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ABSTRACT. Friedreich’s ataxia, an autosomal cardio- and neurodegenerative disorder that affects 1 in 50 000
humans, is caused by decreased levels of the protein frataxin. Although frataxin is nuclear-encoded, it is
targeted to the mitochondrial matrix and necessary for proper regulation of cellular iron homeostasis.
Frataxin is required for the cellular production of both heme and-rifur (Fe-S) clusters. Monomeric
frataxin binds with high affinity to ferrochelatase, the enzyme involved in iron insertion into porphyrin
during heme production. Monomeric frataxin also binds to Isu, the scaffold protein required for assembly
of Fe—S cluster intermediates. These processes (heme an8 Ekister assembly) share requirements

for iron, suggesting that monomeric frataxin might function as the common iron donor. To provide a
molecular basis to better understand frataxin’s function, we have characterized the binding properties and
metal-site structure of ferrous iron bound to monomeric yeast frataxin. Yeast frataxin is stable as an
iron-loaded monomer, and the protein can bind two ferrous iron atoms with micromolar binding affinity.
Frataxin amino acids affected by the presence of iron are localized within conserved acidic patches located
on the surfaces of both helix-1 and strand-1. Under anaerobic conditions, bound metal is stable in the
high-spin ferrous state. The metdigand coordination geometry of both metal-binding sites is consistent
with a six-coordinate iron(oxygen/nitrogen) based ligand geometry, surely constructed in part from
carboxylate and possibly imidazole side chains coming from residues within these conserved acidic patches
on the protein. On the basis of our results, we have developed a model for how we believe yeast frataxin
interacts with iron.

Friedreich’s ataxia (FRDA) is an autosomal recessive suggested that the protein participates in various facets of
cardio- and neurodegenerative disorder that affects ap-iron metabolism. Frataxin was initially suggested to act as a
proximately 1 in 50 000 peoplel{-3). The disorder, in the  facilitator or regulator of mitochondrial iron export; thus,
majority of FRDA patients, is a direct result of a trinucleotide - the loss of function is associated with mitochondrial iron
repeat expansion in the first intron of the gene for the protein gccumulation §). Frataxin has been implicated in energy
frataxin; this expansion disrupts gene transcription, leading -gnversion and ATP synthesi®) @nd in protecting aconitase

to a frataxin deficiency in humans#) The inability to [4Fe—4SP* clusters against disassembly and inactivat®n (
produce frataxin is associated with mitochondrial accumula- 9). Frataxin has been shown to form spherical in vitro homo-

tion of iron that is biologically unavailable. In humans, the
breakdown in normal iron regulation pathways resulting from
frataxin deficiency is exemplified physiologically by the

oligomers under low salt and high iron concentrations,
suggesting a possible iron storage capacity for the protein
degeneration of sensory neurons in the dorsal root ganglia,(lo__lg)'_ Finally, fraFaxm has been shown to be involved in
hypertrophic cardiomyopathy, and diabetes mellita)s In the in vivo production Of,bOth h?m‘?L4_1§) and Fe-S
yeast, reintroduction of frataxin into knockout cells results clusters £7—21). Monomeric frataxin binds with nanomolar-
in restored bioavailability of the accumulated metg).(  Pinding affinity to the ferrochelatase and ISU assembly
These data indicate that frataxin is required for retaining @Pparatus enzymes responsible for respective heme affsl Fe
bioavailable iron within the mitochondria. cluster production¥4, 17, 22, 23). Activity assays reported
While the exact function of frataxin regarding mitochon- using in vitro protein show that monomeric human frataxin
drial iron homeostasis is unclear, numerous reports havestimulates production of heme and-F clusters 22, 23).
Similar in vitro heme assembly activity was reported for yeast
TThis work was supported by the American Heart Association, frataxin oligomers 24); however, a recent paper indicates

Midwest Affiliate to T.L.S. (0130527Z) and by the National Institutes yeast frataxin mutants with diminished assemb'y Capabmty
of Health to T.L.S. (DK068139).
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controls iron delivery during both heme and-F& cluster this study 27). Thermodynamic analyses were used to
assembly. measure the iron-binding affinity and metal/protein stoichi-

The amino acid sequence and structure of frataxin ortho- 0metry of yeast frataxin. NMR spectroscopic analysis was
logues are both well-conserved and provide insight into used to further identify amino acids affected by the presence
where the protein may bind iron. Frataxin orthologues share Of iron. Finally, X-ray absorption spectroscopic (XAS)

a general sequence homology (ca. 60%) specifically with stqdles were used to Qetermlne the OX|dat|on_and spin state
regards to conserved acidic residug®)( Structures of the ~ Of iron bound to frataxin, as well as help provide structural
yeast, human, and bacterial orthologues show that frataxindetail regarding how monomeric frataxin binds iron.

is a member of thee— sandwich motif family, constructed

predominately by two parallel helices on the helical plane MATERIALS AND METHODS

and five antiparalleB strands on th@-sheet protein surface

of the protein 28—32). The highly conserved aspartic and
glutamic acid residues line the exposed planer edge of the
protein at the N-terminab. helix (helix-1) andj strand
(strand-1) interface. Nuclear magnetic resonance (NMR)
analyses indicate that chemical environments of these
conserved acidic residues are perturbed when iron is presen
(28, 32). A subset of these conserved acidic residues are
responsible for the iron-induced assembly and ferroxidase
activities reported for in vitro frataxirk6—27). A common
theme in iron-binding metalloproteins is the use of carboxy-
late oxygen and imidazole nitrogen atoms, from Asp, Glu,

and His protein side chains, acting as direct ligands to bind were grown post-induction fod h prior to isolation. Cells

metal @3-35). Given the high conservation of Asp and Glu were harvested by centrifugation, lysed with a French press,

residues in this protein region, the fact that these residues’ " . X .
are directly affec?ted by thge presence of iron, and becauseson'cated’ and finally spun at high speed (18 000 rpm) for 1
' h. Two ammonium sulfate precipitation steps were used to

specific residues in these regions have been shown to beobtain a partially purified frataxin pellet. Solubilized protein
required for iron regulation, it seems likely these acidic P yp P ' P

residues are directly utilized by frataxin during iron binding. was run on anlon-ex_change and p_henyl-sephar_ose columns,
i ) ] » each with salt gradients, to obtain pure protein. Average
The goal of this paper is to provide additional structural yields amount to 70 and 30 mg/L of pure unlabeled and
and biochemical detail to better understand how frataxin |gpeled protein, respectively. Newly isolated protein was
binds iron. Although our studies were performed solely_ ON stored under an oxygen-depleted argon atmospheré@t 4
yeast frataxin homologue 1 protein (th_l)_, given the high iy 20 mM HEPES (pH 7.0) and 10 mM MgSQApo-Yfhil
sequence homology and structural similarities between i gsceptible to auto-aggregation in a time-dependent manner
protein family members, these results provide additional (data not shown), and under these solution conditions,
direct insight into general properties that dictate how frataxin ,onomeric yeast frataxin was stable for only up to 2 weeks.

orthologues bind iron. We made specific emphasis t0 ag 3 result, all of our experiments were performed on protein
characterize the iron-binding ability of the monomeric form  ;ptained within a 2 week window after isolation.

of yeast frataxin because of the mounting evidence that it is
the monomeric protein that interacts with protein partners
during iron—cofactor assembly. Papers showing that oligo-
meric frataxin assists in controlling oxidative stress are also
certainly convincing, indicating that frataxin aggregates may
regulate reactive oxygen species availability and/or iron-
induced cellular damage under oxidative-stress conditions.
While the iron-loaded yeast frataxin trimer has been specu-
lated as being the nucleating species in higher-order oligomer
formation by the protein12), we would argue that the first
step in oligomer assembly in fact involves the interaction
between monomeric frataxin and iron. A direct structural
understanding of how monomeric frataxin interacts with iron
would therefore also provide insight into the participation
of the protein in early mechanistic steps during control of
cellular iron bioavailability. Solution conditions shown to
promote stable iron-loaded yeast frataxin monomers have
been published, and these conditions were utilized within

Protein Expression and Isolatioithe mature full-length
yeast frataxin coding sequence, representing residues 52
174 of the complete open-reading frame, with a Met
substituting the Val at position 52, was subcloned into a
pET11a bacterial expression vector (Novagen). The growth

nd isolation strategy for preparing homogeneous yeast
rataxin was previously described in deta28]. Unlabeled
and®™N-labeled protein were expressedischerichia coli
BL21(DE3) cells grown at 37C in Luria—Bertani media
(unlabeled protein) or M9 minimal media containittyH,-
Cl (**N-labeled protein). Protein expression was induced with
1 mM isopropylf-b-thiogalactopyranoside (IPTG), and cells

Size-Exclusion Chromatography/Induety Coupled Plasma
Mass Spectroscopy (ICRMS) Analysis. Size-exclusion
chromatography and ICPMS studies were used to confirm
the solution conditions under which iron-loaded yeast frataxin
was stable as a monomer. Protein samples were prepared
anaerobically in 20 mM HEPES buffer (pH 7.0) and 10 mM
MgSQ,. Iron-loaded frataxin samples at 1:1 and 2:1'/Fe
protein stoichiometries were prepared anaerobically by
combining concentrated solutions of buffered protein and
buffered ferrous ammonium sulfate (Sigma). All solutions
were initially made anaerobic by repeated cycles of vacuum
and argon(g) purging on a Schlenk line; samples were capped
using septa on all glassware. Samples were mixed within a
nitrogen(g)-filed glovebox (Plas Labs, Lansing, MI) to form
the iron—protein complexes. Samples were loaded, using an
anaerobic syringe, onto a 1.2 m long Sephacryl S-200 or a
2 m long Sephacryl S-100 high-resolution size-exclusion
column, both attached to a BioRAD BioLOGI® system.

An argon-purged buffer solution of 20 mM HEPES (pH 7.0)
! Abbreviations: Yfh1, yeast frataxin homologue 1 protein; NMR, and 10 mM MgSQwas used, first to equilibrate and wash

nuclear magnetic resonance; XAS, X-ray absorption spectroscopy; ;
XANES, X-ray absorption near edge structure; EXAFS, extended X-ray the column and then as our running buffer. The column was

absorption fine structure; ITC, isothermal titration calorimetry; 4P~ 'Un at room temperature. A protein control sample (BioRad)
MS, inductively coupled plasmeamass spectroscopy. of buffered vitamin B, (1.3 kDa), myoglobin (17 kDa),
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ovalbumin (44 kDa)y globulin (158 kDa), and thyroglobulin  DSS control sample3{). Data were transformed using
(670 kDa) was used to calibrate the molecular size. NMRPipe @8), and amide chemical shifts were identified/
ICP—MS analysis was performed on a PE Sciex Elan 9000 measured using SPARKY39). Protein amide resonances
spectrometer equipped with a cross-flow nebulizer and Scott-that were significantly line-broadened by the presence of
type spray chamber. The RF power was held at 1000 W, ferrous iron were identified first. Amide proton and nitrogen
and argon gas flow was optimized at 0.9 L/min. The optimum chemical shifts were measured for the remaining residues.
lens voltage was centered on rhodium sensitivity as countsAmide chemical-shift changes were calculated and normal-
per second. Samples were prepared by treatment with nitricized to obtain a chemical-shift changé) (value for each
acid and heated at AT for 1 h todigest the protein. Final  spectral pair using the equation= 25((Onn)? + (0n/5)?)%°
samples were diluted with iron-free HPLC-grade water. A (40).
calibration curve, obtained from diluted stock solutions of ~ XAS Sample Preparation and AnalysisAS was used to
1000 ppm ferrous standards in 2% HN@igh-purity acid, study the electronic properties and ligand coordination
OmniTrace EM Science), was used to correlate protein-boundgeometry of iron bound to frataxin. All samples were
iron to known metal concentrations. All results are deter- prepared anaerobically within a glovebox using protein and
mined from three replicate experiments performed on at leastiron solutions that were initially prepared on a Schlenk line
two different but independent protein sample preparations. and then stored under an Ar(g) atmosphere. XAS samples
Isothermal Titration Calorimetry (ITC)TC measurements  were prepared at 1 mM protein concentrations in 20 mM
were performed to determine the metal-binding affinity and HEPES buffer (pH 7.0) and 10 mM MgS@nd mixed with
maximum metal/protein stoichiometry of monomeric yeast buffered anaerobic ferrous aqueous iron in the same manner
frataxin. Experiments were conducted at 3D on a VP- outlined above. Samples were concentrated to 2 mM iron
ITC titration microcalorimeter (MicroCal, Inc.). Protein and concentrations using centricon 10 kDa cutoff membranes and
aqueous ferrous ammonium sulfate solutions were prepareddiluted to 30% glycerol as a glassing agent. Samples were
anaerobically in 20 mM HEPES (pH 7.0) and 10 mM loaded into Lucite cells wrapped with Kapton tape, flash-
MgSOQ,. Experiments were designed to keep a ca. 20-fold frozen in liquid nitrogen, removed from the glovebox, and
excess of iron in the syringe, and data were collected at threestored in liquid nitrogen until used. Solid model samples of
independent protein concentrations (100, 70, and:SI) Fe(NHy)2(SOr)2:(H20)s, FeS, F&(SOr)s, FeOs, FeCk (all
corresponding to aqueous iron solutions of 2.5, 1.4, and 0.8from Sigma), and Fe(imidazolgprepared in our laboratory
mM, respectively. Protein samples were loaded anaerobically(41)] were used as controls for calibrating our protein XAS
into the sample chamber, and after an initiauP iron data analysis. Model samples were diluted with boron nitride
solution injection, 29 additional injections of 1. each in a glovebox, loaded directly in Kapton tape-wrapped
were titrated into the protein sample. Spacing between aluminum transmission cells, and flash-frozen in liquid
injections was 10 min, and the stirring speed of the syringe nitrogen upon removal from the glovebox. At least two
was held constant at 500 rpm. All experiments were repeatedindependent samples were made for each protein and model
in triplicate on independent protein and iron samples to sample to ensure data reproducibility.
ensure data reproducibility. The Origin 5.0 software package XAS data were collected at the Stanford Synchrotron
supplied by MicroCal, Inc. was used for data analysis. Origin Radiation Laboratory (SSRL), beamlines 7-3 and 10-2, and
5.0 uses a nonlinear least-squares curve-fitting algorithm to at the National Synchrotron Light Source (NSLS), beamline
determine the stoichiometric ratio, dissociation constant, and X9-b. Both SSRL beamlines were equipped with Si(220)
change in enthalpy of the reaction. double-crystal monochromators detuned 50% for harmonic
NMR Iron Titration NMR amide chemical-shift perturba-  rejection. NSLS beamline X9-b was equipped with a Si(111)
tion experiments were used to identify amino acids affected single-crystal monochromator equipped with a harmonic
by the presence of iron under solution conditions that rejection mirror. Samples were maintained at 10 K using
stabilize monomeric iron-loaded frataxin. Spectra were Oxford Instruments continuous-flow liquid helium cryostats
collected on a Varian INOVA 600 MHz spectrometer at SSRL and at ca. 24 K using a He Displex Cryostat at
equipped with a triple-resonancéeél/**C/**N Varian cold NSLS. Protein fluorescence excitation spectra were collected
probe withz-axis-pulsed field gradients. Aqueous anaerobic using 30-element Ge solid-state array detectors at SSRL and
concentrated ferrous ammonium sulfate (Sigma) was titrateda 13-element Ge solid-state detector at NSLS. Transmission
into an anaerobic solution ofN-labeled yeast frataxin  data were recorded on model compounds using ionization
(protein concentration of ca. 1 mM) to achieve' Ferotein detectors filled with nitrogen gas, placed before and after
stoichiometric ratios of 1 and 2. Samples were prepared inthe cryostat. XAS spectra were measured using 5 eV steps
20 mM HEPES buffer (pH 7.0) and 10 mM Mg%0uffer in the pre-edge regions (6960094), 0.25 eV steps in the
at room temperature under an Ar(g) atmosphere. Samplesedge regions (70957135 eV), and 0.05 Al increments in
were anaerobically transferred into septa-sealed 5 mm NMRthe extended X-ray absorption fine structure (EXAFS) region
tubes using airtight transfer syringes. Protein samples were(to k= 13.5 A1), integrating from 1 to 20 s in k-weighted
placed in the NMR spectrometer and allowed to equilibrate manner for a total scan length of approximately 40 min.
at 30 °C for 30 min. Full *H/*N heteronuclear single- X-ray energies were calibrated by collecting an iron-foil
quantum coherence (HSQC) spectra were collected at eactabsorption spectrum simultaneously with the collection of
titration point with a'H sweep width of 9000.9 Hz, with  the protein and model data. The first inflection point for the
2048 points and 32 transients, and dfM sweep width of Fe-foil edge was assigned at 7111.3 eV. Each fluorescence
2500 Hz, 512 increment86). Full independent spectra were channel of each scan was examined for spectral anomalies
collected on at least two samples to ensure spectral reproducgprior to averaging, and spectra were closely monitored for
ibility. Chemical shifts were referenced using an external photoreduction. SSRL protein data represent the average of
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5—6 scans, while NSLS protein data represent the average
of 8—9 scans.

XAS data were processed using the Macintosh OS X
version of the EXAFSPAK program suite integrated with
the Feff version 7.2 software for theoretical model generation
(42, 43). XAS data reduction utilized a Gaussian function
in the pre-edge region and a three-region cubic spline in the
EXAFS region. EXAFS data were convertecktepace using
anEp value of 7130 eV. Thé&-cubed weighted EXAFS was
truncated at 1.0 and 12.85 Afor filtering purposes and
Fourier-transformed. Data were Fourier-filtered to isolate the
EXAFS for each peak in the Fourier transform and then fit.
The final published fitting results are from analysis of the
raw unfiltered data.

Analysis of the X-ray absorption near edge structure
(XANES) 1s — 3d transitions was completed using the
EDG_FIT subroutine within EXAFSPAKA4Q). Only spectra
collected using the higher resolution [Si220] monochromator
crystals were subjected to edge analysis. Pre- and post-
transition splines were fit to the spectra within the energy
range of 7096-7100 and 71267125 eV, respectively. The
extrapolated line was then subtracted from raw data to obtain
baseline-corrected spectra. The pre-edge features were mod-
eled using pseudo-Voigt line shapes (simple sums of Lorent-
zian and Gaussian functions), and the energy position, the
full width at ha-lf-_maXimum (fV-th)' ar_ld the peak he_ights Ficure 1. Oligomeric state and ironprotein stoichiometry for
for each transmo'n were yarled. A fixed 50:50 ratio of yeast frataxin samples. (A) Size-exclusion chromatographs for yeast
Lorentzian/Gaussian functions successfully reproduced thefrataxin with 2, 1, or 0 iron atoms bound shown in (1), (1), and
spectral features of the pre-edge transitions. Global peak(lll) respectively, coupled with protein standards (IV). Samples were
transition areas were determined for all spectra over therun anaerobically on a S-200 Sephacry! size-exclusion column at
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energy range of 71097117 eV using Kaleidagraph. Pre-
edge intensity values were multiplied by 100 to match the

27 °C. (B) Representative comparison of the KRS iron
guantitation W) versus the protein concentration from a Bradford
assay @) for 1:1 iron-loaded yeast frataxin on data collected on a

published procedure, and area values shown for our modelshigh-resolution S-100 Sephacryl column under identical conditions

are nearly identical to published valuesl.

EXAFS data-fitting analysis performed on both Fourier
filtered and raw/unfiltered data gave equivalent structural
results. Model and protein EXAFS data were fit using both
single- and multiple-scattering amplitude and phase functions
calculated using Feff version 7. Single-scattering Feff version
7 models were calculated for carbon, oxygen, sulfur, and
iron coordination to simulate possible ireligand environ-
ments in our systems. Multiple-scattering Feff version 7
models were generated for ireimidazole interactions

as when we ran the S-200 column.

factors in the ligand system that must have values less than
0.006 & (35, 45).

RESULTS

Iron-Loaded Yeast Frataxin Is a Stable Monomé&n
characterize the in vitro iron-binding properties of monomeric
yeast frataxin, we employed solution conditions that stabilize
monomeric iron-bound yeast frataxidd). The presence of

utilizing crystallographic coordinates from characterized magnesium or calcium salts stabilize iron-loaded monomeric
model compounds. Fits to the crystallographically character- yeast frataxin, and the absence of oxygen helps to stabilize
ized model compounds were used to calibrate the scale factorjron bound to frataxin in the ferrous oxidation state. We
andAE values were used in our protein fits. A scale factor prepared frataxin samples anaerobically with zero, one, and
of 0.95 and a threshold shifAEg) of —11.5 eV were used  two iron bound per monomer in 20 mM HEPES buffer (pH
during our protein data analysis. The scale factorE@ndere 7.0) in the presence of 10 mM MgSOSamples were
not allowed to vary because they were calibrated from the subjected to size-exclusion chromatography to ensure that
Fe' model compounds matching the oxidation state of the protein with the bound iron was stable as a monomer.
ferrous iron that we found in our protein samples. When  Under these solution conditions, apo-yeast frataxin elutes
empirical data were simulated, metdigand coordina- from the sizing column as a single band, consistent with the
tion numbers were fixed at half-integer values, while only apoprotein existing as a stable monomer (Figure 1A, IlI).
the absorberscatterer bond lengtiRf and Debye-Waller Full-length mature apo-yeast frataxin (123 amino acids)
factor (@2 were allowed to freely vary. The criteria for consistently runs at ca. 17 kDa on sizing columns. Protein
judging the best fit simulation and for adding ligand samples were characterized by mass spectrometry to ensure
environments to the fit included (A) the lowest mean-square no degradation was taking place following extensive expo-
deviation between data and fiE'j, a value corrected for  sure to iron. Surprisingly, in vitro isolated apoprotein was
the number of degrees of freedom in the fit, (B) individual susceptible to homo-oligomerization in progressively in-
shell-bond distances that must be outside the spectralcreasing amounts, in a buffer- and iron-independent fashion,
resolution ¢0.13 A), and finally, (C) all DebyeWaller after about 2 weeks post-isolation (data not shown). As a
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Time (min) analyzing the diagram, it was apparent that complete
o 50 100 150 200 250 300 saturation is achieved for a 2:1'Hgrotein ratio. Considering
T T T T T T also the nature of binding sites in yeast frataxin, an advanced
A curve fitting of two sets of binding sites was employed. The
[ - theoretical curve for this model resulted in a better fit to the
m WH ( H H/HH original data represented in the metal-binding isotherm
] ] (Figure 2B) and used to determine the metal-binding affinity
of the protein. After curve-fitting analysis, binding affinities
for both sites was determined to be in the micromolar range
(Kg, = 3.0+ 0.4uM andKg, = 2.0+ 0.2u4M). These results
indicate that the two metal-binding sites are independent,
although they have nearly identical binding affinities.
Mapping the Iron-Binding Surface of Yeast FrataxtitMR
0 ‘ ' ' - spectroscopy was used to identify frataxin amino acids
B L perturbed by the presence of ferrous iron under solution
] at ] conditions that stabilize the monomeric protein. Our goal
-10 (] - was to locate the region of the monomeric protein affected
u by the presence of iron with the intent to determine which
| amino acids may be directly involved in iron binding. We
-20 » . recently reported a similar titration on yeast frataxin in
] sodium phosphate buffer, corresponding to conditions that
] we utilized when solving the solution structure of the protein
-30 7 - 7 (28). However, we repeated these studies in HEPES/MgSO
1 buffer to confirm that the protein with metal bound was a
o 1 > 3 a4 stable monomer and also to provide a better representation
Molar Ratio qf the i_ron-binding ability of _frat(_":lxin under solution c_ondi-
) S tions similar to those seen in vivo that surely contain salt.
FIGURE 2: Raw ITC (A) and binding isotherm data (B) for ferrous Buffered anaerobic ferrous ammonium sulfate was added to
iron to yeast frataxin. The gray line in A shows the baseline, and . .
the gray line in B shows the simulated fit to the binding isotherm anaerobic'*N-labeled yeast frataxin at 1:1 and 2:1 metal/
data. Data were collected anaerobically at 8020 mM HEPES protein stoichiometrie$®N-Filtered HSQC spectra were used
(pH 7.0) and 10 mM MgS® These data were collected by injecting  to identify amide chemical-shift perturbations of residues
small aliquots of a 0.8 mM ferrous iron solution into 8 Ythl  a¢ected by the presence of iroB6). As observed in our
sample. Spacing between injections was 10 min. Syringe-stirring o . . -
speed was kept at 500 rpm. phosphate-buffered titration, residues localized within the
helix-1 and strand-1 regions of frataxin were significantly
result, all experiments were performed immediately (or up perturbed by the presence of iron (Figure 33)( However,
to 2 weeks) after the protein was isolated. The protein was unlike our initial phosphate buffer results, a second set of
stored anaerobically at 4= when not in use and discarded residues underwent substantial amide line broadening in the
after 2 weeks. The addition of ferrous iron at either a 1:1 or iron-loaded spectra. Additional residues in ffisheet and
2:1 metal/protein stoichiometric ratio had no effect on the helix-2 regions were also affected in the presence of iron
oligomeric state of the protein under these solution conditions under these new buffer conditions. Residues with significant
(Iland I'in Figure 1A, respectively). In each case, the protein amide chemical-shift perturbations (i.e., greater than 2 times
elutes from the column at the same position as the mono-the resolution of the data) include E24, E25, D27, L33, S36,
meric apofrataxin band in the chromatograph. +OFS L37, E38, E39, L40, S41, E42, and A43 in helix-1, G56 in
analysis coupled to a Bradford assay was used to confirmthe strand-1/-2 connecting loop, K77 in the strand-3/-4
that the metal is still bound to the protein following connecting loop, W80 in strand-4, and E116, A119, and
separation (Figure 1B). K121 in helix-2. The second residue set, with amide
Yeast Frataxin Binds Two Iron Atoms at Micromolar resonance that was line-broadened beyond recognition,
Affinity. ITC was used to provide insight into the iron-binding include D28, D31, H32, L33, and D35 in helix-1, E52 in
affinity of the monomeric yeast frataxin and the maximal strand-1, E61 in strand-2, T67 in strand-3, and Q123 at the
number of ferrous iron atoms that the protein can bind. ITC C terminus. Residue numbers represent the sequence position
measurements were performed anaerobically under solutioncorresponding to the mature processed protein.
conditions that stabilized the monomeric iron-loaded protein.  Iron Coordination Geometry of Iron-Loaded Monomeric
Changes in heat resulting from iron binding are displayed Frataxin. XAS studies were used to obtain an electronic and
in ucall/s on the raw ITC data (Figure 2A). These data show structural characterization of iron bound to monomeric yeast
a single strong exothermic reaction that follows exponential frataxin. Full XAS data sets were collected on multiple
behavior in the early injection points. Heats at the end of independent yeast frataxin samples with one iron {2¥fé1)
the titration equal those obtained from''Fdone, indicating and two iron (2FeYfhl) bound. Samples were again
that metal binding is complete following the early titration prepared under solution conditions that stabilized the iron-
points. Initially, data sets were treated using a model with bound protein monomer. XANES spectra for the different
one set of binding sites (Origin 5.0). The calculated stoichi- protein samples are compared to'Fand Fé' controls in
ometry from the fitted curve provided for an average of1.4  Figure 4. General edge features from the protein samples
1.6 iron atoms per monomeric frataxin. However, upon closely resemble those obtained from the ferrous ammonium

ucal/sec

kcal/mole of injectant
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FIGURE 3: Frataxin residues perturbed at the amide position by the presence of irdfiN¢Altered HSQC spectra for 500M apo- (blue)

and 2Fe-Yfhl (red) in 20 mM HEPES buffer (pH 7.0) and 10 mM Mgs& 600 MHz. NMR data collected anaerobically at 0.

(Inset) Expanded region marked in dashed lines with residues identified, “§” indicates side chain or unassigned peaks. (B) Summary of
yeast frataxin-normalized amide chemical-shift changes in the presence and absence of 2 equiv of iron. Residues identified in black correspond
to paramagnetically broadened amide signals. Residues identified in red correspond to amide signals with chemical-shift changes. Residues
indicated with an asterisk in theaxis indicate Pro positions. A horizontal black line indicates a chemical-shift cutoff, which corresponds

to 2x data resolution. (Top) Secondary-structural elements for yeast frataxin with helices and strands labeled as H and S, respectively. (C)
Location of residues on apo-yeast frataxin structure with amide backbone resonances that are significantly line-broadened (yellow) or have
substantial chemical-shift changes (red) in the presence'ofNege: the structure of the protein represents an updated PDB file for yeast
frataxin (PDB accession number 2GA5), currently available for download.

7122.404+ 0.02 and 7122.7% 0.03 eV, respectively. The
averaged edge inflection energy for the two signals in our
ferrous ammonium sulfate control occurs at 7122+90.03
eV, while the first inflection energy for our ferric ammonium
sulfate control occurs at 7126.3D 0.02 eV. Our protein
edge inflection energies more closely resemble values seen
for our ferrous control, indicating that bulk iron bound to
monomeric yeast frataxin is predominately in the ferrous
oxidation state. The pre-edge features, centered at ca. 7112
eV in the Fd containing XANES spectra, arise from the 1s
— 3d electronic transitions in the XAS absorption eddé (
46—48). The 1s— 3d signals in the protein XANES spectra
were compared to model spectra to identify the spin state
and ligand symmetry of Febound to Yfhl. Three indepen-
dent 1s— 3d transitions were measured for both #h1
0 Fe(ll) ___~ 7109 7117 and 2Fe-Yfhl at 7111.27+ 0.02, 7112.28+ 0.03, and

Normalized Fluroescence

7100 7110 7120 7130 7140 7150 7160 7113.38+ 0.02 eV. The global area for these transitions
Energy (eV) were measured in unitless values for both 4K¥é1 and

Ficure 4: XANES comparison of irortyeast frataxin with ferrous 2Fe-Yfhl at 5.46+ 0.07 and 5.56= 0.01, respectively. A

and ferric models. Full XANES spectra for yeast frataxin with one compari;on of these Spec.tral features to published i.ron model
iron (—) and two iron bound-£) with ferrous ammonium sulfate  data indicate that ferrous iron bound to yeast frataxin is most

(- - -) and ferric ammonium sulfate-f). (Inset) Expansion of the  |ikely high-spin, on the basis of the intensity, number, and
background-subtracted s 3d region of the XANES spectra for energy of the observed transition®(46). Global 1s— 3d
all samples. -2 . )
transition areas for the protein samples, when compared to
published ferrous model data, indicate that the iron-ligand
sulfate control spectrum (Figure 4A). The first inflection edge geometry in frataxin is highly symmetric, on the basis of
energies measured for 1F¥fhl and 2Fe-Yfhl were at the low values obtained compared to the value of 5+18
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nitrogen) ligand environment that is most likely six-
coordinate. There is no evidence forF&ligation, consistent
with that fact that only amino acids with side-chain car-
boxylates and histidines were identified as residues perturbed
in our NMR iron/protein titration. Furthermore, long-range
scattering can only be fit with carbon scattering; thus, there
is no evidence for any FeFe scattering in either reduced
iron sample. Finally, a comparison of the 1:1 and 2:1 Fe/
protein data indicates that there is no major structural
rearrangement at the metal center upon the addition of the
second protein-bound iron atom.
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Ficure 5: EXAFS and Fourier transforms of iron-loaded yeast

frataxin XAS data. EXAFS spectra in black for yeast frataxinwith ~ The goal of this paper was to help characterize the
one iron bound (A) and two iron bound (C), along with the structural and electronic properties of iron bound to mono-

corresponding Fourier transforms (B and D, respectively). Simula- meric yeast frataxin. Frataxin has been suggested to play a
tions for EXAFS and FT data are shown in gray. variety of roles in helping to maintain cellular iron homeo-

0.015 from the highly symmetric [Fe®)s|(NH.)(SO)> sta_s?s, most of which involve direct binding to iroq. Frataxin
octahedral sampletg, 46). Our XANES analysis therefore facilitates in vivo hem(_a an(_:i FeS cluster production, and
confirms that iron bound to monomeric yeast frataxin is high- the monomeric protein binds to enzyme partners that
spin and that ferrous iron is coordinated in a highly complet_e the assembly qf these_ iron-containing cofactors,
symmetric metatligand geometry, regardless of the metal/ Suggesting that monomeric protein may play a direct role in
protein stoichiometry when up to two iron atoms are bound. POth processes by acting as the iron chaperdre-£4).

The protein EXAFS data were used to provide the metal Fluctl_Jatlons in njltoc_ho_ndrlal iron or Fecofactor levels and
ligand geometric parameters for one and two ferrous iron the differences in binding affinities between partners have
bound to monomeric yeast frataxin. Raw EXAFS data for been proposed to serve as the trigger for which assembly
both 1Fe-Yfhl and 2Fe-Yfhl show a single frequency Pathway is delivered iror2@). Frataxin has also been shown
pattern with maximum amplitude at 5.5°& suggesting to oligomerize in vitro in high iron conditions, and the
symmetric Fe-nearest neighbor coordination geometry formation of these oligomers is highly dependent upon the
constructed by oxygen- and/or nitrogen-based ligands (blacksolution ionic strengthl(, 27). Given that magnesium and
lines in parts A and C of Figure 5, respectively). The first calcium salts stabilize iron-loaded frataxin monomers, it has
large oscillation in both raw EXAFS data sets show a “camel- also been suggested that changes in mitochondrial ion
back” feature that is often attributed to imidazole scattering concentrations may trigger frataxin to shift from an iron
from histidine coordination to the metakq). Fourier ~ delivery to iron storage capacit? 7). During the process of
transforms of the EXAFS data show that a predominate the iron-induced oligomerization of frataxin, while the
ligand environment is localized in a symmetric pattern at a trimeric protein appears to be the nucleating species for
phase-shifted bond lengtiR(+ A) of ca. 1.8 A in both higher order assembly1Q—12), it is surely the initial
samples (parts B and D of Figure 5). Minimal long-range interaction of soluble monomeric protein with iron that
scattering (above 2.5 A) is observed in both spectra. Spectralinstigates trimer formation. In addition, iron bound to frataxin
simulations show that ligands directly coordinated to the iron multimers is predominately bound in a multinuclear form,
are completely oxygen/nitrogen-based (Table 1). In both while that bound to monomeric frataxin under low oxygen
1Fe-Yfhl and 2Fe-Yfhl data sets, the nearest neighbor conditions appears to be as isolated atobh®%0). Because
environment is best fit with a single nearest neighbor-Fe a single iron atom is transferred during heme and-&e
oxygen/nitrogen ligand environment that is partially disor- cluster assembly, it seems further unlikely that frataxin
dered and with coordination numbers close to six (Figure 5, oligomers would participate as the source of metal during
simulations in gray). These data indicate that iron bound to delivery. Given this rationale, having a structural and
yeast frataxin is in a fairly symmetric F€oxygen and/or biochemical understanding of iron bound to monomeric

Table 1: Summary of EXAFS Fitting Results for Iron-Loaded Monomeric Yeast Fradtaxin

ligand environmerit ligand environmerit ligand environmerit
sample/ffit number  atofn R(A)Y CNe o2 atonf R(A)Y CNe 2" atonf RAY CNe  o2f Fo
1Fe-Yfh1 1" OIN 2.12 4.75 5.80 0.98
2n O/N 2.12 4.75 5.79 C 3.06 1 2.46 0.95
3n OIN 2.12 4.75 5.78 C 3.07 1.75 4.30 C 3.30 1.25 4.47 0.92
2Fe-Yfh1 10 O/N 2.12 5.25 5.72 0.54
2n OIN 2.12 5.25 5.71 C 3.36 1 3.93 0.52
3n OIN 2.12 5.25 5.72 C 3.00 1 3.49 C 3.42 1.25 2.82 0.50

aData fit over ak range of +12.85 A1 Values are averaged from at least two independent sanidhegependent metalligand scattering
environment?® Scattering atoms: O (oxygen), N (nitrogen), and C (carb®N)etal-ligand bond length¢ Metal-ligand coordination number.
 Debye-Waller factor in & x 10% ¢ Number of degrees of freedom weighted mean-square deviation between the data "HFidl dising only
single-scattering Feff 7 theoretical models.
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frataxin would help propel the general understanding of how are more likely the amino acids that act as ligands to the
frataxin functions toward controlling iron bioavailability in  metal.
the cell. A comparison of the amide NMR resonances significantly
The metal-binding affinity of frataxin is similar to those line broadened in the presence of iron show that a subset of
seen for the copper chaperones, suggesting a common themi€se residues are well-conserved. Amide resonances for
in cellular metal delivery if frataxin is in fact acting as an Yeast frataxin D31 and D35, corresponding to human residues
iron chaperone. The micromolar dissociation constants D104 and E108 and bacterial residues L15 and E19, are
measured for yeast frataxin, with respect to ferrous itan ( 3|gn|f]cantly broadened' in the human and yeast orthologues
values of 2.0 and 3.0M), resemble those obtained for the @nd, in the case of residue E19, in the bacterial orthologue
human and bacterial orthologueé(values of 55.0 and 3.8 (this paper and reB2). Acidic residues have side chain
M, respectively) 22, 51). A comparison of the frataxiniron ~ carboxylate groups that are often found to serve as iron
dissociation constants to those measured for the copperigands within metalloproteins3g, 34, 56, 57). In all three
chaperones Cox17 and Atox&{values of ca. 0.17 and 10  C@S€s, ad'dltlonal residues in close proximity to th'e aC|d|c'
M, respectively) places these proteins within roughly the reS|dues_ Ilsted_above are al_so broadened, suggesting that, if
same affinity range52, 53). Ferrous iron-binding affinities ~ Metal binds directly to their carboxylate side chain, the
measured for ferrochelatase are also within the micromolar dditional residues in close proximity should also be affected.
range, indicating that the metal-binding affinity of frataxin In yeast frataxin, additional amide line-broadened residues

; - : [ imity to D31 and D35 include D28 and H32.
is closely matched to protein partners that receive metal ( In proximi . .
It is therefore reasonable to suggest that frataxin can act agnterestlngly, yeast frataxin residues D28 and D31 have been

an iron chaperone during Feofactor production. Given the shown to be requ_ired for the for_mati_on of the ferroxidase
high-binding affinity between frataxin and its protein-binding center observed in yeast frataxin oligomers by the Isaya

partners ferrochelatase and ISKL (/alues in the nanomolar Iabqrqtory, while D35 was impliqated by the Craig group as
range), it is also reasonable to suggest that, although frataxin?ssstmgt_homo-p Ilgogjedr_formatlz%n almdthby éhe tlsr_:tyla gré)up
binds ferrous iron weakly, regulation of metal-transfer events hor assis 'nr? :n Iron bin .'392(5’ c ). n ? acDerla_ an

could be driven by the high affinity for forming a multipro- uman orthologues, residues C-terminal to D35 in yeast

e comple {4 22.23. A general quesion s, gven rat {221 12 850 broscenedh bese reses i yenst
cellular iron regulation is so tightly controlled and that Py P

: : ' . values. These differences between papers may suggest that
mitochondrial free iron levels are surely below the micro- human and bacterial orthologues havF(; apmore e>></ an%?ve iron
molar range, why would cells utilize such a weak metal 9 b

: ._binding surface on their helix-1 region or that the divalent
chaperone to help control the production of these essential S . .
) . . . "y magnesium ions that we used to stabilize the yeast protein
iron—cofactors, especially given the high reactivity of the

metal? as a monomer cog[d be blocking weak transient metal-
' binding sites identified on the other orthologues. Yeast
Metal-binding site(s) on monomeric frataxin must accom- frataxin contains a second region of multiple residues that
modate the binding of multiple iron atoms. Recent spectro- gre line-broadened at their amide position in the presence
scopic studies indicate that frataxin residues within the of jron; this site includes residues E52 and E61 onjisheet
conserved acidic region at helix-1 and strand-1 are affectedsurface of the protein. In this case, the broadened signals
by iron binding €8, 32, 51). In these studies, NMR  are not observed in the bacterial and human orthologues and
spectroscopy proved to be a sensitive tool for probing which only E52 is conserved. Interestingly, D50 in yeast frataxin
frataxin amino acids are affected by the presence of boundis completely conserved, and this amide signal is broadened
ferrous iron. Iron titrations in yeast, human, and bacterial in both the human and bacterial orthologues, suggesting again
frataxin consistently show that residues within this conserved that thep-sheet region of all frataxins acts as an additional
acidic region have their amide chemical shifts perturbed in metal-binding site on the protein on the opposite side of the
the presence of iron. In organic buffers, all three frataxin helix-1 region of the molecule3@).
orthologues also show a set of residues that have their amide XAS studies of ferrous iron-bound yeast frataxin are
resonances line-broadened beyond identification when pro-consistent with a metafligand environment constructed by
tein is in the presence of the paramagnetic metal. Our original residues that were broadened in our NMR studies. Our
NMR iron titration in yeast frataxin showed no amide line XANES analysis indicates, on the basis of the first inflection
broadening, suggesting that phosphate buffer can somehowoint analysis of the iron edges, that iron is stable in the
alter iron binding to the protein or that iron binding is ferrous state when iron-loaded frataxin is kept anaerobic.
transient under those conditior8(. While amide chemical-  Given that oxygen levels in the mitochondria are highly
shift perturbations may indicate a variety of occurrences controlled, we suggest that the environment within the
(metal binding, localized change in the fold of the protein, mitochondria may, under normal conditions, resemble the
changes in the chemical nature of the residue environment,in vitro conditions that we report in our anaerobic studies.
etc.), it has been shown that protons located within a 10 A The 1s— 3d features indicate that ferrous iron bound to
radius of the bound paramagnetic metal can have their NMR frataxin is high-spin and held within a coordination geometry
line widths significantly broadene&%). Therefore, frataxin ~ that is nearly octahedral in its metdlgand geometric
residues with acidic side chains that undergo significant symmetry. There are minimal differences in the edges when
amide line broadening in the presence of ferrous iron are the protein has one or two metals bound, indicating that the
most likely the amino acids in closer proximity to the metal, two metal-binding sites on frataxin are either very similar
as compared to the residues that have only amide resonancéas expected because both appear to be constructed by acidic
chemical-shift changes. Therefore, the broadened residuesesidues) or that, at the stoichiometric metal/protein concen-
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tration, the two sites are being evenly populated (consistent
with the very similar binding constants). EXAFS analysis
confirms that ferrous iron bound to frataxin is coordinated

by six oxygen/nitrogen based ligands. The metajand

nearest neighbor coordination environments in frataxin are A
nearly identical, independent of whether or not there are one

or two metals bound. The predominate ligand-scattering
environment is constructed of approximately six metal
ligands at 2.12 A. Analysis of the metdlgand coordination
environments for six-coordinate ferrous iron models in the
Cambridge Structural Database (CSD) suggest that average
Fe'—0s distances from oxygens that are either protonated
(resembling water) or in a carboxylate-like environment
(representing Asp and Glu side-chain ligands) are 2.11 and
2.15 A, respectively58). Distances obtained in the 2.12 A B
average irornearest neighbor environment of iron bound

to frataxin closely match these six-coordinate model values,
indicating that the majority of the protein-bound iron ligands

most likely originate from acidic residue carboxylate side
chains, water, or more likely a combination of both. In
addition, the long-range>(2.5 A) scattering observed in the
Fourier transforms of the protein iron EXAFS would
certainly be consistent with carboxylate carbon atom scat-
tering. Interestingly, the appearance of the imidazole camel-
back feature in the first bead pattern of the protein EXAFS figre 6: Location of yeast frataxin residues strongly perturbed
data suggests that there may be direct ligation of a histidine by the presence of iron. (A) Apoprotein structure with helix-1 amino
to the bound iron. The presence of long-range scatteringacid side chain atoms from line-broadened amide resonances in
features in our protein data could also be suggestive of Fe the yeast frataxin NMR iron titration. Expanded view to the right

- . . ; o of arrows. (B) Apoprotein structure with-sheet amino acid side
imidazole scattering. In our NMR analysis, we identified H32 o, i"5t0ms from line-broadened amide resonances in the yeast

as a possible ligand that is directly coordinated to iron. frataxin NMR iron titration and D50. Expanded view to the right
Scattering from H32 could contribute to the apparent of the arrow. Note: the structure of the protein represents an updated

imidazole EXAFS scattering that we see in our data, although PDB file for yeast frataxin (PDB accession number 2GA5),
an equally likely scenario exists that the apparent imidazole currently available for download.
scattering actually may come from carboxylate carbon
scattering. Additional experiments are underway to test if of the frataxin structure may indicate that each could be
H32 directly binds iron. There is no evidence in our reduced selectively responsible for iron delivery to a different protein-
samples of the Fe'Fe scattering observed in ferric-loaded binding partner. In vivo and in vitro studies are currently
frataxin oligomers, and the general+® bond distance in  underway to dissect the role of each site in the different
our monomeric samples is longer than those reported in theproposed iron delivery function of frataxin.
oligomer study, as expected given the difference in the metal Additional conserved acidic helix-1 residues C-terminal
oxidation state13). These data suggest that, under reducing to amino acids that construct our first proposed metal-binding
conditions, iron bound to monomeric frataxin does not exist site are also affected by the presence of iron in the NMR
in a ferrihydrite form, although the absence of an-Hee titrations and line broadened in the bacterial and human
signal does not rule out the possibility that the two bound studies 82). Interestingly, human frataxin has been shown
metals in the 2FeYfhl sample are not in close proximity  to bind six iron atoms, while the bacterial homologue binds
to each other35, 59). two iron atoms in the micromolar range, with multiple
On the basis of the paramagnetically broadened residuesadditional residues at an even weaker (unmeasurable by ITC)
in the NMR titrations and on the geometric parameters binding affinity 22, 23, 32). We believe these additional
obtained in our XAS studies, our results are consistent with helix-1 residues C-terminal to those identified in the first
yeast frataxin having two unique iron-binding regions. The binding site (including yeast frataxin residues E38, E39, and
first site involves side chains from residues D28, D31, H32, E42 shifted in our iron titration) may construct a possible
and D35 on helix-1 of the protein (Figure 6A). At this site, third (but transient) binding site for additional metals during
only the acidic residues are conserved, while the histidine is aerobic/iron overloaded conditions. These acidic conserved
a serine in the human protein. This first site is close to the helix-1 residues are substantially broadened in the human
additional conserved acidic residues, C-terminal but still on and bacterial iron NMR titrations, and E38, E39, and E42
helix-1 in position, which are affected by the presence of have been shown to be important for iron binding and the
iron. The second site may involve residues E52 and E61 onferroxidase chemistry noted in yeast frataxin oligomeg}.(
the 5-sheet surface of the molecule, possibly also including In our yeast iron-binding analysis, this site may also be a
D50, a residue that is consistently broadened in the humantransient site for weaker binding salt divalent ions (i.e.?Mg
and bacterial NMR iron titrations and shifted in our Yfhl which we have in abundance in our samples), and when these
iron/phosphate buffer titration (Figure 6B). The fact that these salts are in high abundance, they out-compete iron for
two unique sites are located on distant and opposite regionshinding.
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In summary, all three structurally characterized frataxin
orthologues bind multiple iron atoms with a micromolar-
binding affinity when the protein exists in the monomeric
state, consistent with a functional role of the monomeric
protein being involved in iron binding and delivery.
N-Terminally conserved acidic residues spanning the helix-1
and strand-1 regions of the protein are significantly perturbed
in their chemical environments upon binding of paramagnetic
iron, implicating that residues in these regions are performing
selective iron binding. Ferrous iron bound to monomeric
frataxin is high-spin and coordinated in a highly symmetric
metak-ligand geometry constructed of only oxygen and
nitrogen ligands. These ligands are presumably donated from
carboxylate- and imidazole-containing amino acid side chains
and from coordinated water molecules. The weak nature of
the metal-binding affinity of the protein and the ligand
environment utilized by the protein to bind metal would be
consistent with frataxin acting as an iron chaperone; the
protein must be able to form a favorable interface with its
protein partners and also easily release the metal. The iron-
binding helix-1 and strand-1 regions of frataxin have already
been implicated in helping form the intermolecular interface
when the protein binds to ferrochelata®8,(60) and ISU
(unpublished results). Additional structural characterization
will be critical to help elucidate how frataxin binds iron and
docks with its protein partners to promote metal delivery.
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