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Abstract Furfural is a toxic by-product formulated from
pretreatment processes of lignocellulosic biomass. In
order to utilize the lignocellulosic biomass on isobutanol
production, inhibitory effect of the furfural on isobutanol
production was investigated and combinatorial applica-
tion of two oxidoreductases, FucO and YghD, was sug-
gested as an alternative strategy. Furfural decreased cell
growth and isobutanol production when only YghD or
FucO was employed as an isobutyraldehyde oxidoreduc-
tase. However, combinatorial overexpression of FucO and
YghD could overcome the inhibitory effect of furfural
giving higher isobutanol production by 110 % compared
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with overexpression of YghD. The combinatorial oxidore-
ductases increased furfural detoxification rate 2.1-fold and
also accelerated glucose consumption 1.4-fold. When it
compares to another known system increasing furfural tol-
erance, membrane-bound transhydrogenase (pntAB), the
combinatorial aldehyde oxidoreductases were better on cell
growth and production. Thus, to control oxidoreductases is
important to produce isobutanol using furfural-containing
biomass and the combinatorial overexpression of FucO and
YghD can be an alternative strategy.

Keywords Escherichia coli - Isobutanol - Furfural -
Aldehyde oxidoreductase

Introduction

Lignocellulosic biomass contains more than 50 % of carbo-
hydrates in its composition, and it is considered as a poten-
tial and sustainable carbon source [25, 28, 30]. To extract
the sugars from this lignocellulosic biomass, pretreatment
process has to be implemented due to complex structure of
the biomass [7, 30]. Various pretreatment processes such as
acid hydrolysis, ammonia hydrolysis, and hot water hydrol-
ysis have been developed to purify the sugar, which has
been extracted from the complex [15, 29]. However, bio-
logical fermentation gets hampered because of toxic com-
pounds such as furfural, 5-hydroxymethylfurfural (HMF),
acetate, and aromatic polymers produced in various pre-
treatment [8, 21, 22]. Therefore, effective detoxification
strategies have to be developed for the efficient utilization
of this hydrolysate [22].

Among the by-products, furfural has been reported to
be produced during harsh pretreatment process like acid
hydrolysis [22]. During acid hydrolysis pretreatment, about
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10 mM of furfural, though it may differ upon characteris-
tics of biomass, is formed. It damages the DNA and inhib-
its glycolysis, thereby affecting the metabolisms of sugar in
microorganisms [5, 9, 14, 22]. Furfural is reduced by alde-
hyde oxidoreductases (AORs) into less toxic compound,
furfuryl alcohol [34]. However, this process also decreases
cell growth, because activated AOR is mostly NADPH
dependent [31, 32], and the intracellular consumption of
NADPH results in decreased cell growth [17, 18]. There-
fore, one solution to improve furfural tolerance is to delete
NADPH-dependent AORs like YghD [18]. As another
solution, the furfural active, NADH-dependent 1,2-pro-
panediol oxidoreductase (FucO) has also shown furfural
reduction activity, and it could be alternatively used for
furfural detoxification. Membrane-bound transhydrogenase
(PntAB) also increases furfural tolerance by expanding the
availability of NADPH [17, 19, 32].

Isobutanol is produced by valine biosynthesis pathway and
Ehrlich pathway. a-Ketoisovalerate is synthesized by the valine
pathway, and it is converted to isobutyraldehyde by kivD gene
in Lactococcus lactis spp., which encodes a-ketoisovalerate
decarboxylase [1]. Finally, the isobutyraldehyde is reduced
to isobutyl alcohol by AORs. One of effective AORs showing
good activity against isobutyraldehyde is YghD from Escheri-
chia coli, which is NADPH dependent [3, 12]. One of the
successful methods of isobutanol (2-methylpropan-1-ol) pro-
duction involves the use of engineered E. coli strains [1]. Engi-
neering of E. coli could achieve high isobutanol productivity
and yield using glucose-based synthetic media [1]. However,
when E. coli produces isobutanol with lignocellulose, fermen-
tation efficiency would be interfered by the toxic compounds.
The problem is expected based on characteristic of YghD that
it has broad substrate specificity to isobutyraldehyde and fur-
fural [18]. As an alternative of the NADPH-dependent YqhD,
NADH-dependent AdhA from L. lactis was suggested and
engineered to improve enzyme specificity on isobutyraldehyde
among other substrates such as acetaldehyde [3, 16].

As mentioned above, inhibitory effects of the furfural on
ethanol fermentation have been well studied [11, 17, 26, 31,
33, 34]. However, unlike ethanol production, we have little
information about the production of isobutanol in the presence
of furfural. In this study, we have described a combinatorial
application of two oxidoreductases showing activity on isobu-
tyraldehyde and furfural to improve isobutanol production
using glucose minimal media containing 15 mM of furfural.

Materials and methods
Bacterial strains, media, and culture conditions

The strains and plasmids used in this study are listed
in Table 1. Bacillus subtilis and L. lactis were cultured
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aerobically at 30 °C. As given in Table 1, E. coli DH5a and
E. coli DSMO1 were used as host strains for gene cloning
and production, respectively. For cell preparation and selec-
tion of transformants, these strains were cultured in lysog-
eny broth (LB) agar and/or liquid broth. LB agar was pre-
pared by dissolving 10 g of tryptone, 5 g of yeast extract,
10 g of NaCl, and 20 g of agar in 1 L of distilled water.
For isobutanol production, the transformants were cultured
in M9 minimal medium containing 20 g/L of glucose and
5 g/L of yeast extract, which had initial pH 6.8. Appropri-
ate antibiotics (100 pwg/mL of spectinomycin, 100 pwg/mL
of ampicillin, and 25 pg/mL of chloramphenicol for trans-
formation of E. coli) and 0.1 mM IPTG were also added
when required. For preculture, a single colony of strain
from an LB agar plate was used to inoculate 3 mL of LB
medium. The culture was incubated overnight in a shak-
ing incubator at 37 °C, 200 rpm. To conduct flask culture,
the grown cells were inoculated into 100 mL of production
media taken in a 250-mL screwed cap flask at 1:100 (v/v)
dilutions; the initial OD of this medium was 0.01. This
flask was then sealed with the screwed cap. Isopropyl f-p-
1-thiogalactopyranoside (IPTG) was added initially to the
culture medium to induce protein expression. The culture
was continuously shaken in a shaking incubator at 200 rpm.
The temperature of this incubator was maintained at 30 °C.
Aliquots were removed intermittently from the culture for
carrying out further steps. Test tube culture was carried out
using 5 mL of the production media containing the same
concentration of glucose and yeast extract. This tube was
sealed to create microaerobic condition.

Reagents

Restriction enzymes and polymerase were bought from
Enzynomics (Daejeon, Korea). Plasmid extraction and
gel purification kits were purchased from GeneAll (Seoul,
Korea). Media components were purchased from Bacto
or Difco (NJ, USA). Furfural and furfuryl alcohol were
bought from Sigma-Aldrich (MO, USA).

DNA manipulations

Gene cloning was conducted as a general molecular biol-
ogy method [23]. In brief, the target gene was amplified
by PCR using the primers at Table S1. The amplified gene
was purified before subjecting it to double restriction endo-
nuclease digestion. The digested fragment was ligated
to a vector plasmid, which was also digested by the same
restriction enzymes. Then, the E. coli DH5a was trans-
formed by heat-shock method. The intended plasmids were
used for further study only when they were confirmed by
sequencing.
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Table 1 List of bacterial strains and plasmids used in this study
Strain/primer/plasmid Relevant information Source/reference

Bacterial strains
B. subtilis168
L. lactis KF147

E. coli strains

Wild type
Wild type

KCTC
KCTC

DH5a F~¢$80lacZ M15 endArecAhsdR (ri my) supEthigyrArelA A(lacZYA-argF)U169 Laboratory stock
K12 MG1655 F~ompThsdSy (rgmg) gal dem Novagen
DSMO1 K12 MG1655 AldhA::FRT, AadhE::FRT, AfrdA::FRT, Apta::FRT [4]
HM60 DSMO1 harboring pHM46 and pHM51 This study
HMG60::yghD (HM501) DSMO1 harboring pHM46 and pHM47 This study
HMG60::fucO (HM502) DSMO1 harboring pHM51 and pHM52 This study
HMG60::yghD::fucO (HM601) DSMO1 harboring pHM47 and pHM52 This study
HMS501::pntAB HMS501 harboring pHMS55 This study
HMG601::pntAB HM601 harboring pHMS5 This study
HM501::pACYC HM501 harboring pACYCDuet-1 This study
HM601::pACYC HM601 harboring pACYCDuet-1 This study
Plasmids
pCDFDuet-1 CDF ori, Spec® Novagen
pET23a pBR322 ori, AmpR Novagen
pACYCDuet-1 P15A ori, CmR® Novagen
pHM46 pCDFDuet-1::alsS, kivD This study
pHMS51 pET23a::ilvC, ilvD This study
pHM47 pET23a::ilvC, ilvD, yqghD This study
pHMS52 pCDFDuet-1::alsS, kivD, fucO This study
pHMS5S pACYCDuet-1::pntAB This study

Analysis techniques

The concentration of isobutanol was determined by gas
chromatography (GC; Young Lin Tech, Korea); the chroma-
tographic technique was performed using a DB-Wax col-
umn (30 m x 0.32 mm x 0.5 pm) (Agilent Technologies,
CA, USA) and a flame ionization detector (FID). The split
ratio was 1:20. Two microliters of the sample were injected
into the column. Helium was used as a carrier gas; its flow
rate was maintained at 3.0 mL/min. The oven was held at
40 °C for 5 min; then, it was heated to 230 °C at a rate of
12 °C/min; the temperature of the oven was maintained at
230 °C for 5 min. The culture samples were centrifuged at
4000 rpm for 10 min, and the isobutanol that was dissolved
in the supernatant was extracted using chloroform. The
same volume of chloroform was added, and the mixture
was voltexed for 5 s followed by separation by centrifuge
13,000 rpm for 1 min. The beneath chloroform fraction
was used for isobutanol determination. The concentration
of furfural and furfuryl alcohol was also determined under
these conditions. The residual glucose concentration was
calculated by 3,5-dinitrosalicylic acid (DNS) method with
slight modification. The color changes were read using the
96-well microplate reader at a wavelength of 540 nm.

Furfural tolerance

Furfural resistance was determined using 5 mL of M9
minimal medium, which contained 20 g/L of glucose and
5 g/L of yeast extract. Furfural concentration was adjusted
from 0 to 40 mM by adding appropriate volume of fur-
fural stock solution. Initial pH of all media was 6.8 & 0.1.
Cultivation was completed under microaerobic condition,
and the culture media were sampled after 48 h to meas-
ure cell growth. The cell growth was measured in terms
of cell density using 96-well microplate reader (TECAN,
Switzerland).

Measurement and calculation of parameters

Growth inhibition and production inhibition were deter-
mined using 15 mM of furfural. Cell growth inhibition
and relative growth rate were calculated by measuring OD
at a wavelength of 595 nm. The relative growth rate was
calculated by comparing the slope derived after plotting
OD in mid-log phase. After 96 h, the inhibitory effect on
isobutanol production, final isobutanol titer, and yield was
determined from the isobutanol accumulated in the media.
The residual furfural was quantified to determine the
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Fig. 1 Effect of oxidoreductase overexpression on furfural tolerance.
The error bars represent standard deviation of three replicates

detoxification rate, which is defined as reduced concentra-
tion of furfural per hour (mM/h).

Results

Finding of synergistic effects of two oxidoreductases
on isobutanol production in the presence of furfural

To construct T7 promoter-based isobutanol-producing
strains, we amplified metabolic flux through a valine bio-
synthesis pathway. Acetolactate synthase (alsS) from B.
subtilis was heterologously expressed because of its high
affinity to pyruvate [2]. Ketol-acid reductoisomerase
(ilvC) and dihydroxyacid dehydratase (ilvD) from E. coli
were overexpressed, and o-ketoisovalerate decarboxy-
lase (kivD) from L. lactis was additionally expressed gen-
erating E. coli HM60 using E. coli DSMO1 [4]. Starting
from the HM60, YghD and FucO were additionally over-
expressed and their furfural tolerance was investigated
(Fig. 1). All the strains could not grow over 35 mM fur-
fural, which agrees with other reports [33]. HM60::fucO
(HM502) showed robust cell growth along with increasing
furfural concentration compared to other strains, which
implies FucO was successfully overexpressed. However,
overexpression of YghD made cell more sensitive to fur-
fural. Growth of HM60::yghD (HM501) was inhibited by
low concentration (10 mM) of furfural, while growth of
HM60 and HM60::fucO (HM502) was not inhibited. More-
over, overexpression of YqhD decreased cell density even
when furfural was not added (Fig. 1). The inhibitory effect
of furfural on cell growth is attributed to the depletion of
cellular NADPH that consumed during detoxification [17,
18]. Accordingly, furfural was expected to inhibit isobu-
tanol production requiring NADPH in the biosynthesis
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Fig. 2 Effects of furfural on cell growth and isobutanol production.
The inhibitory effects of furfural on the recombinant cells were inves-
tigated. All the results were delivered after 48 h of culture cultiva-
tion. The error bars represent standard deviation of three replicates.
a Growth inhibition by furfural. b Inhibition of isobutanol production
by furfural

pathway [1]. To investigate the inhibitory effects on growth
and isobutanol production at specific concentration, cell
growth and isobutanol in the presence of 15 mM furfural
were measured (Fig. 2). With 15 mM furfural, cell density
of the HM60, HM60::yghD (HM501), and HM60::fucO
(HM502) decreased 26, 14, and 7 %, respectively. In case
of isobutanol production, inhibitory effect was more dra-
matic (Fig. 2b). In particular, furfural decreased 51 % of
isobutanol production by HM60::yghD (HM501). Although
the inhibition on HM60::yghD (HM501) was distinctive, it
was most productive among the strains in the absence of
furfural, suggesting that YqhD is helpful to produce isobu-
tanol despite the inhibitions on growth. Based on the results
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presented above, we designed a strain overexpressing
both YghD and FucO, designated by HM60::yghD::fucOi
(HM601), and it showed better growth and more produc-
tion of isobutanol than any other strains with and without
furfural (Fig. 2). The HM601 also exhibited cell robustness
against furfural as much as HM60:;fucO (HM502) (Fig. 1).
To determine the improvement, further studies on effect of
the combinatorial oxidoreductases were carried.

Isobutanol production of HM60::yghD (HM501)
and HM60::yghD::;fucO (HM601) in the presence
of furfural

To check the differences between the strains HM501 and
HM601, we cultured and monitored isobutanol produc-
tion by the two strains for 72 h (Fig. 3). Only HM60::yghD
(HM501) was selected to compare with HM60::yghD::fucO
(HM601) because HM60::fucO (HM502) did not produce

isobutanol as much as HM501 (Fig. 2b). After 72 h, the
isobutanol accumulated by HM601 was almost double of
that accumulated by HMS501. Also, furfural detoxification
rate of HM601 was 2.1-fold greater than that of HM501
and the both strains entirely converted furfural to furfuryl
alcohol (Table 2; Fig. 3b). HM601 reached higher cell den-
sity at early phase and also exhibited 1.4-fold greater sugar
consumption rate than that of HM501 (Table 2). Interest-
ingly, HM601 converted furfural from furfuryl alcohol after
48 h, which would be attributed to the reversibility of FucO
[6] (Figs. 3b, S1). In summary, we found out that the com-
bination of FucO and YghD showed 110 % increased isob-
utanol (4.3 g/L) in the presence of furfural, which was sim-
ilar amount to the isobutanol production without furfural
(Table S2). Both FucO and YqhD are active to isobutyral-
dehyde and furfural [12, 24, 31]. Therefore, overexpressing
the reductases improves furfural detoxification and isobu-
tanol production by accelerating conversion rate of furfural
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Table 2 Glucose consumption

. . Organisms Glucose consumption rate (g/L/h)  Furfural detoxification rate* (mM/h)
rate and furfural detoxification
rate HM60 ND 1.90 £ 0.48
HMS502 (HM60::fucO) ND 245 £0.38
HMS501 (HM60::yghD) 0.35 £0.05 1.27 £0.46
HM601 (HM60::yghD::fucO)  0.50 % 0.05 2.65+0.22
ND not determined in this experiment
4 Reduction rate of furfural into furfuryl alcohol
into furfuryl alcohol and isobutyraldehyde into isobutanol A 30
(Table 2).
2.5 1 . .
Comparison of isobutanol production with known - -
PntAB system 2.0
£ o
Increasing NADPH availability using membrane-bound §n 151
transhydrogenase (PntAB), which balances the redox °
cofactor by initiating transhydrogenation between 0
NADP(H) and NAD(H), is known to increase furfural tol-
erance in ethanologenic E. coli [17, 27, 32]. In order to 051
compare the combinatorial system with the known PntAB 00 . ' ' '
system, we constructed strains overexpressing the mem- ’ T et P
brane-bound transhydrogenase from E. coli (Fig. 4). PntAB ““\50\.'.9 \.\\3\5“\"‘) “‘1\6‘“"") \.\N\G&'p
improved furfural tolerance, resulting in 20 % increased
cell density (Fig. 4a). Also, HM501::pntAB produced 64 % B 6
increased isobutanol compared to HM501::pACYC, which
has empty pACYC vector. This supports other reports that 3 T
supplementing NADPH increases furfural tolerance and - 1 £
productions [17, 32]. Compared with the HM501::pntAB, > 41
HM601::pACYC showed higher cell density and isobutanol S
production (Fig. 4). In addition, the combinatorial system 5 3
totally prevented inhibition of furfural on final isobutanol -§ ot
titer while 9 % of isobutanol was reduced at HM501::pntAB 2 27
by furfural (Table S2). When PntAB was additionally over- N
expressed to the HM601 (HM601::pntAB), there was no
notable improvement (Table 3). 0 : : ' :
c
\'\“50‘\-.‘.9“0‘( " “50\:‘-'\’“0&;\“60‘-:.9“7“;“ “60\':9“‘?3

Discussion

When lignocellulosic biomass is hydrolyzed by the pre-
treatment process, a certain amount of furfural is usually
formed [7, 28]. This aldehyde impedes cell growth and
also increases the toxicity of other compounds [33]. E. coli
reduces furfural to the less toxic furfuryl alcohol using oxi-
doreductases, and it has been reported that the reduction is
mainly NADPH dependent [10]. The reductase YghD has
low K, value for NADPH, which might cause the deple-
tion of NADPH during cell growth [12]. Therefore, silenc-
ing the NADPH-dependent reductase was preferred [18,
32]. On the other hand, NADH-dependent 1,2-propan-
ediol oxidoreductase (FucO), which is involved in fucose

@ Springer

Fig. 4 Effects of additional transhydrogenase (PntAB) overexpres-
sion to growth and isobutanol. 15 mM furfural was added to the ini-
tial media, and cell growth and the isobutanol titer were measured
after 96 h. The error bars represent standard deviation of three repli-
cates. a Effect of transhydrogenase on growth. b Effect of transhydro-
genase on isobutanol production

metabolism, was overexpressed, and it increased furfural
tolerance [6, 31].

In this study, we employed each of oxidoreductases
to produce isobutanol in the presence of furfural. When
YqghD was employed, furfural inhibited isobutanol produc-
tion up to 51 % while it helped to produce isobutanol in the
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Table 3 Growth réte and S. no. Organism Parameters
isobutanol production of the
strains studied in this study Relative growth rate® Isobutanol®
Titer (g/L)* Yield (g/g)
1 HM60 1 0.91 £0.02 0.05
2 HM60::yghD (HM501) 0.76 2.17£0.23 0.11
3 HMG60::fucO (HM502) 1.79 221 £0.12 0.11
4 HMG60::yghD::fucO (HM601) 1.43 433 +0.15 0.23
5 HM501::pntAB 1.27 3.89 £ 0.13 0.20
6 HMG601::pntAB 1.41 432 4+0.21 0.23

# Relative specific growth rate ()

® 15 mM furfural added to M9 minimal media, 20 g/L glucose

¢ 96-h culture

presence or absence of furfural (Fig. 2b). Instead of YqhD,
FucO was employed but furfural still inhibited isobutanol
production while it increased furfural tolerance, resulting
in better growth. To overcome the inhibitions by furfural,
we applied both YghD and FucO, and the results clearly
showed that the combinatorial system could increase cell
growth and production of isobutanol under the influence of
furfural. When combinatorial system was compared to the
other known system, which supplements cellular NADPH
(Fig. 4), combinatorial oxidoreductases entirely prevented
the inhibition of furfural on isobutanol production while
the overexpression of PntAB exhibited 9 % of isobutanol
inhibition by furfural. When PntAB was additionally
overexpressed to the strain expressing FucO and YghD
(HM601), it did not show further improvement, suggesting
that there is no additional effect by supplementing cellular
NADPH.

The possible explanation of the combinatorial oxidore-
ductases can be hinted from other reports. YqhD is help-
ful enzyme in the production of isobutanol having low
K., for isobutyraldehyde (1.8 mM), but it has low K, for
NADPH (0.008 mM), resulting in growth inhibition in
the presence of furfural [3, 18]. Compared with YqhD,
FucO is better for furfural reduction because of lower K,
for furfural with low K, for NADH (0.003 mM) [13, 20,
31]. But, FucO has lower activity than YghD to produce
isobutanol (Fig. 2b). Hence, combinatorial application of
the FucO and YghD improves the detoxification rate of
furfural and isobutanol productivity, resulting in higher
cell growth and greater isobutanol production (Tables 2, 3;
Fig. 3). Again, the results suggest that the combinatorial
reductase system is effective on isobutanol production in
the presence of furfural not only because of balanced use
of redox cofactors, but also because of the additional enzy-
matic activities on isobutyraldehyde to isobutanol by the
two oxidoreductases.

Conclusion

In this study, a novel approach to improve isobutanol pro-
duction using media containing furfural was investigated.
Because the furan derivative is one of the most toxic com-
pounds formulated during treatment of lignocelluloses,
this strategy can be further applied to isobutanol fermen-
tation using lignocellulosic hydrolysates. The presented
results suggest that control of aldehyde oxidoreductase
would be important on isobutanol production with ligno-
celluloses containing furfural. Greater improvements can
be achieved by engineering oxidoreductases to lower K,
value for furfural or other toxic furan derivatives such as
HMF.
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