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The regulation of intracellular ion concentrations is a fundamental property of living cells. Although many
ion transporters have been identified, the systems that modulate their activity remain largely unknown. We
have characterized two partially redundant genes from Saccharomyces cerevisiae, HAL4/SAT4 and HALS, that
encode homologous protein kinases implicated in the regulation of cation uptake. Overexpression of these
genes increases the tolerance of yeast cells to sodium and lithium, whereas gene disruptions result in greater
cation sensitivity. These phenotypic effects of the mutations correlate with changes in cation uptake and are
dependent on a functional Trk1-Trk2 potassium transport system. In addition, kal4 hal5 and trkl trk2 mutants
exhibit similar phenotypes: (i) they are deficient in potassium uptake; (ii) their growth is sensitive to a variety
of toxic cations, including lithium, sodium, calcium, tetramethylammonium, hygromycin B, and low pH; and
(iii) they exhibit increased uptake of methylammonium, an indicator of membrane potential. These results
suggest that the Hal4 and Hal5 protein Kkinases activate the Trk1-Trk2 potassium transporter, increasing the
influx of potassium and decreasing the membrane potential. The resulting loss in electrical driving force
reduces the uptake of toxic cations and improves salt tolerance. Our data support a role for regulation of

membrane potential in adaptation to salt stress that is mediated by the Hal4 and Hal5 kinases.

Monovalent and divalent cations such as protons and potas-
sium, sodium, calcium, and magnesium ions play multiple
essential roles inside eukaryotic cells. Nonetheless, each of
these ions must be maintained within a restricted concen-
tration range to avoid toxicity (59, 68). The maintenance of
internal ion concentrations in the face of widely ranging extra-
cellular conditions is mediated by complex homeostatic path-
ways. Potassium, the major cellular cation, is actively retained
so that it is present at very high concentrations internally. Po-
tassium concentrations are the principal determinant of such
physiological parameters as cell volume, turgor, and cytoplas-
mic ionic strength (which determines the optimal hydration
layer of macromolecules and membranes) (63, 78). The thresh-
old for the toxicity of other monovalent cations such as sodium
and lithium is much lower than that for potassium. Sodium and
lithium ions must be prevented from accumulating in the cy-
tosol to protect essential and sensitive enzymes, such as the
phosphatases of the Hal2 family (9, 46, 47).

Although many transporters for uptake and efflux of cations
have been identified at the molecular level (2, 38, 63), the
signal transduction pathways that regulate their activity and
determine the homeostasis of intracellular ions remain largely
uncharacterized. A better understanding of ion transporters
and their regulation would have considerable practical value.
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In medicine this knowledge has revealed that inherited defects
in ion homeostasis contribute to the risk of high blood pressure
(36), and in agriculture the understanding of the proteins in-
volved in ion homeostasis may permit the genetic engineering
of crop plants with increased salt tolerance (63).

Regulatory circuits for ion transport may have several com-
ponents that respond to different stimuli and may operate
through multiple signal transduction pathways. The signals
that trigger adaptive responses include turgor changes sensed
by membrane proteins and changes in the intracellular con-
centrations of cations such as potassium, sodium, and calcium
sensed by cytosolic proteins (63). Although knowledge about
signaling pathways for ion homeostasis in eukaryotic cells is
very limited, signaling components already identified include
stretch-activated channels (21, 34), two-component signal trans-
ducers sensitive to osmotic stress (77), mitogen-activated pro-
tein kinase cascades activated by osmotic stress (15, 40, 77),
“general” protein kinases such as protein kinase A (40), the
calcium-activated protein phosphatase calcineurin (3, 44, 49),
and transcription factors responsive to signals arising from os-
motic stress (34, 54) and to calcium-calcineurin (41, 43, 67).
The potential inputs modulating ion transporters may well in-
clude those operating during the cell growth and division cycle
(13, 53), during metabolic switches (1, 40, 54), and in general
stress responses (64).

Many of the recent advances in identifying ion transporters
and their regulators have come from molecular genetic studies
of the tolerance of the yeast Saccharomyces cerevisiae to salt
stress (63). In this organism, the electrogenic plasma mem-
brane H*-ATPase, encoded by the essential PMAI gene, gen-
erates an electrochemical proton gradient that drives the sec-
ondary transport of nutrients (61, 62). Glucose metabolism can
directly increase the expression of the PMAI gene by a mech-
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anism mediated via the Tufl/Rapl/Grfl transcription factor
(6) and the product of the APAI gene (16). In addition, this
proton pump is activated at the protein level by glucose me-
tabolism, which increases both its ATPase activity (60) and the
H"/ATP coupling ratio (71). This regulation is effected by in-
activation of an inhibitory domain at the carboxyl terminus of
the enzyme (52), perhaps mediated via phosphorylation of Ser-
899 (11). This regulatory domain also participates in the acti-
vation of the ATPase upon decreases in intracellular pH (4).
The upregulation of Pmal activity and consequent increased
electrochemical gradient results in enhanced transport of nu-
trients. Increased activity of the plasma membrane ATPase
may lead to an influx of toxic cations that move from the
extracellular milieu into the cell.

Extrusion of toxic ions such as sodium and lithium in S. cer-
evisiae is dependent mainly on the ENAI/PMR2A gene. ENAI
is a member of a family of tandemly repeated genes that
encode homologous P-type ATPases (23, 74). Transcription of
ENAI, the only repeat that is highly expressed, is induced by
sodium stress (17). This induction is mediated principally by
the Hogl mitogen-activated protein kinase (40) and the calci-
um-calmodulin-calcineurin (40, 44) pathways. In addition,
ENAI expression is modulated by the Hal3-Ppz1 regulatory
subunit-protein phosphatase pair (13, 48, 53), by two signaling
pathways triggered by glucose metabolism (the protein kinase
A pathway [40] and the Snfl pathway [1]), and by the Ure2-
GIn3 pathway triggered by nitrogen metabolism (75). The
Enal ATPase is also regulated posttranslationally by calcium-
calmodulin via a calcineurin-independent mechanism (74).

By contrast, mechanisms that regulate cation uptake in
S. cerevisiae remain poorly defined and the transporters pri-
marily responsible for entry of Li* and Na™ into the cell have
yet to be identified. One clue is offered by the observation that
the presence of high concentrations of Ca®* (24) or K* (49) in
the medium confer enhanced resistance to Li" and Na™ stress.
The effects of Ca®" may be mediated, at least in part, by its
activation of calcineurin (41, 67), as well as by exchange and
sequestration (8). However, the beneficial effects of K™ may be
conferred either by competition or by exchange with other cat-
ions rather than as a consequence of its activation of a signal-
ing pathway. Thus, it seems likely that K* transport partici-
pates in ion tolerance directly or indirectly (20, 24).

The high-affinity potassium uptake system is encoded by the
redundant transporter genes TRKI and TRK?2 (14, 32, 56). The
Trk1-Trk2 system is activated by both potassium starvation and
sodium stress (55), but transcriptional and/or posttranscrip-
tional regulatory mechanisms remain uncharacterized. The
sole link to a signaling pathway so far defined is that cal-
cineurin is required for the activation of Trkl and Trk2 by
sodium stress (44). Importantly, by relaxing the electrical gra-
dient induced by Pmal, the Trk1-Trk2 system is a major de-
terminant of electrical membrane potential in S. cerevisiae (39)
and consequently of cation uptake.

The paucity of information on Trk1-Trk2 regulatory mech-
anisms in yeast leaves a significant gap in our knowledge of ion
homeostasis in yeast. In the present work, we describe two
novel protein kinases encoded by two paralogs, HAL4/SAT4
and HALS, that appear to function by regulating the Trk1-Trk2
potassium transporter. These partially redundant protein ki-
nases are important determinants of ion homeostasis and salt
tolerance, perhaps because they modulate the electrical mem-
brane potential and, indirectly, the uptake of other cations
such as sodium.
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TABLE 1. Yeast strains used in this study

Strain Genotype rse(}z;:w(:‘
RS16 MATa leu2-3,112 ura3-251,328,372 18
W303-1A  MATa ade2-1 canl-100 his3-11,15 leu2-3,112 73

trpl-1 ura3-1
SKY697  W303-1A enal-4::HIS3 13
SKY655  W303-1A hal4::LEU2
SKY656  W303-1A hal5::HIS3
SKY637  W303-1A hal4::LEU2 hal5::HIS3
SKY624  W303-1A cmdl-3 cnbl::LEU2 13
WA3 W303-1A trk1::LEU2 trk2::HIS3 39
JM74 W303-1A [YEp351]
IM75 W303-1A [YEp351-HAL4]
JM76 W303-1A [YEp351-HALS]
PM90 W303-1A enal-4::HIS3 [YEp351]
IM51 W303-1A enal-4::HIS3 [YEp351-HAL4]
IM52 W303-1A enal-4::HIS3 [YEp351-HALS|
JM77 W303-1A [YEp352]
JM63 W303-1A trkl::LEU2 trk2::HIS3 [YEp352]
IM65 W303-1A trk1::LEU2 trk2::HIS3 [YEp24-HAL4]
JM66 W303-1A trk1::LEU2 trk2::HIS3 [YEp24-HALYS)
IM78 W303-1A trk1::LEU2 trk2::HIS3 [YCp50-ENAI]
JM79 W303-1A hal4::LEU2 hal5::HIS3 [YCp50-HALS)
JM110 W303-1A trk1::LEU2 trk2::HIS3 hal4::TRPI

hal5::KanMX

¢ Unless otherwise indicated, the strains are from this study.

MATERIALS AND METHODS

Yeast strains and culture conditions. Standard methods for yeast culture and
manipulation were used (22). All agar plates contained 2% Bacto Agar (Difco).
Synthetic minimal medium (SD) contained 2% glucose, 0.7% yeast nitrogen base
without amino acids (Difco), and 50 mM succinic acid adjusted to pH 5.5 with
Tris. This medium was supplemented with adenine (30 wg/ml), histidine (30
wg/ml), uracil (30 pg/ml), leucine (100 wg/ml), methionine (100 wg/ml), and
tryptophan (80 pg/ml) as indicated. Rich medium (YPD) contained 1% yeast
extract (Difco), 2% Bacto Peptone (Difco), and 2% glucose. NaCl, KCl, LiCl,
sorbitol, or tetramethylammonium were added as indicated. CaCl, and hygro-
mycin B were added to the already autoclaved medium before it was poured.
YPD plates at pH 3.5 were prepared by adjusting a twofold-concentrated YPD
stock containing 50 mM succinic acid to the desired pH with Tris, autoclaving,
and mixing with concentrated agar before pouring. Salt tolerance was deter-
mined by drop tests in solid medium as described previously (18). Briefly, yeast
strains were grown to saturation in liquid SD with the required supplements and
diluted with water (1/10, 1/100 and 1/1,000), and 3 pl was dropped on plates
containing salts as indicated.

The S. cerevisiae strains used for this work are listed in Table 1. Strains were
derived by standard genetic crosses or by transformation by the lithium acetate
procedure (28).

Isolation of the HAL4 and HAL5 genes. The screen for superresistance to
NaCl and LiCl has been described previously (13, 18, 43). Briefly, a genomic
library from S. cerevisiae in the yeast shuttle vector YEp24 (2um origin, URA3
marker [7]) was transformed into strain RS16 and selected on SD plates con-
taining leucine. Transformants were recovered and plated on the above-de-
scribed medium containing 0.2 to 0.4 M LiCl or 1.2 M NaCl. A second screen was
performed by transformation of the same gene library into the salt-sensitive
W303-1A enal-4::HIS3 derivative (SK'Y697). Transformants were isolated on SD
plates containing adenine, leucine, and tryptophan and selected on the same
medium containing methionine and 40 mM LiCl. In an alternative screen, the
salt-sensitive strain W303-1A c¢mdI-3 cnbl::LEU2 (SKY624 [13]) was trans-
formed with a yeast cDNA library in the pRS316-GALI promoter-cDNA vector
(37) and selected for uracil prototrophy. Transformants were recovered and
plated on rich medium containing 2% galactose and 0.6 M NaCl. In all cases,
colonies exhibiting improved growth were selected and plasmids were isolated.
Plasmids conferring superresistance to salt upon reintroduction into yeast were
subjected to partial sequencing to obtain nucleotide sequences at the ends of the
inserts. The complete sequence of each clone was inferred by comparison of
these sequences with the Saccharomyces genome database (59a).

Cloning and disruption of HAL4 and HALS5. HAL4 was isolated from genomic
clone PM47 as a Sacl-Hpal fragment (comprising 531 bp before the starting
codon and 299 bp after the stop codon) and subcloned into the yeast shuttle
vector YEp351 (2um origin, LEU2 marker [26]) cut with SacI and Smal. The
HALS gene was amplified by PCR from genomic clone PM42 as the template and
with primers P42-1 (517 bp upstream of the starting codon; 5'-GCGGATCCT
GGTAGAGAAGAGCTGG) and P42-2 (201 bp downstream of the stop codon;
5'-GCGGATCCCCGGGACTTCTAATGAC); the BamHI sites are underlined
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(see Fig. 1). The PCR product was cut with BamHI and subcloned into YEp351.
The BamHI fragment with HALS5 was also subcloned into plasmid YCp50 (cen-
tromeric, URA3 marker [22]).

For disruption of HAL4 and HALS, the Xhol-Sacl fragments of the respective
cDNAs were subcloned from the pRS316-GALI promoter vector (37) into
pBluescript (Stratagene, La Jolla, Calif.). For HAL4, a 1,544-bp PstI-BssHII in-
ternal fragment was deleted and blunted with Klenow enzyme, and a Bg/II linker
(New England Biolabs, Beverly, Mass.) was ligated into it. The Bg/II fragment of
YEp13 containing the LEU2 gene (5) was ligated into the BglII site to make the
knockout construct. An Apal-Sacl digest of this construct was used for transfor-
mation of W303 haploid cells of each mating type. For HALS, a 1,433-bp EcoRI-
Ncol internal fragment was deleted and blunted with Klenow, and a Bg/II linker
was ligated into it. The BamHI fragment of pJH-H1 containing the HIS3 gene
(29) was ligated into the Bg/II site to make the knockout construct. A HindIII-
Sacl digest was used for transformation of W303 haploid cells of each mating
type. Gene disruptions were checked by Southern analysis. The double mutant
MATa hal4 hal5 was made by crossing MATa hal4 and MAT« hal5 mutants,
sporulation, dissection, and genotyping of meiotic products.

For disruption of HAL4 and HALS in the WA3 strain (rk1::LEU2 trk2::HIS3),
we disrupted HALS by the PCR-kanMX method (72). The primers used for
amplification of the disruption cassette were DHALS1 (5'-CAGCAAGAATAA
TAACTAGCAACGTATCTTCCCCGTCTATCAGCTGAAGCTTCGTAC
GC) and DHALS2 (5'-CATCCAGGAGCTTTGTAGTAATTGTTCAATGGT
GATTCTCGCATAGGCCACTAGTGGATCTG). For disruption of HAL4, the
BgllI-BamHI fragment of pJH-W1 containing the TRPI gene (29) was ligated
into the Bg/IT site of the pBluescript construct described above and digested with
Xhol and Sacl before transformation.

Measurement of intracellular cation concentrations. Cells were grown in YPD
to an absorbance at 660 nm of 0.6 to 0.7, centrifuged for 5 min at 1,900 X g,
resuspended at the same concentration in YPD containing the indicated con-
centration of salt, and incubated at 30°C. Aliquots of 10 ml were taken at several
time points, centrifuged in plastic tubes for 5 min at 2,000 rpm and 4°C, and
washed twice with 10 ml of ice-cold washing solution (20 mM MgCl, and iso-
osmotic sorbitol) by resuspension and subsequent centrifugation. The cell pellets
were resuspended with 1 ml of cold washing solution, centrifuged again, and
taken up in 0.5 ml of 20 mM MgCL. Ions were extracted by heating the cells for
15 min to 95°C. After centrifugation, aliquots of the supernatant were analyzed
with an atomic absorption spectrometer (Varian) in flame emission mode. For
sodium efflux experiments, the cells were loaded for 2.5 h with the indicated
concentrations of NaCl as described above, centrifuged, washed once, and re-
suspended at the same concentration in YPD without salt. Aliquots of 10 ml were
processed as indicated above.

Measurement of methyl ium and r uptake. Cells were grown in
SD containing 0.2 M KCl and the required supplements to an absorbance at 660
nm of 0.5 to 0.6, washed twice to remove potassium, and resuspended at the same
concentration in a potassium starvation medium containing 2% glucose, 50 mM
succinic acid (adjusted to pH 5.5 with Tris), and 1% casein hydrolysate (Merck).
After a 4-h incubation, the cells were centrifuged, washed, resuspended with
water, and stored in ice. For uptake measurements, the cells were diluted to a
final absorbance at 660 nm of about 10 in a reaction medium containing 4%
glucose and 50 mM succinic acid adjusted to pH 5.5 with Tris. After a 5-min
preincubation, either ['*C]methylammonium (0.2 mM and 2.5 p.Ci/ml final con-
centration) or *RbCl (0.2 mM and 0.22 p.Ci/ml final concentration) were added
from concentrated stock solutions. At the indicated times, the transport reaction
was stopped by diluting samples of 100 wl with 10 ml of ice-cold 20 mM MgCl,
and cells were collected by vacuum filtration through a 0.45-pm-pore-size nitro-
cellulose filter (Millipore HAWP) and washed three times in the filter with 20
mM ice-cold MgCl,. Moist filters were transferred to scintillation cocktail, and
radioactivity was monitored using a Pharmacia Wallac 1410 liquid scintillation
counter.

hidi

RESULTS

Screens for superresistance to salt stress reveal a protein
kinase that enhances tolerance by a novel mechanism. We
screened a library of yeast genes that are expressed from a 2pm
plasmid to identify genes that confer salt tolerance upon over-
expression (18). The halotolerance genes previously character-
ized by this high-gene-dosage strategy enhance salt resistance
by two mechanisms. The elevated dose increases expression of
the ENAI cation extrusion pump (13, 43, 57), or the genes
correspond to salt toxicity targets such as HAL2/MET22, which
encodes a nucleotidase that dephosphorylates 3’'-phosphoaden-
osine 5'-phosphate and 3’-phosphoadenosine 5’-phosphosul-
fate, intermediates in the sulfate assimilation pathway (19, 46,
47).

A high-copy-number genomic library was transformed into
wild-type strain RS16, and over 200,000 transformants were
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selected in both SD and YPD supplemented with either 0.2 to
0.4 M LiCl or 1.2 M NaCl (18, 43). A total of 78 plasmids
which, by retransformation, could confer salt tolerance were
isolated. About half of them contained genomic clones which
carried the previously described halotolerance genes HALI
(18), HAL2 (19), HAL3 (13), and ENAI (23). In addition,
several plasmids containing two new genes were identified.
Restriction analysis and recloning of the inserts revealed that
one of these genes was YJL165c (45). In accordance with the
other genes recovered in these screens, we have named this
open reading frame (ORF) HALS for its role in halotolerance.
HALS encodes a protein kinase that belongs to a subfamily
unique to S. cerevisiae (27). This kinase subfamily includes
three kinases (Nprl, Ptk1/Stkl, and Ptk2/Stk2) known to
regulate plasma membrane transporters. Nprl regulates am-
monia-sensitive amino acid permeases (70) and Ptk1/Stk1 and
Ptk2/Stk2 regulate polyamine transport (30, 31, 50).

The second gene is another member of this protein kinase-
encoding family, YCR10l1c; it encodes a putative protein ki-
nase, SAT4, involved in salt tolerance (53, 65). This gene was
identified as an NPRI homolog during the systematic sequenc-
ing of the yeast genome, and its disruption was previously
reported to confer slight sodium sensitivity (65). In accordance
with the other HAL genes, we suggest renaming the gene from
SAT4 to HALA4, to refer to the screen for halotolerance. The
original genomic inserts including HAL4 and HALS5 are de-
picted in Fig. 1A.

To avoid genes operating through the ENAI or HAL2/
MET?22 systems, we performed the high-copy-number screen
with a recipient in which the ENAI-4 tandem array is deleted
(enal-4). Salt-tolerant transformants isolated in this back-
ground should not be regulators of ENAI. By selecting for salt
tolerance in the presence of methionine, the major salt toxicity
target encoded by HAL2/MET22 was bypassed (19). A selec-
tion from 100,000 transformants yielded 96 recombinant plas-
mids that could confer lithium tolerance upon retransforma-
tion into the enal-4 strain. As expected, a high proportion
(65%) of these high-copy-number suppressor plasmids cross-
hybridized with ENAI and were not investigated further. How-
ever, 30 of the recovered plasmids were HALS5, which we had
isolated earlier. The fact that only HALS5 but not HAL4 was
isolated in the screen with the enal-4 mutant and methionine-
supplemented medium may be explained by the observation
that the enal mutant is more sensitive to salt than is the wild
type and that HALS5 confers greater salt tolerance than does
HAL4 (Fig. 1B). The fact that only HAL4 and HALS arose in
these selections suggests that they are the major proteins con-
ferring salt tolerance under these conditions.

The Hal5/Npr1 subfamily of yeast protein kinases includes a
gene product more closely related to Hal5p and Hal4p than to
other members of the subfamily (27). The ORF (YKL168c)
encoding this product was never isolated in our screens. We
cloned this ORF with its own promoter in a multicopy plasmid,
but this construct was unable to confer salt tolerance in our
assay.

Salt tolerance conferred by overexpression of HAL4/SAT4 or
HALS is independent of ENAI and calcium signaling. The
halotolerance effects of the individual protein kinase genes are
indicated in Fig. 1B. Overexpression of both genes in multi-
copy plasmids conferred sodium and lithium tolerance to wild-
type Enal-4™" strains such as RS16 and W303, as well as to
'W303 enal-4 null mutants. No tolerance effects were observed
in osmotic stress media prepared with 1.2 M KCl or 1.8 M
sorbitol (data not shown). Therefore, these genes are not con-
nected to osmotic tolerance but more probably are associated
with sodium or lithium homeostasis. As with HALS, the toler-
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FIG. 1. Isolation and halotolerance phenotypes of the HAL4 and HALS genes. (A) Genomic structure of the inserts of genomic clones PM47 and PM42 containing
the HAL4 and HALS genes, respectively. ORFs are shown as boxes. Primers (not to scale) and restriction sites used for subcloning are indicated. (B) Overexpression
of HAL4 and HALS confers Li* and Na™ tolerance. The Sacl-Hpal genomic fragment containing HAL4 and the PCR fragment amplified with the P42-2 and P42-1
primers containing HALS (see panel A) were subcloned into multicopy plasmid YEp351 (26) to give rise to overexpression plasmids YEp-HAL4 and YEp-HALS,
respectively. After transformation into strain W303-1A (wt) and its enal-4::HIS3 derivative (enal-4), salt tolerance was determined by drop tests in solid YPD
containing the indicated concentrations of LiCl or NaCl. Cells transformed with empty YEp351 plasmid served as controls.

ance conferred by overexpression of HAL4 is also observed in
methionine-supplemented media, where the Hal2 toxicity tar-
get is not essential to viability (data not shown). Therefore,
HAL4 and HALS are new mediators of salt tolerance; they
mediate tolerance by a mechanism that is independent of
ENAI and HAL?2 and that may involve the regulation of mem-
brane transporters for cation uptake.

HAL4 and HALS also suppress the salt sensitivity of the
W303 cmdI-3 cnbl double mutant, which is deficient in both
calmodulin and calcineurin activity (13). Calcium regulates the
transcription of the ENAI gene through activation of both
calcineurin and calmodulin, and it also regulates the activity of
the Enal ATPase through activation of calmodulin (74). The
W303 cmdI-3 cnbl strain containing either HAL4 or HALS
expressed from the GALI promoter (37) was plated on high-
salt plates. These strains showed galactose-dependent salt tol-
erance.

hal4 and hal5 mutants are sensitive to sodium and lithium.
Since we were concerned that the salt resistance phenotypes
we observed might be an indirect consequence of overexpress-
ing the genes, we constructed strains lacking the HAL4 or
HALS function. Loss of function rather than overexpression
may offer a more reliable reporter of the possible participation
of the Hal4 and HalS protein kinases in the control of ion
homeostasis and salt tolerance under physiological conditions.

Strains containing a null mutation in either HAL4 or HALS
displayed marked sodium and lithium sensitivity but grew nor-
mally in standard YPD. Importantly, the mutants showed no
growth defect when subjected to osmotic stress by inoculation
into medium containing 1.2 M KCI (Fig. 2) or 1.8 M sorbitol

(results not shown), pointing to ion homeostasis rather than
osmotic tolerance as the likely regulatory target of these pro-
tein kinases. Salt sensitivity was dramatically enhanced in the
hal4 hal5 double mutant, suggesting that both proteins are
required for maximum salt tolerance. In view of their sequence
identity, it was reasonable to assume that HAL4 and HALS
may be partially redundant, i.e., capable of performing the
same function. In support of this hypothesis, a construction in
which HALS5 was cloned into the YCpS50 centromeric vector
was able to suppress the salt-sensitive phenotype of both the
hal5 and the hal4 single mutants completely. However, only
partial suppression of the salt sensitivity of the hal4 hal5 dou-
ble mutant was conferred by this clone (data not shown).

These results indicate that Hal4 and Hal5 are important
determinants of ion homeostasis and salt tolerance in S. cer-
evisiae and that these homologous protein kinases are partially
redundant. One model is that the Hal4 and Hal5 kinases co-
operate in a single pathway modulating cation transport. Ac-
cordingly, we refer in the following to the Hal4 and HalS
protein kinases as a single activity (Hal4-Hal5) involved in
halotolerance.

The Hal4-Hal5 protein kinases regulate cation uptake in-
stead of efflux. Measurements of intracellular ion concentra-
tions in yeast cells subjected to salt stress indicate that over-
expression of HAL4 or HALS5 reduces lithium and sodium
accumulation and increases intracellular potassium accumula-
tion (Table 2). These alterations in ion homeostasis may ex-
plain the salt-tolerant growth of these strains and could reflect
failure to either limit cation uptake or increase efflux. The
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YPD

1.2M KCI

0.6M NaCl

0.1M LiCl

FIG. 2. Yeast hal4 and hal5 mutants are sensitive to lithium and sodium.
Strain W3031-A (lane 1) and its derivatives SKY697 (enal-4::HIS3) (lane 2),
SKY655 (hal4::LEU2) (lane 3), SKY656 (hal5::HIS3) (lane 4), and SKY637
(hal4::LEU2 hal5::HIS3) (lane 5) were tested for salt tolerance in YPD plates
containing KCl, LiCl, or NaCl as indicated.

major inducible efflux pathway in yeast is mediated by upregu-
lation of ENAI expression.

To test the possibility that the Hal4-HalS protein kinases
regulate Enal, we assayed (-galactosidase activity in cells
transformed with an ENAI-lacZ fusion (13). We observed no
increase in 3-galactosidase activity in wild-type yeast compared
to that in the hal4 hal5 mutant strain. Furthermore, mutants
carrying the enal-4 allele in combination with the #al4 and/or
hal5 mutation displayed much greater salt sensitivity than did
an enal-4 mutant alone. These results suggest that the Hal4-

TABLE 2. Effect of overexpression of HAL4 and HALS on
the intracellular cation concentrations of cells
incubated with LiCl and NaCl*

0.1 M LiCI® 1 M NaCl®
Strain  Plasmid Nl(éfal,,t’
(K7 [Li'l  [K] [Na')  [K'];
wt YEp351  330(=30) 69 (+3) 383(x6) 283 (+10) 92(*5)
YEpHAL4 330 (£20) 46 (+4) 399 (=3) 225(%9) 151 (8)

YEpHALS 351 (=12) 53(+4) 410 (=5) 250 (=50) 165 (+7)

enal-4 YEp351 125 (*12) 331 (+10) 199 (*13)
YEpHAL4 113 (+6) 300 (£30) 260 (+20)
YEpHALS 120 (+20) 310 (+40) 289 (*11)

@ Strain W303-1A (wt), and its enal-4 derivative (SKY697) were transformed
with either empty plasmid YEp351 or YEp351 carrying HAL4 (YEpHAL4) or
HALS5 (YEpHALS). Cells were grown in YPD to exponential phase and treated
for 3 h with the indicated concentrations of either LiCl or NaCl.

®The intracellular concentrations (millimolar units) of potassium ([K*];),
lithium ([Li*];), and sodium ([Na*];) were determined as described in Materials
and Methods. Results are the averages of three determinations (* standard
deviations).
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Hal5 kinases can modulate ion transport independently of the
expression and function of Enal.

Direct comparison between hal4 hal5 mutants and enal mu-
tants (Fig. 3) suggests that the Hal4-Hal5 protein kinases reg-
ulate sodium uptake rather than efflux. Net sodium accumula-
tion was increased in both the enal-4 mutant and in the hal4
hal5 mutant compared to uptake in wild-type yeast (Fig. 3A).
On the other hand, sodium efflux after cell loading was altered
only in the enal-4 mutant (Fig. 3B). Therefore, the small
increase in net sodium accumulation observed in the enal-4
mutant might be explained by reduced cation efflux during the
loading interval rather than by increased influx. In light of the
above results, the significant increase in sodium uptake exhib-
ited by the hal4 hal5 mutant is probably due to failure to
appropriately regulate cation influx.

The Hal4-HalS protein kinases regulate the Trk1-Trk2 po-
tassium transport system. We tested whether the effects of the
Hal4-Hal5 kinases were mediated by regulation of Trk1-Trk2-
dependent potassium and/or sodium transport. The Trk1-Trk2
system is involved in high-affinity potassium uptake (14, 63).
We found that overexpression of either HAL4 or HALS from
a high-copy-number plasmid did not confer salt tolerance to a
trkl trk2 mutant strain (Fig. 4) whereas it does to a TRK™
strain. By contrast, even the modest overexpression of the
ENAI gene induced by a single additional copy carried on a
centromere-based vector significantly increases the sodium and
lithium tolerance of the #rk! trk2 mutant (Fig. 4). These results
suggest that the effects of the Hal4-Hal5 protein kinases on ion
homeostasis and salt tolerance are mediated via the Trk1-Trk2
potassium uptake system.

Since the hal4 hal5 mutant exhibited increased sodium up-
take, a plausible mechanism for the effects of Hal4-Hal5 on
Trk1-Trk2 and salt tolerance is that under conditions of salt
stress, these protein kinases phosphorylate the potassium
transporters to inhibit their activity, thereby preventing the
inappropriate influx of sodium and lithium. Indeed, our pres-
ent studies show that the presence of potassium in the medium
markedly decreases the apparent toxicity of sodium and lith-
ium ions to wild-type cells. Perhaps the uptake of potassium via
Trk1-Trk2 prevents the influx of sodium and lithium ions by
competition.

The above model, however, was not compatible with the
observation that #7k/ mutants exhibit increased lithium uptake
(57). Thus, an alternative model, i.e., that the Hal4-Hal5 pro-
tein kinases may be activators of Trk1-Trk2 and that the up-
take of sodium and lithium during salt stress may be inversely
proportional to Trk1-Trk2 activity, was considered. If Hal4-
Hal5 kinases are required for Trk1-Trk2 function, then hal4
hal5 mutants might be deficient in Trk1-Trk2-dependent po-
tassium accumulation. In fact, the hal4 hal5 double mutant
showed a growth defect in SD which could be compensated by
supplementation of the medium with 0.2 M KCl (Fig. 5). This
potassium requirement was not as striking as for the trk1 trk2
mutant (Fig. 5), but it supports the idea that the Hal4-Hal5
protein kinases are required for proper functioning of the
Trk1-Trk2 potassium uptake system. This hypothesis was test-
ed directly by measuring 8°Rb™ uptake in potassium-starved
cells. Rubidium has been used as a tracer of potassium trans-
port in S. cerevisiae, and its Trk1l-Trk2-dependent uptake is
activated by potassium starvation (55, 56). As previously ob-
served (32), the frkl k2 mutant was markedly deficient in Rb™
uptake in comparison to wild-type controls (Fig. 6). Impor-
tantly, rubidium uptake in Trk1*-Trk2" cells was dependent
on the gene dosage of the Hal4-Hal5 protein kinases: overex-
pression of HALS5 increased Rb™ uptake whereas the hal4 hal5
double mutation greatly decreased it (Fig. 6). These results
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FIG. 3. Effect of ENAI-4 and HAL4-HALS on Na* uptake and efflux. (A) Sodium uptake. Cells from wild-type yeast (W303-1A) the enal-4 mutant (SKY697), and
the hal4 hal5 mutant (SKY637) were grown overnight in YPD, and 0.8 M NaCl was added at time zero. Samples were taken at the indicated times for determination
of the intracellular sodium concentration. (B) Sodium efflux. Cells from the yeast strains described for panel A were loaded with either 0.8 M (wild type) or 0.4 M
(enal-4 and hal4 hal5 mutants) NaCl for 2.5 h, washed, and resuspended in NaCl-free medium at time zero. Samples were taken at the indicated times for determination
of the intracellular sodium concentration. Results are the averages of three determinations, and the standard deviations were less of 15%. The experiment was repeated

twice with similar results.

suggest a pathway in which Trk1-Trk2 is activated by the Hal4-
Hal5 protein kinases to increase potassium import, resulting in
a decrease in sodium and lithium uptake as a secondary effect.

Membrane hyperpolarization and sensitivity to toxic cat-
ions. The uptake of potassium could restrict the uptake of
sodium and lithium if the resulting net influx of positive charge
significantly dissipates the plasma membrane electrical poten-
tial in yeast (62). In this model, the plasma membrane poten-
tial is inversely correlated with Trk1-Trk2 activity; activation of
Trk1-Trk2 by overexpression of the Hal4-Hal5 protein kinases
would result in depolarization of the plasma membrane. The
absence of Hal4-Hal5 would lead to inactivation of Trk1-Trk2
and subsequent hyperpolarization, which might increase the
rate of “leakage” of toxic cations into the cell.

Support for this mechanism of Hal4-Hal5 modulation of
ion homeostasis was obtained by measuring ['*C]methylam-
monium uptake as an indicator of plasma membrane elec-
trical potential (69). Remarkably, overexpression of HALS de-
creased methylammonium accumulation. By contrast, uptake
was greatly increased in the hal4 hal5 mutant (Fig. 7). As ex-

TRK1,2+ YEp352
trk1,2 + YEp352
trk1,2 +YEpHAL4
trk1,2 + YEpHALS
trk1,2 + YCpENA1

pected, the trkl trk2 mutation also resulted in increased meth-
ylammonium uptake (Fig. 7). This indicator of hyperpolariza-
tion for the trkl trk2 mutant is consistent with independent
results obtained with fluorescent probes of membrane poten-
tial (39).

The constitutively hyperpolarized state of the hal4 hal5 mu-
tant provides an attractive mechanism to explain both the
increased uptake of sodium (Fig. 3) and the decreased sodium
tolerance (Fig. 2). This mechanism may also explain the sen-
sitivity of the hal4 hal5 mutant to other toxic cations such as
lithium, calcium, hygromycin B, tetramethylammonium, and
protons (Fig. 8). Interestingly, the k! trk2 mutant exhibited
the same range of sensitivity, reinforcing the hypothesis that
the Hal4-Hal5 protein kinases are activators of Trk1-Trk2. By
comparison, the enal-4 mutant was sensitive only to sodium
and lithium, not to calcium, hygromycin B, tetramethylammo-
nium, or low pH (Fig. 8). No increased sensitivity of hal4 hal5
or trkl trk2 mutants was observed with KCl (a nontoxic salt)
or sorbitol, pointing out that no loss in tolerance of osmotic
stresses was involved.

0.1 M
LiCl

0.3 M
NaCl

FIG. 4. Overexpression of HAL4 and HALS is unable to confer salt tolerance in a trk! trk2 mutant. Strain WA3 (trkl trk2 double mutant) was transformed with
control plasmid YEp352 (2um origin, URA3 marker) (26), with YEp24 (2pm origin, URA3 marker) carrying HAL4 (YEpHAL4) or HAL5 (YEpHALY), and with YCp50
carrying ENAI (YCpENAI) (17). Salt tolerance was measured by drop test in YPD containing NaCl or LiCl as indicated. As a control for wild-type tolerance, we used

strain W303-1A (TRKI TRK2) transformed with empty plasmid YEp352.
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FIG. 5. Growth of hal4 hal5 mutants is limited by potassium. Cells from
wild-type yeast (W303-1A; squares), hal4 hal5 mutant cells (SKY637; circles) and
the trk1 trk2 mutant (WA3; triangles) were grown overnight in SD containing 0.2
M KCI and the required supplements, washed, and resuspended at time zero in
the same medium without (open symbols) or with (solid symbols) 0.2 M KCI.
Growth was recorded by measurement of the absorbance at 660 nm (OD 660) at
the indicated times.

DISCUSSION

The search for effectors of pathways mediating the tolerance
of the budding yeast S. cerevisiae to high concentrations of
sodium or lithium ions has provided novel insights into eukary-
otic ion homeostatic mechanisms (63). In the present work, we
have characterized two novel paralogous genes, HAL4 and
HALS, which encode partially redundant protein kinases re-
quired for ion homeostasis. We found that overexpression of
either HAL4 or HALS confers enhanced tolerance to sodium
and lithium. This tolerance is due at least in part to a reduction
in the uptake of toxic cations into the cell. Reciprocally, cells
lacking the HAL4 and/or HALS5 gene are more sensitive to
these toxic cations than are wild-type cells. Hal4 and Hal5 are
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FIG. 6. Rubidium uptake, an indicator of Trk1-Trk2 activity, is modulated by
the gene dosage of HAL4 and HALS. Cells from wild-type yeast (W303-1A;
squares), wild-type yeast transformed with YEp351-HALS5 (JM76; crosses), the
hal4 hal5 mutant (SKY637; circles), and the trkl k2 mutant (WA3; triangles)
were grown to exponential phase in SD containing 0.2 M KCl and the required
supplements, washed, and incubated for 4 h in potassium starvation medium.
After further washing, the uptake of 0.2 mM ®°Rb was determined at the
indicated times as described in Materials and Methods.
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FIG. 7. Methylammonium uptake, an indicator of membrane potential, is
modulated by the gene dosage of HAL4 and HALS. Strains, symbols, culture
treatments, and transport procedures were as described in the legend to Fig. 6,
except that 0.2 mM ['*C]methylammonium was used as the transported substrate
instead of ®°Rb.

distinct from the majority of the other proteins found previ-
ously to participate in sodium and lithium tolerance, in that
their ability to mediate halotolerance does not require the
ENAI sodium- and lithium-exporting ATPase. Instead, genetic
and physiological evidence indicates that the Hal4-Hal5 pro-
tein kinases modulate the major potassium transporter of yeast
cells, Trk1-Trk2 (14, 32, 56), and, indirectly, the uptake of toxic
cations such as sodium.

The most compelling evidence for this novel mechanism of
ion homeostasis is that overexpression of Hal4-HalS can confer
salt tolerance only to cells capable of expressing the Trk1-Trk2
potassium transporters. In addition, the fact that mutants lack-
ing HAL4 and HALS fail to grow on potassium-poor media and
have decreased rubidium uptake suggest that Hal4-Hal5 ki-
nases are positive effectors required for the normal function of
the Trk1-Trk2 potassium uptake system. A likely mechanism
by which activation of Trk1-Trk2 might confer enhanced salt
tolerance is that the enhanced Trkl1-Trk2 activity increases
potassium uptake, resulting in a collapse of the membrane
potential. The reduction in the membrane potential may slow
the electrically driven influx of sodium and lithium across the
plasma membrane.

This novel mechanism of salt tolerance, revealed by a study
of the Hal4-Hal5 protein kinases, has highlighted the impor-
tance of Trk1-Trk2 in setting the electrical membrane poten-
tial of yeast cells. Our data suggest that a key determinant of
ion homeostasis in S. cerevisiae is the activity of the Trk1-Trk2
system and its inverse relationship with membrane potential.
The dependence of membrane potential on potassium trans-
port has recently been proposed based on studies of the k1
trk2 mutant by using a fluorescent reporter of membrane po-
tential (39). Our results with methylammonium uptake as an
indicator of membrane potential (69) provide independent
evidence for this relationship. We interpret the effect of Trk1-
Trk2 activity on membrane potential as reflecting the fact that
Trk1-Trk2 is a major “consumer” of membrane potential in
S. cerevisiae. The yeast membrane potential is determined by
the relative activities of the electrogenic proton-pumping
Pmal ATPase and of the secondary transporters driven by the
electrochemical proton gradient (62). Relaxation of the mem-
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FIG. 8. Similar sensitivities to toxic cations of hal4 hal5 and trk1 trk2 mutants.
Strain W303-1A (lane 1) and its derivatives the enal-4 mutant (SKY697) (lane
2), the hal4 hal5 mutant (SKY637) (lane 3), and the 7k trk2 mutant (WA3) (lane
4) were spotted on YPD plates containing the indicated concentrations of toxic
cations or acidic buffer, and growth was monitored after 2 days. Hyg B, hygro-
mycin B; TMA, tetramethylammonium.

brane potential due to Trk1-Trk2 may involve not only potas-
sium transport but also proton transport (39).

The Trk1-Trk2 transporter system is not likely to be the
pathway by which most other cations, including toxic cations
such as lithium, sodium, calcium, tetramethylammonium, pro-
tons, and hygromycin B, enter the cell. Instead, “low-affinity”
uptake pathways allow potassium and other cations to enter
the cell under the influence of a negative-inside membrane

SALT TOLERANCE PROTEIN KINASES Hal4 AND Hal5 3335

potential. This uptake may be due to additive contributions of
transporters selective for glucose (33, 35, 39) and other carbon
sources, amino acids (76), choline, ammonium, and divalent
cations (39), each of which is also likely to transport small
cations nonspecifically. Where this has been measured, these
transporters exhibit a nonspecific (and marginal) cation trans-
port activity that can be increased by either overexpression or
specific mutations within the transmembrane helices (35, 39).

We can only speculate about the signal transduction path-
way connecting the Hal4-Hal5 protein kinases with the Trk1-
Trk2 potassium transporter. At the physiological level, Trk1-
Trk2 is known to be regulated by both potassium starvation
and high sodium stress (55), but regulatory mechanisms, wheth-
er transcriptional or posttranscriptional, remain poorly char-
acterized. Calcineurin is involved in the high-sodium activation
of Trk1-Trk2 (44), but the Hal4-Hal5 protein kinases can me-
diate their effects in calcineurin mutants and probably define a
second and independent pathway. Hal4-Hal5 protein kinases
appear to be required for the potassium starvation response of
Trk1-Trk2, a phenomenon independent of calcineurin (44)
that, as with potassium transport in Escherichia coli (10), could
be mediated by turgor decrease. It would be interesting to
investigate if known turgor sensors of S. cerevisiae such as SInl
or Shol (77) function upstream of Hal4-Hal5 to regulate Trk1-
Trk2. Northern analysis indicates that the HAL4 and HALS
genes are expressed at low, constitutive levels that do not
increase during salt stress (data not shown), and therefore the
Hal4-Hal5 protein kinases, if responsive to ion stress or other
stimuli, are probably subject to regulation at the protein level.

It is relevant that Hal4-Hal5 kinases belong to a subfamily of
yeast protein kinases whose other members are also dedicated
to regulation of membrane transporters (27). The best studied,
Nprl, regulates the Gapl general amino acid permease (70).
Active Gapl permease is phosphorylated by Nprl. Feeding
yeast cells with ammonia or glutamine causes rapid dephos-
phorylation and inactivation of Gap1. Subsequently, a slow dis-
appearance of the Gapl protein (66), probably mediated by
the Npil ubiquitin-protein ligase (25), is observed. The direct
phosphorylation of Trkl by Hal4-Hal5 is under investigation,
although its detection is complicated by the low abundance of
Trk1 protein (14). Two other protein kinases of the Hal4-Hal5
family, Ptk1/Stk1 and Ptk2/Stk2, regulate polyamine transport
mediated by unidentified transporters (30, 31, 50). Interest-
ingly, stk2 mutants are not only defective in polyamine uptake
but also tolerant to toxic concentrations of sodium and lithium
(30). It is tempting to speculate that the phenotypes of the Stk1
and Stk2 protein kinases are also mediated by changes in
membrane potential. However, the activities of Stk1 and Stk2
and those of Hal4-Hal5 would have opposite effects on this
parameter. A pathway for regulation of Trk1-Trk2 by the Stk1
and Stk2 protein kinases is under investigation.

A plausible adaptive response in yeast cells confronted with
high concentrations of toxic cations in the environment would
be to relax their electrical membrane potential. This could be
effected either by activating the Trk1-Trk2 potassium trans-
porter or by inhibiting the Pmal proton pump. Indeed, high
sodium stress activates Trk1-Trk2 (55), and the calcium-acti-
vated protein phosphatase calcineurin participates in this reg-
ulation (44), along with its better-characterized role in elevat-
ing the expression of the ENAI sodium and lithium extrusion
pump (40, 44). Modulation of the membrane potential via
Trk1-Trk2 activity might explain the role of calcineurin in
tolerance to toxic cations not transported by Enal, such as
manganese and hygromycin B (75). The participation of the
Hal4-Hal5 protein kinases in the response of Trk1-Trk2 to
high sodium stress is also under investigation.
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Consistent with these ideas, pmal mutants with reduced
electrogenic activity (51) confer resistance to Li*, Na™, Mn?™,
and hygromycin B (42, 75), as would be expected from a re-
duction in membrane potential (negative inside) and concom-
itant decrease in the uptake of toxic cations. Interestingly,
overexpression of yeast casein kinase I (encoded by the YCKI
and YCK2 genes) improves sodium tolerance (58), and this
protein kinase has been reported to downregulate Pmal activ-
ity (12). The signals modulating casein kinase I activity remain
unknown. All the evidence presented here points to Hal4-Hal5
as an activator of Trk1-Trk2 rather than an inhibitor of Pmal.
When we compared enzymatic activities of membranes ex-
tracted from wild-type cells and hal4 hal5 cells, we observed no
change in Pmal activity (data not shown). In addition, the hal4
hal5 trkl k2 quadruple mutant was not more sensitive to
potassium limitation (growth in SD with no potassium supple-
mentation) and lithium toxicity (10 mM LiCl in YPD) than was
the trkl trk2 mutant (data not shown). Thus, we conclude that
these studies have identified a novel mechanism promoting
tolerance to toxic cations via enhanced uptake of potassium.

The mechanism of salt tolerance promoted by the Hal4-Hal5
protein kinases impinges on a fundamental process of ion
homeostasis: the coordinate regulation of potassium transport
and electrical membrane potential. Given the similarity be-
tween plants and fungi in terms of basic ion transport mecha-
nisms (61), it is a reasonable speculation that similar protein
kinases may be present in plant cells as part of their ion ho-
meostasis and ion-signaling regulatory circuits.
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