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Acetoin (AC) is a volatile platform compound with various potential industrial applications.
AC contains two stereoisomeric forms: (3S)-AC and (3R)-AC. Optically pure AC is an
important potential intermediate and widely used as a precursor to synthesize novel optically
active materials. In this study, chiral (3R)-AC production from meso-2,3-butanediol (meso-2,3BD) was obtained using recombinant Escherichia coli cells co-expressing meso-2,3-butanediol
dehydrogenase (meso-2,3-BDH), NADH oxidase (NOX), and hemoglobin protein (VHB) from
Serratia sp. T241, Lactobacillus brevis, and Vitreoscilla, respectively. The new biocatalyst of
E. coli/pET-mbdh-nox-vgb was developed and the bioconversion conditions were optimized.
Under the optimal conditions, 86.74 g/l of (3R)-AC with the productivity of 3.61 g/l/h and the
stereoisomeric purity of 97.89% was achieved from 93.73 g/l meso-2,3-BD using the whole-cell
biocatalyst. The yield and productivity were new records for (3R)-AC production. The results
exhibit the industrial potential for (3R)-AC production via whole-cell biocatalysis.
Keywords: meso-2,3-butanediol dehydrogenase, meso-2,3-butanediol, (3R)-acetoin, NAD+
regeneration, vitreoscilla hemoglobin, whole-cell biocatalysis

Introduction
Acetoin (AC), a volatile compound, is commonly applied
in butter, wine, cheese, strawberry, and coffee as a food
additive [1-3]. In addition, it can also be widely used in
cosmetics, chemical, and pharmaceutical syntheses, etc. [4,
5]. Owing to its increasing demand, many works have been
carried out to develop AC production methods, including
chemical synthetic, fermentative, and biocatalytic technologies.
Currently, commercially available AC is produced mainly
from fossil feedstocks by chemical synthesis, which may
result in some negative effects on the environment and
some safe problems for use in the food industry [2, 6, 7],
whereas microbial fermentation has been used to produce
AC as a popular choice because of less environmental

J. Microbiol. Biotechnol.

problems and cheap raw materials [3, 8]. However, chemical
synthesis or microbial fermentation generally leads to
racemic AC production ((3S)-AC and (3R)-AC), which
partially limits the application of AC [3, 9]. Previous studies
showed that optically pure AC could be used as a precursor
to synthesize novel optically active materials such as αhydroxyketone derivatives and liquid crystal composites
[5, 10]. Moreover, it was shown that (3R)-AC was a female
sex pheromone, which can attract swarming males. However,
a mixture of AC or 2,3-butanediol (2,3-BD) showed no
activity [10, 11]. Thus, developing a suitable system for
optically pure (3R)-AC production with high yield is
desirable. Compared with chemical synthesis and microbial
fermentation, biocatalytic technologies have exhibited
potential in optically pure AC production due to high
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catalytic efficiency and stereoselectivity [12-16].
(2R,3R)-2,3-BD, meso-2,3-BD, and diacetyl (DA) are three
potential substrates for (3R)-AC production by enzyme
catalysis. Two (2R,3R)-2,3-butanediol dehydrogenases
((2R,3R)-2,3-BDHs) showed the abilities of catalyzing the
reduction of DA into (3R)-AC in the presence of NADH
[17, 18]. However, (3R)-AC as an intermediate product was
readily reduced into (2R,3R)-2,3-BD by the same enzyme,
which led to less accumulation of (3R)-AC. Since (2R,3R)2,3-BDH is a reversible enzyme, it can also use (2R,3R)-2,3BD as a substrate to produce (3R)-AC in the presence of
NAD+. Xiao et al. [5] developed a whole-cell biocatalytic
method using two enzymes ((2R,3R)-2,3-BDH and NADH
oxidase (NOX)) for the bioconversion of (2R,3R)-2,3-BD
into (3R)-AC. Under the optimal conditions, (3R)-AC with
a maximum yield of 41.8 g/l was achieved from (2R,3R)2,3-BD in the whole-cell biocatalytic reaction [5]. Moreover,
several glycerol dehydrogenases (GDHs) also catalyzed the
oxidation of (2R,3R)-2,3-BD into (3R)-AC when NAD+ was
used as a cofactor [19-22]. Yamada-Onodera et al. [23]
developed a recombinant E. coli expressing the GDH
enzyme of Hansenula polymorpha Dl-1 for the bioconversion
of (2R,3R)-2,3-BD into (3R)-AC. However, (3R)-AC with a
low yield of 9.68 g/l was produced by the recombinant
strain without other additives to regenerate NAD+ from
NADH [23].
Previous study indicated that meso-2,3-BD as substrate
was also converted into (3R)-AC by (S)-selective alcohol
dehydrogenase. However, only 48 mM (3R)-AC was obtained
in the reaction system owing to low catalytic efficiency [10].
Recent reports showed that three meso-2,3-BDHs from

Fig. 1. The recombinant whole-cell biocatalyst with coexpression of meso-2,3-butanediol dehydrogenase (meso-2,3BDH), NADH oxidase (NOX), and Vitreoscilla hemoglobin
(VHB) for (3R)-acetoin ((3R)-AC) production from meso-2,3-BD.
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Klebsiella pneumoniae XJ-Li, Serratia marcescens H30, and
Serratia sp. T241 could efficiently catalyze the oxidation of
meso-2,3-BD into (3R)-AC [24, 25]. Compared with reported
(2R,3R)-2,3-BDHs, these reported meso-2,3-BDHs possessed
lower Km and higher kcat, which showed the potential for
biocatalysis. Among them, meso-2,3-BDH from Serratia sp.
T241 exhibited higher catalytic efficiency compared with
the other two meso-2,3-BDHs. Considering that a large
amount of meso-2,3-BD could be obtained by S. marcescens
H30 and K. pneumoniae SDM [26, 27], it is feasible that meso2,3-BD is used for the production of (3R)-AC. In this study,
a new whole-cell system was developed for efficient
production of (3R)-AC from meso-2,3-BD via co-expression
of meso-2,3-BDH, NOX, and Vitreoscilla hemoglobin (VHB)
in E. coli cells (Fig. 1). A high concentration of (3R)-AC was
obtained by the whole-cell biocatalyst.

Materials and Methods
Enzymes and Chemicals
Pfu DNA polymerase and the ligation kit were purchased from
TaKaRa Biotech (China). Restriction endonucleases were from
NEB (China). Protein and DNA markers, and competent cells
were obtained from Tiangen Biotech (China). PCR primers were
synthesized in Sangon Biotech (China). The standards, including
(2S,3S)-2,3-BD (97.0%), (2R,3R)-2,3-BD (97.0%), meso-2,3-BD (99.0%),
and (3S/3R)-AC (47.3%/52.7%), were obtained from Sigma-Aldrich
(China). The substrate of 2,3-BD (93.73% meso-2,3-BD, 2.23% (2S,3S)2,3-BD, and 4.04% (2R,3R)-2,3-BD) was purchased from Sinopharm
(China).
Construction of the Recombinant Strains
The resources used in this study, including strains, plasmids, and
primers, are shown in Table 1. Serratia sp. T241 and Lactobacillus
brevis were cultured in LB medium at 30oC, and the genomic DNA
was obtained using the OMEGA Bacterial Genomic DNA Kit
(China). The VHB gene (vgb) source was from the pBR322-vgb
plasmid constructed previously in our laboratory The mbdh gene
(GenBank Accession No. AEF50077) encoding meso-2,3-BDH from
Serratia sp. T241 was PCR-amplified using primers (P1/P2) with
BamHI and HindIII sites. The purified PCR product was doubledigested using the restriction enzymes BamHI and HindIII and
inserted into expression plasmid pET28a, generating the recombinant
plasmid pET-mbdh. To construct the co-expressing plasmids of
pET-mbdh-nox and pET-mbdh-nox-vgb, a series of primers (P3-P12)
were designed as shown in Table 1. The mbdh and nox (GenBank
Accession number AAN04047) gene fragments, obtained by PCR
amplification from Serratia sp. T241 and L. brevis genomic DNA
using the primers P3/P4 and P5/P6, were spliced by overlap
extension PCR, generating the full-length product mbdh-nox. The
spliced fragment was digested with restriction enzymes BamHI
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Table 1. Bacterial strains, plasmids, and primers used in this study.
Strains, plasmids,
or primers

Genotype, properties, or sequences

Source

Strains
Serratia sp. T241

Wild type

Laboratory stock

L. brevis DSM 20054

Wild type

Laboratory stock

E. coli DH5α

F , ϕ80d/lacZΔM15, Δ(lacZYA-argF)U169, deoR, recA1, endA1, hsdR17(rk mk ), phoA, supE44,
λ , thi-1, gyrA96, relA1

Tiangen Biotech

E. coli BL21(DE3)

F , ompT, hsdSB(rB-mB-), gal(λ c I 857, ind1, Sam7, nin5, lacUV-T7 gene1), dcm(DE3)

Tiangen Biotech

pET28a

Km ; expression vector

Laboratory stock

pBR322-vgb

AMP ; pBR322 vector containing the vgb gene

Laboratory stock

pET-mbdh

Km ; mbdh in pET28a

This study

pET-mbdh-nox

Km ; mbdh and nox in pET28a

This study

pET-mbdh-nox-vgb

Km ; mbdh, nox, and vgb in pET28a

This study

CGCGGATCCATGCGTTTCGACAATAAAGTGGT

BamHI

-

-

+

-

-

Plasmids
r

r

r

r

r

Primers
P1
P2

CGCAAGCTTTCAAACGATCTTCGGTTGACCGT

HindIII

P3

CGCGGATCCATGCGTTTCGACAATAAAGTGGT

BamHI

P4

GGTTCCACCTCCTAAGAAAACGATCGCCGGGGTCAAACGATCTTCGGTTGACCGT

RBS sequence

P5

CCCCGGCGATCGTTTTCTTAGGAGGTGGAACCATGAAAGTCACAGTTG

RBS sequence

P6

CGCAAGCTTTTAAGCGTTAACTGAT

HindIII

P7

CGCGGATCCATGCGTTTCGACAATAAAGTGGT

BamHI

P8

GGTTCCACCTCCTAAGAAAACGATCGCCGGGGTCAAACGATCTTCGGTTGACCGT

RBS sequence

P9

CCCCGGCGATCGTTTTCTTAGGAGGTGGAACCATGAAAGTCACAGTTG

RBS sequence

P10

TTTCCTTTCCTTATTGTGATGACTTAAGCGTTAACTGAT

RBS sequence

P11

GTCATCACAATAAGGAAAGGAAAATGTTAGACCAGCAAACCAT

RBS sequence

P12

CGCAAGCTTTTATTCAACCGCTTGAGCGT

HindIII

and HindIII. The purified double-digestion fragment was
subsequently inserted into the expression vector pET28a to
produce the co-expressing plasmid of pET-mbdh-nox. Similarly,
the mbdh, nox, and vgb (GenBank Accession number AAA75506)
genes were amplified using the primers P7/P8, P9/P10, and P11/
P12, respectively. Subsequently, overlap extension PCR was
applied twice to splice the above three fragments in order, making
the full-length product mbdh-nox-vgb. Then, the spliced fragment
was double-digested and inserted into the expression vector
pET28a at the BamHI and HindIII sites, creating the final
multiple-gene co-expressing plasmid pET-mbdh-nox-vgb. The
three recombinant plasmids pET-mbdh, pET-mbdh-nox, and pETmbdh-nox-vgb were transformed into expression host E. coli
BL21(DE3). The obtained E. coli recombinants were named as
E. coli/pET-mbdh, E. coli/pET-mbdh-nox, and E. coli/pET-mbdhnox-vgb and kept at -80oC for further experiments.
Feasibility of (3R)-AC Production from meso-2,3-BD
The recombinant strains harboring the plasmid pET28a, pET-
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mbdh, and pET-mbdh-nox were cultured in LB medium with a final
concentration of 50 μg/ml kanamycin at 37oC until the OD600
reach up to 0.6, and then 0.5 mM IPTG was added into the culture
for induction expression. Subsequently, the cells continued to
grow at 30oC for 8 h and were harvested at 8,000 ×g by
centrifugation for 10 min. The collected cells were resuspended
using phosphate buffer (50 mM) for the bioconversion experiments.
The initial bioconversion experiments by E. coli/pET-mbdh and
E. coli/pET-mbdh-nox were carried out in 100 ml conical flasks that
contained 10 ml of reaction mixture (20 g/l 2,3-BD, 40 g WCW/l,
pH 7.0) at 30oC for 12 h, and E. coli/pET28a was used as a control.
The substrate and product in the biocatalytic reactions were
determined using gas chromatography.
Optimization of Bioconversion Conditions
During the bioconversion processes, several factors have
important effects on the bioconversion rate of substrate. Thus, it is
necessary that the bioconversion conditions are optimized. In this
study, the effects of six factors (pH (5.0-9.0), temperature (25-
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42oC), wet cell weight (WCW) (10-60 g/l), substrate concentration
(20-140 g/l), reaction volume (5-50 ml), and metal ions (Mn2+,
Ca2+, Fe2+, Fe3+, and Mg2+ at 2.5, 5, 7.5, and 10 mM)) on the meso2,3-BD bioconversion were investigated using single factor
experiments by E. coli/pET-mbdh-nox. All the bioconversion tests
were carried out in triplicates.
Effect of VHB Expression on (3R)-AC Production from meso-2,3BD
Oxygen supply plays an important effect on the whole-cell
biocatalytic system, since it can be used as a substrate of NADH
oxidase for cofactor regeneration [5, 28]. VHB is an oxygenbinding protein that allows the bacteria to grow under the limited
oxygen supply. Thus, the VHB protein was introduced into the
biocatalyst of E. coli/pET-mbdh-nox for improving intracellular
oxygen supply. The effect of VHB protein on (3R)-AC production
from meso-2,3-BD was conducted under the optimized conditions
by E. coli/pET-mbdh-nox-vgb. All the bioconversion tests were
determined in triplicates.
Enzyme Activity Assays
After induction, the cells were collected at 8,000 ×g for 10 min
by centrifugation. The precipitates were resuspended using
phosphate buffer (50 mM, pH 8.0) and treated by ultrasonication
for 10 min. Subsequently, the cell debris was removed by
centrifugation at 10,000 ×g for 10 min at 4oC, and the soluble
fractions were used as the crude enzymes for activity assay. The
activities of meso-2,3-BDH and NOX in the crude enzyme examples
were determined as described previously [29, 30]. Briefly, the
activity assay for meso-2,3-BDH enzyme was performed using a
reaction mixture containing 50 mM substrate ((2S,3S)-/(2R,3R)-/
meso-2,3-BD) and 0.2 mM coenzyme NAD+ in phosphate buffer
(50 mM, pH 8.0) at room temperature. For NOX activity assay, the
reaction mixture consisting of 0.2 mM coenzyme NADH in
phosphate buffer (50 mM, pH 8.0) was carried out. The Bradford
method was used to determine the protein concentration as
described previously [29, 30]. All the enzyme activity assays were
determined in duplicates.
Chiral GC Analysis
The substrate and product in the reaction mixtures were
determined by gas chromatography (Agilent GC9860) as described
previously [25, 30].

Fig. 2. Expression analysis of recombinant E. coli by SDSPAGE.
Lane M, marker proteins; Lane 1, E. coli BL21(DE3)/pET28a; Lane 2,
E. coli BL21(DE3)/pET-mbdh; Lane 3, E. coli BL21(DE3)/pET-mbdh-nox;
Lane 4, E. coli BL21(DE3)/pET-mbdh-nox-vgb.

Results and Discussion
Development of the Whole-Cell Biocatalyst
First, E. coli/pET-mbdh carrying mbdh, which encodes
meso-2,3-BDH from Serratia sp. T241, was constructed. The
expression level of meso-2,3-BDH in recombinant E. coli was
analyzed using SDS-PAGE. As shown in Fig. 2, an obvious
band could be observed in the gel, indicating that the
recombinant strain successfully expressed meso-2,3-BDH.
Moreover, the crude enzyme extract from induced E. coli/
pET-mbdh cells showed the activities of 1.14 and 3.32 U/mg
when (2S,3S)-2,3-BD and meso-2,3-BD were used as substrates,
respectively, with NAD+ as coenzyme (Table 2). No activity
could be detected for (2R,3R)-2,3-BD as substrate by meso2,3-BDH. As reported in our previous study, meso-2,3-BDH
from Serratia sp. T241 could efficiently convert (2S,3S)-2,3-

Table 2. Enzyme activities of the recombinant E. coli strains.
E. coli strains
BL21(DE3)/pET28a

Crude enzyme activities of (2R,3R)-2,3-BDH and NADH oxidase (U/mg)
(2S,3S)-2,3-BD

(2R,3R)-2,3-BD

meso-2,3-BD

NADH

0

0

0.04 ± 0.01

ND

BL21(DE3)/pET-mbdh

1.14 ± 0.02

0

3.32 ± 0.15

ND

BL21(DE3)/pET-mbdh-nox

0.41 ± 0.01

0

2.47 ± 0.13

14.69 ± 0.56

BL21(DE3)/pET-mbdh-nox-vgb

0.36 ± 0.01

0

2.17 ± 0.09

16.30 ± 0.65

ND: not detected.
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Table 3. The feasibility of (3R)-AC production from meso-2,3-BD by the recombinant strains.
E. coli
BL21(DE3)/pET28a
BL21(DE3)/pET-mbdh
BL21(DE3)/pET-rrbdh-nox

(3R)-AC (g/l)

(3S)-AC (g/l)

(2S,3S)-2,3-BD (g/l)

(2R,3R)-2,3-BD (g/l)

meso-2,3-BD (g/l)

0.06 ± 0.01

0.04 ± 0.01

0.52 ± 0.03

0.86 ± 0.02

18.75 ± 0.19

8.42 ± 0.13

0.31 ± 0.02

0.21 ± 0.02

0.84 ± 0.03

9.66 ± 0.12

15.49 ± 0.15

0.48 ± 0.02

0.04 ± 0.01

0.85 ± 0.01

2.75 ± 0.05

BD and meso-2,3-BD into (3S)-AC and (3R)-AC, respectively,
whereas (2R,3R)-2,3-BD was not a suitable substrate for
meso-2,3-BDH [25]. Next, E. coli/pET-mbdh-nox carrying
mbdh and nox encoding meso-2,3-BDH and NOX from
Serratia sp. T241 and L. brevis was developed. To co-express
meso-2,3-BDH and NOX enzymes in E. coli, a ribosomal
binding site (RBS) was designed and located upstream of
the nox gene (Table 1). As shown in Fig. 2, the mbdh and nox
genes could be co-expressed in E. coli under the T7 lac
promoter with IPTG as inducer. Moreover, the activities of
meso-2,3-BDH and NOX from E. coli/pET-mbdh-nox were
determined using 2,3-BD and NADH as substrates,
respectively. The crude enzyme extract showed the activity
of 0.41 U/mg for (2S,3S)-2,3-BD and 2.47 U/mg for meso2,3-BD, whereas a high NADH oxidase activity of 14.69 U/mg
could be achieved by induced E. coli/pET-mbdh-nox cells
(Table 2). These results indicated that the whole-cell
biocatalyst was successfully obtained.
Feasibility of (3R)-AC Production from meso-2,3-BD by
Whole-Cell Biocatalysis
The feasibility of (3R)-AC production from the substrate
of meso-2,3-BD by whole-cell biocatalysis was conducted
using a 10 ml reaction mixture consisting of 20 g/l 2,3-BD
and 40 g WCW/l in phosphate buffer (50 mM, pH 7.0). The
results (Table 3 and Fig. 3) show that 8.42 g/l of (3R)-AC
was obtained from 20 g/l 2,3-BD by the recombinant
E. coli/pET-mbdh. Meanwhile, a small amount of (3S)-AC
(0.31 g/l) was also detected during the whole-cell biocatalytic
process, partially because a little (2S,3S)-2,3-BD existed in
the 2,3-BD substrate (Fig. 3). However, (2R,3R)-2,3-BD was
not a suitable substrate for meso-2,3-BDH enzyme. As shown
in Table 3, (2R,3R)-2,3-BD with constant concentration was
observed during the whole-cell biocatalytic process,
implying that E. coli/pET-mbdh could not produce AC
from (2R,3R)-2,3-BD as substrate. To obtain high (3R)-AC
productivity, a cofactor regeneration system involved in
co-expression of meso-2,3-BDH and NOX enzymes from
Serratia sp. T241 and L. brevis was developed in E. coli. The
NOX enzyme could efficiently oxidize NADH, which was
formed by meso-2,3-BDH, and regenerate NAD+ for the
biocatalytic process [31]. The resulting strain E. coli/pET-
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mbdh-nox was used to perform the whole-cell bioconversion
experiment. A high (3R)-AC concentration of 15.49 g/l could
be obtained from 2,3-BD (20 g/l) by induced E. coli/pETmbdh-nox cells. The result indicated that E. coli/pET-mbdhnox could increase the biocatalytic efficiency of meso-2,3-BD
via co-expression of a coenzyme NAD+ regeneration enzyme.
Effects of pH, Temperature, and WCW on (3R)-AC Production
by E. coli/pET-mbdh-nox
To achieve high (3R)-AC concentrations, the bioconversion

Fig. 3. GC analysis of substrates and products in the
bioconversion reaction by E. coli/pET-mbdh-nox (n-butanol
was used as the internal standard).
(A) A mixture of standard chemicals of (3R/3S)-AC, (2S,3S)-2,3-BD,
(2R,3R)-2,3-BD, and meso-2,3-BD; (B) the substrate of 2,3-BD (93.73%
meso-2,3-BD, 2.23% (2S,3S)-2,3-BD, and 4.04% (2R,3R)-2,3-BD); (C) the
product from the substrate of 2,3-BD by whole-cell catalysis.
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Fig. 4. Effects of pH, temperature, and wet cell weight (WCW) on (3R)-acetoin ((3R)-AC) production from meso-2,3-butanediol
(meso-2,3-BD) by whole-cell catalysis of E. coli/pET-mbdh-nox.
(A) pH; (B) temperature; (C) WCW.

conditions for whole-cell biocatalysis were systematically
optimized using induced E. coli/pET-mbdh-nox cells. First,
the effects of pH and temperature on the whole-cell
biocatalysis were investigated. As shown in Fig. 4A, the
reaction mixtures containing 40 g/l wet cells and 20 g/l
2,3-BD in 10 ml of phosphate buffer (50 mM) were
conducted using different pH values at 30oC for 12 h. The
results showed that the (3R)-AC yield was gradually
increased with the pH increase from 5.0 to 8.0. A maximum
(3R)-AC yield of 17.19 g/l was achieved at pH 8.0. Thus,
the optimum pH value of 8.0 was used to perform the
following experiments. The effect of temperature on the

whole-cell biocatalysis was studied in the range of 2542oC. The results indicated that the highest yield of (3R)AC (17.54 g/l) was obtained from 20 g/l 2,3-BD for 12 h at
30oC (Fig. 4B), which was employed for the optimal
biocatalytic temperature. During the whole-cell biocatalytic
process, the biocatalyst concentration in the reaction has an
important effect on the efficiency of product formation.
Thus, the WCW in the bioconversion reaction was used to
investigate the effect on (3R)-AC production. The results
are given in Fig. 4C. The optimal WCW was found to be
30 g/l, and 18.11 g/l (3R)-AC was achieved by induced
E. coli/pET-mbdh-nox cells.

Fig. 5. Effects of substrate concentration, reaction volume, and metal ions on (3R)-acetoin ((3R)-AC) production from meso-2,3butanediol (meso-2,3-BD) by whole-cell catalysis of E. coli/pET-mbdh-nox.
(A) Substrate concentration; (B) reaction volume; (C) metal ions.
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Effects of Substrate Concentration, Reaction Volume, and
Metal Ions on (3R)-AC Production by E. coli/pET-mbdhnox
The concentration of the substrate is another important
factor in the bioconversion reaction, which may generate
substrate inhibition. As shown in Fig. 5A, different 2,3-BD
concentrations in the range of 20-140 g/l were used to test
the effect on the biocatalyst. The results indicated that the
(3R)-AC yield was increased rapidly with substrate
concentration increase, when the concentration of 2,3-BD
was below 100 g/l. The substrate concentration over 100 g/l
resulted in the decrease of (3R)-AC yield, partially due to
substrate inhibition. The highest (3R)-AC yield of 75.91 g/l
was produced from 100 g/l 2,3-BD by the biocatalyst in
24 h. Moreover, NOX in the biocatalyst needs oxygen as
substrate for cofactor regeneration during the whole-cell
biocatalytic process [5, 29]. The effect of oxygen supply on
the bioconversion reaction was conducted using different
reaction volumes in the range of 5-50 ml in 100 ml conical
flasks. The results showed that (3R)-AC concentration in
the bioconversion reaction was significantly increased with
the decrease of reaction volume (Fig. 5B), suggesting
oxygen supply was an important limiting factor for the
bioconversion of meso-2,3-BD into (3R)-AC by the biocatalyst
of E. coli/pET-mbdh-nox. Finally, 79.45 g/l (3R)-AC could
be produced in 24 h when the reaction volume was 5 ml.
However, the biocatalyst of E. coli/pET-mbdh-nox could
not completely convert meso-2,3-BD into (3R)-AC in the
bioconversion reaction. A probable reason was that
meso-2,3-BDH was a reversible enzyme catalyzing the
interconversion between meso-2,3-BD and (3R)-AC [24, 25,
30]. The residual meso-2,3-BD of about 15 g/l was retained
in the whole-cell biocatalysis reaction, partially because of
the limitation of high (3R)-AC concentration. In previous
studies, some metal ions such as Mn2+, Ca2+, and Mg2+ as
chemical stimulators could accelerate the conversion from
2,3-BD into AC through improving 2,3-BDH activity [32].
Herein, the five metal ions Mn2+, Ca2+, Fe2+, Fe3+, and Mg2+
at 0, 2.5, 5, 7.5, and 10 mM were chosen to test their effect
on the bioconversion from meso-2,3-BD to (3R)-AC by the
biocatalyst of E. coli/pET-mbdh-nox. The results are shown
in Fig. 5C. Of all the listed metal ions, Mg2+ exhibited
remarkable stimulation effect on (3R)-AC production from
meso-2,3-BD. The maximum (3R)-AC yield of 82.16 g/l
could be achieved at the Mg2+ concentration of 2.5 mM. The
other metal ions also slightly improved (3R)-AC production.
These results showed that the addition of metal ions at
suitable concentration was favorable for the whole-cell
biocatalytic process.
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Effect of VHB Expression on (3R)-AC Production from
meso-2,3-BD
As observed in Fig. 5B, oxygen supply had an important
effect on the bioconversion from meso-2,3-BD to (3R)-AC by
the biocatalyst of E. coli/pET-mbdh-nox, since oxygen as a
substrate of NOX was used for cofactor regeneration. To
increase the meso-2,3-BD conversion rate, a 25 ml reaction
mixture in a 1 L conical flask was used to carry out the
whole-cell biocatalysis for providing adequate oxygen.
However, the (3R)-AC yield was not obviously enhanced
(data not shown), implying that the intracellular oxygen
transfer might be a limiting factor for (3R)-AC production
from meso-2,3-BD in the reaction system. VHB is an
oxygen-binding protein that allows the bacteria to grow
under a limited oxygen supply [33]. Many previous studies
showed that the expression of VHB protein in native
strains could efficiently improve the target product yield
under oxygen supply-limited condition [34, 35]. Therefore,
the recombinant strain E. coli/pET-mbdh-nox-vgb carrying
the vgb gene encoding VHB protein was constructed. The
results showed that the three encoded proteins were
successfully co-expressed in E. coli and exhibited their
corresponding enzyme activities (Fig. 2 and Table 2). Under
the optimized conditions, the new biocatalyst of E. coli/
pET-mbdh-nox-vgb was used to perform the whole-cell
biocatalysis. As shown in Fig. 6, a maximum (3R)-AC yield
of 86.74 g/l with productivity of 3.61 g/l/h and stereoisomeric
purity of 97.89% was produced from 100 g/l 2,3-BD containing

Fig. 6. Time course of batch bioconversion of (3R)-acetoin
((3R)-AC) production from meso-2,3-butanediol (meso-2,3-BD)
by E. coli/pET-mbdh-nox-vgb.
Symbols: (3R)-AC (square), (3S)-AC (upright triangle), (2R,3R)-2,3-BD
(star), (2S,3S)-2,3-BD (inverted triangle), and meso-2,3-BD (circle).

(3R)-Acetoin Production from meso-2,3-Butanediol

93.73 g/l meso-2,3-BD by the new biocatalyst. The result
demonstrated that the expression of VHB protein in the
biocatalyst was favorable for (3R)-AC production, probably
in improving intracellular oxygen transfer. The residual
meso-2,3-BD of 6.99 g/l could not be converted into (3R)AC during the whole-cell biocatalytic process. In addition,
a small amount of (3S)-AC (1.86 g/l) could also be produced
from (2S,3S)-2,3-BD in the substrate 2,3-BD (2.23% of
(2S,3S)-2,3-BD) by the biocatalyst. Since meso-2,3-BDH from
Serratia sp. T241 could not catalyze the oxidation of
(2R,3R)-2,3-BD, the constant concentration of (2R,3R)-2,3BD from the substrate (4.04% of (2R,3R)-2,3-BD) during the
whole-cell biocatalytic process was kept at about 4 g/l.
In summary, a new whole-cell biocatalyst of E. coli/pETmbdh-nox-vgb was developed for efficient (3R)-AC production
from meso-2,3-BD. The bioconversion conditions, including
pH, temperature, wet cell weight, substrate concentration,
reaction volume, and metal ions, were optimized. The
maximum (3R)-AC yield of 86.74 g/l with productivity of
3.61 g/l/h and stereoisomeric purity of 97.89% was
achieved from 100 g/l 2,3-BD containing 93.73 g/l meso2,3-BD by this biocatalyst under the optimized conditions.
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