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bstract

To increase the NAD(P)H-dependent xylitol production in recombinant Saccharomyces cerevisiae harboring the xylose reductase gene from
ichia stipitis, the activity of glucose 6-phosphate dehydrogenase (G6PDH) encoded by the ZWF1 gene was amplified to increase the metabolic flux

oward the pentose phosphate pathway and NADPH regeneration. Compared with the control strain, the specific G6PDH activity was enhanced
pproximately 6.0-fold by overexpression of the ZWF1 gene. Amplification in the G6PDH activity clearly improved the NAD(P)H-dependent

ylitol production in the recombinant S. cerevisiae strain. With the aid of an elevated G6PDH level, maximum xylitol concentration of 86 g/l
as achieved with productivity of 2.0 g/l h in the glucose-limited fed-batch cultivation, corresponding to 25% improvement in volumetric xylitol
roductivity compared with the recombinant S. cerevisiae strain containing the xylose reductase gene only.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Xylitol, a five-carbon sugar alcohol, has the same order of
weetness as sucrose and fructose [1]. Xylitol can be produced
y microbial catalysts using xylose-utilizing yeasts [2,3] and
ecombinant Saccharomyces cerevisiae [4]. S. cerevisiae cannot
tilize xylose as carbon source as this yeast does not possess
metabolic pathway for conversion of xylose to xylitol or to

ylulose. Expression of the xylose reductase gene from Pichia
tipitis in S. cerevisiae conferred the ability to produce xyli-
ol from xylose with almost theoretical yield [5]. Since xylose
eductase of P. stipitis requires NAD(P)H as cofactor for its enzy-
atic action, cosubstrates, such as glucose and ethanol must be

upplied for regeneration of cofactor and maintenance of cellular
ctivity.

Although NADPH can be produced via the NADP+-linked

socitrate dehydrogenase reaction, the oxidative pentose phos-
hate pathway (PPP) is thought to be a major source of NADPH
iosynthesis in yeast [6]. The metabolic flux through this path-
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6-phosphate dehydrogenase

ay has been reported to increase at high NADPH require-
ents and to decrease when the need for NADPH synthesis is

educed [7]. The availability of NADPH within a cell might
e enhanced by metabolic engineering, e.g., overproduction
f enzymes involved in the PPP or deletion of genes in gly-
olysis in case a hexose is a carbon source. NADPH is pro-
uced in two of the steps in the PPP, namely the conversion of
lucose 6-phosphate to 6-phosphoglucose-�-lactone, catalyzed
y glucose 6-phosphate dehydrogenase (G6PDH) and conver-
ion of 6-phosphogluconate to ribulose 5-phosphate catalyzed
y 6-phosphogluconate dehydrogenase (6PGDH). Overproduc-
ion of these enzymes might result in an increase in the PPP.
he enhanced NADPH level has been previously reported in
scherichia coli and Ralstonia eutropha by overproduction

8,9].
This study was undertaken to elevate the enzyme level of

6PDH in order to increase the metabolic flux through PPP
nd thereby to enhance NADPH regeneration for xylitol pro-
uction in recombinant S. cerevisiae. Two recombinant S. cere-

isiae strains were characterized in batch and glucose-limited
ed-batch cultivations to examine the effects of G6PDH overex-
ression on NADPH regeneration and concomitant conversion
f xylose to xylitol.

mailto:jhseo94@snu.ac.kr
dx.doi.org/10.1016/j.molcatb.2006.06.014
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. Experimental

.1. Strains, plasmids and culture conditions

E. coli TOP10 (Invitrogen, Carlsbad, CA, USA) was used
or plasmid preparation. S. cerevisiae BJ3505/�XR (MAT�
ep4::HIS3 his3 lys2-208 trp1, ura3) harboring multiple copies
f the xylose reductase gene from P. stipitis in the genome [10]
as used as host for the overexpression of the ZWF1 gene.
he structural gene of ZWF1 was amplified by the polymerase
hain reaction (PCR) using the genomic DNA of BJ3505 (ATCC
08281) as template and appropriate primers. After digestion
ith BamHI and EcoRI, the expected-size PCR product was

loned into p426GPD [11] to construct pKZWF1 (2�, URA3,
.1 kb). The S. cerevisiae BJ3505/�XR strain transformed with
n empty vector p426GPD was used as control strain.

LB medium (10 g NaCl, 10 g tryptone and 5 g yeast extract per
iter) was used for E. coli cultivation. A synthetic complete (SC)
late without uracil was used for selection of the transformants
arboring the URA3-marked plasmid.

Batch and fed-batch cultures were carried out in a bench-top
ermentor (KoBiotech, Incheon, Korea) with a 1.0-l working vol-
me. Seed cultures were grown overnight in a selective medium.
EPD medium (10 g yeast extract, 20 g peptone and 20 g glu-

ose per liter) supplemented with 40 g xylose per liter was used
or batch cultures. For fed-batch cultures, initial xylose concen-
ration of 100 g/l was used and 600 g/l glucose solution was
ed at a rate of 1.8 g glucose/l h after the depletion of glu-
ose added initially. Medium acidity of pH 5.0 and temperature
f 30 ◦C were maintained throughout the cultivation. Agita-
ion speed and aeration rate were set at 500 rpm and 1 vvm,
espectively.

.2. Analytical methods

Dry cell mass concentration was measured with a spectropho-
ometer (GE Health Care Ultrospcec 2000, Piscataway, NJ,
SA) at 600 nm. Optical density was converted into dry cell
ass concentration using the predetermined conversion factor.
oncentrations of glucose, xylose, ethanol and xylitol were mea-

ured by HPLC (Knauer, Berlin, Germany) equipped with the
PX-87H column (Bio-Rad, Richmond, CA, USA) of which

emperature was maintained at 60 ◦C. The mobile phase con-
isted of 5 mM H2SO4 solution and detection was carried out
ith a reflective index detector (Knauer).

.3. Measurement of enzyme activities

Preparation of cell extract and measurement of xylose reduc-
ase activity were done using the method described by Walfrids-
on et al. [12] with some modifications. Cells were harvested
y centrifugation at 8000 × g for 10 min, washed twice with
ce-cold water and then incubated in Y-PER solution (Pierce,

ockford, IL, USA) for 20 min. Cell debris was removed by
entrifugation at 10,000 × g for 10 min at 4 ◦C to obtain crude
xtract. Xylose reductase activity was determined by measuring
he oxidation of NADPH at 340 nm. One unit of xylose reductase
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ctivity was defined as the amount of enzyme that can oxidize
�mol of NADPH per minute at 30 ◦C.

G6PDH activity was determined using the method described
y Deutsch [13] with some modifications. The standard assay
olume of 200 �l contained 50 mM Tris–HCl buffer (pH 7.5),
mM MgCl2, 5 mM maleimide, 0.4 mM NADP+ and 10 mM
lucose 6-phosphate. One unit of G6PDH activity was defined
s the amount of enzyme that can produce 1 �mol of NADPH
er minute at 30 ◦C. Specific enzyme activity (U/mg) was esti-
ated by dividing enzyme activity by the cellular protein con-

entration. Protein concentration of the crude cell extract was
easured using a protein assay kit (Bio-Rad).

.4. Determination of intracellular nucleotides

Concentrations of NADP+ and NADPH were determined by
nzyme cycling assays which involves 3-(4,5-dimethylthiazolyl-
)-2,5-diphenyltetrazolium bromide (MTT) as the terminal elec-
ron acceptor and phenazine ethosulfate as an electron carrier
14]. Cells were harvested by rapid filtration, washed twice with
ce-cold water and then resuspended in 0.5 ml HCl (0.1 M) for
ADP+ determination or in 0.5 ml NaOH (0.1 M) for NADPH
etermination. After boiling for 5 min, cell suspensions were
laced on an ice bath and neutralized with an equal volume of
.1 M NaOH or HCl. Cell debris was removed by centrifugation
t 10,000 × g for 10 min at 4 ◦C. Concentrations of NADP+ and
ADPH were determined by measuring absorbance at 570 nm.

. Results and discussion

Batch cultures were carried out to characterize the control and
ngineered strains. Since the stability of plasmid pKZWF1 was
onsiderably high (over 85% maintenance after eight genera-
ions) in our preliminary experiments, both strains were grown in
EPD medium supplemented with 40 g xylose per liter in subse-
uent batch cultures. Xylitol was produced with almost theoreti-
al yield using ethanol formed from glucose utilization as cosub-
trate but the two strains did not show any difference in xylose
eductase activity, i.e., approximately specific xylose reductase
ctivity of 0.8 U/mg protein were obtained for both strains. As
ummarized in Table 1, appreciable influences on rates of cell
rowth and xylitol production were observed by ZWF1 over-
xpression. An increase in G6PDH activity enhanced xylitol
roductivity, not so much as expected. In the xylitol-producing
eriod, the S. cerevisiae BJ3505/�XR strain harboring plasmid
KZWF1 showed specific G6PDH activity of 0.10 ± 0.02 U/mg
rotein, which was 6.0-fold increase compared with the control
train. However, amplification in G6PDH level did not lead to a
ignificant improvement in xylitol productivity, i.e., xylitol pro-
uctivity increased from 1.0 to 1.2 g/l h. Moreover, a statistically
ppreciable elevation in NADPH content did not occur by ZWF1
verexpression (data not shown).

Characteristics of the control and engineered strains were fur-

her investigated in glucose-limited fed-batch cultivations. After
epletion of glucose added initially, the fermentation mode was
witched to a fed-batch phase by feeding glucose solution (60%)
s sole carbon source. The S. cerevisiae BJ3505/�XR strain with
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Table 1
Batch and fed-batch fermentation results of recombinant S. cerevisiae BJ3505/�XR strains

Strain Plasmid Fermentation mode Final cell mass (g/l) Xylitol productivity (g/l h)a Final xylitol concentration (g/l)

S. cerevisiae BJ3505/�XR p426GPD Batchb 7.5 1.0 19
Fed-batch 14.5 1.6 71

S. cerevisiae BJ3505/�XR pKZWF1 Batch 10.0 1.2 24
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Fed-batch 18.0

a Values were estimated during the xylitol-producing period of corresponding
b For batch fermentation, all values were measured after 20 h of cultivation an

n elevated G6PDH activity resulted in 18.0 g/l of final dry cell
ass and 86.0 g/l of final xylitol concentration. The engineered

train maintained specific G6PDH activity of 0.10 ± 0.02 U/mg
rotein throughout the fed-batch period (Fig. 1). Accordingly,
mplification of G6PDH activity improved xylitol productivity
rom 1.6 to 2.0 g/l h, 25% increase in volumetric xylitol produc-
ivity. Since such an improvement in xylitol productivity was
ttributed to an elevated NADPH level, intracellular concen-
rations of NADP+ and NADPH in the control and engineered
trains were measured using the enzyme cycling assays. As
hown in Fig. 1, a significant change in NADPH concentration
as not observed by G6PDH overexpression in the glucose-

imited fed-batch cultures. It was speculated that G6PDH played
role for balancing the redox state in the xylitol-producing strain

ather than for increasing the NADPH pool itself. It appeared that
ADPH was more rapidly regenerated by an elevated G6PDH
ctivity, which in turn improved the NADPH-dependent xylose
onversion to xylitol.

It was interesting to note that amplification in G6PDH activ-
ty improved the overall xylitol production in a recombinant S.

erevisiae strain although specific xylitol productivity was not
mproved as much as an elevation of the G6PDH activity. The
apid regeneration of cofactors by an elevation of the G6PDH
ctivity might lead to an increase in the carbon flux through PPP

a

m
y

ig. 1. Fed-batch fermentation profiles of S. cerevisiae BJ3505/�XR strains harbor
ass (©), glucose (�), xylose (�), xylitol (�), ethanol (�), NADP+ (�), NADPH

ate of 1.8 glucose/l h in the fed-batch phase. Arrows indicate initiation of the fed-b
ylitol-producing period.
2.0 86

entation mode and averaged from two separate experiments.
raged from two separate experiments.

here the metabolites would subsequently be transformed to
iomass [15,16].

The catabolism of pentose sugars, such as xylose and arabi-
ose requires NADPH and NADH. Xylose is reduced to xylitol
y a reaction that requires NADPH preferentially or exclusively.
he xylose reductase from P. stipitis prefers NADPH but can use
ADH as well [4]. All other fungal xylose reductases described

n the literature can use NADPH only as a cofactor.
NADPH is mainly regenerated from the oxidative part of PPP.

he oxidative PPP generates 2 mol of NADPH and 1 mol of CO2
y enzymatic actions of G6PDH and 6PGDH. G6PDH encoded
y the ZWF1 gene in yeast, the rate-limiting enzyme in PPP,
roduces NADPH, which is a critical modulator of the cellular
edox state. In our previous study, a reduction in NADPH pool
y overexpression of bacterial transhydrogenase decreased the
ylitol productivity in recombinant S. cerevisiae [17]. It was
ecently reported that NADPH-dependent xylose accumulation
as responsible for most of xylitol production in recombinant S.

erevisiae [18]. Thus, overexpression of enzymes in PPP, such
s G6PDH and 6PGDH might increase intracellular NADPH

vailability for xylose conversion.

Strategies to increase a cellular NADPH level include
etabolic engineering of ammonium assimilation pathways in

east [19]. Poulsen et al. [20] increased the NADPH content in

ing plasmid p426GPD (A) and pKZWF1 (B) at 30 ◦C and pH 5.0. Dry cell
(�) and specific G6PDH activity (�). Glucose solution (60%) was fed at a

atch mode. Xylitol productivities shown in Table 1 were estimated during the
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spergillus niger by overexpression of G6PDH encoded by the
sdA gene. Nissen et al. [21] constructed a transhydrogenase-
roducing strain to investigate the effects of the reaction con-
erting NADPH and NAD+ into NADP+ and NADH on xylose
ermentation. Overexpression of cytoplasmic transhydrogenase
rom Azotobacter vinelandii resulted in lower xylitol produc-
ivity, which is in good accordance with our previous report
17]. These facts supported the influence of NADPH on xylose
onversion to xylitol. It was also suggested that the availabil-
ty of intracellular NADPH produced from PPP correlated with
olerance against lignocellulose-derived inhibitors, such as 5-
ydroxymethyl furfural [22].

Although an enhancement in G6PDH activity improved the
ell growth, such an amplification in G6PDH level did not lead
o corresponding elevations in NADPH content and specific xyl-
tol productivity, indicating that S. cerevisiae has a robust redox
ontrol apparatus.

It should be noted from a metabolic engineering approach
hat overexpression of single enzyme, such as G6PDH may not
e sufficient to meet NADPH requirement in a redox-perturbed
ecombinant S. cerevisiae strain.

Since NADPH content in the cell was not profoundly affected
y G6PDH overexpression, deletion or modulated expression
f the PGI1 gene, encoding phosphoglucoisomerase, could be
plausible strategy to reduce the glycolytic flux and thereby,

o increase availability of glucose 6-phosphate, a substrate for
6PDH. Through a genome-wide analysis, Bro et al. [23]

ound that a gene subset consisting of genes encoding metabolic
nzymes requiring NAD(H)/NADP(H) as cofactors indicated
ossible connection of NADPH-requirement with expression of
ADPH-regenerating enzymes. It would be very interesting to
verproduce all NADPH-producing enzymes or combinations of
hereof for improving xylitol conversion in recombinant yeast.

. Conclusions

The enzyme activity of G6PDH was elevated to enhance
ADPH regeneration and concomitantly to improve the NAD(P)
-dependent xylose conversion to xylitol in the recombinant
. cerevisiae strain. Overexpression of G6PDH resulted in

5% enhancement in overall xylitol productivity and hence,
etabolic engineering of redox metabolism appeared to be an

ttractive strategy for improving the conversion of xylose to
ylitol.
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