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Abstract. In the yeast Saccharomyces cerevisiae, actin
filaments function to direct cell growth to the emerg-
ing bud. Yeast has a single essential actin gene, ACTI.
Diploid cells containing a single copy of ACT! are os-
mosensitive (OsmS), i.e., they fail to grow in high os-
molarity media (D. Shortle, unpublished observations
cited by Novick, P., and D. Botstein. 1985. Cell.
40:415-426). This phenotype suggests that an underly-
ing physiological process involving actin is osmosensi-
tive. Here, we demonstrate that this physiological pro-
cess is a rapid and reversible change in actin filament
organization in cells exposed to osmotic stress.
Filamentous actin was stained using rhodamine phal-
loidin. Increasing external osmolarity caused a rapid
loss of actin filament cables, followed by a slower

redistribution of cortical actin filament patches. In the
recovery phase, cables and patches were restored to
their original levels and locations. Strains containing
an actl-] mutation are both Osm® and temperature-
sensitive (Ts) (Novick and Botstein, 1985). To identify
genes whose products functionally interact with actin
in cellular responses to osmotic stress, we have iso-
lated extragenic suppressors which revert only the
Osm® but not the Ts phenotype of an actl-] mutant.
These suppressors identify three genes, RAHI-RAH3.
Morphological and genetic properties of a dominant
suppressor mutation suggest that the product of the
wild-type allele, RAH3*, is an actin-binding protein
that interacts with actin to allow reassembly of the
cytoskeleton following osmotic stress.

visiae is asymmetrical and directed towards the

emerging bud. Morphological and genetic evidence
suggests an important role for actin in this process (for a re-
view see Barnes et al., 1990). Using fluorescence micros-
copy to localize actin filaments in growing yeast cells,
Adams and Pringle (1984) and Kilmartin and Adams (1984)
observed two types of actin filament-containing structures:
long cables and small cortical patches. Cables of actin fila-
ments are found principally in the mother cell, extending
along the axis of growth toward the emerging daughter cell.
In unbudded cells, cortical patches of actin filaments form
a ring surrounding the site of bud emergence. Later, these
cortical patches concentrate in the growing bud. As the bud
fully enlarges, the patches delocalize throughout the cortex
of both mother and daughter cell and then reconcentrate in
the neck between the separating cells. The regions where
cortical actin filament patches concentrate are also those
where active cell wall deposition and cell growth occur
(Pringle and Hartwell, 1981), suggesting a causal connection
between these phenomena. Phenotypic analysis of yeast ac-
tin mutants also gives strong support for the prominent role
of actin in yeast morphogenesis. S. cerevisiae has a single es-
sential gene for actin, AC7] (Gallwitz and Seidel, 1980;
Gallwitz and Sures, 1980; Ng and Abelson, 1980; Shortle
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et al., 1982). Cells carrying temperature-sensitive (Ts)!
actl-1 or actl-2 mutations (Shortle et al., 1984) when grown
at the non-permissive temperature have a highly aberrant ac-
tin filament distribution. Such cells deposit chitin uniformly
over the cell surface instead of at the bud neck, accumulate
secretory vesicles, and become enlarged (Novick and Bot-
stein, 1985). These mutant phenotypes are those expected
for a defect in proper spatial organization of cell growth.
Yeast can adapt and grow under a variety of environmental
conditions. The existence of mechanosensitive ion channels
in the yeast plasma membrane (Gustin et al., 1988) suggests
that yeast may sense and respond to physical forces such as
pressure in their environment. Based on studies in other
fungi and in plants (Cosgrove, 1986; Ortega et al., 1989),
turgor pressure resulting from the osmotic gradient across
the cell membrane is important for cell growth. Cells must
respond to an increase in external osmolarity and the subse-
quent loss of turgor pressure to continue growth. A poorly
understood aspect of yeast actin function is its role in the cel-
lular response to osmotic stress. Analysis of actin mutants
suggests that normal actin function is required for yeast cells

1. Abbreviations used in this paper: OsmR, osmoresistant; OsmS, os-
mosensitive; Rh-phalloidin, rhodamine phalloidin; Ts, temperature sensi-
tive; Ts', temperature sensitive lethal.
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to grow in high osmolarity media. Novick and Botstein
(1985) observed that the Ts actl-I or actl-2 mutants grown
at the permissive growth temperature were osmosensitive
{Osm®), failing to grow in high osmolarity media. Diploid
cells containing one wild-type copy of actin and one null al-
lele are Osm?® (refer to D. Shortle communication cited in
Novick and Botstein, 1985). This result argues that the
Osm® phenotype is not the consequence of a mutant gene
product whose stability is osmosensitive but is the result of
an osmosensitive physiological process dependent on actin
concentration. Here, we demonstrate that this physiological
process is a rapid and reversible change in actin filament or-
ganization in wild-type cells exposed to osmotic stress.

The mechanism responsible for the changes in actin fila-
ment organization in response to osmotic stress is unknown,
but presumably reflects changes in the association of actin
with other cellular proteins. Many different actin-binding
proteins have been identified in eukaryotic cells (Drubin,
1990; Hartwig and Kwiatkowski, 1991; Matsudaira, 1991;
Luna, 1991). Although in vitro studies have assigned func-
tions to these proteins, e.g., actin filament capping, severing,
and bundling, the in vivo function of many such proteins,
particularly their role in specific cellular responses, remains
to be determined. The technique of genetic suppressor anal-
ysis, applied to the study of the cytoskeleton in yeast
{Huffaker et al., 1987), has been used to reveal physiologi-
cally relevant interactions between actin and the many pro-
teins that regulate its function in cells (Novick et al., 1989;
Adams and Botstein, 1989). The reasoning behind this ap-
proach is that actin mutants with a cell growth defect can be
suppressed by mutations in proteins which functionally in-
teract with actin, Suppressors of a Ts aczl-I mutant, isolated
by Novick et al. (1989) and Adams and Botstein (1989), have
been used to identify six genes, SACI-SACS, that potentially
encode actin-interacting proteins. SACI-SACS yield reces-
sive suppressors (Novick et al., 1989; Cleves et al., 1989)
while SAC6 yields dominant suppressors of actl-I (Adams
and Botstein, 1989). SAC6 encodes a yeast actin-binding
protein (Drubin et al., 1988; Adams et al., 1989) function-
ally and structurally related to the actin-bundling proteins
fimbrin and plastin (Adams et al., 1991).

actl-l and actl-2 mutants are OsmS in addition to Ts (No-
vick and Botstein, 1985). Suppressor mutations in SAC/
(Novick et al., 1989) revert only the Ts phenotype and not
the Osm?® phenotype of actl-l (D. Botstein, personal com-
munication). To identify genes whose products functionally
interact with actin in cellular responses to osmotic stress, we
have isolated extragenic suppressors which revert only the
Osm® but not the Ts phenotype of an actl-] mutant. These
suppressors identify three genes, RAHI-RAH3 (reversion of
actl high osmolarity sensitivity). Morphological and genetic
analysis of a mutation in the RAH3 gene suggests that the
product of this gene is an actin-binding protein that allows
recovery of actin filament organization following osmotic
stress. These results introduce “phenotype-specific suppres-
sion” as a method for identifying genes whose products inter-
act with multifunctional cytoskeletal proteins such as actin.

Materials and Methods

Genetics
Genotypes of haploid and diploid yeast strains used are in Table 1. YEPD
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media contained 1% yeast extract, 2% bactopeptone, and 2% dextrose. Os-
motic sensitivity was tested on YEPD agar plates containing 900 mM NaCl
{NaCl plates), 1.2 M KC1 (KC1 plates), or 1.8 M sorbitol (sorbitol plates).
Cells were routinely grown at room temperature for all experiments except
when testing for temperature-sensitive growth. Complementation testing
and tetrad analysis was performed as described by Sherman et al. (1983).
Construction of double mutants was confirmed by backcrossing to wild-
type (DBYS77 or DBY2057). The prototrophic tetraploid strain SCY10 was
constructed by crossing HK1 with H111 and picking a zygote by micro-
manipulation.

To isolate independent osmoresistant (Osm®) revertants of an actl-f mu-
tant, 150 colonies of DBY1691 and 40 of SCY6 were grown separately at
room temperature overnight in liquid YEPD, and each culture spread onto
a single NaCl plate. After a 1-2-wk incubation at room temperature, NaCl
plates with colonies were replica plated to YEPD and placed at 37°C over-
night. Although both Osm® Ts* and OsmR Ts revertants were found, only
the latter group was analyzed further. One Osm® Ts colony was picked
from each NaCl plate, streaked out for single colonies on YEPD, and the
phenotypes of the strain rechecked. To determine the degree of temperature
sensitivity, revertants were replica-plated to YEPD plates, placed at 37°C
overnight, and scored for growth. Strains which failed to grow at this time
(e.g., actl-I) were labeled Ts. The same plates were then left at room tem-
perature overnight and scored for growth again. A replica-plated patch of
actl-I mutant cells grew up uniformly after this treatment suggesting that
recovery of growth after 37°C treatment was not limited to a few cells but
is a property of the majority of the cells in the patch. Other strains which
failed to noticeably grow at this time were labeled temperature-sensitive le-
thal or Ts". Cold sensitivity was tested by placing strains on YEPD plates
for 7 d at 14°C. Osmotic sensitivity was determined by replica plating to
NaCl, KCl, and sorbitol plates and scoring growth after 2 d at room temper-
ature. All of the mutants pursued further grew as well as a wild-type control
strain (DBY 877) on each of the three plates; this phenotype is referred to
as Osm® in this paper.

To determine whether suppressor mutations were dominant or recessive,
each Ts Osm® revertant was mated to the actl-] mutant DBY1691 (or
SCY6), diploids isolated, and tested for both temperature- and osmotic-
sensitive growth. Revertants which yielded Osm® diploids were judged to
have recessive suppressor mutations, those yielding Osm® diploids had
dominant suppressors. Complementation testing was done by crossing
recessive suppressor-containing strains of opposite mating type and testing
the resultant diploids for an Osm® phenotype. If the diploid was OsmS, the
two haploid mutants complement each other; OsmR diploids indicated a
non-complementing pair of mutants. Except in rare cases, non-complemen-
tation is observed when two mutations in the same gene are present in the
original haploid strains. Complementation, implied by Osm5, generally in-
dicates mutations in different genes.

Nine strains containing dominant suppressors were backcrossed to the
wild-type stain DBYS877 (or DBY2057). Analysis of tetrads from these
crosses showed that of the original revertants containing dominant suppres-
sors, four were genetically complex with actl-I plus two or more indepen-
dently sorting mutations, each of which had an effect on the Ts or OsmR
phenotype. These four strains were not studied further. One revertant con-
tained a suppressor tightly linked to act-] which was most likely an intra-
genic revertant. As described below, the other four revertants proved to be
double mutants of actl-! and a second unlinked suppressor mutation.

Backcrosses of these four remaining strains to wild-type (DBY877 or
DBY2057) yielded the following patterns of phenotypes in the resulting
tetrads. The number of each type of tetrad observed is given in parentheses.
The SCY?7 strain showed three types of tetrads: 2 TsOsm®:2 Ts*OsmR (2),
2 TsOsm®:1 TsOsm®:1 Ts*Osm® (9), and 2 TsOsmR:2 TsOsm® (3). The
SCY1 strain showed three types of tetrads: 2 Ts*Osm®:2 Ts*Osm® (7), 1
TsLOsm®:1 TsOsm®:1 TsOsmS:1 TstOsm®? (17), and 2 TsOsmR:2 TsOsmS
(9). The SCYR strain showed three types of tetrads: 2 Ts*Osm®:2 Ts*OsmR
2), 1 SLOsmR:2 TsOsm®:1 Ts*Osm® (15), and 4 TsOsmS (3). The SCY9
strain showed three types of tetrads: 2 TsOsm®:2 Ts*Osm® (7), 1 TiOsm%:1
TsOsmR:2 Ts*OsmR (22), and 2 Ts*Osm®:2 TsOsm® (3). These data were
interpreted as the parental ditype, tetratype, and nonparental ditype ex-
pected for backcrosses of four double mutants containing actl-/ plus a sup-
pressor mutation that also had a Ts phenotype (SCY! and SCY7), a Ts and
an Osm® phenotype (SCYS), or had no other phenotype (SCY9). Strains
containing the suppressor mutation in an ACTI* background were
identified as follows. Likely candidates were picked from the non-parental
ditype tetrads and crossed with an actl- strain (DBY1691 or SCY6). If the
patterns of phenotypes in the resulting tetrads matched that of the original
backcross, we concluded that the candidate strain contained the suppressor
in an ACTI* background.

Genetic crosses between each of the three Ts mutants in an ACT?™ back-
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Table I. Yeast Strains Used in This Study

Strains Genotype Source

DBY877 MATo his4-619 Botstein (Stanford University, Stanford, CA)
DBY2057 MATa ura3-52 Botstein

DBY1691 MATa his4-619 actl-1 Botstein

DBY169%4 MATa his4-619 act1-2 Botstein

DBYS5218 MATa ura3-52 actl-1 mb2-201 sac6-6 Botstein

HK1 MATa/MATa tysl-1/lys1-1 Fink (MIT, Cambridge, MA)

Hi1l MATa/MATa adeS/adeS lys2/lys2 inol/finol inodfinod Culbertson (University of Wisconsin, Madison, WI)
SCY1 MATa his4-619 actl-1 rah3-2 This study

SCY2 MATo ura3-52 atl-1 rah3-2 This study

SCY3 MATo ura3-52 rah3-2 This study

SCY4 MATa ura3-52 rah3-2 This study

SCYS MATo his4-619 rah3-2 This study

SCYé6 MATa ura3-52 actl-1 This study

SCY7 MATo ura3-52 actl-1 rah3-1 This study

SCYS8 MATa ura3-52 actl-1 rah3-3 This study

SCY9 MATo ura3-52 actl-1 rah3-4 This study

KSY! MATo ura3-52 rah3-1 This study

KSY2 MATa ura3-52 rah3-3 This study

ground yielded only 4 Ts:0 Ts* tetrads. This data, indicating tight linkage,
suggested that the three mutations are allelic. To test for genetic linkage be-
tween the dominant extragenic suppressor with no phenotype in an ACTT*
background and these three mutations, the original revertants were mated
with each other, diploids sporulated, and the progeny tested for osmotic-
sensitive growth. All tetrads in each of the crosses segregated as 4 Osm®:0
Osm® showing that all four dominant extragenic suppressors are tightly
linked to each other. In contrast, crosses between the dominant extragenic
suppressor strains and strains containing representative suppressor alleles
of the RAHI or RAH2 complementation group, all in an act}-I background,
yielded a mixture of 4 OsmR:0 OsmS, 3 Osm®:1 Osm5, and 2 OsmR®:2
Osm® tetrads. This segregation pattern is that expected for unlinked sup-
pressor mutations.

Growth Curves and Drop Tests

For growth curves, cultures were first grown to log phase at room tempera-
ture in liquid YEPD. The culture density was determined using the absor-
bance at 600 nm for the first time point (+ = 0). This initial density was
subtracted from subsequent culture densities to determine the actual change
in culture density due to osmotic stress. The osmolarity of the culture was
then shifted by the addition of a 4x volume of YEPD (control) or YEPD
plus 500 mM NaCl or 750 mM glucose. Aliquots of the culture were re-
moved at different times and the culture density determined using the shsor-
bance at 600 nm. For drop tests, each strain was grown to log phase and
the cell density determined using a hemocytometer. The cell density was
then adjusted to 107 cells/ml and 10 ul of this suspension spotted on an
agar plate for testing of growth under the conditions indicated.

Fluorescence Microscopy

Fluorescent staining of cells under various osmotic stresses was accom-
plished by the following protocol. Yeast cultures were grown to log phase
in liquid YEPD. One ml of the culture was then mixed by vortexing with
4 m! of YEPD or YEPD plus 0.75 M glucose, 0.95 M glycerol, 0.75 M KCl,
0.5 M NaCl, or 0.9 M sorbitol. Since centrifugation alone was observed
to alter actin distribution in cells, centrifugation of the cells immediately
before or during a change in media osmolarity was avoided. After incu-
bating for the indicated times at room temperature, the cells were fixed by
adding formaldehyde (final concentration of 4%) or 0.1 mM m-maleimido-
benzoyl-N-hydroxysuccinamide ester (MBS; Pierce Chemical Co., Rock-
ford, IL) plus 0.05% Triton X-100 (Sonobe and Shibaoka, 1989) directly
to the culture. After 30 min of fixation at room temperature, cells were
pelleted and resuspended in 35 mM potassium phosphate (pH 6.8), 0.5 mM
MgCly, plus 4% formaldehyde. After two more hours of fixation, cells
were washed twice in PBS and then stained with rhodamine-phalloidin (Rh-
phalioidin; Molecular Probes Inc., Junction City, OR) at a final concentra-
tion of 0.3 uM for 90 min (Adams and Pringle, 1991). Staining of cell wall
chitin was achieved using Calcofluor as described by Novick and Botstein
(1985). After staining, cells were washed twice in PBS and suspended in
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mounting media: 1 g of p-phenylenediamine dissolved in 30 mi. PBS to
which 70 ml of glycerol was added (Johnson and de C. Nogueira Arauja,
1981). To reduce Brownian motion during photomicroscopy, 1.7 ul of
stained cells in mounting media was spotted onto a regular glass slide, a
coverslip placed over it, and then tapped lightly. Film used for taking
fluorescence microscopy pictures was T-MAX 100 (Eastman Kodak Co.,
Rochester, NY).

Results

Osmotic Stress Causes the Reversible Disassembly of
the Actin Cytoskeleton

To analyze the effect of osmotic stress on actin in yeast cells,
a log phase yeast culture was subjected to a step increase in
external osmolarity, the cells fixed rapidly by direct addition
of formaldehyde to the media, and the actin distribution in
cells analyzed by fluorescence microscopy. Rh-phalloidin,
which preferentially stains filamentous actin (Wulf et al.,
1979; Cooper, 1987), was used to visualize actin filaments
in the fixed cells. A tetraploid strain, SCY10, was con-
structed (see Materials and Methods) and used for these ex-
periments. Although similar results were obtained with
haploid and diploid cells, the larger cell diameter of SCY10
made it easier to visualize actin filaments. The effect of in-
creasing external osmolarity on actin filaments was most ob-
vious in cells about to bud or those with small buds. In the
mock-treated control cells (Fig. 1 a), actin filament distribu-
tion was identical to that described by others (Adams and
Pringle, 1984; Kilmartin and Adams, 1984), i.e., actin fila-
ment cables of varying diameter in mother cells oriented to-
ward the nascent bud and cortical patches of actin filaments
in small-budded cells localized almost exclusively to the
bud. When the external osmolarity was raised using 0.6 M
glucose, the localization of filamentous actin changed over
time. Within the first minute after a step increase in external
osmolarity, actin filament cables disappeared from the
mother cell (Fig. 1 #). Over the next 30 min, cortical actin
filament patches delocalized from the daughter cell to the
mother cell (Fig. 1 ¢). All of these changes were reversible.
After 1-2 h, the cellular location of Rh-phalloidin-stained
actin in osmotically stressed cells (Fig. 1 d) had been re-
stored to that seen in the mock-treated control cells. Earlier
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Figure 1. Actin filament localization in wild-type cells upon exposure to osmotic stress. Log phase cells (SCY10) were grown in YEPD
and then (a) shifted to YEPD or shifted to YEPD plus 0.6 M glucose for (b) 1 min, (¢) 30 min, or (d) 1 h. Cells were fixed and stained
with Rh-phalioidin as described in Materials and Methods. Control experiments were performed to attempt to rule out fixation artifacts.
Increasing osmolarity after fixation had no effect on actin filament organization in control cells. The distribution of actin filaments in control
and osmotically-stressed cells was the same whether cells were fixed with formaldehyde (final concentration = 1 M) or with a different
cross-linking agent, m-maleimidobenzoyl-N-hydroxysuccinamide ester (final concentration = 0.1 mM) (Sonobe and Shibaoka, 1989). Bar,

10 pm.

studies by Novick et al. (1989) had shown that starvation for
glucose caused disassembly of the actin cytoskeleton in
yeast. The changes observed here occurred in media con-
taining excess glucose, arguing against effects due to nutrient
deprivation.

If these changes reflect a response to a change in external
osmolarity, then raising the osmolarity with other solutes
ought to induce similar alterations in actin filament distribu-
tion. The results of the experiments shown in Fig. 2 confirm
this prediction. The characteristic pattern of actin staining
observed in mock-treated control cells (Fig. 2 a), was dis-
rupted in cells exposed to elevated concentrations of several
different solutes, including glucose (Fig. 2 b), glycerol (Fig.
2 ¢), KCl (Fig. 2 d), NaCl (Fig. 2 ¢), and sorbitol (Fig. 2
f) for 15 min. Each solute had roughly similar effects on the
actin cytoskeleton, causing loss of cables and redistribution
of cortical actin patches to the mother cell.

Analysis of the distribution of cortical actin filament
patches in the larger mother cells was difficult in photo-
graphs because the focal plane for each cell catches only a
fraction of the cortical patches. To determine more ac-
curately the effect of osmotic stress on the number of patches
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in mother cells, we counted patches in individual cells under
the microscope, moving the focus up and down. Only those
cells in which the bud was less than half the size of the
mother cell were analyzed. The numerical distribution of
mother cells with 0, 1, 2, or more patches is shown for a cul-
ture of wild-type haploid cells (DBY877) in YEPD for 30
min (Fig. 3 a) or 30 sec (Fig. 3 b) and 30 min (Fig. 3 c) after
addition of YEPD plus 0.4 M NaCl. These results show that
osmotic stress caused a slow increase in patch accumulation
in the mother cell. Because counting the densely packed
patches in small buds of the control cells was difficult, we
do not know whether the overall number of patches in bud-
ded cells changes after osmotic stress.

Shifting log phase cells from YEPD to YEPD plus either
06 M glucose or 0.4 M NaCl cause a temporary pause in
cell growth (Fig. 4). Although approximately equimolal ac-
tivities of glucose and NaCl were used in this experiment,
the lag before continuation of growth was longer for NaCl.
The length of the lag period before recovery of normal actin
filament distribution following osmotic stress was roughly
correlated to the different lag periods in cell growth observed
for NaCl and glucose.
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Figure 2. Distribution of actin filaments in wild-type cells after exposure to osmotic stress using different solutes. Log-phase cells (SCY10)
were exposed to (@) YEPD or YEPD plus () 0.6 M glucose, (c) 0.76 M glycerol, (d) 0.6 M KCl, () 0.4 M NaCl, or (f) 0.72 M sorbitol
for 15 min. Cells were fixed and stained with Rh-phalloidin as described in Materials and Methods. Bar, 10 gm.

Isolation of Phenotype-specific Suppressors of
an Actin Mutant

The temporal correlation between the alterations in actin
filament organization and the pause in cell growth following
osmotic stress suggested a model to explain the osmotic-
sensitive phenotype of actin mutants. In this model, the re-
versible disassembly of the actin cytoskeleton, defective in
the actin mutants (see below), is required for adaptation to
increased external osmolarity and resumption of cell growth.
One prediction of this model is that genes encoding actin-
interacting proteins required for this osmotic stress response
exist. Moreover, such genes ought to yield mutations that
suppress the Osm® phenotype of an actin mutant. Among
such mutations would be those that have exactly the opposite
profile of known mutations in SACI genes which suppress
the Ts but not the Osm® phenotype of actin mutations (D.
Botstein, personal communication). We therefore sought
mutations genetically unlinked to actl-l which suppress its
Osm*® but not its Ts phenotype. Anticipated in this study
were both recessive mutations which bypass the need for
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wild-type actin in high osmolarity media and dominant mu-
tations that identify potential actin-binding protein genes.
Although both were obtained, we confined our initial analy-
sis to the latter class of mutations.

Phenotype-specific suppressors of actl-I were isolated by
selecting Osm? revertants of actl-I (DBY1691 or SCY6) on
NaCl plates and then screening for retention of the actl-I Ts
defect (see Materials and Methods). 65 Ts Osm® strains
were isolated. Many of these strains (21/65) had a stronger
Ts phenotype than the original acrl-/ mutant and were
termed Tst for temperature-sensitive lethal to distinguish
it from that of the original actl-! strains (see Materials
and Methods). 56 of the Osm*Ts or OsmRTs: revertants
contained recessive suppressors. The recessive mutations
formed at least two complementation groups containing 35
and 3 alleles, respectively. Crosses between representative
alleles of the two complementation groups showed that they
are unlinked, identifying two genes RAHI and RAH2,
respectively (RAH, reversion of actl high osmolarity sensi-
tivity). Of nine strains containing dominant suppressors,
four were genetically complex, one contained a suppressor
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mutations. These four dominant suppressors are therefore al-
leles of a third gene, RAH3. Thus, three genes, RAHI-RAH3,
are capable of yvielding mutations which suppress only the
Osm® phenotype of actl-l.

Dominant Suppressors of an Osms Actin Mutant

Three suppressor mutations in RAH3, rah3-1, rah3-2, and
rah3-3, had a conditional growth phenotype in an ACTI*
background; one, rah3-4, did not (see Materials and
Methods). All of the dominant extragenic suppressors of the
Ts actl-] isolated by Adams and Botstein (1989) were muta-
tions in SACS, a gene identified as encoding an actin-binding
protein. Three sac6 mutations isolated using this approach
have a conditional growth phenotype (T5) in an ACTI*
background. Therefore, to focus on mutations most likely to
identify potential actin-binding protein genes, the rah3 mu-
tants were chosen for more complete characterization.
ACTI* strains containing a rah3-1, rah3-2, or rah3-3 muta-
tion were Ts, failing to grow at elevated temperature. None
of the three strains were cold sensitive. In a cross with wild-
type (DBY877 or DBY2057), the Ts phenotype of each
mutant segregated 2 mutant:2 wild-type in 10/10 tetrads
(rah3-I), 53/59 tetrads (rad3-2), and 16/16 tetrads (rah3-3),
suggesting in each case that a single gene mutation was re-
sponsible for the Ts phenotypes. The rah3-/ mutant was
weakly Ts at 37°C but strongly Ts at 39°C; the rah3-2 mutant
was strongly Ts at 37°C. Both mutants were OsmR. Raising
the osmolarity of the media did not suppress the Ts pheno-
type of rah3-I and rah3-2. The Ts phenotypes of both mu-
tations were recessive. The rah3-3 mutation in an ACTI*
background was Ts at 37°C and Osm® at the permissive
temperature. The Ts and Osm® phenotypes co-segregated in
all 16 tetrads from the cross of rah3-3 (KSY2) with wild-type
(DBYBT77), indicating both phenotypes are very likely the re-
sult of the same mutation. The Ts phenotype of rah3-3 was
recessive to the wild-type allele while the osmotic sensitivity
of the heterozygous diploids (rah3-3/+) was less than that of
a rah3-3/rah3-3 diploid but greater than that of a wild-type
diploid. The Osm*® phenotype of rah3-3 was therefore semi-
dominant to wild-type. rah3-1, rah3-2, and rah3-3 failed to
complement each other’s Ts phenotypes, consistent with all
three mutations occurring in the same gene. To confirm that
the rah3 alleles with a conditional growth phenotype were
suppressors of actl-l, rah3-1, rah3-2, and rah3-3 mutants
were each crossed with an actl-] mutant (DBY1691 or
SCY6). In each case, the segregation of conditional growth
phenotypes in the resulting tetrads was that predicted for the
rah3 mutants acting as phenotype-specific suppressors of the
Osm?® phenotype of actl-l (see Materials and Methods). A
rah3-2 mutant (SCY3) was transformed with plasmid con-
taining either the cloned SACG6 (Adams and Botstein, 1989),
PFY] (Haarer et al., 1990), CAP2 (Amatruda et al., 1990),
TPMI (Liu and Bretscher, 1989), ABP! (Drubin et al.,
1988), or S4C7 (Dunn and Shortle, 1990} gene. Each of
these genes failed to complement the Ts defect of reh3-2 (not
shown). RAH3 is therefore a different gene from each of
these known actin-binding genes.

Genetic Evidence for Physical Interaction between the
RAHS3 Gene Product and Actin

From this collection of mutants, we chose to study reh3-2



ACT1+
acti-1
ACT1*

act1-1

in greater detail. The growth of four strains, an act/-I mutant
(DBY1691), a rah3-2 mutant (SCY5), an actl-1 rah3-2 dou-
ble mutant (SCY1), and a wild-type strain (DBY877), were
compared under several conditions. Equal numbers of cells
from each strain were spotted on one of four different plates
and allowed to grow at a permissive condition (YEPD,
23°C), at elevated temperature (YEPD, 37°C), at elevated
temperature followed by recovery at permissive temperature
(YEPD, 37°C/23°C), and at high osmolarity and permissive
temperature (YEPD plus 900 mM NacCl, 23°C). As shown
in Fig. 5, all three mutant strains failed to grow at 37°C. The
actl-] mutant failed to grow on the NaCl plate. The rah3-2
mutation affected both conditional growth phenotypes of
actl-1, enhancing its Ts phenotype from Ts to Ts“ and sup-
pressing its OsmS phenotype. The Ts enhancement effect
was observed on the 37°C plate where cells were allowed to
recover and grow at 23°C.

A rah3-2/+ actl-l/acil-I diploid was both Tst and OsmR
(Table IT), demonstrating that both the Ts enhancement and
OsmS® suppression phenotypes of rah3-2 were dominant. A
rah3-2/rah3-2, actl-l/+ diploid was also Ts". Thus, actl-/
and rah3-2, each of which confers a recessive Ts phenotype,
demonstrated dominant reciprocal enhancement of each
other’s Ts phenotype. This genetic data provides strong sup-
port for a physical interaction between the products of these
two mutant genes which apparently allows cell growth at
high osmolarity but not at elevated temperatures. By ex-
trapolation, these observations also suggest that specific
physical interactions between the products of two wild-type
genes, ACTI* and RAH3*, are required for growth-related
functions of the actin cytoskeleton. Two additional observa-
tions support this hypothesis. First, a cross between rah3-2
and actl-2 strains revealed that the rah3-2 actl-2 double mu-
tant was inviable even at room temperature. This data sug-
gests allele-specific interactions between RAH3 and ACT1, a
characteristic expected for physically interacting gene prod-
ucts. Second, rah3-2 cells had an aberrant actin cytoskeleton
at both permissive and non-permissive temperatures (see
below).

As previously discussed, act/-I and rah3-2 enhanced each
other’s Ts phenotype. For each mutation, the Ts enhance-
ment phenotype was dominant to that of the wild-type allele.
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Figure 5. Growth of wild-type
(DBY877) and mutant cells
(SCY1, SCY3, and DBY1691)
on YEPD at room tempera-
ture (23°C), high temperature
(37°C), recovery from high
temperature (37°C/23°C), and
after osmotic stress (YEPD
plus 0.9 M NaCl). To control
for differences in genetic back-
ground, several strains for
cach type of mutant were
tested. Data shown is repre-
sentative of the growth pheno-
type observed for each type of
mutant.

These data suggest a preferential association of mutant pro-
teins with each other rather than with the wild-type protein.
To determine whether this putative complex of mutant pro-
teins can interfere with the function of the wild-type gene
products, an actl-I/+ rah3-2/+ diploid was constructed and
tested for growth at 37°C (Table II). The phenotype of this
heterozygous diploid was Ts* indicating that wild-type actin
and the wild-type RAH3 gene product can functionally inter-
act despite the presence in the same cell of the actl-I and
rah3-2 gene products.

Table II. Phenotypic Analysis of Mutant Diploids

Genotype 37° 900 mM Na

actl-1 » - -

actl-1

rah3-2 4 - +

rah3-2

actl-1 g + +
+

rah3-2 y + +
+

rah3-2 actl-1 4 lethal +
+ actl-1

rah3-2 actl-1 «» lethal +

rah3-2 +

rah3-2 actl-1 44 lethal +

rah3-2 actl-1

rah3-2 actl-1 g + +
+ +

Diploid strains were isolated after mating between appropriate strains and their
growth phenotypes determined as described in Materials and Methods. Wild-
type growth at 37°C or on YEPD plus 900 mM NaCl was defined as “+.” The
criteria distinguishing Ts (), from Ts* (lethal) are given in Materials and
Methods.

* Constructed by mating DBY1691 with SCY6.

% Constructed by mating SCY4 with SCYS5.

§ Constructed by mating DBY1692 with DBY2057.

I Constructed by mating SCYS with DBY2057.

1 Constructed by mating DBY1691 with SCY2.

** Constructed by mating SCY1 with SCY3.

#t Constructed by mating SCY1 with SCY2.

8§ Constructed by mating DBY1691 with SCY3.
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Figure 6. Fluorescent localization of actin in diploid wild-type and rah3-2 cells. Log phase cells were grown at room temperature (@ and
b) and then shifted to YEPD at 37°C for 1 h (¢-f). Cells were then stained with Rh-phalloidin (a-d) or Calcofluor (e and f) as described
in Materials and Methods. The wild-type strain was constructed by crossing DBY877 with DBY2057, while the rah3-2 homozygous mutant

strain was from a cross of SCY4 with SCY5. Bar, 10 um.

A Mutation in RAH3 Changes the Organization of the
Actin Cytoskeleton

Our genetic data suggest that the gene product of the rah3-2
allele interacts with a mutant actin, the product of the actl-/
allele. This finding predicts that RAH3 might encode an es-
sential component of the yeast cytoskeleton. Furthermore,
the ability of rah3-2 to suppress the Osm® phenotype of
actl-] predicted a possible role for RAH3 in the response of
the actin cytoskeleton to osmotic stress. We therefore
microscopically examined rah3-2 cells, comparing them to
wild-type cells. Log-phase cells were exposed to either
elevated temperature (37°C) or high osmolarity (0.4 M
NaCl) for various times, fixed with formaldehyde, washed in
PBS, and then stained for actin filaments using Rh-phalloidin
or for cell wall chitin using Calcofluor. At room temperature,
rah3-2 cells (Fig. 6 b) exhibited a lack of the actin cables
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seen in the wild-type control cells (Fig. 6 a). However, corti-
cal patch distribution was similar between the two cell types.
When shifted to 37°C for 1 h, the normal distribution of ac-
tin filaments in the wild-type cells (Fig. 6¢), was clearly
aberrant in the rah3-2 cells (Fig. 6 D). Instead of patches of
actin filaments localized to the emerging bud, the staining
pattern in rah3-2 cells showed heavy concentrations of actin
staining in several locations in the mother cell. This pattern
was also observed in rah3-2 actl- cells at 37°C (data not
shown). Also, rah3-2 cells were enlarged relative to the
wild-type cells, reminiscent of actl-I cells (Novick and Bot-
stein, 1985). Experiments with the rah3- and rah3-3 strains
also exhibited similar changes in actin localization (data not
shown). Staining of cells with the chitin-specific fluorescent
probe Calcofluor, showed delocalized chitin staining on the
surface of mother cells for the rah3-2 mutant (Fig. 6 f) but
not wild-type (Fig. 6 €). Mutations in actin cytoskeleton
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Figure 7. Localization of actin filaments in wild-type and rah3-2 mutants after long term exposure to osmotic stress. Log phase (a) wild-type,
(b) actl-l, (c) rah3-2 act 11, or (d) rah3-2 diploid cells were grown in YEPD and then switched to YEPD plus 0.4 M NaCl for 4 h. Strain
construction for a and b has been described in Fig. 6. The rah3-2 actl-] homozygous double mutant strain (c) was from a cross of SCY1
with SCY2 while the actl-I homozygous mutant strain (d) was derived from a cross of DBY1691 with SCY6. Bar, 10 pm.

genes such as those encoding tropomyosin (7PMI; Liu and
Bretscher, 1989), myosin (MYO!I; Rodriguez and Paterson,
1990), profilin (PFYI; Haarer et al., 1990) or an actin fila-
ment capping protein (CAP2; Amatruda et al., 1990) result
in this same characteristic combination of morphological
phenotypes in growing cells: defects in actin filament organi-
zation, delocalization of chitin on the cell surface, and cell
enlargement. Thus, these data are consistent with RAH3 en-
coding an essential component of the actin cytoskeleton in
yeast.

When each of these four strains was exposed to YEPD
containing 0.4 M NaCl, the greatest differences in actin fila-
ment distribution (revealed by staining with Rh-phalloidin)
were observed after 4 h. The recovery-associated redistribu-
tion of cortical actin filament patches to small buds following
osmotic stress was observed in the wild-type (Fig. 7 a), to
a lesser extent in rah3-2 and rah3-2 actl-1 strains (Fig. 7, ¢
and d), but rarely in the actl-I strain (Fig. 7 b). Actin fila-
ment cables were only rarely observed in the mutant strains.
Thus, the ability of rah3-2 to allow actl-I cells to recover
from osmotic stress was correlated with restoration of an
asymmetric distribution of cortical actin filament patches
following osmotic stress.

Discussion

We report here the discovery and characterization of a novel
physiological response of the actin cytoskeleton in yeast: the
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rapid and reversible disassembly of the actin cytoskeleton in
response to osmotic stress. We have also successfully ap-
plied a variation of the suppressor approach for isolating mu-
tations in genes whose products functionally interact with
actin: isolation of phenotype-specific suppressors. Morpho-
logical and genetic properties of one of these mutations sug-
gests that the product of the wild-type gene, RAH3", is an
actin-binding protein that interacts with actin to allow reas-
sembly of the cytoskeleton following osmotic stress.
Diploid yeast with just one copy of ACTI are Osms (see
D. Shortle communication cited in Novick and Botstein,
1985). This observation suggests that some underlying
growth-related process involving the actin cytoskeleton is
osmosensitive. In general, the level of gene expression in
yeast is proportional to the number of copies of a gene (Rine,
1990). Halving the number of ACTI genes is therefore likely
to reduce the concentration of actin in yeast. Assuming that
the polymerization of actin into filaments depends on the
concentration of actin monomers, the Osm® phenotype of a
diploid with one ACTI could be explained by an osmotic
stress-induced shift of the actin monomer-polymer equilib-
rium toward actin depolymerization. Recovery from this
response would require the re-polymerization of actin. We
observe that actin filament cables are rapidly lost in osmot-
ically-stressed cells and then restored at a later time (Fig. 1).
The number of cortical actin filament patches in the buds of
small-budded cells first decreases and then increases follow-
ing osmotic stress. These data are consistent with an osmotic
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stress—-induced cycle of actin depolymerization and repoly-
merization, but other mechanisms such as actin filament re-
distribution cannot be ruled out.

The organization of actin filaments in yeast cells is sensi-
tive to a variety of stresses besides osmotic stress (Novick
et al., 1989). We have also found that actin filament cables
and patches in wild-type cells were sensitive to centrifuga-
tion of the cells or to raising the temperature of the media
(S. Chowdhury, unpublished results). Other investigators
have noted that changing the media also causes changes in
actin distribution in yeast cells (Fig. 1, Pringle et al., 1989).
Whether the sensitivity of the yeast actin cytoskeleton to a
variety of stresses reflects a common mechanism is not
known. Why have we focused on the response to osmotic
stress per se? There are two reasons. First, simple observa-
tion suggests that osmotic stress is physiologically meaning-
ful for yeast. Consider the yeast cell growing on a dehydrat-
ing grape in the sun or in the high sugar concentrations at
the beginning of a fermentation. Yeast cells can tolerate steps
in NaCl concentration up to 0.4 M (or up to 1.4 M when that
plateau is approached gradually) without changes in cell via-
bility (Biomberg and Adler, 1989). Second, normal actin
function is required for yeast cells to grow in high osmolarity
media. This suggests a special relationship between the actin
cytoskeleton and cellular responses to osmotic stress.

The isolation of mutations that suppress only the Osm$
phenotype and not the Ts phenotype of an actin mutant has
allowed us to begin to determine what other proteins are re-
quired for this response to osmotic stress. Actin and tubulin
are multifunctional proteins, required for a wide variety of
normal cellular processes including responses to specific en-
vironmental signals. We anticipate that phenotype-specific
suppression of actin or tubulin mutants will be a useful tool
for identifying genes coding for actin-binding proteins or
microtubule-associated proteins required for specific cell
processes involving actin or tubulin. Using this approach,
we have identified three genes RAHI-RAH3.

Genetic and morphological studies reported here suggest
strongly that actin physically interacts with the product of the
RAH3 gene. Key observations in support of this hypothesis
are the following. First, like mutations in SAC6, a known
actin-binding protein (Adams and Botstein, 1989); three
rah3 mutations which have a recessive conditional growth
phenotype are also dominant suppressors of a actin mutant.
Second rgh3-2 and actl-] show dominant reciprocal en-
hancement of each other’s Ts phenotype. Third, the rah3-2
mutant shows a change in the organization of the actin
cytoskeleton, delocalization of chitin on the cell surface, and
enlarged cells, all properties shared by mutations in actin
cytoskeleton genes. Finally, the rah3-2 mutation allows an
actl-1 strain to restore cortical actin patches to the bud fol-
lowing an increase in external osmolarity, suggesting an ex-
planation for the suppression of the Osm® actl-I by rah3-2.
The dominant nature of the suppression by rah3-2 suggests
that the complex of actl-I by rah3-2. The dominant nature
of the suppression by rah3-2 suggests that the complex of
actl-I actin and rah3-2 protein is active in allowing cells to
grow at high osmolarity. However, the same logic suggests
that this complex is defective for cells trying to grow at
elevated temperature. This exacerbation of the actl-l Ts
phenotype by certain suppressors could reflect a changing
association of proteins bound to actin. Cell growth in
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specific conditions such as high or low temperature may re-
quire specific associations between actin and a subset of
actin-binding proteins (Novick et al., 1989; Dunn and Shor-
tle, 1990; Adams etal., 1991). The exacerbation of the actl-I
Ts phenotype observed in certain Osm® revertants may
reflect a competition for actin between a mutant actin-
binding protein (the rah protein) and a second protein (the
SAC6 protein) required for growth at elevated temperature.

What is the physiological function of the actin cytoskele-
ton in the response to osmotic stress? One possible function
is the cellular coordination of two different processes re-
quired for bud growth: delivery of macromolecules to the
bud, directed by the actin cytoskeleton, and entry of water,
driven by the osmotic gradient. Yeast cells maintain an os-
motic gradient across their cell membrane (Brown, 1978).
If the osmolarity of the external milieu is increased by the
addition of NaCl, the osmotic gradient will be restored by
the accumulation of intracellular glycerol up to molar levels
(Reeds et al., 1987). Since mutants defective in glycerol ac-
cumulation are OsmS (Brewster et al., unpublished results),
restoration of the osmotic gradient is necessary for growth
in high osmolarity media. We note parenthetically that the
Osm® phenotype of the actl-] is not due to a defect in os-
motic stress-induced glycerol accumulation (data not
shown). Recovery of actin filament organization in cells fol-
lowing addition of 0.4 M NaCl to the media required approx-
imately 1 h, the time necessary for maximal accumulation
of glycerol in similarly treated cells (Brewster et al., unpub-
lished results). This temporal correlation is consistent with
collapse of the osmotic gradient as the stimulus for disassem-
bly of the actin cytoskeleton.

Growing cells increase in cell volume, a process requiring
an osmotic gradient to drive the entry of water (Dale and Sut-
cliffe, 1986). Where a cell wall impedes growth such as in
plants and fungi, large osmotic gradients create turgor pres-
sure needed to force expansion of the cell wall (Cosgrove,
1986; Ortega et al., 1989). As shown in Fig. 4, yeast cells
temporarily stopped growing when the osmotic gradient was
experimentally collapsed. We suggest that the water en-
try-driven expansion of the bud is coordinated with delivery
of cellular materials to the bud, catalyzed in part by the actin
cytoskeleton. Continued delivery of new materials to the
growing bud in the absence of an osmotic gradient to allow
cell expansion may be detrimental to the cell. Therefore, the
structure and function of the actin cytoskeleton in yeast may
be subject to feedback regulation by a mechanism which
senses whether cell expansion is water limited.
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