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D -Xylulokinase (XK) is essential for the metabolism of p-xylose in yeasts. However, overexpression of genes
for XK, such as the Pichia stipitis XYL3 gene and the Saccharomyces cerevisiae XKS gene, can inhibit growth of
S. cerevisiae on xylose. We varied the copy number and promoter strength of XYL3 or XKS1 to see how XK
activity can affect xylose metabolism in S. cerevisiae. The S. cerevisiae genetic background included single
integrated copies of P. stipitis XYL1 and XYL2 driven by the S. cerevisiae TDH1 promoter. Multicopy and
single-copy constructs with either XYL3 or XKS1, likewise under control of the TDH1 promoter, or with the
native P. stipitis promoter were introduced into the recombinant S. cerevisiae. In vitro enzymatic activity of XK
increased with copy number and promoter strength. Overexpression of XYL3 and XKS1 inhibited growth on
xylose but did not affect growth on glucose even though XK activities were three times higher in glucose-grown
cells. Growth inhibition increased and ethanol vyields from xylose decreased with increasing XK activity.
Uncontrolled XK expression in recombinant S. cerevisiae is inhibitory in a manner analogous to the substrate-
accelerated cell death observed with an S. cerevisiae tpsl mutant during glucose metabolism. To bypass this
effect, we transformed cells with a tunable expression vector containing XYL3 under the control of its native
promoter into the FPL-YS1020 strain and screened the transformants for growth on, and ethanol production
from, xylose. The selected transformant had approximately four copies of XYL3 per haploid genome and had

moderate XK activity. It converted xylose into ethanol efficiently.

Xylose utilization is critical for the successful fermentation
of biomass to fuels and chemicals (7). Although a few xylose-
fermenting yeasts are found in nature (12, 19), Saccharomyces
cerevisiae is used ubiquitously for industrial ethanol produc-
tion. However, S. cerevisiae cannot assimilate xylose, so engi-
neering S. cerevisiae for xylose utilization has focused on adapt-
ing the xylose metabolic pathway from the xylose-utilizing yeast
Pichia stipitis (15, 18, 30, 35). In this organism, xylose is con-
verted into xylulose by two oxidoreductases. First, xylose is
reduced to xylitol by an NAD[P]H*linked xylose reductase
(XR) (34), and then xylitol is oxidized to xylulose by an NAD* -
linked xylitol dehydrogenase (XDH) (23). Finally, p-xyluloki-
nase (XK) phosphorylates p-xylulose into b-xylulose-5-phos-
phate (X5P), which is metabolized further via the pentose
phosphate pathway (PPP) and glycolysis (14). Early attempts
at engineering xylose metabolism expressed only XYL1 and
XYL2, which code for XR and XDH, from P. stipitis in S.
cerevisiae (15, 18, 30, 35) because S. cerevisiae can ferment
xylulose (3, 26, 36). Recombinant S. cerevisiae expressing XYL1
and XYL2 could grow on xylose, but ethanol production from
xylose was not significant because a substantial portion of the
consumed xylose was converted into xylitol (15, 18, 29).

Recombinant S. cerevisiae transformed with a single copy of
XYL1 and multiple copies of XYL2 accumulate xylulose (13).
This suggests that the native level of XK activity in S. cerevisiae
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limits xylose assimilation when genes for the two preceding
enzymes are overexpressed, which was consistent with earlier
findings. Ho et al. (8) reported that overexpression of an en-
dogenous S. cerevisiae XK gene (ScXKS1) with XYL1 and
XYL2 increased ethanol production and decreased xylitol pro-
duction from xylose. However, this observation has remained
controversial. Rodriguez-Pena et al. (24) showed that overex-
pression of XKS1 in S. cerevisiae inhibits growth on pure bp-
xylulose. Other studies by Toivari et al. (33) and Richard et al.
(22) did not show an inhibitory effect from XK overexpression,
but Johansson et al. (16) found that overexpression of ScXKS1
reduced xylose consumption by 50 to 80% in S. cerevisiae trans-
formants, even though it increased the yield of ethanol from
xylose. Johansson et al. (16) cautioned against the unmodu-
lated overexpression of ScXKS1.

In the present study, we investigated the effect of overex-
pressing XYL3 and XKS1 on xylose metabolism by recombi-
nant S. cerevisiae that was also expressing XYL1 and XYL2
driven by a strong constitutive S. cerevisiae promoter. Overex-
pression of either XYL3 or XKS1 was detrimental to cell
growth on xylose but not on glucose. To bypass this inhibition,
we integrated multiple copies of XYL3 with its native P. stipitis
promoter into the S. cerevisiae genome by using a tunable ex-
pression vector that allows various expression levels by achiev-
ing different integrated copy numbers (21).

MATERIALS AND METHODS

Strains and plasmids. The microbial strains and plasmids used in this study
are listed in Table 1. Jin-Ho Seo at Seoul National University provided S. cere-
visiae L2612 (MATa leu2-3 leu2-112 ura3-52 trp1-298 canl cynl gal *) and the
plasmid pY2XK. K. D. Wirttrup at the Massachusetts Institute of Technology
provided the Neo'-based Ty-d tunable expression vector pITy4 (21). Escherichia
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TABLE 1. Strains and plasmids used in this study

APPL. ENVIRON. MICROBIOL.

Strain or plasmid Description Source or
reference
Strains
S. cerevisiae L2612 MAT a trpl-112 leu2-1 ura3-52 4
S. cerevisiae FPL-YS10 MAT a trpl-112 leu2::LEU2-TDH1 . -XYL1-TDH1 - 13
S. cerevisiae FPL-YS1020 MAT a trpl-112 leu2:LEU2TDH1 ,-XYL1-TDH1 ura3::URA3-TDHI-XYL2-TDH1 ; 13
S. cerevisiae FPL-YSX3 MAT a trpl-112 leu2:LEU2- PsXYLl ura3::URA3-PsXYL2 Ty3::NEO-PsXYL3 This  study
S. cerevisiae FPL-YS314 S. cerevisiae FPL-YS1020(pRS314) This  study
S. cerevisiae FPL-YS424 S. cerevisiae FPL-YS1020(pRS424) This  study
S. cerevisiae FPL-YS2831 S. cerevisiae FPLYS1020(pYPR2831) This study
S. cerevisiae FPL-YS3IN S. cerevisiae FPL-YS1020(pYS31N) This study
S. cerevisiae FPL-YS32N S. cerevisiae FPL-YS1020(pYS32N) This study
S. cerevisiae FPL-YS31 S. cerevisiae FPL-YS1020(pYS31) This study
S. cerevisiae FPL-YS32 S. cerevisiae FPL-YS1020(pYS32) This study
S. cerevisiae FPL-YS41 S. cerevisiae FPL-YS1020(pYS41) This  study
S. cerevisiae FPL-YS42 S. cerevisiae FPL-YS1020(pYS42) This study
Plasmids
pRS314 TRP1  CEN/ARS 28
pRS424 TRP1 2pm origin 5
pYPR2831 TRP1 2um origin TDH1, and TDH1; 10
pYS3IN PsXYL3 in pRS314 14
pYS32N PsXYL3 in pRS424 14
pYS3l TRP1 ~ CEN/ARS  TDHL,-XYL3-TDH1 . This  study
pYS32 TRP1 2um origin  TDHZ1,-XYL3-TDH1 This  study
pYS4l TRP1  CEN/ARS  TDH1; -XKS1-TDH1; This  study
pYS42 TRP1 2pm origin  TDH1,- XKS1-TDH1, This  study

coli DH5a (F~ recAl endAl hsdR17 [r™ my *] supE44 thi-1 gyrA relAl) (Gibco
BRL, Gaithersburg, Md.) was routinely used for gene cloning and manipulation.

Media and culture conditions. Yeast and bacterial strains were stored in 15%
glycerol at -70°C. E. coli was grown in Luria-Bertani medium. Fifty micrograms
of ampicillin/ml was added to the medium when required. Yeast strains were
routinely cultivated at 30°C in YP medium (10 g of yeast extract/liter, 20 g of
Bacto Peptone/liter) with either 20 g of glucose/liter (to constitute YPD medi-
um), 20 g of xylose/liter (YPX-2%), or 40 g of xylose/liter (YPX-4%). YPD or
YPX plus 20 g of agar/liter was used for plates. To select for yeast transformants
by using the URA3, TRP1, or LEU2 selectable markers, we used yeast synthetic
complete (YSC) medium containing 6.7 g of yeast nitrogen base/liter without
amino acids plus 20 g of glucose/liter, 20 g of agar/liter, and a mixture of
appropriate nucleotides and amino acids. To select for transformants by using
the Neo" marker, we used YPD agar supplemented with 200 pg of G418 per ml
(Geneticin; Sigma). Yeast cells were cultivated at 30°C in 50 ml of medium in a
125-ml Erlenmeyer flask. To screen for XYL3 transformants, we inoculated 40
putative transformants each into 5 ml of YPX-4% medium in 15-ml sterile
culture tubes and incubated them with shaking at 200 rpm at 30°C for 72 h. Cell
growth and product formation were measured to identify 10 strains for further
screening. The selected strains were tested again by culturing cells in 50 ml of
YPX-4% medium in 125-ml Erlenmeyer flasks shaken at 200 rpm.

Enzymes, primers, and chemicals. Restriction enzymes, DNA-modifying en-
zymes, and other molecular reagents were obtained from New England Biolabs
(Beverly, Mass.), Promega (Madison, Wis.), Stratagene (La Jolla, Calif.), and
Roche Biochemical (Indianapolis, Ind.). Reaction conditions were as recom-
mended by the suppliers. All general chemicals were purchased from Sigma (St.
Louis, Mo.). Sigma-Genosys (The Woodlands, Tex.) and Invitrogen (Carlsbad,
Calif.) synthesized primers for PCR and sequencing.

Yeast transformation. A yeast EZ-Transformation kit (BIO 101, Vista, Calif.)
or Alkali-Cation yeast kit (BIO 101) was used for all yeast transformations.
Integration vectors were linearized with an appropriate enzyme prior to trans-
formation. Transformants were selected on YSC medium containing 20 g Of
glucose per liter. Amino acids were added as necessary. After transformation
with pITyX3, the cells were grown for 12 h in YPD to allow for Neo"expression,
and transformants were then selected on YPD plates containing G418.

Plasmid construction. Plasmids used in this study are summarized in Table 1.
The pX3 (14) plasmid was digested with Smal and BsaAl to produce a 2.0-kbp
fragment, which was then inserted into the Smal site of pUC18 to produce
pUC18X3. The orientation of XYL3 in pUC-X3 was confirmed by cutting the
plasmid with Sacl. pYS32 was constructed by inserting the 2.0-kbp EcoRI-Sall

fragment from pUC18-X3 into pYPR2831 (10). For construction of the single-
copy vector, pYS31, which contains XYL3 with the glyceraldehyde-3-phosphate
dehydrogenase promoter (TDH1:), pYS32 was digested with HindlIl. The re-
sulting 3.2-kbp Hindlll-Hindlll fragment was blunt ended with T4 DNA poly-
merase and inserted into the Smal site of pRS314 (28). The plasmid pYS41
containing XKS1 with TDH1, and the terminator TDH1,, was constructed by
inserting 3.3-kbp blunt-ended Hindlll-Hindlll fragment from pY2XK (15) into
the Smal site of pRS314. Because the XKS1 gene contains a HindlII site in the
open reading frame between TDH1, and TDH1,, we isolated a 3.3-kbp HindlII-
Hindlll from pY2XK by partial digestion. To construct a vector for the tunable
expression of XYL3, we digested pX3 with Pstl to produce a 2.9-kbp Pstl-Pstl
fragment containing PsXYL3. We then inserted the 2.9-kbp Pstl-Pstl fragment
into the Pstl site of pITy4 (21) to produce pITyX3.

Preparation of crude extract and enzyme assay. S. cerevisiae was grown to
exponential phase in YSC medium supplemented with appropriate amino acids
and nucleotides and 20 g of glucose/liter or 40 g of xylose/liter. Cells were
harvested by centrifugation. The pellet was washed and suspended in buffer (100
mM phosphate buffer, 1 mM EDTA, 5 mM b-mercaptoethanol [pH 7.0]). The
suspended cells were mixed with glass beads (Sigma), vortexed at maximum rate
in bursts of 30 to 120 s, and then cooled on ice for a similar period. This
procedure was repeated for up to 10 min of vortexing with periodic microscopic
examination to determine cell breakage. The crude extract collected after cen-
trifugation Cor 10 min at 15,000 x g was used for the enzyme assay. Xylulokinase
activity was measured according to the method of Shamanna and Sanderson (27).
We used a photodiode array spectrophotometer (Hewlett-Packard, Wilmington,
Del.) to monitor the reaction by absorbance at 340 nm. All assays were per-
formed within 2 to 4 h of cell breakage. One unit of activity is defined as the
amount of enzyme that phosphorylates 1 pmol of xylulose per minute at 30°C.
Protein concentration was determined by the bicinchoninic acid method (Pierce,
Rockford, 11L.).

Cell growth experiments. For growth on plates, cells were grown on YSC
dropout (Leu~ Trp~ Ura™) medium with glucose, and then the cells were
harvested and washed. Cells were suspended with double-distilled H,O to reach
an optical density at 600 nm (ODgy) of 10. The cell suspension was serially
diluted and plated on the YSC plate with glucose and xylose. The plates were
incubated at 30°C until colonies grew out. For the growth rate measurement,
cells were grown in 50 ml of YSC dropout medium with 40 g of xylose/liter in a
125-ml Erlenmeyer flask shaken at 200 rpm. Initial cell growth (ODeo, <2) was
used for calculation of the specific growth rate.
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TABLE 2. Xylulokinase activity in the recombinant strains

Xylulokinase spact (U/mg) + error

Strain forgrowthon™:
Glucose Xylose
Control® 0.06 + 0.01 0.21 +0.08
FPL-YSX3 0.63 + 0.10 0.67 £0.11
FPL-YS31N 0.18 £ 0.01 0.30 + 0.15
FPL-YS32N 1.53 + 0.05 0.33 £0.23
FPL-YS31 6.11 + 0.33 3.45 + 0.66
FPL-YS32 31.35 +2.24 9.99 + 0.76
FPL-YS41 0.13 £ 0.01 0.32 £ 0.04
FPL-YS42 0.77 £ 0.07 1.27+0.01

@ Values are averages of data from two independent experiments. Error rep-
resents the deviation of each value from the average.

b Results for the control represent the averages of the values from three strains
containing control vectors (pRS314, pRS424, and pYPR2831) expressed in FPL-
YS1020.

Metabolic flux calculation. Metabolic fluxes of the xylose assimilation steps
were calculated from the xylose consumption rates and the xylitol and xylulose
accumulation rates during initial xylose fermentation within 24 h. By assuming
that no xylose, xylitol, and xylulose accumulated in the cell, metabolic fluxes were
calculated by the equations Jxviose = Jxvumor + JIxon and Jxviuiose=
Jxon — Jxk, Where Juviose, Ixvuro, and Jxviuose represent the specific
rates of xylose consumption, xylitol accumulation, and xylulose accumulation and
Jxon and Jx« represent the internal fluxes of the XDH and XK reactions,
respectively.

Quantitative PCR for determining the copy number of XYL3 in the cell.
Genomic DNA from FPL-YSX3 and P. stipitis CBS6054 was isolated as de-
scribed by Rose et al. (25) with modification. Genomic DNA was extracted three
times by using equal volumes of phenol-chlorform-isopropyl alcohol (25:24:1).
The DNA was precipitated by using one-half volume of ammonium acetate and
two volumes of 100% ethanol. It was then suspended in TE (10 mM Tris-HCI
[pH 8.0], 1 mM EDTA). The concentration and purity of DNA was determined
by using a GeneQuant photometer (Pharmacia Biotech). Quantitative PCR
primers were designed to XYLl (5-GATACCTTCGTCAATGGCCTTCT-3
and 5-TTCGACGGTGCCGAAGA-3’), XYL2 (5-TTCGACGGTGCCGAAG
A-3" and 5-GATACCTTCGTCAATGGCCTTCT-3'), and XYL3 (5-GAAG-
GTGACATTGCCTCTTACTTTG-3" and 5 -TCCGGTGAACGAGTAGATT
TTACA-3") by using Primer Express software (Applied Biosystems). Quantita-
tive PCR was performed by using SYBR green PCR master mix (Applied
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Biosystems) and an AB1 PRISM 7000 sequence detection system (Applied Bio-
systems). Quantification was performed by using the standard curve method (6).
Standard curves for XYL1, XYL2, and XYL3 were constructed, and the copy
numbers of the genes were interpolated by using these standard curves. P. stipitis
genomic DNA (1.6, 0.4, 0.1, 0.025, and 0.00625 ng) was used to construct a
standard curve for each of the three genes. Quantitative PCR conditions were as
recommended by the manufacturer except that one-half of the reaction volume
was used: 7.5 pmol of each primer was used in cycles of 50°C for 2 min and 95°C
for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The standard curve
was then used to determine equivalents of each of these genes in three dilutions
of genomic DNA from FPL-YSX3. All reactions were performed in triplicate.

Statistical analyses. Statistical analysis of quantitative PCR data was per-
formed by using Excel (Microsoft Corporation, Redmond, Wash.). For pairwise
comparisons of the copy numbers, two-sided t tests were used to determine if the
copy numbers are the same with the null hypothesis (Ho: i = Hxvizs
Ho: Mo = Mans and He: P = Hxws). For the calculation of the copy
number of XYL3, linear regression was performed with the model Y; =cx + e,
where Y and x represent the amounts of XYL3 and XYL1 in the genomic DNA,
respectively, e; corresponds to the error of the regression, and c, indicates the
copy number of XYL3 when we assume that the copy number of XYL1 is 1.

Analytical methods. Glucose, xylose, xylitol, xylulose, and ethanol concentra-
tions were determined by high-performance liquid chromatography (Hewlett-
Packard) with an ION 300 column (Interaction Chromatography, San Jose,
Calif.). Cell growth was monitored by the ODgy,. One unit of ODgy, Was equiv-
alent to 0.17 g of cells/liter for S. cerevisiae.

RESULTS

Construction of recombinant S. cerevisiae expressing differ-
ent levels of XYL3 and XKS1. FpL-YS1020, containing single
chromosome-integrated copies of XYL1 and XYL2 driven by
TDS1,, was used as the host strain for expression of XYL3 and
XKS1. we altered gene expression levels by changing the pro-
moters and the plasmid copy numbers. TDS1. served as a
strong promoter, and the native XYL3 promoter was used as a
weak promoter in S. cerevisiae. For copy number control, either
a multicopy or single-copy plasmid harbored the expression
cassettes (Table 2). FPL-YS1020 cells transformed with the
plasmids were grown on glucose and xylose, and XK activities
were measured. As expected, each transformant showed a dif-

Strains Gene Copy/ Glucose (3 days) Xylose (5days) ogfﬁézer?tﬁ-l)
Promoter
FPL-YS314  Control S 0.130
FPL-YS424  Control S 0.127
FPL-YS2831 Control M/G 0.135
FPL-YS31IN  PsXYL3 S/N 0.123
FPL-YS32N  PsXYL3 M/N 0.109
FPL-YS42  ScXKS1  MI/G 0.092
FPL-YS32 PsXYL3 M/G 0.063

FIG. 1. Growth of recombinant S. cerevisiae showing different levels of xylulokinase activity. Cells were grown on YSC medium with glucose
and were harvested and washed. A cell resuspension was serially diluted and spotted on YSC medium with glucose and xylose. For the calculation
of growth rates on xylose, initial cell growth was monitored in 50 ml of the YSC medium with 40 g of xylose/liter in a 125-ml Erlenmeyer flask
shaken at 200 rpm. S and M, single-copy and multicopy constructs, respectively. G and N, TDH1, and native promoters, respectively.
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FIG. 2. Xylose fermentation by recombinant S. cerevisiae showing different levels of xylulokinase. Cells were cultured in 50 ml of YSC: medium
with 40 g of xylose/liter in a 125-ml Erlenmeyer flask. Concentrations of cell mass (A), xylose (B), ethanol (C), and xylitol (D) are shown. Results
for controls represent the averages of values from three strains containing control vectors (pRS314, pRS424, and pYPR2831). Data points are the
averages of two replicate experiments. Differences between replicates were less than 10%. Symbols: @, controls; 1, FPLYS31; m, FPL-YS32; A,

FPL-YS41; A, FPL-YS42.

ferent level of XK activity that varied with copy number, pro-
moter strength, and the carbon source. XK activity increased
along with copy numbers and promoter strength (Table 2).
FPL-YS32, containing XYL3 under control of TDS1, in a mul-
ticopy vector, showed the highest XK activity both in the cells
grown on glucose and in those grown on xylose (31.35 + 2.24
and 9.99 = 0.76 U/mg, respectively). Transformants containing
P. stipitis XYL3 showed higher XK activity than those contain-
ing S. cerevisiae XKS1 although the same plasmids and pro-
moters were used. XK activity in control strains increased
when the cells were grown on xylose relative to the activity of
cells grown on glucose. This suggests that expression of endog-
enous XKS1 is induced by xylose (Table 2). Expression of genes
driven by TDS1, increased significantly when cells were grown
on glucose.

Effects of levels of xylulokinase activity on growth of recom-
binant S. cerevisiae strains on xylose. Growth of transformants
that showed different levels of XK was tested on agar plates of
YSC dropout medium with glucose or xylose as the sole carbon
source (Fig, 1). The levels of XK activity did not affect growth

when glucose was the carbon source. However, the FPL-YS32,
FPL-YS42, and FPL-YS32N transformants, which showed
higher XK activity, grew slowly on xylose. The most severe
growth inhibition was observed with FPL-YS32, which showed
the highest XK activity. Similar numbers of colonies were ob-
served with various strains when grown on glucose, whereas
smaller and fewer colonies were observed when high-XK
strains were spotted on xylose (Fig. 1). Higher XK activity was
deleterious to the cells when either of the XK genes (XKS1 or
XYL3) was overexpressed. Regardless of the origin, overex-
pression of an XK gene (XYL3 or XKS1) in S. cerevisiae was
toxic to cells when they were grown on xylose.

Effects of xylulokinase levels on xylose fermentation by re-
combinant S. cerevisiae. Transformants (FPL-YS31, FPL-
YS32, FPL-YS3IN, FPL-YS32N, FPL-YS41, and FPL-YS42)
with the XYL3 or XKS1 gene under the control of either
TDH1, or the native P. stipitis promoter in either multiple or
single copy were first grown on the YSC dropout medium with
20 g of glucose/liter. Cells were harvested and inoculated again
into 50 ml of YSC dropout medium with 40 g of xylose/liter in
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strains.

125-ml Erlenmeyer flasks shaken at 200 rpm. Figure 2 shows
the profiles of cell mass, xylose consumption, ethanol produc-
tion, and xylitol production of FPL-YS31, FPL-YS32, FPL-
YS41, FPL-YS42, and control strains during xylose fermenta-
tion. As shown in the previous section, FPL-YS32 did not grow
as well as the other strains when cultivated in xylose liquid
medium. However, in contrast to the plate experiments, FPL-
YS31, FPL-YS41, and FPL-YS42 grew slightly better than the
control strains when each was cultivated in xylose liquid me-
dium. The slowest grower, FPL-YS32, also consumed xylose
slowest and did not produce ethanol at all. FPL-YS31, FPL-
YS41, and FPL-YS42 consumed xylose faster but accumulated
more xylitol than control strains. Ethanol production de-
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creased with increasing XK activity in recombinant S. cerevi-
siae. Ethanol yields from xylose are presented along with en-
zymatic activities in the transformants (Fig. 3). The results
showed an inverse relationship between ethanol yield and XK
activity during xylose fermentation.

Tunable expression of XYL3 in the recombinant S. cerevisiae
FPL-YS1020. We found that overexpression of XK was dele-
terious to the cell when xylose was the sole carbon source.
However, previous studies (8, 16, 33) reported that overexpres-
sion of S. cerevisiae XKS1 enhances xylose fermentation by
recombinant S. cerevisiae containing XYL1 and XYL2. These
results, combined with an observed xylulose accumulation dur-
ing xylose fermentation with recombinant S. cerevisiae express-
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FIG. 4. Screening of Neo' strains obtained after transformation with the plITyX3 vector, (A) Relative cell growth of 40 transformants after
introduction of XYL3 by a tunable expression vector. Each strain was precultured in YPD medium, and similar amounts of cells were inoculated
into tubes of YPX medium in single trials. Relative cell growth was calculated by dividing the cell density of each transformant's culture by the
cell density of the parental strain (FPL-YS1020) culture after 3 days. The numbers above columns in the histogram indicate the strain numbers
in panel B. (B) Fermentation activities of the selected nine strains along with those of the parental strain (FPL-YS1020, shown in the columns
designated C). Cells were cultivated in 50 ml of YPX-4% medium in a 125-ml Erlenmeyer flask shaken at 200 rpm.
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calculated from the initial xylose consumption ratesand xylitol and xylulose accumulation rates ofthree independent batch fermentationsin YP
with 40 g ofxylose/liter at the oxygen transfer rate of 4.3 mM O,/h. Fluxes were represented as the averages + standard deviations in umol (g of
cells)-".Bold numbers indicate the fluxes normalized with respect to the xylose uptake flux.

ing only XYL1 and XYL2 (13), suggested that growth is inhib-
ited if the expression level of XK is too high and that if it is too
low, cells cannot maintain flux for efficient xylose assimilation.
Therefore, we attempted to bypass these problems by optimiz-
ing the expression level of XYL3.

To this end, we employed a tunable expression vector (21),
which uses a yeast transposon (Ty, d) element (2) in the chro-
mosome as an insertion site. It is possible to obtain transfor-
mants with multiple integration of the vector because more
than several hundred copies of Ty are present in the yeast
genome (17). Multiple integrations could give rise to higher
levels of gene expression because expression is essentially a
linear function of copy number. XYL3 was introduced into
FPL-YS1020 by using pITyX3, which contains a Ty3 element,
the G418 resistance gene (neo), and XYL3. pITyX3 was lin-
earized by cutting with Xhol and transformed into FPL-
YS1020. Putative transformants were selected on YPD con-
taining 300 pg of G418/ml. pITyX3 could integrate into the S.
cerevisiae chromosome at multiple sites. The location and copy

number of pITyX3 in the chromosome could affect the expres-
sion of XYL3, so we tested 40 independent transformants in
single trials for growth on xylose. Each showed a different
growth characteristic. Figure 4A shows the growth of the var-
ious transformants as a histogram in which the relative cell
growth is plotted versus the frequency of its occurrence. The
fastest-growing strain-alongwith eight other strains—were ex-
amined in a fermentation trial. As expected, each transformant
also showed significantly different ethanol production from
xylose (Fig. 4B). The best strain (no. 25) was selected on the
basis of its product yield and was named FPL-YSX3. XK ac-
tivity in FPL-YSX3 was found to be much higher than that in
the parental strain, FPL-YS1020 (Table 2).

Copy number determination of XYL3 in FPL-YSX3 strain.
Quantitative PCR allows the analysis of gene copy number
from a small amount of DNA and offers a wide dynamic range
of quantification with high accuracy (1, 6, 11). Ingham et al.
(11) found 95% overall correlation between Southern blot and
quantitative PCR data during determination of the copy num-

TABLE 3. Comparison of xylose consumption and xylitol and ethanol production among S. cerevisiae strains?

Strain Xylose consumed (g/liter) Xylitol formed (g/liter) Ethanol formed (g/iter) Xylitol yield (g/g) Ethanol yield (g/g)
L2612 037 + 0.18° 027 + 0.03 0 0.74 £ 0.18 0
FPL-YS10 061 + 0.12 0.33 £ 0.01 0 0.55 + 0.09 0
FPL-YS1020 79 £+ 0.58 3.93 £ 0.30 0 0.50 + 0.07 0
FPL-YSX3 1691 + 0.44 456 + 0.03 1.94 + 0.05 0.27 + 0.01 0.12 + 0.01

Results show grams of xylose, xylitol, or ethanol per liter of medium and grams of xylitol or ethanol per gram of xylose.
Displayed values are the averages + standard deviations of the results of three independent replicate experiments.
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bers of genes in transgenic plants. We determined the copy
numbers of XYZ1, XYL2, and XYL3 in FPL-YSX3 by using
quantitative PCR. Because XYL1 and XYL2 were inserted into
FPL-YSX3 by site-specific integration, a single copy per hap-
loid genome can be assumed. By comparing the number of
copies of XYL3 present in 0.2, 0.1, and 0.05 ng of DNA to the
number of copies of XYL1 and XYL2 present, the number of
copies of XYL3 per genome was calculated. For a standard
curve, genomic DNA of P. stipitis was used because it contains
exactly the same genes present in FPL-YSX3, and each of
them is present in a single copy. For XYL1 and XYL2, 0.275 +
0.77 and 0.207 + 0.082 equivalent per genome were found,
respectively. The copy numbers of XYL1 and XYL2 were sim-
ilar (P > 0.05). In contrast, XYL3 was found to have 1.095 +
0.348 equivalents per genome, which was significantly different
from XYL1 and XYL2 (P < 0.001 for both). Because XYL1 and
XYL2 are each present in a single copy in the haploid genome,
the copy number of XYL3 was calculated to be in the interval
of 3.67 = 1.30 copies per genome with a 95% confidence.

Comparison of metabolic fluxes in FPL-YS1020 and FPL-
YSX3. Fluxes of metabolites in the xylose assimilation steps
were calculated from the xylose consumption rates and the
xylitol and xylulose accumulation rates during xylose fermen-
tation by FPL-YS1020 and FPL-YSX3. Metabolic flux distri-
butions changed drastically after the introduction of XYL3.
Xylose consumption increased 1.7-fold and xylitol accumula-
tion decreased threefold after the expression of XYL3 in FPL-
YS1020. Moreover, xylulose accumulation was not observed
(Fig. 5). This result shows that an appropriate level of XK is
indispensable for efficient xylose utilization by recombinant
S. cerevisiae.

Comparison of xylose fermentation by recombinant S.
cerevisiae in YP medium with xylose. We compared xylose
fermentation by L2612, FPL-YS10, FPL-YS1020, and FPL-
YSX3. L2612 was the parental strain used for further engi-
neering of xylose metabolism (4). FPL-YS10 has only XYL1,
and FPL-YS1020 contains XYLl and XYL2 (13). FPL-YSX3
contains XYL1, XYL2, and XYL3. YP medium with 20 g of
xylose/liter was used for the fermentation experiment. As
shown in Table 3, the parental strain FPL-YS10 did not con-
sume significant amounts of xylose (less than 1 g/liter). FPL-
YS1020 consumed 8 g of xylose/liter, but one-half of the con-
sumed xylose was converted into xylitol (3.93 g/liter). Ethanol
production by FPL-YS1020 was not significant (less than 1 g/
liter). However, FPL-YSX3 consumed xylose much faster than
other strains and produced ethanol with a yield of 0.12 g of
ethanol/g of xylose. FPL-YSX3 still accumulated xylitol as a
by-product. However, the xylitol yield was much lower than
with FPL-YS1020 (0.27 compared to 0.50 g of xylitol/g of xy-
lose). These results clearly showed that an appropriate low
level of XYL3 expression increases xylose uptake and ethanol
production but decreases xylitol accumulation during xylose
fermentation by recombinant S. cerevisiae.

Xylose fermentation by FPL-YSX3 in minimal medium with
xylose. FPL-YSX3 was transformed with the control vector
(pYPR2831) for the comparison of growth and ethanol pro-
duction from YSC medium with xylose. The cells were grown
on YSC dropout medium with 20 g of glucose/liter and inoc-
ulated again into 50 ml of YSC dropout medium with 40 g of
xylose/liter in 125-ml Erlenmeyer flasks shaken at 200 rpm
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FIG. 6. Xylose fermentation by recombinant S. cerevisiae FPL-
YSX3(pYPR2831) in YSC medium with 40 g of xylose/liter. Data
points are the averages of the results of two replicate experiments.
Differences between the two replicates were less than 10%. Symbols:
@, cell mass; W, ethanol; A, xylose; A, xylitol.

(Fig. 6). The FPL-YSX3 transformant grew better on xylose
and consumed xylose much faster than other strains (cf. Fig. 2
and 6). Maximum ethanol concentration was 3.4 g/liter, which
was more than a twofold increase compared to results for
control strains that did not contain XYL3. However, xylitol was
still a major by-product (13 g/liter).

DISCUSSION

The inhibition of cell growth and ethanol production ob-
served when cells express high levels of XK is similar to sub-
strate-accelerated death (31), which is observed when an S.
cerevisiae tpsl mutant is cultivated on glucose (32). TPS1 en-
codes trehalose-6-phosphate (Tre6P) synthase, so a tpsl dis-
ruptant cannot synthesize Tre6P, which is a potent inhibitor of
hexokinase (9). As a result, hexokinase in a tpsl background
phosphorylates glucose without control of Tre6P, thereby re-
sulting in excess flux of glucose into glycolysis. Overexpression
of XK in S. cerevisiae could be inhibitory for several reasons
(Fig. 7). First, S. cerevisiae might not possess a guard system
that prevents excessive ATP consumption in the presence of
XK because this yeast has not evolved to utilize xylose. Rapid
ATP depletion would then inhibit the cells because ATP is
necessary for other cellular activities. Second, the PPP capacity
in S. cerevisiae might be not enough to maintain metabolic flux
at a steady state for ATP synthesis when XK is overexpressed.
Excess XK activity could then result in accumulation of X5P
and depletion of ATP. Third, it is possible that X5P itself is
toxic to the cell, The toxicity resulting from excess accumula-
tion of sugar phosphate was previously reported for galactose
metabolism (20). Regardless of the exact mechanism, previous
research by Toivari et al. supports the hypothesis that overex-
pression of XK is toxic, because levels of X5P were significantly
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FIG. 7. Shown are schematic diagrams of substrate-accelerated cell death in TPS1 disruptant (A) and the homologous phenotype in xylose

metabolism when xylulokinase is overexpressed (B).

higher and levels of ATP were lower in an XK-overexpressing
strain compared to parental strains (33).

The inhibitory effect of higher XK activity correlated closely
with the growth rate under fully aerobic conditions. However,
in the fermentative trials with low aeration, only cells with the
highest XK activity showed significant growth inhibition (Fig.
2A). Both ATP demand and xylulose supply would be maxi-
mized under aerobic conditions. But under oxygen-limited
conditions, where growth rates were about one-tenth of those
observed under the fully aerobic condition, the ATP demand
would be much lower, and the inhibitory effect would not be as
strong. Alternatively, the initial oxidoreductase step for con-
version of xylose into xylulose could be limited by oxygen
availability. The supply of xylulose to deplete ATP would then
be limited under fermentative conditions.

A direct comparison of XK activities observed in other stud-
ies can help resolve some of the apparent conflicts. Rodriguez-
Pena et al. (24) first noted the toxicity of XK overexpression
with cells grown on b-xylulose. These researchers did not re-
port XK activity, but they used a multicopy vector with a strong
promoter. Johansson et al. (16) reported XK activities of 28
and 36 U/mg in H158-pXks and CEN.PK-pXks from cells
grown in defined media on a glucose-xylose sugar mixture.
These activities should be compared to activities that we ob-
served with cells grown on glucose because Johansson et al.
prepared cell extracts from early batch cultures in which glu-
cose was probably still present. Johansson et al. found XK
overexpression to be deleterious, as characterized by the se-
vere inhibition of xylose consumption: approximately 7 g of
xylose/liter was consumed within 125 h, whereas the parental
strain consumed 40 g of xylose/liter within the same period. In
contrast, Toivari et al. (33) and Ho et al. (8) reported much
lower XK activities (7 nkat/mg [i.e., 0.42 U/mg] and 0.1 U/mg,
respectively) in their recombinant S. cerevisiae than in FPL-
YS32, H158-pXks (16), and CEN.PK-pXks (16). However,
these values are still higher than the reported native XK ac-
tivity. Both groups of researchers observed that overexpression
of XKS1 significantly enhances xylose fermentation rather than
causing toxic effects, which were observed with XKS1 in FPL-
YS32, H158-pXks (16), and CEN.PK-pXks (16).

Heterologous XK expression should be modulated because
its effect on cell physiology can vary with the expression level.
However, it is very difficult to define the optimum level a priori.

The appropriate level of XK might vary by intrinsic strain-
specific properties, such as XR and XDH activity, PPP capac-
ity, and respiration capacity, because it is related to cellular
levels of X5P and ATP. Moreover, the optimum XK level can
also be affected by extrinsic factors such as aeration, which
mainly controls generation of ATP. Therefore, it is almost
impossible to define and maintain an optimal XK level in the
cell by forward engineering.

Instead, we used an empirical approach to select the strain
that grew best on xylose from a collection of transformants.
The Ty vector integration copy number ranges from 1 to 30
after a single transformation; the level of amplification is stable
over 50 generations in the absence of antibiotics, and the
chromosomal context around the integration site affects gene
expression (21). Each transformant in our study showed a
different growth characteristic on xylose (Fig. 4A), as would be
expected from multiple random integration events. Perhaps
XK' activity in the transformant could not reach high levels
because the native P. stipitis promoter was used to drive XYL3
expression (14). Our activity and copy number results indicate
that this promoter is not very effective in S. cerevisiae.

Our results show the toxic effects of overexpression of XK
genes (XKS1 and XYL3) during xylose fermentation by recom-
binant S. cerevisiae. These results suggest that levels of intro-
duced enzyme activity should be designed in concert with the
capacity of the surrounding metabolic network. Since numer-
ous intrinsic and extrinsic factors affect the flow of metabolites
in cells, we think that reverse engineering of metabolism, as
shown in our study, would be a practical approach for success-
ful optimization of metabolic pathways.

ACKNOWLEDGMENTS

We thank Jin-Ho Seo at Seoul National University and K. Dane
Wittrup at Massachusetts Institute of Technology, who provided US
with strains and plasmids.

This research was SLgEOI"[ed_ by USDA NRICGP 98-35504-6966,
01-35504-10695, USDOE National Renewable Energy Laboratory
subcontract ZDH-9-29009-01, and logen Corporation.

REFERENCES

1. Bieche, I, M. Olivi, M. H. Champeme, D. Vidaud, R. Lideregu, and .M.
Vidaud. 1998. Novel approach to quantitative polymerase chain reaction
using real-time detection: application to the detection of gene amplification
in breast cancer. Int. J. Cancer 78:661-666.

2. Boeke, J. D., D. J. Garfinkel, C. A. Styles, and G. R. Fink. 1985. Ty elements
transpose through an RNA intermediate, Cell 40:491-500.



VoL. 69, 2003

f=)

10.

12,

13.

14.

15.

16.

17.

18,

6.

. Chiang, L.-C,, C.-S. Gong, L.-F. Chem, and G, T. Tsao. 1981. p-Xylulose

fermentation to ethanol by Saccharomyces cerevisiae. Appl. Environ. Micro-
biol. 42:284-289.

. Che, K. M,, Y. J. Yoo, and H. S. Kang. 1999. Delta-integration of endo/exo-

glucanase and beta-glucosidase genes into the yeast chromosomes for direct
conversion of cellulose to ethanol. Enzyme Microb. Technol. 25:23-30.

. Christianson, T. W., R. S. Sikorski, M. Dante, J. H. Shero, and P. Hieter.

1992. 2l\;Iultifunctionall yeast high-copy-number shuttle vectors. Gene 110:
119-122,

De Preter, K., F. Speleman, V. Combaret, J. Lunec, G. Laureys, B. H.
Eussen, N, Francotte, J. Board, A. D. Pearson, A. De Paepe, N. Van Roy, and
J. Vandesompele. 2002, Quantification of MYCN, DDXI, and NAG gene
copy number in neuroblastoma using a real-time quantitative PCR assay.
Mod. Pathol. 15:159-166,

. Hinman, N, D, J. D. Wright, W. Hoagland, and C. E. Wyman. 1989. Xylose

fermentation—an economic analysis. Appl. Biochem. Biotechnol. 20/21:391-
401.

. Ho, N. W. Y, Z. D, Chen, and A, P. Brainard. 1998. Genetically engineered

Saccharomyces yeast capable of effective cofermentation of glucose and
xylose. Appl. Environ. Microbiol. 64:1852-1859.

. Hohmann, S., W, Bell, M. J. Neves, D. Valckx, and J. M. Thevelein. 1996.

Evidence for trehalose-6-phosphate-dependent and -independent mecha-
nisms in the control of sugar influx into yeast gfycolysis. Mol. Microbiol. 20:
981-991.

Horiuchi, H., T. Ashikari, H. Amachi, M. Yoshizumi, M. Takagi, and K.
Yano. 1990. High level secretion of a Rhizopus niveus aspartic proteinase in
Saccharomyces cerevisiae. Agric. Biol. Chem. 54:1771-1779.

. Ingham, D. J,, S. Beer, S. Money, and G. Hansen. 2001. Quantitative real-

time PCR assay for determining transgene copy number in transformed
plants. BioTechniques 31:132-134, 136-140.

Jeffries, T. W. 1983. Utilization of xylose by bacteria, yeasts, and fungi. Adv.
Biochem. Eng. Biotechnol, 27:1-32,

Jin, Y. 8., and T. W. Jeffries. Changing flux of xylose metabolites by altering
expression of xylose reductase and xylitol dehydrogenase in recombinant
Saccharomyces cerevisiae, Appl. Biochem. Biotechnol., in press.

Jin, Y. 8., S. Jones, N. Q. Shi, and T. Jeffries. 2002, Molecular cloning of
XYL3 (p-xylulokinase) from Pichia stipitis and characterization of its phys-
jological function. Appl. Environ. Microbiol. 68:1232-1239.

Jin, Y. S., T. H. Lee, Y. D. Chei, Y. W. Ryu, and J. H, Seo. 2000. Conversion
of xylose to ethanol by recombinant Saccharomyces cerevisiae containing
genes for xylose reductase and xylitol dehydrogenase from Pichia stipitis.
J. Microbiol. Biotechnol. 10:564--567.

Johansson, B., C, Christensson, T. Hobley, and B. Hahn-Héerdal. 2001.
Xylulokinase overexpression in two strains of Saccharomyces cerevisiae also
expressing xylose reductase and xylitol dehydrogenase and its effect on fer-
mentation of xylose and lignocellulosic hydrolysate. Appl. Environ, Micro-
biol. 67:4249-4255.

Kingsman, A. I, and S. M. Kingsman. 1988. Ty: a retro element moving
forward, Cell 53:333-335.

Katter, P., and M. Ciriacy. 1993. Xylose fermentation by Saccharomyces
cerevisiae. Appl. Microbiol. Biotechnol. 38:776-783.

S. CEREVISIAE ETHANOL PRODUCTION AND b-XYLULOKINASE

19,

20.

21.

22.

23.

24.

25,

26.

27.
28.

29.

30.

31

32.
33.

34.

3s.

36.

503

Kurtzman, C. P. 1994, Molecular taxonomy of the yeasts. Yeast 10:1727-
1740.

Lai, K., and L. J. Elsas. 2000. Overexpression of human UDP-glucose
pyrophosphorylase rescues galactose-1-phosphate uridyltransferase-deficient
yeast. Biochem. Biophys. Res. Commun, 271:392-400.

Parekh, R. N, M. R. Shaw, and K. D. Wittrup. 1996. An integrating vector
for tunable, high copy, stable integration into the dispersed Ty delta sites of
Saccharomyces cerevisiae. Biotechnol. Prog. 12:16-21.

Richard, P., M. H. Toivari, and M. Penttila. 2000. The role of xylulokinase
in Saccharomyces cerevisiae xylulose catabolism. FEMS Microbiol. Lett.
190:39-43.

Rizzi, M., K. Harwart, P. Erlemann, N. A, Buithanh, and H. Dellweg. 19589,
Purification and properties of the NAD*-xylitol-dehydrogenase from the
yeast Pichia stipitis .5. J. Ferment. Bioeng. 67:20-24.

Rodriguez-Pena, J. M,, V. J. Cid, J. Arroyo, and C. Nombela. 1998. The
YGR1%c (XKSI) gene encodes the xylulokinase from the budding yeast
Saccharomyces cerevisiae. FEMS Microbiol. Lett. 162:155-160.

Rose, M. D., F. Winston, and P. Hieter. 1990. Methods in yeast genetics: a
laboratory course manual. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Senac, T., and B. Hahn-Hiierdal, 1990. Intermediary metabolite concentra-
tions in xylulose- and glucose-fermenting Saccharomyces cerevisiae cells.
Appl. Environ. Microbiol. 56:120~126.

Shamanna, D. K., and K. E. Sanderson. 1979. Uptake and catabolism of
p-xylose in Salmonella typhimurium L.T2. J. Bacteriol. 139:64-70.

Sikorski, R. S., and P. Hieter. 1989. A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in Saccharomyces
cerevisiae. Genetics 122:19-27.

Tantirungkij, M., T. Izvishi, T. Seki, and T. Yoshida. 1994. Fed-batch fer-
mentation of xylose by a fast-growing mutant of xylose-assimilating recom-
binant Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 41:8-12.
Tantirungkij, M., N. Nakashima, T. Seki, and T. Yoshida. 1993, Construc-
tion of xylose-assimilating Saccharomyces cerevisiae. J. Ferment. Bioeng,
75:83-88.

Teusink, B., M. C. Walsh, K. van Dam, and H. V, Westerhoff. 1998. The
danger of metabolic pathways with turbo design. Trends Biochem. Sci. 23
162-169.

Thevelein, J. M., and S. Hohmann. 1995. Trehalose synthase: guard to the
gate of glycolysis in yeast? Trends Biochem. Sci. 20:3-10.

Toivari, M. H., A. Aristidou, L. Ruohonen, and M. Penttila. 2001. Conver-
sion of xylose to ethanol by recombinant Saccharomyces cerevisiac: impor-
tance of xylulokinase (XKS7) and oxygen availability. Metab. Eng, 3:236-249.
Verduyn, C., R. Van Kleef, J. Frank, H. Schreuder, J. P. Van Dijken, and
W. A. Scheffers. 1985. Properties of the NAD(P)H-dependent xylose reduc-
tase from the xylose-fermenting yeast Pichia stipitis. Biochem. J. 226:669-
677.

Walfridsson, M., M. Anderlund, X. Bao, and B. Hahn-Hierdal. 1997. Ux-
pression of different levels of enzymes from the Pichia stipitis XYL.1 anad
XYL2 genes in Saccharomyces cerevisiae and its effects on product formation
during xylose utilisation. Appl. Microbiol. Biotechnol. 48:218-224,

Wang, P. P., and H. Schneider. 1980. Growth of yeasts on D-xylulose. Can.
J. Microbiol. 26:1165-1168.



