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SLA1 was identified previously in budding yeast in a genetic screen for mutations that
caused a requirement for the actin-binding protein Abplp and was shown to be required
for normal cortical actin patch structure and organization. Here, we show that Slalp, like
Abplp, localizes to cortical actin patches. Furthermore, Slalp is required for the correct
localization of Sla2p, an actin-binding protein with homology to talin implicated in
endocytosis, and the Rholp-GTPase, which is associated with the cell wall biosynthesis
enzyme [-1,3-glucan synthase. Mislocalization of Rholp in slal null cells is consistent
with our observation that these cells possess aberrantly thick cell walls.

Expression of mutant forms of Slalp in which specific domains were deleted showed
that the phenotypes associated with the full deletion are functionally separable. In
particular, a region of Slalp encompassing the third SH3 domain is important for growth
at high temperatures, for the organization of cortical actin patches, and for nucleated
actin assembly in a permeabilized yeast cell assay. The apparent redundancy between
Slalp and Abplp resides in the C-terminal repeat region of Slalp. A homologue of SLA1
was identified in Schizosaccharomyces pombe. Despite relatively low overall sequence
homology, this gene was able to rescue the temperature sensitivity associated with a
deletion of SLAT in Saccharomyces cerevisiae.

INTRODUCTION strated genetically. Many of the proteins, including

profilin, tropomyosin, fimbrin, and cofilin, behave in

The actin cytoskeleton in eukaryotic cells plays a cen-
tral role in the generation of polarity and determina-
tion of cell morphology. In yeast, as in other eu-
karyotes, the organization of the actin cytoskeleton is
regulated by several classes of actin-binding proteins.
The actions of these proteins are crucial for the timing
and position of cortical actin assembly, which is es-
sential for bud and mating projection formation. Rep-
resentatives of most classes of actin-binding protein
have been identified in Saccharomyces cerevisiae, and
their importance to actin function has been demon-

T Corresponding author. E-mail address: kayscough@bad.dundee.
ac.uk.

© 1999 by The American Society for Cell Biology

vitro in a similar manner to their homologs from other
organisms (reviewed by Welch et al., 1994; Ayscough,
1998).

Yeast Abpl was identified as an actin-binding pro-
tein by affinity chromatography on an actin column
(Drubin et al., 1988). It was localized to the cortical
actin patches of yeast cells, and its overexpression was
shown to lead to severe defects in the actin cytoskel-
eton and depolarized cell growth; however, deletion
of the ABP1 gene had no readily observable pheno-
type. A synthetic lethal screen identified mutations
that caused cells to require expression of ABP1 (Holtz-
man et al., 1993). This approach lead to the isolation of
three genes. One of these was the previously identified
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SAC6, which encodes yeast fimbrin, an actin-bundling
protein. The other two genes were previously un-
known and were called SLA1 and SLA2 for syntheti-
cally lethal with ABP1. SLA1 was cloned and se-
quenced and shown to encode a protein with an
interesting set of structural elements. In its N-terminal
third it contains three SH3 domains. In various organ-
isms, SH3 domains have been shown to mediate pro-
tein—protein interactions of signaling and cytoskeletal
proteins (Pawson and Gish, 1992; Mayer and Eck,
1995). The central third of Slalp contains a putative
SH3-domain binding consensus (Ren et al., 1993; Yu et
al., 1994), and its C-terminal third is composed of 26
repeats with an approximate consensus TGGXXXPQ.
This consensus repeat has homology to repeats in a
range of proteins including the yeast protein Panlp, a
protein that has itself been postulated to be involved
in organization of the actin cytoskeleton (Tang and
Cai, 1996) and sea urchin sperm bindins (Gao et al.,
1986; Minor et al., 1991), and also to the major plant
structural proteins wheat glutenin and barley hor-
deins (Field et al., 1987; Halford et al., 1992).

Deletion of SLAI1 caused cells to be temperature
sensitive and to exhibit defects in their cortical actin
cytoskeletons. Rather than the wild-type situation in
which the cortical actin is organized as many small
actin patches that are highly polarized, slal null cells
had fewer cortical “chunks” of actin that appeared
larger than normal and were not as well polarized
(Holtzman et al., 1993). slal null cells also showed
increased resistance to the actin-disrupting drug la-
trunculin-A (Ayscough et al., 1997). In this article, we
demonstrate by immunolocalization of Slalp that it is
a component of the cortical actin patches. We show
that Slalp plays a critical role in proper localization of
two proteins, Sla2p and the small GTP-binding pro-
tein Rholp, and in the spatial control of cell wall
biosynthesis. Using deletion analysis, we then address
the role of structural domains within the protein, us-
ing both in vivo and in vitro approaches, and show
that Slalp is a multifunctional protein with different
functions that are attributable to distinct domains.

MATERIALS AND METHODS

Materials

Unless stated otherwise, chemicals were obtained from Sigma (St.
Louis, MO) or Fisher (Pittsburgh, PA). Reagents for molecular biol-
ogy were obtained from New England Biolabs (Beverly, MA).

Yeast Strains and Growth Conditions

Yeast strains used in this study are listed in Table 1. Unless stated
otherwise, cells were grown with rotary shaking at 25°C in liquid
YPD medium (1% yeast extract, 2% bacto peptone, 2% glucose),
except for plasmid-carrying strains, which were grown on synthetic
medium with appropriate selection as described by Kaiser et al.
(1994). For testing ABP1 dependence, cells were plated on synthetic
medium containing 1 mg/ml 5-fluororotic acid (5-FOA). Culture
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Table 1. Yeast strains used in this study

Strain Genotype

KAY40 MATa/« ura3-52/ura3-52

KAY14 MATa/« ura3-52/ura3-52 his3-A200/his3-A200
Aslal::URA3/Aslal :: URA3

KAY78 MAT « his3-A200 leu2-3,112 ura3-52, Aabp1::LEU2
slal-1 [pDD13: URA3 CEN, ABP1]

DDY664 MATa ura3-52 leu2-3,112 lys2-801am

DDY757 MATa cryl ade2-1 his3-11,15 leu2-3,112 ura3-1 trp1-1
can1-100

DDY1097 MATa cryl ade2-1 his3-11,15 leu2-3,112 ura3-1 trp1-1
can1-100 [pRS313 + GAL10-RHO1]

DDY1098 MATa cryl ade2-1 his3-11,15 leu2-3,112 ura3-1 trp1-1

can1-100 [pRS313]

density was measured using a hemocytometer and by measuring
turbidity at 600 nm. Transformation of yeast was performed using
lithium acetate as described (Kaiser ef al., 1994).

For the galactose-induced overexpression of Rholp, strain
DDY757 was transformed with pRS313 (Sikorski and Hieter, 1989)
containing no insert or the galactose-inducible GALI0 promoter
fused to RHOI1 (gift of Dr. Alan Myers, lowa State University),
yielding strains DDY1098 and DDY1097, respectively. Log-phase
transformant cultures were washed into rich medium containing 2%
raffinose (wt/vol) as the sole carbon source. Galactose was then
added to 2% raffinose (wt/vol) 12 h later; incubation then continued
for another 8 h before the cells were harvested.

Cloning Procedures

SLA1 was cloned as a Sall fragment from one of the original plas-
mids isolated in the synthetic lethal screen of Holtzman ef al. (1993).
Plasmid constructions are listed in Table 2. In vitro mutagenesis was
performed using the Stratagene Quick Change Kit (Stratagene, La
Jolla, CA). All mutations were verified by sequencing. The Schizo-
saccharomyces pombe cosmid was obtained from The Sanger Center
(Hinxton, UK).

Myc tagging of Las17p/Beelp and Slalp was performed using
PCR-based homologous recombination (Baudin et al., 1993). The
selectable marker was Kluyveromyces lactis TRP1, and the plasmid
used for generating the 9 X myc tag was a generous gift from K.
Nasmyth (Imp, Vienna, Austria).

Antibody Production and Affinity Purification

Polyclonal antibodies to Slalp were raised against a fusion of amino
acids 854-920 to the C-terminus of glutathione S-transferase. Fusion
proteins were generated using the protocol from Pharmacia (Pisca-
taway, NJ) and finally eluted from glutathione-Sepharose beads
using reduced glutathione. The eluted proteins were used to raise
antisera in New Zealand White rabbits. Antisera obtained after the
third injection of antigen were affinity-purified on a cyanogen bro-
mide-activated Sepharose-B column (Pharmacia) with the glutathi-
one S-transferase—fusion protein bound.

Rholp and Cdc42p antibodies were raised against synthetic pep-
tides conjugated to rabbit serum albumin (RSA). Production of
Cdc42 antibody, raised against the S. cerevisize Cdc42 peptide
QRQRLRPITSEQGSRL, is fully described elsewhere (Kozminski,
Chen, Rodal, and Drubin, unpublished observations). To prepare
RSA as a carrier for Rhol peptide, 0.8 mg of the heterobifunctional
cross-linker 4-(p-maleimidophenyl) butyric acid N-hydroxy-succin-
imide ester (Sigma) were dissolved in 75 ul of dimethylformamide;
this solution was then added with continuous stirring to a Wheaton
V-vial (VWR, San Francisco, CA) containing 2 mg of RSA dissolved
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Table 2. Plasmids constructed in this study

Plasmid name

Construction

pKAS50 pRS313 (CEN, HIS3) was cut with Poull and religated to remove polylinker.

pKA51 SLA1 on Sal I fragment was blunt-ended using Klenow and ligated into pKA50 at the Pou II site.

pKAS53 pKA51 was cut with Eco RI removing a 1182-bp fragment and religated.

pKA54 PCR was used to generate an Apa I site at base 9 of the SLAT coding sequence in pKA51. The plasmid was then cut with
Apa 1 releasing a 575-bp fragment encompassing the first two SH3 domains.

pKA55 PCR was used to generate a Bam HI site at base 1522 of the SLA1 coding sequence in pKA51. The plasmid was then cut
with Bam HI releasing a 1495-bp fragment encompassing the central “gap2” region.

pKA13 pKA51 was cut with Bam HI and Eag I, blunt-ended, and religated releasing a 754-bp fragment encoding most of the C-
terminal repeat region.

pKA116 Xho 1 sites were generated by in vitro mutagenesis on either side of the third SH3 domain in pKA51. This domain was
then excised, and the plasmid was religated.

pKA128 In vitro mutagenesis was used to mutate the coding sequence for the proline helix motif to give a change of P to S at
residue 626.

pKA129 Xho I sites were generated by in vitro mutagenesis on the 5’ side of the coding region for the third SH3 domain and on
the 3’ side of the second SH3 domain in pKA51. This Gapl domain was then excised, and the plasmid was religated
giving Slal-Agapl.

pKA130 Xho 1 sites were generated by in vitro mutagenesis on either side of the third SH3 domain in pKA54. This domain was
then excised, and the plasmid was religated giving Sla1-Aall SH3.

pKA32 The DNA coding for the mutant Sla1-AG1+SH3#3 was excised from pKA53 using Xba I and cloned into pRS316 (CEN,
URA3).

pKA139 S. pombe cosmid SPAC16E8 was cut with Eco RI and Hpa I, and the relevant fragment was cloned into pRS423 (2, HIS3).

in 50 ul of deionized water. An additional 25 ul of dimethylform-
amide were added to clarify the solution. After incubation at room
temperature for 30 min, unreacted 4-(p-maleimidophenyl) butyric
acid N-hydroxy-succinimide ester was removed by two sequential
gel filtrations through 1-ml Sephadex G-25 (Pharmacia) spin col-
umns equilibrated with 0.1 M Na phosphate buffer (pH 6.5). To
reduce the salt concentration, the eluate (200 ul) was diluted four-
fold with deionized water. The peptide MSQQVGNSIRRKGC,
which contains the N-terminal residues of S. cerevisine Rholp (un-
derlined), was synthesized by Dr. David King (University of Cali-
fornia, Berkeley). Two milligrams of Rholp peptide were dissolved
in 80 ul of deionized water followed by the gradual addition of 20
ul of 0.1 M Na phosphate buffer (pH 6.5) containing 2 mM EDTA.
The peptide solution was then added dropwise (10 ul) with constant
stirring to the 4-(p-maleimidophenyl) butyric acid N-hydroxy-suc-
cinimide ester-RSA solution. Cross-linking of the Rholp peptide via
the C-terminal cysteine proceeded for 3 h at room temperature. To
remove unreacted peptide, the reaction was then dialyzed overnight
against 2 1 of deionized water at 4°C using No. 7 Spectra/Por
(MWCO 1000) dialysis tubing (VWR). The dialysate was aliquoted
and stored frozen at —20°C. Protein concentration of the dialysate
was determined by a Bradford protein assay (Bio-Rad, Hercules,
CA). New Zealand White rabbits were injected subcutaneously with
peptide. Immunogenicity against Rholp was first detected in yeast
whole-cell extracts at week 14.

Rholp antibody was affinity-purified using a Rholp peptide col-
umn. By vacuum filtration, 0.4 g of divinylsulfone (4% cross-linked)
agarose was hydrated with deionized water and sequentially
washed once with 1.0 M Na phosphate buffer (pH 6.5), twice with
0.5 M Na carbonate buffer (pH 10), once with deionized water, and
once with coupling buffer (10 mM Na phosphate buffer, pH 6.5, 2.5
mM EDTA). Two milligrams of Rhol peptide were dissolved in 200
ul of coupling buffer and added to 1 ml of washed divinylsulfone
agarose in a microcentrifuge tube. The tube was flushed with N,.
C-terminal-coupling of the peptide to the agarose proceeded for
48 h at room temperature with gentle rocking. Unreacted vinyl
groups were blocked by the addition of 5 ul of B-mercaptoethanol
followed by an additional 3-h incubation. Coupling buffer was
removed by several washes with PBS. Preparation of the affinity
column and elution of bound antibody were performed as described
(Kozminski, Chen, Rodal, and Drubin, unpublished data).
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Immunoblotting Procedures

Yeast whole-cell lysates were prepared as described by Belmont and
Drubin (1998) and run on 13% polyacrylamide gels for Rholp and
tubulin immunoblotting or on 7.5% gels for Slalp blots. For immu-
noblots, affinity-purified rabbit anti-yeast Rholp peptide antibody
was diluted 1:500, rabbit anti-yeast B-tubulin antibody 206 (Bond et
al., 1986) was diluted 1:20,000, and rabbit anti-yeast Slalp was
diluted 1:250. To specifically block Rholp antibody, affinity-purified
Rholp antibody was diluted 100-fold into 1 ml of Tris-buffered
saline containing 1 mg of Rholp peptide and incubated overnight at
4°C. Detection of antibody binding was performed using an en-
hanced chemiluminescence kit from Amersham (Arlington Heights,
IL).

Fluorescence Microscopy Procedures and
Permeabilized Cell Assays

Rhodamine—phalloidin (Rd—phalloidin) staining of actin was per-
formed as described by Pringle et al. (1989). Cells were processed for
immunofluorescence microscopy essentially as described by Pringle
et al. (1991) and by Ayscough and Drubin (1997). The cold metha-
nol/acetone step (Pringle et al., 1991) was required to observe actin,
Abplp, Arp2p, cofilin, calmodulin, Srv2p, Sla2p, and Spa2p. To
visualize Las17p/Beelp, Cdc42p, Rholp, and Slalp, the methanol/
acetone step was replaced with an incubation of the cells in 0.2%
SDS in PBS for 5 min. Primary antibodies were raised to the partic-
ular proteins except for Las17p/Beelp, which was myc-tagged and
then localized using polyclonal antiserum Al4 against the myc
epitope (Santa Cruz Biotechnology, Santa Cruz, CA). The primary
antibodies to actin, Abp1p, cofilin, Sla2p, Cdc42p, Slalp, and Rholp,
were generated in the laboratory of D.D. Other antibodies were
gifts: anti-Arp2p from B. Winsor (Université Louis Pasteur, Stras-
bourg, France) (Moreau ef al., 1996); anti-Srv2p from J. Field (Uni-
versity of Pennsylvania, Philadelphia, PA) (Freeman et al., 1996);
anti-calmodulin from M. Stark (University of Dundee, Dundee,
Scotland) (Brockerhoff and Davis, 1992; Stirling et al., 1994); and
anti-Spa2p from M. Snyder (Yale University, New Haven, CT) (Sny-
der, 1989). Secondary antibodies used were FITC-conjugated goat
anti-guinea pig IgG (Cappell/Organon Technika, Malvern, PA) at a
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Figure 1. Localization of Slalp and actin using indirect double-label immunofluorescence microscopy. (A) Antibodies raised to Slalp were
used to detect Slalp on Western blots of wild-type cells and to demonstrate lack of reactive proteins in slal null cells. (B and C)
Immunofluorescence microscopy was then performed to localize Slalp (C) and actin (B) in wild-type diploid cells. Bar, 5 um.

dilution of 1:1000 and CY3-conjugated sheep anti-rabbit IgG (Sigma)
at a dilution of 1:200.

The permeabilized cell assay was performed essentially as de-
scribed (Li et al., 1995). In addition, the effect of adding cell extracts
before incubation was tested to examine whether Slalp in such
extracts was able to reconstitute the actin-assembly activity that was
absent in SLAI null mutants. Extracts were prepared from late
log-phase cells that had been lysed by the liquid nitrogen grinding
method (Sorger and Pelham, 1987). After the grinding step, an equal
volume of buffer (50 mM K-HEPES, pH 7.5, 100 mM KCl, 3 mM
MgCl,, 1 mM EGTA) was added, and the lysate was spun at
100,000 X g for 60 min. The resulting high speed supernatant was
used in the assays at a concentration of 20 mg/ml.

Cells were viewed with an Olympus BX-60 fluorescence micro-
scope (Olympus, Lake Success, NY) with a 100 W mercury lamp and
an Olympus 100X Plan-NeoFluar oil immersion objective. Images
were captured electronically using a Sys3000 cooled charge-coupled
device camera (Digital Pixel Advanced Imaging Systems, Brighton,
UK) and displayed on an Apple Macintosh computer using IP lab
software (Scanalytics, Fairfax, VA). Quantitation of fluorescence for
the permeabilized cell assay was performed using software from
Persceptics Biodivision (Knoxville, TN) as described by Li et al.
(1995)

Electron Microscopy

Log-phase cells were spun down, washed three times with water,
and then resuspended in freshly prepared 2% potassium perman-
ganate for 45 min at room temperature. Cells were then washed
again in water. Pellets were processed by dehydration in a graded
series of 50-100% ethanol followed by propylene oxide and embed-
ded in Epon 812 (Taab Laboratories Equipment, Berkshire, United
Kingdom). Sections were cut with a diamond knife and mounted on
carbon—formvar-coated grids. Sections were stained for 4 min with
a solution of Reynolds lead citrate (Reynolds, 1963), then washed and
viewed with a Philips CM10 electron microscope (Cheshire, CT).

RESULTS

Slalp Localizes to the Cortical Actin Patches

The deletion of SLAI causes cells to be temperature
sensitive for growth and to have associated actin de-
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fects characterized by fewer and larger cortical
patches (Holtzman et al., 1993). To ascertain whether
the effects of mutations in SLAI on actin organization
might be direct, the subcellular localization of Slalp
was determined. Other genes, such as ANCI, which
encodes a nuclear protein, cause actin defects when
deleted, although their gene products are not localized
to the actin cytoskeleton (Welch and Drubin, 1994). An
antiserum was raised to amino acids 854920 of Slalp.
After affinity purification this antiserum recognized a
single protein of 148 kDa (versus a predicted molecu-
lar weight of 136 kDa) on Western blots (Figure 1A).
Figure 1, B and C, shows the colocalization of Slalp
with a subset of the cortical actin patches. Colocaliza-
tion of Slal to the actin cables was not observed. In
addition, there was no detectable staining in slal null
cells (our unpublished results). We also generated a
myc-tagged version of Slalp, which revealed a stain-
ing pattern like that obtained with the anti-Slalp an-
tibodies (our unpublished results). The fluorescence
data demonstrate that Slalp is well positioned to be
playing a direct role in the organization of actin as-
sembly at the yeast cell cortex.

Localization of Actin-associated Proteins in the
Absence of Slalp

Many proteins show complete or partial colocalization
with cortical actin patches. Other proteins such as the
Rab-GTPase Sec4p do not colocalize with actin but
nevertheless depend on an intact actin cytoskeleton to
achieve a polarized localization at the presumptive
bud site and in the bud of growing cells. To explore
the possible role of Slalp in the localization of such
proteins, 11 cortex-associated proteins were localized
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Figure 2. Localization of proteins in the absence
of Slalp. slal null cells were grown to log phase
and examined by double-label immunofluores-
cence microscopy. (A and B) Cells labeled for
Abplp (A) and actin (B). (C and D) Cells stained
for Sla2p (C) and actin (D). Bar, 5 um.

along with actin in wild-type and slal null cells. Of the
proteins tested that are known to bind to actin or that
show significant colocalization with actin, most con-
tinued to do so even when the actin lost its wild-type
“patch” structure in slal null cells. This category in-
cluded Abplp, Sac6p, cofilin, Srv2p, Arp2p, and
Las17p/Beelp (Drubin et al., 1988; Moon et al., 1993;
Freeman et al., 1996; Moreau et al., 1996; Li, 1997), as
illustrated in Figure 2, A and B, for Abplp. In addi-
tion, three proteins (Cdc42p, calmodulin, and Spa2p)
that are highly polarized in cells but do not colocalize
with actin (Snyder, 1989; Brockerhoff and Davis, 1992;
Ziman et al., 1993) localized normally in the absence of
Slalp (our unpublished results). In contrast, two other
proteins showed significant alterations in their local-
ization in slal null cells. Sla2p, which has a C-terminal
region with homology to talin (Holtzman et al., 1993;
Raths et al., 1993) and binds actin in vitro (McCann
and Craig, 1997), and which shows substantial colo-
calization with cortical actin patches in vivo (Yang,
Cope, and Drubin, unpublished observations), does
not colocalize with actin in the absence of Slalp.
Rather than associating with the actin chunks in slal
null cells, Sla2p is found in small patches at the cell
periphery (Figure 2, C and D). In addition, Sla2p is not
so well polarized in the absence of Slalp as it is in
wild-type cells. The penetrance of the Sla2p/cortical
actin patch noncolocalization phenotype was assessed
by counting 100 cells in each of three costaining ex-
periments. In wild-type cells the Sla2p patches
showed colocalization with a subset of actin patches in
88% of cells counted. In cells in which Slalp was not
expressed, however, only 24% of cells showed colocal-
ization of Sla2p patches with cortical actin structures.

Vol. 10, April 1999

Organization of Actin and Rholp Require Slalp

It should be noted, however, that endocytosis, which
requires Sla2p (Raths et al., 1993) is not severely af-
fected in Aslal cells (Ayscough, unpublished observa-
tion).

The second protein found to localize aberrantly in
the absence of Slalp is Rholp. Antibodies raised and
affinity-purified against a Rholp peptide (see MA-
TERIALS AND METHODS) recognized a protein of
the appropriate size by Western blotting, and pre-
incubation of the antibodies with the peptide
blocked this recognition (Figure 3A). In addition,
this band increased in intensity when RHO1 was
overexpressed (Figure 3B). When the antibodies
were used for immunolocalization in wild-type
cells, Rholp was found in a patch at the site where
bud emergence will occur, at the tip of the new bud,
and then around the cortex of the bud as it grows
(Figure 3C), as described previously (Yamochi et al.,
1994). In the absence of Slalp, although Rholp lo-
calization was relatively normal during bud forma-
tion, many unbudded cells showed staining all over
the cell cortex (Figure 3D). In contrast, in wild-type
cells, little or no general cortical staining was appar-
ent in unbudded cells (Figure 3C). Counts showed
that nearly 50% of unbudded slal null cells showed
inappropriate cortical staining (Figure 3E).

Previously we showed that in the presence of the
actin-disrupting drug latrunculin-A, Slalp was able to
localize to the cell cortex but was unable to polarize to
the incipient bud site (Ayscough et al., 1997). The
result presented here showing a dependence of Rholp
on Slalp for its localization would suggest that Rholp
should also be unable to polarize in the absence of an
intact actin cytoskeleton. We tested the dependence
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Figure 3. Deletion of SLAI affects Rholp localization. (A and B)
Immunoblots of whole-cell lysates (10 ug/lane) probed with affinity-
purified anti-Rholp antibodies. (A) Lysate of wild-type cells (DDY664)
probed with untreated antibodies (left lane) or with the same antibod-
ies after preincubation with the Rholp peptide antigen (right lane). (B)
Lysates of DDY1097 (carrying a GAL-RHO1 plasmid; right lane) and
DDY1098 (carrying a control plasmid) were prepared after growth on
galactose for 8 h and probed with the anti-Rholp antibodies (bottom) or
(as a loading control) with anti-B-tubulin antibodies (top). (C and D)
Immunolocalization of Rholp in log-phase cells of wild-type (C) and
slal null cells (D) Bar, 5 wm. (E) The staining patterns of unbudded cells
were counted. The data shown are the averages of three experiments in
which at least 200 unbudded cells were scored. The single patch of
staining in wild-type unbudded cells is presumably the site from which
the new bud will emerge.
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Figure 4. slal null cells have thick cell walls. (A) Wild-type and (B) Aslal cells were grown to log phase and then fixed and processed for
electron microscopy using potassium permanganate fixation to enhance visualization of the cell wall and membranes.

of Rholp localization on F-actin as described in
Ayscough et al. (1997) and observed that Rholp was
able to localize to the cell cortex in the presence of
latrunculin-A but was not polarized to the ends of the
cell (our unpublished results). A count of the cells
revealed that >70% of cells showed cortical but non-
polarized staining of Rholp and 13% showed staining
both over the entire cortex and at a patch at one end of
a cell. The remaining cells showed no detectable stain-
ing for Rholp.

Rholp regulates the cell wall-synthesizing enzyme
1,3-B-glucan synthase (Drgonova et al., 1996; Qadota et
al., 1996). To investigate whether the abnormal local-
ization of Rholp in slal null cells affected cell-wall
deposition, we used electron microscopy. As shown in
Figure 4, the slal null mutant cells showed an aberrant
thickening of the walls of unbudded and mother cells.
This thickening appeared to be uniform over the entire
surface of the unbudded and mother cells but did not
extend into the buds (Figure 4B), consistent with the
relatively normal localization of Rholp in budding
cells (see above).

Vol. 10, April 1999

Expression of Mutant Forms of Slalp Defines
Functional Domains within the Protein

The primary sequence of Slalp suggests that there are
structural elements within the protein that could be
responsible for specific functions and interactions. A
series of slal deletion mutants (Figure 5) were ex-
pressed in slal null cells to explore this possibility.
Western blots verified that similar levels of Slalp were
expressed in cells carrying the different constructs (our
unpublished results), indicating that the stabilities of
the mutant Slal proteins were not significantly de-
creased.

We then determined whether the mutant Slal proteins
were able to rescue two phenotypes associated with the
deletion of SLAI, temperature-sensitive growth, and
Abplp dependence. Transformants were plated onto ap-
propriate selective media at 25° or 37°C (Figure 6A). All
but one of the constructs, Slal-AG1+SH3#3, were able to
rescue the temperature sensitivity of the slal null mu-
tant. This construct lacked the region between the sec-
ond and third SH3 domains (Gapl) and also the third
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Figure 5. Mutant slal constructs. Details of plasmid construction are given in Table 2.

SH3 domain (Figure 5). Interestingly, mutants lacking
Gapl alone or the third SH3 domain alone were able to
support growth at the nonpermissive temperature. In
addition, one other construct, Slal-AG2, supported only
poor growth at 37°C.

Rescue of the Abplp-dependence phenotype was
tested by plating slal abpl double-mutant cells that
carried a URA3-marked ABP1 plasmid and expressed
the various slal mutant constructs onto 5-FOA-con-
taining medium, which selects against the ABP1-bear-
ing plasmid (Figure 6B). In these cells, ABP1 was
present only on a URA3-marked plasmid. In the ab-
sence of Slalp these cells cannot grow without the
ABP1 plasmid and as a result cannot grow on 5-FOA
plates. Of the mutant forms of Slalp, only cells ex-
pressing Slal-AC-terminal repeats failed to rescue the
Abplp dependence. This result suggests that this re-
peat region is involved in a function that is redundant
with that of Abplp.

In this initial analysis, we had identified one mutant
protein that rescued the Abp1lp dependence of the slal
null mutant but not its temperature sensitivity and a
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second that rescued the temperature sensitivity but
not the Abplp dependence. To test whether the two
Slalp functions could be performed in transformants,
the two mutant constructs were cotransformed into
slal null cells. The transformants grew very poorly at
37°C (Figure 6C), suggesting that Slal-AG1+SH3#3
competitively inhibits Slal-AC-terminal repeats (Slal-
AC-term.rpts).

Actin Organization in Cells Expressing the Mutant
Forms of Slalp

As mentioned above, slal null mutants have fewer
cortical actin patches, and these patches appear larger
and less polarized than normal (Figure 7, B and C). To
assess whether this aberrant actin phenotype can be
attributed to a particular domain of Slalp, we stained
cells expressing the different Slalp mutants with Rd-
phalloidin. Cells with wild-type or aberrant cortical
actin patches were counted, and this is summarized in
Figure 7A. Representative cells for three of the mu-
tants are depicted in Figure 7, D-F. Cells expressing

Molecular Biology of the Cell



Figure 6. Growth of cells contain-
ing mutant Slal proteins. (A) Cells
in which the genomic copy of SLA1
was deleted (KAY14) were trans-
formed with the slal mutant con- C
structs and plated onto selective
medium at 25° and 37°C. (B) Cells
carrying ABP1 on a URA3-marked
plasmid (KAY78) were trans-
formed with the slal mutant con-
structs and tested for growth on se-
lective medium in the presence or
absence of 5-FOA. (C) Cells
(KAY14) were cotransformed with
slal mutant constructs Slal-AC-
term.rpts and SlalAGapl+SH3#3
and tested for growth at 37°C. Ex-
pression of both forms of Slalp was
verified by Western blotting.

Slal-AG1+SH3#3 (Figure 7D) had the most severe
actin phenotype, similar to that in slal null cells, indi-
cating that this domain plays a critical role in regula-
tion of cortical actin organization. In contrast, cells
expressing most of the other mutant forms of Slalp
had a staining pattern almost indistinguishable from
that of wild-type cells. For example, Figure 7E shows
the staining pattern for Slal-AC-terminal repeats.
Thus, these proteins contain the information necessary
for maintaining normal cortical actin cytoskeleton or-
ganization. Some of the mutants, including Slal-
ASH3#1&2 and Slal-AGap1, have a partially penetrant
actin phenotype with ~15-20% of cells in the popula-
tion having actin chunks, although the remaining cells
have a wild-type actin appearance (Figure 7F, Slal-
ASH3#1&2).

We also performed double-labeling immunofluores-
cence microscopy for actin and Sla2p in cells express-
ing mutant forms of Slalp (our unpublished results).
Our results indicated that uncoupling of Sla2p and
cortical actin patch localization correlates with the
severity of the actin defect rather than a specific Sla2p-
binding domain in Slalp.
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Analysis of the Role of Slalp Using a Permeabilized
Cell Assay

An in vitro permeabilized cell assay was used to test
further the role of Slalp in the regulation of actin
patch assembly. The assay measures the nucleated
assembly of exogenously added rhodamine-actin into
polarized patches at the cortex of permeabilized cells
(Liet al., 1995). These patches resemble those observed
in vivo in terms of their size and distribution (Figure
8A). As reported previously (Li et al., 1995), perme-
abilized slal null cells are incapable of supporting
nucleated actin assembly and display only a low back-
ground level of rhodamine-actin fluorescence that is
never assembled into cortical patches (Figure 8B). slal
null cells expressing three of the mutant slal con-
structs were examined, and the data were quantified
and expressed as the range of fluorescence intensities
measured within the buds of small-budded cells. Cells
expressing Slal-ASH3#1&2 or Slal-AC-terminal re-
peats assembled distinct polarized patches of rhoda-
mine-actin resembling those seen in wild-type cells,
and the levels of fluorescence were similar to, or (for
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AIDO

80

%o cells with aberrant cortical actin

Figure 7. Actin organization in cells expressing mutant forms of Slalp. Log-phase cells were processed for Rd—phalloidin staining. (A) For
each mutant at least 300 cells were scored for wild-type or aberrant actin patch morphology. Representative images of actin staining are
shown for cells expressing (B) wild-type Slalp, (C) no Slalp, (D) Slal-AG1+SH3#3, (E) Slal-AC-terminal repeats, (F) Slal-ASH3#1&2. Bar,

5 pum.

Slal-ASH3#1&2) somewhat greater than, those ob-
served in wild-type cells (Figures 8, C and E).

In contrast, deletion of the Gapl region and third
SH3 domain together, but of neither alone, caused
cells to be fully defective in the incorporation of rhoda-
mine-actin into cortical actin structures (Figure 8D).

To investigate further the importance of Slalp in the
assembly of actin patches, cell extracts were added
back to permeabilized slal null cells in an attempt to
reconstitute the actin-assembly activity. The activity
could indeed be restored by the addition of wild-type
cell extracts, but extracts from slal null cells or from
cells expressing only Slal-AG1+SH3#3 were not able
to restore the actin-assembly activity (Eby and
Ayscough, unpublished data; see MATERIALS AND
METHODS). These data lend further support to the
conclusion that Slalp plays a direct role in regulation
of the cortical actin cytoskeleton.
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A Fission Yeast Homologue of SLA1 Can Rescue the
Temperature Sensitivity of S. cerevisiae slal
Null Cells

A full-length homologue of SLAT was identified in the
S. pombe genome database. Although the overall se-
quence similarity is not high (27%), the predicted S.
pombe protein contains the same recognizable domains
of Slalp, including three SH3 domains, a proline helix
motif, and a C-terminal repeat region (Figure 9A). In
addition, in the central third of the proteins were two
unrelated regions, each of ~60 amino acids, that were
more similar (58 and 60% identity, respectively) than
any other part of the protein (Figure 9A). These do-
mains do not share significant homology with other
sequences in the publicly accessible databases. The
antisera raised to S. cerevisiae Slalp did not recognize
a protein of the appropriate size on a Western blot of
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Figure 8. Rhodamine-actin incorporation into
permeabilized cells expressing mutant forms of
Slalp. Cells expressing (A) wild-type Slalp, (B)
no Slalp, (C) Slal-ASH3#1&2, (D) Slal-
AG1+SH3#3, (E) Slal-AC-term. repeats were
grown, permeabilized, and tested for actin as-
sembly as described by Li et al., (1995) (see
MATERIALS AND METHODS). Sites of incor-
poration were then viewed by fluorescence mi-
croscopy, and the intensity of fluorescence in
the buds was measured. The units of fluores-
cence intensity are arbitrary. Bar, 5 um.
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Figure 9. The S. pombe homologue of SLAI rescues the temperature sensitivity of S. cerevisiae slalA cells. (A) S. pombe Slalp has a domain
structure similar to that of S. cerevisiae Slalp. Two regions of high homology are designated SHD (Slalp homology domain) 1 and 2. The
percentages of identity of the SH3 domains and the SHD regions are noted beneath the respective motifs. Growth of S. cerevisiae slal null cells
(KAY14) containing S. cerevisine SLA1, S. pombe slal, or vector alone was tested at (B) 29°C and (C) 37°C.

S. pombe proteins, nor did they give a distinct staining
pattern by immunofluorescence. The S. pombe slal
gene was cloned from cosmid DNA into an overex-
pression vector and transformed into S. cerevisiae cells
in which SLA1 had been deleted. The S. pombe gene
was able to partially rescue the temperature sensitivity
associated with the deletion (Figure 9, B and C); how-
ever, staining of these cells for actin indicated that
their aberrant actin organization was not rescued by
the fission yeast gene.

DISCUSSION

Interactions with Cortical Proteins

Regulation of the structure and organization of the
cortical actin cytoskeleton is essential for many pro-
cesses in eukaryotes, including the chemotactic re-
sponses of Dictyostelium and neutrophils, differentia-
tion of epithelial and neuronal cells, and budding and
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mating projection formation in yeast. The high level of
conservation among proteins that associate with and
regulate actin organization suggests that gaining an
understanding of these processes in genetically ma-
nipulable yeast cells might facilitate our understand-
ing of the cytoarchitecture of more complex eukary-
otic organisms. In this study, we have shown that a
protein, Slalp, associates with the cortical actin cy-
toskeleton. As observed previously, deletion of the
SLA1 gene disrupts the wild-type organization of cor-
tical actin, and instead, staining with Rd—phalloidin
reveals fewer, larger chunks of actin (Holtzman et al.,
1993). Because Slalp is normally localized with corti-
cal actin, we believe that this might indicate that it has
a specific role in regulating the structure of the cortical
patches. It has also been noted previously that slal
null cells are more resistant to the effects of the actin-
disrupting drug latrunculin-A (Ayscough et al., 1997).
Thus, we postulate that actin in Aslal cells is in some
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way either less dynamic or more stable than in the
wild-type situation. Thus, the presence of Slalp may
increase actin dynamic turnover by recruiting or facil-
itating interaction of depolymerizing or destabilizing
proteins, or alternatively, it might limit access of sta-
bilizing proteins to actin. An argument against the
possibility that Slalp recruits depolymerizing factors
is our observation that the major actin depolymerizing
protein in yeast cells, cofilin, continues to associate
with cortical actin structures in the absence of Slalp
(our unpublished results).

To further our understanding of the role of Slalp,
we analyzed, in slal null cells, the localization of other
proteins associated specifically with the bud cortex.
We observed that two proteins become aberrantly lo-
calized in the absence of Slalp. One of these, Sla2p,
normally shows substantial colocalization with the
actin cytoskeleton (Yang, Cope, and Drubin, unpub-
lished observations). SLA2 was first identified in yeast
as a gene that interacts with ABP1 and also as a gene,
END4, that when mutated caused a defect in endocy-
tosis (Holtzman ef al., 1993; Raths et al., 1993). Homo-
logues of Sla2p have been identified in both Caenorhab-
ditis elegans and human cells (Kalchman et al., 1997),
and the human protein has been demonstrated to
associate with actin in vitro (McCann and Craig, 1997).
In the absence of Slalp, however, there is almost no
colocalization of Sla2p and cortical actin patches. The
fact that Sla2p is able to localize to small patch-like
structures at the cell cortex in the absence of similar
actin patches, however, suggests that the Sla2p inter-
acts with proteins other than actin at the cell cortex
and that Slalp might be involved in facilitating the
interaction between Sla2p-containing patches and the
cortical actin patches. One consequence of the absence
of this interaction is that Sla2p does not polarize as
well as in wild-type cells. Interestingly, slal null cells
are not severely affected in endocytosis, indicating
that the association of Sla2p patches with the actin
patches is not a critical interaction for this function in
yeast. This result is somewhat paradoxical because
actin is required for endocytosis (Kiibler and Riezman,
1993). A possibility is that the role of actin in endocy-
tosis is more regulatory and that actin must be re-
leased from proteins mediating endocytosis for the
process to occur.

The second protein that shows mislocalization in
slal null cells is Rholp. We hypothesize that the mis-
localization of Rholp in unbudded cells produces a
novel phenotype in which mother cells have thick cell
walls and generate daughter cells with apparently
normal cell walls. Our data indicate that the Rholp
mislocalization occurs largely during the unbudded
part of the cell cycle. Other observations, however,
suggest that this mislocalization is not due to slal null
cells being delayed in the G1 part of the cell cycle,
because comparison of log-phase cultures of wild-type
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and slal null strains show that both have similar pro-
portions of unbudded and budded cells. In addition,
FACS analysis indicates that a similar proportion of
slal null and wild-type cells in an asynchronous pop-
ulation are in G1 and G2 (Ayscough, unpublished
data). In both mammalian cells and S. cerevisiae, SH3
domain-containing proteins have been reported to as-
sociate with Rho-GAP proteins (Cicchetti et al., 1992;
Bender et al., 1996). One possibility therefore is that
one or more of the SH3 domains in Slalp interacts
with a Rho-GAP. This Rho—-GAP might then be re-
sponsible for maintaining Rholp in an inactive state
such that cell wall synthesis does not occur at inap-
propriate times or places in the cell. In the absence of
Slalp, the Rho-GAP itself might become mislocalized,
abrogating its normal interaction with Rholp. This
might allow Rholp to be inappropriately activated
such that cell wall is synthesized during early G1-
phase. Later in G1, cell polarity determinants such as
Cdc42p and Bemlp are still able to localize normally
to the incipient bud site, and Rholp can presumably
still make the correct interactions with this complex
before and after bud emergence. Future experiments
will examine the role of specific SH3 domains in
Rholp localization, and will also aim to determine
whether any of the Rho—GAPs identified in S. cerevi-
siae associate with Slalp.

Slalp Domain Structure

The generation of a number of mutants with deletions
in SLA1 allowed us to associate different functions of
Slalp with different parts of the Slalp primary se-
quence. Most notably, the region from the second SH3
domain to just C-terminal of the third SH3 domain is
important for the role of Slalp in generating normal
actin organization. Mutants expressing a form of Slalp
lacking this region are temperature sensitive, have an
in vivo actin phenotype similar to that of the slal
deletion strain, and are defective in the permeabilized
cell actin assembly assay. This mutant Slalp, however,
is able to rescue the ABP1 phenotype associated with
the slal deletion, indicating that it contains domains
important for this other function. Deletion of both the
Gapl region and the SH3#3 is necessary for this phe-
notype because deletion of either domain alone pro-
duces a protein that can rescue all assessed pheno-
types. Deletion of the C-terminal repeats, in contrast,
results in a protein capable of rescuing the actin phe-
notype but not the ABP1 dependency. The ABP1 de-
pendency cannot be rescued if the repeats are ex-
pressed alone (our unpublished results), perhaps
because they do not contain sufficient information to
localize this domain correctly in cells. Slalp contains
26 repeats with the approximate consensus TG-
GXXXPQ, in which X residues are most often ali-
phatic. Although secondary structure predictions fail
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to reveal an obvious structure for these repeats, it has
been noted in wheat glutenins and barley hordeins
that seven to nine amino acid repeats rich in glycine,
proline, and glutamine can form a rod-like structure
composed of regular p-turns (Field et al., 1987; Halford
et al., 1992). Therefore, this region of Slalp might have
a similar structure. Interestingly, the S. pombe homo-
logue of SLAT has repeats at its C-terminus that are
rich in similar residues, but with a consensus of only
six to seven amino acids (TGXXPQ(X)).

The identification of a homologue of SLAI in S.
pombe allows us to determine the parts of the protein
that have been most highly conserved. Like its S.
cerevisige counterpart, S. pombe Slalp has three SH3
domains with a gap between the second and third of
these domains. The fact that each SH3 domain is more
highly related to the corresponding SH3 domain in the
homologous protein than they are to one another sug-
gests that the domains have specific functions and
possibly that the interactions they make are also con-
served. We were also able to identify two other do-
mains that are highly conserved between the two pro-
teins (SHD1 and SHD2, Figure 9A). Although not
similar to one another, or to other sequences in the
database, these 60 amino acid domains are the most
highly conserved regions between the two Slal pro-
teins. The identification of these domains will allow us
to focus future studies on identifying proteins that
interact specifically with these regions. In S. cerevisiae,
deletion of both domains (in SlalAGap2 mutant) leads
to a slow-growth phenotype, particularly at higher
temperatures.

The ability of the S. pombe SLA1 to rescue the tem-
perature sensitivity associated with deletion of S. cer-
evisize SLA1 indicates that at least some of the interac-
tions that are made by this protein are conserved.
Therefore, further study of these domains and their
interactions will also provide insights into functioning
of the actin cytoskeleton in S. pombe and places em-
phasis on determining whether SLAT homologues ex-
ist in other organisms.
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