Copyright © 2006 by Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/1559-0291 (Online)/06/128 /0237 /$30.00

Transcription Analysis
of Recombinant Saccharomyces cerevisiae
Reveals Novel Responses to Xylose

LAURA SALUSJARVI,* JUHA-PEKKA PITKANEN, ARISTOS ARISTIDOU,
LAURA RUOHONEN, AND MERJA PENTTILA

VTT Biotechnology, PO Box 1500, FIN-02044 VTT, Finland,
E-mail: laura.salusjarvi@vtt.fi

Received July 7, 2005; Revised September 5, 2005;
Accepted September 9, 2005

Abstract

Lignocellulosicbiomass, richin hexose and pentose sugars, is an attractive
resource for commercially viable bioethanol production. Saccharomyces
cerevisiae efficiently ferments hexoses but is naturally unable to utilize pen-
toses. Metabolic engineering of this yeast has resulted in strains capable of
xylose utilization. However, even the best recombinant S. cerevisiae strains of
today metabolize xylose with a low rate compared to glucose. This study
compares the transcript profiles of an S. cerevisiae strain engineered to utilize
xylose via the xylose reductase-xylitol dehydrogenase pathway in aerobic
chemostat cultures with glucose or xylose as the main carbon source. Com-
pared to the glucose culture, 125 genes were upregulated, whereas 100 genes
were downregulated in the xylose culture. A number of genes encoding
enzymes capable of nicotinamide adenine dinucleotide phosphate regenera-
tion were upregulated in the xylose culture. Furthermore, xylose provoked
increased activities of the pathways of acetyl-CoA synthesis and sterol bio-
synthesis. Notably, our results suggest that cells metabolizing xylose are not
in a completely repressed or in a derepressed state either, indicating that
xylose was recognized neither as a fermentable nor as a respirative carbon
source. In addition, a considerable number of the changes observed in the
gene expression between glucose and xylose samples were closely related to
the starvation response.

Index Entries: Xylose; transcriptional profiling; ethanol; metabolic engi-
neering; Saccharomyces cerevisiae.

*Author to whom all correspondence and reprint requests should be addressed.

Applied Biochemistry and Biotechnology 237 Vol. 128, 2006



238 Salusjarvi et al.
Introduction

Saccharomyces cerevisiae is one of the most efficient hexose-fermenting
organisms, and this capability has been exploited for hundreds of years for
ethanol production. By contrast, the interest in xylose utilization by this
yeast has arisen more recently, along with the call for an efficient industrial
conversion of lignocellulosic materials into fuels and other products. S. cerevisiae
cannot naturally ferment xylose, but its metabolic engineering for xylose
fermentation has progressively advanced. The most common strategy has
been the expression of genes for xylose reductase (XR) (XYLI) and xylitol
dehydrogenase (XDH) (XYL2) of Pichia stipitis (1) and the overexpression
of the gene encoding the endogenous xylulokinase (XK) (XKS1) (2-5). As a
result of these efforts, fermentation of xylose is enabled in S. cerevisiae, but
the ethanol production rate and yield over the carbon utilized are still sig-
nificantly lower than with hexose sugars. Various approaches in different
laboratories have been taken to address this inefficiency. These include fine
tuning of the expression levels of XYL1, XYL2,and XKS1 (6,7); construction
of XR-XDH fusion proteins (8); mutagenesis of recombinant xylose-fer-
menting strains (9,10); overexpression of genes encoding enzymes of the
nonoxidative pentose phosphate pathway (PPP) (11); and deletion of genes
encoding enzymes of the oxidative PPP (12,13) to increase or decrease,
respectively, the carbon flux through these metabolic branches of the PPP.
Moreover, xylose consumption wasimproved in arecombinant S. cerevisiae
strain by alleviation of carbon catabolite repression (14).

The two-step oxidoreductase reaction catalyzed by XR and XDH
enzymes is overall redox neutral but requires different cofactors, because
XR prefers nicotinamide adenine dinucleotide phosphate (NADPH) to
NADH and XDH solely utilizes NAD*. This is postulated to lead to an
imbalance in the cofactor pools, which disturbs the redox state of the cells
during the metabolism of xylose. Thus, attempts to modify the cofactor
specificity of XR and XDH have been reported (15-18). Other strategies to
balance the cellular redox include efforts to increase the availability of
intracellular NADPH by metabolic engineering of ammonium assimilation
pathways (19), or by overexpression of a fungal NADP*-dependent
D-glyceraldehyde-3-phosphate dehydrogenase (13). Furthermore, trans-
hydrogenase-like futile cycles using endogenous enzyme activities of yeast
have been constructed in the xylose-metabolizing S. cerevisiae to alleviate
the redox imbalance (20). Recently, approaches to circumvent the redox
issue of xylose conversion by the oxidoreductive pathway met with signifi-
cant success by Kuyper et al. (21,22), who expressed a fungal xylose
isomerase in S. cerevisiae. Anaerobic ethanol yield on xylose, 0.42 g/g, was
approx 80% of the theoretical maximum with this strain. However, the rate
of xylose consumption still remained significantly lower compared to glu-
cose, as did the growth rate both aerobically and especially anaerobically,
indicating other limitations of xylose metabolism than just the redox
balancing (23).
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We have previously carried out a metabolic flux analysis of xylose-
utilizing S. cerevisinze grown aerobically and anaerobically in chemostat
cultures on glucose or on xylose as the main carbon source (24). The strain
was constructed by introducing the XR- and XDH-encoding genes from the
yeast Pichia stipitis and, further, by overexpressing the endogenous
XK-encoding gene of S. cerevisiae. The aerobic and anaerobic phases of the
cultures were studied by comparative two-dimensional electrophoresis
(2-DE) gel analysis of soluble proteins (25). In aerobic and anaerobic steady-
state samples, 22 protein spots that responded to the change in the carbon
source were identified.

In this article, we describe the use of DNA microarrays to analyze the
samples derived from the aerobic phase of the same chemostat cultures
studied by the 2-DE gel analysis. Present data confirm the downregulation
of the citric acid cycle and upregulation of reactions balancing the cellular
redox state, both observed in our metabolic flux and 2-DE gel studies.
In addition, we present evidence that at a transcriptional level, xylose is
notable torepressastarvationresponse, very similar to thatreported during
the acid-alkaline transition of growing yeast colonies (26). Further, xylose
seems neither a repressive nor a derepressive carbon source in S. cerevisiae,
resulting in a mixed gene expression profile on this pentose sugar.

Materials and Methods
Yeast Strains

The genetically modified S. cerevisiae strain H2490 (24) based on the
strain CEN.PK2 (MATo, leu2-3/112, ura3-52, trp1-289, his3A1, MAL2-8§,
SUC2) (27) was used for the chemostat cultures. The strain H2490 contains
the genes XYL1 and XYL2 of P. stipitis encoding XR and XDH, respectively,
chromosomally integrated into the URA3 locus. XYL1I is expressed under
the PGK1 promoter and XYL2 under the modified ADHI promoter (28).
In addition, the strain contains its endogenous XK-encoding gene (XKSI)
between the modified ADHI promoter and ADHI terminator on the
multicopy plasmid YEplac195 (uracil selection), and the multicopy plas-
mid YEplac181 (leucine selection) (29) with the PGK1 promoter and termi-
nator expression cassette with no insert.

Chemostat Cultures

The chemostat cultivations fed with yeast nitrogen base withoutamino
acids (Difco, Detroit, MI) supplemented with 0.5 mL /L of silicone antifoam
(AnalaR, BDH, Poole, UK) and either 10 g/L of glucose or 27 g/L of xylose
and 3 g/L of glucose were carried out at 30°C as described previously (24)
and are called glucose culture and xylose culture, respectively. The small
amount of glucose in the feed of the xylose culture enabled the chemostat
cultures on xylose. Reference 24 also describes in detail the gas analysis and
determination of the culture’s dry weight. Both fermentations were started
asaerobicbatch cultures with a working volume of 800 mL in 1.8-L Chemap
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CMF fermentors (Chemap AG, Volketswil, Switzerland). To attain a dilu-
tionrate (D) of 0.05 h™, the feed of the medium was started when the carbon
dioxide level in the batch cultures started to decrease. Before harvesting
yeast for transcriptional analysis, the cultures were maintained for 7.5 resi-
dence times under aerobic conditions to obtain a metabolic steady state.
The results presented here are from one culture each on glucose and xylose.

RNA Extraction

Yeast for transcriptional analysis was harvested from the aerobic
steady states of glucose and xylose chemostat cultures by centrifuging
15-mL samples (1250g for 2 min at 20°C). The pellets were immediately
frozen by liquid nitrogen and stored at —70°C. Frozen pellets were divided
into smaller batches (six individual RNA extractions from both glucose-
and xylose-grown cells were carried out) and broken by glass beads in
Trizol reagent (Gibco-BRL, Life Technologies, Gaithersburg, MD). After
extraction, RNA was precipitated by isopropyl alcohol, and the RNA pellet
was rinsed with 80% (v/v) ethanol and resuspended in RNase-free water.

Yeast Gene Filter Hybridizations

[**P]CTP-labeled cDNA was synthesized from each RNA preparation
as follows: 2 pg of total RNA and 2 pg of oligo(dT) (10-20mer mixture,
ResGen™; Invitrogen, Carlsbad, CA) were mixed with 8 uL of water, incu-
bated at 70°C for 10 min, chilled onice, and reverse transcribed with Super-
script II (Gibco-BRL, Life Technologies) in the presence of [*P]CTP
(Amersham Pharmacia Biotech, Uppsala, Sweden) according to the proto-
col of ResGen. The cDNA was purified by passage through a Bio-Spin 6
chromatography column (Bio-Rad, Hercules, CA). Yeast Gene Filters I and
II (ResGen) were prehybridized at 42°C for 4 h in a single hybridization
tube with 5 mL of MicroHyb (ResGen) solution containing 5 ug of poly(d A)
(ResGen). The purified cDNA was denatured for 5 min at 95°C and added
to 5 mL of fresh prehybridization mixture. Hybridization was carried out
for 18 hat42°Cinaroller oven (Hybaid, Heidelberg, Germany). Afterward,
hybridization filters were washed according to the protocol of ResGenand
exposed to a phosphor screen for 24 h. The phosphor screens were scanned
at a resolution of 50 um on a Typhoon instrument (Molecular Dynamics).
Filters were stripped with boiling 0.5% sodium dodecyl sulfate, which was
poured over the filters and allowed to cool for 15 min. To ensure stripping
efficiency, the filters were re-exposed to a phosphor screen and the residual
signal was measured from selected spots with the most intense signal. One
wash was enough tobring the residual signal below 3% of the hybridization
signal. Two pairs (1 and 2) of Gene Filters I and Il were used for glucose vs
xylose comparisons. In both cases, each filter pair was hybridized with
cDNA prepared from both glucose- and xylose-grown cells (e.g., filter pair
1 was hybridized three times with xylose samples and three times with
glucose samples), to minimize bias in the results owing to possible differ-
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ences between filters. Six separate array analyses from individually pre-
pared cDNAs from both glucose- and xylose-grown cells were carried out.

Microarray Analysis

The analysis cycle (RNA extraction, cDNA synthesis, and hybridiza-
tion onto Yeast Gene Filters [ResGen]) was repeated six times each for the
cells collected from the xylose and glucose chemostat cultures. Yeast Gene
Filters contain 6144 polymerase chain reaction (PCR) products bound to
twonylon filters designated I'and II. The filters lack about 400 open reading
frame (ORF) sequences mainly from chromosome 16. Theimages produced
by the Typhoon instrument were imported to ArrayVision software (Imag-
ing Research, Ontario, Canada) that was used for quantification of spot
intensities. Normalization between sets of filters was based on the average
signal intensities of control DNA spots on individual filters. Statistically
significant changes in transcript abundance were obtained by importing
normalized and background-reduced signal intensity values from each
replicate hybridization into ArrayStat software (Imaging Research). In the
analysis, data were log transformed, and the average log signal intensities
for each gene were plotted on the x-axis while the corresponding standard
deviations were plotted along the y-axis. The random error for each gene
was calculated by a fitted curve that was used to estimate the relevant error
for each gene (30). Before a further statistical assessment of the microarray
data, some data points were discarded from the analysis. These data points
were outliers based on the data from replica hybridizations. The percent-
age of removed data points was 2.7 and 2.2% of all data points (36,864)
within the six replicate hybridizations from aerobic glucose and xylose,
respectively. In addition, some ORFs were excluded from the analysis
because the signal from the replicate hybridizations was not sufficiently
reproducible. After removing the outliers, the data were normalized by
median across the two conditions studied, and the false discovery rate (31)
withnominal . 0.05 was used as the false-positive error correction method.
As a result, the responses between xylose and glucose were sorted to be
significant or nonsignificant.

Promoter Analysis

Promoter analyses were carried out using Regulatory Sequence Analy-
sis Tools at http://embnet.cifn.unam.mx/~jvanheld /rsa-tools/. Occur-
rences of known regulatory sequence patterns were searched for from
promoter regions (up to 800 bp upstream of the coding region) of genes that
were statistically significantly induced and downregulated by xylose.

Northern Analysis

The same six RNA preparations from both glucose and xylose cells
that were used for cDNA synthesis were also used for Northern analysis of
selected genes. Probes were prepared by PCR amplification of specific ORFs
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from genomic DNA of the CEN.PK2 strain. The PCR fragments obtained
were labeled with [0*?P]dCTP (Amersham Pharmacia Biotech) using a
Hexalabel Plus™ DNA labeling kit (Fermentas, Manover, Maryland). Stan-
dard procedures for RNA blot hybridizations were followed (32). Northern
blot filters were scanned at 100-um resolution using the Typhoon instru-
ment, and signal intensities were quantified using ImageQuaNT software
(Amersham Pharmacia Biotech). The measured values were normalized
using the amount of ACT1 mRNA as the control for each sample.

Results

The recombinant xylose-utilizing S. cerevisiae yeast was studied in
chemostat cultures (24). One chemostat was run with 10 g/L of glucose
(glucose culture) and the other with 3 g/L of glucose + 27 g/L of xylose
(xylose culture). To keep the growth rates identical, thus avoiding growth
rate-dependent changes in the gene expression pattern, a dilution rate (D)
of 0.05h™ was used inboth cultures. Glucose was added (10% of total sugar)
to the latter culture, because even the best recombinant xylose-utilizing
S. cerevisiae strains have very low growth rates on sole xylose (9,10,22,33).
The residual glucose remained below the detection limit (0.06 g/L; <0.4 mM)
throughout both the glucose and xylose culture, allowing us the assump-
tion that yeast in the two cultures was in a glucose-derepressed state
(see ref. 34, and references therein).

Next we present the transcriptome analysis of cells collected from the
aerobic steady states of glucose and xylose culture. Specific carbon utiliza-
tion rates (C-mmol/[g-cell-h]) of glucose and xylose; oxygen consumption
and production of biomass, xylitol, glycerol, acetate, and ethanol; as well as
yields (C-mol/C-mol) over total carbon utilized have been reported
previously (24).

Statistical Analysis of Transcriptome Data

When yeast cells were metabolizing xylose, the expression level of
225 ORFs was altered in comparison to the glucose culture. At a confidence
level of 95%, 125 of the responding genes were upregulated in the xylose
chemostat culture (Supplemental Table 1), whereas 100 genes were down-
regulated (Supplemental Table 2). The differentially expressed genes were
classified into functional categories to identify the biologic processes affected
by aerobic xylose metabolism using the Medical Interactive Process System
(MIPS) database. The results shown in Supplemental Tables 1 and 2 and in
Fig. 2 are discussed in more detail in the following sections. Statistically
significant changes in the transcript levels between the xylose and glucose
samples were calculated by ArrayStat software (30). The number of ORFs
detected and included in the statistical analysis was 5500 (90% of the ORFs
of S. cerevisiae).

The results of the statistical analysis were evaluated by Northern blot-
ting analysis to verify independently changes for transcripts with different
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Fig. 1. Expression ratios of selected transcripts that were more abundant on
(A) xylose or on (B) glucose were measured from Northern blots () and yeast gene
arrays (O). The expression ratios of transcripts measured by Northern blots were cal-
culated as an average from six individual RNA preparations. The expression ratios of
transcripts measured by arrays were ranked to be significant and nonsignificant by
p value obtained from a statistical test (see Results). The position in the significance
ranking (1-225 were significant) is indicated after the gene names.

expression levels and with different significance ranking in the data analy-
sis. The transcript ratios obtained by arrays on the two carbon sources
studied were compared with the ratios obtained by the Northern hybrid-
izations (Fig. 1). The Northern hybridization data of the selected 16 ORFs
agreed well with the microarray data also when the change between the
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glucose and xylose samples was not ranked statistically significant (see RHR2
in Fig. 1A). Generally (except for two cases; see ZPS1 and UGA2 in
Fig. 1A), the differences between the expression ratios obtained by either
the arrays or the Northern blots were less than twofold. This shows the
consistency of quantification between the arrays and Northern blots, and
also the validity of the statistical analysis used.

Genes Encoding Activities of Central Carbon Pathways
Have Altered Expression Profiles on Xylose

Comparison of yeast cells on xylose and glucose revealed significant
differences in expression levels among genes encoding enzymes involved
in the utilization of carbon compounds. In this functional group, 24 genes
were downregulated and 9 genes were upregulated on xylose. In the oxi-
dative part of PPP, GND1, encoding 6-phosphogluconate dehydrogenase,
which catalyzes the second NADPH-producing step, had higher transcript
levels on xylose (Fig. 2). However, the expression of ZWF1 (encoding glu-
cose 6-phosphate dehydrogenase; the first NADPH-producing step) and
SOL4 (encoding 6-phosphogluconolactonase) was slightly decreased (Fig. 2).
Also notable is the two- to threefold lower expression of genes encoding
malate dehydrogenase (Mdhlp), 2-oxoglutarate dehydrogenase iso-
enzymes Kgd1 and Kgd2p, isocitrate dehydrogenase (Idh2p), and fuma-
rate hydratase (Fum1p) alike ICLI encoding isocitrate lyase, an enzyme of
the glyoxylate cycle (Fig. 2). The observed transcript profiles of genes
encoding activities of the PPP, tricarboxylic acid, and glyoxylate cycle
correlate well with our earlier flux and proteome studies of the same
cultivations (24,25).

Furthermore, PCK1, encoding phosphoenolpyruvate carboxykinase,
and HXK1, encoding hexokinaseisoenzyme 1, had alower expression level
on xylose. Both of these genes normally have the highest expression during
growth on carbon sources other than glucose (35) (Fig. 2). In acetate and
acetyl-CoA metabolism, genes downregulated on xylose included ALD2
and ALD3, encoding isoenzymes of cytosolic acetaldehyde dehydrogena-
ses, and ACHI, encoding acetyl-CoA hydrolase (Fig. 2). Yet, the genes
encoding the cytosolic (ALD6) and mitochondrial (ALD4) isoforms of
acetaldehyde dehydrogenases had more than fivefold higher expression
levels on xylose, concomitant with a fourfold higher expression of ACSI,
encoding acetyl-CoA synthase (Fig. 2).

A Starvation Response Is Observed in Cells Metabolizing Xylose

The ATO1, ATO2, and ATO3 genes were upregulated in the xylose
culture (Table 1, Fig. 2). According to Palkové et al. (26), ATO1-3 genes
encode transporters of the YaaH family in S. cerevisiae and are directly
involved in the excretion of ammonia from the cells during the acid-to-
alkali transition phase that occurs in growing yeast colonies. Excretion of
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ammonia is related to successful adaptation and survival under starvation
conditions or entry into the stationary phase. Italso contributes toa decrease
in oranescape from the general stress response of the cells. Overall, changes
in the expression of 33 genes (underlined in Tables 1 and 2) between the
xylose and glucose cultures in the present study correlated qualitatively
with changes observed by Palkova et al. (26) with one exception: CTR1
encoding a high-affinity copper transporter was present in both data sets
but had increased expression on xylose, whereas it had decreased expres-
sion toward the alkali growth phase of yeast colonies. The changes that
showed a relationship included the upregulation of ALD4, ACS1, ICL2,
ERG6 (encoding sterol methyltransferase), and ERG25 (encoding methyl
sterol oxidase), and of genes encoding zinc and phosphate transporters
ZRT1, and PHO84 and PHO®89, respectively, and the downregulation of
ICL1, ACH1,IDH2, KGD1, and FUMI. A significant number of these genes
encode enzymes of the tricarboxylic acid cycle and acetyl-CoA metabolism.
In summary, a large proportion, approx 15%, of the genes showing an
altered expression profile on xylose compared to glucose seems to be
involved in a starvation response.

Genes Encoding Activities for Carbon Scavenging
Are Upregulated on Xylose

ICL2, a homolog of ICL1 that encodes 2-methylisocitrate lyase of
the mitochondrial matrix, had a fivefold increase in expression in the
xylose culture (Table 1). The enzyme converts 2-methylisocitrate into pyru-
vate and succinate in the 2-methylcitrate cycle, a part of propionyl-CoA
metabolism. The physiologic function of this cycle is not fully understood
in S. cerevisiae, but it is presently believed that the cycle has a role in scav-
enging carbon skeletons from certain amino acids (36). Transcription of
ARO10and AAD14 genes was also upregulated in the xylose culture 4- and
28-fold, respectively (Table 1). ARO10 encodes a phenylpyruvate decar-
boxylase that is involved in the catabolism of leucine and phenylalanine to
aldehyde (37), and AAD14 encodes an enzyme possibly able to reduce the
aldehydes formed (38,39).

The Biosynthesis of Lipids and Isoprenoids Is Enhanced on Xylose

The synthesis of sterols comprises more than 20 distinct reactions in
twosubsequent pathways. The mevalonate pathway from acetyl-CoA leads
to farnesyl pyrophosphate, an important intermediate as a starting point
for several different pathways (40). On xylose, 5 of the 12 steps of the
second pathway leading from farnesyl pyrophosphate to ergosterol were
upregulated at the transcriptional level (Supplemental Fig. 1). In addition,
a higher amount of transcripts for Arvlp was detected (Fig. 2). Arvlp has
been suggested to play a role both in the regulation of sterol and sphin-
golipid metabolism and in the trafficking of lipids (41).
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Genes Encoding Various Transporters Respond to Xylose
as a Carbon Source

Transcripts for genes encoding several zinc and phosphate transport-
ers were more abundant on xylose than on glucose, whereas, in turn,
genes encoding iron permeases and the endosomal/prevacuolar Na*/K*
exchanger Nhx1p were attenuated. In addition, an increased expression
level was detected for HXT2 encoding one of the several hexose transport-
ers in yeast, for GAP1 encoding a general amino acid permease, and for
JEN1 encoding a carboxylic acid transporter (Fig. 2, Tables 1 and 2).

Genes Encoding Various Transcription Factors
Have Altered Expression Profiles on Xylose

At least 17 genes closely involved in transcription were upregulated
2-to 54-fold on xylose (Table 1), whereas 5 genes were downregulated 2- to
6-fold (Table 2). The most interesting of these genes were related to the
regulation of carbon metabolism and the environmental stress response.
Further, the occurrence of known regulatory sequence patterns for several
transcription factors was searched from promoter regions (800 bp upstream
of the coding region) of all statistically significant xylose-responding genes
(see Supplemental Table 3).

The gene encoding galactokinase (GALI) had higher transcript levels
on xylose, as did the genes encoding transcription factors Med1p, Bur6p,
and Nrg2p, known to be regulating the transcription of GAL genes (42,43)
(Table 1). BURG6 is also putatively linked to the regulation of environmental
stress response (44). Transcripts of NRG2 were shown to be elevated in
response to zinc limitation and alkaline pH (45), and its promoter region
has a potential binding site for the zinc-responsive transcription factor
encoded by ZAP1 (46). Other targets of Zap1p with increased expression on
xylose were genes encoding zinc transporters (Fig. 2) and GRE2 encoding
a protein with oxidoreductase activity (Table 1). The expression of ZAP1
correlated with the expression of its target genes; ZAP1 was upregulated
threefold, and, correspondingly, 6% of the genes upregulated and 3% of the
genes downregulated on xylose had a binding site for this transcription factor.

Furthermore, SKN7had a twofold higher expressionlevelin the xylose
culture. A branch of the mitogen-activated protein kinase pathway involv-
ing Skn7p as the regulator is activated in response to hypoosmotic stress
(47) and is involved in controlling cell wall integrity (48) and cell cycle (49).
Via a different activation mechanism Skn7p plays a role also in the oxida-
tive stress resistance (50). However, only 14% of the promoters of the genes
significantly upregulated on xylose had stress-responsive element binding
sites for the transcription factors Msn2p /Msn4p, involved in the induction
of general stress response in the cells, whereas 45% of the promoter regions
of the downregulated genes had these binding sites although neither MSN2
nor MSN4 had altered expression levels. However, YER130c encoding a
protein with similarity to Msn2/4p was upregulated (Table 1).
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Linked to the regulation of carbon utilization, TYE7 encoding an E-box
DNA-binding protein that is a multicopy suppressor of gcr2 mutants had
threefold more transcripts on xylose compared to glucose (Table 1, Fig. 2).
Gcer2p acts with Gerlp to mediate a high level of glycolytic gene expression
(51). However, overexpression of TYE7 in our recombinant xylose-metabo-
lizing S. cerevisiae did not result in improved performance on xylose (our
unpublished results).

Furthermore, 18% of the promoter regions of the upregulated genes
on xylose had at least two binding sites for the transcription factor Adrl1p,
whereas only 9% of the promoter regions of the downregulated genes fell
into this class. Moreover, neither Miglp nor Pho4p whose binding sites
were slightly overpresented in the promoter regions of genes upregulated
on xylose (11 vs 9% and 2 vs 0%, respectively) had altered expression pro-
files on this sugar. However, several genes encoding phosphate transport-
ers induced by Pho4p were upregulated on xylose.

Additionally, YFL052w, with similarity to, e.g., Malx3p transcription
factors of MALloci, had fivefold higher transcriptlevels on xylose. YFL052w
encodes a zinc-finger protein, and deletion of this gene impairs growth on
nonfermentable carbon sources (52). However, there was no difference in
abundance of Cat8p (involved in derepression of the genes encoding
gluconeogenic enzymes) binding sites in the promoter regions of xylose-
affected genes.

Discussion

Recently, DNA microarray studies with xylose-metabolizing recom-
binant S. cerevisiae have been reported, but contrary to the present study,
the analyses either were carried out in shake-flask cultures with a batch
mode (53,54), or they compared a xylose-utilizing yeast strain with a
mutated strain with improved xylose metabolism (55,56). We report herein
on a continuous chemostat study of a nonmutated xylose-fermenting
S. cerevisiae strain. Compared with batch cultures, continuous cultures
enable the control of, e.g., growth rates, cell densities, and substrate concen-
trations. Thus, comparative studies with different carbon sources are pos-
sible and growth rate-related phenomena can be excluded. The current
recombinant xylose-utilizing S. cerevisiae strains have low growth rates
even under aerobic conditions on sole xylose (10,22). The lack of a feasible
growth rate on this pentose sugar was the reasoning behind the setup of the
xylose culture, inwhichwe added 3 g/L of glucose (10% of the total carbon)
to the feed of the xylose chemostat. As a result, in our chemostat cultiva-
tions of xylose as the main carbon source, the growth rates, cell densities,
and residual glucose concentrations (<0.06 g/L; <0.4 mM) were compa-
rable with those in the glucose chemostat. The extracellular glucose was
below the critical repressing concentration (14 mM,; see ref. 34 and refer-
ences therein). Asdemonstrated, e.g., inarecentarticle by Daran-Lapujade
etal. (57), glucose repression does not occur in glucose-limited chemostat
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cultures owing to the low residual glucose concentration. The main differ-
ence between the cultures was that on xylose only 70% of the carbon uti-
lized was xylose, and there was residual xylose in the extracellular medium.
Hence, in our setup we were able to assess whether the residual xylose is
able to repress the genes encoding activities of gluconeogenesis, or
glyoxylate and tricarboxylic acid cycles. Furthermore, 30% of the carbon
utilized by the cells in the xylose culture was glucose. In term of fluxes, the
glucose flux in the xylose culture (1.95 C-mmol/[g-cell-h]) was approx 27%
of that in the glucose culture (7.22 C-mmol/[g-cell-h]). Thus, there is a
difference in the glucose flux when the two cultures are compared. Elbing
et al. (58,59), among others, indicated a correlation between glucose con-
sumption rate and glucose repression. When studied in a batch mode
(external glucose of 15-25 g/L), the expression of gluconeogenic genes
FBP1 and MDH?2 was repressed to a lower extent, and the expression of
SUC2encodinginvertase wasinduced in a yeast strain with alower glucose
consumption rate (59). However, in the present chemostat study, the level
of SUC2 (data not shown) and FBP1 transcripts (Fig. 2) was comparable in
the xylose and glucose culture, whereas genes encoding gluconeogenic and
glyoxylate cycle enzymes (ICL1, PCK1, MLS1, and MDH?2) exhibited lower
expression levels in the xylose culture compared with the glucose cul-
ture (Fig. 2). If indeed the different glucose consumption rates in the two
chemostat cultures resulted in a difference in the level of glucose derepres-
sion, the residual xylose must have masked this effect.

Effects of Cofactor Imbalance on Gene Expression on Xylose

The different cofactor preferences of XR and XDH are believed to
disturb the cellular cofactor pools during xylose consumption. One of the
objectives of the present study was to discover how the apparent redox
imbalance affects the cellular metabolism. In light of recent results with
xylose isomerase offering an excellent solution to overcome redox issues in
xylose fermentation by recombinant S. cerevisiae (21,22), this may seem
superfluous. However, metabolic engineering efforts are likely to affect the
cellular redox state in general, and the oxidoreductive xylose conversion
offers a good model system to study it. Under aerobic xylose metabolism
by the oxidoreductive pathway, the main challenge is the regeneration of
NADPH. Indeed, on xylose several genes encoding oxidoreductases had
higher transcript levels compared to glucose culture. We believe that this
reflects a metabolic response that the cell takes to balance its redox state.
Furthermore, metabolic flux analysis (24) indicated increased flux through
the oxidative branch of the PPP in xylose chemostats. The upregulation of
expression of GND1 is consistent with this finding and may further relate
to the increased NADPH demand owing to XR reaction. In addition, ALD6
had higher expression on xylose, possibly facilitating NADPH regenera-
tion by oxidation of acetaldehyde to acetate. The mitochondrial Ald4p,
which also has increased transcript levels on xylose, participates in
NAD(P)* reduction in mitochondria contributing to the pool of reduced
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cofactors that may be exported to the cytosol by the ethanol-acetaldehyde
shuttle (60). On the other hand, we detected increased expression of several
genes encoding the enzymes of the ergosterol biosynthetic pathway, which
is highly NADPH consuming. A tentative explanation is that lack of
NADPH leads toalow level of sterols, which, in turn, stimulates the expres-
sion of these genes. In summary, it seems that several metabolic reactions,
either to regenerate the actual cofactors or to choose a more optimal reac-
tion to conserve cofactors, are activated or attenuated to regain the cellular
redox balance.

Tricarboxylic Acid and Glyoxylate Cycles
Were Downregulated on Xylose

Overall, of the 22 xylose-responding proteins identified in the com-
parative 2-DE gel study (25) of the same culture samples, 9 responded
qualitatively in a similar manner at the transcriptional level (Table 3).
Additionally, the expression of seven other genes correlated with the 2-DE
gel analysis, but the response was not statistically significant. Consistent
with the present transcriptional analysis and the xylose flux study (24) of
the same cultivation, we observed decreased protein concentrations on
xylose in the tricarboxylic acid cycle. This response and, likewise, the
decreased activity in the glyoxylate cycle and respiration may be owing to
increased mitochondrial NADH concentrations during growth on xylose.
We see consistent indications of NADH shuttling in the proteome (25) and
the present transcript study as mitochondrial (Ald4p; ALD4) and cytosolic
(Aldép; ALD6) isoenzymes of acetaldehyde dehydrogenase were upregu-
lated (Table 3). The more NADH is shuttled to mitochondria from the
cytosol, the less tricarboxylic acid cycle activity is required. In addition,
there is evidence that mitochondrial NADH inhibits the first reactions of
the tricarboxylic acid cycle (61). Because the tricarboxylic acid cycle and
oxidative phosphorylation are joined in the succinate dehydrogenase com-
plex, respiration also may get forcefully reduced, although there is abun-
dant NADH available. Reduced respiration with respiratory quotient (RQ)
1.2 was demonstrated in the xylose flux study, and the RQ value increased
further when the amount of additional glucose in the feed was decreased
(24).Glyoxylate cyclebypasses the NADH-producing reactions of isocitrate
dehydrogenase and o-ketoglutarate dehydrogenase. However, on xylose
the main genes of the glyoxylate cycle were downregulated (ICL1, MLS1)
although the increased levels of ACSI transcripts point toward increased
cytosolic acetyl-CoA concentrations (Fig. 2).

Starvation-Induced Genes on Xylose

Expression of ATO1, ATO2, and ATO3 was found to increase in the
ammonia secretion phase during the periodic transition of yeast colonies
from acid to ammonia production (26). According to Palkova et al. (26),
Atol-3 are involved in ammonia secretion by yeast cells in colonies.
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The secreted ammonia is a starvation signal that directs growth of the
colonies away from the neighboring colonies and toward more nutrient-
rich areas on the plate. ATO1-3 were strongly upregulated also on xylose
in our study. Moreover, the expression of ICL2 was increased, whereas
genes encoding activities of the tricarboxylic acid cycle and the general
stress response were downregulated both in our xylose-consuming cells
and in the yeast colonies during the ammonia secretion phase. Altogether,
expression profiles of 33 of 225 genes between the xylose and glucose cul-
tures in our study correlated with changes observed by Palkova et al. (26).
These results emphasize aneglected aspect of xylose metabolism by recom-
binantS. cerevisiae;inmany ways, the yeast cell responds to xylose as though
it were experiencing carbon starvation, and the presence of residual xylose
is not enough to repress this response. We believe that this observation is
of general importance in constructing xylose-metabolizing S. cerevisiae strains.

Is Xylose a Repressing or Derepressing Carbon Source?

Contrary to xylosebatch cultivations by Jin etal. (54) in which glucose-
repressed cells were compared with cells on xylose, upregulation of genes
encoding primary gluconeogenic enzymes was not detected over glucose
in our chemostat cultivations on xylose. Instead, our results lend support
to those of Roca et al. (14), who observed repression of the gene encoding
invertase in both parental and migI-deleted, xylose-utilizing yeast strains
grown on a glucose-xylose mixture compared to glucose alone. Because the
glucose level of their chemostat cultures was below a repressing concentra-
tion, they concluded that xylose itself is a repressing carbon source. The
reason thatJin et al. (54) observed upregulation of genes encoding primary
gluconeogenic enzymes in their xylose batch cultures may be that the cells
produced ethanol to the medium. Thus, it is possible that in their setup the
cells responded to ethanol by derepression and xylose was not able to
repress the derepression.

Belinchén and Gancedo (62) studied the effect of different non-
fermentable carbon sources including xylose on the repression of gluco-
neogenic enzymes. When a recombinant xylose-metabolizing S. cerevisiae
strain was grown on glucose under repressing conditions and then incu-
bated in a medium containing ethanol and xylose, xylose prevented the
derepression by ethanol of fructose 1,6-bisphosphatase (Fbplp) and
isocitrate lyase (Icl1p). Furthermore, as the same strain was grown to expo-
nential growth phase on different carbon sources, lower Fbplp and Icllp
activities were detected on xylose, or on a mixture of ethanol and xylose,
compared to the cells grown on ethanol alone. However, the activity levels
of these two enzymes on xylose were still considerably higher, 20- to
30-fold, compared to glucose-grown cells, indicating that xylose was not
able to fully repress these enzymes (62). In addition, we have observed
higher Icllp and Fbplp enzyme activities in xylose-grown cells compared
with glucose-grown cells, lending further support to xylose not being rec-
ognized as a true repressing carbon source. However, xylose is not truly
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derepressing either, because the Icllp and Fbplp enzyme activities were
considerably higher on ethanol-grown than on xylose-grown cells (33).

MED1, MEDS, BUR6, and NRG2 with higher expression on xylose
than glucose encode transcription factors involved in the derepression of
glucose-repressible genes. Moreover, many genes upregulated in the xylose
culture and regulated by Adr1p significantly outnumbered the genes with
a higher level of expression in the glucose culture. It was recently shown
that the expression of 108 genes is decreased in the absence of Adrlp (63).
These genes are members of various functional classes, but the majority of
them arerelated to the oxidation of different nonfermentable carbon sources
and, further, to the generation of acetyl-CoA and NADH from these
substrates.

When all the data are considered, the response to xylose at the tran-
scriptional level seems unclear. In our studies, xylose appears as a weakly
repressing carbon source, because the genes encoding primary gluco-
neogenic enzymes were downregulated compared to a glucose culture that
was in a glucose-derepressed mode. On the other hand, xylose is not able
to repress either the starvation response or a number of genes encoding
activities to allow the cell to utilize alternative carbon sources. Identifica-
tion of the signaling cascades that xylose activates or fails to activate in
yeast cells will strongly influence the successful outcome of future meta-
bolic engineering efforts at xylose fermentation.
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ERGOSTEROL BIOSYNTHESIS farnesyl pyrophosphate

Legend ¢
Increased > 2-fold and significant

Increased > 2 fold but not significant sq ualene
Decreased < -2-fold and significant i

Decreased < -2 fold but not significant
Signif=n/a

No criteria met squalene epoxide
Not found ¢

lanosterol

'

4,4-dimethylcholestra-8,14,24-trienol

4.4-dimethylzymosterol

'

4-methylzymosterol

:

zymosterol

'

fecosterol

'

episterol

ergosta-5,7,24(28)-trienol

ergosta-5,7,22,24(28)-tetraenol

ergosterol

Supplemental Fig. 1. Schematic representation of ergosterol biosynthesis in yeast.
Expression ratios are marked next to the genes; positive values indicate upregulation
and negative values downregulation on xylose. Dark green shows statistically signifi-
cantly increased expression levels in xylose culture compared to glucose, and light
green more than twofold increased expression that, however, was not statistically
significant. Expression levels of genes marked in gray did not change. Blue indicates
that no signal was detected and white that the ORF was absent from the array.
The figures were drawn using GenMAPP software (Wwww.genmapp.org) (64).
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