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ABSTRACT

Profilin plays an important role in actin organization in all eukaryotic cells through mechanisms that
are still poorly understood. We had previously shown that Mid2p, a transmembrane protein and a potential
cell wall sensor, is an effective multicopy suppressor of the profilin-deficient phenotype in Saccharomyces
cerevisiae. To better understand the role of Mid2p in the organization of the actin cytoskeleton, we isolated
five additional multicopy suppressors of pfyIA cells that are Romlp, Rom2p, Rho2p, Smylp, and the
previously uncharacterized protein Syplp. The problems of caffeine and NaCl sensitivity, growth defects
at 30° and 37°, the accumulation of intracellular vesicular structures, and a random budding pattern in
PpyIA cells are corrected by all the suppressors tested. This is accompanied by a partial repolarization of
the cortical actin patches without the formation of visible actin cables. The overexpression of Mid2p,
Rom?2p, and Syplp, but not the overexpression of Rho2p and Smylp, results in an abnormally thick cell
wall in wild-type and pfyIA cells. Since none of the suppressors, except Rho2p, can correct the phenotype
of the pfyI-111/r1ho2A strain, we propose a model in which the suppressors act through the Rho2p signaling

pathway to repolarize cortical actin patches.

N yeast, actin filaments form cortical patches and
actin cables. Cortical patches are compact structures
that relocalize during the cell cycle in accordance with
changes in patterns of growth and secretion. During
the isotropic growth in the Gl phase, the cortical
patches are uniformly distributed within the cell. At the
beginning of S phase they are located at the presumptive
bud site, which becomes a site of active growth. As the
cycle progresses, the cortical patches become localized
almost exclusively in the growing bud. Electron micro-
scopic observation showed that at this stage the cortical
patches are associated with invaginations of the plasma
membrane, presumably to maintain cell wall integrity
during cell growth (MULHOLLAND ef al. 1994). Finally,
during cytokinesis the patches are found at the neck
region that separates the mother and daughter cells.
Any mutation that affects the location of the cortical
patches also affects polarized growth. Cortical patches
are thought to be essential for viability, since a viable
cell without cortical patches has never been observed
(KarrovA et al. 1998).

Actin cables are long filamentous structures that tra-
verse the cell. They have an uneven thickness along
their length, suggesting that they are formed of short
overlapping filaments (KARPOVA et al. 1998). Cables and
patches are both present throughout the cell cycle and
their distribution is coordinated. When patches are po-
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larized the cables are oriented toward the patches and
when patches are dispersed cables are randomly ori-
ented. The frequent localization of patches at the ends
of cables is further evidence for the association of these
two structures.

The distribution and formation of actin cables and
patches is controlled by many different proteins. Some,
like Cdc42p, are signaling proteins that control actin
distribution throughout the cell cycle. Others are struc-
tural proteins that bind directly to either filamentous
or monomeric actin. Profilin is a small actin monomer-
binding protein that influences actin organization. It is
clearly involved in actin polymerization, although there
is still controversy over whether profilin is a sequestering
agent or whether it facilitates polymerization. All known
profilins bind to poly-L-proline residues and to proline-
rich sequences in proteins. In Saccharomyces cerevisiae,
Ptylp binds to the proline-rich formin-homology (FH)
domains of Bnilp and Bnrlp (EVANGELISTA et al. 1997,
IMAMURA et al. 1997). Bnilp is also a target of Rholp,
a Raslike GTPase, involved in cell wall synthesis and
organization of the actin cytoskeleton (KoHNO et al.
1996). Finally, profilin binds to the membrane phos-
pholipid phosphatidylinositol-biphosphate (PIP,), which
in mammalian cells at least, inhibits its hydrolysis by
phospholipase C (LASSING and LINDBERG 1985; GoLD-
SCHMIDT-CLERMONT et al. 1990). This suggests a role
for profilin in cell signaling, possibly as an intermediate
between signaling molecules and the organization of
the actin cytoskeleton.

Profilin-deficient cells (pfyIA) are viable but have an
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abnormal morphology. Actin cables are no longer visi-
ble, and cortical patches are present in the mother cell
at all stages of the cell cycle (HAARER et al. 1990, 1993;
MARcOUX et al. 1998, 1999). This results in large, round
cells that grow slowly and undergo cell lysis at high
temperatures. The polarity of the cells is also lost, and
the normal axial budding of haploid cells becomes ran-
dom. In addition, polarized secretion is compromised
so that cells accumulate vesicular structures in their cyto-
plasm and show a lag in the secretion of the a-factor.
Maturation of the a-factor is also reduced, which results
in a decreased mating efficiency of the MATw strain,
but not the MATa strain (MARCOUX et al. 1998).

We have previously shown that MID2 is an effective
multicopy suppressor of the profilin-deficient pheno-
type (MARrcoOUX et al. 1998). The acronym MID stands for
“mating pheromone-induced death” since MID mutants
cannot resume the cell cycle after shmoo formation
(Itpa et al. 1994). Mid2p is a small plasma membrane
protein containing a serine/threonine-rich glycosylated
extracellular domain, a single transmembrane domain,
and a charged intracellular domain rich in aspartic acid
residues. In addition to the suppression of the profilin-
deficient phenotype, the MID2 gene was selected as a
multicopy suppressor in several different genetic screens.
Overexpression of MID2 suppresses the growth defect
of the cikIA and kar3A strains, mutants defective in
microtubule-based processes (MANNING el al. 1997), and
it can correct the deleterious effects caused by overex-
pression of protein kinase A, Tpklp (DANIEL 1993).
Hcs77p, also called Slglp or Wsclp, is a transmembrane
protein without any sequence similarity to Mid2p but
with domains similar to those found in Mid2p (GrAY
et al. 1997; VERNA et al. 1997; JACOBY et al. 1998; LODDER
et al. 1999). The hes77A cells undergo cell lysis at high
temperatures, a phenotype that is corrected by the ex-
pression of MID2 (KETELA et al. 1999; RAJAVEL et al.
1999). The phenotypes of temperature-sensitive growth
defects and the inability to recover from mating phero-
mone-induced G1 arrest of the mpt5A mutation are also
corrected by the overexpression of MID2. Finally, MID2
has also been selected as an activator of the Skn7p tran-
scription factor (KETELA el al. 1999).

An explanation for these seemingly disparate results
was provided by recent work identifying Mid2p as a
potential cell wall stress sensor that activates the PKC1
pathway, probably through Rholp, to ensure cell wall
integrity (KETELA et al. 1999; RAJAVEL et al. 1999). These
results support a role for Mid2p in cell wall synthesis, but
they do notindicate how it influences actin cytoskeleton
organization. To obtain more information on this ques-
tion, we used the caffeine and NaCl sensitivities of the
pfHIA cells to identify five additional multicopy suppres-
sors of the profilin-deficient phenotype. We propose a
model in which Mid2p affects the actin cytoskeleton in
the absence of profilin through a pathway leading to
Roml/Rom?2 and Rho2p.

MATERIALS AND METHODS

Strains, media, and transformations: Strains used in this
study are presented in Table 1. Cells were grown in either
YPD (1% yeast extract, 2% peptone, 2% glucose) or SD (0.67%
yeast nitrogen base w/0 amino acids, 2% glucose) containing
all amino acids except uracil (—Ura). Unless otherwise indi-
cated, cells were transformed by a modified lithium acetate
method (KAISER et al. 1994).

Deletions of MID2and SYPI were performed using the PCR-
based method described by BAUDIN et al. (1993). The coding
sequence of MID2was replaced with the HIS3 gene, amplified
using oligos 5'-TTCGTTGAAGATTGGACATATAAAATACG
CAAATCATAGTTTCCCTAGCATGTACGTGAG and 5'-GAA
AAGTAGCCATAAGCACTAAATGATATGAATGGATATGGT
GTCACTACATAAGAACAC. The PCR product containing the
HIS3 gene flanked by 50 nucleotides of the 5" and 3’ noncod-
ing sequences of MID2 was used to transform the 22ABA1-6A
and DJP100 haploid strains by the standard lithium acetate
method (KAISER et al. 1994). Deletion of MID2was confirmed
by PCR analysis.

The coding sequence of SYPI was replaced with the kanamy-
cin gene, amplified from the pFA6-kanMX4 plasmid (WAcH
et al. 1994) using oligos 5-ATGACGGAACAAAGAACCAAA
TATGCAGATAGCATATTGACTACTAAGAGTCAGCTGAAG
CTTGTACGC and 5'-TCAAGCGAGACCATGGTAGTTACCA
GTAGTCAAGTTCTTTTTGTGTTTACGCATAGGCCACTAG
TGGATCTG. The resulting PCR product, containing the kan
gene flanked by 51 bp homologous to the first and last nucleo-
tides of the SYPI coding sequence, was used to transform the
BY4743 diploid strain by the standard lithium acetate method
(KAISER et al. 1994). Transformants were selected on YPD
medium containing 200 pg/ml geneticin, and the deletion
of SYPI was confirmed by PCR analysis. The haploid mutant
sypIA::kan strain was obtained by tetrad dissection from a
heterozygous sypIA::kan/SYPI strain.

Plasmids: Overexpression of Rho2p, Rho3p, and Rho4p was
obtained by inserting the genes and their promoters into the
multicopy pRS426 plasmid (CHRISTIANSON et al. 1992). The
three genes were obtained by PCR amplification and ligated
into the EcoRI-BamHI sites of pRS426. Sequences of oligos
used are the following: RHO2, 5'-AAGGATCCATACCTCCA
CAAGG and 5-AAGAATTCGTAGGACATTA-ACGA; RHO3,
5'-ACTCGAATTCAGGCCACTTACC and 5-AAGGGTACCT
ACAC-CTTCGACT; RHO4, 5'-GGAGAATTCTTTATACCCGT
and 5'-GAGCGGTACCTCA-CACCAGATT. For overexpres-
sion of Mtllp and Wscl11/Slgl/Hcs77, the plasmids pRS424
(MTL1) and pRS424 (HCS77) were used (RAJAVEL et al. 1999).

To construct the Syplp-GFP fusion protein, the BssHII-Nan
genomic fragment of SYPI, containing the complete coding
sequence of SYPI plus 544 bp upstream of the initiation codon
and 746 bp downstream of the STOP codon, was inserted into
the Hincll/ Clal sites of pBluescript KS (+). The resulting
plasmid, pBS-SYPI, was digested by Ncol and BamHI and the
ends were filled in and religated, which eliminated the last
three codons. The green fluorescent protein (GFP) sequence
present in the plasmid p2312MAL (CORMACK et al. 1997) was
amplified with oligos 5'-GAACGGATCCATGTCTAAAGGT
GAAGAATT and 5-GAACACTAGTTTATTTGTACAATTCA
TCCA. The PCR product was inserted into the BamHI-Spel
sites of pBS-SYPI, which places the GFP coding sequence in
frame with the sequence coding for Syplp at its C terminus,
with the addition of a serine and a methionine between the
two sequences. Finally, the Xhol-Spel fragment of pBS-SYPI-
GFP, containing the promoter of SYPI plus the sequence
coding for the Syplp-GFP fusion protein was inserted into
the centromeric plasmid pRS316 or the multicopy plasmid
pRS416 (Sikorskr and HIETER 1989).
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TABLE 1

Yeast strains

Strain Genotype Reference
22ABA1-6A MATa lys2-80 wra3-52 his3-A200 trpl-1 leu2-3 1
22ABA1-6C MATa lys2-80 ura3-52 his3-A200 trpl-1 leu2-3 pfylA::LEU2 1
BY4743 MATa/ MATo his3 leu2 metl5 ura3 2
BHY46 MATa wra3 his3 leu2 ade2 ade3 pfyl-111::LEU2 3
DJP100 MATa lys2-80 ura3-52 his3A200 trp1-1 leu2-3 4
DJP102 MATo lys2-80 wra3-52 his3A200 trpl-1 leu2-3 pfylA::LEU2 4
DJP200 MATa/MATo lys2-80 ura3-52 his3-A200trp1-1 leu2-3 5
NHM101 MATa lys2-80 wra3-52 his3-A200 trpl-1 leu2-3 mid2A::HIS3 5
SCY25 MATa/ MATo his3 leu2 metl5 ura3 SYP1/ syp]A::kan 5
SCY26 MATa his3 leu2 metl5 ura3 sypIA::kan 5
Y1242 MATo ura3-52 lys2-801 ade2-101 trpl-A1 his3A200 rom2A::HIS3 6
Y1695 MATo ura3-52 lys2-801 ade2-101 trpI-A1 his3A200 rho2A::TRPI 6

References: 1, HAARER et al. (1990); 2, H. Bussey; 3, HAARER et al. (1993); 4, MARCOUX et al. (1998);

study; 6, MANNING et al. (1997).

Phalloidin staining, Calcofluor staining, and electron mi-
croscopy: Staining of actin filaments was carried out according
to the modified protocol of KArRrovaA et al. (1998). Cells from
exponential phase cultures were fixed at room temperature
for 30 min with 3.75% formaldehyde in the culture medium.
Cells were washed with and resuspended in PBS. Staining was
performed with 8.25 mm FITC-conjugated phalloidin for 90
min on ice in the dark. Cells were washed repeatedly with
PBS before microscopic observation.

Bud scars were visualized by staining chitin rings with Cal-
cofluor (PrRINGLE 1991). Cells from overnight cultures were
fixed for 30 min with 3.75% formaldehyde in the culture
medium. Cells were pelleted and resuspended in Solution
A (50 mm KPO, pH 6.5, 0.5 mm MgCly) containing 3.75%
formaldehyde and further fixed for 1 hr (PRINGLE et al. 1991).
Cells were then washed three times with and resuspended in
Solution A. Staining was carried out by adding 1/500 volume
of 1 mg/ml Calcofluor White and incubating for 1 hr at room
temperature in the dark. Cells were finally washed repeatedly
in PBS prior to microscopic observation. For electron micros-
copy, cells were fixed and prepared as previously described
(MARcOUX et al. 1998).

RESULTS

Identification of pfyIA suppressors: To screen for
multicopy suppressors, the pfyIA strain DJP102 was
transformed with the YEp24 multicopy library con-
structed with DNA of the S288C strain (CARLSON and
BotrsTrIN 1982). Approximately 15,000 transformants,
representing about five genomes, were obtained and
replicated onto —Ura plates containing 1.5 mg/ml caf-
feine or 1.5 M NaCl. The plasmids that allowed growth
on both media were isolated and studied further. As
expected from the number of genome equivalents
screened, we obtained five plasmids containing PFYI.
We also isolated five plasmids containing MID2. In addi-
tion, four other genes were isolated as suppressors:
SMY1, ROMI, ROM2, and an open reading frame (ORF),
YCRO30C (Table 2). We named the ORF SYPI for sup-
pressor of yeast profilin deletion.

Ot

, this

Given the established role for the Rho-type GTPases
in controlling the actin cytoskeleton and the identifica-
tion in our screen of Rom1p and Rom2p, two exchange
factors for Rho proteins, we tested directly the effect of
the five Rho-type GTPases, RHOI-RHO4 and CDC42,
in the pfIA strain DJP102. Among the RHO family
members, only Rho2p is a suppressor of the growth
defects of the pfyIA strain (Table 2). The pfyIA strain
overexpressing Rho2p grows well in the presence of
1.25 mg/ml caffeine but grows slowly on 1.5 mg/ml
caffeine, which may explain why it was not selected in
the screen. A detailed analysis was carried out on Rho2p
and the five suppressors isolated in the original screen.

Suppressors restore normal growth and an axial bud-
ding pattern to the pfyIA cells: The suppressors were
selected for their ability to confer growth in the presence
of caffeine and NaCl. We also tested their ability to
correct other phenotypic defects. The pfyIA cells are
viable but grow slowly at 30°, with a doubling time of
~6 hr in minimal medium, and do not grow at 37°. The
pHIA cells overexpressing any of the suppressors have
a normal doubling time of ~2 hr in minimal media and
grow at 37°.

TABLE 2
Suppressors and nonsuppressors of the pfyIA phenotype

Suppressors Nonsuppressors
MID2 (5) CDC42
ROMI (1) RHO1
ROM2 (1) RHO3
SMY1 (2) RHO4
SYPI (3)

RHO2

WSCI

The number in parentheses indicates the number of times
the gene was isolated in the screen.
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Normal haploid yeast cells have an axial budding pat-
tern, meaning that the bud scars are formed on the
same side of the cell and adjacent to the previous bud
scar. Haploid pfyIA cells have a random distribution of
bud scars and also a delocalized chitin deposition. We
tested the bud site location in pfyIA cells expressing
the different suppressors by staining for chitin with the
fluorescent dye Calcofluor white. In mutant cells overex-
pressing either Smylp (Figure 1) or Rho2p, Romlp,
Rom2p, and Syplp (results not shown), the axial bud-
ding pattern is restored and chitin deposition is concen-
trated mainly in the bud scars, as it is in wild-type cells.
In mutant cells overexpressing Mid2p, the Calcofluor
white staining was delocalized and very intense, even
more so than in the pfyIA cells. We were not able to
identify the bud scars in these cells and thus could
not determine whether they have an axial distribution.
Similar results were obtained when Mid2p was overex-
pressed in wild-type cells. An explanation for this intense
staining is found in the recent work showing that cells
overexpressing Mid2p produce ~250% more chitin than
wild-type cells (KETELA et al. 1999). Since Calcofluor
white intercalates into nascent chitin chains, cells over-
expressing Mid2p are expected to show an intense stain-
ing reaction with this fluorescent dye. Thus, we were
able to identify the bud scars in four of the suppressors,
and they all showed the normal axial distribution in
haploid cells.

Only some suppressors cause the formation of a thick
cell wall: We showed previously that pfyIA cells are large
and accumulate numerous intracellular vesicular struc-
tures due to problems with intracellular trafficking. The
overexpression of Mid2p decreases cell size to near nor-
mal, eliminates the intracellular vesicles, and results in
an abnormally thick cell wall (MARCOUX et al.1998). We
reasoned that the phenotype of a thick cell wall could
be informative for determining the signaling pathway
involved in the suppression of the profilin-deficient phe-
notype. We therefore carried out electron microscopic
examinations of pfyIA cells carrying different suppres-
sors (Figure 2 and Table 3). It should be noted that the
pfyIA cells have a wide range of size and morphology,
and some of them from late log phase are much larger
and contain more intracellular vesicular structures than
the cell shown in Figure 2. The pfyIA cells overexpress-
ing the suppressors are somewhat variable in size, but

FIGURE 1.—The normal axial budding
pattern is restored in haploid pfyIA cells
overexpressing Smylp. Cells from exponen-
tial phase cultures were stained with Cal-
cofluor and observed by fluorescence mi-
croscopy. Wild-type (WT) cells and pfyIA
cells overexpressing Smylp (pfyIA/SMYI)
have an axial distribution while pfyIA cells
have a random distribution of bud scars.

are always smaller than the pfyIA cells and are often
about the same size as wild-type cells. No intracellular
vesicles are seen in any of these cells.

The thickness of the cell wall in pfyIA and wild-type
cells is similar. However, when Mid2p, Syplp, Romlp,
or Rom2p are overexpressed in pfyIA cells, the cell walls
in the mother cell are noticeably thicker. This is not
accompanied by evident changes in the cell wall diame-
ter of the bud. We also determined that the overexpres-
sion of Mid2p in wild-type cells leads to an increase in
cell wall diameter of the mother cell, indicating that it
is the suppressors alone that are responsible for the
cell wall changes. In contrast, the cell walls in strains
overexpressing Rho2p or Smylp have normal dimen-
sions. Therefore, not all suppressors cause the forma-
tion of a thick cell wall, indicating that a thick wall is
not a prerequisite for the suppression of the profilin-
deficient phenotype.

Nonetheless, we exploited this phenotype to deter-
mine whether Mid2p and Syplp are in the same or in
parallel signaling pathways. We reasoned that Mid2p, a
plasma membrane and a putative sensor for cell wall
integrity, should be the first step in a signaling pathway.
If Syplp is required to relay the signal from Mid2p to
downstream components of the pathway, then overex-
pression of Mid2p in sypIA cells should give a normal
cell wall. However, we observed that the sypIA cells over-
expressing Mid2p have thick cell walls, suggesting that
Mid2p does not signal cell wall biosynthesis through
Syplp (Table 3).

Rom2p is an exchange factor for Rholp (Ozaxi ef al.
1996), and Mid2p activates the Rholp signaling pathway
(KETELA et al. 1999; RAJAVEL et al. 1999). To investigate
whether the increase in cell wall diameter implicates
activation of the Rholp signaling pathway by the multi-
copy suppressors, we overexpressed Rholp in pfyIA and
wild-type cells. Indeed, we found that an increased dos-
age of RHOI, in either pfyIA or wild-type cells, leads to
a thick cell wall (Figure 2 and Table 3). We therefore
conclude from these data that some of the pfyIA
multicopy suppressors increase cell wall biosynthesis,
at least in part, through the activation of the Rholp
signaling pathway. The facts that Rholp is nota suppres-
sor of the pfyIA mutant and that not all multicopy sup-
pressors influence cell wall synthesis suggest that correc-
tion of the pfyIA phenotype implicates another cellular
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function. We thus turned our attention to the actin
cytoskeleton.

Suppressors restore cortical patch polarity in the ab-
sence of visible actin cables: Deletion of PFYI results
in large round cells that no longer have visible actin
cables. These cells do have numerous, well-formed corti-
cal patches, but their distribution is not normal. Al-
though there is a concentration of cortical patches in
small buds, numerous cortical patches are always found
in the mother cell at all stages of the cell cycle (HAARER
et al. 1990). Since the suppressors restored cell size to
near normal in pfyIA cells, we verified whether this was
accompanied by the formation of actin cables and by
the normal, polarized distribution of cortical patches.
We were able to visualize cables and patches by using
the staining method of KArRPOVA el al. (1998). We made

TABLE 3

Production of a thick cell wall by the overexpression of
Rholp or the pfyIA suppressors in different strains
as viewed by electron microscopy

Strain Protein Thick cell wall
WT —
WT Mid2p +
WT Rholp +
pHIA -
pHIA Mid2p +
pHIA Rholp +
pHIA Rho2p -
pHIA Romlp +
pHIA Rom2p +
pHIA Smylp —
pHIA Syplp +
sypIA Mid2p +
+, thick cell wall; —, cell wall diameter as in WT cells.
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FiGure 2.—Electron micros-
copy of cell walls. Thick cell
walls are seen in wild-type
strains overexpressing Rholp
and Mid2p and pfyIA cells over-
expressing Mid2p and Syplp.
All the other strains have nor-
mal cell walls.

most of our observations on cells with small buds, since
at this stage the polarized distribution of cortical patches
is most evident (Figure 3). In wild-type cells, actin cables
are easily visible in the mother cells and are oriented
toward the small buds, where the cortical patches are
concentrated; few cortical patches are seen in the
mother cell at this stage. In pfyIA cells, actin cables
are not visible and numerous patches are distributed
throughout the mother cell, even when small buds are
present. When Mid2p is overexpressed in these cells,
actin patches become mostly concentrated in the small
buds (Figure 3 and MARCOUX et al. 1998). The redistri-
bution of cortical patches is not complete, since some
cells still contain a few patches in the mother cell. In
spite of the near-normal distribution of cortical patches,
none of the pfyIA cells overexpressing Mid2p contain
visible cables. Staining of actin filaments in pfyIA cells
overexpressing any of the other suppressors gives similar
results: cortical patches are localized almost exclusively
in small buds and the cells have no visible actin cables.
The results with Syplp, Rho2p, and Smylp are shown
(Figure 3).

In wild-type cells, cables are clearly visible in the
mother cell. Although there are cables in the bud, the
numerous cortical patches tend to mask their appear-
ance. We do not believe, however, that the absence of
cables in the pfyIA cells overexpressing the suppressors
is due to a masking effect by the cortical patches. In
most of these cells, few cortical patches are seen in the
mother cell and in some instances none are present.
However, we cannot rule out the presence of fewer,
thinner, or much shorter actin cables. If present, how-
ever, they do not have the same organization as in wild-
type cells.

Overexpression of Syplp results in an abnormal phe-
notype: Five of the proteins we identified as suppressors,
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Mid2p, Romlp, Rom2p, Rho2p, and Smylp, have been
studied previously. They all play a role in cell wall biosyn-
thesis or in the organization of the actin cytoskeleton.
The other suppressor, Syplp, is a previously uncharac-
terized protein. In an attempt to obtain more informa-
tion about the role of SYPI, its entire coding sequence
was deleted in a diploid strain by gene replacement
using the kanamycin gene. Following sporulation, dis-
section of tetrads resulted in four haploid spores giving
rise to colonies of approximately the same size. Haploid
sypIA strains were identified by growth on geneticin-
containing medium and confirmed by PCR analysis.
Morphology of the haploid Syplp-deficient cells is nor-
mal, as is actin distribution (results not shown). These
cells have normal growth rates at 30° and 37° and in the
presence of caffeine, NaCl, and benomyl, a microtubule
depolymerizing drug. The budding patterns of haploid
sypIA and diploid sypIA/sypIA cells are also normal.
Therefore, deletion of SYPI does not result in an obvi-
ous morphological or growth defect, suggesting that
Syplp has a redundant function with at least one other
protein. Sequence alignment with the S. cerevisiae and
all other available databases does not reveal proteins
with significant sequence homologies, identifying Syplp
as a novel protein.

Although we have not observed a phenotype associ-
ated with the deletion of SYPI, overproduction of Syplp
alters morphology of wild-type haploid and diploid cells.
Overexpression of Syplp causes the formation of abnor-
mally long projections in ~10% of exponentially grow-
ing haploid cells at 30° (Figure 4). Cortical patches
are present in these projections, consistent with their
localization in regions of cell growth. The cortical

pfy1A/MID2

Ficure 3.—Overexpression of
the different suppressors in pfyIA
cells repolarizes cortical patches
without restoring visible actin ca-
bles. Cells from exponential phase
cultures were stained with FITC-
phalloidin to visualize actin fila-
ment distribution. Wild-type (WT),
pHIA, and pfyIA cells overexpress-
ing Mid2p (pfyIA/MID2), Syplp
(p/IA/SYPI), Rho2p (pfIA/
RHO2),and Smylp (pfylA/SMYI)

are shown.

patches, however, are not located exclusively in the pro-
jections as they are also present in the mother cell.
Staining of chitin rings with Calcofluor reveals that the
budding pattern of these cells is normal. The long pro-
jection, however, does not respect the axial budding
pattern as it always forms in a different area of the cell,
separate from the bud scars (Figure 4). Occasionally, a
projection and a bud form on the same cell, but the
two are never contiguous. Thus, in these cells, the forma-
tion of the projection is not subject to the same spatial
controls as bud formation. Chitin, in addition to its
localization in bud scars, is also found throughout the
projection, except at the rounded tip. The projections
do not contain nuclei (results not shown). These projec-
tions are never formed by the overexpression of Syplp
in pHIA cells.

The effect of overproduction of Syplp in diploid cells
is less dramatic; no long projections are seen. In ~10%
of cells, however, a protuberance is seen. In cells with
buds, the protuberance is found at the opposite end of
the cell from the bud. This protuberance does not seem
to be a site of active growth, since cortical patches are
not present in this area. Chitin staining shows that the
normal bipolar budding pattern of diploid cells is re-
spected (Figure 4). This staining also shows that the
small protuberance contains bud scars, suggesting that
it may be formed by problems in chitin deposition or
cytokinesis.

Syplp localizes to the mother-bud neck and sites of
active growth: A cellular location has been established
for five of the suppressor proteins we isolated. Mid2p
is a plasma membrane protein and the four other pro-
teins are localized in the cortical patch region of small



Multicopy Suppressors of pfyIA Cells 585

Haploid

e

buds. We reasoned that the cellular location of Syplp
could be informative for determining its role in the
suppression of the profilin-deficient phenotype. It was
localized using a Syplp-GFP fusion protein. This fusion
protein was expressed using the SYPI promoter in a
centromeric plasmid. Since sypIA cells have no observ-
able phenotype, we could not test whether the protein
was functional by suppression of the mutant phenotype.
However, overexpression of the fusion protein in wild-
type haploid cells resulted in the formation of long
projections in ~10% of the cells. In addition, overex-
pression of the fusion protein in pfyIA cells restored
normal growth at 30° and 37° and eliminated the caf-
feine sensitivity phenotype. The pfyIA cells overexpress-
ing the Sypl-GFP fusion protein or Syplp are morpho-
logically indistinguishable in the light microscope (results
not shown). Therefore, Syplp-GFP is functional, and its
localization likely respects the normal distribution of
Syplp in cells.

The intracellular location of Syp1p was determined by
fluorescence microscopy observations of exponentially
growing cells expressing the Syplp-GFP fusion protein
from a centromeric plasmid. In cells without a bud,

Diploid

Ficure 4.—Effect of overexpres-
sion of Syplp in wild-type cells. Mor-
phology of haploid and diploid cells
were visualized by Nomarski (N). Ac-
tin filament distribution was viewed
by staining cells with FITC-conju-
gated phalloidin (P). Calcofluor
staining of chitin rings was per-
formed to observe budding patterns
(C). The arrows indicate the position
of protuberances formed in the dip-
loid cells.

there is a low level of diffuse fluorescence staining as
well as the presence of small dots located at the cell
periphery (Figure 5a). The diffuse staining and the pe-
ripheral dots remain during the entire cell cycle, but
an intense fluorescence develops in specific locations
during budding. As the bud emerges, Syplp becomes
concentrated at the mother-bud neck and at the tip of
the forming bud (Figure 5b). As the bud grows, the
Syp1p fluorescence is abundant in the mother-bud neck
region and in the bud (Figure 5c). At cytokinesis, the
fusion protein is found predominantly at the junction
between the mother cell and the bud (Figure 5d). In
shmoos, Syplp is present mainly at the base of the pro-
jection (Figure 5e). The distribution of Syplp in grow-
ing buds, in the septum of dividing cells, and at the
base of shmoo projections is consistent with a role for this
protein in polarity establishment and/or cytokinesis.
The expression of the Syplp-GFP fusion protein from
a centromeric plasmid does not suppress the pfyIA phe-
notype. These cells, which are large and irregularly
shaped, have such low levels of fluorescence that the
fusion protein could not be localized. The expression
of the Syplp-GFP fusion protein from a multicopy plas-
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mid in pfyIA cells gives an intense fluorescence. The
location of the fusion protein is similar in these cells
and in wild-type cells expressing the protein from a
centromeric plasmid, although the fluorescence is
much more intense in the pfyIA cells with the multicopy
plasmid. A cell with a medium size bud is shown (Figure
5f). The mother cell has a peripheral fluorescence, usu-
ally in the form of small dots. The mother-bud neck
junction and the contour of the bud are intensely stained,
while a diffuse fluorescence is seen within the bud.

The expression of the Sypl-GFP fusion protein from
a multicopy plasmid in wild-type cells gives an intense
staining mainly in the 10% of the population with long
projections. In G1 cells with projections, the fusion pro-
tein is found throughout the mother cell and the projec-
tion, except at the junction between the two where a
pale region is seen. The most intense fluorescence is
seen in the contour of the mother cell and the projec-
tion (results not shown).

Genetic interactions: On the basis of previously pub-
lished work, we hypothesized that Mid2p, Romlp,
Rom2p, and Rho2 act through the same signaling path-
way to correct the profilin-deficient phenotype. To test
this hypothesis and to obtain more information about all
the suppressors, we constructed various double deletion
strains. We first checked for possible synthetic lethal
interactions among the suppressor genes. Haploid
strains mid2A/rho2A, mid2A/ smyIA, mid2A/ sypIA, rho2A/
smyIA, and rom2A/sypIA are all viable. Also, as with
cells carrying single deletions for any of these genes, no
obvious morphological or growth defects were observed
(Table 4). Thus, these suppressor genes do not show
a synthetic lethality. We attempted to obtain double
mutants with the pfyIA allele and the deleted suppressor
genes, but our repeated attempts were unsuccessful. We

Ficure 5b.—Distribution of Syp1p
changes during the cell cycle. The
Syplp-GFP fusion protein was ex-
pressed from a centromeric plas-
mid in WT cells (a—e) and from
a multicopy plasmid in the pfyIA
strain DJP102 (f). The Syp1p-GFP
was viewed by fluorescent micros-
copy in exponentially growing
cells at different stages of the cell
cycle (a—d and f) and during
shmoo formation (e). To form
shmoos, MATa wild-type cells
(DJP100) expressing Syplp-GFP
were incubated with 6 pM a-factor
for 3 hr prior to observation by
fluorescence microscopy.

assumed that this was due to the severely compromised
growth of the pfyIA cells. We therefore constructed dou-
ble mutants with the pfyl-111allele (HAARER et al. 1993).
This allele renders cells partly temperature sensitive;
they grow slowly at an elevated temperature and a frac-
tion of them undergo cell lysis. At the restrictive temper-
ature, cells adopt a phenotype similar to but not as
severe as the pfyIA cells. Phalloidin staining of pfyI-111
cells incubated at 37° shows a partial loss of actin patch
polarization and also the absence of visible actin cables
(Figure 6). Using this allele, we studied the double mu-
tants pfyl-111/mid2A, pfyl-111/vho2A, pfyl-111/smylA,
and pfyl-111/sypIA.

TABLE 4

Genetic interactions between the suppressor genes and
between these genes and the pfyl-111 allele

Genetic
Genotype interaction
mid2A/ rho2A -
mid2A/ smyIA -
mid2A/ sypIA -
rho2A/ smyIA —
rom2A/ sypIA -
PI-111/ mid2A +
pHI-111/r1ho2A +
ppy1-111/smyIA Lethal
PRHI-111/sypIA -

The morphology in the light microscope and distribution
of actin cortical patches was determined for strains growing
at 37°. A plus (+) indicates a genetic interaction as defined
by larger cells and more delocalized actin patches than is seen
in cells carrying either of the single mutations. The minus
(—) indicates no genetic interaction.
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mid2A

rho2A

Deletion of SYPI in the pfyl-111 background does
not increase the morphological defects or the aberrant
actin distribution of the pfyI-111 cells. In contrast, the
py1-111/mid2A and pfyl-111/rho2A double mutants
have a nearly completely depolarized actin distribution
at the restrictive temperature. The pfyI-111/mid2A and
pfyI-111/rho2A strains grow very slowly at 37° and few
cells at this temperature have buds. Therefore, expo-
nential phase cultures grown at 30° were shifted to 37°
for 2 hr 30 min prior to staining with FITC-conjugated
phalloidin. Under these conditions, both mid2A and
rho2A cells contain abundant actin cables and show the
normal polarized distribution of cortical patches (Fig-
ure 6). In contrast, the pfyI-111/mid2A and the pfyl-
111/7ho2A cells are larger than either single mutant,
and actin patches are now completely depolarized com-
pared to the pfyl-111 strain (Table 5, Figure 6). We
attempted to obtain a pfyl-111/smyIA strain by sporula-
tion and dissection of a pfyI-111, smyIA heterozygous

FiGure 6.—Actin filament
distribution in different mu-
tant strains. Strains were grown
to exponential phase at 30°
then shifted to 37° for 2 hr 30
min prior to staining with FITC-
phalloidin. ~ Cortical patches
are seen in all the strains but
are delocalized in the pfyl-111,
pHI-111/mid2A, and pfyl-111/
rho2A strains. Actin cables are
seen in the WT, mid2A, and
rho2A strains only.

diploid strain. A total of 80 tetrads originating from two
different sporulations were dissected and incubated at
26° or 30°. No pfyl-111/smyIA double mutant was ob-
tained, suggesting a synthetic lethal interaction between
these two genes.

We overexpressed the suppressors in the pfyl-111/
mid2A and pfyl-111/rvho2A strains as a means for de-
termining whether suppression by a given protein re-
quires the presence of either Mid2p or Rho2p. In the
pfyl-111/mid2A strain, overexpression of Pfylp, Mid2p,
Rho2p, or Rom2p all repolarize cortical patches to small
buds (Table 5). However, overexpression of Smylp does
not correct the actin distribution or the growth defects
of the pfyl-111/mid2A strain, indicating that Smylp re-
quires the presence of Mid2p for suppression. These
results are compatible with a model placing Mid2p,
Rom2, and Rho2 on the same signaling pathway. The
results with Smylp are more complex and do not allow
us to include it in a2 model (see DISCUSSION).
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TABLE 5

Redistribution of cortical patches in the mutant strains
py1-111/mid2A and pfyl-111/rho2A by Pfylp and
five of the suppressors

Strain

Suppressor pyI-111/ mid2A pHI-111/rho2A
Pfylp + +
Mid2p + -

Syplp +/— -
Smylp - _
Rho2p + +
Rom?2p + +/—

The plus (+) indicates a polarized distribution, the +/
— a partially polarized distribution, and the minus (—) a
delocalized distribution of cortical patches in the bud.

In contrast, the results with the overexpression of
Syplp in the pfyl-111/mid2A cells are ambiguous. Ap-
proximately half the cells are large and round with non-
polarized cortical patches while the other half are small
cells with polarized cortical patches. These two popula-
tions may be the result of varying numbers of plasmids
and consequently the amount of Syplp in the cells.
These results suggest that Syplp can function indepen-
dently of Mid2p but that it is a more efficient suppressor
in the presence of Mid2p.

In the pfyl-111/7ho2A strain, the overexpression of
Mid2p, Syplp, or Smylp does not repolarize cortical
patches and only the overexpression of Pfylp or Rho2p
restores cortical patch polarity (Table 5). Overexpres-
sion of Rom2p partly corrects the distribution of cortical
patches, but not as well as it does in cells with a func-
tional Rho2p. Collectively these results again suggest a
signaling pathway in which Mid2p signals through
Rho2p to modify the actin cytoskeleton. They also indi-
cate that Smylp and Syplp require Rho2p to repolarize
cortical patches in pfyIA cells.

DISCUSSION

We have identified a novel gene as a suppressor of
pHIA cells that we named SYPI. Overexpression of
Syplp in haploid wild-type cells causes the formation
of a long projection in a fraction of the cells. In diploid
cells, a small protuberance forms at the opposite end
from the growing bud. However, no morphological or
growth phenotype was observed following deletion of
SYPI. In particular, there is no effect on the budding
pattern of either haploid or diploid cells. Localization
of Syplp resembles that of the actin-binding protein
Aip3p/Bud6p, which is also found in the bud tip and
in the mother-bud neck (AMBERG ef al. 1997). Both
proteins have a putative coiled-coil domain and Aip3p
has been shown to form homodimers. Apart from the
coiled-coil domain, there is no obvious sequence homol-

ogy between the two proteins. Unlike the deletion of
SYPI, the deletion of AIP3 leads to a random budding
pattern in diploid cells (AMBERG et al. 1997). Mutants
of several other proteins of the actin cytoskeleton, in-
cluding actl mutants, specifically affect the budding pat-
tern of diploid cells (ZAHNER et al. 1996; YANG et al.
1997). This implicates the actin cytoskeleton and pro-
teins like Aip3p in localizing the positional signals for
bipolar budding. Syplp does not appear to be involved
in this process.

All of the suppressors restore the polarized distribu-
tion of cortical patches in profilin-deficient cells, but
none restore visible actin cables. This indicates that
profilin is essential only for the polymerization of actin
filaments that form actin cables. There is evidence that
actin cables are responsible for polarization of cortical
patches. Tropomyosin binds to and stabilizes actin ca-
bles. There are two tropomyosins in yeast, the major
form, Tmplp (Liu and BRETSCHER 1989), and the mi-
nor form, Tpm2p (DREES et al. 1995). Deletion of TPM1
causes the apparent loss of actin cables (Liu and
BrETSCHER 1989) and deletion of both tropomyosins
is lethal (DREES et al. 1995). A detailed study of the
temperature-sensitive strain tpmI-2/tpm2A shows that at
the permissive temperature these cells contain abun-
dant actin cables (PRUYNE et al. 1998). Shifting cells to
the restrictive temperature leads to a rapid disappear-
ance of cables and subsequent depolarization of cortical
patches. Reincubation at the permissive temperature
causes the reappearance of cables oriented toward grow-
ing buds and a gradual repolarization of cortical
patches. This suggests a role for actin cables in the
establishment of polarity in S. cerevisiae cells.

Studies with the actin depolymerizing drug latrun-
culin-A (Lat-A) support this conclusion. Lat-A binds to
actin monomers and inhibits their polymerization with-
outdirectly causing depolymerization of actin filaments.
Incubating yeast cells in the presence of Lat-A results
in the disappearance of both actin cables and cortical
patches (AYSCOUGH et al. 1997). Actin cables are the
first to depolymerize, and, as a result, cortical patches
become depolarized before they are also depolymer-
ized. Therefore, delocalization of cortical patches is in
part due to the absence of actin cables.

Most mutants of actin-binding proteins, such as cap2A
and srv2A, have depolarized cortical patches but still
retain actin cables (Karpova et al. 1998). There must
therefore exist another mechanism for establishing cell
polarity and polarization of cortical patches distinct
from actin cables. The results presented here suggest
that the Rho2p pathway is implicated in this process.
In the absence of profilin, actin cables disappear, lead-
ing to the depolarization of the cortical patches. The
suppressors that we isolated can bypass the need for
actin cables and somehow reestablish the positional sig-
nals needed to establish cell polarity.

The membrane protein Mid2p, which is a sensor for
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cell wall integrity, is a suppressor of the profilin-deficient
phenotype. Overexpression of this protein increases chi-
tin synthesis and probably other cell wall components,
at least in part through the activation of Rholp and the
PKCI-MPKI pathway (KeTELA et al. 1999; RAJAVEL et
al. 1999). Our electron micrographic studies on the
formation of a thick cell wall following overexpression
of Mid2p and Rholp are in agreement with a role for
these proteins in cell wall biosynthesis.

Although they were not selected as suppressors in our
screen, we also tested directly two additional plasma
membrane proteins that are involved in cell wall integ-
rity. One of the proteins is Mtllp for MID2like, which
has 50% sequence identity to Mid2p. The high-copy-
number expression of MTLI from its own promoter did
not allow pfyIA cells to grow in the presence of 1.25
mg/ml caffeine. These cells grow slowly at 30° and at
37°, with a doubling time of ~6 hr, and they are much
larger than pfyIA cells overexpressing Mid2p (results
not shown). We conclude from these results that Mtl1p
only partially suppresses the pfyIA phenotype.

Wsclp, also called Slglp or Hes77p, is another plasma
membrane protein that shows partial overlapping func-
tions with Mid2p. The wscIA cells undergo cell lysis at
high temperatures, a phenotype that is corrected by the
overexpression of Mid2p. The mating-induced death
phenotype seen after the treatment of a MATa mid2A
mutant with a-factor is partially corrected by the overex-
pression of Wsclp. Finally, cells carrying either the
mid2A or the wscIA single mutations are viable at room
temperature while the double mutant is inviable (KeT-
ELA et al. 1999; RAJAVEL et al. 1999). The pfyIA strain
DJP102 overexpressing Wsclp from its own promoter
grows at 37° and in the presence of 1.25 mg/ml caffeine
at 30°. They are smaller than the pfyIA cells and are
morphologically similar in the light microscope to pfyIA
cells overexpressing Mid2p (results not shown). On the
basis of these findings, we conclude that Wsclp is a
multicopy suppressor of the profilin-deficient pheno-
type (Table 2).

Although Mid2p and Wsclp signal through Rholp,
this protein is not a suppressor of the pfyIA phenotype.
Rholp mediates bud growth by controlling polarization
of the actin cytoskeleton and cell wall synthesis (DRGO-
NOVA et al. 1999). The downstream effectors of Rholp
are Skn7p (ALBERTS et al. 1998), a two-component sig-
naling protein, Pkclp (NONAKA et al. 1995; KAMADA et
al. 1996) and Fkslp (B-1,3-glucan synthase; DRGONOVA
et al. 1996; QADOTA et al. 1996), and Bnilp, a member
of the formin family (KonNo et al. 1996). Itis postulated
that Rholp controls the actin cytoskeleton via its interac-
tion with Bnilp, which binds to profilin through its
formin-homology (FHI1) domain (EVANGELISTA et al.
1997; IMAMURA et al. 1997). Presumably, this locates the
profilactin complex to the growing bud, where it can
be used for polymerization of F-actin. In the pfyIA strain
used in this study, the profilactin complex does not

Syplp Mid2p
? ?
Romip/Rom2p
Rholp Rho2p
Cell Wall Bnilp-Pfylp Actin eytoskeleton

v

Actin cytoskeleton

FIGURE 7.—Proposed model for the organization of the
actin cytoskeleton by the Rholp and Rho2p signaling path-
ways. Mid2p and Syplp are postulated to activate Rholp and
Rho2p through their exchange factors Romlp and Rom2p,
either directly or through an intermediate.

exist, and it cannot be recruited to regions of active
growth by Bnilp. It is therefore reasonable the RHOI
is not a multicopy suppressor of the profilin-deficient
phenotype.

Rho2p is the only yeast Rho family member that can
repolarize the actin cortical patches in the pfyIA strain.
The two exchange factors for Rho2p, Romlp and
Rom?2p, are also suppressors of the profilin-deficient
phenotype, further supporting the role for the Rho2p
signaling pathway in actin cortical patch polarization.
We therefore propose a model in which Mid2p, and
possibly Wsclp, act through the exchange factors
RomIp and Rom2p. These proteins would then activate
the Rholp signaling pathway to stimulate cell wall syn-
thesis and would activate Rho2p to repolarize the actin
cytoskeleton (Figure 7).

The overexpression of Syplp leads to a thick cell
wall, suggesting that this protein is upstream of Rom1/
Rom2p (Figure 7). This is further strengthened by the
finding that Syplp does not correct the phenotype of
the pfyl-111/rho2A mutant phenotype. A thick cell wall
is produced by the overexpression of Mid2p in sypIA
cells suggesting that Mid2p does not signal through
Syplp and that Mid2p and Syplp may be on parallel
pathways. In support of this hypothesis, deletion of SYPI
in the pfyl-111 strain does not exaggerate the profilin
mutant phenotype. In contrast, cortical patches of pfyl-
111/mid2A cells are completely depolarized, and the
cells are larger than the pfyl-111 cells.

The overexpression of Rho2p corrects the depolar-
ized actin cortical patch phenotype, but it does not
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affect the diameter of the yeast cell wall. This is in
agreement with Rho2p acting downstream of Romlp
and Rom2p. None of the suppressors, except for Rho2p,
is able to fully correct the distribution of the actin corti-
cal patches in a pfyI-111/rho2A strain, suggesting that all
the suppressors tested act through the Rho2p signaling
pathway or that they are dependent on the presence of
Rho2p.

It is difficult, however, to position Smylp precisely in
the signaling pathway. Smylp is localized in the cortical
patch region of budding cells and is necessary for the
proper localization of Myo2p, which is located in the
same region (LILLIE and BROWN 1994). The amino acid
sequence of Smylp suggests that it is a kinesin-like pro-
tein, but microtubular organization in smyIA cells is
normal and disruption of microtubules does not affect
the localization of Smylp. The smyIA strain shows syn-
thetic lethality with the myo2-66 mutation but not with
the yeast kinesin genes, suggesting a role for Smylp in
the organization of the actin cytoskeleton (LILLIE and
BrownN 1992, 1998).

The presence of a normal cell wall in strains overex-
pressing Smylp argues that it is downstream of Rom1p/
Rom2p or on a parallel pathway. The overexpression
of Smylp, however, does not correct the pfyIl-111/rho2A
mutant phenotype, suggesting that it is not downstream
of Rho2p. Finally, the pfyl-111/7ho2A double mutant is
viable and the pfyl-111/smyIA is inviable. These results
suggest a complex interaction between Smylp and
Rho2p that will require further study to resolve.

Evidence for a pathway leading from Mid2p to Rho2p
via the exchange factor Rom2p was also obtained in a
study of the microtubule cytoskeleton. The rh02A mu-
tant shows no morphological or growth defects except
for an increased sensitivity to benomyl, a microtubule
depolymerizing drug (MANNING et al. 1997). Ciklp, for
chromosome instability and karyogamy, is located in the
spindle pole body and is essential for proper spindle
organization. The ¢ikIA mutant show defects in karyo-
gamy at 30° and is inviable at 37° (PAGE and SNYDER
1992; PAGE et al. 1994). Ciklp interacts physically with
Kar3p, which is a kinesin-like motor protein involved
in nuclear migration during karyogamy (Rost 1996).
The kar3A mutant has a temperature-sensitive growth
defect. Overexpression of Mid2p, Rho2p, or Rom2p
allows both the cikIA and kar3A mutants to grow at the
restrictive temperature (MANNING et al. 1997).

Genetic interactions have also implicated Rho2p in
the organization of the actin cytoskeleton. Tor2p, a
phosphatidylinositol kinase homologue, plays a role in
cell cycle control and the organization of the actin cy-
toskeleton by activating Rom2p (ScHMIDT et al. 1997).
Class A tor2-ts mutants, which have actin cytoskeleton
defects, can be suppressed by the overexpression of
several proteins, including Mss4p, a phosphatidylinosi-
tol-4-phosphate 5-kinase, Rom2p and Rho2p (HELLI-
WELL el al. 1998). The overexpression of Rho2p can also

rescue the lethality and the actin cytoskeleton defects
of a mss4-ts mutations (DESRIVIERES et al. 1998). In addi-
tion, the mss4-1 mutant is synthetically lethal with the
profilin mutant ¢ls5-1. It is noteworthy that the mss4-1
mutant, with its large cell size and the random distribu-
tion of cortical actin patches and random chitin localiza-
tion, has a phenotype resembling that of the pfyIA cells
(HomMmA et al. 1998).

Additional evidence implicating Rho2p in the organi-
zation of the actin cytoskeleton is seen in the work on
GLC7, which encodes the catalytic subunit of a type
1 serine/threonine phosphatase. It controls glycogen
accumulation by the dephosphorylation of glycogen
synthase (CANNON et al. 1994; RaMASwWAMY et al. 1998).
A temperature-sensitive glc7 mutant has aberrant bud
morphology, delocalized cortical actin patches, and few
actin cables. These defects are suppressed by the over-
expression of the protein kinase C homologue Pkclp,
but not by the components of the downstream mitogen-
activated protein kinase cascade. Interestingly, Mid2p,
Rho2p, Rom2p, and Wsclp are also suppressors (ANDREWS
and STARK 2000). We point out that these proteins are
also suppressors of the pfyIA phenotype. Thus, Rho2p
and other proteins affecting Rho2p signaling are in-
volved in the control of the actin cytoskeleton. The
eventual identification of downstream effectors of the
Rho2p pathway should help determine how this is ac-
complished.
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