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ABSTRACT: Mitochondrial function depends on a continuous supply of iron to the iron-sulfur cluster
(ISC) and heme biosynthetic pathways as well as on the ability to prevent iron-catalyzed oxidative damage.
The mitochondrial protein frataxin plays a key role in these processes by a novel mechanism that remains
to be fully elucidated. Recombinant yeast and human frataxin are able to self-associate in large molecular
assemblies that bind and store iron as a ferrihydrite mineral. Moreover, either single monomers or polymers
of human frataxin have been shown to serve as donors of Fe(II) to ISC scaffold proteins, oxidatively
inactivated [3Fe-4S]+ aconitase, and ferrochelatase. These results suggest that frataxin can use different
molecular forms to accomplish its functions. Here, stable monomeric and assembled forms of human
frataxin purified fromEscherichia colihave provided a tool for testing this hypothesis at the biochemical
level. We show that human frataxin can enhance the availability of Fe(II) in monomeric or assembled
form. However, the monomer is unable to prevent iron-catalyzed radical reactions and the formation of
insoluble ferric iron oxides. In contrast, the assembled protein has ferroxidase activity and detoxifies
redox-active iron by sequestering it in a protein-protected compartment.

Mitochondria require mechanisms for ensuring a constant
supply of reduced iron to the heme and iron-sulfur cluster
(ISC)1 biosynthetic pathways while limiting its potential
toxicity. Mitochondrial iron mishandling is implicated in
Friedreich ataxia (FRDA), a degenerative disease which
results from an insufficient production of frataxin, a con-
served nucleus-encoded mitochondrial protein (1). The
function of frataxin has been the subject of intense study
since the FRDA gene was identified (1). Seminal observa-
tions were made in yeast, where disruption of the frataxin
gene was found to cause a loss of respiratory function,
accumulation of large amounts of iron in mitochondria,
mitochondrial DNA depletion, and increased sensitivity to
exogenous H2O2 (2-4). In a short period of time, a large
body of work in yeast, mouse, and cellular models of FRDA
as well as FRDA patients collectively showed that frataxin
is required for mitochondrial iron homeostasis, maintenance
of ISC- and heme-containing enzymes, OXPHOS function,
and protection from oxidative stress (5). We investigated the
mechanism of frataxin and were the first to report that
frataxin binds iron (6, 7), a finding that has since been
confirmed by other investigators (8-11). Currently, the

predominant view is that frataxin is an Fe(II) chaperone. This
is based uponin ViVo studies showing that frataxin promotes
the biosynthesis of ISC (12-14) and heme-containing
proteins (15), and in Vitro studies showing that frataxin
can deliver Fe(II) to the ISC scaffold protein IscU in the
first step of ISC synthesis (9), to ferrochelatase in the last
step of heme synthesis (10, 16), and to mitochondrial
aconitase, converting the inactive [3Fe-4S]+ enzyme to the
active [4Fe-4S]2+ form (17). The iron accumulation and
oxidative damage associated with the loss of frataxin are
considered secondary effects due primarily to impaired ISC
synthesis (14). However, several lines of evidence suggest
that frataxin also plays a direct role in the detoxification
of redox-active iron. Increased levels of uncomplexed iron
have been observed in mitochondria from FRDA cells (18),
and a higher sensitivity to oxidative stress is a consistent
feature of these cells, even when deficits of ISC-containing
enzymes cannot be detected (19, 20). Oxidative damage to
mitochondrial DNA and proteins is the earliest detectable
effect caused by reduced levels of frataxin in yeast (21),
and similarly, lipoperoxides and oxidized proteins are an
early finding in frataxin-deficient mice (14). Additional
support for a direct role of frataxin in iron detoxification
comes from a recent report that expression of human
mitochondrial ferritin prevents the respiratory deficits, mi-
tochondrial iron accumulation, and oxidative damage as-
sociated with the loss of frataxin in yeast (22). Together,
these data suggest that increased oxidative stress is not a
secondary effect but rather one of the primary consequences
of frataxin deficiency, resulting from higher levels of
labile redox-active iron no longer detoxified by frataxin.

An open question is how frataxin may serve as a donor
of Fe(II) to diverse partner proteins and at the same time
detoxify labile iron. We have shown that yeast frataxin acts
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as both an Fe(II) chaperone and an Fe(III) storage molecule,
and accomplishes these functions by assembling with itself
(16). In addition, both monomeric and assembled forms of
human frataxin have been shown to serve as Fe(II) donors
in Vitro (9, 10, 17), and to be present in human heart
mitochondria (37). This evidence suggests that frataxin may
use different molecular forms to achieve its diverse roles.
To test this hypothesis, we have analyzed the properties of
monomeric and assembled forms of human frataxin. This
protein is normally encoded in the nucleus and translated in
the cytoplasm as a 210-amino acid precursor polypeptide
with a 55-amino acid mitochondrial-targeting sequence (23).
The mature protein (residues 56-210) assembles into regular
homopolymers during expression inEscherichia coli(7).
However, the purified m-fxn monomer is stable and, unlike
the yeast frataxin monomer (6), does not self-associate when
incubated with ironin Vitro (7, 8). These features have
enabled us to compare for the first time how monomeric
frataxin and assembled frataxin handle redox-active iron.

MATERIALS AND METHODS

Reagents, Solutions, Biochemical Assays, and Expression
Constructs.The source of all reagents, and the procedures
for preparing buffers and stock solutions of Fe(II) and
measuring the availability of Fe(II) toR,R′-bipyridine (BIPY)
or ferrochelatase, and electrode oximetry were as described
previously (16).

Recombinant Protein Expression and Purification.Mon-
omeric and assembled m-fxn were expressed inE. coli and
purified as described previously (7). Modifications that
enable separation of the m-fxn monomer (residues 56-210)
from its main degradation product (d-fxn, residues 78-210)
are described in the Supporting Information. As analyzed
by SDS-PAGE and protein staining, the purification pro-
cedure was reproducible with regard to protein yield and
purity (>95% purity for m-fxn and d-fxn monomer and
>85% for assembled m-fxn; Figure S1A,B of the Supporting
Information). The identity and accurate molecular mass of
each frataxin species were determined by electrospray
ionization mass spectrometry. Prior to this analysis, as-
sembled m-fxn was diluted 1-fold with acetonitrile to
denature the protein, which revealed a single species with a
molecular mass of 17 255 Da, corresponding within experi-
mental error to that of the unmodified m-fxn monomer as
purified from E. coli (7). Residual contaminating proteins
present in assembled m-fxn preparations were identified by
peptide mass fingerprinting or liquid chromatography/tandem
mass spectrometry (Figure S1A-D of the Supporting
Information). Purified proteins were stored in 10 mM
HEPES-KOH at pH 7.3 and 4°C, and used within 1 week.
Protein concentrations were determined from the absorbance
and extinction coefficient (ε280 ) 42 800, 24 400, and 38 700
M-1 cm-1 for the m-fxn monomer, the d-fxn monomer, and
assembled m-fxn, respectively). The same purification
method used for assembled m-fxn was also used to generate
mock preparations of assembled m-fxn fromE. coli cells
transformed with the empty vector. Recombinant mouse
ferrochelatase was produced and purified as described
previously (24) with the following modifications. (1) Triton
X-100 (1%) was substituted with 0.5% cholate. (2) Solubi-
lized proteins from the lysed cells were subjected to
ultracentrifugation at 100000g for 60 min. (3) Ferrochelatase

was eluted from the blue-Sepharose CL-6B resin with a linear
NaCl gradient (from 0.5 to 2.0 M) in 20 mM Tris-HCl (pH
8.0) containing 10% glycerol. The purified protein was
concentrated to 10 mg/mL in 20 mM Tris-HCl (pH 8.0)
containing 1 M NaCl and 10% glycerol. Bovine brain
calmodulin and horse spleen apoferritin (Sigma) were buffer
exchanged into 10 mM HEPES-KOH (pH 7.3). All purified
protein concentrations were calculated per subunit.

Protein Disassembly.In some DNA protection experi-
ments, a preparation of assembled frataxin was split into two
1 mg aliquots and treated with either 2% SDS or buffer alone
for 30 min at 24°C. Both samples were incubated with 50
µL of Calbiosorb resin (Calbiochem) for 15 min at 24°C
and centrifuged at 2000g for 3 min at 24°C. The protein
was then repurified through a new Sephacryl 300 column
and eluted with 120 mL of 10 mM HEPES-KOH (pH 7.3)
and 150 mM NaCl. The protein recovery was∼60 and 50%
for buffer- and SDS-treated m-fxn, respectively. Fractions
corresponding to assembled or disassembled m-fxn were
pooled, buffer exchanged into 10 mM HEPES-KOH (pH
7.3), and concentrated with an Ultrafree-0.5 cell (5 kDa
cutoff). SDS-PAGE and silver staining confirmed that the
protein composition of assembled m-fxn was essentially
unchanged and that no detectable contaminants were present
in the disassembled protein fractions. Proteins were analyzed
by far-UV circular dichroism spectroscopy (CD) on an Aviv
spectrometer (model 215) (Aviv Associates/Protein Solu-
tions) in a 0.2 cm path length cell in the continuous mode.

DNA Protection Assay.Plasmid DNA was purified from
E. coli strain DH-5R (Invitrogen) using a QiaPrep Spin
Miniprep kit (Qiagen) and suspended in Milli-Q deionized
water. The following reagents were added in order to each
10µL reaction mixture: 10 mM HEPES-KOH (pH 7.3), 20-
200 µM protein, 160 ng of plasmid DNA, and Fe(II) or an
equal volume of buffer. Each set of reaction mixtures was
incubated at 30°C, diluted with 3µL of sample buffer (18%
glycerol, 0.15% Bromophenol Blue) on ice, and immediately
loaded on a 1% agarose gel (25). Ethidium bromide-stained
DNA bands were visualized with an imaging system and
quantified with Kodak 1D Image Analysis Software. In each
case, the percentage of residual supercoiled DNA was cal-
culated relative to a reaction mixture containing an identical
concentration of assembled m-fxn but no added Fe(II) (25).

Iron Sequestration.Each reaction (500µL) was started
by adding 30µM Fe(II) to an Eppendorf tube containing 3
µM protein in 10 mM HEPES-KOH (pH 7.3). No more than
two reactions were analyzed simultaneously. After incubation
for 10 or 60 min at 30°C, each reaction mixture was cooled
to 4 °C on ice, transferred to an ultrafiltration device
(Ultrafree-0.5 cell, Millipore) with a molecular mass cutoff
of 5 kDa, and centrifuged at 20800g for 8 min at 4°C. The
concentrate (∼30 µL) and the filtrate (∼470 µL) were
transferred to Eppendorf tubes on ice, and their volumes were
adjusted to 500µL with buffer. Then, a few crystals of
dithionite were added to each sample followed by BIPY
(final concentration of 2 mM), and the concentration of Fe-
[BIPY]3

2+ (ε520 ) 9000 M-1 cm-1) was determined after
incubation for 5 min at room temperature in a Beckman
DU640B spectrophotometer (26). After removal of the
retentate, insoluble iron was stripped from the filter by adding
500µL of buffer containing a few crystals of dithionite and
2 mM BIPY, and by pipetting vigorously for 1 min, followed
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by absorbance measurements at 520 nm as described above.
Under these conditions, insoluble ferric iron oxides ac-
cumulated in the filter of the ultrafiltration device, and the
retentate could be removed by pipetting without disturbing
the precipitated iron. This was verified by running buffer
and apoferritin controls, in the presence of which most iron
was reproducibly recovered from the filter and the concen-
trate, respectively (see the Results). In samples with extensive
iron precipitation (buffer at 10 or 60 min, monomeric frataxin
or mock at 60 min), the total iron recovery was only 70-
80% due to incomplete solubilization of ferric iron oxides
from the filter. The iron recovery wasg90% in all other
samples.

RESULTS

Monomeric and Assembled Forms of Human Frataxin
Enhance the AVailability of Fe(II). Recent reports have
described the ability of both yeast and human frataxin to
donate iron to IscU, ferrochelatase, and aconitase via
intermolecular interactions (9, 10, 16, 17), but monomeric
and assembled forms of the protein have never been directly
compared. We analyzed assembled m-fxn and the m-fxn
monomer for their ability to make Fe(II) bioavailable in the
presence of atmospheric O2 at neutral pH, conditions that
promote conversion of Fe(II) into insoluble ferric iron oxides.
We tested an Fe(II)/subunit ratio of 10/1, close to the iron
loading capacity of recombinant human frataxin (7, 9). BIPY,
a chelator that preferentially binds Fe(II) (26), or purified
mouse ferrochelatase, which catalyzes the insertion of Fe-
(II) into protoporphyrin IX to yield heme (24), was used as
the Fe(II) ligand. Horse spleen apoferritin, a preassembled
24-subunit shell that promotes iron oxidation and mineraliza-
tion (27), and bovine brain calmodulin, a calcium-binding
protein with a molecular mass and an isoelectric point similar
to those of m-fxn, were used as controls. Assembled m-fxn
kept ferrous iron available to BIPY or ferrochelatase as
efficiently as the m-fxn monomer, and over a time course
of 60 min, both proteins enhanced Fe(II) availability
compared to buffer and controls (Figure 1). However, when
the Fe(II)/subunit ratio was decreased from 10/1 to 5/1, the
levels of BIPY-accessible Fe(II) decreased by∼25% in the
presence of assembled m-fxn but remained unchanged in the
presence of the m-fxn monomer (data not shown). Results
similar to those obtained with m-fxn monomer were also
obtained with d-fxn monomer (residues 78-210) (not
shown), which is the major degradation product of m-fxn
both in E. coli (7) (Figure S1A of the Supporting Informa-
tion) and in mitochondria (7, 23). This product lacks a
nonconserved positively charged amino-terminal region, and
was shown by other investigators to serve as an Fe(II) donor
in Vitro (9, 10).

Assembled Frataxin Limits OxidatiVe Damage to DNA.
Next, we examined whether assembled and monomeric
m-fxn influence iron-catalyzed DNA strand breakage (25).
Upon exposure to Fe(II) in buffer, single-strand breaks
converted supercoiled DNA to open circular DNA as
expected (Figure 2A, lane 2 vs lane 3). In the presence of
20-200 µM assembled m-fxn, supercoiled DNA was also
converted to the open circular form upon addition of Fe(II);
however, compared to those of the control without protein
present, the levels of residual supercoiled DNA increased at
increasing concentrations of assembled m-fxn (Figure 2A).

The levels of residual supercoiled DNA were measured
relative to those in reaction mixtures with the same concen-
trations of assembled m-fxn but no added Fe(II) (Figure 2A,
lanes 5, 7, 9, and 11 vs lanes 4, 6, 8, and 10, respectively).
This is an accurate measure of protection (25), while the
level of accumulation of open circular and linear DNA is
not a precise measure of damage because these forms can
degrade further and their fluorescence in ethidium bromide-
stained gels is∼1.4 times higher than that of supercoiled
DNA (28). In three independent experiments with assembled
m-fxn from different purifications, we determined the
following levels of protection (mean( standard deviation):
58 ( 6, 70 ( 8, 80 ( 5, and 89( 6% at Fe(II)/subunit
ratios of 10/1, 5/1, 2/1, and 1/1, respectively, as compared
to 35 ( 5% in buffer without protein. Preparations of
assembled m-fxn contained low levels of background proteins
that we were unable to separate (Figure S1A,B of the

FIGURE 1: Monomeric and assembled forms of human frataxin
enhance Fe(II) availability. Time courses of (A) Fe[BIPY]3

2+ or
(B) deuteroheme production were started by addition of 30µM
Fe(II) to 10 mM HEPES-KOH at pH 7.3 and 30°C in the absence
or presence of 3µM protein, as indicated. A concentration of
contaminating proteins that would be present in 6µM assembled
m-fxn was also tested (mock). At successive time points, aliquots
were withdrawn from these reaction mixtures and incubated either
with BIPY (2 mM) for 5 min or with ferrochelatase (FC) and
deuteroporphyrin IX (PIX) (2 and 120µM, respectively) for 20
min. The concentrations of the final products, Fe[BIPY]3

2+ and
deuteroheme (heme), were determined spectrophotometrically (16).
The bars represent the mean( the standard deviation of three
independent reactions; for mock,n ) 1.
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Supporting Information). Mock protein preparations fromE.
coli transformed with the empty vector contained comparable
levels of the same background proteins (Figure S1C of the
Supporting Information) but had no protective effect relative
to buffer (Figure 2B, lane 5 vs lane 3), indicating that this is
a specific property of assembled m-fxn. Assembled m-fxn
protected DNA even upon addition of Fe(II) and hydrogen

peroxide (Figure 2C, lane 6 vs lane 4), implying that it can
attenuate Fenton chemistry, similar to certain bacterial
ferritins (29, 30). In contrast, DNA was converted to both
the open circular and linear forms in the presence of 20µM
m-fxn monomer or d-fxn monomer, and this damage was
dramatically enhanced upon addition of Fe(II) (Figure 2D,
lanes 4, 5, 9, and 10). Because the purified assembled m-fxn

FIGURE 2: Assembled frataxin protects DNA from iron-induced oxidative damage. (A, B, and D) Plasmid DNA was incubated with buffer,
different concentrations of purified forms of frataxin, or a concentration of contaminating proteins that would be present in 200µM assembled
m-fxn (mock; Figure S1C of the Supporting Information). Reactions were started by addition of ferrous iron or an equivalent volume of
buffer. At the end of 20 min at 30°C, the sample buffer was added and the samples were immediately analyzed by agarose gel electrophoresis.
Lane 1 contained theXhoI digest of plasmid DNA (∼3000 bp). SC, OC, and L represent supercoiled, open circular, and linear DNA,
respectively. (C) Plasmid DNA (∼6000 bp) was incubated with buffer or assembled m-fxn as shown. Reactions were started by addition
of hydrogen peroxide immediately followed by ferrous iron. Samples were incubated at 30°C for 10 min and analyzed as described above.
Lane 1 contained MW marker. (E) Sephacryl 300 chromatograms of buffer-treated (peak 1) or SDS-treated (peak 2) assembled m-fxn.
Molecular masses (- - -) andV0 were determined with Bio-Rad protein standards and formalin-fixedStreptomyces aureus. (F) CD spectra
were recorded between 260 and 200 nm. The monomer fromE. coli (- - -) or from SDS-treated assembled m-fxn (s) (7 µM each) was
scanned at 5°C; the thermally denatured monomer (7µM) from E. coli was scanned at 90°C (‚‚‚). Measurements were taken every 1 nm
with an averaging time of 25 s/measurement. (G) Experimental conditions were as described for panels A and B, except that plasmid DNA
was incubated in buffer, or with different concentrations of SDS-treated (disassembled) or buffer-treated (assembled) m-fxn, each repurified
by gel filtration as shown in panel D. Lane 1 contained theXhoI digest of plasmid DNA; lane 14 contained plasmid DNA preincubated
with 500 µM EDTA for 10 min on ice.
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did not damage DNA in the absence of exogenous Fe(II)
(Figure 2A, lanes 4, 6, 8, and 10 vs lane 2), we used it as an
alternative source of the monomer. A preparation of as-
sembled m-fxn was divided in two halves that were incubated
with 2% SDS or buffer, treated identically with a detergent
removal resin, and further purified through a new gel
filtration column. The buffer-treated frataxin eluted with an
apparent molecular mass of>1 MDa as expected, and the
SDS-treated frataxin with an apparent molecular mass of 17
kDa corresponding to the m-fxn monomer (Figure 2E). As
determined by far-UV CD, SDS-treated m-fxn exhibited the
same fold and melting temperature as the monomer purified
from E. coli (Figure 2F and data not shown). These data
indicate that even if trace amounts of SDS were still bound
to the disassembled monomer, they did not affect its structure
to a significant degree. In the presence of disassembled
m-fxn, supercoiled DNA was once again converted to both
the open circular and linear forms in a protein concentration-
dependent manner (Figure 2G, lanes 4, 6, 8, and 10). This
damage was inhibited when DNA was preincubated with
EDTA (lanes 13 and 14), but was enhanced upon addition
of Fe(II) (lanes 5, 7, 9, and 11). In contrast, the buffer-treated
assembled frataxin did not cause DNA damage (Figure 2G,
lanes 15 and 17 vs lane 2), and attenuated it upon addition
of Fe(II) in an Fe(II)/subunit ratio-dependent manner (lanes
16 and 18 vs lane 3), confirming the results depicted in
Figure 2A.

Assembled Frataxin Sequesters Redox-ActiVe Iron from
the Solution.The data presented above suggest that mono-
meric and assembled m-fxn have different modes of handling
redox-active iron. We investigated this possibility under the
conditions used in Figure 1, where the m-fxn monomer and
assembled m-fxn were able to keep similar levels of Fe(II)
accessible to BIPY or ferrochelatase over a period of 60 min.
Proteins were incubated with Fe(II) for 10 or 60 min, and
after ultrafiltration, iron levels were measured in the retentate
[representing the sum of free and protein-bound Fe(II)], the
filtrate [representing free Fe(II) removed from the reaction
mixture during ultrafiltration], and the insoluble fraction
[representing Fe(III) that undergoes spontaneous hydrolysis
and precipitates out of the solution]. In buffer without protein,
we recovered mostly insoluble Fe(III) at either 10 or 60 min,
while in the presence of apoferritin, most iron was in the
retentate (Figure 3). In the presence of monomeric frataxin
(m-fxn or d-fxn monomer), free Fe(II) was predominant at
10 min but mostly insoluble Fe(III) was recovered at 60 min
(Figure 3). The same was observed with mock preparations
of assembled m-fxn (Figure 3). Assembled m-fxn exhibited
equal levels of iron in the retentate, filtrate, and insoluble
fraction at 10 min, but a striking difference was seen at 60
min when most iron was recovered in the retentate (Figure
3). These results can be interpreted as follows. In the reaction
mixture, free Fe(II) is in an equilibrium with protein-bound
Fe(II):

In the presence of the monomer, free Fe(II) is progressively
removed from the reaction mixture by conversion to insoluble
ferric oxides, and the equilibrium is maintained via release
of Fe(II) from the protein until most Fe(II) is converted to
ferric oxides, as seen in Figure 3 at 60 min. At 10 min, iron

levels in the filtrate are higher than in the retentate because
the removal of free Fe(II) from the reaction mixture during
ultrafiltration results in further release of Fe(II) from the
monomer. In the presence of assembled m-fxn, the Fe(II)-
protein is removed from the reaction mixture via conversion
to a stable Fe(III)-protein complex, faster than free Fe(II)
is converted to insoluble ferric oxides. Here, the equilibrium
is shifted toward binding of Fe(II) to protein until most Fe-
(II) is converted to stable Fe(III)-protein complexes, as seen
from the data at 10 and 60 min. In this way, assembled
frataxin achieves nearly the same degree of iron uptake as
apoferritin, only with slower kinetics (Figure 3).

Assembled Human Frataxin Has Ferroxidase ActiVity. We
used electrode oximetry to examine the iron oxidation
reaction of monomeric and assembled m-fxn. Solution
conditions were chosen on the basis of our previous analysis
of the ferroxidase activity of yeast frataxin (34). To observe
this activity, the pH must bee7.0 to inhibit iron autoxidation,
and the Fe(II) concentration must not exceed the number of
ferroxidation sites on the protein. Similar conditions are
required to observe the ferroxidase activity of H-ferritin (35).
Oxygen consumption curves were recorded upon addition
of Fe(II) to buffer alone or buffer containing assembled
m-fxn, the m-fxn monomer, or the mock preparation. In
Figure 4A, we compare the Fe(II)/O2 stoichiometries for the
completed reactions of monomeric and assembled m-fxn at
increasing Fe(II)/subunit ratios. A final stoichiometric ratio
of ∼2 Fe(II) atoms oxidized per O2 molecule consumed was
consistently measured in the presence of assembled m-fxn
at Fe(II)/subunit ratios ofe0.75, while the Fe(II)/O2 stoi-
chiometry approached a value of∼4 at higher ratios (Figure

Fe(II) + proteinT Fe(II)-protein

FIGURE 3: Assembled but not monomeric frataxin stores Fe(III) in
soluble form. Purified proteins (3µM) or a concentration of
contaminating proteins that would be present in 6µM assembled
m-fxn (mock) was incubated with 30µM Fe(II) for 10 or 60 min
in 10 mM HEPES-KOH at pH 7.3 and 30°C, and subjected to
ultrafiltration. Iron levels were measured in the retentate, the filtrate,
and the insoluble fraction by addition of dithionite followed by
BIPY (16) as described in Materials and Methods. Bars represent
the mean( the standard deviation from three (apoferritin, buffer,
and d-fxn monomer), five (assembled m-fxn), seven (m-fxn
monomer), or two (mock) independent experiments. A pairedt test
comparing protein-bound, filterable, and insoluble iron for each
frataxin from 10 min vs 60 min yieldedP values of<0.05 in all
cases.
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4A). These results are consistent with predominant ferroxi-
dase activity whene0.75 equiv of Fe(II) is added to
assembled m-fxn, with autoxidation overriding ferroxidation
at higher Fe(II)/subunit ratios (35). In contrast, the average
Fe(II)/O2 stoichiometry for the completed reactions of the
m-fxn monomer was∼3.6 (Figure 4A), indicating that
autoxidation is the predominant reaction that occurs with this
form of the protein regardless of the Fe(II)/subunit ratio.
Figure 4B shows facilitation of iron oxidation in the presence
of assembled m-fxn compared to the buffer, monomer, or
mock at an Fe(II)/subunit ratio of 0.5. Facilitation of iron
oxidation by assembled m-fxn was also observed at Fe(II)/
subunit ratios of 0.25 and 0.75 as well as at an Fe(II)/subunit
ratio of 0.5 in the presence of 150 mM KCl, even though
chloride anions significantly decreased the rate of spontane-
ous iron oxidation (not shown). However, at Fe(II)/subunit
ratios of >0.75, the iron oxidation reactions of the m-fxn
monomer and assembled m-fxn occurred at similar rates and
took twice as long as the reaction in buffer without protein
to reach completion (Figure 4C and data not shown). The
ability of yeast andE. coli frataxin to facilitate pairwise
oxidation of Fe(II) has led to suggestions that dinuclear iron
binding sites may be present on these proteins (11, 34). In
vertebrate ferritins, there is one dinuclear iron site on each
H-subunit, and to observe ferroxidase activity, the iron
concentration must bee2 Fe(II) atoms/H-subunit to not
exceed the number of ferroxidation sites (35). Figure 4A
shows that to observe the ferroxidase activity of assembled
m-fxn, the iron concentration must be<1 Fe(II) atom/
subunit, consistent with the presence of less than one
ferroxidation site per subunit, as was suggested previously
for yeast frataxin (34). A ferroxidation site formed by
multiple m-fxn subunits supports the conclusion that as-
sembly is required for the ferroxidase activity of human
frataxin.

DISCUSSION

Mitochondrial function depends on a continuous supply
of iron for the syntheses of heme and ISC, but also on the
prevention of iron toxicity, especially iron-induced oxidative
damage to mitochondrial DNA. Accumulated evidence
indicates that the mitochondrial protein frataxin plays a key
role in both of these processes (5). To begin to understand
how frataxin may accomplish both iron chaperone and iron
detoxification functions, we have analyzed stable monomeric
and assembled forms of human frataxin. Both forms bind
∼6-10 Fe atoms/protomer (7, 9) and promote the availability
of Fe(II) (Figure 1). The conditions used in these experiments
are different from the situation in the mitochondrial matrix,
where a number of factors (e.g., a pH of∼8 and the presence
of physiologic iron chelators and reducing agents) may
influence Fe(II) availability. On the other hand, other
investigators have shown that mitochondria of frataxin-
deficient yeast cells accumulate iron in amorphous nano-
particles of ferric phosphate, which is unavailable for heme
synthesis (15). These findings suggest that the ability of
monomeric and assembled frataxin to make Fe(II) available
to ferrochelatasein Vitro is a physiologically relevant
property.

Unlike monomeric frataxin, the assembled form exhibits
additional properties, including ferroxidase activity, the
ability to sequester Fe(II) from bulk solution and to store it

FIGURE 4: Assembled frataxin has ferroxidase activity. (A) The
stoichiometric Fe(II)/O2 ratios measured in the presence of monomeric
or assembled m-fxn are plotted vs the Fe(II)/m-fxn subunit ratio.
Oxygen consumption was monitored upon addition of Fe(II) to buffer
in the presence of the m-fxn monomer or assembled m-fxn at increasing
Fe(II)/subunit ratios. Conditions were 10 mM HEPES-KOH at pH 7.0
and 25°C at Fe(II)/subunit ratios between 0.25/1 and 3/1 or 10 mM
HEPES-KOH at pH 7.3 and 30°C at the Fe(II)/subunit ratio of 10/1
(at this ratio, autoxidation predominates regardless of the solution
conditions). The Fe(II)/O2 ratio was measured at the end of each reaction
(∼60 and 40 min in the first and second set of solution conditions,
respectively). Some reactions were followed for as long as 120 min
without any significant changes in the final Fe(II)/O2 stoichiometry
(not shown). Each point represents the mean( the standard deviation
from two to three reactions, except at an Fe(II)/subunit ratio of 0.25
wheren ) 1. The protein concentration was 96µM at Fe(II)/subunit
ratios of 0.25/1 and 0.5/1, 48µM at Fe(II)/subunit ratios between 0.75/1
and 3.0/1, and 10µM at an Fe(II)/subunit ratio of 10/1. Buffer controls
without protein added were carried out under the same conditions used
for monomeric and assembled m-fxn, and gave a mean stoichiometric
Fe(II)/O2 ratio of 3.6( 0.4 (n ) 29) in 10 mM HEPES-KOH at pH
7.0, 25°C, and 3.5( 0.06 (n ) 3) in 10 mM HEPES-KOH at pH 7.3
and 30 °C. (B and C) Oxygen consumption was monitored upon
addition of (B) 48µM Fe(II) to buffer (1) in the absence or presence
of the mock preparation (4), 96µM monomer (0), or 96µM assembled
m-fxn (O) [Fe(II)/subunit ratio of 0.5/1] or (C) 120µM Fe(II) to buffer
(1), 48 µM monomer (9), or 48 µM assembled m-fxn (b) [Fe(II)/
subunit ratio of 2.5/1]. In panels B and C, conditions were 10 mM
HEPES-KOH at pH 7.0 and 25°C. Mock controls contained a
concentration of contaminating proteins that would be present in 200
µM assembled m-fxn. Bars represent the standard deviation of two or
three (monomer, assembled, and mock) or six (buffer) independent
reactions; one representative buffer run is shown in panel C.
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in a water soluble form as well as the ability to limit iron-
catalyzed oxidative damage to DNA (Figures 2-4). As
determined by electrospray ionization mass spectrometry, the
molecular mass of the monomer obtained from acetonitrile-
denatured assembled m-fxn is the same, within error, as that
of the monomer purified fromE. coli (17 755 Da vs 17 752
Da). This should rule out the possibility that the functional
differences observed between assembled and monomeric
m-fxn result from there being two different types of
monomers due to post-translational modifications. In addi-
tion, disassembled m-fxn and the monomer purified from
E. coli were both unable to protect DNA to an equivalent
degree (Figure 2D-G), supporting the conclusion that the
association state of the protein is responsible for the DNA
protection conferred by assembled m-fxn (Figure 2A,G).
Moreover, the results depicted in Figure 4A are consistent
with a ferroxidation site formed by more than one m-fxn
subunit, supporting the conclusion that m-fxn self-assembly
is responsible for ferroxidase activity. Recent studies inves-
tigating the mechanism of m-fxn assembly have revealed
that this process involves stable subunit-subunit interactions
mediated by the N-terminal domain of m-fxn and a reversible
conformational change (37). Because m-fxn assembles inE.
coli and mitochondria but notin Vitro (7, 37), molecular
chaperones and other factors are probably also required. A
lack of these factors may explain why the purified m-fxn
monomer does not self-associate.

The protective effect of assembled m-fxn appears to result
from the ability to sequester Fe(II) from the solution and to
promote the formation of a stable mineral within a protein-
protected compartment (Figure 3). In agreement with this
interpretation, previous studies have shown that assembled
human frataxin accumulates iron as small∼2-4 nm electron-
dense cores that appear to be situated within the boundaries
of the protein particles (7). In addition, an X-ray spectro-
scopic study of yeast and human frataxin iron cores showed
that they consist of a ferric oxide mineral structurally similar
to ferrihydrite (31). The three-dimensional structures of the
human frataxin monomer have revealed an extended anionic
surface formed by the side chains of aspartic and glutamic
acid residues (32, 33). No structural information is as yet
available for assembled frataxin, but we speculate that this
form of the protein may contain a cavity lined by the anionic
surfaces of adjacent subunits, similar to the inner cavity
involved in the iron uptake mechanism of the ferritins (27).
The ferritins are polymers of 12 or 24 subunits that form a
protein shell with a hollow cavity accommodating up to 4500
atoms of iron. Ferritin binds Fe(II), catalyzes its oxidation
to Fe(III), and further incorporates Fe(III) into a water-soluble
mineral core (27). The molecular design of ferritin is
conserved across species, underscoring the advantage of
using protein assembly to detoxify and store iron within the
cell. Therefore, it is plausible that assembly may also be a
mechanism utilized by frataxin to detoxify iron within
mitochondria. This hypothesis is in line with the oxidative
damage associated with a loss or reduction of frataxin (20,
21), and is supported by a recent report that the expression
of human mitochondrial ferritin results in nearly full comple-
mentation of frataxin-deficient yeast (22). However, the
ferroxidase reaction of assembled m-fxn is much slower than
that of mammalian ferritin (minutes vs seconds; Figure 4B,
data not shown, and ref36), and is readily overcome by an

even slower autoxidation reaction at Fe(II)/subunit ratios of
>0.75 (Figure 4C and data not shown). Iron autoxidation
occurs at similar rates in the presence of assembled and
monomeric m-fxn, and is slower compared to iron autoxi-
dation in buffer (Figure 4C and data not shown). These
features enable assembled and monomeric frataxin to serve
as temporary reservoirs of readily available Fe(II) (Figure
1). It is intriguing that both monomeric and assembled m-fxn
can make Fe(II) available to external ligands, yet the two
forms have such different effects on protection against Fe-
induced DNA damage. At a fixed iron concentration in the
presence of assembled m-fxn, the levels of BIPY-accessible
Fe(II) decrease at increasing Fe(II)/subunit ratios (data not
shown). This suggests that the Fe(II)/subunit ratio is an
important factor in determining the extent to which the Fe-
(II) bound to assembled frataxin is accessible to external
ligands. It seems logical that this Fe(II) should also be
available for free radical generation, and indeed, the ability
to protect DNA decreased from 89 to 58% when the Fe(II)/
subunit ratio was increased from 1/1 to 10/1 (Results and
Figure 2A). However, in thesein Vitro assays, we could only
analyze the Fe(II) chaperone and antioxidant functions of
assembled frataxin independent of each other. It is conceiv-
able that in ViVo the protein might carry out these two
functions simultaneously, promoting incorporation of Fe(II)
into heme or iron-sulfur clusters and oxidizing and storing
any surplus iron such that little or no Fe(II)-bound frataxin
would be available for free radical generation. Thus, we
speculate that monomeric and assembled forms of human
frataxin serve different physiological roles depending on the
magnitude of the mitochondrial iron flux (Figure 5). The
factors that govern assembly of human frataxin may provide
mitochondria with a mechanism for promoting iron metabo-
lism and for limiting iron-induced oxidative damage.

FIGURE 5: Proposed mechanism of human frataxin. A putative Fe-
(II) ligand (e.g., IscU) is shown as a soluble molecule with one
Fe(II)-binding site. The human frataxin monomer may act as a donor
of Fe(II) when mitochondrial iron is limited. Given the observed
inability of the monomer to control the solution chemistry of iron,
any Fe(II) bound to it is rapidly and quantitatively transferred to a
ligand to prevent oxidative damage. In the presence of a high iron
flux, assembled frataxin sequesters Fe(II), makes it bioavailable,
and further detoxifies any excess iron by promoting its oxidation
and incorporation into a stable mineral (31).
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