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Background: Loss of V-ATPase activity triggers oxidative stress and altered iron homeostasis.
Results: The peroxiredoxin Tsa2p is induced when V-ATPase activity is lost and limits up-regulation of iron intake genes.
Conclusion: Loss of V-ATPase activity induces iron deprivation signals; induction of TSA2 limits transcriptional signals for iron

uptake.

Significance: Defects in organelle pH control disrupt iron and redox homeostasis but activate novel protective mechanisms.

Vacuolar H*-ATPases (V-ATPases) acidify intracellular
organelles and help to regulate overall cellular pH. Yeast vina
mutants lack V-ATPase activity and allow exploration of con-
nections between cellular pH, iron, and redox homeostasis com-
mon to all eukaryotes. A previous microarray study in a via
mutant demonstrated up-regulation of multiple iron uptake
genes under control of Aftlp (the iron regulon) and only one
antioxidant gene, the peroxiredoxin 7SA2 (Milgrom, E., Diab,
H., Middleton, F., and Kane, P. M. (2007) Loss of vacuolar pro-
ton-translocating ATPase activity in yeast results in chronic oxi-
dative stress. J. Biol. Chem. 282, 7125-7136). Fluorescent bio-
sensors placing GFP under transcriptional control of either an
Aftl-dependent promoter (Pp;1,-GFP) or the TSA2 promoter
(Prsa2-GFP) were constructed to monitor transcriptional sig-
naling. Both biosensors were up-regulated in the vma2A
mutant, and acute V-ATPase inhibition with concanamycin A
induced coordinate up-regulation from both promoters. Py, -
GFP induction was Yaplp-dependent, indicating an oxidative
stress signal. Total cell iron measurements indicate that the
vma2A mutant is iron-replete, despite up-regulation of the iron
regulon. Acetic acid up-regulated Py, 1,-GFP expression in wild-
type cells, suggesting that loss of pH control contributes to an
iron deficiency signal in the mutant. Iron supplementation sig-
nificantly decreased Pp;r,-GFP expression and, surprisingly,
restored Pig,,-GFP to wild-type levels. A tsa2A mutation
induced both nuclear localization of Aftlp and Pp;,-GFP
expression. The data suggest a novel function for Tsa2p as a
negative regulator of Aftlp-driven transcription, which is
induced in V-ATPase mutants to limit transcription of the iron
regulon. This represents a new mechanism bridging the antiox-
idant and iron-regulatory pathways that is intimately linked to
pH homeostasis.
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Luminal pH is a central feature of organellar identity. In all
eukaryotes, intracellular compartmentalization allows segrega-
tion of basic biochemical functions to specific membrane-
bound organelles. Proteins encounter organelles of increasing
acidity as they travel from the cell membrane to mildly acidic
early endosomes and highly acidic lysosomes, and this gradient
of acidity ensures various functions, such as endocytosis, recep-
tor-ligand dissociation, and activation of lysosomal enzymes
(1-4). In higher organisms, aberrant cytosolic and organellar
pH results in distinct pathophysiological states, including car-
diac failure and neurological diseases (5— 8). Although multiple
regulatory mechanisms contribute to overall cellular pH, the
vacuolar H"-ATPase is the primary regulator of pH in acidic
organelles.

Vacuolar H"-ATPases (V-ATPases) are ubiquitous, versatile
proton pumps that couple ATP hydrolysis to proton transloca-
tion across the membranes of vacuoles/lysosomes, endosomes,
Golgi apparatus, and secretory vesicles (9, 10) and, in some
cells, the plasma membrane (11). They are multisubunit
enzymes composed of 14 subunits that are organized into two
domains: the peripheral V; sector responsible for ATP hydrol-
ysis and the membrane-bound V,, sector responsible for proton
translocation (9, 10). In yeast, deletion of any V-ATPase subunit
(vma mutant) results in inactivation of the enzyme (9).
Although lethal in higher organisms (12, 13), loss of V-ATPase
function in yeast is not lethal and results in organelle acidifica-
tion defects (14, 15). Loss of V-ATPase activity also indirectly
compromises functions of the plasma membrane proton pump
(Pmalp) (14), alkali cation/H™* exchangers (16, 17), and buffer-
ing systems (18, 19) to induce broad defects in cellular pH
homeostasis. Collectively, compromising all of these pH-regu-
latory mechanisms results in the relative vacuolar alkalinization
and cytosolic acidification observed in the vma mutants
(14,15). Furthermore, loss of pH homeostasis in the mutants
appears to drive a number of downstream defects, such as iron
misregulation and oxidative stress (20). The yeast Saccharomy-
ces cerevisiae provides a tractable system to study cellular
responses to abnormal pH homeostasis.

Under oxidizing conditions, several highly conserved redox
mechanisms are activated to promote defense against endoge-
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nous and exogenous sources of stress. These antioxidant
defenses include both proteins that directly detoxify reactive
oxygen species and transcriptional responses to build an array
of antioxidants capable of response to different types and levels
of oxidizing species (21, 22). Previous work has shown that
V-ATPase mutants are sensitive to various oxidizing agents and
exhibit evidence of endogenous oxidative stress (20, 23).
Despite endogenous stress, a microarray analysis revealed that
the vma2A mutant only up-regulated one antioxidant gene, the
thioredoxin peroxidase TSA2 (20). Thioredoxin peroxidases
(also known as peroxiredoxins) are highly conserved in all
eukaryotes, with well established roles as peroxide detoxifiers
(24, 25). In yeast, the housekeeping gene, Tsalp, and its homo-
log, the peroxide-induced Tsa2p, cooperate to protect yeast
cells from oxidative stress (25, 26). Tsalp and Tsa2p are 86%
identical at the amino acid level, and both are two cysteine
peroxiredoxins that have a peroxidatic cysteine at position 47
(27). Overexpression of TSA2 can partially compensate for loss
of TSA 1, suggesting some overlap in function, and tsalAtsa2A
mutants are more sensitive to peroxide than either of the single
mutants (25). However, there is additional evidence that these
two peroxiredoxins have distinct transcriptional regulation and
functions. Tsa2p is induced by peroxide stress, whereas Tsalp
is present at high basal levels (25, 26). Tsalp has a dual function
as housekeeping protein for peroxide detoxification and a chap-
erone for misfolded proteins (28, 29) but also has multiple reg-
ulatory functions, including reducing oxidative stress by bind-
ing an iron-regulatory factor, Fralp (30). Tsa2p also possesses
chaperone activity (28) but has not been shown to have a role in
iron homeostasis.

In yeast, the uptake and storage of iron is regulated by the
transcription factor Aftlp and its paralog Aft2p (31). Under
iron-replete conditions, Aftlp is localized predominantly to the
cytosol, and upon iron deprivation, it translocates into the
nucleus, where it activates the transcription of high affinity iron
import and mobilization genes, collectively known as the iron
regulon (32, 33). Aftlp does not directly respond to iron levels;
instead, its nucleocytoplasmic localization is dependent upon
iron-sulfur cluster biogenesis (34). An iron-sulfur cluster
bridges iron-regulatory proteins (Fralp/Fra2p) and glutaredox-
ins (Grx3p/Grx4p) to form a signaling pathway to Aftlp (30,
35). The absence of this cluster results in constitutive activation
of Aftlp regardless of iron levels (36). We have previously
shown that transcription of the Aftlp-dependent iron regulon
is strongly up-regulated in vima mutants (20). In all eukaryotes,
V-ATPases provide the acidic environment of endosomes and
lysosomes to promote proper iron mobilization and utilization.
If regulated incorrectly, iron may react with hydrogen peroxide
to catalyze the production of hydroxyl radicals via Fenton reac-
tion, ultimately resulting in indiscriminate cellular damage
(37).

In an attempt to understand which of the defects in the vina
mutant trigger the distinctive induction of TSA2 and the iron
regulon, we generated GFP biosensors under control of the
TSA2 promoter and Aftlp-dependent FIT2 promoter. Here we
show that cytosolic acidification may trigger iron misregula-
tion. Furthermore, although Tsa2p is not known to have a role
in iron regulation, we show that its transcription responds to
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iron levels and that Tsa2p helps to limit Aft1p-driven up-regu-
lation of the iron regulon. Our data suggest that TSA2 overex-
pression in the vima mutant may be a unique, protective mech-
anism that bridges the antioxidant and iron homeostasis
pathways.

EXPERIMENTAL PROCEDURES

Growth Media, Yeast Strains, and Plasmids—Congenic
aftlA:kan®, aft2A::kan®, tsal Azkan®, tsa2A:kan®, fral A:kan®,
and yapIA::kan® mutations in the BY4741 background (MATa
his3A1 leu2A0 met15A0 ura3A0) were purchased from Open-
Biosystems. These strains have a complete replacement of the
open reading frame with the kanMX marker. The BY4742
vma2A:nat® strain (MATa his3A1 leu2A0 lys2A0 met15A0
ura3A0 vma2A:nat®) was constructed as described (38). Hap-
loid cells were mated, the resulting diploids were sporulated,
and tetrads were dissected to the double mutants. All strains
used are listed in supplemental Table 1.

The Aftlp-GFP strain was purchased from Invitrogen and
used as the parental strain to generate the deletion mutants.
Deletion mutations were introduced either by PCR-mediated
amplification of the mutant allele (£sa2A, tsalA, or vima2A) and
transformation into the parental strain or by tetrad dissection
(to generate fralA Aftlp-GEP). To generate the fralA vma2A
Aftlp-GFP strain, VMAZ2 was then deleted from this strain by
transformation with a vima2A::nat® allele.

To generate pFL-TSA2, the TSA2 open reading frame plus 1
kb upstream and 0.4 kb downstream flanking sequence was
amplified by PCR and inserted into Sacll- and Clal-digested
pRS316. Site-directed mutagenesis of Cys-47 to obtain pFL-
TSA2*”® was performed by overlap PCR in this plasmid. The
mutated inserts were then digested from the pRS316 plasmid
and integrated into the tsa2A:URA3 vima2A:nat® strain har-
boring the Pp;1,-GFP biosensor. Transformants were selected
on medium containing 5-fluoroorotic acid as a counterselec-
tion for integration of the mutant 7SA2°*’® insert in place of
the tsa2A::UIRA3 allele, and the mutation was confirmed by
sequencing. N-terminally HA-tagged Tsa2p (HA-Tsa2p) was
constructed by overlap PCR mutagenesis of pFL-TSA2 to intro-
duce a single HA epitope immediately after the start codon,
using oligonucleotides TSA2-HA-FOR and TSA2-HA-REV.
Oligonucleotide sequences are listed in supplemental Table 2.

Yeast cells were grown in YEPD (1% yeast extract, 2% pep-
tone, 2% dextrose) or synthetic complete (SC)* medium (0.67%
yeast nitrogen base, 2% dextrose, supplemented with the indi-
cated amino acid dropout mix).

GFP Biosensors—To construct the Prg,,-GFP plasmid, a
1-kb upstream region of TSA2 was PCR-amplified from wild-
type genomic DNA using primers ECORI-Prg 4, and Prg,-GFP
(rev). The GFP forward and GFP-BamHI (rev) oligonucleotides
were used to PCR-amplify GFP from pTD125. These two pieces
were fused using the EcoRI-P.;¢,, and GFP-BamHI (rev) oligo-
nucleotides. pTD125 was cleaved with EcoRI and BamHI
restriction enzymes. The Quick Stick Ligation kit (Bioline) was
used to ligate the Prg,,-GFP construct into the pTD125 plas-

2The abbreviations used are: SC, synthetic complete; V-ATPase, vacuolar
H*-ATPase.
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mid. The resulting construct was transformed into wild-type
and vma2A cells.

GFP was integrated into the FIT2 open reading frame by
standard methods. Oligonucleotides were designed to include
50 bp immediately upstream from the ATG of FIT2 and 50 bp
immediately downstream of the stop sequence of FIT2 (39).
These primers (FIT2-GFP-UP and FIT2-GFP-DOWN) were
used to PCR-amplify the GFP cassette out of pFA6a-GFP
(S65T)-kanMX6. The resulting fragment was integrated into
the FIT2 ORF by homologous recombination. The vma2A::
nat® allele was introduced as described above.

Measurement of Biosensor Fluorescence under Various Con-
ditions—For acute inhibition of the V-ATPase using the conca-
namycin A (Wako Biochemicals), cells were grown to log phase,
pelleted, and washed with YEP (Pg;,-GFP biosensor) or mini-
mal (SC) medium (P ,,-GFP biosensor, Aft1p-GFP). The pel-
lets were resuspended in 200 wul of YEP or SC medium and
incubated without glucose at 30 °C. After 10 min, glucose (50
mM final) and concanamycin A (2 um final) were added. Fluo-
rescence images were captured after 15, 30, 60, and 90 min of
incubation with concanamycin A. Differential interference
contrast and GFP fluorescence images were captured on an
epifluorescence microscope (Imager-Z1, Zeiss) using a
Hamamatsu CCD camera. To quantitate GFP fluorescence,
pixel intensity within fluorescent cytosolic areas (dimensions of
selection square consistent across all samples) was measured
using Image] (National Institutes of Health). All graphs illus-
trate the mean of 20 cells = S.E.

To mimic the acidic cytosol observed in the vma mutants,
cells expressing either the GFP biosensors or Aftlp-GFP were
grown to log phase and then exposed to 20 mm acetic acid for 30
min. To induce oxidative stress conditions, cells expressing the
GEFP biosensors were grown to log phase and then exposed to 1
mM hydrogen peroxide for 30 min. To examine the effects of
altered iron levels, vima2A cells containing Prga,- and Pripo-
GFP biosensors were supplemented with 0.5, 1, or 2 mm ferrous
ammonium sulfate for 30 min. Wild-type and vima2A cells con-
taining biosensors were deprived of iron by the addition of 80
M bathophenanthroline sulfonate (Sigma) for 4 h.

Protein Analysis and Aconitase Assay—To integrate a triple
HA tag at the C terminus of TSA1 and TSA2, oligonucleotides
were designed to include 50 bp immediately up- and down-
stream of the stop codon and used to amplify the 3HA-
HIS3MX6 cassette from pFA6a-3HA-HIS3MX6 (39). The
resulting products were confirmed by sequencing and inte-
grated into wild-type cells by homologous recombination. To
generate the vma2A mutant in the tagged strains, VMA2 was
deleted with L/RA3 as described above.

To assess protein levels in wild-type and vma2A strains con-
taining Tsal-3HA and Tsa2-3HA, cells were grown to log
phase, and whole cell lysates were prepared. Samples were sep-
arated by SDS-PAGE and transferred to a nitrocellulose mem-
brane, and blots were probed with anti-HA.11 (Covance),
monoclonal antibody 8B1 (against Vmalp, the V-ATPase A
subunit), and monoclonal antibody 13D11 (against Vma2p, the
V-ATPase B subunit) as described previously (40). In order to
quantitate the increase in Tsa2-HA fluorescence in the vima2A
mutant, the signals in the Vmalp and HA bands were quanti-
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tated using Image]J (National Institutes of Health), and the ratio
of HA/Vmal signal was calculated.

Immunoprecipitation of Fralp with HA-Tsa2p was per-
formed as described for coprecipitation with HA-tagged Tsalp
(30) with the following changes. Log phase cultures corre-
sponding to 5.0 X 102 cells of each strain were pelleted by cen-
trifugation, resuspended in 0.5 ml of 25 mm Tris-HCl, pH 7.4,
containing 1% Triton X-100 and protease inhibitors, and then
lysed by the addition of an equal volume of acid-washed glass
beads and five cycles of 1-min vortex mixing followed by 1 min
on ice. An additional 0.5 ml of 25 mm Tris-HCI, pH 7.4, was
added to dilute the detergent before immunoprecipitation.
After centrifugation for 10 min at 15,700 X g in a microcentri-
fuge, the supernatant was collected and incubated overnight
with 4 ul of purified mouse monoclonal antibody HA.11 fol-
lowed by Protein A-Sepharose. Immunoprecipitated protein
was separated by SDS-PAGE and immunoblotted with anti-
HA.11 (1:1000 dilution) or affinity-purified rabbit anti-Fral
(1:3000 dilution). Rabbit anti-Fral antibody was a generous gift
from Jerry Kaplan (University of Utah).

Aconitase activity was measured using an aconitase assay kit
from Cayman Chemicals. Yeast lysates were prepared as
described by Pierik et al. (41) except that glycerol was omitted
from the lysis buffer. Initial rates of aconitase activity in wild-
type and vma2A strains were measured at 37 °C using a BioTek
Synergy HT plate reader at an absorbance of 340 nm, and the
rate in the presence of the aconitase inhibitor oxalomalate was
subtracted from the rate in the absence of inhibitor. Each meas-
urement was done in triplicate and averaged, and three inde-
pendent samples of wild-type and vma2A lysates were
compared.

Measurement of Total Cell Iron Levels—Wild-type and
vma2A cells were grown to log phase in YEPD buffered to pH 5.
Approximately 2.5 X 10® cells were harvested and washed in
water, and cell pellets digested with 1.25 ml of concentrated,
metal ion-free nitric acid for 20 —30 min at 55 °C (until the sus-
pension was clear). After a 1:10 dilution of the acid extracts in
water, iron levels were measured by inductively coupled plasma
atomic emission spectroscopy at the SUNY School of Environ-
mental Science and Forestry.

RESULTS

V-ATPase Mutants Preferentially Express TSA2 and Require
AFT1 for Survival—V-ATPase mutants are sensitive to an array
of oxidizing agents (20, 23). Despite evidence of endogenous
oxidative stress, only one antioxidant gene, TSA2, was signifi-
cantly induced in a previous microarray screen of a vma2A
mutant (20). The pronounced transcriptional up-regulation of
TSA2, and not its homolog TSAI or other antioxidants, sug-
gested that Tsa2p might be important for resistance of vina
mutants to oxidative stress. To assess if protein levels reflect the
preferential transcriptional up-regulation of TSA2 in the vima
mutant, a triple hemagglutinin tag was integrated at the C ter-
minus of each peroxiredoxin. Consistent with previous reports
(25, 42), we saw significantly higher levels of HA-tagged Tsalp
compared with Tsa2p (Fig. 14). Also, although Tsalp levels are
the same between wild-type and vina2A, there is 3.3-fold more
Tsa2p in the mutant compared with wild-type, confirming
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FIGURE 1. Up-regulation of TSA2 does not protect vma2A mutants from
peroxide. A, wild-type and vma2A cells containing Tsa1-3HA and Tsa2-3HA
were grown to equal densities, and whole cell lysates were prepared as
described under “Experimental Procedures.” Equal loads for each sample
(based on number of cells lysed) were separated by SDS-PAGE followed by
Western blot analysis with anti-HA (recognizing Tsa1l-HA and Tsa2-HA, as
indicated), anti-Vma1p, and anti-Vma2p. Vma2p is missing from the vma2A
samples, as expected, and Vma1p serves as a loading control. (A tearin the gel
caused the discontinuity in the first lane but does not affect the interpretation
of the blot.) Molecular mass standards are shown on the far left. B, the indi-
cated strains were grown to log phase in liquid culture, adjusted to a density
of 0.5 X 107 cells/ml, and then serially 10-fold diluted before pinning onto
fully supplemented minimal medium (SC) with and without 0.5 mm H,0,.
Plates were incubated at 30 °C for 2 days.

preferential expression of this protein when V-ATPase activity
is lost. If T'sa2p is indeed important for antioxidant defense in
vmaZ2A mutants, then its loss might increase sensitivity to per-
oxide. We generated haploid double mutants by crossing
vma2A to the tsalA or tsa2A mutants. Growth assays were
performed to assess the ability of each peroxiredoxin to protect
yeast cells from exogenous hydrogen peroxide (Fig. 1B). The
growth of wild-type versus tsa2A and vma2A versus
tsa2Avma2A cells was the same, suggesting there was no addi-
tional peroxide sensitivity in the fsa2A mutants. However,
tsalA was more sensitive to peroxide than wild type, and the
tsalAvma2A mutant was much more sensitive than the strain
containing vma2A alone. This suggests that TSAI is more
important than TSA2 for defense against exogenous peroxide
stress both in wild-type and vma2A cells. Up-regulation of
TSA2 may serve arole other than peroxide detoxification in the
vmaZ2A mutant.

The acidification of vacuoles, the Golgi apparatus, and endo-
somes by V-ATPases is crucial for proper iron uptake and uti-
lization (1, 43). Loss of V-ATPase function results in a striking
induction of iron import and mobilization genes (the “iron
regulon”) controlled by the transcription factor Aftlp (20).
Aftlp induces transcription of the iron regulon upon iron dep-
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FIGURE 2. vma2A mutant requires AFT1 for survival. A and B, the
aftlAvma2A and aft2Avma2A heterozygous diploids were sporulated, tet-
rads were dissected, and genotypes were determined. A, tetrads from dissec-
tion of the aft1A and vma2A diploid were grown on YEPD, pH 5, for 5 days. The
boxed spores are aft1A. The circles represent missing spores predicted to have
the aft1Avma2A genotype. B, tetrads from the dissection of the aft2A and
vmaZ2A diploid were grown on YEPD, pH 5, for 2 days. Boxed spores represent
aft2A mutant. Circles represent the aft2Avma2A double mutant. C, total iron
levels in wild-type and vma2A cells were measured by inductively coupled
plasma atomic emission spectroscopy, as described under “Experimental Pro-
cedures.” Error bars, S.E.

rivation, suggesting that the vma2A mutant is starved of this
metal. If up-regulation of the iron regulon is required for sur-
vival of the mutant, then loss of AFTI will be lethal in combi-
nation with a vma mutation. As shown in Fig. 2, vima2A was
crossed to aft1A or aft2A haploid mutants, and double mutants
were generated. The aftIA and vma2A heterozygous diploid
did not yield four-spore tetrads even after 5 days of growth on
rich media, and genotype analysis of the remaining spores indi-
cated that aft1Avma2A spores were missing (Fig. 2A4). In con-
trast, deleting the AFT'1 paralog, AFT2, does not result in lethal-
ity in combination with the vima mutation because all of the
spores grew after 2 days of growth (Fig. 2B). This suggests that
AFT1 is necessary for survival of the vima2A mutant.

In order to directly assess iron status of the vma2A mutant,
we measured total cell iron levels with inductively coupled
plasma atomic emission spectroscopy. Interestingly, the
vma2A mutant had levels of total iron comparable with wild
type (Fig. 2C). Overall, these data suggest an iron signaling or
distribution defect; despite sufficient cellular total iron levels,
the iron regulon is highly up-regulated, suggesting that the vina
mutant continually senses iron deprivation.

Communication of iron levels to Aftlp requires iron-sulfur
cluster-containing proteins; defects in biosynthesis of iron sul-
fur clusters or conditions that damage these clusters can induce
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FIGURE 3. Pg,r,-GFP and P;5,,-GFP biosensors provide a measure of FIT2 and TSA2 up-regulation in vma2A. A, wild-type (top) and vma2A cells (bottom)
containing Pr¢a,-GFP were grown in SC-uracil medium. B, wild-type (top) and vma2A cells (bottom) containing Py r,-GFP were grown in YEPD buffered to pH 5.
Inboth Aand B, cells are viewed under Nomarski (left of each set) and GFP fluorescence (right) optics. A 500-ms exposure time was used to capture fluorescence
images. Cand D, cytosolic fluorescence intensities of 20 cells for each sample were quantitated using ImageJ (National Institutes of Health), as described under
“Experimental Procedures,” and normalized to the fluorescence of wild-type cells containing each sensor. Normalized mean fluorescence is shown, with error

bars representing S.E.

the iron regulon (34, 44—47). In order to test the hypothesis
that iron-sulfur cluster biosynthesis or stability might be
affected in the vima mutants, we measured the activity of a rep-
resentative iron-sulfur cluster-dependent enzyme, aconitase
(41). In three independent experiments, aconitase activity in
the vma2A mutant was 40.9 * 12.5% (mean *+ S.E., n = 3) the
activity in wild-type cells. These results suggest that the vina2A
mutant may have an iron-sulfur cluster defect that contributes
to up-regulation of the iron regulon in cells.

Acute Inhibition of V-ATPase Activity Induces FIT2 and
TSA2 Expression—Up-regulation of TSA2 and the iron regulon
are “transcriptional trademarks” of the vimma2A mutant. To bet-
ter understand the distinctive expression pattern observed in
the V-ATPase mutant, we developed genetic tools that allow
transcriptional changes in TSA2 and the iron regulon (repre-
sented by the functionally redundant iron import gene FIT2) to
be visually monitored as cells are manipulated. Constructs driv-
ing GFP expression from the TSA2 and FIT2 promoters were
designed to provide a fluorescent output of transcriptional
changes. A plasmid-borne copy of a Prg.,-GFP biosensor
(TSA2 promoter driving GFP production) was transformed
into wild-type and vina2A cells. The Py, 1,-GFP biosensor (FIT2
promoter driving GFP production) was integrated at the FIT2
genomic locus in wild-type and vma2A cells. There is very little
fluorescence from P-4 ,,-GFP sensor in wild-type cells (Fig. 3A4)
and none detected from the Pp;1,-GFP sensor (Fig. 3B). How-
ever, there is clear GFP fluorescence driven from both promot-
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ers in the vma2A mutant. These transcriptional changes are
consistent with our microarray screen, confirming that the bio-
sensors are functional and consistent with transcriptional
responses determined by other methods (20).

Iron misregulation and oxidative stress are clearly linked.
High levels of reactive oxygen species, such as hydrogen perox-
ide, can react with iron via the Fenton reaction to generate
hydroxyl radicals, that have the capacity to induce indiscrimi-
nate cellular damage, including but not limited to iron-sulfur
clusters (37). Also, Irazusta et al. (48) showed that iron overload
can trigger oxidative stress by selective protein carbonylation
and that targets of iron overload-induced oxidation can be anti-
oxidants themselves. We hypothesized that the vima mutants
might be subject to combined effects of compromised iron
homeostasis and endogenous oxidative stress; however, it is
unclear which pathway is first compromised by loss of V-
ATPase activity. In addition, the pleiotropic defects of the vina
mutants make it very difficult to define the original source of
these defects. Therefore, we sought to pinpoint the root of the
defects in iron and oxidative metabolism by acutely inhibiting
the V-ATPase and by mimicking individual defects seen in the
vma mutants and then examining their effects on the transcrip-
tional biosensors.

Toacutely inhibit V-ATPase activity, wild-type cells contain-
ing the biosensors were incubated with the V-ATPase-specific
inhibitor, concanamycin A, at concentrations shown previously
to inhibit vacuolar acidification (14). GFP fluorescence was
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FIGURE 4. TSA2 and FIT2 responses to acute loss of V-ATPase activity are
fastand synchronized. A, 2 um concanamycin A was added to wild-type cells
containing Pysa,-GFP and P r,-GFP to inhibit V-ATPase activity. GFP fluores-
cence from each sensor was monitored 15, 30, 60, and 90 min after concana-
mycin addition. B, GFP fluorescence intensities of 20 cells for each sample
were quantitated using ImageJ and are shown as mean fluorescence inten-
sity = S.E. (error bars). C, the P¢a,-GFP biosensor was introduced intoayap 1A
cellline, the cells were treated with concanamycin A, and fluorescence inten-
sity was quantitated as in A and B. D, wild-type cells containing Aft1p-GFP
cells were exposed to concanamycin A as in A and B. Fluorescence images
were captured through a 6-s exposure time.

APRIL 19,2013 +VOLUME 288-NUMBER 16

TABLE 1
Effects of pH and H,0, on P,,- and P ,,-GFP expression

Wild-type (WT) cells containing Pr;,- and Prg,-GFP were exposed to 1 mm H,0,
or 20 m M acetic acid to mimic endogenous oxidative stress and cytosolic acidifica-
tion observed in vma2A. To assess if iron regulon and TSA2 transcription can be
modulated by partially normalizing cytosolic pH of vima mutants, vima2A cells con-
taining Py p,- and Ppg,,-GFP were incubated in at pH 7. Images were captured and
quantitated as in Fig. 3. Mean fluorescence of 20 cells = S.E. is listed.

PF]Tz-GFP 1mM H,O0, 20mM Acetic Acid w
WT 1 14+0.2 5+0.3 -
vma2A 25+0.8 -- - 6.6+0.5
Prsa-GFP 1mM H,O0, 20mM Acetic Acid pH7
WT 1 1.3+0.5 1.3+0.5 -
vma2A 49+1.2 - - 29+0.7

assessed by fluorescence microscopy after 15, 30, 60, and 90
min of concanamycin A incubation. Overall, the transcriptional
responses from the Ppp,-GFP and P4 A,-GFP biosensors were
rapid and relatively synchronized (Fig. 4A). Pgir,-GFP was
detected within 15 min of V-ATPase inhibition, as seen by a
2-fold change in fluorescence that progressively increased with
longer incubation times, resulting in an 8.2-fold increase in
fluorescence after 90 min in concanamycin A (Fig. 4B).
Although induction of P.¢,,-GFP was slightly delayed com-
pared with Ppr,-GFP, it too gradually increased with longer
concanamycin A incubation times, reaching a 5.4-fold increase
in fluorescence after 90 min (Fig. 4B). The parallel rise in GEP
fluorescence from both of the promoters suggests that the oxi-
dative stress and iron regulation pathways may be more inter-
twined in the vma2A mutant than previously appreciated. We
also compared the level of induction of the two biosensors in
response to concanamycin A to the fluorescence levels in the
vma2A mutant relative to wild type. The 5.4-fold induction of
Prsas-GFP was comparable with the 4.9-fold higher level of
GFP fluorescence in the vma2A mutant compared with wild-
type cells (Table 1). The 8.2-fold higher Pg;.,-GFP fluorescence
after concanamycin is 32% of the 25-fold increase seen in the
vma2A mutant (Table 1).

The signal inducing TSA2 transcription in the vma2A
mutant is not known, but the P4, ,-GFP biosensor provides a
mechanism for addressing this question. The TSA2 promoter
contains a number of potential sites for stress-activated tran-
scription factors (49), including Yap1p, a redox-sensitive regu-
lator of the transcriptional response to oxidative stress (50). A
yaplA mutant was transformed with the P-4, ,-GFP biosensor
and then treated with concanamycin A. As shown in Fig. 4C, the
up-regulation of the Prg,,-GFP biosensor was completely
absent in the yapIA strain, suggesting that Yap1p is essential for
the up-regulation of TSA2 in response to loss of V-ATPase
activity.

Transcription of the iron regulon is induced by recruitment
of Aftlp to the nucleus in response to iron deprivation signals
(33). To verify that the rise of P;,-GFP fluorescence coincided
with nuclear localization of Aftlp, we exposed wild-type cells
containing GFP-tagged Aftlp (Aftlp-GFP) to concanamycin A
under the same conditions to look at expression of the P -
GEFP biosensor. Aft1p-GFP indeed translocated from the cyto-
sol to the nucleus after 15 min, and the concentration in the
nucleus increased with longer incubation times (Fig. 4D). The
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FIGURE 5. Manipulation of extracellular iron levels changes both P,;,-GFP and P, ,-GFP expression in vma2A cells. A and B, wild-type and vma2A cells
containing Pgr»-GFP (A) or Prs5,-GFP (B) were grown to log phase and incubated with the iron chelator bathophenanthroline sulfonate (BPS) at 80 um for 4 h.
Levels of cellular fluorescence in untreated wild-type (dotted line) and vmaZ2A cells (dashed line) from Fig. 3 are shown as horizontal lines, and all values are
normalized to fluorescence of the untreated wild-type strain. C and D, vma2A cells with P r,- or Prsx,-GFP were supplemented with 0.5, 1, and 2 mm ferrous
ammonium sulfate for 30 min. Normalized fluorescence is shown as in A and B. For all panels, images were captured and quantitated as in Fig. 4, A and B. The

mean fluorescence of 20 cells is shown, with error bars representing S.E.

rapid Ppr,-GFP expression and Aftlp-GFP nuclear localiza-
tion suggest that the vima mutant does indeed sense iron dep-
rivation and, as a result, induce transcription of the iron
regulon.

Cytosolic Acidification Triggers Iron Regulon Expression—
Loss of pH homeostasis in the vma2A mutants has several
potential downstream consequences that could contribute to
the transcriptional changes we observe. To assess if peroxide
stress activates transcription of either biosensor, we exposed
wild-type cells to an exogenous oxidant, 1 mm H,O,. After 30
min, there was no increase in GFP expression from P ,,-GFP
or Pp;,-GFP (Table 1), suggesting that this exogenous oxida-
tive stress, at least at relatively low levels, does not trigger acti-
vation of TSA2 or the iron regulon in via2A mutants. Second,
V-ATPase mutants have a more acidic cytosol than wild-type
cells (14). An acidic environment not only promotes iron bio-
availability (51) but can also damage iron-sulfur clusters (47).
Both of these can perturb iron homeostasis and promote oxi-
dative stress. To begin to assess if cytosolic acidification com-
promises iron regulation and triggers transcription of FIT2 or
TSA2, we exposed wild-type cells containing both biosensors to
acetic acid as a cell-permeant weak acid. As shown in Table 1,
after 30 min of incubation with 20 mm acetic acid, Pyg,,-GFP
expression was not affected, but interestingly, there was a 4-fold
increase in Pr;r,-GFP expression in the acid-treated cells. This
suggests that the acidic cytosol in vma2A may contribute to
induction of the iron regulon but not to TSA2 transcription.
Last, although V-ATPase mutants grow poorly at elevated pH,
incubation of the mutants at alkaline pH for a few h results in a
less acidic cytosol (14). vima2A cells expressing the biomarkers
were grown in rich medium buffered to pH 5 and then shifted to
pH 7 for 3 h. There was a 72% reduction in Py;,-GFP and a 40%
reduction in Ppg,,-GFP signal. Together, these data suggest
that the acidic cytosol of vima mutants may be a major contrib-
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utor to transcriptional activation of the iron regulon and, to a
lesser extent, TSA2.

TSA2 Has an Iron-regulatory Role—Although total iron lev-
els are comparable with wild type in the vmma2A mutant (Fig.
2C), there is an induction in Aft1p-regulated transcription, sug-
gesting that this mutant continues to sense iron starvation. We
hypothesized that if defects in iron signaling resulted in local-
ized iron excess, iron chelation might normalize iron signaling.
We incubated wild-type and vina2A cells with a 80 M concen-
tration of the iron chelator, bathophenanthroline sulfonate, for
4 h and then measured GFP fluorescence. As shown in Fig. 54,
there is increased GFP expression from the FIT2 promoter,
suggesting that decreasing extracellular iron availability further
promotes induction of the iron regulon by the vma mutant.
Interestingly, a similar trend is seen for P¢,,-GFP (Fig. 5B).

However, if vima mutants actually are signaling iron depriva-
tion despite nearly normal total cellular levels, then supple-
menting this metal might decrease biosensor transcription.
vma2A cells were supplemented with 0.5—2 mM concentrations
of ferrous ammonium sulfate for 30 min, and then GFP fluores-
cence from the biosensors was measured. Indeed, Py ,-GFP
transcription significantly decreased at all concentrations (0.5,
1, and 2 mm) of supplemented iron (Fig. 5C) but was not
restored to wild-type levels, possibly resulting from the inability
of the vima mutant to properly import, utilize, or store iron (52,
53). Interestingly, expression of the Prg,,-GFP construct was
reduced to wild-type levels when the vima2A cells were supple-
mented with 2 mM iron (Fig. 5D). This suppression of TSA2
transcription upon iron addition reveals a potentially new role
for this peroxiredoxin. Its up-regulation in the vina mutant may
be a unique response to imbalances in iron homeostasis.

Li et al. (30) showed that in cells with defective mitochondri-
al-vacuolar iron signaling, T'salp can physically bind a negative
regulator of Aftlp, Fralp, and form a complex that minimizes
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FIGURE 6. Tsa2p interacts with Fra1p and may limit nuclear localization of Aft1p in vma2A mutants. A, tsa2A and tsa2Avma2A mutants were transformed
with HA-Tsa2p on a plasmid to generate HA-Tsa2p and vma2A HA-Tsa2p strains, respectively. Wild-type cells served as an untagged Tsa2p control. Lysates
were prepared from all strains (equivalent cell numbers for each strain), and anti-HA immunoprecipitations were performed as described under “Experimental
Procedures.” Equal volumes of lysates from the three strains (corresponding to 5% of the input into the immunoprecipitations) and the anti-HA immunopre-
Cipitates were separated by SDS-PAGE and transferred to nitrocellulose. The blot was cut at the 35 kDa molecular mass marker, the top of the blot was probed
with rabbit anti-Fra1p, and the bottom of the blot was probed with mouse anti-HA. Predicted positions of Fra1p and HA-Tsa2p are shown. H.C. and L.C., heavy
and light chains of the anti-HA antibody used forimmunoprecipitation. (The light chain obscures the HA-Tsa2p in the immunoprecipitates.) B, wild-type or the
indicated mutant cells were visualized under Nomarski optics (left side of each set). Fluorescence images (right side of each set) of Aft1p-GFP were captured as
described using a 6-s exposure time. IB, immunoblot; /P, immunoprecipitation.

oxidative stress. The Fralp/Tsalp interaction has been pro-
posed to serve as a bridge between the oxidative and iron
defense mechanisms. In order to test whether Tsa2p can also
bind to Fralp, we introduced a plasmid expressing HA-tagged
Tsa2p under its own promoter into fsa2A (HA-Tsa2p) and
vma2Atsa2A (vma2A HA-Tsa2p) cells. As shown in the lysate
samples in Fig. 6A, HA-Tsa2p was expressed at higher levels in
the vma2A mutant background, as expected, and Fralp was
present in both strains containing HA-Tsa2p and the untagged
Tsa2p control. Immunoprecipitation with anti-HA antibody
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resulted in co-precipitation of Fralp from the vma2A
HA-Tsa2p sample, with no detectable Fralp in the immuno-
precipitates from the HA-Tsa2p and untagged control. Given
the very low levels of HA-Tsa2p in lysates when wild-type
VMA_2 is present, we cannot conclude that Fralp cannot inter-
act with Tsa2p in this strain. However, the results in Fig. 54 do
indicate that Fralp does bind to HA-Tsa2p expressed in the
vma2A background.

The Fralp/Tsalp interaction negatively regulates Aft1p-de-
pendent transcription (30). To test whether Tsa2p also plays a
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TABLE 2

Increased Aft1p-mediated transcription in fralAvma2A, tsa2Avma2A,
and tsalAvma2A mutants

All cells were grown in SC medium, and Pp;,-GFP expression was measured in
tsalA, tsa2A, fralA, and vmaZ2A single and double mutant strains (described under
“Experimental Procedures”). Images were captured and quantitated as in Fig. 3.
Normalized mean fluorescence of 20 cells *+ S.E. is listed.

Strain Py ro-GFP fluorescence normalized to WT
WwWT 1+0.2
vma2A 35+0.8
fralA 82+0.3
tsalA 09 +0.1
tsa2A 4+03
fralAvma2A 82+ 2
tsal Avma2A 77 =3
tsa2Avma2A 72+ 25
tsa2Avma2A/TSA2 32*1
tsa2Avima2A/TSA2<*7S 38+ 0.9

role in regulating transcription of the iron regulon, we intro-
duced the Pp;1,-GFP biosensor into the tsa 1A, tsa2A, and fralA
single mutants as well as the double deletions with vima2A and
measured GFP fluorescence. As reported previously (35),
Aftlp-driven transcription is up-regulated in the fra 1A mutant,
as shown by 8-fold induction of Py;r,-GFP (Table 2). Interest-
ingly, the £sa1A mutation does not induce Py;1,-GFP transcrip-
tion relative to wild type, but there is a 4-fold induction of GFP
expression in the tsa2A mutant, suggesting that even the very
low levels of Tsa2p present in wild-type cells may temper
Aftlp-mediated transcriptional activity. Furthermore, all of the
double mutants exhibited a 70—80-fold induction compared
with wild-type cells, suggesting that Fralp, Tsa2p, and Tsalp
are acting as negative regulators of Aftlp-driven transcription
in the vma2A mutant.

We assessed nuclear translocation of Aft1p-GFP in several of
these strains to confirm that the induction of Pp,-GFP was
accompanied by translocation of Aftlp to the nucleus, and the
results are shown in Fig. 6B. As expected, in the fralA mutant,
Aftlp-GFP is localized to the nucleus, and levels in the nucleus
increase in the fralAvima2A mutant. This same trend is seen in
tsa2A and tsa2Avma2A, suggesting that both Fralp and Tsa2p
help to retain Aftlp in the cytosol and thus limit transcription
of the iron regulon. Overall, these data suggest that Tsa2p can
exert a negative feedback on Aftlp-driven transcription by
helping to retain Aftlp in the cytosol. Up-regulation of TSA2 in
the vma mutant helps to limit transcription of the iron regulon
by limiting recruitment of Aftlp to the nucleus, and, based on
the results in Fig. 64, this role may be mediated, at least in part,
through interaction of the induced Tsa2p with Fralp. These
results point toward a novel role for Tsa2p and expand the
bridging mechanism between antioxidant and iron-regulatory
pathways first proposed by Li et al. (30).

Peroxiredoxins have been shown to have both redox and
chaperone activities (54). To determine if the redox activity of
Tsa2p is required to regulate induction of the iron regulon, a
mutation substituting a serine residue for the critical cysteine at
position 47 (C47S) was integrated into the TSA2 open reading
frame. Mutating the corresponding cysteine in Tsalp fully dis-
rupts peroxidase activity (55). Replacing the tsa2A mutant allele
in a tsa2Avma2A double mutant with a wild-type TSA2 allele
restored the GFP fluorescence of the Pr;1,-GFP biosensor to
the level of the vma2A mutant. Significantly, replacing the
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tsa2A allele with a TSA2°*”® mutant allele displays a similar
trend (Table 2). This suggested that the peroxidase activity is
not required for the iron-regulatory role of Tsa2p.

DISCUSSION

V-ATPase Activity Is Crucial for Proper Iron and Redox
Regulation—V-ATPases coordinate with other pH-regulating
mechanisms to establish and maintain cytosolic and organelle
pH. Chronic or acute inhibition of V-ATPase activity compro-
mises pH homeostasis on many levels (14, 16, 18, 19). vina
mutants are slow to respond to cytosolic acidification and never
reach the final cytosolic pH of wild-type cells (15). Our results
suggest that prolonged cytosolic acidification contributes to
many of the transcriptional responses we observe in the vina2A
mutant. Although cytosolic pH changes are achieved through
multiple mechanisms, the major determinant of vacuolar pH is
the V-ATPase, and vacuolar acidification is almost completely
absent in vma mutants (14). Importantly, the acidic environ-
ment of the vacuole is required to sequester and detoxify metals
such as iron and to minimize the generation of reactive oxygen
species (37, 43).

There is substantial evidence that iron availability, uptake,
and storage are directly dependent upon extracellular, cytoso-
lic, and organelle pH (53, 56). Iron becomes a limiting factor for
growth of yeast cells at alkaline extracellular pH (56), and vina
mutants were shown previously to be sensitive to low iron levels
(53). Here we show that both chronic loss of pH homeostasis in
vma mutants (Fig. 3) and acute inhibition of V-ATPase activity
by concanamycin A result in rapid induction of Aft1p-mediated
transcription (Fig. 4). Together, these data suggest that the loss
of V-ATPase activity can trigger an iron deprivation signal that
may ultimately perturb iron distribution or regulation.

Previous work has shown that V-ATPase mutants are sensi-
tive to an array of oxidizing species (20, 23). Interestingly, the
only antioxidant we found to be transcriptionally up-regulated
in our microarray studies was TSA2 (20). Because Yaplp is a
redox-sensitive transcription factor that might be expected to
activate many antioxidant genes (50), we initially doubted that
it could account for up-regulation of TSA2 in response to loss of
V-ATPase activity, although there are established Yap1p bind-
ing sites in the TSA2 promoter (49). However, up-regulation of
the Prg,,-GFP biosensor in response to acute inhibition of
V-ATPase activity is entirely eliminated in a yap 1A mutant (Fig.
4C), suggesting that Yap1lp is indeed required for TSA2 up-reg-
ulation. Further work will be necessary to understand the
apparent specificity of this response for TSA2, but the results
suggest that an acute loss of V-ATPase activity rapidly gener-
ates an oxidative stress signal that is relayed to Yap1p, resulting
in TSA2 up-regulation. Interestingly, the results in Fig. 1 indi-
cate that loss of TSA2 induction does not make vima2A mutants
more sensitive to exogenous oxidative stress. Instead, our
results suggest that the ultimate consequence of Yap1l-induced
up-regulation of TSA2 may be altered iron regulation.

Defects in Iron Regulation in the vma Mutant—vma2A
mutants have impaired iron uptake through the plasma mem-
brane high affinity iron import complex, Fet3p-Ftrlp, as a
result of poor maturation of this complex (53, 57). However, we
found that the vima2A mutant had nearly normal total cell iron
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levels when grown under acidic conditions (YEPD, pH 5; Fig.
2C), perhaps because Fet3p can still localize to the plasma
membrane in the V-ATPase mutant (53) and be activated in the
presence of copper at low extracellular pH. Furthermore, even
if the Fet3p-Ftrlp complex is poorly functional, other iron
uptake mechanisms are also up-regulated and can probably
compensate (31, 58). Previous work has shown that mutating
the Fralp/Fra2p-Grx3p/Grx4p complex results in defective
sensing and signaling of iron levels and subsequent iron-inde-
pendent nuclear localization of Aft1p (35). Similarly, high affin-
ity iron import continues to be up-regulated in the vima mutant
despite apparently sufficient iron levels (Figs. 2 and 3), suggest-
ing defects in iron sensing and signaling to Aftlp.

This work suggests several possible mechanisms for these
signaling defects. First, iron signaling is dependent on iron-
sulfur cluster biosynthesis (34, 45), and reduced levels of the
iron-sulfur cluster-dependent enzyme aconitase in the vima2A
mutant suggest that the biosynthesis or stability of these clus-
ters may be compromised in the mutant. Second, it is possible
that the vima mutant senses that it is deprived of iron because of
its inability to store and detoxify this metal. When vma2A cells
were supplemented with iron, transcriptional signaling from
the iron regulon was dramatically reduced but, interestingly,
not to wild-type levels (Fig. 5C). However, it was surprising to
see transcription of an Aftlp target induced within 15 min of
V-ATPase inhibition with concanamycin A (Fig. 4), particularly
because the vacuoles might be expected to retain sufficient iron
stores under these conditions. Mutants with defective vacuolar
acidification have lower levels of iron-binding polyphosphates
in the vacuole, which ultimately compromises iron storage (18,
52, 59), but we did not expect to see an immediate collapse of
these stores.

Vacuolar iron storage may be compromised by high vacuolar
pH, but the prolonged cytosolic acidification observed in
V-ATPase mutants (15) may also create defective iron homeo-
stasis. Interestingly, previous work in bacteria revealed an
induction of iron starvation response at acidic pH (51). Indeed,
we observed that inducing cytosolic acidification with a per-
meant weak acid in wild-type cells increased Aftlp-mediated
transcription. Partially normalizing cytosolic pH by incubating
the vma mutant in an alkaline environment also reduced Aftlp-
mediated transcription (Table 1). Both of these results were
surprising. Because iron is more soluble at an acidic pH, iron
bioavailability would be expected to increase at low pH, poten-
tially suppressing the signal for Aftlp-mediated transcription
(56). Furthermore, poor growth of vima mutants at alkaline pH
has been attributed in part to poor iron bioavailability (56),
which would be expected to stimulate iron deprivation signal-
ing. However, it has been shown that intracellular acidification
can catalyze oxidation (51) or protonation (47) of iron-sulfur
clusters, resulting in cluster instability and, ultimately, compro-
mised iron signaling. Therefore, it is also possible that the fun-
damental defect in iron signaling in the vma mutants arises
from poor pH homeostasis or, more specifically, from cytosolic
acidification. Consistent with a complex relationship between
iron signaling, Aftlp activation, and loss of V-ATPase activity,
we observed synthetic lethality between aftIA and vma2A
mutations (Fig. 2), but this lethality was not suppressed by dis-
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secting and germinating spores on medium containing 1 mm
ferrous ammonium sulfate (data not shown).

TSA2 Has a Regulatory Role in Iron Homeostasis—The sen-
sitivity of the vima mutants to exogenous oxidative stress, com-
bined with evidence of chronic oxidative damage, suggested
saturation of antioxidant systems and/or a failure to appropri-
ately induce these systems in response to an oxidative challenge
(20, 23). In addition, loss of iron regulation may tax antioxidant
systems or directly catalyze damage to these systems. Up-regu-
lation of TSA2 in the vma2A mutant, coupled with the unique
response of Pr¢,,-GFP to iron levels, indicates a new mecha-
nism for cross-talk between the redox and iron homeostasis
systems that may become particularly important when V-
ATPase activity is compromised. After 30 min of V-ATPase
inhibition with concanamycin A, there appears to be an induc-
tion of Prg,,-GFP and stabilization of Aftlp-mediated tran-
scription of Pp;,-GFP, which was repeated again at 90 min of
inhibition (Fig. 4). This could suggest that Yap1lp induces TSA2
expression when Aftlp-driven transcription, and possibly iron
uptake, reaches a certain threshold, and then Tsa2p helps to
limit Aftlp activity. The Fralp/Tsa2p interaction shown in Fig.
6A and the comparable increases in Py;.,-GFP expression in
vma2AfralA and vima2Atsa2A mutants in Table 2 are consist-
ent with Fralp and Tsa2p acting together to limit transcription
of the iron regulon at the level of Aft1p import into the nucleus
(Fig. 6B). The mechanism of this inhibition might be the same
as that of negative regulation by Fralp-Tsalp (30) but would be
inducible by virtue of T'sa2p up-regulation when vacuolar acid-
ification is lost.

Additionally, whereas iron supplementation in the vma
mutant reduced, but did not fully restore, Py1,-GFP levels,
Prgan-GFP expression was restored to wild-type levels. Collec-
tively, these data suggest an intriguing “braking” system oper-
ating in the vima mutant. Aftl1p-mediated expression of the iron
regulon satisfies the iron deprivation signal in the vma2A
mutant, but the mutant may simultaneously overexpress Tsa2p
as a protective mechanism, aimed at minimizing iron toxicity
while still permitting high affinity iron import.

Previous work has suggested that thioredoxin peroxidases
possess functions other than peroxidase activity because they
are catalytically inefficient compared with catalases and gluta-
thione peroxidases and are inactivated during H,O,, detoxifica-
tion (60). Although Tsalp has been shown to act as a molecular
chaperone that facilitates protein folding, less is known about
the range of functions of Tsa2p. Interestingly, our data suggest
new connections to iron and pH homeostasis. Increased
Aftlp-GFP translocation in the nucleus (Fig. 6) and induced
transcription of the iron regulon (Table 2) in vina2Atsa2A dou-
ble mutants suggest that Tsa2p may function as a negative reg-
ulator of Aftlp, possibly in complex with Fralp. A comparable
reduction of transcription from the FIT2 promoter in
tsa2Avma2A cells expressing wild-type TSA2 or the C47S point
mutation (Table 2) suggested that Tsa2p is able to limit Aft1p-
mediated transcription in a redox-independent manner. The
mechanism of this negative regulation by Tsa2p is unclear.
Altogether, these data propose a novel function for Tsa2p as a
negative regulator of Aftlp upon loss of V-ATPase activity.

JOURNAL OF BIOLOGICAL CHEMISTRY 11375



V-ATPase Loss Triggers Iron Uptake and Oxidative Defense

Several peroxiredoxins have activities that extend beyond
peroxide reduction to include transcriptional regulation (61).
The thiol peroxidases, Gpx3p and Ahplp, bind and regulate
activities of the Yap1lp and Cad1p transcription factors (62, 63).
Furthermore, recent work in Schizosaccharomyces pombe
showed that the monothiol glutaredoxin, Grx4p, associates
with and inhibits the activity of the iron-regulatory proteins
Php2 and Fepl in an iron-dependent manner (64, 65). Several
peroxiredoxin homologues exist in most eukaryotes, and the
preferential effect of Tsa2p on Aftlp activity establishes a novel
function for a protein whose peroxidase activity in the cell is
quite redundant. Further work is required to decipher the
detailed mechanism by which Tsa2p inhibits Aftlp nuclear
localization and/or transcriptional activity.
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