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Friedreich ataxia is a human neurodegenerative and myocardial
disease caused by decreased expression of the mitochondrial pro-
tein frataxin. Proteomic analysis of the mutant yeast model of Frie-
dreich ataxia presented in this paper reveals that these cells display
increased amounts of proteins involved in antioxidant defenses,
including manganese-superoxide dismutase. This enzyme shows,
however, lower activity than that found in wild type cells. Our
results indicate that this lack of activity is a consequence of cellular
manganese deficiency, because in manganese-supplemented cul-
tures, cell manganese content, and manganese-superoxide dis-
mutase activity were restored. One of the hallmarks of Friedreich
ataxia is the decreased activity of iron/sulfur-containing enzymes.
The activities of four enzymes of this group (aconitase, glutamate
synthase, succinate dehydrogenase, and isopropylmalate dehy-
dratase) have been analyzed for the effects of manganese supple-
mentation. Enzyme activities were recovered by manganese treat-
ment, except for aconitase, for which, a specific interaction with
frataxin has been demonstrated previously. Similar results were
obtained when cells were grown in iron-limited media suggesting
that manganese-superoxide dismutase deficiency is a consequence
of iron overload. In conclusion, these data indicate that generalized
deficiency of iron-sulfur protein activity could be a consequence of
manganese-superoxide dismutase deficiency, and consequently, it
opens new strategies for Friedreich ataxia treatment.

Friedreich ataxia (FRDA)3 is a human disease caused by decreased
expression of the mitochondrial protein frataxin due to the presence of
large expansions of a GAA triplet repeats in the first intron of the
nuclear gene coding for the protein (1). FRDA patients suffer frommul-
tiple symptoms, including progressive gait and limb ataxia, hyper-
trophic cardiomyophathy, and diabetes mellitus (2). These alterations
are thought to be the consequence of a mitochondrial defect related to
iron metabolism. However, although a large number of studies link
frataxin to iron metabolism, its precise function remains a matter of
debate. Frataxin has been suggested to play a role in iron-sulfur cluster
biosynthesis (3, 4), heme biosynthesis (5, 6), iron storage (7, 8), electron
transfer to ubiquinone (9), or holo-aconitase reconstitution (10, 11). In
hearts from FRDA patients, decreased activities of iron-sulfur-contain-

ing proteins and increased mitochondrial iron accumulation have been
reported (12). Furthermore, conditional knock-out mice in neuronal
and cardiac tissues have been developed as an animal model for FRDA.
Accordingly, this model displays iron accumulation and decreased
activity of iron-sulfur proteins (13). Consequently, some therapeutic
approaches under study suggest reducing the degree of iron accumula-
tion by chelators or prevent its prooxidant effects by the use of antioxi-
dants such as idebenone, a coenzyme Q analogue (2). Many studies on
frataxin function arise from experiments performed with the budding
yeast Saccharomyces cerevisiae (3, 6, 8, 9) as frataxin and the yeast
homologue Yfh1 are orthologues. Frataxin and Yfh1 are mitochondrial
proteins; the S. cerevisiaemutant in the YFH1 gene (�yfh1) accumulates
iron and shows decreased activities of iron-sulfur-containing enzymes
(14); and finally, human frataxin complements �yfh1 mutant strains
(15).
Despite the great amount of data obtained with these different model

systems, the analysis of the proteome of frataxin-deficient cells has not
been addressed. Thus, we have focused on the effects of the absence of
frataxin on the cellular proteome of yeast. One of the major findings is
that, although the amount of the antioxidant enzymemanganese-super-
oxide dismutase (Mn-SOD) is increased, its activity is decreased in
�yfh1 cells. This deficiency contributes to lowered activities of several
iron-sulfur-containing enzymes, one of the hallmarks of Friedreich
ataxia.

EXPERIMENTAL PROCEDURES

Organisms and Culture Conditions—S. cerevisiae W303 and its iso-
genic null �yfh1 derivative (MML298) were kindly provided by Dr.
Enrique Herrero from the Universitat de Lleida (16). Strains BY4741
and Y02769 (�grx5 in BY4741 backgound) were provided by EURO-
SCARF (Frankfurt, Germany). The YFH1 gene used in complementa-
tion studies was also obtained from the EUROSCARF collection. It car-
ries upstream and downstream regulatory sequences and is cloned in
pRS416, an ARS-CEN-URA vector. Yeast cells were grown in rich
medium (1% yeast extract, 2% peptone) with either 2% glucose (YPD) or
3% glycerol (YPG) by incubation in a rotary shaker at 30 °C. Raffinose
synthetic medium contained 2% raffinose, 0.67% yeast nitrogen base
(Difco), 0.25% ammonium sulfate, a mixture of amino acids, and the
required auxotrophic supplements (17). The�yfh1mutant transformed
with pRS416-YFH1 plasmid was maintained in synthetic mediumwith-
out uracil. Before each experiment the strain was transferred to rich
medium for 4–5 generations.

Two-dimensional Gel Electrophoresis—Cells were resuspended in 25
mMTris-HCl buffer, pH8, plus 8Murea and disrupted using glass beads.
An equal volume of 8 M urea, 8% CHAPS, and 50 mM dithiothreitol was
added to the lysed cells, and after centrifugation (12,000 rpm for 5 min)
10 �l of the supernatant were diluted in 350 �l of rehydration buffer
(18). Isoelectric focusing was performed in immobilized pH gradient
strips (3–10 NL; Bio-Rad). Second dimension SDS-PAGE was per-
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formed on 12.5% polyacrylamide gels. Gels were scanned in a GS800
densitometer (Bio-Rad) and analyzedwith PDQuest software (Bio-Rad).

Analyses—Total cellular iron was determined under reducing condi-
tions with bathophenanthroline sulfonate as chelator (19). Manganese
content was assayed in a graphite furnace atomic absorption spectro-
photometer. Superoxide ion levels were measured in a spectrofluoro-
photometer (RF-5000, Shimadzu). Exponentially growing cells were
washed in water and resuspended in phosphate-buffered saline plus
0.1% glycerol and 5 �g/ml the superoxide specific probe dihydro-
ethidium (DHE) (Fluka) (20). The rate of oxidation of DHE was calcu-
lated from the rate of increase in fluorescence for 30min (excitation 520
nm, emission 590 nm).

Enzyme Activities—Cell extracts were prepared using glass beads and
assayed as described in the following references: aconitase and succinate
dehydrogenase (16), glutamate synthase (21), isopropylmalate dehy-
dratase (22), superoxide dismutase (23).

Western Blot Analysis—Cell extracts were separated in SDS-poly-
acrylamide gels and transferred to polyvinylidene difluoride mem-
branes. Antibodies against superoxide dismutases were from Stress-
Gene (SOD-111,Mn-SOD) and fromChemicon (AB1237, CuZn-SOD).
Anti-Aco1 aconitase (from R. Lill, Marburg, Germany) and anti-succi-
nate dehydrogenase (from B. Lemire, University of Alberta) antibodies
were also used. A peroxidase-conjugated anti-rabbit antibody was used
for detection. Image acquisition was performed in a ChemiDoc CCD
camera (Bio-Rad).

RESULTS

Analysis of the Proteome of �yfh1 Cells by Two-dimensional
Electrophoresis—Tissues affected in FRDA are those with elevated oxi-
dative metabolism, like heart and nervous system (2). Thus, unless oth-
erwise stated, our experiments were carried out on yeast cells grown in
rich medium containing glycerol (YPG), because in this medium cells
exhibit high respiration rates. It is worth mentioning that the ability of
this strain to grow in a non-fermentable carbon source such as glycerol
has been described previously (24–26). Wild type and �yfh1 cells were
harvested during exponential phase and the crude extracts analyzed by
two-dimensional gel electrophoresis (Fig. 1). Spots that repetitively
showed at least 2-fold difference in protein amount between both
strains were identified and are shown in Table 1. Similar results were

found in cells grown on rich medium containing glucose (YPD) (Fig. 2).
Cells deficient in YFH1 clearly exhibit increased amounts of enzymes
involved in the oxidative stress response. Among these proteins, four
thiol peroxidase isoenzymes have been identified. These enzymes elim-
inate H2O2 and alkyl hydroperoxides with the use of thioredoxin and
thioredoxin reductase as thiol-reducing donor (27), two proteins that
are also induced in �yfh1 cells. Two additional enzymes involved in the
oxidative stress response that have been identified are both mitochon-
drial and cytosolic SODs. These enzymes catalyze the dismutation of
superoxide into O2 and H2O2 (28). The increased expression of these
eight proteins indicates an endogenous situation of oxidative stress in
�yfh1 cells. It is interesting tomention that no changes in the expression

TABLE 1
Proteins identified differentially expressed in wild type and
�yfh1 cells
Spots showing a minimum of 2-fold difference in protein abundance between wild
type and �yfh1 proteomes (see Figs. 1 and 2) were digested with trypsin and ana-
lyzed in anApplied BiosystemsVoyager DE PROMALDI-TOF. Proteins were iden-
tified by peptide mass fingerprinting with MASCOT. Percent protein coverage for
each spot in the MASCOT analysis is shown. Fold induction (�yfh1 over wild type,
mean of three independent experiments � S.E.) was estimated considering all the
spots identified as the sameprotein. The valueswith the� symbol are estimated and
indicate that a corresponding spot in the wild-type sample is too low to be used as a
reference value.

Protein Gene Spots Coverage
Fold induction
YPD YPG

%
Thiol peroxidase 1 TSA1 7 30.6 10.6 � 3.1 7.1 � 3.0

8 50.2
Thiol peroxidase 2 TSA2 13 13.4 �21.0 �14.0
Thiol peroxidase 3 AHP1 9 70.4 5.6 � 2.7 8.5 � 0.6

10 62.0
11 22.2
12 39.1
16 35.6

Thioredoxin reductase TRR1 1 37.7 �25.0 �20.0
Thioredoxin 1 TRX2 15 37.8 3.9 � 0.2 14.7 � 4.5
Mitochondrial thiol
peroxidase

PRX1 6 30.3 5.3 � 0.4 8.3 � 0.6

CuZn-superoxide dismutase SOD1 14 70.0 5.5 � 0.3 4.0 � 0.3
Manganese-superoxide
dismutase

SOD2 5 42.0 4.0 � 0.9 3.0 � 0.3

Triosephosphate isomerase TPI1 2 22.7 1.9 � 0.3 4.6 � 0.9
4 66.2

Adenylate kinase ADK1 3 35.6 2.1 � 0.3 2.9 � 1.3

FIGURE 1. Analysis of the proteome of wild type
and �yfh1 cells by two-dimensional gel elec-
trophoresis. W303 (wild type) and the isogenic
derivative �yfh1 (MML298) cells were grown in
YPG medium, and 40 �g of total cell lysates were
separated by two-dimensional gel electrophore-
sis. Gels were silver-stained and analyzed with
PDQuest software (Bio-Rad).
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of antioxidant enzymes were observed by gene expression analysis of
�yfh1mutant cells using DNAmicroarrays (25), even though the strain
used had the same genetic background in both studies. A partial expla-
nation to this fact is that, in the reference cited, many of the induced
genes code for membrane proteins that are poorly resolved in two-
dimensional gels. Furthermore, lack of concordance between proteomic
and transcriptomic analysis is not unusual (29), thus highlighting the
importance of both approaches.

Manganese andMn-SODDeficiency in�yfh1 Cells—Among the pro-
teins induced in �yfh1 cells, both SODs were found. This result was
further confirmed by Western blotting using specific antibodies (Fig.
3A). Interestingly, when the enzymatic activity of Mn-SOD (coded by
SOD2) was analyzed, we found that in �yfh1 cells it was lower than in
wild type cells (Fig. 3,A andB). The decreasedMn-SODactivity resulted
in increased steady state levels of superoxide anion inside yeast cells. As
shown in Fig. 3C, the rate of oxidation of DHE, a superoxide-specific
probe, is increased by 2-fold in YFH1-deficient cells.

Trying to unravel the cause of Mn-SOD deficiency in �yfh1 cells, we
first analyzed the manganese content of wild type and �yfh1 cells. As
shown in Fig. 4A, manganese concentration in the latter was 20% of that
found in wild type cells, suggesting that manganese transport could be
altered in that strain. To further confirm that this altered phenotype is a
consequence of YFH1 deficiency, we transformed the �yfh1 strain with
a plasmid containing the YFH1 gene with its own promoter (see “Exper-
imental Procedures”), and transformants (�yfh1-YFH1) were analyzed
for the altered parameters. As shown in Fig. 3A, Mn-SOD activity, as
well as Sod1 and Sod2 protein levels, were restored. Also, �yfh-YFH1
cells displayedmanganese and iron concentrations close to those found
in wild type cells (Fig. 4A).

Recovery of Mn-SOD Activity by Manganese Treatment—The results
described above suggested that intracellular manganese and Mn-SOD
activity in�yfh1 could be reestablished by supplementing growthmedia
with this metal. To this purpose, �yfh1 cell cultures were treated with
increasing concentrations of MnCl2. As shown in Fig. 4B, manganese
levels were restored. Consistently, recovery of Mn-SOD activity in a
dose-dependent manner was also observed (Fig. 3A). Thus, lack of Mn-
SOD activity in �yfh1 cells is a consequence of cellular manganese defi-
ciency. In accordance with these results, a clear decay in superoxide
anion levels was observed in �yfh1 cells grown in manganese-supple-
mented media, and the values were indistinguishable from those of the

FIGURE 3. Decreased superoxide dismutase activity in �yfh1 and effect of manga-
nese supplementation. A, cultures of wild type, �yfh1, �yfh1-YFH1, and �yfh1 plus 100
�M MnCl2 were grown in YPG medium, and cell lysates (20 �g of protein) were analyzed
by native gel electrophoresis and SOD activity staining. Western blot analysis of total cell
extracts against Sod1 and Sod2 was performed under denaturing conditions; B, wild
type (white bars) and �yfh1 cells (gray bars) were grown in YPG medium supplemented
with the indicated amounts of MnCl2. Cell lysates were analyzed for SOD activity in native
gels. Bands corresponding to Mn-SOD were measured with a densitometer and the
relative density calculated (Quantity One software, Bio-Rad); C, wild type (white bars) and
�yfh1 cells (gray bars) were grown in YPG medium supplemented with the indicated
amounts of MnCl2 and analyzed for the rate of oxidation of DHE by endogenous super-
oxide. Data are represented as means � S.E. from three independent experiments.

FIGURE 2. Analysis of the proteome of wild type
and �yfh1 cells grown in YPD by two-dimen-
sional gel electrophoresis. W303 (wild type) and
the isogenic derivative �yfh1 (MML298) cells were
grown in YPD medium, and 40 �g of total cell
lysates were separated by two-dimensional gel
electrophoresis. Gels were silver-stained and ana-
lyzed with PDQuest software (Bio-Rad).
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wild type cells (Fig. 3C). Nevertheless, as shown in Fig. 4C, manganese
treatment had no significant effect on total cellular iron concentration,
both in wild type or �yfh1 cells.

Recovery of Iron-Sulfur Enzymes byManganese Treatment—Frataxin
has been suggested to play an important role in iron-sulfur cluster bio-
synthesis. This hypothesis is based on the decreased activities of iron-
sulfur enzymes found in frataxin-deficient cells (12) and a physical and
genetic interaction with Isu1, a scaffold protein required for iron-sulfur
clusters biogenesis (3, 4). However, decreased activities of iron-sulfur
enzymes have been observed in yeast lacking SOD2 (30) and in Mn-
SOD knock-out mice (31). In this context, our results suggest that a
decline in iron-sulfur enzyme activities in �yfh1 cells could be a conse-
quence of oxidative stress in mitochondria due to decreased Mn-SOD
activity. To test this hypothesis, we analyzed activities of three iron-
sulfur mitochondrial enzymes (aconitase, glutamate synthase, and
succinate dehydrogenase) and a cytosolic one (isopropylmalate
dehydratase) in wild type and �yfh1 cells grown in manganese-supple-
mented YPG (Fig. 5). Values of iron-sulfur enzyme activities in �yfh1
cells are in agreement to those described by other authors (9, 17, 26, 32)
With the exception of aconitase, all other enzyme activities analyzed
showed a clear recovery bymanganese treatment, indicating that lack of
Mn-SOD activity contributes to inactivating these enzymes. Also, these

results suggest that YFH1 is not essential for iron-sulfur biosynthesis,
except for aconitase. Such an exception can be explained by recent
observations reporting that frataxin interacts with aconitase and that
such interaction is crucial for reconstitution of the aconitase [4Fe4S]
cluster (10, 11).

Recovery of Iron-Sulfur Enzymes andMn-SOD in Iron-limitingMedia—
In a previous work published by Foury’s group (17), it was found that
succinate dehydrogenase, but not aconitase activity, could be rescued
when�yfh1 yeast cells were grown in iron-limitedmediumusing batho-
phenanthroline sulfonate (BPS) as iron chelator. In such conditions,
cellular iron accumulation is prevented. To test whether such treatment
is also capable of restoring iron-sulfur enzymes other than succinate
dehydrogenase, wild type and �yfh1 cells were grown in raffinose syn-
theticmedium supplementedwith BPS (Fig. 6). The results obtained not
only confirmed the findings reported by Foury but also showed that
isoprpopylmalate dehydratase and Mn-SOD activities were recovered
in such conditions. These are additional indications that decreased
Mn-SOD activity leads to inactivation of iron-sulfur containing
enzymes in �yfh1 cells.

Manganese and Mn-SOD Deficiency Are the Consequence of Iron
Overload—As shown above, �yfh1 cells displayed low levels of manga-
nese that caused decreased activities of several iron-sulfur containing
enzymes. This phenotype was corrected by manganese supplementa-
tion. Nevertheless, iron accumulation, induction of Sod1 and Sod2 (Fig.
3A), and slow growth in YPG (data not shown) persisted in manganese-
treated�yfh1 cells, suggesting that they are not strictly a consequence of
manganese deficiency. Then, could manganese deficiency be a conse-
quence of iron accumulation caused by the absence of Yfh1? The exper-
iments in iron-limitedmedia support this hypothesis, becauseMn-SOD
activity is restored when iron accumulation is prevented in �yfh1 cells
(Fig. 6). To study whether this phenotype is a more general phenome-
non and not restricted to the mutant strain used, we further checked
this hypothesis by analyzing manganese content and SOD activity in a
strain with altered iron homeostasis such as a yeast mutant lacking

FIGURE 4. Total cellular manganese and iron concentrations of wild type, �yfh1,
and �yfh1-YFH1 cells. A, wild type (white bars) �yfh1 cells (gray bars) and �yfh1-YFH1
(black bars) cells were grown in YPG medium. Manganese and iron content were quan-
tified as described under “Experimental Procedures.” B, wild type (white bars) and �yfh1
cells (gray bars) were grown in YPG medium supplemented with the indicated amounts
of MnCl2 and analyzed for total cellular manganese. The same experiment was per-
formed to analyze total cellular iron (C). Data are represented as means � S.E. from three
independent experiments.

FIGURE 5. Activities of iron-sulfur-containing proteins in wild type and �yfh1 yeast
cells. Wild type (white bars) and �yfh1 cells (gray bars) were grown in YPG medium
supplemented with increasing amounts of MnCl2. A, enzymatic activities of glutamate
synthase, aconitase, succinate dehydrogenase (SDH), and isopropylmalate dehydratase
(IMD) in whole cell extracts; B, no changes in the amounts of aconitase and succinate
dehydrogenase were found in Western blot analysis of total cell extracts against Aco1
and Sdh2. Data are represented as means � S.E. from three independent experiments.
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GRX5.Mutants deficient in this glutaredoxin exhibit a strong iron accu-
mulation, aswell as decreased activities in aconitase and succinate dehy-
drogenase (16). As shown in Fig. 7A, manganese levels in this strainwere
60% of those found in wild type cells, in agreement with the data
obtained in �yfh1 mutant strain. Also, �grx5 cells exhibit an 80%
decrease in Mn-SOD activity. In this case, this activity can also be
restored by manganese supplementation (Fig. 7B). Taken together, the
data obtained from both mutant strains clearly suggest that manganese
deficiency would be a side effect of iron accumulation.

DISCUSSION

The precise role of frataxin in ironmetabolism is a hot field of discus-
sion. Themost accepted hypothesis is that it cooperates in iron delivery
to Isu1, a scaffold protein required for iron-sulfur biogenesis. However,
it has been suggested that the role of frataxin would be non-essential in
such process (26). Moreover, recent data support this hypothesis: (i)
frataxin interacts much more strongly with ferrochelatase than with
Isu1 (5); (ii) in Escherichia coli, IscA (homologous to Isa1 and Isa2 in
yeast) is the iron donor to IscU (homologous to Isu1 in yeast), and
frataxin homologues are not required for the biogenesis of iron-sulfur
clusters (33); and (iii) a direct interaction between frataxin and aconitase
has been reported (10, 11). The results shown in this paper clearly indi-
cate that frataxin is not essential for iron-sulfur cluster biogenesis
(although required for full recovery of aconitase activity) and give a
reasonable explanation of how the absence of frataxin leads to iron-
sulfur deficiency in the yeast model of FRDA. Iron overload would lead
to reduced manganese levels that would result in impaired manganese
incorporation into Sod2. Lack of Mn-SOD activity would result in
increased levels of superoxide (Fig. 3C) that would inactivate iron-
sulfur-containing enzymes. The link between iron accumulation and
Mn-SOD deficiency is clearly established with the experiments per-
formed with BPS and �grx5 cells. Also, a direct link between Mn-SOD
activity and inactivation of iron-sulfur enzymes arises from experiments
reported in Figs. 5 and 6. Results shown in Fig. 5 demonstrate the recov-
ery of Mn-SOD and iron-sulfur containing enzymes by manganese
treatment. In this context, it is worth mentioning that manganese
itself has antioxidant properties that suppress growth defects in a
�sod1�sod2 mutant (34). However, this suppression required concen-
trations above 2mM andwas not observed at concentrations used in our
work (50–100 �M). Consistently, when we treated a�sod2mutant with

100 �M manganese, recovery of iron-sulfur enzymes was not observed
(data not shown). Furthermore, as shown in Fig. 6, enzyme activities
were recovered by reducing iron concentration (without manganese
supplementation). Consequently, it is not likely that recovery of iron-
sulfur enzymes could be a consequence of the antioxidant properties of
manganese independently of Mn-SOD recovery.
An important problem to solve in the future is how iron overload

results in manganese deficiency. As a hypothesis, it should be men-
tioned that Smf2p, a high affinity manganese transporter, could be the
link. Cells lacking SMF2, as those lacking YFH1, show decreased man-
ganese content and limited Mn-SOD activity. These defects are cor-
rected after manganese supplementation of growth media (23). Inter-
estingly, Smf2 activity is decreased at the post-translational level by
elevated iron levels and its expression is not regulated by the iron sensor
Aft1 (35). Thus, in contrast to Aft1, Smf2 could be able to sense
increased iron levels in �yfh1 cells and lead to decreased high affinity
manganese transport. It is worthmentioning thatmanganese deficiency
linked to increased iron levels could be a general situation not only
applying to FRDA. The results obtained with �grx5 mutant cells indi-
cate that these could be a more general phenomena occurring in iron
overloading diseases. An important consequence is that oxidative stress
triggered by an excess of iron would be potentiated by diminished SOD
activities.
As mentioned earlier, our work supports that Yfh1 should be dispen-

sable for iron-sulfur cluster biogenesis. However, how lack of Yfh1
induces iron accumulation in yeast is still an intriguing question. Iron
accumulation in yfh1mutants depends on constitutive activation of the
iron sensor Aft1 (25), and it has been reported that this sensor responds
to a signal connected to mitochondrial iron-sulfur cluster biogenesis
(36). As shown in Fig. 5, manganese treatment restores the activity of
some iron-sulfur enzymes, but iron overload persists. This indicates
that the signal acting on Aft1 is not restored in these particular circum-
stances. Could this signal be related to aconitase? It should be kept in
mind that in manganese-treated �yfh1 cells, its activity is not restored,
and according to two recent reports (10, 11), reconstitution of the acon-
itase [4Fe4S] cluster depends on its interaction with frataxin. Also, in
mammals, cytosolic aconitase (Irp-1) has a well known role as an iron
sensor (37). In yeast, apo-aconitase binds to mitochondrial DNAwhere
it could play a regulatory function in response to changing metabolic
needs (38).
Another important conclusion from this work arises from the analy-

FIGURE 6. Activities of Mn-SOD and iron-sulfur containing proteins in �yfh1 yeast
cells grown in iron-limited medium. Wild type and �yfh1 cells were grown in raffinose
synthetic medium supplemented (black bars) or not (white bars) with 10 �M BPS. Iron
content and enzymatic activities in �yfh1 cells (relative to wild type grown in the same
conditions) are shown. In iron-limited medium (plus BPS), Mn-SOD, succinate dehydro-
genase (SDH), and isopropylmalate dehydratase (IMD) activities were recovered; iron
accumulation was prevented; and aconitase activity was not restored. Data are repre-
sented as means � S.E. from three independent experiments.

FIGURE 7. Manganese deficiency and decreased superoxide dismutase activity in
�grx5. BY4741 (wild type, white bars) and its isogenic derivative �grx5 (black bars) were
grown in YPD medium supplemented with increasing amounts of MnCl2. A, whole cell
manganese concentration was quantified as described under “Experimental Proce-
dures”; B, 40 �g of cell lysates were loaded on native gels. Bands corresponding to
Mn-SOD were measured with a densitometer and the relative density calculated (Quan-
tity One software). Data are represented as means � S.E. from three independent
experiments.
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sis of the proteome of �yfh1 cells. Induction of antioxidant defenses
reveals that YFH-deficient cells are exposed to an endogenous oxidative
stress. This would be the consequence of Mn-SOD deficiency but more
importantly of iron overload, since the increased amounts of Sod1p and
Sod2p persisted in manganese-treated �yfh1 cells. The relevance of
oxidative stress in FRDA is also a matter of discussion. Markers of
oxidative stress in samples of FRDA patients have been extensively
reported; for instance, in lymphoblasts, mitochondrial peroxides were
increased and the GSH/GSSG ratio was reduced (39); in fibroblasts, the
GSH/GSSG ratio decreased by 3-fold and protein-bound glutathione
and actin glutathionylation were increased (40). On the other hand, the
existence of oxidative stress in FRDA has been questioned by some
reports that were unable to identify markers of oxidative stress, like
protein-bound carbonyl groups (41) or malondialdehyde (42), in differ-
ent FRDA models. But it should be kept in mind that specific targets
depend on how oxidative stress is generated (43, 44). This means that
the absence of a specific marker of oxidative stress in one system does
not preclude the presence of oxidative stress in such system.
Finally, the results shown here open the question on whether man-

ganese and deficient SOD activity are both related to FRDA. Alterations
in SOD activity and expression have been reported in other FRDAmod-
els. Embryonic mouse cells treated with retinoic acid and frataxin anti-
sense RNA show increased expression ofMn-SOD compared with con-
trol cells. Retinoic acid induces differentiation of embryonic cells into
neurons, astroglia, andmicroglia (45). According to a recent report (46),
fibroblasts and lymphoblasts from FRDA patients could have decreased
antioxidant capacity. Decreased total SOD activity is observed in hearts
from the mouse model of FRDA ataxia (47). In this model, Mn-SOD
expression increases after birth and suddenly drops after 10 weeks (41).
Could this drop in Mn-SOD expression be the consequence of manga-
nese deficiency? Interestingly, Smf2p is homologous to DMT1, which
transports iron as well as manganese inmammals (48). The existence of
amanganese deficiency in FRDApatients could lead to a sudden change
in FRDA therapies. Manganese is known to be essential for the devel-
opment and function of the brain. Manganese-deprived rats are often
ataxic (49). The reason is not known, but it is remarkable that several
brain manganese-containing enzymes, such as glutamine synthetase,
pyruvate carboxylase, or Mn-SOD, play a significant role in brain func-
tion and could be affected by manganese deficiency. Should manganese
supplementation be considered in FRDA patients? Even if such defi-
ciency is confirmed in mammals, this is a delicate point, since high
environmental exposure to manganese has toxic effects. However, oral
manganese intake is considered to be safe even at concentrations 5-fold
above the recommended daily doses (50). Consequently, the results pre-
sented here open new strategies in FRDA therapies.

Acknowledgments—We thank Vanessa Guijarro for technical assistance. We
also are indebted to Jerry Kaplan (University of Utah) and Enrique Herrero
(Universitat de Lleida) for critical review of the manuscript.

REFERENCES
1. Campuzano, V., Montermini, L., Molto, M. D., Pianese, L., Cossee, M., Cavalcanti, F.,

Monros, E., Rodius, F., Duclos, F., Monticelli, A., Zara, F., Canizares, J., Koutnikova,
H., Bidichandani, S. I., Gellera, C., Brice, A., Trouillas, P., DeMichele, G., Filla, A., De
Frutos, R., Palau, F., Patel, P. I., Di Donato, S., Mandel, J. L., Cocozza, S., Koenig, M.,
and Pandolfo, M. (1996) Science 271, 1423–1427

2. Rötig, A., Sidi, D., Munnich, A., and Rustin, P. (2002) Trends Mol. Med. 8, 221–224
3. Gerber, J., Muhlenhoff, U., and Lill, R. (2003) EMBO Rep. 4, 906–911
4. Yoon, T., and Cowan, J. A. (2003) J. Am. Chem. Soc. 125, 6078–6084
5. Yoon, T., and Cowan, J. A. (2004) J. Biol. Chem. 279, 25943–25946
6. Zhang, Y., Lyver, E. R., Knight, S. A., Lesuisse, E., and Dancis, A. (2005) J. Biol. Chem.

280, 19794–19807

7. O’Neill, H. A., Gakh, O., Park, S., Cui, J., Mooney, S. M., Sampson, M., Ferreira, G. C.,
and Isaya, G. (2005) Biochemistry 44, 537–545

8. Campanella, A., Isaya, G., O’Neill, H. A., Santambrogio, P., Cozzi, A., Arosio, P., and
Levi, S. (2004) Hum. Mol. Genet. 13, 2279–2288

9. Gonzalez-Cabo, P., Vazquez-Manrique, R. P., Garcia-Gimeno, M. A., Sanz, P., and
Palau, F. (2005) Hum. Mol. Genet. 14, 2091–2098

10. Bulteau, A. L., O’Neill, H. A., Kennedy, M. C., Ikeda-Saito, M., Isaya, G., and Szweda,
L. I. (2004) Science 305, 242–245

11. Bulteau, A. L., Lundberg, K. C., Ikeda-Saito, M., Isaya, G., and Szweda, L. I. (2005)
Proc. Natl. Acad. Sci. U. S. A. 102, 5987–5991

12. Rotig, A., de Lonlay, P., Chretien, D., Foury, F., Koenig, M., Sidi, D., Munnich, A., and
Rustin, P. (1997) Nat. Genet. 17, 215–217

13. Puccio, H., Simon, D., Cossee, M., Criqui-Filipe, P., Tiziano, F., Melki, J., Hindelang,
C., Matyas, R., Rustin, P., and Koenig, M. (2001) Nat. Genet. 27, 181–186

14. Babcock, M., de Silva, D., Oaks, R., Davis-Kaplan, S., Jiralerspong, S., Montermini, L.,
Pandolfo, M., and Kaplan, J. (1997) Science 276, 1709–1712

15. Cavadini, P., Gellera, C., Patel, P. I., and Isaya, G. (2000) Hum. Mol. Genet. 9,
2523–2530

16. Rodriguez-Manzanequem, M. T., Tamarit, J., Belli, G., Ros, J., and Herrero, E. (2002)
Mol. Biol. Cell 13, 1109–1121

17. Foury, F. (1999) FEBS Lett. 456, 281–284
18. Reverter-Branchat, G., Cabiscol, E., Tamarit, J., and Ros, J. (2004) J. Biol. Chem., 279,

31983–31989
19. Tamarit, J., Irazusta, V.,Moreno-Cermeño, A., and Ros, J. (2006)Anal. Biochem. 351,

149–151
20. Aguilaniu, H., Gustafsson, L., Rigoulet, M., and Nystrom, T. (2003) Science 299,

1751–1753
21. Cogoni, C., Valenzuela, L., Gonzalez-Halphen, D., Olivera, H., Macino, G., Ballario,

P., and Gonzalez, A. (1995) J. Bacteriol. 177, 792–798
22. Kohlhaw, G. B. (1988)Methods Enzymol. 166, 423–429
23. Luk, E. E., and Culotta, V. C. (2001) J. Biol. Chem. 276, 47556–47562
24. Foury, F., and Cazzalini, O. (1997) FEBS Lett. 411, 373–377
25. Foury, F., and Talibi, D. (2001) J. Biol. Chem. 276, 7762–7768
26. Duby, G., Foury, F., Ramazzotti, A., Herrmann, J., and Lutz, T. (2002) Hum. Mol.

Genet. 11, 2635–2643
27. Park, S. G., Cha,M. K., Jeong,W., and Kim, I. H. (2000) J. Biol. Chem. 275, 5723–5732
28. Fridovich, I. (1995) Annu. Rev. Biochem. 64, 97–112
29. de Nobel, H., Lawrie, L., Brul, S., Klis, F., Davis, M., Alloush, H., and Coote, P. (2001)

Yeast 15, 1413–1428
30. Strain, J., Lorenz, C. R., Bode, J., Garland, S., Smolen, G. A., Ta, D. T., Vickery, L. E.,

and Culotta, V. C. (1998) J. Biol. Chem. 273, 31138–31144
31. Li, Y., Huang, T. T., Carlson, E. J., Melov, S., Ursell, P. C., Olson, J. L., Noble, L. J.,

Yoshimura,M. P., Berger, C., Chan, P. H.,Wallace, D. C., and Epstein, C. J. (1995)Nat.
Genet. 11, 376–381

32. Foury, F., and Roganti, T. (2002) J. Biol. Chem. 277, 24475–24483
33. Ding, H., Harrison, K., and Lu, J. (2005) J. Biol. Chem. 280, 30432–30437
34. Lapinskas, P. J., Cunningham, K. W., Liu, X. F., Fink, G. R., and Culotta, V. C. (1995)

Mol. Cell. Biol. 15, 1382–1388
35. Portnoy, M. E., Liu, X. F., and Culotta, V. C. (2000)Mol. Cell. Biol. 20, 7893–7902
36. Rutherford, J. C., Ojeda, L., Balk, J., Muhlenhoff, U., Lill, R., and Winge, D. R. (2005)

J. Biol. Chem. 280, 10135–10140
37. Rouault, T. A., and Klausner, R. D. (1996) Trends Biochem. Sci. 21, 174–177
38. Chen, X. J., Wang, X., Kaufman, B. A., and Butow, R. A. (2005) Science 307, 714–717
39. Tan, G., Napoli, E., Taroni, F., and Cortopassi, G. (2003) Hum. Mol. Genet. 12,

1699–1711
40. Pastore, A., Tozzi, G., Gaeta, L. M., Bertini, E., Serafini, V., Di Cesare, S., Bonetto, V.,

Casoni, F., Carrozzo, R., Federici, G., and Piemonte, F. (2003) J. Biol. Chem. 278,
42588–42595

41. Seznec,H., Simon,D., Bouton, C., Reutenauer, L., Hertzog, A., Golik, P., Procaccio, V.,
Patel, M., Drapier, J. C., Koenig, M., and Puccio, H. (2005) Hum. Mol. Genet. 14,
463–474

42. MacEvilly, C. J., and Muller, D. P. (1997) Res. Neurol. Neurosci. 11, 131–137
43. Tamarit, J., Cabiscol, E., and Ros, J. (1998) J. Biol. Chem. 273, 3027–3032
44. Cabiscol, E., Piulats, E., Echave, P., Herrero, E., and Ros, J. (2000) J. Biol. Chem. 275,

27393–27398
45. Santos, M. M., Ohshima, K., and Pandolfo, M. (2001) Hum. Mol. Genet. 10,

1935–1944
46. Sturm, B., Bistrich, U., Schranzhofer, M., Sarsero, J. P., Rauen, U., Scheiber-Mojdeh-

kar, B., de Groot, H., Ioannou, P., and Petrat, F. (2005) J. Biol. Chem. 280, 6701–6708
47. Chantrel-Groussard, K., Geromel, V., Puccio, H., Koenig, M., Munnich, A., Rotig, A.,

and Rustin, P. (2001) Hum. Mol. Genet. 10, 2061–2067
48. Van Ho, A., Ward, D. M., and Kaplan, J. (2002) Annu. Rev. Microbiol. 56, 237–261
49. Takeda, A. (2003) Brain Res. Rev. 41, 79–87
50. Finley, J. W. (2004) Nutr. Rev. 62, 148–153

Manganese Deficiency in Friedreich Ataxia

12232 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 18 • MAY 5, 2006

 at U
N

IV
E

R
SIT

A
T

 D
E

 L
L

E
ID

A
 on M

arch 30, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Tamarit
Verónica Irazusta, Elisa Cabiscol, Gemma Reverter-Branchat, Joaquim Ros and Jordi

Model of Friedreich Ataxia
Manganese Is the Link between Frataxin and Iron-Sulfur Deficiency in the Yeast

doi: 10.1074/jbc.M511649200 originally published online March 1, 2006
2006, 281:12227-12232.J. Biol. Chem. 

  
 10.1074/jbc.M511649200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/281/18/12227.full.html#ref-list-1

This article cites 50 references, 33 of which can be accessed free at

 at U
N

IV
E

R
SIT

A
T

 D
E

 L
L

E
ID

A
 on M

arch 30, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M511649200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;281/18/12227&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/281/18/12227
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=281/18/12227&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/281/18/12227
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/281/18/12227.full.html#ref-list-1
http://www.jbc.org/

