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Abstract Three enzymes responsible for the transhydrogenase-
like shunt, including malic enzyme (encoded by MAET),
malate dehydrogenase (MDH?2), and pyruvate carboxylase
(PYC2), were overexpressed to regulate the redox state in
xylose-fermenting recombinant Saccharomyces cerevisiae.
The YPH499XU/MAEI strain was constructed by overex-
pressing native Maelp in the YPH499XU strain expressing
xylose reductase and xylitol dehydrogenase from
Scheffersomyces stipitis, and native xylulokinase. Analysis
of the xylose fermentation profile under semi-anaerobic con-
ditions revealed that the ethanol yield in the YPH499XU/
MAEI strain (0.38+£0.01 g g ' xylose consumed) was im-
proved from that of the control strain (0.31£0.01 g g xylose
consumed). Reduced xylitol production was also observed in
YPH499XU/MAE]1, suggesting that the redox balance was
altered by Maelp overexpression. Analysis of intracellular
metabolites showed that the redox imbalance during xylose
fermentation was partly relieved in the transformant. The
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specific ethanol production rate in the YPH499XU/MAE1-
MDH?2 strain was 1.25-fold higher than that of YPH499XU/
MAEI1 due to the additional overexpression of Mdh2p,
whereas the ethanol yield was identical to that of
YPH499XU/MAEI1. The specific xylose consumption rate
was drastically increased in the YPH499XU/MAEI-
MDH2-PYC2 strain. However, poor ethanol yield as well
as increased production of xylitol was observed. These
results demonstrate that the transhydrogenase function
implemented in S. cerevisiae can regulate the redox state
of yeast cells.

Keywords Transhydrogenase-like shunt - Malic enzyme -
Anaplerotic pathway - Xylose fermentation - Saccharomyces
cerevisiae

Introduction

Improvements in xylose fermentation have been extensively
studied by manipulating the initial xylose assimilation
pathway because xylose is the dominant pentose sugar in
the hydrolysates of lignocellulosic biomass (Hahn-Hagerdal
et al. 2007; Matsushika et al. 2009; Nevoigt 2008; Van
Vleet and Jeffries 2009). Anaerobic xylose fermentation by
Saccharomyces cerevisiae was first demonstrated by heterol-
ogous expression of the XYL (Rizzi et al. 1988) and XYL2
(Rizzi et al. 1989) genes encoding xylose reductase (XR)
and xylitol dehydrogenase (XDH) from Scheffersomyces
(Pichia) stipitis, respectively (Kotter and Ciriacy 1993;
Tantirungkij et al. 1993) (Fig. 1). However, the recombinant
strains consumed xylose at a slower rate and exhibited
significant byproduct (xylitol) formation (Eliasson et al.
2000; Ho et al. 1998; Johansson and Hahn-Hagerdal 2002;
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Katahira et al. 2008; Sonderegger and Sauer 2003; Verho
et al. 2003; Watanabe et al. 2007). One reason for the result
is a difference in the coenzyme usage of S. stipitis XR and
XDH, which preferentially use NADPH and NAD",
respectively (Fig. 1). The redox imbalance should hamper
the conversion of xylose to xylulose by XR and XDH
(Bruinenberg et al. 1983; Jeffries and Jin 2004). In order
to improve the redox imbalance, a series of metabolic engi-
neering studies were conducted by protein engineering to
alter cofactor usage (Bro et al. 2006; Klimacek et al. 2010;
Matsushika et al. 2008; Verho et al. 2003; Watanabe et al.
2007). Additionally, changing the intracellular redox bal-
ance in xylose-fermenting S. cerevisiae has also been
attempted by implementing additional metabolic reactions.
The imbalance could be relieved by the activity of pyridine
nucleotide transhydrogenase catalyzing the following reac-
tion: NADH+NADP'—NAD" + NADPH (Arkblad et al.
1996; Sauer et al. 2004). Although pyridine nucleotide
transhydrogenase plays an important role in regulating the
cellular redox state in many organisms, S. cerevisiae does
not possess a gene encoding this enzyme (Anderlund et al.
1999). Furthermore, it has been demonstrated that heterolo-
gous expression of a bacterial transhydrogenase in S. cer-
evisiae resulted in increased production of glycerol rather
than ethanol (Nissen et al. 2001).

In this study, an alternative transhydrogenase function
was implemented to S. cerevisiae by an activation of meta-
bolic shunt consists of pyruvate carboxylase (PYC), malate
dehydrogenase (MDH), and malic enzyme (MAE). It has
been suggested that the metabolic shunt involving anapler-
otic reactions may function in a fashion similar to that of
transhydrogenase (Fig. 1) (Blombach et al. 2011; Moreira
dos Santos et al. 2004). Through this shunt, pyruvate is
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sequentially converted to oxaloacetate, malate, and pyruvate
by the activities of PYC (catalyzing the following reaction:
pyruvate+ATP — oxaloacetate+ ADP+Pi+CO,), MDH
(oxaloacetate+ NADH — malate+NAD"), and MAE (malate+
NADP" — pyruvate+ NADPH+CO,) as shown in Fig. 1. As
the coenzyme preferences of MDH and MAE in S. cerevisiae
are NADH and NADP", respectively (Boles et al. 1998), the net
stoichiometry of the shunt is: ATP+NADH+NADP" — ADP+
Pi+NAD" + NADPH, indicating that a transhydrogenase-like
function can be implemented at the expense of ATP. In this
study, the metabolic shunt was activated by overexpressing
the Maelp, Mdh2p, and Pyc2p proteins to implement the
transhydrogenation function in xylose-fermenting yeast
expressing XR, XDH, and XK.

Materials and methods
Yeast strains, plasmids, and transformation

The yeast strains and plasmids used in this study are listed in
Table 1. The growth conditions and DNA techniques used
have been previously described (Katahira et al. 2006). The
MDH?2, MAEI, and PYC2 genes were amplified using the
genomic DNA of the S. cerevisiae strain BY4741
(Brachmann et al. 1998; Ishii et al. 2009) as a template with
the primer sets 5'-CCGGTCGACATGCCTCACTCAGTTA
CACCATCC-3'/5'-CGGCCCGGGTTAAGATGATGCA
GATCTCGATGC-3', 5'-CCGGTCGACATGCTTAGAAC
CAGACTATCCGTT-3"/5'-CCGGAATTCCTACAA
TTGGTTGGTGTGCACCGA-3', and 5'-GCCGTCGA
CATGAGCAGTAGCAAGAAATTGG-3'/5'-GGCC
CCGGGTTACTTTTTTTGGGATGGGGGTAGGG-3',
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Table 1 Yeast strains and plasmids used in this study

Strain or plasmid

Description

Source or reference

Strains

Saccharomyces cerevisiae YPH499

S. cerevisiae YPH499XU
YPH499XU/MAEL1
YPH499XU/MAE1-PYC2
YPH499XU/MAE1-MDH?2
YPH499XU/MAE1-MDH2-PYC2
YPH499XU/pGK404
YPH499XU/pGK404—-pGK402
YPH499XU/pGK404-pGK405
YPH499XU/pGK404-pGK402—-pGK405
Plasmids

pIUX1X2XK

pGK402ScMDH?2
pGK404ScMAEL1
pGK405ScPYC2

pGK402
pGK404
pGK405

MATa ade? his3 leu2 lys2 trpl ura3

S. cerevisiae YPH499 (pIlUX1X2XK)

YPH499XU (pGK404ScMAE1)

YPH499XU (pGK404ScMAE1, pGK405ScPYC2)

YPH499XU (pGK404ScMAE1, pGK402ScMDH?2)

YPH499XU (pGK404ScMAE1, pGK402ScMDH2, pGK405ScPYC2)
YPH499XU (pGK404)

YPH499XU (pGK404, pGK402)

YPH499XU (pGK404, pGK405)

YPH499XU (pGK404, pGK402, pGK405)

URA3, intracellular co-expression of XYL/ (xylose reductase from
Scheffersomyces stipitis), XYL2 (xylitol dehydratase from S. stipitis),
and XYS! (xylulokinase from S. cerevisiae) genes.

ADE?2, expression of S. cerevisiae MDH?2 gene under the control
of the PGKI promoter

TRP1, expression of S. cerevisiae MAE1 gene under the control
of the PGKI promoter

LEU2, expression of S. cerevisiae PYC2 gene under the control
of the PGKI promoter

ADE?2, no insert (control plasmid)

TRP1, no insert (control plasmid)
LEU2, no insert (control plasmid)

Purchased from
Stratagene (LaJolla, CA)

Hasunuma et al. (2011)
Current study
Current study
Current study
Current study
Current study
Current study
Current study
Current study

Katahira et al. (2006)

Current study
Current study
Current study

Ishii et al. (2009)
Ishii et al. (2009)
Ishii et al. (2009)

respectively. The amplified fragments were digested and
ligated into the pCR-Blunt II-TOPO vector (Invitrogen,
Carlsbad, CA) to yield the pCR-Blunt II-TOPO-MDH?2,
pCR-Blunt II-TOPO-MAEI, and pCR-Blunt II-TOPO-
PYC2 plasmids, respectively. The purified plasmids were
used for sequence confirmation. Plasmids containing the
MDH?2, MAEI, and PYC2 coding regions were digested
and ligated into the Sall-Xmal, Sall-EcoRI, and Sall-
Xmal sites of the pGK402, pGK404, and pGK405 plas-
mids (Ishii et al. 2009) to yield the pGK402ScMDH?2,
pGK404ScMAEL, and pGK405ScPYC2 plasmids, respectively.

Transformations were performed using the lithium-acetate
method as previously described (Ito et al. 1983; Katahira et al.
2006). The pGK402ScMDH2, pGK404ScMAEI1, and
pGK405ScPYC2 plasmids were digested with EcoRYV,
BspEl and AfII, respectively. The linear products were
transformed into the S. cerevisiae strain YPH499XU
(Hasunuma et al. 2011).

Xylose and glucose fermentations
The yeast transformants were aerobically cultivated in yeast

extract peptone dextrose (YPD) medium (10 g 1! yeast
extract, 20 g 1! peptone, and 20 g I"' p-glucose) for 48 h

at 30 °C. The cells were collected by centrifugation at
1,000xg for 5 min at 4 °C and washed twice with sterile
water. The cells were then inoculated into 50 ml of fer-
mentation medium. For xylose fermentation, YPX medium
containing 10 g 17" yeast extract, 20 g I"' peptone, and 50 g
"' xylose was used. Medium containing 10 g ' yeast
extract, 20 g 1! peptone, and 50 g 1! glucose was used for
glucose fermentation. All fermentations were performed
at 30 °C with mild agitation in 100-ml closed bottles
equipped with a bubbling CO, outlet. The initial cell
concentration was adjusted to 50 g of wet cells 1"
(corresponding to OD 33.3 and 11 g of dry cells I""). The
wet cell weight was determined by weighing the cell pellet
that was harvested by centrifugation at 1,000x g for 5 min.
To determine the concentrations of ethanol, glucose, glyc-
erol, xylitol, and xylose in the fermentation medium, the
supernatant obtained by centrifugation at 14,000 xg at 4 °C
for 5 min was applied to a high-performance liquid chro-
matography (HPLC) system (Shimadzu, Kyoto, Japan)
equipped with a Shim-pack SPR-Pb column (7.8x
250 mm; Shimadzu) and an RID-10A refractive index
detector (Shimadzu). The HPLC system was operated at
80 °C with water at a flow rate of 0.6 ml min ' as the
mobile phase.
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Metabolite analysis

Targeted analysis of malate and nicotinamide adenine dinu-
cleotides in S. cerevisiae cells was performed using the
following procedure. The cold methanol method was used
to collect YPH499XU/MAE1 and YPH499XU/pGK404
cells (Spura et al. 2009). Three milliliters of cell suspension
was transferred to 6 ml of precooled 60 % (v/v) methanol
solution at —50 °C and mixed quickly by inversion. Samples
were centrifuged at 10,000x g at =9 °C for 5 min and frozen
in liquid nitrogen after decanting. The other strains were
analyzed using the filtration method. Both methods
produced essentially the same results for the target metabo-
lites (Kato et al. 2012). Fermentation liquid (3 ml) was
filtered through a membrane filter (Omnipore, 0.45-pum,
25-mm diameter polytetrafluoroethylene; Millipore, MA).
Immediately after filtration, the yeast cells were washed
with 5 ml of cold aqueous ammonium hydrogen carbonate
(50 mM, at 4 °C), transferred into an Eppendorf tube with a
membrane filter, and frozen in liquid nitrogen. The time
required for the procedure was approximately 45 s. The
samples were stored at —80 °C until analysis. Metabolites
were extracted from the cells by adding 1.5 ml of methanol
containing an internal standard (32.3 nM (+)-10-camphor-
sulfonic acid) and shaking the samples with a zirconia bead
(5.0 mm) for 10 min at 1,500 rpm (Shake Master Neo;
Biomedical Science, Japan). Following centrifugation at
4 °C for 5 min at 15,000xg, 400 pl of chloroform and
160 ul of MilliQ water were added to 500 pl of the super-
natant. After mixing and centrifugation at 4 °C for 5 min at
15,000 x g, the water phase of the extract (300 pl) was dried
under vacuum and dissolved in 50 ul of MilliQ water. The
extracts were analyzed using a liquid chromatography-triple
quadrupole mass spectrometry (LC-QqQ-MS) system (LC:
Agilent 1200 series; MS, Agilent 6460 with Jet Stream
Technology; Agilent Technologies, Waldbronn, Germany)
controlled by MassHunter Workstation Data Acquisition
software v. B. 04.01 (Agilent Technologies). The LC-
QqQ-MS analysis was performed under the following con-
ditions: column, Unison UK-CI18 column (2.0x150 mm,
particle size of 3 um; Imtakt Corp., Kyoto, Japan); mobile
phase, 10 mM tributylamine/15 mM acetic acid in water (A)
and methanol (B); flow rate, 0.3 ml min gradient curve,
0 % B at 0 min, 0 % B at 8 min, 90 % B at 24 min, 0 % B at
24.1 min, and 0 % B at 30 min; injection volume, 3 pl;
column temperature, 35 °C; mode of mass analysis, multiple
reactions monitoring (MRM) at negative ion mode. The
detailed MRM and ionization conditions for the analysis
were previously reported (Kato et al. 2012). The peak of a
target metabolite was identified by comparing its
chromatographic behavior with that of an authentic
standard, and its peak area was determined using the
MassHunter Quantitative Analysis v. B. 04.00 software
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(Agilent Technologies). Normalized peak areas (relative to
that of internal standard) are used to represent the relative
abundances of metabolites in the samples. Ratios of NADH/
NAD" and NADPH/NADP" were determined by using the
normalized peak area.

Results

Role of mitochondrial malic enzyme in xylose
fermentation

The functionality of the metabolic shunt in S. cerevisiae has
been doubted because MAE is specifically expressed in the
mitochondria (Boles et al. 1998), whereas PYC is active in
the cytosol (Fig. 1) (Bakker et al. 2001). To investigate the
role of mitochondrial MAE in xylose fermentation, a
recombinant strain (YPH499XU/MAEI1) was constructed
by homologous overexpression of Maelp in the xylose-
fermenting recombinant strain YPH499XU, which harbors
three genes for xylose assimilation: XK from S. cerevisiae,
and XR and XDH from S. stipitis (Table 1). The perfor-
mance of YPH499XU/MAE]1 was compared with that of its
vector control (YPH499XU/pGK404) in batch fermentation
under semi-anaerobic conditions using YPX medium con-
taining yeast extract, peptone, and xylose (Fig. 2a—c and
Table 2). The fermentation data revealed that the ethanol
yield in YPH499XU/MAEI (0.38+0.01 g g ' xylose con-
sumed) was higher than that of the vector control (0.31+
0.01 g g~' xylose consumed) (Fig. 2b and Table 2), because
the xylitol yield of YPH499XU/MAE1 (0.19+0.01 g g
xylose consumed) was lower than that of the vector control
(0.28+0.02 g g~' xylose consumed) (Fig. 2¢ and Table 2).
The specific xylose consumption rate of YPH499XU/MAEI
was also 28 % higher than that of YPH499XU/pGK404
(Fig. 2a and Table 2). These results suggest that the redox
balance in the YPH499XU/MAEI] strain was altered by the
up-regulation of Maelp expression.

To further confirm the role of Maelp, the levels of malate
and nicotinamide adenine dinucleotides in yeast cells were
analyzed using LC-QqQ-MS. Because an increased ethanol
yield was observed in batch fermentation using YPX medi-
um, the intracellular metabolites were extracted from the
yeast cells fermented under identical conditions (Fig. 2d-f).
Comparison of the metabolite levels in YPH499XU/MAEI
with that of the vector control (YPH499XU/pGK404)
revealed that Maelp overexpression decreased the levels
of malate in the yeast cells (Fig. 2d). Furthermore, the
NADPH/NADP" ratio was slightly increased in the
YPH499XU/MAEI! strain (Fig. 2e), indicating that the re-
generation of NADPH was increased by the activation of a
metabolic reaction catalyzed by MAE (Fig. 1). Furthermore,
the production of malate from oxaloacetate may be activated
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Fig. 2 Fermentation and intracellular metabolite profiles of the recom-
binant Saccharomyces cerevisiae strain YPH499XU/MAEI cultured in
50 g 1! xylose. Concentrations of xylose (a), ethanol (b), and xylitol
(¢) in the culture medium were determined using HPLC. Relative
levels of malate (d), NADPH/NADP" ratio (e), and NADH/NAD"
ratio (f) were determined using LC-QqQ-MS. Data derived from
YPH499XU/MAEI (filled circle) and its vector control (YPH499XU/
pGK404; open circle) are shown. Signal intensity (peak area) are used
to represent relative abundances of intracellular metabolites. Each data
point represents the mean (SD) values obtained from three replicate
fermentations

in the YPH499XU/MAE] strain because the NADH/NAD"*
ratio was slightly decreased (Fig. 2f).

Distinct effects of additional overexpression of Pyc2p
and Mdh2p

For further activation of the metabolic shunt, two recombinant
strains YPH499XU/MAE1-PYC2 and YPH499XU/MAE1-
MDH2 were constructed by introducing the native PYC2 and
MDH? genes, respectively (Table 1). YPH499XU/MAE1-
PYC2 showed rather poor performance in xylose fermentation
as shown in Table 2. In the case of the YPH499XU/MAE1-
MDH2 strain, the yields of ethanol (0.39+0.003 g g~ xylose
consumed) and xylitol (0.20+0.003 g g xylose consumed)
were essentially identical to that of YPH499XU/MAEI1
(0.38+0.01 and 0.19+0.01 g g ' xylose consumed, respectively)

(Fig. 3 and Table 2). On the other hand, the rates of specific
xylose consumption (0.29+0.01 g g dry cells ' h™') and
ethanol production (0.09+£0.001 g g dry cells ' h™") were
24 % and 25 % higher than that of YPH499XU/MAE]1, and
also 41 % and 40 % higher than that of the vector control
(YPH499XU/pGK404—pGK402), respectively (Fig. 3 and
Table 2). The levels of malate and nicotinamide adenine
dinucleotides (Fig. 3d—f) were altered during fermentation in
a manner similar to that of YPH499XU/MAEI! (Fig. 2d-1).
However, the malate levels and the NADPH/NADP" ratio in
the YPH499XU/MAE1-MDH2 strain (Fig. 3d and ¢) tended
to be higher than those of the YPH499XU/MAEI strain
(Fig. 2d and e).

Simultaneous overexpression of Maelp, Mdh2p, and Pyc2p

Effects of simultaneous overexpression of Maelp, Mdh2p,
and Pyc2p on xylose fermentation were investigated. The
specific xylose consumption rate of the YPH499XU/
MAEI1-MDH2-PYC2 strain increased to 0.40+£0.003 g g
dry cells™" h™', which was 81 % higher than that of the
vector control (Fig. 4a and Table 2). To investigate the
metabolic events occurring in the YPH499XU/MAEI1-
MDH2-PYC2 strain, the levels of intermediates were ana-
lyzed by LC-QqQ-MS (Fig. 4d—f). The levels of malate
were similar to that observed with the vector control, indi-
cating that a sufficient amount of malate was produced by
the overexpressed Pyc2p and Mdh2p enzymes (Fig. 4d). In
addition, the NADPH/NADP" levels were significantly in-
creased in the YPH499XU/MAE1-MDH2-PYC2 strain
(Fig. 4e). The metabolic states should preferable to increase
the turnover of the XR reaction and xylose uptake. Despite
the faster xylose consumption, poor ethanol yield was
obtained from the YPH499XU/MAE1-MDH2-PYC2
strains because xylitol production was drastically increased
(Fig. 4b and c). Metabolite analysis also demonstrated that
the NADH/NAD" ratio was increased in the strain (Fig. 4f).
The high NADH/NAD" ratio would disturb the reaction
catalyzed by XDH, thereby leading to the secretion of
excess xylitol into the medium.

Furthermore, YPH499XU/MAE1-MDH2-PYC2 showed
a diauxic xylose conversion pattern because it began to
consume xylitol after the depletion of xylose (Fig. 4a and c).
Due to the xylitol assimilation capability, the ethanol
concentration in the medium gradually increased until 72 h
after the initiation of fermentation. Although the specific
ethanol production rate during 24 to 48 h after fermentation
initiation was very slow (4.7£0.3 mg g dry cells”' h™"), the
ethanol yield from xylitol (0.33£0.02 g g ' xylose con-
sumed) was comparable to that from xylose. It has been
reported that other yeasts, such as Candida utilis and
Rhodotorula toruloides can utilize xylitol (Hsiao et al.
1982). These results suggest that the transhydrogenase-like
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Table 2 Efficiencies of recombinant yeast strains cultured in 50 g I”' xylose®

Strains Xylose consumption rate  Ethanol production rate ~ Yield (g g ' xylose consumed)
(g 1" h'") and specific (g 1" h'") and specific
xylose consumption rate ethanol production rate Ethanol Glycerol Xylitol
(g g dry cells ' h7)° (g g dry cells ' h™')°
YPH499XU/MAEI1 2.60+0.05 0.82+0.05 0.38+0.01 0.02+0.004  0.19+0.01
(0.23£0.01) (0.08+0.01)
YPH499XU/MAE1-PYC2 1.16£0.09 0.33+0.03 0.29+0.01 0.02+£0.003  0.20+0.004
(0.11+0.01) (0.03+0.003)
YPH499XU/MAE1-MDH2 3.22+0.07 1.03+0.01 0.39+£0.003  0.03+0.003  0.20+0.003
(0.29+0.01) (0.09+0.001)
YPH499XU/MAE1-MDH2-PYC2 4.37+0.03 1.16+0.02 0.27£0.003  0.06+0.004  0.42+0.01
(0.40+0.003) (0.11+0.002)
YPH499XU/pGK404 2.03+£0.06 0.53+0.01 0.31£0.01 0.01+0.002  0.28+0.02
(0.20+0.01) (0.05+0.001)
YPH499XU/pGK404-pGK405 2.15+0.05 0.57+0.02 0.32+0.01 0.01£0.001  0.28+0.01
(0.20+0.01) (0.05+0.002)
YPH499XU/pGK404—pGK402 2.28+0.14 0.73+£0.02 0.33£0.01 0.01£0.002  0.30+0.004
(0.21£0.01) (0.07+0.002)
YPH499XU/pGK404-pGK402-pGK405 2.41+0.05 0.68+0.03 0.31£0.02 0.01£0.002  0.27+0.01
(0.22+0.01) (0.06+0.003)

#Each data point represents the mean + SD obtained from three replicate fermentations

®Specific xylose consumption rate and specific ethanol production rate are shown in brackets

shunt may have a role in the carbon assimilation function in
these yeasts.

Effects of the transhydrogenase-like shunt on glucose
fermentation

As mentioned above, the transhydrogenase-like function of
the shunt requires the expenditure of ATP. Since ATP is
essential for various cellular processes including the glucose
assimilation pathway, the additional consumption of ATP by
the overexpression of Maelp, Mdh2p, and Pyc2p is likely to
affect the efficiency of glucose fermentation. The aerobic
growth of all the strains in YPD medium was essentially the
same as that of the control strains (data not shown). The
glucose fermentation profiles of the YPH499XU/MAEI1 and
YPH499XU/MAE1-MDH?2 strains were essentially identi-
cal to those of the vector controls (YPH499XU/pGK404 and
YPH499XU/pGK404—pGK402, respectively), as shown in
Table 3. On the other hand, the specific glucose consump-
tion rate of the YPH499XU/MAEI-MDH2-PYC2 strain
(2.15+0.10 g g dry cells”' h™") was 45 % higher than that
of the vector control (1.48+0.13 g g dry cells' h™)
(Table 3). The higher specific glucose consumption rate
may be attributed to the substrate specificity of MAE
encoded by MAE!I (Boles et al. 1998). It has been demon-
strated that, in addition to NADP", Maelp enzyme could
use NAD" as an electron acceptor. When NAD" is used as
an electron acceptor by MAE, the shunt would drain ATP
without performing the transhydrogenase function. In order
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to produce more ATP, the YPH499XU/MAEI-MDH2-
PYC2 strain would increase its glucose uptake rate.

Discussion

In this study, three enzymes responsible for the
transhydrogenase-like shunt including Maelp, Mdh2p, and
Pyc2p were overexpressed to regulate the redox state in the
xylose-fermenting recombinant S. cerevisiae. As mentioned
in the Introduction section, although the heterologous ex-
pression of XR and XDH from S. stipitis enabled anaerobic
xylose fermentation, the ethanol yield and the specific
xylose consumption rate were lower than that of glucose
fermentation (Kétter and Ciriacy 1993; Tantirungkij et al.
1993). It has been suggested that the poor performance may
be due to an intracellular redox imbalance caused by the
difference in coenzyme preference between S. stipitis XR
and XDH during xylose fermentation. Since XR and XDH
preferentially use NADPH and NAD, respectively, the
excess NADP" and NADH formed would hamper the
progress of the xylose assimilation reactions.

Metabolic flux analyses of the xylose-fermenting recom-
binant strains revealed that the amount of NADPH required
for the XR reaction was regenerated from NADP" by the
oxidative pentose phosphate pathway (Fig. 1) (Grotkjaer et
al. 2005; Krahulec et al. 2010; Pitkanen et al. 2003;
Sonderegger et al. 2004). The significant production of
xylitol also indicated that a mechanism for the regeneration
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Fig. 3 Fermentation and intracellular metabolite profiles of the
recombinant S. cerevisiae strain YPH499XU/MAE1-MDH?2 cultured
in 50 g 1! xylose. Concentrations of xylose (a), ethanol (b), and xylitol
(¢) in the culture medium were determined using HPLC. Malate
concentration (d), NADPH/NADP™ ratio (e), and NADH/NAD™ ratio
(f) were determined using LC-QqQ-MS. Data obtained from
YPH499XU/MAE1-MDH?2 (filled circle) and its vector control
(YPH499XU/pGK404-pGK402; open circle) are shown. Signal
intensity (peak area) are used to represent relative abundances of
intracellular metabolites. Each data point represents the mean (SD)
values obtained from three replicate fermentations

of NAD" from NADH might also be activated for more
efficient xylose fermentation (Fig. 1). In many microorgan-
isms other than S. cerevisiae, it has been demonstrated that
the redox imbalance can be relieved by the activity of
pyridine nucleotide transhydrogenase (Arkblad et al. 1996;
Sauer et al. 2004). However, the heterologous expression of
a bacterial transhydrogenase in xylose-fermenting S. cerevi-
siae did not improve ethanol yields (Nissen et al. 2001).
Therefore, the application of a transhydrogenase-like
shunt involving anaplerotic reactions was investigated
in this study (Blombach et al. 2011; Moreira dos Santos
et al. 2004).

Although S. cerevisiae has three genes for the metabolic
shunt, including MAEI, MDH2, and PYC2 (Moreira dos
Santos et al. 2004), its transhydrogenase-like functionality
has been questioned due to the specific expression of Maelp
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Fig. 4 Fermentation and intracellular metabolite profiles of the
recombinant S. cerevisiae strain YPH499XU/MAEI-MDH2-PYC2
cultured in 50 g It xylose. Concentrations of xylose (a), ethanol (b),
and xylitol (c¢) in the culture medium were determined using HPLC.
Malate concentration (d), NADPH/NADP" ratio (e), and NADH/
NAD™ ratio (f) were determined using LC-QqQ-MS. Data derived
from YPH499XU/MAE1-MDH2-PYC2 (filled circle) and its vector
control (YPH499XU/pGK404—pGK402—pGK405; open circle) are
shown. Signal intensity (peak area) are used to represent relative
abundances of metabolites in the yeast cells. Each data point represents
the mean (SD) values obtained from three replicate fermentations

in mitochondria (Fig. 1) (Bakker et al. 2001). In this regard,
previous studies suggested a role for the mitochondrial
MAE in regulating the redox balance in the cytosol
(Moreira dos Santos et al. 2004). For instance, recombinant
S. cerevisiae strains overproducing Maelp and Pyc2p have
been previously constructed. While the characteristics of
glucose fermentation were generally not affected, a net
transhydrogenase effect caused by the metabolic shunts
was indirectly supposed from the decreased pentose phos-
phate pathway flux (Moreira dos Santos et al. 2004). A role
for the mitochondrial MAE in xylose fermentation has also
been suggested by the analysis of a mutant strain capable of
growth on xylose under strictly anaerobic conditions
(Sonderegger et al. 2004). The transcriptome analysis
revealed that the expression of the MAEI gene encoding
the mitochondrial MAE was constitutively up-regulated in
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Table 3 Efficiencies of recombinant yeast strains cultured in 50 g I”' glucose®

Strains Glucose consumption rate Ethanol production rate Yield (g g ! glucose consumed)
(g 1" h") and specific (g 17" h™") and specific
glucose consumption ethanol production rate Ethanol Glycerol
rate (g g dry cells' h™")° (g g dry cells ' h7hy°
YPH499XU/MAEI1 10.2+0.6 4.4+0.1 0.45+0.03 0.06+0.01
(0.93+0.05) (0.40+0.01)
YPH499XU/MAE1-MDH2 14.2+0.4 6.4+0.2 0.45+0.01 0.06+0.01
(1.2940.03) (0.58+0.02)
YPH499XU/MAE1-MDH2-PYC2 23.6+1.1 10.5+0.2 0.44+0.02 0.04+0.01
(2.15+0.10) (0.96+0.02)
YPH499XU/pGK404 10.4+0.4 4.4+0.1 0.45+0.01 0.06+0.01
(0.95+0.04) (0.40+0.01)
YPH499XU/pGK404—-pGK402 13.5+0.4 6.1£0.2 0.46+0.01 0.05£0.01
(1.23£0.03) (0.56+0.02)
YPH499XU/pGK404-pGK402-pGK405 16.3+1.4 7.2+0.3 0.46+0.02 0.05+0.01
(1.48+0.13) (0.66+0.03)

*Each data point represents the mean + SD values obtained from three replicate fermentations

® Specific glucose consumption rate and specific ethanol production rate are shown in brackets

the mutant strain generated by evolutionary engineering
of a xylose-fermenting recombinant strain (Sonderegger
et al. 2004).

To confirm the role of mitochondrial MAE in xylose
fermentation, a recombinant S. cerevisiae strain was con-
structed by overexpressing Maelp (Table 1). The xylose
fermentation data demonstrated that the YPH499XU/
MAEI! strain exhibited reduced xylitol production and a
consequent increase in ethanol yield (Fig. 2b,c and
Table 2). The up-regulation of the MAE reaction by
Maelp overexpression was supported by the analyses of
intracellular metabolites, which revealed lower malate levels
and higher NADPH/NAD" ratio in the YPH499XU/MAE1
strain (Fig. 2d and e). The higher NADPH/NAD" ratio
indicated that Maelp enzyme used NADP" as an electron
acceptor in S. cerevisiae cells while Maelp enzyme could
also utilize NAD" (Boles et al. 1998). Although the metab-
olite analysis employed in this study could not discriminate
between the metabolites localized in the cytosol and mito-
chondria, the results indicate that a sufficient supply of
NADPH increases the turnover of the XR reaction and
results in increased xylose uptake by YPH499XU/MAEI1
(Fig. 2a). The reduced malate levels also indicate that the
malate supply in the transformant was insufficient (Fig. 2d).
On the other hand, the NADH/NAD™ ratio was decreased in
the YPH499XU/MAETL strain suggesting that malate would
be continuously supplied by the innate activities of PYC and
MDH (Fig. 2e). The relieved intracellular redox state would
activate the XDH reaction and reduced xylitol production. It
is noteworthy that MAE and XR are localized in the mito-
chondria and cytosol, respectively (Amore et al. 1991; Boles
et al. 1998). Thus, the NADPH regenerated in the
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mitochondria is likely to be transported to the cytosol via
the mitochondrial redox shuttle (Fig. 1). A redox shuttle
responsible for the transport of NADPH has not yet been
identified; however, its existence has been suggested by the
improved xylose fermentation observed in the recombinant
strains overexpressing Maelp (Table 2).

In order to increase the malate supply, the PYC2 gene was
additionally introduced to generate the YPH499XU/MAE1-
PYC2 strain. The overexpression of Pyc2p caused a serious
reduction in the specific xylose consumption rate and ethanol
yield (Table 2). This result suggested that the simultaneous
overexpression of Pyc2p and Maelp under the control of the
PGK1 promoter could worsen the redox imbalance. Indeed,
comparison of the carbon balance revealed that although
70.3 % of the total assimilated carbon was secreted as ethanol,
xylitol, and glycerol in the case of the YPH499XU/MAEI1
strain (determined from the ethanol, xylitol, and glycerol yields
in Table 2), the carbon yield in YPH499XU/MAE1-PYC2
deceased to 59.6 %. These results indicate that an unknown
by-product was secreted in the fermentation medium by a
metabolic effect caused by the activation of the PYC reaction.

The YPH499XU/MAE1-MDH2 strain exhibited higher
rates of xylose consumption and ethanol production than the
YPH499XU/MAEI strain (Fig. 3a,b and Table 2). On the
other hand, the ethanol yield of the YPH499XU/MAEI
strain could not be improved by the additional expression
of Mdh2p (Fig. 3b and Table 2). Intracellular metabolite
analyses revealed that the NADH/NAD" ratio in the trans-
formants was slightly higher than that of the vector control
until 12 h after the fermentation start (Fig. 3f). The trend
was clearly observed in the YPH499XU/MAE1-MDH2—-
PYC2 strain in which a higher NADH/NAD" ratio was
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observed throughout the experiment (Fig. 4f). This result
indicates that the transhydrogenase-like shunt could not
convert all the excess NADH to NAD". The high NADH/
NAD" ratio would affect the activity of XDH, resulting in
the secretion of excess xylitol into the medium by this strain.

In the YPH499XU/MAE1-MDH2-PYC2 strain, the
NADPH/NADP" ratio was also higher than that of the
vector control (Fig. 4e). Although the metabolic state
explains the faster xylose uptake observed in this strain
(Fig. 4a), the result also suggests that the oxidative pentose
phosphate pathway should be activated to regenerate
NADPH from NADP". Since the production of xylitol via
the reduction of xylose to xylitol requires the consumption
of NADPH, it has been demonstrated that the production of
xylitol depends on the generation of NADPH by the oxida-
tive pentose phosphate pathway (Jeppsson et al. 2003;
Verho et al. 2003) (Fig. 1) These results indicate that addi-
tional modifications in this pathway are required to improve
the efficiency of xylose fermentation (Jeppsson et al. 2002).

In this study, we demonstrated that the redox state in S.
cerevisiae during xylose fermentation can be controlled by
the up-regulation of Maelp, Mdh2p, and Pyc2p expression.
A similar redox imbalance will occur in metabolically
engineered yeasts because the activation of metabolic
pathways to synthesize target compounds often demands
NADPH, whereas suppression of ethanol production inevi-
tably induces a surplus of NADH (Matsuda et al. 2011). The
transhydrogenase-like shunt will be a useful tool to compen-
sate for the redox imbalance associated with the engineering
of yeast metabolism.
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