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Abstract

Background: Fumaric acid is a commercially important component of foodstuffs, pharmaceuticals and industrial
materials, yet the current methods of production are unsustainable and ecologically destructive.

Results: In this study, the fumarate biosynthetic pathway involving reductive reactions of the tricarboxylic acid
cycle was exogenously introduced in S. cerevisiae by a series of simple genetic modifications. First, the Rhizopus
oryzae genes for malate dehydrogenase (RoMDH) and fumarase (RoFUMT) were heterologously expressed. Then,
expression of the endogenous pyruvate carboxylase (PYC2) was up-regulated. The resultant yeast strain, FMME-001
TPYC2 + TRoMDH, was capable of producing significantly higher yields of fumarate in the glucose medium (3.18 +
0.15 g liter") than the control strain FMME-001 empty vector.

Conclusions: The results presented here provide a novel strategy for fumarate biosynthesis, which represents an
important advancement in producing high yields of fumarate in a sustainable and ecologically-friendly manner.
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Background

Fumaric acid, a four-carbon dicarboxylic acid, is widely
used in modern day industries ranging from materials to
human and animal food and therapeutic drugs. Its abil-
ities to be converted into pharmaceutical products and
act as starting material for polymerization and esterifica-
tion reactions have led to the U.S. Department of
Energy to designate fumaric acid among the top 12 bio-
mass building-block chemicals with potential to signifi-
cantly enhance the economy [1]. Fumaric acid is
currently produced in large scale by one of three differ-
ent routes: (i) chemical synthesis; (i/) enzymatic cataly-
sis; and (iii) fermentation. The process of chemical
synthesis requires heavy metal catalysts, organic sol-
vents, high temperature and high pressures [2], which
makes the conversion of maleic anhydride to fumarate
can be ecologically destructive. Enzymatic conversion of
maleic anhydride derived from petroleum into fumarate
is unsustainable and costly due to the dwindling global
supply of petroleum resources and increasing oil prices,
despite the fact that a high conversion yield is
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achievable [3]. A fermentation process based on fungi,
such as Rhizopus oryzae and Rhizopus arrhizus, has
been successfully used for fumaric acid production [4];
however, this process is limited on the industrial scale
since these fungi are difficult to grow and their mor-
phology can strongly affect production characteristics.
Moreover, since these fungi harbor potentially patho-
genic properties, product safety is questionable.

The yeast Saccharomyces cerevisiae is a well-estab-
lished industrial production organism, and is especially
known for its outstanding capacity to produce ethanol.
This yeast species also possesses good cultivation char-
acteristics, including requiring a simple chemically
defined medium, being fairly resistant to inhibitors that
are normally present in biomass hydrolysates, and hav-
ing an extraordinarily robust tolerance for high sugar
and ethanol concentrations. In addition, S. cerevisiae’s
robust tolerance towards acidic conditions represents a
major advantage in that it lowers the risk of contamina-
tion in industrial fermentation [5]. It is believed that the
long history of the safe usage in the food and beverage
industry may facilitate and expedite of S. cerevisiae’s fed-
eral approval for use in the production of organic acids
destined for human consumption.
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In addition, this type of yeast is a popular eukaryotic
model organism for the study of fundamental biological
processes. Its genome has been completely sequenced,
and its genetic and physiologic properties are not only
well-characterized but established tools of genetic
manipulation and screening research strategies [6]. Sev-
eral databases such as the Saccharomyces Genome Data-
base (SGD) (http://www.yeastgenome.org), have
provided an enormous amount of information on S. cer-
evisiae genes, open reading frames, and gene products.
Likewise, a multitude of technologies have been devel-
oped for high-throughput analysis of the yeast transcrip-
tome, proteome, metabolome, and interactome [7].
Collectively, these features have made yeast a very
attractive platform for metabolic engineering. In particu-
lar, S. cerevisiae is being investigated for its capacity for
large-scale biotechnological production of organic acids.
Indeed, some progress has been made in exploring the
utility of metabolic engineering of S. cerevisiae, and it
has been successfully manipulated to produce monocar-
boxylic acid pyruvate [8], lactate [9], dicarboxylic acid
malate [10,11], and succinate [2].

Despite these advances, metabolic engineering of S.
cerevisiae for the production of biotechnologically inter-
esting carboxylic acids from renewable feedstocks
remains to be optimized [12]. S. cerevisiae in its natural
state cannot accumulate large amounts of fumarate in
the cytosol, due to the fact that cytosolic fumarase cata-
lyzes the conversion of fumarate to L-malate but not
vice versa [13]. Stein and colleagues have demonstrated
that a single translation product of the FUM1I1 gene that
encodes fumarase is distributed between the cytosol and
mitochondria in S. cerevisiae [14]. Many studies have
since concentrated on elucidating the mechanism under-
lying this post-translation distribution profile [15-18].
Surprisingly, no reports in the literature have described
attempts to up-regulate fumarase via metabolic engi-
neering approaches in order to increase fumarate accu-
mulation in S. cerevisiae.

We considered that fumarate can be accumulated and
excreted by R. oryzae through reductive reactions of the
tricarboxylic acid cycle [19,20], and asked whether S.
cerevisiae can accumulate fumarate by a completely
cytosolic fumarate biosynthetic pathway. Therefore, we
sought to develop a novel metabolic pathway for fuma-
rate production in S. cerevisiae by introducing the follow
genetic improvements (Figure 1): (i) heterologous
expression of cytosolic R. oryzae malate dehydrogenase;
(i) high-level expression of the R. oryzae fumarase; and
(iii) over-expression of the native cytosolic pyruvate car-
boxylase encoded by PYC2. In addition, we evaluated
which protein represents the limiting factor for fumarate
formation.
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Results

Comparative analysis of two species malate
dehydrogenases on fumarate production capabilities
Over-expression of malate dehydrogenase in the cytosol
of S. cerevisiae was achieved by two methods. In the first,
endogenous malate dehydrogenase was overexpressed.
One of the three malate dehydrogenase isoenzymes in S.
cerevisiae, Mdh2p, is known to be subject to glucose cat-
abolite inactivation [21] even though it is located in the
cytosol, ultimately limiting batch cultivation on glucose.
Therefore, the strategy selected for cytosolic malate dehy-
drogenase overexpression was based on re-targeting
Mdh3 by removing the C-terminal SKL tripeptide [22].
In the second, the heterologous RoMDH gene was over-
expressed. The corresponding engineered strains,
FMME-001 tMDH3ASKL and FMME-001 tRoMDH,
were evaluated for the titers of fumarate produced.
FEMME-001 tMDH3ASKL achieved an average of 0.44 +
0.03 g liter’!, while FMME-001 1RoMDH achieved an
average of 0.54 + 0.04 g liter! (Figure 2). These results
indicated that the FMME-001 TRoMDH strain had a
22.7% higher fumarate yield than the strain FMME-001
TMDH3ASKL strain. Moreover, the higher Yp,s value
associated with the FMME-001 1RoMDH strain led us to
focus our subsequent studies on the cytosolic malate
dehydrogenase encoded by the RoMDH.

Fumaric acid characterization

The Fourier transform infrared (FT-IR) spectra of sample
isolated from the fermentation broth of our engineered
strain was consistent with the fumaric acid standard (Fig-
ure 3). In addition, the "H NMR spectra and ">*C NMR
spectra showed excellent matches between the sample
and fumaric acid standard (Figure 4). Thus, these results
confirmed that fumaric acid was, in fact, synthesized by
our engineered S. cerevisiae strain.

Effects of RoMDH and RoFUM1 co-expression on fumarate
production

In order to augment the fumarate synthesis ability of
FMME-001 tRoMDH, the R. oryzae RoFUMI gene
encoding cytosolic fumarase was simultaneously over-
expressed from a high copy vector. However, the co-
expression strain FMME-001 1RoMDH + tRoFUMI did
not exhibit a significantly higher titer of fumarate as
expected; instead, the titer decreased to 0.38 + 0.03 g
liter' !, and slightly more malic acid, citric acid, and suc-
cinic acid were detected (Table 1).

Fumarate synthesis pathway enzyme activities and
transcriptional levels

To elucidate the molecular mechanism underlying the
low titer of fumarate accumulation in the cytosol of the
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Figure 1 The cytosolic fumarate biosynthetic pathway in S. cerevisiae. Abbreviations of enzymes: Pyc, pyruvate carboxylase; Mdh, malate
dehydrogenase; Fum, fumarase; Pdc, pyruvate decarboxylase; Adh, alcohol dehydrogenase; Ald, acetaldehyde dehydrogenase; Acs, acetyl-CoA

engineered yeast strain FMME-001 fTRoMDH +
TRoFUM], the activity and transcriptional level of key
enzymes in the fumarate synthesis pathway were deter-
mined. The specific activity of malate dehydrogenase
was found to be 40.5 + 4.3 U min! (mg protein) ™,
approximately 18-fold higher than that of the control
strain (2.2 + 0.31 Umin™' (mg protein)™). In addition,
the specific activity of fumarase was only 0.030 + 0.002
U min™ (mg protein)™, while the activity of the reverse
reaction was 0.140 + 0.010 U min* (mg protein). Pyr-
uvate carboxylase activity of FMME-001 1RoMDH +
TRoFUMI was only 0.0022 + 0.0002 U min' (mg pro-
tein)™! (Table 2). The gene expression levels of RoMDH
and RoFUM1I were dramatically increased, as detected
by quantitative real-time PCR (QT-PCR) (Figure 5A).
Taken together, these results suggest that pyruvate car-
boxylase represents the rate limiting factor of fumarate
production.

Effects of over-expression of endogenous pyruvate
carboxylase

The integration-expression of PYC2 in the engineered
strain FMME-001 tRoMDH resulted in increased

specific activity of pyruvate carboxylase by 20.8% (P <
0.05, n = 3). Consequently, the fumarate titer also
increased by a remarkable 488.9% (from 0.54 + 0.04 g
liter " to 3.18 + 0.15 g liter™"), as compared to the con-
trol strain FMME-001 (Table 1).

Discussion

S. cerevisiae is an important industrial tool and biologi-
cal model. Although this particular yeast species does
not typically excrete a high titer of organic acids, its
high metabolic capacity makes it a potential promising
platform for engineered organic acid production. In
order to establish this type of system, however, heterolo-
gous metabolic pathways must be introduced and opti-
mized to facilitate the conversion of sugars to organic
acids. The study described herein set about to accom-
plish the heterologous introduction of a cytosolic fuma-
rate biosynthetic pathway into S. cerevisiae via genetic
engineering; ultimately, this simple manipulation
achieved 3.18 + 0.15 g liter’! fumarate production.
Indeed, the level of fumarate achieved by this engi-
neered strain was low as compared with that from Rhi-
zopus oryzae or Rhizopus arrhizus. The most likely
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Figure 2 Fermentation profile for cell growth, glucose utilization and product accumulation during aerobic batch cultures of control
strain FMME-001 empty vector, engineered strains FMME-001 1MDH3ASKL and FMME-001 1RoMDH with 6% glucose. A: growth, B:
residual glucose, C: fumaric acid and D: ethanol. Symbols: square, FMME-001 empty vector, circle, FMME-001 tMDH3ASKL, triangle, FMME-001
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reasons for this, and focus of our future studies to
improve the S. cerevisiae-based method, are as follows:

A novel metabolic pathway for fumarate production
was established in S. cerevisiae; this series of chemical
reactions began with carboxylation of pyruvate to oxa-
loacetate, followed by reduction to malate, and finally
reduction to fumarate (Figure 1). Flux through the cyto-
solic fumarate biosynthetic pathway is principally deter-
mined by the abundance and biochemical properties of
three enzymes in the fumarate biosynthetic pathway,
transporters, and regulatory proteins, as well as their
interactions with each other and the metabolites gener-
ated by each.

A previous study had demonstrated that over-expres-
sion of a truncated form of MDH3 (MDH3ASKL), which
remained sequestered in the cytosol, led to a more than
20-fold increase in cytosolic malate dehydrogenase activ-
ity [10]. Meanwhile, an unrelated study found that R.

oryze had naturally occurring high activities of cytosolic
malate dehydrogenase (encoded by the gene RoMDH)
corresponding with fumarate production [19]. Further-
more, a higher titer and yield of fumarate was achieved
when RoMDH was overexpressed in S. cerevisiae.
Together, these findings indicated that the cytosolic
malate dehydrogenase encoded by the RoMDH gene was
a potential candidate for further biological manipulation
to enhance fumarate production. Moreover, a relatively
higher activity of fumarase was reported in R. oryzae
[19,20]. Contrary to expectations, however, when
RoFUM1 was heterologously expressed in S. cerevisiae,
the fumarate titer decreased and the malate titer
increased, presumably due to the fact that the RoFUMI-
encoded fumarase has about 4.5-fold higher affinity for
fumarate than for L-malate [19]. Subsequently, our eva-
luations of the enzyme activity revealed that the malate
dehydrogenase activity was significantly increased in the
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Figure 3 The IR spectra of fumaric acid. (a) sample, (b) the fumaric acid standard.

engineered strain, as compared to that in the parent
strain, and only very low levels of pyruvate carboxylase
were detectable in the engineered strain FMME-001
TRoMDH. Furthermore, comparative analysis of the
RoMDH and RoFUM]I transcripts demonstrated that
both genes were significantly up-regulated. Collectively,
these results suggest that pyruvate carboxylase has a
relatively low degree of control over the rate of fumarate
production in the engineered strain FMME-001
tRoMDH.

With the integrated-expression of the PYC2 gene in S.
cerevisiae the titer of fumarate increased from 0.54 +
0.02 g liter! to 3.18 + 0.15 g liter!. Quantitative real-
time PCR analysis showed that a small increase in the
transcriptional level of PYC2 had occurred after PYC2
integrated-expression (70.2%, P < 0.05, n = 3) (Figure
5B). This result indicated that pyruvate carboxylase is
able to control the carbon flux conduit towards fuma-
rate in the engineered strain. This finding was consistent
with the hypothesis that C4 dicarboxylic acids require

large fluxes through the carboxylating anaplerotic path-
ways to achieve particularly high yield [12]. Further-
more, over-expression of the native PYC2 gene in S.
cerevisiae is known to elicit a higher specific malate pro-
duction due to increased carboxylation of pyruvate to
oxaloacetate [10].

In this study, 6.53 £ 0.63 g liter ! ethanol and 1.65 +
0.14 g liter" glycerol were detected in the fermentation
broth of FMME-001 1PYC2 + tRoMDH (Table 1). This
phenomenon is known as “overflow metabolism”. In S.
cerevisiae, overflow metabolism begins when the specific
glucose uptake rate (or the glycolytic flux) exceeds a
threshold rate, resulting in the formation of ethanol and
glycerol [23]. Thus, in order to further increase fumarate
accumulation it is necessary to develop a metabolic-
engineering strategy to reduce or eliminate ethanol
formation.

This goal can be achieved by disrupting or weakening
the specific enzymes, such as pyruvate decarboxylase
and alcohol dehydrogenase [8,24], or by manipulating
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the available concentration of thiamine that is required
by pyruvate decarboxylase [25]. Meanwhile, increasing
the direct oxidation of NADH, either by enhancing
respiration via improvements in the dissolved oxygen
content or by overexpressing an alternative oxidase [23],

is also an effective approach to reduce ethanol

production.

Conclusions

In this study, we sought to explore the feasibility of S.
cerevisiae as a metabolically-engineered platform to

Table 1 Shake flask cultivation characteristics of cell growth, glucose utilization, and production of fumarate,
pyruvate, ethanol, glycerol and some other metabolites of the TCA cycle

Strain

FMME-001 empty vector FMME-001 TRoMDH FMME-001 tRoMDH+1RoFUM1 FMME-001 1PYC2 + tRoMDH

Glucose consumption (g liter') 48

Biomass (OD600)
Ethanol (g liter "
Glycerol (g liter™)
Pyruvic acid (g liter")
Fumaric acid (g liter")
Malic acid (g liter™")
Citric acid (g liter")
a-Ketoglutarate (g liter' )
Succinic acid (g liter)

3.58 (+ 0.28)
1040 (x 0.35)
1.58 (£ 0.12)
0.32 (£ 0.015)
< 0.00 (+ 0.00)
0.18 (+ 0.02)
0.056 (+ 0.003)
0.027 (x 0.002)
0.016 (+ 0.002)

48
(+0.22)
(+043)

0 (+ 0.1 )
042 (+ 0018
0.54 (+ 0. 04
0.72 (+ 0.06)
0.068 (£ 0.005)
0.033 (£ 0.003)

(

0.012 (£ 0.002)

48

298 (+ 0.14)
741 (£ 037)
1.34 (£ 0.12)
041 (+ 0.056)
0.38 (+ 0.03)
0.80 (+ 0.06)
0.076 (£ 0.004)
0.030 (£ 0.002)
0.018 (£ 0.003)

48

370 (£ 0.19)
6.53 (£ 0.63)
1.65 (£ 0.14)
026 (£ 0.011)
3.18 (£ 0.15)
0.66 (+ 0.07)
0.057 (+ 0.003)
0.064 (+ 0.008)
0.060 (+ 0.004)

(
(
(
(
(
(
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Table 2 Comparison of the activities of key enzymes activities in the control strain and engineered strain

Strain? Enzyme activity’ (U min™' (mg protein)™) of:

MDH FUM, malate to fumarate FUM, fumarate to malate PYC
Reference 22 £ 031 0.002 + 0.000 0.021 + 0.002 0.0022 + 0.0002
FMME-001 1RoMDH + tRoFUM1 405 + 43 0.030 + 0.002 0.140 + 0.010 0.0022 + 0.0002
Ratio 1841 15.0 6.67 1.00

“Yeast strains were grown in shake flasks on glucose medium, unless otherwise indicated in the text.
®MDH, malate dehydrogenase; FUM, fumarase; PYC, pyruvate carboxylase. Errors represent deviations from the means (for each condition, n = 3).

safely and effectively produce high yields of fumarate by
using a completely cytosolic fumarate biosynthetic path-
way. Previous studies had indicated that cytosolic malate
dehydrogenase encoded by the RoMDH gene is more
effective than that encoded by the MDH3ASKL gene,
and that pyruvate carboxylase represents the rate limit-
ing factor of fumarate production. To the best of our
knowledge, the study described herein is the first to
demonstrate S. cerevisiae as a useful host strain for
synthesizing fumarate by introducing genes from R. ory-
zae. This study not only provides a novel and environ-
mentally-friendly method of producing fumaric acid, but
also suggests strategies to further improve the fumarate
yield in future researches.

Methods

Yeast strains and maintenance

All yeast strains used in this study were derived from S.
cerevisiae BMA64 (MATa/MATo ura3-52/ura3-52;
trplA 2/trplA 2; leu2-3,112/leu2-3,112; his3-11/his3-11;
ade2-1/ade2-1; can1-100/canl1-100; from Euroscarf,
Frankfurt, Germany) (Table 3). Stock cultures were pre-
pared by adding glycerol (25% vol/vol) to shake flask
cultures (detailed below); aliquots (1 ml) were placed in
sterile vials and stored at -80°C until use.

Isolation of the fumarate-biosynthesis genes

R. oryzae NRRL1526 (ATCC 10260) was cultured in fer-
mentation medium until the acid production phase was
reached, then the fungus was harvested by centrifugation
and snap frozen in liquid nitrogen for storage at -80°C
until use. Total RNA was extracted by RNAprep pure
Plant Kit (Tiangen Biotech Co., Ltd., Beijing, China),
according to the manufacturer’s protocol. Poly(A)" mRNA
was purified from total RNA using Oligo(dT)15 primer in
accordance with the manufacturer’s instruction, then
mRNA were used for cDNA synthesis by means of the
Quantscript RT Kit (Tiangen Biotech Co., Ltd.).

The PCR primer pairs covering the entire open read-
ing frame (ORF) of these two genes were designed
according to the GenBank sequences of R. oryzae using
the Primer Premier v5.0 software (Table 4). Thermal
cycling parameters comprised an initial denaturation
step at 94°C for 5 min, followed by 29 cycles of dena-
turation at 94°C for 30 s, annealing at 52°C for 30 s, and
extension at 72°C for 1 min/kb, with a final single
extension step at 72°C for 10 min. The reactions were
carried out in a C1000™ Thermal Cycler instrument
(Bio-Rad, USA). Thereafter, a 1485-bp fragment of the
RoFUM]1 gene and a 1014-bp fragment of the RoMDH
gene were amplified by nested PCR. The sequences of

I FMME-001 empty vector
[ FMME-0011 RoMDH+ 1 RoFUM1

160

120 o

80

40

Relative transcription level

RoMDH RoFUM1

Figure 5 Relative gene expression levels. (A) RoMDH and RoFUMT in the mutant strain FMME-0011RoMDH + tRoFUM1 and the parent strain

FMME-001 empty vector. Relative gene expression level of (B) PYC2 in the mutant strain FMME-0011PYC2 + tRoMDH and the parent strain

FMME-001 empty vector. Relative transcription levels were normalized to the transcription level of the B-ACTIN gene, which was taken as 1. The
presented values are averages of three independent experiments; the error bars indicate standard deviations.
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Plasmids or strains Genotype or description

Source or reference

Plasmids

pY26 TEF/GPD 2 um URA3, Pepp /Tever, Prer /Taomn Lab collection
pRS305TEF integration vector LEU2, Prert /Tapmi [26]

S. cerevisiae strains

BMA64 MATa/MATex; reference strain Euroscarf
FMME-001 empty vector MATa/MATo {pY26TEF/GPD} This study
FMME-001 tMDH3ASKL MATa/MATe: {pY26TEF/GPD-MDH3ASKL} This study
FMME-001 tRoMDH MATa/MATa {pY26TEF/GPD-RoMDH} This study
FMME-001 1RoMDH + TRoFUM1 MATa/MATo {pY26TEF-RoFUM1/GPD-RoMDH} This study
FMME-001 tPYC2 + tRoMDH MATa/MATe {pRS305TEF1-PYC2, pY26TEF/GPD- RoMDH} This study

these two gene fragments were submitted to GenBank
under accession numbers HM130701 (RoFUMI1) and
HM130702.1 (RoMDH), and their nucleotide sequence
alignments showed high identity (99.7% for RoFUMI,;
95.6% for RoMDH).

Construction of the plasmids

The plasmids used in this study are listed in Table 3.
Gene-specific primers (Table 4) were designed to
amplify RoMDH, RoFUM, MDH3ASKL and PYC2. The
RoMDH and RoFUM1 genes were amplified by PCR
using the cDNA of R. oryzae NRRL1526 as template.
Both the resultant PCR fragment of RoMDH and
expression vector pY26TEF-GPD were digested with
BamHI and HindIII sites and ligated together to create
pY26TEF-GPD-RoMDH. Then, the PCR product of
RoFUM1 and pY26TEF-GPD-RoMDH were digested
with NotI and BglII and ligated together to create the
pY26TEF-RoFUMI-GPD-RoMDH plasmid.

The S. cerevisiae MDH3ASKL gene was amplified by
PCR from chromosomal DNA of BMA64-1A (MATa
leu2-3,112 his3-11,15 trplA canl-100 ade2-1 ura3-1)
using the primers BamHI-F(MDH3ASKL) and HindIII-R

(MDH3ASKL). The resulting fragment contains the entire
MDH3 gene minus the last 9 base pairs that encode the
peroxisomal targeting sequence (the tripeptide SKL). The
PCR fragment and pY26TEF-GPD vector were digested
with BamHI and Sall and ligated to create pY26TEF-
GPD-MDH3ASKL. The gene coding for S. cerevisiae pyr-
uvate carboxylase, PYC2, was also amplified by PCR from
chromosomal DNA of BMA64-1A but using the primers
Pstl-F(PYC2) and Sall-R(PYC2). The PCR fragment and
PRS305TEF1 vector were digested with Pstl and Sall and
ligated to create pRS305TEF1-PYC2.

Yeast transformation

DNA was introduced into yeast cells using a Frozen-EZ
Yeast Transformation II kit (Zymo Research, Orange,
CA, USA), according to the recommended protocol.
The transformants were selected on agar plates of Syn-
thetic Complete (SC) Selection medium lacking specific
amino acid or pyrimidine for the auxotrophic markers.

Shake flask cultivation
Shake flask cultures were grown on fermentation med-
ium containing (per liter): demineralized water, 60 g

Table 4 Primers used in this study for gene cloning and plasmid construction

Oligonucleotides

Sequences, 5'-3'

Usage

F-RoFUM1

R-RoFUM1

F-RoMDH

R-RoMDH
BamHI-F(RoMDH)
HindllI-R(RoMDH)
BamHI-F(MDH3ASKL)
HindllI-RIMDH3ASKL)
Notl-F(RoFUMT)
Bglll-R(RoFUMT)
Pstl -F(PYC2)
Sall -R(PYC2)

ATGTTGCGAGCTTCTGCTACC
TTAATCCTTGGCAGAGATCATATCTT
ATGTTTGCCGCCTCTCGTG
TTATTGAACAAAGCTGTTACCCTTG
CGGGATCCATGTTTGCCGCCTCTCGTG
CCCAAGCTTTTATTGAACAAAGCTGTTACCCTTG
CGGGATCCATGGTCAAAGTCGCAATTCTTG
CCCAAGCTTTCAAGAGTCTAGGATGAAACTCTTGCCT
ATAAGAATGCGGCCGCATGTTGCGAGCTTCTGCTACC
GAAGATCTTTAATCCTTGGCAGAGATCATATCTT
AACTGCAGATGAGCAGTAGCAAGAAATTGGC
ACGCGTCGACTTACTTTTTTTGGGATGGGGGT

Cloning of RoFUM1

Cloning of RoMDH

Construction of pY26TEF-GPD-RoMDH

Construction of pY26TEF-GPD- MDH3ASKL

Construction of pY26TEF- RoFUM1-GPD- RoMDH

Construction of pRS305TEF1-PYC2

Abbreviations: F, forward; R, reverse. Underlined sequences indicate the recognition sites for the indicated restriction enzymes.
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glucose, 2 g CO (NH,),, 5 g KH,PO,, and 0.8 g
MgS0O,47H,0. CaCOj (dry-heat sterilized at 160°C for
30 min) was used as a pH buffer of the medium. Prior
to use, the medium pH was set to 5.5 with NaOH and
heat sterilized for 20 min at 115°C. After cooling, the
corresponding filter-sterilized amino acid mix, uracil,
and adenine were added. The shake flask technique was
performed at 30°C in an orbital shaker at 200 rpm. The
seed medium consisted of (per liter): 20 g glucose, 1.7 g
Yeast Nitrogen Base (without amino acids or ammo-
nium sulfate), and 5 g (NH,),SO,4. The medium pH was
adjusted to 5.5 with NaOH. The seed culture was inocu-
lated with well-grown yeast on an agar slant and incu-
bated for 24 h in a 250 ml flask containing 20 ml seed
medium. Then, the broth was centrifuged, the pellet was
resuspended in isometric fresh fermentation medium,
and the cell suspension was inoculated into a 250 ml
shake flask containing 50 ml fermentation medium. All
experiments were carried out in triplicate.

Metabolite analysis

Cell growth was determined by measuring the ODggo
after desired dilution. Extracellular concentrations of
fumarate, ethanol, glycerol and glucose were determined
by high performance liquid chromatography, using an
Aminex HPX-87H column (Bio-Rad, Hercules, CA,
USA) eluted with 0.0275% (v/v) H,SO, at a flow rate of
0.6 ml min™' at 35°C. Fumarate was detected with Agi-
lent (Santa Clara, CA, USA) 1100 series VWD detector
at 210 nm. Ethanol, glycerol and glucose were detected
with an 1100 series Agilent refractive index detector.

Confirmation of fumaric acid biosynthesis by FT-IR, 'H
NMR, and "3C NMR

Cell cultures of the engineered strain were centrifuged
and the harvested supernatent adjusted to pH 1.0 by
addition of HCI. Following acidification, the fumaric
acid precipitated out of the solution and was recovered
by drying in a rotary dryer. The obtained sample was
processed, along with the fumaric acid standard sample,
for FT-IR, '"H NMR, and ">C NMR analyses. The FT-IR
spectra were recorded on a Nicolet Nexus 470 spectro-
photometer with a DTGS detector. 'H NMR (400 MHz,
D,0, 25°C) and *C NMR (100 MHz, D,0, 25°C) spec-
tra were recorded on an Avance III 400 MHz digital
NMR spectrometer.

Enzyme assays

The strains were cultivated in fermentation medium
containing 60 g liter " glucose. The assay mixture for
malate dehydrogenase contained 0.1 M potassium phos-
phate buffer (pH 8.0) and 0.15 mM NADH in deminera-
lized water. The reaction was started by the addition of
1 mM oxaloacetate. Malate dehydrogenase activity was
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measured spectrophotometrically by monitoring NADH
oxidation at 340 nm.

The pyruvate carboxylase activity was measured by the
method described by de Jong-Gubbels, P [27]. The reac-
tion mixture (1 ml) contained 100 umol Tris buffer (pH
7.8), 7.5 pmol MgSQy,, 0.1 umol acetyl-CoA, 20 pmol
KHCOs3, 0.15 pmol NADH, 12 U malate dehydrogenase
(Sigma), 10 pmol potassium pyruvate, and cell-free
extract. The reaction was started with addition of 4
pumol ATP. The activity was measured at 340 nm.

The fumarase activity produced with L-malic acid as
the substrate was determined by measuring L-malic acid
(50 mM) consumption at 250 nm [28]. The fumarase
activity with fumaric acid as the substrate was assayed
under the same conditions and by following the
decrease in absorbance at 300 nm that occurs when
fumaric acid is converted to L-malic acid.

All enzyme assays were performed at 30°C with freshly
prepared extracts. Total protein concentration was mea-
sured by the Lowry method [29], using bovine serum
albumin as the standard.

Transcriptional analysis

For RNA extraction, early-stationary phase cells from
flask culture were harvested by centrifugation (8000 rpm
at 4°C for 5 min), and stored at-80°C until use. Total
RNA was extracted with the RNAprep pure Plant Kit
following the manufacturer’s instructions. cDNA was
synthesized from total RNA by using the PrimeScript®
RT reagent kit Perfect Real Time (TaKaRa Biotechnol-
ogy Co., Ltd.) according to the manufacturer’s protocol.
Quantitative real-time PCR was performed in a 25 pl
(total volume) mixture containing 12.5 ul of SYBR™ Pre-
mix Ex Tag™ 11 (2x), 400 nmol each of forward and
reverse primers, and 2 pl of the cDNA sample. Primers
used in the transcriptional analysis are listed in Table 5,
and the B-ACTIN gene was used as the internal control.
Amplification and detection of specific products were
performed with a Light Cycler® 480 (Roche, Basel, Swit-
zerland). The detection profile used was: incubation at
95°C for 30 s, 40 cycles at 95°C for 5 s, 60°C for 20 s,
and 50°C for 30 s. Data analysis was performed using

Table 5 Primers used in the transcriptional analysis

Primer Sequences, 5’-3’ Analyzed gene
F(ROMDH) CGCTGCTGGTGGTATTGG RoMDH
R(RoMDH) TGGAGTTGGTGTTGATGTGG

F(RoFUMT) AAGGCTGCTGCTACTGTC RoFUM1
R(RoFUMT) CACGGTTGGAGATAACTTCG

F(PYC2) AGAGGTGAGATTCCGATTAG PYC2

R(PYCD) GTCCATTGCCAAGTAAGC

F(ACT) AGGTATTGCCGAAAGAATGC B-ACTIN

R(ACT) CTTGTGGTGAACGATAGATGG
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the second derivative method. Each sample was tested in
triplicate in a 96-well plate (Bio-Rad). To calculate the
relative expression level of the target genes, a relative
standard curve method was used. The expression ratio
was obtained by dividing the relative expression level of
the mutant strain by that of the control strain.
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