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pyrophosphate levels to control localization of the general
stress response transcription factor Msn2
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The environmental stress response (ESR) is critical for cell
survival. Yeast cells unable to synthesize inositol pyrophos-
phates (PP-InsPs) are unable to induce the ESR. We recently
discovered a diphosphoinositol pentakisphosphate (PP-InsPj)
phosphatase in Saccharomyces cerevisiae encoded by SIW14.
Yeast strains deleted for SIW14 have increased levels of PP-
InsPs. We hypothesized that strains with high inositol pyro-
phosphate levels will have an increased stress response. We
examined the response of the siwl4A mutant to heat shock,
nutrient limitation, osmotic stress, and oxidative treatment
using cell growth assays and found increased resistance to each.
Transcriptional responses to oxidative and osmotic stresses
were assessed using microarray and reverse transcriptase quan-
titative PCR. The ESR was partially induced in the siwI4A
mutant strain, consistent with the increased stress resistance,
and the mutant strain further induced the ESR in response to
oxidative and osmotic stresses. The levels of PP-InsPs increased
in WT cells under oxidative stress but not under hyperosmotic
stress, and they were high and unchanging in the mutant. Phos-
phatase activity of Siwl4 was inhibited by oxidation that was
reversible. To determine how altered PP-InsP levels affect the
ESR, we performed epistasis experiments with mutations in
rpd3 and msn2/4 combined with siwl4A. We show that muta-
tions in msn2A and msn4A, but not rpd3, are epistatic to siwI4A
by assessing growth under oxidative stress conditions and
expression of CTTI. Msn2-GFP nuclear localization was

This work was supported by a Georgetown Pilot Grant (to R. J. R.), a GradGov
Research Project Award (to V. A. M.), National Institutes of Health Grant
RO1GM097329 (to A. P. C.),and National Science Foundation CAREER Grant
MCB-1253809 (to A. C. R.). The authors declare that they have no conflicts
of interest with the contents of this article. The content s solely the respon-
sibility of the authors and does not necessarily represent the official views
of the National Institutes of Health.

This article contains Table S1.

The microarray data reported in this paper have been submitted to the Gene
Expression Omnibus (GEO) database under GEO accession no. GSE135546.

' Both authors contributed equally to this work and are co-first authors.

2 Present address: Cell Biology Dept., Albert Einstein College of Medicine,
1300 Morris Park Ave., Bronx, NY 10461.

3 Present address: Division of Biology and Biological Engineering, Broad Cen-
ter, CA Institute of Technology, 1200 East California Blvd., Pasadena, CA
91125.

*To whom correspondence should be addressed: Dept. of Biology, Reiss Sci-
ence Building 406, Georgetown University, Washington, D. C. 20057. Tel.:
202-687-5881; Fax: 202-687-5662; E-mail: rolfesr@georgetown.edu.

SASBMB

increased in the siwI4A. These data support a model in which
the modulation of PP-InsPs influence the ESR through general
stress response transcription factors Msn2/4.

The cumulative response to unfavorable conditions is known
as the environmental stress response (ESR)® and it is necessary
for cells to adapt and survive external changes (1). Environmen-
tal stresses include conditions such as temperature extremes,
nutrient limitation, acidic or basic conditions, and osmotic dif-
ferences (2, 3). In the yeast Saccharomyces cerevisiae, the ESR is
activated in general, and additional distinct stress responses are
activated to varying degrees depending on the type of stress and
its duration (4). The ESR includes the total transcriptional
responses that cells have during stressful conditions, ~300
genes are induced and ~600 genes are repressed (1). Repressed
genes are involved in promoting growth and include ribosome
biogenesis and protein synthesis (1, 4). The induced genes in
the ESR are involved in handling cellular damage (e.g. defense
against reactive oxygen species (ROS), DNA repair, protein
refolding), altering carbohydrate and protein metabolism, and
generating intracellular signals (1, 5).

Transcriptional responses in the ESR are dependent upon
the partially redundant transcription factors Msn2 and Msn4
(Msn2/4) that promote transcription of the general stress
response genes (3, 6—8). The ability of these factors to activate
transcription is regulated by multiple pathways, including TOR
(target of rapamycin) and ras-cAMP-PKA, which affect subcel-
lular localization, protein interactions, and protein half-life (3,
6,9, 10). Under log-phase growth conditions, Msn2/4 proteins
are differentially phosphorylated and sequestered in the cyto-
plasm (11, 12). Upon stress, Msn2/4 are dephosphorylated and
move into the nucleus where Msn2/4 bind stress response ele-
ments to promote the transcription of stress response genes
(reviewed in Refs. 3 and 5).

® The abbreviations used are: ESR, environmental stress response; InsPy, ino-
sitol hexakisphosphate; 5PP-InsPs, 5-diphosphoinositol pentakisphos-
phate; InsP-, unspecified isomer of diphosphoinositol pentakisphosphate;
ROS, reactive oxygen species; HDAC, histone deacetylase complex; SC, syn-
thetic complete (a defined growth medium); PKA, protein kinase A; ibs,
inositol-binding site; cfu, colony-forming unit; gPCR, quantitative PCR.
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Transcriptional responses in the ESR are also regulated by
the histone deacetylase (HDAC) complex Rpd3L. The canoni-
cal role for HDAC: is to form repressive chromatin structures
to inhibit transcription. Interestingly, the Rpd3L complex also
functions to promote transcription during heat and oxidative
stresses (13, 14). Rpd3L is required for the binding of Msn2 to
promoters (14). Unexpectedly, inositol pyrophosphates were
discovered to be critical for transcriptional responses during
oxidative and osmotic stresses (15); transcriptional responses
were lost in mutants unable to synthesize inositol pyrophos-
phates as well as in an rpd3-mutant with substitutions in the
putative inositol phosphate-binding site (15).

Inositol pyrophosphates are high energy signaling molecules
found ubiquitously across eukaryotes and are involved in
diverse pathways such as DNA repair, yeast virulence, human
immune response, glycolysis, energy homeostasis, and the gen-
eral stress response (15-20). Inositol pyrophosphates are fully
phosphorylated myo-inositol rings with an additional 8-phos-
phate at the 1- or 5-position, or at both positions. In S. cerevi-
siae, the most abundant inositol pyrophosphate is 5-diphos-
phoinositol pentakisphosphate (5PP-InsP;, a specific isomer of
InsP,) (21). This molecule is synthesized by the kinase Kcs1,
which adds the B-phosphate to InsP, at the 5-position (22).
The kinase Vipl pyrophosphorylates the 1-position of 5PP-
InsP,, resulting in 1,5-bisdiphosphoinositol tetrakisphos-
phate (1,5PP-InsP,, also known as InsPy), as well as on InsP,,
resulting in 1PP-InsP,, an isomer of InsP, (23, 24). Deletion of
both KCSI and VIPI prevents cells from producing inositol
pyrophosphates; importantly, these cells are unable to induce
the environmental stress response with either osmotic or oxi-
dative stresses based on transcriptional profiling assays (15).

We identified the novel inositol pyrophosphate phosphatase
Siw14 that specifically cleaves the B-phosphate from the 5-po-
sition of InsP, (25). When SIW14 is deleted, the levels of InsP,
increase 6.5-fold and the levels of InsPy increase 1.6-fold (25).
The impact of the increased inositol pyrophosphate levels on
the ESR in the siw14A mutant is unknown, and was investigated
here by assessing growth phenotypes, transcriptional re-
sponses, and inositol pyrophosphate levels. We also sought to
determine how inositol pyrophosphates may influence the
stress response by using epistasis to examine roles for Msn2/4
and Rpd3L. These data demonstrate that increased intracellu-
lar levels of inositol pyrophosphates partially induce the ESR
through Msn2/4 and support the role for the SIWI14-en-
coded InsP. phosphatase in regulating levels of inositol
pyrophosphates.

Results

The siw14A mutant is resistant to a range of environmental
stresses

The siwl4A mutant has elevated inositol pyrophosphates
(25), leading us to hypothesize that it would be resistant to
environmental stresses. To test this, we examined the response
of the mutant strain to oxidative and osmotic stresses, heat
shock, and nutrient deprivation. To test for oxidative stress, we
assessed resistance to hydrogen peroxide. Cells were grown
either to mid-log phase or after the diauxic shift (~24 h) in SC
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medium, and were treated with 1 mm H,O, for 3 h before plat-
ing onto solid YPD medium to determine survival. As shown in
Fig. 1A, ~40% of the siw14A mutant cells in log-phase survived
H,O0, treatment as compared with only 2% of the treated WT
cells; this level of resistance from strain BY4741 is in agreement
with previous reports (26, 27). We found that post-diauxic shift
cells responded similarly: ~60% of the siw14A mutant survived
H,O, treatment compared with only 20% of WT cells (Fig. 1A4).

To examine heat tolerance, the siwl4A mutant and isogenic
WT cells were grown in YPD medium to mid-log phase or post-
diauxic shift, subjected to heat stress at 50 °C (for mid-log cells)
or 53 °C (for post-diauxic cells) for 10 min and plated onto solid
YPD medium (Fig. 1B). Virtually none of the WT cells survived
the heat shock, whereas the siwl4A mutant survived well (Fig.
1B). Complementation of the siw14A mutant with STW14 on a
plasmid restored the WT-sensitive phenotype to cells, whereas
complementation with the catalytically dead allele, in which the
active-site cysteine was mutated to serine (siw14-C214S), failed
to restore the normal phenotype (Fig. 1B).

To test for resistance to osmotic stress, WT and siwl4A
mutant strains were grown to mid-log or post-diauxic phases in
YPD medium, and were spread onto YPD medium or YPD
medium containing 1.35 M KCl for high osmotic conditions.
The siw14A mutant showed a 3-fold increase in survival in log-
phase cultures and a 1.5-fold increase in post-diauxic phase
cultures as compared with the WT strain (Fig. 1C).

In response to nutrient deprivation, yeast cells transition to
stationary phase and induce many genes involved in the stress
response (28). The chronological aging assay measures the sur-
vival of cells in stationary phase for a prolonged period of time
(29). WT and siwl4A mutant strains were inoculated into min-
imal medium and cultured at 30 °C for 14 days; aliquots were
removed daily. Cells were stained with propidium iodide, which
is excluded by living cells, and the percentage of living cells was
determined relative to the total number of cells. We found that
the siw14A mutant strain had fewer propidium iodide-stained
cells compared with the WT strain each day during the 14-day
period. The WT cells showed a much greater variation in sur-
vival than the mutant during the time course; even so, differ-
ences were significant at days 2 and 3 (Fig. 1D). These results
showed that the siwl4A mutant survived nutrient depletion
better than the WT strain.

The stress response is partially induced in unstressed siw14A
cells

To determine whether siw14A mutant cells are stress-resist-
ant due to increased expression of the ESR genes, we measured
gene expression in WT (BY4741) and siwI4A mutant cells dur-
ing log-phase growth, oxidative stress, and osmotic stress using
two-color DNA microarrays (15). In the WT, we found that
1,450 genes were affected for osmotic stress and 1,367 genes in
the profile for oxidative stress using a 2-fold or greater cut-off
(Table S1). Using the definition of the ESR as the overlap
between these stresses (1), we found 728 genes were affected
under both stress conditions.

When the siw14A mutant was compared with the WT under
log-phase growth conditions (SC medium), 354 genes showed
increased expression and 90 genes showed decreased expres-
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Figure 1. The siw74A mutant is resistant to environmental stresses. A, WT and siw14A mutant strains were grown to log phase or for 24 h (post-diauxic shift
phase) and treated with 1 mm H,0,. Cells were plated, incubated at 30 °C for 2 days, cfu were determined, and the percent survival was calculated (cfu
treated/cfu untreated, X100). Bars represent the average of 12 biological replicates over 4 assays. B, representative growth of the WT + pRS316 vector and
siw14A transformed with vector, plasmid-borne SIW14*, or SIW14-C214S (top) or untransformed (bottom). Strains were exposed to 50 (top) or 53 °C (bottom)
heat stress for 10 min. Cells were normalized to the same ODy,, serially diluted in buffered saline with glucose, and 2.5 ul was spotted on SC-ura medium (top)
or YPD (bottom). The experiments were performed in triplicate on independent transformants; log-phase cultures were spotted on the same plate for each
experiment, although not necessarily adjacent to each other; the same occurred for the 24-h cultures. C, WT and siw14A mutant strains were grown as
described under A, and were spread onto YPD or YPD containing 1.35 m KCI medium for osmotic stress. Percent survival was quantified as in A; and bars
represent the average of 6 replicates over two separate assays. D, WT and siw14A mutant strains were grown for 14 days to measure chronological aging.
Aliquots of cells were removed every 24 h; cells were stained with propidium iodide and assayed by flow cytometry. Points represent the average of three
biological replicates, and error bars are mean = S.E. *, p values = 0.05; **, p values = 0.01; ***, p values = 0.001.

sion of at least 2-fold. The genes differentially regulated in the
siwl4A mutant (271 of 444 genes) partially overlapped with the
set of genes with altered expression in stressed WT cells (Fig. 2,
A and C). Indeed, the genes with the greatest up-regulation in
the siwl4A mutant are ones that are typically induced under
stress (Fig. 2B). Furthermore, we found minimal effects on
expression of ribosomal biogenesis and ribosomal protein
genes, consistent with the normal growth rate of the siwi4A
mutant (data not shown). Genes that were differentially regu-
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lated in the siw14A (173 genes, Fig. 2C) and did not overlap with
the stress-response genes are involved in diverse processes such
as glycolysis, gluconeogenesis, ATP generation/electron trans-
port chain function, and oxidation-reduction reactions.

When placed under osmotic or oxidative stress conditions,
the siwl4A mutant is able to mount a stress response. Under
stress conditions, the siw14A mutant induces 1328 genes under
osmotic and 1247 genes under oxidative stress conditions when
compared with log-phase growth conditions (Fig. 2D). The
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Figure 2. The transcriptional stress response is partially induced in the unstressed siw74A mutant. A, heat map displaying the results of microarray
analysis. Genes indicated in blue are down-regulated and those in yellow are up-regulated. The scale is log,, with the bluest shade as a log, value of =—3 (8-fold)
difference and the yellowest shade as a log, value of =3; black indicates no difference in expression. The heat map shows the 444 genes that are misregulated
in the siw74A mutant; these genes are aligned with the corresponding genes in the WT strain stressed with either 1.3 m KCl (osmotic) or 1 mm H,0, (oxidative).
B, the top 10 induced genes in the siw14A mutant are genes previously discovered to be induced in WT cells placed under stress (1). C, the Euler plot shows the
overlap in the number of genes that are differentially expressed in the siw14A mutant and WT cells stressed with hydrogen peroxide or potassium chloride. D,
heat map of the complete genome comparing the WT response to hydrogen peroxide and potassium chloride aligned with the siw14A mutant stressed with
hydrogen peroxide and potassium chloride normalized to the corresponding WT stress response.

induced ESR genes were expressed at higher levels in the
siwl4A strain when compared with the WT strain (Fig. 2D).
Thus, the siw14A mutant has a partially induced stress response
under normal growth conditions (i.e. the 444 genes), and it is
able to further mount a strong ESR in response to external
stresses.

To confirm the results of the DNA microarray analysis, we
examined gene expression using RT-qPCR, following the
mRNA levels of several genes that had previously been shown
to be induced and repressed during the ESR (Fig. 3, A-—D). The
induced genes selected for further expression analysis were:
CTT1, which encodes catalase, the enzyme that converts H,O,
to water (30), and is under the control of the general stress
response transcription factors Msn2/4 during oxidative stress
(31-33); HSPI2, which encodes a plasma-membrane—
associated protein important for membrane integrity and is
also a downstream target of Msn2/4 (34, 35); XBP1, a transcrip-
tional repressor that down-regulates 15% of all genes when
yeast transition to stationary phase and is known to be up-reg-
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ulated in the ESR (36). The repressed genes selected for further
expression analysis were: ADH1, which encodes alcohol dehy-
drogenase (37); NOG1, which is one of the most down-regu-
lated genes in a WT strain under low nutrient stress conditions
and is important for 60S ribosomal subunit biogenesis (38);
GARI, which is involved in ribosomal biogenesis (39); and
RPLI16A, which encodes the large ribosomal subunit 16A (40).

Based on the microarray data, we expected that CTTI,
HSP12, and XBPI would show increased expression in the
unstressed siwl4A mutant relative to the WT and that they
would be further induced upon stress treatment. Furthermore,
we expected the ribosomal biogenesis genes to show no expres-
sion differences between the WT and siw14A mutant, and that
they would be down-regulated in response to stress in both
strains. Indeed, the unstressed siw14A mutant significantly up-
regulates XBPI, CTTI, and HSPI12 by 4.8-, 5-, and 10-fold,
respectively (the black bars in Fig. 3, A and B). As expected,
expression of NOG1, GARI, RPL16A, and ADH1 in the siw14A
showed no significant difference from the WT (the black bars in
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Figure 3. The siw74A mutant cells have partially induced the ESR in unstressed conditions and are able to mount a stress response. A-D, RT-qPCR
fold-changes represented as log, values normalized to both the reference gene UBC6 and unstressed WT cells. A and G, cells were stressed with 0.4 m KCl, or B
and D, 1 mm H,0,. Bars represent the average expression of triplicate samples and error bars are the mean *+ S.E. Statistical differences were determined
comparing the WT (which would be 0 on the graphs) and siw14A mutant (black bar), between treated WT and mutant (indicated by the short line above the gray
and blue or green bars), and between untreated and treated siw14A mutant (long line above the black and blue or green bars); *, p value = 0.05; **, p value = 0.01;

*** pvalue = 0.001; and ****, p value = 0.0001.

Fig. 3, Cand D). HSP12 and CTT1 expression increased in the
siwl4A mutant under osmotic stress, by 81- and 152-fold,
respectively (Fig. 3A, blue bars). This increase was higher than
the 31- and 91-fold induction of the same genes during osmotic
stress in WT cells (Fig. 34, gray bars). NOGI and GARI were
further down-regulated in the siwl4A mutant compared with
the WT strain under osmotic stress (Fig. 3C, blue versus gray
bars). These results together are consistent with the ability of
the siw14A mutant to mount an enhanced stress response.
We also evaluated gene expression patterns for these genes
under oxidative stress. There was a different expression
response in the WT and mutant cells relative to the osmotic
stress. CTT1 was induced 81-fold in stressed siwl4A mutant
cells and 13-fold in stressed WT (Fig. 3B, green versus gray
bars). The expression of XBP1 was induced 2-fold by H,0O, in
the siwl4A and 1.2-fold in the WT (Fig. 3B, green versus gray
bars). Hydrogen peroxide treatment of the siwi4A mutant led
to the down-regulation of RPL16A to 60% expression of the WT
and expression of ADHI decreased to 1% of the WT (Fig. 3D) .

Inositol pyrophosphate levels increase in WT cells during
oxidative stress

As inositol pyrophosphates are necessary for induction of the
environmental stress response (15), we wondered whether ino-
sitol pyrophosphate levels might increase when yeast strains are
exposed to environmental stresses. Strains were radiolabeled
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with myo-[*H]inositol, grown to mid-log phase and treated
with hydrogen peroxide or potassium chloride for 20 min to
induce oxidative or osmotic stress responses, respectively.
After extracts were prepared, labeled inositol pyrophosphates
were separated by HPLC and scintillation counting was per-
formed. InsP, and InsPg levels were determined relative to
InsP,, and then normalized to the unstressed WT strain (Fig. 4).
Treatment with H,O, led to a significant increase in both InsP.,
(2.1 £ 0.3-fold) and InsPg (5.3 = 0.8-fold) in WT cells. Interest-
ingly, we detected no increase in inositol pyrophosphates with
KCl treatment (Fig. 4). The siw4A mutant exhibited high levels
of InsP, and InsPg, as we previously reported (25), and these
levels did not change further under either oxidative or osmotic
stresses (Fig. 4).

The Siw14 phosphatase is reversibly inhibited by hydrogen
peroxide

One mechanism to link oxidative stress with an increase in
inositol pyrophosphate levels is through inhibition of Siw14.
The active site of Siwl4 contains a cysteine (HCX;R) required
for catalysis. Reversible oxidation of the active site cysteine is a
known mechanism for this family of phosphatases (41, 42). If
oxidation inactivates Siwl4 in WT cells, there would be an
increase in inositol pyrophosphate pools.

To test this model for inhibition of Siw14 by hydrogen per-
oxide, we purified recombinant His,-MBP-Siw14, and treated

J. Biol. Chem. (2020) 295(7) 2043-2056 2047
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Figure 4. Inositol pyrophosphate levels increase in WT cells under oxidative stress. Representative inositol phosphate profiles for WT and siw74A mutant

stressed with (A) 1 mm H,0, or (B) 0.4 m KCl for 20 min. Quantified levels of (C) |

nsP; or (D) InsPg relative to InsPg in unstressed cells or cells stressed with 0.4 m

KCl or 1 mm H,0, in both WT or siw14A mutant strains. All fold-changes were normalized to unstressed WT levels. Bars represent the average of 9 biological
replicates in 3 separate experiments and error bars represent mean *+ S.D.; *** p values = 0.001.

the model with 1 and 5 mm hydrogen peroxide for 30 min on ice.
Enzyme activity was assayed using p-nitrophenyl phosphate as
the phosphatase substrate (25). As shown in Fig. 54, hydrogen
peroxide treatment led to a decrease in the phosphatase activity
of Siw14.

To determine whether the inhibition was reversible, we per-
formed reversible oxidation assays as described (41, 42). We
treated the purified recombinant enzyme with 1 mm hydrogen
peroxide as above (30 min on ice), and then added catalase to a
parallel sample of the treated enzyme to degrade any remaining
hydrogen peroxide (30 min on ice) followed by addition of
0.1 mMm DTT. Hydrogen peroxide treatment significantly
decreased the activity to 62.2 = 5.3 units (p = 0.005, Student’s ¢
test), a 28% reduction from the untreated activity of 86.1 * 4.5
units (Fig. 5B). Removal of hydrogen peroxide with catalase
restored enzyme activity to 80.3 = 10.6 units, which was not
statistically significantly different from the untreated sample
(p = 0.367). These findings indicate that Siwl4 is reversibly
oxidized, that oxidation decreases enzyme activity, and the
decreased activity could account for the increase in 5PP-InsP,
detected upon hydrogen peroxide treatment (Fig. 4).

Inositol pyrophosphates affect the environmental stress
response through Msn2/4 signaling

We considered possible mechanisms to link the transcrip-
tional changes to inositol pyrophosphates. It was previously
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reported that transcriptional profiles are similar in the rpd3A
strain, in the kcsIA vipIA strain that cannot produce inositol
pyrophosphates, and in the rpd3™ mutant that has substitu-
tions in the amino acids that contact the inositol pyrophosphate
(15). These results suggest that the histone deacetylase activity
of Rpd3L is regulated by inositol pyrophosphates, and therefore
we hypothesized that increased inositol pyrophosphate levels
would affect Rpd3L activity leading to increased gene expres-
sion and stress resistance. To test this hypothesis, we per-
formed an epistasis experiment combining the rpd3™* mutant
and the siwl4A mutant. Using an oxidative stress assay, we
expected the rpd3™* mutant to be sensitive to H,O, (this expec-
tation was based on the gene expression profile, although this
phenotype had not been previously reported (15)); the siwi4A
mutant is resistant to H,O, (Fig. 1A). If increased levels of ino-
sitol pyrophosphates regulate the activity of HDAC, then the
phenotype of the rpd3™ siwi4A double mutant would be sen-
sitive to H,0, and rpd3™* would be epistatic to the siwI4A
mutant. As shown in Fig. 6, A and B, the WT and rpd3™* mutant
have the same sensitivity to H,O, (blue and red bars) and the
double mutant was as resistant to oxidative stress as the siw14A
mutant (orange and red-hatched bars). Thus, siw14A acted epi-
static to rpdb’ibs; this result is not consistent with a model in
which varying levels of inositol pyrophosphates would regulate
the activity of the histone deacetylase Rpd3L. However, this
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Figure 5. Reversible inhibition of Siw14 phosphatase activity in vitro. A,
recombinant Hisg-MBP-Siw14 protein was purified and treated with 0, 1, and
5 mm hydrogen peroxide for 30 min on ice, and assayed for phosphatase
activity using p-nitrophenol phosphateasthe substrate. Absorbance was mea-
sured at OD,,s and activity was determined relative to a standard curve with
p-nitrophenol. Activity was defined as 1 unit = 1 umol/min/g of protein. B,
recombinant, purified Hiss-MBP-Siw 14 protein was treated with T mm hydro-
gen peroxide as in panel A, and then treated with 1 unit of catalase for 30 min
on ice followed by the addition of 100 um DTT. Phosphatase activity was
measured as described above. The oxidized enzyme has enzyme activity that
is different from the untreated enzyme (p = 0.005, Student’s t test) and the
restored enzyme is not different from the untreated enzyme (p = 0.367).

result is consistent with the role for inositol pyrophosphates to
act in a structural role within the Rpd3L complex (see
“Discussion”).

We next addressed the hypothesis that inositol pyrophos-
phates affect transcription through the Msn2/4 transcription
factors. Following a similar approach, we examined the epi-
static relationship between siw14A and strains carrying msn2A
or msn4A mutations. If oxidative stress resistance, which is due
to increased inositol pyrophosphate levels in the siwi4A
mutant, occurs through Msn2/4, we would expect that the
msn2A and msn4A mutations would be epistatic to the siwi4A
mutation. As shown in Fig. 7, A and B, the siwI4A mutant is
resistant to oxidative stress (solid orange bars) and the msn2A
and msn4A single mutants (green and pink bars, respectively)
are as or more sensitive to H,0O, as the WT strain (blue bar).
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Figure 6. The siw14A mutation is epistatic to the rpd3™** mutation. A, WT,
siw14A, rpd3™, and siw14A rpd3™* strains were grown to mid-log phase and
treated with 1 mm H,0, for 3 h, as described in the legend to Fig. 1. Cells were
plated and incubated at 30 °C for 2 days. Colony-forming units were deter-
mined, and the percent survival was calculated (cfu treated/cfu untreated,
X100). B, bars represent the average of 9 biological replicates over 3 assays.
Error bars represent mean = S.D. **, p value = 0.001.

Importantly, both the msn2A siwi4A and msn4A siwl4A dou-
ble mutants are as sensitive to H,0, as the msn2A and msn4A
single mutants (hatched green and pink bars, respectively). This
result indicated that the msn2A and msn4A mutations are epi-
static to siwI4A.

To examine this epistasis relationship further, we examined
the expression of CTT1I that depends on Msn2/4 (31-33), using
RT-qPCR analysis in strains with and without hydrogen perox-
ide treatment. As shown in Fig. 7C, the expression of CTT1 in
the msn2A siwl14A double mutant was virtually the same as in
the msn2A single mutant, indicating that msn2A is epistatic to
siwl4A. The msn4A mutant exhibited expression higher than
WT under normal conditions and further increased expression
upon hydrogen peroxide treatment, and this level of expression
was unexpected given that the strain carried the normal allele of
MSN?2. Expression in the double msn4A siwl4A mutant was
lower than that of the siwI4A single mutant, indicating that
msn4A acts epistatic to siwI4A. Together, these data are con-
sistent with the hydrogen peroxide resistance phenotype of the
siwl4A mutant occurring through the Msn2/4 transcription
factors.
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Figure 7. The msn2A and msn4A mutations are epistatic to the siw74A mutation. A, WT, siw14A, msn2A, and msn4A single mutant, and the msn2A siw14A
and msn4A siw14A double mutant strains were grown overnight in YPD and normalized to ODg, of 0.2 in YPD medium. Cells were grown for 30 min and
treated with 2 and 5 mm hydrogen peroxide for 3 h (61). Cells were serially diluted 10-fold, plated on YPD medium, and incubated at 30 °C for 2 days. B, strains
were grown and prepared as described above; however, cells were treated with 2, 4, and 7 mm hydrogen peroxide. Instead of spotting, 20 ul of appropriately
diluted sample were spread onto YPD plates. Colony-forming units were determined, and the percent survival was calculated (cfu treated/cfu untreated,
X100). Bars represent the average of 9 biological replicates over 3 assays. Error bars represent mean =+ S.D. C, expression of CTT1 measured by RT-qPCR. Cells
were grown as described in the legend to Fig. 3. Values were normalized to UBC6 and to the WT grown in YPD. The graph shows the mean from triplicate
samples (biological replicates) and error bars represent mean = S.D. Significance, **, p =< 0.01; *, p = 0.05; n.s., not significant.

Msn2 shows increased nuclear localization in the siw14A
mutant

These epistatic data, coupled with the transcriptional analy-
ses (Figs. 2 and 3), support a model in which inositol pyrophos-
phate levels affect the activity of Msn2/4. One mechanism to
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account for the increased expression of CTT1 is that Msn2
localizes to the nucleus more frequently in the siw14A mutant.
To test this, we examined the localization of an Msn2-GFP
fusion protein using live-cell fluorescence microscopy for each
WT and siwl4A strains (Fig. 84). Nuclear localization of Msn2-
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Figure 8. Msn2-GFP shows increased nuclear localization in the siw74A
mutant. A, images were taken from cells prepared from multiple cultures
grown on different days. Overnight cultures were grown in SC medium at
room temperature, diluted 1:50 into fresh medium, and grown to mid-log
phase at room temperature. Each sample (1 ml) was placed into borosilicate
chamber coverslip slides and allowed to settle for 30 min at room tempera-
ture. Images were taken using an inverted microscope as described under
“Experimental procedures.” Representative images are shown. B, cells were
scored for the localization of Msn2-GFP: intense nuclear localization was
scored as positive and diffuse cytosolic fluorescence was scored as negative.
Localization was determined in WT (RR694) and siw14A mutant (RR695)
strains.

GFP was scored in cells that had a bright concentrated GFP
fluorescence (12). We found that Msn2-GFP localized to the
nucleus in 2 of 583 WT cells (0.3%) and in 253 of 498 siwi4A
cells (50.8%) (Fig. 8B). The increased nuclear localization is con-
sistent with the increased expression of ESR genes as well as the
stress resistance phenotypes seen in the siwl4A mutant.

Discussion

Using growth assays and gene expression analysis, we dem-
onstrated that SIWI4 is a negative regulator of the stress
response at least partially through Msn2/4. The siw4A mutant
is resistant to heat, osmotic, oxidative, and nutritional stresses,
extending and confirming previously reported findings (27,
43-46). Transcription of the environmental stress response is
partially induced under nonstress conditions in the siwi4A
mutant, consistent with the increased stress resistance. The
siwl4A mutant strain is capable of inducing a transcriptional
ESR, indicating that the stress response signaling pathway is
intact and that the steady-state levels of inositol pyrophos-
phates are implicated in setting a baseline. The results from the
epistasis and localization experiments indicate that high levels
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of inositol pyrophosphates affect the nuclear localization of the
transcription factor Msn2.

SIW14 encodes a phosphatase specific for the 3-phosphate
on 5PP-InsP, and the mutant has 6-fold elevated levels of ino-
sitol pyrophosphates (25). Inositol pyrophosphates, synthe-
sized by the kinases Kcs1 and Vip1, are required for induction of
the environmental stress response (15) and for resistance to
environmental stresses (47). Our results here demonstrate
higher endogenous levels of inositol pyrophosphates in the
mutant led to a partially-induced transcriptional ESR. These
observations suggest that cells might modulate inositol pyro-
phosphate levels as an intracellular signal to affect the ESR
under stress conditions.

Consistent with a role for inositol pyrophosphates as signal-
ing molecules, hydrogen peroxide treatment increased the lev-
els of inositol pyrophosphates in WT cells, and was particularly
high for InsPg (a 5.3 = 0.8-fold increase). Conversely, the kcsIA
viplA double mutant, which does not produce inositol pyro-
phosphates, exhibited a severe transcriptional defect by com-
pletely failing to induce an ESR during H,O, stress (15). Our
results here linking inositol pyrophosphate levels to transcrip-
tional responses are consistent with previous gene expression
studies (15), and with the increased levels of InsP, and H,O,
resistance of the viplA mutant (21, 25). An intriguing possibil-
ity is that the active site cysteine of Siw14 directly senses cellular
ROS levels, and the phosphatase is catalytically inactive when
oxidized. Reversible oxidation of the active site cysteine could
regulate the enzyme activity of Siw14, as has been described for
other members of this phosphatase family (41, 42). If oxidative
stress conditions inhibit Siw14 in WT cells, there would be an
increase in inositol pyrophosphate pools; these could in turn
partially induce the ESR. This model is also consistent with the
absence of an increase in inositol pyrophosphate levels in the
siwl4A mutant upon oxidative stress (Fig. 4).

We found that neither InsP., nor InsPg levels changed during
osmotic stress in either the WT or siwl4A strains; our results
with the WT are consistent with a previous study (48). Results
from the kcsIA vipIA double mutant showed that a transcrip-
tional stress response was partially mounted during osmotic
stress (15), indicating a divergence in the role of inositol pyro-
phosphates in the osmotic and oxidative stress responses, and
demonstrating that the transcriptional response to oxidative
stress is more dependent on inositol pyrophosphate levels. It is
possible that osmotic stress affects only a small pool of inositol
pyrophosphates that is below our detection limits, whereas oxi-
dative stress affects multiple localized pools (e.g. cytosolic,
membrane-associated, and nuclear) such that the global
changes are detectable by HPLC analysis.

One possible model linking inositol pyrophosphates to the
induction of the ESR in yeast could be through the HDAC
Rpd3L. Rpd3L is recruited to the promoters of many ESR genes
(13, 14) and is proposed to have an inositol phosphate-binding
pocket (15) based on amino acid conservation with an inositol
polyphosphate-binding pocket found in the human HDAC3
(49, 50). This model suggests that inositol pyrophosphates
directly bind Rpd3L to influence HDAC activity.

To test the model that inositol pyrophosphates activate the
ESR through Rpd3L, we performed epistasis experiments with
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the siwI4A mutant and the Rpd3L inositol-binding site
(rpd3™*) mutant. Unexpectedly, we found the stress-resistant
phenotype of the siw14A mutant is inconsistent with regulation
of HDAC activity by modulating PP-InsP levels. Although our
experiments indicate an alternative mechanism for ESR activa-
tion, they do not rule out a structural role for inositol pyrophos-
phates in the Rpd3L complex. Worley and colleagues (15)
showed that the transcription profiles of the rpd3A, rpd3™*, and
kes1Avipl A mutant strains are the same in nonstress and stress
conditions, which demonstrated that PP-InsPs, the inositol
phosphate-binding site, and catalytic activity by Rpd3L are all
required for the appropriate transcriptional responses.

Our results led us to pursue an alternative model by which
inositol pyrophosphates function through the stress response
transcription factors Msn2/4. These partially redundant tran-
scription factors regulate a large portion of ESR genes by bind-
ing to upstream stress response elements (32). Using known
Msn2/4 target genes, we analyzed our microarray data to iden-
tify target genes that were differentially expressed in the siw14A
mutant. Indeed, 122 of the 444 genes differentially expressed in
the siwl4A mutant are transcriptionally regulated by Msn2/4.
The epistasis and localization results support a model in which
modulation of inositol pyrophosphate levels affect signaling of
cellular stress to Msn2/4.

This study has strengthened the connection between inositol
pyrophosphates and the environmental stress response. Inter-
estingly, a role for inositol pyrophosphates in stress responses
have been found in other eukaryotes, but has remained under-
studied (51-53). For example, Cryptococcus neoformans re-
quires the IP, kinase Kcsl and production of 5PP-InsP; for
adaptation to host cell environments and pathogenesis (54, 55).
In Saccharomyces, inositol pyrophosphates are required for
pseudohyphal growth, a response to nutrient limitation (56),
and for prion propagation (57). Inositol pyrophosphates are
important for signaling of heat and osmotic stress in mamma-
lian cells (48, 58) and are critical for jasmonate-dependent
defenses against herbivorous insects and necrotrophic fungi in
plants (59). These examples highlight the broad role for inositol
pyrophosphates in stress responses. New insights into the
metabolism of inositol pyrophosphates may lead to novel ther-
apeutics and treatments, as well as a deeper understanding of
their cellular roles.

Experimental procedures
Strains and plasmids

Strains used in this study are listed in Table 1. Parental WT
strain BY4741 and siwl4A:KANMX, msn2A:KANMX, and
msn4A::KANMX mutant strains were purchased from Open-
BioSystems, and strains W303 and ACY614 were obtained
from A. Capaldi (7). The msn2A siwl4A and msn4A siwl4A
mutant strains were constructed by PCR amplification of the
siwl4A::URA3 allele, and homologous recombination at SIW14
with selection on SC-Ura medium, as described (25), in the
BY4741 msn2A or msn4A mutant strains. The MSN2-GFP
strain (60) was kindly provided by Mark Rose; to introduce
MSN2-GFP into the siwl4A:KANMX strain RR643, the
MSN2-GFP::HIS3 allele was amplified by PCR, integrated by
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Table 1
Strains used in this article
Strain Genotype Reference
BY4741 MATa his3A met1SA leu2A ura3A 71
RR642 MATa his3A met1SA leu2A ura3A 71
siwl4:KANMX4
RR650 MATa his3A met1SA leu2A ura3A 71
msn2A:KANMX4
RR651 MATa his3A met1SA leu2A ura3A 1
msn4A:KANMX4
RR667 MATa his3A met1S5A leu2A ura3A This study
msn2A:KANMX4
siwl4A:URA3 [parent strain:
RR650]
RR668 MATa his3A met15A leu2A ura3A This study

msn4A:KANMX4
siwl4A::UIRA3 [parent strain:
RR651]
MATa trpl-1 leu2-3,112 ura3—1 72
his3-11,15 canl-100
GALI + psi + ADE2 +
MATa trpl-1 leu2-3,112 ura3—1 15
his3-11,15 canl-100
GALI + psi + ADE2 + rpd3™®*
MATa trpl-1 leu2-3,112 ura3—1
his3-11,15 canl-100
GALI + psi + ADE2 + rpd3™®*
siwl4A:KANMX4 rpd3™
MATa his3A met15A leu2A ura3A 60
MSN2-GFP::HIS3
MATa his3A met15A leu2A ura3A
MSN2-GFP:HIS3
siwl4A:KANMX4

W303 (ACY044)

ACY614

RR657 This study

RR694

RR695 This study

homologous recombination and selection on SC-His medium.
The plasmids carrying the SIWI14 gene or the phosphatase-
dead allele siw14-C214S were previously reported (25).

Growth conditions

Cells were grown in YPD (1% yeast extract, 2% peptone, 2%
dextrose) and plasmid-bearing cells were grown in SC-Ura
(0.17% YNB (Sunrise Science Products), 0.5% ammonium sul-
fate, 0.069% CSM-Ura amino acid mix (MP Biomedicals), 2%
dextrose, 0.75 uM adenine); strains without plasmids were grow
on SC-Ura medium supplemented with 0.9 mm uracil. Over-
night cultures were inoculated into fresh medium at an OD,,
of 0.1-0.15, and were allowed to grow to log phase (OD, of
~0.6) or for 24 h for post-diauxic shift. Cultures were normal-
ized to the same ODy, and serially diluted 1:10 four times in
buffered saline with glucose (10 mm Tris-HCI, pH 7.5, 85 mMm
NaCl, 10 mMm glucose) unless otherwise noted. Post-diauxic
shift cultures were serially diluted 1:10 in 10 mm Tris-HCI, pH
7.5, 85 mM NaCl without glucose unless otherwise noted. For
semi-quantitative measurement of yeast growth, 2.5 ul of each
dilution was spotted onto solid medium. For quantitative mea-
surement of yeast growth, 2025 ul of the 1072 or 10~ * dilu-
tions were spread onto solid medium such that the cfu were in
the range of 30—-300 colonies and cell counts were made. All
plates were allowed to grow for 2 days at 30 °C unless otherwise
noted.

For osmotic stress, cultures were grown to early log phase
(ODgqp 0f 0.3) or post-diauxic shift (24 h), and plated on YPD
medium containing 1.35 M KCL. For oxidative stress, cultures
were grown to early log phase (ODg, of 0.3) or post-diauxic
shift in SC medium, and 1 mm H,O, was added for 3 h (modi-
fied from (73). Cells were serially diluted 1:10 in sterile deion-
ized H,O and plated onto solid YPD medium. For cultures with
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mutations in msn2A or msn4A, cells were grown overnight and
diluted to an OD¢y, of 0.2 in YPD and allowed to grow for 30
min and then treated with H,O, (61). Cells were then serially
diluted as described above. For heat shock, overnight cultures
were diluted to an ODg, of 0.1 in YPD or SC-ura medium (for
plasmid containing strains) and grown to mid-log phase or for
24 h. Cells were subjected to 50 or 53 °C for 10 min, serially
diluted, and plated on SC-Ura solid medium (for plasmid con-
taining strains) or YPD (modified from Ref. 43).

Chronological aging assays

Cells were grown overnight in YPD and then normalized in
SC media at an ODg,, of ~0.1. Cultures were allowed to grow
for 14 days at 30 °C with shaking. Samples were removed every
24 h and normalized to an OD, of 0.3, which equaled about
10° cells. They were stained with ~6 ug/ml of propidium iodide
to test for dead cells (29). Using flow cytometry (Becton Dick-
inson FACSort), stained cells were counted and the percent
alive were calculated for each strain at each time point in
triplicate.

Microarray analysis

BY4741 and the siw14A mutant were grown to 0.6 OD, in
S.D. medium (0.67% YNB (BD Biosciences), 0.1% amino acid
mixture (U. S. Biological Corp.), 2% dextrose). Half of the cells
were immediately harvested, and the remaining half were
osmotically stressed by the addition of KCl (0.4 M) or oxida-
tively stressed with 1 mm H,O, for 20 min and harvested (15).
W303 cells were grown to 0.6 OD¢, in S.D. medium and were
stressed in medium lacking dextrose for 20 min. RNA was iso-
lated by hot acid phenol followed by purification using the
RiboPure™ Yeast RNA Purification Kit (Ambion). RNA was
converted into cDNA using oligo(dT) before being labeled with
Cy3 or Cy5 for transcript level measurement on Agilent
G4813A DNA microarrays and an Axon 4000B scanner, as
described previously (15). The microarray data have been
deposited in NCBI’'s Gene Expression Omnibus (62, 63) and are
accessible through GEO Series accession number GSE135546.
Heat maps were generated using the online source Morpheus
(https://software.broadinstitute.org/Morpheus)® (64). The Euler
Plot in Fig. 2C was generated as described (65) using eulerAPE.
GO term analysis, performed for the data in supporting Table
S1, was generated using the Saccharomyces Genome Database
GO Term Finder tool (66).

RT-qPCR

Overnight cultures were inoculated into fresh YPD medium
and grown to log phase. Cultures were split and each set of
cultures were treated with 1 mm H,O,, 0.4 m KCl, or were
untreated for 20 min at 30 °C (15). Cells were immediately
placed on ice and centrifuged at 2500 rpm for 2 min, and pellets
were frozen at —80 °C (67). RNA was extracted using the Ribo-
Pure™ RNA Kit following the manufacturer’s instructions
with slight modifications: 3 g of RNA was treated with 1 ul of
DNase I in a 50-ul reaction volume for 1 h at 37 °C. RNA (200

6 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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ng) was used to synthesize the cDNAs using the SensiFAST
c¢DNA synthesis kit (Bioline), following the manufacturer’s
instructions. The synthesized cDNA was diluted 5-fold into the
diethyl pyrocarbonate water. The RT-qPCR was performed using
the SensiFAST SYBR No-ROX Kit (Bioline), following the man-
ufacturer’s instructions with two technical replicates for each
c¢DNA sample. Three ul of 5-fold diluted cDNA was added into the
reaction with 15 ul final volume and the primers used for each
gene are as follows: CTT1, forward 5'-AGAGAGTTACGCAAT-
ACTTTGG-3' and reverse 5'-CCTTCAAGGTCAACAGGTTC-
3'; HSP12, forward 5'-GCAGACCAAGCTAGAGATTAC-3’
and reverse 5'-TTCTTGGTTGGGTCTTCTTC-3'; XBP1, for-
ward 5'-CCACTTTCCCTCAACCTTATG-3" and reverse 5'-
GTATTATGAGCTGGTCGTTGG-3'; UBC6, forward 5'-GAT-
ACTTGGAATCCTGGCTGGTCTGTCTC-3' and reverse 5'-
AAAGGGTCTTCTGTTTCATCACCTGTATTTGC-3"; GARI,
forward 5'-GCTGACAAACTATTGCCTATTG-3' and reverse
5'-GGCACCACTTCTCTTCTTC-3'; NOGI, forward 5'-GGA-
GAAAGCTGCATGGATTAG-3' and reverse 5'-AGTTTAGA-
ACGTGGCATGATAG-3'; ADH], forward 5'-CAAGTCGTCA-
AGTCCATCTC-3' and reverse 5'-CAAGCCGACAACCTT-
GAT-3’; and RPL16A, forward 5'-GCCAAATTGGAAGCAAA-
GAG-3' and reverse 5'-TTCAGCAGCAGTAGCATTAG-3".

For CTT1I expression (Fig. 7), RNA was prepared using the
Qiagen RNeasy Plus Mini kit, following the manufacturer’s
instructions, and the Luna Universal One Step RT-qPCR Kit
(from New England Biolabs) was used for detection. The rela-
tive gene expression was calculated by the AC;. method using
UBCE6 as the reference gene as described (68) and were normal-
ized to the WT.

Extraction of [*HJinositol phosphates and HPLC analysis

Overnight cultures were grown in YPD medium and normal-
ized to an ODg,, of 0.005 in SC-inositol medium. Cells were
radiolabeled with 75 uCi of myo-[*H]inositol for ~20 h,
stressed with either 0.4 M KCl or 1 mm H,O, for 20 min, and
harvested. Extracts were prepared and inositol pyrophosphates
separated and assessed as described (25).

Purification of Siw14 and enzyme assay

Recombinant His,-MBP-Siw14 was expressed in Escherichia
coli BL21(DE3) and purified following the protocol described
(69), with modification. Briefly, E. coli containing the pGro7
chaperone plasmid and pDest-566-Siw14 plasmid were grown
overnight in nutrient-rich 2X YT medium, inoculated 1:100
into fresh 2X YT containing 0.07% L-arabinose, pH 7.5, and
grown at 37 °C to mid-log phase. Isopropyl B-p-thiogalactopy-
ranoside (IPTG) was added to 100 uMm and cultures were grown
at4 °Cfor 2 days. Cells were pelleted by centrifugation and lysed
by sonication. Protein was purified in batch using nickel-nitri-
lotriacetic acid-Sepharose beads (GE Healthcare); beads were
washed twice with Buffer 1 (20 mm Tris-HCI, pH 7.5, 20 mMm
imidazole, 300 mm NaCl) and once with Buffer 2 (20 mm Tris-
HCI, pH 7.5, 20 mMm imidazole, 50 mm NaCl). Protein was eluted
in Buffer 3 (20 mm Tris-HCI, pH 7.5, 400 mM imidazole, 50 mm
NaCl). To remove the inhibitory imidazole, buffer was ex-
changed using centrifugal filter units (Amicon Ultra-15, Ultra-
cel-30K) to a buffer containing 20 mm Tris-HCI, pH 7.5, and 50
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mwm NaCl. Purification was assessed by PAGE and staining with
Coommassie Brilliant Blue.

For oxidation reactions, 10 ug of purified Siwl4 was incu-
bated with hydrogen peroxide (0, 1, or 5 mm) for 30 min on ice.
A phosphatase assay was performed in quintuplicate, as
described (25), using p-nitrophenyl phosphate as the phospha-
tase substrate. To test reversible oxidation, the purified Siw14
was incubated with 1 mm hydrogen peroxide for 30 min on ice,
and then 1 unit of catalase (Sigma C30-100MG) was added for
30 min to degrade residual hydrogen peroxide. Immediately
following the catalase reaction, samples were treated with 100
M DTT for 30 min on ice, followed by phosphatase assay (25).
Absorbance values were recorded at OD,,; and converted to
activity; units reported as 1 unit = 1 umol/min/g of protein and
calculated using a standard curve. The dot plots were generated
using an online tool (70).

Microscopy

Strains RR694 and RR695 were grown overnight in SC
medium at room temperature, and then diluted to an OD, of
0.1, and cultured for 6 h at room temperature. One ml of cells
was transferred to a chamber slide (2-well borosilicate chamber
coverglass slide) and allowed to settle for 30 min before imag-
ing. Images were acquired using a deconvolution microscopy
system (DeltaVision; Applied Precision, LLC) equipped with an
inverted microscope (TE200; Nikon) and a X 100 objective with
numerical aperture of 1.4. Image analysis were performed using
Precision softWoRx and Image]. For each strain, three biologi-
cal replicates and at least 450 cells were counted.
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