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Saccharomyces cerevisiae cannot utilize cellobiose, but this yeast can be engineered to ferment cellobiose by introducing both cellodex-
trin transporter (cdt-1) and intracellular 3-glucosidase (ghI-1) genes from Neurospora crassa. Here, we report that an engineered S.
cerevisiae strain expressing the putative hexose transporter gene HXT12.4 from Scheffersomyces stipitis and gh1-1 can also ferment cel-
lobiose. This result suggests that HXT2.4p may function as a cellobiose transporter when HXT2.4 is overexpressed in S. cerevisiae.
However, cellobiose fermentation by the engineered strain expressing HXT2.4 and gh1-1 was much slower and less efficient than that
by an engineered strain that initially expressed cdt-1 and gh1-1. The rate of cellobiose fermentation by the HXT2.4-expressing strain
increased drastically after serial subcultures on cellobiose. Sequencing and retransformation of the isolated plasmids from a single col-
ony of the fast cellobiose-fermenting culture led to the identification of a mutation (A291D) in HXT2.4 that is responsible for improved
cellobiose fermentation by the evolved S. cerevisiae strain. Substitutions for alanine (A291) of negatively charged amino acids (A291E
and A291D) or positively charged amino acids (A291K and A291R) significantly improved cellobiose fermentation. The mutant
HXT2.4(A291D) exhibited 1.5-fold higher K,,, and 4-fold higher V, . values than those from wild-type HXT2.4, whereas the expression
levels were the same. These results suggest that the kinetic properties of wild-type HXT2.4 expressed in S. cerevisiae are suboptimal,
and mutations of A291 into bulky charged amino acids might transform HXT2.4p into an efficient transporter, enabling rapid cellobi-

ose fermentation by engineered S. cerevisiae strains.

Ethanol production from cellulosic biomass not only is sustain-
able but also does not cause ethical issues like corn- or sugar-
based ethanols do (1). The economic production of ethanol from
cellulosic biomass requires substantial improvements in all unit
operations, such as physical pretreatment, chemical or enzymatic
depolymerization, and fermentation. The efficient hydrolysis of
cellulose and the utilization of mixed sugars (glucose and xylose)
present in cellulosic hydrolysates are especially necessary for pro-
ducing cellulosic ethanol on a commercial scale (2—4).

Fungal cellulases, which are widely used for degrading cellulose,
exhibit weak B-glucosidase activity. The low B-glucosidase activity
can lead to an accumulation of cellobiose because of its slow degra-
dation of cellobiose into glucose during simultaneous saccharifica-
tion and fermentation (SSF). The accumulation of cellobiose during
SSF reduces the overall rate and efficiency of cellulose hydrolysis be-
cause cellobiose is an inhibitor of cellulases. Therefore, supplementa-
tion with bacterial or fungal B-glucosidase is necessary to enhance
cellulose hydrolysis in spite of the disadvantages in the cost of doing
so. In order to reduce the enzyme costs from supplementation with
B-glucosidase, engineered Saccharomyces cerevisiae strains capable of
directly fermenting cellobiose have been developed (5-7). Because
native S. cerevisiae cannot utilize cellobiose, the introduction of cello-
dextrin transporter (cdt-1) and intracellular B-glucosidase (ghl-1)
from Neurospora crassa, the display of B-glucosidase on the surface of
yeast cells, or the secretion of 3-glucosidase is necessary to facilitate
cellobiose assimilation by yeast (5, 8, 9). These cellobiose-fermenting
S. cerevisiae strains are expected to enable SSF processes without the
need to supplement with 3-glucosidase.
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In addition to the cost benefit of eliminating B-glucosidase
during SSF, the direct fermentation of cellobiose rather than the
fermentation of glucose after cellobiose hydrolysis might facilitate
efficient and rapid fermentation of the mixed sugars present in
cellulosic hydrolysates (10). Most cellulosic hydrolysates contain
both glucose and xylose as major sugars. While S. cerevisiae can be
engineered to ferment xylose, the ethanol yields and productivity
from xylose by engineered S. cerevisiae strains are substantially
lower than those from glucose fermentation (11-13). Moreover,
the sequential utilization of glucose and xylose by engineered S.
cerevisiae strains has been reported when mixtures of glucose and
xylose were used, because glucose inhibits xylose transport in en-
gineered S. cerevisiae (14). This sequential utilization of glucose
and xylose may result in even lower xylose fermentation rates
because of the high ethanol concentrations produced by glucose
fermentation when xylose is converted into ethanol. In order to
overcome this drawback from the sequential utilization of cellu-
losic sugars, we proposed simultaneous cofermentation of cello-
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biose and xylose by engineered S. cerevisiae strains as a solution
(6). Additionally, simultaneous cofermentation by engineered
yeast strains of cellobiose and galactose, which are prevalent in the
hydrolysates of marine plant biomass, has been demonstrated (7).

Three cellodextrin transporters (cdt-1, cdt-2, and NCU00809)
from N. crassa were identified and functionally expressed in S.
cerevisiae (5). However, cellobiose fermentation rates by engi-
neered strains expressing each cellodextrin transporter and ghl-1
were much different (i.e., the rate for the cdt-1-expressing strain
was higher than that for the one expressing cdt-2, which was
higher than that for the strain expressing NCU00809) (6). This
indicates that cellodextrin transport might be a limiting step for
efficient cellobiose fermentation by engineered S. cerevisiae
strains. In addition to cellodextrin transporters from N. crassa,
two cellobiose transporters from Scheffersomyces stipitis and
Kluyveromyces lactis were identified and were functionally ex-
pressed in S. cerevisiae. Slow cellobiose fermentation by an engi-
neered S. cerevisiae strain expressing a putative hexose transporter
(HXT2.4) and B-glucosidase (BGL5) from S. stipitis has been re-
ported (15). Also, the coexpression of LACI2, coding for lactose
permease from K. lactis, and cepA, coding for cellobiose phos-
phorylase from Clostridium stercorarium, resulted in slow cellobi-
ose utilization in S. cerevisiae (16).

In this study, we also observed poor cellobiose fermentation by
an engineered S. cerevisiae strain expressing HXT2.4 and the gene
coding for intracellular B-glucosidase (ghl-1). However, we were
able to isolate a mutant HXT2.4 that improved cellobiose fermenta-
tion drastically compared to the wild-type HXT2.4, by performing
serial subcultures on cellobiose medium. Expression of the mutant
HXT2.4(A291D) not only led to a higher cellobiose consumption
rate than expression of the wild-type HXT2.4 did, but also resulted in
less accumulation of cellodextrin than that resulting from expression
of cdt-1. We further characterized mutant variants obtained through
saturation mutagenesis of the A291 residue and deduced the relation-
ships between different amino acid substitutions at position A291 of
HXT2.4 and rates of cellobiose fermentation.

MATERIALS AND METHODS

Strains and plasmid constructions. S. cerevisiaee CEN.PK2-1D (MAT«
leu2 trp1 ura3 his3 MAL2-8° SUC2) (17) and S. cerevisiae D452-2 (MATo
leu2 his3 ura3 canl) (18) were used for engineering cellobiose metabolism
in yeast. Escherichia coli DH5 (F~ recAl endA1 hsdR17 [t~ my | supE44
thi-1 gyrA relAI) (Invitrogen, Gaithersburg, MD) was used for gene clon-
ing and manipulation. In order to overexpress HXT2.4 in S. cerevisiae,
HXT2.4 was cloned from S. stipitis (GenBank accession no.
XM_001387720) and ligated with the pRS426 expression vector. HXT2.4
was amplified by PCR with the forward primer HXT2.4-F (5'-GGCGGA
TCCAAAAATGTCTGACAAACTTCACAACATCAAG-3') and the re-
verse primer HXT2.4-R (5'-GGCGTCGACATAATCAGGTATAATTTA
TTGACTAAAGCTTAG-3") (the introduced BamHI and Sall restriction
sites of each primer are underlined). The phosphoglycerokinase (PGKI)
promoter and the CYCI terminator were used to overexpress HXT2.4, as
we previously constructed pRS426 cdt-1 for overexpressing cdt-1(6).
pRS425-ghl-1 containing ghl-1 under the control of the PGK1 promoter
and the CYCI terminator was coexpressed to enable the intracellular uti-
lization of cellobiose (6).

Medium and culture conditions. E. coli was grown in Luria-Bertani
medium; 50 pg/ml of ampicillin was added to the medium when required.
Yeast strains were routinely cultivated at 30°C in YP medium (10 g/liter
Bacto yeast extract and 20 g/liter Bacto peptone) supplemented with 20
g/liter of glucose. To select transformants using amino acid auxotrophic
markers, we used yeast synthetic complete (YSC) medium, which con-
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tained 6.7 g/liter of a yeast nitrogen base plus 20 g/liter of glucose; 20
g/liter of agar; and CSM-Trp (Bio 101, Vista, CA), which supplied the
appropriate nucleotides and amino acids.

Fermentation experiments. Yeast cells were grown in YP medium con-
taining 20 g/liter of cellobiose to prepare the inocula for cellobiose fermenta-
tion experiments. Cells at mid-exponential phase from YP medium contain-
ing cellobiose were harvested and inoculated after being washed twice with
sterilized water. All of the flask fermentation experiments were performed
using 50 ml of YP medium containing 80 g/liter of cellobiose in a 250-ml flask
at 30°C, with an initial optical density at 600 nm (ODg,) of ~1.0 under
oxygen-limited conditions. All flask fermentation experiments were indepen-
dently repeated twice. The variation between independent fermentations was
less than 5%. The fermentation profiles shown in Fig. 1 to 5 are from one
representative fermentation. An evolutionary engineering approach to im-
prove the cellobiose fermentation rate of an HXT2.4-expressing strain was
performed using serial subcultures on cellobiose medium. When initial cel-
lobiose (80 g/liter) was almost consumed, small amounts of cells were trans-
ferred to a new medium to make an initial ODy,, of ~0.01. These serial
subcultures were repeated nine times for 50 days. After the ninth serial sub-
culture, a single colony was isolated from YSC medium agar plates containing
20 g/liter of cellobiose. The improved phenotypes were confirmed by the
isolated single colony, and then plasmids were isolated and sequenced. For
cellodextrin fermentations, cellobiose, cellotriose, or cellotetraose was used as
a sole carbon source to monitor cell growth in 200 pl of YP medium using a
96-well plate. A 50-pl aliquot of mineral oil was added to the top of the
medium to prevent evaporation during fermentations. The initial ODg, was
~0.2. A Synergy H4 hybrid microplate reader (BioTek Instruments Inc.,
Winooski, VT) was used with continuous mixing. Cellotriose and cellote-
traose were obtained from the Seikagaku Biobusiness Corporation (Tokyo,
Japan).

Yeast transformation and plasmid isolation. Transformations of ex-
pression cassettes for constructing cellobiose metabolic pathways were
performed using the EZ-Yeast transformation kit (Bio 101, Vista, CA).
Transformants were selected on YSC medium containing 20 g/liter of
glucose or cellobiose. Amino acids and nucleotides were added as nec-
essary. Plasmid isolation from an evolved engineered S. cerevisiae
strain was performed using Zymoprep yeast plasmid miniprep I kit
(Zymo Research, Inc., Orange, CA) and the isolated plasmids were
amplified through E. coli transformation. The isolated plasmid from
the evolved strain was sequenced using primers (see Table S1 in the
supplemental material).

Saturation mutagenesis. Saturation mutagenesis was carried out us-
ing the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA) to generate all possible substitutions at the A291 residue of HXT2.4.
A library of random mutants [HXT2.4(A291X)] was synthesized with a
set of degenerate mutagenic primers, HXT_A291X-1 (5'-GAAAAGTTA
TATNNNAGCTCTTCTTAC-3") and HXT_A291X-2 (5'-GTAAGAAGA
GCTNNNATATAACTTTTC-3'), using pRS426-HXT2.4 as a template.
PCR was performed on a C1000 thermal cycler (Bio-Rad) under the fol-
lowing conditions: an initial denaturation step for 30 s at 98°C followed by
16 repeating cycles of 20 s at 98°C, 30 s at 50°C, and 5 min at 72°C, and a
final step of 10 min at 72°C.

Measurement of HXT2.4 expression levels via fluorescence. For the
expression of green fluorescent protein (GFP)-tagged wild-type (WT)
HXT2.4 or mutant HXT2.4(A291D), the GFP-containing pRS426 plas-
mid with the PGKI promoter and CYCI terminator was used (5). When
the ODy, reached ~10 during fermentations, yeast cells were harvested
and washed twice with sterilized water. A 200-pl aliquot of the cell sus-
pension was transferred to a Corning 96-well clear-bottomed plate (Corn-
ing, NY). Fluorescence intensities were measured with a BioTek Synergy
HT spectrophotometer (Winooski, VT) using excitation and emission
wavelengths of 485 and 528 nm, respectively.

Determination of [*H]cellobiose transport assays and kinetic pa-
rameters. Cellobiose transport assays were performed using a modifica-
tion of the oil-stop method (19). Engineered yeast strains expressing
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transporter genes fused to GFP were grown to the mid-exponential phase
in selective medium, washed 3X with assay buffer (30 mM morpho-
lineethanesulfonic acid [MES]-NaOH [pH 5.6] and 50 mM ethanol), and
resuspended to an ODy,, of 40. To start transport reactions, 50 .l of cells
was added to 50 pl of [*H]cellobiose layered over 100 ul of silicone oil
(Sigma 85419). Reactions were stopped by spinning cells through oil
for 1 min at 17,000 X g, tubes were frozen in ethanol and dry ice, and
tube bottoms containing the cell pellets were clipped off into 1 ml of
0.5 M NaOH. The pellets were solubilized overnight, 5 ml of Ultima
Gold scintillation fluid was added, and the counts per minute (cpm)
were determined in a Tri-Carb 2900TR scintillation counter. [*H]cel-
lobiose was purchased from Moravek Biochemicals, Inc., and had a
specific activity of 4 Ci/mmol and a purity of >99%. Kinetic parame-
ters were determined by measuring the linear rate of [*H]cellobiose
uptake over 3 min for cellobiose concentrations between 0.5 and 400

M. V.., and K, values were determined by fitting a single rectangu-
lar 2-parameter hyperbolic function to a plot of rates versus cellobiose
concentration by using a nonlinear regression in SigmaPlot. V.. val-
ues were normalized for differences in transporter abundance by mea-
suring the GFP fluorescence from 200 .l of cells at an ODg, of 40
immediately before beginning transport assays. Kinetic parameters in
the text are reported as the means = the standard errors of the mean
(SEM) from three separate experiments.

Analytical methods. Cell growth was monitored by OD, using a
UV-visible spectrophotometer (BioMate 5; Thermo Spectronic, NY). Cel-
lobiose, cellodextrin, glucose, glycerol, acetate, and ethanol concentra-
tions were determined using a high-performance liquid chromatograph
(HPLC) (1200 series; Agilent Technologies) equipped with a refractive
index detector using a Rezex ROA-Organic Acid H" (8%) column (Phe-
nomenex Inc., Torrance, CA). The column was eluted with 0.005 N
H,SO, at a flow rate of 0.6 ml/min at 50°C.

RESULTS

Introduction of HXT2.4 from S. stipitis into S. cerevisiae with
intracellular 3-glucosidase (ghl-1) resulted in poor cellobiose
fermentation. Eight putative cellodextrin transporters, which
have been annotated as lactose transporters (LACI, LAC2, and
LAC3) and putative hexose transporters (HXT2.1, HXT2.3,
HXT2.4, HXT2.5, and HXT2.6), were identified from a BLAST
search using CDT-1 and CDT-2 from N. crassa as query proteins.
Those eight transporters showed high amino acid sequence
identities with CDT-1 (29% to 32%) and CDT-2 (29% to 36%).
Among the identified putative transporters, we selected
HXT2.4 as a strong candidate because HXT2.4 has high se-
quence identities with both CDT-1 (31%) and CDT-2 (36%).
HXT2.4 was cloned and ligated with pRS426 vector under the
control of the PGK1 promoter and the CYCI terminator, as we
previously constructed pRS426-cdt-1 for overexpressing cdt-1
(6). After overexpression of either HXT2.4 or cdt-1 along with
ghl-1in S. cerevisiae (CEN.PK2-1D), cellobiose fermentation
rates by the resulting strains (CEN-HXT2.4-BGL and CEN-
CDTI1-BGL) were investigated (see Fig. S1 in the supplemental
material). The CEN-HXT2.4-BGL strain consumed 72 g/liter
of cellobiose and produced 29 g/liter of ethanol for 54 h,
whereas the CEN-CDT1-BGL strain consumed 79 g/liter of
cellobiose and produced 31 g/liter of ethanol within 36 h. Al-
though the ethanol yields (0.39 to 0.40 g/g) by the CEN-
HXT2.4-BGL and CEN-CDT1-BGL strains were similar, the
cellobiose consumption rate (1.33 g cellobiose/liter - h) and
ethanol productivity (0.54 g ethanol/liter - h) of the CEN-
HXT2.4-BGL strain were 40% lower than those (2.19 g cello-
biose/liter - h and 0.86 g ethanol/liter - h) of the CEN-CDT1-
BGL strain.
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Isolation of a mutant HXT?2.4 strain facilitates higher cello-
biose fermentation rates through an evolutionary engineering
approach. Serial subcultures of the CEN-HXT2.4-BGL strain on
cellobiose medium were performed to increase the rate of cellobi-
ose fermentation. The specific growth rates of the CEN-HXT2.4-
BGL strain growing on a cellobiose medium as a sole carbon
source increased drastically (from 0.029 h™" t0 0.080 h™") during
serial transfers (see Fig. S2 in the supplemental material). After the
ninth serial subculture where the specific growth rate of the cul-
ture did not improve further, the evolved cells were plated onto
the synthetic complete (SC) medium containing 20 g/liter of cel-
lobiose as a sole carbon source in order to isolate a single colony.
The cellobiose fermentation rate of the single colony (evolved
CEN-HXT2.4-BGL) was determined using YP medium contain-
ing 80 g/liter of cellobiose. The evolved CEN-HXT2.4-BGL strain
consumed 75 g/liter of cellobiose and produced 32 g/liter of eth-
anol within 36 h, resulting in an ethanol yield of 0.43 g/g (Fig. 1).
Compared to its parental strain (CEN-HXT2.4-BGL), the evolved
CEN-HXT2.4-BGL strain showed a higher cellobiose consump-
tion rate (1.33 g/liter - h versus 2.08 g/liter - h) and greater ethanol
productivity (0.54 g/liter - h versus 0.88 g/liter - h). Cell growth,
cellobiose consumption rate, and ethanol production rate of the
evolved CEN-HXT2.4-BGL strain were almost comparable to
those of the CEN-CDT1-BGL strain. Interestingly, the amounts of
accumulated cellodextrin (cellotriose and cellotetraose) of the
evolved CEN-HXT2.4-BGL strain were much lower than those of
the CEN-CDT1-BGL strain, resulting in a higher ethanol yield
(0.43 g/g versus 0.39 g/g) (Fig. 1D).

Single amino acid substitution (A291D) in HXT2.4 in theiso-
lated plasmid from the evolved CEN-HXT2.4-BGL strain. Both
plasmids (pRS426-HXT2.4 and pRS425-ghl-1) isolated from the
evolved CEN-HXT2.4-BGL strain were sequenced to identify any
putative mutations that were responsible for improved cellobiose
fermentation by the evolved CEN-HXT2.4-BGL strain. There was
no mutation in pRS425-ghlI-1, but a single nucleotide mutation
(C872A) was found in the coding region of HXT2.4 from pRS426-
HXT2.4. This mutation was predicted to make an amino acid
change from alanine to aspartate at position 291 (A291D) of the
translated polypeptide. A protein structure modeling tool
(Phyre?) (20) predicted that the A291D mutation might be located
in the cytoplasmic area between the sixth and seventh domains
among 12 membrane-spanning domains (see Fig. S3 in the sup-
plemental material). No other mutations were found in other re-
gions, such as the promoter, the origin of plasmid replication, or
auxotrophic markers of the isolated plasmids from the evolved
CEN-HXT2.4-BGL strain. We also confirmed the effect of the
A291D mutation in the open reading frame of HXT2.4 by retrans-
forming not only the isolated plasmids into the parental strain but
also a created plasmid containing the A291D mutation via site-
directed mutagenesis. The resulting strains showed cellobiose fer-
mentation rates almost identical to those of the evolved CEN-
HXT2.4-BGL strain (see Fig. S4 in the supplemental material),
suggesting that there was no chromosomal mutation contributing
to the improved cellobiose fermentation of the evolved CEN-
HXT2.4-BGL strain.

Substitutions of alanine with negatively charged amino acids
(aspartate and glutamate) at position 291 of HXT2.4 led to im-
proved cellobiose fermentation. The effects of amino acid sub-
stitutions at position 291 of HXT2.4(A291X) on cellobiose fer-
mentation were investigated through saturation mutagenesis. A
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FIG 1 Cellobiose fermentation profiles by the CEN-CDT1-BGL, CEN-HXT2.4-BGL, and evolved CEN-HXT2.4-BGL strains. Fermentation experiments were
performed on YP medium containing 80 g/liter of cellobiose under oxygen-limited conditions. Symbols: CEN-CDT1-BGL (@), CEN-HXT2.4-BGL (M), and

evolved CEN-HXT2.4-BGL (A).

library of random mutants (pRS426-HXT2.4_A291X) was con-
structed using a QuikChange site-directed mutagenesis kit with
degenerated primers (21). The diversity of the mutant library was
confirmed by sequencing the isolated plasmids from 10 randomly
picked clones. Ten sequenced plasmids all contained different nu-
cleotides (GAA, GGG, CAT, AAA, TTC, TTA, CTA, TCT, TCA,
and TAT) at positions 871 to 873, with glutamate, glycine, histi-
dine, lysine, leucine, serine, or tyrosine substituted for alanine.
After introduction of the plasmids containing mutated amino ac-
ids at position A291 of HXT2.4, along with pRS425-ghi-1, into S.
cerevisiae D452-2, cellobiose consumption rates and ethanol pro-
duction rates of the transformants were compared with those of
the control strain with the WT HXT2.4 (Table 1; see also Fig. S5 in
the supplemental material). As expected, all resulting strains
showed varied cellobiose fermentation rates depending on the
mutation at position 291 of HXT2.4(A291X). The substitution of
alanine with glutamate (A291E) in HXT2.4 enabled the fastest
cell growth, highest cellobiose consumption rate, and greatest
ethanol production among the 10 transformants. The mutant
HXT2.4(A291E) transformant consumed 78 g/liter of cellobiose
within 24 h, whereas the WT HXT2.4 transformant consumed
only 56 g/liter of cellobiose over 60 h. Interestingly, the substitu-
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TABLE 1 Sequencing results of 10 randomly picked mutant
HXT2.4(A291X) strains selected from the library of mutant
HXT2.4(A291X) strains based on growth on cellobiose

Cellobiose

Nucleotides at ~ Amino acid

positions substitution at  consumption rate  Ethanol production
871-873 position 291 (g/liter - h)“ rate (g/liter - h)?
GCC Alanine® 0.94 0.15

GAA Glutamate 3.18 1.16

AAA Lysine 2.14 0.88

CTA Leucine 1.55 0.41

TTA Leucine 1.09 0.20

TTG Leucine 0.77 0.14

TAT Tyrosine 0.91 0.15

TCT Serine 0.53 0.06

TCA Serine 0.51 0.05

GGG Glycine 0.42 0.01

CAT Histidine No growth

@ After expression of the mutant HXT2.4(A291X) and ghl-1 in Saccharomyces cerevisiae,
cellobiose fermentation rates were compared with those of the WT HXT2.4
transformant.

b Alanine is the amino acid in the wild-type HXT2.4 transformant.
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FIG 2 Comparison of cellobiose consumption rates, ethanol production
rates, and maximum amounts of accumulated cellodextrin by the D452-
HXT2.4(A291X)-BGL mutant transformants and the WT HXT2.4 transfor-
mant (D452-HXT2.4-BGL). Fermentation experiments were performed on
YP medium containing 80 g/liter of cellobiose under oxygen-limited condi-
tions.

tion of alanine with serine or glycine (A291S or A291G) resulted in
slower cellobiose consumption than that of the WT HXT?2.4 trans-
formant.

The random library of mutant HXT2.4(A291X) strains was
transformed into S. cerevisiae D452-2 along with pRS425-ghI-1 to
isolate a mutant HXT2.4 strain, enabling even faster cellobiose
fermentation than one with the A291D mutation. Nineteen fast-
growing colonies on minimum medium plates containing 20 g/li-
ter of cellobiose as a sole carbon source were isolated. As expected,
all isolated transformants showed higher cellobiose fermentation
rates than that of the control strain (see Fig. S6 in the supplemental
material). Plasmids containing mutant HXT2.4 from the selected
19 transformants were isolated and sequenced. Sequence analysis
of the isolated plasmids revealed that three transformants with the
substitution of glutamate or aspartate for alanine (A291E or
A291D) exhibited the fastest cell growth, highest cellobiose con-
sumption rate, and greatest ethanol production among the 19
transformants.

In order to characterize further the effects on cellobiose fer-
mentation of amino acid substitutions at position 291 of
HXT2.4(A291X), we compiled all fermentation results obtained
in this study (Fig. 2). Amino acid substitutions of negatively
charged amino acids (glutamate or aspartate) for alanine enabled
the highest cellobiose fermentation capabilities. Additionally,
substitutions of positively charged amino acids (lysine or argi-
nine) for alanine exhibited improved cellobiose fermentation, al-
though they were slightly less effective than the negatively charged
amino acids. Amino acid substitutions of valine or leucine for
alanine resulted in slight improvements in cellobiose fermenta-
tion. Interestingly, those improved cellobiose fermentation rates
through amino acid substitutions at position 291 of HXT2.4 were
inversely proportional to the maximum amounts of accumulated
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FIG 3 Comparison of cellobiose consumption (A), cell growth (B),
and ethanol production (C) rates by the transformants, each containing
different amino acid substitutions at A291. Fermentation experiments
were performed on YP medium containing 80 g/liter of cellobiose under
oxygen-limited conditions. Symbols: D452-HXT2.4(A291D)-BGL strain
(@), D452-HXT2.4(A291E)-BGL strain (O), D452-HXT2.4(A291K)-BGL
strain (V), D452-HXT2.4(A291R)-BGL strain (V), D452-HXT2.4(A291V)-BGL
strain (M), D452-HXT2.4(A291L)-BGL strain ([J), and D452-HXT2.4(wild-
type)-BGL strain (®).

cellodextrin (Fig. 2; see also Fig. S7 in the supplemental material).
Cellobiose fermentation profiles of the representative transfor-
mants containing various HXT2.4 mutants clearly showed that
position 291 of HXT2.4 is a key amino acid residue affecting the
cellobiose fermentation rates of engineered S. cerevisiae strains
(Fig. 3).
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FIG 4 Transport kinetics of WT HXT2.4 (A) and mutant HXT2.4(A291D) (B). The linear rate of [*H]cellobiose uptake into yeast strains with WT HXT2.4 or
mutant HXT2.4(A291D) was determined using various concentrations of cellobiose. All values were normalized to 10 million GFP fluorescence.

Comparisons of expression levels or kinetic properties be-
tween WT HXT2.4 and mutant HXT2.4(A291D) strains. The
amino acid substitution at position 291 of HXT2.4 may cause
better protein folding or localization in the plasma membrane,
leading to fast cellobiose fermentation. In order to determine
whether the mutant HXT2.4(A291D) was folded better in the
plasma membrane, we overexpressed GFP-tagged HXT2.4_
GFP or HXT2.4(A291D)_GFP in S. cerevisiae along with ghl-1.
The localization of heterologous sugar transporters on mem-
branes can be determined using a GFP-tagged sugar trans-
porter and fluorescence microscopy (22). We also confirmed
membrane localizations of the GFP-tagged HXT2.4 (HXT2.
4_GFP) and HXT2.4(A291D) using fluorescence microscopy
(see Fig. S8 in the supplemental material). When ODg,
reached 10.0 during cellobiose fermentation, cells were har-
vested, and GFP fluorescence levels were measured. GFP fluo-
rescence levels of HXT2.4 GFP and HXT2.4(A291D)_GFP
strains were similar within less than 10% variation (15,668 *
155 and 16,559 * 147 absorbance units [AU]), suggesting that
expression levels of the wild-type HXT2.4 and mutant HXT2.4
were similar. We also determined the kinetic properties of WT
HXT2.4 and mutant HXT2.4(A291D) (Fig. 4). The mutant
HXT2.4(A291D) exhibited four-fold higher maximal cellobi-
ose transport rates (V,,,,.) and 1.5-fold higher K,,, than those of
WT HXT2.4.

We further characterized the wild-type and mutant
HXT2.4(A291D) transformants as to whether they can transport

A 12

cellodextrins by growth assays using cellobiose, cellotriose, or cel-
lotetraose in a 96-well plate. S. cerevisiae expressing cdt-1 was used
as a positive control because cdt-1 is reported to have cellodextrin
transport capabilities (5). The control strain expressing cdt-1 and
the mutant HXT2.4(A291D) transformant grew well in cellobiose
medium, while the WT HXT2.4 transformant showed poor
growth, as we expected (Fig. 5A). Interestingly, the mutant
HXT2.4(A291D) transformant showed even better cell growth
than cdt-1- or WT HXT2.4-expressing S. cerevisiae strains in me-
dium containing cellodextrins (cellotriose or cellotetraose) (Fig.
5B and C). These results suggest that an amino acid substitution at
position 291 of HXT2.4 not only alters the cellobiose transport
capability of HXT2.4 but also facilitates longer cellodextrin (cel-
lotriose and cellotetraose) transport by engineered S. cerevisiae
strains.

DISCUSSION

S. stipitis has been known to ferment cellobiose and produce eth-
anol with a yield of 0.30 to ~0.41 g/g and a productivity of 0.15 to
~0.21 g/liter - h (23, 24). Therefore, it was hypothesized that S.
stipitis may have cellobiose transporters and intracellular 3-glu-
cosidase. Among the putative cellobiose transporters from S. sti-
pitis that show high sequence homologies with CDT-1 and
CDT-2, we focused on evaluating the capability of HXT2.4 for
cellobiose fermentation for two reasons. First, HXT2.4 showed
high protein sequence homologies with both CDT-1 and CDT-2
and HXT2.4 is located next to the genes coding for cellulose hy-

1.0

0.8

Time (h)

Time (h)

Time (h)

FIG 5 Growth assay of the cdt-1-expressing control strain, the WT HXT2.4 transformant, and the mutant HXT2.4(A291D) transformant on cellobiose (A),
cellotriose (B), or cellotetraose (C) medium. Symbols: D452-CDT1-BGL (O), D452-HXT2.4-BGL (), and D452-HXT2.4(A291D)-BGL (A).
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drolysis enzymes, such as endo-1,4-B-glucanase (EGC2) and
B-glucosidase (BGL5), in the genome (25). Second, a previous
report showed slow fermentation of cellobiose by an engineered S.
cerevisiae strain expressing HXT2.4 and BGL5 (15). In this study,
we confirmed that HXT2.4 transports cellobiose when expressed
in S. cerevisine. However, the HXT2.4-expressing S. cerevisiae
strain not only consumed cellobiose much more slowly but also
produced ethanol more slowly than the cdt-1-expressing S. cerevi-
siae strain, even though the same 3-glucosidase (ghl-1) was ex-
pressed. Therefore, we undertook an evolutionary engineering ap-
proach to isolate the fast-growing strain expressing ghl-I and
HXT?2.4 from the cellobiose medium.

Numerous attempts to improve the phenotypes through evo-
lutionary engineering approaches have been reported (26). The
simplest method is to use growth rate as a selection pressure by
performing serial subcultures of a target strain under specific cul-
ture conditions (27, 28). This approach was applied for isolating S.
cerevisiae mutants that show improved resistance against stress
conditions, such as oxidative, freeze-thawing, high-temperature,
and ethanol stresses (29). To improve pentose sugar (xylose or
arabinose) utilization by S. cerevisiae, evolutionary engineering
was used under various conditions (30-32). When we performed
serial subcultures of the CEN-HXT2.4-BGL strain on a cellobiose
medium, we observed that the specific growth rate increased 2.5-
fold just after the first cycle of subculture. This drastic improve-
ment after the first transfer suggests that a simple mutation might
have caused improved cellobiose fermentation. Indeed, we found
only one mutation (A291D) in HXT2.4 and we were able to re-
produce the improved cellobiose fermentation phenotypes after
reintroducing the mutant HXT2.4(A291D) into S. cerevisiae.

Interestingly, the evolved CEN-HXT2.4-BGL strain exhibited
a higher ethanol yield (0.43 versus 0.39 g ethanol/g cellobiose)
than the CEN-CDT1-BGL strain due to reduced cellodextrin ac-
cumulations (Fig. 1). We also previously observed cellodextrin
accumulations during cellobiose fermentation (6). While we do
not understand how small amounts of cellodextrin accumulate in
the medium, we speculate that the transglycosylation activity of
intracellular B-glucosidase (GH1-1) is responsible for the accu-
mulated cellodextrin (33, 34). In this study, we showed that cello-
dextrin accumulation can be altered when cellobiose transport
capabilities are changed through different cellobiose transporters,
or through mutant transporters in S. cerevisiae. In addition, mu-
tant HXT2.4(A291D) facilitated cellodextrin utilization, in com-
parison to strains expressing cdt-1 or WT HXT2.4. The greater
cellodextrin transport capability of mutant HXT2.4(A291D)
would be helpful in an SSF-type ethanol production process be-
cause cellodextrins are intermediates of the hydrolysis reaction
from cellulose to cellobiose or glucose. The efficient cellodextrin
utilization could lead to faster cellulose utilization, as well as to
lower enzyme dosages, because glucose and cellodextrin are inhib-
itors of cellulase enzymes.

According to comparisons of expression levels and kinetic
properties of WT HXT2.4 and mutant HXT2.4(A291D), we were
able to conclude that the improved cellobiose fermentation of
mutant HXT2.4(A291D) was not because of better protein folding
or localization in the plasma membrane but because the kinetic
properties of the mutant HXT2.4 were better than those of the WT
HXT2.4. After compiling the relationships between cellobiose fer-
mentation rates and amino acid substitutions at position 291, we
can speculate that substitutions for alanine at position 291 with
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positively charged amino acids, such as glutamate or aspartate,
can enhance cellobiose transport. A similar case was reported
previously; E. coli melibiose (D-Gal-a[1—6]-D-Glc) permease
(MelB) was inactivated by replacing a positively charged amino
acid (arginine) with neutral amino acids (cysteine or glutamine)
(35). Point mutations of transporters (HXT7, GXS1, or XUT3)
can alter sugar (glucose or xylose) uptake rates drastically in engi-
neered S. cerevisiae strains (36, 37). In order to verify more de-
tailed mechanisms, the crystallization of HXT?2.4 or predictions of
structural changes depending on particular amino acid substitu-
tions should be studied further, because no protein structure of
HXT2.4 is available.

In this study, we were able to transform a poor cellobiose trans-
porter into an efficient cellobiose transporter using single amino
acid substitutions of alanine with charged amino acids at position
291 of HXT2.4. The amino acid substitution of alanine with as-
partate caused improved transport capabilities of cellodextrins
and cellobiose. In addition, this substitution (A291D) in HXT2.4
caused no different protein folding or localization but resulted in
better kinetic properties when expressed in engineered S. cerevi-
siae strains. We envision that this finding might contribute to
further engineering of sugar transporters for efficient biofuel pro-
duction from cellulosic biomass.
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