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Arsenic is widely distributed in nature and all organisms possess regulatory mechanisms to evade toxicity and acquire
tolerance. Yet, little is known about arsenic sensing and signaling mechanisms or about their impact on tolerance and
detoxification systems. Here, we describe a novel role of the S. cerevisiae mitogen-activated protein kinase Hoglp in
protecting cells during exposure to arsenite and the related metalloid antimonite. Cells impaired in Hoglp function are
metalloid hypersensitive, whereas cells with elevated Hoglp activity display improved tolerance. Hoglp is phosphory-
lated in response to arsenite and this phosphorylation requires Ssklp and Pbs2p. Arsenite-activated Hoglp remains
primarily cytoplasmic and does not mediate a major transcriptional response. Instead, hoglA sensitivity is accompanied
by elevated cellular arsenic levels and we demonstrate that increased arsenite influx is dependent on the aquaglyceroporin
Fpslp. Fpslp is phosphorylated on threonine 231 in vivo and this phosphorylation critically affects Fpslp activity.
Moreover, Hoglp is shown to affect Fpslp phosphorylation. Our data are the first to demonstrate Hoglp activation by
metalloids and provides a mechanism by which this kinase contributes to tolerance acquisition. Understanding how

arsenite/antimonite uptake and toxicity is modulated may prove of value for their use in medical therapy.

INTRODUCTION

Arsenic is a toxic metalloid ubiquitously present in the
environment and exposure is associated with a variety of
diseases including liver, kidney and lung cancer (Evens et
al., 2004). In spite of its toxicity, arsenic-containing drugs are
part of modern therapy. Arsenic trioxide is used as a treat-
ment for acute promyelocytic leukemia and has also been
tested for treatment of hematological and solid cancers
(Evens et al., 2004). Drugs containing arsenic, or the related
metalloid antimony, are currently used to treat diseases
caused by the protozoan parasites Trypanosoma and Leishma-
nia (Murray, 2001; Barrett et al., 2003). For the effective use of
metalloid-containing drugs in medical therapy, it is imper-
ative to understand the function and regulation of uptake
pathways, of proteins that modulate the activity of such
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pathways, as well as of systems mediating detoxification
and tolerance at the molecular level.

Pathways related to metalloid uptake and detoxification
have been identified in the eukaryotic model organism Saccha-
romyces cerevisiae (budding yeast) as well as in other organ-
isms (Tamas and Wysocki, 2001; Rosen, 2002; Tamas et al.,
2005). Arsenite [As(III)] and antimonite [Sb(III)] enter bud-
ding yeast through the aquaglyceroporin Fpslp (Wysocki et
al., 2001). In fact, aquaglyceroporins constitute As(IIl) and
Sb(III) entry routes in bacteria (Sanders et al., 1997; Meng et
al., 2004), Leishmania (Gourbal et al., 2004), mammals (Liu et
al., 2002), and humans (Bhattacharjee et al., 2004). Besides
Fpslp, As(IIl) influx in yeast also involves hexose permeases
(Liu et al., 2004). Two independent transport systems contrib-
ute to metalloid removal from the yeast cytosol; Acr3p medi-
ates As(III) efflux from the cell, whereas the ABC-transporter
Ycflp sequesters glutathione-conjugates of As(III) and Sb(III) in
the vacuole (Wysocki et al., 1997; Ghosh et al., 1999). Hence,
besides regulated uptake and efflux, metalloid complexation,
and compartmentalization contribute to cellular tolerance.

Importantly, the activity of metal influx and detoxification
systems is controlled by signaling proteins and transcrip-
tional regulators; yet, our understanding of the mechanisms
by which eukaryotic cells sense the presence of metalloids
and activate various tolerance systems is rudimentary. In
mammals, As(II) activates the mitogen-activated protein
kinase (MAPK) p38, which in turn activates transcription of
various stress responsive genes via an AP-1 transcription
factor (Cavigelli et al., 1996; Elbirt et al., 1998). Similarly,
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Figure 1. The S. cerevisine HOG (High Osmolarity Glycerol) pathway
and its components. Activated Hoglp affects a variety of cellular pro-
cesses including gene expression, cell cycle progression, metabolism,
and membrane transport.

arsenic tolerance in the fission yeast Schizosaccharomyces
pombe involves the MAPK Sty1 and the AP-1-like transcrip-
tion factor Pap1 (Rodriguez-Gabriel and Russell, 2005). In S.
cerevisiae, two AP-1-like transcription factors, Yaplp and
Yap8p, contribute to tolerance by activating expression of
separate subsets of detoxification genes (Wysocki ef al.,
2004). However, the molecular mechanisms through which
these proteins mediate tolerance are not fully understood.
S. cerevisiae Hoglp is homologous to p38 and Styl and
is the ultimate MAPK of the high osmolarity glycerol (HOG)
pathway (Brewster et al., 1993; Figure 1). Osmotic stress acti-
vates Hoglp through two independent upstream branches
that converge at the MAPKK Pbs2p. Slnlp is a negative
regulator of the pathway and it controls the related MAP-
KKKs Ssk2p and Ssk22p through a phospho-relay system
involving Ypdlp and Ssklp (Maeda et al., 1994; Posas et al.,
1996). The second branch involves the transmembrane pro-
tein Sholp that recruits Pbs2p to the cell surface together
with the MAPKKK Stellp and its regulators Ste20p, Ste50p,
and Cdc42p (Maeda et al., 1995; Posas and Saito, 1997; Posas
et al., 1998; Raitt et al., 2000; Reiser et al., 2000). Like other
MAPKs, Hoglp is activated by dual phosphorylation of
adjacent threonine (T174) and tyrosine (Y176) residues. In
turn, Hoglp activates its targets including several transcrip-
tion factors (Rep et al., 1999; Alepuz et al., 2001; Proft et al.,
2001; de Nadal et al., 2003), the MAPK-activated protein
(MAPKAP) kinase Rck2p involved in translation control
(Bilsland-Marchesan et al., 2000; Teige et al., 2001), and the
cyclin-dependent kinase-inhibitor protein Siclp (Escoté et
al., 2004). In addition, Hoglp has been shown to phosphor-
ylate the membrane transporters Toklp and Nhalp (Proft
and Struhl, 2004). The activity of the pathway is also con-
trolled by two phospho-tyrosine phosphatases (Ptp2p and
Ptp3p) and three phospho-serine/threonine phosphatases
(Ptc1p-3p) that act on Hoglp (Maeda et al., 1994; Jacoby et al.,
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1997; Wurgler-Murphy et al., 1997, Warmka et al., 2001;
Young et al., 2002).

The objective of this work was to examine the role of
Hoglp in metalloid tolerance. We demonstrate that the
Hoglp kinase is activated by metalloids and that it contrib-
utes to tolerance by modulating Fpslp-dependent metalloid
uptake.

MATERIALS AND METHODS

Yeast Strains and Plasmids

Yeast strains used in this study are described in Table 1. All deletion
mutants were constructed according to Giildener ef al. (1996) and metalloid
sensitivity assays were carried out as previously described (Wysocki et al.,
2001). The plasmid pRS1 contains the HOGI gene fused to a 3xHA-epitope at
the N-terminus in pRS426 (2, URA3; Bell and Engelberg, 2003). To create the
kinase dead and unphosphorylatable alleles of Hoglp, a 1-kb Clal-AatIl
fragment from pBS15-HOG1-K52R and pBS15-HOG1-T174A/Y176F (kindly
provided by D. Engelberg) respectively, was placed into pRS1 cleaved with
the same enzymes. The plasmid pVR-65"! containing HOG1-GFP (Reiser et
al., 1999) and the plasmids containing FPS1, FPS1-Al, and FPS1-T231A fused
to the c-myc epitope (Tamas et al., 1999, 2003) have been described elsewhere.
The N-terminal hydrophilic tail of Fpslp covering amino acids 2-251 was
inserted into the expression vector pGEX-4T-1 to allow expression of GST-
Fpslp in Escherichia coli.

Arsenic Uptake and Efflux Measurements

To measure arsenic uptake, exponentially growing cells (in YNB glucose)
were exposed to a low concentration of sodium arsenite (0.1 mM) for ~24 h
before addition of high As(III) concentration (1.0 mM). Cells were collected at
the time points indicated in the figures, washed in ice-cold water, and pelleted
by centrifugation. The cell pellet was resuspended in water, boiled for 10 min,
and centrifuged and the supernatant was collected. The arsenic content of
each sample was determined using a graphite furnace atomic absorption
spectrometer (SIMAA 6000; Perkin Elmer-Cetus) as described previously
(Wagner and Boman, 2004).

To measure arsenic efflux, we first exposed cells to 1.0 mM As(III) to allow
accumulation. Cells were then washed once and resuspended in YNB glucose
medium without As(IIl). The intracellular arsenic content was determined as
above in cells collected immediately after washing (time point 0) and at the
time points described in the figure. The amount of intracellular arsenic at time
zero was set to 1. Arsenic measurements were performed at least three times
and the values are given with SD.

Glycerol Uptake Assay

Yeast cells were grown in liquid YNB medium to an ODy, of ~2.0, harvested,
washed, and resuspended in ice-cold MES buffer (10 mM MES, pH 6.0) to a
density of 40—-60 mg of cells/ml. Glycerol uptake was measured by adding
glycerol to a final concentration of 100 mM “cold” glycerol plus 40 uM
[*C]glycerol (160 mCi/mmol; Amersham Biosciences, Piscataway, NJ) as
described previously (Tamads et al., 1999, 2003). The uptake assays were
repeated at least three times and the values are given with SD.

Membrane Preparation and Western Analysis

Yeast membranes were prepared as previously described (Tamds et al., 1999).
Total protein, 10 ug, was separated by SDS-PAGE and blotted onto nitrocel-
lulose filters. To detect Fpslp, the filters were probed with mouse monoclonal
anti-c-myc (Roche Diagnostics, Indianapolis, IN) as primary antibody and
horseradish peroxidase-conjugated anti-mouse IgG as secondary antibody
(Promega, Madison, WI). The filters were incubated with ECL Plus Western
blotting detection reagent (Amersham) and visualized using LAS-100 image
reader (Fuji Film, Tokyo, Japan). For phosphatase treatment, protein extracts
were incubated with A-phosphatase (200 U, 15 min, 30°C). For phosphatase
inhibition 24 uM sodium orthovanadate was added to the reaction. The
amount of phosphorylated Fpslp was determined by quantifying the two
electrophoretic mobility forms of Fpslp using the Multi Gauge software (Fuji
Film). The level of phospho-Fpslp is given relative to total Fpslp.

Hoglp Phosphorylation Assays

Exponentially growing yeast cells were exposed to sodium arsenite (0.5 mM),
potassium antimonyl tartrate (5 mM), or sodium chloride (0.4 M), and protein
samples were prepared, separated by SDS-PAGE, and visualized as described
previously (Tamads et al., 2000). A rabbit polyclonal IgG antibody against
dually phosphorylated p38 (9211S, Cell Signaling Technology, Beverly, MA)
was used to detect phosphorylated Hoglp whereas a goat polyclonal IgG
antibody (yC-20, Santa Cruz Biotechnology, Santa Cruz, CA) was used to
detect total Hoglp.
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Table 1. Saccharomyces cerevisiae strains used

Strain Genotype Source/Reference
W303-1A MATa ura3-1 leu2-3/112 trpl-1 his3-11/15 ade2-1 can1-100 GAL SUC2 mal0 Thomas and Rothstein (1989)
YSH444 W303-1A hog1A::TRP1 S. Hohmann
YSHS818 W303-1A hogl1A:LEU2 S. Hohmann
YSH294 W303-1A fps1A:LEU2 S. Hohmann
YSHS848 W303-1A hogl1A::TRP1 fps1A::LEU2 S. Hohmann
RW104 W303-1A acr3A::loxP-kanMX-loxP Wysocki et al. (2001)
EDO1 W303-1A acr3A::loxP-kanMX-loxP hogl1A::TRP1 This work

YSHS820 W303-1A pbs2A::LEU2 S. Hohmann

RW145 W303-1A ssk2A::kanMX This work

RW147 W303-1A ssk22A::kanMX This work

YSHS828 W303-1A ssk1A:LEU2 S. Hohmann

RW146 W303-1A stel1A:kanMX This work

YMT19 W303-1A sholA:TRP1 This work

RW138 W303-1A hog1A::TRP1 ssk2A::kanMX This work

YMT20 W303-1A sholA::TRP1 hoglA:LEU2 This work

RW139 W303-1A ssk2A::kanMX sholA::TRP1 This work

RW137 W303-1A ssk1A::LEU2 sholA::kanMX This work

RW144 W303-1A stel1A::kanMX ssk2A::LEU2 This work

RW124 W303-1A yaplA::loxP Wysocki et al. (2004)
RW117 W303-1A yap8A::loxP Wysocki et al. (2004)
RW120 W303-1A yaplA::loxP-kanMX-loxP yap8A::loxP Wysocki et al. (2004)
RW125 W303-1A hog1A::TRP1 yap8A::loxP This work

RW126 W303-1A hog1A::TRP1 yaplA::loxP-kanMX-loxP This work

RW129 W303-1A hog1A::TRP1 yaplA::loxP-kanMX-loxP yap8A::loxP This work

YSH1068 W303-1A ptp2A::LEU2 ptp3A::URA3 S. Hohmann
YSH1070 W303-1A ptp2A:LEU2 ptp3A::URA3 hog1A:TRP1 S. Hohmann

Fluorescence Microscopy

To analyze the distribution of Hog1p, transformants expressing a Hog1p-GFP
fusion protein were grown in YNB medium lacking the appropriate amino
acid to midlog phase. To visualize DNA, 2 ug/ml 4',6-diamino-2-phenylin-
dole (DAPI) was added directly to the culture. Cells were washed twice with
water or phosphate-buffered saline and GFP signals were observed in living
cells before and after exposure to 1 mM As(III), 10 mM Sb(III), or 0.4 M NaCl
using a Leica DM R fluorescence microscope (Deerfield, IL).

RNA Isolation, cDNA Synthesis, Microarray
Hybridization, and Analysis

Total RNA was isolated as described previously (de Winde et al., 1996) from
exponentially growing yeast cells either untreated or exposed to sodium
arsenite (1 mM) for 1 h. Cy3/Cy5-labeled cDNA was generated from 20 ug of
total RNA. The microarray slides (Yeast 6.4k array from UHN Microarray
Centre, Toronto, Canada) were hybridized and scanned on a GenePix 4000
(Axon Instruments, Foster City, CA). cDNA synthesis and hybridization were
done according to the slide manufacturer’s protocols (www.microarrays.ca).
Image segmentation and spot quantification was performed with the GenePix
software (Axon Instruments). The microarray data were analyzed using R and
the Bioconductor package LIMMA (Linear Models for Microarray Analysis).
To avoid intensity-dependent trends, each array was normalized by subtract-
ing a loess line from the M-values. The genes were ranked by a moderated
(penalized) t-statistics to avoid false positives. Each microarray analysis was
repeated with at least three independent experiments.

In Vitro Kinase Assays

In vitro kinase assays were carried out with GST-Hoglp and GST-Pbs2p®E
(constitutively activated version of Pbs2p; de Nadal ef al., 2003) expressed and
purified from E. coli. Kinase assays were performed in a 40-ul reaction
volume, with a mixture of [y->2P]JATP (5 nCi) and cold ATP (final concentra-
tion 50 uM). Kinases were preincubated for 20 min at 30°C and then assayed
in the presence of the indicated substrate for 10 min.

RESULTS

The HOG Pathway Contributes to Metalloid Tolerance

The mammalian p38 and fission yeast Styl MAPKs have
been implicated in the cellular response to arsenic (Cavigelli
et al., 1996; Elbirt et al., 1998; Rodriguez-Gabriel and Russell,
2005). To examine whether the p38 and Styl homologue
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Hoglp has a similar role in S. cerevisiae, we first monitored
growth of 10g1A in the presence of metalloid salts. The 0g1A
mutant was highly sensitive to both As(III) and Sb(III) (Table
2), whereas it was unaffected by As(V) (Table 3). Based on
the minimal inhibitory concentration (MIC), hog1A was, re-
spectively, ~fourfold more As(Ill)-sensitive (0.3 vs. 1.2 mM)

Table 2. Sensitivity of HOG-pathway mutants to arsenic and anti-
mony salts

MIC? (mM)

Strain As(INP Sb(III)c
W303-1A (wild type) 1.2 15
hog1A 0.3 0.5
pbs2A 0.3 0.5
ssk2A 0.7 154
ssk22A 1.0 154
ssk1A 0.4 154
stel1A 0.7 154
sholA 1.0 154
hog1A ssk2A 0.3 0.5
hog1A sholA 0.3 0.5
ssk2A sholA 0.4 0.5
ssk1A sholA 0.3 0.5
ssk2A stellA 0.5 0.5

aMIC is the concentration at which no growth was scored on
glucose medium. MIC values were determined on the basis of three
independent experiments with identical results.

P Sodium arsenite.
¢ Potassium antimonyl tartrate.

9 Mutants showing some growth inhibition on lower concentrations
of Sb(III) than the MIC compared to the wild type.

Molecular Biology of the Cell



Table 3. Metalloid sensitivity of yeast mutants lacking the Hoglp
MAPK and the AP-1-like transcription factors Yaplp and Yap8p

MIC?® (mM)

Strain As(IN)® As(V)© Sb(111)4
W303-1A (wild type) 1.20 6.00 15.0
yaplA 0.75 5.00 2.00
yap8A 0.20 1.00 10.0
yaplA yap8A 0.07 0.75 1.00
hog1A 0.30 6.00 0.50
hog1A yap8A 0.07 1.00 0.40
hog1A yaplA 0.20 5.00 0.20
hog1A yaplA yap8A 0.03 0.75 0.20

aMIC is the concentration at which no growth was scored on
glucose medium. MIC values were determined on the basis of three
independent experiments with identical results.

b Sodium arsenite.
¢ Sodium arsenate.
4 Potassium antimonyl tartrate.

and 30-fold more Sb(III)-sensitive (0.5 mM vs. 15 mM) than
the wild type (Table 2).

Metalloid sensitivity was not restricted to hog1A, but en-
compassed mutants lacking upstream pathway components.
The MIC of pbs2A was identical to that of hoglA on both
As(IIT) and Sb(III). The MIC of ssk1A on As(III) (0.4 mM) was
very similar to that of hoglA and pbs2A (both 0.3 mM).
Deletion of SSK2 produced an intermediate phenotype (MIC
of 0.7 mM), whereas deletion of SSK22 only affected As(III)
tolerance to a minor extent (MIC of 1.0 mM). SHO1 deletion
caused a slight growth defect (MIC of 1.0 mM), whereas
ste11A had the same intermediate As(III) sensitivity as ssk2A
(MIC of 0.7 mM; Table 2).

We extended the phenotypic analysis of the HOG path-
way by including various double mutants (Table 2). The
MICs of double mutants lacking HOG1 were identical to that
of single h0g1A on both As(Ill) and Sb(III). The ssk1A sholA
mutant (MIC of 0.3 mM), where both branches are inacti-
vated, was as As(Ill)-sensitive as hog1A and slightly more
sensitive than sskIA alone (MIC of 0.4 mM). The double
mutants ssk2A sholA (MIC of 0.4 mM) and ssk2A ste11A (MIC
of 0.5 mM) were more sensitive than any of the single
mutants but not as sensitive as hog1A, suggesting that some
Hoglp activation occurs in these mutants, possibly through
Ssk22p (Figure 1). In contrast to As(IIl), the effect of Sb(III)
on the single mutants was less pronounced, albeit some
growth inhibition was observed at higher concentrations
(Table 2). However, double mutants with both branches
inactivated were as Sb(Ill)-sensitive as hoglA and pbs2A
(MIC of 0.5 mM). We also note that none of the HOG-
pathway mutants displayed As(V) sensitivity (our unpub-
lished data). We conclude that Hoglp as well as components
required for Hoglp activation are important for metalloid
tolerance in S. cerevisige. In particular, the Slnlp-Ssklp
branch appears to play a more prominent role in arsenite
tolerance than the Sholp-Stellp branch.

We also investigated whether Hoglp would mediate met-
alloid tolerance through the AP-1-like transcription factors
Yaplp and Yap8p (Wysocki et al., 2004). For this purpose, we
created hogIA, yap1A and yap8A deletion mutants in various
combinations and determined the MIC of metalloids for
these mutants (Table 3). Additive metalloid sensitivities
were observed for the hogI1A yap1A and hoglA yapSA double
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Figure 2. Hoglp kinase activity affects metalloid tolerance. (A)
Impaired Hoglp kinase activity results in metalloid sensitivity.
Plasmids expressing either wild-type HOGI or HOGI alleles
lacking kinase activity (HOGI*°?R) or ability to be phosphorylated
(HOG1™74A/Y176F) were transformed into the hog1A mutant. Trans-
formants were grown in liquid medium and 10-fold serial dilutions
of the cultures were spotted on agar plates with or without metal-
loid salts. Growth was monitored after 2-3 d at 30°C. (B) Increased
Hoglp activity results in As(III) resistance. Growth of the wild type,
hog1A, ptp2A ptp3A, and ptp2A ptp3A hoglA in the presence of As(III)
was scored as above.

mutants as well as for the triple mutant h0g1A yaplA yapSA
(Table 3). Although phenotype analysis does not exclude
that Hoglp acts through these proteins, it clearly indicates
that Hoglp mediates metalloid tolerance through additional
factors (see further).

Hoglp Activity Critically Affects Metalloid Tolerance

To test whether Hoglp kinase activity is critical for its func-
tion under metalloid exposure, we generated two versions
of Hoglp: one that cannot be phosphorylated by Pbs2p
(HoglpT174A/¥176F) and one that can be phosphorylated but
lacks kinase activity (Hoglp™®5%R; Reiser ef al., 1999). When
transformed into hoglA, none of these HOGI alleles were
able to complement the sensitivity of hogIA on plates with
As(III), Sb(IMI), or NaCl, whereas growth of transformants
expressing wild-type HOGI was unaffected (Figure 2A and
our unpublished data). Next, we tested whether elevated
Hoglp kinase activity would have the opposite effect, i.e.,
increased tolerance, by analyzing growth of a mutant lack-
ing the tyrosine phosphatases Ptp2p and Ptp3p. These phos-
phatases have been shown to act on Hoglp, and basal
MAPK activity is ~10-fold higher in ptp2A ptp3A compared
with that in the wild type (Jacoby et al., 1997, Wurgler-
Murphy et al., 1997; Winkler et al., 2002). As shown in Figure
2B, ptp2A ptp3A was clearly more As(Ill) tolerant than the
wild type. Importantly, elevated tolerance of ptp2A ptp3A
was fully dependent on the presence of Hoglp because a
triple ptp2A ptp3A hoglA mutant was as As(IIl) sensitive as
hog1A (Figure 2B). Hence, Hoglp activity critically affects met-
alloid tolerance: impaired Hoglp function leads to sensitivity,
whereas elevated activity results in improved tolerance.

Hoglp Is Phosphorylated in As(III)-exposed Cells in an
Sskl1p-dependent Manner

One way of directly assessing Hoglp activation is to monitor
the phosphorylation state of the protein by using antibodies
that specifically recognize dually phosphorylated (T/Y)
Hoglp. To this end, we exposed cells to As(III) and followed
the level of phosphorylated Hoglp. To improve the sensi-
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mants were treated with 0.5 mM As(III) for 30
min. Hoglp phosphorylation was detected by
Western blot analysis using an antibody specific
to p38 MAPK phosphorylated on both tyrosine
and threonine residues and an anti-Hoglp anti-
body as a control. Migration of HA;-Hoglp is
slower than that of untagged Hoglp. (B) As(III)-
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tivity of the assay, we transformed yeast cells with an epi-
somal plasmid containing Hog1p under control of its endog-
enous promoter. Improved sensitivity of the assay and
specificity of the antibody are shown in Figure 3A. As(III)
exposure (0.5 mM) stimulated Hoglp phosphorylation:
phospho-Hoglp was detected within 5 min, reached its
maximum after ~15-30 min, and lasted up to 45 min (Figure
3B). Interestingly, this phosphorylation displayed quantita-
tive and qualitative differences compared with phosphory-
lation during osmotic stress: maximal Hoglp phosphoryla-
tion was observed already within 5 min in response to 0.4 M
NaCl and no phosphorylation was detected at 15 min (Fig-
ure 3B; lower panel). Consistently, maximal phosphoryla-
tion of the kinase-dead Hoglp™®2R allele was reached later
in response to As(Ill) (30 min) than to NaCl (5 min; Figure
3C). The sustained response in Figure 3C is due to a lack of
feedback inhibition and down-regulation of HOG signaling,
which requires the kinase activity of Hoglp (Wurgler-Mur-
phy et al., 1997). Hence, Hoglp phosphorylation clearly dis-
plays different dynamics in response to As(Ill) and high
osmolarity. Phospho-Hoglp was also detected in Sb(III) ex-
posed cells, although in this case the signal was even weaker
than in As(Il)-treated cells (our unpublished data).

We next monitored As(Ill)-induced Hoglp phosphoryla-
tion in mutants lacking upstream HOG pathway compo-
nents (Figure 3B). Phospho-Hoglp was absent in pbs2A,
ssk1A, ssk1A sholA, and ssk2A ste11A mutants, whereas phos-
phorylation appeared unaffected in sholA, ssk2A, and stel1A.
The lack of Hoglp phosphorylation in pbs2A, ssk1A, ssk1A
sholA, and ssk2A stel1A is consistent with the observation
that these mutants are as As(III)-sensitive as hogIA display-
ing nearly identical MICs (Figure 3D and Table 2). Hoglp-
phosphorylation was present in ssk2A and ste11A despite
that these mutants display some As(III) sensitivity. The fact
that these MAPKKKSs are involved in multiple pathways
(Yuzyuk et al., 2002; Schwartz and Madhani, 2004) may
explain this observation. Collectively, genetic and biochem-
ical data strongly suggest that As(Ill)-activation of Hoglp
principally occurs through the SInlp-Ssklp branch of the
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As(TIT) than to NaCl treatment. Hoglp phosphoryla-
tion was monitored in f0gIA cells transformed
with a plasmid containing a kinase-dead Hoglp
allele (Hoglp*?®). (D) Mutants deficient in
As(Ill)-stimulated Hoglp phosphorylation dis-
play As(Ill) sensitivity. Growth of HOG-pathway
mutants was monitored as described in Figure 2.

HOG pathway. In contrast, Sb(IlI)-activation of Hoglp can
probably occur through either branch because only mutants
where both branches were inactivated displayed Sb(III)
sensitivity.

As(II)-activated Hoglp Remains Largely Cytoplasmic
and Does Not Mediate a Major Transcriptional Response

To examine whether the relatively low level of Hoglp phos-
phorylation triggered by As(IIl) (compared with osmotic
stress) is sufficient to promote its nuclear accumulation and
gene-target activation, we transformed yeast cells with a
plasmid expressing Hoglp-GFP under the control of the
endogenous HOGI promoter and monitored the fusion pro-
tein by fluorescence microscopy. In contrast to NaCl-treated
cells where the majority of Hoglp-GFP was nuclear within
10 min of exposure (colocalization with DAPI; our unpub-
lished data), Hoglp-GFP remained mainly cytoplasmic in
the presence of As(Ill) and Sb(II) even after 1 h (Figure 4
and our unpublished data). Hence, Hoglp does not concen-
trate in the nucleus in response to metalloids.

This lack of nuclear accumulation suggests no major role
of Hoglp in a large-scale metalloid-triggered transcriptional
response. To test this, we performed microarray analysis of
As(III)-exposed wild-type and hogIA cells. Here, we only
report on the role of Hoglp in the transcriptional response to
As(IIl) because a full analysis of these data is beyond the
scope of this article and will be described elsewhere
(Thorsen et al., unpublished results). Nevertheless, As(III)
has a profound effect on the transcriptome; mRNA levels of
~700 genes display a twofold increase/decrease (1 mM
As(III) for 1 h), and Yaplp and Yap8p control expression of
distinct subsets of As(Ill)-responsive genes (Haugen et al.,
2004 and Thorsen ef al., unpublished results). However,
HOGTI deletion affected As(Ill)-induced expression of only
four genes, namely ALD3, GRE1, HSP12, and YHR209W (our
unpublished data). This is in clear contrast to osmotic stress
where the kinase controls expression of several hundreds of
genes (Posas et al., 2000; Rep et al., 2000; O'Rourke and
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Figure 4. Localization of Hoglp is not affected by As(Ill) and
Sb(III). A plasmid encoding a Hog1p-GFP fusion protein was trans-
formed into hogl1A, and living cells were analyzed by fluorescence
microscope for Hoglp localization (GFP) before and 10 min after
exposure to As(Il) (1 mM), Sb(Ill) (10 mM), and NaCl (0.4 M).

Herskowitz, 2004). The proteins encoded by these four genes
do not appear to play a major role in As(Il) tolerance,
because none of the corresponding deletion mutants were
As(III) sensitive (our unpublished data). Together with the
localization data above, we conclude that Hoglp does not
promote a major reprogramming of the yeast transcriptome
in the face of As(Ill) treatment. Instead, it is possible that
Hoglp mediates metalloid tolerance by activating cytoplas-
mic targets.

The hoglA Mutant Displays Elevated Cellular As(III)
Levels

Because arsenite and antimonite are toxic once they enter
cells, we reasoned that Hoglp may affect intracellular met-
alloid levels. To test this, we first pre-exposed cells to 0.1
mM As(IIl) for 24 h (pre-exposure is required to correctly
assess the contribution of Acr3p to As(Ill) efflux; Ghosh et al.,
1999), added 1 mM As(Ill) for 60 min, and compared the
cellular arsenic content before and after adding the higher
concentration. Interestingly, hog1A accumulated ~3-4-fold
more arsenic than the wild type after 60 min of As(III)
exposure (see further). In comparison, cells lacking FPS1
accumulated little As(III), whereas acr3A had ~7-fold higher
As(III) content than the wild type (our unpublished data).
The elevated cellular arsenic content in hog1A is likely to be
caused by reduced export, increased uptake, or a combina-
tion of both.

Hoglp Does Not Affect Acr3p-dependent As(I1I) Efflux

To address whether Hoglp affects Acr3p-dependent As(III)
efflux, we scored growth of cells lacking either HOG1, ACR3, or
both on As(IIl)-containing plates. Phenotypic analysis clearly
established that the double mutant acr3A hoglA was more
sensitive than any of the single mutants (Figure 5A). Next, we
analyzed induction of ACR3 expression in As(IIl)-exposed
wild-type and hogIA cells by using an ACR3 promoter-lacZ
reporter construct (Wysocki et al., 2004). B-galactosidase activ-
ity measurements indicated that metalloid-stimulated ACR3
expression is independent of Hoglp, which is also in agree-
ment with the microarray data (our unpublished data). To-
gether, phenotypic and gene expression analyses suggested
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Figure 5. Hoglp does not affect Acr3p-mediated As(III) efflux. (A)
Phenotypic analysis: 10-fold dilutions of exponentially growing
cells were spotted on agar plates with or without As(Ill) as de-
scribed in Figure 2. (B) As(Ill) export assays: cells were exposed to
As(III) to allow accumulation and then washed and resuspended in
As(Il)-free medium. The intracellular arsenic content was deter-
mined as described in Materials and Methods in cells collected im-
mediately after washing (time 0) and at the time points described in
the figure. The amount of intracellular arsenic at time 0 was set to 1.
The data shown represents the average of at least three independent
experiments and the error bars represent the SD.

that Acr3p mediates As(IIl) efflux independently of Hoglp. To
confirm this notion, we exposed wild type, hogl1A, acr3A, and
acr3A hog1A to 1 mM As(III) to allow intracellular accumulation
and then washed and resuspended the cells in As(Ill)-free
medium and monitored intracellular arsenic levels in a time-
course experiment. As shown in Figure 5B, wild-type and
hog1A cells rapidly reduced the cellular arsenic content by 50%
within the first 20 min. In contrast, acr3A and acr3A hog1A cells
were unable to rapidly export arsenic under these conditions
and only reduced the cellular level by 20-40% after 1 h. We
conclude that Hoglp does not affect Acr3p-mediated As(III)
efflux.

Hoglp Affects Fpslp-mediated As(III) Influx

Because the elevated arsenic content in hogIA may be a
result of increased uptake via the aquaglyceroporin Fpslp,
we monitored growth of FPS1 and HOGI mutants in the
presence of metalloids. As reported before, hogIA was met-
alloid sensitive whereas fpsIA was highly resistant (Figure
6A and Wysocki et al., 2001). Importantly, the hoglA fps1A
double mutant was as resistant to As(II) and Sb(IIl) as the
single fps1A mutant, and growth of hogIA fpsIA was scored
in the presence of up to 6 mM As(Ill) (Figure 6A and our
unpublished data). Hence, epistasis analysis places FPS1
downstream of HOGI. The fact that FPS1 deletion sup-
pressed the metalloid sensitivity of hoglA suggests that
Fpslp-dependent metalloid uptake might increase in the
absence of Hoglp. Indeed, transport assays confirmed that
arsenic uptake was higher in hogIA than in the wild type,
whereas uptake was very low in fps1A (Figure 6B). In agree-
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Figure 6. Hoglp affects Fpslp-mediated As(IIl) uptake. (A) FPS1 deletion suppresses the metalloid sensitivity of hogIA. Growth was
monitored as described in Figure 2. (B) As(Ill) uptake. Cells were exposed to As(Ill), and intracellular arsenic levels were determined as
described in Materials and Methods. The data shown represents the average of at least three independent experiments and the error bars
represent the SD. (C) HOGI deletion or increasing As(III) uptake by expressing the FPS1-Al allele produces the same As(III) sensitivity and
(D) the same levels of As(Ill) uptake. Growth and transport assays were performed as above.

ment with the growth data, the hog1A fps1A mutant had the
same low As(IIl) uptake as fps1A (Figure 6B). We also note
that h0gIA accumulated more arsenic during the pre-expo-
sure than the wild type (see time point 0).

To gain further evidence that Hoglp affects Fpslp-medi-
ated uptake (and not Acr3p-dependent efflux), we trans-
formed hoglA and acr3A with a plasmid encoding an FPS1
allele (FPS1-A1) that exhibits high level of unregulated trans-
port activity; the Fps1p-Al protein lacks amino acids 13-230
of the hydrophilic N-terminal tail that plays a crucial role in
controlling Fpslp regulation and activity (Tamas et al., 1999;
Wysocki ef al., 2001). hogIA and acr3A were also transformed
with an empty plasmid as a control. Growth of the transfor-
mants on As(Ill)-containing plates showed that expression
of FPS1-Al increased As(Ill) sensitivity of acr3A, whereas
hog1A was not further sensitized by the presence of FPS1-A1
(Figure 6C), 1) confirming that Acr3p and Fpslp act in
separate pathways and 2) suggesting that HOG1 deletion or
expression of the FPS1-Al allele increases Fpslp-dependent
As(III) influx to similar degrees. To test the latter, we mea-
sured arsenic accumulation in wild-type and hoglA cells
expressing either the wild-type copy of FPS1 or the FPS1-Al
allele (Figure 6D). Uptake measurements established that
As(IIl) influx is identical in hoglA expressing FPSI or
FPS1-A1 and that expression of FPS1-A1 in wild-type cells
increased As(Ill) influx to the same degree as deletion of
HOGTI did. We conclude that metalloid sensitivity of hoglA
is to a large part (but not exclusively) attributable to in-
creased Fpslp-dependent influx. Moreover, HOG1 deletion
or Fpslp activation (by introducing the FPS1-A1 allele) has
the same consequence in terms of As(Ill) uptake and in
terms of phenotype.
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Hoglp Affects Fpslp Transport Activity in the Absence of
Stress Treatments

To address whether Hoglp modulates the basal transport
activity of Fpslp, i.e., in the absence of stress treatment, we
compared transport of glycerol in wild-type and hoglA by
measuring influx of radiolabeled glycerol. We have previ-
ously shown that under the conditions used here, Fpslp is
responsible for the majority of glycerol influx into cells
(Tamas et al., 1999, 2003). Interestingly, HOG1 deletion re-
sulted in a 2-3-fold increase in glycerol uptake (3.3 % 2.0 vs.
10.6 = 2.9 mmol glycerol g~ h™: initial uptake rates in wild
type and hogIA, respectively) compared with the wild type.
We confirmed by Western blot analysis that Fpslp protein
levels were the same in wild-type and hogIA cells under the
experimental conditions used for As(Ill) and glycerol trans-
port experiments (our unpublished data). Moreover, FPS1
gene expression was similar in wild-type and hog1A cells
before and during As(IIl) exposure (our unpublished data).
Hence, Hoglp affects Fpslp transport activity also under
basal conditions.

Fpslp Is Phosphorylated on Threonine 231

The most straight-forward interpretation of the data above is
that Hoglp controls Fpslp activity by phosphorylating (a)
critical residue(s) within the Fpslp N-terminal tail. To ad-
dress this issue, we first asked whether Fpslp is phosphor-
ylated in vivo. Immunological detection of full-length Fpslp
fused to the c-myc epitope revealed that Fpslp is present in
membrane extracts in two forms displaying different mobil-
ities (Figure 7A, panel 1). The slower mobility form of Fpslp
represents phophorylated Fpslp, since this form was not
detected in phosphatase-treated extracts. A search for puta-
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Figure 7. Fpslp is phosphorylated on thre-
onine 231. (A) Fpslp is phosphorylated in
vivo. Membrane proteins were isolated from
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and Fpslp-T231A. (C) Expression of Fpslp-
T231A sensitizes cells to As(III). Wild-type
cells were transformed with a plasmid con-
taining Fps1p or Fpslp-T231A, and growth of
the transformants was monitored after 2-3 d
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tive phosphorylation sites within Fpslp revealed a con-
served MAPK phosphorylation site (PxTP) in its N-terminal
tail (threonine 231). Interestingly, mutation of this threonine
into alanine (T231A) was previously shown to produce a
high level of unregulated transport activity through Fpslp,
which is similar to that observed for Fpslp-Al (Tamas et al.,
1999, 2003). Importantly, electrophoretic mobility of Fpslp-
T231A was indistinguishable from that of phosphatase-
treated wild-type Fpslp (Figure 7B), demonstrating that
Fpslp is phosphorylated on T231 in vivo. Moreover, expres-
sion of Fps1p-T231A clearly sensitized cells to As(III) (Figure
7C), underscoring the importance of T231 phosphorylation
for (control of) Fpslp transport activity.

To address whether this phosphorylation depends on
Hoglp, we fused GST to the Fpslp N-terminal tail (residues
2-251; GST-Fpslp) and incubated it together with GST-
Hoglp and GST-Pbs2p®F (purified from E. coli). As shown in
Figure 7D, the N-terminal tail of Fpslp was efficiently phos-
phorylated by Hoglp in vitro. Furthermore, T231 is the main
phosphorylation site for Hoglp in vitro, because mutation of
this site abolished Fpslp phosphorylation by the MAPK
(Figure 7D). Unexpectedly, the slower mobility form of
Fpslp was also present in hoglA extracts, although phos-
phorylated Fpslp appeared less abundant in hogIA com-
pared with wild-type cells (Figure 7A, panel 3). Quantifying
the abundance of the slower mobility form of Fpslp (phos-
pho-Fpslp) in wild-type and hogIA cells (from 10 indepen-
dent experiments) showed that HOGI deletion reduces
Fpslp phosphorylation ~25% (Figure 7E) in vivo. Interest-
ingly, we also observed an overall increase in Fpslp phos-
phorylation upon As(III)-treatment (Figure 7A, panel 2).
However, quantifications indicated that this (increased)
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phosphorylation is independent of Hoglp (Figure 7A, panel
4, and our unpublished data). Hence, other kinases might
also phosphorylate Fpslp on T231, at least in the absence of
Hoglp. Nevertheless, although HOG1 deletion did not fully
abolish Fpslp phosphorylation, our data clearly indicates
that Fpslp phosphorylation by Hoglp critically affects ac-
tivity of this aquaglyceroporin.

DISCUSSION

Activation of Hoglp by Metalloids and Other Stress
Treatments

MAPK pathways are of central importance for eukaryotic
cells because they are critically involved in controlling cell
growth and differentiation as well as in establishing stress
responses (Widmann et al., 1999; Kyriakis and Avruch,
2001). S. cerevisize Hoglp was for long thought to be acti-
vated exclusively by osmotic stress but recent studies have
implicated this MAPK in mediating tolerance to a variety of
stress conditions including heat (Winkler et al., 2002), oxida-
tive (Singh, 2000; Rep et al., 2001; Bilsland ef al., 2004; Hagh-
nazari and Heyer, 2004) and citric acid stress (Lawrence et
al., 2004). Hoglp phosphorylation has been shown to require
Sholp under heat stress (Winkler et al., 2002), whereas phos-
phorylation by citric acid stress required Ssklp (Lawrence et
al., 2004). Through what branch oxidative stress activates
Hoglp has not been firmly established. Here, we showed
that As(Ill)-induced phosphorylation, and hence activation
of Hoglp, displayed both quantitative and qualitative dif-
ferences to osmotic activation; the signal was weaker, lasted
longer, and was dependent on the SIn1p-Ssk1p branch of the
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pathway. Sb(III) activation of Hoglp is likely to involve both
branches, as judged by the observation that both branches
had to be inactivated to produce Sb(IIl) sensitivity.

The most striking feature of As(Ill)-triggered Hoglp
activation was the lack of nuclear accumulation of the
MAPK and the absence of a large-scale Hoglp-dependent
transcriptional response with only four genes displaying
Hoglp-dependent expression changes. Global analyses of
Hoglp-dependent expression changes under heat and oxi-
dative stress have not been reported. In contrast, exploring
citric acid-induced expression changes by 2D analysis re-
vealed only a small number of proteins (nine) that were
affected by HOGI deletion (Lawrence et al., 2004). It is pos-
sible that the timing and intensity of Hoglp signaling will be
crucial to determine the type of response that various stres-
sors produce.

Collectively, there is ample evidence that other agents
beside osmotic stress can activate the HOG pathway, albeit
with different timing and intensity. Moreover, the timing
and intensity of MAPK signaling is likely to affect the output
of the pathway. This is in analogy with other MAPK path-
ways in various yeasts, plants, and mammals.

Hoglp Affects Fpslp-dependent Metalloid Influx

A rapidly increasing number of proteins are being discov-
ered that allow passage of nonessential toxic metals and
metalloids into cells. However, little is known about how
the activity of these transporters/channels is regulated
(Ballatori, 2002; Tamas et al., 2005). To gain a complete
understanding of the mechanisms of metalloid toxicity and
tolerance acquisition as well as of their ability to serve as
chemotherapeutic agents, it is of vital importance to identify
the proteins that regulate the activity of such uptake path-
ways. Herein, we demonstrated that the yeast MAPK Hoglp
mediates metalloid tolerance by affecting As(IIl) and prob-
ably also Sb(III) influx through the aquaglyceroporin Fpslp;
As(III) sensitivity of hoglA was accompanied by elevated
cellular arsenic levels, whereas the hogIA fps1A mutant had
little As(Ill) influx and was as As(III) resistant as fpsIA. The
phenotypes of hoglA and fps1A mutants on Sb(lll) suggest
that Hoglp also affects Fpslp-mediated Sb(IIl) influx. The
fact that HOGI deletion or increased Fpslp-dependent
transport activity (by introducing the FPSI1-A1 allele) pro-
duced the same As(IIl) sensitivities and the same levels of
As(Ill) uptake further corroborates this notion. Although
aquaglyceroporins have been shown to constitute As(III)/
Sb(III) entry routes in a number of organisms, this is (to our
knowledge) the first report on a MAPK that controls the
activity of an aquaporin/aquaglyceroporin.

How does Hoglp modulate Fpslp? Fpslp activity is reg-
ulated by a short N-terminal domain; deletion of, or muta-
tion of specific residues within this domain results in a high
level of unregulated transport activity (Tamas ef al., 1999,
2003). Here, we demonstrated that Fpslp is phosphorylated
in vivo on T231 within this N-terminal domain and that this
phosphorylation critically affects Fpslp transport activity.
Moreover, we provided evidence that Hoglp affects Fpslp
phosphorylation in vivo and phosphorylates Fpslp-T231 in
vitro. By using glycerol transport measurements we further-
more showed that Hoglp modulates basal Fpslp transport
activity, i.e., in the absence of stress treatment. Interestingly,
Hoglp also phosphorylates the Na*™/H™ antiporter Nhalp
and the Toklp potassium channel in the absence of osmotic
shock (Proft and Struhl, 2004). Taken together, these data
would support a model where Hoglp modulates Fpslp
activity under basal growth conditions, probably by phos-
phorylating T231. Such a homeostatic control mechanism
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would make sense because proliferating yeast cells need to
monitor internal osmolarity and turgor pressure also in the
absence of osmotic shock. Small fluctuations in osmolarity
are likely to be effectively counteracted by adjusting intra-
cellular Na™*, K*, and glycerol levels through regulation of
Nhalp, Toklp, and Fpslp activity and would not necessitate
a time- and energy-consuming large-scale transcriptional
response.

Fpslp activity is osmo-regulated: it is rapidly inactivated
in response to hyper-osmotic stress to allow glycerol accu-
mulation and turgor recovery, whereas hypo-osmotic stress
reactivates Fpslp to permit glycerol release and survival
(Luyten et al., 1995; Tamas et al., 1999). Although the N-
terminal tail is implicated in Fpslp regulation, the molecular
details of this control remain unclear (Tamas et al., 1999,
2003). Here, we demonstrated that Hoglp controls the basal
activity of Fpslp. However, other kinases might be involved
in Fpslp control; HOG1 deletion did not fully abolish in vivo
phosphorylation of Fpslp and the observed increase in
Fpslp phosphorylation levels in response to As(IIl) (this
work) and NaCl treatments (our unpublished data) was
independent of Hoglp. These observations are consistent
with previous data showing that rapid down-regulation of
Fpslp transport activity (i.e., “closure” of Fpslp) occurs
independently of Hoglp (Luyten et al., 1995; Tamas et al.,
1999). Hence, other kinases may phosphorylate Fpslp on
T231, at least in the absence of Hoglp, to regulate Fpslp
activity. A complete understanding of Fpslp control in re-
sponse to environmental stresses will require identification
of the kinases and phosphatases that act on and regulate the
activity of this aquaglyceoporin.

Other Roles of Hoglp under As(III) Stress

Our data indicated that Hoglp protects cells from As(III)
toxicity through additional targets beside Fpslp; first,
Hoglp modulates basal Fpslp activity; second, Hoglp is
phosphorylated in As(Ill) exposed cells; and third, acr3A
hog1A is more As(III)-sensitive than acr3A FPS1-A1 cells. One
such target might be the MAPKAP kinase Rck2p; deletion of
RCK2 produces As(IIl) sensitivity, whereas its overexpres-
sion partially suppresses As(Ill) sensitivity of hoglA (Sup-
plementary Figure 1). Interestingly, Rck2p does not modu-
late intracellular As(IIl) levels and hence does not affect
As(III) tolerance through Fpslp (Thorsen and Tamds, un-
published data).

To conclude, metalloid-containing drugs are widely used
in modern medical therapy. Arsenic trioxide is the active
ingredient of Trisenox (Cell Therapeutics, Seattle, WA), the
first line of treatment of acute promyelocytic leukemia. Sim-
ilarly, all forms of leishmaniasis are treated with antimony-
containing drugs and it is generally believed that the active
form of antimony is Sb(III). Importantly, resistant Leishmania
species as well as leukemic cells can be sensitized to metalloids
by modulating their uptake through Leishmania and human
aquaglyceroporins (Bhattacharjee et al., 2004; Gourbal ef al.,
2004). Our data demonstrate that a MAPK (Hoglp) can
modulate the transport activity of an aquaglyceroporin
(Fpslp) and suggest that down-regulation of MAPK activity
may be an effective way to sensitize cells and to reverse
metalloid resistance by increasing influx. A detailed under-
standing of how As(IIl)/Sb(III) uptake and toxicity is mod-
ulated may prove of value for the use of these metalloids in
medical therapy.
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