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ABSTRACT. X-ray absorption spectroscopy at the iron K-edge indicates that the iron cores of human and
yeast frataxin polymers assembl@dvitro are identical to each other and are similar but not identical to
ferritin cores. Both frataxin polymers contain ferrihydrite, a biomineral composed of ferric oxide/hydroxide
octahedra. The ferrihydrite in frataxin is less ordered than iron cores of horse spleen ferritin, having
fewer face-sharing FeFe interactions but similar double corner-sharing interactions. The extended X-ray
absorption fine structure (EXAFS) analysis agrees with previous electron microscopy data showing that
frataxin cores are composed of very small ferrihydrite crystallites.

The iron storage protein ferritin plays a key role in iron damage). The intracellular location of ferritin varies from
homeostasis and helps to limit iron-catalyzed free radical mostly cytosolic in vertebrate2<{4) to entirely vacuolar in
many insects g, 6), while it is limited to chloroplasts in
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Friedreich ataxia, an autosomal recessive neurodegenerativ®.6 mL/min, and fractions containing the multimer were
disease caused by frataxin deficien®y. (The biochemical pooled ¢~7 mL) and concentrated to 1Qf.. Iron loading
alterations associated with frataxin defects can be explainedof horse spleen apoferritin (Sigma) was carried out as
by recent reports demonstrating that yeast frataxin is requireddescribed by other2§). The sample was treated in a manner
for the biogenesis of ironsulfur clusters 16—18), the lack similar to that for the mYfh1lp multimer except that it was
of which is known to derange mitochondrial iron homeostasis purified through an HR16/50 Superdex 200 column (Am-
(29). ersham Pharmacia Biotech). Samples from two consecutive

The mechanism of frataxin has been analyedtro via purification procedures were pooled and analyzed for protein
the use of purified full-length forms of the protein. Yeast concentration by SDSPAGE and Coomassie blue staining,
frataxin is activated by Fe(ll) in the presence of atmospheric and for iron concentration by inductively coupled plasma
O, and forms an oligomergs, with ferroxidase activity = emission spectroscopy. X-ray absorption spectroscopy was
[2Fe(ll) + O, + 2H" — 2Fe(lll) + Hx0;] (20). When the performed on three sample sets. The iron concentration was
Fe(ll) concentration exceeds that of the ferroxidase sites on78—130 mM with an Fe/subunit ratio 6¥43—47/1 in two
the protein [Fe(ll)/mYfhlp> 0.5], autoxidation [4Fe(lI)}+ independent mYfhlp preparations, and 104 mM with an Fe/
O, + 4Ht — 4Fe(lll) + 2H,0] overcomes ferroxidatior2(). subunit ratio of~69/1 in one ferritin preparation. To measure
Moreover, at iron concentrations that exceed the capacityin transmittance, highly concentrated samples were prepared
of o, stepwise assembly of trimers yields a 48-subunit in 20% glycerol with iron concentrations for mYfhlp and
multimer of 840 kDa that accumulates50 atoms of iron ferritin of 316 and 348 mM, respectively. A 33/ solution
per subunit 21, 22). Unlike yeast frataxin, the human of the human frataxin polymer was incubated with 10 equiv
homologue assembles during expressioBscherichia colj of ferrous iron in 10 mM HEPES-KOH (pH 7.0) [HEPES
forming individual particles of~1 MDa and rod-shaped (pH 7.0)] for 10 h at room temperature (total volume of 10
polymers of these particle3d). Upon purification from mL). After addition of 1% glycerol, this sample was
bacterial cells, the assembled human protein contains lowconcentrated to a volume of 1 mL in a centrifugal filter
iron levels (0.1-0.3 atom per subunit) but exhibits ferroxi- device (Amicon Ultra, 100 kDa molecular mass cutoff,
dase activity and can be loaded witli 0 atoms of iron per ~ Millipore), diluted 10-fold with HEPES (pH 7.0) and 1%
subunit (ref23 and unpublished results). This behavior is glycerol, and concentrated again to a volume of 1 mL. This
similar to that described for recombinant ferritins that process was repeated three times to minimize the amount of
polymerize during expression . coli (24—26), forming a residual free iron, and the sample was eventually concen-
hollow sphere of 24 subunits with a capacity of up to 187 trated to a final volume of 150L. The iron concentration
atoms of iron per subunit. Ferrous cations pass throughwas 15 mM with an Fe/subunit ratio ef7/1.
channels between the subunits and are oxidized to Fe(lll) XAS Samples for X-ray Fluorescentren-loaded mYfhlp
either at diiron ferroxidase sites on the protein or directly at multimer samples were prepared for X-ray absorption
the surface of the growing ferritin cor%). Thus, the yeast  spectroscopy by dilution of the sample to a final concentra-
frataxin iron core appears to grow through the sequential tion of 20 mM iron in HEPES (pH 7.4), and glycerol was
addition of trimer-bound ferric iron moieties, while the added to a final concentration of 20% to reduce ice
human frataxin iron core, like ferritin, forms within a diffraction artifacts. Human frataxin was analyzed at a final
preassembled homopolymer. In electron micrographs, how-iron concentration of 10 mM in HEPES (pH 7.0) and 10%
ever, the iron associated with both yeast and human frataxinglycerol. Samples were loaded into 1 mm path length Lucite
polymers appears as small electron-dense granule@-o# sample cells and flash-frozen in cold isopentane.
nm, severalfold smaller than the iron core of ferrit22( XAS Samples for Transmittancklighly concentrated
23). Previous analyses of ferritin iron cores by extended mYfhlp multimer and horse spleen holoferritin were pre-
X-ray absorption fine structure (EXAFS) and SEbauer  pared in 20% glycerol, flash-frozen immediately after
spectroscopies indicate a resemblance to natural inorganireparation as described above, and then shipped to Stanford
ferrinydrite 28—33). Here we use high-resolution EXAFS  Synchrotron Radiation Laboratory (SSRL) on dry ice. An
spectroscopy to provide the first detailed structural informa- aqueous slurry of two-line ferrihydrite was loaded into a
tion for the iron core of yeast and human frataxin, and Lucite sample cell as described above. Other iron model
compare the frataxin and ferritin iron cores. compounds were intimately ground with a boron nitride

diluent and compressed between layers of Mytea 2 mm

MATERIALS AND METHODS thick sample holder.

Preparation of Iron-Loaded Yeast and Human Frataxin X-ray Absorption Spectroscopata were acquired at
Expression and purification of the mYfhlp monomer and SSRL with the SPEAR storage ring containing-6aM0 mA
the human frataxin polymer were carried out as describedat 3.0 GeV, using 1.8 T wiggler beamline 7-3 with a Si-
previously @2, 23). The iron-loaded mYfhlp multimer was (220) double-crystal monochromator. The monochromator
prepared as described previoust?) with the modifications vertical entrance aperture was adjusted to 1 mm to optimize
noted below. A 4QuM solution of the mYfhlp monomer  energy resolution. Harmonic rejection was accomplished by
was incubated with 40 equiv of ferrous iron in 10 mM detuning one monochromator crystal to approximately 50%
HEPES-KOH (pH 7.4) [HEPES (pH 7.4)]fd. h at 30°C off peak, and no focusing optics were in the beamline. The
(total volume of 30 mL). The sample was concentrated to 1 incident X-ray intensity was monitored using an-Mled
mL, centrifuged for 5 min at 208@) and loaded onto an  ionization chamber. For ferritin and frataxin, the X-ray
HR16/60 Sephacryl 300 column (Amersham Pharmacia absorption spectra were recorded as Fe fuorescence
Biotech). The protein was eluted with 125 mL of 10 mM excitation spectra using an array of 30 germanium detectors
HEPES (pH 7.4) and 100 mM NaCl (HN100) at a flow rate or in transmittance mode usingHfilled ionization chambers
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Ficure 1: Near-edge spectra of the iron K-edges (A), pre-edge feature (B), and corresponding polynomial-smoothed second derivative (C)
of (a) horse spleen ferritin, (b) yeast frataxin, (c) human frataxin, (d) synthetic two-line ferrihydrite, (e) hematite, (f) goethite, and (g)
synthetic magnetite. (A) The near edges of yeast and human frataxin are very similar to those of ferritin and less similar to those of two-line
ferrihydrite. (B) The yeast frataxin pre-edge feature (dashed line) is overlaid on that of ferritin to show similarity and that of two-line
ferrihydrite to show differences. The pre-edge features of frataxin, ferritin, and ferrihydrite show the decreased intensity and peak maximum
(7114 eV) that are characteristic of ferric iron octahedrally coordinated to oxygen. Minerals with mixed ferrous and ferric iron, such as
magnetite (g), have high-intensity pre-edge features with peak maxim@Zit3 eV. (C) The second derivatives were calculated by least-
squares fitting a third-order polynomial arala 1 eVrange. The second derivatives show a few, subtle differences between frataxin and
ferritin. All edges were collected in transmittance mode with the exception of that of human frataxin.

on either side of the sample to monitor absorbance. Model transitions 86). For individual iron sites, this transition shows
compounds were measured in transmittance mode. Samplestructure related to the electronic structure of the iron, and
were kept between 5 and 10 K in an Oxford Instruments specifically to the 3d manifold3(, 38). In centrosymmetric
liquid helium flow cryostat, and the X-ray energy was (e.g., octahedral) environments, two quadrupole-allowed
calibrated with reference to the lowest-energy inflection point transitions are observed [1s 3d(tg) and 1s— 3d(g)], but
of a metallic iron foil standard that was assumed to be 7111.3in noncentrosymmetric (e.g., tetrahedral) environments, mix-
eV. Data for two independent yeast frataxin samples (not ing of the 4p and e levels occurs, resulting in significant
shown) and one ferritin sample were collected in fluorescence dipole-allowed intensity for this transition (e.g., magnetite,
mode and analyzed. Between seven and twelve 35 min scangigure 1, g). The 1s> 3d feature is thus an excellent probe
were accumulated for each yeast frataxin sample. Becausef electronic structure, and can be used to discriminate high-
of the lower iron concentration of human frataxin, 18 scans spin from low-spin ferric species, and detect the presence
were accumulated to & of 16 AL Data for highly  of mixed ferrous and ferric specie37 38). The shape and
concen_trated yeast frataxin and ferritin were collected in intensity of the pre-edge features of human and yeast frataxin
transmittance mode to & of 18 A™* and analyzed. An  (Figure 1B) are nearly identical to those of ferritin but
improved signal-to-noise ratio permitted resolution of one gifferent from those of two-line ferrihydrite (Figure 1B),
additional Fe-O shell. Multiple scattering interactions seen jngjcating closely related metal sites in frataxin and ferritin,
in ferritin that had been aged for 2 weeks were not seen in gnqg syggest the presence of high-spin ferric octahedral iron
ferritin or frataxin that was frozen immediately after iron (39 40) The second-derivative plot (Figure 1C) shows only
loading. subtle differences in the spectra of yeast frataxin and ferritin
XAS Data AnalysisThe extended X-ray absorption fine  collected in transmittance mode and the spectra of human
structure (EXAFS) oscillationg(k) were analyzed using the  frataxin collected in fluorescence mode. We conclude that
EXAFSPAK suite of computer programAb initio theoreti-  frataxin iron cores are composed of ferric iron coordinated

cal phase and amplitude functions were generated with FEFFith six oxygen atoms with no indication of significant levels
version 7.2 84, 35). No smoothing or related data manipula-  of ferrous species.

tions were performed. EXAFS Spectroscopfhe EXAFS and EXAFS Fourier
RESULTS transforms of highly concentrated yeast frataxin and ferritin
iron cores and the more dilute human frataxin are shown in
Fe K Near-Edge X-ray Absorption Spectieon K near Figure 2, together with the results of the curve-fitting
edge spectra of ferritin and frataxin iron cores are comparedanalysis. EXAFS-derived coordination numbers anetFe
with those of other biominerals in Figure 1. The spectra of distances can be used to distinguish different iron minerals
ferritin (Figure 1A, a) and yeast and human frataxin (Figure (41). The EXAFS of human and yeast frataxin can be
1A, b and c) are nearly identical to each other and slightly overlaid and are identical within the noise (data not shown)
different from the spectrum of two-line ferrihydrite (Figure and therefore will be discussed together as frataxin. Ferritin
1A, d). The small pre-edge features~af113.5 eV are the  and frataxin exhibit very similar FeO and Fe-Fe interac-
formally dipole-forbidden, quadrupole-allowed 1s 3d tions (Figure 2 and Table 1) that are also similar to those of
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Ficure 2: Iron K-edge EXAFS spectra and corresponding EXAFS Fourier transforms of iron cores of human frataxin (fluorescence mode

to ak of 14 A-1) (a), yeast frataxin (b), and horse spleen ferritin (c) (transmittance modk & 48 A-2). Solid lines show experimental

data, while the dashed lines show the best fits. The EXAFS Fourier transforms have been phase-corrected @ theckscattering.

EXAFS data were collected with a point spacing of 0.05 and a count time varying between 2 and 16 s (propor®tat to= 18 A2
data and between 2 and 12 s for= 12 A1 data.

R+A (A)

Table 1: EXAFS Curve-Fitting Resutts

yeast frataxin human frataxin horse spleen ferritin
N R o2 erro N R o2 errof N R g erro
Fe-O 2.9 1.939(1) 0.003(1) 0.0047 3 1.929(1) 0.005(1) 0.0063 3.3 1.940(1) 0.005(1) 0.0054
Fe-O 2.6 2.072(1) 3 2.049(1) 2.5 2.075(2)
Fe-O 0.6 2.253(2) 0.5 2.277(3)
Fe—Fe 0.4 2.963(2) 0.005(1) 0.4 2.950(2) 0.003(1) 1.0 2.987(2) 0.003(1)
Fe—-Fe 1.2 3.075(2) 1.0 3.068(1) 0.9 3.107(1)
Fe-Fe 0.5 3.453(1) 0.6 3.452(2) 0.6 3.455(2)

a Coordination numbet, interatomic distanceR (&), and (thermal and static) mean-square deviatioR {the Debye-Waller factor),0? (A2).
A combined singles? was used for FeO and Fe-Fe.N was determined independently for each shell using a two-parameter search algorithm. For
ferritin, yeast frataxin, and human frataxin, the threshold shif&,, were —8.8, —8.7, and—10.3, respectively. Values in parentheses are the
estimated standard deviations (precisions) obtained from the diagonal elements of the covariance matrix. The accuracies will always be somewhat
larger than the precisions, typicaly0.02 A for R and+20% for N and 2 Note that EXAFS cannot readily distinguish between scatterers with
similar atomic numbers such as nitrogen and oxydére fit error is defined as K(xexpt — ¥caicd?Y Koy expt?] V2

Face-sharing Edge-sharing Double-corner sharing

2954 3.07 4 3.44 4

Ficure 3: Alternative methods of linking Fe{dctahedra, showing face-sharing, edge-sharing, and double corner-sharing structures.

six-line ferrihydrite @1). Because of the extendédrange the arrangement of adjacent Re@xtahedra. In ferrihydrite

of our transmittance data, three discrete-E¥OH interac- minerals, distances of 2.95, 3.05, and 3.44 A are typical of
tions were resolved within the range expected for octahe- face-sharing, edge-sharing, and double corner-sharing octa-
drally coordinated iron (Table 1). Some variation in the hedra, respectively4d) (see Figure 3). The ratio of edge-
apparent coordination numbéXsor these Fe-O interactions sharing to double corner-sharing interactions indicates that
was observed between frataxin and ferritin, but this is frataxin cores are more similar to six-line than to two-line
probably close to the accuracy fdf, and may not be  ferrihydrite @1). The presence of significant face-sharing
significant. The Fe Fe distances can be used to discriminate interactions in the frataxin EXAFS leads us to conclude that
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the core can best be modeled as an agglomeration of locallycrystals align, their free surfaces are eliminated, resulting in
ordered fragments that resemble six-line ferrihydrite. As a reduction in surface free energ§4( 46). The alignment
ferrihydrite ages, the proportions of face-, edge-, and doubleand binding of one microcrystal to another depend on
corner-sharing interactions changg). In ferritin samples concentration, and are thought to occur through random
that were aged, the EXAFS Fourier transform exhibited a interactions 44). Both yeast and human frataxin bind and
peak at~6 A (data not shown). Observation of such long- catalyze oxidation of Fe(ll) to Fe(lll) (ref0 and unpublished
range interactions is unusual, especially in biological materi- results) and may further facilitate the aggregation of small
als, and when seen, it is often due to multiple scattering from ferrihydrite particles at the surface of their acidic patches.
approximately collinear arrangements of atoms. The devel- The alignment and binding of one microcrystal to another
opment of such long-range order may be related to age-may be facilitated by the interaction of trimers as the yeast

related core condensation. frataxin polymer assemble&@). Similarly, human frataxin
may guide biomineralization by keeping the ferric iron
DISCUSSION microcrystallites in a soluble form and at a high concentration

_ within the assembled protein. According to this model,
_ We have shown that yeast and human frataxin assembleyiqmineralization is an integral part of the assembly process
iron cores that are .|dent|cal to each other and _clo;ely of yeast frataxin, whereas in human frataxin, biomineraliza-
resemble but are distinct from the horse spleen ferritin iron o1 occurs after protein assembly. However, the biomineral
core @1). Frataxin and ferritin cores have similar ¥@  yhat forms is the same, consistent with previous comple-
coordination, with the range characteristic of octahedral anation studies showing that yeast and human frataxin are
coordination, and their near-edge spectra are consistent withy, g4 homologues4(, 48). The mechanism used by
octahedrally coordinated ferric sites. Ireinon distances and human frataxin results in a lower iron loading capacity (10

their relative proportions can be used to identify various iron s 50 Fe atoms/subunit) but would appear to provide a faster
oxide minerals with precisiod(). Frataxin iron cores show  oone of sequestering excess iron in a protein-protected

th_e Fe-Fe inte_rac_tions characteristic of _six-line_ ferrihydrit_e, compartment. The iron loading capacity of frataxin may not
with face-sharing interactions and a relatively high proportion po s critical for human cells that unligaccharomyces

of doubl_e corner-sharing interactions indicating a !evellof cerevisiae also possess cytoplasmic and mitochondrial fer-
order higher than that seen in amorphous ferrihydrite. \iiins.

Ne&/ertkI\lele;s, tg?hfer?hy.c:.mehm 'frat?xm '? less rcorjder;sed Our results are consistent with a direct role of frataxin in
and well ordered than ferritin, having fewer face-shafing =€ - itqchondrial iron metabolism. In the yedtcereisiag a

Fe Interactions. reduced level of expression of frataxin severely limits iron
Our results provide clues that may help to explain how gyifur cluster assembly but has a less dramatic effect on heme
frataxin iron cores formin vitro. EXAFS data support the  piosynthesis17, 49). Similarly, marked deficiencies of iren
conclusion that frataxin iron cores result from the aggregation sylfur cluster-containing enzymes@j but only a relatively
of small ferrihydrite crystallites as they do not have the small heme deficiency5() have been detected in Fried-
degree of order of the ferritin iron cordl). An alternative  rejch’s ataxia patients. Thus, frataxin may primarily be part
interpretation of our EXAFS data is that differences in face- of mechanisms that deal with iron flux through the iron
sharing Fe-Fe interactions between frataxin and ferritin - sulfur cluster biosynthetic pathway. Mitochondrial ferritin,
cores reflect the larger size and smaller surface-to-volumewhich is overexpressed in erythroblasts of patients with
ratio of the ferritin cores42, 23). Current models suggest  sjderoblastic anemigd), may have evolved more recently
that ferrihydrite grows by the assembly of chains of dioc- to deal with the large flux of iron required for heme
tahedra linked by edge-sharing interactions, with corner- pjosynthesis in erythroid cells5g). Interestingly, human
sharing interactions appearing only after chains have formedsrataxin expression is repressed during erythroid differentia-

(41, 43). The small size of the frataxin core3 23) would tion (53), suggesting a regulatory mechanism for increasing
appear to limit the absolute number of interactions betweenjron flux through the heme pathway by limiting synthesis
chains of octahedra. of iron—sulfur clusters. Thus, distinct and differentially

We favor the first interpretation because it is compatible regulated iron storage proteins may be required for adequate
with the different modes of iron loading of yeast and human regulation of mitochondrial iron utilization in different
frataxin. The binding and oxidation of Fe(ll) occur con- organisms and cell types.
comitantly with protein assembly in the case of yeast frataxin
(20, 21) but within the preassembled homopolymer in the ACKNOWLEDGMENT
case of human frataxir28). Although the mechanism by
which human frataxin assembles during expressids icoli
is still unknown, ongoing electrode oximetry studies indicate
that the human frataxin polymer has ferroxidase activity, with
probably three subunits forming one ferroxidation site as
described for yeast frataxi2@). We speculate that frataxin
iron cores form in accord with the model proposed for REFERENCES
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