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ABSTRACT

RHO3 encodes a Rho-type small GTPase in the yeast Saccharomyces cerevisiae and is involved in the
proper organization of the actin cytoskeleton required for bud growth. SRO9 (YCL37c) was isolated as
a multicopy suppressor of a rhe3A mutation. An Sro9p domain required for function is similar to a
domain in the La protein (an RNA-binding protein). Disruption of SRO9did not affect vegetative growth,
even with the simultaneous disruption of an SRO9 homologue, SRO99. However, sro9A was synthetically
lethal with a disruption of TPMI, which encodes tropomyosin; sro9A tpmlA cells did not distribute
cortical actin patches properly and lysed. We isolated TPM2, the other gene for tropomyosin, as a
multicopy suppressor of a tpmIA sro9A double mutant. Genetic analysis suggests that TPM2is functionally
related to TPM1 and that tropomyosin is important but not essential for cell growth. Overexpression of
SRO9 suppressed the growth defect in tpmIA tpm2/ cells, disappearance of cables of actin filaments in
both 7h03A cells and tpmlIA cells, and temperature sensitivity of actin mutant cells (actl-1 cells), sug-
gesting that Sro9p has a function that overlaps or is related to tropomyosin function. Unlike tropomyosin,
Sro9p does not colocalize with actin cables but is diffusely cytoplasmic. These results suggest that Sro9p

is a new cytoplasmic factor involved in the organization of actin filaments.

HE actin cytoskeleton mediates many essential pro-
cesses for cell functions, such as the transport of
secretory vesicles, morphogenetical changes of cells, the
intracellular movement of the organelles, the structural
integrity of the cells, and cytokinesis. In budding yeast,
the actin cytoskeleton is distributed asymmetrically; cor-
tical actin patches are at the sites of surface growth and
actin cables are oriented along the axis of formation
of the bud (ADAMS and PRINGLE 1984; KILMARTIN and
ADAMS 1984), suggesting that they have a role in direct-
ing materials for new cell wall and membrane to grow-
ing portions of the cells. Mutations in the essential actin
gene (ACTI) result in an inability to undergo apical
growth and in defects in secretion (at the late stages,
Golgi to plasma membrane) (NOVICK and BOTSTEIN
1985).

The actin cytoskeleton requires many associated pro-
teins, including tropomyosin (BRETSCHER et al. 1994;
WELCH ¢t al. 1994). Tropomyosin regulates the interac-
tion between myosin and actin in muscle cells (Cum-
MINS and PERRY 1974). In yeast cells, tropomyosin, en-
coded by TPM1 and TPM2, binds to and stabilizes actin
cables (Liu and BRETSCHER 1989; DREES ef al. 1995)
and is suggested to be involved in membrane trafficking
since tpmlA cells exhibit accumulation of membrane
vesicles (Liu and BRETSCHER 1992).
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Accumulating evidence indicates that the organiza-
tion of actin filaments and the morphological change
depending on the actin cytoskeleton are regulated by
rho-type GTPases (HALL 1992, 1994; RIDLEY 1995; TAKAI
et al. 1995). The yeast Saccharomyces cerevisiae possesses
six rho-type GTPases: RHOI, 2, 3, 4, YNL180c (should
be referred to RHO5), and CDC42 (MADAULE et al. 1987,
JoHNSON and PRINGLE 1990; MATsUI and TOH-E 1992a).
Both RHOI and CDC42 are essential, and RHO3 is
nearly essential for cell growth (MADAULE et al. 1987;
JorNsoN and PRINGLE 1990; MaTsul and TOH-E 1992a).
RHO4 is functionally related to RHO3 since disruption
of RHO4 enhances the defect of 7ho3A cells and RHO4
can serve as a multicopy suppressor of rho3A (MATSUI
and ToH-E 1992a). Cells depleted for Rho3p undergo
lysis with a small bud, and temperature-sensitive rho3
cells lose cell polarity during bud formation and grow
more isotropically than wild-type cells at nonpermissive
temperatures (MATSUI and TOH-E 1992b). Cells express-
ing dominant active mutant RHO3 become elongated
and bent, often at the position where actin patches
are abnormally concentrated (IMAI et al. 1996). These
phenotypes suggest that Rho3p directs organization of
the actin cytoskeleton and modulates morphogenesis
during bud growth.

We have identified genes that, when overexpressed,
suppress the 1ho3A defect, such as RHO4, SROI
(BEM1), SRO2 (CDC42), SRO6 (SEC4), and other SRO
genes (SRO3, 4, 5, 7, 8 and 9 (MaTsul and TOHE



1004 M. Kagami, A. Toh-e and Y. Matsui

1992b; Imal et al. 1996). Both Cdc42p and Bemlp are
required for cell polarization in bud formation, as well
as in the formation of mating projections, and Bemlp
interacts with factors invaolved in the morphogenesis,
including actin (JOHNSON and PRINGLE 1990; BENDER
and PRINGLE 1991; CHENEVERT ¢f al. 1992; LEEUW et al.
1995; BENDER ef al. 1996; MATSUI et al. 1996). SEC4 is
essential for the fusion of secretory vesicles with plasma
membrane (NOVICK and SCHEKMAN 1979; SALMINEN
and Novick 1987) and the fusion for exocytosis is im-
portant for bud growth since exocytosis is restricted to
occur at a bud in growing cells (Tkacz and LAMPEN
1972; FIELD and SCHEKMAN 1980). These facts suggest
that genes that can serve as a multicopy suppressor of
tho3A are the strong candidates for the genes that play
an important role in morphogenesis during bud
growth, '

In this article, we have characterized SRO9and found
strong genetic interactions among TPM1, ACT1, RHO3,
and SRO9Y. SRO9 can compensate for the loss of tropo-
myosin. The genetic analysis of SRO9in this article sug-
gests that Sro9p is involved in polarized organization
of actin cytoskeleton.

MATERIALS AND METHODS

Microbiological techniques: Yeast transformations were
performed by the method of ITo et al. (1983). Rich medium
containing glucose (YPD) and synthetic minimal medium
(SD) were as described (SHERMAN et al. 1986). SC contains
0.5% casamino acids (Difco) and 100 mg/liter each of uracil,
adenine sulfate, and tryptophan in SD. SC —U is SC lacking
uracil. SC —W is SC lacking tryptophan. YPGal is YPD except
that 2% glucose is replaced with 5% galactose and 0.3% su-
crose. SCGal —U is SC —U except that 2% glucose is replaced
with 5% galactose and 0.3% sucrose. Doubling time of cells
with a plasmid was calculated from the measurement of opti-
cal density 600 nm in log-phase cultures of three independent
transformants.

Strains and plasmids: The yeast strains used are listed in
Table 1. The Escherichia coli strain used is strain DH5a [ supE44
AlacU169 (Pp80lacZAm15) hsdR17 recAl endAl gyrA96 thi-l
relA1]. Plasmid DNA was prepared as described by MANIATIS
et al. (1982). Yeast DNA was prepared as described by SHER-
MAN ¢t al. (1986). Plasmid pSRO9, carrying SROSY, is an origi-
nal isolate (MATSUI and TOH-E 1992b) from a yeast genomic
library based on the high-copy number plasmid YEp24 (CARL-
sON and BOTSTEIN 1982). pSRO9-1 was constructed by remov-
ing the Sphl (in YEp24)-BsE1I fragment from pSRO9. pSRO9
was digested with Safl and religated to construct pSRO9-2.
pSRO9-3 was constructed by removing the Sphl (in YEp24)-
Sacl fragment from pSRO9. pSRO9-4 was constructed by re-
moving the Smal (in YEp24)-Sacd fragment from pSRO9.
PSRO9 was digested with Sacll and then religated after remov-
ing the overhang of the Sadl cleavage site using T4 DNA
polymerase to construct pSRO9-5. To construct YEpWSROS9,
the 1.8-kb Xhol-EcoRI fragment from pSRO9 was inserted be-
tween the Sall and EcoRI sites of a high-copy number plasmid
YEplacll2 (GIETZz and SUuGINO 1988). pUCSRO9 and
KS*SRO9 were constructed by inserting the 2.5-kb Bgll frag-
ment from pSRO9 into the BamHI site of pUC119 (VIEIRA
and MESSING 1987) and pBluescript KS* (Stratagene La Jolla,
CA), respectively. For the disruption of SRO9, pSRO9A was

constructed by replacing the 0.9-kb Stul fragment of KS*SRO9
with a 1.4-kb HIS3 fragment. pSRO9A was digested with Spel
and Sall for replacement transformation. Using this construct,
the SRO9 region from the 117th codon to 2 bp downstream
of the stop codon is replaced with HIS3 (sro9A::HIS3).

YIpUGALY, an integration vector carrying the URA3 marker
(MaTtsu1 and ToH-E 1992b), was digested with EcoRI and then
religated after filling up the overhang using the Klenow frag-
ment of E. coli DNA polymerase I to construct YIpUGAL7ARI.
YIpUGALTRI was constructed by inserting a EcoRI linker into
the Bgll site, located at the downstream of the GAL7 pro-
moter, of YIpUGAL7ARI after filling up the overhang of the
Bglll cleavage site by the Klenow fragment. The complete
SROY coding region was amplified by polymerase chain reac-
tion (PCR; SAIKI ez al. 1988) using the two convergent primers,
5'-GGGGGGAATTCATGAAGATCTTTTGGGGA and 5'-TTA
TGATGATAATGTAC. The amplified fragment was digested
with EcoRI in the primer and 3"-noncoding region of SRO9
{see Figure 1A) and inserted into the EcoRI site of YIpUGA-
L7RI to create YIpUGAL7SRO9. YIpUGAL7SRO9 was di-
gested with Apal and introduced into cells to be integrated
at the ura3 locus. After the integration, the URA 3 marker was
replaced with LEU2 by a ura3disruption plasmid (MATSUI and
TonE 1992b). From the construct, SRO9 is expressed under
the control of the GAL7 promoter and is designated
pGAL7.SROS9.

pRS316-SRO9 was constructed by inserting the 1.8-kb Xhol-
EcoRI fragment from pSRO9 between the Xhol and EcoRI sites
of a low-copy number plasmid pRS316 (Sikorskr and HIETER
1989). pRS316-SRO9AHB, carrying the truncated version of
SRO9 (sr09-AHB, see Figure 1), was constructed by replacing
the Hpal-Ball fragment of pRS316-SRO9 with a HindlIII linker
(8mer). In this construct, the region for Sro9p between the
293rd residue and the 338th residue was deleted in frame.
YEplac195-SRO9AHB was constructed by inserting the 1.6-
kb Xhol-EcoRI fragment from pRS316-SRO9AHB between the
Sall and EcoRlI sites of a high-copy number plasmid YEplac195
(GIETZ and SUGINO 1988).

YEpWSRO99, a high-copy-number plasmid carrying SRO99
(see RESULTS), was constructed as follows. The 3’-noncoding
region (from 55 to 957 bp downstream of the stop codon) of
SR0O99 was amplified by PCR using the two convergent pri-
mers, 5'-GGGGGGGATCCATAAGATATTTATATAGAGG
and 5’-GGGGGAAGCTTTTGGTACTGGTACTAACGGT. The
amplified fragment was digested with BamHI and HindIll and
inserted between the BamHI and HindIII sites of pRS§306 (Si:
KORSKI and HIETER 1989). The resultant plasmid was digested
with Sphl and introduced into yeast cells (strain YPH499) to
be integrated at the downstream of the SRO99 locus. The
genomic DNA of this transformant was digested with EcoT221,
ligated, and introduced into E. coli cells to isolate a circular-
ized plasmid, pRS306-SRO99, containing a 3.2-kb fragment
bearing SRO99. The 3.2-kb EcoT22]-HindIIl DNA fragment
from pRS306-SRO99 was inserted between the Psd and Hin-
dIII sites of YEplacl12 to construct YEpWSRO99. For the dis-
ruption of SRO99, the 3.2-kb BamHI-HindIlI fragment from
YEpWSRO99 was inserted between the BamHI and HindlIII
sites of pBluescript KS* and the 1.2-kb Bglll fragment in the
resultant plasmid was replaced by a 1.1-kb URA3 fragment
to create pSRO99A. pSROI9A was digested with Puull for
replacement transformation. Using this construct, the SRO99
region, containing the 289-bp upstream region of the SRO99
coding region and the region for the N-terminal half (1-295
amino acids) in the open reading frame of 447 amino acids,
is replaced with URA3 (sr099A::URA3).

pTPM2, carrying TPM2, was isolated from a yeast genomic
library based on YEp24 (CARLSON and BOTSTEIN 1982) as a
multicopy suppresser of sro9A tpmIA defect (see RESULTS).
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YEpLTPM2 and YEpUTPM2 were constructed by inserting
the 1.5-kb EcoT22I-EcoRV fragment from pTPM2 between the
Psfl and Smal sites of high-copy-number plasmids, YEplac181
and YEplacl95 (GIETZ and SucGINO 1988), respectively.
pUCTPM2 was constructed by inserting the 2.5-kb BamHI-
Hincll fragment from pTPM2 between the BamHI and Hincll
site of pUCL119. For the disruption of TPM2, pUCTPM2A was
constructed by replacing the 0.9-kb EcoRV-Bgll fragment in
pUCTPM2 with a 1.1-kb URA3 fragment. pUCTPM2A was
digested with Pyull for replacement transformation. Using
this construct, the TPM2 region between 658 bp upstream of
the TPM2 coding region and the 127th codon is replaced
with URA3 (tpm2A::URA3). TPMI was disrupted with a tpml-
disruption plasmid (Liu and BRETSCHER 1989) and the dis-
rupted allele is designated tpmiIA::URA3. The URA3 marker
in tpm1A::URA3 was replaced, using ura3disruption plasmids,
with the TRPI marker or LEUZ marker (¢pmIA:TRP] and
tpmlIA::LEU2, respectively).

For disruption of BEM1, the 3.3-kb Smal (in the 5’-noncod-
ing region of BEMI)-BamHI (in the 3’-noncoding region of
BEM]I) fragment was inserted between the Hincll and BamHI
sites of pBluescript KS*, and the 1.6-kb HindIII (in the coding
region of BEMI)-HindIll (in the 3'-noncoding region of
BEM1I) fragment in the resultant plasmid was replaced with
a 1.1-.kb URA3 fragment to create pBEMIA, carrying be-
mlA::URA3. pBEMI1A was digested with Xhol and BamHI for
replacement transformation.

The plasmid for disruption of MYOI was constructed as
follows. A 1.2-kb fragment, carrying 3'-half of the coding re-
gion (including a EcoRV site) and 3’-noncoding region (in-
cluding a EcoRV site) of MYO1, was amplified by PCR using a
set of primers (5-GATGCGCTGCAGATATCAAACGCAGCA
and 5'-GCCAGATGATATCTCACGTGTTGCCGA). The am-
plified fragment was digested with EcoRV and inserted into
the Smal site of pRS305 (SIKORSKI and HIETER 1989) to create
pRS305-M3. A 1.9-kb fragment, carrying 5"-half of the coding
region (including a HindIll site) and b’-noncoding region
(including a Psd site) of MYOI, was amplified by PCR using
a set of primers (5'-CAAGGTCATGGCTTTTAAACAAAGCGT
and 5'-CGTTCCTAGATTTAAGGCGATGAT). The amplified
fragment was digested with HindIIl and Psd and inserted be-
tween the HindIIl and Psi sites of pRS305-M3 to create
pMYO1A. pMYO1A was digested with Psi for replacement
transformation. Using this construct, the MYOI region be-
tween the 220th codon and the 1700th codon (based on the
MYO1 sequence in Saccharomyces Genome Database) is re-
placed with pRS305 DNA (designated myolA::LEU2). All dis-
ruptions were confirmed by Southern analysis.

Suppression of rho3: A rho3A disruptant (strain YMR505),
which carries pGAL7:RHO4 (RHO4 under the control of the
GAL7 promoter), grows poorly on glucose-containing me-
dium, but grows well on galactose-containing medium be-
cause RHO4 can serve as a multicopy suppressor of rho3A
(MaTtsul and Tos-E 1992a). Plasmids were introduced into
YMR505 on galactose-containing medium and the trans-
formants were streaked on YPD plates and incubated for 3
days at 30°.

Anti-Sro9p antisera: The 1.6-kb EcoRI fragment from pUC-
SRO9, carrying the SRO9 coding region, was inserted into the
EcoRI site of pGEXKG vector for production of glutathione-
Stransferase {GST)-fused Sro9p in E. coli (GUAN and DIXoN
1991). Purification of the GST-fused protein was performed
as described previously (SHIRAYAMA et al. 1995). The purified
GST-fused Sra9p was used as an antigen to raise anti-Sro9p
antibodies in rabbits.

Cell lysis assay: Cell lysis was assayed by monitoring the
leakage of alkaline phosphatase, a yeast intracellular protein,
into the culture medium by the method described (PARAVI-

CINI ¢t al. 1992). Cells were streaked on YPD plates and incu-
bated at 25° for 2-3 days. The plates were overlaid with BCIP
solution (10 mM 5-bromo-4-chloro-3-indolyl phosphate, 0.1 M
Tris-HCI pH 9.5 and 1% agar) and incubated for appropriate
time at room temperature.

Isolation of multicopy suppressor of sr9A tpmIA: sro9A
tpmIA pGAL7-SRO9 cells (strain YMKO18-1) were transformed
with a yeast genomic DNA library constructed in the high-
copy-number plasmid YEp24 (CARLSON and BOTSTEIN 1982)
and transformants were selected on SCGal —U plates. Replicas
of these plates on YPD plates were subjected to cell lysis assay.
From the transformants that did not show the cell lysis pheno-
type {see RESULTS), plasmids were recovered and then reintro-
duced into s709A 1pmIA pGAL7:SRO9 cells to confirm the
activity to prevent the cell lysis. Five of plasmids were isolated
and the partial nucleotide sequence of these plasmids re-
vealed that all of these plasmids carried TPM2.

Morphological observations: Cells grown in liquid culture
(<5 X 10° cells per ml) were harvested and stained with
rhodamine-phalloidin (to reveal actin filaments), with cal-
cofluor (to reveal cell wall chitin), or with affinity-purified
rabbit anti-Sro9p antibodies (to reveal Sro9p) as the methods
described (PRINGLE et al. 1989). For calcofluor staining, cells
were stained with 2 pug/ml of calcofluor solution in 0.1 M
potassium phosphate buffer (pH 7.5). For rhodamine-phal-
loidin staining, cells were fixed with 5% formaldehyde for
60 min, washed with phosphate-buffered saline, stained
with 1:50-diluted rhodamine-phalloidin solution (Molecular
Probes, Inc., Eugene, OR) for 2 hr, and washed five times
with phosphate-buffered saline. For Sro9p staining, cells fixed
with 5% formaldehyde for 120 min were spheroplasted,
treated with 0.1 % TritonX-100 in 100 mM potassium phos-
phate buffer (pH 7.5) with 1 M sorbitol, and submerged in
methanol (—20°) for 6 min and then in acetone (—20°) for
30 sec. Anti-Sro9p antibodies were used at a 1:2000 dilution
and visualized using CY3-labeled sheep anti-rabbit IgG anti-
bodies (Chemicon International, Inc. Temecula, CA}) at a
dilution of 1:50. These samples were mounted in p-phenylene-
diamine (1 mg/ml in 90% glycerol) and observed with an
epifluorescencemicroscope BH-2 (Olympus, Tokyo, Japan).

To estimate the numbers of cells with or without actin ca-
bles, and the numbers of cells with polarized or depolarized
actin patches, >350 cells stained with rhodamine-phalloidin
were observed and counted.

Subcellular fractionation: Subcellular fractionation was
performed as described by NISHIRAWA et al. (1990) with minor
modifications. Briefly, cell extracts were prepared by disrup-
tion of spheroplasts with glass beads by vortexing in lysis
buffer (10 mM triethanolamine acetate pH 7.5, 0.7 M manni-
tol, 0.1 M KCl and 1 mM EGTA), and the lysate was centrifuged
at 150 X gfor 5 min to remove unbroken spheroplasts. The
supernatant was subjected to centrifugation at 10,000 X g
for 10 min to yield low speed pellet (LSP) and low speed
supernatant (LSS) fractions. The LSS fraction was further
centrifuged at 100,000 X g for 60 min to yield high speed
pellet (HSP) and high speed supernatant (HSS) fractions. All
steps were carried out at 5°.

RESULTS

Mapping and sequence analysis of SRO%: High-copy
number plasmids carrying SRO9 suppressed the growth
defect of rho3A cells (strain YMR505) and the tempera-
ture sensitivity of rko3 Ts™ mutant cells (a vh03-1 strain
YMR3732-2B) at 34° (MATsul and ToH-E 1992b, data
not shown). The suppression activity was mapped to
the 1.8-kb Xhol-EcoRI fragment (Figure 1A), and deter-
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FIGURE 1.— (A) Map of
SROY. The restriction map
of the SROY region is
shown at the top. Inserts
of the plasmids are dia-
grammed below the map.
A cross indicates the dele-
tion created by digestion
of Sadll followed by blunt-
ing and religation. Sup-
pression activities to sup-
press the rh03A defect are
summarized on the right
(+ and — indicate growth
and poor growth, respec-
tively, of 7h03A cells har-
boring the plasmids indi-
cated on the left). Open
arrows represent open
reading frames, deduced
from the genome se-
quence, in the insert of
PSRO9. The construction
of the disrupted allele of
SRO9is shown diagramat-
ically below the map. Bg,
Bglll; Bs, BstEIl; E, EcoRlI;
Sa, Sall; SI, Sacl; Sc, Sadl;
St, Stul; X, Xhol. (B)
Amino acid sequences of
Sro9p and Sro99p. Aster-
isks represent the identi-
cal residues between
Sro9p and Sro99p. The
region conserved with the
La proteins is boxed. The
region that is deleted in
sr09-AHB is underlined.
(C) Alignment of the con-
served region among
Sro9p, Sro99p, and the La
proteins. The residues
identical with Sro9p are
shaded. EMBL/GenBank/
DDBJ accession numbers
of the proteins are as fol-
lows: Sro9p (YCL37c),
X59720; Sro99p
(YDR515w), U33057; Caen-
orhabditis elegans R144.3
protein, U23515; OS0570A
from a partially se-
quenced rice cDNA,
D15392; Drosophila La
protein, L32988; S. cerevis-
iae La protein homologue
Lhplp, L33023; Xenopus
laevis La protein homo-
logue A, X68817; bovine
La protein homologue,
X13698; human La pro-
tein homologue, X13697;
X. laevis La protein homo-
logue B, X68818; mouse
La protein homologue,
L00993; and rat La pro-
tein homologue, X67859.
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mination of its nucleotide sequence revealed that the
fragment carried YCL37¢ (OLIVER ef al. 1992) on chro-
mosome III. YCL37c is the only open reading frame
in the 1.8-kb Xhol-EcoRI region that was sufficient for
suppressing the 7h03A defect (Figure 1A), indicating
that SRO9is YCL37c. SRO9 encodes a hydrophilic pro-
tein of 466 amino acids, deduced from a hydrophathy
plot (KyrE and DOOLITTLE 1982). A homology search
using the FASTA program against the EMBL database
revealed that Sro9p possesses a domain homologous to
one conserved among the La proteins (YOO and WoOLIN
1994) and that yeast possesses a gene (YDR515w) highly
related to SRO9 (Figure 1, B and C). The protein en-
coded by YDR515w is 33.6% identical to Sro9p (Figure
1B). We have designated the gene (YDR515w) as
SRO99Y, since it is related to SRO9 both structurally and
functionally (see below). The La protein belongs to
the RNA recognition motif superfamily of RNA-binding
proteins (KENAN et al. 1991). The La protein possesses
the RNA recognition motifs and a domain promoting
homodimerization of the La protein; however, the do-
main, conserved between SRO9 and the La protein, is
distinct from those (CRAIG et al. 1997; YOO and WOLIN
1994).

Gene disruption of SRO% To characterize Sro9p
function, we disrupted SRO9 in diploid strain YPH501,
and heterozygous diploids were sporulated and dis-
sected. From each tetrad, we obtained four viable spore
clones. The sro9A:: HIS3 segregants were indistinguish-
able from wild-type segregants in growth rate and in
morphology at 15, 25, 30, and 37°. In addition, the
budding pattern, actin organization, osmotic sensitivity
(as judged by growth on YPD containing 1 M sorbitol),
and mating efficiency of the sro9A:HIS3 segregants
were indistinguishable from wild-type segregants. There-
fore, we conclude that Sro9p is not essential for the
phenotypes we observed.

It might be possible that the gene highly related to
SRO9 (SRO99, Figure 1B) is redundant with SRO9. To
examine this possibility, we disrupted SR0O99 in a dip-
loid strain YPH501 and heterozygous diploid cells were
sporulated and dissected. From each tetrad, we ob-
tained four viable spore clones and all segregants grew
well at 15, 25, 30, and 37°, indicating that SRO99 is
dispensable for growth. We mated the sr099A::URA3
segregants (strain YMKO13) to an sr09A::HIS3 strain
(YMKO11A) and the resultant diploid cells were sporu-
lated and dissected. His* Ura™ segregants (sro9A::HIS3
s1099A::URA3 segregants) grew as well as wild-type se-
gregants at 15, 25, 30, and 37° and displayed the bud-
ding pattern and actin distribution that were indistin-
guishable from those of the wild-type segregants (data
not shown). From these results, we concluded that
Sro9p and Sro99p are not essential for vegetative
growth and the phenotypes that we observed.

Genetic interactions between SRO9 and TPM1: The
phenotypes of rho3 mutant cells and the genetic interac-

tions of RHO3 with BEMI and SEC4 suggest that Rho3p
function is involved in proper organization of the actin
cytoskeleton and in vectorial transport of secretory vesi-
cles (MATsUI and TonH-E 1992b; IMAI et al. 1996). To
examine whether Sro9p also participated in these pro-
cesses, we tested synthetic lethal interactions of SRO9
with the genes related to these processes, such as MYOI
for a conventional myosin, MYO2 for an unconven-
tional myosin of the myosin I family, 7TPM1, SECY4,
BEM1, CDC42, and RHO3. Each of myolIA::LEU2 cells
(strain YMK024), myo2-66 mutant cells (strain YMKO021),
tpm1A::URA3 cells (strain YMKO14), sec4-2 mutant cells
(strain YJS4-2A), bemIA::URA3 cells (strain YMKO007),
cde42-1 cells (strain YMR420), and rho3-1 celis (strain
YMR3732-2B) were mated to sro9A:HIS3 cells (strain
YMKO11A or YMKO11B). The resultant diploid cells
were sporulated and dissected.

Except for the tetrads derived from either sro9A/+
rho3-1/+ diploid cells or sro9A/+ tpmIA/+ diploid
cells, almost all of the tetrads produced four viable
spore clones, including double mutant segregants.
myolA:: LEU2 sro9A:: HIS3 segregants and bemIA::URA3
sr09A:: HIS3 segregants grew as well as myolA:: LEU2and
bem1A:: URA3 segregants, respectively, and the tempera-
ture sensitivities were indistinguishable between sec4-2
segregants and sec4-2 sro9A:: HIS3 segregants, between
myo2-66 segregants and myo2-66 sro9A:: HIS3 segregants,
and between cdc42-1 segregants and cdc42-1 sro9A\::HIS3
segregants, indicating that sro9A:: HIS3 is not synthetic-
lethal with these mutations. In case of 7403-1, a tempera-
ture-sensitive mutant allele of RHO3, rho3-1 sro9A:: HIS3
segregants formed microcolonies and grew much more
poorly than rho3-1 SRO9" segregants, indicating a syn-
thetic defect of sr09A with rho3-1.

Strikingly, in the case of ipmIA, we did not obtain
any tpmIAnURA3 sro9A:HIS3 segregant at 25° from
tpmIA::URA3/+ sro9A:HIS3/+ heterozygous diploid
cells, suggesting a syntheticlethal interaction be-
tween SRO9 and TPMI. To confirm this interaction,
tpmlIA:URA3/+ sro9A::HIS3/sro9A:: HIS3 diploid cells
(strain YMKO12) were subjected to tetrad analysis. Out
of 63 tetrads dissected, at 25°, 59 tetrads produced two
viable and two inviable segregants, and four tetrads pro-
duced two viable segregants, one segregant that formed
a microcolony on a dissection slab but could not propa-
gate further, and one inviable segregant. All healthy
viable segregants were Ura™, indicating that the combi-
nation of sr09A with tpmlIA is lethal.

For further characterization of the genetic interac-
tion between SRO9 and TPMI, additional copies of
SRO9Y were introduced into tpmlIA cells. Disruption of
TPMI results in reducing the growth rate, inability to
grow at 37°, and the disappearance of actin cables (Liu
and BRETSCHER 1989, 1992). The temperature sensitiv-
ity of tpmIA cells was not suppressed by a high dose of
SRO9 (data not shown). However, the doubling time in
YPD medium at 25° of ¢pmIA cells (strain YMKO017)
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FIGURE 2.—Effect of Sro9p on morphology of ¢pmIA cells and sr09A tpmIA cells. tpmIA cells carrying pGAL7:SRO9 (strain
YMKO17) (a-d) were grown in YPGal (a and b) or YPD (c and d). sr09A tpmIA cells carrying pGAL7:SRO9 cells (strain YMKO18)
(e=h) were grown in YPGal, shifted to YPD, harvested 0 (e and f) or 24 hr (g and h) after the shift. Cells were stained with
rhodamine-phalloidin to reveal actin (a, ¢, e, and g). (b, d, f, and h) Phase-contrast images. Arrows indicate abnormal clusters

of actin patches. Yeast cells were cultured at 25°. Bar, 5 ym.

with YEpWSRO9, a high-copy number plasmid carrying
SROY, was 133 = 3 min, whereas that of tpmIA cells
carrying a control plasmid (YEplacl12) was 160 *= 7
min. These results indicate that a high dose of SRO9
suppresses the reduced growth rate of tpmIA cells.

We also constructed ¢pmIA cells with integrated
pGAL7:SROY, SROY under the control of a galactose-
dependent promoter. When induced, pGAL7:SRO9 pro-
duced almost an equivalent amount of Sro9p to that
from the original SRO9 allele, as estimated from West-
ern analysis using anti-Sro9p sera, and suppressed the
reduced growth rate of tpmIA cells (data not shown).
To examine the effect of Sro9p on actin cytoskeleton
in tpmlIA cells, actin filaments in ¢pmIA cells bearing
PGAL7:SRO9 was stained with rhodamine-phalloidin.
About 84% of tpmIA cells expressing pGAL7:SRO9 re-
stored actin cables (Figure 2a), whereas >96% of
tpmIA cells without expression of pGAL7:SRO9 did not
possess observable actin cables (Figure 2c¢). These re-
sults indicate that overexpression of SRO9 suppresses
the disappearance of actin cables in tpmIA cells.

The phenotypes of Sro9p-depleted tpmIA cells: To
explore further the function of Sro9p in a tpmIA back-
ground, an sr09A tpmIA strain carrying pGAL7:SRO9Y
(strain YMKO18) was constructed. The sr09A tpmIA

PpGAL7:SROY cells grew on YPGal (data not shown), but
their growth was arrested 16 hr after a shift to YPD
(Figure 3A). In galactose-containing medium, the
st09A tpmIA pGAL7:SRO9 cells produced almost an
equivalent amount of Sro9p to that in wild-type cells
(data not shown), showed a normal cell shape (Figure
2f), and had actin patches concentrated in the bud
(Figure 2e). These phenotypes were similar to those
observed in tpmIA cells (Figure 2, c and d). In contrast,
all of the sr09A tpmIA pGAL7:SRO9 cells that were ar-
rested by the depletion of Sro9p became enlarged and
rounded, or acquired an aberrant shape (Figure 2h),
and cell lysis was detected (Figure 3B). In these cells,
actin patches were scattered over the cell surface (Fig-
ure 2g) and abnormal clusters of the patches were ob-
served (indicated by arrows in Figure 2g). These results
suggest that SRO9 is required for proper organization
of the actin cytoskeleton in tpmIA cells.

The domain conserved between Sro9p and the La
proteins is essential for Sro9p function: Using the syn-
thetic-lethality of sr09A with tpmIA, we examined
whether the domain conserved between Sro9p and the
La proteins (Figure 1C) was important for Sro9p func-
tion. We constructed a truncated version of SROY, sro9-
AHB, in which the region for the conserved domain
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was truncated (Figure 1B). The introduction of sro9-
AHB either on a low copy-number plasmid (pRS316-
SRO9AHB) or on a high copy-number plasmid
(YEplac195-SRO9AHB) did not suppress the growth
defect of sr09A tpmIA pGAL7:SRO9 cells (strain
YMKO18-1) in YPD (data not shown). The amount
of the truncated Sro9p produced from pRS316-
SRO9AHB was almost equivalent to that of the intact
Sro9p in wild-type cells, as estimated by Western analysis
(data not shown). These results suggest that the trun-
cated region, which overlaps with the domain con-
served between Sro9p and the La proteins, plays an
important role in the Sro9p function.

TPM1 suppresses the growth defect of rho3A
cells: The strong genetic interactions between SRO9
and TPMI raised the possibility that TPM1, when over-
expressed, could suppress the rho3A defect. A high-
copy number plasmid, carrying 7PM1 under the con-
trol of the GALI promoter, produces a significant
amount of Tpmlp even in glucose-containing medium
(L1u and BRETSCHER 1989). We introduced this plasmid
into 7h03A cells (strain YMR505) and temperature-sen-
sitive rho3 mutant cells (a rho3-1 strain YMR3732-2B).
rho3A cells carrying this plasmid grew well, whereas
rho3A cells without this plasmid grew very poorly (Fig-
ure 4A). rho3-1 cells with this plasmid could grow at 34°
but 7h03-1 cells without the plasmid did not (data not
shown). These results indicate that the overexpression
of TPM1 suppresses the rho3 defect.

In rho3A cells, actin patches were delocalized and
actin cables disappeared. Most (~76%) of the rho3A
cells with a control plasmid, YEp24, still had delocalized
actin patches and no observable actin cables, and the
rest had delocalized actin patches and actin cables ob-
served very faintly (Figure 4B-a). In contrast, ~56% of
rho3A cells overexpressing TPM1 and ~57% of rho3A
cells overexpressing SRO9 possessed networks of actin
cables and cortical actin patches that were localized

FIGURE 3.—Depletion
of Sro9p in tpmIA cells.
(1) Wild-type cells car-
rying pGAL7:SRO9 (strain
YMKO016), (2) sr09A cells
carrying pGAL7:SRO9
(strain YMKO019), (3)
tpmIA cells carrying
pGAL7:SROY (strain
YMKO17), and (4) sr09A
tpmIA cells carrying
pGAL7:SROY9 (strain
YMKO018) were streaked
on YPD plates and incu-
bated at 25° for 2 days (A)
and overlaid with BCIP so-
lution (B). Black regions
in the photograph in B
were blue, indicating cell
lysis.

properly in the bud (Figure 4B, c and e). These results
suggest that overproduction of Tpmlp, as well as that
of Sro9p, suppresses the defect in organization of actin
cytoskeleton in rho3A cells.

TPM2 was isolated as a multicopy suppressor of the
synthetic defect of tpmIA with sro9A: To elucidate
the role of Sro9p and Tpmlp in vegetative growth, we
screened for genes whose overexpression could sup-
press the lysis phenotype of Sro9p-depleted tpmIA cells
(Figure 3B). Five plasmids were isolated as multicopy
suppressors of the lysis phenotype and all of these plas-
mids carried TPM2. The activity to suppress the cell
lysis phenotype was mapped in TPM2 (data not shown).
The growth defect of tpmIA sr09A cells also was sup-
pressed by overexpression of TPM2 (Figure 5, sectors
3 and 4). In addition, overexpression of TPM2 sup-
pressed the reduced growth rate of ¢pmIA cells (Figure
5, sectors 1 and 2): the doubling time in the YPD me-
dium at 25° of tpmIA cells (strain YMKO17-1) carrying
TPM2 on a high-copy number plasmid (YEpUTPM2)
was 98 * 8 min, whereas that of tpmIA cells carrying a
control plasmid (YEplac195) was 160 = 7 min. There-
fore, we conclude that overexpression of TPM2 sup-
presses the lysis phenotype and growth defect of tpmI1A
sr09A cells by compensating for TPM1 function. These
results, along with the structural property and biochem-
ical property of Tpm2p (DREES et al. 1995), indicate
that Tpm2p is functionally redundant to Tpmlp.

DREES et al. (1995) have reported that disruption of
TPM2 does not affect cell growth (as also observed in
Figure 6A sector 2) and that the simultaneous disrup-
tion of TPM1 and TPM2is lethal. To test whether tropo-
myosin functions were essential in our strain back-
ground, tpm2A cells were mated to tpmIA cells and the
resultant diploid cells were subjected to tetrad analysis.
Among 12 tetrads, we obtained eight tpmIA tpm2A se-
gregants at 25°. tpmIA tpm2A cells grew much more
slowly than tpmIA cells at 25° (Figure 6A) and were
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FIGURE 4.—Suppression of rh03A by a high dose of TPM1
and SRO9Y. (A) rho3A cells (strain YMR505) with YEp24,
pSROY, or a TPMI overexpression plasmid (Liu and
BRETSCHER 1989) were streaked on a SC —U plate and incu-
bated at 30° for 3 days. (B) rho3A cells (strain YMR505) with
YEp24 (a and b), pSRO9 (c and d), and the TPMI overex-
pression plasmid (e and f) were grown in SC —U at 30°. Cells
were harvested and stained with rhodamine-phalloidin to re-
veal actin (a, ¢ and e). (b, d and f) Phase-contrast images.
Bar, 5 pm.

inviable at 37° (data not shown). Since TPM1 and TPM2
are the only genes encoding tropomyosin in S. cerevisiae,
these results indicate that tropomyosin function is im-
portant but not essential, at least, in the genetic back-
ground of the strains used in these studies.

SROY suppresses the growth defect of the cells lack-
ing tropomyosin: To test whether overexpression of

FIGURE 5.—Suppression of (pmIA by a high dose of TPM2.
tpmIA cells (strain YMKO17-1) (1 and 2) and sro9A tpmIA
cells (strain YMKO18-1) (3 and 4) were transformed with
YEp24 (1 and 3) or YEpUTPM2 (2 and 4) on SCGal —U plates
and were streaked on a SC —U plate and incubated at 25° for
2 days. More than five of independent transformants with
each plasmid were tested and the results were essentially iden-
tical to that shown in the figure.

SROY could suppress the complete loss of the tropomyo-
sin function, we introduced YEpWSRO9Y into tpmIA
tpm2A cells (strain YMK020-4B). The tpmIA tpm2A
cells bearing YEpWSRO9Y grew much better than those
bearing YEplacl12 (Figure 6B, sectors 1 and 2). In
tpmIA tpm2A cells with YEplacl12, actin cables disap-
peared (100% of the cells) and the majority of the cells
(~74%) displayed delocalization of the actin patches
(Figure 6C-a). In contrast, in tpmIA tpm2A cells with
YEpWSRO9, although actin cables were still invisible,
~b58% of the cells possessed polarized actin patches
that were localized exclusively at the bud (Figure 6C-
). These results suggest that complete loss of the tropo-
myosin function abolishes the polarized distribution of
cortical actin patches and the defect is suppressed by
Sro9p.

SR0O99 can serve as a multicopy suppressor of the
tropomyosin defect: We tested whether SRO99 also
could serve as a multicopy suppressor of the tropomyo-
sin defect. tpmIA tpm2A cells with YEpWSROY9, a
multicopy plasmid carrying SRO99, grew better than
the tpmIA tpm2A cells without the plasmid (Figure 6B,
sectors 1 and 3). Although actin cables were not visible,
~58% of the tpmIA thm2A cells with YEpWSRO99 dis-
played polarized localization of actin patches. Without
the plasmid, only 26% of tpmIA tpm2A cells displayed
polarized actin patches. These results indicate that
SRO99 can serve as a multicopy suppressor of the tropo-
myosin defect. Although introduction of YEpWSRO99
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A

FIGURE 6.—Phenotypes of tpmIA thm2A cells. (A) The sib-
lings derived from a tpmIA/+ tpm2A/+ diploid cell (strain
YMKO020) [wild-type segregant (YMKO20-4A) (1), tpm2A se-
gregant (YMKO020-4C) (2), tpmIA segregant (YMKO020-4D)
(3), and tpmIA tpm2A segregant (YMKO020-4B) (4)] were
streaked on a YPD plate and incubated at 25° for 2 days. (B)
tpmIA tpm2A cells (strain YMK020-4B) were transformed with
YEplacl12 (1), YEpWSRO9 (2), or YEpWSRO99 (3), and the
transformants were streaked on a SC —W plate and incubated
at 25° for 2 days. More than five of independent transformants
with each plasmid were tested and the results were essentially
identical to that shown in the figure. (C) Morphology of
tpmIA tpm2A cells. tpmIA tpm2A cells (strain YMK020-4B)
with YEplacl12 (aand b) or YEpWSRO9 (c and d) were grown
in SC —W at 25°. Cells were harvested and stained with rhoda-
mine-phalloidin to reveal actin (a and ¢). (b and d) Phase-
contrast images. Bar, 5 pum.

failed to suppress the rh03A defect (data not shown),
from the similarity between SRO9 and SRO99 on the
structure of their gene products and the similar ability
to suppress the tropomyosin defect, we concluded that
SR0O99 is functionally redundant with SRO9.

[t is unclear why a high dose of SRO99 did not sup-
press the rh03A defect. However, in ¢pmIA cells, disrup-

FIGURE 7.—Suppression of actl-1 defect by a high dose of
SRO9Y. actl-1 cells (strain YMK022) with YEpWSRO9 (1) or
YEplacl12, a control plasmid (2), were streaked on SC —W
plate and incubated at 36° for 2 days. More than five of inde-
pendent transformants with each plasmid were tested and the
results were essentially identical to that shown in the figure.

tion of SRO9was lethal but that of SRO99was not (data
not shown), suggesting that SRO99 functions less well
than SROY. Therefore, it is possible that the expression
of SRO99 on a high-copy number plasmid is not suffi-
cient to suppress the rh03A defect, although the expres-
sion of SRO9 on a high-copy number plasmid can.

Overexpression of SRO9 suppresses the actl-1 de-
fect: Along with the genetic interactions between SRO9
and tropomyosin genes, overproduction of Sro9p can
restore actin cables in (pmIA cells and in rho3A cells.
These results suggest that Sro9p plays a role in organiza-
tion of the actin cytoskeleton. To test the genetic inter-
action between ACTI and SROY, we introduced SRO9
on a high-copy number plasmid into actl mutant cells.
Actin filaments in actl-1 mutant cells are unstable and
actl-1 cells exhibit temperature-sensitive growth, disap-
pearance of actin cables, and delocalization of actin
patches (NoviCK and BOTSTEIN 1985). At 36° actI-1 cells
with a control plasmid grew very poorly, but actI-1 cells
overexpressing SRO9 grew much better (Figure 7), indi-
cating that SRO9 can serve as a multicopy suppressor
of actl-1. In actl-1 cells, even at 25°, few actin cables
were seen and the actin patches were delocalized (Nov-
ICK and BOTSTEIN 1985, data not shown). In actI-1 cells
overexpressing SROY, although actin cables were still
invisible, actin patches were localized at the bud at 25°
(data not shown). The suppression of actl defect with
SRO9Yis allele-specific since overexpression of SRO9 did
not suppress the temperature sensitivity caused by act1-
2 (strain YMKO023), another temperature-sensitive allele
of ACTI (data not shown).

We introduced a plasmid overproducing Tpmlp (Liu
and BRETSCHER 1989) to examine whether .overex-
pression of TPM1 could suppress the temperature sensi-
tivity of actl mutant cells. Introduction of the plasmid
did not suppress the temperature sensitivity of both
actl-2 (data not shown; Liu and BRETSCHER 1989) and
actl-1 at 35° (data not shown).

Subcellular localization of Sro9p: We determined
the localization of Sro9p by subcellular fractionation
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FIGURE 8.—Subcellular fractionation of Sro9p. Each of the
fracions (HOMO, total extract; LSP; HSP; and HSS) from
~6.4 X 10° cells (WT, wild-type strain YPH500; 5109\, sro9A
strain YMKO11B) was fractionated by 10% SDS-polyacrylamide
gel electrophoresis and analyzed by Western blotting using
anti-Sro9p antibodies. The migration positions of molecular
weight markers are shown at the left. An arrow indicates the
migration position of Sro9p.

and by immunofluorescence-microscopy. Extracts of

isogenic wild-type or sr09A cells were fractionated into
LSP (low speed pellet; containing plasma membrane
components as well as other dense materials), HSP
(high speed pellet; containing high dense materials
such as a large protein complex), and HSS (high speed
supernatant; containing soluble proteins that are dif-
fused in cytoplasm) fractions. Western analysis of these
fractions using anti-Sro9p polyclonal antibodies re-
vealed that Sro9p was fractionated in the HSS and HSP
fractions of wild-type cells (Figure 8). Sro9p was not
fractionated in LSP fractions, suggesting that the Sro9p
did not associate with the membranes. Indirect immu-
nofluorescence-microscopic analysis using the anti-Sro9
antibodies revealed that Sro9p was detected as dots in
the cytoplasm throughout the cell cycle (Figure 9).

DISCUSSION

Tpmlp and Tpm2p are functionally equivalent and
tropomyosin is not essential in yeast: From the com-
plete yeast genome sequence, yeast has only two genes
for tropomyosin (TPMI and TPM?2). It has been re-
ported that 7PM1 and TPM2 play distinct roles in cell
growth in spite of the similarity of the structural and
biochemical properties, mainly because TPM2 fails to
serve as a multicopy suppressor of tpmIA (DREES et al.
1995). In the previous report, they used a plasmid car-
rying TPM2 under the control of the GALI promoter
for examining suppression. We also failed to detect sup-
pression of ¢pmIA with this plasmid (data not shown).

However, in this study, we have found that 7PM2 can
serve as a multicopy suppressor of (pmIA when TPM2
is on a high-copy-number plasmid (Figure 5). Since
overexpression of TPM2 with the GALI promoter did
not inhibit cell growth (DREES et al. 1995, data not
shown), it is unlikely that expression of TPM2 with the
GALI promoter itself has a toxic effect that inhibits
the suppression. It remains unclear why expression of
TPM2 under control of the GALI promoter did not
suppress the t(pmIA defect. However, the fact that TPM2
can serve as a multicopy suppressor of I/)mIA, along
with the similarity of the structural and biochemical
properties (DREES et al. 1995), suggests that TPM1 and
TPM2 are functionally equivalent. However, the effect
of the gene disruption on cell growth is different be-
tween TPM1 and TPM2: tpmIA cells grow poorly but
thm2A cells grow well (DREES et al. 1995, Figure 6A).
These facts indicate that TPM1 plays a more major role
in tropomyosin function.

In a previous article tpmIA (pm2A cells were reported
to be lethal (DREES e/ al. 1995). However, in our study
tpmIA thpm2A cells were viable, but grew very slowly
(Figure 6A). It is not a rare for a growth defect to
vary in different genetic backgrounds. The phenotype
caused by the loss of a factor involved in bud emergence
has been previously observed to vary with genetic back-
ground, e.g., the restrictive temperature for deletion of
either BEM1, BEM2, or BEEM4 can vary from one strain
to another (MACK et al. 1996). It is plausible that the
genetic background of the strains used in the previous
article is more sensitive to the loss of tropomyosin genes
than is our strain background. From the genetic evi-
dence shown in this study, we conclude that TPM1 and
TPM2 are functionally redundant and, at least in the
genetic background used in this article, tropomyosin
function is important but not essential for vegetative
cell growth.

Sro9p functions like Tpmlp: Since the disruption of
tropomyosin is not lethal, it is possible that some fac-
tor(s) compensates for the loss of tropomyosin func-
tion, stabilizing actin filaments and undergoing trans-
port of membrane vesicles for cell growth. Sro9p is a
strong candidate for this function, since (1) overex-
pression of SRO9 can suppress the total loss of tropomy-
osin (Figure 6B), (2) overexpression of SRO9 restores
actin cables in tpmIA cells (Figure 2a), (3) tpmIA is
synthetically lethal with s709A, and (4) Sro9p prevents
tpmIA cells from undergoing cell lysis (Figure 3B). In
addition to these observations, TPMI and SRO9 show
similar effects on rho3A cells, such that both TPMI
and SRO9 can serve as a multicopy suppressor of r03A
(Figure 4A), and both overexpression of 7PMI and
overexpression of SRO9 can restore actin cables in
rho3A cells (Figure 4B). Since Sro9p suppressed the
growth defect of simultaneous disruption of 7PM1 and
TPM2, it is unlikely that Sro9p affects stability of actin
filaments via tropomyosin. Although computer analysis
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did not detect any significant homology between Sro9p
and tropomyosin, these results might suggest that Sro9p
has an activity similar to tropomyosin. However, Tpmlp
is associated with actin cables (Liu and BRETSCHER
1989; DREES et al. 1995), but Sro9p is not (Figures 8
and 9). In addition, we failed to detect any ability of
Sro9p to bind actin using a co-sedimentation assay with
rabbit actin and bacterially produced GST-Sro9p (data
not shown). Altogether, it is unlikely that Sro9p pos-
sesses biochemical properties similar to those of tropo-
myosin.

We detected Sro9p as dots in cytoplasm using indirect
immunofluorescence-microscopic analysis. Using su-
crose-gradient sedimentation analysis, Sro9p in cell ex-
tracts was found in fractions containing molecules of
higher molecular weights than that of Sro9p (M. Ka-
GaMmi, A. TOH-E and Y. MATSUI, unpublished results). It
may be possible that Sro9p is in a protein complex that
stains as dots in the cytoplasm.

Tropomyosin and Sro9p are involved in the proper
organization of actin cytoskeleton: The Rho3p GTPase
is required to maintain the cell polarity that controls
localization of cortical actin patches and then the posi-
tions of surface growth (IMAI et al. 1996). CDC42 and
BEM 1, which are required for establishing cell polarity,
and SEC4, which is essential for the fusion of secretory
vesicle to plasma membrane and thus contributing sur-
face growth, were identified as multicopy suppressors
of rho3A (MATsUI and ToH-E 1992b; IMAI et al. 1996).
Since both SRO9and TPMI can serve as multicopy sup-
pressors of rho3A, it might be possible that SRO9 and
TPM1 participate in maintaining cell polarity and in

FIGURE 9.—Immuno-
fluorescent staining of
Sro9p.  Wild-type  cells
(strain YPH501) (a and b)
and s109A cells (strain
YMKOI11C) (c and d) were
grown in YPD at 25°. Cells
were fixed and prepared
for indirect immunofluo-
rescence using anti-Sro9p
antibodies as described in

5 MATERIALS AND METHODS.
' (b and d) Phase-contrast
5 % images. (a and c) Fluores-
- ~  cence microscopy. Bar, 10
‘ !-‘ - pm.
ft‘ »
RATEIAARR ITEOE.

surface growth. We found that asymmetric distribution
of actin cytoskeleton was disrupted in tpmIA tpm2A
cells (Figure 6C-a) and tpmIA sro9A cells (Figure 2g)
and that tpmIA sro9A cells lysed (Figure 3B). These
phenotypes suggest that Sro9p and tropomyosin play
a role in maintaining polarized organization of actin
cytoskeleton and in extension of cell surface.

Sro9p may stabilize actin filaments in actin ca-
bles: Sro9p can serve as a multicopy suppressor of the
defects in the stability of actin filaments due to a loss
of tropomyosin or the actl-1 mutation. The suppression
of the actl defect by SRO9is allele-specific since overex-
pression of SRO9 could suppress actl-1 but did not sup-
press actl-2 (data not shown). actl-1 mutant cells have
a defect in the stability of actin filaments, causing tem-
perature sensitivity (NovicK and BOTSTEIN 1985). In
contrast, actin in actl-2 cells has some defect in transi-
tion from G-actin to F-actin rather than in stability of
actin filaments, since some actl-2 cells have an actin
bar, which is an actin-aggregate that is insensitive to
phalloidin (Novick and BOTSTEIN 1985). The allele-
specific suppression suggests that Sro9p can stabilize
unstable actin filaments.

Although we have failed to detect actin-binding activ-
ity of Sro9p (data not shown), we cannot exclude the
possibility that Sro9p has a weak activity to bind actin.
Most of actin binding proteins so far studied were iden-
tified using biochemical methods, based on their ability
to bind to actin. This may be because proteins that
strongly bind to actin are much more accessible for
study than proteins that weakly bind to actin. However,
by genetic approaches, it should be possible to identify
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genes that encode proteins that bind actin, but not
strongly enough to be detected by biochemical meth-
ods. The genetic analysis of SRO9in this article suggests
that Sro9p may be such a protein. The strong genetic
interactions of SRO9with TPMI and with ACT1 suggest
that Sro9p function overlaps or is related to tropomyo-
sin function, i.e., the function for stabilizing actin ca-
bles. It may be possible that Sro9p acts in the cytoplasm
as a factor for accelerating the polymerization of actin
for actin cables and/or for inhibiting the dissociation
of actin from actin cables.

Concerning actin patches, abnormal clusters of actin
patches were observed in {pmIA cells when Sro9p was
depleted (Figure 2g). This suggests that Sro9p may
function to control the formation or localization of ac-
tin patches.

The Rho3p GTPase is involved in directing the loca-
tion of actin patches and then the location for surface
growth (IMAI et al. 1996). Since both Sro9p and Tpmip
play roles in organizing proper actin cytoskeleton, the
fact that both SRO9 and TPMI can serve as multicopy
suppressors of rho3A is consistent with the hypothesis
that Sro9p and tropomyosin act downstream of Rho3p
to stabilize the polarized actin cytoskeleton that medi-
ates surface growth.

The domain conserved among the La protein, Sro9p,
and Sro99p: Sro9p and Sro99p both have a domain
conserved among the La proteins (Figure 1C). Both
SRO9 and SRO99 can serve as a multicopy suppressor
of the tropomyosin defect (Figure 6B). The deletion
of the La homology region of Sro9p (see Figure 1B)
abolished the ability of Sro9p to suppress the tpmIA
defect (data not shown). Although more characteriza-
tion of the domain is required to establish its function,
these results suggest the possibility that the conserved
domain interacts with an element of actin cytoskeleton.
The La proteins have RNA-recognition motifs and the
domain for homodimerization, which are distinct from
the domain conserved with Sro9p (YOO and WOLIN
1994; CRAIG et al. 1997). The La protein binds the se-
quence UUUgqy, which is the 3’ terminus of most newly
synthesized RNA polymerase III transcripts (STEFANO
1984). Genetic analysis using the yeast La-protein ho-
mologue, LHPI provides evidence that Lhp1p functions
in pre-tRNA processing (Yoo and WoLIN 1997). How-
ever, the biological roles of the domain conserved with
Sro9p remains unknown. Intracellular distribution of
RNA is important for cells; for example, asymmetric
distribution of mRNA is essential for development of
eggs (MICKLEM 1995; STEBBINGS et al. 1995). It is re-
ported that asymmetric distribution of oskar RNA, which
is critical for Drosophila development, requires tropo-
myosin (ERDELYT et al. 1995; TETZLAFF et al. 1996). In
this context, it is interesting that the La proteins possess
both an RNA-binding moiety and the domain that may
be required for Sro9p to compensate loss of tropomyo-
sin function. The genetic interaction between SRO%and

ttopomypesin genes may present a new aspect of the
function of the La homology domain found in Sro9p.
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