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Aftlp is an iron-responsive transcriptional activator that plays a central role in the regulation of iron metabolism in Saccharo-
myces cerevisiae. Aftlp is regulated by accelerated nuclear export in the presence of iron, mediated by Msn5p. However, the tran-
scriptional activity of Aftlp is suppressed under iron-replete conditions in the Amsn5 strain, although Aftlp remains in the nu-
cleus. Aft1p dissociates from its target promoters under iron-replete conditions due to an interaction between Aftlp and the
monothiol glutaredoxin Grx3p or Grx4p (Grx3/4p). The binding of Grx3/4p to Aftlp is induced by iron repletion and requires
binding of an iron-sulfur cluster to Grx3/4p. The mitochondrial transporter Atm1p, which has been implicated in the export of
iron-sulfur clusters and related molecules, is required not only for iron binding to Grx3p but also for dissociation of Aft1p from
its target promoters. These results suggest that iron binding to Grx3p (and presumably Grx4p) is a prerequisite for the suppres-
sion of Aftlp. Since Atm1p plays crucial roles in the delivery of iron-sulfur clusters from the mitochondria to the cytoplasm and
nucleus, these results support the previous observations that the mitochondrial iron-sulfur cluster assembly machinery is in-

volved in cellular iron sensing.

Iron is essential for various biological processes, including oxy-
gen transport, electron transfer, and many catalytic reactions.
However, iron is potentially toxic because it accelerates the gener-
ation of reactive oxygen species. Therefore, cells must be equipped
with machinery for sensing and regulating intracellular iron (10,
15, 34). The yeast Saccharomyces cerevisiae has served as a model
organism to investigate iron metabolism in eukaryotic cells be-
cause iron-homeostatic mechanisms are highly conserved be-
tween yeast, plants, and animals (7). Iron homeostasis in S. cerevi-
siae is maintained primarily by the transcriptional activator Aftlp
(40). Aftlp is activated only under iron-limiting conditions and
then induces the expression of more than 20 genes that comprise
the iron regulon (36, 40, 42, 46, 47). The iron regulon includes
genes encoding proteins involved in iron uptake and utilization,
such as the iron permease Ftrlp and the multicopper ferroxidase
Fet3p, which form a high-affinity iron transporting complex (1,
43). Iron-dependent modulation of Aftlp localization is involved
in this regulation (48). Aftlp is imported into the nucleus by the
nuclear import receptor Pselp regardless of cellular iron status
(45). However, Aftlp is exported from the nucleus by the nuclear
export receptor Msn5p under iron-replete conditions (44). As a
result, Aftlp accumulates in the nucleus only under iron-limited
conditions. However, no evidence has convincingly shown that
iron-dependent nuclear export by Msn5p is essential for down-
regulating the transcriptional activity of Aftlp.

In this study, the mechanism underlying the iron-dependent
suppression of Aftlp transcriptional activity was investigated.
Aftlp activity was suppressed in a Amsn5 yeast strain, under iron-
replete conditions, even though Aftlp remained in the nucleus.
Thus, iron regulates Aft1p by two mechanisms: first, Aft1p is dis-
sociated from target promoters under iron-replete conditions;
second, Aftlp is recognized by Msn5p and exported to the cyto-
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plasm (44). This study shows that the dissociation of Aftlp from
target DNA is the critical step in the regulation of iron metabolism
by Aftlp and that dissociation requires the extramitochondrial
monothiol glutaredoxins Grx3p and Grx4p (Grx3/4p) and the
mitochondrial ABC exporter Atm1p. Grx3/4p are thought to par-
ticipate in intracellular transport of iron-sulfur clusters or their
related molecules that are assembled in the mitochondria. These
results suggest that under iron-replete conditions, iron-sulfur
clusters produced by the mitochondria are exported by Atmlp
into the cytosol, where the iron-sulfur clusters are bound to
Grx3/4p and are subsequently recognized by Aft1p upon interact-
ing with Grx3/4p.

MATERIALS AND METHODS

Yeast strains and media. The yeast strains used in this study are listed in
Table 1. Y26 (Aaftl Amsn5) was derived by sporulation and tetrad dissec-
tion of crosses between Y23 (Aaft] MATa) and Y25 (Amsn5 MATa). Y30
(Agrx3 Agrx4) was derived by sporulation and tetrad dissection of crosses
between Y27 (Agrx3 MATa) and Y29 (Agrx4 MATa). Disruption of each
gene was verified by PCR using specifically designed primers. Strains con-
taining the GRX3-HA or GRX4-HA gene integrated at the chromosomal
locus of GRX3 or GRX4, respectively, were constructed using the classical
pop-in/pop-out gene replacement method (39). Proper gene replacement
was confirmed by PCR using specifically designed primers and DNA se-
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TABLE 1 Yeast strain genotypes

Iron-Regulated DNA Binding of Aft1

Strain Genotype Reference
PJ69-4A MATa ura3-52 leu2-3,112 trp1-901 his3-200 gal4A gal8OA GAL2-ADE2 LYS2::GALI-HIS3 met2::GAL7-lacZ 12

BY4741 MATa ura3A0 leu2A his3A1 met15A0 5

BY4742 MATao ura3A0 leu2A his3A1 lys2A0 5

Y23 (Aaftl) BY4741 background, aftI1A::KanMX 44

Y24 (Amsn5) BY4741 background, msn5A:KanMX This study
Y25 BY4742 background, msn5A:KanMX This study
Y26 (Aaftl Amsn5) BY4741 background, aftIA::KanMX msn5A:KanMX This study
Y27 (Agrx3) BY4741 background, grx3A:KanMX This study
Y28 (Agrx4) BY4741 background, grx4A::KanMX This study
Y29 BY4742 background, grx4A::KanMX This study
Y30 (Agrx3 Agrx4) BY4741 background, grx3A::KanMX grx4A:KanMX This study
Y31 BY4741 background, GRX3-HA This study
Y32 BY4741 background, AFT1-TAP::HIS3MX6, GRX3-HA This study
Y33 BY4741 background, GRX4-HA This study
Y34 BY4741 background, GRX3-TAP::HIS3MX6, GRX4-HA This study
Y35 (GAL-ATM1) BY4741 background, pATM1::pGAL1-10-KanMX This study

quencing. The GAL-ATM1 strains were maintained in YPGal or SGal
medium supplemented with appropriate amino acids. Other cells were
grown routinely in YPD or SD medium supplemented with appropriate
amino acids. To produce iron-starved conditions, before each assay, cells
were cultured for 20 h in iron-free medium, which consisted of yeast
nitrogen base without iron, 2% glucose, 50 mM MES (morpholineethane-
sulfonic acid) buffer (pH 6.1), and 500 uM ferrozine. To deplete Atm1p,
the GAL-ATMI strains were cultivated in SD medium for 48 h prior to
analysis.

Plasmids. Expression plasmids for hemagglutinin (HA)-tagged Aftlp
(Aft1-HA), tandem affinity purification (TAP)-tagged Aftlp (Aft1-TAP),
or their mutants, driven by the AFT1 promoter, have been described pre-
viously (44). For yeast two-hybrid assays, pAD-AFT1 (44), pBD-GRX3,
pBD-GRX4, and pBD-NBP35 were used. The pBD-GRX3, pBD-GRX4,
and pBD-NBP35 constructs were created by inserting DNA fragments
covering the complete coding regions of GRX3, GRX4, or NBP35 into
pGBKT7 (Invitrogen). Expression plasmids for Grx3-HA, Grx4-HA, or
their mutants were created by inserting the open reading frames (ORF) of
GRX3-HA, GRX4-HA, or their mutants into pRS415 containing the
ADH]1 promoter.

Indirect immunofluorescence microscopy. The subcellular localiza-
tion of HA-tagged proteins was examined by indirect immunofluores-
cence microscopy as described previously (44). Briefly, cells expressing
HA-tagged proteins were fixed in 4% formaldehyde. Cell walls were di-
gested with 300 units of Zymolyase (Seikagaku Kogyo), followed by the
addition of 2% SDS. Spheroplasts were fixed on polylysine-coated cover-
slips, permeabilized with 0.05% saponin, and then incubated with an
anti-HA antibody (HA.11; Covance). Signals were amplified and visual-
ized using an Alexa Fluor 594 signal amplification kit (Invitrogen). Nuclei
were stained by incubation with 500 ng/ml 4’,6’-diamino-2-phenylindole
(DAPI) for 5 min. Fluorescent and differential interference contrast
(DIC) images were captured using an FV-1000 confocal microscope
(Olympus). Expression of the tagged proteins was measured by immuno-
blotting and found to be similar in each of the strains under the different
iron conditions employed.

Northern blotting. Cells cultured to mid-log phase were harvested,
and total RNA was isolated, as described previously (17). The RNA was
separated on a 1% agarose gel containing formaldehyde, transferred to a
Biodyne B membrane (Pall Corporation), and hybridized with **P-la-
beled probes for FTRI (nucleotides [nt] 1 to 649 of the FTRI ORF), FET3
(nt 1 to 582 of the FET3 ORF), FREI (nt 1 to 2058 of the FREI ORF),
SITI/ARN3 (nt 1 to 1884 of the SITI/ARN3 ORF), and ACT1I (nt 37 to
1070 of the ACTI ORF). The hybridized membranes were analyzed using
a BAS-2000 imager (GE Healthcare).
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Chromatin immunoprecipitation. Cells carrying the Aft1-TAP plas-
mid were incubated in 1% formaldehyde for 15 min followed by 125 mM
glycine for 5 min at 30°C. Cells were collected and lysed in 50 mM HEPES
(pH 7.5)-500 mM NaCl-1 mM EDTA-1% Triton X-100—0.1% deoxy-
cholate using Multi-Beads Shocker (Yasui Kikai), and the homogenate
was then sonicated to shear chromatin. Aft1-TAP was precipitated from
an aliquot of the soluble fraction (500 pg total protein) using rabbit IgG-
conjugated Dynabeads M-270 Epoxy (Invitrogen). Coprecipitated DNA
fragments were incubated in 10 mM Tris-Cl (pH 8.0)-1 mM EDTA-1%
SDS at 65°C for 12 h for reverse cross-linking and then analyzed by semi-
quantitative PCR to amplify nt —702 to —3 of the FET3 promoter and nt
—292 to —33 of the ACTI promoter. PCR-amplified DNA was separated
on 2% agarose gels and analyzed using an LAS-3000 imager (GE Health-
care).

Yeast two-hybrid screening and assays. Yeast two-hybrid screening
for Aftlp-interacting proteins has been described previously (23). The
yeast two-hybrid assay was performed by examining the growth of
PJ69-4A strains expressing both activation domain (AD)- and binding
domain (BD)-fused proteins in medium lacking adenine and histidine.
Cells were spotted using 3-fold serial dilutions beginning at 600 cells. All
cells showed similar growth on medium containing adenine and histidine.

Coprecipitation. Cells expressing TAP- and HA-fused proteins were
lysed in 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, and 2 mM phenylmethyl-
sulfonyl fluoride (PMSF) using Multi-Beads Shocker. The soluble fraction
was incubated with rabbit IgG-conjugated Dynabeads M-270 Epoxy in 50
mM Tris-Cl (pH 8.0)-150 mM NaCl-0.5% Triton X-100 at 4°C for 2 h.
The beads were washed five times with the same buffer, and precipi-
tates were separated using 9% SDS-PAGE and subjected to immuno-
blotting using anti-HA or anti-TAP antibodies (Thermo Scientific).
Expression levels of the fusion proteins were confirmed by immuno-
blotting an aliquot of each cell lysate using the anti-HA and anti-TAP
antibodies.

Iron binding to Grx3p in vive. Cells expressing Grx3-TAP were cul-
tured in iron-depleted medium to mid-log-phase growth. Cells (optical
density at 600 nm [ODy,,] = 10) were radiolabeled with 370 kBq of >*Fe
for 30 min. Cells were washed with 50 mM citrate (pH 7.4)-1 mM EDTA
and lysed in 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.5% Triton X-100,
2.5 mM EDTA, 10% glycerol, and 2 mM PMSF using Multi-Beads
Shocker. Grx3-TAP was precipitated from lysates (5 mg total protein)
with rabbit IgG-conjugated Dynabeads M-270 Epoxy, and coprecipitated
33Fe was quantified by scintillation counting. The precipitated protein was
assessed by immunoblotting using an anti-TAP antibody.
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FIG 1 The Amsn5 strain is not sensitive to excess iron. (A) The indicated
strains were spotted on SD medium supplemented with the indicated concen-
trations of FeSO, using 3-fold serial dilutions beginning at 200 cells per spot.
Cell growth was observed after incubation at 30°C for 3 days. (B) The growth
of cells expressing the indicated Aftlp mutants was tested as for panel A. (C)
Aftlp accumulates in the nucleus of the Amsn5 strain independent of cellular
iron status. Aaftl or Amsn5 Aaftl cells carrying an expression plasmid for
wild-type Aft1-HA or the indicated mutants were cultured in iron-depleted
(—Fe) oriron-replete (+Fe) medium to mid-log-phase growth. After fixation,
the subcellular localization of Aft1-HA was examined by indirect immunoflu-
orescence microscopy using an anti-HA antibody. DAPI staining of nuclei and
differential interference contrast (DIC) images are provided for comparison.

RESULTS

Iron mediates growth suppression in constitutively active Aft1p
cells but notin Amsn5 cells. Aft1-1", which isa C291F mutant, is
constitutively nuclear and activates the expression of target genes
regardless of the iron status of the cells (46—48). The growth of the
AFTI1-1"? mutant strain is inhibited under iron-replete condi-
tions, possibly because of iron toxicity (46). We confirmed that
the growth of the AFTI-1"P mutant strain was inhibited in the
presence of as little as 50 WM iron in the medium (Fig. 1A). The
nuclear export receptor Msn5p is required for the iron-mediated
nuclear export of Aftlp, and, consequently, Aftlp resides in the
nucleus regardless of the iron concentration in the medium in
the Amsn5 strain (44) (Fig. 1C). However, in contrast to that of the
AFT1-1" strain, the growth of the Amsn5 strain was not retarded
under iron-replete conditions and appeared similar to that of the
wild-type (WT) strain (Fig. 1A).

Several amino acid residues of Aft1p, including Leu99, Leu102,
Ser210, Ser224, Cys291, Cys293, Thr421, Thr423, Thr431, and
Thr435, play important roles in the iron-responsive nuclear ex-
port of Aftlp (44, 48). Aftlp mutants in which some of those
amino acid residues were replaced by alanine were generated
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{AftlpLeu99/102Ala [Aftlp(LA)], AftlpSer210/224Ala [Aftlp(SA)],
Aft1pCys291/293Ala [AftIp(CA)], and AftlpThrd21/423/431/435Ala
[Aftlp(TA)]}). The mutants were introduced into Aaftl cells to
generate cells expressing only the Aftlp mutant. The Aftlp mu-
tants were localized in the nucleus even under iron-replete condi-
tions (Fig. 1C), and the effect of iron on the growth of cells ex-
pressing these Aftlp mutants was examined. Although cells
expressing Aft1p(LA) or Aft1p(CA) grew poorly in high-iron me-
dium, as observed in the AFT1-1" strain, the growth of cells ex-
pressing Aftlp(SA) or Aftlp(TA) was not retarded in iron-rich
medium (Fig. 1B). These results suggest that nuclear retention of
Aftlp is not sufficient to induce iron-mediated growth suppres-
sion.

Aftlp dissociates from its target promoters in response to
iron repletion. The growth of the AFTI-1"? strain and of cells
expressing Aft1p(LA) or Aft1p(CA) was retarded in high-iron me-
dium, whereas iron exerted virtually no effect on the growth of the
Amsn5 strain or cells expressing Aft1p(SA) or Aftlp(TA), despite
the fact that Aft1p localizes in the nucleus under iron-replete con-
ditions (Fig. 1). Although Ser210, Ser224, Thr421, Thr423,
Thr431, and Thr435, which are mutated in Aftlp(SA) or
Aftlp(TA), are involved in interactions with Msn5p, Leu99,
Leul02, Cys291, and Cys293 do not appear to be involved in bind-
ing Msn5p (44). To dissect the differential roles of these two
groups of amino acid residues, we tested the iron-regulated ex-
pression of Aftlp target genes (FET3, FTRI, FREI, and SIT1/
ARNS3) by Northern blotting (Fig. 2A). The mRNA levels for these
genes were high under iron-depleted conditions in all strains, sug-
gesting that mutation of these amino acid residues did not affect
the transcriptional activation activity of Aftlp. Expression of the
iron regulon decreased under iron-replete conditions in the
Amsn5 strain, as well as in Aft1p(SA)- and Aftlp(TA)-expressing
cells, similar to the case for cells expressing wild-type Aft1p. How-
ever, in Aft1p(LA)- or Aft1p(CA)-expressing cells, the iron regu-
lon was not substantially downregulated under iron-replete con-
ditions. Previously, target DNA binding by Aft1p was suggested by
in vivo footprinting to occur only under iron-limited conditions
(47). Indeed, chromatin immunoprecipitation revealed that
Aftlp bound to the Aftlp-regulated FET3 promoter only under
iron-limited conditions in the Amsn5 strain, as well as in cells
expressing Aft1p(SA) or Aftlp(TA) and in wild-type cells (Fig.
2B). In contrast, the Aft1p(LA) and Aft1p(CA) mutants bound to
the FET3 promoter even under iron-replete conditions (Fig. 2B).
The Aaft] strain transformed with a centromere-based plasmid
expressing Aftl-TAP under control of the AFT1 promoter ex-
pressed and regulated Aftlp target genes in a manner identical to
that of cells expressing the wild-type Aftlp (Fig. 2C), indicating
that Aft1-TAP is functional. These results are consistent with the
previous observations that replacement of Leu99 with Ala and of
Cys291 with Phe generated a constitutively active Aft1p transcrip-
tional activator (31, 46, 48). Thus, iron-replete conditions appear
to induce not only Aftlp nuclear export but also the dissociation
of Aftlp from target promoters, and Cys291, Cys293, Leu99 and
Leul02 appear to be involved in the dissociation of Aft1p from the
iron regulon promoters.

Involvement of Leu99, Leul02, Cys291, and Cys293 in Aftlp
interactions with Grx3p and Grx4p. To elucidate the mechanism
underlying dissociation of Aft1p from the iron regulon promoters
in iron-replete cells, yeast two-hybrid screening was used to iden-
tify proteins that are involved in regulation of Aftlp (23). Using
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FIG 2 Aftlp dissociates from a target promoter in response to iron repletion.
(A) Expression of the iron regulon is suppressed in iron-replete Amsn5 cells.
Aaftl or Amsn5 Aaftlcells carrying an expression plasmid for wild-type
Aft1-HA or the indicated mutants were cultured in iron-free medium to mid-
log-phase growth. Cells were cultured for an additional 30 min in the absence
(— iron) or presence (+ iron) of 200 wM FeSO,, and total RNA was extracted.
The mRNA levels of the indicated genes were then analyzed by Northern blot-
ting. (B) Aftlp binds to the FET3 promoter only under iron-deprived condi-
tions in Amsn5 cells. Aaft]l or Amsn5 Aaftl cells carrying an expression plasmid
for wild-type Aft1-TAP or the indicated mutants were cultured as for panel A,
and Aftlp binding to the FET3 and ACT1 promoters was detected by chroma-
tin immunoprecipitation (IP). (C) Aftl-TAP is functional. BY4741 (AFT1)
cells, AaftI cells, and Aaft1 cells carrying an expression plasmid for Aft1-TAP,
Aftl1-HA, or Aftl-1"P-HA were cultured in iron-free medium to mid-log-
phase growth. Total RNA was isolated after the addition of iron at the indicated
times, and mRNA levels of the indicated genes were analyzed by Northern
blotting.

Aftlp lacking the transactivation domain [Aft1(1-413)] as prey,
we identified six candidate genes, three of which encode iron-
sulfur proteins: Nbp35p and two monothiol glutaredoxin ho-
mologs, Grx3p and Grx4p (Grx3/4p). We tested if the interaction
between Aftlp and these candidates for Aft1p-interacting proteins
requires Leu99, Leul02, Cys291, and Cys293 of Aftlp, and we
found that Grx3/4p did not bind to Aftlp(LA) or Aftlp(CA) ina
yeast two-hybrid assay, although Aft1p(SA) and Aftlp(TA) did
interact with Grx3/4p (Fig. 3A). Immunoblot analyses of cellular
extracts using both anti-HA (for AD-fused proteins) and anti-myc
(for BD-fused proteins) showed that the fusion proteins were ex-
pressed in cotransformed cells, although expression of BD-Grx4p
was higher than that of BD-Grx3p (Fig. 3B). The interaction be-
tween Aftlp and Grx3/4p was also examined by coimmunopre-
cipitation analyses. Consistent with the results obtained with the
yeast two-hybrid assays, neither Aft1p(LA) nor Aft1p(CA) copre-
cipitated with Grx3/4p, whereas Aft1p, Aft1p(SA), and Aft1p(TA)
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did coprecipitate (Fig. 3C and D). These results indicate that Aft1p
interacts with Grx3/4p and that the Aft1p residues Leu99, Leul02,
Cys291, and Cys293 are involved in this interaction, raising the
possibility that Grx3/4p are involved in the dissociation of Aftlp
from target promoters in response to iron repletion.

Grx3/4p are required for the iron-dependent dissociation of
Aftlp from target promoters. GRX3 and/or GRX4 deletion
strains were constructed to test whether the binding of Aftlp to
the FET3 promoter is regulated by iron. In the strains that lacked
either Grx3p or Grx4p, Aftlp dissociated from the FET3 promoter
in response to iron repletion as observed in the wild-type strain
(Fig. 4A). When both GRX3 and GRX4 were deleted, Aftlp occu-
pied the FET3 promoter even under iron-replete conditions (Fig.
4A). The Aftlp-regulated iron regulon was highly expressed even
under iron-replete conditions in Agrx3 Agrx4 cells but not Agrx3
or Agrx4 cells (Fig. 4B), similar to previous results (31). These
results indicate that Grx3/4p are required for iron suppression of
transcription of the iron regulon by inducing iron-dependent dis-
sociation of Aftlp from target promoters.

The interaction between Aftlp and Grx3/4p is augmented
under iron-replete conditions. The above results suggested that
the interaction between Aftlp and Grx3/4p plays a crucial role in
dissociation of Aftlp from target promoters under iron-rich con-
ditions. Hence, we examined whether the interaction between
Aftlp and Grx3/4p is induced upon iron repletion in order to
suppress the transcriptional activation activity of Aft1p. Cells con-
taining both AFT1-TAP and GRX3-HA integrated at the chromo-
somal loci of AFT1 and GRX3, respectively, were constructed.
Grx3-HA is functional, because the expression of the iron regulon
was normally regulated by iron in Agrx3 Agrx4 cells expressing
Grx3-HA (Fig. 4B). Cells expressing Aft1-TAP and Grx3-HA were
first cultured in iron-free medium (SD lacking ferric chloride and
supplemented with 500 wM ferrozine) for 20 h to ensure iron
starvation. Cells were then cultured for 15 min in the presence of
200 uM ferrous sulfate. Cell lysates were prepared before or 15
min after the addition of 200 WM ferrous sulfate, and coprecipi-
tation experiments were performed. Grx3p-HA was effectively co-
precipitated with Aft1p-TAP in lysates from cells after iron reple-
tion, whereas minimal amounts of Grx3p-HA coprecipitated with
Aftlp-TAP in lysates from iron-starved cells (Fig. 5A). Similarly,
Grx4-HA was effectively coprecipitated with Aft1-TAP only after
iron repletion (Fig. 5B). In contrast, previous reports suggest that
Grx3/4p interact with Aftlp regardless of the iron status of cells
(19, 31). Kumdnovics et al. indicated that Aft1-TAP is effectively
coprecipitated with Grx3p under both high- and low-iron condi-
tions (19). In their analysis, cells were cultivated in SD medium
containing either 250 wM iron sulfate or 40 wM bathophenanth-
rolinedisulfonate (BPS), an impermeable iron(1I) chelator, for 6 h
to produce high- or low-iron conditions, respectively (19). The
expression of iron regulon genes, including FET3 and FTRI, was
induced under the iron-depleted condition. The levels of FTRI
and FET3 mRNAs were higher in cells cultivated for 20 h in SD
medium lacking iron than in cells cultivated for 6 h in SD medium
containing BPS (Fig. 5C). This result suggests that treatment with
BPS for 6 h does not completely deprive the cells of iron and that
asubstantial amount of iron bound to Grx3/4p, accounting for the
interaction between Aftlp and Grx3/4p in cells treated with BPS
for 6 h, as observed in the previous study (18). However, in the
BPS-treated cells, the Grx3/4p may not be fully saturated with iron
and some free Aftlp may be available to induce the expression of
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FIG 3 Leu99, Leul02, Cys291, and Cys293 are required for the Aft1p-Grx3/4p interaction. (A) The PJ69-4A strain was transformed with an expression plasmid
for AD-fused Aftlp, mutant Aftlp, or the corresponding empty vector, as well as an expression plasmid for the indicated BD-fused proteins or the corresponding
empty vector. Cells were grown at 30°C for 4 days on SD medium lacking (—ADE —HIS) or containing (+ADE +HIS) adenine and histidine. Cells were spotted
using 3-fold serial dilutions beginning at 600 cells per spot. (B) Lysates from the cells used for panel A were analyzed by immunoblotting with anti-HA (for the
detection of AD-fused proteins) or with anti-myc (for the detection of BD-fused proteins). *, nonspecific bands. (C and D) Agrx3 Agrx4 cells carrying expression
plasmids for Aft1-TAP or the indicated mutants and Grx3-HA (C) or Grx4-HA (D) were cultured in iron-depleted medium to mid-log-phase growth. Cells were
cultured for an additional 15 min in the presence of 200 wM FeSO,. TAP-precipitates and lysates were probed with the indicated antibodies.

the iron regulon. Moreover, indirect immunofluorescence analy-
ses revealed that Grx3/4p reside in both the nucleus and the cyto-
plasm, and changes in cellular iron status did not overtly affect
their subcellular localization (Fig. 5D), as reported previously (19,
24). Taken together, these results strongly suggest that iron in-
duces the interaction between Aftlp and Grx3/4p.

Grx3/4p require an iron-sulfur cluster to interact with Aft1p.
Several lines of evidence suggest that ligation of a [2Fe-2S] cluster
plays a crucial role in dimer formation by monothiol glutaredox-
ins in vitro and in vivo (26, 35). Because Grx3/4p-Aftlp binding
appeared to be regulated by the iron status of cells, a [2Fe-2S]
cluster- and/or [2Fe-2S] cluster-dependent dimerization of
Grx3/4p may be involved in the Grx3/4p-Aftlp interactions. To
address the possibility, we first tested the iron-dependent
dimerization of Grx3/4p. We expressed Grx3-TAP, which was
shown to be functional (Fig. 4B), and Grx3-HA in Agrx3 Agrx4
cells. Cells were cultured in iron-free medium for 20 h, and copre-
cipitation experiments were performed using cell lysates that were
prepared before or 15 min after the addition of 200 uM ferrous
sulfate. As shown in Fig. 6A, Grx3-HA is coprecipitated effectively
with Grx3-TAP in the lysate of iron-replete cells but not in the
lysate of iron-starved cells. To verify iron-dependent dimerization
of monothiol glutaredoxins in physiological settings, we con-
structed cells with both GRX3-TAP and GRX4-HA integrated at
the chromosomal loci of GRX3 and GRX4, respectively. Copre-
cipitation analyses revealed that Grx3-TAP and Grx4-HA form
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stable complexes only under iron-rich conditions (Fig. 6B). These
results indicate that Grx3/4p dimerize in an iron-dependent man-
ner, raising the possibility that Grx3/4p bind to Aft1p in the dimer
form.

Next, Grx3p mutants that cannot bind iron were constructed.
Since Cys31 and glutathione binding residues such as Lys23 and
Thr71 of a cyanobacterial Grx3p, which is homologous to Grx3/
4p, is involved in [2Fe-2S] cluster ligation (35), the corresponding
residues of S. cerevisiae Grx3p were mutated: Cys211 to Ser,
Lys203 to Gln, and Thr251 to Val (Grx3pC211S, Grx3pK203Q,
and Grx3pT251V, respectively). To analyze iron binding by these
Grx3p mutants in vivo, Agrx3 Agrx4 cells expressing TAP-tagged
wild-type or mutant Grx3p were cultured in the presence of >°Fe.
Subsequently, TAP-tagged Grx3p proteins were immunoprecipi-
tated and the amount of coprecipitated *°Fe was quantified by
scintillation counting. Wild-type Grx3p bound *°Fe, but the
Grx3pC211S, Grx3pK203Q, and Grx3pT251V mutants failed to
bind **Fe (Fig. 6C), indicating that these residues are important
for iron-sulfur ligation by S. cerevisiae Grx3p. Whether these
Grx3p mutants can bind to Aftlp was examined by coimmuno-
precipitation analyses. The wild-type Grx3p, but not the C2118,
K203Q, or T251V mutants, coprecipitated with Aftlp (Fig. 6D),
suggesting that [2Fe-2S] cluster ligation by Grx3p is a prerequisite
for Aftlp-Grx3p interactions. The Grx3p mutants were expressed
in Agrx3 Agrx4 cells, and promoter occupation by Aftlp and ex-
pression of Aft1p target genes were evaluated. As shown in Fig. 6E,
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FIG 4 Grx3/4p are required for the dissociation of Aftlp from DNA in re-
sponse to iron. (A) Grx3/4p are required for the iron-dependent dissociation
of Aftlp from the FET3 promoter. BY4741 (WT), Agrx3, Agrx4, or Agrx3
Agrx4 strains carrying expression plasmids for Aft1-TAP were cultured in
iron-free medium to mid-log-phase growth. Cells were cultured for an addi-
tional 30 min in the absence (—) or presence (+) of 200 wM FeSO,, and Aftlp
binding to the FET3 and ACT1 promoters was detected by chromatin immu-
noprecipitation. (B) Iron regulon expression is not suppressed even under
iron-replete conditions in the Agrx3 Agrx4 strain. The BY4741 (WT), Agrx3,
Agrx4, and Agrx3 Agrx4 strains, or Agrx3 Agrx4 cells carrying expression plas-
mids for Grx3-TAP or Grx3-HA, were cultured as for panel A, and expression
of the indicated genes was analyzed by Northern blotting.
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Aftlp occupied the FET3 promoter even under iron-replete con-
ditions in cells expressing the Grx3p mutants that failed to ligate
the iron-sulfur cluster, but Aftlp dissociated from the FET3 pro-
moter in iron-replete cells expressing wild-type Grx3p. Northern
blotting revealed that expression of the iron regulon was not re-
duced in response to iron in Agrx3 Agrx4 cells expressing the
C211S, K203Q, or T251V mutants of Grx3p but was reduced in
cells expressing wild-type Grx3p (Fig. 6F). Collectively, these re-
sults indicate that ligation of a [2Fe-2S] cluster by Grx3p is neces-
sary for dissociation of Aftlp from its target promoters.

Atmlp is required for iron-sulfur loading onto Grx3/4p and
Aftlp regulation by iron. Defects in the iron-sulfur cluster assem-
bly (ISC) machinery in mitochondria lead to reductions in iron
binding by Grx3/4p in vivo (26). Thus, whether iron-sulfur clus-
ters transported from the mitochondria are involved in iron-sul-
fur cluster loading by Grx3/4p in the cytosol or nucleus was ex-
amined. The mitochondrial ABC transporter Atmlp has been
suggested to be an exporter of iron-sulfur clusters or related mol-
ecules (16, 22). Whether Atm1p is required for iron-sulfur cluster
loading onto Grx3/4p and, therefore, the iron-dependent dissoci-
ation of Aftlp from target promoters was examined. A strain in
which ATM1 gene expression was driven by the glucose-repressi-
ble GALI-10 promoter (GAL-ATMI) was constructed, as de-
scribed previously (2). To repress the GALI-10 promoter and de-
plete Atmlp, the GAL-ATMI strain was grown for 48 h on
synthetic medium containing D-glucose as a sole carbon source
(2). As shown in Fig. 7A, the expression of ATM1I in the GAL-
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FIG 5 The Grx3/4p interaction with Aftlp is augmented in the presence of iron. (A and B) Binding of Grx3/4p to Aftlp is enhanced under iron-replete
conditions. (A) Cells expressing both Aft1-TAP and Grx3-HA (+ Aft1-TAP) or Grx3-HA alone (— Aftl1-TAP) from their natural chromosomal loci were
cultured in iron-free medium to mid-log-phase growth (20 h). Cells were cultured for an additional 15 min in the absence (— iron) or presence (+ iron) of 200
M FeSO,, and TAP immunoprecipitates and cell lysates were probed with the indicated antibodies. (B) Cells expressing both Aft1-TAP and Grx4-HA (+
Aft1-TAP) or Grx4-HA alone (— Aft1-TAP) from their natural chromosomal loci were cultured as for panel A, and the interaction between Aftl-TAP and
Grx4-HA was analyzed by immunoprecipitation. (C) Induction of the expression of the iron regulon is incomplete after a 6-h treatment with 40 uM BPS. BY4741
cells were cultured under the following conditions: SD medium containing 40 M BPS for 6 h (BPS), SD medium containing 250 M FeSO, for 6 h (Fe), SD
medium lacking iron for 20 h (Fe; —), or SD medium lacking iron for 20 h with an additional 15-min cultivation in the presence of 200 uM FeSO,, (Fe; +). Total
RNA was extracted, and expression of the indicated genes was analyzed by Northern blotting. The values indicated below each panel are relative mRNA levels as
a percentage of the amount in the cells cultured in SD medium lacking iron for 20 h. (D) Grx3/4p reside both in the nucleus and in the cytoplasm. Agrx3 Agrx4
cells carrying expression plasmids for Grx3/4-HA were cultured in iron-free medium to mid-log-phase growth. Cells were cultured for an additional 30 min in
the absence (—Fe) or presence (+Fe) of 200 wM FeSO,. After fixation, the subcellular localization of Grx3/4-HA was examined by indirect immunofluorescence
microscopy using an anti-HA antibody. Differential interference contrast (DIC) images are provided for comparison.
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FIG 6 Grx3/4p require an iron-sulfur cluster to interact with Aftlp. (A and B) Grx3-TAP and Grx3-HA interact under iron-replete conditions. (A) Agrx3 Agrx4
cells carrying expression plasmids for Grx3-TAP and Grx3-HA were cultured in iron-free medium to mid-log-phase growth (20 h). Cells were cultured for an
additional 15 min in the absence (—) or presence (+) of 200 uM FeSO,, and TAP immunoprecipitates and cell lysates were probed with the indicated antibodies.
(B) Cells expressing both Grx3-TAP and Grx4-HA (+ Aft1-TAP) or Grx4-HA alone (— Aft1-TAP) from their original chromosomal loci were cultured as for
panel A, and interactions between Grx3-TAP and Grx4-HA were analyzed by immunoprecipitation. (C) Lys203, Thr251, and Cys211 of Grx3p are important for
iron binding by Grx3p in vivo. Agrx3 Agrx4 cells carrying an expression plasmid for Grx3 (—), Grx3-TAP (WT), or the indicated mutants were cultured in
iron-free medium to mid-log-phase growth. Cells were radiolabeled with 370 kBq of *°Fe for 2 h. TAP-tagged proteins were precipitated, and bound **Fe was
quantified by scintillation counting. Data represent mean values from three independent experiments. Error bars indicate standard deviations (SD). The amount
of precipitated proteins was assessed by immunoblotting using an anti-TAP antibody. (D) Lys203, Thr251, and Cys211 of Grx3p are important for the
Aftlp-Grx3p interaction. Agrx3 Agrx4 cells carrying expression plasmids for Aft1-TAP and Grx3-HA or the indicated mutants were cultured in iron-depleted
medium to mid-log-phase growth. Cells were cultured for an additional 15 min in the presence of 200 uM FeSO,, and TAP immunoprecipitates and cell lysates
were probed with the indicated antibodies. (E) Lys203, Thr251, and Cys211 of Grx3p are important for the iron-dependent dissociation of Aftlp from the FET3
promoter. Agrx3 Agrx4 cells carrying expression plasmids for Aft1-TAP and Grx3p-HA or the indicated mutants were cultured in iron-free medium to
mid-log-phase growth. Cells were cultured for an additional 30 min in the absence (—) or presence (+) of 200 wM FeSO,, and Aftlp binding to the FET3 and
ACT]I promoters was probed by chromatin immunoprecipitation. (F) Lys203, Thr251, and Cys211 of Grx3p are important for the regulation of FTRI expression
by iron. Agrx3 Agrx4 cells carrying an expression plasmid for Grx3p-HA or the indicated mutants were cultured in iron-depleted medium to mid-log-phase
growth. Cells were cultured for an additional 30 min in the absence (—) or presence (+) of 200 uM FeSO,, and the expression of FTRI, FET3, FREI, SIT1, and
ACT]I was analyzed by Northern blotting.

ATM]I strain was undetectable by Northern blotting after culture
in the glucose medium. Wild-type control cells were also cultured
on the glucose-containing medium for these experiments. In the
GAL-ATMI strain, expression of the iron regulon did not decrease
under iron-rich conditions, as reported previously (41), indicat-
ing that expression of Atmlp was adequately suppressed in the
GAL-ATM]1 strain (Fig. 7B). Expression of iron regulon tran-
scripts decreased in the wild type, but not in the GAL-ATM1I
strain, in the presence of iron. Chromatin immunoprecipitation
analyses revealed that Aft1p bound to the FET3 promoter regard-
less of iron status in the Atm1p-depleted (GAL-ATM1) cells (Fig.
7C). The interaction between Aftlp and Grx3p in Atmlp-de-
pleted cells was assessed by coimmunoprecipitation. In the wild-
type strain, Grx3p coprecipitated with Aftlp under iron-replete
conditions, but Grx3p failed to interact with Aftlp in iron-replete
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AtmI1p-depleted cells (Fig. 7D). Since ligation of the iron-sulfur
cluster by Grx3p appears to be a prerequisite for interactions be-
tween Grx3p and Aft1p, >*Fe binding to Grx3p in iron-replete cells
was assessed, as described in the legend to Fig. 6C. The amount of
*Fe in Grx3p immunoprecipitates was significantly lower in
Atmlp-depleted cells than in wild-type cells (Fig. 7E). Collec-
tively, these results indicate that Atm1p is involved in iron-sulfur
cluster loading by Grx3p, the net result of which is dissociation of
Aftlp from target promoters in iron-replete cells.

DISCUSSION

The activity of Aftlp, a central transcriptional regulator of iron
metabolism in S. cerevisiae, is regulated by iron-dependent nu-
clear export of Aftlp mediated by the nuclear export receptor
Msn5p (44). This study demonstrates another layer of iron regu-
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coimmunoprecipitation. (E) Atm1p is important for iron binding by Grx3p in vivo. The wild-type or Atm1p-depleted GAL-ATM1 strains expressing nontagged
Grx3p (—) or Grx3-TAP (+) were cultured in iron-free medium to mid-log-phase growth. Cells were radiolabeled with 370 kBq of **Fe for 30 min. TAP-tagged
proteins were immunoprecipitated, and bound *°Fe was quantified by scintillation counting. Data represent mean values from three independent experiments.

Error bars indicate SD. The amount of precipitated protein was assessed by immunoblotting using an anti-TAP antibody.

lation of Aftlp: Aftlp dissociates from target promoters in re-
sponse to iron repletion.

Several transcriptional regulators are exported by Msn5p.
Crzlp, a calcineurin-responsive transcriptional activator, is regu-
lated, in part, by Msn5p-mediated nuclear export. Calcineurin-
mediated dephosphorylation of Crzlp suppresses Msn5p-medi-
ated nuclear export. In Amsn5 cells, some Crzlp is localized in the
nucleus and activates the Crzlp-responsive CDRE promoter (4).
Thus, Msn5p-mediated nuclear export is required to suppress
Crzlp activity. However, Msn5p-mediated nuclear export of
some transcriptional regulators is not required for their suppres-
sion. For example, Pho4p is a transcription factor that regulates a
variety of genes in response to phosphate availability, and Msn5p-
mediated nuclear export of Pho4p is regulated by Pho4p phos-
phorylation under phosphate-rich conditions (32). Pho4p has
multiple phosphorylation sites, and phosphorylation of some of
these induces the Pho4p interaction with Msn5p (14). However,
phosphorylation of Pho4p at a different site disrupts the interac-
tion with its dimerization partner, Pho2p, and thereby suppresses
Pho4p transcriptional activator activity (18). Nuclear export of
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Miglp, a transcriptional repressor that represses a number of
genes in the presence of glucose (28, 29), is also mediated by
Msn5p (8). However, phosphorylation of Miglp, induced by glu-
cose deprivation, not only facilitates Msn5p-mediated nuclear ex-
port of Miglp but also induces dissociation from the corepressor
complex (8, 33). Therefore, Msn5p-mediated nuclear export is
not required for suppression of Pho4p or Miglp activity. Here,
Msn5p-mediated nuclear export was shown to be dispensable for
iron-mediated suppression of Aftlp transcriptional activity (Fig.
2). Msn5p-mediated nuclear export of Crzlp, Pho4p, and Miglp
is regulated by phosphorylation/dephosphorylation (4, 8, 14). Al-
though phosphorylation of Aftlp is necessary for recognition by
Msn5p, Aftlp phosphorylation is not regulated by cellular iron
status (44).

The present study has demonstrated that iron-mediated disso-
ciation of Aftlp from target DNA sequences occurs prior to
Msn5p-mediated nuclear export. Since earlier work showed that
dimerization or multimerization of Aft1p was required for Aftlp-
Msn5p binding (44), Aftlp must form multimers after dissocia-
tion from the target sequences and is then recognized by Msn5p.
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Therefore, it would be of interest to determine whether phosphor-
ylation of Crzlp, Pho4p, or Miglp induces dimerization of the
transcriptional regulators as an essential step in Msn5p recogni-
tion.

Grx3/4p play crucial roles in iron-mediated suppression of the
transcriptional activity of Aftlp (31, 37). However, the precise
roles played by Grx3/4p in Aftl regulation had not been deter-
mined previously. Here, we showed that Grx3/4p induced Aftlp
dissociation from the target promoters through an enhanced in-
teraction with Aftlp under iron-replete conditions. Aftlp mu-
tants that were unable to interact with Grx3/4p did not dissociate
from the Aftlp-regulated gene promoters even under iron-rich
conditions (Fig. 1 to 3). Grx3/4p failed to dimerize under severe
iron-deprived conditions (Fig. 6). Several lines of evidence suggest
that iron bound to Grx3/4p in cells is in the form of a [2Fe-2S]
cluster. When overproduced in Escherichia coli, the GRX domain
of Grx3/4p binds a [2Fe-2S] cluster utilizing the cysteine located
within the conserved CGFS motif (Cys211 for Grx3p and Cys171
for Grx4p) and a glutathione cofactor (35). The conserved Cys
within the CGFS motifs and the amino acids that are involved in
glutathione binding are thus implicated in [2Fe-2S] binding. Mu-
tations of these amino acids in Grx3/4p reduced iron incorpora-
tion into Grx3/4p to near-background levels in vivo and sup-
pressed the binding of Grx3p to Aftlp (Fig. 6) (26). Moreover,
glutathione depletion in cells impairs iron incorporation into
Grx3/4p (26). Therefore, iron binding to Grx3/4p appears to be a
prerequisite for dimerization and Aftlp interactions with the
monothiol glutaredoxins. Whether dimerization of Grx3/4p is
sufficient for binding to Aftlp or whether iron itself, bound to
Grx3/4p, is required for the interaction with Aftlp will be of in-
terest to determine in future studies.

Iron-sulfur clusters are generated in mitochondria (27), and
defects in proteins in the mitochondrial ISC machinery result in
constitutive expression of Aftlp-regulated genes (41). A previous
report indicated that the ISC machinery is required for iron incor-
poration into Grx3/4p in vivo (26). The mitochondrial ABC ex-
porter Atmlp has been implicated in the export of iron-sulfur
clusters or related molecules from mitochondria into the cytosol,
because iron loading of several extramitochondrial iron-sulfur
proteins, such as Leulp and Nbp35p, is decreased in Atm1p-de-
pleted strains (16, 22). In this study, Atm1p depletion significantly
decreased both binding of Grx3p to iron and binding of Grx3p to
Aftlp under iron-replete conditions and resulted in misregulation
of Aftlp (Fig. 8). Although heme and intermediates in the heme
biosynthetic pathway may also be Atm1p substrates (2, 20), heme
is notrequired for Aft1p inhibition by iron (6). The possibility that
the iron bound to Grx3/4p that is required for the interaction
between Grx3/4p and Aftlp is not in the form of an iron-sulfur
cluster cannot be excluded. However, our results strongly indicate
that iron-sulfur clusters or molecules that invoke iron-sulfur clus-
ter formation, which are generated in mitochondria and exported
from mitochondria by Atm1p, are involved in iron-sulfur cluster
loading of Grx3p and probably Grx4p, although the mechanism
for cluster loading of Grx3/4p in the nucleus reminds to be eluci-
dated. Since Grx3/4p binding to Aftlp is strongly augmented in
iron-replete cells and iron binding of Grx3p is a prerequisite for
the interaction with Aftlp (Fig. 6), iron-sulfur clusters or related
molecules generated in the mitochondria and transported by
Atm1p appear to play crucial roles in Grx3/4p binding to Aftlp in
iron-replete cells. The net result of these interactions is dissocia-
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FIG 8 Proposed model for iron sensing by Aftlp. During iron starvation,
iron-sulfur assembly in the mitochondria and dimeric Grx3/4p with bound
iron-sulfur clusters are minimal. Under these conditions, Grx3/4p binding to
Aftlp is attenuated, and Aftlp binds to target promoters to increase the ex-
pression of the iron regulon. In response to iron availability (i), iron-sulfur
cluster assembly in the mitochondria increases (ii), and the iron-sulfur clus-
ters, or signals that invoke iron-sulfur cluster formation, are delivered to the
monothiol glutaredoxins Grx3/4p, which reside in both the nucleus and cyto-
plasm, via the mitochondrial ABC exporter Atmlp (iii). Grx3/4p with bound
iron-sulfur clusters bind to Aftlp (iv), which induces dissociation of Aftlp
from its target promoters (v), leaving Aftlp available for nuclear export by
Msn5p (vi). The expression of the iron regulon is thereby downregulated.

tion of Aftlp from target promoters (Fig. 8). This result is consis-
tent with the previous observation that the mitochondrial ISC
machinery is involved in cellular iron sensing (41).

Grx3/4p participate in iron loading of several iron-containing
proteins (26, 49). Grx3/4p may be involved in iron loading of
Rnr2p, a cofactor of ribonucleotide reductase containing a di-iron
center, together with Dre2p (49). Grx3/4p are also involved in the
insertion of iron-sulfur clusters into cytosolic iron-sulfur-con-
taining proteins such as Leulp or Rlilp (26). Dre2p and Nbp35p,
components of the cytoplasmic iron-sulfur assembly machinery,
are also required for the insertion of iron-sulfur clusters (9, 30,
50). Although Nbp35p was identified as a candidate Aft1p-inter-
acting protein by yeast two-hybrid screening (Fig. 3A), no signif-
icant interaction between Aftlp and Nbp35p was detected by co-
immunoprecipitation, and Aftlp was normally regulated by iron
in Nbp35p-depleted cells (data not shown). Moreover, suppres-
sion of Dre2p expression had no influence on iron-mediated sup-
pression of expression of Aftlp target genes (data not shown).
Thus, neither Nbp35p, consistent with earlier reports (41), nor
Dre2p is required for suppression of Aftlp activity in iron-replete
cells, while Grx3/4p are indispensable.

Fralp and Fra2p are also involved in iron-mediated suppres-
sion of Aftlp activity (19). Both Fralp and Fra2p bind to Grx3/4p
(11,21). Therefore, both proteins may function as a bridging mol-
ecule between Aftlp and Grx3p. However, no interactions be-
tween Aftlp and Fralp or Fra2p have been detected, and both
proteins are localized primarily in the cytosol (19), suggesting that
either Fralp or Fra2p is not involved in the Grx3/4p-mediated
dissociation of Aftlp from target promoters. Grx5p, a mitochon-
drial monothiol glutaredoxin, is involved in storage and delivery
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of [2Fe-2S] clusters in the organelle (25, 38). Since forced expres-
sion of Grx3/4p in mitochondria partially rescues Grx5p function
and growth defects of Agrx5 mutants (24), one role of Grx3/4p
may be to deliver iron-sulfur clusters. The activities of other met-
al-regulated transcriptional activators, Zaplp and Maclp, are in-
hibited by the direct binding of zinc and copper (3, 13, 40), respec-
tively. Direct metal binding may be the case with Aftlp as well.
Aftlp forms homodimers or multimers in iron-rich cells, and
Cys291 of Aftlp is involved in this interaction (44). In this study,
Grx3p and Grx4p were shown to form homo- or heterodimers in
an iron-dependent manner (Fig. 6). Considering that in vivo and
in vitro analyses suggest that Grx3/4p dimerize through bridging a
[2Fe-2S] cluster (26, 35), it is tempting to speculate that Grx3/4p
dimers deliver iron, possibly an iron-sulfur cluster, to Aftlp at
Cys291 and Cys293 to form iron-sulfur cluster-bridging Aftlp
dimers. Alternatively, Aft1p may indirectly sense the cellular iron
status through increased interactions with a [2Fe-2S] cluster-con-
taining Grx3/4p dimer. Resolution of these complex interactions
will require further biochemical and structural studies.
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