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Budding yeast (Saccharomyces cerevisiae) responds to low
cytosolic iron by up-regulating the expression of iron import
genes; iron import can reflect iron transport into the cytosol or
mitochondria. Mmt1 and Mmt2 are nuclearly encoded mito-
chondrial proteins that export iron from the mitochondria into
the cytosol. Here we report that MMT1 and MMT2 expression is
transcriptionally regulated by two pathways: the low-iron-sens-
ing transcription factor Aft1 and the oxidant-sensing transcrip-
tion factor Yap1. We determined that MMT1 and MMT2
expression is increased under low-iron conditions and de-
creased when mitochondrial iron import is increased through
overexpression of the high-affinity mitochondrial iron importer
Mrs3. Moreover, loss of iron-sulfur cluster synthesis induced
expression of MMT1 and MMT2. We show that exposure to the
oxidant H2O2 induced MMT1 expression but not MMT2 expres-
sion and identified the transcription factor Yap1 as being involved
in oxidant-mediated MMT1 expression. We defined Aft1- and
Yap1-dependent transcriptional sites in the MMT1 promoter that
are necessary for low-iron- or oxidant-mediated MMT1 expres-
sion. We also found that the MMT2 promoter contains domains
that are important for regulating its expression under low-iron
conditions, including an upstream region that appears to partially
repress expression under low-iron conditions. Our findings reveal
that MMT1 and MMT2 are induced under low-iron conditions and
that the low-iron regulator Aft1 is required for this induction. We
further uncover an Aft1-binding site in the MMT1 promoter suffi-
cient for inducing MMT1 transcription and identify an MMT2 pro-
moter region required for low iron induction.

Iron is essential for all organisms but may also be highly toxic
because of its ability to participate in redox reactions. Organ-
isms have evolved mechanisms to regulate uptake, intracellular
transport, and storage of iron to protect cells from iron toxicity
and deliver iron to sites of utilization. In particular, mitochon-
dria require iron to make heme and iron–sulfur (Fe–S)2 clus-

ters. Saccharomyces cerevisiae has two high-affinity mitochon-
drial iron importers, Mrs3 and Mrs4 (1–4), and iron can also be
imported through the pyrimidine transporter Rim2 (5, 6). We
reported previously that mitochondria can act as an iron stor-
age organelle, protecting cells from cytosolic iron toxicity (4).
For mitochondria to act as a reservoir for iron implies that there
may be mechanisms to release mitochondrial iron. S. cerevisiae
has two mitochondrial iron exporters, Mmt1 and Mmt2 (3, 7),
that belong to the family of cation diffusion facilitator trans-
porters (8, 9). Homologs of Mrs3 and Mrs4, the mitoferrins, are
found in all eukaryotes, whereas, to date, homologs for Mmt1
and Mmt2 are only found in fungi and plants (3, 7, 10). It has
been suggested that mitochondrial iron in mammals can be
exported through the ABC transporter Abcb8 (11–13).

In yeast, the expression of many iron transporters is under
the regulation of two systems: the low-iron-induced Aft1/Aft2
regulon(s) that turn(s) on induction of 22 genes (14), including
the mitochondrial iron importer Mrs4, and the high-iron-in-
duced regulon, which is under control of the transcription fac-
tor Yap5 (15–18). Both systems are affected by Fe–S cluster
levels. Loss of Fe–S clusters activates Aft1 translocation to the
nucleus, resulting in induction of the low-iron regulon for iron
acquisition. Under high Fe–S cluster levels, nuclear localized
Yap5 binds a 2Fe–2S cluster that induces a conformational
change, which activates transcription of Yap5 target genes such
as the vacuolar iron exporter CCC1 (17–19). In this study, we
determined that the expression of the mitochondrial exporter
genes MMT1 and MMT2 is regulated by two different condi-
tions. First, increased transcription of MMT1 and MMT2
occurs when cells are grown in iron-limited medium, and Aft1
is necessary for this induction. We identify an Aft1 binding site
on the MMT1 promoter and low-iron-sensing domains on the
MMT2 promoter. We also discovered that increased oxidants
induced transcription of MMT1 and that the transcription fac-
tor Yap1 mediates this oxidant-induced expression, and we
identify a putative Yap1 binding site on the MMT1 promoter.

Results

MMT1 and MMT2 expression is increased under low-iron
conditions

Cytosolic iron levels in yeast are regulated by iron import
across the plasma membrane through high- and low-affinity
iron transport mechanisms such as Fet3/Fth1 (20, 21) or Fet4
(22) and iron export from organelles such as the vacuole
through Fet5/Fth1 (23) or Smf3 (24). We previously provided
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evidence that Mmt1 and Mmt2 are mitochondrial iron export-
ers in S. cerevisiae that can alter cytosolic iron levels (3, 25). To
determine whether alterations in intracellular iron affect the
expression of MMT1 and MMT2, we grew WT cells in com-
plete minimal (CM) medium made low-iron by addition of the
iron chelator bathophenanthroline sulfonate (BPS). In previous
studies, we determined that the optimal iron level for WT
growth was around BPS10-BPS20 (micromolar) and is equiva-
lent to normal medium growth (20). We measured MMT1 and
MMT2 transcript changes by RT-qPCR. MMT1 and MMT2
transcripts were increased under low-iron conditions (Fig. 1A,
WT BPS). To determine whether iron levels affected transcrip-
tion, we generated reporter constructs containing the promoter
region of either MMT1 or MMT2 fused to the �-gal gene (lacZ).
For MMT1, the promoter region we utilized encompasses the
complete intergenic region between MMT1 and the 5�-distal
gene ECM5. For MMT2, the promoter region we utilized
encompasses the complete intergenic region between MMT2
and the 5�-distal gene GRE1. Both MMT1-lacZ and MMT2-
lacZ activities were increased under low-iron growth condi-
tions and decreased with increasing iron (Fig. 1B). MMT1-lacZ
activity was affected more than MMT2-lacZ activity in

response to changes in medium iron. Importantly, increased
transcription of MMT1 and MMT2 under low-iron growth
conditions equated to increased Mmt1 and Mmt2 protein lev-
els (Fig. 1C).

Previous studies demonstrated that transcription of MRS4, a
mitochondrial iron importer, was induced under low-iron con-
ditions (26). We examined whether the kinetics of induction of
MRS4 were similar or different from mitochondrial iron
exporter expression. To determine whether MMT1 and MMT2
expression was coordinated with mitochondrial importer
(MRS4) expression, we generated an MRS4-lacZ fusion con-
struct containing the MRS4 promoter and compared the timing
of expression of MMT1-lacZ, MMT2-lacZ, and MRS4-lacZ in
cells grown in BPS(0) for 0 –24 h. MMT1-lacZ, MMT2-lacZ,
and MRS4-lacZ showed similar kinetics for induction (Fig. 2A).
From these data, we conclude that WT cells grown under low-
iron conditions induce the expression of both mitochondrial
iron importers and exporters. There was significantly higher
relative expression of MRS4-lacZ compared with MMT1-lacZ
or MMT2-lacZ.

It is possible that the signal for transcription of MMT1 and
MMT2 is either low cytosolic iron or low mitochondrial iron.

Figure 1. MMT1 and MMT2 expression is induced under low iron. A, WT cells in CM medium or CM medium treated with 80 �M BPS medium were grown
overnight. Complementary DNA was synthesized from total RNA from cells, and RT-qPCR was performed for MMT1, MMT2, and ACT1 using primers listed in
Table 2. Error bars represent S.D.; n � 4. B, WT cells were transformed with MMT1-lacZ or MMT2-lacZ and grown in CM medium treated with BPS containing
different concentrations (micromolar) of FeSO4 overnight, and �-gal activity was assessed as described previously (27). A representative iron concentration
(BPSX) curve is shown for MMT1-lacZ and MMT2-lacZ. n � 3. C, crude mitochondria were isolated from cells grown in BPS(0) or BPS(500), and Mmt1, Mmt2, and
Porin levels were determined using Western blot analysis. Representative blots and their corresponding Mmt/Porin ratios are shown. n � 3. **, p � 0.01.

Aft1 mediates MMT1 and MMT2 expression
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Under most conditions, low cytosolic iron is indistinguishable
from low mitochondrial iron, as mitochondrial iron is derived
from cytosolic iron. Thus, it is unclear whether increased
MMT1 or MMT2 transcription is responding to low cytosolic
iron or low mitochondrial iron. We developed an experimental
protocol to differentiate between these two possibilities, using
overexpression of the mitochondrial iron transporter Mrs3 to
increase mitochondrial iron. Cells with low iron stores (�ccc1)
and an impaired high-affinity cell surface iron transporter sys-
tem (�fet3) can grow in iron-replete medium because of the
activity of low-affinity cell-surface iron transporters (27). We
transformed a plasmid containing a tetracycline-regulated
MRS3 (pTETMRS3), which is on in the absence of doxycycline
(4), into a �fet3�ccc1 yeast strain to determine whether move-
ment of iron from the cytosol to mitochondria affected the
expression of MMT1-lacZ. We utilized MMT1-lacZ as our
reporter, as the range of expression was larger compared with
MMT2-lacZ. Overexpression of MRS3 reduced the expression
of MMT1-lacZ (Fig. 2B). To confirm that changes in cytosolic
iron occurred upon expression of Mrs3, we utilized our previ-
ously described iron-dependent gentisate 1,2-dioxygenase
(GDO) enzyme assay (7), whose activity is sensitive to changes
in cytosolic iron. We found that overexpression of the iron
importer Mrs3 reduced cytosolic iron and, consequently,
reduced MMT1 expression, resulting in lower cytosolic GDO
activity (Fig. 2C). Mrs3 expression decreases cytosolic iron and
increases mitochondrial iron. If MMT1 expression was
responding to cytosolic iron levels, then MMT1-lacZ expres-
sion would be predicted to go up when Mrs3 is overexpressed

and not down as observed. These results confirm that mito-
chondrial iron exporter expression is regulated by changes in
mitochondrial iron levels.

Low-iron-induced MMT1 and MMT2 expression is mediated
through Aft1

The low-iron regulon is induced by the transcription factors
Aft1 and Aft2 (for a review, see Ref. 14). To determine whether
MMT1 and MMT2 expression is regulated by Aft1 or Aft2, we
utilized our MMT1-lacZ and MMT2-lacZ reporter constructs
expressed in WT, �aft1, or �aft2 cells grown in low-iron or
high-iron medium. Loss of Aft1 greatly reduced MMT1-lacZ
and MMT2-lacZ expression, whereas loss of Aft2 had no effect
on MMT1-lacZ expression but partially reduced MMT2-lacZ
expression (Fig. 3A). These results were validated by RT-qPCR,
where loss of Aft1 resulted in decreased MMT1 and MMT2
expression; loss of Aft2 did not alter low-iron induction of
MMT1 expression but did have a small effect on MMT2 expres-
sion (Fig. 3B). We confirmed that Mmt1 and Mmt2 protein
levels were reduced in �aft1 cells grown in low-iron medium
compared with WT controls (Fig. 3C). In contrast, loss of Aft2
did not affect Mmt1 and Mmt2 protein levels. There was still a
2- to 3-fold increase in mRNA for both MMT1 and MMT2
under-low iron conditions in the absence of Aft1, and Mmt1
protein was still detected, whereas no Mmt2 protein was
detected. This suggests that there may be other mechanisms
that regulate MMT1 and MMT2 expression and protein levels.

Sequence analysis identified a putative core Aft1-binding site
(CACCC) in the MMT1 promoter 375–371 bp upstream of the

Figure 2. Low-iron induction of MMT1 and MMT2 occurs with kinetics similar to MRS4 induction. A, WT cells transformed with MMT1-lacZ, MMT2-lacZ, or
MRS4-lacZ were grown overnight in CM medium, washed, and then reinoculated in CM medium with 80 �M BPS and grown for 0 –24 h. �-Gal activity and
protein levels were determined as described under “Experimental procedures.” A representative time course is shown for MMT1-lacZ, MMT2-lacZ, and MRS4-
lacZ. n � 3. B, �fet3�ccc1 cells transformed with either control vector or the TET-regulated MRS3 plasmid and MMT1-lacZ were grown in CM medium overnight,
and �-gal activity was measured. Error bars represent S.D. n � 4. C, cells as in B were transformed with a control plasmid or a plasmid containing GDO and grown
in CM medium overnight, and GDO activity was measured. Error bars represent S.D. n � 6. ***, p � 0.001; ****, p � 0.0001.

Aft1 mediates MMT1 and MMT2 expression
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translational ATG start site. We generated truncation mutants
of the MMT1 promoter to test for regions that were responsible
for low-iron-mediated expression (Fig. 4A). Removal of the
putative Aft1-binding site reduced low-iron induction by more
than 50% (Fig. 4B, full-length versus construct 335). Additional
truncations further reduced low-iron-mediated expression
(Fig. 4B, construct 185), suggesting additional regulatory
regions. We cloned a minimal domain of the MMT1 promoter
containing the putative Aft1-binding site (421–321, 101 bp, con-
struct 421–321) into the expression vector pYC7, which con-
tains a multiple cloning site upstream of the TATA box of the
CYC1 gene fused to the lacZ gene (28), and examined low-iron-
dependent expression in the presence or absence of Aft1 and in
the absence of Aft1 and Aft2. The minimal MMT1 promoter

(421–321) still showed low-iron-dependent induction, whereas
loss of Aft1 eliminated most of the low-iron MMT1-lacZ
expression (Fig. 4C). Loss of Aft2 in the �aft1 strain further
reduced low-iron MMT1 421–321-lacZ expression, although
not to significance, suggesting that Aft2 contributes to inducing
expression of MMT1 under low-iron conditions when Aft1 is
absent. In addition, a WT strain transformed with construct
421–321 and an empty vector or the iron-independent consti-
tutively active Aft1 (AFT1up), which has been used extensively
to study Aft1-mediated expression (26, 29 –32), showed in-
creased expression compared with the empty vector control
(Fig. 4D). Aft1 has been suggested previously to bind to the
MMT1 promoter (33). To further determine whether Aft1 is
involved in low-iron MMT1 induction, we expressed the min-

Figure 3. Low-iron-induced MMT1 and MMT2 expression is mediated through Aft1. A, WT, �aft1, and �aft2 cells transformed with MMT1-lacZ or MMT2-
lacZ were grown in CM medium treated with 80 �M BPS with or without 500 �M iron overnight, and �-gal activity was measured. Error bars represent S.D. n �
4. B, RT-qPCR was performed for MMT1, MMT2, and CMD1 from cells as in A, using primers listed in Table 2. Error bars represent S.D. n � 6. C, crude mitochondria
were isolated from cells as in A, and Mmt1, Mmt2, and Porin levels were determined using Western blot analysis. Representative blots are shown and quantified
as described under “Experimental procedures.” n � 3. The arrow identifies the Mmt2-specific band. *, p � 0.05; ***, p � 0.001; ****, p � 0.0001.

Aft1 mediates MMT1 and MMT2 expression
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imal MMT1 421–321–lacZ construct in a yeast strain express-
ing either an empty vector or a chimera of the Aft1 DNA-bind-
ing domain tethered to the VP16 activation domain, which has
been shown previously to be sufficient for binding to DNA (26).
The presence of the Aft1 DNA binding domain alone was suf-
ficient to induce expression of MMT1 421–321–lacZ (Fig. 4E).
Together, our data strongly support that Aft1 is necessary to
induce MMT1 expression.

MMT1 and MMT2 expression is regulated by Fe–S cluster
synthesis

Fe–S cluster biosynthesis in mitochondria has long been
known as a signal of cellular iron status and regulates the activ-
ity of Aft1/Aft2. To determine whether MMT1 and MMT2
expression is affected by changes in Fe–S cluster synthesis, we
took advantage of the ability to shut off Fe–S cluster synthesis
using methionine-regulated expression (MET3 promoter). In
the absence of methionine, expression is turned on and expres-
sion is turned off when cells are grown in 10� methionine (20

mM). We utilized MET3-driven expression of NFS1, YFH1, or
SSQ1, genes important in Fe–S cluster synthesis (34, 35), in the
corresponding deletion strains �nfs1, �yfh1, and �ssq1. MMT1
and MMT2 transcripts were dramatically increased when Fe–S
cluster synthesis protein expression was turned off (Fig. 5A).
Western blot analysis confirmed that shutoff of Nfs1, Yfh1, or
Ssq1 resulted in increased levels of Mmt1 and Mmt2 (Fig. 5B).
We determined that sensing of Fe–S cluster synthesis
depended on Aft1, as �aft1 dramatically reduced MMT1-lacZ
and MMT2-lacZ expression when YFH1 expression was turned
off (Fig. 5C). These results support the hypothesis that Aft1-
mediated MMT1 and MMT2 expression is regulated by Fe–S
cluster status.

The MMT2 promoter contains a repressive domain and a low-
iron-responsive domain that regulate expression

The MMT2 promoter did not have a defined Aft1-binding
site. To determine regions of the MMT2 promoter important
for low-iron-induced expression, we generated truncation

Figure 4.Aft1 is necessary for low-iron-mediated induction of MMT1. A, diagram of the MMT1 promoter with putative Aft1- and Yap1-binding sites and
truncation constructs. B, WT cells transformed with full-length or truncation mutants of the MMT1 promoter fused to lacZ were grown in CM medium with 80
�M BPS (low iron) or high iron (500 �M) FeSO4 overnight. �-Gal activity and protein levels were determined. Error bars represent S.D. n � 4. C, WT, �aft1, or
�aft1�aft2 cells expressing MMT1 421–321-lacZ were grown as described in B, and �-gal activity was measured. Error bars represent S.D. n � 6. D, WT cells
expressing MMT1 421–321-lacZ were transformed with an empty vector or an AFT1up plasmid. Cells were grown in CM medium overnight, and �-gal activity
was measured. Error bars represent S.D. n � 7. E, WT cells expressing MMT1 421–321-lacZ were transformed with an empty vector or an AFT1VP16AD plasmid.
Cells were grown in CM medium overnight, and �-gal activity was measured. Error bars represent S.D. n � 4. ****, p � 0.0001.

Aft1 mediates MMT1 and MMT2 expression
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mutants of the MMT2 promoter fused to lacZ (Fig. 6A). Both
the full length and construct 492 (492 bp to ATG) showed low-
iron-mediated induction of MMT2-lacZ compared with high
iron (BPS500) (Fig. 6B). Constructs 299 and 180, which
removed additional base pairs upstream of the ATG (492
through 180 bp) showed increased induction of MMT2-lacZ
compared with the full-length promoter (Fig. 6B). This was sur-
prising and revealed that there may be sites in the promoter that
mediate repression of MMT2 expression. Even under high iron,
the truncated version of MMT2-lacZ (299 and 180) showed
expression. Loss of an additional 82 bp (construct 98) reduced
low-iron induction back to full-length MMT2-lacZ expression.
This 82-bp region contains a putative Med8-binding site that is
a transcription factor associated with positive and negative reg-
ulation of expression (36, 37). We did not examine the exact
function of this region of the MMT2 promoter; however, our
results suggest that this region is important in regulating
MMT2 expression. We were unable to determine an exact

region of the MMT2 promoter that is responsible for low-iron
induction.

The MMT1 promoter contains a Yap1-binding site that is
necessary for oxidant-mediated expression

The MMT1 promoter contains a putative Yap1-binding site
(Fig. 4A). The Yap family of transcription factors has been
shown to be involved in stress response (38), and Yap1 is acti-
vated under oxidative stress (39). To determine whether
MMT1 and MMT2 expression is responsive to oxidants, we
grew cells in the absence or presence of H2O2. MMT1-lacZ
expression increased in the presence of H2O2; however,
MMT2-lacZ expression was unaltered (Fig. 7A). We confirmed
that Yap1 was necessary for H2O2-mediated MMT1-lacZ
induction, whereas loss of Yap3, Yap5, and Yap7 had no effect
on induction (Fig. 7B). We utilized our MMT1 promoter trun-
cation mutants to examine the minimal domain required for
oxidant-mediated induction of MMT1. Loss of the putative
Yap1-binding site trended toward reduced H2O2-induced
expression of MMT1-lacZ (Fig. 7C, 335 versus 292), supporting
the hypothesis that this site is important for oxidant-induced
MMT1 expression. However, there is still a 2-fold increase in
expression compared with cells that are not exposed to H2O2.
This is true for the full-length MMT1 construct (Fig. 7B) as well
as our truncation MMT1-lacZ constructs (Fig. 7C). This sug-
gests that there may be other regions in the promoter that con-
tribute to MMT1 expression under oxidative stress. Loss of
YAP1 did resulted in increased sensitivity to H2O2, and we
determined that loss of AFT1 increased �yap1 sensitivity to
H2O2-mediated oxidative stress (Fig. 7D). This suggests that
regulated expression of MMT1 through Yap1 and Aft1 can be
protective during times of oxidative stress.

Discussion

Iron import into mitochondria is necessary for heme and
Fe–S cluster synthesis, essential processes in most organisms.
In yeast, there are two identified high-affinity mitochondrial
iron transporters, Mrs3 and Mrs4 (1, 27, 40). Paralogs of these
exist in all other eukaryotes, although some species have one
instead of two transporters (41, 42). We previously identified
two highly homologous mitochondrial cation diffusion facilita-
tors, Mmt1 and Mmt2, that function as mitochondrial iron
exporters (3). Most notably, deletion of MMT1 and MMT2
results in phenotypes that are identical to overexpression of
the iron importers MRS3/MRS4, whereas overexpression of
MMT1 and MMT2 phenocopies deletion of MRS3/MRS4 (7).
Indeed, measurements of cytosolic iron levels confirm that
overexpression of Mmt1 and Mmt2 results in increased cyto-
solic iron, whereas overexpression of Mrs3 and Mrs4 reduces
cytosolic iron. Based on these observations, we were surprised
to discover that transcription of MMT1/MMT2, like transcrip-
tion of MRS4, is regulated by the low-iron-sensing transcrip-
tion factors Aft1/Aft2 (14, 43). We determined that both
MMT1 and MMT2 are induced under low-iron conditions and
that the low-iron regulon transcription factor Aft1 was neces-
sary for MMT1 and MMT2 induction. We identified a minimal
domain of the MMT1 promoter containing a putative Aft1-
binding site that was sufficient to induce MMT1 transcription

Figure 5. Loss of Fe–S cluster synthesis induced MMT1 and MMT2 expres-
sion. A, �nfs1pMET3NFS1, �yfh1pMET3YFH1, and �ssq1pMETSSQ1 cells were
grown without methionine (on) or with 10� (20 mM) methionine (off) over-
night, and RT-qPCR for MMT1, MMT2, and ACT1 was performed. Error bars
represent S.D. n � 4. B, mitochondria were isolated from cells grown as in A,
and the levels of Mmt1, Mmt2, and Porin were determined by Western blot
analysis. n � 3. C, �yfh1pMET3YFH1 or �aft1�yfh1pMET3YFH1 cells trans-
formed with MMT1-lacZ or MMT2-lacZ were grown as in A, and �-gal activity
was measured. Error bars represent S.D. n � 4. **, p � 0.01; ***, p � 0.001; ****,
p � 0.0001.

Aft1 mediates MMT1 and MMT2 expression
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Figure 6. MMT2 promoter truncations reveal both repression and activation domains in response to low iron. A, a map of the promoter region of MMT2
and truncations mutants. B, WT cells transformed with full-length or truncation mutants fused to lacZ were grown in BPS treated with low-iron medium, and
�-gal activity was measured. Error bars represent S.D. n � 6.

Figure 7. Loss of YAP1 affects oxidant-mediated induction of MMT1 but not MMT2 expression. A, WT cell transformed with MMT1-lacZ or MMT2-lacZ were
grown in the presence or absence of 0.005% H2O2 for 2 h, and �-gal activity was measured. Error bars represent S.D. n � 4. B, WT, �yap1, �yap3, �yap5, and
�yap7 cells transformed with MMT1-lacZ were grown with 0.005% H2O2 for 2 h, and �-gal activity was measured. Error bars represent S.D. n � 6. C, cells
expressing truncation mutants as in Fig. 4 were grown in the presence or absence of H2O2, and �-gal activity was measured. Error bars represent S.D. n � 4. D,
WT, �yap1, �aft1, and �yap1�aft1 cells serially diluted onto CM plates in the presence or absence of 0.0006% or 0. 00125% H2O2 were grown for 2 days, and
images were captured. ***, p � 0.001; ****, p � 0.0001.

Aft1 mediates MMT1 and MMT2 expression
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and noted that Aft2 may also contribute to the low-iron-medi-
ated increase in MMT1 expression. We were unable to identify
any putative Aft1-binding site on MMT2 but did identify a min-
imal domain of the MMT2 promoter that was necessary for
low-iron induction. We determined that both MMT1-lacZ and
MMT2-lacZ were induced under low-iron conditions with
kinetics similar to those of MRS4-lacZ. This suggests that there
is a general response to low iron that induces both mitochon-
drial iron importers and exporters.

It seems counterintuitive that both mitochondrial iron
exporters and iron importers would respond to the same signal.
Consideration, however, of the mechanism of induction sug-
gests a possible explanation. The low-iron regulon is induced by
movement of Aft1 or Aft2 into the nucleus. The factor that
determines the movement of Aft1 and Aft2 is modification by
mitochondrially produced Fe–S clusters (31, 44). In the absence
of Fe–S modification, Aft1 and Aft2 translocate from the cyto-
sol to nucleus and activate about 20 genes that encompass the
low-iron response, which includes the mitochondrial iron
importer gene MRS4. An adequate supply of mitochondrial
iron is required for mitochondrial Fe–S synthesis. Thus, it
makes sense that decreases in cytosolic or mitochondrial iron
levels will induce the low-iron response, resulting in increased
cytosolic and mitochondrial iron. There is, however, an alter-
native mechanism that leads to the low-iron response, which is
increased oxidant activity, as Fe–S clusters are highly suscepti-
ble to oxidant damage. In the presence of oxidants, the low-iron
transcriptional response can be induced by compromising
Fe–S cluster synthesis. In fact, many of the enzymes in the Fe–S
pathway are themselves Fe–S cluster– containing proteins. We
posit that the role of Mmt1 and Mmt2 is to protect mitochon-
dria from oxidant damage by reducing the level of mitochon-
drial “free” iron. Evidence supporting this hypothesis includes
the following. First, reducing mitochondrial and cellular iron
can protect cells from the consequences of loss of Yfh1, a mito-
chondrial protein involved in Fe–S cluster synthesis (45–48).
Cells deleted for Yfh1 or impaired in Yfh1 activity show
increased mitochondrial iron and increased mitochondrial oxi-
dants. Reducing mitochondrial iron by limiting cellular iron or
by overexpression of MMT1 or MMT2 protects cells from oxi-
dant damage. Second, yeast with a defect in cytosolic superox-
ide dismutase 1 show induction of the low-iron regulon (49).
Increased cytosolic iron protects these cells from oxidant dam-
age by “soaking up” superoxide. The increase in cytosolic iron
can come from increasing plasma membrane iron transport.
These cells can also be protected by increased expression of
MMT1 and MMT2, as iron exported from mitochondria also
reduces superoxide anion (50). Third, support for a role of
Mmt1 in suppressing oxidant damage is found in the observa-
tion that MMT1 transcription is induced by Yap1, a major reg-
ulator of antioxidant defenses (51). We considered that MMT1
and MMT2 play a role in regulating mitochondrial iron levels.
The finding that increasing mitochondrial iron levels by over-
expressing MRS3 did not, however, induce MMT1 and MMT2
transcription casts doubt on that interpretation. The finding
that oxidants (through Yap1) increase transcription of MMT1
supports the view that Mmt1’s role is in reducing mitochon-
drial free iron in the face of oxidants. We expect that increased

Mmt1 and Mmt2 levels can reduce mitochondrial free iron to
the point where oxidant damage is reduced but not to the point
where heme or Fe–S cluster synthesis is affected. This could be
mediated by the affinity of these transporters. We hypothesize
that the affinity of Mmt1 and Mmt2 for iron is less than the
affinity of Mrs3 and Mrs4 for iron and less than the affinity of
iron-consuming enzymes within the mitochondria. Thus, only
“surplus iron” will be affected by Mmt expression. An alterna-
tive hypothesis is that induction of MMT1 and MMT2 may be a
protective response needed to tolerate rapid rises in mitochon-
drial iron after iron deficiency is corrected. This model predicts
that these exporters are not normally active in iron-deficient
cells but active upon iron replenishment. These models are
not mutually exclusive. The low-iron-mediated expression of
the MMTs, as measured by �-gal activity, is less than that of
MRS4. MRS4-lacZ activity was 10- to 50-fold higher compared
with MMT1-lacZ and MMT2-lacZ activity, respectively. This
suggests a stronger induction of iron import as well. We recog-
nize that transcript levels do not always equate to protein levels
or transporter activity. To our knowledge, exact transporter
transcript numbers and the resulting transporter molecules per
cell under varying iron conditions have not been determined.

There are plant homologs of Mmt1 and Mmt2, most notably
the Cucumis sativus homolog MTP6. MTP6 has been shown to
efflux iron and manganese from mitochondria, and its expres-
sion is up-regulated under iron deficiency and iron excess con-
ditions (10). The only known mitochondrial iron exporter in
mammals is Abcb8 (11), a member of a different family of trans-
porters that hydrolyze ATP to move substrates across mem-
branes (52), whereas Mmts are members of the cation diffusion
facilitator family (8). That these transporters have different
mechanisms for metal transport suggests that they may have
evolved separately. The fact that overexpression of Mmts in
yeast or Abcb8 in mammals helps protect cells from the toxic
effects of defective Fe–S cluster synthesis highlights their role
in antioxidant protection and suggests that they play an impor-
tant role in mitochondrial protection.

Experimental procedures

Yeast, plasmids, and growth medium

Genotypes of strains employed in this study are listed in
Table 1. The WT strains employed for these experiments were
from the W303 background. Most deletion strains were cre-
ated by either PCR-amplifying the KanMX cassette from the
homozygous diploid deletion collection (Research Genetics) or
fusion PCR (53). Cells were grown in CM medium (0.67% yeast
nitrogen base, 0.12% dropout amino acid mixture, and 2% dex-
trose) or CM medium with 10� or 20 mM methionine to turn
off expression of NFS1, YFH1, and SSQ1. Media were made
iron-deficient by addition of 80 �M BPS, and specific concen-
trations of ferrous sulfate (micromolar) were added back. The
concentration of added iron in micromolar is denoted as
BPS(x). Plasmids used in these studies included lacZ reporters
generated as described below; MRS4-lacZ, AFT1up, and
AFT1VP16AD (all generous gifts from the laboratory of Dr.
Dennis Winge, University of Utah); and MMT1, MMT2, TET
OFF-MRS3, and cytosolic GDO (4, 7).
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RT-qPCR

Total RNA was isolated using the Agilent Technologies Mini
Kit. The SuperScript III kit from Thermo Fisher Invitrogen was
used to synthesize first-strand complementary DNA from total
RNA. Quantitative PCR was performed using a Roche LightCy-
cler (Idaho Technology) or Bio-Rad iQ5 real-time PCR detec-
tion system. RT-qPCR primers for MMT1, MMT2, CMD1, and
ACT1 were as described in Table 2.

LacZ reporter constructs

To make lacZ reporter constructs, a PCR product of the
MMT1 promoter 681 bp upstream of the ATG start site was
digested with BamHI/HindIII and cloned into a Yep354 vector.
For MMT2, a PCR product 599 bp upstream of the MMT2 ATG
start site was digested with XmaI/PstI and cloned into a Yep354
vector. Other truncations were generated using the same
approach. The 695 lacZ construct of the MMT1 promoter was
generated by PCR, digested with XhoI/KpnI, and cloned into
M2238 CYC1-lacZ (pYC7) (a generous gift from the laboratory
of Dr. Stillman, University of Utah). Primers used in cloning are
listed in Table 2.

�-galactosidase assay

The lacZ reporter constructs were generated, and �-gal
activity was assayed as described previously (3). �-Gal–specific
activity is reported as nanomoles per minute per milligram of
protein.

H2O2 spot assay

Freshly cultured cells were washed. 1:3 serial dilutions were
made, spotted onto plates, and incubated at 30 °C for 2 days,
followed by plate imaging (25).

Cytosolic gentisate 1,2-dioxygenase assay

Cells were broken by glass beads. Lysates were collected, and
GDO activity was assayed as described previously (7).

Other procedures and reagents

Protein concentrations were determined using bicin-
choninic acid assay (Pierce) detection reagent from Thermo
Fisher Scientific. Proteins were analyzed by 4%–20% SDS-
PAGE Tris/glycine, followed by Western blot analysis using
Western Lightning (PerkinElmer Life Sciences). Antisera used
for probing Western blots included rabbit anti Mmt1 (1:1000),

rabbit anti-Mmt2 (1:1000), or mouse anti-Porin (1:1000,
Thermo Fisher). Secondary antibodies were either peroxidase-
conjugated goat anti-rabbit IgG or peroxidase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories,
1:5000). Western blots were quantified using Bio-Rad Image-
LabTM software.

Statistics

Statistics were calculated using a two-tailed Student’s t test
with significance set at p � 0.05: *, p � 0.05; **, p � 0.01; ***, p �
0.001; ****, p � 0.0001.
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Table 1
Yeast strains

Yeast Strain Genotype Source

DY150 WT W303 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) 3
�fet3�ccc1 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �ccc1::LEU2, �fet3::HIS3 This study
�aft1 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 lys2 �aft1:TRP1 54
�aft2 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �aft2::KanMx 26, 55
�aft1�aft2 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �aft1::TRP1 �aft2::KanMx Khalimonchuk laboratory
�nfs1 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �nfs1::HIS3, MET3-NFS1 56
�yfh1 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �yfh1::HIS3, MET3-YFH1 56
�ssq1 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �ssq1::KanMx, MET3-SSQ1 17
�yap1 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �yap1::KanMx This study
�yap1�aft1 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �yap1::KanMx, �aft1::TRP1 This study
�yap3 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �yap3::KanMx This study
�yap5 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �yap5::KanMx 17
�yap7 MATa ade2–1 his3–11 leu2–3 112 trp1–1 ura3–52 can1–100(oc) �yap7::KanMx This study

Table 2
Primers

Primer Name Sequence

MMT1 RT-qPCR F: 5�-gagaccgagcaaaacgacat-3�
R: 5�-tcttacgcctgcatttttcc-3�

MMT2 RT-qPCR F: 5�-ggagggccataagaacatca-3�
R: 5�-gaagccttgccttccttctt-3�

CMD1 RT-qPCR F: 5�-tctttcgcccagtgaagcagaagt-3�
R: 5�-tcagcggcggagattaaaccatca-3�

ACT1 RT-qPCR F: 5�-tgtcaccaactgggacgata-3�
R: 5�-ggcttggatggaaacgtaga-3�

MMT1-lacZ F: 5�-cgcggatcccttaaggaaacattgtcagg-3�
R: 5�-cccaagcttcattgtcaaaaatgcgaaaaag-3�

421 MMT1-lacZ F: 5�-cgcggatccccagtattgggtgtttccca-3�
335 MMT1-lacZ F: 5�-cgcggatccgcgcgttttgctgtcaatat-3�
292 MMT1-lacZ F: 5�-cgcggatccccgtttcttgatagctttcc-3�
185 MMT1-lacZ F: 5�-cgcggatccgctcatttccatgacaactt-3�
421–321

MMT1-lacZ
R: 5�-cctctcgaggacagcaaaacgcgcttttc-3�

F: 5�-cggggtaccccagtattgggtgtttccca-3�
MMT2-lacZ F: 5�-ccccccgggctgggtcaggaaacgatgaa-3�

R: 5�-aaactgcaggcatatctttattgcgtttgc-3�
492 MMT2-lacZ F: 5�-ccccccggggagcagcaagtgagaaattt-3�
299 MMT2-lacZ F: 5�-ccccccggggtcgaggtatgccgtttcac-3�
180 MMT2-lacZ F: 5�-ccccccgggcgttattgtgctgggcaaca-3�
98 MMT2-lacZ F: 5�-ccccccgggcagattggtgccttttcaag-3�

Aft1 mediates MMT1 and MMT2 expression
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