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During sporulation in Saccharomyces cerevisiae, the four haploid nuclei are encapsulated within multilayered
spore walls. Glucan, the major constituent of the spore wall, is synthesized by 1,3-B-glucan synthase, which is
composed of a putative catalytic subunit encoded by FKS1 and FKS2. Although another homolog, encoded by
FKS3, was identified by homology searching, its function is unknown. In this report, we show that FKS2 and
FKS3 are required for spore wall assembly. The ascospores of fks2 and fks3 mutants were enveloped by an
abnormal spore wall with reduced resistance to diethyl ether, elevated temperatures, and ethanol. However,
deletion of the FKSI gene did not result in a defective spore wall. The construction of fusion genes that
expressed Fkslp and Fks2p under the control of the FKS2 promoter revealed that asci transformed with
FKS2p-driven Fks1p and Fks2p were resistant to elevated temperatures, which suggests that the expression of
FKS?2 plays an important role in spore wall assembly. The expression of FKSIp-driven Fks3p during vegetative
growth did not affect 1,3-B-glucan synthase activity in vitro but effectively suppressed the growth defect of the
temperature-sensitive fksI mutant by stabilizing Rholp, which is a regulatory subunit of glucan synthase.
Based on these results, we propose that FKS2 encodes the primary 1,3-3-glucan synthase in sporulation and
that FKS3 is required for normal spore wall formation because it affects the upstream regulation of 1,3-f3-

glucan synthase.

Sporulation in the budding yeast Saccharomyces cerevisiae
provides a model system for studying the developmental pro-
cesses of many eukaryotic cells. Sporulation in the a/a diploid
cells is triggered by carbon starvation and is followed by mei-
osis and the formation of asci that contain four haploid spores
encapsulated within a spore wall (25, 33). The spore wall,
which consists of four distinct layers, has been shown to play a
central role in protecting the cell from environmental damage.
The inner two layers consist of B-glucan and mannan (4),
components that are similar to those found in the vegetative
cell wall. In contrast, the outer layer consists of chitosan, a
polymer of B-1,4-linked glucosamine, and the outermost layer
consists of dityrosine, both of which are specific to the spore
wall (3, 4, 5, 6, 43). Previous investigations of spore wall
formation have focused on the specific components of the
spore wall, such as chitosan and dityrosine. The mechanism
of assembly of spore walls, including the synthesis of the
inner two layers, remains unclear. We speculate that B-glu-
can is also largely responsible for spore resistance to envi-
ronmental damage, since glucan is the major constituent of
the spore wall (4) and provides rigidity to the cell wall
during vegetative growth (36).

In yeast, glucan is constituted predominantly by 1,3-B-glu-
can, which is synthesized by 1,3-B-glucan synthase (GS), which
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in turn consists of a catalytic and a regulatory subunit. Two
genes for the putative catalytic subunit of GS in budding yeast
have been identified: FKS!, which synthesizes 1,3-B-glucan, the
main structural component of the cell wall (12, 17), and FKS2,
which was identified by virtue of its cross-hybridization with
FKS1 (31). The regulatory subunit copurifies with glucan syn-
thase and is encoded by RHOI (13, 38). Rholp acts as a
molecular switch that monitors and receives upstream signals
of cell morphogenesis. A third Fks1p homolog protein, Fks3p
(Ymr306wp), was found by homology searching and shares
56% identity with Fkslp and Fks2p (31).

FKSI and FKS2 encode a pair of integral membrane pro-
teins with 16 predicted transmembrane domains that share
88% identity. Deletion of FKS1 leads to a decrease in the level
of glucan and an increase in the chitin and mannoprotein levels
in the cell wall (27). Deletion of FKS2 causes no obvious cell
wall defect, although the fksI fks2 double mutant is nonviable
(17, 31), which suggests that in vegetative growth Fkslp and
Fks2p are alternative subunits with essentially overlapping
functions. However, the role of FKS3 has not been clarified.
The fks3-null mutant has no apparent cell wall defects and
there are no genetic interactions between FKS3 and FKSI or
FKS2 (11). A synthetic genetic array analysis revealed no syn-
thetic interactions with the fks3-null strain (27). In the fission
yeast Schizosaccharomyces pombe, four genes have been re-
ported for the putative GS catalytic subunits, i.e., bgsl ™ /cpsl™,
bgs2™, bgs3™, and bgs4™, the sequences of which share high-
level homology with those of FKSI and FKS2 (9, 10, 18, 28, 29,
30). The bgsI™, bgs3™, and bgs4™ genes are essential for veg-
etative growth and have been shown to be localized to specific
sites of cell wall growth (9, 10, 18, 30). The bgs2™ gene is not
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expressed during vegetative growth but is essential for spore
wall formation. GS activity is diminished in sporulating bgs2A
diploids (29). Bgs2p localizes to the ascospore periphery and is
required for appropriate spore wall maturation (28, 29).

In this study, we analyzed the roles of glucan and glucan
synthase in spore wall formation in budding yeast. It has been
reported that fks2 mutants form aberrant spores (31). Re-
cently, Huang et al. (16) have reported that Smk1p, which is a
mitogen-activated protein kinase, binds to the 1,3-B-glucan
synthase Fks2p and that Fks2p activity is increased in the smk1
mutant. It has been suggested that Fks2p plays an important
role in spore wall assembly through protein kinases. However,
nothing is known about the function of FKS3 in spore wall
formation. Our investigation of the roles of two glucan syn-
thase genes and a homologous gene at meiosis and sporulation
provides novel information on spore wall assembly.

MATERIALS AND METHODS

Plasmids. The plasmids used in this study are listed in Table 1. For DNA
manipulations, standard techniques were used. The 6.0-kb BglII-Xhol fragment
that includes FKS3 (derived from the YEp13 genomic bank) (44) was cloned into
the integrating vector pRS305 (42) to generate pY02728. The 6.0-kb BglII-Xhol
fragment that includes FKS3 was cloned into pBluescript to generate pY02729.
The plasmids pYO2730, pYO2731, and pYO2733 contain the FKSI, FKS2, and
FKS3 genes, respectively, cloned into the Pvull site of pY0326, and pY02732
contains a fragment that has the FKS3 gene cloned into the Pvull site of
pYO325. We constructed the FKSIp-FKS2-HA fusion (hemagglutinin-tagged
FKS2 gene driven by the FKSI promoter) and the FKS2p-FKS1-HA fusion, and
as controls, we constructed the FKS1p-FKS1-HA and FKS2p-FKS2-HA fusions as
follows. The FKSI promoter and the FKSI-2XHA (two tandem repeats of
hemagglutinin tag) gene fusion were fused at the first ATG codon of the open
reading frame (ORF) by using PCR, and the fusion was cloned into the pRS314
plasmid to generate pYO2736. The same procedure was used for the FKSI
promoter and the FKS2-2XHA gene fusion, the FKS2 promoter and the FKSI-
2XHA gene fusion, and the FKS2 promoter and the FKS2-2XHA gene fusion to
generate pY02737, pYO2738, and pY02739, respectively. The fused FKSI pro-
moter and FKS3-2XHA gene fusion were cloned into pRS316 and pYO326 to
generate pYO2740 and pYO2742, respectively. The pYO2764 plasmid is a
pRS305 derivative that contains the FKS3-2XHA gene fusion, the stop codon of
which was replaced with sequences that encode the 2XHA tag.

Strains. Escherichia coli strains SCS1 and JM110 were used as plasmid hosts.
The yeast strains used in this study are listed as derivatives of the rapidly
sporulating strain SK1 (Table 2) (22) and as derivatives of YPH (Table 3) (42).
Strains were constructed by using standard genetic crossing, transformation, and
other genetic procedures (21). The strains constructed in this study will be
deposited in the Yeast Genetic Resource Center Japan (http://yeast.lab.nig.ac
.jp/nig/english/index.html or http://bio3.tokyo.jst.go.jp/jst/english/).

The S799 and S800 derivatives of SK1 (Table 2) were constructed by M.
Lichten (National Institutes of Health) and provided by K. Ohta (Riken).
NKY899, NKY900, NKY486, and NKY487 were provided by N. Kleckner (Har-
vard University). The FKSI genes in YOC4064 and YOC4065 were replaced with
the fks1::URA3 allele in plasmid pYO1753, and the FKSI genes in YOC4067 and
YOC4068 were replaced with the fksi:LEU2 allele in plasmid pYO0944.
YOC4061, YOC4062, YOC4070, YOC4071, YOC4114, and YOC4115 were
constructed using PCR-mediated gene disruptions as previously described (40).
Primers were used to amplify the CgLEU2 (in plasmid pY02241) or CgURA3 (in
plasmid pYO2244) gene of Candida glabrata, together with flanking sequences
derived from the upstream and downstream regions of the FKS2 and FKS3
genes. YOC4070 was crossed with YOC4062, and the resulting diploid was
sporulated and subjected to tetrad analysis to generate YOC4078 and YOC4079.
The various FKSI and FKS2 expression plasmids were introduced into fks! fks2
double-null mutants that harbored the URA3-borne FKSI plasmid, and this
plasmid was subsequently eliminated by treatment with 5'-fluoroorotic acid. In
the resultant cells, either the FKSI or FKS2 gene could be expressed in the
absence of endogenous Fks1p and Fks2p under the control of the FKSI or FKS2
promoter. Thus, we established the strains YOC4084, YOC4085, YOC4086, and
YOC4087.

For the derivatives of YPH (Table 3), the detailed constructions of YOC1001
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TABLE 1. Plasmids used in this study

Name Description Reference”
pRS305 Yeast integration vector marked with LEU2 a
pRS306 Yeast integration vector marked with URA3 a
pRS314 Yeast-E. coli shuttle vector (CEN) with TRPI a
pRS315 Yeast-E. coli shuttle vector (CEN) with LEU2 a
pRS316 Yeast-E. coli shuttle vector (CEN) with URA3 a
pBluescript SK  E. coli high-copy-number vector b
pYO325 Yeast-E. coli shuttle vector (2um) with LEU2 c
pYO326 Yeast-E. coli shuttle vector (2um) with URA3 c
pYO901 FKS1p-lacZ fusion c
pYO902 FKS2p-lacZ fusion c
pY0946 AfksI:LEU2 ¢
pYO965 RHOI (Q68L) in pRS316 d
pYO991 FKSI in pRS316 c
pYO1751 FKS1 in pRS325 e
pYO1752 FKS2 in pRS325 e
pYO1753 Afks1::URA3 e
pY02241 pBS-CgLEU2 f
pYO02244 pBS-CgURA3 f
pYO02367 ROM?2 in pRS316 d
pYO2728 FKS3 in pRS305 g
pYO2729 FKS3 in pBluescript SK g
pYO2730 FKSI in pRS326 g
pYO2731 FKS2 in pRS326 g
pYO2732 FKS3 in pRS325 g
pYO2733 FKS3 in pRS326 g
pYO2736 FKSIp-FKS1-HA fusion in pRS314 g
pYO2737 FKSIp-FKS2-HA fusion in pRS314 g
pYO2738 FKS2p-FKSI-HA fusion in pRS314 g
pYO2739 FKS2p-FKS2-HA fusion in pRS314 g
pYO2740 FKSIp-FKS3-HA fusion in pRS316 g
pYO2742 FKSIp-FKS3-HA fusion in pRS326 g
pYO2764 FKS3-HA fusion in pRS305 g

“a, Sikorski and Hieter (42); b, Stratagene; ¢, Qadota et al. (38); d, Sekiya-
Kawasaki et al. (41); e, Inoue et al. (17); f, Sakumoto et al. (40); g, this study.

(FKSI Afks2) and YOC1087 (fks1-1154 Afks2) are described elsewhere (41).
Briefly, YOC1087 is a temperature-sensitive strain with a deletion of both FKSI
and FKS2 and a mutant allele of fks! (fks1-1154) that is integrated at the ADE3
locus. YOC1001 is the wild-type control for YOC1087, with FKSI and FKS2
deleted and the wild-type FKSI gene integrated at the ADE3 locus.

Media and synchronous sporulation. Yeasts were grown vegetatively in YPD
(1% yeast extract, 2% peptone, 2% glucose) and SD (0.67% yeast nitrogen base
without amino acids and 2% glucose) supplemented with the appropriate amino
acids (21). For solid media, 2% agar was added to each of the above-described
media. SPS (presporulation medium: 0.5% yeast extract, 1% polypeptone, 0.17%
yeast nitrogen base without ammonium sulfate and amino acids, 0.05 M potas-
sium phthalate, 1% potassium acetate, 0.5% ammonium sulfate [pH 5.0]) and
SPM (sporulation medium: 1% potassium acetate) were prepared as previously
described (35). Luria-Bertani medium (1% tryptone, 0.5% yeast extract, 1%
NaCl) was used for E. coli. For synchronous sporulation, cells were grown at 30°C
in SPS to a concentration of 1 X 107 to 2 X 107 cells/ml, pelleted, washed in
water, and resuspended at the same density in SPM (35). The cells were cultured
with vigorous aeration at 30°C and sampled at various times.

Immunoelectron microscopic analysis. Thin sections of the yeast cells were
prepared by the freeze-substituted fixation method as described previously (19),
except that HPM010 (BAL-TEC AG) or EMCPS (Leica, Solms, Germany) was
used for cell freezing and EMAFS (Leica) was used for warming. For 1,3-B-
glucan immunolabeling, a mouse monoclonal antibody (MAb) against 1,3-B-
glucan (Biosupplies Australia Pty. Ltd., Parkville, Victoria, Australia) and a
secondary antibody conjugated with 10-nm gold particles were used. The labeled
thin sections were viewed under an electron microscope (model H7600; Hitachi,
Tokyo, Japan) at 100 kV.

1,3-B-Glucan and 1,6-B-glucan determinations. Collection of spores by using
a Percoll gradient was performed as described previously (4). For cell wall 1,3-p-
and 1,6-B-glucan determinations, spores were boiled twice in 50 mM Tris-HCI,
pH 7.4, containing 50 mM EDTA, 2% sodium dodecyl sulfate, and 40 mM
B-mercaptoethanol and extensively washed with water. The alkali-soluble (AS)
and alkali-insoluble (AI) fractions were extracted with 1 N NaOH at 65°C two
times for 1 h as described previously (32), except that sodium borohydride (0.5
M) was added to the 1 N NaOH solution. Borohydride was removed after
neutralization with acetic acid and evaporation in the presence of methanol.
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TABLE 2. Yeast strains used in this study”

Mating

Strain type Genotype Reference”
S799 a ura3 lys2 ho::LYS2 leu2D arg4-bgl cyh2-z a
S800 « ura3 lys2 ho::LYS2 leu2D arg4-bgl cyh2-z a
NKY899 a ura3 lys2 ho::hisG leu2::hisG ade2::LK b
NKY900 a ura3 lys2 ho::hisG leu2::hisG ade2::LK b
NKY487 a ura3 lys2 ho::hisG leu2::hisG trpl::hisG b
NKY486 a ura3 lys2 ho::hisG leu2::hisG trpl::hisG b
YOC4061 a ura3 lys2 ho::hisG leu2::hisG trpl::hisG fks3::CgURA3 c
YOC4062 1 ura3 lys2 ho::hisG leu2::hisG ade2::LK fks3::CgURA3 c
YOC4063 a/a YOC4061 X YOC4062 c
YOC4064 a ura3 lys2 ho::hisG leu2:hisG trpl::hisG fksl::URA3 c
YOC4065 «® ura3 lys2 ho::hisG leu2::hisG ade2::LK fksl::URA3 c
YOC4066 a/a YOC4064 X YOC4065 c
YOC4067 a ura3 lys2 ho::hisG leu2::hisG trpl::hisG fksl::LEU2 c
YOC4068 o1 ura3 lys2 ho::hisG leu2::hisG ade2::LK fks1::LEU2 c
YOC4069 a/a YOC4067 X YOC4068 c
YOC4070 a ura3 lys2 ho::hisG leu2:hisG trpl:hisG fks2:CgLEU2 c
YOC4071 «® ura3 lys2 ho::hisG leu2::hisG ade2::LK fks2::CgLEU2 c
YOC4072 a/a YOC4070 X YOC4071 c
YOC4078 a ura3 lys2 ho::hisG leu2::hisG trpl::hisG fks2::CgLEU?2 fks3::CgURA3 c
YOC4079 a ura3 lys2 ho::hisG leu2::hisG ade2::LK fks2::CgLEU? fks3::CgURA3 c
YOC4080 a/a YOC4078 X YOC4079 c
YOC4081 a ura3 lys2 ho::hisG leu2::hisG trpl::hisG fks1::LEU?2 fks2::CgLEU2 c

(pYO0950; YCpU-FKSI)
YOC4082 « ura3 lys2 ho::hisG leu2:hisG trpl:hisG ade2:LK flksl::LEU2 c
fks2::CgLEU2 (pY0950; YCpU-FKST)
YOC4083 a/a YOC4081 X YOC4082 (pYO950; YCpU-FKSI) c
YOC4084 aja YOC4083 (pYO2736; FKS1p-FKS1-HA fusion) c
YOC4085 a/a YOC4083 (pYO2737; FKS1p-FKS2-HA fusion) c
YOC4086 aja YOC4083 (pYO2738; FKS2p-FKS1-HA fusion) c
YOC4087 a/a YOC4083 (pY02739; FKS2p-FKS2-HA fusion) c
YOC4114 a ura3 lys2 ho::hisG leu2::hisG trpl::hisG fks3::CgURA3 FKS3-HA::LEU2 c
YOC4115 a ura3 lys2 ho::hisG leu2::hisG ade2::LK fks3::CgURA3 FKS3-HA::LEU2 c
YOC4116 a/a YOC4114 X YOC4115 c

“ All strains listed are derivatives of SKI1.
b a, M. Lichten; b, N. Kleckner; c, this study.

Determination of the total hexose content was performed using the phenol-
sulfuric acid procedure with glucose as the standard (14). The amount of 1,3-B-
and 1,6-B-glucans in the AI and AS fractions digested by 1,3-B- or 1,6-B-glu-
canases was quantified by measuring the release of reducing sugars after digestion by
the p-amino-hydroxybenzoic acid hydrazide method, as described previously
(15). For 1,3-B-glucanase digestion, incubation was carried out with recombinant
Thermotoga neapolita LamA (9 ng/25 to 50 ug total hexoses), purified from E.
coli bearing a plasmid provided by Vladimir Zverlov (Institute of Molecular
Genetics, Moscow, Russia) (45), in sodium phosphate-citrate buffer (50 mM, pH
6.2) for 24 h at 80°C. For 1,6-B-glucanase digestion, incubation was carried out
with 0.3 pg of recombinant Trichoderma harzianum 1,6-B-glucanase (2) in po-
tassium acetate buffer (50 mM, pH 5.0) for 24 h at 37°C. Values were analyzed
by the paired ¢ test using JMP5 software.

1,6-B-Glucanase purification. The 1,6-B-glucanase-overproducing Pichia pas-
toris strain GS115/pUR3421-27, kindly provided by Stanley Brul (Unilever Re-

TABLE 3. Yeast strains used in this study”

Strain N{;g:g Genotype Reference”
YPH499 a  ade2 his3 leu2 lys2 trpl ura3 a
YPHS500 o ade2 his3 leu2 lys2 trpl ura3 a
YOC1001  a  ade2 his3 leu2 lys2 trpl ura3 fksl::HIS3 b

fks2::LYS2 ade3::FKS1::TRPI
YOC1087 a  ade2 his3 leu2 lys2 tripl ura3 fksl::HIS3 b

fks2::LYS2 ade3::fks1-1154::TRP1

“ All strains listed are derivatives of YPH.
b a, Sikorski and Hieter (42); b, Sekiya-Kawasaki et al. (41).

search Laboratories, Vlaardingen, The Netherlands), was grown as described
previously (2). The culture supernatant was collected by centrifugation (4,000 X
g for 5 min), concentrated 20-fold on Amicon-Ultra (Millipore), and prepared
for hydrophobic interaction chromatography as described previously (2). Hy-
drophobic interaction chromatography was carried out on a Phenyl Superose
HR 5/5 column (Pharmacia) as described previously (2). Fractions containing
1,6-B-glucanase activity (2) were pooled, dialyzed, and concentrated sixfold
on Amicon.

Spore viability of asci under conditions of elevated temperatures and in the
presence of diethyl ether and ethanol. Assays for measuring the resistance of
spores to ether and heat are described elsewhere (5, 26). Sporulated cultures
were tested for cell viability after exposure to 50% diethyl ether, a temperature
of 55°C, and 25% ethanol for the times indicated in the figures. Cells were
sampled at the times indicated in the figures, diluted to between 300 and 500
colonies per plate, and plated onto YPD plates. The cell viability for each mutant
was estimated by counting the viable colonies on YPD plates and comparing the
numbers to the numbers of colonies at 0 min. The results are expressed as means *
standard deviations.

Quantitative 1,3-B-glucan measurements. The amount of 1,3-B-glucan per cell
was measured using aniline blue as described previously (41). The fluorescence
of dye-bound 1,3-B-glucan was quantified using a spectrofluorophotometer (RF-
5300PC; Shimadzu, Kyoto, Japan) with an excitation wavelength of 400 nm/slit
width of 3 nm and an emission wavelength of 460 nm/slit width of 3 nm.

Assays of in vitro GS activity. GS was purified after extraction from mem-
branes by successive product entrapments using affinity purification procedures
that are based on the affinity of the enzyme for its own product (17). The
membrane fraction was prepared as previously described (1). In brief, log-phase
cells were resuspended in buffer that contained 1 mM EDTA, 500 mM NaCl, and
1 mM phenylmethylsulfonyl fluoride and lysed with glass beads. The crude lysate
was centrifuged at 1,500 X g for 5 min to separate the cell debris and unbroken
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and fks2 (B and E) and fks3 (C and F) mutant cells at a late stage of sporulation are shown. Panel D presents an enlarged image of the spore wall
shown in panel A. Panel E shows an enlarged image of the abnormal outer wall (arrow) shown in panel B. Panel F shows an enlarged image of
the abnormal outer membrane (arrow) shown in panel C. (G to I) Immunoelectron micrographs of the wild type (G) and fks2 (H) and fks3
(I) mutants using an anti-1,3-f-glucan antibody. (J to M) A set of thin serial sections of an fks2 mutant spore. The abnormal structures are inside
the spore. These structures are continuous across the sections. Abnormal structures (arrows), spore walls (SW), nuclei (N), and mother cell walls
(CW) are indicated.
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FIG. 1—Continued.

cells. After centrifugation at 100,000 X g for 30 min, the pellet was suspended in
a buffer that contained 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 33%
glycerol, and this suspension was used as the membrane fraction. GS activity was
measured according to a previously described procedure (17) using an excess of
GTP~S.

Western blotting. Protein samples for Western blotting analysis were prepared
by disrupting yeast cells with glass beads. The crude lysate was centrifuged at
1,500 X g for 5 min to sediment the cell debris and unbroken cells. The super-
natant was centrifuged at 100,000 X g for 30 min in the model RP70T rotor
(Hitachi) with Himac CP 65 (Hitachi). The resultant pellet was suspended and
used as the membrane fraction. Equal amounts of protein were loaded and
separated on an 8% acrylamide gel. The gels were blotted onto nitrocellulose
membranes and probed with mouse MAbs as well as the anti-Fkslp antibody
(T2B8) (17) and the anti-HA antibody (11MO; Covance, Princeton, NJ). Signals
were detected with the ECL Plus Western blotting analysis system (GE Health-
care, Milwaukee, WI) according to the manufacturer’s protocol.

Pull-down assay for active Rholp. The pull-down assay for active Rholp was
performed as previously described for mammalian RhoA and yeast Rholp (23;
K. Kono, M. Abe, S. Nogami, M. Nishizawa, S. Morishita, D. Pellman, and Y.
Ohya, submitted for publication) with some modifications. The region that en-
codes the Pkclp Rholp-binding domain (PRBD) was cloned into pGEX-3X and
introduced into E. coli strain SCS1. The glutathione-S-transferase (GST)-PRBD
fusion protein was expressed, purified, and bound to glutathione-Sepharose 4B
beads (GE Healthcare). Yeast cells were lysed in lysis buffer (50 mM Tris-HCI
[pH 7.5], 150 mM NaCl, 1 mM EDTA, 12 mM MgCl,, 1 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, 25 pg/ml tosylsulfonyl phenylalanyl chlorom-
ethyl ketone, 25 pg/ml TLCK [No-p-tosyl-L-lysine chloromethyl ketone], 25
pg/ml leupeptin, 25 wg/ml pepstatin, 25 pg/ml antipain, 25 pg/ml aprotinin, 25
pg/ml chymostatin, 0.6% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate}, 0.12% cholesteryl hemisuccinate) and incubated with bead-
bound GST-PRBD, and proteins bound to the beads were subjected to 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Bound Rholp was detected by
Western blot analysis using a polyclonal antibody against Rholp (38).

RESULTS

FKS2 and FKS3 are essential for spore wall formation. To
investigate the sporulation defect in mutants with deletions of
the FKS homologous genes, we constructed fks1, fks2, and fks3
deletion strains in the SK1 genetic background (22). These
homozygous diploid mutants grew as well as the wild-type cells

during vegetative growth and produced viable asci as efficiently
as the parental strain upon transfer to sporulation medium
(data not shown). To obtain further insight into the nature of
sporulation in these mutants, we employed the freeze-substi-
tuted fixation method to observe the asci of wild-type cells and
fksl, fks2, and fks3 mutant diploid cells by electron microscopy
(EM). A typical wild-type ascus and spore wall with several
layers are shown in Fig. 1A and D. After maturation of the
spore wall, most fks2 mutant spores were enveloped by an
abnormal spore wall, which contained abnormal structures
(Fig. 1B and E). We observed sets of serial sections with the
same structures at the edge of the fks2 mutant spore (Fig. 1J to
M). The abnormal structures were observed on the inside of
the spore wall. Careful examination of serial sections revealed
that these structures were continuous across the sections rather
than being separated structures. Observations of the serial
sections of the structures in the middle of the fks2 mutant
spore walls revealed that the small circular structures were also
continuous across the sections (data not shown). These mor-
phological observations suggest that the abnormal structures
are tubelike. To investigate the distribution of glucan, immu-
noelectron microscopy (immunoEM) was carried out using an
anti-1,3-B-glucan antibody. In a typical wild-type ascus, signals
for glucan were detected in all the layers of the mature spore
wall (Fig. 1G). However, in the spore walls of the fks2 mutants,
the signals for glucan were detected only in the innermost
layers (Fig. 1H). We were unable to stain the tubular structures
with the anti-glucan antibody (Fig. 1H). These morphological
observations suggest that the FKS2 genes may perform essen-
tial functions related to the formation of the layers of the spore
walls and are consistent with previous observations of the fks2
mutants (16).

Most of the fks3 mutant spores were enveloped by abnormal
spore walls, which were of uneven thickness and in some cases
included cytoplasm between the inner and outer layers (Fig. 1C



148 ISHIHARA ET AL.

and F). By using immunoEM, the signals for glucan were
found to be delocalized between the inner and outer layers of
the spore walls of the fks3 mutants. Finally, we observed the
spore walls of the fks2 fks3 mutant diploid cells by using EM.
Most of the fks2 fks3 mutant spores were enveloped by abnor-
mal spore walls of uneven thickness similar to the fks3 mutant
spore walls. By using immunoEM, the signals for glucan were
found to be delocalized in the spore walls of the fks2 fks3
mutants, similar to those in the fks3 mutant spore walls (data
not shown). These morphological observations suggest that the
FKS2 and FKS3 genes perform essential functions in the for-
mation of the layers of the spore wall.

Data obtained from genome-wide microarray studies indi-
cate that the amount of FKSI mRNA declines to background
levels during meiosis, that the level of FKS2 mRNA increases
moderately during meiosis, and that FKS3 is expressed in a
meiosis-specific fashion as a middle gene (7). To verify these
data, we prepared total-RNA samples from cells at different
stages of sporulation and investigated the presence of FKSI,
FKS2, and FKS3 mRNAs by Northern analysis. Consistent with
the microarray data, the levels of FKSI transcripts decreased
according to the progression of sporulation whereas the levels
of FKS?2 transcripts increased severalfold under the same con-
ditions. The FKS3 transcripts were strongly induced during the
first 2 h after transfer to sporulation medium, with maximal
accumulation at 4 h (data not shown). Our results confirm the
genome-wide results and indicate that FKS2 and FKS3 genes
are responsible for the formation of spore walls.

The Al fraction of the ascospore cell wall that represents the
skeleton of the cell wall is composed mostly of glucan and
chitosan. In contrast, the AS fraction of the ascospore cell wall
that is the amorphous cement is composed mainly of mannan
and glucan. High ratios of the hexose concentrations in the Al
fractions to the total hexose concentrations in the Al and AS
fractions may indicate a tight structural organization of the cell
wall. Accordingly, Fig. 2A suggests that the ascospore cell walls
of the fks2 fks3 and fks2 mutants were less structured than the
cell walls of the ascospores of the wild type and the fksI and
fks3 mutants. Figure 2B shows that the ascospore cell walls of
all wild-type and mutant strains contained a significant amount
of 1,3-B-glucans. The concentrations of 1,3-B-glucans varied,
however, among the different mutants and the AI and AS
fractions. The most striking cell wall perturbations were seen in
the fks2 fks3 mutant, where the largest amount of 1,3-B-glucan
was released from the Al fraction by the 1,3-B-glucanase. This
result was in agreement with EM data and suggested that the
cell walls of the ascospores of this mutant were the least orga-
nized. In addition, the amounts of 1,3-B-glucan in the AS
fractions of the fks2 fks3 and fks2 mutants were the smallest.
These variations in 1,3-B-glucans were not compensated for by
a modification of 1,6-B-glucans since the degradation of the Al
and AS fractions by the 1,6-B-glucanase never exceeded 3% of
the total hexose concentration in the Al and AS fractions (data
not shown).

Sensitivities of the asci of fks2 and fks3 mutants to diethyl
ether, heat, and ethanol. It has been shown that the asci of
several mutants that have defects in spore wall production are
more sensitive to certain stresses, including exposure to diethyl
ether, heat, and ethanol, than those of the wild type (5, 6, 8,
26). We tested the resistance of the asci of the wild type and
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FIG. 2. Hexose and 1,3-B-glucan determination for the ascospore
cell wall. The ratios of the hexose concentrations in the Al fractions to
the total hexose concentrations in the Al and AS fractions for the
different mutants (A) and concentrations (100) of reducing sugar re-
leased by the recombinant 1,3-B-glucanase LamA (B) are shown. Data
are presented as means = standard errors of the means of results for
four replicates. WT, wild type.

the fksl, fks2, fks3, and fks2 fks3 mutant diploids to diethyl
ether. The asci of the fks2, fks3, and fks2 fks3 mutants were
200- to 500-fold more sensitive to a 9-min exposure to diethyl
ether than the asci of the wild type (Fig. 3A), although the asci
of the fksI mutant had a survival rate that was similar to that
of the asci of the wild type (Fig. 3A). Next, to confirm the
stress-sensitive phenotype, we tested all of the mutants for
resistance to heat and ethanol. We examined the thermotoler-
ance of the wild-type and mutant spores after exposure to 55°C
for various time periods. As shown in Fig. 3B, the asci of the
fks2, fks3, and fks2 fks3 mutants were more sensitive than
the asci of the wild type to the elevated temperature. Again,
the asci of the fksI mutants had a survival rate that was similar
to that of the asci of the wild type. Finally, we examined the
viability of the wild-type and mutant spores after exposure to
25% ethanol for various periods of time. The asci of the fks2,
fks3, and fks2 fks3 mutants were more sensitive to ethanol than
those of the wild type, whereas the asci of the fks/ mutants had
a survival rate that was similar to that of the asci of the wild
type (data not shown). The correlation of these phenotypic
effects in the fks2 and fks3 mutants showing mutational effects
on spore wall structure suggests that spore wall formation is
linked to spore resistance to stresses, which include exposure
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FIG. 3. Spore viability under stress conditions. Sporulated cultures
of the wild type (WT) and fks1, fks2, fks3, and fks2 fks3 mutants were
tested for cell viability after exposure to 50% diethyl ether (A) and
55°C (B) for the indicated times. Spore viability was measured as
described in Materials and Methods.

to diethyl ether, heat shock, and ethanol. In addition, the
sensitivities of the asci of the fks2 fks3 mutants to these stresses
(based on survival rates) were the same as those of the fks3
mutants, which suggests that the fks2 mutation confers no
effect additional to that of the fks3 mutation.

Expression of FKS2 under the control of the FKS2 promoter
is important for spore wall assembly. Since Fkslp and Fks2p
are highly homologous, they may have overlapping functions in
sporulation. Therefore, we investigated whether the overex-
pression of Fks1p or Fks3p suppressed the spore defect of fks2
mutants. Multiple copies of the FKS1 gene partially suppressed
the heat-sensitive phenotype of the fks2 mutant spores (Fig. 4).
We postulated that this partial suppression might be due to the
difference in the expression levels of Fks1p and Fks2p. There-
fore, we constructed plasmids that contained FKSIp-driven
FKS1, FKSIp-driven FKS2, FKS2p-driven FKSI, and FKS2p-
driven FKS2 (Fig. 5A), and each of these plasmids was intro-
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FIG. 4. Spore viability at elevated temperatures for fks2 mutant
asci transformed with plasmids. Sporulated cultures of the wild type
(WT), fks2 mutants, and fks2 mutants that overexpress the FKSI,
FKS?2, or FKS3 gene were tested for cell viability after exposure to 55°C
for the indicated times. Spore viability was measured as described in
Materials and Methods.

duced into the fks! fks2 double-null mutants. All of the strains
(YOC4084, YOC4085, YOC4086, and YOC4087) were viable
and produced asci of which more than 80% had four spores.
Western blotting analysis with an anti-HA antibody revealed
that these proteins were present in all the transformed strains
(data not shown). We examined the spores of the wild type and
the transformed mutants following exposure to 55°C for vari-
ous periods of time. The asci of the fksI fks2 mutant cells
transformed with the FKSIp-driven Fkslp and Fks2p plasmids
showed heat sensitivities similar to those of the fks2 mutant
asci, whereas the asci of the fks! fks2 mutant cells transformed
with the FKS2p-driven Fks1p and Fks2p plasmids showed heat
sensitivities similar to those of the wild-type asci (Fig. 5B).
These results suggest that the molecular function of Fks2p in
spore wall assembly resembles that of Fkslp and that the
induction of FKS2 serves an important role in spore wall as-
sembly. In contrast, multiple copies of the FKS3 gene did not
suppress the heat-sensitive phenotype of the fks2 mutant
spores (Fig. 4). This result and the expression data on the FKS3
gene expressed at sporulation suggest that Fks3p does not have
any function overlapping with that of Fks2p in sporulation.
Enrichment with Fks3p is not observed during purification
of GS in vegetative growth. To determine if Fks3p is incorpo-
rated into a component of the GS complex, we monitored the
amount of Fks3p during the purification of GS. We con-
structed a plasmid that expressed HA-tagged Fks3p under the
control of the FKSI promoter (FKSIp-FKS3) (Fig. 6A). West-
ern blot analysis with an anti-HA antibody revealed that this
protein was present in the membrane fractions of transformed
strains (Fig. 6B). We measured the in vitro GS activities of the
membrane fraction and the purified GS fraction of cells that
expressed FKSIp-FKS3. Endogenous Fkslp was enriched in
the partially purified GS fractions (Fig. 6C), and the specific
activity of GS increased approximately 200-fold (Fig. 6E).
However, FKS1p-driven Fks3p-HA was not detected with the
anti-HA antibody (Fig. 6D). These results suggest that Fks3p is
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FIG. 5. Effect of the promoter on spore viability. (A) Schematic drawing of the gene constructs. The HA-tagged FKSI or FKS2 ORF was fused

downstream of the FKSI or FKS2 promoter. (B) Sporulated cultures of
for the indicated times. Spore viability was measured as described in M

lost during the preparation of the purified GS fraction and that
Fks3p is not a tightly bound component of the GS complex.
The in vivo glucan synthesis defects are rescued by the
expression of Fks3p. To determine the molecular function of
Fks3p in 1,3-B-glucan synthase, we examined whether the ex-
pression of the FKSIp-FKS3 allele could suppress the growth
defect of the fksl-1154 Afks2 mutant, a temperature-sensitive
mutant of GS (hereinafter referred to as the fksi-1154 mu-
tant). Recently, Sekiya-Kawasaki et al. (41) have identified
seven multicopy suppressors of the fksI-1154 mutation as pos-
itive regulators of GS. Therefore, we examined the growth
phenotype of the fksI-1154 mutant cells, which were able to
grow at 25°C but failed to grow at temperatures above 35°C.
Figure 7A shows the growth at various temperatures (33 to
37°C). Robust growth was observed for fksi-1154 mutant
cells transformed with multiple copies of FKSIp-FKS3,
which indicates that the FKS1p-FKS3 allele expressed from

the indicated strains were tested for cell viability after exposure to 55°C
aterials and Methods. WT, wild type.

a high-copy-number plasmid is able to suppress the fksi-
1154 mutation.

To examine the possible mechanisms of suppression whereby
multiple copies of FKSIp-FKS3 restore the defect in 1,3-B-
glucan synthesis, we tested in vivo glucan synthesis in fks1-1154
mutant cells that expressed Fks3p under the control of the
FKS1 promoter. First, we stained the mutant cells with aniline
blue, which is a fluorescent dye that interacts preferentially
with 1,3-B-glucan. As reported previously (41), most of the
fks1-1154 mutant cells appeared to lose their staining signal
specifically in the bud at the restrictive temperature (Fig. 7B,
panel a). The fksI-1154 mutant cells that were transformed
with multiple copies of FKSI and the FKSIp-FKS3 mutant cells
exhibited uniform staining of the cell walls on the cell surface
similar to the wild type (Fig. 7B, panels c and e). We quantified
the populations of cells that exhibited lower levels of 1,3-B-
glucan staining in the bud. Four hours after the shift to 35°C,
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FIG. 6. Purification of GS from cells that express FKSI promoter-
driven Fks3p during vegetative growth. (A) Schematic drawing of the
construct. The HA-tagged FKS3 ORF was fused downstream of the FKS/
promoter. (B) Protein samples for Western blot analysis of the super-
natant (SUP) and membrane (MEM) fractions of yeast lysates. Equal
amounts of protein were loaded and separated on an 8% acrylamide
gel. A mouse monoclonal antibody against HA (11MO) was used as
the primary antibody. (C and D) Western blot analysis with the anti-
Fkslp antibody (T2B8) (C) and anti-HA antibody (11MO) (D) of
samples taken during purification. (E) GS-specific activity during pu-
rification. The purification samples are as follows: lane 1, membrane
fraction; lane 2, detergent extract; lane 3, first product entrapment;
lane 4, second product entrapment; lane 5, third product entrapment.

more than 70% of the fksI-1154 mutant cells with vector alone
exhibited a loss of glucan staining in the bud. In contrast, the
overexpression of FKS1 and FKSIp-FKS3 removed the defects
in glucan staining in the fks-1154 mutant cells (Fig. 7C). Next,
we quantified the total amount of 1,3-B-glucan in fksI-1154
mutant cells with FKSI and FKSI1p-FKS3 by using a fluores-
cence spectrophotometer with aniline blue staining. The fksI-
1154 mutant cells that were transformed with multiple copies
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of FKSIp-FKS3 showed increased levels of glucan (Fig. 7D).
From these results, we conclude that multiple copies of FKS1p-
FKS3 have a positive effect on the in vivo GS of fksi-1154
mutant cells.

To examine the positive effect of Fks3p in vitro, we mea-
sured the in vitro GS activity of the membrane fraction from
the fksi-1154 mutant cells that overexpressed FKSIp-FKS3,
which we found to be as low as that from cells with the vector
alone (Fig. 7E). This result was similar to that of ROM2, a
multicopy suppressor of the fks/-1154 mutation. The overex-
pression of Rom2p, the GDP-GTP exchange factor of Rholp
(37), increased in vivo GS activity by shifting the equilibrium of
Rholp to the GTP-bound state. Since in vitro GS activity was
assayed in the presence of an excess amount of GTPvyS, which
is a nonhydrolyzable analog of GTP (17), all of the Rholp was
assumed to be in the active state in this in vitro GS assay. These
results support the idea that the expression of FKSIp-FKS3
increases in vivo GS activity by shifting the equilibrium of
Rholp to the GTP-bound state.

Relationship between Fks3p and Rholp. To examine whether
the expression of FKSIp-FKS3 increases in vivo GS activity
through Rholp activation, fks/-1154 mutant cells with FKS1p-
FKS3 were transformed with a plasmid that expressed the
active form of Rholp. If the expression of FKSIp-FKS3 acti-
vated GS by converting Rholp into the active form, no addi-
tional effect on GS activity should be observed. We quantified
colorimetrically the total amount of 1,3-B-glucan in fksi-1154
mutant cells with plasmids by using aniline blue staining. No
additional effect on GS activity was observed, which suggests
that Fks3p activates GS by converting Rholp into the active
form (Fig. 8A). Next, to confirm Rholp activation by Fks3p in
vivo, we measured the amount of the active form of Rholp.
The state of Rholp was monitored in a pull-down assay using
the GST-fused Rholp-binding domain of Pkclp, since the
Rholp-binding domain of Pkclp binds specifically to the active
form of Rholp (34). Our established system specifically pulls
down the active form of Rholp (GTP-fixed Rholp), while the
inactive form (GDP-fixed Rholp) is not pulled down (K.
Kono, M. Abe, S. Nogami, M. Nishizawa, S. Morishita, D.
Pellman, and Y. Ohya, submitted for publication). As a con-
trol, we performed the pull-down assay for active Rholp with
fks1-1154 mutant cells and with fksI-1154 mutant cells trans-
formed with the ROM2 gene. The active-Rholp level was
higher in the fksi-1154 mutant cells transformed with the
ROM?2 gene than in the untransformed fks1-1154 mutant cells
(Fig. 8B), which is consistent with the previous results. Next,
we performed the same pull-down assay using fks/-1154 mu-
tant cells that overexpressed Fks3p under the control of the
FKS1 promoter. The active-Rholp level was higher in fksi-
1154 mutant cells that overexpressed Fks3p than in fks1-1154
mutant cells without Fks3p overexpression (Fig. 8B). These
results suggest that the overexpression of FKSIp-FKS3 has a
positive effect on GS activity through the activation of Rholp
in vivo.

Fkslp and Fks2p do not suppress the phenotypes of fks3
mutants. To examine whether Fks3p has a role distinct from
Fks1p and Fks2p at sporulation and whether FKS1 or FKS2
acts in the same pathway as FKS3 at sporulation, we intro-
duced plasmids that overexpressed Fkslp, Fks2p, and Fks3p
into fks3 mutant cells and examined the phenotypes of their
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spores. After exposure to 55°C, the asci of the fks3 mutant cells
transformed with multiple copies of FKS3 had a survival rate
similar to that of the wild-type asci (Fig. 9). However, multiple
copies of the FKSI or FKS2 gene did not restore the heat-
sensitive phenotype of the fks3 mutant asci (Fig. 9). Next, we
constructed plasmids that contained FKS3p-driven FKSI and
FKS3p-driven FKS2, both of which were introduced into the
fks3 mutant cells. The asci of the fks3 mutant cells transformed
with FKS3p-driven Fkslp and the Fks2p plasmid showed heat
sensitivities similar to that of the fks3 mutant asci, which sug-
gests that these genes do not restore the heat-sensitive pheno-
type (data not shown). Our findings suggest that Fks3p exerts
a distinct effect on GS during spore wall maturation.

DISCUSSION

In budding yeast, the spore wall has been shown to play a
central role in protecting the cell from environmental damage.
In this paper, we demonstrate that Fks2p, the putative catalytic
subunit of the glucan synthase, is required for spore wall mat-
uration, consistent with the results reported by Huang et al.
(16), and that Fks3p, which shares homology with the catalytic
subunits, is also required for spore wall maturation. In addi-
tion, we found that the lack of the FKS2 gene and the FKS3
gene causes assembly defects in the 1,3-B-glucan layers and
reduces the resistance to certain stresses.

The fks2 mutant shows abnormal morphology under EM. In
addition, the abnormal features (a low ratio of the hexose
concentration in the Al fraction to the total hexose concentra-
tion in the Al and AS fractions and a small amount of alkali-
soluble 1,3-B-glucan) may represent a less organized cell wall
in this mutant. In spite of abnormal spore wall morphology, the
fks3 mutant shows a normal ratio of the hexose concentration
in the Al fraction to the total hexose concentration in the Al
and AS fractions. However, fine structural modifications could
exist but could not be investigated with our enzymatic meth-
odology since in contrast to those of the vegetative cells, the
ascospore cell wall is very resistant to 1,3-p- and 1,6-B-endo-
glucanase (70% of the hexoses of the yeast cell wall are de-
graded by LamA and the 1,6-B-endoglucanase) (data not
shown). This result suggests different structural organizations
of the polysaccharides of the yeast and ascospore cell walls.
The structural 1,3-B-glucan modifications of the fks2 fks3 mu-
tant and its abnormal morphology show that this mutant re-
sults in the additional effect of the absence of the two FKS2
and FKS3 genes.
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Based on these observations and previous studies, functional
differences among glucan synthase subunits and their homol-
ogous proteins and their roles in glucan synthesis during the
sporulation process are discussed.

Differences among 1,3-B-glucan synthase subunits involved
in spore wall assembly. The assembly of the 1,3-B-glucan layers
of spores requires the 1,3-B-glucan synthase, which is located
in the spore plasma membrane. Two genes in S. cerevisiae
encode putative catalytic subunits of the synthase. FKSI en-
codes the subunit that is primary during vegetative growth and
FKS2 appears to encode the subunit predominant during
sporulation (17, 31). It has been shown that the expression of
these genes is controlled differentially. FKSI is regulated in the
cell cycle and predominates during growth on glucose, whereas
FKS2 is expressed in the absence of glucose, especially during
sporulation (31). It has also been shown that Fks1p and Fks2p
exhibit different sensitivities to some 1,3-B-glucan synthase in-
hibitors, such as 1.-733,560 and aerothricin3 (12, 24). In the
present study, we show that Fkslp is functional in spore wall
assembly and is able to compensate for the sporulation defect
in fks2 asci when expressed under the control of the FKS2
promoter. This finding suggests that there are few functional
differences between Fkslp and Fks2p and that the regulation
of expression of the glucan synthase gene plays an important
role in spore wall assembly (Fig. 5B). Although the expression
of the FKS2 gene is important for spore wall formation, the
FKS1 gene may have a role in this process because, even in the
fks2 mutant, the spore wall is formed and contains 1,3-B-glucan
(Fig. 1H and 2). A residual amount of Fks1p expressed from its
authentic promoter can substitute functionally for Fks2p in
spore wall assembly, although it may not be sufficient for com-
plete formation of the normal spore wall. In fission yeast, it has
been reported that bgsI™, bgs3™, and bgs4" gene products
under the control of the bgs2™* promoter are unable to com-
pensate for the sporulation defect in bgs2A (29), which suggests
that each bgs gene product has a different role in sporulation,
in contrast to the case for budding yeast.

Function of FKS3 during spore wall assembly. In this study,
we investigated the molecular functions of Fks3p. We found
that the overexpression of FKSIp-FKS3 effectively suppressed
the growth defect of the fks/-7154 mutant (Fig. 7A), which
suggests that FKSIp-FKS3 has a positive effect on in vivo GS of
fks1-1154 cells. However, the overexpression of FKSIp-FKS3
did not increase in vitro GS activity (Fig. 6 and 7E). Therefore,
we postulate that Fks3p has distinct functions for GS and may

FIG. 7. Rescue of growth defect and reduced in vivo GS activation in the fks/-1154 mutant through expression of the FKS3-HA gene under the
control of the FKSI promoter. (A) Growth of the transformants at various temperatures. YOC1087 (fks1-1154) was transformed with a control
vector (pRS316), a multicopy vector that expresses the FKSI gene, a multicopy (m/c) vector that expresses the FKS3 gene under the control of the
FKS1 promoter, a single-copy (s/c) vector that expresses the FKS3 gene under the control of the FKSI promoter, a single-copy vector that expresses
the ROM?2 gene, or a single-copy vector that expresses the RHOI (Q68L) mutant gene. Growth on YPD was scored at the indicated temperatures.
The black, gray, and white regions indicate growth equivalent to that of wild-type cells, slower growth, and no growth, respectively. (B) Aniline
blue staining of yeast cells. Log-phase cells were shifted from 25°C to 35°C, cultured for 4 h, and stained with aniline blue (a, c, and e).
(C) Quantification of cells with normal aniline blue staining. Cells with a small bud or a tiny projection were observed, and the percentages of cells
with aniline blue staining in the bud were calculated. (D) Colorimetric quantification of the total amount of 1,3-B-glucan in fks/-1154 mutant cells
that carry the FKS1p-FKS3-HA plasmids. The amount of 1,3-B-glucan per cell was measured with aniline blue staining and is expressed as the
relative fluorescence intensity. (E) Glucan synthase activity assayed in the membrane fraction from the fks/-71154 mutant transformed with
high-copy-number plasmids carrying the indicated genes. The fksI-1154 mutant cells transformed with plasmids were shifted from 25°C to 34°C
for 2 h and then assayed for GS activity.



154 ISHIHARA ET AL.

A) g

%‘ 70
§’§60
.E'gso
]
3.240
® L2
o\-_/
2 10
= 0
2 0 2R
S X I
5 0~ Q K Qk
55 ° % § g3
Eag E thrg
=+  fksl-1154 Afks2

(B) fhs1-1154 Afks2

vector

(PRBD)

=

&
Pull-down — P amp

_

Pull-down

(beads)

Input -

FIG. 8. Expression of FKSIp-FKS3 activates Rholp in vivo.
(A) Quantification of the total amount of 1,3-B-glucan in fks/-1154
mutant cells that carry the RHOI (Q68L) and FKSIp-FKS3-HA plas-
mids. The amount of 1,3-B-glucan per cell was measured with aniline
blue staining and is expressed as the relative fluorescence intensity.
(B) Pull-down assay of active Rholp. Yeast cells were transformed
with the control vector (pRS316), a vector that expresses the ROM2
gene, and a vector that expresses the FKS3 gene under the control of
the FKSI promoter. Log-phase, growing yeast were cultured at 25°C in
SD lacking uracil and subjected to the pull-down assay.

regulate GS through the activation of a GS effector. We found
that the active-Rholp level increased in fks1-1154 mutant cells
transformed with FKSIp-FKS3 relative to that in fksi-1154
mutant cells (Fig. 8), which suggests that the fks/-1154 mutant
has a weak glucan synthase activity that can be stimulated by
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FIG. 9. Spore viability of fks3 mutant asci transformed with plas-
mids after treatment at the elevated temperature. Sporulated cultures
of the wild type (WT), the fks3 mutant, and the fks3 mutants carrying
a multicopy plasmid that expresses the FKSI, FKS2, or FKS3 gene were
tested for cell viability after exposure to 55°C for the indicated periods
of time. Spore viability was measured as described in Materials and
Methods.

the activation of Rholp by Fks3p and that the overexpression
of FKSIp-FKS3 acts positively on GS through the activation of
Rholp in vivo. If Fks3p activates Rholp during spore wall
assembly, the active form of Rholp (RHOI [Q68L]) should
complement the spore wall defect of the fks3 mutant. How-
ever, the asci of the fks3 mutant cells transformed with the
RHOI (Q68L) plasmid showed heat sensitivities similar to
those of the fks3 mutant asci, which indicates that these genes
do not restore the heat-sensitive phenotype (data not shown).
In addition, the spore wall defects in the fks3 mutant were not
restored when both FKSI and FKS2 were introduced via an
expression plasmid (Fig. 9), which suggests that the relation-
ship between Rholp and Fks1/2p at sporulation is different
from that at vegetative growth. Our results support the idea
that Fks3p has distinct functions for GS and also regulates GS
during spore wall assembly. We speculate that Fks3p interacts
with accessory components of GS that modify GS activity and
increase GS activity during glucan layer assembly. However, it
is unclear whether Rholp is the only target of Fks3p. It has
recently been reported that in fission yeast, the Rho5p GTPase,
which is highly homologous to Rholp, is required for spore
wall formation. The asci of the rh05A strain are less resistant to
heat than the asci of the wild-type (39). It is possible that a
similar regulation mechanism mediated by Rholp or other
homologous proteins operates during spore wall assembly in
budding yeast. In addition, protein kinases Smklp and Spslp
play roles in the trafficking of both Fks2p and the Chs3p chitin
synthase to the spore plasma membrane (16, 20). Both Fks2p
and Chs3p localize to the prospore membrane and spore wall
(20). We have determined by microscopic observation that
Fks3p also localizes to the prospore membrane and spore wall
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(data not shown). Fks3p may be required for the trafficking,
localization, and activation of Fks2p through interactions with
accessory components of GS.

Spore wall resistance is dependent upon glucan assembly.
The low organization of the cell wall of the fks2, fks3, and fks2
fks3 mutants as shown by EM, ImmunoEM analysis using the
anti-1,3-B-glucan antibody, and chemical cell wall analysis (Fig.
1 and 2) is the direct cause of the reduced resistance of the
ascospores of these mutants to diethyl ether, elevated temper-
atures, and ethanol. Therefore, the assembly of the glucan
layer and subsequent assembly of the spore wall may be essen-
tial for spore wall resistance to environmental damage. In
summary, glucan is a key assembly component of the spore
wall, and its synthesis and assembly are regulated by a subunit
of glucan synthase, Fks2p, and its regulatory homolog Fks3p.
Glucan layer assembly is essential for spore wall formation and
confers resistance to environmental damage.
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