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The proper maintenance of potassium homeostasis is crucial
for cell viability. Among the major determinants of potassium
uptake in the model organism Saccharomyces cerevisiae are the
Trkl high affinity potassium transporter and the functionally
redundant Hal4 (Sat4) and Hal5 protein kinases. These kinases
are required for the plasma membrane accumulation of not only
Trk1l but also several nutrient permeases. Here, we show that
overexpression of the target of rapamycin complex 1 (TORC1)
effector NPR1 improves hal4 hal5 growth defects by stabilizing
nutrient permeases at the plasma membrane. We subsequently
found that internal potassium levels and TORCI1 activity are
linked. Specifically, growth under limiting potassium alters the
activities of Nprl and another TORC1 effector kinase, Sch9;
hal4 hal5 and trkl trk2 mutants display hypersensitivity to ra-
pamycin, and reciprocally, TORC1 inhibition reduces potas-
sium accumulation. Our results demonstrate that in addition to
carbon and nitrogen, TORC1 also responds to and regulates
potassium fluxes.

The target of rapamycin (TOR)* pathway is known to
respond to several nutrients, such as carbon and nitrogen, but
whether potassium levels influence this pathway is unknown.
Potassium is a key nutrient controlling several important bio-
physical parameters that have profound effects on cellular
physiology, and the proper regulation of cellular ion homeosta-
sis is a requirement for all living organisms. Among its many
physiological functions, potassium is fundamental for the reg-
ulation of cellular volume, intracellular pH, maintenance of
membrane potential, and protein synthesis (1-3). Trk1 is the
high affinity transporter responsible for potassium uptake in
the model organism Saccharomyces cerevisiae. Two function-

* This work was supported by Spanish Ministry of Science and Innovation
(Madrid, Spain) Grant BFU2011-30197-C03-03 (to L. Y.). The authors declare
that they have no conflicts of interest with the contents of this article.

" Supported by a pre-doctoral fellowship from the Spanish Research Council
(Consejo Superior de Investigaciones Cientificas).

2Supported by the Swiss National Science Foundation, the European
Research Council, and the Canton of Geneva.

3To whom correspondence should be addressed: Instituto de Biologia
Molecular y Celular de Plantas, ¢/ de Vera s/n, 46022 Valencia, Spain. Tel.:
34-963879375; Fax: 34-963877879; E-mail: lynne@ibmcp.upv.es.

“The abbreviations used are: TOR, target of rapamycin; ART, arrestin-related
trafficking; TORC1, TOR complex 1; AZC, L-azetidine-2-carboxylic acid;
V-ATPase, vacuolar H*-ATPase; SD, synthetic defined.

SASBMB

JANUARY 13,2017 «VOLUME 292+NUMBER 2

ally redundant protein kinases, Hal4 (Sat4) and Hal5, are posi-
tive regulators of the Trkl transporter (4). More specifically,
they regulate plasma membrane stability of the Trkl trans-
porter and other nutrient permeases, such as Canl, Mupl,
Fur4, or Hxtl (5, 6) by an unknown mechanism. We have
observed that upon removal of potassium supplementation,
these ion and nutrient transporters aberrantly accumulate in
the vacuole. This instability of ion and nutrient transporters
leads to alterations in the uptake and metabolism of carbon and
nitrogen in hal4 hal5 mutants.

This function of the Hal4 and Hal5 kinases in the regulation
of plasma membrane protein stability is similar to the roles of
other members of the NPR/HALS family, including Ptk2 and
Nprl. Ptk2 has been shown to regulate the activity of the Pmal
H*-ATPase, presumably by mediating the phosphorylation of
serine 899 (7, 8). Npr1 has been shown to be an effector of the
TOR pathway (see below) and to regulate the trafficking of sev-
eral amino acid permeases including Gapl, Bap2, and Tat2
(9-12). Npr1-dependent phosphorylation is proposed to affect
Rsp5-dependent ubiquitylation of these permeases, conse-
quently influencing the amount of these proteins present in the
plasma membrane.

RSPS5 is an essential gene that encodes a HECT-type E3 ubiq-
uitin ligase of the Nedd4 family that is responsible for the ubiq-
uitylation of many ion and nutrient transporter proteins (13).
Rsp5 requires, in many cases, specific adaptors for recognition
and subsequent ubiquitylation of the target protein (14, 15). So
far, 19 Rsp5 adaptor proteins have been described, among
which there are 14 ART (arrestin-related trafficking) (16, 17).
This E3 ubiquitin ligase/adaptor system is necessary for the
regulation of ion and nutrient transporters and, therefore, plays
a key role in nutrient homeostasis.

As mentioned, one of the central signal transduction path-
ways controlling nutrient homeostasis in eukaryotic organisms
is the TOR pathway. Two separate signaling branches are con-
trolled by two multiprotein complexes, termed TOR complex 1
(TORC1) and TOR complex 2 (TORC2) (18). TORC]1 is rapa-
mycin-sensitive, and in yeast it contains Kogl, Lst8, Tco89, and
either Torl or Tor2 (19, 20). The physiological processes con-
trolled by this signaling branch include synthesis and degrada-
tion of both proteins and mRNA, ribosome biogenesis,
autophagy, and nutrient transport (21). Under favorable
growth conditions, the TORC1 pathway is active, and cells
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maintain active ribosome biogenesis, protein translation, and
nutrient uptake. However, when TORCI activity is inhibited by
the addition of rapamycin, under conditions of carbon or nitro-
gen starvation or in response to several stress conditions, pro-
tein translation dramatically decreases, stress responsive tran-
scription factors are activated, and autophagy is induced (18,
21-23). TORC1 has been shown to be constitutively localized
to the cytoplasmic face of the membrane of the vacuole, the
nutrient reservoir in yeast, via its association with the EGO
complex (24, 25). TORCI1 regulates diverse aspects of cell phys-
iology primarily via two major effector branches, the AGC fam-
ily kinase Sch9 and Tap42-associated type 2A protein phospha-
tases (18). Sch9 is a direct substrate of TORC1 (25), and
monitoring Sch9 phosphorylation serves as a convenient proxy
to assess TORCI activity. The mechanisms by which TORC1
signals to Tap42-PP2A complexes are less well understood (18).

TORCI1 modulates nutrient homeostasis in part by regulat-
ing the complement of nutrient permeases at the plasma mem-
brane via the Tap42-PP2A effector Nprl. Nprl is a protein
kinase activated upon TORCI1 inhibition presumably by
Tap42-PP2A-mediated dephosphorylation. Activated Nprl
phosphorylates a subset of Rsp5 adaptor proteins, including
Ldb19 (hereafter referred to by its alias, Art1), Aly2 (Art3), Alyl
(Art6), Bull, and Bul2 (26 —28). The phosphorylation status of
these adaptor proteins influences the Rsp5-mediated ubiquity-
lation of specific transporter proteins and thus participates in
the regulation of the intracellular trafficking of nutrient trans-
porters both from the plasma membrane to the vacuole via the
multivesicular body (MVB) pathway and from the Golgi to the
plasma membrane (26 —28).

In this study we present data demonstrating that the TORC1
effector Nprl is involved in the Hal4- and Hal5-mediated reg-
ulation of nutrient transporters. Specifically, Nprl activity is
low in hal4 hal5 cells, and NPRI overexpression partially res-
cues hal4 hal5 phenotypes, which are themselves likely caused
by accumulation of the Nprl-regulated ART protein, Artl.
Moreover, we present evidence for a reciprocal regulation
between potassium and the TORCI signaling pathway by
showing potassium-responsive changes in the phosphorylation
status of both Npr1 and Sch9, rapamycin sensitivity of mutants
with reduced internal potassium, and a decrease in potassium
accumulation in rapamycin-treated cells.

Results

The TORC]1 effector Nprl is a protein kinase that has been
implicated in the regulation of Rsp5-mediated permease degra-
dation (9, 10, 26-28). More specifically, this kinase has been
shown to phosphorylate members of the ART family, and in the
case of Art1 this phosphorylation reduces its activity as an Rsp5
adaptor, leading to an increase in the plasma membrane accu-
mulation of amino acid permeases, such as Canl and Mupl
(27). We previously reported that in strains lacking the protein
kinases Hal4 and Hal5, several plasma membrane transport
proteins are aberrantly accumulated in the vacuole (5, 6). We
tested whether the overexpression of NPRI and the corre-
sponding phospho-inhibition of ART proteins would improve
the growth phenotypes observed for the hal4 hal5 mutant. As
reported, the hal4 hal5 mutant presents a marked growth
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defect in SD media that is ameliorated by supplementing with
KCl (4, 5). SD medium contains ~7 mm KCI, but because of the
high amount of ammonia, which is a competitive inhibitor of
Trkl, this medium is relatively poor in potassium. Translucent
medium is a yeast nitrogen base (YNB)-based medium that has
been reformulated to contain negligible amounts of potassium
(15 pMm), which enables more precise studies of potassium-de-
pendent phenotypes (29).

As shown in Fig. 1, A and B, NPRI acts as a multicopy sup-
pressor of the growth defect of the /#al4 hal5 mutant in media
with limiting potassium concentrations (both SD and translu-
cent). The overexpression of NPRI did not lead to wild type
growth levels of the hal4 hal5 mutant, but it clearly improved
the growth of this mutant in limiting potassium conditions.

As mentioned above, the hal4 hal5 mutant has also been
shown to have reduced levels of several amino acid permeases,
which can be conveniently monitored using toxic analogs of
amino acids, such as azetidine-2-carboxylic acid (AZC), a toxic
analogue of proline (30). We observe that the hal4 hal5 mutant
is more tolerant than the wild type control to AZC. The AZC
tolerance observed in these mutants suggests that, as with other
amino acid transporters, proline-specific permeases are pres-
ent at reduced levels at the cell surface as compared with the
wild type strain. The fact that NPR1 overexpression reduces
this tolerance suggests that expression of this kinase restores
the levels of amino acid permeases, as would be expected from
previously published data showing that Nprl regulates the
plasma membrane accumulation of several amino acid per-
meases. Interestingly, NPRI overexpression decreased the
growth of both the wild type and the hal4 hal5 mutant in the
presence of AZC, presumably by leading to a marked increase
in the accumulation of transporters of this toxic proline ana-
logue. For example, Npr1 is known to regulate not only Art1 but
also other ART family members, Alyl and Aly2, which are
involved in the delivery of Gap1 to the plasma membrane (26,
31). Because this general amino acid permease is known to
transport AZC, this likely explains the increased sensitivity of
both strains.

We directly tested the hypothesis that Nprl overexpression
can ameliorate the amino acid transporter instability observed
in hal4 hal5 mutants by monitoring the accumulation of the
high affinity methionine permease, Mupl. We chose this per-
mease based on our previous observations that Mupl1 stability is
acutely responsive to loss of HAL4 and HALS and that this
permease is regulated by Artl (6, 27). As shown in Fig. 2, A-C,
NPRI overexpression significantly increased the plasma mem-
brane accumulation of Mupl in hal4 hal5 mutants. As observed
in Fig. 2A, upon removal of potassium, the Mup1-GFP signal
was detected almost exclusively in the vacuole. However, upon
overexpression of Nprl in the /hal4 hal5 mutant, we observed
an increase in Mup1-GFP at the plasma membrane both in the
presence and absence of potassium supplementation. These
observations are quantified and confirmed by immunodetec-
tion in Fig. 2, Band C, respectively. We observe that the number
of cells with Mupl-GFP in the plasma membrane increased
2-fold in potassium grown cells and upon potassium depletion
in hal4 halS5 cells overexpressing NPRI. This observation is
confirmed by the immunodetection of Mup1 in potassium-de-

SASBMB

VOLUME 292-NUMBER 2-JANUARY 13,2017



TORC1 Maintains Potassium Homeostasis

A pWS93  pWS93-NPRT B
g 30
£-
SD+KCI 20
o
:ﬁ 15
g 10
:: el |
SD Q%
SD SD+ 50 mM KCI
100
= 9} x
WT . .&.0 % 50 mM ‘é:g owr
hald hal5 ' @ € KCl T ol 0 WT PR
- Translucent 2 ,f @ hald hals
i © L A
wr [ KX . S 5, media 5 | ® hald hal5 NPR1
KCI o 1iof
hal4 hal5 . 0
Trans 2.5 mM KCl Trans 50 mM KCI
w CRTRY i
- ;
* SD+KCI S o )
haldhalsj M N W R ) E 1
S ®
Wt SD+KCI g° *
hal4 hai5 [k K +AZC 5, [‘T’i
0

SD+ KCl SD+ KCl + 1mM AZC

FIGURE 1. NPR1 overexpression rescued the growth defects of the hal4 hal5 mutant. A, serial dilutions of the indicated strains (BY4741 background)

containing the empty plasmid (pWS93) or the NPRT multicopy plasmid (pWS93-NPR1) were spotted onto SD medium supplemented or not with 0.1 m KCl onto
potassium-free Translucent medium supplemented with 50 mm (replete) or 2.5 mm (limiting) KCl or onto potassium-supplemented SD media without (SD+KCl)
or with 1 mm AZC (SD+KCI+AZC). Similar results were obtained in the W303-1A genetic background. B, the duplication times were determined for the same
strains used in A in the indicated media as described under “Experimental Procedures.” The bars represent the average value for three independent determi-
nations, the circles represent each individual data point, and the error bars show the S.D. Similar results were observed in two different experiments. Asterisks

(*) indicate statistical significance (t test) with a p value < 0.05.

pleted hal4 hals cells expressing NPRI (compare the third and

fourth lanes, Fig. 2C). Moreover, we confirmed this effect of
Npr1 overexpression on Mup1 stability in both the BY4741 and
the W303-1A genetic backgrounds.

These results suggest that one defect of the hal4 hal5 mutant
may be a decrease in Npr1 activity. To test this possibility, we
examined the accumulation of Nprl at both the protein and
mRNA levels. As shown in Fig. 3, A—D, the amount of Nprl
protein, but not mRNA, was significantly decreased in hal4
hal5 mutants. As shown in Fig. 34, the amount of Npr1 protein
was reduced in hal4 hal5 mutants, especially upon removal of
potassium. We quantified this decrease in several clones and
observed a 40% reduction in Nprl protein accumulation in the
hal4 hal5 mutant (Fig. 3B). No significant differences were
observed in the accumulation of NPRI mRNA, suggesting that
the regulation is not transcriptional (Fig. 3, C and D).

Several reports have thoroughly demonstrated that the level
of Nprl phosphorylation is controlled by the TORCI protein
kinase complex, increasing its phosphorylation level under
conditions of TORCI activation and becoming dephosphory-
lated upon TORCI inhibition (10, 27, 32). Moreover, these
studies have shown that TORC1-dependent phosphorylation
of Nprl leads to decreased Nrpl activity. Therefore, we next
examined the relative levels of Nprl phosphorylation in wild
type (WT) and hal4 hal5 strains grown in potassium-replete
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media and after incubation of the cells in low potassium media.
As controls, we treated the cells with both cycloheximide
(TORCLI activator) and rapamycin (TORCI inhibitor). We
observed that in the hal4 hal5 mutant there is an increase in the
proportion of Nprl that is phosphorylated, as the migration
pattern is very similar to that observed upon cycloheximide
treatment both in the presence and absence of potassium (com-
pare the second lane with the sixth and seventh lanes, Fig. 3E).
We quantified the relative phosphorylation state of Nprl in
each of the conditions tested in multiple clones. As observed in
Fig. 3F, the ratio of phosphorylated Npr1 is very similar in wild
type strains treated with the TORC1 activator and in the strains
lacking the Hal4 and Hal5 kinases. As stated, this phosphoryla-
tion has been correlated with a decrease in Nprl activity and
thus is consistent with the observations described above sug-
gesting that Nprl activity is reduced in hal4 hal5 mutants
(10, 32). Interestingly, this increased phosphorylation is also
observed in low potassium conditions in the wild type strain
(fifth lane, Fig. 3E). This observation will be discussed in more
detail below.

Previous reports demonstrate that Npr1 phosphorylates and
inactivates Artl (27). This phosphorylation can be observed as
a band shift, with the upper band of the Artl doublet corre-
sponding to the post-translationally modified form (bottom
panel, Fig. 4B and Ref. 33). Therefore, we hypothesized that the
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FIGURE 2. NPR1 overexpression increased plasma membrane stability of
the Mup1 permease in the hal4 hal5 mutant. The BY4741 hal4 hal5 mutant
was transformed with the centromeric plasmid containing a Mup1-GFP
fusion and an empty plasmid or an NPR7-containing multicopy plasmid. The
indicated strains were grown to mid-log phase in SD medium supplemented
with 0.1 MmKCl and then transferred to low potassium medium for 2 h (—KCl) or
medium supplemented with 0.1 m KCI (+KCl). A, confocal microscopy images
of Mup1-GFP localization in the hal4 hal5 mutant under the indicated exper-
imental conditions. B, quantification of the number of cells that show Mup1
exclusively in the plasma membrane (PM), in the plasma membrane, and in
the vacuole (PM/VAC) and strictly in the vacuole under the indicated experi-
mental conditions. More than 50 cells were analyzed for each condition in
four independent experiments. The bars represent the average value for the
independent experiments, the circles represent each individual data point,
and the error bars show the S.D. C,immunodetection of Mup1 present in the
insoluble fraction isolated from the indicated strains. Asterisks (¥) indicate
statistical significance (t test) with a p value < 0.05. Double asterisks (**) indi-
cate statistical significance with p value < 0.01.

decrease in Nprl activity observed in /al4 hal5 mutants would
lead to an increase in the accumulation of active Artl, thus
providing a plausible explanation for the aberrant degradation
of Artl-dependent cargos, like Canl and Mupl, observed in
this mutant. A schematic diagram depicting this model is
shown in Fig. 44. In support of this hypothesis, we observed a
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marked increase in the accumulation of the non-phosphorylat-
ed, active form of the Artl protein and a decrease in the pro-
portion of phosphorylated Artl in hal4 hal5 mutants, which is
reverted upon NPRI overexpression (Fig. 4, B and C). This
result shows a correlation with decreased Nprl activity and
increased accumulation of active Artl. Our data provide a
mechanistic explanation for the previously reported hal4 hal5
phenotypes, which implicate the TORC1 effector kinase Nprl
and the Rsp5/adaptor network in the aberrant degradation of
amino acid permeases.

As mentioned above, a very interesting observation that can
be extracted from the data presented in Fig. 3, E and F, is that
Nprl phosphorylation increases in response to limiting potas-
sium conditions, not only in the hal4 hal5 mutant but also in
the wild type strain (compare the fourth and fifth lanes in Fig.
3E). This result suggests that it is the low potassium that acti-
vates the TORCI1 signaling pathway. To further corroborate
this observation, we tested the phosphorylation of another
TORCI1 effector, Sch9, which is a direct substrate of TORCI,
and its phosphorylation is used as a read-out to measure
TORCI1 activity. As in the case of Npr1, we used cycloheximide
to activate TORC1 and rapamycin to inhibit the complex. In
this way we can observe the hyper- and hypophosphorylated
state of Sch9. Using a phospho-specific antibody, we observed
that the levels of phosphorylation of Sch9 also increase in
response to limiting potassium concentrations (Fig. 5, A and B).
These results are in good agreement with the data presented
regarding the phosphorylation of Npr1 tested under the same
conditions (Fig. 3. E and F). Taken together, these results indi-
cate that low potassium concentrations enhance the activation
of TORCI.

In the case of other nutrients, like nitrogen, starvation leads
to TORCI inactivation (18). Here, we observe that in condi-
tions of suboptimal potassium concentrations (hald hal5
mutant) or during the initial stages of decreased external potas-
sium, TORCI substrates are hyperphosphorylated. At least two
hypotheses can be proposed to explain this response: 1) TORC1
activation is required to mobilize potassium from the vacuole to
maintain adequate levels of this cation, or 2) TORC1 activation
favors the uptake of potassium from the extracellular media to
ameliorate the potassium deficit.

To begin to study these possibilities, we next examined
whether this signaling pathway requires the EGO complex. Pre-
vious results in yeast and higher eukaryotes have shown that the
EGO complex (Regulator complex in higher eukaryotes) func-
tions upstream of TORC1 to mediate amino acid signaling
and that in mammals this complex is required for localization of
the TORC1 complex to the vacuole (24, 34—36). Therefore, we
tested whether the EGO complex, which regulates some activ-
ities of TORC], is required for the Sch9 phosphorylation
observed upon potassium starvation. As observed in Fig. 5, C
and D, the increased Sch9 phosphorylation observed in low
potassium medium does not require the EGO complex, as the
levels of Sch9 phosphorylation are very similar in the mutant
lacking the four components of the EGO complex (egol ego2
gtrl gtr2) and the isogenic wild type control. This experiment
does not formally rule out a role for the vacuole in this response,
as additional experiments would be required to fully address
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FIGURE 3. Npr1 protein expression levels were reduced, whereas Npr1 phosphorylation levels were increased in hal4 hal5 mutant strains. A, the
indicated BY4741 strains were transformed with a plasmid expressing the Npr1-HA fusion protein, grown to mid-log phase in SD medium supplemented with
0.1 mKCl, and incubated for 30 min in medium supplemented (+) or not (—) with 0.1 m KCl. The amount of Npr1 was analyzed using the anti-HA antibody (top
panel), and the amount of protein present in each sample is shown in the Direct blue-stained filter (bottom panel). B, Npr1-HA quantification of the experiment
described in panel A.Npr1 protein levels of WT cells grown in potassium supplemented media (+KC/) were used as the reference value. The bars represent the
average value for the independent experiments, the circles represent each individual data point, and the error bars show the S.D. C, total RNA was extracted
from the indicated strains, and conditions are described in panel A. Northern analysis was performed using a specific probe corresponding to nucleotides 1 to
658 of NPR1 (top panel). The membrane was re-probed with ACT1 as a loading control (bottom panel). D, the NPRT mRNA signal was normalized using ACT1, and
the results are expressed as relative induction of NPRT using the value corresponding to the WT+KCl sample as the reference value. The bars represent the
average value for the independent experiments, the circles represent each individual data point, and the error bars show the S.D. E, the indicated strains from
panel A were grown in Translucent medium supplemented with 50 mm KCI. Cells were treated with rapamycin (RAP) (200 ng/ml), cycloheximide (CHX) (25
g/ml), orincubated for 30 min without potassium and further analyzed for Npr1 electrophoretic mobility. F, Npr1 phosphoshift quantification was performed
by densitometry. The position of the Npr1 phosphorylation bands was defined using WT cells treated with cycloheximide. Npr1, = phosphorylated Npr1. The
bars represent the average value for the independent experiments, the circles represent each individual data point, and the error bars show the S.D. Double
asterisks (**) indicate statistical significance with a p value < 0.01. Similar results were observed in the W303-1A background.

this question, but it does show that this mechanism of TORC1
activation does not require the EGO complex.

To experimentally test the second hypothesis postulating
that the TORC1 complex is involved in maintaining internal
potassium concentrations, we tested the rapamycin sensitivity
of strains defective in high affinity potassium transport. We
reasoned that if TORC1 activity is necessary to maintain inter-
nal potassium concentrations, mutants with lower internal
potassium may be more sensitive to TORC1 inhibition. We
observed that both the hal4 hal5 and trkl trk2 mutants are
sensitive to rapamycin (Fig. 6A4).
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To determine whether this sensitivity involves internal acidifi-
cation or decreased amino acid uptake, known to occur in these
low internal potassium mutants, we tested the rapamycin sensitiv-
ity of two other mutant strains. The brpI mutant lacks most of the
PMA1 promoter, leading to decreased expression of the H*-AT-
Pase, whereas the activity of Pmal is decreased in ptk2 mutants. In
both cases, the cytosol is more acidic and amino acid uptake is
reduced due to the decrease in the proton gradient (7, 36). Neither
of these mutants was sensitive to rapamycin (Fig. 6A).

This analysis allows us to discard a role for decreased internal
pH and decreased amino acid uptake in this phenotype, sug-
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FIGURE 4. Art1 protein levels were increased in hal4 hal5 mutant strains.
A, schematic representation of the proposed model relating Npr1 and Art1
activity to permease degradation in the hal4 hal5 mutant. B, the indicated
BY4741 strains were transformed with a plasmid expressing the Art1-HA
fusion protein and grown to mid-log phase in SD medium supplemented
with 0.1 m KCl. The WT strain was incubated for 30 min with 200 ng/ml of
rapamycin (WT+RAP). The amount and electrophoretic mobility of Art1 was
analyzed using the anti-HA antibody (top panel), and the amount of protein
present in each sample is shown in the Direct blue-stained filter below each
Western blot. The bottom panels show the change in the electrophoretic
mobility of immunoprecipitated Art1 in the presence and absence of phos-
phatase treatment. The wild type strain expressing Art1-HA was grown to
mid-log phase and treated for 30 min with 200 ng/ml rapamycin. Art1 was
immunoprecipitated and split into three aliquots that were treated as indi-
cated in the figure. C, quantification of Art1 and phosphorylated Art1 (Art1-P)
from conditions described in panel A. Non-phosphorylated Art1 protein levels
of WT cells grown in potassium-supplemented media (+KC/) are used as the
reference value. The bars represent the average value for the independent
experiments, the circles represent each individual data point, and the error
bars show the S.D. Double asterisks (**) indicate statistical significance (t test)
with p value < 0.01.

gesting that it is the low internal potassium concentrations
of the hal4 hal5 and trkl trk2 mutants that led to rapamycin
sensitivity. Further supporting this interpretation, we
observe that the addition of external potassium (but not the
osmotic equivalent of sorbitol) clearly rescues the growth of
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the hal4 hal5 and trklI trk2 mutants in the presence of rapa-
mycin (Fig. 6A4).

Taken together, these results suggest that the hal4 hal5 and
trk1 trk2 mutants are sensitive to rapamycin due to inhibition of
residual potassium uptake known to take place in these mutant
strains (37). To directly test whether rapamycin treatment
affects potassium accumulation, we measured this parameter in
the wild type strain treated with rapamycin (Fig. 6B). We
observe a marked decrease in potassium accumulation within
30 min, which reached its lowest level after 1 h. These decreased
internal potassium levels were maintained over the duration of
the assay (4 h).

To determine whether this phenotype was caused by TORC1
inhibition and not a nonspecific effect of rapamycin toxicity, we
next tested the strain lacking the FPRI gene, which encodes the
protein necessary for the formation of the rapamycin-Tor1/2
complex (38, 39). We included the trkl trk2 mutant in this
analysis to test whether the presence of the high affinity potas-
sium transporters influenced this phenotype. We observed that
rapamycin treatment decreased the internal potassium accu-
mulation in both wild type and trk1 trk2 strains but had no
effect in the fpr1 mutant (Fig. 6C). The amount of potassium in
untreated trkl trk2 strains is reduced compared with the wild
type control, as would be expected, and the addition of rapa-
mycin led to a further decrease in the amount of internal potas-
sium in this mutant, in agreement with the growth profile pre-
sented above for the trkl trk2 mutant. These results show that
inhibition of TORC1 reduces potassium accumulation in a
Trk1/Trk2-independent fashion.

Finally, as we did for Sch9 activation, we tested whether the
EGO complex plays a role in the decreased potassium accumu-
lation upon rapamycin treatment. In Fig. 6C we showed that
rapamycin treatment led to a decrease in potassium accumula-
tion in mutants lacking the gene encoding the EGO complex
(egol ego2 gtrl gtr2). This result suggests that this complex is
not strictly required for this phenotype, as observed for Sch9
phosphorylation. It also confirms the rapamycin-mediated
decrease in internal potassium in a second genetic background
(TB50a). We also tested the W303-1A background and
observed similar results (data not shown).

Discussion

The results presented here reveal a connection between
potassium homeostasis and TORC1 activity. On one hand, we
found that two TORCI effectors, Nprl and Sch9, are hyper-
phosphorylated when internal potassium concentrations are
constitutively low or in response to a shift to low potassium
medium. On the other hand, we also found that inhibition of
TORC1 activity reduces potassium accumulation indepen-
dently of the Trk1 and Trk2 high affinity transporters. Thus, we
conclude that TORC1 performs an unanticipated and poten-
tially conserved role in potassium homeostasis.

The regulation of potassium homeostasis is crucial for many
biophysical parameters, such as membrane potential and inter-
nal pH, and previous studies have shown that mutations leading
to alterations in the activity of the two major transport systems
governing membrane potential in the model yeast S. cerevisiae
have clear effects on many aspects of nutrient uptake. More
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FIGURE 5. Levels of Sch9 phosphorylation increased in response to limiting potassium conditions. A, BY4741 cells were grown in Translucent medium
supplemented with 50 mm KCl. Cells were treated with rapamycin (RAP) (200 ng/ml) or cycloheximide (CHX) (25 wg/ml) or incubated for 30 min without
potassium and further analyzed for Sch9 phosphorylation by immunodetection employing the phospho-specific Sch9°7*8 and pan-Sch9 antibodies. B, quan-
tification of Sch9 phosphorylation levels from experiments performed as in panel A were normalized using Sch9 total protein, and the results are expressed as
relative phosphorylation of Sch9 considering WT cells grown in potassium-supplemented Translucent medium (+KCl) as the reference value. Results corre-
spond to the mean values = S.D. of independent clones. Sch9,, = phosphorylated Sch9. Similar results were also observed in the W303-1A background. C,
TB50a control (WT) and ego1 ego3 gtr1 gtr2 strains were analyzed as described in A. A representative experiment is shown. D, quantification of Sch9 phosphor-
ylation levels was performed as in B. The bars represent the average value for the independent experiments, the circles represent each individual data point, and
the error bars show the S.D. Asterisks (*) indicate statistical significance (t test) with a p value < 0.05. Double asterisks (**) indicates statistical significance with

apvalue <0.01.

specifically, mutations that decrease Pmal or Trk1 activity led
to decreased amino acid uptake, whereas mutations that led to
overactivation of either system increase uptake by creating a
more favorable proton gradient for the symport of amino acids
(4, 7, 40, 41). Some of the mutations characterized directly
affect the transport protein by direct deletion of either the pro-
moter region, the coding sequence, or by deletion of enzymes
that post-translationally regulate the transporters, such as Ptk2
or Ppz1. In other cases, such as Hal4 and Hal5, the mechanism
of action is more complex. This mutant is known to have
reduced internal potassium via regulation of Trkl and Trk2,
but how these kinases regulate potassium homeostasis is still
being defined. Our previous studies have demonstrated that in
strains lacking the Hal4 and Hal5 kinases, Trkl and several
other nutrient transporters aberrantly accumulate in the vacu-
ole in the absence of potassium supplementation (5, 6).

To begin to define the function of the Hal4 and Hal5 kinases
in the maintenance of transporter plasma membrane stability,
we first determined whether this regulation involved Rsp5-me-
diated endocytosis. In our previous data using the hal4 hal5
npil triple mutant, latrunculin A-mediated inhibition of endo-
cytosis, and mutated versions of Rsp5 support a role for the
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Hal4 and Hal5 kinase in regulating the ubiquitin-mediated
endocytosis of nutrient transporters (5).

Here, we report that Nprl acts as a multicopy suppressor of
the hal4 hal5 mutant. Moreover, the accumulation of the Nprl
kinase is reduced in these mutants, and the phosphorylation
levels of the remaining Npr1 protein are also increased. Phos-
phorylation of Nprl has been shown to correlate with
decreased activity of the kinase; therefore, the levels of active
Nprl are markedly reduced in the hal4 hal5 mutant (10, 32).
Moreover, we observed that a decrease in Npr1 activity leads to
an over-accumulation of the active form of the Rsp5 adaptor,
Artl. Taken together, our data indicate that the aberrant deg-
radation of nutrient transporters, such as Canl or Mupl,
observed in the hal4 hal5 mutant is explained, at least in part, by
deficient Npr1 activity. Deficient Npr1 activity would lead to an
increase in Rsp5-mediated ubiquitylation of amino acid per-
meases by increasing the interaction of Rsp5 with its adaptor
protein, Artl. This interpretation is directly supported by the
data presented here showing that Mupl plasma membrane

> C. Primo and L. Yenush, unpublished results.
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FIGURE 6. Rapamycin treatment inhibited the growth of high affinity potassium uptake mutants and lowered internal potassium accumulation. A, the
indicated BY4741 strains were grown to saturation in YPD medium, serially diluted, and spotted onto plates of YPD and YPD supplemented with 5 ng/ml
rapamycin with or without potassium supplementation (0.5 m) (+KC/) or the addition of the osmotically equivalent amount of sorbitol (0.8 m) (+SORB). Growth
was recorded after 3 to 4 days of incubation at 28 °C. This experiment was performed in three different biological replicates. B, cells from wild type yeast
(BY4741) were grown to mid-log phase in YPD, 200 ng/ml rapamycin (RAP) were added, and samples were taken at the indicated times for the determination
of the intracellular potassium concentration. The average values of triplicate determinations are represented in the graph. The error bars represent the S.D.
Essentially identical results were obtained in three independent experiments. All data points present a p value > 0.01, as compared with the control sample.
Similar results were observed in the W303-1A background. C, cells from wild type yeast (BY4741), trk1 trk2 and fpr1 mutants and the ego1 ego3 gtr1 gtr2 strain
and its wild type control (TB50a) were grown to mid-log phase in YPD, and 200 ng/ml of rapamycin (RAP) or the vehicle (control) was added during 60 min.
Samples were taken for the determination of the intracellular potassium concentration. The value obtained for WT cells treated with the vehicle (control) was
set as the reference value. The bars represent the average values, the circles represent each individual data point, and the error bars show the S.D. Asterisks (*)

indicate statistical significance (t test) with a p value < 0.05. Double asterisks (**) indicate a p value < 0.01.

accumulation increases in hal4 hal5 mutants overexpressing
Nprl and provides a mechanistic explanation for the observed
phenotypes.

One very interesting observation stemming from the studies
described above is that in low potassium medium, the phos-
phorylation levels of Nprl increase not only in the hal4 hal5
mutants but also in the wild type strain. Importantly, we show
that the phosphorylation levels of an additional TORC]1 effec-
tor, Sch9, are also increased in response to low potassium.
However, we did not obtain any evidence that Sch9 is required
for potassium uptake or accumulation, as the growth pattern of
strains lacking SCHY is not altered by external potassium con-
centrations and the rapamycin-dependent decrease in potas-
sium accumulation was similar in the wild type and sch9
mutant.®

Previous experiments examining the subcellular localization
of the TORC1-responsive GIn3 transcription factor, which is
regulated by Npr1, also support this finding (42). These authors
report that in mutants lacking HAL4 or HALS, which have
lower internal potassium, Gln3 nuclear localization is reduced,
whereas in mutants lacking PPZ1, which have higher intracel-

6 A. Ferri and L. Yenush, unpublished results.
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lular potassium, GIn3 accumulates in the nucleus (4, 40). These
data add support to a model in which low intracellular potas-
sium would favor TORC1 activity, impeding GIn3 nuclear
localization, whereas internal potassium accumulation would
lead to a decrease in TORCI1 activity, inducing Gln3 transloca-
tion to the nucleus. This same model explains the hal4 hal5
mutant phenotypes that are rescued by NPRI overexpression
discussed above. More specifically, the lower internal potas-
sium concentration in hal4 hal5 mutants would lead to TORC1
activation and, consequently, Npr1 phosphorylation. This inhi-
bition of Npr1 activity leads to an accumulation of active Artl
and subsequent Rsp5-mediated ubiquitylation and vacuolar
accumulation of a subset of amino acid permeases. Thus, this
model provides a unifying explanation for several previously
reported phenomena.

In the case of other nutrients, such as nitrogen, starvation
induces TORCI inactivation. Our data suggest that in condi-
tions of limiting potassium, TORC1 activity is favored. Recent
evidence suggests that different stress or starvation conditions
have varying effects on TORC1 signaling (43) so that the view
that starvation leads to TORCI1 activation may be too simplis-
tic. Also, cycloheximide treatment is also known to activate
TORCI1, presumably by increasing intracellular amino acids.
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Thus, one possibility is that low internal potassium favors the
exit of amino acids stored in the vacuole to increase availability
in the cytosol. It may be that TORC1 activation is required to
ameliorate the more acute problem of low internal potassium
or another parameter that is caused by this deficit. Further
experiments are needed to clarify this issue. However, this line
of investigation has lead to the more important observation that
TORCI1 inhibition has a pronounced effect on internal potas-
sium concentrations. The physiological effect of this inhibition
is reflected in the marked sensitivity displayed by the trk1 trk2
and hal4 halS mutants to rapamycin.

The results discussed above suggest that rapamycin treat-
ment decreases potassium accumulation independently of
Trk1 and Trk2, which we prove experimentally by showing that
rapamycin treatment decreases internal potassium concentra-
tions in both the wild type strain and in the ¢rkI trk2 mutant.
Importantly, this effect is specific for TORC1 inhibition and not
an unrelated effect of rapamycin, as the fprl mutant, which
lacks the gene encoding the peptidyl-prolyl cis-trans isomerase
necessary for rapamycin to bind to and inhibit TORC]1, is unaf-
fected (38, 44). Further studies are required to determine the
molecular mechanism involved, but several possibilities exist.
For example, TORC1 could inhibit the outward rectifying Tok1
channel. Upon TORCI inhibition, Tokl would become acti-
vated, and internal potassium would be released. However, as
the tokI mutant presents no growth phenotype in the presence
of rapamycin and rapamycin treatment of ok strains leads to
the same decrease in internal potassium (data not shown), this
possibility appears unlikely.

Alternatively, TORC1 could activate Trkl-Trk2-indepen-
dent potassium uptake. There is no consensus in the literature
as to how potassium uptake is mediated in the absence of Trkl
and Trk2. Some studies suggest that a channel activity denom-
inated NSC1 is responsible, but this channel has yet to be char-
acterized at the molecular level (45, 46). Other candidates for
these uptake systems include nonspecific uptake by the Qdr2
drug/H" antiporter, glucose permeases, and the Kchl and
Kch2 (Prm6) potassium transporter proteins (47-50).

Yet another possibility is TORC1-mediated regulation of
the plasma membrane H*-ATPase Pmal or the vacuolar H™-
ATPase (V-ATPase) complex. In this scenario, TORC1 inhibi-
tion would lead to a decrease in H*-ATPase activity of one or
both proteins, which would decrease the cytosolic pH and the
membrane potential. This change in the membrane potential
would reduce potassium uptake through the nonspecific
uptake systems described above. It has been reported that cyto-
solic pH regulates TORCI1 activity via the V-ATPase (51). Our
data indicate that a reciprocal regulation may exist between
TORC]1 and the V-ATPase if the rapamycin-induced decrease
in potassium accumulation is indeed mediated by a decrease in
V-ATPase activity. Further studies will determine whether this
is the case and, if so, whether this is the regulatory mechanism
responsible for the TORCI-dependent effect on potassium
homeostasis presented here.

Our work uncovers a functional relationship between potas-
sium homeostasis and TORC1 activity. As potassium is the
most abundant alkali metal found in many organisms and it
controls several aspects of cellular physiology, its connection
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with the TORC1 pathway may be important not only in the
model yeast, S. cerevisiae, but also in many other organisms
including pathogenic fungi and higher eukaryotes.

Experimental Procedures

Yeast Strains, Culture Conditions, and Reagents—All single
mutant strains from the BY4741 background used in this work
were obtained from the EUROSCAREF collection. Gene disrup-
tions were confirmed by sequencing PCR products of the
regions flanking the kanMX insertion. The BY4741 trkl trk2
mutant strain was kindly provided by Dr. Hana Sychrova (52).
The BY4741 hal4 hal5 strain has been described previously (4,
6). The EGO complex mutant is derived from the TB50a back-
ground (HS195-2.2d gtri:hph egol:KanMX gtr2::hph ego3:
KanMX). 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 suc-
cinic acid adjusted to pH 5.5 with Tris, and the nutritional com-
ponents required by the strains with appropriate auxotrophic
markers. Experiments in limiting potassium conditions were
performed by growing the cells in Translucent medium supple-
mented with 50 mm KCl, and then cells were transferred to
Translucent K™ -free medium with or without KCl for the indi-
cated times. Growth assays were performed on solid media by
spotting serial dilutions of saturated cultures onto plates with
the indicated composition. Images were taken after 3—5 days of
growth. The growth in liquid media was recorded using a Bio-
screen C analyzer (ThermoFisher) using a 600-nm filter every
15 min during a 48-h period. The calculation of doubling times
was carried out as described (53). Rapamycin was purchased
from LC Laboratories (Woburn, MA), cycloheximide was from
Applichem Inc., and AZC was from Sigma.

Plasmids Used in This Work—The YEp-MUPI1-GFP plasmid
was previously described (54). The YCp-NPRI plasmid used in
this work was generated from pRS415-promNPRI-NPRI-
3xHA (27) by replacing LEU2 marker with JRA3 marker. The
pWS93-NPRI plasmid (also referred in this work as YEp-NPR1)
was constructed by inserting the Smal/Sall NPRI genomic frag-
ment into the same sites in the pWS93 vector (55). The
pAG416-ARTI-3xHA plasmid was constructed by homologous
recombination in yeast using the pAG416GPD vector (Gate-
way). The ART1 coding sequence was amplified by PCR from
genomic DNA using the following primers: Artl-recomb-5’,
ACCAGAACTTAGTTTCGACGGATTCTAGAACTAGTG-
GATCCCATGGCATTTTCACGTCTTACATC, and Artl-re-
comb-3', CATTCCACCTAAGCTTGATATCGAATTCCTG-
CAGCCCATCACCTGGGTTATTCTATTGGAATCTAG. The
plasmid was linearized using Notl, dephosphorylated, and co-
transformed into the artl mutant with the ARTI PCR frag-
ment. Positive clones were selected first by growth in media
without uracil and then by Western blotting analysis. Plasmids
were recovered from candidate clones, transformed into Esch-
erichia coli, purified, and confirmed by sequencing. The
pRS411 plasmid (CEN/ARS, MET15) was used for comple-
menting methionine auxotrophy in BY4741 hal4 hal5 strain in
the experiment described in Fig. 2, A—C (56).

Protein Extraction and Cell Fractionation—The indicated
yeast strains were grown in potassium-supplemented minimal
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medium to an optical density at 660 nm of 0.5, and cells were
incubated for the indicated times in medium with or without
potassium supplementation, harvested by centrifugation, and
frozen at —70 °C. Cells were resuspended in homogenization
buffer (50 mm Tris (pH 7.6), 0.1 m KCI, 5 mm EDTA, 5 mMm
dithioerythritol, 20% (w/v) sucrose, and protease inhibitor mix-
ture (Roche Diagnostics) and lysed by vortexing with glass
beads. The lysate was collected after centrifugation for 5 min at
500 X gat 4 °C. The crude extract was separated into soluble
and particulate fractions by centrifugation for 30 min at
16,000 X g at 4 °C. The particulate fraction was resuspended
directly in Laemmli sample buffer.

To monitor the changes in the phosphorylation state of
Nprl, Artl, and Sch9, cells were grown in potassium supple-
mented SD or Translucent medium, treated as indicated in the
corresponding figure legend, mixed with TCA (final concentra-
tion 6%), and put on ice for at least 5 min before cells were
collected by centrifugation, washed twice with cold acetone,
and dried in a SpeedVac. Cell lysis was done in 100 ul of urea
buffer (25 mm Tris (pH 6.8), 5 mMm EDTA, 6 M urea, 1% SDS)
with 200 wl of glass beads in a bead beater (5 times for 45 s) with
subsequent heating for 10 min at 65 °C.

Immunoprecipitation and Phosphatase Treatment—The
wild type strain expressing Artl-HA was grown in YPD media
to mid-log phase and treated with 200 ng/ml rapamycin for 30
min. Cells were collected and lysed as described above, and
Artl-HA was immunoprecipitated using anti-HA antibodies
(Covance) and Protein A/G magnetic beads (ThermoFisher).
Three aliquots were prepared. The first was left untreated, and
the other two aliquots were treated for 30 min at 37 °C with 40
units of alkaline phosphatase (Roche Diagnostics) in the pres-
ence or absence of PhosSTOP phosphatase inhibitor (Roche
Diagnostics).

Western and Immunoblotting—Proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes, and immunoblotted
with either a monoclonal anti-HA antibody (1:5000) (Covance)
for Nprl and Artl detection or anti-GFP (1:10,000) (Roche
Diagnostics) for Mup1 detection. Immunoreactive bands were
visualized using the ECLPlus chemiluminescence system
and horseradish peroxidase-conjugated secondary antibodies
(Amersham Biosciences). 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-HCI (pH 6.7) followed by extensive washes and
re-probed as described above. Transfer quality and total pro-
tein levels were monitored by Direct blue 71 (Sigma) staining of
the membrane as described (57).

The Li-Cor infrared fluorescent system was used for quanti-
tative Western blotting. Sch9 and Sch9%7°® antibodies were
incubated in PBS 0.01% Tween 20 (PBST) supplemented with
5% BSA. Washing steps were performed using PBST. After 1 h
of blocking in PBST 5% BSA, membranes were probed over-
night with primary antibodies. Membranes were washed three
times with PBST, and anti-Sch957°® and anti-Sch9 were
detected with donkey anti-rabbit and goat anti-rabbit second-
ary antibodies coupled to the infrared dyes IRDye680RD,
respectively (Li-Cor, NE). After three washes, fluorescence was
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detected using the Odysseys IR imaging system (Li-Cor). Signal
quantification was done using Image Studio Lite v 4 software
from LI-COR.

Confocal Microscopy—Fluorescence images were obtained
for live cells using the Zeiss 780 confocal microscope with exci-
tation at 488 nm and detection at 510 —550 nm (objective: plan-
apochromat 40X/1.3 oil DIC M27, ZEN 2012 software).

Northern Blot Analysis—Total RNA was isolated from 50 ml
of yeast cells that were grown to mid-log phase in SD supple-
mented with 0.1 M KCl. Cells were washed twice with SD
medium and resuspended to the same minimal medium with-
out potassium supplement (—KCI) or containing 0.1 m KClI
(+XKCl). Approximately 20 ug of RNA per lane was separated in
formaldehyde gels and transferred onto nylon membranes
(Hybond-N; Amersham Biosciences). Radioactively labeled
probes were hybridized in PSE buffer (300 mm sodium phos-
phate (pH 7.2), 7% sodium dodecyl sulfate, 1 mm EDTA).
Probes used were as follows: a PCR fragment representing
nucleotides 1- 658 of the NPRI gene and nucleotides 518 —
1182 of ACT1, amplified from chromosomal yeast DNA.
Signal quantification was done using Fujifilm BAS-1500
phosphorimaging.

Measurement of Intracellular Potassium Concentrations—
Measurements of intracellular potassium were performed
essentially as described (4). Briefly, cells were grown in YPD to
an optical density at 660 nm of 0.6—0.7 and treated with 200
ng/ml rapamycin or the equivalent vehicle (control) during 60
min at 28 °C. Aliquots of 10 ml were taken at the indicated
times, centrifuged for 5 min at 500 X g and 4 °C, and washed
twice with 10 ml of ice-cold washing solution (20 mm MgCl,
and iso-osmotic sorbitol). The cell pellets were resuspended
with 1 ml of cold washing solution, centrifuged again, and
resuspended in 0.5 ml of 20 mm MgCl,. Ions were extracted by
heating the cells for 15 min at 95 °C. After centrifugation, ali-
quots of the supernatant were analyzed with an atomic absorp-
tion spectrometer (Varian) in flame emission mode. The
amount of potassium (nmol/mg fresh weight) was calculated
for each sample, and the data were normalized using the
untreated WT strain as the reference value.

Author Contributions—C.P., R. L., and L. Y. designed the experi-
ments. C.P., A. F.-B,, and L. Y. carried out the experiments. C. P,
R. L. and L. Y. wrote the manuscript.
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