.56 8,519

Appl Microbiol Biotechnol (2014) 98:641–650 647



acetoin is irreversible. In terms of stereospecificity, the SDR-
type ADRs in the alcohol oxidation are commonly stereospe-
cific for meso-2,3-butanediol and/or (2S,3S)-2,3-butanediol,
while (2R,3R)-2,3-butanediol dehydrogenases are often clus-
tered in the family of medium-chain zinc-containing alcohol
dehydrogenases (González et al. 2000; Takeda et al. 2011;
Ying and Ma 2011).

ReADRhad distinct catalytic characteristics. The amino acid
sequence of ReADR shared 57 and 52 % identities to those of
meso-2,3-butanediol dehydrogenase from K. pneumoniae IAM
1063 and (2S,3S)-2,3-butanediol dehydrogenase from
Brevibacterium saccharolyticum C-1012, respectively. The
triple mutant of meso-2,3-butanediol dehydrogenase from K.
pneumoniae IAM 1063 (Q140I, N146F, and W190H) was
prepared, and the stereospecificity of the triple mutant was
shifted from the meso-type to the (2S,3S)-type (Otagiri et al.
2010). ReADR harbored the same conserved residues I143,
F149, and W193 as (2S,3S)-2,3-butanediol dehydrogenase
from B. saccharolyticum C-1012.3D. However, the enzyme
ReADH displayed the oxidizing activities using either meso-
2,3-butanediol or (2S,3S)-2,3-butanediol as substrate. This
indicates that substrate recognition was not simply determined
by the three residues I143, F149, and W193 (numbering in
ReADR), and it seems necessary to further investigate the
subtle differences in the environment around the catalytic cleft.

Furthermore, the enzyme activity of ReADR was severely
inhibited by the cations Zn2+ and Fe2+, implying that the
residues involved in the binding of Zn2+ and Fe2+ might also
be critical for the activity (Ying et al. 2009; Ying andMa 2011).
In addition, the organic solvent tolerance of ReADR proved to
be special. DMSO at a final concentration of 30% (v/v) slightly
increased the enzyme activity and the enzyme incubated in a
30 % (v/v) DMSO solution exhibited remarkably high stability.
Owing to the DMSO tolerance of ReADR, the use of
nonaqueous solvent such as DMSO would provide the advan-
tages to solubilize more hydrophobic substrates but also make it
possible to carry out ReADR-catalyzed redox reactions in
nonconventional microaqueous media (Lavandera et al. 2008;
Jakoblinnert et al. 2011).

In the organic syntheses, stereospecific oxidoreductases or
related cells can be employed for ketone/alcohol conversions
in both the oxidative and reductive directions. As a whole-cell
biocatalyst, R. erythropolis WZ010 stereoselectively oxidized
120 mM 1-phenylethanol, affording 49.4 % (R)-1-
phenylethanol yield and 99.9 % e.e. value after 48 h, while
the bioreduction of 80 mM acetophenone after the same reac-
tion time only gave 64.5 % (S)-1-phenylethanol yield (Yang et
al. 2012). In comparison with the whole-cell-catalyzed synthe-
sis of chiral aryl alcohols, the ReADR-based biocatalysis could
deal with higher concentrations of 1-phenylethanol as substrate

H3C
CH3

O

O

CH3

OH

+CH3

O

NADH NAD+ReADR

H3C
CH3

OH

OH

CH3

OH

Diacetyl (2S,3S)-2,3-Butanediol

Racemic 1-phenylethanol(R)-1-PhenylethanolAcetophenone

Fig. 4 Scheme of asymmetric
reduction of diacetyl and
stereoselective oxidation of
racemic 1-phenylethanol
simultaneously catalyzed by
ReADR

Table 3 Asymmetric reduction of diacetyl and stereoselective oxidation of racemic 1-phenylethanol simultaneously catalyzed by ReADR

Ratio of ketone/alcohol Substrates (mM) Conversion (%) Product(s) Yield (%) e.e. (%)

1:2 Diacetyl (60) 81 (S)-acetoin 46.7 100a

(2S,3S)-2,3-butanediol 22.8 100a

1-Phenylethanol (120) 50 (R)-1-phenylethanol – 100b

1:5 Diacetyl (60) 100 (2S,3S)-2,3-butanediol 98 100a

1-Phenylethanol (300) 49.3 (R)-1-phenylethanol – 97.1b

1:8 Diacetyl (60) 100 (2S,3S)-2,3-butanediol 97 100a

1-Phenylethanol (480) 24.7 (R)-1-phenylethanol – 32.8b

a Product e.e. value
b Substrate e.e. value
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and afford greater yield and optical purity of (2S,3S)-2,3-
butanediol as product. When 1 mM NADH was used, the
coupled redox process led to the production of 58.8 mM
(2S ,3S)-2,3-butanediol from 60 mM diacetyl and
stereoselective oxidation of 147.3 mM (S)-enantiomer from
300 mM racemic 1-phenylethanol. The coupled reaction pro-
vides an efficient approach to simultaneously obtain (2S,3S)-
2,3-butanediol and (R)-1-phenylethanol, both of which are
relatively easy to be separated. The reaction setup requires
stereospecific carbonyl reductase and a suitable substrate pair
of ketone and alcohol. The model reaction also rendered a
means for in situ recycling of NAD+/NADH in enzymatic
redox reactions useful in organic syntheses. In the stoichiom-
etry of the coupled reaction, 1 mol diacetyl can be completely
reduced to (2S,3S)-2,3-butanediol by ReADR together with
2 mol NADH, which is expected to originate from the
stereoselective oxidation of 4 mol racemic 1-phenylethanol.
Both (2S,3S)-2,3-butanediol and (R)-1-phenylethanol were
formed in great yields and e.e. values when the ketone/alcohol
ratio was set as 1:5, a value very close to the stoichiometric
value 1:4, indicating that the reaction equivalent in favor of the
synthesis of (2S,3S)-2,3-butanediol and (R)-1-phenylethanol
was not necessary to be driven by a high concentration of
cosubstrate. In comparison to conventional coenzyme
recycling in which the concentration of the cosubstrate (e.g.,
isopropanol) is usually ten times higher than that of the sub-
strate (Lavandera et al. 2008), the single-enzyme-catalyzed
redox process for two chiral alcohols would be more econom-
ical in practical applications.
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