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Abstract A 3-hydroxyisobutyrate dehydrogenase-encoding gene mmsB has been identified as
one of the key genes responsible for the enhanced organic solvent tolerance (OST) of
Pseudomonas putida JUCTI. In this study, the OST-related effect of two 3-hydroxyacid
dehydrogenase family genes (mmsB and zwf) was investigated in Escherichia coli JM109. It
was noted that the growth of E. coli IM109 was severely hampered in 4 % decalin after zwf’
knockout. Additionally, its complementation resulted in significantly enhanced solvent toler-
ance compared with its parent strain. Furthermore, E. coli IM109 carrying mmsB showed
better OST capacity than that harboring zwf. To construct E. coli strains with an inheritable
OST phenotype, mmsB was integrated into the genome of E. coli JM109 by red-mediated
recombination. Using E. coli IM109(DE3) (AendA::mmsB) as host strain, whole-cell bioca-
talysis was successfully carried out in an aqueous/butyl acetate biphasic system with a
remarkably improved product yield.

Keywords Organic solvent tolerance - mmsB - zwf- 3-Hydroxyacid dehydrogenase family -
Escherichia coli - Whole-cell biocatalysis

Introduction

Organic solvents are toxic to microbial cells even at concentrations as low as 0.1 % [1]. The
toxicity of organic solvents is correlated to their log P value; the lower the value is, the higher
the toxicity to microbes [2, 3]. Log P is defined as the common logarithm of the partition
coefficient of a particular solvent between n-octanol and water phases [4, 5]. As the most
commonly used industrial host strain, Escherichia coli barely tolerates organic solvents with
log P values greater than 3.4-3.8 [6]. Therefore, the poor organic solvent tolerance (OST)
property of E. coli has become a major limitation to its potential application in nonaqueous
whole-cell biocatalysis, alcohol production, etc.

Whole-cell biocatalysis has a number of advantages as compared with that of isolated
enzymes. It could not only achieve enzymatic cascade reactions with enhanced product yield,
but also reduce the cost of enzyme preparation and purification [7-10]. In many biocatalytic
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reactions, it is often necessary to introduce organic solvents as nonaqueous media to facilitate
the solubility of hydrophobic substrates and products. However, poor biocompatibilities of
organic solvents always hinder their application in microbial-catalyzed reactions. Therefore,
the availability of general host strains (such as E. coli) with excellent OST properties could be
of significant importance for whole-cell biocatalysis in nonaqueous media.

Several mechanisms of microbial OST have been elucidated in the past two decades.
Sardessai and Bhosle investigated the OST mechanisms of Gram-negative bacteria including
Pseudomonas and certain E. coli mutants [1]. When challenged by organic solvents, cell
membrane rigidity increases along with a decrease in permeability. Also, various efflux pumps
(tolC/mar/rob/soxS/acrAB) have been identified to be responsible for the active expelling of
solvents. Additionally, some microbes possess specific enzymes capable of degrading certain
organic solvents. Furthermore, stress response is another important OST-related mechanism, in
which a number of energy-producing and regulator proteins are involved.

In our previous study, an OST strain (Pseudomonas putida JUCT1), capable of growing in
60 % (v/v) cyclohexane, was isolated following several rounds of solvent adaptation.
Proteomics and MALDI-TOF/TOF analysis have revealed that several high-abundance protein
spots such as 3-hydroxyisobutyrate dehydrogenase (mmsB) showed an over 60 % discrepancy
under different solvent conditions. The prominent OST-related effect of mmsB has been further
confirmed by its recombinant expression in a non-OST E. coli strain [11].

Glucose-6-phosphate dehydrogenase-encoding gene zwf from E. coli shares a similar
evolutionary origin and enzymatic mechanism with 3-hydroxyisobutyrate dehydrogenase.
Both enzymes belong to the 3-hydroxyacid dehydrogenase family [12]. In this study, the
effect of zwf on the OST properties was evaluated using gene knockout mediated by red
recombination and its complementation in E. coli. Compared with zwf, mmsB transformants
showed higher solvent tolerance. Furthermore, mmsB was integrated into the genomic DNA of
an E. coli strain to generate IM109(DE3) (AendA::mmsB) with an improved OST phenotype,
which was successfully utilized in a nonaqueous whole-cell biocatalysis for the synthesis of
chiral alcohols.

Material and Methods
Strains and Media

Strains and plasmids used in this study are shown in Table 1. Primers used in this study are
shown in Table 2. P putida JUCT1 was cultivated at 30 °C for 12 h in a nutrient broth medium

Table 1 Strains and plasmids used in this study

Strains and plasmids Description Source

Pseudomonas putida JUCT1 Adapted OST strain Nietal [11]

Escherichia coli IM109(Azwf) Knockout strain In this study

E. coli IM109 (Azw/)/pQE-zwf Knockout strain In this study

E. coli IM109(DE3) (AendA::mmsB) Insertion strain In this study

BW25141, BW25113, and BT340 Gene disruption set Datsenko and Wanner [15]
pKD13, pKD46, and pCP20 Gene disruption set Datsenko and Wanner [15]
pQESOL Expression vector QIAGEN

pET20b Expression vector Novagen
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Table 2 Primes used in this study

Purpose Prime Sequence (5'—3')

Amplification of FRT-Kan-FRT F-Bglll CAACAGATCTATTCCGGGGATCCGTCGACC (Bg/I)
RM-Bglll CTGTCTCTTGATCAGTTCTTGATCCCCTGC
FM-Bglll GCAGGGGGATCAAGAACTGATCAAGAGACAG
R-Bglll  CCAACAGATCTGTAGGCTGGAGCTGCTTCG (Bglll)
Amplification of mmsB for F-mmsB ~ GGAATTCCATATGCGTATTGCATTCATCATTGG (Ndel)
PET20b-mmsB construction R s CCCCAAGCTTTCAATCCTTCTTGCGATACC (HindlIl)
Amplification of mmsB and mmsB-F  ATCGGGATCCATGCGTATTGCATTCATTGG (BamHI)
zwf for pQE-mmsB and mmsB-R  CCCCAAGCTTTCAATCCTTCTTGCGATACC (HindllI)
PQE-2wf constructions wfF TATCGGATCCATGGCGGTAACGCAAACAG (BamHI)
ZwfR CGCCCAAGCTTTTACTCAAACTCATTCCAGG (HindlII)
Knockout of zwf AzwfF  CGATGATTTTTTTATCAGTTTTGCCGCACTTTGCGCGC
TTTTCCCGTAATCGCACGGTGTAGGCTGGAGCTGCTTC
AzwfR  TCGTGGGTGAATCCGCACGAGGCCTGAAAGTGTAAAA
ATTGTTCTACAATCTGCGCATTCCGGGGATCCGTCGACC

Check for knockout CzwfF  TGTCAGATATTACGCCTGTGTGC
CzwfR  GTATGACTGAAACGCCTGTAACC
K2 CGGTGCCCTGAATGAACTGC
Kt CGGCCACAGTCGATGAATCC
Insertion of mmsB AendA-F  CCAAAACAGCTTTCGCTACGTTGCTGGCTCGTTTTAAC
at endA site ACGGAGTAAGTGAGATCTATTCCGGGGATCCG

AendA-R  GGTTGTACGCGTGGGGTAGGGGTTAACAAAAAGAAT
CCCGCTAGTGTAGGCAAAAAACCCCTCAAGACCC

Check for insertion CendA-F  CTTTCCTGATCTGGCTGATTGCATA
CendA-R  AAAAATCCGCGTCGTCTCCCCACGC
Mid-R GTCGCCCATGTCCACACCCTTGGC

The underlined nucleotide sequences indicate the restriction sites

(w/v) consisting of 1 % peptone, 0.3 % beef extract, and 0.5 % NaCl, pH 7.0. E. coli IM109
and JM109(DE3) were grown at 37 °C in Luria-Bertani (LB) medium. For recombinant E. coli
strains, antibiotics were supplemented as necessary.

Construction of pQE-mmsB and pQE-zwf

DNA sequences of mmsB and zwf were amplified by PCR using the genomic DNA of
P putida JUCT1 and E. coli IM109 as templates, respectively. The PCR fragments were
double-digested with BamHI and HindIll, then ligated into the corresponding sites of pQE to
generate pQE-mmsB and pQE-zwf.

Chromosomal Integration of FRT-T7-mmsB-Tet by Red Recombination

DNA fragments of mmsB and flippase recognition target-kanamycin resistance (FRT-Km®)
cassette were inserted into pET20b. The resultant FRT-Km®-T7-mmsB-Tet fragment was inte-
grated into the chromosomal DNA of E. coli following a method described by Koma et al. [13].

Kanamycin resistance (Km®) from pKD13 was used as a selective marker in this
study. The FRT-Km"-T7-mmsB-Tet cassette (2,490 bp) was constructed using pET20.
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It comprises mmsB gene (888 bp), FRT-Km" (1,350 bp), T7 promoter (152 bp), T7
terminator, and 100-bp flanking sequence homologous to the adjacent regions of
endA. The total 2,490-bp fragment was inserted into the target loci endd [14] of
JM109(DE3) genomic DNA by red recombination [15]. Successful integration of FRT-
Km®-T7-mmsB-Tet was verified by PCR using primer pairs of Cend4-F and CendA-R,
and CendA-F and Mid-R, which yielded PCR fragments of 2,590 and 1,800 bp,
respectively. The Km® fragment was further excised by flippase (FLP)/FRT recombi-
nation using plasmid pCP20. The residual segment was about 600 bp as confirmed by
PCR with primer pairs of CendA-F and Mid-R.

The method for red recombination for zwf was the same as described above except that a
Km cassette fragment was used.

OST Assay

The OST effect of zwf was studied using its knockout and complementation E. coli
strains. JIM109(Azwf)/pQE-zwf, IM109(Azwf), and JM109 were cultured in LB/Kan
medium at 37 °C. When ODgg of 0.2 was reached, 4 % (v/v) decalin was added for
all strains. Meanwhile, 0.6 mM isopropyl [3-D-1-thiogalactopyranoside (IPTG) was
also added to the complementation strain (JM109(Azwf)/pQE-zwf) to initiate induc-
tion. Cell growth was monitored each hour.

For OST studies on mmsB, IM109(DE3) and JIM109(DE3)/pET20-mmsB were regarded as
negative and positive controls, respectively. The OST of IM109(DE3) (AendA::mmsB) was
compared with two control strains in different organic solvents. Decalin (logP = 4.8),
cyclohexane (logP = 3.2), butyl acetate (logP = 1.7), and butanol (logP = 0.9) were chosen
as solvent stresses based on their distinct log P values. The growth of the above three strains
was monitored every hour in the presence of cyclohexane (4 %, v/v), decalin (4 %, v/v), butyl
acetate (0.4 %, v/v), and butanol (0.1 %, v/v).

As a matter of fact, the growth of knockout strains was slightly slower than their parents in
this study. To better illustrate the growth kinetic of different strains, organic solvents were
added when cell density of 0.2 ODgg was reached for all strains investigated. In our study, the
cell density of various strains reached 0.2 ODggo within 2 h, and the solvent addition at 0.2
ODggo Was defined as the starting time point. Data represent mean + standard deviation of
three independent biological experiments.

Whole-Cell Biotransformation

Recombinant plasmid pET20-kmCR harboring a carbonyl reductase from
Kluyveromyces marxianus had been previously constructed in our laboratory [16],
and it was transformed into JM109(DE3) (AendA::mmsB) and JM109(DE3). The
resultant recombinant E. coli strains were utilized in the asymmetric synthesis of
ethyl (R)-2-hydroxy-4-phenylbutyrate [(R)-HPBE] in an aqueous/butyl acetate (1:1)
biphasic system. The reaction mixture contained 1 g of wet cells, 5 g/L ethyl
2-0x0-4-phenylbutyrate (OPBE), 5.0 mmol/L NADPH, 5 mL of 100 mmol/L phos-
phate buffer (pH 6.0), and 5 mL butyl acetate. The reaction was incubated at 30 °C
and 220 rpm in a 50-mL flask for 12 h.

One unit of activity was defined as the amount of enzyme required for catalyzing the
oxidation of 1 pmol of NADPH per minute. The protein concentration was measured by the
Bradford method using bovine serum albumin as the standard [17].
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Results and Discussion
Effect of zwf'Knockout on OST of E. coli

In our previous study, mmsB was identified as one of the 22 key genes responsible for the
enhanced OST phenotype of P putida JUCT1 using 2D-PAGE combining MALDI-TOF/TOF
analysis [11]. Glucose-6-phosphate dehydrogenase and 3-hydroxyisobutyrate dehydrogenase
are encoded by zwf and mmsB, respectively. Both enzymes belong to the 3-hydroxyacid
dehydrogenase family and share a similar function and catalytic mechanism. Our results also
indicate that mmsB could improve the solvent tolerance of E. coli. To evaluate the OST-related
function of zwf, a knockout strain JIM109(Azwf) was prepared.

The OST experiments on the zwf’knockout and complementation strains were conducted in
LB medium by addition of 4 % (v/v) decalin when ODggo reached 0.2 (Fig. 1). For
IM109(Azwf), cell density hardly increased after 6 h of incubation. A maximum ODyggq of
0.23 was reached, indicating that the solvent tolerance capacity of E. coli was severely damaged
by zwf'knockout. In contrast, cell growth of the parent strain (JM109) was much better than that
of IM109(Azwf), giving a final ODggo of 0.62. To further confirm the function of zwf, a
complementation test was carried out using strain JM109(Azwf)/pQE-zwf. The recombinant
expression of zwf'was validated by a 52-kDa band on SDS-PAGE, corresponding to the correct
size of glucose-6-phosphate dehydrogenase (Fig. 2). As expected, IM109(Azwf)/pQE-zwf
strain showed remarkably faster growth compared with both IM109(Azwf) and JM109. The
cell density of the zwf complementation strain reached 1.24 ODgqq after 6 h, while that of
IM109 and IM109(Azwf) was 0.62 and 0.23, respectively (Fig. 1). The results indicate that
3-hydroxyacid dehydrogenase family genes (zwf'and mmsB) play critical roles in improving the
OST-related properties of E. coli.

Effect of 3-Hydroxyacid Dehydrogenase Family Genes on OST of E. coli

Our previous studies show that 3-hydroxyisobutyrate dehydrogenase (encoded by mmsB)
could help keep a relatively lower intracellular solvent concentration by affecting cell
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Fig. 1 Cell growth of E. coli strains JIM109, IM109(Azwyf), and IM109(Azw/f)/pQE-zwf in the presence of 4 %
(v/v) decalin
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Fig. 2 SDS-PAGE analysis of recombinant expression of zwf (a) and mmsB (b). a M, marker; /-3, soluble
protein of E. coli IM109, IM109/pQE-zwf without induction, and IM109/pQE-zwf'with 1 mM IPTG induction. b
M, marker; /-2, soluble and insoluble protein of IM109(DE3) (AendA::mmsB) with 0.1 mM IPTG induction;
3—4 total protein of IM109(DE3) (AendA::mmsB) with 0.1 mM IPTG induction and without induction; 3, total
protein of IM109(DE3)

membrane composition and accelerating organic solvent extrusion [11]. Gene zwf is a
member of mar-sox regulon genes, which are responsible for the regulation of various
stress response genes [18]. It is therefore speculated that the function of zwf could
also be related to OST mechanisms such as solvent efflux pumps. On the other hand,
glucose-6-phosphate dehydrogenase (encoded by zwf) catalyzes the first step in the
pentose phosphate pathway (PPP). It is a process that generates NADPH and a five-
carbon sugar and its derivatives which are important starting materials for the bio-
synthesis of membrane fatty acids. Furthermore, Heipieper et al. reported that the
saturation degree and average chain length of fatty acids were increased when bacteria
cells were challenged with organic solvents [19]. Wittmann and coworkers confirmed
that overexpression of zwf resulted in a significantly improved lysine production as
well as other amino acids [20]. Kao et al. reported that the expression of genes
involved in amino acid transportation (such as lysC, LeuA, and LeuB) is enriched to
satisfy the higher energy requirement under solvent challenge [21]. Consequently, the
superior OST-related function of zwf could also be attributed to the fortified PPP flux
in the zwf complementation strain, which in turn regulates the structure and compo-
sition of fatty acids in the cell membrane.

In order to further compare the impact of zwf and mmsB on the OST phenotype of E. coli
strains, cell growth of four recombinant strains JIM109/pQE, IM109(Azwf)/pQE-—zwf, IM109/
pQE-zwf, and IM109/pQE-mmsB was monitored in LB medium supplemented with 3 % (v/v)
cyclohexane (logP = 3.7), which is more toxic than decalin (logP = 4.8) (Fig. 3). A stunning
cell density of 1.63 ODggo was reached by IM109/pQE-mmsB after 6 h, while ODggo of 1.12
and 1.32 were attained by IM109(Azwf)/pQE-zwf and IM109/pQE-zwf, respectively. The
results suggest that mmsB is more potent than zwf on boosting the solvent tolerance of
E. coli. Since 3-hydroxyisobutyrate dehydrogenase plays an essential role in the catabolism
of various amino acids such as valine, leucine, and isoleucine, its enhanced expression level
under solvent challenge could help to generate more energy for extruding toxic organic
solvents [22].
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Fig. 3 Cell growth of E. coli strains IM109/pQE, IM109(Azwf)/pQE-zwf, IM109/pQE-zwf; and IM109/pQE-mmsB
in the presence of 3 % (v/v) cyclohexane

OST Properties of E. coli IM109(DE3) (AendA::mmsB)

Our results indicate that recombinant E. coli carrying pQE-mmsB could have improved solvent
tolerance properties. However, plasmid burden and its instability would affect recombinant
protein expression as well as cell growth [23-28]. To construct plasmid-free E. coli strains with
an inheritable OST phenotype, we attempted to integrate mmsB into the genome of
JM109(DE3) using a modified method based on one-step chromosomal gene disruption
[13, 15]. A 2,490-bp FRT-Km"-T7-mmsB-Tet fragment comprising mmsB, FRT-Km"®, and
T7 promoter was successfully inserted into the target locus end4 by homologous recombina-
tion. Then, the kanamycin resistance gene was excised by FLP recombinase, leaving behind a
T7-mmsB-Tet cassette in the endA region. The resulted strain was designated as JM109(DE3)
(AendA::mmsB). As confirmed by SDS-PAGE, the mmsB gene was successfully expressed in
the genomic DNA of E. coli without induction, exhibiting a 32-kDa band (Fig. 2).

The growth of IM109(DE3) (AendA::mmsB) and two control strains, JM109(DE3)
(negative control) and JM109(DE3)/pQE-mmsB (positive control), was monitored in LB
medium supplemented with solvents (v/v) of different toxicities, including 4 % decalin
(logP = 4.8), 4 % cyclohexane (logP = 3.7), 0.4 % butyl acetate (logP = 1.7), and 0.1 %
butanol (logP = 0.8). Among the three strains, JIM109(DE3) (AendA::mmsB) showed the best
growth in the presence of all solvents investigated (Fig. 4).

In 4 % decalin, a solvent with relatively low toxicity, cell growth of JM109(DE3)
(AendA::mmsB) did not show remarkable superiority than the other two strains. After 8 h,
the cell density of IM109(DE3) (AendA::mmsB) was 0.638 ODggo higher than that of
JM109(DE3) and 0.116 ODgg higher than that of IM109(DE3)/pQE-mmsB (Fig. 4a). In
4 % cyclohexane, IM109(DE3) (AendA::mmsB) showed a notably better growth than the
control strain JM109(DE3) and slightly a higher cell density than JM109(DE3)/pQE-mmsB,
giving final ODggo values of 1.59, 1.452, and 0.56, respectively, after 9 h (Fig. 4b). In 0.4 %
butyl acetate, IM109(DE3) showed no appreciable growth after 7 h, while the cell density of
IM109(DE3) (AendA::mmsB) reached 1.495 ODgg, representing approximately 1.5- and
8.5-fold of the two control strains (Fig. 4c). In 0.1 % butanol, a highly toxic solvent,
IM109(DE3) (AendA::mmsB) showed distinct growth superiority over the two control strains.
A high cell density of 1.75 ODgg was attained by IM109(DE3) (AendA::mmsB) after 8 h,
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Fig. 4 Cell growth of E. coli strains IM109(DE3), IM109(DE3)/pET-mmsB, and IM109(DE3) (AendA::mmsB)
in the presence of 4 % (v/v) decalin (a), 4 % (v/v) cyclohexane (b), 0.4 % (v/v) butyl acetate (c), and 0.1 % (v/v)
butanol (d)

whereas the two control strains showed decreased ODg¢( values (possibly cell lysis) due to the
high toxicity of butanol (Fig. 4d).

Hence, IM109(DE3) (AendA::mmsB) is a more advantageous strain even when grown in
solvents with high toxicity such as butanol and butyl acetate and displayed a drastic growth
superiority over the control strain JM109(DE3). Compared with recombinant expression using
pQE-mmsB, chromosomal integration of mmsB apparently eliminates the “metabolic burden”
that arises from plasmid maintenance and replication and therefore contributes to an exceptional
OST phenotype in E. coli.

Application of IM109(DE3) (AendA::mmsB) in Whole-Cell Biotransformation

To evaluate the potential of IM109(DE3) (AendA::mmsB) as an OST biocatalyst host, pET-kmCR
carrying a carbonyl reductase from K. marxianus was transformed into JM109(DE3)
(AendA::mmsB) and IM109(DE3) (as control). Compared with the control strain, the activity of
carbonyl reductase in IM109(DE3) (AendA::mmsB) (1.09 U/mg) was a bit lower than that of the
control (1.25 U/mg) (Table 3). The strains were applied in the bioreduction of OPBE to (R)-HPBE
in an aqueous/butyl acetate (1:1) biphasic system. In this reaction, butyl acetate was adopted as the
organic phase. It has a relatively low log P value of 1.7 and thus extremely toxic to E. coli cells.
After 12 h of the reaction, (R)-HPBE 0f 99.5 % enantiomeric excess (ee) was achieved in a yield of
67.1 % at 5 g/L OPBE with the mmsB integration strain, while the yield of the control strain was
merely 36.7 % (Table 3). Therefore, an E. coli strain carrying mmsB integration conduced to a
significantly higher product yield in biphasic reaction. The results suggest that mmsB
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Table 3 Asymmetric synthesis of ethyl (R)-2-hydroxy-4-phenylbutyrate in an aqueous/butyl acetate (1:1)
biphasic system

Strains kmCR activity (U/mg) Yield (%) ee (%)
IM109(DE3) (AendA::mmsB)/pET-kmCR 1.09 67.1 >99.5
IM109(DE3)/pET-kmCR 125 36.7 >99.5

The reaction mixture contains 1 g of wet cells, 5 g/l OPBE, 5.0 mmol/L NADPH, 5 mL of 100 mmol/L
phosphate buffer (pH 6.0), and 5 mL butyl acetate, which was incubated at 30 °C and 220 rpm in a 50-mL flask
for 12 h

chromosomal integration could potentially be applied in construction of microbial strains for
nonaqueous biocatalysis and biofuel production.

Conclusion

In this study, two 3-hydroxyacid dehydrogenase family genes, mmsB from P putida and zwf
from E. coli, were proven to enhance the solvent tolerance of E. coli IM109 strains by
recombinant expression, gene knockout, and its complementation. It is presumed that the
OST-related function of zwf'is related to its regulatory effects on the solvent response genes
such as efflux pumps, as well as its critical roles in membrane fatty acid synthesis as the first
enzyme of PPP. Previously, enhanced expression level of mmsB (encoding 3-hydroxyisobutyrate
dehydrogenase) has been identified to contribute to the enhanced OST phenotype of P putida
JUCT1. Due to the key roles of mmsB in catabolism of amino acids, enhanced expression of
3-hydroxyisobutyrate dehydrogenase could render a higher energy production which is essential
for solvent expulsion. An E. coli strain with chromosomal integration of mmsB showed
remarkable advantages when grown in the presence of various solvents, especially highly toxic
solvents like butanol. The mmsB integration strain was successfully applied as an OST host strain
for biocatalysis in an aqueous/butyl acetate biphasic system, resulting in an almost doubled
product yield. This study could provide useful knowledge for the genetic engineering of
microbial strains with excellent OST phenotypes for industrial applications in nonaqueous
biocatalysis and biofuel production.
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