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The Ppz protein phosphatases are key regulators
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The yeast Ppz protein phosphatases and the Hal3p
inhibitory subunit are important determinants of salt
tolerance, cell wall integrity and cell cycle progression.
We present several lines of evidence showing that
these disparate phenotypes are connected by the fact
that Ppz regulates K* transport. First, salt tolerance,
cell wall integrity and cell cycle phenotypes of Ppz
mutants are dependent on the Trk K* transporters.
Secondly, Ppz mutants exhibit altered activity of the
Trk system, as measured by rubidium uptake.
Thirdly, Ppz mutants exhibit altered intracellular K+
and pH, as expected from H* efflux providing elec-
trical balance during K+ uptake. Our unifying picture
of Ppz phenotypes contends that activation of Trk by
decreased Ppz activity results in plasma membrane
depolarization (reducing uptake of toxic cations),
increased intracellular K* and turgor (compromising
cell integrity), and increased intracellular pH (aug-
menting the expression of pH-regulated genes and
facilitating o-factor recovery). In addition to provid-
ing a coherent explanation for all Ppz-dependent
phenotypes, our results provide evidence for a causal
relationship between intracellular cation homeostasis
and a potential cell cycle checkpoint.

Keywords: cell cycle/halotolerance/pH/phosphatase/
potassium

Introduction

An important feature of the physiology of living cells is the
homeostasis of the major monovalent cations K*, H* and
Nat*. K* is the major intracellular cation contributing to
cell turgor and ionic strength (Serrano et al., 1999). The
accumulation of K* and the extrusion of Na* from the
intracellular medium may be explained by the ability of
Na*, but not K*, to displace essential Mg?* from the
catalytic sites of some enzymes such as the Hal2
phosphatase (Murguia et al., 1995; Albert et al., 2000).
On the other hand, intracellular pH is tightly regulated
because of its general and specific effects on proteins and
biochemical reactions (Nuccitelli and Heiple, 1982).
Cellular membranes contain diverse cation transport
systems to ensure the right intracellular ionic composition,
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but the mechanisms that regulate their activity to achieve
cation homeostasis are only starting to be elucidated
(Serrano and Rodriguez-Navarro, 2001).

Several lines of evidence have indicated the existence of
a link between cation homeostasis and the cell cycle.
Specifically, previous studies have established a correl-
ation between cytosolic alkalinization and G; progression
in yeast (Gillies et al., 1981) and animal cells (Nuccitelli
and Heiple, 1982). This increased intracellular pH may be
either a regulatory signal (Perona and Serrano, 1988) or
merely permissive for cell proliferation (Grinstein et al.,
1989). More recently, in the eukaryotic model system
Saccharomyces cerevisiae, alterations in the expression of
several genes encoding signal transduction proteins have
been shown to affect both intracellular ion homeostasis
and cell cycle, again suggesting a possible link between
these two highly regulated cellular processes. Among
these genes are two serine/threonine phosphatases, SIT4
and PPZI, and a regulatory protein, Hal3p/Sis2p, all three
of which are genetically and biochemically interrelated
(Fernandez-Sarabia et al., 1992; Di Como et al., 1995;
Ferrando et al., 1995; Posas et al., 1995; de Nadal er al.,
1998; Clotet et al., 1999).

SIT4 was originally identified as a cell cycle regulator
and more recently was identified in a screening searching
for genes conferring lithium tolerance upon overexpres-
sion (Masuda et al., 2000). Disruption of the gene causes a
slow-growth phenotype attributed to a delay in G, cyclin
expression and bud emergence (Arndt et al., 1989; Sutton
et al., 1991, Fernandez-Sarabia et al., 1992). More recent
reports suggest that this phosphatase may act in the TOR
pathway responding to nutrient availability (Di Como and
Arndt, 1996). In addition, it was reported that the SIT4
mRNA is up-regulated in response to lithium challenge
and that under some conditions overexpression of the gene
confers salt tolerance (Masuda et al., 2000).

The HAL3/SIS2 gene was cloned independently as both
a suppressor of the growth defect of a si#4 strain and as a
gene conferring halotolerance upon overexpression (Di
Como et al., 1995; Ferrando et al., 1995). It has been
proposed to function in a pathway parallel to that of
calcineurin, modulating both intracellular cation homeo-
stasis and G; progression (Ferrando et al., 1995). More
recent genetic and biochemical data suggest that Hal3p
acts by inhibiting the protein phosphatase Ppz1p (de Nadal
et al., 1998).

Ppzlp and Ppz2p are two partially redundant serine/
threonine phosphatases whose modulation in expression
levels affects salt tolerance, cell wall integrity and cell
cycle regulation (Posas er al., 1993, 1995; Clotet et al.,
1996, 1999). Disruption of the genes provides increased
tolerance to toxic concentrations of lithium chloride,
sensitivity to caffeine and augmented recovery after an
a-factor-induced Gy block. In addition, overexpression of
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Fig. 1. ENA-independent salt tolerance phenotypes of YEp-HAL3

and ppzl,2 strains. DBY746 enal-4::HIS3[pRS699], DBY746
enal-4::HIS3[pRS699-HAL3] and DBY746 enal-4::HIS3 ppzl::URA3
ppz2::TRP1I strains were grown to saturation in selective media, serially
diluted in sterile water and spotted on to YPD plates containing the
indicated amount of salt. Images were taken after 2-3 days of
incubation at 28°C. Identical results were obtained from at least three
independent colonies in two separate experiments.

PPZI causes a pronounced slow-growth defect. As is the
case with Sitdp, the cellular role of the Ppz protein
phosphatases is largely undefined, although a potential
role in the regulation of gene transcription and transla-
tional fidelity has been proposed (Posas et al., 1995; de
Nadal et al., 2001).

In this report we demonstrate that the Ppz phosphatases
and the regulatory subunit Hal3p are involved in the
proper regulation of intracellular potassium concentrations
and pH. Modulation of these biochemical parameters has
consequences for tolerance to toxic cations, cell wall
integrity and the observed cell cycle effects. Furthermore,
we show that this regulation is dependent on Trkl,2p-
mediated K* transport.

Results

Disruption of PPZ1,2 mediates ENA1-4-
independent sodium and lithium tolerance

The genetic and biochemical interaction between Hal3p
and the Ppz phosphatases has been thoroughly demon-
strated (de Nadal et al., 1998). However, in terms of salt
tolerance, the ppzI,2 Li* phenotypes were reported to be
ENA dependent, whereas HAL3 overexpression confers
sodium tolerance in the absence of ENAI-4 (Ferrando
et al., 1995; Posas et al., 1995). ENAI encodes a P-type
ATPase mediating Na* and Li* extrusion and is a major
determinant of salt tolerance in S.cerevisiae (reviewed in
Serrano et al., 1999). After a more detailed examination,
we observed that both disruption of ppz/,2 and over-
expression of HAL3 confer tolerance to lithium and
sodium, independent of ENAI-4 (Figure 1). These observ-
ations expand on results reported by Ferrando e? al. (1995)
for HAL3, but appear to contradict those reported by Posas
et al. (1995) for ppzl,2 strains. The discrepancy with the
previous results may be due to the different sensitivities of
the growth assays, but what is clear is that at least part
of the salt tolerance conferred by reduction of Ppz
phosphatase activity is independent of ENAI.

Strains with reduced Ppz activity are tolerant to
toxic cations

In an attempt to begin to define the ENA-independent
mechanisms of PPZ/HAL3-mediated salt tolerance, we
examined the tolerance phenotypes of these strains to
several toxic cations. Strains harbouring these genetic
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Fig. 2. YEp-HAL3 and ppzI,2 strains are tolerant to toxic cations.
W303-1A [pYPGEI1S5], W303-1A [pYPGE15-HAL3], W303-1A and
W303-1A ppz1::URA3 ppz2::TRP1 strains were grown to saturation in
selective media, serially diluted in sterile water and spotted on to YPD
plates containing the indicated amount of cations. Images were taken
after 2-3 days of incubation at 28°C. Identical results were obtained
from at least three independent colonies in three separate experiments,
using various concentrations of each cation and in two different genetic
backgrounds (DBY746 and W303-1A).

alterations showed tolerance to spermine, tetramethyl
ammonium and hygromycin B, in addition to LiCl and
NaCl (Figure 2). This general tolerance to toxic cations has
been shown to correlate with a reduction in the membrane
potential, which decreases the voltage-dependent uptake
of cations (Mulet et al., 1999; Goossens et al., 2000).
Accordingly, we observed a decrease in methyl ammo-
nium uptake in strains lacking PPZI,2 (6.2 = 0.4 as
compared with 9.0 = 0.7 nmol/mg cells, measured at
90 min). This assay is used to estimate membrane
potential, which cannot be measured directly in yeast
(Mulet et al., 1999)

Cytosolic alkalinization in strains lacking PPZ1,2
After observing that ppzl/,2 mutant strains probably
display changes in membrane potential, we examined
whether there were also alterations in the internal pH of
this strain, relative to the wild-type control. At an external
pH of 6, the strain lacking PPZI,2 had an internal pH 0.4
units higher than the wild-type control (6.80 = 0.14
compared with 6.40 £ 0.02, respectively), as measured
using 1-hydroxy-3,6,8-pyrene-trisulfonic acid (HPTS)
(Pena et al., 1995). As an alternative approach to
estimating intracellular pH, we also investigated the
transcriptional regulation of alkaline-induced genes in
these strains (Lamb et al., 2001). As demonstrated in
Figure 3, ppz1,2 strains grown in rich media, buffered to
pH 7, show a notably augmented induction of three
alkaline-responsive genes, providing further evidence for a
relative increase in the internal pH of strains lacking
PPZ1,2. In addition, we studied the effect of pH on both
growth and salt tolerance in these strains. We observed
that strains lacking PPZI,2 show a relative slow-growth
phenotype on plates with increasing pH and that the
tolerance to NaCl is markedly pH dependent: disruption of
PPZ1,2 no longer confers tolerance to NaCl when tested at
an external pH of 7 and this strain is inviable on plates
containing 1 M NaCl at pH 7.5 (Figure 4).
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Fig. 3. Northern blot analysis of the steady-state levels of alkaline-
induced transcripts. Wild-type (DBY746) and ppzl,2 (DBY746
ppzl::URA3 ppz2::TRPI) strains were grown in YPD buffered to either
pH 6 or 7 with 50 mM Bis-Tris. After extraction, RNA was separated
by electrophoresis and transferred to nitrocellulose. Membranes were
then analysed with the radiolabelled probes indicated. TBPI was used
as an internal loading control. Identical results were obtained in two
separate experiments.
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Fig. 4. Growth and sodium tolerance in ppzl,2 strains is pH dependent.
Wild-type (DBY746) and ppzI,2 (DBY746 ppzl::URA3 ppz2::TRPI)
strains were grown to saturation in selective media, serially diluted in
sterile water and spotted on to YPD plates buffered to the indicated pH,
without (A) or with (B) 1 M NaCl. Images were taken after 2-3 days
(pH 6.5 and 7) or 5 days (pH 7.5) of incubation at 28°C. Identical
results were obtained in two separate experiments.

The in vitro activity of the Pmaip H*-pump is not
altered in strains lacking PPZ1,2

As described above, a null mutation of the Ppz
phosphatase results in decreased membrane potential and
increased intracellular pH. According to our current
model, the plasma membrane H*-pumping ATPase
(Pmalp) is the electrical generator, and the K* transporter
(Trk1,2p) is the major consumer of electrical potential
(Goossens et al., 2000). The ppzIl,2 mutation could
decrease membrane potential by either inhibiting Pmalp
or activating Trk. In the first case, intracellular pH should
decrease because of less proton extrusion from the cells. In
the second case, intracellular pH should increase because
the enhanced K* uptake would favour H* efflux to keep the
electrical balance. Our results are compatible with the
second possibility. Accordingly, no alteration could be
detected for the in vitro activity of the Pmalp enzyme in
the ppzl,2 strain (Figure 5A). The in vivo activity of the
proton pump can be measured by the acidification of the
external medium (Portillo and Serrano, 1989). As indica-
ted in Figure 5B, the ppz/,2 mutant and the strain
overexpressing the inhibitory Hal3p subunit exhibited
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Fig. 5. Analysis of Pmalp activity in vitro and in vivo. (A) ATPase
activity of plasma membranes purifed from glucose-fed cells was
assayed at pH 6.5. DBY746 (squares), and DBY746 ppzl::URA3
ppz2::TRPI (circles). Each reaction contained 2 pg of protein and the
samples were incubated at 28°C for 60 min. Each data point represents
the average of two independently isolated membrane preparations each
assayed in duplicate. Standard deviations were <5%. (B) The strains
indicated (DBY746 [pRS699], DBY746 [pRS699-HAL3] and DBY746
ppzl::URA3 ppz2::TRP1) were grown to mid-log phase, harvested,
washed and resuspended in sterile water and incubated for 3 h at 28°C.
Cells (30 mg) were then suspended in 10 ml of assay buffer and pH
changes were recorded after the addition of 200 umol of glucose. Cells,
glucose and HCI (400 nmol for calibration) were added where
indicated. Similar results were observed in two separate experiments
and after overnight starvation at 4°C.

decreased acidification as compared with control cells. As
Pmalp has a relatively acidic optimum pH (Portillo and
Serrano, 1989), these results probably reflect a decrease in
the in vivo activity of the enzyme due to intracellular
alkalinization.

Strains with increased Ppz activity are defective in
Rb* uptake

Having discarded a role for Pmalp, we next examined
whether changes in potassium transport could be detected
in strains with increased Ppz activity (lacking HAL3 or
overexpressing PPZI). We chose this complementary
approach based on previous experiments with the Trk1,2p-
regulating protein kinases, Hal4,5p showing that, probably
due to the biochemical properties of the transporters,
increases in Rb* uptake are difficult to detect. Moreover,
reduced Rb* uptake was shown to be a reliable measure-
ment for perturbations in K* transport (Mulet et al., 1999).
Decreases in rubidium uptake were observed in strains
either lacking HAL3 or overexpressing PPZI under the
control of a galactose-inducible promoter (Figure 6). In
addition, we observed the expected increase in steady
state potassium levels in strains overexpressing HAL3
(96.5 = 0.7 compared with 78.5 = 2.1 mM in the control
strain carrying the empty vector) and the expected
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Fig. 6. Rb* uptake is modulated by the gene dosage of both HAL3 and
PPZI. (A) The strains indicated, W303-1A (diamonds); W303-1A
hal3::LEU2 (squares); W303-1A hal4::LEU2, hal5::HIS3 (triangles),
were grown to exponential phase in selective media, washed and
incubated in the potassium starvation medium for 4 h. After further
washing, the uptake of 0.2 mM Rb was determined by HPLC analysis
as described in Materials and methods. (B) The experiment was
performed as described in (A), except that PPZI expression was
induced by incubation in galactose medium before the potassium
starvation procedure. W303-1A [pYES2] (diamonds); W303-1A
[pPYES2-PPZI] (squares). Data are the average of triplicate
determinations and the error bars represent the standard deviation

for each point.

decrease in PPZI-overexpressing strains (70.4 = 0.6
compared with 81.0 = 0.8 mM under the test conditions).
These data are in good agreement with results showing
that strains lacking PPZ1,2 have a higher intracellular pH,
very likely due to the increase in internal potassium
concentrations.

Addition of exogenous KCI partially recovers the
slow-growth phenotype of PPZ1-overexpressing
stains

Having observed a marked decrease in Rb* uptake in
strains conditionally overexpressing PPZI, we hypothe-
sized that part of the slow-growth phenotype may be
attributed to sub-optimal internal K* concentrations. As
depicted in Figure 7, strains overexpressing PPZI clearly
show an improvement in growth rate when plates are
supplemented with KCI. Not surprisingly, growth is not
recovered to wild-type levels, as unregulated, low affinity
potassium uptake is unlikely to completely ameliorate the
PPZI-induced cell cycle block. Nevertheless, this result
provides preliminary evidence indicating that the alter-
ations observed in potassium transport are responsible not
only for salt tolerance, but also for the cell cycle
progression phenotypes of strains with genetically altered
levels of Ppz activity.

Ppz phosphatases regulate potassium homeostasis
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Fig. 7. Addition of exogenous KCI partially rescues the slow-growth
phenotype of a PPZI-overexpressing strain. The strains indicated
(W303-1A [pYES2] and W303-1A [pYES2-PPZI]) were grown to
saturation in selective media and then serially diluted and spotted on to
plates with or without the addition of 0.1 M KCl, and using glucose (A)
or galactose (B and C) as the carbon source (to induce PPZ1
expression). Images of the plates in (A) were taken after 2 days. (B)
and (C) depict the same plates imaged after 3 or 7 days, respectively.
Similar results were observed in two separate experiments and with
addition of 0.1 or 0.05 M KCI.

Examination of the TRK1,2 dependence of toxic
cation tolerance in strains with decreased

Ppz activity

We next studied the epistatic interaction between Ppz and
the high affinity K* transporters encoded by the TRKI,2
genes with respect to tolerance to toxic cations. Figure 8A
shows that both ppzl,2 and HAL3-mediated tolerance to
hygromycin B, spermine and tetramethyl ammonium are
completely dependent on the presence of the TRKI,2
genes (compare with Figure 2). Additionally, lithium and
sodium chloride tolerance phenotypes observed upon
overexpression of HAL3 are TRKI,2 dependent. How-
ever, the disruption of PPZI,2 retains some tolerance to
these cations even in strains lacking TRK1,2. We therefore
analysed the steady state concentrations of both K* and
Na* in strains grown in the presence of 0.8 M NaCl
(Figure 8B). We observed that the K*/Na* ratio was
reversed in strains lacking PPZ1,2 as compared with the
wild-type control, thus demonstrating that the absence of
PPZI1,2 confers salt tolerance by accumulating K*. In
addition, we show that this K* accumulation is TRK/,2
dependent. Interestingly, the mutated strain lacking
PPZI1,2 and TRKI,2, while displaying tolerance in the
growth assays, accumulates more Na* than the mutant
lacking only TRKI,2. This result demonstrates that the
remaining tolerance of the trk1,2 ppzl,2 strain is not due to
increased sodium extrusion by ENA, but is most likely due
to sequestration of excess Na* in the vacuole. This
hypothesis is based on several studies documenting a
similar phenotype in yeast overexpressing the vacuolar
Na*/H* exchanger encoded by the NHXI gene from both
S.cerevisiae and Arabidopsis thaliana (Nass et al., 1997,
Gaxiola et al., 1999; Darley et al., 2000).

ppz1,2-mediated alterations in amino acid uptake
are TRK1,2 dependent

To examine the TRK1,2 dependence of ppzl,2 phenotypes
in a short-term biochemical assay, we measured leucine
uptake in the corresponding strains. Amino acids have
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Fig. 8. Characterization of the tolerance to toxic cations mediated by YEp-HAL3 and ppzl,2 in the trkl,2 background. (A) The strains indicated
(W303-1A trkl::LEU2 trk2::HIS3 [YPGE1S], W303-1A trkl::LEU2 trk2::HIS3 [YPGE15-HAL3] and W303-1A trkl::LEU2 trk2::HIS3 ppzl::URA3
ppz2::TRP1) were grown to saturation in selective media supplemented with 0.2 M KCl, serially diluted in sterile water and spotted on to YPD plates

containing the indicated amount of cations. Images were taken after 2-3

days (top panel) or 6 days (lower panel) of incubation at 28°C. Identical

results were obtained from at least three independent colonies in three separate experiments. (B) The strains indicated were grown to ODggo = 0.5
in YPD media containing 0.8 M NaCl. Cells were washed extensively with 1.2 M sorbitol, 10 mM MgCl,, lysed by boiling and after centrifugation
to remove cellular debris, internal ion concentrations were determined by HPLC analysis, as described. Similar results were observed in two

separate experiments.

been shown to be symported with protons, thus their
uptake will be directly influenced by the internal pH of the
cell (Vallejo and Serrano, 1989). As shown in Figure 9,
strains lacking ppzl,2 display both increased initial rates
and overall uptake of radiolabelled leucine, as compared
with the wild-type control. This result is in good agree-
ment with previous experiments demonstrating a relatively
alkaline pH for this strain, which would create a more
favourable pH gradient for amino acid symport. We
observed that this phenotype also requires the presence of
the TRK1,2 genes, as the trkl,2 ppzI,2 strain shows similar
uptake to the strain lacking only #rkl,2. We corroborated
this experiment with internal pH measurements, using
HTPS as described earlier. No change in internal pH was
observed in trkl,2 ppzl,2 strains as compared with trkl,2.

Sensitivity to both caffeine and calcofluor white of
the ppz1,2 strain is partially relieved by disruption

of TRK1,2

Previous studies have established a role for Ppz in the
maintenance of osmotic stability. Strains lacking PPZ1,2
are sensitive to caffeine and this sensitivity can be
ameliorated by the addition of sorbitol (Posas et al.,
1993). In addition, disruption of PPZI exacerbates the
lytic phenotype of the mpkl mutant. The double mutant
requires media supplemented with sorbitol for optimal
growth (Lee et al., 1993). We postulated that this effect
could be due to the combination of a weaker cell wall,
caused by lack of MPK1, and increased turgor pressure as
a result of increased Trk activity in the ppz/,2 mutant. As
reported previously, disruption of PPZ1,2 causes sensi-
tivity to very low concentrations of caffeine. This
sensitivity is partially rescued by the disruption of trkl,2
in the ppzl,2 mutant (Figure 10). As the mechanism of
toxicity of caffeine is not clearly defined, we corroborated
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these observations using another compound known to
weaken the cell wall, calcofluor white. This compound is a
negatively charged fluorescent dye that binds to nascent
chains of chitin and glucan, thus preventing microfilament
assembly and proper supramolecular organization of the
cell wall (Lussier et al., 1997). Strains lacking PPZI,2
display sensitivity to calcofluor white and, as observed
with caffeine, this sensitivity is relieved by disruption of
TRK1,2 in the ppzl,2 background (Figure 10B).

a-factor recovery

To determine whether the cell cycle effects observed in
strains with decreased Ppz activity described previously
were also dependent on the presence of TRKI,2, we
performed o-factor recovery assays. Augmented recovery
from o-factor has been shown to correlate with changes in
the kinetics of transcription of G, cyclins (Di Como et al.,
1995; Clotet et al., 1999). In both cases, the ability of
ppzl,2 or YEp-HAL3 strains to accelerate recovery from
the G, block imposed by o-factor required the presence of
the TRK1,2 genes (Figure 11), again suggesting that
changes in potassium transport are responsible, at least in
part, for the phenotypes observed in strains with reduced
Ppz activity.

Discussion

Alterations in the activity of the Ppz protein phosphatase
affect salt tolerance, cell wall integrity and cell cycle
progression in the yeast S.cerevisiae. In this report, we
show that strains lacking PPZI and -2, or overexpressing
the gene encoding an inhibitory subunit, Hal3p, provide
salt tolerance in the absence of ENAI-4 and display
phenotypes characteristic of strains with altered membrane
potential. Accordingly, ppz1,2 strains have a more alkaline
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Fig. 9. ppzl,2-mediated changes in leucine uptake depends on the
presence of TRK1,2. Determination of ['“C]leucine uptake was
performed as described (Pascual-Ahuir ef al., 2001). Data are the
average of three separate experiments and error bars represent the
standard deviation for each point. W303-1A (filled circles); W303-1A
ppzl::URA3, ppz2::TRP1 (open circles); W303-1A trkl::LEU2
trk2::HIS3 (filled squares); W303-1A trkl::LEU2 trk2::HIS3
ppzl::URA3 ppz2::TRP1 (open squares).
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Fig. 10. Sensitivity of the ppz/,2 strain to both caffeine and calcofluor
white is relieved by further disruption of 7RK1,2. The strains indicated:
W303-1A; W303-1A ppzl::URA3 ppz2::TRP1; W303-1A trkl::LEU2
trk2::HIS3; and W303-1A trkl::LEU2 trk2::HIS3 ppzl::URA3
ppz2::TRP1, were grown to saturation in selective media, serially
diluted in sterile water and spotted on to YPD plates containing the
indicated amount of caffeine (A) or calcofluor white (B). Images were
taken after 2-3 days of incubation at 28°C. Identical results were
observed in at least two separate experiments.

cytoplasmic pH, as demonstrated by direct measurements,
superinduction of alkaline-responsive genes (such as
ENAI), and pH-sensitive growth and salt tolerance
phenotypes.

Previous reports have suggested that loss of Ppz activity
confers salt tolerance by up-regulating the transcription of
ENAI. Our current data demonstrate that loss of Ppz
activity regulates ENAI transcription in response to
cytosolic alkalinization, not saline stress. Alkaline stress
is an extremely potent and sensitive elicitor of ENAI
transcription (Garciadeblas er al., 1993). Minor increases
in pH have a strongly additive effect with respect to saline
induction of ENAI transcription (L.Yenush, unpublished
results). Accordingly, we have observed that relative
increases in the salt induction of ENA/ in strains lacking
PPZ1,2 are observed at an external pH of 7, but not of 6
(data not shown). Moreover, we observed that strains
lacking PPZ1,2 respond to chronic saline stress, not by
appreciably decreasing the internal concentrations of
sodium, which would be expected for strains with
increased ENA I induction, but by increasing the potassium
content (Figure 8B). Thus, the apparent discrepancies
between our current results and previous reports can be
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Fig. 11. YEp-HAL3- and ppzl,2-mediated o-factor recovery depends
on the presence of TRK1,2. The strains (A) W303-1A; W303-1A
ppzl::URA3 ppz2::TRP1; W303-1A trkl::LEU2 trk2::HIS3; W303-1A
trk1::LEU2 trk2::HIS3 ppz1::URA3 ppz2::TRP1 and (B) W303-1A
[YPGE15]; W303-1A [YPGE15-HAL3]; W303-1A trkl::LEU2
trk2::HIS3 [YPGE1S]; W303-1A trkl::LEU2 trk2::HIS3 [YPGE1S5-
HAL3] were grown to an OD of 0.4 in complete media and the assay
was performed as described in Materials and methods. Images of the
plates were taken after 48 h and similar results were observed in four
separate experiments.

explained as follows: decreases in Ppz activity do regulate
ENAI transcription, as reported previously, but in response
to alkaline, not saline stress. This induction of the ENAI
gene will undoubtedly contribute to the strong salt
tolerance phenotype of strains with decreased Ppz activity,
and this increase in Enalp activity is detectable in short-
term biochemical assays. However, a TRK1,2-dependent
increase in intracellular potassium is largely responsible
for the adaptive response of these strains to salt challenge.

Previous studies have established an important role for
alterations in membrane potential in determining salt
tolerance. For example, absence of the hydrophobic
polypeptide encoded by the PMP3 gene causes an increase
in the membrane potential, non-specific influx of cations
and the expected salt sensitivity (Navarre and Goffeau,
2000). On the other hand, a reduction in the activity of the
proton ATPase, Pmalp, either by mutagenesis or by
removing the activating kinase, Ptk2p, results in a decrease

925



L.Yenush et al.

in membrane potential, accompanied by decreased cation
uptake, thus resulting in salt tolerance (Goossens et al.,
2000). A third example involves the high affinity potas-
sium transporters encoded by the TRKI,2 genes.
Disruption of TRK1,2 or their activating kinases, encoded
by the HAL4 and HALS5 genes, causes a hyperpolarization
of the membrane and salt sensitivity (Madrid et al., 1998;
Mulet et al., 1999). Alternatively, overexpression of
HAIL4,5 decreases the membrane potential and confers
salt tolerance (Mulet et al., 1999).

The in vitro activity of the H*-ATPase, Pmalp, is not
altered in strains lacking ppzl,2. However, defects in
rubidium uptake are detected in strains conditionally
overexpressing PPZI or lacking hal3, a situation expected
to be analogous to disruption of HAL4,5. Moreover, the
genes encoding the K* transporters Trk1,2p are required
for ppzl,2- and HAL3-mediated tolerance to toxic con-
centrations of a subset of polycations and other phenotypes
discussed below.

Although decreased activity of Pmalp and increased
activity of Trk1,2p both result in a decrease in membrane
potential by decreasing the negative charge at the inner
leaflet of the plasma membrane, they have opposing
effects on the internal pH of the cell. A decrease in proton
efflux caused by Pmalp mutations acidifies the cytosol
(Portillo and Serrano, 1989). On the other hand, an
increase in Trk1,2p activity should cause an alkalinization
due to proton efflux needed to maintain the electrical
balance in response to increased internal potassium
concentrations. Our data strongly support this hypothesis.
In strains lacking PPZ1,2, we observed a relative increase
in the internal pH and many ppzI,2 phenotypes are pH
dependent, including growth, salt tolerance and induction
of alkaline-responsive genes. All of these observations are
consistent with the hypothesis that strains lacking ppzI,2
have a higher cytosolic pH and thus arrive at conditions of
alkaline stress at lower external pH. In addition, we
observed a TRKI,2-dependent change in amino acid
uptake consistent with the expected alterations in the
cytosolic pH of the respective strains.

We present two different assays that are consistent with
the hypothesis that the negative effect on cell wall stability
observed in strains lacking PPZI,2 is also due to the
increase in Trk activity. Using both caffeine and calcofluor
white, two compounds known to compromise cell wall
stability, we show that the sensitivity observed in ppzl,2
strains is relieved by additional disruption of TRKI,2.
Taken together, these results indicate that the negative
effect on cell wall integrity observed in strains lacking
PPZ1,2 is at least partially due to the incremented turgor
pressure caused by increased internal potassium concen-
trations.

Changes in the activity of the Ppz phosphatase have also
been shown by several different experimental approaches
to affect cell cycle progression (Clotet et al., 1996, 1999).
In fact, HAL3, also known as SIS2, was cloned as a
multicopy suppressor of the cell cycle defect observed in
strains lacking the gene encoding the Sit4p protein
phosphatase (Di Como et al., 1995). It was subsequently
shown that this effect of Hal3p was due to its ability to
inhibit Ppzlp (Clotet et al., 1999). However, the mech-
anism of this effect was completely unknown. Here we
present data that the effects of Hal3p and Ppz1p on the cell

926

cycle are at least partially attributable to alterations in
potassium and pH homeostasis. First, we demonstrate that
the PPZI-induced cell cycle defect is partially rescued by
addition of exogenous KCl. This result suggests that at
least part of the defect caused by overexpression of PPZ]
is due to a lack of intracellular potassium. We also show
that the effects of disrupting PPZI,2 or overexpressing
HAL3 on o-factor recovery require functional TRKI,2
genes. In our experimental system, recovery from o-factor
has been shown to correlate with an acceleration in the
expression of G cyclins, bud formation and DNA
replication (Di Como et al., 1995; Clotet et al., 1999).
Thus, our data indicate that high affinity potassium uptake
is required for these processes.

The results presented here indicate strongly that Trk1,2p
are downstream mediators of Ppz-dependent phenotypes.
Whether or not Trk1,2p are direct substrates of Ppz is
currently under investigation. We observe no difference in
the relative amounts of TRK1,2 mRNA upon disruption of
PPZ1,2, suggesting that transcriptional regulation is not
involved (data not shown). The observation that over-
expression of HAL3 is able to provide salt tolerance in a
hal4,5 mutant demonstrates that the phenotypes caused by
a decrease in Ppz activity do not require these kinases
(L.Yenush, unpublished observations). Given that over-
expression of HAL4,5 and decreased activity of Ppz have
been shown to activate Trkl,2p, it is possible that these
enzymes control these transporters directly through modu-
lation of their phosphorylation state. Future studies will be
aimed at clarifying this important point.

The translation elongation factor, 1Boa, has been
identified as being hyperphosphorylated in a ppzl,2
mutant; however, direct dephosphorylation by Ppz could
not be demonstrated (de Nadal et al., 2001). Moreover, as
the pattern of phosphorylation in a ppzl,2 mutant is very
similar to that of a wild-type strain (de Nadal et al., 2001),
it is likely that Ppz does not have a wide range of
substrates. Therefore, the hypothesis that the various
phenotypes mediated by this phosphatase are attributable
to the regulation of specific proteins, such as Trkl,2p, is
very plausible.

Here we provide evidence that the modulation of a
single physiological parameter, intracellular K* concen-
trations (and the concomitant change in cytosolic pH), has
implications for toxic cation tolerance, cell wall integrity
and cell cycle regulation. To our knowledge, this is the first
study that provides both genetic and biochemical evidence
linking potassium transport and both cell wall integrity and
cell cycle progression. Increases in internal potassium
concentrations caused by alterations in the regulation of
the Trk transporters change several physiological para-
meters in the cell. First, membrane potential is decreased,
lowering the amount of toxic cations entering the cell non-
specifically and thus providing salt tolerance. Secondly,
turgor pressure is increased, exacerbating any weakening
of the cell wall (such as addition of calcofluor white).
Thirdly, as internal potassium increases so does the pH of
the cytoplasm. Although the mechanism by which changes
in Trk activity effect progression of the cell cycle have yet
to be worked out, our results provide good preliminary
evidence for a causal relationship between intracellular ion
homeostasis and a potential cell cycle checkpoint, possibly
at the level of G; cyclin gene expression. Future
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Table I. Yeast strains used in this study

Strain Relevant genotype Reference?®

DBY746 Mato. ura3-52 leu2-3 leu2-112 his3-Al trpl-289 A.Rodriguez-Navarro
LY 78 DBY746 [pRS699]

LY 79 DBY746 [pRS699-HAL3]

LY 83 DBY746 ppzl::URA3 ppz2::TRP1 Posas et al. (1995)
LY 85 DBY746 enal-4::HIS3

LY 105 DBY746 enal-4::HIS3 [pRS699]

Goosens et al. (2000)

LY 106 DBY746 enal-4::HIS3 [pRS699-HAL3]

LY 102 DBY746 enal-4::HIS3 ppzl::URA3 ppz2::TRPI

W303-1A Mata ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1
LY 126 W303-1A [pYPGE15]

LY 127 W303-1A [pYPGE15-HAL3]

LY 139 W303-1A ppzl::URA3 ppz2::TRPI

WA3 W303-1A trkl::LEU2 trk2::HIS3

Mulet et al. (1999)

LY 124 W303-1A trkl::LEU2 trk2::HIS3 [pYPGE15]
LY 125 W303-1A trkl::LEU2 trk2::HIS3 [pYPGE15-HAL3)

LY 140 W303-1A trkl::LEU2 trk2::HIS3 ppzl::URA3 ppz2::TRPI
LY 134 W303-1A [pYES2]

LY 135 W303-1A [pYES2-PPZI]

aUnless indicated otherwise, all strains are from this study.

experiments will determine whether, for example, either
the SBF transcription factor (Swi4—Swi6) or the regulatory
system that activates it (Iyer et al., 2001) are pH or
K* sensitive.

Materials and methods

Yeast strains and culture conditions

All strains of S.cerevisiae used in this work are listed in Table 1. YPD
contained 2% glucose, 2% peptone and 1% yeast extract. Where indica-
ted, YPD was supplemented with 50 mM Bis-Tris {[bis-(2-hydroxy-
ethyl)-imino]-#ris-(hydroxymethyl)-methane} (pKa 6.5, CalBiochem)
and pH adjusted to 6, 7 or 7.5 with HCI. Synthetic medium (SD)
contained 2% glucose, 0.7% yeast nitrogen base (Difco) without amino
acids, 50 mM MES [2-(N-morpholino)ethanesulfonic acid] adjusted to
pH 5.5 with Tris, and the amino acids and purine and pyrimidine bases
required by the strains. The growth of yeast strains under different stress
conditions was assayed by spotting serial dilutions of saturated cultures on
YPD plates containing the indicated amounts of cations.

Plasmids and gene disruptions

HAL3 was overexpressed by inserting the PCR-derived open reading
frame into the EcoRI and Xhol sites of pYPGEILS5 (2 um origin, URA3
marker, constitutive promoter from the PGK gene) (Brunelli and Pall,
1993) or the Xhol site of pRS699 (YEp352-derived vector; Hill et al.,
1986), with promoter and terminator of PMAI inserted into the HindIIl
site, separated by an Xhol linker for cloning. Construction of the
ppzl::URA3 and ppz2::TRPI disruption cassettes has been described
previously (Posas et al., 1993; Clotet et al., 1999). The trkl,2 ppzl,2
strain was constructed by disrupting PPZ] and PPZ2 in a strain lacking
functional copies of TRK1,2 (Mulet et al., 1999). Disruptions were
confirmed by genomic PCR. Disruption of enal-4 was carried out as
described (Ferrando et al., 1995). The multi-copy, galactose-inducible
pYES2-PPZI plasmid was constructed by inserting the PCR-derived
open reading frame into the BamHI and Spel sites of the vector
(Invitrogen). The HAL3 gene was disrupted as described (Ferrando et al.,
1995).

Northern blot analysis

Total RNA was isolated from yeast cells that were grown to mid log-
phase in buffered YPD adjusted to pH 6 or 7. Approximately 20 pg of
RNA per lane were separated in formaldehyde gels and transferred to
nylon membranes (Hybond-N; Amersham). Radioactively labelled
probes were hybridized in PSE buffer (300 mM sodium phosphate
pH 7.2, 7% SDS, 1 mM EDTA). Probes used were as follows: a 3.3 kb
PCR fragment spanning the entire ENA/ gene, amplified from plasmid
ML38O (a kind gift from Dr Martin Luebe), PCR fragments representing
nucleotides 77-706 of TBP1, 1-1388 of PHOI1 and 1-1821 of ENBI,

amplified from chromosomal yeast DNA. Signal quantification was
carried out using a Fujifilm BAS-1500 phosphoimager.

Assays for the Pma1 ATPase

In vitro Pmalp activity was assayed from purified plasma membranes
isolated after glucose treatment, as described (Portillo and Serrano, 1988,
1989; Goossens et al., 2000). Protein concentration was measured using
the Bradford reagent (Bio-Rad, Hercules, CA) and bovine globulin as the
standard. Proton efflux from the cells was measured at pH 4.0 after 3 h of
starvation at 28°C and re-addition of glucose (Serrano, 1980).

Rubidium uptake

Cells were inoculated in AP medium [2% glucose, 10 mM KCl, buffered
with 80 mM H3;PO, (taken to pH 6.5 with Arg-base, 0.2 mg/l FeCls,
1 mM MgSO,, 0.1 mM CaCl,), supplemented with the following
vitamins and oligoelements: 20 ng/ml biotin, 500 ng/ml calcium
pantotenate, 500 ng/ml nicotinic acid, 2 pg/ml thiamine chlorhydrate,
2 ug/ml pyridoxine chlorhydrate and 100 pg/ml inositol, 20 ng/ml
folic acid, 200 ng/ml riboflavin and 200 ng/ml p-aminobenzoic acid,
500 ng/ml H3BOy, 50 ng/ml CuSO,, 100 ng/ml KI, 400 ng/ml MnSOy,
200 ng/ml Na,MoQOy, ZnSO,4] and grown overnight until an ODggo of
~0.4, then washed twice with 20 mM MgCl, and resuspended in AP
medium without potassium. After 30 min of starvation 10 ml aliquots
were taken, washed with 20 mM MgCl, and resuspended in 0.2 ml of
buffer containing 2% glucose, 50 mM succinic acid and 20 mM MgCl,.
After 5 min, 5 mM RbCl was added and at the times indicated aliquots
were taken, washed twice in MgCl, and resuspended in 0.5 ml of MilliQ
water. Ions were extracted by heating the cells for 10 min at 95°C and
then quantified by HPLC analysis.

For measurement of the strains overexpressing PPZ1, cells were grown
in AP medium containing 10 mM of potassium to an ODggo of ~0.4,
transferred to APGal media (AP media, but substituting the glucose by
galactose) to induce PPZI expression and left overnight. At an ODggo of
~0.6, cells were washed twice with 20 mM MgCl, to remove all traces of
potassium and resuspended in APGal without potassium. After 30 min of
starvation, 10 ml aliquots were resuspended in a medium containing 2%
galactose, 50 mM succinic acid pH 5.5 and 20 mM MgCl,. After 5 min
incubation, 5 mM RbCl was added to the reaction and uptake was
measured at the times indicated.

HPLC analysis

Sodium, potassium and rubidium ions were measured by HPLC
chromatography (Waters), using an IC-PakCation M/D column and a
Waters 432 conductivity detector. Elution was performed using an
isocratic flux of 0.1 mM EDTA, 3 mM HNOs;, prepared with MilliQ
water (resistivity = 18.2 MQ/cm) as the mobile phase. Sample analysis
and preparation of standards was performed as described by the
manufacturer.
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Cytoplasmic pH measurements

Cytoplasmic pH was measured by monitoring the fluorescence changes of
HPTS (1-hydroxypyrene-3,6,8-trisulfonic acid; Sigma), essentially as
described (Pena et al., 1995). Briefly, cells were grown in 250 ml of YPD
to mid-log phase, collected by centrifugation, washed twice and starved
overnight at 4°C in 10 ml of sterile water. Cells were then adjusted to a
concentration of 0.5 mg/ml in water. HTPS (2.85 uM) was added to
0.7 ml of cell suspension in a cuvette with a 4 mm gap. A single pulse of
1500 V, 25 uF and 200 Q with a duration of ~2.8 ms was applied. Cells
were then washed extensively and resuspended in water to a final volume
of 0.7 ml. Fluorescence was measured using an LS 50B luminescence
spectrometer and FL. Winlab software (Perkin Elmer) at an excitation
wavelength of 460 nm and an emission wavelength of 509 nm, a slit
width of 4 nm and 5 pg of cells. Measurements were taken at an external
pH of 6.0 (0.1 M MES adjusted with 0.1 M triethanolamine). Maximal
and minimal fluorescence were obtained by adding NH,OH and
CH;3COOH to final concentrations of 0.1 M.

["“Clleucine uptake
Leucine uptake experiments were performed as described (Pascual-Ahuir
et al., 2001).

Pheromone response and recovery

The strains indicated were grown in YPD media to mid-log phase and
equal numbers of cells were added to top agar (YPD with 0.7% agar) and
spread evenly on YPD plates. Immediately after solidification, sterile
cellulose discs (0.6 cm; Difco) with 14 ug of synthetic o-factor (Sigma)
were placed on the nascent lawn. Images of plates were taken after a 48 h
incubation at 28°C.
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