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Abstract

The yeast stress-activated protein kinase Hogl is best known for its role in mediating the response
to osmotic stress, but it is also activated by various mechanistically distinct environmental
stressors, including heat shock, endoplasmic reticulum stress, and arsenic. In the osmotic stress
response, the signal is sensed upstream and relayed to Hog1 through a kinase cascade. Here, we
identified a mode of Hog1 function whereby Hog1 senses arsenic though a direct physical
interaction that requires three conserved cysteine residues located adjacent to the catalytic loop.
These residues were essential for Hog1-mediated protection against arsenic, dispensable for the
response to osmotic stress, and promoted the nuclear localization of Hogl upon exposure of cells
to arsenic. Hogl promoted arsenic detoxification by stimulating phosphorylation of the
transcription factor Yap8, promoting Yap8 nuclear localization, and stimulating the transcription of
the only known Yap8 targets, ARR2and ARR3, both of which encode proteins that promote
arsenic efflux. The related human kinases ERK1 and ERK2 also bound to arsenic in vitro,
suggesting that this may be a conserved feature of some members of the mitogen-activated protein
kinase (MAPK) family. These data provide a mechanistic basis for understanding how stress-
activated kinases can sense distinct threats and perform highly specific adaptive responses.

Introduction

All cells utilize stress responses to identify and mitigate toxic threats. Hogl is an
evolutionarily conserved stress-activated protein kinase in Saccharomyes cerevisiae and is
best known for its role in the osmotic stress response, wherein it orchestrates a complex
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program of cellular remodeling (1). Hogl controls the transcription of ~600 genes, and this
is achieved in large part through Hogl-dependent phosphorylation of transcription factors.
Hog1 also has important non-transcriptional functions, including regulation of key
membrane proteins (2). Hogl is related to a family of mammalian mitogen-activated protein
kinases (MAPKSs) and is generally considered to be the yeast ortholog of the p38 family of
MAPKSs, which function in a wide variety of cellular processes.

In addition to osmotic stress, Hog1 is also activated by various mechanistically distinct
environmental stressors including heat shock, hypoxia, tunicamycin, and arsenic, suggesting
a broad role for Hog1l in cellular stress responses (3).The mechanistic basis for Hogl
activation by such diverse stressors remains poorly understood. Similarly, it is unclear
whether Hog1 can generate distinct cellular responses for each of these stressors. Arsenic,
particularly in its trivalent form (arsenite), is a ubiquitous environmental toxin with broad
public health relevance. Exposure is associated with multiple types of cancer as well as an
increased risk of diabetes (4-6), and arsenic currently ranks first on the U.S. Superfund
Substance Priority List (7). An important aspect of arsenic toxicity relates to its ability to
covalently interact with free thiol groups in amino acid side chains (8-10), and this protein-
modifying capacity may underlie its ability to induce proteotoxic stress (11-13). The
ubiquitous nature of arsenic toxicity is underscored by the observation that cells from
bacteria to humans have developed mechanisms to deal with arsenic toxicity (4).
Remarkably, trivalent arsenic is also a highly effective FDA-approved therapy for acute
promyelocytic leukemia; in combination with a second drug (all-#rans retinoic acid), it has
helped transform this cancer from one that was typically fatal to one in which cure rates now
exceed 90% (14). This cancer is driven by a cytogenetic translocation—derived fusion
protein, PML-RARa. Arsenic covalently binds to free thiol groups in this fusion protein,
triggering destruction of the protein by the ubiquitin-proteasome system (15).

Previous work suggests that the function of Hog1 in the arsenic stress response is likely to
be quite different from that in the context of osmotic stress. Hog1 is typically
phosphorylated in response to stress (16). However, arsenic induces only modest
phosphorylation of Hog1l compared to osmotic stress (17). Moreover, the broad
transcriptional changes seen after osmotic stress are not seen after arsenic treatment,
suggesting either a more limited transcriptional response or perhaps even no transcriptional
response (18).

Given arsenic’s capacity to covalently modify cysteine residues, we sought to test the
hypothesis that thiol-based regulation by arsenic might contribute to Hogl function in
response to this stress. We identified three evolutionarily conserved cysteine residues that
were required for Hogl’s role in protecting cells from arsenic but completely dispensable for
the osmotic stress response. The mechanistic basis for this cysteine-based regulation
appeared to be direct binding of arsenic to Hogl. We used quantitative proteomics
approaches to understand the outcome of this thiol-based regulation. Our data suggest that
Hogl promoted arsenic detoxification through Yap8, which is itself an arsenic-binding
protein and an exquisitely specific transcription factor that has only two known targets.
These two target genes are transcribed from a single bidirectional promoter, and the proteins
they encode, Arr2 and Arr3, mediate arsenic efflux.
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This work provides insight into a fundamental aspect of cellular signaling — how cells can
sense individual threats and carry out highly specific adaptive responses. The capacity of
Hog1 to bind arsenic appears to be evolutionarily conserved: it was also observed with the
human MAPKs ERK1 and ERK2, both of which show absolute conservation of these
cysteine residues. Given that many stressors are capable of altering thiol chemistry, thiol-
based regulation may represent an important new direction in the study of Hogl and its
mammalian orthologs.

Three cysteine residues in Hogl specifically protect against arsenic toxicity

Hog1 contains six cysteine residues (Fig. 1A). Four of these residues (Cys38, Cys!®6,
Cys161, Cys20%) show a high degree of evolutionary conservation from yeast to humans. We
introduced single Cys-to-Ser mutations at each of the four sites and expressed these Hogl
substitution mutants from the endogenous HOGI promoter in a low-copy centromeric vector
in the hog1A background. The plasmid encoding wild-#ype HOG1 fully complemented the
null mutant’s sensitivity to arsenic (Fig. 1B). Three of the mutants (C156S, C161S, and
C205S) showed some sensitivity to arsenic (Fig. 1B), whereas the C38S mutant did not. We
expressed a C156/205S double mutant and a C156/161/205S triple mutant (hereafter
referred to as the “3C mutant”). Both showed strong sensitivity to arsenic, comparable to the
null mutant (Fig. 1B). To determine whether this was a specific effect, we assayed the
canonical and best-established function of Hog1: protection against osmotic stress. The
hog1A mutant showed sensitivity to osmotic stress, as expected (Fig. 1B). Remarkably,
however, none of the cysteine point mutants showed any growth defect, suggesting a specific
role for these cysteine residues in the arsenic stress response (Fig. 1B; fig. S1). This effect
could not be attributed to a difference in protein abundance, because the wild-type and
Hog1-3C proteins showed no difference in abundance by immunoblot (Fig. 1C).

Key cysteine residues in Hogl mediate direct binding to arsenic

The kinase activity of Hog1 and of its related kinases in higher organisms is mediated by a
central catalytic loop and an adjacent activation segment (Fig. 2A). The three cysteine
residues we identified as important for the response to arsenic (Cys'%6, Cys161 and Cys20%)
are well-positioned to potentially regulate Hog1 function, being located just adjacent to the
catalytic loop and the activation segment (Fig. 2A). A key feature of arsenic toxicity relates
to its ability to covalently interact with free thiol groups in amino acid side chains. Trivalent
arsenic, in particular, may be coordinated by three cysteine residues (19). Therefore, we
sought to determine whether Hogl might be regulated by direct arsenic binding to these
residues.

To measure arsenic binding, we used a biotinylated form of trivalent arsenic (hereafter As-
Bio) which can be purified by affinity chromatography. We prepared clarified cell extracts,
treated them with As-Bio, and purified material bound to As-Bio. As an internal positive
control, we assayed Yap8, which is the best characterized arsenic-binding protein in yeast
(Fig. 2B) (19). We readily detected wild-type Hog1l in the eluates; by contrast, binding of
Hog1-3C was attenuated (Fig. 2B). The strength and specificity of the Hogl-arsenic
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interaction are indicated in two ways. First, the resins were washed in buffer containing 4M
urea, which would be expected to eliminate weak or non-specific interactions. Second, the
As-Bio probe has a molecular weight of 427 daltons, and we were able to detect a
corresponding shift in the eluted Hogl protein relative to the input material (Fig. 2B). These
findings strongly suggest covalent binding of arsenic to Hogl. Next, we pre-treated lysates
with unlabeled arsenic and repeated the binding assay. Binding of Hog1 to the As-Bio probe
was attenuated in the pre-treated sample (Fig. 2C). Finally, we pre-treated cells with
unlabeled arsenic and repeated the binding assay. Again, binding of Hog1l to the As-Bio
probe was strongly attenuated in the pre-treated sample (Fig. 2D). Because the unlabeled
arsenic had only been present in vivo (the cells were extensively washed prior to lysis), this
provides strong evidence that Hogl bound to arsenic in vivo.

Thiol-based regulation of Hogl promotes arsenic detoxification by the transcription factor

Yap8

To gain insight into the function of these critical cysteine residues in Hogl, we carried out a
quantitative proteomic analysis of #0g1A cells expressing the wild-type or Hog1-3C mutant
before and after arsenite treatment using tandem mass tag—based (TMT) mass spectrometry.
This method’s increased capacity for multiplexing allowed us to perform this analysis with
biologic duplicates (no treatment) or triplicates (arsenite treatment). We quantified 4,574
proteins (of ~6000 in yeast), indicating a comprehensive analysis. Unexpectedly, the
differences between the two strains were relatively limited (Fig. 3A,; fig. S2, A and B; Table
S3). Only 110 proteins showed a difference in arsenic-dependent induction using p<0.01 as
a threshold for statistical significance. Very few of these proteins showed large-magnitude
differences.

Among proteins that were not properly induced in the #0g1-3C mutant, the top hit was Arr2
(Fig. 3A-B). In yeast, arsenic export is mediated by a three-gene regulon (ARRI, ARRZ2, and
ARRS3, ref. (20). Arr2 functions as an arsenate reductase, reducing pentavalent arsenate to
trivalent arsenite. Trivalent arsenite can then be exported by the plasma membrane protein
Arr3. There is little or no production of Arr2 and Arr3 under normal conditions. Arsenic
exposure strongly stimulates transcription of the genes and is mediated by the AP1-like
transcription factor Yap8 (also called Arrl), which recognizes a bidirectional promoter
located between ARR2and ARR3 (figs. S3 and S4, A and B; refs. 21-22). This pathway of
arsenic detoxification is exquisitely specific: Yap8 has no other known transcriptional
targets, and the only other potential transport substrate of Arr3 besides arsenite is the closely
related metalloid antimony (22-23). Furthermore, direct binding of arsenic to Yap8 is
required for its transcriptional stimulatory function, providing a molecular explanation for its
ability to sense arsenic (Fig. 2B; ref. 19). Arr3 was also one of the top hits in the proteomic
analysis and showed reduced arsenite-dependent induction in the #0g1-3C mutant, similar to
Arr2 (Fig. 3A-B). No peptides from Yap8 were detected in the proteomic analysis.

To confirm these results for Arr2 and Arr3, we inserted sequences encoding a 3XxHA tag at
the 3’-end of each gene. These proteins were thus expressed from their endogenous genomic
loci and without alteration of their upstream promoter elements. We cultured cells and
prepared whole cell extracts before and after arsenite treatment. We analyzed the extracts by
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SDS-PAGE followed by immunoblotting with antibodies specific for HA. Both Arr2 and
Arr3 were strongly induced in the wild-type strain after arsenic treatment (Fig. 3, C and D;
fig. S5, A and B). By contrast, the #0g1-3C mutant showed a significant defect in inducing
both Arr2 and Arr3. The fact that both proteins were affected in the h0g1-3C mutant
suggested that a defect in Yap8-dependent transcription might be the cause. To test this
model, we performed RT-PCR. Similar to the immunoblotting data, both ARR2and ARR3
were induced by arsenic in the wild-type strain, but this transcriptional induction was
strongly abrogated in the #0g1-3C mutant (Fig. 3E fig. S5C).

The preceding data suggest an exceptionally specific arsenic sensor and effector function for
Hog1l. Using three conserved cysteine residues, Hog1 directly bound arsenic and in turn
stimulated perhaps the most specific aspect of the cellular response to arsenic, which is the
program of arsenic detoxification mediated by Yap8. Cysteine oxidation, for example by
sulfenylation or disulfide bond formation, is known to regulate the function of some proteins
in response to oxidative stress (24-26), and arsenic itself is known to be a potent oxidizing
agent (9). However, a key feature of Yap8 is its exquisite specificity: it is activated by arsenic
but not by other oxidizing agents (Fig. 3F). Thus, generic oxidation of Hog1 cysteine
residues would likely not provide the specificity required for Hogl’s ability to stimulate
Yap8 activity, and highlights the utility of direct arsenic binding to Hog1l (Fig. 2).

Hogl promotes nuclear localization of Yap8

The transcriptional function of Yap8 requires nuclear localization, which has been
previously observed upon arsenic treatment of cells (21-22). However, there have been
conflicting results with regard to Yap8 localization in the absence of arsenic. One group has
reported that it is predominantly cytoplasmic (21), whereas another has reported it to be
constitutively nuclear (22). We used fluorescence microscopy to determine the localization
of green fluorescent protein—tagged endogenous Yap8 (GFP-Yap8). In the absence of arsenic
stress, the Yap8 signal was weak, consistent with its known arsenic-dependent accumulation
(27). In hog1A cells expressing wild-type Hogl, we observed strong nuclear localization
after arsenic treatment (Fig. 4A), consistent with the prior reports, and this was confirmed by
co-localization with mCherry-tagged histone H2B. This co-localization was markedly
attenuated in #0914 cells expressing the Hog1-3C mutant (Fig. 4A-B), wherein Yap8
accumulated in a punctate location that was adjacent to but not co-localized with histone
H2B (Fig. 4A). This most likely represents a perinuclear or cytoplasmic structure adjacent to
the nucleus. Thus, Hogl exerted its stimulatory effect on Yap8 function at least in part
through promoting or maintaining nuclear Yap8 localization in the presence of arsenic.

Yap8 undergoes Hogl-dependent phosphorylation

Hog1 is known to directly phosphorylate many of its targets, including several transcription
factors (3). Thus, Hogl-dependent phosphorylation of Yap8—either direct or indirect—
could represent a straightforward model for regulation. Yap8 has not previously been
reported to be phosphorylated. To detect potential phosphorylation of Yap8, we used Phos-
tag, a manganese-based reagent that binds phospho-groups, resulting in a mobility shift that
can be detected by standard SDS-PAGE and immunoblotting (28-29). After treatment of
cells with arsenic, we observed a robust mobility shift of the Yap8 protein, consistent with
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phosphorylation (Fig. 4C). This mobility shift was strongly attenuated in the Aog1-3C
mutant (Fig. 4C; fig. S6). The small amount of residual Yap8 phosphorylation in the AogI-
3C mutant could reflect either residual activity in this mutant or partial redundancy with
another kinase. To determine whether the defect in Yap8 phosphorylation in the fog1-3C
mutant was specific, we looked at the phosphorylation of an osmotic stress-induced Hogl
target, the transcription factor Skol (30). Skol phosphorylation upon high salt stress was
retained in the hogZ-3C mutant (fig. S7), consistent with the lack of phenotypic sensitivity
of this mutant to osmotic stress (Fig. 1B; fig. S1).

Yap8 contains 45 serine and threonine residues. Some of these sites are potentially
compatible with the Hogl consensus sequence (S/T-P), but redundancy of Hogl-mediated
phosphorylation sites is well documented, making identifying candidate phosphorylation
sites a major challenge (30). Through multiple rounds of site-directed mutagenesis, we were
able to obtain a Yap8 mutant protein containing 7 serine or threonine—to-alanine
substitutions (7-Ser/Thr) that, when expressed in the yap8A mutant, showed comparable
abundance to the wild-type protein in the absence of arsenic, but was largely deficient in
arsenic-induced phosphorylation (Fig. 4D). The yap8A mutant expressing this 7-Ser/Thr
mutant protein showed strong sensitivity to arsenic treatment (Fig. 4E), indicating that
phosphorylation was critical for Yap8 function. Consistent with this finding, the Yap8
phosphorylation-deficient mutant showed a strong, although not complete, reduction in
arsenite-induced expression of ARR2and ARR3 (fig. S8). Finally, the reduced abundance of
the arsenite-induced phosphorylated Yap8 species in the 7-Ser/Thr mutant (Fig. 4E), as well
as the presence of a small but detectable amount of Phos-tag dependent band shift in non-
arsenite-treated samples (Figs. 4C and 5B), make it unlikely that the shifted band reflects an
unanticipated effect of arsenic binding.

Cells expressing Hog1-3C show additional evidence of a defect in arsenic detoxification

As noted above (Fig. 3A), of proteins that showed deficient induction by arsenic in the
hog1A cells expressing Hog1-3C, Arr2 was the most severely affected. Conversely, there
was a small number of proteins that showed excessive induction in these cells. Among the
most affected was Rpn4 (Fig. 3A; fig. S9A), a transcription factor that controls the
abundance of proteasomes in response to stress. Under conditions that inhibit or overwhelm
proteasome function, Rpn4 accumulates and stimulates new proteasome production (31).
Once protein-degrading capacity has been restored, Rpn4 is itself subject to degradation,
normalizing the response (13). We examined this normalization of Rpn4 abundance after
stress by immunoblotting. In wild-type cells, Rpn4 abundance spiked after arsenic treatment,
but returned to near baseline within three hours (fig. S9B). By contrast, normalization of
Rpn4 abundance was markedly attenuated in the yap84 mutant (fig. S9B). Thus, the
excessive induction of Rpn4 in cells expressing Hog1-3C (Fig. 3A, fig. S9A) is consistent
with a defect in arsenic detoxification by Yap8. Arr2 and Arr3 are also indicators of arsenic
toxicity: their amounts should rise in response to increasing intracellular arsenic
concentration. In principle, then, the amounts of Rpn4 and Arr2/3 in cells should tend to
track in the same direction, and there are probably very few perturbations that would cause
them to track in opposite directions, as they do in cells expressing Hog1-3C. A deficiency of
Yap8 function is fully consistent with the divergent response of Arr2/3 and Rpn4.
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Hogl phosphorylation and arsenic-binding are jointly required for stimulation of Yap8

All known functions of Hog1 require its phosphorylation at two evolutionarily conserved
residues, Thr174 and Tyrl76 (32). These sites are located within the activation segment,
which is near the central catalytic loop (Fig. 2A). In response to osmotic stress, a large
increase in Hogl phosphorylation is noted within minutes and is directly mediated by the
upstream kinase Pbs2 (16). In response to arsenic, Hogl is also phosphorylated, but the
extent of phosphorylation is much less than that seen in response to osmotic stress (17). Two
models could account for this difference. First, phosphorylation is indeed necessary for
Hog1 function in response to arsenic, but only a small fraction of the total Hog1l protein is
needed for the response. Second, phosphorylation may be largely dispensable for certain
Hog1l functions in response to arsenic.

To distinguish between these models, we prepared a phosphorylation-deficient mutant of
Hog1 containing two substitutions (T174A/Y176F). As expected, this mutant was
completely deficient in osmostress-induced phosphorylation (fig. S10). We found that
arsenic-induced accumulation of Arr3 was strongly attenuated in #0g1A cells expressing
Hogl-T174A/Y176F, comparable to the defect seen in #0g1A cells expressing Hog1-3C
(Fig. 5A,; fig S11A). Arsenite-induced phosphorylation of Yap8 was similarly compromised
in the cells expressing Hog1-T174A/Y176F (Fig. 5B; fig S11B). Consistent with these
results, cells expressing Hogl-T174A/Y 176F were sensitive to both osmotic stress and
arsenite treatment, whereas cells expressing Hog1-3C were sensitive only to arsenite (Fig.
5C). Thus, both phosphorylation and cysteine-based regulation are required for Hog1 to
promote Yap8 function in response to arsenic.

Arsenic promotes the nuclear localization of Hogl

We sought to understand how arsenic binding regulates Hog1 function. We examined the
subcellular localization of GFP-tagged Hog1 (32). Upon arsenite treatment, a large fraction
of cells showed nuclear accumulation of Hogl, and this effect was strongly abrogated in
hoglA cells expressing Hog1-3C (Fig. 6A-B). By contrast, wild-type Hogl and the Hogl-
3C mutant accumulated equally in the nucleus upon osmotic stress, indicating the specificity
of this effect for arsenic toxicity (Fig. 6A-B).

Previous studies have emphasized the lack of nuclear accumulation of Hog1 upon arsenic
treatment relative to that occurring upon osmotic stress, although Hogl was certainly not
excluded from the nucleus in those studies (17-18). We also treated cells with arsenic for a
longer time period before visualizing Hog1 than in those studies. Thus, we sought to
determine whether the observed nuclear accumulation of Hog1 was physiologically relevant.
To do this, we employed a version of Hogl that is tethered to the plasma membrane, Hog1-
CCAAX, thus preventing translocation of Hog1l to the nucleus (Fig. 6C; ref. 2). This mutant
fully complemented the growth defect of the #0gZA mutant upon osmotic stress, indicating
its general functionality (2). In contrast, #0914 cells expressing membrane-tethered Hogl
showed strong sensitivity to arsenic exposure, indicating that Hogl performs an essential
non-cytoplasmic function in the presence of arsenic (Fig. 6D). In the osmotic stress
response, Hogl nuclear localization is further promoted by interaction with some of its
transcription factor targets (3). We sought to determine if this might also be the case for
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Hogl and Yap8. However, nuclear localization of Hogl after arsenic treatment was
unaffected by loss of Yap8 (Fig. 6E).

Arsenite sensitivity of hogl mutants persists in an mtq2A mutant

Recent evidence suggests that methylation of intracellular arsenite contributes to its toxicity,
and loss of the major methyltransferase, Mtg2, confers arsenite resistance (33). We therefore
sought to determine whether inhibition of arsenite methylation could impact the protective
role of Hog1 in responding to arsenite stress. Both /#0g1A mutants and A0g1A mutants
expressing Hog1-3C retained their strong sensitivity to arsenite in the mig24 background
(fig. S12), indicating that at least some critical functions of Hog1 are independent of Mtq2-
mediated arsenite methylation.

Arsenic binding may be conserved in mammalian MAPKs

Hogl is related to a family of mammalian MAPKSs that includes p38 (a—8& isoforms), JNK1,
JNK2, INK3, ERK1, ERK2, and ERKS5. Traditionally, Hogl has been thought to be most
closely related to the p38 family, although it shows considerable sequence homology to all
ten of these mammalian kinases (1). We wanted to determine whether arsenic binding might
be a conserved aspect of mammalian MAPK function, a possibility that has not been
reported, although some of these proteins are known to function in response to arsenite (34).
We used the As-Bio probe to purify proteins from two different human cells lines: Ramos (a
Burkitt lymphoma—derived cell line) and U937 (a histiocytic lymphoma cell line). Using an
antibody that recognizes p38a and p38p, we did not detect any binding of the As-Bio probe
to these proteins (Fig. 7A-B). By contrast, an antibody that detects the closely related
kinases ERK1 and ERKZ2, indicated that both proteins in both cell lines bound to arsenic
(Fig. 7A-B).

Sequence analysis of these proteins revealed that the three cysteines we identified in Hogl
are fully conserved in ERK1 and ERK2, but not in p38a or p38p, wherein the second of the
three cysteines was not conserved (Fig. 7C). Overall, Hogl shows a slightly higher sequence
homology to p38 than to ERK1/2. However, when considering the central core of these
proteins (encompassing the ~100 residues that include the catalytic loop, the activation
segment, the phosphorylation sites, and the cysteine residues), Hog1 is actually more closely
related to ERK1/2 than it is to p38 (Fig. 7C; fig. S13). The full cysteine triad was not present
in any of the other six human MAPKSs.

Discussion

A newly identified sensor-effector paradigm for Hog1

Hogl is best known for its role in the osmotic stress response, but it also responds to a
variety of other structurally and mechanistically distinct environmental stressors. How a
single kinase like Hogl can respond to such diverse threats is an important unanswered
question. A related question is whether Hog1 can orchestrate distinct effector programs for
each of these stressors. Using trivalent arsenic, we identified a previously unrecognized
mode of Hog1 function whereby Hogl directly senses this stressor through its interaction
with conserved cysteine residues located near the Hog1 catalytic loop and activation
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segment. This binding allows Hog1 to control the most specific aspect of the cellular
response to arsenic, the detoxification program mediated by Yap8. Hogl stimulated Yap8
function, increasing the expression of the only two known Yap8 targets, ARR2and ARRS3.
Critical aspects of this regulatory control include Hog1’s ability to influence the cellular
localization and phosphorylation state of Yap8. At present we do not know whether the
Hogl-dependent phosphorylation of Yap8 is direct or indirect. Future efforts to reconstitute
this process in vitro should answer that question.

Two prior studies found that transcription of ARR3was strongly reduced in the ~0g14
mutant, supporting the results reported here (17, 33). Prior work also indicates a non-
transcriptional role for Hogl in the arsenic stress response, because Hogl negatively
regulates the function of the plasma membrane glycerol transporter Fps1, which also
mediates arsenic import (18). Thus, similar to the situation in osmotic stress, Hogl appears
to perform multiple functions within the arsenic stress response. Arsenite, moreover, may
additionally stimulate Hog1 function by inhibiting the phosphatases Ptp2 and Ptp3, both of
which negatively regulate Hog1 activity (33).

Regulation of Hogl activity by arsenic binding

An important question is why arsenic binding to Hog1 is necessary when Yap8 itself binds
arsenic (19). The simple answer is that this Hog1-dependent regulation provides for more
effective expression of ARR2and ARR3 (Fig. 3C-E), and the resulting enhanced protection
against arsenic toxicity would likely have been selected for over time. A key aspect of
arsenic-mediated regulation of Hogl appears to be its ability to promote stress-specific
nuclear accumulation of Hogl. How arsenic does this remains an important question for
future work. Other pathways of thiol-based regulation are known to control interaction of the
nuclear transport machinery with target proteins (26). It is possible that a similar mode of
regulation might apply to Hog1.

A second important consideration is the manner and stoichiometry by which arsenic engages
Hogl. Whether the critical residues in Hogl coordinately bind a single arsenic molecule or
can each engage separate arsenic molecules remains to be determined. For Yap8, which
shows a strikingly similar distribution of its own three key cysteine residues (Cys!32, Cys!37,
and Cys274), the available evidence suggests equimolar binding (19).

Cysteine-based regulation as broad signaling modality

Recent years have witnessed tremendous progress in the identification of cysteine-based
posttranslational modifications in diverse proteins. These include multiple oxidation states
(such as that induced by sulfenylation), alkylation, nitrosylation, glutathionylation, and
others (24-26, 35). Our data show how cysteine modification upon exposure to arsenic can
result in a very specific effector response. Other stressors may result in different
modifications of these cysteine residues, such as sulfenylation or nitrosylation, that in turn
could result in different signaling outputs. In this sense, these cysteine residues could
represent a versatile signaling platform for diverse stress conditions. Some evidence already
points in this direction. Two papers, one in fission yeast and the other in Candlida albicans,
have shown that two of these three cysteine residues (Cys'6 and Cys161) are necessary for
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the response to nitrosative or oxidative stress, respectively, although the mechanistic details
remain poorly understood (36—37). This more expansive model of thiol-based regulation for
Hog1 suggests a potential basis for understanding how stress-activated protein kinases can
coordinate highly signal-specific responses at both the sensor and effector levels.

Materials and Methods

Yeast strains, human cell lines, and plasmids

Yeast strains and plasmids are listed in tables S1 and S2, respectively. Standard techniques
were used for strain construction and plasmid transformation. Cells were cultured at 30°C.
YPD medium consisted of 1% yeast extract, 2% Bacto-peptone, and 2% dextrose. YPGal
medium contained 2% galactose instead of dextrose. Plasmid selection was by either
supplementation of rich media with ClonNAT (100 pg/ml) or omission of uridine from
synthetic media, as appropriate. Note that C-terminal 3xHA tagging of Yap8 did not support
wild-type arsenic resistance; therefore, an N-terminal tag was used for immunoblot analysis
and fluorescence microscopy.

pJH62 is a low-copy centromeric plasmid derived from ycPlac22 (38) in which the 7TRPI
marker has been replaced with the NAT-MX6 cassette, allowing for selection by ClonNAT
resistance (39). Site-directed mutagenesis was performed using the QuikChange method
(Agilent). Mutations were verified by sequencing.

Human cell lines (U937 and Ramos) were cultured in suspension under standard conditions.

Sodium arsenite (Sigma) was used at 1 mM or less, a standard concentration in yeast (17—
18, 21, 33). We previously showed that cells retained viability under these conditions for up
to (at least) four hours (13). Indeed, within just 1-2 hours after drug wash-out, the cells
resumed growth with a normal doubling time, indicating that the cellular responses observed
during treatment are likely to be physiologically relevant and specific to arsenic toxicity,
rather than reflecting non-specific toxicity in dead or dying cells (13).

Proteomic analysis

Proteomic analysis was performed by the tandem mass tag-based (TMT) mass spectrometry
method as previously described (13). Cells were sampled before (biologic duplicates) and
after (biologic triplicates) treatment with sodium arsenite (1 mM for 1 h). 4,574 proteins
were quantified (table S3). The proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the data set identifier
PXD015325.

Immunoblotting

Whole cell lysates were prepared from logarithmic phase cultures. Cells were normalized by
optical density and collected by centrifugation. Pellets were resuspended in lithium acetate
(2 M) and incubated on ice for 5 min, followed by treatment with sodium hydroxide (0.4 M)
for 5 min on ice. After centrifugation, pellets were resuspended in Laemmli buffer and
boiled at 100°C for 5 min. Standard SDS-PAGE and immunoblotting were performed.
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The following antibodies were used in this study: anti-HA-peroxidase (Roche;
#12013819001), anti-Pgk1 (Novex; #459250), anti-Hogl (Santa Cruz; #sc-165978), anti-
phospho-38 MAPK T180/Y182 (Cell Signaling, #9211S), anti-Rpn4 (40), anti-p38a./p
(Santa Cruz; #sc-7972), and anti-Erk1/Erk2 (Millipore #06-182). Phosphorylation was
detected using Phos-tag (Wako #300-93523), a manganese-based reagent that complexes
with phosphate groups allowing detection of a size shift by immunoblotting (28-29).

Reverse-transcription PCR was performed as previously described (41). YAP8was amplified
using the primers 5’-CGGAACATTAGTAAGGCCTG-3’ and 5’-
CGGAACATTAGTAAGGCCTG-3’; ARR2with 5’-CATAACGTCTAGGCAACTCAAG-3’
and 5’-GGTTACTCTCTCTACAATGGG-3’; ARR3with 5°-
GTCCCATTGGTGCTTTACTTC- and 5’-CCCAAATGTTGCAGCTATTGC-3’; and ACT1
with 5’-CTGGTATGTTCTAGCGCTTG-3’ and 5’- GATACCTTGGTGTCTTGGTC-3".

Phenotypic analysis

Overnight yeast cultures were normalized by optical density and spotted in a three-fold
serial dilution series on the indicated plates and cultured at 30°C for the indicated times.

Biotinylated arsenic binding assay

Logarithmically growing cells were resuspended in lysis buffer (100 mM Tris pH 8, 10%
glycerol, 5 mM TCEP, phosphatase inhibitors [1 mM sodium fluoride, 0.5 mM sodium
pyrophosphate, and 0.5 mM of sodium orthovanadate], and protease inhibitors [Roche]) and
lysed by bead beating. Clarified extracts were treated with biotinylated arsenic (20 uM;
Toronto Research Chemicals #B394970) or DMSO for 90 min at 4°C. Samples were diluted
10-fold in urea buffer (10 mM Tris pH8, 4 M urea, 100 mM NaCl, 100 mM NayHPO,4, 10%
glycerol, 0.1% NP-40), mixed with 50 pl of streptavidin-agarose beads (Sigma #51638), and
incubated for 90 min at 4°C. Resins were washed with 100 bed volumes of urea buffer, and
eluted by adding 50 ul of 2X Laemmli buffer and boiling for 10 min.

For the /n vitro arsenic competition assay, pretreatment was with excess unlabeled sodium
arsenite (400 uM) for 30 min. For the /n vivo arsenic competition assay, one culture was
pretreated with sodium arsenite (1 mM) for 1 h. Cells were washed twice with 20 ml of
sterile water to remove arsenic from the media prior to lysis.

Fluorescence microscopy

Logarithmically growing cells were treated with sodium arsenite (1 mM for the indicated

times), harvested, and washed twice in PBS. Confocal microscopy was performed on live

cells. mCherry-tagged Hth2 (histone H2B) was used for nuclear localization. Images were
acquired at 1000X magnification under oil and processed using NIH ImageJ software.

Statistical analysis

Statistical analysis, where indicated, was by standard deviation or student’s T-test.
Significance for the proteomic data (Fig. 3A) was set using a relatively stringent cut-off of
p<0.01.
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Fig. 1. Key cysteineresiduesin Hogl are required for the responseto ar senite.
(A) Schematic representation of the Hogl protein with cysteine (C) residues noted. (B)

Yeast cells lacking Hogl (/#0g14) and expressing the indicated proteins were spotted in
three-fold serial dilutions on media containing no drug, sodium arsenite (1 mM), or sodium
chloride (0.4 M) and cultured for 2-3 days. Results are representative of at least three
independent experiments. (C) Steady-state abundance of WT Hogl and Hog1-3C in /10914
cells expressing one or the other protein, as determined by SDS-PAGE and immunoblotting.
Pgk1 is a loading control. Similar results were obtained in two independent experiments (see
also table S3).
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Fig. 2. Arsenic binding to Hogl requiresthree key cysteine residues.
(A) Structural features of Hog1, as modeled on the conserved MAPK ERK2 (PDB: 5NHV).

Cyan, catalytic loop; green, activation segment; yellow, phosphorylation sites; blue, the three
cysteine residues identified in this work. Residue numbering is according to yeast Hogl. (B)
Binding of arsenic to wild-type (WT) Hogl and the Hog1-3C mutant, as determined by
streptavidin affinity purification using a biotinylated arsenic probe (As-Bio; 20 pM) in
lysates of #0g1A cells expressing HA-tagged Yap8 and either WT Hogl or Hog1-3C.
Eluates were analyzed by SDS-PAGE and immunoblotting for Hogl and HA. Note that
binding of As-Bio causes a slight increase in the size of the protein which can be seen
relative to the untreated lysate proteins. Pgk1 is a loading control for total lysates and a
negative control for arsenic binding. Similar results were obtained in more than three
independent experiments. (C) Binding of As-Bio to WT Hogl in the presence of excess
unlabeled arsenite. The experiment was performed similarly to that in (B), except that
unlabeled arsenite (400 uM) was added prior to addition of As-Bio. Proteins were
immunoblotted for Hogl and HA-Yap8. Similar results were obtained in three experiments.
(D) Binding of biotinylated arsenic to WT Hog1 isolated form cells that had been previously
treated with unlabeled arsenite (1 mM for 1 h). Cells were extensively washed prior to lysis,
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ensuring that unlabeled arsenic was only present in vivo. Proteins were immunoblotted for
Hogl and HA-Yap8. Similar results were obtained in three experiments.
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Fig. 3. Hogl promotes ar senic detoxification by stimulating the activity of thetranscription

factor Yap8.

(A) Proteomic analysis of the arsenite stress response in #0g1A cells expressing WT Hogl

or Hog1-3C, as determined by tandem mass tag-based mass spectrometry. Cells were

sampled before and after sodium arsenite treatment (1 mM for 1 hour). The fold arsenic-

dependent induction is expressed as the ratio of WT to mutant. Hits with positive value show
attenuated induction in the mutant, whereas hits with negative value show enhanced
induction in the mutant. The Y-axis represents statistical significance, as determined by two-
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tailed student’s T test. (B) Abundance of Arr2 and Arr3, as determined by the proteomic
analysis in panel A. Error bars reflect standard deviations from biologic duplicates (no drug)
or triplicates (arsenite treatment). (C-D) Induction of Arr2 and Arr3 protein after sodium
arsenite treatment (1 mM) in hogA cells expressing an HA-tagged form of either Arr2 (C)
or Arr3 (D) from the endogenous locus plus either WT Hogl or Hog1-3C, as determined by
SDS-PAGE and immunoblotting for HA. Pgkl is a loading control. Similar results were
obtained in at least three experiments. (E) Transcriptional induction of ARRZ2and ARR3
after sodium arsenite treatment in #0g1A cells expressing WT or Hog1-3C mutant, as
determined by RT-PCR. ACT1is a control. Similar results were obtained in at least three
experiments. (G) Immunoblotting for HA in whole-cell lysates from yeast expressing HA-
tagged Arr3 from the endogenous locus and treated for 90 min with sodium arsenite (1 mM),
cadmium chloride (100 mM), or hydrogen peroxide (6.5 mM). Pgk1 is a loading control.
Similar results were obtained in three experiments.
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Fig. 4. Hogl regulates multiple aspects of Yap8 function.
(A) Fluorescence microscopy showing GFP-Yap8 and the nuclear marker mCherry-tagged

histone H2B after treating yeast with sodium arsenite (1 mM for 1 h). Cell outlines (yellow)
were obtained from corresponding brightfield images. Scale bar, 2 um. Similar results were
obtained in at least three experiments. (B) Quantification of GFP-Yap8 nuclear localization
in hoglA cells expressing WT Hogl or Hog1-3C. 135 consecutive cells were counted in
groups of 45 for each strain. Error bars indicate standard deviations. (C) Lysates from
arsenite-treated (1 mM for 1 h) hog1A cells expressing HA-tagged Yap8 plus either WT
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Hogl or Hog1-3C oglwere separated on a Phos-tag gel and immunoblotted for HA. Pgkl is
a loading control. Similar results were obtained in at least three experiments. (D) yap84
cells expressing WT Yap8 or the 7Ser/Thr mutant form of Yap8, in which 7 serine and
threonine residues were mutated to alanine (Serl4, Thr16, Thrl38 Serl4l Serl45 Ser282 angd
Ser292), Similar results were obtained in at least two experiments. (E) Growth of yap8A cells
expressing WT Yap8, an empty vector, or the Yap8 7-Ser/Thr mutant in the presence of
arsenite (0.25 mM) cultured for 2-3 days. Similar results were obtained in two experiments.
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Fig. 5. Regulation of Yap8 by Hogl requires both phosphorylation and thiol-based mechanisms.
(A) Immunoblotting for HA in lysates of arsenite-treated (1 mM) /0g1A cells expressing

WT Hogl, Hogl-T174A/Y176F, or Hog1-3C in addition to HA-tagged Arr3 from the
endogenous locus. Pgkl is a loading control. Similar results were obtained in more than
three experiments. (B) Lysates of arsenite-treated /10914 cells expressing HA-tagged Yap8
and either WT Hogl or Hogl-T174A/Y176F were separated on a Phos-tag gel and
immunoblotted for HA. Pgkl is a loading control. Similar results were obtained in three
experiments. (C) yap8A cells expressing the indicated proteins were spotted in three-fold
serial dilutions onto plates containing no drug, sodium chloride (0.4 mM), or sodium
arsenite (1 mM) and cultured for 3—4 days. Similar results were obtained in at least three
experiments (see also Fig. 1A and fig. S1).
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Fig. 6. Regulation of Hogl subcellular localization by ar senic.
(A) Fluorescence microscopy showing GFP-tagged WT Hogl and Hog1-3C in hoglA cells

after treatment with sodium chloride (0.4 M for 30 min) or sodium arsenite (1 mM for 30
min). Cell outlines were obtained from corresponding brightfield images. Scale bar, 2 pm.
Similar results were obtained in at least three experiments. (B) Quantification of Hog1-GFP
nuclear localization as in (A). Three groups of 50 cells each were assessed for Hogl nuclear
localization. Error bars reflect standard deviations from these three groups. (C) Fluorescence
microscopy showing GFP-tagged Hog1-CCAAX, which localizes to the plasma membrane
(2). Corresponding brightfield images are shown. Scale bar, 2 um. Similar results were
obtained in three experiments. (D) Growth of /ogIA cells expressing WT Hogl or
membrane-tethered Hog1-CCAAX on plates containing or lacking sodium arsenite (1.5 m).
Cells were spotted in three-fold serial dilutions and cultured for 2-3 days. Similar results
were obtained in three experiments. (E) Fluorescence microscopy showing WT Hogl-GFP
in arsenite-treated (1 mM for 30 min) WT and yap8A strains. Cell outlines were obtained
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from corresponding brightfield images. Scale bar, 2 um. Similar results were obtained in
three experiments.
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Fig. 7. Arsenic binding is a conserved feature of some mammalian MAPKSs.
(A-B). Lysates of U937 (A) and Ramos (B) cells were treated with biotinylated arsenic (As-

Bio; 20 uM), affinity purified for biotin, separated on Phos-tag gels, and immunoblotted for
ERK1/2 and p38a/p. Asterisks indicate non-specific bands. Similar results were obtained in
two experiments for each cell line. (C) Sequence analysis of yeast Hogl and the four
indicated human MAPKSs. The catalytic loop and activation segment are indicated. The key
cysteine residues corresponding to yeast Cys156, Cys161 and Cys29° are highlighted in
yellow. Alignment was by Clustal Omega. Asterisks, identical residues; double dots, highly

similar residues; single dots, similar residues.
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