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K� transport in living cells must be tightly controlled because it affects basic physiological parameters such
as turgor, membrane potential, ionic strength, and pH. In yeast, the major high-affinity K� transporter, Trk1,
is inhibited by high intracellular K� levels and positively regulated by two redundant “halotolerance” protein
kinases, Sat4/Hal4 and Hal5. Here we show that these kinases are not required for Trk1 activity; rather, they
stabilize the transporter at the plasma membrane under low K� conditions, preventing its endocytosis and
vacuolar degradation. High concentrations (0.2 M) of K�, but not Na� or sorbitol, transported by undefined
low-affinity systems, maintain Trk1 at the plasma membrane in the hal4 hal5 mutant. Other nutrient trans-
porters, such as Can1 (arginine permease), Fur4 (uracil permease), and Hxt1 (low-affinity glucose permease),
are also destabilized in the hal4 hal5 mutant under low K� conditions and, in the case of Can1, are stabilized
by high K� concentrations. Other plasma membrane proteins such as Pma1 (H�-pumping ATPase) and Sur7
(an eisosomal protein) are not regulated by halotolerance kinases or by high K� levels. This novel regulatory
mechanism of nutrient transporters may participate in the quiescence/growth transition and could result from
effects of intracellular K� and halotolerance kinases on membrane trafficking and/or on the transporters
themselves.

The regulation of K� transport is a fundamental property of
living cells (18, 39). K� is the major intracellular cation, and its
concentration affects basic physiological parameters such as
turgor pressure, electrical membrane potential, ionic strength,
and pH (34). An important, and general, mechanism for
regulation is feedback inhibition of K� transport by high
intracellular K� levels (5, 34), but the molecular details
remain unknown.

In the yeast Saccharomyces cerevisiae the high-affinity potas-
sium uptake system is encoded by the partially redundant
genes TRK1 and TRK2 (12, 24). TRK1 encodes the most active
transporter, corresponding to a large protein, 1,235 amino
acids long, containing eight membrane-spanning domains and
with a four-MPM (membrane-pore-membrane) structure sim-
ilar to that of shaker K� channels (9, 12). Like the H�-ATPase
Pma1, Trk1 is an integral plasma membrane protein localized
to the “raft” domains (1, 45), which are glycolipid-enriched
microdomains of the plasma membrane that are postulated to
form a platform for lipid and protein sorting and trafficking
(22, 32). TRK-type transporters are present in all fungi and
plants studied to date (34) and are also present in most bac-
teria and archaea (9).

Genetic and phenotypic studies of yeast have identified
several proteins involved in the regulation of potassium

transport. For instance, the protein phosphatase Ppz1 deac-
tivates Trk1 and is in turn deactivated by an inhibitory
subunit, Hal3 (8, 46). Another phosphatase, calcineurin, has
been reported to be required for the activation of Trk1 and
Trk2 by sodium stress (27). Other proteins involved in the
regulation of potassium transport include the protein kinase
Sky1 (11); the osmo-induced protein Hal1 (33); the G pro-
tein of the Ras superfamily, Arl1 (29); and the Hal4/Sat4
and Hal5 kinases (28).

The partially redundant protein kinases Sat4/Hal4 and Hal5
were identified by their ability to confer salt tolerance upon
overexpression, and genetic studies have suggested that they
positively regulate Trk1. Hal4 and Hal5 belong to a family of
kinases, including Npr1 and Ptk2, which have been postulated
to be dedicated to the regulation of transporters (21, 23). For
instance, Ptk2 increases the affinity of Pma1 for ATP in re-
sponse to glucose metabolism (13). In vitro, this kinase can
phosphorylate Ser 899 in the COOH-terminal tail of the
ATPase (10). Npr1 operates by a different mechanism. It reg-
ulates the turnover and intracellular trafficking of several
amino acid permeases, (7, 14, 37, 41) and the Gln3 transcrip-
tion factor (6), but direct phosphorylation of these proteins has
not been demonstrated.

In this study we show that the Hal4 and Hal5 kinases are not
required for Trk1 activity; rather, they stabilize the K� trans-
porter at the plasma membrane. Unexpectedly, high concen-
trations of K� maintain Trk1 at the plasma membrane in the
hal4 hal5 mutant. Other nutrient transporters undergo a sim-
ilar Hal4/Hal5- and high-K�-dependent regulation, and there-
fore this novel pathway may be of general relevance.
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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. Minimal medium (SD) contained 2% glucose, 0.7% yeast nitrogen
base (Difco) without amino acids, 50 mM succinic acid adjusted to pH 5.5 with
Tris, and the amino acids and purine and pyrimidine bases required by the
strains. The minimal media with alternate nitrogen sources contained 2% glu-
cose, 0.2% yeast nitrogen base without amino acids and without ammonium
sulfate, and either 0.1% proline or 30 mg/ml urea. Growth assays were per-
formed in solid media, spotting serial dilutions of saturated cultures onto plates
with the indicated composition.

The hal4 hal5 npi1 strain was constructed by using a PCR-generated fragment
containing the Kluyveromyces lactis URA3 gene, flanked by sequences designed to
create a partial disruption of the RSP5 promoter (replacing the sequence cor-
responding to bp �800 to �500, relative to the start codon) upon integration,
thus mimicking the npi1 mutant, as described previously (16). Correct integration
was confirmed by genomic PCR.

Plasmid construction. The TRK1-hemagglutinin (HA) and TRK1-green fluo-
rescent protein (GFP) plasmids were previously described (45). The Trk1�35
allele was constructed using a similar approach, which generated a PstI/NdeI
PCR fragment corresponding to the COOH-terminal half of the TRK1 gene,
using the internal PstI site and the 3� primer 5�-TAATATCTCGAGCATATGC
ATTGGGTCTTCTGTATTGGT-3�. The NdeI site used for cloning is indicated
in boldface. For the construction of YCp-HAL5 and YEp-HAL5, a genomic
fragment containing the HAL5 open reading frame (SphI/SacI), 500 bp of the
promoter, and 250 bp of the terminator was inserted into the centromeric vector
pUN50 or the multicopy vector YEp352 (17). The following plasmids were kindly
provided by Widmar Tanner: pVTU100-CAN1-GFP, pYCplac33-FUR4-GFP,
and pVTU100-HXT1-GFP, SUR7-GFP (15, 26, 26). The Gap1-GFP (centro-
meric, endogenous promoter) plasmid was kindly provided by Bruno André.

Confocal microscopy. Fluorescence images were obtained as described previ-
ously (45).

Vacuolar staining. Vacuolar membranes were stained with a lipophilic styryl
dye, N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenyl-hexatrienyl)pyr-
idium dibromide (FM 4-64) Molecular Probes Inc., OR), using a protocol mod-
ified from that already described (42). Cells contained in 15 ml of a mid-log-
phase culture (optical density at 660 nm of 0.4) were collected by centrifugation
and washed twice with 5 ml of sterile water. The sample was resuspended to an
optical density of 0.3 at 660 nm in minimal medium supplemented with potas-
sium. A 500-�l aliquot of the sample was removed, and 7 �l of FM4-64 (2 mg/ml
in dimethyl sulfoxide and PIPES buffer [piperazine-1,4-bis(2-ethanesulfonic
acid), pH 6.8] was added to a final concentration of 20 mM. This mixture was
then incubated in the dark at 28°C for 90 min. The yeast cells were collected by
centrifugation and washed once in 1.5 ml of fresh medium to remove excess stain.
The cells were then resuspended in 1 ml of fresh minimal medium without
potassium and incubated for a further 1.5 to 2 h to allow internalization of the
dye and staining of the vacuolar membranes. Fluorescence was observed by
confocal microscopy at an excitation wavelength of 488 nm and a detection
wavelength of between 620 and 660 nm, as described previously (45).

Cell fractionation. The indicated yeast strains were grown in potassium-sup-
plemented minimal medium to an optical density at 660 nm of 0.4, and cells were
incubated for the indicated times in medium with or without supplementation,
harvested by centrifugation, and frozen at �70°C. Cells were resuspended in
homogenization buffer (50 mM Tris [pH 8.0], 0.1 M KCl, 5 mM EDTA, 5 mM
dithioerythritol, 20% [wt/vol] sucrose, protease inhibitor cocktail [Roche Diag-
nostics GmbH, Mannheim, Germany]) and lysed by vortexing with glass beads.
The lysate was collected after centrifugation for 5 min at 500 � g. The crude
extract was separated into soluble and particulate fractions by centrifugation for
30 min at 16,000 � g at 4°C. The particulate fraction was either resuspended
directly in Laemmli sample buffer or resuspended by homogenization in the
buffer described above and was solubilized by incubating with 3 mM Zwitter-
gent-14 (Calbiochem) for 15 min at 28°C. The remaining insoluble material was
removed by centrifugation, and the protein present in the supernatant was

TABLE 1. Strains used in this study

Strain Relevant genotype Referencea

W303-1A mata ade2-1 can1-100 his3-11,15 leu2,3,112 trp1-1 ura3-1 13
trk1 trk2 W303-1A trk1::LEU2 trk2::HIS3 28
hal4 hal5 W303-1A hal4::LEU2 hal5::HIS3 28
hal4 hal5 npi1 W303-1A hal4::LEU2 hal5::HIS3 npi1::URA3
W303�YCp-TRK1-GFP� W303-1A�p414-TRK1-GFP�
hal4 hal5�YCp-TRK1-GFP� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1-GFP�
hal4 hal5�YEp��YCp-TRK1-GFP� W303-1A hal4::LEU2 hal5::HIS3�YEp352��p414-TRK1-GFP�
hal4 hal5�YCp-HAL5��YCp-TRK1-GFP� W303-1A hal4::LEU2 hal5::HIS3�pUN50-HAL5��p414-TRK1-GFP�
hal4 hal5�YEp-HAL5��YCp-TRK1-GFP� W303-1A hal4::LEU2 hal5::HIS3�YEp352-HAL5��p414-TRK1-GFP�
W303�YEp-CAN1-GFP� W303-1A�pVTU100-CAN1-GFP�
W303�YEp-HXT1-GFP� W303-1A�pVTU100-HXT1-GFP�
W303�YCp-FUR4-GFP� W303-1A�pYCplac33-FUR4-GFP�
W303�YCp-GAP1-GFP� W303-1A�pYCp-GAP1-GFP�
hal4 hal5�YEp-CAN1-GFP� W303-1A hal4::LEU2 hal5::HIS3�pVTU100-CAN1-GFP�
hal4 hal5�YEp-HXT1-GFP� W303-1A hal4::LEU2 hal5::HIS3�pVTU100-HXT1-GFP�
hal4 hal5�YCp-FUR4-GFP� W303-1A hal4::LEU2 hal5::HIS3�pYCplac33-FUR4-GFP�
hal4 hal5�YCp-GAP1-GFP� W303-1A hal4::LEU2 hal5::HIS3�pYCp-GAP1-GFP�
trk1 trk2�YEp-CAN1-GFP� W303-1A trk1::LEU2 trk2::HIS3�pVTU100-CAN1-GFP�
trk1 trk2�YEp-HXT1-GFP� W303-1A trk1::LEU2 trk2::HIS3�pVTU100-HXT1-GFP�
trk1 trk2�YCp-FUR4-GFP� W303-1A trk1::LEU2 trk2::HIS3�pYCplac33-FUR4-GFP�
trk1 trk2�YCp-GAP1-GFP� W303-1A trk1::LEU2 trk2::HIS3�pYCp-GAP1-GFP�
hal4 hal5 SUR7-GFP W303-1A hal4::LEU2 hal5::HIS3 SUR7-GFP::URA3
hal4 hal5�YCp-TRK1� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1-HA�
hal4 hal5�YCp-TRK1�35� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1�35-HA�
hal4 hal5�YCp-URA3� W303-1A hal4::LEU2 hal5::HIS3�pUN50�
hal4 hal5�YCp-TRP1� W303-1A hal4::LEU2 hal5::HIS3�p414�
hal4 hal5�YCp-URA3��YCpTRP1� W303-1A hal4::LEU2 hal5::HIS3�pUN50��p414�
hal4 hal5�YCp-TRK1��YEp-CAN1-GFP� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1-HA��pVTU100-CAN1-GFP�
hal4 hal5�YCp-TRK1��YEp-HXT1-GFP� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1-HA��pVTU100-HXT1-GFP�
hal4 hal5�YCp-TRK1��YCp-FUR4-GFP� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1-HA��pYCplac33-FUR4-GFP�
hal4 hal5�YCp-TRK1�35��YEp-CAN1-GFP� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1�35-HA��pVTU100-CAN1-GFP�
hal4 hal5�YCp-TRK1�35��YEp-HXT1-GFP� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1�35-HA��pVTU100-HXT1-GFP�
hal4 hal5�YCp-TRK1�35��YCp-FUR4-GFP� W303-1A hal4::LEU2 hal5::HIS3�p414-TRK1�35-HA��pYCplac33-FUR4-GFP�

a Unless otherwise indicated, the strains used are from this study.
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precipitated by adding 15% trichloroacetic acid. The precipitated proteins were
collected by centrifugation, washed, and resuspended in Laemmli sample buffer.

Western analysis. Proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, transferred to nitrocellulose membranes, and
immunoblotted with either a monoclonal anti-HA antibody (12CA5; Roche
Diagnostics GmbH, Mannheim, Germany) for Trk1 detection, anti-Pma1 (1:
20,000) (38), or anti-GFP (1:2,000) (Roche Diagnostics GmbH, Mannheim,
Germany). The anti-Hal5 antiserum (1:5,000) was generated in-house using
histidine-tagged Hal5 purified from Escherichia coli to immunize rabbits by
standard procedures. The anti-Hal5-specific antibodies present in the crude
antisera were affinity purified using antigen immobilized on nitrocellulose as
described previously (25). Immunoreactive bands were visualized using the ECL-
Plus chemiluminescence system and horseradish peroxidase-conjugated second-
ary antibodies (Amersham Biosciences UK Ltd., England). When necessary,
membranes were stripped by incubation for 30 min at 50°C in a buffer containing
100 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate, and 62.5 mM Tris-HCl
(pH 6.7), followed by extensive washes, and reprobed as described above.

Rubidium uptake and internal potassium measurements. Rubidium uptake
and internal potassium were measured by atomic absorption spectrophotometry
as described previously (35) or by high-pressure liquid chromatography as de-
scribed previously (28).

RESULTS

Trk1 is mislocalized and destabilized in the hal4 hal5 mu-
tant. Genetic evidence suggests that the Hal4 and Hal5 kinases
are involved in the positive regulation of the Trk1 potassium
transporter (28). Northern analysis of TRK1 mRNA transcript
levels shows that TRK1 expression does not change in the hal4
hal5 mutant, compared to the wild type (S. Merchan and L.
Yenush, unpublished observations; see Fig. 3A). This result
suggests that the regulation of Trk1 by Hal4 and Hal5 does not
occur at the transcriptional level, which led to the hypothesis
that the Hal4 and Hal5 kinases are involved in controlling the
activity of the Trk1 potassium transporter by posttranslational
modification or by affecting Trk1 sorting to, or stability at, the
plasma membrane.

In order to observe the subcellular localization of Trk1, we
constructed a Trk1-GFP fusion protein in a centromeric plas-
mid. The function of this construct was confirmed by comple-
mentation of the LiCl sensitivity of the trk1 trk2 mutant (data
not shown). Strains were grown to mid-log phase in minimal
medium supplemented with 0.2 M KCl. This amount of KCl,
although far above the physiologically relevant concentrations,
is required for optimum growth of the hal4 hal5 mutant in
minimal medium. As we were interested in studying the defect
that occurs in the hal4 hal5 mutant under standard growth
conditions, we analyzed the phenotypes of this mutant after
incubation in unsupplemented medium. We observed the pat-
tern of GFP fluorescence in live cells incubated in unsupple-
mented medium by confocal microscopy. As shown in Fig. 1A,

FIG. 1. Trk1 is less stable in the hal4 hal5 mutant upon potassium
starvation. (A) The wild-type (WT) strain and the hal4 hal5 mutant
expressing a centromeric plasmid containing a TRK1-GFP fusion were
grown to mid-log phase in potassium-supplemented medium and
stained with the vacuolar dye FM4-64 as described in Materials and
Methods. Gray scale and fluorescence overlays of representative con-
focal microscopy images depicting the localization of Trk1 (green) and

the vacuolar membrane (red) are shown. (B) Western analysis of Trk1
levels in the membrane fractions of the wild-type and hal4 hal5 mutant
strains maintained in potassium chloride-containing minimal medium
(�K) or incubated in unsupplemented medium for 2 h (�K). Images
of the Ponceau S-stained filters are shown in the bottom panels, as a
control for protein loading. (C) The wild-type (�) and hal4 hal5 (Œ)
strains were grown to mid-log phase in minimal medium supplemented
with potassium chloride and were analyzed for high affinity rubidium
uptake (0.5 mM) immediately after washing (top panel) and after 2
hours of incubation in low-potassium medium (bottom panel). Similar
results were observed using 50 mM RbCl.
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Trk1-GFP is present at the plasma membrane in wild-type
cells, as expected. However, in the hal4 hal5 mutant, less Trk1-
GFP was observed at the plasma membrane, and a strong GFP
signal was observed in the lumen of the vacuole in most cells.
Vacuolar membranes were visualized using the styryl dye
FM4-64 as previously described (42). This decrease in the
amount of Trk1 at the plasma membrane explains the previ-
ously reported potassium dependence of the hal4 hal5 mutant,
and the appearance of GFP signal in the lumen of the vacuole
suggests that the transporter is targeted to the vacuole for
degradation, as has been observed for other nutrient transport-
ers (3, 7). We confirmed these results by Western analysis (Fig.
1B). We observed that the amount of full-length Trk1 protein
present in the insoluble, membrane-associated fraction is
markedly decreased in hal4 hal5 mutants after transfer to un-
supplemented medium, compared to the wild type, confirming
the rapid degradation of the Trk1 protein under these condi-
tions. Interestingly, a considerable amount of Trk1 protein is
present in cells grown in medium supplemented with potas-
sium. Therefore, it appears that the Hal4 and Hal5 kinases play
a more important role in Trk1 stability in medium with phys-
iologically relevant potassium concentrations.

We next analyzed the rubidium uptake activity under these
experimental conditions. Cells were grown to mid-log phase in
potassium-supplemented minimal medium, washed, and as-
sayed for rubidium uptake. Under these conditions, virtually
no rubidium uptake was observed initially, suggesting that the
Trk1 transporter is not active. However, as expected, after 2 h
of incubation in unsupplemented medium, a higher initial rate
of rubidium uptake activity is observed in the wild-type strain
than in the hal4 hal5 mutant (Fig. 1C). This result is in agree-
ment with previously published data and the confocal and
Western analyses presented here (28). This decrease in rubid-
ium uptake is also reflected in the internal concentrations of
potassium; after a 2-h incubation in medium without added
potassium, we observed a modest decrease in the internal K�

concentration in the wild-type control strain (161 	 11 mM
versus 136 	 7 mM), whereas in the hal4 hal5 mutant, the
concentration of internal potassium decreased from wild-type
levels in the presence of potassium supplementation (162 	 18
mM) to 92 	 8 mM after the 2-h incubation in unsupple-
mented medium, reflecting the defect in Trk1 activity due to
the lack of transporter in the plasma membrane. The Trk1-
independent potassium uptake is likely due to lower-affinity
uptake systems, such as the NSC1 cation uptake activity, which
appear to remain functional in the hal4 hal5 mutant (4).

The observed differences in Trk1 stability in the hal4 hal5
mutant are not due to changes in osmotic pressure caused by
the removal of KCl. We next tested whether the observed
instability of Trk1 in the hal4 hal5 mutant upon potassium
starvation was due to the change in osmotic pressure, caused
by removal of potassium from the medium, or an effect specific
to potassium itself. We observed Trk1-GFP protein levels by
Western analysis in strains grown in the presence of 0.2 M KCl
and then transferred to unsupplemented minimal medium or
to medium containing 0.2 M KCl or 0.2 M NaCl (Fig. 2A). In
the hal4 hal5 mutant strain expressing the HAL5 gene from a
centromeric plasmid, no changes in the Trk1-GFP protein
levels are observed when the cells are incubated in the pres-
ence of potassium or sodium. As observed previously by West-

ern analysis, considerable amounts of Trk1 are observed in the
hal4 hal5 mutant when it is grown in the presence of excess
potassium chloride (0.2 M). These protein levels are not main-
tained when potassium is replaced by sodium. These observa-
tions are further supported by confocal analysis of Trk1-GFP
in the hal4 hal5 mutant strain compared to the complemented
strain transformed with YCp-HAL5 after incubation in mini-
mal medium or in medium supplemented with 0.2 M KCl, 0.2
M NaCl, or 0.3 M sorbitol (Fig. 2B). No changes in Trk1
distribution occur in the YCp-HAL5-containing comple-
mented strain. In the hal4 hal5 mutant, Trk1-GFP accumulates
in the vacuole in medium supplemented with 0.2 M NaCl or 0.3
M sorbitol, but Trk1-GFP is stable at the plasma membrane if
maintained in 0.2 M KCl. These results suggest that the greater
stability of Trk1 in the presence of 0.2 M KCl in the hal4 hal5
mutant is not due to changes in osmotic pressure caused by
potassium removal, because when the osmotic pressure is
maintained in the form of sodium or sorbitol, we observe the
same destabilization of Trk1 as in unsupplemented medium. It
is interesting to note that very little Trk1 activity (as measured
by Rb� uptake) was observed when cells were grown in the
presence of a high external potassium concentration (Fig. 1C),
suggesting that the transporter is not active under these con-
ditions.

FIG. 2. Vacuolar accumulation of Trk1 is not caused by changes in
osmotic pressure during potassium starvation. (A) Western analysis of
the insoluble proteins isolated from the indicated strains transformed
with either an empty or a HAL5-containing centromeric plasmid in-
cubated for 2 h in unsupplemented minimal medium (�) or medium
supplemented with 0.2 M KCl or 0.2 M NaCl. The amount of Trk1 was
analyzed using the anti-HA antibody (top panel), and the amount of
protein present in each sample is shown in the Ponceau S (PonS)-
stained filter (bottom panel). (B) Confocal microscopy images of Trk1-
GFP localization in the hal4 hal5 mutant under the same experimental
conditions, including an additional control using an osmotically equiv-
alent amount of sorbitol (0.3 M).
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Overexpression of HAL5 leads to Trk1 accumulation at the
plasma membrane. To examine the effect of HAL5 overexpres-
sion on TRK1 gene expression and Trk1 stability and localiza-
tion, we employed the hal4 hal5 mutant containing either an
empty plasmid, the centromeric plasmid containing the HAL5
open reading frame under the control of its own promoter
described above, or an episomal plasmid carrying the same
HAL5-containing genomic fragment. We compared the
mRNA and protein expression of Trk1 in strains grown in
potassium-supplemented medium or incubated for 2.5 h in
unsupplemented medium. Northern analysis shows that no sig-
nificant differences are observed in the amount of TRK1
mRNA in any of the experimental conditions tested (Fig. 3A).
Therefore, we went on to examine the amount of Trk1 present
in these same strains. We observed increased levels of Trk1
present in the insoluble fraction as the expression levels of
Hal5 increased (Fig. 3B). This result was confirmed by obser-
vation of the fluorescence patterns of Trk1-GFP in these
strains (Fig. 3C). These results suggest that as Hal5 levels
increase, more Trk1 is present at the plasma membrane during
incubation in standard minimal medium without potassium
supplementation and that this regulation is likely due to post-
translational modification.

Other transporters accumulate in the vacuole in the hal4
hal5 mutant. In order to test the specificity of the observed
effects on Trk1 stability in hal4 hal5 strains incubated in me-
dium without potassium supplementation, we examined the
behavior of other nutrient transport proteins under the same
conditions. As observed in Fig. 4A, the localization of three
other nutrient transport proteins was also defective. The Can1
arginine permease, the Fur4 uracil permease, and the Hxt1
low-affinity glucose transporter were all present at the plasma
membrane in wild-type strains regardless of the amount of
potassium present, as expected (Fig. 4A, top panels). However,
in the hal4 hal5 mutant, we observed a marked vacuolar accu-
mulation of these GFP-fused permeases upon incubation in
medium not supplemented with potassium (Fig. 4A, middle
panels). Similar results were observed for Tat2 (data not
shown). Moreover, in the case of Fur4 and Hxt1, this mislo-
calization was observed even in cells maintained in potassium-
supplemented medium, suggesting a more general role for
Hal4 and Hal5 in transporter trafficking.

We then wanted to test if the effects observed for nutrient
transporter mislocalization in the hal4 hal5 mutant could be
attributed specifically to these kinases or to the internal potas-
sium depletion due to lack of Trk1 activity. Therefore, we
examined the GFP fluorescence pattern of the various trans-
porters in the trk1 trk2 mutant in the presence and absence of
potassium supplementation. We observed similar, but not
identical, fluorescence patterns for these GFP transporter fu-
sion proteins in trk1 trk2 mutants (Fig. 4A, bottom panels).
Specifically, we observed that upon potassium starvation,
Can1, Fur4, and Hxt1 (to a lesser extent) appear to be less
stable, as the GFP fluorescence was observed to accumulate in
the lumen of the vacuole in the trk1 trk2 mutant. However, in
the presence of potassium, the mislocalization of both Fur4
and especially Hxt1 was less apparent compared to those in the
hal4 hal5 mutant. In order to confirm these results in a more
quantitative assay, the amount of Fur4-GFP was analyzed in
the same strains under the same experimental conditions. In

agreement with the confocal images, less Fur4 was observed in
the hal4 hal5 mutant, even in the presence of potassium sup-
plementation, than in the wild-type strain, and these levels
decreased drastically upon potassium withdrawal (Fig. 4B).
Fur4 protein levels are comparable to those in the wild type in
the trk1 trk2 mutant when grown in the presence of potassium
supplementation. Upon potassium withdrawal, a decrease in
Fur4 protein levels is observed in the trk1 trk2 strain, but the
effect does not appear to be as dramatic as in the hal4 hal5

FIG. 3. Overexpression of HAL5 leads to Trk1 accumulation at the
plasma membrane. (A) Total RNA was extracted from the indicated
strains grown in potassium-supplemented medium (�K) or incubated
for 2.5 h in minimal medium not supplemented with KCl (�K). North-
ern analysis was performed to determine the levels of TRK1 mRNA
using a specific probe corresponding to nucleotides 385 to 2319 (top
panel). The membrane was reprobed with TBP1 as a loading control
(bottom panel). (B) Western analysis of the insoluble protein fraction
isolated from the same strains treated as described for panel A. The
amounts of HA-tagged Trk1 (top panels) and Hal5 (bottom panels)
are shown. The Ponceau S (PonS)-stained filter is shown as a control
for protein loading in each case. (C) Confocal microscopy images of
Trk1-GFP localization in the hal4 hal5 mutant strain transformed with
either an empty plasmid or a centromeric (YCp) or multicopy (YEp)
plasmid containing the HAL5 coding sequence under control of its own
promoter.
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mutant. These results suggest that in the case of Fur4, both the
Hal4/Hal5 kinases and internal potassium concentrations are
important for its stability at the plasma membrane.

Having observed a general effect on all the nutrient trans-
port proteins tested, we next examined the localization of two
additional plasma membrane proteins. First, we examined the
localization of Gap1-GFP. The trafficking of this general
amino acid permease is known to be regulated by the quality of
the nitrogen source and by the Npr1 protein kinase (7, 30). It
has been previously reported that Gap1 is localized to the
plasma membrane only when strains are grown in poor nitro-
gen sources, such as proline or urea. Therefore, we analyzed
the localization of the Gap1-GFP protein in the wild-type, hal4

hal5, and trk1 trk2 strains grown to mid-log phase in a proline-
based medium supplemented with potassium. As shown in Fig.
5A, under these conditions, some GFP is present in the vacu-
olar lumen; however, a considerable amount of Gap1-GFP can
be observed in the plasma membrane in both the wild-type and
trk1 trk2 mutant strains. In contrast, we observed less accumu-
lation of Gap1-GFP in the plasma membrane in the hal4 hal5
mutant strain. Similar results were observed in medium con-
taining urea as the sole nitrogen source (data not shown).

Having observed a general defect in the plasma membrane
stability of several transporters and permeases in the hal4 hal5
mutant, we analyzed a different class of plasma membrane
proteins to rule out a general effect on plasma membrane
structure. For this experiment, we examined the fluorescence
pattern of the Sur7-GFP fusion protein in the hal4 hal5 mutant
in the presence or absence of potassium supplementation. We
chose this protein because it is an integral plasma membrane
protein but not a transporter. Sur7 is localized to plasma mem-
brane cortical actin patches associated with sites of endocyto-
sis, called eisosomes (43). As shown in Fig. 5B, Sur7 is stable at
the plasma membrane in the hal4 hal5 mutant 2 h after the
removal of potassium supplementation. Identical localization
patterns were observed in the wild-type strain (data not
shown).

Based on previous results demonstrating a role for the Rsp5
ubiquitin ligase in the sorting and/or stability of many nutrient
transporters in yeast, including Fur4, Can1, Tat2, and Gap1
(36), we tested whether the stability of Trk1 is subject to a
similar regulatory mechanism. We analyzed the stability of
Trk1 in hal4 hal5 mutants with decreased expression of Rsp5
by constructing a strain with a partial disruption of the RSP5

FIG. 4. Subcellular localization of nutrient transporters/permeases
in the wild-type (WT), hal4 hal5, and trk1 trk2 strains. (A) The indi-
cated strains were transformed with plasmids expressing the three
different GFP fusion proteins, grown to mid-log phase in potassium-
supplemented minimal medium, incubated for 2 h in medium supple-
mented or not with 0.2 M KCl, and analyzed by confocal microscopy.
Representative images are shown. (B). Western analysis of insoluble
proteins isolated from the indicated strains expressing the Fur4-GFP
plasmid, treated as described for panel A. The anti-GFP antibody
recognizes the Fur4-GFP fusion protein, and a portion of the Ponceau
S (PonS)-stained filter is shown as a loading control.

FIG. 5. Subcellular localization of the Gap1 permease and the in-
tegral membrane protein, Sur7. (A) The subcellular localization of
Gap1-GFP was analyzed in the indicated strains grown to mid-log
phase in potassium-supplemented (50 mM) minimal medium with
proline as the sole nitrogen source. Representative micrographs are
shown. WT, wild type. (B) The subcellular localization of the eisoso-
mal-associated integral membrane protein Sur7 in the hal4 hal5 mu-
tant was analyzed by confocal microscopy after 2 h of incubation in
minimal medium (without KCl). Identical Sur7-GFP patterns were
observed in the wild-type strain and in the hal4 hal5 strain grown in the
presence of KCl (data not shown).
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promoter (mimicking the npi1 mutant) and monitoring the
Trk1 protein levels 30 and 60 min after potassium withdrawal
(Fig. 6A). As observed, upon potassium withdrawal, the Trk1
protein levels markedly decrease in the hal4 hal5 mutant. In
hal4 hal5 mutants with decreased expression of RSP5, we ob-
served less accumulation of Trk1 at the plasma membrane in
the hal4 hal5 npi1 strain grown in the presence of potassium,
and the expression levels decreased slightly during the potas-
sium starvation. Growth assays in solid medium were per-
formed in order to determine whether the increased plasma
membrane stability of various nutrient transporters due to the
reduced expression of Rsp5 affected the growth phenotypes of
the hal4 hal5 mutant. As shown in Fig. 6B, we observed a
reduced growth rate for the hal4 hal5 npi1 mutant compared to
the parental hal4 hal5 strain in all conditions tested, suggesting
that reduction of Rsp5 expression levels is not able to improve
the growth defects of the hal4 hal5 mutant. This reduced
growth rate was most evident in minimal medium not supple-
mented with KCl, in agreement with the reduced levels of Trk1
protein observed in this mutant. However, the npi1 mutant has
pleiotropic phenotypes, thus complicating further interpreta-
tion of these results.

Deletion of the last 35 amino acids of Trk1 leads to in-
creased protein stability and toxic cation tolerance. In order to
begin to define the molecular mechanism of Hal4/Hal5-medi-
ated Trk1 stability, we constructed a TRK1 deletion mutant
lacking the nucleotides encoding the last 35 amino acids. We
chose this region based on previous experiments done with
Schizosaccharomyces pombe showing that only a COOH-termi-
nal deletion mutant, and not the full-length Trk1 homologue,
was able to restore the salt sensitivity of a strain lacking the
HAL4 homologue (44). We postulated that this rescue pheno-
type could be due to an increased stability of the mutant form
of the Trk1 homologue. We constructed a similar deletion of
the Saccharomyces cerevisiae TRK1 gene and analyzed its sta-
bility in the hal4 hal5 mutant during potassium starvation. As
observed in the Western analysis presented in Fig. 7A, the

truncated version is much more stable than the full-length
Trk1 in the hal4 hal5 mutant. We also determined the stability
of the H�-ATPase Pma1 under these conditions, and we ob-
served no significant changes in the levels of this protein (com-
pare Pma1 amounts with the total amount of protein in the
Ponceau S-stained filter). Thus, the subcellular localization
and trafficking of Pma1 and Sur7 do not appear to be influ-
enced by either potassium or the Hal4/Hal5 kinases.

We also measured the rubidium uptake activity of the trun-
cated version of Trk1 in the hal4 hal5 mutant. As shown in Fig.
7B, expression of either the empty vector or the wild-type
version of TRK1 does not improve the defect in rubidium
uptake observed for the hal4 hal5 mutant. However, the trun-
cated version of Trk1 mediates rubidium uptake in a manner
similar to that for the strain expressing a single copy of HAL5
under control of its own promoter. Therefore, under these
experimental conditions, the truncated version of Trk1 re-
stores the rubidium uptake of the hal4 hal5 mutant to nearly
wild-type levels. Thus, the presence of HAL4 and HAL5 is not
required for the activation of this truncated version of the Trk1
potassium transporter.

We next examined the growth phenotypes of strains express-
ing the mutated version of Trk1. The truncated version of
Trk1, but not the full-length protein, is able not only to com-
plement the salt and low-pH sensitivity of the hal4 hal5 mutant
but also to confer tolerance to toxic LiCl concentrations in
YPD medium (Fig. 7C). The truncated version of Trk1 also
improves the growth of the hal4 hal5 mutant in minimal me-
dium not supplemented with potassium. Similar results are
observed in minimal medium containing urea as the sole ni-
trogen source, suggesting that both the defect in high-affinity
potassium uptake observed in the hal4 hal5 mutant and the
growth improvement conferred by the truncated Trk1 are in-
dependent of the quality of the nitrogen source (data not
shown). However, the hal4 hal5 mutant expressing this more
stable, active version of Trk1 does not grow as well as the
wild-type strain in minimal medium, indicating that the rescue
is only partial.

Since the truncated version of Trk1 appears active in the
hal4 hal5 mutant, it provides an experimental system to begin
to distinguish between the contributions of potassium and the
Hal4 and Hal5 kinases in nutrient transporter stability. Ac-
cordingly, we began by analyzing the localization/stability of
the Can1, Hxt1, and Fur4 transporters in hal4 hal5 mutants
expressing either full-length TRK1 or the more stable, trun-
cated version (Trk1�35) by either Western analysis (Fig. 7D)
or confocal microscopy (Fig. 7E). We observed a similar defect
in the localization/stability of these transporters upon removal
of potassium supplementation in strains expressing Trk1�35,
compared to the strains expressing full-length Trk1, suggesting
that Hal4 and Hal5 may influence transporter localization
and/or stability independently of Trk1. In the case of both Fur4
and Can1, a marked decrease in the amount of protein is
observed after 2 h of incubation in medium not supplemented
with KCl. In the case of Hxt1, the amount of full-length protein
decreases, while the amount of an apparent product of protein
degradation increases. In order to confirm this interpretation,
we analyzed the amount of free GFP present in the soluble
fraction. As expected, as the amount of full-length Hxt1-GFP
decreases in the insoluble fractions, the amount of free GFP

FIG. 6. Reduction of Rsp5 expression leads to a decrease in the
amount of Trk1 in a hal4 hal5 strain and does not improve its growth
defects. (A) Western analysis of Trk1 protein levels in the insoluble
fraction isolated from the indicated strains. The amount of Trk1 pro-
tein was detected using anti-HA antibodies, and the Ponceau S
(PonS)-stained filter is shown as a loading control. The time after
potassium withdrawal (0, 30, and 60 min) is indicated. (B) The indi-
cated strains were grown to saturation in selective minimal medium
supplemented with potassium, serially diluted, and spotted onto the
indicated solid media. Growth was recorded after 48 to 72 h of incu-
bation at 28°C. WT, wild type.
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increases in the soluble fraction, likely corresponding to the
signal observed in the lumen of the vacuole.

In order to investigate the possibility that the hal4 hal5
mutant shows reduced uptake of other nutrients, in addition to
potassium, we assayed the growth of the hal4 hal5 strain in
minimal medium supplemented with 0.1 M KCl and either
excess uracil (300 �g/ml) or limiting amounts of uracil (1.2
�g/ml). As observed in Fig. 8A, the hal4 hal5 mutant, but not
the trk1 trk2 mutant, is not able to grow in limiting amounts of
uracil, suggesting that high-affinity uracil uptake is defective in
this mutant. These results are consistent with the confocal
microscopy, where we observed a defective localization of the
Fur4 transporter in the hal4 hal5 mutant (but not the trk1 trk2
mutant) even in the presence of potassium supplementation.

In addition, we observed that expression of the truncated ver-
sion of Trk1 is not able to improve growth under these condi-
tions, as expected from the results of the Western analysis of
Fur4 stability (Fig. 7D).

We further corroborated these results suggesting that de-
fects in nutrient uptake may contribute to the hal4 hal5 slow-
growth phenotype by complementing the biosynthetic path-
ways for both uracil and tryptophan with centromeric plasmids.
We postulated that if these nutrient transporters are less stable
in the hal4 hal5 mutant, as observed by confocal microscopy,
then complementation of the biosynthetic routes should im-
prove the growth of this strain in medium not supplemented
with potassium. As shown in Fig. 8B, we observed a slight
improvement in the growth of the hal4 hal5 mutant trans-
formed with both URA3- and TRP1-containing centromeric
plasmids, compared to the control strains carrying only one
plasmid or no plasmid at all, after 5 days of growth. It is
important to note that these growth assays were performed in
the presence of exogenous uracil and tryptophan and suggest
that the hal4 hal5 mutant is defective in uracil and tryptophan
uptake from the external medium.

DISCUSSION

Here, we describe a novel role for the Hal4 and Hal5 kinases
in the regulation of the stability of a diverse subset of plasma
membrane nutrient transporters. The Trk1 high-affinity potas-
sium transporter is rapidly degraded in the hal4 hal5 mutant
strain upon removal of potassium supplementation, whereas
overexpression of the HAL5 gene results in increased accumu-
lation of the Trk1 protein at the plasma membrane. These
results explain both the potassium dependency of the hal4 hal5
strain and the mechanism of salt tolerance observed upon
HAL5 overexpression. Furthermore, we show that although
the hal4 hal5 mutant exhibits no defect in the overall structure
of the plasma membrane during potassium withdrawal (as doc-
umented by the Sur7-GFP localization), the stability of other
nutrient permeases undergoes a similar decrease. These data
suggest that the Hal4 and Hal5 kinases perform a function
analogous to that proposed for the Npr1 kinase (7). However,
the physiological conditions under which these kinases are
important appear to be different. The Hal4 and Hal5 kinases
are required for growth in medium containing ammonia as the
nitrogen source and physiologically relevant potassium concen-

FIG. 7. Biochemical and phenotypic analysis of a truncated version of Trk1. (A) The hal4 hal5 strain was transformed with a centromeric
plasmid containing either the full-length or the truncated version of TRK1 lacking the last 35 amino acids (Trk1�35). Strains were grown to mid-log
phase in potassium-supplemented minimal medium and then transferred to unsupplemented minimal medium, samples were removed at the
indicated times, and the amounts of Trk1 (top panel) and Pma1p (middle panel) present were analyzed by Western blotting. The Ponceau S
(PonS)-stained filter is shown as a control for protein loading. (B) The indicated strains (hal4 hal5 mutant transformed with the empty vector [}],
full-length TRK1 [F], TRK1�35 [Œ], or HAL5 [f]) were grown to mid-log phase in potassium-supplemented medium, washed, and incubated for
2 h in a low-potassium buffer. Rubidium uptake was measured by high-pressure liquid chromatography analysis, as described in Materials and
Methods, using 5 mM RbCl. (C) The indicated strains were grown to saturation in potassium-supplemented minimal medium, serially diluted, and
spotted onto the indicated plates. Growth was recorded after 48 to 72 h at 28°C. (D) The hal4 hal5 strains expressing the indicated fusion proteins
were grown to mid-log phase in potassium-supplemented medium and then transferred to medium supplemented (�K) or not (�K) with 0.2 M
KCl for 2 hours. Samples were processed for Western analysis as described in Materials and Methods and analyzed for the amount of Fur4-GFP
(left panels), Can1-GFP (middle panels), or Hxt1-GFP (right panels). In the case of Hxt1, the appearance of free GFP in the soluble fraction was
also analyzed [GFP (soluble)]. The Ponceau S (PonS)-stained filters or the amount of Pma1 is shown as a control for protein loading. (E) The hal4
hal5 strains expressing the indicated proteins were grown as described for panel D, and confocal microscopy images were generated. Represen-
tative micrographs are shown.

FIG. 8. Growth requirements of the hal4 hal5 mutant. (A) The
indicated strains were grown to saturation in potassium-supplemented
minimal medium, and serial dilutions were spotted onto plates con-
taining minimal medium supplemented with 0.1 M KCl and either 300
�g/ml (excess) or 1.2 �g/ml (limiting) of uracil. Growth was recorded
after 48 to 72 h. WT, wild type. (B) The hal4 hal5 strain was trans-
formed with the indicated plasmids and grown to saturation in potas-
sium-supplemented medium, and serial dilutions were spotted onto
minimal medium plates containing uracil, tryptophan, and adenine (to
complement auxotrophies of the nontransformed or singly trans-
formed strains) without (�) or with (�KCl) 0.1 M KCl. Growth was
recorded after 72 to 96 h.
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trations, whereas the activity of the Npr1 kinase is important
during nitrogen starvation. Many other plasma membrane pro-
teins are known to be routed to the vacuole for degradation by
an ubiquitylation-dependent mechanism. However, in these
cases, nutrient starvation, rapamycin treatment, or substrate-
mediated down-regulation are involved (reviewed in reference
20). Here, we present evidence that the Hal4 and Hal5 kinases
are involved in modulating the trafficking of at least a subset of
plasma membrane proteins under standard growth conditions.

Genetic evidence suggests a complex regulation of the Trk1
transporter. Work from several groups has identified protein
kinases (such as Hal4, Hal5, and Sky1), protein phosphatases
(such as Ppz1, Ppz2, and calcineurin), G proteins (such as
Arl1), ion transport proteins (such as Nha1), and proteins of
unknown function (such as Hal1) in Trk1-mediated potassium
transport (2, 11, 27–29, 33, 45). However, in most cases, the
mechanism of regulation is unknown. We previously reported
that inactivation of two genes encoding type 1-like protein
phosphatases, Ppz1 and Ppz1, increases the levels of phosphor-
ylation of Trk1 and leads to potassium accumulation. However,
Trk1 protein stability and/or subcellular localization is not al-
tered in the ppz1 ppz2 mutant strain (reference 45 and data not
shown). Similarly, we observed no marked effect on Trk1-GFP
protein levels or subcellular distribution in strains lacking
SKY1, CNB1, ARL1, NHA1, HAL1, HOG1, BUL1, or BUL2
(data not shown). We tested HOG1 based on its reported role
in the regulation of ion transporters, such as Nha1 and Tok1,
during osmotic stress, (31). The BUL1 and BUL2 genes encode
proteins which are ubiquitin-binding components of the Rsp5
E3-ubiquitin ligase complex and are proposed to act as E4
enzymes important for the multiubiquitylation of specific sub-
strates (19). Rsp5-mediated ubiquitylation has been estab-
lished as a key step in the regulation of intracellular trafficking
of many plasma membrane proteins, such as the Gap1 amino
acid permease (40). Indeed, we observed that Trk1 delivery to
and/or stability at the plasma membrane also appears to be
regulated by Rsp5; the amount of Trk1 protein present at the
plasma membrane in hal4 hal5 strains with reduced expression
of Rsp5 (hal4 hal5 npi1) is markedly decreased. Moreover, we
observed that reduction of Rsp5 expression, which leads to the
stabilization of some plasma membrane transport proteins,
does not improve the growth defects observed for the hal4 hal5
strain.

In addition, we have provided evidence showing that the
destabilization of Trk1 and Can1 at the plasma membrane of
the hal4 hal5 mutant is not observed in medium supplemented
with a high K� concentration, whereas especially Fur4 and
Gap1 and to a lesser extent Hxt1 do not accumulate at the
plasma membrane in the hal4 hal5 mutant even in medium
supplemented with potassium. Therefore, these data are con-
sistent with a novel mechanism of regulation of the turnover of
a subset of nutrient transporters influenced by both protein
kinases and intracellular K� levels. However, until the molec-
ular details of this regulation are elucidated, we cannot rule
out an indirect, stress-related effect in the case of Fur4, for
example.

Analysis of the stability and function of the truncated version
of Trk1 may provide clues for this novel mechanism. We ob-
served that despite its increased stability and potassium uptake
activity in the absence of Hal4 and Hal5, expression of this

truncated version of Trk1 is not able to ameliorate many of the
defects observed in the hal4 hal5 mutant, including destabili-
zation of the Fur4, Can1, and Hxt1 nutrient transporters.
These results suggest that, in addition to the regulation of the
Trk1 potassium transporter, the Hal4 and Hal5 kinases may
play a more general role in the regulation of the stability
and/or trafficking of other nutrient transporters.

The last 35 amino acids of Trk1 contain 10 potential phos-
phorylation sites (S or T) and five lysine residues that could be
ubiquitylated to regulate its delivery to the plasma membrane
or its degradation via the vacuole. Detailed mutagenesis of this
complex region will identify the residues implicated in this
regulation. Our working model to explain the observed results
contends that the last 35 amino acids contain regulatory se-
quences involved in the normal cycling and/or turnover of the
transporter and that when they are deleted, the equilibrium is
shifted towards accumulation at the plasma membrane. This
model suggests that the regulation of transporter activity plays
a less prominent role under our experimental conditions and
that Hal4 and Hal5, or high K� levels, are not necessary for
this activation per se but are required to maintain Trk1 levels,
possibly by impeding posttranslational modifications, such as
ubiquitylation, that lead to vacuolar sorting. Both the stability
and activity of the truncated version of Trk1 in the hal4 hal5
mutant and the increased stability of the Trk1 transporter upon
overexpression of HAL5 are consistent with this model.

We previously reported that the in vivo phosphorylation of
Trk1 increases upon HAL5 overexpression (45). However, in
this case, the increase is likely to be due to the increase in
protein levels. We have not observed Trk1 phosphorylation by
Hal5 in vitro in the case of the full-length protein or a GST
fusion containing the last 68 amino acids. Therefore, at this
time, we cannot conclude whether the Hal4/Hal5-mediated
regulation of Trk1 is direct or indirect. A recent report dem-
onstrates that a Hal4/Hal5-related kinase, Ptk2, present in
purified plasma membrane-containing fractions can phosphor-
ylate Ser 899 in the COOH terminus of Pma1 expressed as a
GST fusion protein in vitro (10). In the case of Npr1-mediated
regulation of the plasma membrane amino acid permease
Gap1 or the transcription factor Gln3, direct phosphorylation
of these substrates has not been demonstrated. Indeed, in both
cases, Npr1 is not strictly necessary for substrate phosphoryla-
tion (6, 7). In this respect, it is interesting to note that the Hal4
and Hal5 kinases also appear to play a role in Gap1 stability.
Npr1 has been proposed to antagonize the activity of the Rsp5-
Bul1/Bul2 E3/E4 ubiquitin ligase complex in the case of Gln3
nuclear translocation, but the molecular mechanism is still
unknown (6). The fact that Gap1 is known to be regulated by
the same ubiquitin ligase complex suggests that Npr1 may
influence the activity of the Rsp5-Bul1/Bul2 complex. Two
other nutrient transporters shown here to become destabilized
in the hal4 hal5 mutant, Fur4 and Can1, are know to be ubiq-
uitylated in an Rsp5-dependent manner, although a role for
Bul1 and Bul2 has not been reported in these cases. Here, we
observed a decrease in the amount of Trk1 present at the
plasma membrane in hal4 hal5 strains with reduced RSP5 ex-
pression and that the amount of transporter decreases slightly
during potassium starvation. Therefore, it appears that Rsp5-
dependent ubiquitylation may influence the plasma membrane
delivery of this high-affinity potassium transporter.
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In this report, we have identified the mechanism by which
the Hal4 and Hal5 kinases regulate Trk1. However, future
work is needed to identify the specific residues implicated in
the regulation of this complex region of the Trk1 potassium
transporter. In addition, we show that Hal4 and Hal5 activity
influences the stability of other nutrient transporters, thus pro-
viding a more general view of the function of this family of
kinases and demonstrating that their activity may be required
under distinct physiological conditions. Future experiments
will determine whether the Hal4 and Hal5 kinases act by di-
rectly phosphorylating plasma membrane transport proteins,
as suggested for Ptk2-dependent regulation of Pma1, or
whether they antagonize an ubiquitin ligase complex, as pro-
posed for Npr1. In the case of Trk1, the fact that the protein
kinases can be replaced by a high K� level suggests that, under
normal growth conditions (high internal K� level), phosphor-
ylation of Trk1 may not be required for stability.
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