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Iron overload is involved in several pathological conditions, including Friedreich ataxia, a disease caused by
decreased expression of the mitochondrial protein frataxin. In a previous study, we identified 14 proteins
selectively oxidized in yeast cells lacking Yfh1, the yeast frataxin homolog. Most of these were magnesium-
binding proteins. Decreased Mn-SOD activity, oxidative damage to CuZn-SOD, and increased levels of
chelatable iron were also observed in this model. This study explores the relationship between low SOD
activity, the presence of chelatable iron, and protein damage. We observed that addition of copper and
manganese to the culture medium restored SOD activity and prevented both oxidative damage and
inactivation of magnesium-binding proteins. This protection was compartment specific: recovery of
mitochondrial enzymes required the addition of manganese, whereas cytosolic enzymes were recovered by
adding copper. Copper treatment also decreased Ayfhl sensitivity to menadione. Finally, a Asod1 mutant
Yeast showed high levels of chelatable iron and inactivation of magnesium-binding enzymes. These results suggest
Superoxide dismutase that reduced superoxide dismutase activity contributes to the toxic effects of iron overloading. This would
Iron toxicity also apply to pathologies involving iron accumulation.
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Iron plays an essential role in cellular metabolism due to its great
versatility as a biological catalyst [1]. However, high tissue iron
concentrations have been associated with the development and
progression of several pathological conditions [2], including genetic
disorders caused by mutations in proteins directly involved in iron
metabolism, such as hereditary hemochromatosis, Friedreich ataxia
(FRDA), aceruloplasminemia, and X-linked sideroblastic anemia [3].
Increased body iron stores that could contribute to pathology
progression have been described in other disorders, such as cancer
[4] and Parkinson disease [5].

FRDA is caused by decreased expression of the mitochondrial
protein frataxin [6]. Many studies have linked frataxin to iron
metabolism and iron overload. Consequently, some therapeutic
approaches under study seek to reduce the degree of iron accumu-
lation using chelators [7] or siderophores or to prevent its pro-oxidant
effects with antioxidants such as idebenone, a coenzyme Q analog [8].
In most cellular and animal models of FRDA, decreased activity of
proteins containing iron-sulfur clusters has been reported, suggesting
that frataxin has a role in iron-sulfur cluster biosynthesis [9].
However, the precise function of this protein remains a matter of
debate. Many studies of frataxin function have used Saccharomyces
cerevisiae, as frataxin and the yeast homolog Yfh1 are orthologs.
Frataxin and Yfh1 are mitochondrial proteins, Ayfh1 strains accumu-
late iron and show decreased activity of iron-sulfur-containing
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proteins [10], and human frataxin complements yeast Ayfh1 mutant
strains [11].

Iron toxicity is related to its ability to trigger the generation of
reactive oxygen species (ROS) [12]. These species are highly reactive
and have the potential to damage cellular components such as lipids,
nucleic acids, carbohydrates, and proteins. “Free iron” is considered to
be the iron fraction that is in transit between uptake and release from
iron-binding proteins and is directly involved in iron toxicity.
Although the exact nature of this iron fraction, also termed “chelatable
iron,” “redox-active iron,” or “labile iron pool” [13], is poorly defined,
it is generally considered to be associated with small-molecular-
weight ligands such as ATP, ADP, phosphate, or citrate [1,14]. All living
organisms have developed iron transport and storage systems that
keep concentrations of free iron as low as possible [13].

In a previous study, we addressed the consequences of iron
overload on the cellular proteome of a yeast model of Friedreich ataxia
[15]. By analyzing protein carbonylation, one of the end-products of
free radical attack on proteins, we identified 14 proteins specifically
carbonylated in Ayfh1 mutants. Most of these were Mg-binding
proteins, indicating that iron can replace Mg-binding sites and
specifically promote damage of this group of proteins. Our results
also indicated that chelatable iron, and not total cellular iron, was the
iron fraction directly involved in promoting protein damage.

Our proteomic search for iron targets in Ayfhl mutants also
identified the cytosolic CuZn-dependent superoxide dismutase
(SOD1) as one of the damaged enzymes [15]. Independent results
from our lab [16] and others [17] have shown that iron overload in
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yeast promotes inactivation of SOD2, and a similar effect was recently
reported in a mouse model of hereditary hemochromatosis [18].
These data suggest that, in addition to its known catalytic ability to
generate reactive oxygen species, iron overload could promote
oxidative stress by inactivating both the mitochondrial and the
cytosolic superoxide dismutases. This study shows that decreased
SOD activity promotes increased levels of chelatable iron, which in
turn promote specific protein damage in a yeast model of FRDA.

Experimental procedures
Organisms and culture conditions

The S. cerevisiae strains used in this work were W303-1A (wild
type; MATa ura3-52 leu2-3,112 trp1-1 his3-11,15 ade2-1) and its
isogenic null mutants MML298 (Ayfh1; MATa yfh1::kanMX4) [15,16],
BQS102 (Asod1; MATa sod1::URA3), and BQS050 (Ayfh1Asod1; MATa
yfh1::kanMX4, sod1::URA3). BQS050 and BQS102 were obtained by
replacing the SOD1 open reading frame in either W303-1A or
MML298 with a URA3 cassette obtained by PCR amplification from
strain 96687 (MATa sod1::URA3; American Type Culture Collection,
Manassas, VA, USA). 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. Synthetic medium (SC)
contained 2% glucose, 0.67% yeast nitrogen base (Difco), a mixture of
amino acids, and the required auxotrophic supplements. All experi-
ments were performed with exponentially growing cells at optical
densities ranging from 0.5 to 1 (N=600 nm, 1-cm light path).

Two-dimensional gel electrophoresis

Cells were suspended in 25 mM Tris-HCI buffer, pH 8, plus 8 M
urea and disrupted using glass beads. An equal volume of 8 M urea, 8%
Chaps, and 50 mM dithiothreitol (DTT) was added to the lysed cells,
and after centrifugation (12,000 rpm for 10 min) protein amounts in
the supernatant were quantitated with a Nanodrop ND-100 spectro-
photometer and 40 pg of protein was diluted in 150 pl of rehydration
buffer (8 M urea, 4% Chaps, 25 mM DTT, 0.5% Bio-Lytes). Isoelectric
focusing was performed in 7-cm IPG immobilized pH gradient strips
(3-10 NL Bio-Rad). After the first dimension, the strips were incubated
for 20 min with 5 ml of a solution containing 10 mM 2,4-
dinitrophenylhydrazine (DNPH) in 10% trifluoroacetic acid. DNPH
reacts with carbonyl groups in proteins. Antibodies against DNPH
allow immunodetection of this compound bound to carbonyl groups
in proteins by classic Western blot techniques. To stop this reaction,
the strips were transferred to a 5-ml solution containing 0.4 M Tris, pH
8.8, 6 M urea, 2% SDS, and 20% glycerol. Second-dimension SDS-PAGE
was performed on 18x18-cm 12.5% polyacrylamide gels. For
comparative purposes, two strips (one corresponding to wild-type
cells and the other to Ayfh1 cells grown under the same conditions)
were run in parallel on the same gel to obtain images with the same
exposure and incubation times. Gels were either transferred to PVDF
membranes for Western blot analysis or silver stained (PlusOne silver
staining kit; General Electric Healthcare) and scanned in a GS800
densitometer (Bio-Rad). Antibodies against DNPH (Dako) were used
at 1:5000 dilution. A peroxidase-conjugated anti-rabbit antibody was
used for detection. Images were acquired in a ChemiDoc XRS System
(Bio-Rad) and analyzed with PDQuest software (Bio-Rad).

Enzyme activity

Cell extracts were prepared using glass beads, and enzymatic
activity was assayed as previously described for aconitase and
succinate dehydrogenase [19], pyruvate kinase [20], and phospho-
glycerate kinase [21]. Mitochondrial F{Fg ATP synthase was assayed in
mitochondrial preparations as described [22]. Oligomycin at 6 pg/ml,

an inhibitor of this enzyme [23], was used for background subtraction.
Mitochondria were prepared as described [19]. Superoxide dismutase
activity was analyzed in zymograms. Briefly, cells were disrupted
using glass beads in 50 mM Tris-HCl buffer, pH 8.0. Crude extracts
were loaded onto native 12% Tris-glycine polyacrylamide gels, pH 8.8.
After electrophoresis, gels were stained for SOD activity as described
[24]. Native gels were subjected to densitometry and the density of
the bands corresponding to Mn-SOD or CuZn-SOD activity was
calculated using Quantity One software (Bio-Rad).

Iron analyses

Total cellular iron was determined in nitric acid-digested cells,
using bathophenanthroline sulfonate as chelator [25]. Intracellular
chelatable iron was determined using confocal microscopy and the
fluorescent iron chelator Phen Green SK diacetate (Molecular Probes)
[15]. Yeast cells were grown in YPD medium, washed twice with SC
medium, and then loaded for 20 min with 20 pM Phen Green SK
diacetate in 300 pl of SC medium. This incubation was performed over
glass coverslips treated with concanavalin A (Sigma) to fix the cells
and mounted in a stainless steel chamber placed on the stage of an
inverted Olympus FV500 confocal laser scanning microscope. After
20 min incubation with Phen Green SK diacetate, the cells fixed on the
chamber's coverslip were washed twice with SC medium, diluted
again in 300 pl of SC medium, and imaged in the microscope using an
argon laser (Nexcitation 488 nm), 505 nm longpass filter, and Olympus
PlanApo oil objective (60 x /1.40 NA). For dynamic measurements of
Phen green dequenching, images were collected at 5-s intervals. After
1 min, 3 pl of a solution containing 0.2 M 1,10-phenanthroline was
added to the chamber and images were collected for 4 additional
minutes at 5-s intervals. Data were analyzed using Olympus Fluoview
and Microsoft Excel software.

Measurement of cell growth rate

Cell growth was monitored in 1-ml cultures in 24-well plates
incubated at 30°C and constant agitation in a Biotek PowerWave XS
microplate spectrophotometer. Plates were sealed with Breathe Easy
membranes (Diversified Biotech, Boston, MA, USA). Optical density
(600 nm) was recorded every 30 min. Generation times were
calculated using Gen5 data analysis software and Microsoft Excel.

Results
CuZn-SOD activity is decreased in Ayfhl cells

In two previous proteomic analyses of Ayfhl yeast cells, we
identified CuZn-superoxide dismutase as both a highly induced
protein [16] and a target of iron-induced oxidative stress [15]. The
degree of carbonylation significantly exceeded the increase in SOD1
protein, suggesting that a fraction of this protein may be present in a
damaged form in Ayfh1 cells. However, the consequences of such
carbonylation on SOD1 activity were not studied. To reveal whether
total SOD1 activity was altered in Ayfh1 cells, this study analyzed the
activity of both SOD isoenzymes using native gels stained for SOD
activity. As shown in Figs. 1A and 1B, CuZn-SOD activity was slightly
decreased in Ayfhl. The SOD1 activity decrease appears stronger
when specific activity (Fig. 1C) is calculated by dividing the enzymatic
activity with the protein amounts measured by Western blot (Fig. 1A).
The origin of such low specific activity may be protein carbonylation
due to ROS damage but could also be related to limited copper
availability, which would result in large amounts of apo-SOD1 protein.
This is very possible, as copper is required for the activity of Fet3, a
multicopper oxidase involved in iron transport that is largely induced
in Ayfh1 strains [26]. Indeed, it has been described that activation of
iron acquisition by the iron-responding factor Aft1 increases copper
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Fig. 1. SOD activity in Ayfh1 cells. Crude extracts from wild-type and Ayfh1 cells grown under various conditions were loaded on native gels and SOD activity was detected as explained
under Experimental procedures. Crude extracts were also separated by SDS-PAGE and the amounts of SOD1 and SOD2 calculated by Western blot. (A) Zymograms and Western blots
showing the activity and amounts of both isoenzymes in crude extracts from cells grown in YPG supplemented or not with 5 uM CuSO.4, 50 tM MnCl,. (B) Total CuZn-SOD activity in
cells grown in supplemented YPG medium was calculated by analyzing the intensity of the corresponding band in the zymogram. Activity in nonsupplemented wild-type cells was
considered the 100% reference value. (C) Specific CuZn-SOD activity was calculated by dividing the relative enzymatic activity (obtained by zymograms) by the relative intensity of the
Western blot bands against SOD1. Activity in nonsupplemented wild-type cells was considered the 100% reference value. (D and E) In manganese-supplemented cultures, total and
specific Mn-SOD activity was calculated as explained for CuZn-SOD. All data are presented as means + standard deviation of three independent experiments.

transport into membrane compartments, leading to copper-deprived
cytosol [27]. To investigate whether copper availability may be limited
in Ayfhl cells, we supplemented the culture medium with copper
sulfate at various concentrations. As shown in Fig. 1B, copper
treatment increased CuZn-SOD activity in both wild-type and Ayfh1
cells. In wild-type cells, this was due to higher protein expression, as
observed by Western blot (Fig. 1A). Consequently, specific activity
was not altered (Fig. 1C). Recovery of wild-type levels of CuZn-SOD
activity in Ayfh1 cells was achieved with 5 UM concentration of CuSO,.
Supplementing culture medium with higher concentrations of copper
did not further increase SOD activity. However, specific activity was
not fully restored. This fact may indicate that, in addition to limited
copper availability, a fraction of CuZn-SOD may be inactive in Ayfhl
cells because of oxidative damage.

We also investigated the effects of copper and manganese
treatment on Mn-SOD activity. In a previous study [16], we observed
that the mitochondrial manganese-dependent isoenzyme (Mn-SOD)
showed a marked increase in protein amounts, but paradoxically
decreased activity in Ayfh1 cells. This decreased activity was

considered one of the consequences of the manganese deficiency
found in Ayfh1 cells and could be reverted by manganese supple-
mentation of the culture medium. The zymograms shown in Fig. 1A
confirmed this marked decrease in Mn-SOD activity in Ayfh1 cells and
its recovery by manganese (Fig. 1D). However, when specific activity
was calculated, large amounts of inactive SOD2 were present, even in
manganese-supplemented cultures (Fig. 1E). This fact indicates that
Mn-SOD may be inactivated by iron accumulation in mitochondria, as
well as by manganese deficiency. Iron would occupy the active site of
the enzyme [17], yielding an inactive and easily oxidizable [15] form
of this enzyme.

Carbonyl content in supplemented cultures

In a previous study, we used a proteomics approach to identify
oxidatively damaged proteins in a Ayfh1 strain. This approach
consisted of Western blot detection of carbonyl groups on proteins
previously separated by two-dimensional gel electrophoresis (2D-oxy
blot). We identified 17 spots with increased carbonyl content in Ayfh1
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cells, corresponding to 14 different proteins. To explore the con-
tribution of decreased SOD activity to the carbonylation of this group
of proteins, we analyzed protein carbonylation in yeast cells grown in
YPG medium supplemented or not with 50 pM MnCl, and 5 pM CuSO,.
As shown in Fig. 1, recovery of wild-type levels of CuZn-SOD and Mn-
SOD in Ayfhl cells was achieved with these metal concentrations.
Crude extracts were prepared and analyzed by 2D-oxy blots as
described under Experimental procedures. Replicate gels were silver
stained to measure the changes in protein amounts of every analyzed
spot under each experimental condition. Representative images of
these gels are shown in Fig. 2. Both 2D-oxy blots and silver-stained
gels were analyzed in pairs (wild type vs Ayfhl) using PDQuest
software. Relative carbonyl and protein amounts (Ayfh1/wild type)
obtained for each spot are shown in Table 1. These results are
summarized in Fig. 3, which presents the increase in carbonylation in
Ayfhl cells of each protein analyzed (corrected considering changes
in protein amounts), in treated and untreated cultures. A significant
decrease in the carbonylation degree of most of the analyzed proteins
was observed after manganese and copper treatment. As a control,
spot 18, which showed no change in carbonylation in Ayfh1 cells, was
identified as the two isoforms of glyceraldehyde-3P dehydrogenase
(TDHZ2 and TDH3). Previously, we had shown that glyceraldehyde-3P
dehydrogenase activity was not altered in Ayfhl mutants [15]. As
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shown in Fig. 3, metal treatment had no effect on the degree of
carbonylation, suggesting that these proteins are damaged as a
consequence of increased superoxide levels produced in Ayfh1 cells.

Recovery of enzymatic activity by copper and manganese treatments

To validate the results obtained in the previous experiments, we
analyzed the enzymatic activity of pyruvate kinase, phosphoglycerate
kinase, and mitochondrial ATP synthase in YPG cultures supplemen-
ted or not with copper and manganese. These three enzymes were
described as targets of iron-induced oxidative stress in Ayfh1 cells
because their enzymatic activities decreased and carbonyl content
increased in such cells [15]. Fig. 4 shows that manganese and copper
treatment protected these enzymatic activities from inactivation in
Ayfh1 cells, confirming the proteomic data presented in Table 1 and
Fig. 3. We also wanted to determine if copper alone was able to recover
both cytosolic and mitochondrial enzymes; a cross-compartment
protection by CuZn-SOD of mitochondrial enzymes such as homo-
aconitase or aconitase has been reported [28]. Only the cytosolic
proteins pyruvate kinase and phosphoglycerate kinase were recovered
by copper treatment, whereas recovery of the mitochondrial ATP
synthase required both copper and manganese. This result suggests
that these enzymes are inactivated as a consequence of increased
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Fig. 2. Analysis of the oxyproteome of wild-type and Ayfh1 cells grown in metal-supplemented YPG by two-dimensional gel electrophoresis. Cells were grown in YPG medium
supplemented with 50 pM MnCl; and 5 uM CuSOy4 as indicated. Control cultures were grown without supplementation. Cell lysates (40 pg of total protein) were separated by two-
dimensional gel electrophoresis as described under Experimental procedures. Gels were transferred to PVDF membranes and oxidized proteins detected with antibodies against 2,4-
dinitrophenol: (A) wild-type and (B) Ayfh1 cells grown in unsupplemented YPG; (C) wild-type and (D) Ayfh1 cells grown in supplemented YPG. (E and F) Silver-stained gels
correspond to (E) wild-type and (F) Ayfh1 cells grown in supplemented YPG. The indicated spots are those previously identified as targets of oxidative stress in Ayfh1 cells [15] (see

Table 1).
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Table 1

Analysis of specific protein carbonylation in Ayfh1 cells grown in YPG medium supplemented or not with copper and manganese

Protein Gene Spot Untreated

5 uM CuSO4+ 50 uM MnCl,

Oxidation increase Protein increase Oxidation/protein Protein increase Protein increase Oxidation/protein

Mitochondrial heat shock protein Ssci1 1 3434174 0.8640.46 40+0.6 1.17+0.33 0.62 4 0.47 2.34+0.90
3 3274041 1.1940.60 2.75+0.83 1.68+0.42 0.74+0.20 2.25+0.014
Mitochondrial matrix chaperone HSP78 4 1447 +1.15 0.92+0.25 15.75+£3.0 2194035 1.35+0.65 1.62+0.81
Cytoplasmic heat shock protein homolog SSE1 2 6.61+348 0.96+0.29 6.8+2.1 2.27+40.01 0.7440.36 3.027 +£1.39
F1Fo ATP synthase, o subunit ATP1 6 5.4740.60 1.2140.20 4.6+0.28 1.5640.79 1.984+0.92 0.79+0.15
7 12624345 1.004+0.30 12.69+0.4 1.7240.82 1.64+042 1.044+0.17
F1Fo ATP synthase, 3 subunit ATP2 5 343+1.25 0.67+0.38 530+1.7 1.43+0.67 0.714+0.25 2.05+0.91
Acetohydroxy acid reductoisomerase ILV5 8 10.20+2.41 0.98 £0.55 104429 1.02+0.54 1.83+0.87 049+0.13
Pyruvate kinase 1 CDC19 10 3.60+1.25 0.90 +0.10 3.90+1.01 1.024+1.42 163+1.2 0.61+0.55
11 2734055 0.80+0.20 3.5+0.19 1.65+0.06 1.34+0.51 1.15+0.43
3-Phosphoglycerate kinase PGK1 12 4.0040.75 1.02+0.25 3.9+0.27 1.71+0.51 0.93+0.51 1.85+0.45
Adenylate kinase ADK1 13 8304135 2.50+0.53 334021 1.714+0.51 3.17+£0.92 0.54+0.02
Catalase A CTA1 9 49374575 6.07 +£1.74 8.46+28 2.17+0.86 7.13+5.30 0.35+0.13
Thiol-specific peroxiredoxin AHP1 14 15334443 437 +1.07 3.50+0.73 6.76 +2.31 6.5340.92 1.03+0.27
CuZn-superoxide dismutase SoD1 15 14834284 5.01+£2.03 2.97+£0.74 520+1.44 2.11+£0.38 2444027
Actin, a chain ACT1 16 2.63+0.25 0.77 £ 0.06 3.43+0.19 1.2440.50 0.55+0.17 2224037
Translational elongation factor EF-1a TEF2 17 9204145 1.24+0.42 7.51+1.41 1.87+0.73 0.8240.07 228+0.53
Glyceraldehyde-3-phosphate TDH2/3 18 0.9440.11 0.89 +0.41 1.064-0.28 0.95+0.49 0.85+0.02 1.1240.56
dehydrogenase

The spots indicated in Fig. 2 were previously identified as the indicated proteins [15]. Oxidation increase (Ayfh1 over wild type) was quantified from the oxy blots shown in Fig. 2.
Protein increase (Ayfh1 over wild type) was quantified from silver-stained gels. Values in the last column are the ratio between oxidation and protein increases and represent the
relative increase in oxidative damage for each protein in Ayfh1. Data are mean =+ confidence intervals (o =0.05) from four independent experiments.

superoxide levels found in Ayfh1 cells in their respective cellular
compartments. To further investigate the contribution of CuZn-SOD
activity to the inactivation of mitochondrial enzymes in Ayfh1 cells,
we analyzed the effects of copper alone or in conjunction with
manganese on the activity of two representative iron-sulfur enzymes,
aconitase and succinate dehydrogenase. In a previous study, we
showed that inactivation of several iron-sulfur enzymes, one of the
hallmarks of FRDA, could be prevented in Ayfh1 cells when Mn-SOD
was recovered by manganese treatment [16]. The exception was
aconitase, which still presented low levels of activity after manganese
treatment. As shown in Fig. 5, copper alone had no effect on aconitase
and succinate dehydrogenase activity. The combined treatment
(copper plus manganese) restored succinate dehydrogenase activity,
but had no effect on aconitase activity. These results confirm our

previous observation that aconitase is more dependent on the
presence of Yfh1 than other iron-sulfur enzymes and also that
decreased CuZn-SOD activity in Ayfh1 cells has little effect on
mitochondrial enzymes.

Effects of copper and manganese treatments on cell growth rate and
sensitivity to menadione

When grown in YPG, Ayfh1 cells present a decrease in cell growth
rate. Because copper and manganese prevented protein damage in
Ayfh1 cells, we investigated the effects of such supplementation on
cell growth rate. To test several combinations of both metal
concentrations and to detect slight changes in growth rate, we
performed these experiments in liquid media in multiwell plates.
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Fig. 3. Comparative analysis of specific protein damage in untreated and treated cultures. Values are the ratios between the changes observed in protein carbonylation (by oxy-blots)
and the protein amounts (silver-stained gels) for each specific spot and represent the relative increase in oxidative damage in Ayfh1 for each protein analyzed under the various
growth conditions. Error bars represent confidence intervals (o = 0.05). *Significant decrease in the relative protein damage value after metal treatment.
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Fig. 4. Recovery of specific activity of carbonylated enzymes in Ayfh1 yeast cells by
metal treatment. Wild-type (black bars) and Ayfh1 cells (white bars) were grown in
YPG supplemented with 50 pM MnCl, and 5 pM CuSOy, as indicated. Control cultures
were grown without supplementation. Enzymatic activity of pyruvate kinase and
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activity found in Ayfh1 mitochondria was corrected according to the relative amount of
mitochondrial porin present in each preparation (detected by Western blot). Data are
presented as means =+ standard deviation from three independent experiments.
Combined copper and manganese treatment provided a significant protection of the
three enzymatic activities. Copper alone provided significant protection to cytosolic
enzymatic activity but failed to protect F;Fo-ATP synthase (*P<0.05, **P<0.01).

Cultures of 1 ml containing various concentrations of copper and
manganese in YPG were incubated for 18 h in 24-well plates in a
Biotek PowerWave XS microplate spectrophotometer. An equal
number of cells were inoculated in each well at the beginning of the
experiment, and optical density was measured every 30 min.
Maximum generation times were calculated for each culture
considering at least a 4-h period. Cells lacking Yfh1 presented longer
generation times (208 min) than wild-type cells (156 min). Copper or
manganese treatment, alone (Fig. 6) or combined (not shown), did
not significantly affect these parameters. This fact indicates that the
reduced growth rate in Ayfh1 cells is not due to increased protein
damage to Mg-binding proteins or FeS enzymes recovered by copper
and manganese treatment.

We also wanted to test the sensitivity of both strains to the
superoxide-generating agent menadione, as well as the effect of metal
supplementation on such sensitivity. For this purpose, cell cultures
were challenged with 2.5 uM menadione 4 h after metal treatment
and growth rate was monitored for 14 additional hours. Maximum
generation times were calculated as described. Menadione had a
strong effect on Ayfh1 generation time (461 min, more than double),
but did not have a significant effect on wild-type generation time.
Copper and manganese treatments had divergent effects on the
increased sensitivity of the Ayfh1 strain to menadione. Copper
decreased sensitivity but manganese increased it in a dose-dependent
manner (Fig. 6). These results confirm that Ayfh1 cells are more
sensitive to oxidative stress than wild-type cells and suggest that
decreased CuZn-SOD activity is involved in such sensitivity. Support-
ing this idea, experiments carried out with a double mutant,
AyfhlAsod1, showed that it was unable to grow aerobically (data
not shown), which is in accordance with a deleterious effect of
decreased SOD activity in cells lacking Yfh1.

Pyruvate kinase activity in Asod1 cells: effect of copper supplementation

To further investigate the contribution of decreased SOD activity to
protein oxidation, we analyzed pyruvate kinase activity in a Asod1
strain. Because this mutant does not grow in YPG, cells were grown in
YPD for these experiments. As shown in Fig. 7, pyruvate kinase activity
presented a significant decrease in Asod1, similar to that observed in
the Ayfh1 mutant grown under the same conditions. Interestingly, in
contrast to what was observed in Ayfh1 cells, enzymatic activity was
not recovered in Asod1 cells grown in copper-supplemented medium.
This result indicates that the recovery of pyruvate kinase by copper
treatment in Ayfh1 cells is due to the recovery of CuZn-SOD activity
and not to any other indirect effect exerted by copper treatment.

Both Ayfh1 and Asod1 strains show increased levels of chelatable iron

Previously, we had shown that chelatable iron was the fraction
responsible for protein oxidative damage in Ayfh1 cells [15]. A
possible link between SOD activity and oxidative damage to proteins
could be directly related to the known ability of superoxide to
increase the fraction of chelatable iron [29]. To investigate this point,
we measured the relative content of chelatable iron in wild-type,
Ayfh1, and Asod1 cells grown in YPD, as well as the total cellular iron
content after acid digestion of the cells. Chelatable iron can be
estimated with the use of Phen Green SK, a cell-permeative
fluorescent sensor carrying a phenanthroline group. Inside cells, the
fluorescence of this sensor is quenched by iron binding and can be
recovered after addition of the cell-permeative iron chelator 1,10-
phenanthroline to the cell suspension [30]. Cells were washed with
synthetic medium, loaded with 20 M Phen Green SK diacetate for
20 min, and washed again with synthetic medium and the
fluorescence was recorded in a confocal microscope. After basal
fluorescence was recorded for 1 min, 2 mM 1,10-phenanthroline was
added to the preparation and fluorescence recorded for 4 additional
minutes. Figs. 8A-8F shows the images of wild-type Asod1 and Ayfh1
cells before and 90 s after the addition of 1,10-phenanthroline. The
mean recorded fluorescence for both strains at various times is shown
in Fig. 8G. A sharp increase in fluorescence intensity, followed by a
plateau, is observed soon after the addition of the chelator.
Subtracting the basal fluorescence of each cell from the fluorescence
of the same cell after 90 s of exposure to 1,10-phenanthroline yielded
the relative amount of chelatable iron (shown in Fig. 8H). This value
was obtained from at least 30 cells from three independent
experiments. As shown in Fig. 8H, both mutants exhibited increased
amounts of chelatable iron. When total cell iron content was
measured, Asod1 cells did not show a significant increase in total
iron in contrast to what was observed in Ayfh1 cells. These results
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indicate that chelatable iron formation in Ayfh1 cells is promoted by
decreased SOD activity.

Discussion

In a previous study, we described the presence of high levels of
chelatable iron, oxidative damage to Mg-binding proteins, and

A

600

500+

Generation time (minutes)

o

1200

1000+
800+
600+
400
200?:0#:/
04 .
0 20 40 60

MnCl, uM

Generation time (minutes)

I

80 100 120

Fig. 6. Effects of menadione, copper, and manganese on the generation time of wild-
type and Ayfh1 cells. Wild-type (black markers) and Ayfh1 cells (white markers) were
grown in 24-well plates in YPG medium containing the indicated amounts of (A) CuSO4
or (B) MnCl, and stressed by 2.5 uM menadione (square markers) or not stressed
(triangles). Generation time was calculated for each condition as explained under
Experimental procedures. Data are presented as means + confidence intervals from six
independent cultures.

decreased SOD activity in Ayfhl mutants. This study investigated
the role of SOD deficiency in promoting oxidative damage under iron-
overload conditions. Our results suggest a central role for both SODs in
promoting protein oxidative damage, consistent with previously
published observations and represented in Fig. 9. It has been widely
described that loss of Yfh1 activates the iron regulon AFT1, which in
turn promotes Ftr1 and Fet3 expression and iron acquisition
[10,15,26]. Activation of AFT1 leads to copper-deprived cytosol, as
this metal is required for the ferroxidase activity of Fet3 [27]. This
would result in decreased cytosolic SOD activity, which would
promote the inactivation of iron-sulfur enzymes and trigger the
formation of chelatable iron. This form of iron would replace Mg from
Mg-binding sites and promote the specific damage to Mg-binding
proteins [15]. Yfh1 depletion also induces a decrease in manganese
uptake, through a still unknown mechanism [16]. This results in
decreased Mn-SOD activity, which has effects in mitochondria similar
to those exerted by decreased CuZn-SOD activity in the cytosol.
Moreover, Mn-SOD may be inactivated by iron [17], leading to a
vicious cycle that promotes further increase in superoxide levels and
decreased activity of target enzymes. This vicious cycle can be
prevented by enhancing the cofactor availability (copper and
manganese), allowing partial recovery of both SOD activities and,
consequently, preventing the oxidation of most of the enzymes
targeted by superoxide. In Asod1 cells, increased superoxide levels

*k

Fig. 7. Effects of copper supplementation on pyruvate kinase activity in Ayfh1 and Asod1
cells. Wild-type (black bars), Ayfh1 (white bars), and Asod1 (gray bars) cells were
grown in YPD medium supplemented with 5 uM CuSO,4 or without supplementation
and pyruvate kinase activity was measured in whole-cell extracts. Values are U/mg of
total protein. Data are presented as means + standard deviation from three indepen-
dent experiments. A significant protection in pyruvate kinase activity (**P<0.01) was
provided by copper treatment in Ayfh1 cells but not in Asod1 cells.
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due to the absence of cytosolic SOD activity also result in increased
chelatable iron and inactivation of Mg-binding enzymes such as
pyruvate kinase. However, copper supplementation is not able to
restore the SOD activity and, consequently, inactivation of pyruvate
kinase is not prevented by this treatment.

Considering all of these elements, then, what is the relevance of
SOD deficiency on cellular function or viability? The analysis of the
effect of metal supplementation on growth rate indicates that the
decreased growth rate of the Ayfh1 strain under basal conditions is
not due to decreased SOD activity. However, this is not the case
when cells are exposed to a slight oxidative challenge such as the
addition of 2.5 uM menadione to the culture medium. Under such

conditions, copper treatment significantly ameliorates the slow
growth rate of Ayfh1 cells. This fact indicates that decreased CuZn-
SOD activity is directly involved in the increased sensitivity of Yfh1-
deficient cells to oxidative stress. In contrast, manganese supple-
mentation has a negative effect on the growth rate of Ayfh1 cells in
the presence of menadione. It should be considered that menadione
toxicity can be mediated by cytosolic enzymes such as glutathione S-
transferase [32] or cytosolic quinone oxidoreductases [33] acting as
reductants of the drug. In this context, restoring Mn-SOD activity
would not have any effect under menadione stress. In addition, it is
known that manganese has both beneficial and toxic effects [31];
under the conditions tested, the detrimental impact on cell viability
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would be greater than the beneficial effects of restoring Mn-SOD
activity. Nevertheless, the increased sensitivity of Yfh1-deficient cells
toward menadione should not be considered a minor point because
patients suffering Friedreich ataxia or other iron-overloading
pathologies may be exposed to many environmental challenges
during their lifetime that could compromise cellular function. In this
context, any treatment restoring the activity of superoxide dismu-
tases would improve the oxidative stress resilience of cells exposed
to iron overload. Indeed, lowered SOD activity could explain the
increased sensitivity of frataxin-deficient cells to oxidative stress. Of
course, iron overload would trigger the formation of O, or "OH
radicals and sensitize frataxin-deficient cells to oxidative stress. It is
worth mentioning that alterations in SOD activity and expression
have been reported in other FRDA models. Hearts from conditional
mouse models of FRDA display decreased total SOD activity [34] and
abnormal expression of Mn-SOD [35]. More recently, fibroblasts from
FRDA patients were shown to be unable to induce Mn-SOD
expression after an oxidative stress challenge [36]. In both cases,
however, the contribution of this decreased SOD activity on cellular
dysfunction was discussed, because treatment with Mn-TBAP (a
compound considered a SOD mimetic) did not exert any beneficial
effect in either model. It should be considered, however, that recent
reports indicate that this compound would have low O, scavenging
activity [37]. To our knowledge, other known SOD mimetics, like
some EUK compounds that have proven effective in sod =/~ mice
[38], have not been tested in any frataxin-deficient model. In
conditional mouse models of FRDA [35], no positive effects on
survival were observed by overexpression of human SOD1. However,
negative results in such experiments are not conclusive, as SOD1
overexpression has also been reported to trigger negative effects in
mice [39]. Thus, the relevance of decreased SOD activity in the
pathophysiology of FRDA remains an open question. In this context,
metal treatment could be an alternative approach to increasing SOD

activities. However, this approach would require further work in
mammalian models of the disease to uncover the mechanisms
responsible for SOD deficiency in such models.

Some interesting questions remain unanswered regarding Yfh1
function and the consequences of its absence on metal homeostasis.
It is clear that loss of Yfh1 activates AFT1, but the precise mechanism
linking both proteins is not completely understood. Yfh1 has been
frequently reported to be involved in iron-sulfur biogenesis and
disruption of this process is known to activate AFT1 [40]. However,
several studies have questioned whether Yfh1 plays an essential role
in iron-sulfur biogenesis [16,41-43], and other roles such as iron
storage/detoxification [44], electron transfer to ubiquinone [45], or
heme biosynthesis [46] have been proposed for frataxin or Yfh1. Any
of these roles, in conjunction with a nonessential involvement in
iron-sulfur biogenesis or not, could create an imbalance in
mitochondrial iron homeostasis that would trigger AFT1 activation.
Once AFT1 is activated, increased iron deposits and decreased
copper availability could promote SOD deficiency and begin an
unending cycle of increased superoxide levels, inactivation of iron-
sulfur enzymes, stronger AFT1 activation, and enhanced SOD
deficiency. Finally, the intriguing question of the origin of manga-
nese deficiency deserves further investigation to determine whether
it is a direct consequence of Yfh1 deficiency or is secondary to AFT1
activation, iron accumulation, or any other consequence of Yfhl
depletion.
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