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Abstract—The aim of this study was to increase pyruvate production efficiency in a multi-vitamin auxotrophic yeast,
Torulopsis glabrata. This was achieved by decreasing intracellular NADH content through the introduction of two dif-
ferent NADH reoxidation pathways: one in the cytoplasm and the other in mitochondria. A nox (encoding a cytoplasmic
H,O-forming NADH oxidase) and an AOX1 (encoding a mitochondrial alternative oxidase) were successfully expressed
heterologously in 7. glabrata, resulting in a decrease in the NADH and ATP contents of 55% and 26%, (in T. glabrata
NOX) and 45% and 47% (in T. glabrata AOX), respectively. The decreases in nucleotide concentrations led to increases
in the glucose consumption rate, the pyruvate yield and pyruvate productivity of 27%, 15% and 22% (in T. glabrata
NOX) and 38%, 21%, and 29% (in T. glabrata AOX), respectively, compared with the corresponding values of the
control. We conclude that this method provides an alternative way to enhance the production efficiency of NADH-

related metabolites.
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INTRODUCTION

Pyruvate is widely used as a nutraceutical in the pharmaceutical
and agrochemical fields and, recently, as the key metabolic precur-
sor to the second-generation biofuels isobutanol and 3-methyl-1-
butanol [1]. Torulopsis glabrata is the only microorganism used in
commercial fermentation to produce pyruvate [2]. To decrease pyru-
vate production costs, it is necessary to enhance production efficiency
by improving pyruvate production, yield or productivity (namely,
the pyruvate production rate). Among these approaches, improv-
ing pyruvate productivity via metabolic engineering or biochemi-
cal strategies seems potentially promising. As the pyruvate moiety
resides biochemically at the end of the glycolysis pathway, pyru-
vate productivity mainly depends on the glycolytic flux. Therefore,
an efficient and easy way to improve pyruvate productivity would
seem to be to increase the carbon flux through the glycolytic path-
way.

Carbon flux through glycolysis is exquisitely regulated by the intra-
cellular NAD', NADH and ATP content [3-6]. In particular, NADH
and NAD' play an important role in glucose catabolism through
regulation of both the expression and activities of various glyco-
Iytic enzymes [7]. During glycolysis, the simultaneous conversion,
in equivalent amounts, of NAD" to its reduced form (NADH) oc-
curs. To increase carbon flux through the glycolytic pathway, there-
fore, it is crucial to supply enough NAD" to sustain glycolysis [8].
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Hence, NADH produced from NAD"-related metabolic pathways
in the cytoplasm needs to be fully oxidized to NAD" via the oxida-
tive phosphorylation pathway, external mitochondrial membrane-
bound NADH dehydrogenase, glycerol-3-phosphate dehydrogenase
and/or alcohol dehydrogenase [7]. However, when NADH reoxi-
dation occurs in the cytoplasm, it will lead to carbon flux being chan-
neled into other metabolic pathways. On the other hand, NADH is
also generated in the mitochondria by the tricarboxylic acid (TCA)
cycle. Since NADH/NAD" cannot traverse the mitochondrial mem-
brane [9], mitochondrial NADH is oxidized mainly via the oxida-
tive phosphorylation pathway, coupled with high ATP production.
Thus, the redistribution of cytoplasmic carbon flux results in a decline
in the pyruvate yield of 7. glabrata. Moreover, the high ATP con-
centration in 7. glabrata could cause allosteric inhibition on the glyco-
Iytic pathway, which would eventually also lead to a reduction in
pyruvate productivity. Therefore, the ideal way to improve pyruvate
production would be to design a way for the excessive NADH to
be fully consumed, together with little or no ATP production and
without any carbon flux redistribution. Our previous studies have
proven that decreasing the ATP levels by disruption of the mito-
chondrial electron transport chain [10] or by over-expression of an
F,F,-ATPase inhibitor INH! in T. glabrata [11] is an effective way
to increase glycolytic flux and pyruvate production. However, such
strategies are one-sided because they only consider reducing ATP
production, without considering the physiological effect of NADH
consumption.

According to the KEGG database (updated on April 6, 2010),
NADH is involved in 433 enzymatic and 740 metabolic reactions
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[12]. Most of those reactions are directly related to the redistribu-
tion of carbon flux. However, some reactions catalyzed by water-
forming NADH oxidase (EC 1.6.99.3) [13] in the cytoplasm and
alternative oxidase [14] in mitochondria only involve oxygen con-
sumption and water formation and decouple the use of NADH for
respiratory ATP generation. These two different NADH reoxidation
pathways potentially provide a great opportunity to manipulate NADH
metabolism in the industrial strain in order to enhance target metab-
olite production [7,13-16]. It has been observed that over-expres-
sion of nox or AOXI in S. cerevisiae leads to a large decrease in
the intracellular NADH/NAD' ratio and NADH and ATP concen-
trations [7,16].

In this study, we introduced two different NADH reoxidation
pathways to enhance pyruvate productivity and pyruvate yield. These
pathways include heterologous production of a H,O-forming NADH
oxidase from Streptococcus pneumoniae and an alternative oxidase
from Histoplasma capsulatum in T. glabrata. The introduction of
these NADH reoxidation pathways reduced NADH and ATP levels
in T’ glabrata, which led to higher pyruvate productivity and yield.
In addition, we compared the different mechanisms between the
two NADH reoxidation pathways for increasing pyruvate produc-
tion efficiency.

MATERIALS AND METHODS

1. Yeast Strain Construction

Plasmids and strains in this study are listed in Table 1. The H,O-
forming NADH oxidase gene (nox) from Streptococcus pneumo-
niae was PCR-amplified with pTEF-nox as template [13] by using
high fidelity DNA polymerase probes (Takara, Dalian, China). The
primers contain a BamHI site (underlined) in the coding strand primer,
5"TACGGATCCATGAGTAAAATCGTTGTAGTCGGTGC-3', and
a Sall site (underlined) in the complementary strand primer, 5-AC-
GGGICGACCTTATTTTTCAGCCGTAAGGGCAGCC-3". After
gel purification the 1.3-kb nox was digested with the appropriate
restriction enzymes and gel-isolated. A high copy number plasmid
pY X212 with 7PI promoter was also digested with the appropriate
restriction enzymes and was used to ligate the amplified gene frag-
ments, resulting in pYX212-NOX construct. These two plasmids
were transformed into 7. glabrata Aura3 [17], and the resulting strains
designated T glabrata CON and T. glabrata, T. glabrata AOX, re-
spectively.

Table 1. Strains and vectors used in this study

2. Media and Growth Conditions

Slant and seed culture media was comprised (per liter) of 20 g
glucose, 10 g peptone (Biochemical grade, Sino-American Biotech-
nology Co., Shanghai, China), 1.0 g KH,PO, and 0.5 g MgSO,7H,0O
for the liquid culture medium with 20 g agar added for the slant
medium. The fermentation medium was comprised (per liter) of
100 g glucose, 7 g NH,Cl, 5 g KH,PO,, 0.8 g MgSO, 7H,0, 6 g
acetate sodium, 4 mg nicotinic acid, 15 mg thiamine-HCI, 100 mg
pyridoxine-HCI, 10 mg biotin and 50 mg riboflavin. Media were
titrated to pH 5.0 with sterile CaCO,. All vitamin additives were
filter-sterilized prior to use.

The seed culture inoculated from a slant was cultivated in a 500-
mL flask containing 50 mL seed culture medium on a reciprocal
shaker for 24 h. Fermentation was carried out in a 3-L jar fermentor
(Biotron, Biotron Inc., Korea) with 1.5 L of fermentation medium.
The size of the inoculum was 10% (v/v). The pH of the fermentor
cultures was automatically maintained at 5.0 by addition of an 8 M
NaOH solution. The agitation speed and aeration rate were con-
trolled at 300 rev/min and 4 vvm (volume of air per volume of broth
per minute), respectively. All experiments were done in triplicate.
3. Analytical Methods

Cell concentration was determined from the optical density (Bio-
spec-1601, Kyoto, Japan) at 660 nm after proper dilution and con-
verted to dry cell weight (DCW) according to predetermined cali-
bration (OD.,, : DCW (g/L)=1:0.23) [18]. Glucose, pyruvate,
o-ketoglutarate, glycerol and ethanol contents were determined by
HPLC with an HPX-87H Aminex column (BioRad, CA, USA),
eluted with 5 mM H,SO, for separation at a flow rate of 0.6 mL/
min and 65 °C, as described previously [20].

4. Quantitation of Intracellular NADH, NAD"* and ATP

Intracellular NADH and NAD" were extracted from 10-mL cell
aliquots after rapidly quenching metabolism by plunging the cells
into 40 mL methanol prechilled for 4 h in a dry ice-ethanol bath.
Chilled cells were centrifuged at 4,000 xg and —20 °C for 1 min and
immediately resuspended in 0.2 M HCI (to extract NAD") or 0.2 M
NaOH (to extract NADH), and the nucleotides were extracted by
boiling. A cycling assay was used to determine their concentrations
[21,22], and ATP concentrations were determined after extraction
as described previously [23].

5. Assay of Intracellular Enzymes

Cells from duplicate mid-log phase cultures (ODjg,,,=6-8) were

harvested and extracts were prepared from the pellets with a mag-

Strain/Vector Genotype/Description Source
Strain

T. glabrata CCTCC M202019 A multi-vitamin auxotroph strain [18]

T. glabrata Aura3 A Aura3 strain derived from 7. glabrata CCTCC M202019 [17]

T. glabrata CON T. glabrata Aura3/pYX212 This study
T. glabrata NOX T. glabrata Aura3/pYX212-NOX This study
T glabrata AOX T. glabrata Aura3/pYX212-A0X [19]
Vector

pYX212 2u, TPI promoter’s AMP®

pYX212-NOX pYX212 with nox from pTEF-nox This study
pTEF-nox Containing H,0O-forming NADH oxidase gene nox from S. pneumoniae [13]
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netic stirrer (ACX 400 sonicator, 20 kHz, Sonic and Materials Inc.,
Newton, MA). Enzymes were assayed using the published proce-
dures for total NADH oxidase [7], NADH-dependent glycerol-3-
phosphate dehydrogenase (G3PDH) [24], NADH-dependent alco-
hol dehydrogenase (ADH) [25], NAD-dependent isocitrate dehy-
drogenase (ICDH) [26], glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), hexose kinase (HXK), phosphofructokinase (PFK), and
pyruvate kinase (PYK) [23]. In all cases, 1 unit of enzyme activity
was defined as the quantity of enzyme required to catalyze the con-
version of 1 pmol substrate per minute under given assay conditions.
The activity of alternative oxidase was assayed according to the
method of Johnson et al. [14]. Protein concentrations were meas-
ured by the Lowry method with bovine serum albumin as the stan-
dard.
6. Gene Expression Analysis by Quantitative RT-PCR (qPCR)
The mRNA was extracted from yeast cells by the hot phenol meth-
od [27]. The transcriptional levels of the genes were determined
via a quantitative PCR strategy (QPCR) with SYBR Premix Ex Taq™
II (Takara, Dalian, China) using ACT1 as an internal standard [28].
The PCR reactions were performed on a Bio-Rad iCycler and ana-
lyzed with iCycler 1Q software Version 3.0a (Bio-Rad, Hercules,
CA, USA). At least three experiments were run for each condition
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Fig. 1. Schematic of the pathways and key enzymatic reactions in
the production of pyruvate and glycolytic by-products (a)
in T. glabrata, including the new NADH-dependent water-
forming NADH oxidase (b) and alternative oxidase (c). The
by-products are indicated by italics in the figure. ADH: al-
cohol dehydrogenase; AOX: alternative oxidase; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; G3PDH: glyc-
erol-3-phosphate dehydrogenase; ICDH: NAD-dependent
isocitrate dehydrogenase; NOX: water-forming NADH oxi-
dase.
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in our study. The transcriptional level was analyzed by using the
AAC

2, method [29].
RESULTS AND DISCUSSION

1. Effects of the Introduction of NADH Reoxidation Pathways
on Intracellular Nucleotide Concentrations

The nox gene from S. pneumoniae (encoding H,O-forming NADH
oxidase) [13] and AOX1 (encoding alternative oxidase) from H. cap-
sulatum [14] were overexpressed in 7. glabrata Aura3 and created
the mutant strains 7" glabrata NOX and T. glabrata AOX, respec-
tively. The specific NADH oxidase activity in strain 7. glabrata NOX
is 4.65 U/mg protein, whereas it is only 1.33 U/mg protein in the
control strain (7. glabrata CON) (Fig. 2(a)). Functional expression
of alternative oxidase in the 7. glabrata AOX strain was demon-
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Fig. 2. Functional expression of NADH oxidase (a) and alterna-
tive oxidase (b) in 7. glabrata. Values are expressed as mean
+SD (n=3). Significant difference from control: **, P<0.01;

*, P<0.05.
30
25 +
g %
O 20 -1 oo,
“—“m . **
=}
£
2 15 %
)
[0} a
o
2 10
o
=]
=z .
5 - N,
0
NADH NAD* ATP

Fig. 3. The variances of intracellular NADH, NAD" and ATP lev-
els. T glabrata CON (white column), 7. glabrata NOX (gray
column) and 7. glabrata AOX (black column). Each value
corresponds to the mean=SD for three independent deter-
minations. Statistically significant differences compared with
T glabrata CON were determined by Student’s 7 test with
significance as follows: *, P<0.05; and **, P<0.01.
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strated by measurements of cyanide-insensitive oxygen consump-
tion activity that was fully inhibited by salicyl hydroxamic acid, a
specific inhibitor of alternative oxidase; however, no activity was
detected in 7" glabrata CON [19] (Fig. 2(b)).

The effects of H,O-forming NADH oxidase or alternative oxidase
expression on 1. glabrata intracellular concentrations of NADH,
NADY, and ATP were studied during aerobic mid-log batch culti-
vations of 7. glabrata NOX, T glabrata AOX and T. glabrata CON
strains (Fig. 3). The overproduction of nox in T glabrata NOX re-
duced the intracellular NADH content by 55.4% and the ATP con-
centration by 26.3% (from 25.1 umol/g DCW to 18.5 pmol/g DCW),
compared with the corresponding values for 7’ glabrata CON. Simi-
larly, the intracellular NADH and ATP content was reduced by 44.6%
and 47.8%, respectively, with the over-expression of AOX7 in the
T glabrata AOX strain. The reasons for the decrease in the intracel-
lular nucleotide concentration were: (1) the H,O-forming NADH
oxidase directly converted cytoplasmic NADH to NAD', decou-
pling the use of NADH for respiratory energy generation [16]; and

(2) the mitochondrial alternative oxidase acted as a branched elec-
tron transport chain to reduce oxygen to H,O [14,30,31].

2. Effects of the Introduction of NADH Reoxidation Pathways
on Pyruvate Fermentation

As shown in Fig. 4, the heterologous NADH reoxidation path-
ways exerted a significant impact on the carbon flux distribution in
T’ glabrata. The accumulation of pyruvate was enhanced and the
final fermentative pyruvate volumetric productivities of 7. glabrata
NOX and T. glabrata AOX were 12.5% and 19.0% higher, respec-
tively, than that of the control strain (7. glabrata CON). Correspond-
ingly, the pyruvate yield on glucose and pyruvate productivity also
increased by 15.1% and 22.3% (T. glabrata NOX) and 20.9% and
29.3% (T. glabrata AOX), respectively (Table 2).

The improvement in pyruvate yield may be due to a reduction
in the synthesis of by-products. The biomasses of the engineered
strains were lower by 16.2% (1. glabrata NOX) and 22.2% (T’ gla-
brata AOX) compared to that of the control (7" glabrata CON) (Fig.
4(a)). This is because of increased energy dissipation in the engi-
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Fig. 4. Concentrations of biomass and by-products present in aerobic batch culture of 7 glabrata CON (), T. glabrata NOX (O) and T.
glabrata AOX (A). Data represent the average and SD from three independent cultivations.

Table 2. Parameters of 7. glabrata in batch cultures with different perturbations of NADH metabolism

) q Yield from glucose (g/g)" Pyruvate
Strain it - ..
(g/gDCWh™)"  Pyruvate Biomass  a-Ketoglutarate  Glycerol Ethanol ~ productivity (g/h)
T glabrata CON  0.20+0.01 0.65+0.03 0.10+£0.01 0.13+0.01 0.08+0.01 0.03+£0.00 1.26+0.06
T glabrata NOX  0.25+0.01**  0.75%+0.02** 0.09+0.01 0.14+0.02 0.02+£0.00**  0.02+0.00 1.54+0.04**
T glabrata AOX  0.28+0.02**  0.79+0.02** 0.08+0.00* 0.15+0.01 0.06+0.01 0.01£0.00** 1.63+£0.04**

"The specific glucose consumption rate

A1l values were calculated from measurements made on batch cultures at the end of fermentation
Each value corresponds to the mean+SD for three independent determinations. Statistically significant differences compared with 7. glabrata
CON were determined by Student’s ¢ test with significance as follows: *, P<0.05; **, P<0.01
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Table 3. Specific activities of the NAD(H)-dependent dehydrogenases and the key glycolytic enzymes of T. glabrata at the mid-log

growth phase
Specific activities (U/mg protein) The transcription level (-fold change)
Enzyme Gene
T. glabrata CON T glabrata NOX T glabrata AOX T glabrata NOX T glabrata AOX
GAPDH TDHI +1.6+0.1 +1.1+0.1
2.25+0.04 2.30+0.02 2.62+0.05
[EC:1.2.1.12] TDH?2 +1.84+0.2 +1.340.0
G3PDH GPDI -2.7+£0.6 +1.1+0.0
0.40+0.01 0.10+0.01** 0.32+0.03
[EC:1.1.1.8] GPD2 —3.8+0.3 -1.6+0.0
ADH ADH]I -2.0+£0.2 -3.2+0.3
[EC:1.1.1.1] 0.04+0.01 0.02+0.01* 0.01+0.01%* ADH?2 -1.1+0.0 —13.440.5
B ADH3 -1.8+03 -1.2+0.1
ICDH IDHI +1.24+0.2 +2.6+0.3
[EC:1.1.1.42] 5.58+0.02 6.01+0.02 5.85+0.02 IDH2 +1.5+0.1 +1.34+0.0
T IDH3 -1.4+0.0 +1.240.0
HXK HXK1 +1.5+0.1 +1.6+0.1
(EC:2.7.1.1] 1.42+0.02 2.54+0.01** 2.11+0.01** HXK2 +1.7+0.1 +5.54£0.3
B HXK3 +2.8+0.3 +1.2£0.0
PFK PFK1 +8.8+0.5 +13.1+£0.4
(EC2.7.1.11] 1.43+£0.20 3.81+0.03** 4.02+0.15%* PFK2 +10.84+0.6 +20.6+0.6
B PFK3 +2.3£0.3 +5.8+0.3
PYK PYK] +1.7+0.1 +1.3+0.1
.32+0. 46+0.02* 61£0.01%*

[EC:2.7.1.40] 0.32+0.03 0.46+0.0 0.61=0.0 PYK?2 +2.440.3 +7.94+0.3

Up-regulated genes are indicated by (+) and down-regulated ones are indicated by (—). ADH: alcohol dehydrogenase; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase; G3PDH: glycerol-3-phosphate dehydrogenase; HXK: hexokinase; ICDH: NAD-dependent isocitrate dehydroge-
nase; PFK: phosphofructokinase; PYK: pyruvate kinase. The values are averages of the results for three experimental samples and the error bars
represent the standard deviation (n=3). Statistically significant differences compared with 7. glabrata CON were determined by Student’s # test

with significance as follows: *, P<0.05; and **, P<0.01

neered strains [7]. Compared with the corresponding values for 70
glabrata CON, the glycerol and ethanol yields on glucose were de-
creased by 75.0% and 33.3% in T. glabrata NOX and 25.0% and
66.7% in T. glabrata AOX, respectively. H,O-forming NADH oxi-
dase was found to have a profound impact on glycerol generation,
whereas alternative oxidase exhibited a strong role in ethanol syn-
thesis. Both moieties have various means of controlling the carbon
flux distribution at the pyruvate node. A similar effect of alternative
oxidase on ethanol production was also observed for the S. cerevi-
siae case [7]. Although Goutham’s results suggested that the over-
expression of alternative oxidase increased the TCA cycle capacity
in S. cerevisiae and permitted more carbon flux from glycolysis to
enter the TCA cycle [7], in our study the concentrations of key TCA
cycle metabolites, specific for a~ketoglutarate, remained unchanged.
This result strongly suggested that no more carbon flux could chan-
nel into the TCA cycle in T glabrata. The reason is that 7. glabrata
is a thiamine-auxotrophic yeast, and the activities of the pyruvate
dehydrogenase complex and orketoglutarate dehydrogenase in 7
glabrata are determined by the sub-optimal thiamin content in the
fermentation medium [32].
3. Effects of the Introduction of NADH Reoxidation Pathways
on Key Enzymatic Activities and Transcript Levels

To illustrate the impact of heterologous NADH reoxidation path-
ways on the glycolytic pathway and the carbon flux distribution
(Table 2), the activities of the NAD(H)-dependent dehydrogenases
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(G3PDH, ADH and ICDH) and the key glycolytic enzymes (HXK,
PFK and PYK) were determined for 7. glabrata CON, T. glabrata
NOX and T glabrata AOX (Table 3). As shown in Table 3, the
G3PDH and ADH activities were lower by 75.0% and 50.0% (T’
glabrata NOX) and 20.0% and 75.0% (T. glabrata AOX), respec-
tively, compared to the corresponding values for 7. glabrata CON.
This result explains why the glycerol and ethanol yields on glucose
were reduced with the lower intracellular NADH and ATP content.
When the G3PDH and ADH activities and the glycerol and etha-
nol yields on glucose in 7' glabrata NOX and T glabrata AOX
were compared with each other, we found that the lower the enzy-
matic activity, the lower the concentration of enzyme specific prod-
uct. However, the GAPDH and ICDH activities were not signifi-
cantly affected by the changes in intracellular NADH content (Table
3). The decreased availability of the nucleotide further increased
the key glycolytic enzymatic activities, such as those of HXK, PFK
and PYK. Compared with those of the control, the activities of HXK,
PFK and PYK were higher by 78.9%, 166.4% and 43.8% (in T.
glabrata NOX) and 48.6%, 181.1% and 90.6% (in T. glabrata AOX),
respectively. Similar results were also observed in S. cerevisiae, where
ATP has a strong negative effect on PFK and PYK activities [33].
Furthermore, the transcript levels of the encoding genes in the
engineered strains and 7" glabrata CON (at the mid-log growth phase,
30 h) were analyzed. As illustrated in Table 3, the transcript levels
for the genes involved in the glycerol and ethanol synthesis path-
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ways were significantly reduced. Over-expression of H,O-forming
NADH oxidase resulted in reductions in the transcript levels for
GPDI1, GPD2 and ADHI1 of 2.7-fold, 3.8-fold and 2.0-fold, respec-
tively, compared to those of the control, whereas over-expression
of alternative oxidase had more pronounced effects on the genes
encoding ADH, so that ADH1 and ADH? transcription levels were
decreased by 3.2-fold and 13.4-fold, respectively. Furthermore, the
over-expression of H,O-forming NADH oxidase and altemative oxi-
dase both resulted in significant enhancements of the genes encod-
ing key glycolytic enzymes, especially PFK/ and PFK2.

The enhancement of the key glycolytic enzyme activities and
transcript levels led to a higher carbon flux through glycolysis in 7/
glabrata NOX and T’ glabrata AOX (Table 2). However, the physi-
ological mechanisms for the higher glycolytic flux in 7. glabrata NOX
and 7' glabrata AOX may be different. The heterologous produc-
tion of nox provides an additional cytoplasmic NADH oxidation
pathway in 7. glabrata NOX, and this direct NADH consumption
pathway continues to supply sufficient NAD" for glycolysis. How-
ever, the NADH/NAD' couple cannot be transported freely across
the mitochondrial membrane in eukaryotic cells [34]. This means
that even if the mitochondrial NADH were fully oxidized to NAD",
the resulting NAD" could not be transported to the cytoplasm and
could not be used for glycolysis. Therefore, the likely mechanism
of the increased glycolytic flux in 7. glabrata AOX is that the overex-
pression of alternative oxidase redirects the NADH oxidation path-
way and consequently decreases the synthesis of ATP.

CONCLUSIONS

The pathway for pyruvate production from glucose via glycoly-
sis is a cofactor-dependent pathway (Fig. 1), and the availability of
nicotinaminde adenine dinucleotide (NADH and NAD) is the rate-
limiting factor in the glycolytic pathway. To increase the carbon
flux through glycolysis, and thus pyruvate production efficiency, it
is crucial to have a constant supply of sufficient NAD". Hence, two
different NADH reoxidation pathways, namely the H,O-forming
NADH oxidase cytoplasmic pathway and the alternative oxidase
mitochondrial pathway, were heterologously expressed in the pyruvate
producer T. glabrata. The introduction of the two different NADH
reoxidation pathways resulted in decreases in NADH and ATP con-
tent. The decrease in nucleotide concentrations led to increases in
the glucose consumption rate, the pyruvate yield and pyruvate pro-
ductivity of 27%, 15% and 22% (in T. glabrata NOX) and 38%,
21%, and 29% (in T. glabrata AOX), respectively, compared to those
of the control.

Improving NADH oxidation to NAD" and limiting ATP produc-
tion, via heterologous H,O-forming NADH oxidase and alternative
oxidase, provided convenient means to sustain a high glycolytic
rate, pyruvate production and pyruvate yield in 7 glabrata. The
introduction of two NADH oxidation pathways in 7' glabrata pro-
vided a viable metabolic engineering strategy for increasing the pro-
duction efficiency of fine chemicals in yeast.
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NOMENCLATURE

ADH : alcohol dehydrogenase

AOXI : alternative oxidase gene

AOX : alternative oxidase

ATP : adenosine triphosphate

DCW : dry cell weight

G3PDH : glycerol-3-phosphate dehydrogenase
GAPDH : glyceraldehyde-3-phosphate dehydrogenase
HXK : hexokinase

ICDH : NAD"-dependent isocitrate dehydrogenase
PFK : phosphofructokinase

PYK : pyruvate kinase

g, :specific glucose consumption rate

NADH : nicotinamide adenine dinucleotide

nox : H,O-forming NADH oxidase gene

NOX: H,O-forming NADH oxidase

REFERENCES

1. Y. H. Zhu, M. A. Eiteman, R. Altman and E. Altman, Appl. Envi-
ron. Microbiol., 74, 6649 (2008).

2.Y. Li, J. Chen and S. Y. Lun, Appl. Biochem. Biotechnol., 57, 451
(2001).

3. C. Larsson, A. Nilsson, A. Blomberg and L. Gustafsson, J. Bacte-
riol, 179, 7243 (1997).

4. T. B. Causey, K. T. Shanmugam, L. P. Yomano and L. O. Ingram,
Proc. Natl. Acad. Sci. USA, 101, 2235 (2004).

5. L. Pritchard and D. B. Kell, Eur: J. Biochem., 269, 3894 (2002).

6. G. S. Chuang and M. S. Chiou, Korean J. Chem. Eng., 23, 419
(2006).

7. G.N. Vemuri, M. A. Eiteman, J. E. McEwen, L. Olsson and J.
Nielsen, Proc. Natl. Acad. Sci. USA, 104, 2402 (2007).

8. K. G Alberti, J. Clin. Pathol. Suppl. (R Coll Pathol), 11, 14 (1977).

9. M. Rigoulet, H. Aguilaniu, N. Averet, O. Bunoust, N. Camougrand,
X. Grandier-Vazeille, C. Larsson, I. L. Pahlman, S. Manon and L.
Gustafsson, Mol. Cell. Biochem., 256-257, 73 (2004).

10. L. M. Liu, Y. Li, H. Li and J. Chen, FEMS Yeast Res., 6, 1117 (2006).

11. J. W. Zhou, L. X. Huang, L. M. Liu and J. Chen, J. Biotechnol., 144,
120 (2009).

12. M. Kanehisa, S. Goto, M. Hattori, K. F. Aoki-Kinoshita, M. Itoh, S.
Kawashima, T. Katayama, M. Araki and M. Hirakawa, Nucleic.
Acid. Res., 34, D354 (2006).

13. J. Hou, N. F. Lages, M. Oldiges and G. N. Vemuri, Metab. Eng., 11,
253 (2009).

14. C. H. Johnson, J. T. Prigge, A. D. Warren and J. E. McEwen, Yeast,
20, 381 (2003).

15. S. Guerrero-Castillo, M. Vazquez-Acevedo, D. Gonzalez-Halphen
and S. Uribe-Carvajal, Biochim. Biophys. Acta, 1787, 75 (2009).

16. S. Heux, R. Cachon and S. Dequin, Metab. Eng., 8, 303 (2006).

17. J. W. Zhou, Z. Dong, L. Liu, G Du and J. Chen, J. Microbiol. Meth-
ods, 76, 70 (2009).

Korean J. Chem. Eng.(Vol. 28, No. 4)



1084 Y. Qin et al.

18. L. M. Liu, Y. Li, H. Z. Li and J. Chen, Lett. Appl. Microbiol., 39,
199 (2004).

19.Y. Qin, Z. Y. Dong, J. W. Zhou, L. M. Liu and J. Chen, Wei Sheng
Wu Xue Bao, 49, 1483 (2009).

20. M. Moreira dos Santos, V. Raghevendran, P. Kotter, L. Olsson and
J. Nielsen, Metab. Eng., 6, 352 (2004).

21. C. Bernofsky and M. Swan, Anal. Biochem., 53, 452 (1973).

22. M. R. Leonardo, P. R. Cunningham and D. P. Clark, J. Bacteriol.,
175, 870 (1993).

23.L.M. Liu, Y. Li, Z. Shi, G Du and J. Chen, J. Biotechnol., 126, 173
(2006).

24. A. Valadi, K. Granath, L. Gustafsson and L. Adler, J. Biol. Chem.,
279, 39677 (2004).

25. E. Postma, C. Verduyn, W. A. Scheffers and J. P. Van Dijken, 4ppl.
Environ. Microbiol., 55, 468 (1989).

April, 2011

26. A.P.Lin and L. McAlister-Henn, J. Biol. Chem., 277, 22475 (2002).

27. R.Klassen, J. Fricke, A. Pfeiffer and F. Meinhardt, Biotechnol. Lett.,
30, 1041 (2008).

28. H. Muller, C. Hennequin, J. Gallaud, B. Dujon and C. Fairhead,
Eukaryot. Cell., 7, 848 (2008).

29. K. J. Livak and T. D. Schmittgen, Methods, 25, 402 (2001).

30. A. L. Moore and J. N. Siedow, Biochim. Biophys. Acta, 1059, 121
(1991).

31. D. A. Berthold, N. Voevodskaya, P. Stenmark, A. Graslund and P.
Nordlund, J. Biol. Chem., 277, 43608 (2002).

32.D.D. Zhang, N. Liang, Z. P. Shi, L. M. Liu, J. Chen and G C. Du,
Biotechnol. Bioprocess. Eng., 14, 134 (2009).

33. C. Larsson, I. L. Pahlman and L. Gustafsson, Yeast, 16, 797 (2000).

34. G von Jagow and M. Klingenberg, Eur: J. Biochem., 12, 583 (1970).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


