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XYLOSE-FERMENTING RECOMBINANT
YEAST STRAINS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with United States government
support awarded by the following agencies:

DOE: DE-AC36-98G010337.

The United States has certain rights in this invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not applicable.
BACKGROUND OF THE INVENTION

Within the United States, there is considerable interest in
developing alternative energy sources to reduce dependence
on foreign oil and nonrenewable energy. The use of ethanol
as a fuel has become increasingly prevalent in recent years.

One way to meet the demand for ethanol production is to
convert sugars found in biomass, i.e., materials such as
agricultural wastes, corn hulls, corncobs, cellulosic materi-
als, and the like to produce ethanol. In biomass conversion,
microorganisms are used as biocatalysts to convert cellulo-
sic materials to usable end products, such as ethanol. Effi-
cient biomass conversion in large-scale industrial applica-
tions requires a microorganism that is able to tolerate high
concentrations of sugar and ethanol, and which is able to
ferment more than one sugar simultaneously.

Biomass commonly contains xylose at relatively high
concentrations, i.e., as high as 25% of the total dry weight.
The D-xylose content of hardwood species and herbaceous
angiosperms is about 17% and 31% of the total dry weight,
respectively. Because agricultural residues, pulping wastes,
and fast-growing hardwood species have a high xylose
content, the potential economic and ecologic benefits of
converting xylose in these renewable materials are signifi-
cant. In order for biomass conversion to be economically
feasible, a practical, large-scale use must be found for
xylose.

The pentoses D-xylose and L-arabinose are among the
most difficult sugars in biomass to metabolize. Bacteria can
ferment pentoses to ethanol and other co-products, and
bacteria with improved ethanol production from pentose
sugars have been genetically engineered. However, these
bacteria are sensitive to low pH and high concentrations of
ethanol, their use in fermentations is associated with co-
product formation, and the level of ethanol produced
remains too low to make using these bacteria in large-scale
ethanol production economically feasible.

In general, industrial producers of ethanol strongly favor
using yeast as biocatalysts, because yeast fermentations are
relatively resistant to contamination, are relatively insensi-
tive to low pH and ethanol, and are easier to handle in
large-scale processing. Many different yeast species use
xylose respiratively, but only a few species use xylose
fermentatively. Fermentation of xylose to ethanol by wild
type xylose-fermenting yeast species occurs slowly and
results in low yields, relative to fermentation rates and
ethanol yields that are obtained with conventional yeasts in
glucose fermentations. In order to improve the cost effec-
tiveness of xylose fermentation, it is necessary to increase
the rate of fermentation and the ethanol yields obtained.
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What is needed in the art are new yeast strains and
methods for fermenting xylose to produce ethanol.

BRIEF SUMMARY OF THE INVENTION

In one aspect, the present invention provides a recombi-
nant xylose-fermenting yeast strain comprising heterologous
polynucleotides comprising a PsXYL1, a PsXYL2, and a
PsXYL3. Suitably, the polynucleotide comprising PsXYL3,
comprises the promoter natively associated with the
PsXYL3 coding sequence. Suitably, the strain expresses
xylulokinase at a moderate level. In one embodiment, the
recombinant strain comprises the PsXYL3 sequence inte-
grated into its genome. Suitably, the recombinant strain may
be a respiration deficient mutant. Suitable recombinant
strains having wild-type or reduced respiration have been
deposited as NRRL Y-30602 and NRRL Y-30603, respec-
tively.

In another aspect, the present invention provides a method
of producing ethanol from the fermentation of xylose com-
prising contacting a recombinant strain according to the
invention with xylose-containing material under suitable
conditions to produce ethanol.

Yet another aspect of the invention provides a method of
obtaining a recombinant yeast expressing xylulokinase at a
moderate level comprising transforming a recombinant
strain of yeast comprising PsXYL1 and PsXYL2 with an
expression vector comprising PsXYL.3 operably associated
with a yeast insertion sequence, growing the transformants
in xylose-containing medium, and selecting transformants
that exhibit rapid growth on xylose. The present invention
includes recombinant strains of yeast expressing xyluloki-
nase at a moderate level obtained by transforming a recom-
binant strain of yeast comprising PsXYL1 and PsXYL.2 with
an expression vector comprising PsXYL.3 operably associ-
ated with a yeast insertion sequence, growing the transfor-
mants in xylose-containing medium, and selecting for rapid
growth on xylose-containing medium.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 shows the effect of xylulokinase activity on growth
of serially diluted strains of S. cerevisiae on glucose or
xylose.

FIG. 2 shows differences between strains of S. cerevisiae
with respect to cell growth (A), xylose consumption (B),
ethanol production (C), and xylitol production (D) as a
function of time.

FIG. 3 shows differences between recombinant strains of
S. cerevisiae with respect to xylulokinase specific activity
(A) and ethanol yields (B).

FIG. 4 shows to frequency of XYL3 transformants exhib-
iting different levels of relative cell growth (A) and cell
mass, xylitol production, and ethanol production (B) for the
strains.

FIG. 5 shows the metabolic flux distributions of recom-
binant S. cerevisiae FPL-YS1020 (A) and FPL-YSX3 (B).

FIG. 6 shows xylose fermentation by S. cerevisiae FPL-
YSX3 with respect to cell mass (@), ethanol (M), xylose
(A), and xylitol (A).

FIG. 7 shows a proposed model to explain substrate
accelerated cell death in TPS1 disruptant (A) and S. cerevi-
siae overexpressing xylulokinase (B).

FIG. 8 shows a proposed hypothesis of glucose repression
in S. cerevisiae.
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FIG. 9 shows classification of genes the expression of
which is affected by changes in aeration or carbon source.

FIG. 10 shows five characteristic clusters of genes
affected by changes in growth conditions, including genes
induced under aerobic conditions (A), genes induced by
glucose (B), and genes highly expressed during xylose
metabolism (C, D, and E).

FIG. 11 shows the mRNA abundance in copies/cell of
AYL1, XYL2, and XYL3 of cells grown on glucose (G) or
xylose (X) with aeration (A) or under oxygen limiting (OL)
conditions.

FIG. 12 shows the mRNA levels of genes involved in
energy metabolism in the presence of glucose or xylose with
aeration or under oxygen limiting conditions.

FIG. 13 shows the mRNA levels of genes in NADH/NAD
shuttle of cells grown on glucose (G) or xylose (X) with
aeration (A) or under oxygen limiting (OL) conditions.

FIG. 14 shows the mRNA levels of Hap4 of cells grown
on glucose (G) or xylose (X) with aeration (A) or under
oxygen limiting (OL) conditions.

FIG. 15 compares the cell mass, acetate, ethanol, glycerol,
glucose, xylose, and xylitol levels of FPL-YSX3 and FPL-
YSX3P grown on xylose and glucose.

FIG. 16 compares the cell mass, acetate, ethanol, glycerol,
glucose, xylose, and xylitol levels of FPL-YSX3 and FPL-
YSX3P grown on xylose after first being grown on glucose.

DETAILED DESCRIPTION OF THE
INVENTION

Xylose utilization is critical to the economic feasibility of
biomass fermentations. Although a few xylose-fermenting
yeasts are found in nature (Kurtzman, 1994; Jeffries, 1983),
S. cerevisiae is used ubiquitously for industrial ethanol
production. Because S. cerevisiae cannot assimilate xylose,
attempts to develop a strain of S. cerevisiae capable of using
xylose have focused on adapting the xylose metabolic
pathway from the xylose-utilizing yeasts, such as Pichia
stipitis (Jin et al., 2000; Walfridsson et al., 1997; Kotter and
Ciriacy, 1993; Tantirungkij et al., 1993). In Pichia stipitis,
conversion of xylose to xylulose is catalyzed by two oxi-
doreductases. Xylose is reduced to xylitol by an NAD[P|H*
linked xylose reductase (XR), and the xylitol is oxidized to
xylulose by an NAD* linked xylitol dehydrogenase (XDH).
Finally, D-xylulokinase (XK) phosphorylates D-xylulose to
form D-xyluose-5-phosphate (X5P), which is metabolized
further via the pentose phosphate pathway (PPP) and gly-
colysis (Jin et al.,, 2002). Because S. cerevisiae is able to
ferment xylulose (Senac and Hahn-Hagedahl, 1990; Chiang
et al.,, 1981; Wang and Schneider, 1980), early attempts to
engineer xylose metabolism in S. cerevisiae involved
expressing only XYL1 and XYL2 from P. stipitis, which
encode XR and XDH, respectively (Jin et al., 2000; Wal-
fridsson et al., 1997; Kétter and Ciriacy, 1993; Tantirungkij
et al., 1993). Recombinant S. cerevisiae expressing AYL1
and XYL2 could grow on xylose, but ethanol production
from xylose was not significant because a substantial portion
of xylose was converted to xylitol (Jin et al., 2000; Tan-
tirungkij et al., 1994; Kétter and Ciriacy, 1993).

Recombinant S. cerevisiae transformed with a single copy
of XYL1 and multiple copies of XYL.2 accumulate xylulose
(Jin and Jeffries, 2002). This suggests that the native level of
XK activity in S. cerevisiae limits xylose assimilation when
XYL1 or XYL2 is overexpressed. Ho et al. (Ho et al., 1998)
reported that overexpression of an endogenous S. cerevisiae
XK gene (ScXKS1) with XYL1 and XYL2 increased etha-
nol production and decreased xylitol production from
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xylose. However, this observation remains controversial.
Rodriguez-Pena et al. (Rodriguez-Pena et al., 1998) showed
that overexpression of XKS1 in S. cerevisiae inhibits growth
on pure D-xylulose. Other studies by Toivari et al. (Toivari
et al., 2001) and Richard et al. (Richard et al., 2000) did not
show an inhibitory effect from XK overexpression, but
Johansson et al. (Johansson et al., 2001) found that overex-
pression of ScXKS1 reduced xylose consumption by 50 to
80% in S. cerevisiae transformants, even though it increased
the yield of ethanol from xylose. Johansson et al. (Johansson
et al., 2001) cautioned against the unmodulated overexpres-
sion of ScXKSI.

As used herein, XYL1, XYL2, and XYL3 refer poly-
nucleotides comprising a sequence corresponding to the
sequences from P. stipitis encoding XD, XR, or XK, respec-
tively.

As described in the Examples below, a recombinant strain
of S. cerevisiae capable of fermenting xylose to produce
ethanol at relatively high rates was developed. In addition to
recombinant S. cerevisiae, recombinant strains of economi-
cally important, ethanol producing yeast species include, but
are not limited to, Saccharomyces carlsbergensis (Saccha-
romyces pastorianus), Saccharomyces uvarum, Saccharo-
myces bayanus and various hybrids of these and other yeast
species used in brewing or winemaking, the thermotolerant
yeast, Kluyveromyces marxianus, for use in high tempera-
ture simultaneous saccharification and fermentation of pre-
treated lignocellulosic residues, and Kluyveromyces lactis
for the fermentation of lactose in cheese whey.

The recombinant strain of S. cerevisiae developed, as
described below, expresses XYL1 and XYL.2 from P, stipitis
under the control of the GAPHD (TDH1) promoter, a strong
constitutive S. cerevisiae promoter, and was engineered to
contain multiple copies of XYL3 with its native P. stipitis
promoter integrated into the S. cerevisiae genome using a
tunable expression vector that allows various expression
levels by achieving different integrated copy numbers.
Transformants thus obtained were screened for rapid growth
on xylose, and transformants capable of growing rapidly on
xylose were selected. Rapid growth on xylose was corre-
lated with moderate levels of xylulokinase activity and
relatively high levels of ethanol production. Xylulokinase
expression may be affected by copy number and promoter
strength. In general, recombinant strains having moderate
expression of xylulokinase have neither single copy nor high
copy numbers with respect to XYL3, and the expression of
XYL3 is not under the control of a strong, constitutive
promoter (Jin et al., 2003).

A recombinant xylose fermenting yeast strain exhibiting
moderate expression of the xylulokinase is characterized by
its capacity for rapid growth on xylose. As shown in the
Examples, in contrast to a recombinant yeast strain exhib-
iting moderate expression of the xylulokinase, strains having
low expression of xylulokinase grew relatively slowly,
whereas overexpression of xylulokinase was toxic to yeast.
Rapid growth on xylose is evaluated by comparing the cell
growth of the transformant comprising XYL3 to that of the
parent strain from which the transformant is derived, and
may be expressed as relative cell growth, as described in the
Examples. In the present invention, transformants having
rapid cell growth had a relative cell growth of about 4.

One suitable recombinant S. cerevisiae strain comprising
XYL1, XYL2, and multiple copies of XYL3 with its native
P. stipitis promoter integrated into its genome, and exhibit-
ing rapid growth on xylose and good ethanol production was
selected and designated FPL-YSX3. The strain was depos-
ited with the Agricultural Research Service Culture Collec-
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tion in Peoria, I1l. on Jun. 5, 2002 under the Budapest Treaty
and was assigned accession number NRRIL Y-30602. A
recombinant S. cerevisiae having the identifying character-
istics of FPL-YSX3 comprises PSXYL1 and PsXYL2 under
the control of a constitutive promoter, comprises PsXYL3
integrated into its genome, exhibits moderate expression of
xylulokinase, and is able to ferment xylose to produce
ethanol.

As described in the Examples, a recombinant S. cerevisiae
strain expressing XYL1 and XYL2 was used to obtain
FPL-YSX3 by means of a vector containing a § sequence
capable of integrating into a Ty transposon element. The
XYL3 sequence was introduced into the vector, such that the
sequence was operably associated with d sequence. By
‘operably associated’” it is meant that the XYL3 and 9§
sequences are linked such that an insertion event involving
the d sequence results in insertion of the XYL3 sequence
into a Ty transposon element in the yeast genome. It is
specifically envisioned that, in addition to S. cerevisiae,
other yeast species fermenting xylose and expressing mod-
erate levels of xylulokinase may be obtained using the
teachings of the present invention. As one of skill in the art
will appreciate, the vector chosen to introduce the XYL3
into the yeast genome must be chosen with regard to the
genetics of the particular species involved.

Strain FPL-YSX3 was used to obtain a respiration defi-
cient mutant, designated FPL-YSX3P, which was deposited
with the Agricultural Research Service Culture Collection in
Peoria, Ill. on Jun. 21, 2002 under the Budapest Treaty and
was assigned accession number NRRL Y-30603. As
described below in the Examples, FPL-YSX3P was obtained
by exposing a culture of FPL-YSX3 with the intercalating
dye, ethidium bromide to obtain petite mutants lacking
mitochondria. It is envisioned that respiration deficient
mutants according to the present invention may be obtained
by any suitable method, including using other DNA inter-
calating dyes in place of ethidium bromide. Shi et al. (U.S.
Pat. No. 6,071,729) describes a respiration deficient mutant
of P. stipitis obtained by disrupting the cytochrome ¢ gene
using a disruption cassette, and similar methods could be
used to generate respiration deficient mutants according to
the present invention. Another means by which respiration
deficient mutants may be obtained would include irradiating
yeast cells with ultra violet light. Because respiration defi-
cient yeast mutants form petite colonies, mutants maybe be
distinguished from wild type cells on the basis of colony
size, and the respiration deficient status could be confirmed
by measuring respiratory activity, by evaluating growth on
xylose, or comparing ethanol production. A recombinant S.
cerevisiae having the identifying characteristics of FPL-
YSX3P comprises PsXYL1 and PsXYL2 under the control
of a constitutive promoter, comprises PsXYL3 integrated
into its genome, exhibits moderate expression of xyluloki-
nase, is unable to grow on xylose, and exhibits increased
fermentation of xylose to ethanol and reduced respiratory
activity relative to FPL-YSX3.

In the Examples below, FPL-YSX3 was identified as a
recombinant xylose-fermenting yeast strain exhibiting mod-
erate expression of xylulokinase. Quantitation of the
PsXYL3 sequence showed that FPL-YSX3 contains
approximately three to four copies of PsXYL3. However, it
is reasonably expected that suitable recombinant xylose-
fermenting yeast strains according to the present invention
having fewer or more copies of the PsXYL3 sequence will
also exhibit moderate expression of xylulokinase. It is
reasonably expected that strains comprising the PsXYL3
sequence integrated into the genome at a copy number
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ranging from one to 50 will exhibit moderate xylulokinase
expression, i.e., rapid growth on xylose relative to the parent
strain from which the recombinant strain is derived. The
most effective copy number will depend on the promoter
strength, its regulatory characteristics, and the yeast genetic
background.

The sequence of XYL3 is deposited in GenBank under
accession number AF127802, and the amino acid sequence
of xylulokinase is deposited in GenBank under accession
number AAF72328. It is understood that the XYL3
sequence used to obtain a recombinant strain according to
the present invention may have minor variations, substitu-
tions, additions or deletions relative to the XYL.3 sequence
identified by accession number AF127802, and it is well
understood among those of ordinary skill in the art that
certain changes in nucleic acid sequence make little or no
difference to the overall function of the protein or peptide
encoded by the sequence. Due to the degeneracy of the
genetic code, particularly in the third position of codons,
changes in the nucleic acid sequence may not result in a
different amino acid being specified by that codon. Changes
that result in an amino acid substitution to AAF72328 may
have little or no effect on the three dimensional structure or
function of the encoded protein or peptide. In addition,
changes that result in insertions or deletions of amino acids
may also be acceptable.

It is expected that recombinant yeast strains of the present
invention may be further manipulated to achieve other
desirable characteristics, or even higher specific ethanol
yields. For example, selection of recombinant yeast strains
by passaging the mutant yeast strains of the present inven-
tion on medium containing hydrolysate may result in
improved yeast with enhanced fermentation rates. Suitably,
the recombinant yeast strain is able to grow under conditions
similar to those found in industrial sources of xylose. In the
practice of the method of the present invention, the xylose-
containing material can be inoculated with a suitable recom-
binant Saccharomyces cerevisiae without excessive manipu-
lation. By way of example, the pulping industry generates
large amounts of cellulosic waste. Saccharification of the
cellulose by acid hydrolysis yields hexoses and pentoses that
can be used in fermentation reactions. However, the
hydrolysate or sulfite liquor contains high concentrations of
sulfite and phenolic inhibitors, which inhibit or prevent the
growth of most organisms. Passaging of the yeast selects for
yeast that are better able to grow in the presence of sulfite or
phenolic inhibitors. Likewise, passaging the recombinant
yeast under conditions that would select for faster fermen-
tation could reasonably be expected to obtain further
improvements. Such conditions would include cultivation
on xylose under oxygen limitation or anaerobiosis in the
presence or absence of glucose. Because overexpression of
XYL3 or XKSI1 results in growth inhibition when cultivated
on xylose, selection for mutants that overcome such inhibi-
tion might reasonably be expected to result better growth
and fermentation rates on xylose

By “xylose-containing material,” it is meant any medium
comprising xylose, whether liquid or solid. Suitable xylose-
containing materials include, but are not limited to, hydroly-
sates of polysaccharide or lignocellulosic biomass such as
corn hulls, wood, paper, agricultural by-products, and the
like.

Without being limited as to theory, we hypothesize that
the inhibition of cell growth and ethanol production
observed when cells express high levels of XK can be
explained by substrate accelerated cell death. Thevelein et
al. reported that growth of a S. cerevisiae tps]l mutant was
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markedly inhibited on glucose but not on other carbon
sources (Thevelein and Hohmann, 1995). TPS1 encodes for
trehalose-6-phosphate (Tre6P) synthase. A tpsl disruptant
cannot synthesize Tre6P, a potent inhibitor of hexokinase
(Hohmann et al., 1996). As a result, hexokinase in a tpsl
background phosphorylates glucose without control of
Tre6P, which causes an excess flux of glucose into glyco-
lysis. Uncontrolled hexokinase activity in the tpsl mutant
may deplete ATP and accumulate glucose-6-phosphate
(G6P). Cells are inhibited by accumulation of G6P, depletion
of ATP or by an imbalance between upstream and down-
stream enzymatic activities in the pathway. Teusink et al.
call this paradoxical phenotype, in which enhanced utiliza-
tion of substrate causes growth inhibition, “substrate accel-
erated cell death”, and they have pointed out the danger of
“turbo design” in metabolic engineering (Teusink et al.,
1998). Catabolic pathways are similar to turbo engines in
that energy input is required before energy output can be
realized. However, the supply must be matched to demand
through a feedback loop in order to operate efficiently. Turbo
design involving strong overexpression can increase flux
through a metabolic step, but this approach can be also
deleterious if it breaks the balance between the reactions
coupled to ATP synthesis and utilization. Without a regula-
tory feedback loop, overexpression of XK could be inhibi-
tory. One approach to avoid this problem would be to attach
an appropriately regulated promoter to XYL3.

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 con-
sumption 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 sufficient to maintain metabolic flux at 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 accumulation
of sugar phosphate was previously reported for galactose
metabolism (Lai and Elsas, 2000). Regardless of the exact
mechanism, previous research by Toivari et al. supports this
hypothesis because levels of X-5-P were significantly higher
and levels of ATP were lower in an XK overexpressing strain
as compared to parental strains (Toivari et al., 2001).

The inhibitory effect of higher XK activity that was
observed during growth on agar plates correlated closely
with the growth rate under fully aerobic conditions in liquid
medium (FIG. 1). However, in the fermentative trials with
low aeration, where growth rates were about one-tenth of
those observed under the fully aerobic condition, only
FPL-YS32, which has the highest XK activity, showed
significant growth inhibition (FIG. 2A). This suggests that
ATP demand in the cell and xylulose levels are responsible
for the inhibitory effect observed with xylulose overexpres-
sion.

Under oxygen-limited conditions, the ATP demand would
be greatly reduced relative to that under fully aerobic
conditions, because cell growth is slower, and the inhibitory
effect of xylulokinase overexpression would not be reduced.
Alternatively, it is possible that the initial oxidoreducatase
step for conversion of xylose into xylulose is limited by
oxygen availability. Hence, the supply of xylulose to deplete
ATP would be limited under fermentative conditions. Com-
paring XK activities among other studies may help resolve
some of the apparent conflicts, although a direct comparison
of XK activities may be imperfect due to differences
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between strains and assay methods. Rodriguez-Pena et al.
(Rodriguez-Pena et al, 1998) first noted the toxicity of XK
overexpression with cells grown on D-xylulose. Although
XK activity was not reported, these researchers used a
multicopy vector with a strong promoter. Johansson et al.
(Johansson et al., 2001) reported XK activities of 28 U/mg
and 36 U/mg in H158-pXks and CEN.PK-pXks from cells
grown in defined media on a glucose/xylose sugar mixture.
XK activities reported by these researchers should be com-
pared to our XK activities in the cells grown on glucose
because Johansson et al. prepared cell extracts from early
batch cultures in which glucose was probably still present.
Johansson et al. found XK overexpression to be deleterious,
as characterized by the severe inhibition of xylose consump-
tion. In those studies approximately 7 g/L. of xylose was
consumed within 125 hours whereas the parental strain
consumed 40 g/L. of xylose within the same period. These
results suggest that overexpression of XK in S. cerevisiae is
inhibitory when xylose is used as a carbon source. In
contrast, Toivari et al. (Toivari et al., 2001), and Ho et al.
(Ho et al., 1998) 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
(Johansson et al., 2001) and CEN.PK-pXks (Johansson et
al., 2001). However, these values are still higher than the
reported native XK activity. Both groups of researchers
observed that overexpression of XKS1 significantly
enhances xylose fermentation rather than causing toxic
effects as was observed with XKS1 in FPL-YS32, H158-
pXks (Johansson et al., 2001) and CEN.PK-pXks (Johans-
son et al., 2001).

These results suggest that the effects of heterologous XK
expression on cell physiology can vary with the expression
level, and that XK expression should be moderate. If het-
erologous XK expression is too high or too low, cells do not
grow well on xylose; however, if XK expression is moder-
ate, xylose metabolism is significantly enhanced. The appro-
priate level of XK might vary by intrinsic strain specific
properties, such as XR and XDH activity, pentose phosphate
pathway capacity, 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 difficult to define optimal XK levels by
forward engineering.

We used an empirical approach to select a strain that grew
best on xylose after transforming the recipient host with a
tunable expression vector. The vector is a plasmid that
contains XYL.3 and a § sequence for homologous recombi-
nation into the chromosome at multiple J sites. & sequences
are long terminal repeats (LTR) of Ty elements that can be
used as targets for integration. We used G418 to select for
transformants. The level of expression is essentially a linear
function of the number of insertion sites. More than 100
copies of & sequences exist in the yeast chromosome, so
many contextual expression sites are possible. Resistance to
(G418 increases with copy number. Parekh, et al. (Parekh et
al., 1996) found that the integrated copy number of the Ty
integration vector ranges from 1 to 30 after a single trans-
formation, that the level of amplification is stable over 50
generations in the absence of antibiotics, and that the chro-
mosomal context around the integration site affects the
expression of integrated gene. These two features (copy
number and context of integration site) for tuning gene
expression were employed to evaluate expression of XYL3.
As expected, each transformant showed a different growth
characteristic on xylose (FIG. 4A). Perhaps XK activity in
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the transformant could not reach high levels because the
native P. stipitis promoter was used to drive XYL3 expres-
sion (Jin et al., 2002). Our activity and copy number results
indicate that this promoter does not induce high transcript
levels or enzymatic activity in S. cerevisiae.

Our results show the toxic effects of overexpression of
XK genes (XKS1 and XYL3) during xylose fermentation by
recombinant S. cerevisiae. These results suggest that levels
of introduced enzyme activity should be designed in concert
with the capacity of the surrounding metabolic network.
Because numerous intrinsic and extrinsic factors affect the
flow of metabolites in cells, we think that reverse engineer-
ing of metabolism, as shown in our study, would be a
practical approach for developing strains with improved
metabolic pathways.

The mRNA levels of recombinant S. cerevisiae harboring
genes encoding enzymes required for the complete xylose
metabolic pathway from P stipitis under four different
culture conditions (two carbon sources, two aeration condi-
tions) were profiled. The results confirmed many known
changes in gene expression patterns reported previously in
response to environmental perturbations. For instance, the
Crabtree effect was confirmed at the level of transcription,
which is characterized by a tight repression of TCA cycle
enzymes (ACO1, IDH2, KGD1, SDH1, and MDH1) and
respiratory enzymes (QCR2 and COX5A) by glucose even
under aerobic conditions. The known regulation of gene
expression by oxygen was also verified. The mRNA level of
Hap4p, which constitutes a critical component of the tran-
scriptional activator complex Hap2/3/4, increased three-fold
under aerobic conditions even with glucose as a carbon
source.

In addition, unexpected changes in mRNA levels were
identified. For instance, the mRNA levels of HXK1, FBP1,
and PCK1 increased significantly when cells were grown on
xylose, regardless of aeration conditions. Expression levels
of HXK1, FBP1, and PCK1 are known to increase when
cells are grown on nonfermentable carbon sources. More-
over, expression of TCA cycle enzymes and respiratory
enzymes were not repressed by xylose in the same manner
as glucose. Based on these results, we conclude that xylose
is recognized as a non-fermentable carbon source by recom-
binant S. cerevieiae. This result supports the “repression
hypothesis™, i.e., xylose is poorly metabolized into ethanol
because, in contrast to glucose, xylose does not repress
respiration. However, mRNA levels of fermentative
enzymes (ADH1 and PDC1) did not largely change in
response to the change of carbon source, which suggests that
the “induction hypothesis”, i.e., that fermentative enzymes
(PDC1 and ADH1) are not induced by xylose, is not valid.
Another notable feature in genome-wide expression pattern
is that expression of many oxidoreductases that use NADH
or NADPH as cofactors was found to increase when cells are
grown on xylose. The mRNA levels of GDH2, which
encodes glutamate dehydrogenase, and LYS12, which
encodes homoisocitrate dehydrogenase, increased signifi-
cantly when cells are grown on xylose. These may function
to alleviate redox imbalance. Changing intracellular redox
balance by overexpressing GDH2 was demonstrated previ-
ously (Nissen, et al. 2000). Nissen et al. showed that product
formation pattern could be changed from glycerol to ethanol
under anaerobic conditions by oxidizing surplus NADH by
overexpressing GDH2 in a gdhl mutant.

To determine the reproducibility of our cultivation and
analytical techniques, the base reference condition (high
aeration on glucose) was chosen. A comparison of the
variation of expression data between replicate experiments
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showed that only relatively few of the 5700 genes exhibited
a change in expression of greater than two-fold between
independent experiments. However, the greatest variations
in expression were observed with genes expressed at fewer
than 2 copies of mRNA per cell. Thus, if we filter out genes
whose expression levels are low, we could reduce variation,
although the resolution of our experiment would decrease.
Therefore, two criteria were selected to filter out the genes
whose expression is not changed much. First, we identified
genes for which expression levels changed less than two-
fold (Experiment/Base or Base/Experiment >2, which is
equivalent to a two fold increase or decrease), and then we
filtered out the genes whose absolute expression levels does
not change much (Experiment-Base or Base-Experi-
ment>100 in hybridization signal, which is equivalent to
increase or decrease of mRNA of greater than 2 copies/cell).
With those criteria, 99.8% of the remaining genes were
within a two-fold difference between replicates. Additional
trials and environmental controls would be necessary to
derive more detailed analysis of the data.

The respiration deficient mutant, FPL-YSX3P (p° strain)
did not grow on xylose, even though the FPL-YSX3P
ferments xylose. This observation is consistent with the
previous reports. Maleszka et al. found that S. cerevisiae
required oxygen for growth on D-xylulose (Maleszka and
Schneider, 1984), and petite mutants of S. cerevisiae did not
grow on D-xylulose. Likewise, S. cerevisiae metabolically
engineered with XYL1, XYL2 and XKS1 for the anaerobic
production of ethanol from D-xylose did not grow on
D-xylose under anaerobic conditions (Eliasson et al., 2000).
These results suggest that mitochondria are involved in
D-xylulose metabolism in S. cerevisiae (Wang and
Schneider, 1980).

An interesting feature of the respiration deficient mutant
FPL-YSX3P is that it showed improved fermentation capac-
ity relative to its parental strain (FPL-YSX3) even though
FPL-YSX3P could not grow on xylose. Surprisingly, FPL-
YSX3P mutant produced less xylitol than the FPL-YSX3.
Recently, Epstein et al. observed that respiratory deficiency
induced expression of a series of genes associated with
anaplerotic pathways that would mitigate the loss of a
complete TCA cycle. This metabolic reprogramming would
help to resolve the redox imbalance caused by cofactor
differences between XR and XDH, which results in xylitol
production.

EXAMPLES
Methods and Materials

Strains and Plasmids.

Microbial strains and plasmids used in this study are listed
in Table 1. Saccharomyces cerevisiae 1.2612 (MAT o leu2-3
leu2-112 ura3-52 trpl-298 canl cynl gal+) and plasmid,
pY2XK were provided by Prof. Jin-Ho Seo, of Seoul
National University. The neo” based Ty-0 tunable expression
vector, plTy4 was provided by Prof. Wirttrup, of MIT
(Parekh et al., 1996). Escherichia coli DH5a. (F~ recAl
endAl hsdR17 [rz mg"] supE44 thi-1 gyrA relAl) (Gibco
BRL, Gaithersburg, Md.) was routinely used for gene clon-
ing 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 (LL.B) medium.
When required, ampicillin (50 pg/ml) was added to the
medium. Yeast strains were routinely cultivated at 30° C. in
YP medium (10 g/L. yeast extract, 20 g/[. Bacto Peptone)
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with 20 g/IL glucose (YPD), 20 g/IL xylose (YPX-2%) or 40
g/L xylose (YPX-4%). YPD or YPX plus 20 g/l of agar
were used for plates. To select for yeast transformants using
the URA3, TRP1 or LEU2 selectable markers, Yeast Syn-
thetic Complete (YSC) medium containing 6.7 g/, Yeast
Nitrogen Base (YNB) without amino acids plus 20 g/L.
glucose, 20 g/l agar and a mixture of appropriate nucle-
otides and amino acids was used. To select for transformants
using the neo” marker, we used YPD agar supplemented with
200 pg/ml, G418 (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, 40
putative transformants were inoculated into separate 5-ml
aliquots of YPX-4% medium in 15 ml sterile culture tubes
and incubated for 72 hours at 30° C. with shaking at 200
rpm. Cell growth and product formation were measured to
identify ten strains for further screening. Selected strains
were retested by culturing cells in 50 mL YPX-4% medium
in 125 ml Erlenmeyer flasks shaken at 200 rpm.

TABLE 1

Strains and plasmids used in this study

Strains or Source or
plasmids Description reference
Strains

S. cerevisine MATa, trpl-112, leu2-1, ura3-52 (Cho et al., 1999)

12612

S. cerevisine MATa, trpl-112, leu2::LEU2-TDH1p-  (Jin and Jeffries,

FPL-YS10  XYLI1-TDHI; 2002)

S. cerevisiae MATa, trpl-112, LEU2::GAPDHp- (Jin and Jeffries,

FPL-YS1020 XYLI1-GAPDHy, URA3:GAPDHp- 2002)
XYL2-GAPDHy

S. cerevisine MATa, trpl-112, leu2::LEU2-PsXYL1, This study

FPL-YSX3  ura3::URA3-PsXYL2, Ty3::NEO-
PsXYL3

S. cerevisiae S. cerevisiae FPL-YS1020 (pRS314) This study

FPL-YS314

S. cerevisiae S. cerevisiae FPL-YS1020 (pRS314) This study

FPL-YS424

S. cerevisiae S. cerevisiae FPL-YS1020 This study

FPL-YS2831 (pYPR2831)

S. cerevisiae S. cerevisiae FPL-YS1020 (pYS31IN) This study

FPL-YS31IN

S. cerevisiae S. cerevisiae FPL-YS1020 (pYS32N) This study

FPL-YS32N

S. cerevisiae S. cerevisiae FPL-YS1020 (pYS31) This study

FPL-YS31

S. cerevisiae S. cerevisiae FPL-YS1020 (pYS32) This study

FPL-YS32

S. cerevisiae S. cerevisiae FPL-YS1020 (pYS41) This study

FPL-YS41

S. cerevisiae S. cerevisiae FPL-YS1020 (pYS42) This study

FPL-YS42

Plasmids

pRS314 TRP1, CEN/ARS (Sikorski and

Hieter, 1989)
pRS424 TRP1, 2-um origin (Christianson et
al., 1992)

pYPR2831  TRPI, 2-um origin, GAPDH promoter (Horiuchi et al.,
and terminator 1990)

PYS3IN XYL3 in pRS314 (Jin et al., 2002)

PYS32N XYL3 in pRS424 (Jin et al., 2002)

pYS31 TRP1, CEN/ARS, GAPDH,-XYL3- This study
GAPDHp

pYS32 TRP1, 2-um origin, GAPDHp-XYL3-  This study
GAPDHp

pYS41 TRP1, CEN/ARS, GAPDH,-XKS1- This study
GAPDHp

pYS42 TRP1, 2-pum origin, GAPDHp-XKS1-  This study
GAPDHp
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Enzymes, Primers and Chemicals.

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

Yeast Transformation.

A yeast EZ-Transformation kit (BIO 101, Vista, Calif.) or
Alkali-Cation Yeast Kit (BIO 101, Vista, Calif.) was used for
all yeast transformations. Integration vectors were linearized
with an appropriate enzyme prior to transformation. Trans-
formants were selected on YSC medium containing 20 g/L.
glucose. Amino acids were added as necessary. After trans-
formation with pITyX3, the cells were grown for 12 hours in
YPD to allow for neo” expression, and transformants
selected on YPD plates containing G418.

Plasmid Construction.

Plasmids used in this study are summarized in Table 1.
The pX3 (Jin et al., 2002) 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 pUCI 8-X3
into pYPR2831 (Horiuchi et al., 1990). For construction of
the single copy vector, pYS31, containing XYL3 with the
GADPH promoter, pYS32 was digested with HindIII. The
resulting 3.2 kbp HindIII-HindIII fragment was blunt-ended
with T4 DNA polymerase and inserted into the Smal site of
pRS314 (28). The pYS41, containing XKS1 with GAPDH
promoter, was constructed by inserting 3.3 kbp blunt-ended
Hind HI-HindIIl fragment from pY2XK (Jin et al., 2000)
into the Smal site of pRS314. Because the XKS1 gene
contains a HindlIlI site in the open reading frame between
GAPDH promoter and terminator, the 3.3 kbp HindIII-
HindIII from pY2XK was obtained by partial digestion. To
construct a vector for the tunable expression of XYL3, pX3
was digested with Pstl to produce a 2.9 kbp Pstl-Pstl
fragment containing PsXYL3. The 2.9 kbp PstI-Pstl frag-
ment was inserted into the Pstl site of pITy4 (Parckh et al.,
1996) to produce the 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/L. of glucose or 40 g/L of xylose. Cells
were pelleted by centrifugation, and was washed and sus-
pended in buffer (100 mM of phosphate buffer, 1 mM
EDTA, 5 mM f-mercaptoethanol, pH 7.0). The suspended
cells were mixed with glass beads (Sigma, St. Louis, Mo.),
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 ten minutes of vortexing with periodic
microscopic examination to determine cell breakage. The
crude extract, collected after centrifugation for ten minutes
at 15000 g, was used for the enzyme assay. Xylulokinase
activity was measured according to the method of Shamanna
and Sanderson (Shamanna and Sanderson, 1979). A photo-
diode array spectrophotometer (Hewlett Packard, Wilming-
ton, Del.) was used to monitor the reaction by absorbance at
340 nm. All assays were performed within 2 to 4 hours of
cell breakage. One unit of xylulokinase activity is defined as
the amount of enzyme that phosphorylates 1 umol of xylu-
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lose per minute at 30° C. Protein concentration was deter-
mined by the BCA method (Pierce, Rockford, IIL.).

Cell Growth Experiments.

For growth on plate, cells were grown on YSC drop out
(Leu™, Trp~, Ura™) medium with glucose, and then the cells
were harvested and washed. Cells were suspended with
double distilled H,O to reach OD,,,=10. The cell suspen-
sion was serially diluted and plated on the YSC plate with
glucose and xylose. The plates were incubated at 30° C. until
colonies grew. For the growth rate measurement, cells were
grown in 50 ml of YSC dropout medium with 40 g/L. of
xylose in 125 ml Erlenmeyer flask shaken at 200 rpm. Initial
cell growth (less than ODg,,<2) was used for calculation of
specific growth rate.

Metabolic Flux Calculation.

Metabolic fluxes of the xylose assimilation steps were
calculated from the xylose consumption rates, and the xyli-
tol and xylulose accumulation rates during initial xylose
fermentation within 24 hours. By assuming that no accu-
mulation of xylose, xylitol, and xylulose in the cell, meta-
bolic fluxes were calculated by following equations.

Ixvrose=Ixvrirortxom (Equation 1)

Ixvruvrose=Ixpa—Ixx (Equation 2),

where iy ose, Ixvirror: Ixviuross represent specific
rate of xylose consumption, xylitol accumulation, and xylu-

lose accumulation and J,,,,, and J - represent internal fluxes
of XDH and XK reaction.

Quantitative PCR for Determining Copy Number of
XYL3 in the Cell.

Genomic DNA from S. cerevisiae FPL-YSX3 and Pichia
stipitis CBS6054 was isolated as described in Rose et al.
(Rose et al., 1990). S. cerevisiae FPL-YSX3 is a select
recombinant made by introducing the XLY3 gene into S.
cerevisiae FPL-YS1020 using plTyX3, as described below.
Genomic DNA was extracted three times with an equal
volume of phenol:cholorform:isopropyl alcohol (25:24:1).
The DNA was precipitated using one-half volume of ammo-
nium acetate and two volumes of 100% ethanol, and resus-
pended in TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). The
concentration and purity of DNA was determined using a
GeneQuant. (Pharmacia Biotech). Quantitative PCR primers
were designed to XYL1 (5-GATACCTTCGTCAATGGC-
CTTCT-3' (SEQ ID NO:1) and S5-TTCGACGGTG
CCGAAGA-3), (SEQ ID NO:2), XYL2 (5'-TTCGACGGT-
GCCG-AAGA-3' (SEQ ID NO:3) and 5'GATACCT-
TCGTCA ATGGCCTTCT-3' (SEQ ID NO:4)), and XYL3
(5-GAAGGTGACATTGCCTCTTACTTTG-3' (SEQ 1D
NO:5), and 5'-TCCGGTGAACGAGTAGATTTTACA-3'
(SEQ ID NO:6)) using Primer Express software (Applied
Biosystems). Quantitative PCR was performed using
SYBR® Green PCR Master Mix (Applied Biosystems) and
a 7000 ABI PRISM 7000 Sequence Detection System (Ap-
plied Biosystems). Quantification was performed using the
standard curve method (De Preter et al.). Standard curves for
XYL1, XYL2, and XYL3 were constructed and the copy
numbers of the genes were interpolated using these standard
curves. 1.6, 0.4, 0.1, 0.025 and 0.00625 ng of P. stipitis
genomic DNA was used to construct a standard curve for
each of the three genes. Quantitative PCR conditions were
as recommended by the manufacturer except that half the
reaction volume was used: 50° C. for 2 min, 95° for 10 min,
and 40 cycles of 95° C. for 15 s and 60° C. for 1 min; 7.5
pmoles of each primer. The standard curve was then used to
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determine equivalents of each of these genes in three dilu-
tions 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 pair-wise comparisons of the copy numbers,
two-sided t tests were used to determine if the copy numbers
are the same with the null hypothesis (Hy: Lyyz ; =llyyz5, Ho:
Wxyz1=Wyyrs> and Hy: Wyyz =Wy 5). For the calculation of
the copy number of XYL3, linear regression was performed
with the following model:

Y,=c\x+e;

where Y and x represent the amount of XYL3 and XYL1
in the genomic DNA, respectively. e, corresponds to the
error of the regression and ¢, indicates the copy number of
XYL3 when we assume that the copy number of XYL1 is
one.
Analytical Methods.

Glucose, xylose, xylitol, xylulose and ethanol concentra-
tions were determined by HPLC (HP, Wilmington, Del.)
with an ION 300 column (Interaction Chromatography, San
Jose, Calif.). Cell growth was monitored by optical density
at 600 nm (ODg,,). One ODy, at 600 nm was equivalent to
0.17 g cell/LL for S. cerevisiae.

Culture Conditions for Evaluating Differential Gene
Expression.

S. cerevisiae FPL-YSX3 (MATqa, leu2:LEU2-XYL.1,
ura3::URA3-XYL2, Ty3::NEO-XYL3) was grown in YP
medium with the appropriate carbon source. Cells were
grown in four different culture conditions, i.e. two dissolved
oxygen levels (oxygen-limited, aerobic) with each carbon
source (glucose or xylose) as summarized in Table 2. For the
aerobic condition, cells were cultured in 200 ml of YP
medium with either 20 g/L. of glucose or xylose in 1000 ml
flasks shaken at 300 rpm. Cells were harvested at OD=1 in
order to avoid oxygen limitation. For the oxygen limited
condition, cells were cultivated in 50 ml of YP medium with
either 40 g/L. of glucose or xylose in 125 ml flasks shaken
at 100 rpm. Cells were harvested at OD=30 to induce
oxygen limitation. Residual sugar concentrations were
determined by HPLC to prevent the depletion of carbon
source. Cells from culture were harvested as quickly as
possible. Cell pellets were washed once in sterilized water
and placed in liquid nitrogen for a least one minute. Frozen
cell pellets were kept at —80° C. until RNA extraction.

(Equation 3)

TABLE 2
Summary of experimental conditions
Conditions Glucose Xylose
Aerobic 2% Glucose (G/A) 2% Xylose (X/A)

Oxygen-limited 4% Glucose (G/OL) 4% Xylose (X/OL)

RNA Isolation and Purification.

Prewarmed 3 ml aliquots of acid phenol-chloroform-
isoamy! alcohol (125:24:1, pH 4.7) and 3 ml aliquots of TES
buffer (10 mM Tris, pH 7.5, 10 mM EDTA, 5 g/LL of SDS)
were added to frozen cell pellets and incubated at 65° C.
with 20 seconds vortexing every 10 minutes. Total RNA was
isolated by additional acid phenol-chloroform-isoamylal-
chohol extraction and subsequent extraction by chloroform:
isoamyl alcohol (24:1). Isolated RNA was precipitated by
adding Y10 volume of 3 M sodium acetate (pH 5.2) and 2
volumes of 100% precooled ethanol. The precipitated RNA
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pellet was washed with 80% ethanol and dried. DEPC
treated water was used for resuspension of the RNA pellet.
The isolated RNA was purified further by using RNeasy kit
(Qiagen Inc., Chatsworth, Calif.) according to manufactur-
er’s instructions. After cleanup, the A260/A280 was checked
to ensure the purity of RNA.

c¢DNA Synthesis from Total RNA.

For first strand cDNA synthesis, 1 pl. of T7-d(dT)24
primer (100 pmol/ul,, GENSET Corp): 5'-GGCCAGT-
GAATTGTAATACGACTCATATAGGGAGGCGG-(dT)
24-3' (SEQ ID NO:7) and 40 pg of total RN A were incubated
at 70° C. for 10 minutes and subsequently 4 ul. of 5x first
strand cDNA buffer (250 mM Tris-HCI (pH 8.3), 375 mM
KCl, 15 mM MgCl,), 2 uL. of 0.1 M DTT, and 1 pL of 10
mM dNTP mix were added. After 2 minutes of incubation at
42° C., 5 puL of Superscript 11 (200 U/uL, Gibco) was added
and incubated at 42° C. for 1 hour. Second strand cDNA
synthesis was performed as follows:

Reaction mixtures included 20 pL of first cDNA synthesis
reaction, 91 pl, of DEPC-treated water, 30 uL. of 5x second
strand reaction buffer (100 mM Tris-HCI (pH 6.9), 450 mM
KCl, 23 mM MgCl,, 0.75 mM B-NAD", 50 mM (NH,),
SO,), 3 uL of 10 mM dNTP, 1 puLL of DNA ligase (10 U/uL),
4 ulL of DNA Polymerase I (10 U/ul), and 1 ul. of RNase
H (2 U/uL). The reaction mixture was incubated at 16° C. for
2 hours. Then 2 pl of T4 DNA Polymerase (5 U/ul) was
added to each reaction and incubated for 5 minutes at 16° C.
The reaction was terminated by adding 10 ul. of 0.5 M
EDTA. The ¢cDNA was purified by phenol:chloroform:i-
soamyl alcohol (25:24:1, saturated with 10 mM Tris-HCI pH
8.0) extraction and precipitated by adding 0.5 volumes of 7.5
M ammonium acetate with 2.5 volumes of absolute ethanol.

RNA Transcript Labeling by In Vitro Transcription (IVT)

For the production of large amounts of hybridizable
biotin-labeled RNA transcript, a BioArray kit (Enzo) was
used according to manufacturer’s instruction. 1 pg of cDNA
was used for template DNA of IVT reaction. From the IVT
reaction mixture, biotin-labeled RNA transcript (¢C(RNA) was
purified by RNeasy spin column (Qiagen Inc., Chatsworth,
Calif.) according to cleanup protocol provided by manufac-
turer. Purified cRNA then was quantified by measuring
Az o/ Agso-

Fragmenting cRNA for Hybridization

The cRNA was fragmented to obtain fragments of the
appropriate size for hybridization studies, described below.
About 40 ng of cRNA was added into 6 ul. of 5x fragmen-
tation buffer (200 mM Tris-acetate, pH 8.1, 500 mM potas-
sium acetate, 150 mM magnesium acetate) with appropriate
amounts of RNase-free water to make final volume of 30 puL..
The fragmentation reaction was incubated at 94° C. for 35
minutes. 1 pl. of fragmented cRNA was run on a 10 g/L. of
agarose gel to evaluate the size distribution.

Hybridization, Staining and Scanning.

Hybridization and scanning were performed in Genome
Center of Wisconsin (GCOW), which is equipped with the
GeneChip™ Instrument System. The integrity of labeled
probe was tested with a Test3 array (Affymetrix, Santa
Clara, Calif.). For main hybridization, a S98 yeast oligo-
nucleotide array (Affymetrix, Santa Clara, Calif.) was used
for hybridization. Hybridization, staining, and scanning
were done according to manufacturer’s protocols.

Monitoring Expression Levels of XYL1, XYL2, and
XYL3.

Because the Affymetrix Yeast S98 chip does not contain
probes for monitoring XYL1, XYL2, and XYL3 from P,
stipitis, quantitative RT-PCR technology was used to moni-
tor these genes. Genomic DNA contamination in RNA was
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checked by PCR. To test for the presence of genomic DNA
in the final volume of cDNA, the actin gene was amplified
using a primer complementary to the intron of this gene
(5'-CTGTAAGAAGAATTGCACGGTCCC’-3") (SEQ 1D
NO:8) and to the middle of the open reading frame (5'-
TCAAAATGGCGTGAGGTAGAGA-3) (SEQ ID NO:9).
The PCR conditions were 94° C. for 5 min; 30 cycles of 94°
C. for 30 s, 55° C. for 30 s, 72° C. for 1 min; and 72° C. for
5 min. Taq Polymerase (Promega) was used. 1 pl of each
c¢DNA reaction was used as template. When 1 ul of cDNA
reaction was used as a template, no amplified product was
visualized by gel electrophoresis and staining with ethidium
bromide. In contrast, when 2 ul or 0.02 ng of genomic DNA
was a template, a DNA fragment was amplified.

mRNA Abundance Calculations.

mRNA copy number per cell was calculated using the
hybridization signal obtained from GeneChip software (Af-
fymetrix, Santa Clara, Calif.). We assumed that 15,000
mRNA molecules per cell exist in yeast (Hereford and
Rosbash, 1977). The fraction of each gene from the total
hybridization signal was multiplied by 15,000/cell to give
the copy number per cell. For the calculation of mRNA copy
numbers of XYL1, XYL2, and XYL3, the relative abun-
dance of XYL1, XYL2, and XYL3 was compared to ACT1
by quantitative RT-PCR. The ACT1 abundance was used to
normalize the data between the GeneChip experiment and
the RT-PCR result.

Data Analysis and Databases.

The DNA-Chip Analyzer (dChip) program was used to
analyze data from the GeneChip instrument (Affymetrix,
Santa Clara, Calif.). For easier data mining, we constructed
a relational database between GeneChip data and other
on-line databases, such as the Saccharomyces genome data-
base, the Proteome database (Hodges et al., 1998), and the
Comprehensive Yeast Genome Database at MIPS. Hierar-
chical clustering analysis and visualization were performed
by using the Cluster and Treeview programs, which were
developed by Eisen et al. (Eisen et al., 1998).

Induction and Isolation of Respiration Deficient Mutant

A respiration deficient mutant showing a petite phenotype
was obtained by treating a culture of FPL-YSX3 cells (107
cells/mL) with 20 pg/ml ethidium bromide in YPD. The
culture was wrapped with aluminum foil at 30° C. for 24
hours. Cells were cultivated again in YPD with EtBr to
ensure induction of respiration mutant and plated on YPD
agar plates. A petite mutant was selected and designated
YXS3P. Following isolation, respiration activity was evalu-
ated using

a Clark oxygen electrode, and the absence of respiration
activity confirmed.

Fermentation Experiment

S. cerevisiae FPL-YSX3 and the petite mutant FPL-
YSX3P were grown on YPD medium at 30° C. Cells were
harvested and inoculated into 50 ml of YP with sugar
mixture (10 g/I. of glucose and 20 g/L. of xylose) or with
xylose (40 g/L.) in 125 Erlenmeyer flasks shaken 100 rpm.
Fermentations were performed in triplicate.

RESULTS

Construction of Recombinant S. cerevisiae Expressing
Different Levels of XYL3 and XKSI1 in a Background with
Integrated XYL1 and XYL2.

To investigate the relationship between the levels of XK
activity and xylose fermentation, recombinant S. cerevisiae
strains were constructed with different XK activities. FPL-
YS1020, which contains single chromosome-integrated cop-
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ies of XYL.1 and XYL2 driven by the ScCGAPDH promoter
(ScGAPDHp), was used as the host strain for expression of
XYL3 and XKS1. Gene expression levels were altered by
changing the promoters and the plasmid copy number.
ScGAPDHp served as a strong promoter and the native
XYL3 promoter was used as a weak promoter. For copy
number control, either a multi copy or single copy plasmid
harbored the expression cassettes (Table 3). FPL-YS1020
cells transformed with the plasmids were grown on glucose
and xylose, and XK activities were measured. The XK
activity of transformants varied according to copy number,
promoter strength and the carbon source. Generally, XK
activity increased along with copy numbers and promoter
strength (Table 3). FPL-YS32, which contains XYL3 under
control of SCGAPDHp in a multi copy vector, showed the
highest XK activity in the cells both grown on glucose and
xylose (31.35+£2.24 U/mg and 9.99+0.76, respectively).
Transformants containing P. stipitis XYL3 showed higher
XK activity than those containing S. cerevisiae XKSI,
although the same plasmids and promoters were used. XK
activity in control strains increased when cells were grown
on xylose as compared to the cells grown on glucose, which
suggests that expression of endogenous XKS1 is induced by
xylose (Table 3). Expression of genes driven by ScGAPDHp
increased significantly when cells were grown on glucose.

TABLE 3

Xvlulokinase activity in the recombinant strains

Specific xylulokinase
activity (U/mg) + Error®

Strains Glucose Xylose

Control® 0.06 = 0.01 0.21 £ 0.08
FPL-YSX3 0.63 = 0.10 0.67 = 0.11
FPL-YS3IN 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 3135224 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 deviation of each data from average.

®The control represents the average of the values from three strains con-
taining control vectors (pRS314, pRS424, and pYPR2831) expressed in
FPL-YS1020.

Effect of Xylulokinase Activity on Recombinant S. cer-
evisiae Growth.

Growth rates of transformants that showed different levels
of XK were tested on agar plates of YSC drop out medium
with glucose or xylose as the sole carbon source (FIG. 1).
With reference to FIG. 1, ‘S’ and ‘M’ denotes single-copy or
multiple copies of the XK gene, respectively; ‘N’ and ‘G’
denote native or GAPDH promoters, respectively. The spe-
cific growth rate on xylose is expressed in h™*. The levels of
XK activity did not affect growth on glucose. All of the
transformants grew as well as the control strains when
glucose was the carbon source. However, the FPL-YS32,
FPL-YS42, and FPL-YS32N transformants, which showed
relatively higher XK activity when tested following growth
in liquid medium, grew slowly on xylose. The greatest
growth inhibition was observed with FPL-YS32, which
showed the highest XK activity. Note that similar numbers
of colonies were observed with various strains when grown
on glucose, whereas smaller and fewer colonies were
observed when high XK strains were plated on xylose (FIG.
1). Higher expression of either of the XK genes (XKS1 or
XYL3) was deleterious to cell growth. Regardless of the
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origin, overexpression of an XK gene (XYL3 or XKS1) in
S. cerevisiae is toxic to cells grown on xylose.

Effects of Xylulokinase Levels on Xylose Fermentation
by Recombinant S. cerevisiae.

Transformants (FPL-YS31, FPL-YS32, FPL-YS31N,
FPL-YS32N, FPL-YS41, and FPL-YS42) with the XYL3 or
XKS1 gene either under the control of SCGAPDHp or the
native P. stipitis promoter in either multi-copy or single copy
were first grown on the YSC dropout medium with 20 g/L.
of glucose. Cells were harvested and inoculated into 50 ml
of YSC dropout medium with 40 g/, of xylose in 125 ml
Erlenmeyer flasks shaken at 200 rpm. FIG. 2 shows the
profiles of cell mass, xylose consumption, ethanol produc-
tion, xylitol production of yeast strains during xylose fer-
mentation: FPL-YS31 (), FPL-YS32 (), FPL-YS41 (A),
FPL-YS42 (A), and control () (FPL-YS1020 containing the
corresponding plasmid without XYL.3). As discussed above,
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 medium. The slowest grower,
FPL-YS32, also consumed xylose slowest and did not
produce ethanol. FPL-YS31, FPL-YS41, and FPL-YS42
consumed xylose faster but accumulated more xylitol than
control strains. Interestingly, ethanol production decreased
with increasing XK activity in recombinant S. cerevisiae.
Ethanol yields from xylose are presented along with enzy-
matic activities in the FPL-YS31, FPL-YS32, FPL-YS31N,
FPL-YS32N, FPL-YS41, and FPL-YS42 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.

The results presented above indicate that overexpression
of XK is deleterious to the cell when xylose is the sole
carbon source. However, previous studies (Honansson et al.,
2001; Toivari et al., 2001, Ho et al., 1998) reported that
overexpression of S. cerevisiae XKS1 enhances xylose
fermentation by recombinant S. cerevisiae containing XYL.1
and XYL2. Recombinant S. cerevisiae expressing only
XYL1 and XYL2 accumulate xylulose during xylose fer-
mentation (Jin and Jeffries, 2002).

We inferred from these results that growth is inhibited if
the expression level of XK is too high, and if XK expression
levels are too low, cells cannot maintain flux for efficient
xylose assimilation. Therefore, we attempted to bypass these
problems by optimizing the expression level of XYL3 using
a tunable expression vector (Parekh et al., 1996), which uses
a yeast transposon ( Ty, 8) element (Boeke et al., 1985) in the
chromosome as an insertion site. It is possible to obtain
transformants with multiple integration of the vector
because more than several hundred copies of Ty are present
in the yeast genome (Kingsman and Kingsman, 1988).
Multiple integration would give rise to higher levels of gene
expression because expression is essentially a linear func-
tion of copy number. XYL3 was introduced into FPL-
YS1020 using pITyX3, which contains a Ty3 element, the
(G418 resistance gene (neo), and XYL3. pITyX3 was linear-
ized by cutting with Xhol and transformed into FPL-
YS1020. Putative transformants were selected on YPD
containing 300 pg/ml of G418. pITyX3 could integrate into
the S. cerevisiae chromosome at multiple sites. Because the
location and copy number of pITyX3 in the chromosome
could affect the expression of XYL3, 40 independent trans-
formants were tested in single trials for growth on xylose.
Relative growth was calculated by dividing the cell density
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of a transformant culture by the cell density of a parental
strain. FIG. 4A shows the growth of the various transfor-
mants as a histogram in which the relative cell growth is
plotted versus the frequency of its occurrence. The fastest
growing strain and eight other strains were examined 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
based on its product yield, and designated FPL-YSX3. XK
activity in FPL-YSX3 was found to be much higher than the
parental strain, FPL-YS 1020 (Table 3).

Copy Number Determination of XYL3 in FPL-YSX3
Strain.

The copy numbers of XYL.1, XYL2, and XYL3 in FPL-
YSX3 were determined using quantitative PCR, which
offers a wide dynamic range of quantification with high
accuracy (De Preter et al., 2002; Ingham et al., 2001, Bieche
et al., 1998). Because AYL1 and XYL.2 were inserted into
FPL-YSX3 by site-specific integration, a single copy per
haploid genome can be assumed. By comparing the copies
of XYL3 present in 0.2, 0.1, and 0.05 ng DNA to the 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 XYL1,
XYL2, and XYL3 in a single copy. For AYL1 and XYL.2,
0.275+0.77 and 0.207+0.082 equivalents per genome were
found, respectively. The copy number of XYL 1 and XYL2
were similar (P>0.05). In contrast, XYL3 was found at
1.095+0.348 equivalents per genome, which was signifi-
cantly different from XYL1 and XYL2 (P<0.001 for both).
Because XYL1 and XYL.2 are each present in a single copy
in the haploid genome, the copy number of XYL3 was
calculated 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 of three independent
batch fermentations by FPL-YS1020 (FIG. 5A) or FPL-
YSX3 (FIG. 5B) in YP with xylose (40 g/L) at an oxygen
transfer rate of 4.3 mMO,/h. The fluxes are presented as the
average+SD in pmol (g cell h)™'. Metabolic flux distribu-
tions changed drastically after introduction of XYL3.
Xylose consumption increased 1.7-fold and xylitol accumu-
lation decreased 3-fold after expression of XYL3 in FPL-
YS1020. Moreover, xylulose accumulation was not
observed. This result shows that an appropriate level of XK
is important for efficient xylose utilization by recombinant S.
cerevisiae.

Comparison of Xylose Fermentation by Recombinant S.
cerevisiae in YP Medium with Xylose.

Xylose fermentation by .2612, FPL-YS10, FPL-YS1020,
and FPL-YSX3 were compared. [.2612 was the parental
strain used for further engineering of xylose metabolism
(Cho et al., 1999). FPL-YS10 has only XYL1, and FPL-
YS1020 contains XYL.1 and AYL2 (Jin and Jefries, 2002).
FPL-YSX3 contains XYL1, XYL2, and XYL3. YP medium
with 20 g/L. of xylose was used for fermentation experi-
ments. As shown in Table 4, the parental strain FPL-YS 10
did not consume significant amounts of xylose (less than 1
g/L). FPL-YS1020 consumed 8 g/I. of xylose, but half of the
consumed xylose was converted into xylitol (3.93 g/L).
Ethanol production by FPL-YS1020 was not significant
(less than 1 g/I.). However, FPL-YSX3 consumed xylose
much faster than other strains and produced ethanol with a
yield of 0.12 g ethanol/g xylose. FPL-YSX3 still accumu-
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lated xylitol as a by-product, but a much lower level than
lower than that observed with FPL-YS1020 (0.27 g xylitol/g
xylose compared to 0.50 g xylitol/g xylose). These results
clearly show that an appropriate low level of XYL3 expres-
sion increases xylose uptake and ethanol production but
decreases xylitol accumulation during xylose fermentation
by recombinant S. cerevisiae.

TABLE 4
Xylose consumption, xylitol and ethanol production by
S. cerevisiae strains

12612 FPL-YS10 FPL-YS1020  FPL-YSX3
Consumed 037 £0.18 061 x0.12 79+058 1691 +0.44
xylose
(gL)
Produced 0.27 = 0.03 033 £0.01 393+030 456 +0.03
xylitol
(gL)
Ethanol 0 0 0 1.94 = 0.05
(gL)
Xylitol 0.74 = 0.18 0.55 £ 0.09 0.50 = 0.07 0.27 = 0.01
yield (¢/g)
Ethanol 0 0 0 0.12 = 0.01
yield (¢/g)
“Displayed values are the average = SD of three independent replicate

experiments.

Xylose Fermentation by FPL-YSX3 in Minimal Medium
with Xylose.

The FPL-YSX3 strain was transformed with the control
vector (pYPR2831) for the comparison of growth and etha-
nol production from YSC medium with xylose. The cells
were grown on Y SC dropout medium with 20 g/I. of glucose
and inoculated again into 50 ml of YSC dropout medium
with 40 g/L of xylose in 125 ml Erlenmeyer flasks shaken at
200 rpm. FIG. 6 shows profiles of cell mass (@), ethanol
(M), xylose (A), and xylitol (A). The cells grew better on
xylose and consumed xylose much faster than the strains
shown in FIG. 2. Maximum ethanol concentration was 3.4
g/L, which was greater than two-fold higher than that of the
control strains, which do not contain XYL3. However,
xylitol was still a major byproduct (13 g/L).

Overview of Transcriptional Reprogramming with
Respect to Changes in Carbon Sources and Aeration.

In order to identify genes differentially expressed in
response to different carbon sources or aeration conditions,
we filtered GeneChip data with the criteria that we obtained
from replication of the control condition (Table 5). Only
5.0% of genes passing these criteria were differentially
expressed during glucose metabolism between high and low
aeration conditions. This suggests that oxygen does not have
much control over global gene expression during glucose
metabolism. In contrast, 8.7% of genes showed more than
2-fold difference in expression during xylose metabolism
between the two aeration conditions. This result suggests
that xylose metabolism depends greatly on oxygen avail-
ability. Transcripts that changed significantly between two
out of four conditions were classified into functional cat-
egories. As expected, expression of genes involved in energy
production exhibited the greatest change (FI1G. 9). We iden-
tified 785 genes whose mRNA levels shifted significantly
under one or more of the four conditions. The patterns in
expression levels of 785 genes were clustered to reveal the
genes whose expression levels were similar over four dif-
ferent environmental changes. FIG. 10 shows five charac-
teristic clusters that have similar mRNA levels. Cluster A
shows genes whose expression level increases during aero-
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bic conditions regardless of the carbon source. Cluster B
lists genes the expression of which is higher during glucose
metabolism regardless of aeration conditions. Clusters C, D,
E indicate genes that are highly expressed during xylose
metabolism.

TABLE 5

Number of genes showing difference of greater
than two-fold under corresponding conditions

Glucose Xylose
Oxygen Oxygen
Aerobic limited Aerobic limited
Conditions (GA) (GOL) (XA) (XOL)
Glucose  Aerobic (GA) NA 290 136 624 (10.7%)
(5.0%) (2.3%)
Oxygen NA 396 386 (6.6%)
limited (6.8%)
(GOL)

Xylose Aerobic (XA) NA 509 (8.7%)
Oxygen NA
limited
(XoL)

Expression Levels of XYL1, XYL2, and XYL3 in S.
Cerevisiae.

Because we could not monitor expression levels of het-
erologous genes using the S98 array (Affymetrix, Santa
Clara, Calif.), mRNA levels of the heterologous genes
XYL1, XYL2, and XYL3 from P, stipitis were monitored by
quantitative RT-PCR. As shown in FIG. 11, XYL1 and
XYL2 did not change more than three-fold. Because these
two genes are under the control of the GAPDH promoter,
they show similar patterns of expression under four condi-
tions. The mRNA level of XYL3 was much lower than the
mRNA levels for XYL.1 and XYL2 because transcription of
XYL3 was driven by its native P. stipitis promoter. Whereas
the GAPDH promoter appears to have induced transcription
of XYL1 and XYL2 under oxygen-limited conditions,
reduced aeration led to the lower transcript levels for XYL3
under the control of its native P. stipitis promoter.

Expression Levels of Primary Energy Metabolism Genes.

In order to investigate how environmental changes affect
expression of genes encoding proteins responsible for pri-
mary energy metabolism, we chose the genes in the glyco-
lysis, pentose phosphate, TCA cycle and respiration path-
ways and compared the mRNA levels under four
experimental conditions (FIG. 12). mRNA abundances of
the genes in glycolysis did not change much as a function of
carbon source or aeration conditions. Interestingly, expres-
sion of HXK1, which encodes hexokinase PI, increased
significantly (more than ten fold) when cells were grown on
xylose regardless of aeration conditions. This was an unex-
pected result, because hexokinase PI is totally unrelated to
xylose metabolism. Hexokinase PI is induced when cells are
grown on nonfermentable carbon sources (Herrero et al.,
1995), which suggests that recombinant S. cerevisiae rec-
ognizes xylose as a nonfermentable carbon source. Our
hypothesis that xylose does not induce the expression of
fermentative enzymes did not appear to be correct because
mRNA levels of PDC1 and ADH1 were quite stable
throughout all four conditions. However, our hypothesis that
xylose does not repress respiration appears to be valid
according to mRNA levels observed from experiments. The
transcription of genes encoding enzymes of the TCA cycle
or respiration pathway increased during xylose metabolism,
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whereas transcription of those genes was strictly repressed
during glucose metabolism, regardless of the aeration con-
ditions.

We also observed increased expression of genes (GND1,
RPE1, TAL1) expressing proteins involved in the pentose
phosphate pathway under aerobic conditions relative to
oxygen-limited conditions regardless of the carbon source.

Expression Levels of Sugar Transporters.

Xylose transport may limit xylose fermentation in recom-
binant S. cerevisiae FPL-YSX3 because, in contrast to native
xylose fermenting yeast, S. cerevisiae FPL-YSX3 does not
have high affinity for xylose transporters. Xylose is known
to be transported by hexose transporters in S. cerevisiae,
although the specificity and rate are lower than for glucose.
The mRNA levels of hexose transporters were investigated.
Of all known 17 hexose transporters, HXT1, HXT2, HXT3,
HXT4, HXTS, HXT6, and HXT7 were differentially
expressed under four conditions (Table 6). It is known that
transcription of HXT1 and HXT3 are induced by high
glucose concentration (Reifenberger et al., 1997). We con-
firmed that mRNA levels of HXT1 and HXT3 were higher
in the cell during growth on glucose relative to levels of cells
grown on xylose. Induced transcription of HXT2 during
growth on xylose at high aeration was unexpected because
HXT2 and HXT4 are known to be expressed at a low level
in cells growing either in the absence of glucose or in high
concentrations of glucose (Reifenberger et al., 1997). Tran-
scription of HXT6 and HXT7 was highly derepressed in the
cells grown on xylose. Derepression of HXT6 and HXT7 is
usually observed when cells are grown on non-fermentable
carbon sources.

TABLE 6

mRNA levels of hexose transporters under different conditions

mRNA abundance (copies/cell + Error

ORF Gene G/A G/OL X/A X/OL
YHRO094C HXT1 9.2 £ 0.6 2.7 0.1 0.1
YMROIIW  HXT2 29 £0.3 0.2 7.5 0.9
YDR345C HXT3 82 = 1.1 55 0.8 1.0
YHRO092C HXT4 0.2 £0.0 1.8 0.1 0.7
YHRO96C HXTS 0.0 £ 0.0 0.0 0.3 24
YDR343C HXT6 2203 1.9 31.5 50.6
YDR342C HXT7 2.8 0.3 1.8 29.1 45.0

Expression Levels of Redox Shuttle in Mitochondria.

One of the main differences between glucose and xylose
fermentation is cytosolic redox balance. Yeast cells can
maintain a neutral redox balance in the cytosol during
glucose fermentation by coupling NAD™ reduction in glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) reaction
to the ADH reaction. However, cells confront a redox
imbalance during xylose fermentation because of cofactor
difference in XR and XDH reaction, which causes xylitol
accumulation as a byproduct. To understand how yeast
responds to this imbalance during xylose metabolism, we
evaluated mRNA transcript levels of known NAD*/NADH
shuttle systems, including cytosolic NAD*-dependent alco-
hol dehydrogenase (ADHI1), mitochondrial NAD"-depen-
dent alcohol dehydrogenase (ADH3), mitochondrial internal
NADH dehydrogenase (NDI1), mitochondrial external
NADH dehydrogenase (NDE1), cytosolic NAD*-dependent
G-3-P dehydrogenase (GPD1), and mitochondrial flavopro-
tein G-3-P dehydrogenase (GUT2) (FIG. 13). mRNA levels
of genes responsible for NAD*/NADH shuttle systems
increased significantly during xylose metabolism. The
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expression of NDI1, NDE1, GPD1, and GUT1 induced
during xylose metabolism. This suggests that NAD*/NADH
shuttle systems are responsible for maintaining redox bal-
ance during xylose metabolism (FIG. 13).

TABLE 6

mRNA levels of hexose transporters under different conditions

mRNA abundance (copies/cell + Error

ORF Gene G/A G/OL X/A X/OL
YHRO094C HXT1 9.2 £ 0.6 2.7 0.1 0.1
YMROIIW  HXT2 29 £0.3 0.2 7.5 0.9
YDR345C HXT3 82 = 1.1 5.5 0.8 1.0
YHRO092C HXT4 0.2 £0.0 1.8 0.1 0.7
YHRO96C HXTS 0.0 £ 0.0 0.0 0.3 2.4
YDR343C HXT6 2203 1.9 31.5 50.6
YDR342C HXT7 2.8 0.3 1.8 29.1 45.0

Expression Levels of Transcriptional Factor Hap4.

Transcriptional activator Hap2/3/4/5 complex is known to
induce the expression of respiratory genes. When S. cerevi-
siae is grown on nonfermentable carbon sources, the com-
plex binds to the so-called CCAAT box, which is usually
found upstream of respiratory genes (SPR3, COX6, QCRS,
and CYC1) (Olesen et al., 1987). We profiled the mRNA
levels of each transcriptional factor in Hap2/3/4/5 complex
under four conditions (FIG. 14). mRNA of HAP4 increased
most significantly during xylose metabolism, which is con-
sistent with previous findings that Hap4 is the main regulator
of this complex (Forsburg and Guarente, 1989). This result
also supports the hypothesis that the regulatory systems of S.
cerevisiae treat xylose as a nonfermentable carbon source.

Induction and Isolation of Respiration Deficient Mutant.

The GeneChip experiment clearly indicated that xylose
metabolism in xylose-metabolizing recombinant S. cerevi-
siae 1s oxidative because xylose did not repress expression
of genes in the TCA cycle and respiration. Consequently,
metabolic flux at the pyruvate branch point is not favorable
for ethanol production.

Therefore, we attempted to increase the metabolic flux
into ethanol production by completely blocking respiration
in S. cerevisiae. Because S. cerevisiae is a petite positive
yeast, a cytoplasmic petite mutant was isolated by treatment
with ethidium bromide (EtBR). The respiration rates by the
parental strain (FPL-YSX3) and the petite mutant (FPL-
YSX3P) were measured to confirm the absence of respira-
tion. The FPL-YSX3 consumed oxygen at the rate of
29.61x1.65 umol (g cell'min)~'. However, the FPL-YSX3P
did not consume a measurable amount of oxygen (data not
shown). We also tested growth of petite mutant on glucose
and xylose. Interestingly, FPL-YSX3P grew on glucose, but
not on xylose. This result was consistent with previous
observation that even xylose fermenting yeast could not
grow on xylose under anaerobic conditions. Because petite
cells are not capable of respiration when grown on xylose,
it is evident that the limited amount of growth obtained with
these cells is due to substrate level phosphorylation.

Redirecting Carbon Flux by Removing Competing Reac-
tion.

Although the respiration deficient mutant (FPL-YSX3P)
could not grow on xylose, it showed improved fermentation
capacity compared to its parental strain (FPL-YSX3). As
shown in FIG. 15, the FPL-YSX3P produced more ethanol
from the sugar mixture of 10 g/L. of glucose and 20 g/IL of
xylose. Maximum ethanol concentration increased 1.3 fold
in FPL-YSX3 as compared to FPL-YSX3. We also per-
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formed xylose fermentation as a sole carbon source after
growing the cells on glucose (FIG. 16). Specific ethanol
production rate increased about three-fold in the respiration
mutant as compared to the parental strain (0.013 g to 0.043
g ethanol/(g cell'h)). The mutant strain produced more
ethanol and accumulated less xylitol from xylose. The
maximum ethanol concentrations from 40 g/[ of xylose
were 5.4 g ethanol/L and 10.7 g/L. for the FPL-YSX3 and the
FPL-YSX3P, respectively. The ethanol yield significantly
increased (from 0.12 g ethanol/g xylose to 0.29 g ethanol/g
xylose) and xylitol yield slightly decreased (from 0.55 g
xylitol/g xylose to 0.46 g xylitol/g xylose).

Integrating Gene Expression Data into Known Regulatory
Network in Yeast.

To investigate that our expression data is compatible with
known regulatory network in yeast and to summarize the
data, we superimposed our expression results into a network.
We retrieved a physical interaction network with 311 ele-
ments, which represent transcriptional activators and the
genes of which expression is affected by the transcriptional
factors. We found moderately good correlation between our
expression data and the previous known network. Respira-
tion related transcriptional activators and the genes regulated
by these transcriptional factors were more expressed when
cells were grown on xylose. Most transcriptional factors and
genes related to amino acid synthesis are expressed more
when cells were grown on glucose. In contrast, GCN4
transcript level was slightly higher on xylose than on glu-
cose. This confirms previous findings that regulation of
Gend occurs at the level of translation rather than transcrip-
tion. (Hinnebusch, 1997).

Each publication cited herein is incorporated by reference
in its entirety.

The present invention is not limited to the exemplified
embodiments, but is intended to encompass all such modi-
fications and variations as come within the scope of the
following claims.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 9

<210> SEQ ID NO 1

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae
<400> SEQUENCE: 1

gataccttcg tcaatggcct tct

<210> SEQ ID NO 2

<211> LENGTH: 17

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae
<400> SEQUENCE: 2

ttcgacggtg ccgaaga

<210> SEQ ID NO 3

<211> LENGTH: 17

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae
<400> SEQUENCE: 3

ttcgacggtg ccgaaga

<210> SEQ ID NO 4

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae
<400> SEQUENCE: 4

gataccttcg tcaatggcct tct

<210> SEQ ID NO 5

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 5

gaaggtgaca ttgcctctta ctttg

<210> SEQ ID NO 6

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 6

tccggtgaac gagtagattt taca
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-continued

29
<210> SEQ ID NO 7
<211> LENGTH: 38
<212> TYPE: DNA
<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 7

ggccagtgaa ttgtaatacg actcatatag ggaggcgg

<210>
<211>
<212>
<213>

SEQ ID NO 8

LENGTH: 24

TYPE: DNA

ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 8

ctgtaagaag aattgcacgg tccc

<210>
<211>
<212>
<213>

SEQ ID NO 9

LENGTH: 22

TYPE: DNA

ORGANISM: Saccharomyces cerevisiae
<400> SEQUENCE: 9

tcaaaatggc gtgaggtaga ga

38

24

22

We claim:

1. A recombinant xylose-fermenting respiration deficient
Saccharomyces cerevisiae yeast strain comprising heterolo-
gous polynucleotide sequences encoding xylose reductase,
xylitol dehydrogenase, and D-xylulokinase.

2. The recombinant strain of claim 1, wherein the strain
has reduced respiration relative to that of the strain from
which it was derived.

3. The recombinant strain of claim 1, wherein the strain is
deposited as NRRL Y-30603.

4. A method of producing ethanol from the fermentation
of xylose comprising: culturing the recombinant strain of
claim 1 with xylose-containing material under suitable con-
ditions for a period of time sufficient to allow fermentation
of xylose to ethanol.

5. The method of claim 4, wherein the recombinant strain
is caused to have reduced respiration relative to the strain
from which it was derived.
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6. The method of claim 4, wherein the recombinant strain
ferments xylose to ethanol at a higher rate than the strain
from which it was derived.

7. The method of claim 5, wherein the recombinant strain
is the strain deposited as NRRL Y-30603.

8. The recombinant strain of claim 1, wherein the yeast is
a petite mutant.

9. The method of claim 4, wherein the recombinant strain
is deposited as NRRL Y-30602.

10. The method of claim 4, wherein the recombinant
strain is a respiration deficient mutant of the strain deposited
as NRRL Y-30602.

11. A recombinant Saccharomyces cerevisiae strain
deposited as NRRL Y-30602.

12. A respiration deficient mutant of the recombinant
Saccharomyces cerevisiae strain of claim 11.



