
INTRODUCTION

MITOCHONDRIAL OXIDATIVE STRESS is thought to be an
important contributor to age-related cell degeneration

(1, 13, 20). Substantial experimental support exists in animal
models for an increase in mitochondrial oxidative stress and
damage with age (16, 25, 52). As a corollary, cell degenera-
tion is triggered in animal models of human disease in which
important mitochondrial antioxidant genes are mutated, in-
cluding CuZnSOD, which diffuses to the mitochondrial inter-
membrane space (40, 55), MnSOD which dismutates mito-
chondrial matrix superoxide (32), and glutathione peroxidase
which catabolizes matrix peroxide (65).

Thus, increased mitochondrial reactive oxygen species
(ROS) production is implicated as a potential causative agent
in aging, and increased mitochondrial ROS production in-
duces cell degenerative changes, particularly in weakly mi-
totic cells.

Friedreich’s ataxia (FRDA) is a human neuro- and car-
diodegenerative disease which results from an inherited defi-
ciency of the mitochondrial frataxin protein (8, 39, 45). The
observation of clinical similarities between FRDA and AVED
(Ataxia with Vitamin E Deficiency), which is caused by de-
fects in the alpha-tocopherol (vitamin E) transfer protein,
suggested that both FRDA and AVED were diseases of in-
creased mitochondrial oxidative stress (26, 31).

The primary function of human frataxin is still disputed.
Human frataxin protein or its yeast homologs, and their defi-
ciency, have been demonstrated to have effects on iron metab-
olism (6, 9, 38); on iron–sulfur cluster (ISC) metabolism (15,
34, 54); on heme metabolism (21, 30); and on ROS metabo-
lism (10, 23, 57, 62).

In this work we demonstrate (a) deficiency of ISC enzyme
activity and a direct interaction of frataxin with the ISC scaffold
in vivo; (b) a defect in heme, cytochrome c, and cytochrome ox-
idase activity in mutants; (c) increased mitochondrial 
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ABSTRACT

A deficiency in mitochondrial frataxin causes an increased generation of mitochondrial reactive oxygen
species (ROS), which may contribute to the cell degenerative features of Friedreich’s ataxia. In this work the
authors demonstrate mitochondrial iron–sulfur cluster (ISC) defects and mitochondrial heme defects, and
suggest how both may contribute to increased mitochondrial ROS in lymphoblasts from human patients. Mu-
tant cells are deficient in the ISC-requiring mitochondrial enzymes aconitase and succinate dehydrogenase,
but not in the non-ISC mitochondrial enzyme citrate synthase; also, the mitochondrial iron–sulfur scaffold
protein IscU2 co-immunoprecipitates with frataxin in vivo. Presumably as a consequence of the iron–sulfur
cluster defect, cytochrome c heme is deficient in mutants, as well as heme-dependent Complex IV. Mitochon-
drial superoxide is elevated in mutants, which may be a consequence of cytochrome c deficiency. Hydrogen
peroxide, glutathione peroxidase activity, and oxidized glutathione (GSSG) are each elevated in mutants, con-
sistent with activation of the glutathione peroxidase pathway. Mutant status blunted the effects of Complex
III and IV inhibitors, but not a Complex I inhibitor, on superoxide production. This suggests that heme de-
fects late in the electron transport chain of mutants are responsible for increased mutant superoxide. The im-
pact of ISC and heme defects on ROS production with age are discussed. Antioxid. Redox Signal. 8, 506–516.
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superoxide, and blunting of the ROS response to Complex III
and Complex IV inhibitors. We suggest that the increased
ROS in FRDA cells are the consequence of defective expres-
sion of cytochrome c and heme present in Complex III and IV,
and that the defective heme synthesis produces the Complex
IV defect. Thus, a mitochondrial ISC defect appears to cause
a heme defect that causes deficient cytochrome c and oxidase
activity, and increased mitochondrial ROS in Friedreich’s
ataxia.  ROS damage to mitochondrial iron–sulfur clusters are
thought to rise with aging. If so, then this ISC damage could
cause heme defects, Complex IV defects, and increased ROS
by the same mechanism we infer in Friedreich’s ataxia.

MATERIALS AND METHODS

Reagents

Biochemical reagents were purchased from Sigma (St.
Louis, MO, USA) or Bio-Rad (Hercules, CA, USA). 

Antibodies: a-cytochrome c was purchased by BD Bio-
sciences (San Jose, CA, USA); a-frataxin polyclonal antibody
was a kind gift of Dr. Franco Taroni (Instituto Neurologico
Nazionale C. Besta, Milan, Italy); a-IscU2 was a kind gift
from Dr. Tracy Rouault (National Institute of Child Health
and Human Development, Bethesda, MD, USA). Protein G
sepharose was purchased by Amersham (Piscataway, NJ,
USA).

Cell culture

Whole cells and mitochondrial fraction from controls and
FRDA lymphoblasts were used for this study. Immortaliza-
tion of lymphocytes from three control lines and from three

FRDA different patients was as previously described (56). All
cells were maintained at 37°C in a humidified atmosphere
containing 5% CO2 in RPMI 1640 supplemented with 500
mg/L glutamate, 1 mM sodium pyruvate, 50 µg/ml uridine,
100 µM nonessential amino acids (Invitrogen, Carlsbad, CA,
USA), 20% fetal calf serum, and penicillin/streptomycin (100
U/ml each).

Frataxin levels were checked periodically in each cell line
in order to evaluate the amount of protein expressed at differ-
ent passage numbers. In fact, it is known that the GAA triplet
repeat associated with Friedreich’s ataxia shows varying de-
grees of instability in lymphoblasts (4). The amount of
frataxin has been checked in all the mitochondrial lysates,
controls, and FRDA, used for our study (Fig. 1A). On aver-
age, frataxin expression in FRDA lymphoblasts was about
80% lower with respect to the control lines (Fig. 1B).

Mitochondrial isolation

Mitochondria were isolated from three controls and
three FRDA mutant lines of human immortalized lym-
phoblasts following the method of Trounce et al. (58) with
slight modifications.

Approximately 1 � 108 cells were harvested by centrifuga-
tion and the pellet was resuspended with 4 ml of isolation
buffer (210 mM mannitol, 70 mM sucrose, 1 mM EGTA, and
5 mM HEPES, pH 7.2) for each gram of packed cells, treated
with a final concentration of 0.3 mg/ml digitonin for 1 min 30
sec and centrifuged at 3000 g. The pellet was then resus-
pended with 5 ml for each gram of initial packed cells and ho-
mogenized with a chilled class homogenator (20 passes).
After several centrifugation steps at 625 g for 5 min, the final
supernatant was centrifuged at 10,000 g and the final pellet
was suspended with 0.1 ml of isolation buffer per gram of
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FIG. 1. Frataxin amount in controls and FRDA lymphoblasts. (A) Example of Western blot with anti-frataxin antibody
(1:3000 dil) on three control and three FRDA mitochondrial lysates (30 µg). Both the intermediate (~18.8 KDa) and the mature
(~17.2 KDa) form of frataxin are shown. The band intensities were analyzed by densitometry and the averages of six different
controls and six different FRDA mitochondrial lysates were calculated (B). Results are expressed as means ± SEM of two experi-
ments in duplicate for each cell line. AUD, arbitrary units of densitometry; C, controls; FA, Friedreich’s ataxia mutants. ***p <
0.001 calculated by Student’s t test.
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starting cells, giving a protein concentration of approximately
8–12 mg/ml. For determination of mitochondrial protein con-
centration, 5 µl of the mitochondrial suspension were diluted
1:20 in double distilled water and the protein concentration
was estimated using the Bradford assay (Bio-Rad).

Co-immunoprecipitation experiments

Lysis of mitochondria was performed in presence of 0
mM, 1 mM, and 10 mM EDTA. Two milligrams of mitochon-
drial lysate without EDTA were incubated with the antibody
specific for frataxin (1:1000) for 1 h at 4°C. Protein A
sepharose beads were then added and the lysates incubated 1
h at 4°C. Beads and supernatant were separated by centrifu-
gation. Two aliquots of the immunocomplex obtained were
separated from the beads, analyzed by SDS-PAGE, followed
by immunostaining with anti-frataxin antibody and with anti-
IscU antibody.

One milligram of mitochondrial extracts containing 1 mM
EDTA or 10 mM EDTA were immunoprecipitated with a-
frataxin antibody as described, analyzed by SDS-PAGE and
immunoblotted with a-IscU antibody. 25 µg of total mito-
chondrial protein were loaded as positive control.

Western blot analysis

Mitochondria were lysed in 50 mM Tris, pH 8.0, 100 mM
NaCl, 1 mM EDTA, 1 mM PMSF, 1% IGEPAL CA-630
(Sigma), at 4°C for 30 min and insoluble material removed by
centrifugation. Protein concentration was estimated using the
Bradford assay (Bio-Rad). Equal amounts of lysates (30 µg)
were resolved on a 15% SDS–polyacrylamide gel and then
transferred to a nitrocellulose membrane (Millipore, Bedford,
MA) by electroblotting. After blocking with 4% nonfat dry
milk, the blot was incubated with anti-frataxin polyclonal an-
tibody (1:3000) or anti-cytochrome c (1:1500) and was devel-
oped with alkaline-phosphatase-conjugated secondary anti-
bodies using a chemiluminescent substrate.

Superoxide ion production

The mitochondria-specific dye dihydroethidium (DHE)
was used to detect intracellular superoxide. Superoxide oxi-
dizes DHE to a red fluorescent signal.

Two control and two FRDA lymphoblast lines (4 � 106

cells) were collected, washed two times with PBS and incu-
bated (0.5 � 106/200 µl) for 120 min at 37°C in the following
buffer: PBS, 20 mM glucose, 2 µM DHE, with or without the
following respiratory chain inhibitors: 10 µM rotenone (com-
plex I inhibitor), 10 µM antimycin (complex III inhibitor), 0.5
mM KCN (complex IV inhibitor).

Fluorescence was recorded immediately after adding DHE
(time zero) and after 120 min incubation (ex 530/25 nm, em
620/40 nm). Superoxide production was expressed as �fluo-
rescence/106 cells.

Mitochondrial enzyme activity assays

Succinate dehydrogenase, cytochrome c oxidase, and cit-
rate synthase were evaluated in mitochondria isolated from
two control and two FRDA patients’ lymphoblasts.

Succinate dehydrogenase activity was measured by follow-
ing the reduction of 2,6-dichlorophenolindophenol (DCIP) at
600 nm as described (5).

Cytochrome c oxidase (COX) activity was evaluated by the
single wavelength spectrophotometric assay previously de-
scribed (33) with some modifications. Mitochondria (1.5 µg)
were incubated with 2.5 mM of dodecylmaltoside in 0.17 M
KH2PO4, pH 7.0 for 3 min at 30°C, and, after recording the
baseline, the reaction was started with 10 mM of reduced cy-
tochrome c. COX activity was calculated from the pseudo-
linear rate of cytochrome c oxidation at 550 nm.

Citrate synthase was evaluated as described (53) following
the disappearance of 5,5�-dithiobis(2-nitrobenzoic acid) at
412 nm.

Heme staining of cytochrome c

Mitochondrial extracts were separated on a 15%
SDS/PAGE gel. Heme staining was performed as previously
described (48). 30 µg of mitochondrial protein from three dif-
ferent control and FRDA lymphoblast lines were loaded onto
a 15% polyacrylamide gel and the electrophoresis was per-
formed at 130 V for 60 min.

After the run, the gel was fixed in 10% TCA for 10 min,
washed four times for 5 min in double distilled water. The
heme staining is based on the oxidation of o-dianisidine, a
probe which, in presence of hydrogen peroxide (H2O2), can
be oxidized by the peroxidase activity of some heme-proteins
(such as cytochrome c), changing color. The gel was soaked
in a solution of 50 mM trisodium citrate pH 4.4, 0.7% H2O2,

and 1 mg/ml o-dianisidine for 40–60 min at room tempera-
ture. 0.5 µg of cytochrome c purified from horse heart was
used as positive controls.

Glutathione peroxidase activity assay

Control and FRDA lymphoblasts (20 � 106) were washed
three times with PBS before treatment with a solution con-
sisting of 0.25 M sucrose,10 mM Tris-HCl (pH 7.5), 1 mM
EDTA, 0.5 mM phenylmethanesulfonyl fluoride (PMSF), 0.5
mM 1,4-dithio-dl-threitol, and 0.1% (v/v) Igepal CA-630, for
30 min at 0°C to obtain complete lysis of intracellular organ-
elles. Samples were then centrifuged for 30 min at 105,000 g.
Protein measurements and enzyme assays were carried out on
the clear supernatant fractions.

Total glutathione peroxidase (GPx) activity was measured
by the coupled enzyme procedure with glutathione reductase,
as described (42), using cumene hydroperoxide as substrate.
Enzyme activity was monitored by following the disappear-
ance of NADPH at 340 nm for 3 min at 25°C. The incubation
medium (final volume 1 ml) had the following composition:
50 mM KH2PO4, pH 7.0, 3 mM EDTA, 1 mM GSH, 0.1 mM
NADPH, 2 U glutathione reductase, and ~150 µg protein.
After a 3-min equilibration period at 25°C, the reaction was
started by the addition of 0.1 mM cumene hydroperoxide. The
specific activity was calculated by using a molar absorption
coefficient obtained from a standard curve of NADPH (0.02
to 0.1 µmol·ml�1), and GPx activity was expressed in nmol
NADPH consumed per mg protein min�1.
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RESULTS

Frataxin physically interacts with the
mitochondrial iron–sulfur cluster scaffold protein
IscU2 in vivo

Frataxin deficiency causes partial deficiency of ISC bio-
genesis in yeast (15, 18, 34), and microarray analysis of
human cells indicate alteration of iron–sulfur and sulfur
amino acid pathways specifically (57). Furthermore, purified
human holofrataxin has been demonstrated to interact in vitro
with purified human mitochondrial IscU (binding constant,
KD of 0.15 µM) (63) and studies in yeast (44) and most re-
cently in cardiac cells (35) have shown physical interaction
between frataxin and the mitochondrial isoforms of IscU
(Isu1 in yeast and IscU2 in human).

In order to investigate whether frataxin binds mitochon-
drial IscU2 in human lymphoblasts in vivo, we carried out im-
munoprecipitation experiments in mitochondria isolated from
human lymphoblasts (Fig. 2). After mitochondrial lysis,
frataxin was immuno-purified with a polyclonal anti-frataxin
antibody and the immunocomplexes, separated from the
beads, were then analyzed by SDS-PAGE and immunostain-
ing with anti-frataxin (left side) and anti-IscU2 (right side)
antibodies. We observed that anti-frataxin antibody co-im-
munoprecipitated IscU2 (lane 5) and that this binding was de-
pendent on an EDTA-chelatable factor, which should be iron,
as demonstrated by Yoon and Cowan (63). The amount of
IscU2 associated with the immunobeads is significantly
lower in mitochondria lysed with a buffer containing 1 mM
EDTA (lane 6).

We also looked for the existence of interaction between
frataxin and the human homologs of other proteins known to
be involved in ISC synthesis/repair in bacteria, such as ISC-
S, which is a cysteine desulfurase (61), whose expression has
already been proved lower in FRDA mutants (57) and Hsc20,
which is encoded by a gene which has shown an identical
phylogenetic distribution with frataxin, involved in ISC as-

sembly (22) but we observed no evidence for interaction (data
not shown).

Frataxin deficiency causes deficiency 
in iron–sulfur cluster enzymes

Frataxin deficiency causes defects specifically ISC en-
zymes in yeast (17, 54), in mice (43), and human cells (56).  In-
timate contact of frataxin with ISCU suggests that frataxin de-
ficiency should cause deficiency in ISC production, and hence
enzyme activity. We previously demonstrated deficient aconi-
tase activity in human FRDA lymphoblasts (56). The activity
of mitochondrial ISC enzyme succinate dehydrogenase was
also deficient in mutant cells (Fig. 3A). By contrast, the mean
activity of mitochondrial citrate synthase, which does not re-
quire iron–sulfur clusters, was not significantly altered (Fig.
3B), means ± SEM reported as % of controls average. Statisti-
cal analysis was performed by Student’s t test. *p < 0.05.

Higher superoxide production 
in FRDA lymphoblasts

The amount of mitochondrial O2
•� was evaluated in

FRDA lymphoblasts (Fig. 4A), using the dihydroethidium
(DHE) method. A significant (p = 0.01) overproduction of
mitochondrial superoxide was observed in FRDA lym-
phoblasts relative to the controls, a near doubling of the fluo-
rescence observed (e.g., 60 f.u. vs. 34 f.u.). 

Previously, we demonstrated an increase in mitochondrial
peroxide production in mutant lymphoblast mitochondria that
is rescued by frataxin transfection (57). Since the product of
mitochondrial superoxide is hydrogen peroxide, these data
are consistent with the idea of a near doubling of mitochon-
drial superoxide in mutants, which is then converted to hydro-
gen peroxide.

FIG. 2. Co-immunoprecipitation of mitochondrial lysate
with anti-frataxin antibody. Two aliquots of the immuno-
complex obtained in absence of EDTA were separated from the
beads, analyzed by SDS-PAGE and subsequent immunostain-
ing with anti-frataxin antibody (lane 3) and with anti-ISCU2
antibody (lane 5). 1 mg of mitochondrial extracts containing 1
mM EDTA (lane 6) or 10 mM EDTA (lane 7) were immuno-
precipitated with anti-frataxin antibody, analyzed by SDS-
PAGE, and immunoblotted with anti-IscU2 antibody. 25 µg of
total mitochondrial protein (lines 2 and 4) were loaded as posi-
tive control. Lane 1: molecular weight standard.

FIG. 3. Succinate dehydrogenase (SDH) activity, but not
citrate synthase (CS) activity, is lower in FRDA mitochon-
dria. (A) SDH activity was measured in mitochondrial
lysates from two controls and two FRDA mutant lymphoblasts.
(B) Citrate synthase activity was measured in isolated mito-
chondria from three control and three FRDA cell lines follow-
ing the reduction of DTNB at 412 nm. Both the activities were
calculated as nmol/mg/min and the results (expressed as means
± SEM) reported as % of controls average. Statistical analysis
was performed by Student’s t test. *p < 0.05.
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Activation of the glutathione peroxidase 
pathway in FRDA lymphoblasts

The observed higher levels steady-state mitochondrial su-
peroxide and hydrogen peroxide might be expected to stimu-
late the activity of glutathione peroxidases (GPx), which re-
move H2O2 by coupling its reduction to H2O with oxidation
of reduced glutathione (GSH) (Fig. 4B).

GPx activity is significantly increased in FRDA lym-
phoblasts, to about 150% of control activity (Fig. 4C). The
higher GPx activity is also consistent with our previous ob-
servations that oxidized glutathione (GSSG) levels are signif-
icantly elevated by about 100% in frataxin-deficient cells,
and GSSG/GSH levels are also higher, an indication of in-
creased oxidative stress (57). Thus, superoxide, hydrogen per-
oxide, gluthathione peroxidase, GSSG, and the GSSG/GSH
ratio, are each elevated in mutant cells, consistent with the
idea of increased oxidative stress as a consequence of frataxin
deficiency. However, the oxidative stress was not so intensive
that the levels of GSH, were significantly decreased in mu-
tants (57).

Attribution of site of increased ROS 
using electron transport chain inhibitors

Mitochondrial superoxide is thought to be generated at
two main sites in the electron transport chain (i.e., at complex
I, by reverse electron flow, and complex III, by reduction of Q
to ubisemiquinone radical) (14, 60). In an attempt to clarify
the source of the increased mitochondrial superoxide in
FRDA cells, we treated cells with inhibitors of these respira-
tory sites. 

Rotenone is a specific inhibitor of mitochondrial complex
I. Complex I contains multiple iron–sulfur clusters. Previous
studies have demonstrated a rotenone-dependent increase in

510 NAPOLI ET AL.

ROS, which is the result of reverse electron flow from succi-
nate dehydrogenase, and is thought to involve an ISC donor
in complex I (11, 19, 27).  The mean increase in superoxide
over untreated cells was not significantly different between
the control cells (235%) versus mutant cells (209%). Thus al-
though superoxide production is elevated in both mutants and
controls by rotenone, there is no significant difference in the
fold-change of superoxide increase versus untreated cells. If
complex I ISCs were being depleted as a consequence of
frataxin deficiency to the extent that complex I was blocked,
then we should observe no increase in ROS in rotenone-
inhibited mutants (Fig. 5A). Because we observe no signifi-
cant decrease in rotenone-dependent ROS in mutants relative
to our expectation derived from controls, complex I defects
appear to be a minor or insignificant contributor to the in-
creased mitochondrial superoxide in FRDA lymphoblasts.

Effects of antimycin a on superoxide 
production are blunted in mutant cells

Antimycin a is a specific inhibitor of complex III. Inhibi-
tion of complex III by antimycin a is thought to generate in-
creased superoxide by the Q-cycle, in which Q is reduced by
a single electron to Q radical, which then reduces O2 to O2

•�

(59, 60). 
We observed that, although antimycin stimulated a signifi-

cant increase in mitochondrial superoxide in both mutants
and controls, the mean ROS stimulation was 321% in controls
versus 254% in mutants (Fig. 5B). This suggested that some
feature of the mutant cells blunted the induction of ROS by
antimycin a (i.e., that either the Q-cycle was already partially
inhibited, or that cytochrome c was decreased). Two factors
have been demonstrated to protect from antimycin a-induced
ROS production (i.e., a decrease in cytochrome c, or in the
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FIG. 4. Superoxide production and glutathione peroxidase activity in control and FRDA patient lymphoblasts. (A) Lym-
phoblasts from two controls and two FRDA mutants were incubated with 2 µM DHE (dihydroethidium), a fluorescent probe spe-
cific for superoxide anion detection. Superoxide production was recorded after 120 min at 37°C and expressed as �Fluores-
cence/106 cells. (B) GSH-dependent detoxifying mechanism of superoxide; significantly increased reactants or products are in
bold. (C) Total GPx activity was measured by the coupled enzyme procedure with glutathione reductase. The results are expressed
as means ± SEM of at least two experiments in duplicate for two controls and two FRDA cell lines. C, controls; FA, Friedreich’s
ataxia mutants. Statistical analysis was done by Student’s t test using the Prism Graph Pad software. *p < 0.05, ***p < 0.0001. 
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activity of the Rieske iron–sulfur protein) (59, 60). Since a
specific deficiency in ISCs has already been demonstrated
above and in other work on frataxin deficiency, we also inves-
tigated cytochrome c levels, two paragraphs below.

Effects of cyanide on superoxide 
production are blunted in mutant cells

Cyanide (KCN) is a volatile inhibitor of cytochrome oxi-
dase. Mutant lymphoblasts were preincubated with 0.5 mM of
the complex IV inhibitor KCN (Fig. 5C). Cyanide treatment
produced a statistically significant increase in superoxide in
the controls (p < 0.05), but no significant increase in FRDA
cells. Cyanide is a specific inhibitor of cytochrome oxidase,
which binds at heme a3. The lack of a significant increase in
superoxide in the mutants could be explained as a conse-
quence of frataxin-dependent defects at Complex III and IV,
for example, defects in cytochrome c and cytochrome oxidase
activity, which are described below.

Heme c and cytochrome c levels 
are decreased in FRDA mitochondria

Studies in yeast and humans have suggested that frataxin
deficiency may alter the heme biosynthetic pathway (30, 66).
One of the products of the heme pathway is heme c (the heme
that associates with apocytochrome c). Thus a defect in the
mitochondrial steps of the heme pathway might be expected
to cause a defect in the level of heme c. Furthermore, a defect
in cytochrome c would be expected to cause increased super-
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oxide (because cytochrome c oxidizes superoxide), and a
blunting of the antimycin a-dependent stimulation of super-
oxide production.

Cytochrome c levels were evaluated by immunoblotting
followed by densitometry (Fig. 6A). Cytochrome c expres-
sion was found to be decreased by 18% in mutants with re-
spect to controls (p < 0.05, Student’s t test).

One possible cause of the decreased cytochrome c is defi-
cient heme production. The amount of heme c was evaluated
by gel staining with o-dianisidine, an artificial substrate
which, in presence of hydrogen peroxide (H2O2) is oxidized
by heme-containing proteins to give a colored product. Den-
sitometric analysis of total heme staining showed a signifi-
cant decrease in mutants (Fig. 6B). The densitometric analy-
sis demonstrated that there was a further decrease in heme
than was explainable by decrease in cytochrome c molecules
alone, that is, that heme per cytochrome c molecule signifi-
cantly decreased in mutants, by a mean 27% (Fig. 6C). Thus
the residual functional cytochrome c in mutants should be on
the order of the product of the residual cytochrome c mole-
cules (82%) multiplied by the amount to which they are
heme-replete (73%), or 82% � 73% = 60% residual cy-
tochrome c activity in mutants versus controls.

Cytochrome oxidase activity 
is decreased in mutants

Protoheme that is produced by the heme pathway is also
converted to heme a, which only is used in cytochrome oxi-
dase (i.e., as hemes a + a3). The fact that ROS stimulation by
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FIG. 5. Superoxide production in controls and FRDA patient lymphoblasts. Lymphoblasts from two controls and two
FRDA mutants were incubated with 2 µM DHE. Preincubation with 10 µM of rotenone (A), which specifically inhibits complex I
activity, increased the superoxide levels in both controls and FRDAs. Treatment of mutants with 10 µM antimycin a (B), complex
III inhibitor, produces a blunted superoxide response. Treatment of mutants with 0.5 mM of KCN (C), complex IV inhibitor, does
not significantly increase superoxide production in FRDA lymphoblasts. Data are reported as means ± SEM of at least 10 experi-
ments in duplicate for controls and 12 for FRDA mutants. Ant, antimycin a; C, controls; FA, Friedreich’s ataxia mutants; R,
rotenone. Statistical analysis was done by one-way ANOVA followed by Bonferroni’s multiple comparison post test. *p < 0.05,
**p < 0.001.
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the volatile inhibitor cyanide (which binds the a3 heme) was
blunted in mutants, suggested that complex IV was at least par-
tially inhibited in mutants. Complex IV activity was measured
(Fig. 7), and was observed to be significantly decreased in
frataxin-deficient cells (p < 0.005), on average by about 25%.

DISCUSSION

Frataxin-deficiency affects iron–sulfur 
clusters, heme, and ROS

Three sets of data have been presented here. First, we dem-
onstrate that there is a defect specifically in ISC-dependent
enzyme activity in FRDA lymphoblasts, and that the frataxin
protein interacts directly with mitochondrial IscU2 in vivo, but
not with ISC-S, rhodanese, HSC-20, or ferrochelatase. 

Second, we demonstrate that there is a deficiency of cy-
tochrome c, heme, and cytochrome oxidase activity in mutant
cells, presumably the consequence of the iron–sulfur cluster
defect.

512 NAPOLI ET AL.

Third, we demonstrate that there is increased superoxide
production from FRDA mitochondria, a stimulation of the
glutathione pathway, and a blunted stimulation of ROS by in-
hibitors of complex III and complex IV, which could be ex-
plained by the heme defects described above.

Frataxin deficiency and ISC

There is now substantial evidence that frataxin is inti-
mately involved in ISC biogenesis and repair. The pattern of
complex I, II, and III deficiency in frataxin-deficient yeast
first prompted the suggestion of an ISC defect (17). In yeast,
multiple groups have reported that frataxin is a facilitator, but
is not essential, for ISC biogenesis (15, 34). In conditionally
frataxin-deficient mice, defects in iron–sulfur cluster en-
zymes precede iron accumulation and cell death (43).

Previous work from our laboratory has shown a preferen-
tial effect of frataxin deficiency on transcripts related to ISC
metabolism, including the mitochondrial rhodanese transcript
whose product repairs ISCs, and transcripts in the sulfur
amino acid pathway (57). In this work we demonstrate an in
vivo affinity of frataxin with mitochondrial IscU2. Previ-
ously, we have demonstrated decreased expression of IscU2
in lymphoblasts of FRDA patients. Thus, frataxin is clearly
attached to ISC metabolism, presumably as a consequence of
its interaction with (and possibly, stabilization of) IscU2.

Frataxin, heme, and cytochrome c

Frataxin also has been shown to affect heme metabolism
in yeast (21, 28, 30). A late step in the heme pathway is cat-
alyzed by the ISC enzyme ferrochelatase. Thus it is possible
that frataxin’s function in iron or ISC metabolism primarily
affects the heme pathway secondarily (Schoenfeld and Napoli
et al., unpublished observations). We observe that cy-
tochrome c levels are decreased in FRDA cells, and that in
addition, the ratio of heme per cytochrome c molecule is de-
creased in FRDA cells. Cytochrome oxidase activity, which
requires two hemes produced by the heme pathway, is also
significantly reduced in mutant cells.

Frataxin deficiency causes increased ROS and
alters antioxidant enzyme activity

Cells from FRDA patients are sensitive to increased ROS
(10, 23, 62). We show here that mitochondrial superoxide is

FIG. 6. Depletion of cytochrome c and heme
c in FRDA mitochondria. (A) Cytochrome c
levels were analyzed by Western blot followed
by densitometry. (B) Cytochrome c specific
heme content was analyzed by the o-dianisidine
staining as described in Materials and Methods.
(C) Heme c/cytochrome c ratio. The results are
reported as means ± SEM of eight experiments
in duplicate for controls and FRDA and ex-
pressed as band intensities normalized as a per-
cent of controls. C, controls; FA, Friedreich’s
ataxia mutants. Statistical analysis by Student’s
t test. *p < 0.05, **p < 0.005.

FIG. 7. Complex IV activity is impaired in FRDA lym-
phoblasts. Cytochrome c oxidase activity was measured as
described in Materials and Methods and expressed as
nmol/mg/min. The bar graph shows the means ± SEM of four
experiments in duplicate for controls (C) and FRDA (FA) re-
ported as percentage of controls. Statistical analysis done by
Student’s t test. **p < 0.005.
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elevated in mutant cells, consistent with our earlier demon-
stration that mitochondrial hydrogen peroxide is elevated in
mutant mitochondria, and rescued by the frataxin gene (57).
Presumably it is the increased burden of mitochondrial super-
oxide and hydrogen peroxide that stimulates the higher activ-
ity of glutathione peroxidase, and the higher GSSG concen-
tration, and higher GSSG/GSH ratio. Thus FRDA cells are
under increased oxidative stress.

General mechanisms for ROS 
formation in Friedreich’s ataxia 

Given three frataxin-dependent parameters, ISCs, heme,
and ROS, there are at least three possibilities for a primary
mechanism, that is, ROS→ISCs + heme, ISCs→heme + ROS,
heme→ISCs + ROS. 

It was recently demonstrated that the cardiomyopathy in
knockout mice was not rescuable by the MnSOD mimetic
mntbap, and that markers of ROS occurred late in pathology
(50, 51), suggesting that ROS are not the primary cause of
FeS cluster destruction (or a heme defect), which had been a
mechanistic proposal for FRDA (10, 36, 37, 46). 

So the second and third explanations, that either ISC or
heme are the primary consequences of frataxin-deficiency,
are both viable.

Superoxide production by inhibition 
at complex I in FRDA mitochondria

The two main sites of mitochondrial superoxide produc-
tion are thought to be complex I (by reverse electron flow)
and complex III (by Q formation). It was previously proposed
that an ISC defect might cause a more reduced electron trans-
port chain and higher ROS production (36, 47). However,
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with respect to complex I, we observe similar amounts of
rotenone-stimulated excess superoxide in both mutants
(209%) and controls (235%). If ISC deficiency in mutants
caused a complex I defect to the extent that reverse electron
flow occurred, then complete inhibition of complex I by
rotenone should produce a much smaller increase in superox-
ide in mutants with respect to controls, which is not what we
observe. Thus we doubt that complex I is a major source of
mitochondrial superoxide in FRDA mitochondria. This could
be resolved by future studies of superoxide production in pu-
rified mitochondria fed different respiratory substrates.

Superoxide production by 
inhibition at complex III and IV

By contrast, we propose that it is inhibition at the latter end
of the electron transport chain in mutant cells that produces
both the increased mitochondrial superoxide, and the unique
mutant responses to inhibition of complex III and complex IV. 

First, we demonstrate that both cytochrome c and heme
c/cytochrome c are deficient in mutant cells, so that the effec-
tive concentration of functional cytochrome c is about 60% of
normal. Cytochrome c can act as an antioxidant, that is, it can
oxidize O2

·� to O2 (41, 60). Therefore, decreased cytochrome
c in vivo should cause both a partial defect in complex III/IV
function in vivo, because cytochrome c carries electrons be-
tween these complexes, and also increased ROS, because less
cytochrome c molecules are available to oxidize superoxide
to molecular oxygen. Furthermore, depletion of cytochrome c
is known to blunt the increased ROS produced by antimycin a
(60), which is exactly what we observe in the mutant cells.
Thus, cytochrome c deficiency is likely to explain at least
part of the increased ROS in FRDA cells (Fig. 8).
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FIG. 8. Mechanism of cytochrome c-dependent superoxide detoxification.
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Heme and ISC deficiency effects on ROS
production at complex III and IV

The heme pathway, in which there is a defect in FRDA
cells, produces not only heme c of cytochrome c, but also cy-
tochromes b566 and b540 of complex III, and heme a and
aa3 of complex IV. So heme deficiency should preferentially
affect complex III and IV. A partial defect in cytochromes
b566 and b540 should produce the identical consequence as
antimycin treatment, which inhibits at this point, to increase
superoxide radical in mutant cells, and would explain the
blunted antimycin superoxide response. Other contributory
factors to the blunted increase in antimycin-stimulated super-
oxide production could be decreased ISP function, decreased
cytochrome c, and decreased cytochrome oxidase activity,
which are required at maximal activity for maximal an-
timycin a-dependent ROS production (60).

Cytochrome oxidase, heme, and ROS production

Although complex IV is not thought to be a major site of
ROS production, its inhibition does increase ROS production
in some cellular models (7, 24, 64); in our cells, inhibition of
complex IV with KCN produced a stimulation of mitochon-
drial superoxide. It was demonstrated previously that inhibi-
tion of the heme pathway produces a preferential defect in
complex IV and cytochrome c (2), and an increase in ROS
(7), which is just what we observe in the mutant cells.

Presumably, partial or transient inhibition of cytochrome
oxidase produces superoxide through reduction of complex
III and the Q cycle. However, there was no cyanide–
dependent significant increase in superoxide in mutants (i.e.,
mutant cells completely resisted the cyanide-stimulated in-
crease in ROS). This result is consistent with our observa-
tions in mutants of 1) decreased cytochrome oxidase activity,
2) decreased cytochrome c level, and decreased FeS availabil-
ity (e.g., Rieske ISP). The simplest interpretation is that as a
result of frataxin deficiency and the consequent heme defi-
ciency, complex IV, cytochrome c, Rieske ISP, and cy-
tochromes b566 and b540 are already deficient in mutants,
that is, there is limited electron flow from Q to O2. Thus a fur-
ther inhibition of complex IV by cyanide does not have a
major additional effect on superoxide production.

SUMMARY

Thus, the data presented here support a role for frataxin in
iron–sulfur cluster metabolism, heme metabolism, and mito-
chondrial ROS metabolism. We observe intimate contact of
frataxin with IscU2, and thus a frataxin deficiency could ex-
plain defects in IscU2 function for the biosynthesis of new
mitochondrial iron–sulfur clusters, and the deficient activity
of ISC enzymes observed. We believe that it is this iron–sul-
fur function which produces the defect in heme, that produces
the selective defect on cytochrome c and cytochrome oxidase
activity, that produces excess mitochondrial ROS. The ele-
vated superoxide levels in FRDA mitochondria, and the
blunting of the effects of antimycin a and cyanide on them,
can be understood as a consequence of heme deficiency
which should preferentially affect complex III and IV. These
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data explain how a mitochondrial iron–sulfur defect could
cause a mitochondrial heme defect and a cytochrome defect,
leading to the increased ROS observed.

Relevance to cell degenerative disease and aging

Multiple genetic defects, biochemical defects, bioener-
getic defects, and ROS-related defects have been demon-
strated with aging in the mitochondria (1, 12, 25, 29, 52). In
the context of these age-related mitochondrial defects, which
may involve ROS and iron–sulfur clusters, it is not surprising
that defects in the mitochondrial heme pathway occur with
aging (3, 49). In the degenerative disease Friedreich’s ataxia,
a defect in mitochondrial frataxin expression causes a defect
in iron–sulfur clusters, and apparently a consequent defect in
heme metabolism, and we present here a mechanism by
which the heme defect may trigger increased ROS. These
suggest an alternative pathway for a ‘deleterious cycle’ in
which ROS damage to mitochondrial iron–sulfur clusters
triggers heme deficiency, and further generation of ROS. 

ABBREVIATIONS

AVED, ataxia with vitamin E deficiency; COX, cy-
tochrome c oxidase; DCIP, 2,6-dichlorophenolindophenol;
DHE, dihydroethidium; FRDA, Friedrich’s ataxia; GPx, glu-
tathione peroxidase; GSH, reduced glutathione; GSSG, oxi-
dized glutathione; ISC, iron–sulfur cluster; PMSF, phenyl-
methanesulfonyl fluoride; ROS, reactive oxygen species.
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