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Sake, a traditional alcoholic beverage in Japan, is brewed with sake yeasts, which are classified as Saccha-
romyces cerevisiae. Almost all sake yeasts form a thick foam layer on sake mash during the fermentation process
because of their cell surface hydrophobicity, which increases the cells’ affinity for bubbles. To reduce the
amount of foam, nonfoaming mutants were bred from foaming sake yeasts. Nonfoaming mutants have hydro-
philic cell surfaces and no affinity for bubbles. We have cloned a gene from a foam-forming sake yeast that
confers foaming ability to a nonfoaming mutant. This gene was named AWAI and structures of the gene and
its product were analyzed. The N- and C-terminal regions of Awalp have the characteristic sequences of a
glycosylphosphatidylinositol anchor protein. The entire protein is rich in serine and threonine residues and
has a lot of repetitive sequences. These results suggest that Awalp is localized in the cell wall. This was
confirmed by immunofluorescence microscopy and Western blotting analysis using hemagglutinin-tagged
Awalp. Moreover, an awal disruptant of sake yeast was hydrophilic and showed a nonfoaming phenotype in
sake mash. We conclude that Awalp is a cell wall protein and is required for the foam-forming phenotype and

the cell surface hydrophobicity of sake yeast.

Sake is a Japanese traditional alcoholic beverage made from
steamed rice by parallel fermentation with Aspergillus oryzae,
which is a source of saccharification enzymes, and sake yeasts,
which produce ethanol from glucose. Sake yeasts are classified
as Saccharomyces cerevisiae and are known to produce more
than 18% (vol/vol) ethanol in sake mash (16). Almost all sake
yeasts form a thick foam layer on sake mash during vigorous
fermentation. This foam formation has been used as an indi-
cator of fermentation progress: the foam rises when fermen-
tation becomes strong and it disappears when fermentation
becomes weak. However, this characteristic sometimes reduces
the efficiency of sake fermentation because a large part of the
fermentation tank is occupied by a thick foam layer. Thus, an
absence of foam formation during fermentation is a preferable
property.

Ouchi and Akiyama (23) developed a method to screen
nonfoaming mutants from foaming sake yeast using cell affinity
for bubbles, and using this method they isolated a nonfoaming
mutant from an industrial sake yeast. This mutant had almost
the same characteristics as the parental strain except for its
nonfoaming property in fermentation. Thus, this method of
screening for nonfoaming mutants was applied to various
strains of sake yeasts and the resultant nonfoaming yeasts are
now widely used in commercial sake brewing. Comparison of
the nonfoaming mutant with its parent revealed that the cell
surface of the former is less hydrophobic than that of the latter,
suggesting that cell surface hydrophobicity is related to foam-
ing ability (25). However, the detailed molecular mechanism of
foaming ability of sake yeast is still unknown. In this study, we
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have cloned a gene from a foaming yeast that confers the
foaming phenotype to its nonfoaming mutant and named it
AWAI. Our results indicate that a cell wall protein encoded by
AWAI is responsible for the foam formation ability and cell
surface hydrophobicity of sake yeast.

MATERIALS AND METHODS

Strains and culture conditions. The S. cerevisiae strains used in this study are
listed in Table 1. Yeast cells were cultivated in YPAD (1% yeast extract, 2%
Bacto Peptone, 0.01% adenine, 2% glucose) medium or YNBD (0.67% yeast
nitrogen base, 2% glucose) medium supplemented with the appropriate amount
of amino acids and bases depending on the strains. A synthetic pantothenate-
deficient medium was purchased from the Brewing Society of Japan. One liter of
this medium contains 20 g of glucose, 0.5 g of (NH,),SOy, 1.5 g of KH,PO,, 0.5 ¢
of MgSO, - TH,0, 0.16 g of citric acid, 200 pg of thiamine, 200 pg of riboflavin,
200 pg of nicotinic acid, 1 mg of inositol, 200 pg of p-aminobenzoic acid, 0.2 pg
of biotin, 40 g of B-alanine, and 30 g of agar at pH 5.0. Escherichia coli JM109
was used for DNA manipulation and sequencing. E. coli was cultured in LB (1%
tryptone, 0.5% yeast extract, 1% NaCl) medium supplemented with 100 pg of
ampicillin per ml.

Foam formation test by small-scale sake brewing. Five milliliters of a 48-h
culture of yeast cells grown in YPAD medium was inoculated into mash com-
posed of 38 g of dry steamed rice (a-rice), 12 g of dry koji (a culture of A. oryzae
on steamed rice), 120 ml of tap water, and 100 pl of 50% (as total acid) lactic acid
in a wide-mouth container (8 cm by 12 cm) and incubated at 30°C. Foam
formation was observed after 2 days of fermentation.

Gene cloning and DNA manipulation. Yeast genomic DNA was prepared
from K7 as previously described and partially digested with Sau3AT (28). DNA
fragments of 5 to 10 kb were collected by 10 to 40% sucrose density gradient
centrifugation at 75,000 X g for 24 h. The resultant Sau3AI fragments were
ligated to BamHI-digested pPBH1 (28) and used to transform E. coli JM109. The
transformants were collected and the plasmids were recovered. This library was
used for transformation of UT-1 by the electroporation method (4). The trans-
formed cells were plated on YNBD medium supplemented with tryptophan and
were incubated for 4 days at 30°C. The transformants were collected and sub-
jected to a concentration procedure to enrich foam-forming cells. Approximately
108 cells of the transformants were mixed with the same amount of K7 and used
for a small-scale sake brewing test. After 2 days of incubation at 30°C, the foam
layer was recovered and plated on pantothenate-deficient medium. After incu-
bation at 35°C for 2 days, the colonies that had formed were recovered. After the
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TABLE 1. Foam-forming ability of yeast strains used in this study®

Strain Genotype Foam Source
K7 Sake yeast MATa/a ecm31/ecm31 + ATCC 26422°
K701 Nonfoaming mutant of K7 - 23
7H1 K7 haploid MATw + ATCC 44893
7H2 K7 haploid MAT« + ATCC 44894
7H3 K7 haploid MATa + ATCC 44882
YPH499 MATa ura3 lys2 ade? trpl his3 leu2 - 29
YPHS500 MATo ura3 lys2 ade2 trpl his3 leu2 - 29
YHS173 7H1 X YPH499 + 28
YHS174 7H2 X YPH499 + 28
YHS175 7H3 X YPH500 + 28
UT-1 K701 ura3/ura3 trpl/trpl - 15
YHS180 UT-1 p4E + This study
YHS471 7TH3 awal::kan" - This study
YHS233 UT-1 pRS416-AWA1 + This study
YHS235 UT-1 pRS416-3 X HA:AWAL + This study

“ Sake was brewed on a small scale using the indicated strain and foam formation was observed.

® ATCC, American Type Culture Collection.

concentration procedure was repeated three times, the foam-forming activity of
individual clones was determined. Plasmid extraction from E. coli cells was
performed using a kit (Wizard; Promega). Other DNA manipulations were
carried out as described previously (1, 3). DNA sequences were determined with
a DNA sequencer (ABI PRISM 310; Perkin-Elmer).

Construction of the plasmid coding for HA-tagged Awal protein. The DNA
fragment of p4E containing AWAI was digested with EcoRV and ligated into
the Smal site of pRS416 (29), resulting in pRS416-AWA1. The sequence for
a triple influenza virus hemagglutinin (HA) epitope (5'-TACCCATACGAT
GTTCCTGACTATGCGGGCTAT CCCTATGACGTCCCGGACTATGCA
GGATCCTATCCATATGACGTTCCAGATTACGCT-3") was amplified
from mTn 3XHA::lacZ (5) as a template by PCR with primers 5'-ATACCC
ATACGATGTTCCTGAC-3' and 5'-GTAGCGTAATCTGGAACGTCAT
A-3'. The amplified sequence was cloned into the Hpal site of pRS416-
AWAL. The sequence of the inserted DNA was confirmed by DNA
sequencing with a primer (5'-TGGGTGTTTACGTCTCCG-3'). The result-
ant plasmid, pRS416-3XHA::AWA1, was used to transform yeast strains.

Immunological detection of the HA-tagged Awal protein. For immunofluores-
cence staining of intact yeast cells, yeast cells grown to the exponential phase
(optical density at 660 nm [ODgg] = 1) were fixed with 3.7% formaldehyde at
30°C for 15 min and washed once with phosphate-buffered saline (PBS; 10 mM
Na,HPO,, 2 mM KH,PO,, 0.15 M NaCl, 3 mM KCl, pH 7.4). The washed cells
were suspended in PBS containing 1% bovine serum albumin and incubated at
30°C for 30 min, followed by incubation in PBS containing 1 pg of mouse
anti-HA monoclonal antibody (Boehringer Mannheim, Mannheim, Germany)
per ml at 30°C for 1 h. After three washes with PBS, the cells were incubated with
PBS containing fluorescein isothiocyanate-conjugated goat anti-mouse immuno-
globulin G antibody (GibcoBRL, Grand Island, N.Y.) at 30°C for 1 h. After three
washes with PBS, cells were suspended in PBS and examined under a fluores-
cence microscope (UFX-II; Nikon).

For Western blotting analysis of HA-tagged Awal, yeast cell wall proteins
were prepared as described previously (27). Briefly, after a 24-h cultivation in
YPAD at 30°C with shaking, cells were harvested and disrupted with glass beads.
The cell wall fraction was recovered by centrifugation and was treated with 50
mM Tris-HCI buffer (pH 8.0) containing 2% sodium dodecyl sulfate (SDS), 100
mM EDTA, and 40 mM dithiothreitol at 100°C for 10 min to remove nonco-
valently bound and disulfide bridge-bound proteins. The resultant cell wall frac-
tion was treated with a 5-pg/ml concentration of B-1,6-glucanase purified from
westase (Takara), a yeast lytic enzyme prepared from the culture supernatant of
Streptomyces rochei (22), in 50 mM sodium acetate buffer (pH 5.0) containing 1
mM phenylmethylsulfonyl fluoride at 30°C for 3 h. The procedures used to purify
the enzyme will be published elsewhere. Proteins solubilized from the cell wall
were separated by SDS-polyacrylamide gel electrophoresis (2 to 15% gradient)
and electrotransferred to a polyvinylidene difluoride membrane (Millipore),
followed by immunodetection of the HA tag as described previously (27).

Gene disruption. Gene disruption of AWAI was carried out by a PCR-based
method (9). A DNA fragment containing the Kan" gene as a selectable marker
and 50-bp sequences identical to both flanking regions of the AWAI open
reading frame were amplified with 5'-TTAGTTAGTAAGGCCCACTAAAAT

GGCGTGATATTTTAAAGGGCCTTTACCAGCTGAAGCTTCGTACGC-3'
and 5'-CTATTCTTACGAGATTTCCCTTGTTCTCGCCGCTCACATCATT
GTCGGTAGCATAGGCCACTAGTGGATCTG-3’, in which the underlined
sequences were used for amplification of the Kan" gene, as primers and pUG®6 as
a template. The PCR product was used to transform 7H3, a haploid strain of K7,
and a transformant with the disrupted AWAI gene was screened by PCR. Dis-
ruption of the AWAI gene was confirmed by genomic Southern blot analysis.

CSH assay. Yeast cell surface hydrophobicity (CSH) was determined by hy-
drophobic interaction chromatography as described previously (2). Yeast cells
grown in YNBD medium for 48 h at 30°C with shaking were harvested, washed
twice with 100 mM sodium acetate buffer (pH 4.2), and resuspended in the same
buffer to a final concentration of 5% (wet wt/vol). Phenyl Sepharose CL-4B gels
(Pharmacia) were packed in a disposable chromatography column (Biospin
empty column; Bio-Rad) to a volume of 0.25 ml and equilibrated with 100 mM
sodium acetate buffer (pH 4.2) containing 1.0 M NaCl. Yeast cell suspensions
(0.1 ml) were then applied to the column and eluted with 3 ml of the buffer
containing NaCl. The ODyq of the eluent was measured. CSH was determined
by using the following equation: CSH (%) = 100 X (Aypptica — Aetuent)Aapplicas
where A,ppiica is the ODgg of 0.1 ml of the cell suspension diluted with 3 ml of
elution buffer and A .p, is the ODgg of the eluent.

Nucleotide sequence accession number. The nucleotide and deduced amino
acid sequences of AWAI have been submitted to the DDBJ/EMBL/GenBank
database under accession number AB071164.

RESULTS

Cloning of a gene complementing the nonfoaming pheno-
type. K7 is the most widely used sake yeast in commercial sake
brewing and exhibits a foam-forming phenotype. As shown in
Table 1, haploid strains (7H1, 7H2, and 7H3) derived from K7
(24) were foam-forming, similar to their parent, while labora-
tory yeast strains (YPH499 and YPH500) were non-foam-
forming. Hence, the K7 haploid strains were mated with the
laboratory strains with the opposite mating type. The resultant
heterozygous diploids (YHS173, YHS174, and YHS175) were
all foam-forming (Table 1), indicating that the foam-forming
phenotype of K7 is dominant. Because of poor sporulation
efficiency of the heterozygous diploids and poor germination of
the formed spores (21), we could not determine whether the
foam-forming phenotype of K7 originated from a single nu-
clear gene. To clone the gene responsible for the foam forma-
tion phenotype, we constructed a genomic library from K7 and
this library was used to transform a uracil auxotroph (UT-1) of
a non-foam-forming mutant (K701) of K7. The plasmid
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(pPBHL1) used for the library construction contained URA3
and ECM31 as selectable markers for transformed cells (28).
Twenty thousand transformants were recovered as uracil pro-
totrophs. To enrich the transformants that acquired a foam-
forming ability, we made a small-scale mash inoculated with
about the same numbers of K7 and transformant cells. After 2
days of culture at 30°C, a thick foam layer developed on the
mash. Transformants that became foam-forming should be
concentrated in the foam layer, whereas the majority of the
transformants should be dispersed in the mash as non-foam-
forming yeasts. We recovered yeast cells of the foam layer,
spread them on pantothenate-deficient medium, and incu-
bated them at 35°C. K7 and its derivatives are known to be
pantothenate auxotrophic at 35°C and this was complemented
by ECM31 that was present in pPBH1 (28). Therefore, the K7
cells that were added to the mash could not grow on this
medium, whereas the transformants could grow. After repeat-
ing this enrichment procedure three times, we identified one
foam-forming transformant (Fig. 1). The plasmid was recov-
ered from this transformant and designated p4E. When the
plasmid was removed from the transformant by plating on the
5'-fluoroorotic acid-containing medium, yeast cells returned to
the non-foam-forming phenotype (data not shown). Moreover,
when UT-1 was transformed with p4E, the transformant again
showed the foam-forming phenotype (data not shown). These
results indicate that the foam-forming phenotype of the trans-
formant is plasmid dependent and that genes in the plasmid
are involved in the foam formation of K7.

Structural analyses of a gene involved in foam formation
and its product. DNA sequence analysis of p4E revealed that
this plasmid contained only one open reading frame, of 5,142
bp (Fig. 2A). We named this gene AWAI, after “awa,” the
Japanese word for foam. AWAI encodes a large protein of
1,713 amino acids with a molecular mass of 166,873 Da (Fig.
2B). As described below, Awalp showed some homologies to
other proteins in the S. cerevisiae genome database (http:/
genome-www.stanford.edu/Saccharomyces/). However, no
identical proteins were found in the database, suggesting that
Awalp is specific to sake yeast. Awalp has two stretches of
hydrophobic amino acids, at both the N-terminal and C-termi-
nal regions, as shown in Fig. 3A. These sequences are charac-
teristic of proteins with a glycosylphosphatidylinositol (GPI)
anchor, which are cell surface proteins commonly seen in var-
ious eukaryotic cells (8). In yeast cells, GPI-anchored proteins
are often observed in cell wall proteins (10). Awalp is very rich
in serine (28.9%) and threonine (16.0%), which is also a char-
acteristic of cell wall proteins in yeast cells (12). These results
suggest that Awalp is a cell wall protein localized on the cell
surface of K7.

A search of the database revealed that Awalp was highly
homologous to YOL155c, a putative GPI-anchored protein of
S. cerevisiae with unknown function (6). However, a part of the
Awalp sequence (amino acid positions 154 to 300) is not
homologous to YOL155c¢ (Fig. 3B). This sequence is homolo-
gous to two parts of YJR151c, another putative GPI-anchored
protein, as shown in Fig. 3C. This suggests that Awalp is a
chimeric protein derived from different ancestral genes. Fol-
lowing the part of the Awalp sequence that is homologous to
YJR151c, there is a long, complex, serine-rich repeating se-
quence (SRR; amino acid positions 428 to 952) as shown in
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K7

FIG. 1. Cloning of the AWAI gene. K7, UT-1, and YHS180 (UT-1
harboring p4E) were cultured and used for small-scale sake brewing.
After 2 days of culture at 30°C, foam formation was observed.

Fig. 2B and Fig. 3B. This sequence is comprised of three parts,
each of which contains several 13-residue repeats. Although
YOLI155c¢ has a similar repeating sequence, it has fewer of the
smaller repeats than does Awalp. Before the C-terminal hy-
drophobic sequence, Awalp also has a C-terminal repeating
sequence (CTR; amino acid positions 1387 to 1631) that in-
cludes seven approximately 35-residue repeats as shown in Fig.
2B and Fig. 3B. Although YOLI155¢ also has a similar repeat-
ing sequence, the number of repeats is only four.
Localization of Awalp. To confirm the localization of
Awalp, we constructed a plasmid encoding an epitope-tagged
Awalp. A DNA fragment corresponding to a triple repeat of
the influenza virus HA epitope (3XHA) was inserted into the
N-terminal part of the AWAI gene and the resultant plasmid
was used to transform UT-1. The transformant formed foam in
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121 ERFNSLDLSVHVSAGFSAGVSVGLEPSATTASVITTLSPYDERVNLIELGVYVSDMRAHL 180
181 VEYLLFQAAHSTEPHPTEIAAAFIDHGDFTTRLTGISGDEVTRMITGVPWYSTRLKPAIS 240
241 EALAKDGIYTAIPTSTSTTSDTYISSSSPSQVTSSAEPTTVSGVISSVEPTRSSQVTSSA 300
301 EPTTVSEITSSAEPLSSSKATTSAESISSNQITISSELIVSSVITSSSEIPSSIEVLTSS 360
361 GISSSVEPTSLVGPSSDESISSTESLSATSTPLAVSSTVVTSSTDSVSPNIPFSEISSSP 420
421 ESSTAITSGSSSATESGSSVSGSTSATESGSSASGSSSATESGSSVSGSTSATESGSASS 480
481 VPSSSGSVTESGSSSSASESSITOSGTASGSSVSSTSGSVTOSGSSVSGSSASSAPGISS 540
541 SIPQSTSSASTASGSITSGTLTSITSGSSSATESGSSVSGSSSATESGSSVSGSTSATES 600
601 GSSVSGSTSATESGSSASGSSSATESGSSVSGSTSATESGSSVSGSTSATESGSSASGSS 660
661 SATESGSASSVPSSSGSVTESGSSSSASESSITQSGTASGSSASSTSGSVTOSGSSVSGS 720
721 SASSAPGISSSIPQOSTSSASTASGSITSGTLTSITSGSSSATESGSSASGSSSATESGSS 780
781 VSGSTSATESGSSVSGSTSATESGSSASGSSSATESGSSVSGSTSATESGSSASGSSSAT 840
841 ESGSASSVPSSSGSVTESGSSSSASESSITQSGTASGSSASSTSGSVTQSGSSVSGSSAS 900
901 STSGSVTOSGSSVSGSSASSAPGISSSIPQSTSSASTASGSITSGTLTSITSSASSASAT — 960
961 ASNSLSSSDGTIYLPTTTISGDLTLTGKVIATEGVVVAAGAKLTLLDGDKYSFSADLKVY 1020
1021 GDLLVKKSKETYPGTEFDISGENFDVTGNFNAEESAATSASIYSFTPSSFDNSGDISLSL 1080
1081 SKSKKGEVTFSPYSNSGAFSFSNATLNGGSVSGLORRDDTEGSVNNGEINLDNGSTYVIV 1140
1141 EPVSGKGTVNIISGNLYLHYPDTFTGQTVVFKGEGVLAVDPTESNTTPIPVVGYTGENQI 1200
1201 AITADVTALSYDSATGVLTATQGNSQFSFSIGTGFSSSGFNVSEGTFAGAYAYYLNYGGV 1260
1261 VASSATPSSTSTTSGATNSTSGSTSFGASVIGSTASTSFGASVTGSTASTLISGSPSVYT 1320
1321 TTLTYATTTSTVVVSCSETTDSNGNVYTITTTVPCSSTTATITSCDETGCHVTTSTGTVA 1380
1381 TETVSSKSYTTVTVTHCDNNGCNTKTVTSEAPEATTTTVSPKTYTTATVTQCDDNGCSTK 1440
1441 TVTSECPEETSATTTSPKSYTTVTVTHCDDNGCNTKTVTSEAPEATTTTVSPKTYTTATV 1500
1501 TQCDDNGCSTKTVTSECPEETSATTTSPKSYTTVIVTHCDDNGCNTKTVTSEAPEATTTT 1560
1561 VSPKTYTTATVTQCDDNGCSTKTVTSEAPKETSETSETSAAPKTYTTATVTQCDDNGCNV 1620
1621 KIITSQIPEATSTVTATSASPKSYTTVTSEGSKATSLTTAISKASSAISTYSKSAAPIKT 1680
1681 STGIIVQSEGIAAGLNNESNVNRZEIRGNNIIY 1713

FIG. 2. Structure of the AWAI gene. (A) Schematic representation of the AWAI gene with restriction enzyme sites. (B) Deduced amino acid
sequence of Awalp. The shaded letters indicate putative signal peptide and GPI anchor signal sequences. The underlined letters indicate the SRR
and the CTR. The double underlined letters indicate the YJR151c-like sequence.

a small-scale sake mash, indicating that 3XHA-tagged Awalp
was fully functional (Table 1). After immunofluorescent stain-
ing, the transformed cells exhibited intense fluorescence at the
peripheral region of the cells (Fig. 4B), indicating that Awalp
is localized on the cell surface.

Since Awalp is a putative GPI-anchored protein, it may
be covalently linked to cell wall glucan, although some GPI-
anchored proteins are predominantly localized in the
plasma membrane (6, 10). Therefore, we analyzed whether
Awalp is covalently bound to the cell wall. The cell wall
fraction was prepared from the transformant cells with

3XHA-tagged Awalp and digested with B-1,6-glucanase,
which releases cell wall protein covalently linked to the cell
wall glucan (12). A Western blot analysis showed a diffused
reactive protein band with mouse anti-HA monoclonal an-
tibody at a high molecular mass (Fig. 4C). This is reason-
able, considering that Awalp has four putative N-glycosyla-
tion sites (amino acid positions 34, 1133, 1241, and 1278)
and a very high content of serine and threonine, which are
putative O-glycosylation sites. These results indicate that
Awalp is a cell wall protein that is covalently bound to the
cell wall through B-1,6-glucan.
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FIG. 3. Structural characteristics of Awalp. (A) Hydropathy plot of Awalp with a window of 10 residues performed by the method of Kyte and
Doolittle (17). (B) Structural comparison of Awalp and YOL155¢. SP, signal peptide (C) Homology between Awalp and YJR151c. Identical
amino acids are denoted by colons, and similar amino acids are denoted by periods.

Gene disruption of the AWAI gene. As described above, the
haploid cells of K7 were foam-forming. Therefore, we carried
out gene disruption of the AWAI gene of a K7 haploid strain
to investigate whether AWAI is directly involved in foam for-
mation. The AWAI gene of 7TH3 was replaced with a Geneticin
(G418) resistance gene by the PCR method (Fig. 5A). The
resultant AWAI disruptant (YHS471) did not form foam in a
small-scale sake brewing experiment (Fig. 5B), indicating that

the AWAI gene is necessary for foam formation of sake yeast
K7. Growth and fermentation of YHS471 were similar to those
of the parent strain (data not shown).

AWAI and CSH. The foam-forming ability of sake yeast was
shown to be related to CSH (25). Therefore, we investigated
whether the presence of the AWAI gene affected not only
foam-forming ability but also CSH using hydrophobic chroma-
tography. As shown in Fig. 6, there is a clear relationship
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FIG. 4. Localization of 3XHA Awalp. (A) Representative cells
of YHS235 (UT-1 harboring pRS416-XHA::AWAT1) viewed under a
light microscope. (B) The same field viewed with a fluorescence
microscope. Fixed yeast cells were probed with the anti-HA anti-
body and the fluorescein isothiocyanate-labeled anti-mouse immu-
noglobulin G. (C) Western blotting analysis of the cell wall proteins.
The cell wall fraction was prepared from yeast cells and treated with
B-1,6-glucanase. Liberated proteins were analyzed by Western blot-
ting on an SDS-2 to 15% polyacrylamide gel electrophoresis gel
using the anti-HA antibody. Lane M, molecular size marker; lane 2,
B-1,6-glucanase extract of YHS233 (UT-1 harboring pRS416-
AWAL); lane 3, the B-1,6-glucanase extract of YHS235 (UT-1 har-
boring pRS416-XHA::AWAL).

between CSH and foam-forming ability. Yeast strains with
foam-forming ability (K7, YHS233, and 7H3) exhibited higher
CSH than strains that do not form foam during fermentation
(K701, UT-1, and YHS471). UT-1 transformed with 3XHA-
tagged Awalp (YHS235) also exhibited high CSH, indicating
that 3XHA tagging of Awalp did not affect CSH. These results
indicate that Awalp is involved in both the foam formation
and CSH of sake yeast.

DISCUSSION

Our findings that the AWAI gene cloned from K7 could
confer foaming ability to the nonfoaming mutant of K7 and
that an AWAI deletion mutant of the K7 haploid strain became
nonfoaming clearly show that the AWAI gene is directly in-
volved in the foam formation of sake yeast. Although the
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laboratory strain does not have the AWAI gene, it has a closely
related homologue, YOL155c¢. The function of YOL155¢ is not
known since the null mutant does not differ from the wild type
in any known phenotypes (18). In addition to having sequences
homologous to those of YOL155c, Awalp contains a region
that is similar to two parts of YJR151c, which is not related to
YOL155c. Considering that the laboratory strain is not foam-
forming, the region that is homologous to the parts of
YJR151c might be involved in the foam-forming function of
Awalp.

The primary structure of Awalp suggested that it is a GPI-
anchored protein. Such proteins are widely found in eu-
karyotes from fungi to mammalian cells. After protein synthe-
sis, these proteins are translocated into the endoplasmic
reticulum where N- and C-terminal signal sequences are re-
moved and a GPI anchor is bound to the newly formed C
terminus. Then, GPI-anchored proteins are modified by glyco-
sylation through the secretion pathway, after which they are
incorporated into the plasma membrane (13). In yeasts, many
species of GPI-anchored proteins are transferred from the
plasma membrane to the cell wall and are covalently bound to
B-1,6-glucan by an unknown mechanism (12). Our results
showed that Awalp is also covalently bound to the cell wall
through B-1,6-glucan. The yeast cell wall contains many species
of GPI-anchored cell wall proteins and these are divided into
two groups by their structures and functions. One is a group of
relatively small proteins, such as Cwplp, Cwp2p, Sedlp, Tiplp,
and Tirlp (14, 26, 27, 31), whose functions are not well under-
stood. Some of these proteins are differentially expressed de-
pending on culture conditions and are considered to be struc-
tural cell wall proteins that cement other cell wall components
together. The other class of proteins includes large cell surface
proteins that participate in the interaction between yeast cells
and other materials in the environment such as agglutinins (19)
and flocculins (32). Awalp belongs to the second group be-
cause its molecular size is larger than the molecular sizes of
proteins in the first group and it clearly causes the cells to
interact with their environment.

The presence of Awalp is closely related to CSH, which
strongly affects how microorganisms adhere to other materials
(7). In the opportunistic pathogenic yeast Candida albicans,
CSH affects the virulence of the yeast by controlling adhesion
of the organisms to epithelial cells (20). CSH is also important
in fermentation technology. CSH of brewer’s yeast is one of the
major determinants of cell flocculation (30). A high level of
CSH in yeast cells may facilitate cell-to-cell contact in the mash
solution and lead to a more stable interaction between floccu-
lins and their receptors on the cell surface. Sake yeast cells that
form foam are also known to be hydrophobic and this charac-
teristic promotes cell absorption onto carbon dioxide bubbles
formed by ethanol fermentation (25). The direct relationship
between the presence of AWAI and hydrophobicity (Fig. 6)
suggests that Awalp has a hydrophobic region that can interact
with the bubbles. Considering that Awalp is anchored to the
cell wall through its C terminus and that Awalp contains a long
sequence rich in serine and threonine, Awalp may form a
rod-like structure (11) in which the N-terminal portion of
Awalp extrudes from the cell surface. Similar structures have
been reported in Agalp and Agalp (19) and in Flolp (32),
which are GPI-anchored proteins and whose N-terminal parts



2024 SHIMOI ET AL.

APPL. ENVIRON. MICROBIOL.

Bl Bgfl
1 L |
|-||—| AWAT ] ,
|'|| kan "
I 1 ] | | I | I 1
0 1 2 3 4 5 6 7 8 kb

YHS471 (awal::kan")

SN ™.

FIG. 5. Method and effects of disruption of the AWAI gene. (A) Method of AWAI gene disruption. The AWA1 gene of 7H3 was replaced by the Kan"
gene as a selectable marker by the PCR method. (B) Foam formation test of 7H3 (A4WAI) and YHS471 (Aawal:kan") using small-scale sake brewing.

are involved in cell-to-cell interactions. Their lengths are con-
sidered to be long enough to interact with cell surface struc-
tures of other cells. The tertiary structure of the N-terminal
part of Awalp may have a hydrophobic surface that absorbs to
the bubbles.
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FIG. 6. CSH of sake yeast strains. The CSH value of 48-h yeast
culture in synthetic minimal medium was determined. Three indepen-
dent experiments were performed for each strain of yeast. The values
depicted are the means plus standard deviations.

In conclusion, the AWA1 gene is a unique gene of sake yeast
and determines the foam-forming ability of sake yeast by con-
ferring hydrophobicity to the cell surface. We are currently
studying the structures of AWAI genes in various foam-form-
ing and non-foam-forming sake yeasts to investigate the struc-
ture and function of Awalp in detail.
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