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ABSTRACT. Frataxin is a conserved mitochondrial protein required for iron homeostasis. We showed
previously that in the presence of ferrous iron recombinant yeast frataxin (mYfhlp) assembles into a
regular multimer of~1.1 MDa storing~3000 iron atoms. Here, we further demonstrate that mYfhlp and
iron form a stable hydrophilic complex that can be detected by either protein or iron staining on
nondenaturing polyacrylamide gels, and by either interference or absorbance measurements at sedimentation
equilibrium. The molecular mass of this complex has been refined to 840 kDa corresponding to 48 protein
subunits and 2400 iron atoms. Solution density measurements have determined a partial specific volume
of 0.58 cni¥/g, consistent with the amino acid composition of mYfhlp and the presence of 50 Fe-O
equivalents per subunit. By dynamic light scattering, we show that the complex has a radili$ om

and assembles within 2 min at 3G when ferrous iron, not ferric iron or other divalent cations, is added

to mYfhlp monomer at pH between 6 and 8. Iron-rich granules with diameter 4fi2n are detected in

the complex by scanning transmission electron microscopy and energy-dispersive X-ray spectroscopy.
These findings support the hypothesis that frataxin is an iron storage protein, which could explain the
mitochondrial iron accumulation and oxidative damage associated with frataxin defects in yeast, mouse,
and humans.

A constant supply of iron is required in the mitochondrial pathogenic mechanisms by which frataxin defects lead to
matrix to synthesize heme and iresulfur clusters. The  cardio- and neurodegeneration are suggested by studies in
existence of iron-binding proteins in the mitochondrial matrix yeast and mouse FRDA models (reviewed in@efinactiva-
has been postulated since early observations {1148 of tion of the yeast frataxin gene causes accumulation of iron
the total mitochondrial iron is not complexed in heme or in mitochondria and loss of respiratory competeriee0).
iron—sulfur clusters and is available for heme synthesis in Mutant mice in which the frataxin gene is selectively
isolated mitochondrial( 2). A mitochondria-specific ferritin inactivated in neuronal and cardiac tissues develop neuro-
has been recently identified in mammas3. (This protein is logical and cardiac symptoms, defects in ir@ulfur cluster-
expressed primarily in testis and erythroblasts of patients with containing respiratory enzymes, and time-dependent mito-
impaired heme synthesis and is expected to play an importantthondrial iron accumulation1(). Evidence of abnormal
role in iron management in these tissued. (Frataxin cellular iron homeostasis1?—16), increased oxidative
represents another candidate for a role in mitochondrial iron damage 17—19), and respiratory deficitsl@, 20, 21) have
management. This protein was first identified as the product also been noted in tissues and cell lines derived from FRDA
of the Friedreich ataxia (FRDA)locus @) and has been patients. The available experimental evidence suggests that
shown to have a broad tissue distribution with high expres- these phenotypes may result from impaired mitochondrial
sion levels in heart, cerebellum, and spinal cotds), the iron efflux (22, 23), defective biosynthesis of irersulfur
organs that undergo degeneration in FRDA patients. Potentialclusters 24—26), loss of ATP synthesi{), and/or disabled

antioxidant defense®8, 29), with each of these conditions
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PAGE, polyacrylamide gel electrophoresis; STEM, scanning transmis- muIFir_ner that sequestereeb0 atoms of iron per subunit and
sion electron microscopy; EDS, energy-dispersive X-ray spectroscopy. exhibited an apparent molecular mass 1.1 MDa as
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analyzed by size-exclusion chromatography and analytical exclusion chromatography. In these experiments, assembly
ultracentrifugation 0). We have recently reported that the reactions (1 mL total volume) were centrifuged for 5 min at
mature form of human frataxin assembles naturally during 2080@ at 4 °C to eliminate insoluble material, and then
expression irk. coli yielding regular particles of~1 MDa chromatographed through a Superdex 200 column (16 mm
and ordered polymers of these particles that sequestér x 50 cm; fractionation range 600 kDa) or a Sephacryl
atoms of iron per subunit3(). We have observed the 300 column (16 mmx 60 cm; fractionation range 10 kDa
presence of high-MW forms of frataxin under native condi- to 1.5 MDa; exclusion limit 400 nm). The protein was eluted
tions in yeast cells or mouse cardiac tissue, and have shownwith HN100 buffer (100 mL at 1.5 mL/min for the Superdex
that mitochondrially produced mature frataxin birtése in 200 column, and 125 mL at 0.6 mL/min for the Sephacryl
metabolically labeled yeast cell3(q 31). In this study, we 300 column), and fractions containing the multimer were
further analyze the physical properties of assembled yeastanalyzed for protein concentration by SBBAGE and
frataxin. Using gel filtration, nondenaturing polyacrylamide Coomassie blue staining, and for iron concentration by
gel electrophoresis, and analytical ultracentrifugation, we inductively coupled plasma emission spectroscopy (ICP).
establish that protein and iron are associated in one stableThis procedure typically yieldeet0.3 mg of multimer per
hydrophilic complex. Assembly of this complex can be mg of monomer added to the assembly reaction, with an Fe/
detected within 2 min by dynamic light scattering, and iron- subunit ratio of~50:1. Approximately 20% of the input
rich cores of 24 nm can be identified by scanning protein was recovered in monomeric form and the rest in a
transmission electron microscopy and energy-dispersiveless defined distribution of intermediate-size oligomers as
X-ray spectroscopy of the isolated complex. These propertiesreported previously30).

are consistent with a role of frataxin in iron storage. Nondenaturing Polyacrylamide Gel Electrophoresis (PAGE)
EXPERIMENTAL PROCEDURES Assembly and iron loading of mYfh1lp were carried out as

described above. Ferritin was prepared by incubatingh20
Expression and Purification of mYfhlp MonomBuri- apoferritin (Sigma) with ferrous ammonium sulfate (2.5 mM)
fication of bacterially expressed mYfhlp monomer was in HEPES buffer fo2 h atroom temperature3j. All samples
carried out as described previousBO) with the modifica- were centrifuged at 208@0for 5 min at 4°C and directly
tions noted below. A 2-L culture of the overexpresskg analyzed by nondenaturing PAGE. The discontinuous PAGE
coli strain BL21(DE3)[pETYF-1] was used as the starting System comprised a 3.8% stacking gel (pH 6.8) and a 7%
material. Bacterial cells (wet weight20 g) were sonicated

separating gel (pH 8.9) prepared from a stock solution of
in 20 mL of 20 mM Tris-HCI, pH 8.0, 50 mM NaCl (TN50), 40:1.7 = acrylamide/bisacrylamide. Electrophoresis was
and the soluble fraction of the bacterial cell lysate was loaded started at 100 V, shifted to 150 V after the samples had
onto a 16 mmx 50 cm column packed with Macro-Prep completely entered the separating gel, and continued for an
DEAE (Bio-Rad). The mYfhlp monomer was eluted with a additional 90 min at 200 V after the samples had reached
1-L linear NaCl gradient (56550 mM) in TN50 at a flow the bottom of the separating gel (12.5 cm total length). For
rate of 10 mL/min. Most monomer was eluted between 310 Prussian Blue staining, gels were incubated with 100 mM
and 380 mM NaCl. These fractions were pooled (135 mL potassium ferricyanide in 0.1 M HCI for 60 min in the dark
total volume), diluted to 600 mL with deionized water, and at room temperature, they were destained with water, and
loaded onto a Bio-Scale MT20 column (Bio-Rad) packed dried 31). Scanning of dried gels was performed in a ScanJet
with Macro-Prep High Q (Bio-Rad). The mYfhlp monomer ADF (Hewlett-Packard).
was eluted with a 0.5-L linear NaCl gradient as described Dynamic Light Scattering (DLSPLS measurements were
above. Fractions containing mYfhlp were pooled (100 mL carried out at different temperatures using a PDDLS/
total volume), concentrated to 1 mL by ultrafiltration in a CoolBatch and PD2000/DLS system equipped with a 800
Ultrafree-15 device (Millipore) and loaded onto a 16 nxm nm laser diode and a coherent detector of scattered light at
60 cm column packed with Sephacryl 300 (Amersham an angle of 90 to the incident laser beam (Precision
Pharmacia Biotech). The mYfh1p monomer was eluted with Detectors Inc.). Samples containing purified monomer (2.7
125 mL of 10 mM HEPESKOH, pH 7.4, 100 mM NacCl mg/mL) or multimer (0.1 mg/mL) in HEPES buffer were
(HN2100) at a flow rate of 0.6 mL/min. Fractions containing centrifuged at 208G for 10 min at 4 °C to remove
mYfhlp were pooled (15 mL total volume), concentrated, particulate matter before being placed in the DLS cuvette.
and desalted into 3 mL of 10 mM HEPE®OH, pH 7.4, In some experiments, monomer (2001) was analyzed for
(HEPES buffer) by use of a NAP-25 column (Amersham ~10 min at 30°C, after which ferrous ammonium sulfate
Pharmacia Biotech). This procedure typically yielded-20 (8 mM) was added to the monomer in the DLS cuvette, and
25 mg of mYfhlp with a purity of>98% as determined by =~ DLS measurements were continued. The diffusion constant
SDS/PAGE. Isolated mYfhlp was stored at@ and used  was extracted from the autocorrelation function, and the
within 2 weeks. The protein concentration was determined Stokes-Einstein hydrodynamic radiusx{) was calculated
from the absorbance at 280 neydp = 20 000 Mt cm™). using the program PrecisionDeconvolve (Precision Detectors

Assembly and Isolation of Iron-Loaded mYfh1p Multimer. Inc.).

Iron-loaded mYfhlp multimer was prepared as described Sedimentation Equilibrium AnalysBurified multimer was

previously B0) by incubating isolated mYfhlp monomer
(typically 40 uM) with 40 equiv of ferrous iron in HEPES
buffer for the indicated periods of time at 3C. Some

diluted with HN100 buffer or with HN100 buffer containing
46% sucrose to an absorbance at 400 nm@13 in a final
volume of 0.3 mL, and was loaded into a double-sector Epon

assembly reactions were directly analyzed by nondenaturingcharcoal-filled 12-mm centerpiece (Beckman). Samples were
PAGE as described below. In other experiments, the mul- centrifuged at 10 000 rpm for 2 h, and at 3000 rpm to
timer was purified from the assembly reaction by size equilibrium (48 h for multimer in HN100, and 216 h for
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multimer in HN100/46% sucrose) at & in an Optima +mYfhip-p-

XL-I analytical ultracentrifuge (Beckman). The partial I

specific volume of mYfhlp/Fe-O was calculated using the
equation: i

2RT /(1 — Tp)my’ x dIn A/d(r,?) = +Fe?* : —
2RTY(1 — Dpgmws” x dIn Add(rs?) I
_1 3 min |

with r, w, T, p, R, A, andv representing the distance from —

the center of rotation, angular velocity, temperature, solution & _smm
density, universal gas constant, absorbance at 400 nm, and 12 min
partial specific volume, respectively. The letters, H and S, 41_ _ ]
denote parameters for the HN100 and HN100/46% sucrose s 13 min
sample, respectively. Solution densities were= 1.000 -

glen® and ps = 1.203 g/cm. The slopesd In Au/d(r2)] ’7 d 18 min
and [d In AJd(rs?)] were 0.96 and 0.69, respectively. e 10' 10 10
Absorbance at 400 nm vs radius data or interference vs radius Ry, (nm)

data were fitted to a single component model or t0 a Ficure1: DLS analysis of mYfhip assembly. PrecisionDeconvolve
monometrdimer model using the General Curve Fit option analysis of purified mYfh1lp monomer (2QM) was carried out
of the program Kaleidagraph. The best fits were selected at 30°C before and after addition of ferrous ammonium sulfate (8

: : - mM) as described in Experimental Procedures. The elapsed time
based on chi square values, correlation coefficients, andfor the iron addition step was2 min. Successiv®, distributions

visual inspection of the residual plots, and were used t0 yere recorded at the time points indicated. The correlator parameters

calculate molecular masses. were set as follows: sample time 5 ms; last channel 250; run time
Scanning Transmission Electron Microscopy (STEM) and 1 s; accumulate 50; smoothing factor 1. A single autocorrelation
Energy-Dispersie X-ray Spectroscopy (EDSurified mul- function was calculated at the end of each run time, and &ach

distribution was calculated from 50 accumulated autocorrelation

timer in HN100 buffer (0.1 mg of protein/mL) was diluted ¢ " .00~

5-fold with Milli-Q deionized water, concentrated by ultra-

filtration, and rediluted with Milli-Q deionized water to a  gmg) amounts £3% of the molecules in the sample) of
final iron concentration of 56 nglL. A sample of horse large aggregates witR, of 35—60 nm were also detected

spleen ferritin containing 56 ng of iron/mL was similarly  (rigure 1). The DLS data were collected for an additional
prepared. Approximately 1oL of each sample were placed 15 min during which a narrow distribution of molecules with

on a carbon film supported by a copper STEM grid and dried neanR, of 11 + 1 nm was consistently detected (Figure 1).
at room temperature. With no additional preparation, these Note that DLS could not be measured when 8 mM ferrous
samples were analyzed at 100 kV in a VG-HB501 Scanning gmmonjum sulfate was added to HEPES buffer in the
Transmission Electron microscope with a high-resolution gpsence of mYfh1p, confirming that formation of the 11-

probe (<0.6 nm) and~0.5 nA beam current. High-angle scattering species required the presence of both mYfhlp
annular dark field images were recorded using the Gatangnq iron.

DigiScan system, and EDS data using the Oxford Link ISIS  The DLS experiment shown in Figure 1 was repeated but
system. the pH of the assembly reaction was varied. Results similar
RESULTS to those shown in Figure 1 were obtained in either HEPES
buffer, pH 6 or pH 7.4, or Tris-HCI buffer, pH 8, at 25 or
DL S Analysis of mYfhlp Assemltiy. use of gel filtration 30 °C. Protein and iron precipitates formed in Tris-HCI
and analytical ultracentrifugation as well as electron and buffer, pH 9. When increasing concentratioas4Q equiv)
atomic force microscopy, we previously showed that titration of Ca&*, Co?*, or Mn?* were added to 20@M monomer in
of purified mYfhlp with increasing ferrous iron concentra- HEPES buffer, pH 7.4, at 3TC, the monomer did not show
tions results in stepwise assembly of a regular multimer with any tendency to self-associate as analyzed by DLS. A similar
a molecular mass of1.1 MDa and an Fe/subunit stoichi- result was obtained previously when mYfhlp monomer was
ometry of~50/1 B0). In the present study, mYfhlp assembly incubated with divalent cations and analyzed by gel filtration
was analyzed directly by DLS. The mass-normalized size (30). Low concentrations of Fé& or CW#* (<4 equivalents)
distribution of different mYfhlp preparations showed a caused protein precipitation (data not shown).
narrow population of molecules witR, of ~2 nm, consistent Gel Filtration and Nondenaturing PAGE Analyses of
with the MW of mYfh1p monomer (13 7833(). To initiate mYfhlp AssemblyVe observed that the 11-nm species did
iron loading, purified monomer (20@M) was incubated in ~ not form when ferrous iron was added to mYfhlp at a
HEPES buffer in a DLS cuvette and its size distribution was temperature<20 °C. Under these conditions, intermediate-
monitored for~10 min at 30°C (Figure 1). Then, ferrous size species witlR, of 4—6 nm were detected (data not
ammonium sulfate (8 mM) was added to the monomer in shown). This observation prompted us to investigate the
the cuvette, the cuvette was returned to the DLS chamber,kinetics of multimer formation by gel filtration. Isolated
and measurements were resumed. The Rystlistribution mYfhlp monomer (16Q:M) was incubated with 40 Ré
was obtained~2 min after iron addition. At this time, a  equiv for 2 min at 30 or 10C. Each reaction was cooled to
predominant species witR, of ~10 nm was presentinthe 4 °C to stop assembly and immediately analyzed by
sample while monomer was no longer detected (Figure 1). Sephacryl 300 gel filtration which was also carried out at 4
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FiGure 2: Gel filtration and nondenaturing PAGE analysis of = g5 ,ee 3. Sedimentation equilibrium analysis of mYfh1p multimer
mYfhlp assembly. (A) Purified mYfhlp monomer (16M) was (A) Plots of In Ao Vs 2 gf multimer inyHN100 buﬁgr (open
incubated with ferrous ammonium sulfate (6.4 mM) in HEPES = 3n41e5) and HN100 buffer containing 46% sucrose (closed

KOA':';,CPH 7.4, at 30dor kl}OC for 2 mi?‘. Iéachh reaﬁtionswaﬁ C°°|Ieg00 circles). The slope of each line was used to determine the partial
to on ice, and chromatographed through a Sephacry specific volume of the iron-loaded multimer as described in

column at 4°C. The black and the gray chromatograms show the g, jo
. . - : perimental Procedures. (B) Interferencervand (C)Ayqo VS r
?gt'on prof_lle.lc, Xf thebassgmbly reazcgéon%!ncu%atetlj at 3%22‘1 10 measurements of multimer at sedimentation equilibrium were fitted
, fespectivelyAqg, absorbance at 280 ik, void volume (34. to an ideal monomerdimer model as described in Experimental

mL), determined by the elution volume of formalin-fix&laphy- . tribg :
lococcus aureusBlue Dextran (2 MDa), GroEL (800 kDay), Procedures; (D) and (E) show the distribution of residuals.

apoferritin (440 kDa), and myoglobin (17 kDa) had the following . .
elution volumes: 36.7, 43.9, 52.1, and 83.9 mL. The elution '@n€ 4) revealed a high-MW band that migrated above the

volumes of multimer (peak 1) and monomer (peak 2) were 40 and apoferritin dimer (840 kDa)32), and a low-MW band

84.5 mL. Note that theAss of peak 1 is largely due to the  corresponding to mYfhlp monomer. A smear between these
absorbance of FeO species €,50 = 160 000 Mt cm™?). (B) two bands suggested the presence of assembly intermediates
Duplicate assembly reactions (lanes 4 and 8) were separated by(Figure 2B, lane 4). Prussian blue staining of the assembly

7% nondenaturing PAGE and stained for protein with Coomassie . h dth . iated with-th
blue and for ferric iron with Prussian blue. Purified myfhip reaction showed that most iron was associated with~the

monomer (lanes 3 and 7) and apoferritin (lanes 1 and 5) were usedMDa band, whereas the monomer did not contain any
as MW standards. Ferritin (lanes 2 and 6) served as a control for detectable levels of iron (Figure 2B, lane 8), as expected
ferric iron staining. The fainter band above the apoferritin band (30),

represents apoferritin dimer (83); an additional band representing : : : :

higher order polymers3@) is seen after iron loading of apoferritin Ar.]alytlcal .U.ltracenmquatlon of mYfhip MUIt.Ime-[he

in lanes 2 and 6. The double arrowhead shows the top of the Partial specific volume of the mYfhlp multimer was
separating gel. determined experimentally by subjecting multimer samples

to sedimentation equilibrium in either HN100 buffer or
°C. The assembly reaction that had been incubated for 2 minHN100 buffer containing 46% sucrose (Figure 3A). We
at 30°C contained a major peak of1 MDa (Figure 2A, determined a value of 0.58 éfg, which is in agreement
peak 1). This peak represents iron-loaded mYfh1lp multimer with the theoretical partial specific volume calculated from
as previously described3@). The reaction that had been the amino acid composition of mYfh1p and the presence of
incubated at 10C instead contained a broad distribution of ~50 F—O equivalents per subunit (protein and iron concen-
species including low levels of multimer and a greater trations were determined by SDS/PAGE and ICP, respec-
proportion of species intermediate in size between multimer tively, of isolated multimer).
and monomer (Figure 2A, peak 2). These results indicate A MW of ~1.1 MDa was previously determined for the
that multimer formed during the 2 min of incubation at 30 iron-loaded mYfh1p multimer by sedimentation equilibrium
°C prior to gel filtration, consistent with the DLS results analysis in a Beckman Prep-Scanner analytical ultracentrifuge
shown in Figure 1, and was stable throughout gel filtration. (30). In this instrument, we were only able to monitor the
In agreement with these data, DLS analysis of fractions absorbance at 280 nm which was mostly accounted for by
corresponding to peak 1 revealed a homogeneous populatiorthe absorbance of F€ speciesd,2s0= 160 000 Mt cm ™)
of scatterers witliR, of ~11 nm (data not shown). Assembly present in the sample and not the absorbance of mYfhlp
reactions were also analyzed by nondenaturing PAGE. (€,280 = 20 000 M cm™). In the present study, multimer
Protein staining of the assembly reaction (Figure 2B, samples were analyzed in a Beckman XL-I analytical
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ultracentrifuge and scanned by absorbance at 400 nm andyeast frataxin yields a macromolecular complex with physical
by Rayleigh interference. Because the MW of 50—k features consistent with a role in iron storage. After addition
equivalents (3,600) accounts for only 20% of the MW of of ferrous iron to isolated mYfhlp, a species wiRhof ~11

the mYfhlp monomer plus 50 F© equivalents (17 383), nm was detected within the time scale of a DLS analysis (2
interference data should reflect primarily the sedimentation min). The same species was detected by DLS analysis of
equilibrium of the multimer, while the absorbance at 400 multimer isolated by gel filtration (data not shown). &j

nm should primarily reflect the sedimentation equilibrium of ~6 nm has been reported for ferritin (440 000 MVBYY

of the associated iron, given that the absorbance at 400 nmand aR, of 8.5 nm for thyroglobulin (669 000 MW)33g). A

of mYfhlp is negligible compared to that of F© species. R, of ~11 nm is therefore consistent with the molecular mass
The interference vs radius plot was virtually identical to the of the multimer (840 kDa). This value corresponds to a
absorbance vs radius plot (Figure 3B,C). Fitting a single hydrodynamic diameter of22 nm, two times greater than
component model to either the interference (correlation the diameter we determined previously by atomic force
coefficient= 0.989) or absorbance (correlation coefficient microscopy (12.8t 2.1 nm) @0). Atomic force microscopy

= 0.998) data yielded the same MW value of &x210° was conducted on multimer samples that had been dried
close to the previously determined MW of 11 1(° (30). before imaging 0), which should explain the smaller
The agreement of the molecular masses extracted fromdiameter determined by this technique. A difference-60%
absorbance and interference data indicates that the multimerlso exists between the ferritin diameter as measured by
and the iron co-sediment and are associated in a stableatomic force microscopy in air (6.& 1.1 nm) @9) and by
macromolecular complex. DLS in solution (12.70 nm)37).

Visual inspection of the residual plots of the single-  In gel filtration experiments;~20% of the added protein
component fits revealed that more than one high molecular Was recovered from the column in monomeric form (Figure
weight species might be present (data not shown). A 2A, peak 2) regardless of the temperature at which the
monomef-dimer model did fit slightly better to the data, assembly reactions had been incubated prior to gel filtration.
with correlation coefficients of 0.991 and 0.999 for interfer- In DLS experiments, monomer appeared to have been fully
ence and absorbance data, respecti\/e|y_ The residual p|0t§onverted to multimer after iron addltlon, but due to the small
are shown in Figure 3D,E. Reliable fits could not be obtained Size of the monomer relative to the multimer, low concentra-
using either monomerpolymer or two-component models  tions of monomer may have not been detected by this
(data not shown). Using the monometimer fit, molecular technique. The monomeric fraction observed by gel filtration
masses corresponding to a multimer of 48 subunitg) @nd does not contain any detectable ir@0) and may reflect
a dimer of multimers of 96 subunitsis) were calculated. ~ the presence of mYfhlp molecules with a protein fold
Specifically, molecular masses of 837 and 839 kDa were incompatible with assembly. Thus, the results in Figure 2A
calculated for the multimer from interference data and Suggest an initial step during which assembly competent
absorbance data, respectively. The monerdéner fits were monomer was assembled into oligomers of increasing size,
separated and integrated to determine the relative abundanc@nd a subsequent step during which the oligomers were
of these two species. Theg species accounted for 60% of ~assembled into multimer without any further monomer
the sample interference or absorbance, whileothepecies ~ contribution and in a temperature-dependent manner.
accounted for the remaining 40%. Our previous gel filtration studies suggested a stepwise

STEM and EDS of mYfhlp Multimén electron micro-  asSembly process following the patterrn— as — ot — 01z
graphs, the iron associated with yeast or human frataxin . %24 ~—~ G0 (30)' Asse”_‘b'y of a 60-mer, hpwever, IS
appears as small electron-dense granulesf3 nm @0, difficult to explain according to this progression. In this
31). In this study, iron-loaded mYfh1p multimer and ferritin ~ Study, fitting of the analytical ultracentrifugation data to a
samples were subjected to STEM. Annular dark-field imag- monomer-dimer model has identified two species with
ing of the mYfh1p sample revealed a uniform dispersion of moleculgr masses of 840, kDa and _1'6 MDa, cqrrespondlng
particles (Figure 4A,B) with a diameter of-2 nm (Figure to a multimer of 48 subunits and a dimer of multimers of 96
4D,E). EDS scans across the particles showed that they wergUPunits. Assembly of these species would follow the

iron rich, while the background did not contain any signifi- progressiorr]} - (3? — Os _(; ﬁ‘_lzh_' 0‘23 — ?,‘48 - 0‘9?'] A o
cant levels of iron (Figure 4D,E). Similar analyses of the t€ndency toform dimers and higher order oligomers has been

ferritin sample revealed larger iron-rich particles of ap- reported for a number of macromolecules, including ferritin

proximately 16-12 nm (Figure 4C,F), a difference consistent (32) the spinach chloroplast protein, cpn210), the oat
with the higher iron-binding capacity of ferritin (up to 187  Chloroplast proteinj-glucosidase41), and human frataxin

Fe/subunit) 83) compared to mYfh1p (50 Fe/subunit). (381). Polymerization of large protein particles has been
attributed to partial denaturation of the protein shell due to
DISCUSSION mechanical stress87), as may occur during the manipula-

tions involved in analytical ultracentrifugation. Partial de-

Studies inS. cereisiaeand mammalian cells have shown naturation may expose hydrophobic regions that increase the
that the protein frataxin is required for mitochondrial iron attraction between individual particle37).
homeostasis? 8, 11, 16, 22, 34—36), but the function of We conclude that iron-dependent self-assembly of mYthlp
frataxin is not yet know. We have shown previously that yields a hydrophilic macromolecule of 48 subunits that
both yeast and human frataxin have the ability to form regular accumulates 50 iron atoms per monomer. STEM and EDS
homopolymers that can store large amounts of iron in stable data further suggest that this iron is accumulated through a
form (30, 31). In the present study, we have provided process of mineralization, as in ferriti83). These results
additional evidence that iron-dependent self-assembly of substantiate our previous work and support the hypothesis
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Ficure 4: STEM and EDS analyses of iron-loaded mYfh1lp multimers and horse spleen ferritin. Iron-loaded mYfh1p and ferritin multimers
were prepared and diluted to a final iron concentration of 5@lngDne 10x«L drop of each sample was placed on a grid and dried. With

no additional preparation, these samples were analyzed by STEM and EDS as described in Experimental Procedures. Left panels show
high-angle annular dark field (ADF) images of mYfh1p+(B) and ferritin (C) multimers, and right panels {IB) show the results of EDS

scans across the particles highlighted by the white lines in panels B (mYfh1p) and C (fearjtifg.counts;—, ADF signal; A.U., arbitrary

units.

that frataxin is an iron storage protein. There is also additional tions in yeast cells or mouse cardiac tissue, and have shown
evidence consistent with this view. The three-dimensional that mitochondrially produced mature frataxin birféige in
structure of human frataxin has revealed a highly conservedmetabolically labeled yeast cells3d@, 31). The recent
negatively charged surface, similar to the anionic surface identification of a mitochondrial H-ferritin in humans and
involved in the iron storage mechanism of ferritd2(43). other mammals3) should not exclude the possibility that
Pastore and co-workers noted that frataxin could utilize a frataxin may act as an additional mitochondrial iron storage
second, uncharged surface to assemble with itself and formprotein. Mitochondrial ferritin has a limited tissue distribution

a negatively charged iron-storage cavity similar to that of (3), whereas frataxin is ubiquitously expressed and especially
theListeria innocudferritin (43). We have recently reported  in tissues with high oxygen consumptiof),(which are the

that the mature form of human frataxin assembles naturally tissues that would benefit the most from a protein capable
during expression it. coliyielding regular particles of1 of managing iron safely within the mitochondrion. Our
MDa and ordered polymers of these particles that sequestermnalysis of the assembly and iron-binding properties of
~10 atoms of iron per subuniBl). We have observed the frataxin should prompt further studies aimed at defining the
presence of high-MW forms of frataxin under native condi- nature and bioavailability of the stored iron, as well as
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understanding the mechanism of action of this protein and

the

biochemical consequences of frataxin mutations.
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