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ABSTRACT Components of cellular stress responses can
be identified by correlating changes in stress tolerance with
gain or loss of function of defined genes. Previous work has
shown that yeast cells deficient in Ppzl protein phosphatase
or overexpressing Hal3p, a novel regulatory protein of un-
known function, exhibit increased resistance to sodium and
lithium, whereas cells lacking Hal3p display increased sensi-
tivity. These effects are largely a result of changes in expres-
sion of ENAI, encoding the major cation extrusion pump of
yeast cells. Disruption or overexpression of HAL3 (also known
as S1S2) has no effect on salt tolerance in the absence of PPZ1,
suggesting that Hal3p might function upstream of Ppzlp in a
novel signal transduction pathway. Hal3p is recovered from
crude yeast homogenates by using immobilized, bacterially
expressed Ppzlp fused to glutathione S-transferase, and it
also copurifies with affinity-purified glutathione S-trans-
ferase-Ppzlp from yeast extracts. In both cases, the interac-
tion is stronger when only the carboxyl-terminal catalytic
phosphatase domain of Ppzlp is expressed. In vifro experi-
ments reveal that the protein phosphatase activity of Ppzlp is
inhibited by Hal3p. Overexpression of Hal3p suppresses the
reduced growth rate because of the overexpression of Ppzlp
and aggravates the lytic phenotype of a slf2/mpkl mitogen-
activated protein kinase mutant (thus mimicking the deletion
of PPZI1). Therefore, Hal3p might modulate diverse physio-
logical functions of the Ppzl phosphatase, such as salt stress
tolerance and cell cycle progression, by acting as a inhibitory
subunit.

Because of the relatively high toxicity of sodium, the mainte-
nance of low intracellular concentrations of this cation is a
general problem for virtually every cell type. Yeast cells can
actively exclude sodium (and lithium) to maintain appropriate
intracellular levels of these cations when their concentrations
increase in the environment. In Saccharomyces cerevisiae, the
Ser/Thr protein phosphatase Ppz1 is a major determinant for
salt tolerance (1). Ppzl represents a novel type of Ser/Thr
phosphatase characterized by a catalytic carboxyl-terminal
half related to type 1 phosphatase and an amino-terminal half
unrelated to phosphatases and rich in Ser and Thr, as well as
in basic residues (2). As far as we know, the PPZ phosphatase
gene represents the only case in which loss of function results
in increased salt tolerance. Deletion of PPZ2, a very related
gene (3, 4), has almost no effect, although the double mutant
has a tolerance to sodium and lithium somewhat higher than
the ppzl deletant. The increased sodium tolerance of ppzA
mutants can be attributed to an increased expression, even in
the absence of salt stress, of the ENAI/PMR2A gene (1). This
gene codes for a P-type ATPase (5, 6) responsible for sodium
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efflux and is the first unit of a tandem array of five genes (the
PMR?2 locus), encoding nearly identical proteins (6, 7). How-
ever, only the expression of ENAI/PMR2A is strongly induced
upon exposure of the cells to sodium, lithium, or high pH, and,
consequently, cells lacking ENA1/PMR2A are hypersensitive
to these cations.

The PPZ phosphatases also are involved in the maintenance
of cell integrity under other stress conditions. For instance,
exposure of ppzA mutants to caffeine or high temperature
leads to cell lysis. A connection between the PPZ phosphatases
and the protein kinase C/mitogen-activated protein (MAP)
kinase pathway has been documented (3, 8), because the
deletion of PPZ1 aggravates the lytic phenotype of a slt2/mpk1
MAP kinase mutant (3). However, there is no evidence that
the latter pathway might be closely connected to the sodium
tolerance pathways. We have also shown that, whereas deletion
of PPZI does not inhibit cell growth under standard condi-
tions, strong overexpression of the phosphatase results in an
intense growth defect (9).

In addition to the PPZ phosphatases, genetic approaches
based on gain or loss of function have identified several yeast
genes involved in sodium and lithium tolerance. Some exam-
ples are HALI (10), HAL2 (11, 12), HAL3/SIS2 (13), and the
genes encoding casein kinase-1 (14), casein kinase-2 (15),
protein phosphatase 2B (calcineurin) (16, 17), and the HOG1
MAP kinase (18). With few exceptions, the mechanisms
underlying the function of these gene products and the inter-
connections between them are unknown. Some regulatory
genes such as calcineurin (16, 17) and the HOG1 MAP kinase
(18) are required for the induction of the ENAI gene by salt
stress. Others, such as HAL3 (13, 18) and PPZ1 (1), modulate
both basal and salt-induced levels of ENA! to a similar extent
and, consequently, are not part of the pathways transducing the
salt stress signal. They therefore could correspond to novel
signal transduction pathways controlling ion homeostasis. An-
other similarity between HAL3 and PPZ is that changes in the
expression of any of these regulatory genes influence the
progression of the yeast cell cycle (9, 13). In fact, HAL3 is
allelic to SIS2, which was described as a gene whose overex-
pression rescued the Gi/S transition defect of sit4 mutants
(19). These similarities prompted us to clarify the possible
functional relationship between these two regulatory proteins.
In this report we present evidence that Hal3p influences salt
tolerance (and possibly cell cycle progression) in yeast cells by
acting on the Ppzl protein phosphatase as a negative regula-
tory subunit.

MATERIALS AND METHODS

Growth of Escherichia coli and Yeast Strains. E. coli strains
NM522 or DHS5«a were used as a host in DNA cloning and

This paper was submitted directly (Track II) to the Proceedings office.
Abbreviations: GST, glutathione S-transferase; MAP, mitogen-
activated protein; YPD, yeast extract/peptone/dextrose; CM, com-
Elete minimal.

+*To whom reprint requests should be addressed. e-mail: j.arino@
cc.uab.es.



7358 Biochemistry: de Nadal et al.

heterologous expression experiments. Bacterial cells were
grown at 37°C (unless otherwise stated) in Luria—Bertani
medium containing 50 pg/ml ampicillin, when needed, for
plasmid selection. Yeast cells were grown at 28°C in yeast
extract/peptone/dextrose (YPD) medium or, when indicated,
in CM synthetic medium (20). Unless otherwise stated, all
yeast strains generated in this work derive from strain JA-100
(MATa PPZ1 PPZ2 HAL3 ura 3-52 leu2-3, 112 trpl-1 his4
can-1").

Recombinant DNA Techniques. E. coli. cells usually were
transformed by using standard calcium chloride treatment
(21). Yeast cells were transformed by using a modification of
described methods (22). Restriction reactions, DNA ligations,
and other standard recombinant DNA techniques were carried
out as described (21). Gene disruptions were performed by
using the one-step technique (23). HAL3 was interrupted with
the LEU2 marker as described in ref. 13. The PPZI disruption
was as described (2). The PPZ2 gene was disrupted by replac-
ing a 0.95-kbp Hpal-Xhol fragment containing about 100 bp of
5" untranslated region plus most of the NH»-terminal coding
region by the 0.8-kbp Sall-Smal fragment containing the TRP1
gene, obtained from vector YDp-W (24). All disruptions were
verified by PCR.

Identification of a Physical Interaction Between Hal3p and
Ppzlp. The construction of the wild-type, R451L, and NH»-
terminally deleted (A1-344) forms of Ppz1 as GST fusions in
plasmid pGEX-KT (25) for expression in E. coli has been
described previously (9). A version of Ppzlp lacking residues
from 17 to 193 (A17-193) was constructed as follows. The
1.6-kbp BamHI-HindIIl fragment cloned into pBluescript
SK(+) (9) was excised with HindIII and Sa/l and cloned into
pSP72 (Promega). The construct was digested with Pvull and
BamHI and cloned into the BamHI and Smal sites of plasmid
pGEX-KT. The A241-318 mutant was prepared similarly by
using as a source plasmid pYC5Z1 (9). Expression was ac-
complished as in ref. 26 except that E. coli cells were induced
with 0.2 mM isopropyl B-D-thiogalactoside for 3 hr at 25°C.
Purification of the fusion proteins was carried out as described
(26) with some modifications. Briefly, the fusion proteins were
allow to bind to the glutathione-Sepharose 4B (Pharmacia)
affinity matrix (typically 50-100 ul) for 1 hr at 4°C, and the
beads were washed three times with buffer A (50 mM Tris-HCI,
pH 8/150 mM NaCl/1% Triton X-100) and twice with buffer
B (50 mM Tris-HCI, pH 8/0.1% 2-mercaptoethanol). For
interaction experiments, a given volume of beads was mixed
with total yeast extract for 1 hr at 4°C with gently shaking.
Beads were washed three times with buffer A and twice with
buffer B, boiled for 10 min in 50 ul of 2X SDS/PAGE sample
buffer, electrophoresed on 8% SDS-polyacrylamide gels, and
transferred to membranes. Total yeast extracts were prepared
as follows. Cells were grown up to an ODgg of 3, collected by
centrifugation, and disrupted with the aid of glass beads in the
presence of a buffer containing 100 mM Tris-HCI, pH 7.5/150
mM NaCl/1 mM EDTA/1 mM DTT, plus an antiprotease
mixture (0.5 mM phenylmethylsulfonyl fluoride/1 pg/ml leu-
peptin/0.5 mM benzamidine/1 ug/ml pepstatin). The mixture
was centrifuged at 750 X g for 10 min at 4°C to remove glass
beads and cellular debris, and the supernatant subsequently
was used for interaction experiments.

Expression in yeast cells of GST-fused versions of wild-type
and A1-344 forms of Ppzlp from a centromeric vector was
accomplished as follows. The GST moiety was amplified from
plasmid pGEX-KT (25) by using oligonucleotides E3 (5'-
GCGGATCCAAAATGTCCCCTATACTAGGTTATTG-
3’) and E4 (5'-CGCGTCGACACGCGGAACCAGAC-
CACC-3"). The 0.68-kbp fragment was digested with BamHI
and Sall (underlined) and cloned into these sites of the
centromeric plasmid YCplacl11 (27) to yield YCp-GST. Oli-
gonucleotides E1(5'-CGGGTACCATGTTCAGATAGCT-
GCC-3") and E2 (5'-GCGGATCCGAAGGAAAGATAAG-
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CAGAG-3') were used to amplify the promoter region of
PPZ]1. This 456-bp fragment was digested with Kpnl/BamHI
(underlined) and placed upstream the GST sequence by
ligating it into these same sites of YCp-GST. This construct
then was digested with Sa/l and HindIII and used to clone the
entire PPZ1 ORF or the A1-344 form (obtained by Sall/
HindIII digestion from plasmids pYC1Z1 and pYC2Z1, re-
spectively, see ref. 9) to yield plasmids pYGST-C1Z1 and
pYGST-C2Z1. These constructs were used to transform strain
JA-101 (ppzIA). For affinity purification of GST-fused pro-
teins, yeast cells were grown in 40 ml of CM medium lacking
leucine, with 2% glucose, until an ODgg of 3. Cells were
collected, washed in 10 mM Tris-HCI, pH 7.5/0.3 M sorbitol/
0.1 M NacCl (buffer C) and disrupted with glass beads in the
presence of 0.8 ml of buffer C supplemented with 0.1%
2-mercaptoethanol and the antiprotease cocktail. Homoge-
nates were centrifuged at 4°C for 10 min at 750 X g and 0.5-0.6
ml of the supernatant (5 mg of proteins) mixed with 100 ul of
the affinity matrix at 4°C for 75 min. After extensive washing
with buffer C, the matrix was boiled for 10 min in the presence
of 150 ul of 2X sample buffer and aliquots were analyzed by
SDS/PAGE and transferred to membranes for immunoblot-
ting.

In Vitro Inactivation of Ppzlp by Hal3p. Ppzl phosphatase
activity was measured by using 3?P-labeled myelin basic protein
as substrate, in the presence of 25 mM MnCl,, essentially as
described (26). The final concentrations of the catalytic pro-
teins in the assays were 1.7 pg/ml (GST-Ppzl) and 3.7 pg/ml
(GST-A1-344). The assay mixture was supplemented with
different amounts of the Hal3p preparation (or buffer), to
achieve final concentrations between 0-12.6 pg/ml, and the
assay incubation was carried out for 10 min. Recombinant
GST-Hal3p was expressed in E. coli from plasmid pGEX-KG
as described (13) and purified by glutathione-Sepharose 4B
chromatography. To remove the GST moiety, one volume of
beads was incubated with one volume of thrombin in Tris-
buffered saline (10 units/ml) for 30 min at 20°C. The sample
was briefly centrifuged, and the supernatant (40-50 pg/ml of
protein) was made 0.1 mM phenylmethylsulfonyl fluoride and
stored at —80°C. To account for the presence of minor
amounts of lower-molecular-weight polypeptides, the amount
of the complete protein was evaluated in each case by running
samples in SDS-polyacrylamide gels and scanning Coomassie
blue-stained gels. Quantitation was made by comparison with
different amounts of BSA.

Other Methods. Salt and caffeine sensitivity assays were
performed in freshly prepared YPD or CM plates containing
different concentrations of the compound. Drop tests were
performed as in ref. 1. SDS/PAGE was carried out as in ref.
28. For immunological detection, proteins were transferred to
Immobilon P membranes (Millipore), blocked, and incubated
with the appropriate polyclonal antibody. Immunoreactive
proteins were identified with luminescence substrates (ECL,
Amersham).

RESULTS

Hal3p Can Be Placed Upstream of the Ppzlp Phosphatase.
To test the possibility of a functional connection between
Hal3p and Ppz1p, we constructed strains combining the hal3A
mutation with the deletion of PPZI, PPZ2, or both phospha-
tase genes and tested their growth at different concentrations
of lithium chloride (Fig. 1). Asit can be observed, lack of PPZ1,
but not of PPZ2, results in increased salt tolerance. Also as
expected, the deletion of HAL3 results in a decrease in
tolerance in wild-type cells (PPZ1 PPZ2) and in the PPZ1 ppz2
background. However, in cells lacking Ppzl (ppzI PPZ2 and
ppzI ppz2) the effect of the HAL3 disruption is not observed,
because no decrease in salt tolerance is detected when com-
pared with a strain carrying a functional copy of HAL3. It is
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Fic.1. Effecton the tolerance to lithium chloride of deletion of the
HALS3 gene in wild-type, ppzI A, ppz2A, and ppz1 A ppz2A backgrounds.
PPZ1 PPZ2 (A), ppz1A PPZ2 (B), PPZI ppz2A (C), and ppzIA ppz2A
(D) cells, carrying a wild-type (+) or deleted (—) HAL3 gene as
indicated, were grown at 28°C on YPD medium containing the
indicated concentrations of lithium chloride. Growth was scored after
3 days.

important to note that, despite the potency of the ppzIA
mutation, its combination with mutations that results in salt
hypersensitivity gives a clearly detectable decrease in toler-
ance, as it has been shown in the case of calcineurin (1). In
addition, overexpression of HAL3, which has been reported to
markedly increase salt tolerance in wild-type cells, does not
result in an additional increase in tolerance in ppz1 or ppzI ppz2
cells (not shown).

Hal3p Can Interact with Ppzlp and Inhibits Its Protein
Phosphatase Activity. The possibility that Hal3p might actually
regulate Ppzlp function on salt tolerance through direct
interaction was tested initially by constructing an affinity
system based in the expression of Ppzl in bacteria as a
GST-fusion protein. Recombinant GST-Ppzlp then was used
to bind the Hal3p present in yeast cell extracts. As shown in Fig.
2A, Hal3p is detected specifically by immunoblot analysis of
the material retained by the affinity system. Because the
692-residue Ppzl1 protein has two clearly defined moieties, the
carboxyl-terminal half, which corresponds to the phosphatase
domain, and the Ser/Thr-rich NH,-terminal half, we then
evaluated which could be the participation of both regions in
the interaction with Hal3p. To this end, different versions of
GST-fused Ppzl were expressed in E. coli and used in binding
experiments. Interestingly (Fig. 2B), the interaction was not
modified when the noncatalytically active (R451L) version of
the phosphatase was used. A relatively short deletion (A241-
318) near the end of the NH,-terminal half modestly increased
the intensity of the interaction. On the contrary, deletion of a
relatively large segment at the NH, terminus (A17-193) re-
sulted in a substantial increase in binding that was enhanced
further when the complete NH,-terminal half was removed
(A1-344). These results are compatible with the notion of
Hal3p interacting with the catalytic domain of the phospha-
tase.

The interaction between Ppzlp and Hal3p also can be
detected when both proteins are expressed in yeast cells at
physiological levels. GST-fused Ppzlp was expressed from a
centromeric plasmid from its own promoter to give protein
levels virtually identical to those obtained from expression of
the chromosomal gene (not shown). As shown in Fig. 3,
affinity-purified GST-Ppz1p from yeast extracts contain bound
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FiG. 2. Physical interaction between bacterially expressed Ppzlp
and cellular Hal3p. (4 Left) Inmunodetection of Hal3p in cell extracts.
Whole yeast extracts were prepared as described from strain JA-104
(hal3A) or wild-type strain JA-100 (containing the HAL3 gene in a
multicopy plasmid). Extracts were subjected to SDS/PAGE and
immunoblotted, and the Hal3 protein was detected with polyclonal
antibodies. (4 Right) Cell extracts (5 mg of total protein) from the
above-mentioned strains were mixed with recombinant GST or GST-
Ppzl bound to glutathione-Sepharose beads and processed as de-
scribed under Materials and Methods. The presence of Hal3p bound to
the affinity system was detected by using anti-Hal3p antibodies. (B)
Similar binding experiments (using about 1 mg of total yeast proteins)
were performed using as a bait: (a) GST-Ppz1, (b) GST-Ppz1(R451L),
(c) GST-Ppz1(A241-318), (d) GST-Ppz1(A17-193), and (e) GST-
Ppz1(A1-344). Because, in some cases, the preparations of the re-
combinant proteins contained small quantities of lower-molecular-
weight products, the amount of the complete proteins used as a bait
was estimated by Coomassie blue staining and/or immunoblot using
anti-Ppzlp antibodies. After immunoblot with the anti-Hal3p anti-
body, the intensity of the signals was corrected, in each case, for
possible differences in the amount of the bait proteins. The values
correspond to the increase (-fold) with respect to the signal given by
the GST-Ppzl product and are the mean = SEM of five independent
experiments. /nset shows a typical immunoblot experiment.

Hal3p. Only a small fraction (10-15%) of cellular Hal3p is
recovered as bound to GST-Ppzlp. Again, the amount of
bound Hal3p is greatly enhanced when only the COOH-
terminal moiety is expressed (about 75% of total Hal3p, as
estimated by Western blot analysis, Fig. 3), thus confirming the
notion that Hal3p can interact with the catalytic moiety of
Ppzlp.

The possibility that Hal3p could actually inhibit the phos-
phatase activity of Ppzl was tested by incubating GST-Ppzlp
in the presence of different amounts of recombinant Hal3p and
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FiG. 3. Immunodetection of Hal3p bound to different forms of
GST-Ppzl purified from yeast extracts. The indicated constructs in
plasmid YCplacl11 were expressed in yeast from the PPZ] promoter
and affinity-purified from total yeast extracts through a glutathione-
Sepharose matrix as described in Materials and Methods. The beads
were boiled in 150 ul SDS/PAGE sample buffer, and aliquots (40 wul)
were electrophoresed in 8% polyacrylamide gels. Proteins were trans-
ferred to membranes and incubated with anti-Hal3p antibodies (Up-
per). The material not bound to the affinity system also was subjected
to SDS/PAGE (75 pg of protein) and analyzed by immunoblot for the
presence of Hal3p (Lower).

determining the phosphatase activity of the mixture. As ob-
served in Fig. 4, recombinant Hal3p is able to produce a strong
inhibition of the Ppz1 phosphatase activity (up to 25% of the
initial activity) in a dose-dependent manner (calculated K; =
30 nM). Boiling of the Hal3p preparation for 5 min completely
abolished the inhibitory effect and incubation with different
amounts of the noncatalytic form of Ppzlp (R451L) reduced
the inhibition in a dose-dependent manner. Interestingly, the
bacterially expressed COOH-terminal half of PPZ1, which has
catalytic characteristics similar to those of the whole phospha-
tase, is inhibited even more effectively (calculated K; = 5 nM).

We have also observed (Fig. 5) that the overexpression of
the mutated R451L form of Ppz1p on a wild-type background
results in decreased salt tolerance. The intensity of the phe-
notype was very similar (but not additive) to that obtained by
deletion of the HAL3 gene. Because the R451L mutant,
although largely devoid of catalytic activity, is still able to bind
Hal3p similarly to the wild-type phosphatase (Fig. 2 and data
not shown), the observed phenotype can be explained on the
basis that the excess of the mutated phosphatase prevents
Hal3p from inhibiting the endogenous wild-type Ppzlp.

All these results support the notion that the negative effect
of Hal3p on salt tolerance can be explained through a direct
interaction between Hal3p and Ppzlp that results in inactiva-
tion of the phosphatase.

The Relationship Between Hal3p and Ppzlp also Extends to
Other Cellular Functions. We have reported (9) that strong
overexpression of PPZI from a GALI promoter causes a
severe growth effect. As shown here, high-copy expression of
the wild-type PPZ1 gene also results in poor growth, and this
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FiG. 4. In vitro inactivation of recombinant Ppzlp by Hal3p.
Purified GST-Ppzl (@) or the NH-terminally (A1-344) deleted
version (¥) was incubated in the presence of increasing concentrations
of Hal3p, and the phosphatase activity was determined as described.
The assay was carried out in a final volume of 30 ul. Data are mean *
SEM of three independent experiments.

is associated to an increase in the percentage of unbudded cells
(Fig. 6). We then considered the possibility that an increased
expression of HAL3 might counteract the mentioned effect by
blocking the excess of the Ppz1 protein. To test this hypothesis,
wild-type cells were transformed with multicopy plasmids
carrying PPZ1, HAL3, or both. As observed in Fig. 6, high-
copy-number expression of HAL3 restores normal growth of
cells overexpressing PPZ1.

It has been reported that deletion of the PPZ1 phosphatase
aggravates the lytic phenotype of a slt2/mpkl deletion mutant,

LiCl (mm)
100 200 400

F1G. 5. Overexpression of a catalytically inactive (R451L) version
of Ppz1 in wild-type yeast cells leads to lithium chloride hypersensi-
tivity. Strains J-100 (HAL3 PPZ1),JA-101 (HAL3 ppzIA), and JA-104
(hal3A PPZ1) were transformed with the indicated plasmid and, upon
selection, were plated in YPD medium containing the indicated
concentrations of lithium chloride. Growth was monitored after 3 days
of incubation at 28°C.

Strains Plasmid 0

YE
JA-100 .

YEpR451L

YE
JA-101 P

YEpR451L
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JA-104 R

YEpR451L
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F1G. 6. High-copy expression of HAL3 improves growth of cells
overexpressing PPZ1. (4) Wild-type strain JA-100 was transformed
with plasmid YEplac195 (27), carrying the URA3 marker (YEp), with
the same plasmid bearing the PPZ1 gene (YEp-PPZ1), with plasmid
YEp351 bearing the HAL3 gene (YEp-HAL3), or with both con-
structs, and plated in CM medium lacking uracil (to avoid loss of
YEp-PPZ1). Growth was scored after 2 days. (B) The wild-type strain
(JA-100) transformed with the indicated plasmids was grown in CM
medium lacking uracil. The strains that did not received the YEp-
PPZ1 plasmid also were transformed with plasmid YEplac195 to allow
growth in selective media. Cultures were collected at optical density
between 0.3 and 0.9 and the budding index was determined by
microscopic examination of the samples. Data are expressed as
percentage of unbudded cells (mean = SEM from five to eight
independent determinations).

so that cells cannot grow at 30°C unless osmotically stabilized
(for instance, in the presence of 1 M sorbitol). We show here
(Fig. 7) that overexpression of HAL3 from a high-copy-number
plasmid results in a phenotype that is reminiscent of that of the
ppzI mpkl double mutant. This is consistent with an inhibition
by Hal3p of the Ppzlp function in the MAP kinase pathway.
These results strongly suggest that, in addition to the salt
tolerance pathway, Hal3p can regulate other cellular functions
of the Ppz1 phosphatase.

DISCUSSION

Salt homeostasis in yeast is a complex process that involves
regulation of the uptake and efflux of sodium and potassium.
There is evidence that the efflux of sodium through the ENAI
transporter is mediated through multiple transduction path-
ways (18). The study of these processes in yeast can serve to
help understand the regulatory mechanisms in other organ-
isms, such as higher plants.

In this paper we present genetic and biochemical data
supporting the notion that Hal3p exerts its regulatory effect on
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FiG. 7. High-copy-number expression of HAL3 mimics the effect
of deletion of PPZ1 in a sit2/mpkI background. Wild-type strain 1788
(WT) and its derivatives DL456 (mpkl) and DL823 (mpkl ppzl) were
transformed with plasmid YEplacl81, to allow growth on synthetic
medium lacking leucine (—) or with plasmid YEp351 bearing the
HAL3 gene (+). Cells were grown at 30°C for 3 days on plates with or
without sorbitol.

salt tolerance by controlling the Ser/Thr protein phosphatase
Ppzl. The finding that the interaction of Hal3p with the
catalytic moiety of Ppzl is more effective than the interaction
with the entire protein suggests that a possible role for the
NH,-terminal half of Ppz1 might be to protect the phosphatase
from a complete inactivation by Hal3p. This interaction could
be very specific, because it has not been observed when testing
other Ser/Thr yeast phosphatases such as Glc7p or Ppglp
(unpublished results). Because our data suggest that in normal
growth conditions only a small fraction of Ppzlp is bound to
Hal3p, an attractive hypothesis would be that certain environ-
mental conditions (i.e., salt stress) might result in increased
binding of Hal3p to Ppzlp, which would lead to inhibition of
the phosphatase and, consequently, to cellular changes (i.e.,
increased expression of the ENAI gene).

The notion that Hal3p can act as a regulatory subunit of
Ppzlp is reinforced by the observation that, after subcellular
fractionation, both proteins are immunodetected in the same
fractions (data not shown) and that, on the basis of the in vitro
inhibition experiments, the affinity between Hal3p and Ppzlp
is within the same range of magnitude as that described for
several well defined inhibitors of the catalytic subunit of type
1 protein phosphatase (29-31). Ppzlp has been related not
only to the regulation of salt tolerance (1) but also to the
maintenance of cell integrity by interacting with the PKC1-
activated MAP kinase pathway (3, 8). In addition, overexpres-
sion of Ppzlp negatively affects cell growth (ref. 9 and this
work; see below). Our data indicate that all these phenotypes
associated with the Ppzlp function are under the control of
Hal3p. Therefore, this situation would be different than the
one described for the catalytic subunit of yeast type 1 phos-
phatase (encoded by the gene GLC7). In this case, it is known
that the deletion of the catalytic subunit is lethal (32, 33),
whereas lack of specific regulatory components produces only
specific, less dramatic phenotypes. For instance, lack of GACI
affects glycogen accumulation but not cell viability or other
cellular functions (34, 35). This suggests that the diverse
cellular roles attributed to type 1 phosphatase are the result of
specific interactions of the catalytic subunit with different
regulatory subunits. It is remarkable that the yeast genome
contains two putative genes (YOR054c and YKL088w) that
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code for proteins with a noticeable degree of identity with
Hal3p/Sis2p. Although a possible role of these proteins as
regulatory components of Ser/Thr phosphatases cannot be
discarded, we are not aware of any evidence for such a
function. Interestingly, a search of databanks also reveals that
putative homologues of Hal3p/Sis2p can be found in other
organisms, such as higher plants.

An interesting observation is that an excess of Ppzl nega-
tively affects cell growth. This effect is associated with an
increase in the percentage of unbudded cells, a phenotype
often observed in mutants delayed in the G;/S transition (36).
This might indicate a role of Ppzl in the regulation of cell
growth, perhaps by affecting some aspects of the cell cycle.
From our results, it is concluded that this component of the
Ppz1 function is also negatively regulated by Hal3p. It is worth
noting that the HAL3 gene has been isolated independently (as
S152) and characterized on the basis of its ability to increase,
when present in high-copy number, the growth rate of sit4
mutants (19). The SIT4/PPH]I gene encodes a type 2A-related
Ser/Thr protein phosphatase (37) that is required in late G, for
normal G; cyclin expression and for bud initiation (38, 39).
Interestingly, overexpression of HAL3/SIS2 stimulates the rate
of cyclin accumulation in sit4 mutants (19). An exciting
possibility, which is being tested in our laboratory, would be
that the described effect of HAL3/SIS2 on cell cycle also would
be mediated by Ppzl. In this case, the phosphatase might
represent a link between the existence of certain environmen-
tal conditions, such as exposure to sodium, and the decision to
progress through a new cell cycle.
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