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Since Saccharomyces cerevisiae lacks the cellulase complexes that hydrolyze cellulosic materials, which are
abundant in the world, two types of hydrolytic enzymes involved in the degradation of cellulosic materials to
glucose were genetically co-immobilized on its cell surface for direct utilization of cellulosic materials, one of
the final goals of our studies. The genes encoding FI-carboxymethylcellulase (CMCase) and (3-glucosidase from
the fungus Aspergillus aculeatus were individually fused with the gene encoding the C-terminal half (320 amino
acid residues from the C terminus) of yeast a-agglutinin and introduced into S. cerevisiae. The delivery of
CMCase and (3-glucosidase to the cell surface was carried out by the secretion signal sequence of the native
signal sequence of CMCase and by the secretion signal sequence of glucoamylase from Rhizopus oryzae for
B-glucosidase, respectively. The genes were expressed by the glyceraldehyde-3-phosphate dehydrogenase pro-
moter from S. cerevisiae. The CMCase and -glucosidase activities were detected in the cell pellet fraction, not
in the culture supernatant. The display of CMCase and f-glucosidase proteins on the cell surface was
confirmed by immunofluorescence microscopy. The cells displaying these cellulases could grow on cellobiose or
water-soluble cellooligosaccharides as the sole carbon source. The degradation and assimilation of cellooli-
gosaccharides were confirmed by thin-layer chromatography. This result showed that the cell surface-engi-
neered yeast with these enzymes can be endowed with the ability to assimilate cellooligosaccharides. This is the
first step in the assimilation of cellulosic materials by S. cerevisiae expressing heterologous cellulase genes.

Cellulose, consisting of glucose units linked together by
B-1,4-glycosidic bonds, is the most abundant carbohydrate in
the biosphere. An estimated rate of cellulose synthesis is ap-
proximately 4 X 107 tons per year. For a long-range solution to
resource problems of energy, chemicals, and food, cellulose is
the most promising renewable carbon source that is available
in large quantity. However, the yeast Saccharomyces cerevisiae
is unable to utilize cellulosic materials in spite of its versatility
in industrial fermentation.

Since enzymatic hydrolysis of cellulose has the potential to
surmount many of the drawbacks of acid hydrolysis (12, 13), we
have attempted to genetically immobilize cellulolytic enzymes
in their active form on the cell surface of the yeast S. cerevisiae
to construct a novel cellulose-utilizing yeast. To display pro-
teins on the cell surface of S. cerevisiae, molecular information
of the native cell wall protein, a-agglutinin, was utilized. a-Ag-
glutinin is a cell surface adhesion molecule involved in mating
(11) and has a glycosylphosphatidylinositol anchor attachment
signal, which is engaged in anchoring of cell wall proteins (10,
27). This anchoring signal was combined with the signal of the
secreted enzymes by genetic engineering techniques. Actually,
we reported previously the genetic immobilization of car-
boxymethylcellulase (CMCase) from Aspergillus aculeatus on
the yeast cell surface (16). CMCase was classified as endo-1,4-
B-D-glucan glucohydrolase (endoglucanase; EC 3.2.1.4), one of
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the endo-type cellulases which cleave the B-1,4-glycosidic link-
age of cellulose. Enzymatic degradation of cellulose to glucose
requires synergistic hydrolysis by different types of cellulolytic
enzymes.

It was predicted that short-chain cellooligosaccharides
formed by the endo action of CMCase were converted quickly
to glucose by B-glucosidase (1,4-B-p-glucoside glucohydrolase;
EC 3.2.1.21) in A. aculeatus (21). However, S. cerevisiae lacks
B-glucosidase activity and consequently is unable to utilize
cellobiose as the carbon source (3). Thus, to construct a S. cere-
visiae strain which is able to utilize cellulosic materials (cello-
oligosaccharides), it is necessary to endow it with B-glucosidase
activity. We report here the genetic immobilization of B-glu-
cosidase on the S. cerevisiae cell surface in addition to CMCase
and the assimilation of cellobiose and cellooligosaccharides by
the recombinant yeast.

MATERIALS AND METHODS

Strains and media. Escherichia coli DHSo [F~ endAl hsdRI7 (rx myg
supE44 thi-1 N~ recAl gyrA96 AlacU169($80lacZ-AM15)] was used as a host for
recombinant DNA manipulation. Saccharomyces cerevisiae MT8-1 (MATa ade
his3 leu2 trpl ura3) (23) was used for cultivation. E. coli was grown in LB medium
(1% tryptone, 0.5% yeast extract, 0.5% sodium chloride) containing 0.1% glu-
cose. The yeast was precultivated in YPD medium (1% yeast extract, 2% pep-
tone, 2% glucose) and cultivated aerobically in synthetic (S) medium (0.67%
yeast nitrogen base without amino acid [Difco Laboratories, Detroit, Mich.] with
appropriate supplements) to which 2% glucose, 1% cellobiose (Sigma Chemical
Co., St. Louis, Mo.), or 0.5% cellooligosaccharides (Sigma) was added as the sole
carbon source. The cellooligosaccharides contain approximately 11% (wt/wt)
cellohexaose, 29% (wt/wt) cellopentaose, 33% (wt/wt) cellotetraose, 17% (wt/wt)
cellotriose, 4% (wt/wt) cellobiose, and less than 1% (wt/wt) glucose.

Construction of the plasmids. The DNA fragment composed of the glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) promoter from S. cerevisiae and
the secretion signal sequence of the glucoamylase gene from Rhizopus oryzae was
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FIG. 1. Constructed plasmids for display of CMCase (pCMC11) (A) and B-glucosidase (pBG211) (B) on the yeast cell surface.

prepared by PCR (primers 5'-CCGAGCTCACCAGTTCTCACACGGAAC
A-3" and 5'-GCCCGCGGCAGAAACGAGCAAAGAAAA-3" with the plasmid
pYGA2269 (2) as a template and then cut with Sacl and Sacll. The resulting
Sacl-Sacll fragment, the SacIl-Xhol fragment created by annealing two oligo-
nucleotides 5'-GGAGATCTCCATGGC-3" and 5'-TCGAGCCATGGAGATC
TCCGC-3', and the Xhol-Kpnl fragment containing the 3'-half of the coding
region encoding 320 amino acids of a-agglutinin and 446 bp of the 3’-flanking
region excised from the plasmid pGA11 (15) were inserted into the SacI-Sacll,
Sacll-Xhol, and Xhol-Kpnl sections, respectively, of the plasmid pRS404 (22).
The resulting plasmid was named pICASI. Construction of the plasmid pCMC11
was described previously (16). The plasmid pBG211 was constructed as follows.
The yeast high-copy-number vector pMH1 was constructed by introducing the
2.14-kbp EcoRI-EcoRI fragment of pMT34(+3) (23) containing a part of 2um
DNA into the AarIl site of the plasmid pRS403 (22). The Bg/II-Xhol fragment of
the cDNA encoding B-glucosidase 1 from Aspergillus aculeatus was generated by
PCR (5'-GTCGAGATCTCTGATGAACTGGCGTTCTCT-3' and 5'-TTCACT
CGAGCCTTGCACCTTCGGGAGCGCCG-3' with the plasmid pABG7 (6) as
the template and substituted for the Bg/II-Xhol section of pICAS1, from which
the BssHII-BssHII fragment was transferred to the plasmid pMHI1 at its BssHII-
BssHII section. The resulting plasmid was named pBG211.

Enzyme assay. CMCase activity was measured as described previously (17).
B-Glucosidase activity was measured as follows. The reaction mixture was com-
posed of 0.1 ml of 1.7 mM p-nitrophenyl-B-p-glucoside (Sigma) in 0.1 M sodium
acetate buffer, pH 5.0, and 0.1 ml of enzyme solution. After incubation at 37°C
for 10 min, p-nitrophenol released was measured spectrophotometrically as an
increase in the absorbance at 400 nm (molecular extinction coefficient, 17,700)
(4). One unit of the enzyme activity was defined as the amount of enzyme that
released 1 pmol of p-nitrophenol from the substrate per min.

Immunofluorescence microscopy. Immunofluorescence microscopy was per-
formed as reported by Kobori et al. (7). Immunostaining was performed as
follows. The antibody against A. aculeatus FI-CMCase or the antibody against
A. aculeatus B-glucosidase was used as the primary antibody at a dilution rate of
1:1,000. Cells and the antibody were incubated at room temperature for 1.5 h.
After the cells were washed, the second antibody, fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit immunoglobulin G (IgG), diluted 1:300, was
reacted with the cells at room temperature for 1 h. After the cells were washed,
the cells were observed by microscopy.

Thin-layer chromatography. Thin-layer chromatography of cellooligosaccha-
rides was performed according to the method of Weil and Hanke (26). Aliquots
(1 pl) of the culture supernatants were spotted on a silica gel 60F,s, thin-layer
chromatography plate (Merck KGaA, Darmstadt, Germany), which was devel-
oped twice with 1-butanol-pyridine-water (70:15:15, vol/vol/vol). Sugars were
detected by the diphenylamine-aniline method: detection reagent, consisting of
4 ml of aniline, 4 g of diphenylamine, 200 ml of acetone, and 30 ml of 85%
phosphoric acid, was sprayed on the plate, which was then heated at 105°C for 30
min.

RESULTS

Construction of vector for cell surface display of 3-glucosi-
dase and CMCase. The plasmid pBG211 was constructed as
described in Materials and Methods (Fig. 1B). It was a multi-
copy plasmid for expression of the B-glucosidase/a-agglutinin
fusion gene containing the secretion signal sequence of the
glucoamylase gene under the control of the GAPDH promoter
(14). The plasmid pBG211 and pCMC11, a plasmid for genetic

immobilization of CMCase (Fig. 1A), were introduced into
S. cerevisiae MT8-1. As for the construction of the cells har-
boring both pCMC11 and pBG211, introduction of these plas-
mids was carried out stepwise. The resulting strain was named
MTS-1/pCMC11/pBG211.

CMCase and p-glucosidase activities. To determine wheth-
er CMCase and B-glucosidase were secreted into the culture
medium or retained by the cells, yeast cells were cultivated in
S medium containing 2% glucose as the carbon source at 30°C
for 24 h. Culture medium and cell pellets were isolated by cen-
trifugation to measure the CMCase and B-glucosidase activi-
ties in both fractions. The result, shown in Table 1, demonstrat-
ed that the cells harboring plasmid pCMCl11, i.e., strain MT8-1/
pCMCI11 and strain MT8-1/pCMC11/pBG211, had the cell-
associated CMCase activity, and the cells harboring the plas-
mid pBG211, i.e., strain MT8-1/pBG211 and strain MT8-1/
pCMCI11/pBG211, exhibited the cell-associated B-glucosidase
activity. Moreover, the cells harboring plasmids pCMC11 and
pBG211 showed both CMCase and B-glucosidase activities.
Strain MTS8-1 itself exhibited neither of the activities. These
results suggested that CMCase and B-glucosidase proteins
were efficiently synthesized and co-displayed on the cell sur-
face in their active forms.

Immunofluorescence microscopy. To confirm the presence
of CMCase and B-glucosidase proteins on the cell surface, im-
munofluorescence labeling of cells was performed with FITC-
conjugated goat anti-rabbit IgG as the second antibody. Anti-
CMCase IgG and anti-B-glucosidase IgG were used as the first
antibodies (14, 20). The results are shown in Fig. 2. Strain MT8-1
cells were not labeled with either anti-CMCase IgG or anti-p3-

TABLE 1. Distribution of two enzyme activities

Activity in:

Culture
supernatant

Strain

(gene introduced) Cell pellet

BGase® CMCase” BGase CMCase

MTS8-1 (none) ND ND ND ND
MT8-1/pCMC11 (CMCase gene) ND ND ND 0.50
MT8-1/pBG211 (B-glucosidase gene) ND ND 0.15 ND
MT8-1/pCMC11/pBG211 (CMCase ND ND 0.13 0.46

and B-glucosidase genes)

“ B-Glucosidase activity (units/liter of culture broth).
> CMCase activity (units/liter of culture broth).
¢ ND, not detected.
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FIG. 2. Immunofluorescence labeling of transformed cells. Phase-contrast micrographs (A and C) and immunofluorescence micrographs (B and D) of S. cerevisiae
strains MT8-1 (host strain), MT8-1/pCMC11, MT8-1/pBG211, and MT8-1/pCMC11/pBG211 (MT8-1/[pCMC11, pBG211]). The primary antibody against A. aculeatus
FI-CMCase (A and B) or the antibody against A. aculeatus B-glucosidase (C and D) was used. FITC-conjugated goat anti-rabbit IgG was used as the second antibody.

Bar = 5 pm.

glucosidase IgG, while MT8-1/pCMC11 cells were labeled by
fluorescence with anti-CMCase IgG. MT8-1/pBG211 cells were
labeled with anti-B-glucosidase IgG. MT8-1/pCMC11/pBG211
cells were labeled by fluorescence with both anti-CMCase IgG
and anti-B-glucosidase IgG, indicating that these cells codis-
played CMCase and B-glucosidase proteins on the cell surface.

Growth on cellulosic materials. The transformants were pre-
cultivated in YPD medium and cultivated aerobically in S
medium containing cellobiose as the sole carbon source, and
cell growth was monitored by absorbance at 600 nm of the
culture broth (Fig. 3). The strains MTS8-1/pBG211 and MT8-1/
pCMC11/pBG211 could grow on cellobiose and reached an
absorbance at 600 nm of about 2, which was a little lower than
that in the case of the culture on 1% glucose (data not shown).
No growth on cellobiose was observed with strains MTS8-1
and MT8-1/pCMCI11. No difference was observed between
the growth curves of the strains MT8-1/pBG211 and MT8-1/
pCMCI11/pBG211. It was reported previously that the CMCase
protein purified from A. aculeatus exhibited little activity against
cellobiose (17). These results showed that the B-glucosidase
genetically immobilized on the cell surface endowed the yeast
with the ability to degrade and utilize cellobiose.

Cell growth on cellooligosaccharides was then examined.
The transformants were precultivated in YPD medium and
cultivated aerobically in S medium supplemented with cello-
oligosaccharides as the sole carbon source, and the cell growth
was monitored by counting colonies appearing on YPD plates
on which aliquots of the culture broth were spread (Fig. 4).
The strains MT8-1/pBG211 and MT8-1/pCMC11/pBG211 could
grow on cellooligosaccharides employed. Again no growth on
cellooligosaccharides was observed with the strains MT8-1 and
MTS-1/pCMCI11. As it was reported that B-glucosidase was
capable of degrading cellooligosaccharides with 2 to 6 glucose
units (21), the breakdown of cellooligosaccharides by 3-gluco-
sidase seemed to be sufficient to sustain the growth of the yeast
displaying this enzyme. However, a difference between the
growth of strain MT8-1/pCMC11/pBG211 and that of strain

MTS-1/pBG211 was found, suggesting that the yeast strain co-
displaying CMCase and B-glucosidase had the enhanced ability
to degrade cellooligosaccharides. The degradation and assim-
ilation of cellooligosaccharides by the transformants were con-
firmed by thin-layer chromatography (Fig. 5). It was clearly
observed that the cellooligosaccharides dissolved in the culture
supernatants were gradually degraded and assimilated by strains
MTS8-1/pBG211 and MT8-1/pCMC11/pBG211 (Fig. 5A). There
is probably some contribution of CMCase displayed on the cell
surface of strain MTS8-1/pCMC11/pBG211 to the synergistic
action with B-glucosidase. CMCase purified from A. aculeatus

Cell (Asoo)

Time (h)

FIG. 3. Time courses of the cell growth during aerobic cultivation in the
medium containing cellobiose as the sole source of carbon and energy. Symbols
for strains: O, MTS8-1; A, MT8-1/pCMC11; m, MTS8-1/pBG211; @, MTS8-1/
pBG211/pCMCI1. Cell growth was monitored by absorbance of culture broth at
600 nm.
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FIG. 4. Time courses of the cell growth during aerobic cultivation in the
medium containing cellooligosaccharides as the sole source of carbon and en-
ergy. Symbols for strains: O, MT8-1; A, MT8-1/pCMC11; m, MT8-1/pBG211; @,
MTS-1/pBG211/pCMC11. Cell growth was monitored by counting colonies that
appeared on YPD plates on which aliquots of the culture broth had been spread.
The values are expressed as means =+ standard errors of the means for the results
of six experiments repeated independently.

showed activity against the sugars cellotetraose, cellopentaose,
and cellohexaose (G, Gs, and G) (17). Subsequently, the abil-
ity of CMCase displayed on the cell surface to degrade cello-
oligosaccharides was qualitatively investigated (Fig. 5B). It was
confirmed that the cells of strain MTS8-1/pCMCI11 could de-
grade G, Gs, and G of the cellooligosaccharides, while strain
MTS8-1 could not degrade any of the cellooligosaccharides.
These results provided evidence that strain MTS8-1/pCMC11/
pBG211 hydrolyzed the cellooligosaccharides with synergistic
actions of CMCase and B-glucosidase, the produced glucose
being assimilated for proliferation.

No growth was observed when the transformants were cul-
tured on polymeric cellulosic materials, carboxymethyl cellu-
lose (CMC) sodium salt (Sigma), or Avicel SF (Asahi Kasei

G2 =
Ga =
Ga =
3
Gs = $ ! #3,
G-l 00® Ce® s o

S 0 6 12 18 2496 S 0 6 12 1824 96 S (h)

MT8-1/pBG211 MT8-1/[pCMC11, pBG211]
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Kogyo Co., Ltd., Tokyo, Japan) (data not shown). Although
strain MT8-1/pCMC11/pBG211 exhibited the ability to de-
grade CMC (Table 1), the yeast could not grow on CMC. This
was probably due to the inability of B-glucosidase to degrade
substituted cellooligosaccharides liberated from CMC by
CMCase. CMCase could not degrade Avicel at all, since Avicel
is not water soluble and has a microcrystalline structure (17).

DISCUSSION

We have demonstrated the construction of a yeast strain
codisplaying two types of cellulase on its cell surface and its
ability to assimilate cellooligosaccharides.

Much effort has been devoted to utilize cellulosic materials
by employing S. cerevisiae and the cellulase complex from cel-
lulolytic bacteria. Recently, two groups have reported the co-
expression of two cellulases as secreted enzymes in S. cerevisiae
to degrade cellulosic materials for direct fermentation (25, 28).
However, this attempt failed because B-glucosidase was not
expressed. Although several attempts have also been made to
express heterologous B-glucosidase genes in S. cerevisiae, the
enzyme did not have access to cellobiose because it remained
intracellular (1, 19) or the enzyme was not expressed suffi-
ciently to allow the transformant to grow on cellobiose (8, 18).
After that, secretory expression of the B-glucosidase gene in
S. cerevisiae was reported (5), where growth on cellobiose was
not examined. Thus, this is the first step in the assimilation of
cellulosic materials by S. cerevisiae expressing heterologous
cellulase genes and also the first report of assimilation of cel-
looligosaccharides by yeast.

Cellulases are synthesized by a number of microorganisms.
These organisms produce in common extracellular hydrolytic
enzymes. In addition, the cellulase system of the anaerobic
cellulolytic bacterium Clostridium thermocellum was shown to
consist of a discrete multienzyme complex immobilized on the
cell surface (24). This complex was called the cellulosome (9),
which is considered to help C. thermocellum to obtain the
source of carbon and energy efficiently by enzymatic degrada-
tion of cellulose on its cell surface. Considering the advantage
of cellulosomes, the displayed enzymes on the cell surface of

Gi1= ‘g‘

#
Gz =
Gs =

i
Ga = : i . A
Gs = 'El; 7 ] i - :«2
Go = "% ‘ Q....“‘

S 0 5 10 20100200 S 0 5 10 20 100200 S (min)

MT8-1/pCMC11 MT8-1

FIG. 5. Time courses of the degradation and assimilation of cellooligosaccharides by each transformant. (A) Aliquots (1 wl) of the culture supernatants after
cultivation of strain MT8-1/pBG211 or MT8-1/pCMC11/pBG211 for 0, 6, 12, 18, 24, and 96 h and authentic sugars (S, composed of G,, G,, G3, Gy, Gs, and G,) were
chromatographed as described in the text. The sugars detected were as follows: G, glucose; G,, cellobiose; Gg, cellotriose; Gy, cellotetraose; Gs, cellopentaose; Gg,
cellohexaose. (B) The cells of the strains MT8-1/pCMCI11 and MT8-1 were suspended in 0.5% cellooligosaccharide solution and incubated at 37°C for the indicated
time, and then aliquots (1 pl) of the supernatants were chromatographed. Since the strain MT8-1/pCMCI11 could not grow in the cellooligosaccharide-containing
medium, CMCase activity against the cellooligosaccharides was examined with a concentrated suspension of the cells.
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S. cerevisiae may also facilitate the uptake of glucose liberated
on the cell surface.

Considering the aspects described above, the display of cel-
lulases on the yeast cell surface may facilitate the utilization of
cellulose by yeast. In this system, the cell surface of yeast was
used as a carrier for immobilization of an enzyme, and the
living whole cells were remade as a “cell biocatalyst” (15, 16).
Such a strain was named “arming yeast” (1a). This system
could turn or remake S. cerevisiae into a novel and attractive
microorganism as a whole-cell biocatalyst by surface expres-
sion of various enzymes, especially when target substrates are
not able to be taken up by the cells. Although many methods
for immobilization of enzymes have been developed to con-
struct bioreactors with effective conversion of substrates, it is
still difficult to maintain the enzyme activities over the long
reaction period or to perform multistep conversions. The en-
zyme displayed on the cell surface is regarded as a kind of a
self-immobilized enzyme, this phenomenon being passed on to
daughter cells as long as the plasmid is retained by the cells.
The novel cell surface-engineered cells (arming cells), en-
dowed with a rapid cellooligosaccharide-utilizing ability by dis-
playing two types of cellulolytic enzymes on their surfaces, will
open a door to develop a yeast strain which can perform
efficacious fermentation of cellulosic materials.
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