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Many metalloproteins have the capacity to bind diverse
metals, but in living cells connect only with their cognate
metal cofactor. In eukaryotes, this metal specificity can
be achieved through metal-specific metallochaperone
proteins. Herein, we describe a mechanism whereby
Saccharomyces cerevisiae manganese superoxide dismu-
tase (SOD2) preferentially binds manganese over iron
based on the differential bioavailability of these ions
within mitochondria. The bulk of mitochondrial iron is
normally unavailable to SOD2, but when mitochondrial
iron homeostasis is disrupted, for example, by mutations
in S. cerevisiae mtml1, ssql and grx5, iron accumulates in a
reactive form that potently competes with manganese for
binding to SOD2, inactivating the enzyme. Studies in
mtm]l mutants indicate that iron inactivation of SOD2
involves the Mrs3p/Mrs4dp mitochondrial carriers and
iron-binding frataxin (Yfhlp). A small pool of SOD2-
reactive iron also exists under normal iron homeostasis
conditions and binds SOD2 when mitochondrial manga-
nese is low. The ability to control this reactive pool of iron
is critical to maintaining SOD2 activity and has important
potential implications for oxidative stress in disorders of
iron overload.
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Introduction

Heavy metals such as zinc, copper, iron and manganese are
widely used in biology as enzymatic cofactors and structural
determinants in proteins. These ions all accumulate in cells at
concentrations well above the extracellular mileu (Outten
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and O’Halloran, 2001; Finney and O’Halloran, 2003), and
all bind polypeptides via coordination to thiol, imidazole
and carboxylic side chains. In spite of the seemingly diverse
choice of candidate cofactors, metalloproteins generally bind
only their cognate metal in vivo. In some cases, metal
specificity is inherent to the polypeptide sequence, where
the protein only accommodates a metal with a particular
binding geometry (Finney and O’Halloran, 2003). However,
most metalloproteins seem more flexible, for example, a
copper-requiring enzyme may also bind zinc or cobalt
in vitro, but is only active when copper-bound. Metal ion
selectivity in this case may be achieved in vivo through the
action of accessory proteins known as metallochaperones
(Pufahl et al, 1997). Metallochaperones capture a specific
metal ion in spite of the absence of free intracellular metals
(Rae et al, 1999; Outten and O’Halloran, 2001; Finney and
O’Halloran, 2003), and directly transfer their cargo to metal-
loprotein targets. Metallochaperones have been well charac-
terized for copper (O’Halloran and Culotta, 2000; Bartnikas
and Gitlin, 2001; Finney and O’Halloran, 2003) and while the
metallochaperone concept has been expanded to include
other metals (Colpas and Hausinger, 2000; O’Halloran and
Culotta, 2000; Anderson et al, 2005), information on chaper-
ones for metals other than copper is quite sparse.

In bacteria, there are rare instances of metal ion mis-
incorporation. The manganese-containing superoxide dismu-
tase (MnSOD) of Escherichia coli can also bind iron, and iron
binds to MnSOD with similar metal binding geometries and
affinities as manganese (Beyer and Fridovich, 1991; Privalle
and Fridovich, 1992; Whittaker, 2003; Mizuno et al, 2004).
Isolates of MnSOD from E. coli contain a mixture of iron- and
manganese-bound molecules, and under anaerobic condi-
tions, the enzyme becomes virtually all iron-bound (Beyer
and Fridovich, 1991; Privalle and Fridovich, 1992). Iron
binding inactivates the SOD enzyme, due to an aberrant
redox potential at the active site (Vance and Miller, 1998)
and a possible block in substrate access (Whittaker, 2003).

Eukaryotes express a highly homologous MnSOD (SOD2)
in the mitochondrial matrix that is predicted to exhibit similar
inactivation by iron based on comparative structural analyses
(Borgstahl et al, 1992; Wintjens et al, 2004). However, there
has been no documentation of iron misincorporation in
SOD2, other than a trace amount of iron-association with
the yeast enzyme (Ravindranath and Fridovich, 1975).
Eukaryotes have therefore evolved with means for ensuring
cofactor specificity in MnSOD.

We have been employing bakers yeast as a model system
to explore the mechanism by which Sod2p specifically ac-
quires manganese. (In this article, Sod2p refers to the
Saccharomyces cerevisiae polypeptide; all other eukaryotic
versions of the enzyme are denoted SOD2). Manganese
activation requires a mitochondrial localization for Sod2p,
and the protein unfolding step associated with mitochondrial
import is thought to drive metal insertion (Luk et al, 2005). In
our search for proteins that facilitate manganese insertion
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Figure 1 Sod2p associates with iron in mtmI mutants. The soluble fraction from gradient-purified mitochondria (see Materials and methods)
was loaded onto a Mono Q anion exchange column. Fractions 1-4 represent flow-through fractions containing positive and uncharged
molecules that do not bind to the anion exchange resin under these conditions. Fractions 5-20 represent bound molecules eluted with a 0-
100% gradient of 1 M NaCl. Fractions were analyzed by ICP-OES for metals. Concentrations of manganese (A, top) and iron (A, bottom; B) are
shown. Fractions were also analyzed for Sod2p by immunoblot. (A) Immunoblots represent fractions 1-20 of the WT strain (middle strip) and
fractions 11-13 of the mtm1 mutant (inset). With the same column injection volume, Sod2p from WT and mtm1 cells elute at the identical
fraction number. (B) Immunoblot represents fractions 1-20 of the mtm1 mutant. The injection volume was smaller (12 versus 15 ml) for the
column in (B) compared to (A) explaining the earlier fractionation of Sod2p in case. Strains utilized: WT, BY4741; mtmIA, MY019; mtmIA

sod2A, MY020.

into Sod2p, we identified S. cerevisiae Mtm1p, a member of
the mitochondrial carrier family of transporters (Luk et al,
2003). Yeast mtm1 mutants accumulate inactive Sod2p in the
mitochondrial matrix and enzyme activity can be restored
by growing cells in the presence of very high concentrations
of manganese (Luk et al, 2003). However, Mtm1p is not a
manganese transporter, as mtmIA mitochondria are not
deprived of manganese (Luk et al, 2003). Interestingly, our
analysis of mitochondrial metals revealed elevated iron levels
in mtmIA mitochondria (Luk et al, 2003). This uncovering
of high iron in mtmI mutants prompted our recent inves-
tigations into the manganese versus iron selectivity of Sod2p
in vivo.

Herein, we demonstrate that loss of Sod2p activity in mtm1I
mutants is due to misincorporation of iron into Sod2p rather
than manganese. Such iron inactivation of Sod2p is not
unique to mtml mutants, and was observed in other yeast
mutants affected in mitochondrial iron metabolism. Our
studies provide evidence for the existence of at least two
pools of mitochondrial iron: an ‘SOD2-inert’ pool that
predominates with normal iron homeostasis, and an ‘SOD2-
reactive’ iron form that effectively competes with mito-
chondrial manganese for binding to SOD2. A small pool of
SOD2-reactive iron also exists in the absence of iron-related
defects, and this iron pool readily associates with Sod2p
when mitochondrial manganese is low. Overall, these studies
demonstrate that metallation of mitochondrial SOD2 is not as
manganese-specific as originally thought. The differential
bioavailability of manganese versus iron in the mitochondria
plays an important role in determining the metal ion speci-
ficity of this enzyme.

Results

Sod2p associates with iron in mtm1 mutants
We explored the relationship between the high mitochondrial
iron and low Sod2p activity in S. cerevisiae mtmI mutants.
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Loss of Sod2p activity per se does not lead to high mitochon-
drial iron since sod2A mutants do not hyperaccumulate
mitochondrial iron (Yang and Culotta, unpublished). We
therefore tested whether the reverse was true and whether
mitochondrial iron was interacting with, and inhibiting
Sod2p.

The metal that associates with Sod2p in wild-type (WT)
versus mtml mutants was analyzed in a mitochondrial
fractionation study. Soluble components of gradient-purified
mitochondria were subjected to Mono Q anion exchange and
size exclusion chromatography. Sod2p fractions were iden-
tified by immunoblot, and manganese and iron profiles
analyzed by ICP-OES (Inductively Coupled Plasma Optical
Emission Spectroscopy). Sod2p elutes from Mono Q in a
single peak over two fractions with both WT cells (immuno-
blot of Figure 1A) and mtml mutants (immunoblot of
Figure 1B). Metal analysis of WT mitochondria revealed a
single manganese-containing peak that coeluted with Sod2p
during anionic exchange (Figure 1A top). Manganese and
Sod2p continued to co-elute during subsequent chromatogra-
phy by size exclusion (not shown). With WT cells, the bulk of
soluble manganese in the mitochondria is bound to Sod2p.

Unlike WT cells, there was no anionic peak of soluble
manganese with mtmI mutants (Figure 1A, top). Instead
mtmIA mitochondria have two major iron-containing com-
ponents that were absent in WT cells (Figure 1A bottom and
1B top). The first represents soluble material that did not bind
Mono Q (fractions ~1-4) and the second represents an
anionic bound fraction. In all cases, this second iron-peak
of mtml mutants co-eluted with Sod2p as monitored by
immunoblot (Figure 1A, bottom and Figure 1B top). Iron
and Sod2p continued to co-elute during subsequent size
exclusion chromatography (not shown). Among the soluble
iron-containing proteins of yeast mitochondria, only the
iron-Sod2p peak was visible. Other mitochondrial iron pro-
teins possess high pI values or are of lower abundance (e.g.,
Yhblp, Cyclp, Bio2p and Lys4p) and could easily escape
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Figure 2 Low mitochondrial iron rescues the Sod2p defect in mtm1 mutants. The designated strains were grown in YPD media containing
where indicated (B-E), the specified concentrations of the iron chelator BPS (bathophenanthrolinedisulfonate). (A-C): Bar graphs represent
mitochondrial levels of iron and manganese as determined by atomic absorption spectrometry. Data represent averages of four readings
obtained from two independent mitochondrial preps; error bars indicate standard deviation. (A-B): Whole-cell lysates were analyzed for SOD
activity by native gel electrophoresis and nitroblue tetrazolium staining (top gel), and for Sod2p polypeptide levels by immunoblot (bottom
gel). ‘SOD2’ and ‘SOD1’ indicate activity of Mn Sod2p and Cu/Zn Sodlp. On native gels, Sod2p activity typically resolves into 2-3 distinct
bands, especially with BPS treatment. These bands all represent Sod2p, as determined by native gel immunoblot (not shown) and may
correspond to different metal occupation states of the tetrameric enzyme. Combined analysis of Sod2p activity and protein levels for the
various experimental trials of part (A) can be found in Supplementary Figure S1. (D, E) Anion exchange chromatography analysis of
mitochondrial fractions was conducted as in Figure 1 for mtmI1A(D) or WT (E) cells grown in the absence (solid lines) or presence (dashed
lines) of 100 uM BPS. Insets are the immunoblots of Sod2p from fraction 10 of these experiments. (E) The Sod2p of BPS-treated cells exhibits a
~30-50% increase in manganese association that was reproducible over three experimental trials (see Supplementary Figure S2). Strains

utilized: WT, BY4741; mtmI1A, MY019; mtmI1A sod2A, MY020; aft1A, 4438; mtmIA aftl1A, MY030.

detection by anionic exchange. Furthermore, the labile 4Fe-
4S cluster of aconitase may be disrupted during the aerobic
processing of mitochondria. In any case, the anionic iron
peak of mtm1 mutants clearly represents Sod2p, as this peak
is absent in mtmIlA sod2A double mutants lacking Sod2p
(Figure 1B).

Iron inactivation of Sod2p

To test whether iron inactivates Sod2p in mtmIA mutants, we
sought to reduce mitochondrial iron levels through mutations
in AFTI, encoding an iron-sensing transcription factor
(Yamaguchi-Iwai et al, 1995). A number of iron transporters
rely on Aftlp for expression and aftIA mutants of yeast
accumulate low iron (Yamaguchi-Iwai et al, 1996; Yun et al,
2000; Rutherford et al, 2003). As seen in Figure 2A top, the
high mitochondrial iron of mtmIA cells was not observed in
an mtmlIA aftlA double mutant. Effects on Sod2p activity
were monitored by the native gel assay. In these assays,
active Sod2p often migrates as two distinct bands (for de-
scription, see legend to Figure 2). Mutants of mtmI exhibit

©2006 European Molecular Biology Organization

low Sod2p activity (Figure 2A, lane 3) and this was reversed
in the double mtmIA aftl1A mutant (lane 4). These results
indicate that mitochondrial iron of mtmI mutants inactivates
Sod2p.

To further monitor the effects of mitochondrial iron, we
used the impermeable iron chelator, bathophenanthrolinedi-
sulfonate (BPS). As seen in Figure 2B top, the level of
mitochondrial iron in mtmI mutants was reduced in accor-
dance with increasing concentrations of BPS in the growth
medium. There was no toxicity to the cell up to 100 uM BPS
(not shown) and BPS did not greatly alter mitochondrial
levels of manganese (Figure 2C). In the native gel assay,
Sod2p activity in mtm1 mutants increased as mitochondrial
iron levels dropped (Figure 2B, lanes 3-6). By analysis of
mitochondrial anionic fractions, manganese, but not iron,
was seen to associate with Sod2p when mtmI mutants were
treated with BPS (Figure 2D). It is important to note that this
manganese binding is not due to an exchange of metals in
pre-existing Fe-Sod2p, but rather reflects manganese inser-
tion into newly synthesized Sod2p molecules. Metal insertion
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only occurs with newly synthesized Sod2p molecules that are
freshly imported into mitochondria (Luk et al, 2005).

Lowering of mitochondrial iron by BPS not only rescued
Sod2p in mtml mutants but also slightly improved Sod2p
activity in WT cells. WT cells consistently exhibited an ~30-
50% increase in manganese association with Sod2p during
BPS treatment (Figure 2E, also see Supplementary Figure S2).
These results indicate that a small fraction of Sod2p associ-
ates with iron even in WT cells.

The mitochondrial carriers Mrs3/Mrs4p contribute

to iron inactivation of Sod2p

We explored the mitochondrial factors that may contribute to
iron inactivation of Sod2p in mtml mutants. Mrs3p and
Mrsdp are transporters of the mitochondrial carrier family
that localize to the mitochondrial inner membrane
(Wiesenberger et al, 1991). Although the precise substrate
of transport by Mrs3p/Mrs4p has not been clarified, these
transporters contribute to mitochondrial iron levels (Foury
and Roganti, 2002; Muhlenhoff et al, 2003b; Li and Kaplan,
2004) and facilitate synthesis of iron sulfur clusters and heme
(Muhlenhoff et al, 2003b; Zhang et al, 2005). As seen in
Figure 3A, a double mrs3 mrs4 deletion resulted in a partial
lowering of mitochondrial iron in mtmI mutants. In spite of
this seemingly small effect on iron, Sod2p activity increased
(Figure 3A, lane 3; also see Supplementary, Figure S1).
Mitochondrial iron is also controlled by yeast MMTI and
MMT2, encoding members of the cation diffusion facilitator
family that localize to the mitochondria (Li and Kaplan, 1997;
Jensen et al, 2004). Compared to the effects of mrs3A mrs4A
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Figure 3 Mitochondrial proteins that contribute to iron inactivation
of Sod2p. The indicated yeast strains were tested for mitochondrial
iron and for Sod2p activity and polypeptide levels as described in
Figure 2A. Analysis of the various experimental trials can be found
in Supplementary Figure S1. Where indicated in (D), cells were
cultured in the presence of 80 uM BPS. Yeast strains utilized— (A, C,
D): WT, BY4741; mtmlA, MY019; mtmlA mrs3-4A, the triple
mtml1A mrs3A mrs4A strain VC111; ssqlA, 5278; grxSA, 2769; (B):
WT, 1783; mtm1Ammti-2A, the triple mtmIA mmtlA mmt2A strain
VCI112.
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mutations, there was no restoration of Sod2p activity with
mmtlA mmt2A mutations (Figure 3B, lane 3; also see
Supplementary, Figure S1). The iron relevant to Mrs3/4p
seems more bioavailable to inactivate Sod2p.

Effects of mitochondrial iron overload on Sod2p activity
Do elevations in mitochondrial iron always inactivate Sod2p
or is this a special case of mtm1 mutants? A number of yeast
mutants have been identified that accumulate high mitochon-
drial iron and many of these are defective in Fe/S cluster
biogenesis. SSQI and GRXS encode a molecular chaperone
and glutaredoxin, respectively, that are required to assemble
Fe/S clusters on target proteins (Knight et al, 1998;
Rodriguez-Manzaneque et al, 2002; Muhlenhoff et al,
2003a). In the experiment of Figure 3C, ssql and grx5
mutants accumulated elevated levels of mitochondrial iron
and also exhibited an impairment in Sod2p activity
(Figure 3C). Sod2p activity was restored by BPS treatment
(Figure 3D, also see Supplementary Figure S1), demonstrat-
ing a role for iron in Sod2p inactivation. Therefore, iron
inactivation of Sod2p is not unique to mtml mutants and
can be observed with other defects in mitochondrial iron
homeostasis.

However, we observed two instances where elevated mi-
tochondrial iron did not correlate with Sod2p inactivation.
First, culturing WT yeast cells in the presence of high extra-
cellular iron effectively increased mitochondrial iron, yet
Sod2p activity was normal (Figure 4A, lane 2). The enzyme
only associated with manganese in iron-treated WT cells
(Figure 4C). We also tested the effects of mitochondrial iron
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Figure 4 Sod2p activity in WT and yfhIA strains is not inhibited by
mitochondrial iron. (A, B) The indicated yeast strains were ana-
lyzed for Sod2p activity and protein levels and for mitochondrial
iron as in Figure 2. Where indicated (Fe: + ), cells were cultured in
the presence of 1.0 mM ammonium iron (III) citrate. Analysis of the
various experimental trials can be found in Supplementary Figure
S1. (C) Mitochondrial anion exchange fractions from WT cells
cultured in 100 uM iron (II) chloride (which effects an ~ 5-fold
increase in total mitochondrial iron; not shown) were analyzed for
iron (solid lines) and manganese (dashed lines) as in Figure 1. Inset
is immunoblot analysis of fractions 8-10 showing elution of Sod2p
in fractions 8-9 of this experiment. Strains used: WT, BY4741;
yfhlA, MY036; mtmIA, MY019; mtmIA yfhlA, MY038.
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overload in yfhl mutants. YFHI encodes the iron-binding
frataxin homologue defective in Friedreich’s ataxia (Babcock
et al, 1997; Foury and Cazzalini, 1997). In S. cerevisiae, loss
of yfh1 has been associated with high mitochondrial iron and
defects in Fe/S cluster biogenesis (Babcock et al, 1997; Foury
and Cazzalini, 1997; Chen et al, 2002; Muhlenhoff et al, 2002,
2003a). We observed that in spite of high mitochondrial iron,
yfhIA mutants exhibit normal Sod2p activity (Figure 4B, lane
3). The differential Sod2p activity results obtained with yfh1A
versus ssqIA and grxSA mutants seemed surprising since all
three have been implicated in Fe/S cluster biogenesis. As one
possibility, Yfhlp itself may participate in iron inactivation
of Sod2p. To test this, we created an mtmIA yfhIA double
mutant. As seen in Figure 4C lane 3, Sod2p activity was
normal in this mutant in spite of the very high levels of
mitochondrial iron (also see Supplementary Figure S1).
Yfhlp contributes to iron inactivation of Sod2p in mtmlI
mutants.

Effects of mtm1 mutations on iron homeostasis

Yeast mutants defective in Fe/S cluster biogenesis (e.g., yfhl,
ssql, grx5) are known to activate Aftlp, the iron regulatory
transcription factor (Foury and Talibi, 2001; Belli et al, 2004;
Chen et al, 2004; Rutherford et al, 2005). Since mtm1 muta-
tions phenocopy grx5 and ssql mutants with regard to
mitochondrial iron and Sod2p, we addressed whether mtm1I
mutations likewise induce Aftlp and block Fe/S cluster
synthesis.

To test for Aftlp activation, an FET3-lacZ reporter was used
(Jensen and Culotta, 2002). In WT cells, FET3-lacZ was
induced by Aftlp during iron starvation with BPS, and
repressed somewhat by iron supplements (Figure 5A). Yet
in mtm1 mutants, FET3-lacZ was expressed at high levels
even with iron supplements, and BPS treatment only moder-
ately increased expression (Figure 5A). Aftlp appears con-
stitutively active in mtmIA cells.

We next addressed whether Mtmlp is needed for Fe/S
cluster synthesis. As with mutants known to affect Fe/S
biogenesis (e.g., yfhl, ssql and grx5 (Lill and Kispal,
2000)), mtmIA cells accumulate mitochondrial DNA muta-
tions (Luk et al, 2003) which can potentially interfere with
Fe/S enzyme activities (Kaut et al, 2000). As such, an Mtm1p
depletion study was conducted in which MTMI under the
GAL1-10 promoter was repressed by glucose, and immediate
effects on mitochondrial iron and Fe/S proteins was mon-
itored. This identical GAL1I depletion approach has been used
to study the roles of various mitochondrial ISC (iron sulfur
cluster) components in Fe/S cluster biogenesis (Muhlenhoff
et al, 2003a). In the case of Mtmlp, GAL-MTMI cells
exhibited a substantial rise in mitochondrial iron following
4 days of Mtm1p depletion by growth in glucose (Figure 5B).
This effect on mitochondrial iron is similar to what is seen
with null mutations in mtm1 (Figure 2A and B). However,
unlike mtmIA cells, the Mtm1p-depleted cells did not loose
mitochondrial DNA over this time frame (not shown). In spite
of the rise in mitochondrial iron, Mtmlp-depeleted cells
exhibited no major defect in Fe/S proteins. Acolp and
Leulp are mitochondrial and cytosolic 4Fe-4S proteins and
the activity of these enzymes remained normal in Mtm1lp-
depleted cells (Figure 5C). The Fe/S succinate dehydrogenase
(SDH) also remained enzymatically active with Mtmlp
depletion (Figure 5C). We additionally monitored the de
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Figure 5 Aftlp activity and Fe/S cluster assembly in mtmI mu-
tants. (A) The WT BY4741 or mtmIA mutant MY019 were trans-
formed with the FET3-lacZ reporter plasmid pAR1 and were
cultured in LF-SD medium that was supplemented where indicated
with 1.6 mM ammonium iron (III) citrate (‘+ Fe’) or 100 uM of the
iron chelator BPS (‘ + BPS’). f-Galactosidase activity was measured
as described in Materials and methods. Results represent the
averages of four readings obtained from cultures of two indepen-
dent single colonies, and error bars represent standard deviation.
(B-D) The WT (strain W303) and Gal-MTMI (GM) cells were
cultured for 4 days in glucose-containing medium to deplete
Mtmlp. (B) The non-heme, non-Fe/S iron content of isolated
mitochondria was measured by the bathophenantroline method
(Li et al, 1999). (C) Mitochondria were isolated and analyzed for
the enzyme activities of the Fe/S proteins aconitase (Acolp) and
succinate dehydrogenase (SDH) as well as the non-Fe/S protein
malate dehydrogenase (MDH) as a control. The activity of the
cytosolic Fe/S protein isopropylmalate isomerase (Leulp) and the
control enzyme alcohol dehydrogenase (ADH) was measured in
total cell lysates. (D) Cells were cultured in LF-SD medium supple-
mented with glucose for 16 h prior to radiolabeling with **Fe for 2 h.
Whole-cell extracts were used for immunoprecipitation with speci-
fic antibodies against Acolp and Leulp as well as with a preim-
mune serum (Pre). The amount of *°Fe that was co-precipitated was
quantified by liquid scintillation counting. The inset shows the
amounts of Acolp and Leulp and as a control, porin detected in
WT and Gal-MTM]1 cells by immunostaining of the corresponding
cell extracts.

novo assembly of Acolp and Leulp by an *°Fe radiolabeling
assay (Kispal et al, 1999). The rate of >*Fe incorporation into
the apoproteins was only slightly affected by Mtm1p deple-
tion (Figure 5D). By comparison, the analogous
depletions of Yfhlp, Ssqlp, Grx5p (and other members of
the Fe/S cluster machinery) are known to dramatically inhibit
(>4-fold) *°Fe labeling of Fe/S proteins as well as activities of
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Figure 6 Competition between iron and manganese for binding to
Sod2p in vivo. (A, B) The indicated yeast strains were grown in YPD
medium supplemented where indicated with 10, 100 or 150 uM
MnCl, (A) or 80uM BPS (B). Mitochondrial iron and manganese
contents and Sod2p activity (A, B) and Sod2 protein (B) were
assayed as in Figure 2. Note the different scales for iron and
manganese, including the broken scale for manganese in (A).
Analysis of the various experimental trials can be found in
Supplementary Figure S1. (C) Soluble mitochondrial components
from smf2A mutant yeast were fractionated by anion exchange, and
metal profiles determined (iron (solid) and manganese (dashed))
as in Figure 1. Inset is immunoblot of fractions 10-12 for Sod2p.
Strains utilized: WT, BY4741; mtmI1A, MYO019; smf2A, 1878.

Fe/S enzymes (Kaut et al, 2000; Lange et al, 2000;
Muhlenhoff et al, 2003a). If Mtml1p has any role in Fe/S
biogenesis, this is minor in comparison to known factors for
Fe/S biogenesis.

Mitochondrial manganese and iron inactivation

of Sod2p

Our studies clearly show that Sod2p activity can be influ-
enced by mitochondrial iron homeostasis. Can mitochondrial
manganese counteract the effects of iron? We have previously
shown that Sod2p activity of mtm1 mutants can be recovered
by supplementing the growth medium with manganese (Luk
et al, 2003). However, the levels of manganese required were
quite high (>100pM) and approached toxic quantities (Luk
et al, 2003). We now show that this translates to a ~200-400-
fold increase in mitochondrial manganese with no change in
mitochondrial iron (Figure 6A, lanes 4-5). In mtml cells
treated with just 10 uM manganese, mitochondrial manga-
nese levels rise by nearly 10-fold; however, this is not
sufficient to restore Sod2p activity (Figure 6A, lane 3 and
Luk et al, 2003). The iron of mtmI mutants is remarkably
bioavailable and competes effectively with mitochondrial
manganese for binding to Sod2p.

We also explored the effects of manganese starvation on
iron-Sod2p interactions. Manganese starvation can be
achieved in yeast cells through a deletion in SMF2, encoding
an Nramp transporter for manganese (Luk and Culotta,
2001). There is a cell wide manganese deficiency in smf2
mutants, and mitochondrial manganese is very low
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(Figure 6B top) (Luk and Culotta, 2001). By comparison,
smf2A cells exhibit no change in mitochondrial iron
(Figure 6B). Sod2p has low activity in smf2 mutants
(Figure 6B, lane 2 and Luk and Culotta, 2001) and as
expected, there is an absence of detectable manganese asso-
ciation with Sod2p (Figure 6C). However, rather than being
apo (no metal bound to Sod2p), the Sod2p of these manga-
nese-deficient cells was found to be associated with iron
(Figure 6C). Iron binding to Sod2p inhibits the enzyme,
because activity was increased upon lowering mitochondrial
iron with BPS (Figure 6B, lane 3; also see Supplementary
Figure S1). Hence, when manganese is low, Sod2p becomes
vulnerable to iron inactivation. Even in the absence of an
iron homeostasis defect, there exists a pool of mitochondrial
iron that is capable of inactivating Sod2p.

Discussion

Using bakers yeast as a model system, we provide evidence
that eukaryotic manganese SOD2 can associate with iron in
vivo. Iron binding precludes insertion of the correct manga-
nese ion cofactor and destroys SOD2 enzymatic activity. Iron
inactivation of yeast Sod2p can be promoted when mitochon-
drial iron homeostasis is disrupted or when cells are starved
for manganese.

This is the first report of eukaryotic SOD2 inactivation by
mitochondrial iron. While iron inactivation of SOD2 may
be rare, iron commonly inhibits bacterial MnSOD in vivo
(Beyer and Fridovich, 1991; Privalle and Fridovich, 1992;
Mizuno et al, 2004). Bacteria generally express a second,
non-manganese SOD (i.e., FeSOD) in the same compartment,
but eukaryotic SOD2 is the only SOD of the mitochondrial
matrix. SOD2 is an extremely important antioxidant enzyme
and its loss can lead to neonatal lethality (Li et al, 1995;
Lebovitz et al, 1996) and reduced lifespan (Duttaroy et al,
2003), making it critical to prevent iron interactions with
the enzyme.

Some, but not all, cases of mitochondrial iron overload
lead to Sod2p inactivation in yeast. Our studies have differ-
entiated mitochondrial iron into two classes in terms of
bioavailability to Sod2p. A portion of the mitochondrial
iron in mtml, grxS and ssql yeast mutants is bioavailable
to yeast Sod2p (‘SOD2-reactive’), but mitochondrial iron in
WT cells and in yfhI frataxin mutants is largely ‘SOD2-inert".
Grx5p, Ssqlp and Yfhlp all participate in a sequential path-
way of Fe/S cluster assembly (Lill and Muhlenhoff, 2005;
Rouault and Tong, 2005). Yfh1p acts upstream to donate iron
to Fe/S scaffolds, while Ssqlp and Grx5p act downstream to
transfer the clusters from these scaffolds to Fe/S proteins
(Muhlenhoff et al, 2003a; Lill and Muhlenhoff, 2005). The
frataxin-derived iron that is normally employed for Fe/S
proteins may be shunted towards Sod2p when downstream
components of Fe/S cluster assembly are blocked. In fact, our
studies implicate a role for frataxin in iron inactivation of
Sod2p, since the mtm1 defect in Sod2p is not seen in a double
mtm1 yfh1 mutant (Figure 4B). Frataxin may help to increase
the bioavailability of iron not only for Fe/S clusters but
inadvertently for Sod2p as well.

Frataxin works in an iron pathway also involving the
mitochondrial carriers Mrs3p and Mrs4p (Muhlenhoff et al,
2003b; Lill and Muhlenhoff, 2005; Rouault and Tong, 2005;
Zhang et al, 2005). We show here that these same two
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carriers contribute to iron inactivation of Sod2p in mtmlI
mutants (Figure 3A). By comparison, the Mmtlp/Mmt2p
diffusion cation transporters of the mitochondria do not affect
Sod2p activity (Figure 3B). This differential effect of Mmtlp/
Mmt2p versus Mrs3p/Mrsdp indicates that SOD2-inert and
SOD2-reactive iron pools may utilize distinct mitochondrial
transport systems. Alternatively, distinct mitochondrial loca-
lizations of Mmtlp/Mmt2p and Mrs3p/Mrsdp could account
for the differential effects of these transporters. Currently, the
precise nature of SOD2-reactive versus SOD2-inert iron is not
clear, but may represent different oxidation states or ligand-
binding properties of the metal.

SOD2-reactive iron is not unique to disruptions in mito-
chondrial iron homeostasis. A small fraction of Sod2p from
S. cerevisiae is normally found iron-bound (Ravindranath and
Fridovich, 1975), and treating WT cells with iron chelators
increases manganese binding to Sod2p (Figure 2E). Normally,
this small pool of SOD-reactive iron cannot compete well
with mitochondrial manganese, but when mitochondrial
manganese levels drop, the pool of reactive iron gains access
to Sod2p (Figure 6B and C). These results also indicate that
mitochondrial Sod2p cannot readily accumulate as an ‘apo’
enzyme totally devoid of metals, but prefers to exist in either
the manganese or iron bound state.

Although Mtmlp was originally proposed to act in man-
ganese activation of Sod2p (Luk et al, 2003), our more recent
studies suggest either that Mtmlp has a primary function
in mitochondrial iron metabolism or alternatively, mtm]I
mutations alter levels of a particular metabolite within the
mitochondrial matrix that stabilizes iron in a bioavailable
form. As a transport carrier for mitochondria, Mtm1lp may
exchange a solute that directly or indirectly affects iron
homeostasis. We show here that cells respond to a loss in
mtml1 through activation of the iron regulator Aftlp.
However, Aftlp activation by itself is not responsible for
the high mitochondrial iron of mtmI mutants. Expression
of a constitutively active AFTI-1up allele in a WT cell does
not cause high mitochondrial iron (Babcock et al, 1997). We
also find that AFTI-1up expression does not lead to a loss of
Sod2p activity in WT cells (Supplementary Figure S3).
Activation of Aftlp, as seen in mtmI mutants, has been a
hallmark of mutants defective in Fe/S cluster biogenesis
(Chen et al, 2004; Lesuisse et al, 2005; Rutherford et al,
2005). However, mtm] mutants exhibit no major loss of
either mitochondrial or cytosolic Fe/S clusters (Figure 5).
Therefore, in mtm1 mutants, Aftlp is sensing a perturbation
in mitochondrial iron homeostasis independent of the mito-
chondrial ISC assembly and export systems (Lill and
Muhlenhoff, 2005).

How does SOD2 normally choose manganese over iron?
SOD2 generally binds manganese, but with certain defects in
mitochondrial iron homeostasis (e.g., mtmlI, ssql and grx5
mutants), there is an expansion in the pool of SOD2-reactive
iron. This iron is so reactive with yeast Sod2p that it takes
a rise in mitochondrial manganese levels of >200-fold to
restore Sod2p activity (Figure 6A). We therefore propose a
model of ‘differential metal bioavailability’ for metal ion
selectivity in SOD2. SOD2 normally binds manganese simply
because available manganese levels out-compete the small
amount of SOD2-reactive iron. Under conditions where
SOD2-reactive iron increases or when mitochondrial manga-
nese levels drop, SOD2 shifts to the Fe-bound state. If SOD2
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does require a metallochaperone, this factor is expected
to bind either iron or manganese depending on which ion
is more bioavailable. Alternatively, separate chaperone-
like molecules may be involved in delivery of iron versus
manganese.

In human disorders of iron overload, it is believed that iron
can cause oxidative stress to cells mainly through Fenton
chemistry, but this study suggests a new aspect of iron
toxicity: inactivation of an important mitochondrial anti-
oxidant enzyme. Although iron may not be largely SOD2-
reactive in cases of Friedreich’s ataxia where frataxin is
defective (Anderson et al, 2005; Seznec et al, 2005), other
disorders of iron overload should be considered, for example,
neuroferritinopathy and sideroblastic anemia (reviewed in
Rouault, 2001; Napier et al, 2005). In this regard, it is
noteworthy that SOD2 deficiency itself leads to a sideroblastic
anemia-like disorder in mice (Friedman et al, 2004).

Materials and methods

Yeast strains, plasmids and culture conditions

Most of the yeast strains used in this study are isogenic to BY4741
(MATa, leu2A0, met1SAO, ura3A0, his3Al), including the
S0d2A::kanMX4 (6605), aftlA::kanMX4 (4438), ssqlA::kanMX4
(5278), grxSA::kanMX4 (2769) and smf2A::kanMX4 (1878)
mutants purchased from Research Genetics (Huntsville, AL). The
double mrs3A::kanMX4 mrs4A::kanMX4 mutant (781-1A) was a
gift from Dr Andrew Dancis (University of Pennsylvania). Disrup-
tions of MTM1 in BY4741 and the corresponding sod2A, aftIA and
mrs3Amrs4A strains were generated using the mtmIA::LEU2
plasmid pVC257A (Luk et al, 2003), resulting in strains MY019
(mtm1A), MY020 (mtmIA sod2A), MY030 (mtmlIA aftlA) and
VC111 (mtmI1A mrs3A mrs4A). Disruption of YFHI in BY4741 and in
the mtmIA strain MY019, generating MY036 and MYO038, was
accomplished using the yfh1A:: URA3 plasmid pJS406 (Strain et al,
1998). The yfhiA mtmlIA double mutant was cultured on iron-
limited plates, prepared by mixing agarose (GIBCO) with iron-
limited selecting minimal synthetic medium (Jensen and Culotta,
2002). The mmtIA mmt2A double mutant LJ224 was derived from
parental strain 1783 (MATa, leu2-3, 112, ura3-52, trpI-1, his4 and
canl") (Jensen et al, 2004). Disruptions of MTM1 in 1783 and LJ224
were generated using the mtmlIA::TRP1 plasmid pVC257A-T,
resulting in strains VC110 (from 1783) and VC112 (mtmIA mmtlA
mmt2A). The pVC257A-T plasmid was created by mobilizing the
MTM1 containing disruption insert from pVC257 by BammHI and Sall
digestion, and inserting the cassette into the integrating TRP1 vector
PRS404 digested with the same enzymes. To test for effects of active
Aftlp expression, the AFTI-lup plasmid, AFT1-1up-313 (Jensen
and Culotta, 2002), was used. Creation of the Gal-MTM]1 strain for
depleting Mtm1p involved strain W303-1A (MATa, ura3-1, ade2-1,
trpl-1, his3-11,15 and leu2-3,112). The promoter of MTMI1 was
exchanged for the galactose-inducible GALI promoter by PCR-
mediated DNA replacement (http://mips.gsf.de/proj/yeast/CYGD/
db/index.html). In brief, PCR fragments carrying the HIS3 gene
and the GALI-10 promoter region of vector pTL26 flanked by
region —230 to —180 and + 1 to + 50 of the MTMI gene were used
to transform strain W303-1A. All gene replacements and gene
deletions were verified by PCR.

Yeast cells were propagated at 30°C either in enriched yeast-
peptone-based medium with 2% (w/v) glucose (YPD) or in an
iron-limited selecting minimal synthetic medium (LF-SD) (Jensen
and Culotta, 2002). Gal-MTM1 cells were depleted of Mtmlp to
physiologically critical levels by preincubating for 4 days on
glucose-containing solid-rich medium.

Chromotographic mitochondrial fractionations

Purified mitochondria were prepared by loading crude mitochon-
dria onto a discontinuous Nycodenz gradient (16% on 22%). Intact
mitochondria were recovered from the gradient interface after
centrifugation at 150000¢g for 1h. The intact mitochondria were
washed by dilution into isotonic buffer followed by centrifugation at
12000 g. Mitochondria were lysed by three 30's pulses of sonication
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at 50% output of a microtip (Ultrasonic, W-380). The soluble
fraction was separated from the insoluble fraction by centrifugation
at 15000g. The soluble fraction was diluted into Buffer A (20 mM
Tris-HCl pH 7.2) and filtered with a 0.45um syringe filter. The
sample was then loaded onto a HR10/10 MonoQ column
(Amersham Biosciences) equilibrated in 10 column volumes (CV)
of Buffer A. The unbound proteins were washed from the column
with the injection volume and an additional 5 CV of Buffer A and
collected as fractions 1-4 (5ml per fraction). A 25 CV gradient (0-
100%) of Buffer B (20 mM Tris-HCI pH 7.2, 1M NaCl) was then
initiated. Fractions (1 ml) were collected for the gradient and all
fractions were then analyzed by ICP-OES (Perkin Elmer, Optima
3100XL) versus buffer blanks after dilution in 10% Nitric acid.
Concentrations were determined from a standard curve constructed
with serial dilutions of commercially available mixed metal
standards. Two metal mixes were used: one contained Ca, Cd, Co,
Cu, Fe, Ni and Zn and a second mix contained Mg and Mn
(Optima). Blanks of Nitric acid or buffer samples with and without
‘metal-spikes’ were analyzed to ensure reproducibility.

Analysis of Sod2p activity and polypeptide levels

Cultures (50ml) of S. cerevisiae strains were typically grown
without shaking at 30°C for 17-18h to a final ODggo of 2-4.0 as
described (Luk et al, 2003). In experiments using the slow-growing
yfhlA mtmIA mutant, all cultures including the WT and mtmIA
controls were grown to a final ODgoo 0f 0.5-0.7. Cell lysates were
prepared by glass bead homogenization (Luk and Culotta, 2001)
and 60.0 pg of lysate protein was analyzed for both SOD activity by
native gel electrophoresis and nitroblue tetrazolium staining (Luk
et al, 2003) and for SDS-PAGE and immunoblotting as described
(Luk and Culotta, 2001; Luk et al, 2003). To prevent SDS-mediated
precipitation of Sod2p, samples for electrophoresis were not boiled.

Miscellaneous biochemical analyses

Atomic absorption analysis of mitochondrial metals employed
crude mitochondria preparations obtained from 200ml cultures
according to published methods (Luk and Culotta, 2001). To
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