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Abstract Many microorganisms could naturally produce (R,
R)-2,3-butanediol ((R, R)-2,3-BD), which has unique applica-
tions due to its special chiral group and spatial configuration.
But the low enantio-purity of the product hindered the devel-
opment of large-scale production. In this work, a synthetic
constitutive metabolic pathway for enantiomerically pure (R,
R)-2,3-BD biosynthesis was constructed in Escherichia coli
with vector pUC6S, which does not contain any lac se-
quences. The expression of this artificial constructed gene
cluster was optimized by using two different strength of pro-
moters (AlperPLTetO1 (Py;) and AlperBB (Pgg)). The
strength of Py, is twice stronger than Pgp. The fermentation
results suggested that the yield of (R, R)-2,3-BD was higher
when using the stronger promoter. Compared with the wild
type, the recombinant strain E. coli YJ2 produced a small
amount of acetic acid and showed higher glucose consump-
tion rate and higher cell density, which indicated a protection
against acetic acid inhibition. In order to further increase the
(R, R)-2,3-BD production by reducing the accumulation of its
precursor acetoin, the synthetic operon was reconstructed by
adding the strong promoter Py; in front of the gene ydjL cod-
ing for the enzyme of (R, R)-2,3-BD dehydrogenase which
catalyzes the conversion of acetoin to (R, R)-2,3-BD. The
engineered strain E. coli YJ3 showed a 20 % decrease in
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acetoin production compared with that of E. coli YJ2. After
optimization the fermentation conditions, 30.5 g/L of (R, R)-2,
3-BD and 3.2 g/L of acetoin were produced from 80 g/L of
glucose within 18 h, with an enantio-purity over 99 %.
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coli - Metabolic engineering

Introduction

2,3-Butanediol (2,3-BD) is a valuable compound which has
great potential applications in foods, cosmetics, pharmaceuti-
cal, fine chemical, and agrochemical industries (Celinska and
Grajek 2009; Ji et al. 2011; Zeng and Sabra 2011). Due to its
two chiral centers, the molecule of 2,3-BD exists in three
stereoisomeric forms: (R, R)-, (S, S)-, and meso-forms (Ji
etal. 2011). Among the three stereoisomers, the optical active
(R, R)-2,3-BD has special application in asymmetric synthesis
of valuable chiral specialty chemicals. For instance, (R, R)-2,
3-BD can be used as the chiral directing group in the synthesis
of («xS)-a-chloro boronic esters, which can then be easily
hydrolyzed to crystalline boronic acids (Sadhu et al. 1984).
Additionally, (R, R)-2,3-BD has a freezing point as low as
—60 °C, making it promising for commercial use as an anti-
freeze (Celinska and Grajek 2009).

Many native microorganisms, such as Klebsiella
pneumoniae, Klebsiella oxytoca, Enterobacter cloacae, and
Serratia marcescens (Celinska and Grajek 2009; Ji et al.
2011; Kim et al. 2013; Xu et al. 2014), can ferment carbon
source to 2,3-BD by homologous pathways involving three
enzymes: a-acetolactate synthase (ALS), acetolactate decar-
boxylase (ALDC), and 2,3-BD dehydrogenase (2,3-BDH).
Unfortunately, most of them produce a mixture of stereoiso-
mers and none of the isomers can reach an enantio-purity over
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99 %. Beyond that, the strains mentioned above belong to
class 2 microorganisms, which make them unsuitable for in-
dustrial scale fermentation (Ji et al. 2011; Kim et al. 2013).
Therefore, development of an industrially friendly and non-
pathogenic host for the production of (R, R)-2,3-BD is highly
desirable.

Recombinant Escherichia coli possesses strong potentials
for 2,3-BD production due to its advantages including the
ability to utilize several inexpensive carbon sources, the ease
for genetic manipulations, and the well-studied metabolic
pathways (Li et al. 2010). Moreover, the enantiomerically
pure 2,3-BD isomers could be obtained by expressing the
stereospecific 2,3-BDHs (Chen et al. 2014; Ui et al. 1986).
Previously, scientists have successfully obtained
enantiomerically pure (R, R)- and meso-forms of 2,3-BD by
engineered E. coli (Ui et al. 1997; Ui et al. 2004; Yan et al.
2009).

In our previous reports, we constructed a synthetic meta-
bolic pathway regulated by an inducible #r¢ promoter for
enantiomerically pure (R, R)-2,3-BD biosynthesis in E. coli
MG1655 (Ji et al. 2015). All of the induced cultures got a
considerable expression of the three target proteins, while
the uninduced culture did not show obvious expression.
However, once IPTG was added, even at a low level, the
concentration and yield of (R, R)-2,3-BD were terribly affect-
ed. The phenomenon showed that the expression level even
with the background expression was enough for the optimal
(R, R)-2,3-BD production. Strong overexpression of target
genes can cause growth inhibition (Lu and Jeffries 2007).
Although inducible promoters allow for a continuous control
of expression at the macroscopic level, practical applications
of these systems are limited by hypersensitivity to inducer
concentration, high inducer costs, and transcriptional hetero-
geneity at the single-cell level (Alper et al. 2005; Ji et al.
2015). Alternative approach is to create libraries of constitu-
tive promoters with various strengths that allow tuning expres-
sion to particular levels (Lu and Jeffries 2007). In the present
study, we had chosen two constitutive promoters, promoter
AlperPLTet01 (Py;) and promoter AlperBB (Pgg), from
Alper’s promoter library (Alper et al. 2005). The strength of
promoter Py, is twice stronger than promoter Pgg. The effects
of using either strong (Py;) or weak (Pgg) promoters to drive
the synthetic (R, R)-2,3-BD operon were compared. The re-
sults demonstrated that the yield of (R, R)-2,3-BD was higher
when using the stronger promoter. Furthermore, the concen-
tration of acetoin, which is the precursor of (R, R)-2,3-BD,
was observed to be relatively high (up to 8.0 g/L). We there-
fore reconstructed the synthetic operon by adding the strong
promoter Py, in front of the gene ydjL coding for the enzyme
of (R, R)-2,3-BDH which catalyze the conversion of acetoin to
(R, R)-2,3-BD. Finally, the titer of acetoin decreased by 20 %,
and the yield of (R, R)-2,3-BD increased simultaneously.
Using orthogonal design, the optimized fermentation
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conditions were developed. Under this fermentation condi-
tions, 30.5 g/L of (R, R)-2,3-BD and 3.2 g/L of acetoin were
produced from 80 g/L of glucose within 18 h, with an enantio-
purity over 99 %.

Materials and methods
Strains, plasmids, and media

The bacterial strains and plasmids used in this study are listed
in Table 1. The genes involved in the synthetic metabolic
pathway were cloned from K. pneumoniae CICC 10011, and
Bacillus subtilis 168. E. coli DH5x was used for general clon-
ing procedures, while E. coli MG1655 was used for gene
expression and as the host for (R, R)-2,3-BD production.
The pUC6S vector was used for protein expression, which
carries the ori and bla gene present on all pUC vectors, but
does not contain any /ac sequences (Vieira and Messing
1991).

Luria-Bertani (LB) medium was used for cultivation of
E. coli, B. subtilis, and K. pneumoniae, with glucose supple-
ment as the fermentation culture. Before fermentation, these
media were autoclaved at 121 °C for 20 min, while glucose
was separately autoclaved. Ampicillin was filtered with
0.22-pum filter and added to the medium when necessary.

Standard molecular techniques and plasmid construction

Plasmids and primers used in this study are listed in Table 1.
Plasmid extraction, agarose gel electrophoresis, and other
DNA manipulations were carried out by using standard pro-
tocols (Chong 2001; Lu and Jeffries 2007). The construction
of budB, budA, and ydjL (GenBank accession number for
budB, budA, and ydjL, respectively: KT724300, KT724301,
KT724302) expression vectors under the control of Py, and
Pgp was generated via ClonExpress™ MultiS one-step clon-
ing kit (Vazyme, China), which could assemble DNA mole-
cules quickly relying on the use of overlaps. The mutants were
generated as follows.

To reduce the background of undesired vector-only clones
following assembly and transformation, pUC6S plasmid
DNA was linearized by restriction digestion with HindIII
and BamH]I, and then extracted from an agarose gel following
electrophoresis. The oligos that we used were designed.
Adjacent oligos overlapped by 20 bp. The oligos at each end
of the assembly contained a 26-bp overlap (with 6 bp of
HindIll and BamHI sites, respectively) to the termini of vector
pUC6S and restriction sites (HindIIl and BamHI sites) not
present in the assembled insert to allow the release of the
synthesized product from pUC6S. The promoters Py; and
Ppp were synthesized by GENEWIZ (China) depending on
the sequence published (Alper et al. 2005), and ligated into
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Table 1

Bacterial strains, plasmids, and primers used in this work

Strains, plasmids, or primers

Genotypes, properties, or sequences

References or
sources

Strains
K. pneumoniae CICC 10011 Wild type, Amp* CICC
B. subtilis 168 Wild type ATCC
E coli DH5« supE44 AlacU169 (980 lacZ AM15) hsdR17 recAl endAl gyrA96 thi-1 relAl TaKaRa
Parent strain, F~ A-ilvG ™ rfb-50 rph-1 ATCC

E. coli MG1655

E. coli MG1655/pTrc99a-budB-budA-ydjL, Amp"

Jietal. 2015

E. coli MQ1

E coli Y11 E. coli MG1655/pUC6S-AlperPLTet01-budB-budA-ydjL, Amp This study

E coli Y12 E. coli MG1655/pUC6S-AlperBB-budB-budA-ydjL, Amp This study

E coli Y13 E. coli MG1655/pUC6S-AlperPLTet01-budB-budA-AlperPLTet01-ydjL, Amp" This study
Plasmids

pMD19-T Simple Amp", pBR322 origin, Py, 2692 bp TaKaRa

pUC6S Amp', pUC6 origin, 2368 bp Vieira and Messing

1991

pUC6S-Py-budB-budA-ydjL.  pUC6S derivative carrying a 3711-bp DNA fragment containing the budB, budA, This study
and ydjL gene cluster under strong promoter AlperPLTet01; Amp', pUC6 origin,
2368 b
pUC6S-Ppp-budB-budA-ydjL pUC6S de?rivative carrying a 3711-bp DNA fragment containing the budB, budA, This study
and ydjL gene cluster under weak promoter AlperBB; Amp', pUC6 origin, 2368 bp
pUC6S-Py-budB-budA-Py,-ydjL.  pUC6S derivative carrying a 3873-bp DNA fragment containing the budB, budA gene This study
cluster under strong promoter AlperPLTetO1, and ydjL under another strong
promoter AlperPLTet01; Amp', pUC6 origin, 2368 bp
Primers
P1 5'-TACCCGGGAGCTCGAATTCGAAGCTTCAATTCCGACGTCTAAGAAACC-3’ This study
P2 5-CCATATGTATATCCTCCTTAGGTCAGTGCGTCCTGCTG-3' This study
P3 5'-TACCCGGGAGCTCGAATTCGAAGCTTCAATTCCGACGTCTAAGAGAC-3' This study
P4 5'-CCATATGTATATCCTCCTTAGGTCAGTGCGTCCTGCTG-3' This study
P5 5'-TAAGGAGGATATACATATGGACAAACAGTATCCGG-3' This study
P6 5'-GCGGCCGCCACGGCGATATCGGATCCTTAGTTAGGTCTAACAAG-3' This study
P7 5'-TACCCGGGAGCTCGAATTCGAAGCTTCAATTCCGACGTCTAAGA-3’ This study
P8 5'-TTAACTTTCTACGGAACGGATGGCG-3' This study
P9 5-TCCGTTCCGTAGAAAGTTAACAATTCCGACGTCTAAGAAACC-3' This study
P10 5 TGCCATCTTGCTGCCTTCATATGTATATCCTCCTTAGGTCAGTGCGTCCTGCTG-3"  This study
P11 5-TATGAAGGCAGCAAGATGGCATAACC-3' This study
P12 5'-GCGGCCGCCACGGCGATATCGGATCCTTAGTTAGGTCTAACAA-3' This study
Primer used in real-time quantitative PCR
budB-F 5'-GCCGATAAGGCGAAGCAGG-3' This study
budB-R 5'-GCACGGAAGGCGTTGGAGA-3' This study
budA-F 5-GGGGTTTACGAAGGCAG-3' This study
budA-R 5-GCAGAACAGGTTGTCAGAGGG-3' This study
ydjL-F 5'-CTCAAAGCAGGCGACAAAG-3' This study
ydjL-R 5'-CGTAACACCACTGGGACAC-3’ This study
16S-F 5'-GGGGAGCAAACAGGATTAGA-3' This study
16S-R 5'-CGAAGGCACCAAAGCATC-3’ This study

The bold letters represent the overlapping sequences of each gene

Amp” ampicillin resistance

pUCS57, generating pUC-Py;, pUC-Pgg. After being se-
quenced, the two plasmids were used as templates for PCR
by using primers P1 to P4, generating Py;# and Pgp#. The

primers P5 and P6 were used to amplify budB-budA-ydjL#
from former constructed plasmid pTrc99a-budB-budA-ydjL
(with ribosomal binding site (RBS) located upstream of each
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gene) (Ji et al. 2015). The budB-budA-ydjL#, vector pUC6S,
promoter PCR fragment (Py# and Pgp#, respectively) were
mixed and assembled following the protocol (Vazyme,
China). The electroporation, followed by a series of verifica-
tion tests including plasmid extraction and restrictive diges-
tion, was applied to transform the plasmids into E. coli
MG1655. The finally confirmed recombinant strain harboring
the plasmid pUC6S-Pg,-budB-budA-ydjL. and pUC6S-Ppp-
budB-budA-ydjL were designated as YJI and YJ2,
respectively.

The plasmid pUC6S-Py;-budB-budA-Py;-ydjL was con-
structed on the basis of pUC6S-Py,-budB-budA-ydjL. with
the same method. The primers P7 and P8 were used to amplify
Po1-budB-budA#, primers P9 and P10 were used to amplify
Po ##, and primers P11 and P12 were used to amplify ydjL#.
Adjacent oligos overlapped by 20 bp. The oligos at each end
of the assembly contained a 26-bp overlap (with 6 bp of
HindIll and BamHI sites, respectively) to the termini of vector
pUC6S and restriction sites (HindIll and BamHI sites) not
present in the assembled insert to allow the release of the
synthesized product from pUC6S. pUC6S plasmid DNA
was linearized by restriction digestion with HindIIl and
BamHI, then extracted from an agarose gel following electro-
phoresis. The generated plasmid pUC6S-Pg,-budB-budA-
Poi-ydjL then transformed to E. coli MG1655; the finally
formed recombinant strain was designed as YJ3.

Seeds and fermentation procedure

For preparing seed inocula, strains were cultivated into 50-mL
LB medium in 250-mL shake flasks for 24 h with agitation
200 rpm at 37 °C. For those strains carrying plasmids, ampi-
cillin was added at a final concentration of 100 pg/mL.

For (R, R)-2,3-BD production in shake flask, the seed cul-
ture (10 %, v/v) was inoculated to the fermentation medium,
with the initial glucose concentration of about 80 g/L. All the
strains were cultured at 200 rpm, 37 °C. Fermentations con-
tinued until the glucose was exhausted.

For (R, R)-2,3-BD production in the 3-L fermenter, the seed
culture (10 %, v/v) was inoculated to the fermenter with an
operating volume of 2 L. The Lo (3%) orthogonal table was
employed to test the influence of main factors, including pH,
agitation speed, and oxygen supply rate on (R, R)-2,3-BD
fermentation. In all cases, the initial glucose concentration
was about 80 g/L, and pH value was maintained at special
value automatically by adding 6 M NaOH and 1.5 M
H,SO,. Fermentation was ceased after 18 h.

Analytical methods
The biomass (ODgqp) was measured by a UV—visible spectro-

photometer (Lambda-25, Perkin-Elmer, USA) with appropri-
ate dilution. The concentration of residual glucose was
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determined by a biosensor equipped with the glucose oxidase
electrode (SBA-40C, Institute of Biology, Shandong
Academy of Sciences, China). The composition of fermenta-
tion broth ((R, R)-2,3-BD, meso-2,3-BD, acetoin, lactic acid,
acetic acid, ethanol, and succinic acid) was determined by
high-performance liquid chromatography (Summit P680
HPLC, Dionex, USA; Shodex RI-101 Refractive Index
Detector, Showa Denko, Japan; Aminex HPX-87 H ITon
Exclusion Column 300 mm x 7.8 mm, Bio-Rad, USA) upon
the following conditions: sample volume 20 pL; mobile phase
5 mM H,S04; flow rate 0.6 mL/min; column temperature
65 °C. For determination of different 2,3-BD stereoisomers,
the previously described method of Yan et al. (2009) was
used.

Enzyme activity assays

After the three strains were cultivated into the fermentation
medium, samples at the lag (4 h) and stationary (12 h) phases
of cell growth of each strain were obtained, then centrifuged at
12,000 rpm for 5 min, washed in 100 mM potassium phos-
phate buffer (pH 7.4), and suspended in the same buffer. Cells
were disrupted with an ultrasonic cell breaking instrument.
Cell debris was removed through centrifugation (12,
000 rpm, 20 min). All operations were at 4 °C.

The ALS, ALDC, and 2,3-BDH assays were performed
according to published procedures (Xu et al. 2014).

Real-time quantitative PCR

After the three strains were cultivated into the fermentation
medium, samples at the lag (4 h) and stationary (12 h) phases
of cell growth of each strain were obtained and RNA were
isolated using the Rapid bacterial RNA extraction kit
(Zoonbio Biotechnology, Nanjing, China). cDNA was obtain-
ed using the TUREscript cDNA Synthesis Kit (Zoonbio
Biotechnology, Nanjing, China) and used for quantitative
PCR analysis. Sybr Green Qpcr Mix (Zoonbio
Biotechnology, Nanjing, China) and a LightCycler 3.0 system
(Roche, American) were used for RT-qPCR experiment and
for 27°““* analysis. 16 s IRNA was used as reference. Primers
used in the experiment are listed in Table 1.

Results

Construction of (R, R)-2,3-BD producers with different
strength promoters

Three enzymes are required for (R, R)-2,3-BD production
from pyruvate, including ALS, ALDC, and 2,3-BDH. In
K. pneumoniae, the budB and budA genes encoding the
ALS and ALDC, respectively, are responsible for acetoin
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production from pyruvate. In B. subtilis, ydjL gene encodes
the (R, R)-specific 2,3-BDH and catalyzes (R, R)-2,3-BD for-
mation from acetoin. To achieve effective (R, R)-2,3-BD pro-
duction in E. coli, the genes mentioned above were cloned and
assembled to produce enantiomerically pure (R, R)-2,3-BD.
Under the designed gene assembly, the gene cluster was driv-
en by two constitutively transcribed promoters, Py, and Pgp
(Alper et al. 2005). The promoter strength of Py, is twice
stronger than Pgg. The plasmid pUC6S (Vieira and Messing
1991), which carries the ori and bla gene present on all pUC
vectors, but does not contain any /ac sequences, was used as
the vector in order to eliminate the influence of lactose operon.
The plasmid pUC6S-Py;-budB-budA-ydjL. and pUC6S-Pgg-
budB-budA-ydjL. were constructed as described in section
“Standard molecular techniques and plasmid construction”
and then electro-transformed into E. coli MG1655, generating
the recombinant strain E. coli YJ1 and YJ2, respectively

(Fig. 1).

Fermentation characteristics of recombinant strains
with different strength promoters

The recombinant strains, E. coli YJ1 and YJ2 were cultivated
in LB medium supplemented with glucose for (R, R)-2,3-BD
production, with the parent strain as control. Yields of (R, R)-
2,3-BD, meso-2,3-BD and acetoin were determined in these
E. coli strains. To better define the carbon flux, the levers of

Fig. 1 Construction strategy A
used in this work. a PCR

amplifies the budB, budA genes

from Klebsiella pneumoniae

CICC 10011, and the ydjL gene

from Bacillus subtilis 168. b The

promoter Py, and Pgp are fused B
with target genes, with separated

ribosomal binding sites (RBS)

located upstream of each structure

gene, and then inserted into the

expression vector pUC6S. ¢

Electro-transformed into E. coli

MG1655

major by-products (acetic acid, lactic acid, succinic acid, and
ethanol) were also determined. As shown in Fig. 2, whether
under the control of promoter Py, or Pgp, recombinant strains
grew much faster than the parent strain. Additionally, the glu-
cose consumption rate was quite different within the three
cultures (Fig. 2). E. coli MG1655 showed difficulties in con-
suming glucose, with a total consumption of only about 12 g/
L. Although E. coli YJ1, which was controlled by the weak
promoter Pgg, had a high rate of cell growth, with the highest
ODgq reached up to 19.64, its glucose consumption rate was
slow after the inoculation, resulting in a relatively poor (R, R)-
2,3-BD concentration. Conversely, the strain E. coli YJ2,
which controlled by the strong promoter Py, presented a
faster glucose consumption and a significant formation of
(R, R)-2,3-BD. In particular, E. coli YJ2 showed lower acetic
acid production compared to E. coli YJ1. Carbon balance data
also showed that E. coli YJ2 had the higher (R, R)-2,3-BD
carbon ratio per glucose (Table 2).

Elimination of acetoin production

To improve the yield of (R, R)-2,3-BD, we added another
strong promoter Py in front of the ydjL gene to enhance its
expression, generating the recombinant strain E. coli YJ3
(Fig. 1). As shown in Table 3 and Fig. 3, there were no sig-
nificant differences between YJ2 and YJ3 in cell growth and
glucose consumption. However, the amount of acetoin in
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Fig. 2 Curves of the cell growth
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strain YJ3 decreased by 20 %. Although the highest yield of
(R, R)-2,3-BD did not increase remarkably, it did reduce the
reversible reaction from (R, R)-2,3-BD to acetoin, for the con-
centration of (R, R)-2,3-BD in strain YJ2 and YJ3 was 13.4 g/
L (30.9 g/LL at 29 h) and 17.0 g/L (31.5 g/L at 29 h), respec-
tively, after 41 h.

Enzyme activity and RT-qPCR assays

The activities of ALS, ALDC, and 2,3-BDH in the recombi-
nant strains were determined (Fig. 4). Samples at the lag (4 h)
and stationary (12 h) phases of cell growth of each strain were
obtained. As shown in Fig. 4, all the recombinant strains
showed ALS, ALDC, and 2,3-BDH activities. The variation
of activities of these enzymes indicated that the combinatorial
assembly of promoters could successfully modulate

expression levels of genes within the (R, R)-2,3-BD operon.
The specific enzyme activity of the budB, budA, and ydjL
genes and the total protein of the YJ1, YJ2, and YJ3 strains
at the lag and stationary phases of cell growth were obtained.
As shown in Fig. 4, the total protein, the ALS and 2,3-BDH
activities in strain YJ2 and YJ3 increased at the stationary
phase. But the ALDC activities in these recombinant strains
both reduced. Although the total protein, the ALDC, and 2,3-
BDH activities in strain YJ1 showed the same trends in strain
YJ2 and YJ3, the ALS activity in strain YJ2 at the stationary
phase decreased compared to the lag phase. Strangely, al-
though the (R, R)-2,3-BD operon in strain YJ1 were controlled
by the weak promoter, the total protein, the ALS, ALDC, and
2,3-BDH activities were both higher than the other two
strains, in which the operon were controlled by the strong
promoter.

Table 2 Major products of recombinant strains E. coli YJ1, YJ2 and MG1655 in (R, R)-2,3-butanediol fermentation in shake flask

Strains (R, R)-2,3- Acetoin Meso-2,3-  Acetic acid Lactic acid  Succinic Ethanol (R, R)-2,3-butanediol Enantio-
butanediol (g/L) butanediol  (g/L) (g/L) acid (g/L)  (g/L) yield (mol/mol) purity (%)
(g'L) (g/L)

MGI1655 ND ND ND 5.15+0.13 0.00+£0.00 0.00+0.00 0.01 +0.01 ND ND

YI1 1470 £ 0.11 1443 +£029 040+0.00 0.66+0.09 0.00+0.00 0.12+0.01 0.73+0.04 0.51 +0.01 0.99 +0.01

Y2 3087 +134 795+146 020+0.01 0.00+0.00 0.00+0.00 2.58+0.01 1.14+0.07 0.80 + 0.06 0.99 £ 0.01
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Table 3  Major products of recombinant strains E. coli YJ2 and YJ3 in (R, R)-2,3-butanediol fermentation in shake flask

Strains (R, R)-2,3- Acetoin Meso-2,3- Acetic acid Lactic acid  Succinic Ethanol (R, R)-2,3-butanediol Enantio-
butanediol (g/L) butanediol  (g/L) (g/L) acid (g/L) (g/L) yield (mol/mol) purity (%)
(gL) (&L

Y2 30.87 +1.34 795+146 020+0.01 0.00+0.00 0.00+0.00 2.58+0.01 1.14+0.07 0.80+0.06 0.99 = 0.00

Y13 3153+ 04 639+0.64 0.17+0.01 0.00+0.00 0.00+0.00 2.54+0.35 1.15+0.03 0.82+0.02 0.99 = 0.00

The transcription levels of the key genes (budB, budA, and
ydjL) in (R, R)-2,3-BD production pathway in recombinant
strains were investigated by RT-qPCR (Fig. 5). Samples at
the lag (4 h) and stationary (12 h) phases of cell growth of
each strain were obtained. Except the budB gene’s expression
level in strain YJ1, the other two genes’ expression level in
strain YJ1, YJ2, and YJ3 were both reduced at the stationary
phase. The relative quantities of the budB and budA genes’
mRNA level in strain YJ1 were almost five times higher com-
paring to the strain YJ2 and YJ3, and the ydjL gene’s mRNA
level in strain YJ1 was almost twice the level of the strain YJ2
and YJ3, during the stationary phase. This was the same as the
enzymatic activity assays. The ydjL gene of the strain YJ3
showed increased expression level of the gene comparing to
strain YJ2, which reflected the ydjL gene overexpression. The
observed changes in gene transcription levels confirmed that
overexpression of the ydjL gene in strain YJ3 resulted in the
increase in carbon flux toward (R, R)-2,3-BD production.

Optimization of the fermentation conditions

E. coli YJ3 showed the best performance in (R, R)-2,3-BD
production, and the use of constitutive promoter Py; made it
convenient to operate and economically advantageous be-
cause no inducer was required. To improve the efficiency of
(R, R)-2,3-BD production, fermentation conditions, including
pH, agitation speed, and oxygen supply rate, were optimized
using an orthogonal experimental design Lo(3*). Nine exper-
iments were used to identify the best combination of three
variables. The results of the orthogonal experimental design
are shown in Table 4. These data showed that there was a wide
range of (R, R)-2,3-BD concentration which varied from 8.8 to
30.5 g/L in the nine experiments. The results of range analysis
are presented in Table 5. Results showed that range of factor B
was 14.65, which ranked the first. Factor A was 3.84, which
ranked second. Factor C was 3.21, which ranked the last. The
bigger rank value of a factor represented greater effect on the
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Fig. 4 Total protein (a) and
enzymatic activities for b ALS, ¢ 3
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final (R, R)-2,3-BD concentration. According to the range, the
order of influence was agitation speed > pH > oxygen supply
rate. The optimal condition for improving (R, R)-2,3-BD con-
centration was determined as A3B3C,. Thus, the optimal fer-
mentation condition was determined as follows: pH 6.5, agi-
tation speed 400 rpm, oxygen supply rate 1.5 vvm. At the
optimized fermentation conditions, 30.5 g/L (R, R)-2,3-BD
and 3.2 g/L acetoin were produced from 80 g/L of glucose
within 18 h, with an enantio-purity over 99 %.

Fig. 5 Real-time quantitative
PCR results for a budB, b budA, 1.2
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Discussion

As the native microbes generally have difficulties in produc-
ing (R, R)-2,3-BD at a high enantio-purity, heterologous ex-
pression of 2,3-BD operon with (R, R)-specific 2,3-BDH
would be an efficient method to obtain enantiomerically pure
2,3-BD isomers. In this study, we have shown that the pro-
moter strength plays a major role in (R, R)-2,3-BD production
under stable conditions.
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Table 4 Experimental design

and results of the orthogonal Experiment number

Operating factors and their levels (g/L)

design form [Lo(3%)] for (R, R)-

2,3-butanediol production in pH Agitation Oxygen supply (R, R)-2,3-butanediol
fermentator speed rate (g/L)
A B C D

1 5.5 200 1 8.75
2 5.5 300 1.5 14.18
3 5.5 400 2 2393
4 6 200 1.5 13.56
5 6 300 2 21.73
6 6 400 1 21.98
7 6.5 200 2 10.12
8 6.5 300 1 17.82
9 6.5 400 1.5 30.45

In order to achieve the balance of metabolic flux, two dif-
ferent kinds of plasmid had been constructed. In the plasmid
pUC6S-Py,-budB-budA-ydjL. and plasmid pUC6S-Pgp-
budB-budA-ydjL, the synthetic metabolic pathway for (R,
R)-2,3-BD biosynthesis was controlled by the constitutive
promoter Py; and Pyp, respectively. The two promoters were
both picked from Alper’s promoter library and the strength of
promoter Py is twice stronger than promoter Pgp. During the
experiments, the parent strain E. coli MG1655 displayed a
metabolic disorder, leading to difficulties in cell growth and
glucose consumption, which were probably due to the accu-
mulation of acetic acid (~5.15 g/L). Under the same condi-
tions, both recombinant strains obtained a much better cell
growth and higher biomass density than E. coli MG1655.
The production of acetic acid is related to the excessive carbon
flux through the glycolytic pathway and the abundant acetic
acid is harmful to cell growth (Sandoval et al. 2011). The
introduction of (R, R)-2,3-BD pathway in E. coli will help to
guide the excess pyruvate to the (R, R)-2,3-BD, which is less
toxic, and finally release the inhibitory effect of acetic acid and
promote the cell growth and glucose consumption (Xu et al.
2014). According to our speculation, the cell density is direct-
ly proportional to the yield of (R, R)-2,3-BD. However, an
unexpectable phenomenon was observed when comparing
the fermentation performance between the two recombinant

Table 5 Range analysis for the Lo(3%) orthogonal experiment
K value (R, R)-2,3-butanediol (g/L)
pH Agitation speed Oxygen supply rate
K1 15.62 10.81 16.19
K2 19.09 17.91 19.40
K3 19.46 25.45 18.59
Range 3.84 14.65 321

strains. Strain YJ1 showed difficulty in consuming glucose
and producing (R, R)-2,3-BD, but its cell density (19.64)
was much higher than strain YJ2 (12.98). The enzymatic ac-
tivity assay and the RT-qPCR results had showed that the
expression level of all the three genes involved in (R, R)-2,3-
BD production in strain YJ1 were higher than strain YJ2. We
speculate that it is because of all the relevant genes in strain
YJ1 were efficiently expressed, led to the carbon flux mainly
satisfied the need of (R, R)-2,3-BD pathway, thus little acetic
acid was produced and the cell growth was promoted.
Previous studies showed that the basal level protein expres-
sion was sufficient to sustain flux for (R, R)-2,3-BD produc-
tion and the overexpression of enzymes might cause protein
burden, which could lead to a serious metabolic burden on the
host (Ji et al. 2015; Snoep et al. 1995). For this reason, al-
though the gene expression was especially high in strain YJ1,
its glucose consumption and production were both limited.

Based on the results of the fermentation of these two re-
combinant strains, screening multiple promoters could im-
prove the pathway function for (R, R)-2,3-BD production.
The concentration of (R, R)-2,3-BD produced by strain YJ2,
which was controlled by the strong promoter, was twice than
that by the strain YJ1, which was controlled by the weak
promoter. It illustrated that this artificial constructed (R, R)-
2,3-BD pathway had its proper strength of promoter, we could
choose a suitable promoter to further increase the production
of (R, R)-2,3-BD.

Although the yield of (R, R)-2,3-BD in YJI and YJ2 were
0.5 and 0.8 mol/mol, respectively, the total yield of (R, R)-2,3-
BD and acetoin was larger than 99 % of the theoretical max-
imum yield at the end of the fermentation (not shown). The
high total yield of (R, R)-2,3-BD and acetoin indicated that
promoting the conversion from acetoin to (R, R)-2,3-BD was
the critical step for (R, R)-2,3-BD production, and the yield of
(R, R)-2,3-BD could be increased by transforming a greater
number of acetoin (Fu et al. 2014; Li et al. 2015). The major
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problem of using polycistronic vector is the much lower ex-
pression of the latter gene compared with that of the first gene
next to the promoter. By simply adding a promoter sequence
in front of the latter gene on a polycistronic vector, the mRNA
transcripts of the latter gene can be generated independently of
the “read-through” transcript from the first promoter (Kim
et al. 2004). In order to enhance the conversion from acetoin
to (R, R)-2,3-BD, the strain YJ3 was generated by adding the
strong promoter Py, in front of the gene ydjL coding for the
enzyme of (R, R)-2,3-BDH which catalyze the conversion of
acetoin to (R, R)-2,3-BD. The enzymatic activity assay and
RT-qPCR results both demonstrate an elevation in 2,3-BDH
activity and ydjL expression level, which confirmed the view-
point that the expression level of the latter gene in a polycis-
tronic vector is much lower compared with that of the first
gene next to the promoter (Kim et al. 2004). The two strains
showed a similar rate of consumption of sugar and cell
growth, but the concentration of acetoin in strain YJ3 reduced
almost 20 % compared to the strain YJ2 (Table 3), which
showed that overexpression ydjL gene did promote the trans-
formation from acetoin to (R, R)-2,3-BD. The 2,3-BDH cata-
lyze a reversible conversion between (R, R)-2,3-BD and
acetoin (Dai et al. 2014), and the results illustrated that the
overexpression of ydjL gene did reduce the reversible reaction
from (R, R)-2,3-BD to acetoin, because the concentration of
(R, R)-2,3-BD in strain YJ3 reduced much slower than in
strain YJ2.

The recombinant strain E. coli YJ3 displayed a strong abil-
ity of consuming glucose and producing (R, R)-2,3-BD. After
optimizing the fermentation conditions using an orthogonal
experimental design Lo(3%), the nine experiments showed a
wide range of variation in (R, R)-2,3-BD concentration. This
variation indicated that the fermentation optimization was
quite important in enhancing (R, R)-2,3-BD productivity.
After the optimization, strain YJ3 produced 30.5 g/L (R, R)-
2,3-BD and 3.2 g/L acetoin in the batch culture, with a yield of
0.4 g/g and a productivity of 1.7 g/(L-h), and the enantio-
purity was larger than 99 %. This is another example showing
the advantage of constructing a synthetic metabolic pathway
by optimizing the constitutive promoter strength to fulfill the
non-natural metabolite accumulation. The idea developed in
this paper could be applied to the other similar industrial bio-
technological processes to achieve high product
concentration.
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