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Yeast cells deleted for the SRO7/SOP1 encoded tumor suppressor homologue show increased sensitivity to NaCl stress.
On exposure to growth-inhibiting NaCl concentrations, sro7A mutants display a rapid loss in viability that is associated
with markers of apoptosis: accumulation of reactive oxygen species, DNA breakage, and nuclear fragmentation. Addi-
tional deletion of the yeast metacaspase gene YCAI prevents the primary fast drop in viability and diminishes nuclear
fragmentation and DNA breakage. We also observed that NaCl induced loss in viability of wild-type cells is Ycalp
dependent. However, a yeast strain deleted for both SRO7 and its homologue SRO77 exhibits NaCl-induced cell death that
is independent on YCA1. Likewise, sr077A single mutants do not survive better after additional deletion of the YCA1 gene,
and both sr077A and sro77AycalA mutants display apoptotic characteristics when exposed to growth-inhibiting salinity,
suggesting that yeast possesses Ycalp-independent pathway(s) for apoptosis-like cell death. The activity of Ycalp
increases with increasing NaCl stress and sro7A mutants achieve levels that are higher than in wild-type cells. However,
mutants lacking SRO77 do not enhance caspase activity when subject to NaCl stress, suggesting that Sro7p and Sro77p

exert opposing effects on the cellular activity of Ycalp.

INTRODUCTION

The physiological cell death process of apoptosis is a mor-
phologically distinct form of cellular suicide (Kerr, 2002),
designed to remove potentially threatening or undesired
cells (Vaux and Korsmeyer, 1999; Beers and McDowell,
2001). In animal cells, apoptosis occurs in an ordered series
of event and is associated with activation of the pro-
grammed cell death machinery (Wyllie et al., 1980; Joza et al.,
2002). Inappropriate regulation of apoptosis is linked to the
pathogenesis of many human diseases, such as AIDS, can-
cer, autoimmune, and neurodegenerative disorders (Uren
and Vaux, 1996). The process of programmed cell death can
be triggered by a vast array of stimuli, and a complex
network of regulators and effectors coordinates the process
(Beers and McDowell, 2001; Joza ef al., 2002). At the end of
almost all apoptotic scenarios, a constellation of morpholog-
ical characteristics emerge, including chromatin condensa-
tion, DNA fragmentation, flipping of phosphatidylserine to
the outer leaflet of the plasma membrane, and breakage of
the cells to small membrane-enclosed vesicles, so called
apoptotic bodies (Wyllie ef al., 1980). These structural fea-
tures constitute the cytological hallmarks of apoptosis.
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The finding that cellular suicide occurs in most, if not all,
multicellular organisms raises the question on how the
mechanisms of apoptosis have evolved. Do these mecha-
nisms have a common origin and have these processes first
evolved in single-celled organisms? For unicellular organ-
isms exposed to harsh conditions, cellular suicide may serve
to propagate the genome to future generations if some of the
members of a population are sacrificed to promote survival
of others (Engelberg-Kulka and Glaser, 1999; Matsuyama et
al., 1999; Frohlich and Madeo, 2000). In Saccharomyces cerevi-
sine, apoptosis-like cell death was first described for a tem-
perature-sensitive cdc48 mutant (Madeo et al., 1997). Cdc48p
is involved in vesicle fusion associated with secretion and
cell division (Latterich et al., 1995). At nonpermissive tem-
perature, the cdc48 mutant exhibited typical apoptotic mark-
ers, i.e., exposition of phosphatidylserine, DNA fragmenta-
tion, and chromatin condensation (Madeo et al., 1997). It has
also become increasingly clear that there is a connection
between ageing and apoptosis-like cell death in yeast, as
evidenced by the presence of apoptotic markers in old yeast
cells (Frohlich and Madeo, 2001; Laun et al., 2001). Still, there
are arguments against a mechanistic and functional conser-
vation between yeast and mammals, because the yeast ge-
nome does not encode obvious homologues to any of the
core apoptotic machinery proteins, e.g., the Bcl-2/Bax family
of proteins or the caspase family. However, recently, a meta-
caspase called yeast caspase-1 (Ycalp) was identified in S.
cerevisiae, and this protein was required for H,O, or aging-
induced apoptosis in yeast (Madeo et al., 2002). The yeast
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Table 1. Yeast strains used in the present study

Yeast strain Genotype Source
BY4741 MATa his3A leu2A met15A ura3A Euroscarf
BY4742 MATa his3A leu2A lys2A ura3A Euroscarf
Y05451 BY4741 sro7:kanMX4 Euroscarf
Y13134 BY4742 sro77::kanMX4 Euroscarf
Y02453 BY4741 ycal::kanMX4 Euroscarf
Y14387 BY4742 ckbl::kanMX4 Euroscarf
YIW-1 BY4741 sro7:;kanMX4 sro77::kanMX4 This study
YIW-24 BY4741 sro7:LEU2 ycal::kanMX4 This study
YIW-25 BY4741 sro77::HIS3 ycal::kanMX4 This study
YIW-26 BY4741 sro7:LEU2 sro77::HIS3 ycal:kanMX4 This study
YSH6.142-3A MATa leu2-3/112 ura3-1 trpl1-1 his3-11/15 ade2-1 can1-100 GAL SUC2 mal0 gpdl::TRP1 (Ansell et al., 1997)

metacaspase has also been shown to be involved in a te-
lomer-initiated apoptotic pathway that exhibits conserved
features with that reported for mammalian cells (Qi et al.,
2003). In another recent article, Severin and Hyman (2002)
presented evidence that apoptosis in yeast can be induced
by a factor that is produced by the yeast cells themselves: the
a-factor mating pheromone. The data presented indicate
that this mechanism might have evolved to remove cells that
fail to mate, suggesting a highly sophisticated death machin-
ery in yeast.

Recently, evidence has also been presented that exposure
of yeast to high salinity induces apoptosis (Huh et al., 2002).
Several observations suggested that the death was induced
by intracellular ion disequilibria rather than by osmotic
imbalance. For example, ectopic expression of the antiapop-
totic protein Bcl-2 enhanced NaCl tolerance of wild-type
cells and a calcineurin-defective cnbl1A mutant that is defec-
tive for ion homeostasis (Huh et al., 2002). However, over-
expression of Bcl-2 did not suppress the salt-sensitive phe-
notype of a yeast hoglA mutant, which has decreased
capacity to osmoregulate, but seems to maintain ion ho-
meostasis. We have observed that deletion of the SOP1/
SRO7 gene (hereafter referred to as SRO7) brings about
increased sensitivity to NaCl stress and a defective intracel-
lular ion homeostasis (Larsson ef al., 1998). SROY7 is a yeast
homologue of the Drosophila 1(2)g]l tumor suppressor gene.
This gene is required for development of epithelial cell
polarity (Bilder et al., 2000), and mutations in [(2)gl leads to
formation of epithelial derived tumors in fly larvae (Gateff,
1978). The [(2)gl gene is also required for the development of
cell polarity associated with asymmetric cell division of
neuroblasts (Ohshiro et al., 2000; Peng et al., 2000), and the
defective polarity acquisition in /(2)gl mutants may give rise
to the neoplastic transformation of optic neuroblasts ob-
served in mutant larvae (Gateff, 1978). The salt-sensitive
phenotype of the yeast sro7A mutant results from defective
targeting of the ENA1 encoded sodium extruding ATPase to
the plasma membrane (Wadskog, 2003). Instead, Enalp is
delivered to the vacuole where it is degraded. Deletion of
SRO7 together with its iso-gene SRO77 results in hypersen-
sitivity to NaCl stress (Larsson et al., 1998), and a cold-
sensitive phenotype (Lehman et al., 1999). At nonpermissive
temperature, the sr07Asro77A mutant shows defective secre-
tion and accumulation of post-Golgi vesicles (Lehman et al.,
1999). In agreement with these phenotypes, the Sro proteins
have been shown to interact physically with Sec9p, a target-
soluble N-ethylmaleimide-sensitive factor attachment recep-
tor (-SNARE) protein for vesicle fusion at the plasma mem-
brane (Lehman et al., 1999). SRO7 also shows genetic
interaction with temperature-sensitive alleles of genes for
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the exocyst complex (Lehman et al., 1999; Wadskog, 2003).
Together, these results suggest that the 1(2)gl family of pro-
teins assists in the targeting of vesicles to the correct polar
destinations in the plasma membrane.

Here, we report the involvement of SRO7 and SRO77 in
apoptosis-like cell death in yeast. The studies were initiated
for several reasons. First, the two phenotypes associated
with sro mutants, salt sensitivity and secretion defects, have
both been previously linked to apoptosis in yeast (Madeo et
al., 1997; Huh et al., 2002). Second, most of the known tumor
suppressor genes are involved in signaling that lead either to
cell cycle arrest or apoptosis (Wyllie ef al., 1999). Finally,
two-hybrid screens have indicated physical interactions be-
tween Sro77p and the yeast metacaspase Ycalp (Uetz et al.,
2000).

MATERIALS AND METHODS

Yeast Strains and Growth Media

Yeast strains used in this study are listed in Table 1. Rich YPD medium (2%
glucose) was used for growth and survival assays, whereas minimal YNB
media (2% glucose) plus essential amino acids were used for selective growth.
For salt stress conditions, YPD containing 2 M NaCl was added to yeast
cultures to obtain final NaCl concentrations.

The ycalAsro7A mutant was constructed using the sro7:LEU2 deletion
cassette in pBluescriptKS™ (Larsson ef al., 1998). The plasmid was cut with
restriction enzymes HindIIl and Not! (Roche Diagnostics, Mannheim, Ger-
many) and the ycalA mutant transformed with the sro7:LEU2 fragment of
3.5-kb subsequent to gel purification (QIAquick gel extraction kit; QIAGEN,
Hilden, Germany). Transformants were selected on YNB medium lacking
leucine and subsequently verified by polymerase chain reaction (PCR), by
using PCR primers upstream and downstream of the LEU2 insert. The
ycalAsro77A mutant was constructed as follows: PCR was used to amplify the
sr077A::HIS3 fragment of strain WKL-3A (Larsson ef al., 1998) by using SRO77
forward primer TTCCGCTTCATAGGAGGAGA (300 base pairs upstream of
START codon) and SRO77 backward primer ACGGTTCATCATTCGGAAAA
(350 base pairs downstream of STOP codon). PCR products were purified
(QIAquick PCR purification kit; QTAGEN) and used to transform the ycalA
mutant. Transformants were selected on YNB plates lacking histidine and
verified by PCR by using primers that bind upstream and downstream of the
primers used to amplify the sr077A::HIS3 fragment. The ycalAsro7Asro77A strain was
constructed by transforming the ycalAsro7Astrain with the sr077:HIS3 fragment
described previously. Transformants were selected and verified correspondingly. To
construct the BY sr07A sr077A strain BY sro7A Mat a was crossed with BY sr077A Mat
a. Tetrads were analyzed and potential double mutants checked by PCR. PCR was
performed using SRO7 and SRO77 verification primers described above plus addi-
tional primers binding within the kanamycin gene.

Growth and Survival Tests

Growth was monitored by plate assays. Yeast strains were grown overnight
in YPD medium, adjusted to identical ODy,, and diluted 10°,10~%,1072,10"3,
and 10~%. Each dilution was spotted in aliquots of 5 ul onto YPD plates with
or without NaCl supplementation. For cell survival experiments, yeast cells
were grown until they reached exponential phase. NaCl was added to the
desired concentration, and samples containing a defined number of cells were
plated onto YPD plates after various periods of salt exposure. The number of
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Figure 1. Cells lacking SRO7 accumulate ROS and exhibit reduced survival in saline environments. (A) Survival of wild-type, sro7A, and
sro7Asro77A mutants on exposure to 0.7 M NaCl for various periods. Data represent the mean of four different experiments. Wild-type (#),
sro7A (M), and sro7Asro77A (A). Open symbols represent 0 M NaCl. (B) Survival of wild-type, sro7A, and sro7Asro77A mutants on exposure
to 0.4 M NaCl for various periods. Data represent the mean of four different experiments. Wild-type (#), sro7A (M), and sro7Asro77A (A). (C)
Bright field (bottom row) and fluorescence (top row) photomicrographs of dihydrorhodamine 123 stained wild-type (Wt) and sro7A cells
exposed to 0.8 M NaCl. (D) Diagram showing the percentage of dihydrorhodamine-stained cells of sr07A, sro7Asro77A, Wt, ckb1A, and gpd1A
strains after exposure to various concentrations of NaCl. Each data bar is based on the evaluation of 500 cells in several independent
experiments. For further details, see MATERIAL AND METHODS.

cells was determined (~20 cells/ ul, 1:1000 dilution) for each culture by using
a Helber counting chamber and a total of 600 cells, divided into three aliquots,
were spread onto YPD plates. The number of surviving colonies was deter-
mined after 2 d of incubation at 30°C.

Cytological Analysis

For determination of reactive oxygen species (ROS) accumulation, cells were
grown into exponential phase (ODg;q ~0.5) and exposed to NaCl for 1 h.
Dihydrorhodamine 123 (Sigma-Aldrich, St. Louis, MO) was added (5 ug/ml
cell culture) and cultivation continued for another 2 h. Stained cells were
viewed using a Leica DMRXA fluorescence microscope equipped with a
rhodamine optical filter. To determine the frequency of stained cells, at least
500 cells of three independent experiments were evaluated.

Analysis of nuclear fragmentation (4,6-diamidino-2-phenylindole [DAPI]
staining) and DNA strand breaks (terminal deoxynucleotidyl transferase
dUTP nick-end labeling [TUNEL] analysis) was performed on fixed cells.
Exponentially growing cells were fixed by the addition of 1:10 volumes of
formaldehyde (leading to a final concentration of 3.7%) followed by incuba-
tion for 1 h in 30°C. The cells were washed twice in apoptosis buffer 1 (35 mM
potassium phosphate and 0.5 mM MgC1,, pH 6.8), resuspended in apoptosis
buffer 2 (apoptosis buffer 1 + 1.2 M sorbitol), and treated with lyticase (50
U/ml) for 30 min at 30°C. After careful washing in apoptosis buffer 2 spha-
eroplasts were bound on poly-lysine—coated slides. For DAPI staining, cells
were incubated with diaminophenylindole (1 ug/ml; Sigma-Aldrich) for 2
min, washed twice with apoptosis buffer 2, and examined under a Leica
DMRXA fluorescence microscope. TUNEL analysis was performed as de-
scribed previously (Madeo ef al., 1997, 1999).
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Caspase Activity Measurements

Caspase activity was measured by using fluorescein isothiocyanate (FITC)-
VAD-fmk (CaspACE; Promega, Madison, WI), which binds at the catalytic
center of active caspases. NaCl was added to stationary overnight cultures of
wild-type and ycalA cells at various concentration, and the cultures were
incubated for 1 or 4 h at 28°C. After incubation, cells were harvested (5 X 10°
cells, washed in 1 ml phosphate-buffered saline, and stained for 20 min in 200
ul FITC-VAD-fmk diluted 1:1000 in the same buffer. For flow cytometric
analysis, stained cells were counted using FACSCalibur (BD Biosciences, San
Jose, CA) and CellQuest analysis software with excitation and emission
settings of 488 nm and 525-550 nm (filter FL1), respectively.

RESULTS

NaCl Stress Reduces Survival of sro7A and sro7Asro77A
Mutants and Induces Intracellular Accumulation of
Reactive Oxygen Species

Survival tests demonstrated that sro7A and sro7Asro77A mu-
tants are highly sensitive to NaCl stress. Already, a 10-min
exposure to 0.7 M NaCl killed ~30% of either population
(Figure 1A), and <5% remained viable after 6 h. Equivalent
treatment of wild-type cells resulted in <5% loss in viability.
These results demonstrate that sro7A and sro7Asro77A mu-
tants not only exhibit reduced ability to grow at moderate

Molecular Biology of the Cell
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Figure 2. sro7A and sro7Asro77A mutants
display fragmented nuclei and DNA strand
breaks after NaCl treatment. (A) Photomi-
crograph of DAPI-stained wild-type (Wt), ¢
sro7A, and sro7Asro77A cells exposed to YPD
containing 0.7 M NaCl for 1 h. (B) Percentage
of wild-type (Wt), sro7A, sro7Asro77A, ckbIA,
and gpdIA cells containing fragmented nu-
clei after 0 and 1 h in YPD containing 0.7 M
NaCl. (C) TUNEL staining of wild-type,
sro7A, and sro7Asro77A cells after 30 min of
incubation in YPD containing 0.7 M NaCl. (D)
Quantification of TUNEL-positive staining of
wild-type (Wt), sro7A, and sro7Asro77A after
1-h exposure to 0.7 M NaCl.

salt stress, as has been reported previously (Larsson ef al.,
1998) but also that the cells are actually killed by the stress.
The observations prompted us to analyze the cells for the
presence of ROS, which are considered a key stimulus for
celldeathbyapoptosis(Madeoetal.,1999).Usingdihydrorhoda-
mine 123 as ROS indicator, accumulation of ROS was ob-
served in ~60% of sro7A or sro7Asro77A mutants exposed to
0.8 M NaCl (Figure 1, C and D). Control wild-type cells
showed little dihydrorhodamine staining, even when ex-
posed to 1 M NaCl (Figure 1D). At lower salinities (0.4 and
0.6 M NaCl), the proportion of stained sro7A cells decreased
to become about one-half of that of the sr07Asro77A mutants.
In agreement with this pattern the double mutant is more
efficiently killed by moderate salt stress than the sro7A single
mutant (Figure 1B). We also examined ROS mediated stain-
ing of two other yeast mutants, gpd1A and ckb1A, that exhibit
a salt-sensitive growth phenotype similar to that of sro7A.
Interestingly, the accumulation of ROS in the gpd1A and the
ckbIA mutants remained similar to that of wild-type cells,
even at 1 M NaCl (Figure 1D).

sro7A and sro7Asro77A Mutants Display Chromatin
Condensation and DNA Fragmentation

Having established increased ROS occurrence in salt-
stressed sro mutants, we wanted to examine the cells for
nuclear fragmentation, a well-established cytological hall-
mark of apoptosis. For the sro7A mutant, cells with irregu-
larly shaped and fragmented nuclei were evident 30 min
after exposure to 0.7 M NaCl (Figure 2A). In contrast, virtu-
ally no cells of the similarly treated wild-type strain showed
abnormal nuclei. After 1 h at 0.7 M NaCl, about one-half of
the sro7A and sro7Asro77A mutants displayed fragmented
nuclei (Figure 2B). At lower salinities, the proportion of
aberrant nuclei decreased, and this tendency was, as ex-
pected, more pronounced for sro7A mutants than for
sro7Asro77A mutants (our unpublished data). The salt-sensi-
tive gpd1A and ckb1A, mutants showed little chromatin con-
densation and fragmentation on exposure to NaCl stress
similar to wild-type cells (Figure 2B). These mutants show
that sensitivity to NaCl is not generally associated with
apoptotic features such as ROS accumulation (Figure 1D)
and nuclear fragmentation.

Another familiar apoptotic feature is fragmentation of
DNA in the nucleus. DNA strand breaks can be visualized
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by TUNEL tests, in which fluorescent nucleotides are added
to the 3’-OH end of the DNA fragment, making the phe-
nomenon visible by fluorescent microscopy. Both sro7A and
sro7Asro77A mutants display TUNEL-positive nuclei after 30
min of exposure to 0.7 M NaCl (Figure 2C), whereas the
nuclei of control wild-type cells remained unstained or only
slightly stained. After 1 h at 0.7 M NaCl, about one-half of
the sro7A and sro7Asro77A population showed a clear
TUNEL-positive staining, whereas ~10% of the wild-type
cells exhibited this characteristic (Figure 2D). We conclude
that NaCl stress that does not markedly affect viability of
wild-type cells, induces cell death in sro7A and sro7A sro77A
mutants that bears the structural attributes of apoptosis with
respect to ROS accumulation, nuclear fragmentation, and
DNA strand breakage.

Ycalp Is Involved in the NaCl-induced Lethality of sro7A
Mutants

To investigate whether the yeast metacaspase Ycalp has a
role in NaCl-mediated cell death, we first examined whether
salt stressed cells show increased caspase activity. To this
end, cells were incubated with the FITC-labeled pan-caspase
inhibitor VAD-fmk that binds to the active site of the
caspase, allowing for flow cytometric determination of cells
with active enzyme (Madeo et al., 2002). This assay revealed
a significant increase in the proportion of cells with active
caspase after exposure to NaCl stress for 4 h (Figure 3).
Compared with nonstressed conditions, wild-type cells ex-
posed to 1.0 M NaCl increase their caspase activity more
than sevenfold. Cells lacking YCAI exhibit basal level
caspase activity both at 0 and 0.5 M NaCl, whereas a modest
increase was apparent at 1 M NaCl. We next examined the
involvement of Ycalp in the NaCl induced lethality by de-
leting the YCAI gene in the sro7A background. If the salt
sensitivity of the sro7A strain is caused by Ycalp-mediated
cell death, the sro7AycalA double mutant would display
higher salt tolerance than the sro7A single mutant. This
simple prediction was, however, not supported by testing
serial dilutions for growth on YPD plates (Figure 4A), which
showed that the sensitivity of sro7A mutants to 0.7 M NaCl
is very similar to that of sr07AycalA mutants. In fact, the two
strains grew equally well at all NaCl concentrations tested,
showing inhibited growth by salt concentrations of =0.5 M
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Figure 3. Salt-stressed cells exhibit increased caspase activity. (A)
Caspase activity measurement by flow cytometric analysis of wild-
type and ycalA mutant cells exposed to NaCl (0, 0.5, or 1.0 M) for
4 h. (B) Percentage of FITC-VAD-fmk-positive cells in fluorescence-
activated cell sorting measurements of wild-type (Wt) and ycalA
mutant strains exposed to different NaCl concentrations.

NaCl (our unpublished data). Similar result was obtained
with the sr07Asro77A double mutant. This mutant experience
growth inhibition at =0.2 M NaCl, and additional deletion
of YCAI did not improve NaCl tolerance as revealed by
growth tests on YPD plates containing various salt concen-
trations (our unpublished data). However, similar growth
inhibition in the presence of NaCl does not necessarily mean
that the strains survive equally well on exposure to salt
stress. Actually, there was a significant difference between
the survival traits of sro7A and sro7AycalA mutants (Figure
4B). The sro7A mutants exhibit an immediate decrease in
viability after exposure to 0.7 M NaCl, leading to a rapid
elimination of ~30% of the population. Similar stress expo-
sure of the sro7AycalA mutants resulted only in a slight
decrease in cell viability (~5%). However, after the rapid
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phase of cell demise, the death rate for the sro7A population
changed to a pace that was similar to that shown by the
sro7A ycalA mutants (Figure 4B). These results suggest that
Ycalp is required for the primary, fast drop in viability of
the sro7A mutants. The better survival of the sro7A ycalA
strain is consistent with markedly decreased DNA breakage
(Figure 4, C and D). A similar tendency was apparent for the
control ycalA and wild-type strains, although the salt con-
centration is too low to produce strong effects in these
strains.

Deletion of YCA1 Improves Survival of Wild-Type Cells
but Has Little Effect on Survival of sro77A Mutants

Ycalp has previously been shown to mediate apoptosis-
like cell death in aged yeast cells and in yeasts treated
with H,O, or acetic acid (Madeo et al., 2002). For example,
cells lacking YCAI survive high levels of H,O, much
longer than wild-type cells. Ycalp obviously also has a
role in mediating demise of wild-type cells exposed to
high salinity. About 50% of wild-type yeast survives ex-
posure to 1.2 M NaCl for 4 h, whereas ~85% of the cells
survives the same treatment if deleted for the YCAI gene
(Figure 5B). This observation agrees with the decreased
DNA cleavage seen for the ycalA mutant (Figure 5, C and
D). Hence, survival assays and caspase activity measure-
ments demonstrate that the apoptotic-like response seen
for wild-type cells during salt stress is strongly dependent
on Ycalp activity.

The sro77A mutants show a similar tolerance to 1.2 M
NaCl as wild-type cells. Interestingly, however, deletion of
YCA1 in sro77A background does not significantly improve
the viability at high salinity, as it does for wild-type cells
(Figure 5B). In accordance with these results, the
sro7Asro77A and the sro7Asro77AycalA mutants also display
similar survival curves after exposure to 0.4 M NaCl (Figure
5A). The observation that NaCl induced lethality is indepen-
dent of Ycalp in strains lacking SRO77, is in agreement with
the finding that DNA breakage (Figure 5, C and D) and
nuclear fragmentation (our unpublished data) is very simi-
lar for sro77A and sro77AycalA cells. Similarly, nuclear frag-
mentation and the proportion of TUNEL-positive cells are
very similar for NaCl exposed sro7Asro77A and the
sro7Asro77AycalA mutants (our unpublished data). These
results imply a genetic interaction between SRO77 and
YCA1, which encode proteins that have been previously
shown to interact in two-hybrid screens (Uetz et al., 2000;
Drees et al., 2001). To further study the effect of Sro7p and
Sro77p on Ycalp, we examined the proportion of cells with
active caspase in wild-type, ycalA, sro7A, and sro77A cul-
tures exposed to NaCl stress for 1 h (Figure 5E). The ob-
served caspase activity remained unaffected by salt stress in
sro77A mutants, similar to what was noted for ycalA cells,
whereas mutants lacking SRO7 exhibited a generally in-
creased casapase activity, which consistently was kept
higher than that of wild-type cells. These results indicate
that Sro7p and Sro77p have opposing effects on Ycalp;
Sro77p being required for the salt induced activation of
Ycalp, whereas Sro7p seems to moderate the activity of the
caspase. Furthermore, the observation that sro77AycalA mu-
tants show NaCl induced nuclear fragmentation and strong
DNA strand breakage (Figure 5, C and D) suggests the
existence of an Ycalp independent apoptotic pathway in
yeast.
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Figure 4. Rate of killing of sro7A cells after exposure to salt stress is YCA1 dependent, and the level of salt induced double stranded DNA

breaks is reduced in the sro7AycalA mutant. (A) Growth of sr07A, ycalA,

Serial 10-fold dilutions of cell suspensions were spotted onto YPD medi

and sro7Aycal A mutants at high salinity monitored by drop assays.
um with and without 0.7 M NaCl. (B) Survival curves for wild-type

(#),sro7A (W), ycalA (A), and sro7AycalA (X) mutants after incubation with 0.7 M NaCl. Samples were taken after incubation with 0.7 M NaCl
for various periods of time and plated onto YPD medium. Each data point is based the plating of 200 cells in three independent experiments.
(C) Photographs of TUNEL staining showing DNA breakage in the sro7A mutant after 1 h of incubation in YPD medium containing 0.7 M
NaCl. (D) Quantification of TUNEL-positive cells subsequent to 1 h 0.7 M NaCl exposure. To determine the frequency of TUNEL-positive
cells, at least 1000 cells were evaluated for each strain and each condition.

DISCUSSION

Exposed to Salt Stress, the sro7A Mutant Exhibits
Hallmarks of Apoptosis

Cells committing active suicide by apoptosis are subject to a
series of stereotyped morphological changes that differenti-
ate apoptotic cells from healthy or necrotic cells (Webb et al.,
1997; Kerr, 2002). The most typical structural changes occur
within the nucleus, where chromatin condenses and aggre-
gates along the margins of the nuclear membrane and DNA
is degraded, first into large fragments and later into short
oligomers of ~180-200 base pairs. Coincident with these
changes are alterations of the nuclear structural framework
leading to fragmentation of the nucleus. Here, we demon-
strate NaCl-induced cell death associated with the typical
nuclear features of apoptosis for yeast cells deleted for the
tumor suppressor homologue SRO7. NaCl stress is one of
the environmental factors that has been demonstrated pre-
viously to induce apoptosis-like cell death in yeast and
plants (Katsuhara, 1997; Huh et al., 2002). Wild-type cells of
S. cerevisine were shown to exhibit apoptotic features after
treatment with 1.2 M NaCl (Katsuhara, 1997; Huh et al.,
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2002). The sro7A mutant displays a similar response at NaCl
concentrations beginning at 0.5 M NaCl. Because the induc-
ing salinity correlates with the NaCl concentration for strong
growth inhibition of each strain, a simple interpretation
would be that severely growth-inhibiting concentrations
suffice to initiate apoptosis-like cell death. In other words,
the lack of SRO7 may simply lower the salt concentration
needed for apoptotic induction. However, two other yeast
mutants that display NaCl sensitivity similar to that of
sro7A, namely, ckb1A (de Nadal et al., 1999) and gpd1A (Lars-
son et al., 1993; Albertyn et al., 1994), do not show nuclear
fragmentation (Figure 2B) and do not seem to accumulate
reactive oxygen species (Figure 1D) on exposure to growth
preventing NaCl concentrations. The salt sensitivity of the
gpd1A mutant is due to a defective production and intracel-
lular accumulation of glycerol, the primary yeast osmoreg-
ulator (Larsson et al., 1993). The reason for the salt-sensitive
phenotype of the ckbIA mutant, which lacks a functional
casein kinase II, is less clear, although the mutant seems to
maintain intracellular ion homeostasis under salt stress (de
Nadal et al., 1999). Hence, the different display of apoptotic
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and sro77AycalA cells before and after 1-h exposure tol.2 M NaCl. (E) Caspase activity, shown as percentage of FITC-VAD-positive cells by
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1h.

features in response to growth inhibiting NaCl concentra-
tions by sro7A mutants, on the one hand, and gpdIA and
ckbIA mutants on the other, reinforces the observations by
Huh et al. (2002) that disruption of inorganic ion homeostasis
seems to be the primary reason for salt-induced cell death of
yeast cells. Due to the defective targeting and subsequent
degradation of the Enalp sodium transporter in sro7A mu-
tants, these cells experience increased intracellular Na*/K*
ratios when exposed to NaCl stress (Larsson et al., 1998;
Wadskog, 2003). The ENA1 gene encodes a P-type ATPase
that uses ATP to drive sodium ions out of the cell, and this
pump has a primary role in maintaining cation homeostasis
in NaCl-stressed yeast (Haro et al., 1991; Wieland et al., 1995).
Interestingly, expression of the ENAI gene is subject to a
highly complex regulation, being controlled by a number of
distinct regulatory pathways (Serrano et al., 1999; Wadskog
and Adler, 2003). It is tempting to speculate that this elabo-
rate control of ENAI expression reflects a strict need to
fine-tune ion homeostasis to prevent creating an intracellu-
lar environment that favors the activation of a cell death
program. An additional indication for a role of ENAT in this
context stems from the observation that the human anti-
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apoptotic protein Bcl-2 promoted transcriptional activation
of ENAI when expressed in a salt-sensitive cnb1A mutant
(Huh et al., 2002).

The Ycalp Metacaspase Promotes Salt-induced Cell Death

The YCAI gene in S. cerevisiae encodes a metacaspase that is
activated by H,O, and aging and is required for apoptotic
demise of yeast (Madeo ef al., 2002). Ycalp undergoes pro-
teolytic processing similar to mammalian caspases and
cleaves petidyl-caspase substrates, giving direct support for
the existence of a specific effector of apoptosis in yeast. To
investigate whether the apoptotic traits of NaCl-exposed
cells were dependent on Ycalp, we compared wild-type and
sro7A mutants with the corresponding strains lacking YCAT.
For wild-type cells, deletion of YCAT significantly improved
survival rate at high salinity (Figure 4B), which suggests a
general role for Ycalp in salt-induced apoptosis. The
marked increase in caspase activity of cells exposed to harsh
NaCl stress (Figure 3) gives further support to this view.
Two additional observations provide evidence that Ycalp
serves as an effector of the salt-induced cell death in yeast.

Molecular Biology of the Cell



Ycalp was more strongly activated in the salt sensitive sro7A
mutants than in the more tolerant wild-type cells (Figure
5E), and deletion of YCAI markedly affected both survival
rate and DNA cleavage of the NaCl stressed strains (Figures
4, B-D, and 5, B-D). These results suggest that Ycalp medi-
ates an apoptosis-like cell death, which is rapid and efficient.
However, only a fraction of the cells seems to be susceptible
to the Ycalp-mediated cell death. The first dramatic de-
crease of cell viability of sro7A cells was followed by a more
moderate rate of killing that seemed independent of Ycalp.
This decrease in viability may result from a more general
effect of Na* toxicity on the sr07A mutant and explain why
the sro7AycalA mutant displays a salt-sensitive phenotype
on plate assays.

Role of SRO7 and SRO77 in Apoptosis-like Cell Death

Because interactions between Sro77p and Ycalp are sug-
gested by two-hybrid screens (Uetz et al., 2000; Drees et al.,
2001), we wanted to investigate the role of SRO77 in salt-
induced apoptosis-like cell death. Interestingly, deletion of
YCAT in sro7Asro77A or sro77A backgrounds did not im-
prove viability on NaCl treatment (Figure 5, A and B),
indicating that the function of Ycalp is dependent on
SRO77. Indeed, our measurement of salt-induced Ycalp ac-
tivation shows that the caspase activity does not increase in
mutants lacking SRO77, but remains similar to that of cells
having a deleted YCAI1 gene. The SRO-encoded proteins
have been implicated in a late step in exocytosis by their
ability to physically interact with Sec9p, a t-soluble N-ethyl-
maleimide-sensitive factor attachment (t-SNARE) protein re-
ceptor involved in the fusion of post-Golgi vesicles with the
plasma membrane (Lehman et al., 1999). Given the proposed
role in vesicle targeting, the opposing consequences of loss
of function of SRO7 and SRO77 on the susceptibility of yeast
to NaCl-induced cell death, suggest that the exocytosis ma-
chinery might sensitively attune the responsiveness of the
cells to the exogenous apoptotic stimuli. The observed hy-
peractivation of the caspase in sro7A strain (Figure 5E) and
the fact that these mutants show signs of DNA strand break-
age (Figure 2C), even before exposure to NaCl stress, indi-
cates that loss of SRO7 promotes a generally increased dis-
position for apoptosis-like cell death. The precise
mechanistic relationship between Ycalp and the Sro pro-
teins remains, however, to be determined. Because both
sro77AycalA (Figure 5, C and D) and sro7Asro77AycalA (our
unpublished data) cells exhibit diagnostic markers of apo-
ptosis when exposed to sufficiently high NaCl concentration,
our findings also indicate the existence of a Ycalp-indepen-
dent pathway(s) for cellular suicide in S. cerevisiae. This
pathway(s) may be under negative control that is dependent
on Sro77p.

Are There Links to the Function of the Authentic Tumor
Suppressor?

Whether the observed sensitivity of sro7A and sro7Asro77A
mutants to NaCl-induced cell death bears any relevance to
tumor development in Drosophila larvae lacking the authen-
tic tumor suppressor [(2)gl is as yet speculative. Homozy-
gous [(2)gl mutants show phenotypes involving loss of epi-
thelial cell polarity and neoplastic overgrowth of tissues
(Wodarz, 2000). Recent studies have indicated that loss of
epithelial cell polarity may confer increased susceptibility to
apoptosis (Weaver et al., 2002). This sensitivity has been
suggested to counterbalance the proliferative advantage that
is associated with nonpolarized cells, thereby reducing the
possibility for malignant transformation (Humbert et al.,
2003). Interestingly, De Lorenzo et al. (1999) have reported

Vol. 15, March 2004

Sodium Stress and Apoptosis in Yeast

that a mutant form of /(2)gl induces apoptosis of the germ
line during oogenesis, indicating that a defective tumor
suppressor may promote apoptosis. In most epithelial cells
the Na*, K* ATPase is selectively sorted to the basolateral
membrane (Dunbar and Caplan, 2001). Whether [(2)g] mu-
tants exhibit defective epithelial distribution of this sodium
transporter and suffer from a consequent disruption of in-
organic ion homeostasis remain to be determined. Addi-
tional studies of the relationship between ion homeostasis
and epithelial tumor development/apoptosis may further
our understanding of the signals controlling growth, sur-
vival, and death of cells.
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