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Abstract
Frataxin, a conserved nuclear encoded mitochondrial protein, plays a direct role in iron-sulfur
cluster biosynthesis within the ISC assembly pathway. Humans with frataxin deficiency have
Friedreich’s ataxia, a neurodegenerative disorder characterized by mitochondrial iron overload and
disruption in Fe-S cluster synthesis. Biochemical and genetic studies have shown frataxin interacts
with the iron-sulfur cluster assembly scaffold protein (in yeast, there are two: Isu1 and Isu2),
indicating frataxin plays a direct role in cluster assembly, possibly by serving as an iron chaperone
n the assembly pathway. Here we provide molecular details of how yeast frataxin (Yfh1) interacts
with Isu1 as a structural module to better understand the multiprotein complex assembly that
completes Fe-S cluster assembly; this complex also includes the cysteine desulfurase (Nfs1 in
yeast) and the accessory protein (Isd11), together in the mitochondria. Thermodynamic binding
parameters for protein partner and iron binding were measured for the yeast orthologs using
isothermal titration calorimetry (ITC). Nuclear magnetic resonance spectroscopy was used to
provide the molecular details to understand how Yfh1 interacts with Isu1. X-ray absorption studies
were used to electronically and structurally characterize how iron is transferred to Isu1 and then
incorporated into a Fe-S cluster. These results were combined with previously published data to
generate a structural model for how the Fe-S cluster protein assembly complex can come together
to accomplish Fe-S cluster assembly.
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Iron-sulfur (Fe-S) clusters are central to life and found in nearly every class of organism (1).
These ancient but conserved cofactors are bound to proteins involved in a diverse array of
essential functions, ranging from DNA repair to respiration. Since Fe-S cofactors are
essential for cell viability, it is no surprise proteins that produce these cofactors are tightly
controlled and evolutionarily conserved (2–4). In eukaryotes, the major Fe-S cluster
assembly machinery is found in the mitochondria. The process of Fe-S cluster synthesis
involves the formation of an Fe-S cluster intermediate on a scaffold protein (ISCU in
humans or Isu1 or Isu2 in yeast) and subsequent transfer of the cluster to recipient apo-
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proteins. Formation of the Fe-S cluster by Isu1 requires a source of sulfur and a source of
iron. The sulfur originates from cysteine via the activity of the cysteine desulfurase Nfs1,
which is coordinated with the essential accessory protein Isd11. The source of the iron for
Fe-S clusters has remained a mystery. Frataxin (Yfh1 in yeast), a small acidic mitochondrial
protein is directly linked to cluster assembly and has been suggested to serve as an iron
chaperone through formation of a complex with Isu1-Nfs1-Isd11 (5–8).

Humans with frataxin deficiency have the cardio-/neurodegenerative disorder Friedreich’s
ataxia (FRDA) (9–11). FRDA affects 1 in 50,000 live births and the disorder is caused in ca.
98% of the cases by a transcription disrupting trinucleotide repeat expansion in the first
intron of the frataxin gene leading to decreased transcription and protein levels (9). Frataxin
is essential for cellular iron homeostasis and deficiency is associated with mitochondrial iron
overload, low heme and Fe-S cluster production levels, and elevation in reactive oxygen
species formation (12). Numerous reports have shown direct interactions between frataxin
and the scaffold protein in mitochondrial lysates or through isolation (5,6,8,13). In addition,
frataxin has been shown to facilitate assembly of the Fe-S cluster intermediate on Isu1 (14–
16). Combined, these data strongly suggest that frataxin plays a direct role in Fe-S cluster
bioassembly, possibly by serving as the iron chaperone or, as recently suggested (14), as a
regulator within the assembly pathway.

Participation of frataxin in the Fe-S cluster assembly pathway is directly correlated to the
protein’s ability to bind iron and this metal binding ability has been studied extensively for
the different frataxin orthologs. Yeast frataxin was the first to show an iron binding ability
(17). When placed in an oxygen rich, low salt, high iron to protein ratio environment, the
protein forms oligomers that retain metal as ferrihydrite in a manner that resembles the
activity of ferritin (17). This ability has been shown to be important under oxidative stress
conditions (18). However, frataxin mutations that disrupt oligomerization are functionally
competent in promoting Fe-S cluster assembly in vivo, even when produced at low levels,
thus oligomerization is not required for the physiological function of frataxin in assembly of
Fe-S clusters (8,19). As a monomer, the different frataxin orthologs bind iron with
micromolar binding affinities (15,16,20–24). Frataxin binding to the scaffold protein is
independent of frataxin aggregation but dependent on the presence of iron (8,15). It is
therefore of direct physiological interest to explore the molecular details of the interaction
between frataxin and the scaffold protein in order to better understand the functional details
of the cofactor assembly pathway.

In this report, we provide new molecular details pivotal for understanding the interaction
between Yfh1 and Isu1. We probe the nature of holo-Yfh1 binding to Isu1 using isothermal
titration calorimetry (ITC). Nuclear magnetic resonance spectroscopy was used to map the
intermolecular interface where Isu1 binds on Yfh1 to help identify frataxin residues that
participate in multiprotein complex formation. X-ray absorption spectroscopy was used to
determine the electronic and structural properties of iron at multiple stages during Fe-S
cluster assembly on the Isu1 scaffold. Finally, the fold of Isu1 was characterized at different
stages during Fe-S cluster assembly using fluorescence spectroscopy. These combined
results provide molecular details that are essential to understanding mitochondrial Fe-S
cluster assembly.

EXPERIMENTAL
Molecular biology and protein purification

The plasmid for expression of mature Isu1 (minus 35 amino terminal amino acids)
containing the D37A mutation (known to prevent Fe-S release from the protein) and the
biophysical characterization of the apo-protein was described previously (15). Briefly, the
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plasmid was transformed into BL21(DE3) CodonPlus cells and grown by auto induction
(25) at 25 °C for ca. 24 hrs before harvesting by centrifugation. Protein isolation steps were
all performed at 4 °C. Cells were resuspended in 50 mM NaPO4 (pH 7.5), 300 mM NaCl, 20
mM Imidazole and 5 mM β-Me (5 mL/g cells) in the presence of Complete EDTA free
Protease inhibitor cocktail (Roche), lysed by two passes through a French Pressure cell
followed by 2 rounds of sonication (50% power for 20 seconds) and centrifuged at high
speed (21000 rpm) for 1 hour. Crude soluble fraction was filtered (0.20 μm) and loaded onto
a HisPrep FF Ni column (Pharmacia) using an Imidazole gradient (20 – 500 mM, protein
elutes ~ 120 mM). Isu1 containing fractions were pooled and concentrated to ca. 1mL using
3 kDa cutoff centricons (Millipore) and run over a Sephadex 75 size exclusion column
(Pharmacia) equilibrated with 20 mM HEPES buffer (pH 7.5), 150 mM NaCl and 5 mM β-
Me. The protein eluted at a volume consistent with a 15.5 kDa size and we were able to
attain ≥ 95% pure protein based on gel analysis (typical yields were 15 mg/L).

Apo-Yfh1 was isolated as described previously (22). Briefly, wild type Yfh1 was subcloned
into a pET11a expression vector (Novagen), transfected into BL21(DE3) cells and grown by
auto induction (Studier 2005) at 37 °C for 18 hrs before harvesting through centrifugation.
All subsequent steps were performed at 4 °C. Cells were resuspended in 25mM Tris buffer
(pH 8.0), 10mM EDTA and 5mM β-Me with Complete protease inhibitor cocktail, lysed
using 2 passes through a French Pressure Cell followed by 2 rounds of sonication at 50%
power and spun at high speed (21,000 rpm for 1hr). A 30% Ammonium Sulfate (AS)
condition was applied to the supernatant and spun down (8,000 rpm for 10 min). The
remaining supernatant was brought to 65% AS and again spun down (8,000 rpm for 10 min).
The pellet was then resuspended in a minimal volume of 25 mM Tris (pH 8.0), 10 mM
EDTA, 5 mM β-Me and 1 protease inhibitor tablet, set to stir for 20 min before being loaded
into a dialysis membrane (10 kDa cutoff) and dialyzed into the same buffer overnight with
one buffer change. The resultant protein mixture was filtered twice (0.45 μm and 0.20 μm)
before loading onto a Q-Sepharose anion exchange column (Pharmacia) equilibrated with 25
mM Tris buffer (pH 8.0), 10 mM EDTA and 5 mM β-Me, and run with a linear salt gradient
(0 – 1 M NaCl, protein elutes at ~ 0.5 M salt). Active fractions were confirmed by SDS
PAGE analysis and pooled with protease inhibitor before desalting by dialysis against 25
mM Tris buffer (pH 8.0), 10 mM EDTA and 5 mM β-Me overnight with one buffer change.
Protein was brought up to 1M ammonium sulfate (Sigma), filtered and loaded onto a
Phenyl-Sepharose column equilibrated to 25 mM Tris buffer (pH 8.0), 10 mM EDTA, 5 mM
β-Me and 1M ammonium sulfate, and run with a reverse ammonium sulfate linear gradient
(protein elutes at ~ 0.8 M salt). Active fractions were pooled and dialyzed overnight into 20
mM HEPES buffer (pH 7.5), 150 mM NaCl and 5 mM β-Me, and concentrated using 10
kDa cutoff centricons (Millipore) for a typical yield of 60 mg/L.

Isothermal Titration Calorimetry
ITC measurements were performed to determine the binding affinity and stoichiometry
between monomeric yeast frataxin, ferrous iron and/or Isu1. Experiments were performed
anaerobically at 30 °C on a VP-ITC titration microcalorimeter (Micro Cal Inc.). ITC
experiments were performed for Yfh1 + Fe, Yfh1 + Isu1 and holo-Yfh1 + Isu1, with an iron
to frataxin stoichiometric ratio of 1:1. Holo-Yfh1 samples were prepared anaerobically
under solution conditions that stabilize the protein as a monomer (20 mM HEPES (pH 7.5),
150 mM NaCl and 5 mM β-Me) in the same manner previously described (21); monomeric
state was verified using size-exclusion chromatography (data not shown). Experiments
contained 30 μM protein in the adiabatic cell and 500 μM titrant in the syringe. After an
initial 2 μL injection, 29 additional injections of 10 μL were spaced out by 10 min each with
constant stirring (500 rpm). All protein/metal buffers were matched by dialysis before
loading into the ITC. Protein samples were extensively degassed and buffers were purged
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with Ar(g) before data collection to maintain and stabilize the ferrous iron. Spectra were
collected on duplicate and triplicate independent sample sets. Data was fit and analyzed
using the Origin 5.0 software package supplied by Micro Cal (GE life sciences), which uses
a non-linear least squares curve fitting algorithm to determine the stoichiometric ratio,
dissociation constant and change in enthalpy of the reaction.

Nuclear Magnetic Resonance Spectroscopy
15N labeled Yfh1 was isolated from E. coli transfected with the Yfh1 plasmid, grown in M9
minimal media supplemented with 15N NH4Cl at 37 °C for 4 hours after induction with
1mM IPTG and isolated as described above. 1H-15N TROSY-heteronuclear single quantum
coherence (HSQC) data collected on a Varian INOVA 600 MHz spectrometer equipped
with a triple resonance 1H/13C/15N Varian cold probe with z-axis pulsed field gradients (26).
Titrations were performed in septa-sealed NMR tubes under anaerobic conditions following
2 independent buffer conditions: 1) 25 mM NaPO4 buffer (pH 7.5) with 2 mM DTT buffer,
and 2) 20 mM HEPES buffer (pH 7.5), 150 mM NaCl and 5 mM β-Me. Protein
concentrations were ca. 200 μM 15N-labelled Yfh1 after addition of one equivalent of
ferrous iron and one equivalent of Isu1 dimer. Data were collected on apo-Yfh1, holo-Yfh1,
apo-Yfh1 + Isu1 and the holo-Yfh1 + Isu1 complex samples. Protein samples were placed in
the NMR spectrometer and allowed to equilibrate at 30 °C for 30 minutes prior to sample
collection. Full 1H/15N TROSY-HSQC spectra were collected with a 1H sweep width of
7804 Hz, with 2048 points and 64 transients and at a 15N sweep width of 2500 Hz, 512
increments. Spectra were referenced using a DSS standard, transformed using NMRPipe
(27) and peak positions were calculated using the program SPARKY (28). Normalized
chemical shifts were calculated using the published peaks files following the equation: δ =
25((δHN)2 + (δN/5)2)0.5. Results presented in Figure 2B represent the average of both
experiments. Residues that underwent significant chemical shift perturbations were
identified using the program MOLMOL in Figure 2C on the apo-yeast frataxin solution
structure (PDBID 2GA5).

X-ray Absorption Spectroscopy
X-ray absorption spectroscopy was used to study the electronic properties and ligand
coordination geometry of iron at different stages during Fe-S cluster assembly. All samples
were prepared anaerobically within a glove box (PlasLabs) using protein and iron solutions
that were initially degassed on a Schlenk line and stored under an Ar(g) atmosphere. XAS
samples were prepared at ~ 0.5 mM final protein concentrations in 20 mM HEPES buffer
(pH 7.0), 150 mM NaCl and 5mM β-Me. The individual samples prepared were the
following: 1) Isu1 incubated with 0.95 equivalent of ferrous iron, 2) Yfh1 incubated with
0.95 equivalent of ferrous iron for 10 minutes at room temperature before addition of Isu1,
3) Isu1 incubated with 0.95 equivalent of ferrous iron for 10 minutes at room temperature
before addition of 1 equivalent of Na2S, and finally, 4) Yfh1 incubated with 0.95 equivalent
of iron for 10 minutes at room temperature before addition of Isu1 and 1 equivalent of Na2S.
All samples were allowed to incubate for an additional 60 minutes in an Ar(g) atmosphere to
ensure cluster and complex formation. Samples were diluted with 30% glycerol as a glassing
agent, loaded into Lucite sample cells wrapped with Kapton tape, flash frozen in liquid
nitrogen, removed from the glove box and stored in liquid nitrogen until data collection was
performed.

XAS data were collected at the Stanford Synchrotron Radiation Laboratory (SSRL),
beamlines 7-3 and 9-3, and at the National Synchrotron Light Source (NSLS), beamline X3-
b. SSRL beamline 7-3 was equipped with a single rhodium-coated silicon mirror and a
Si[220] double crystal monochromator, and harmonic rejection was achieved by detuning
the monochromator 50%. SSRL beamline 9-3 was equipped with a Si[220] double crystal
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monochromator and a harmonic rejection mirror, so spectra were collected under fully tuned
conditions. NSLS beamline X-3b used a Si[111] single crystal monochromator equipped
with a nickel coated cylindrically bent mirror to achieve harmonic rejection and vertical
focusing. Samples were maintained at 10 K using Oxford Instrument continuous-flow liquid
helium cryostats at SSRL locations and at ca. 24 K using a He Displex Cryostat at NSLS.
Protein fluorescence excitation spectra were collected using 30-element Ge solid-state array
detectors at SSRL locations and a 13-element Ge solid-state detector at NSLS. XAS spectra
were measured using 5 eV steps in the pre-edge regions (6900 – 7094), 0.25 eV steps in the
edge regions (7095–7135 eV) and 0.05 Å−1 increments in the extended X-ray absorption
fine structure (EXAFS) region (to k = 13.5 Å−1), integrating from 1 to 20 seconds in a k3

weighted manner for a total scan length of approximately 40 minutes. X-ray energies were
calibrated by collecting an iron foil absorption spectrum simultaneously with collection of
protein data. The first inflection point for the Fe foil edge was assigned at 7111.3 eV. Each
fluorescence channel of each scan was examined for spectral anomalies prior to averaging
and spectra were closely monitored for photoreduction. SSRL protein data represent the
average of 5 to 6 scans, while NSLS protein data represent the average of 8 to 9 scans.

XAS data were processed using the Macintosh OS X version of the EXAFSPAK program
suite(29) integrated with the Feff v7.2 software for theoretical model generation. 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 converted to k-space using an E0 value of 7130 eV.
The k-cubed weighted EXAFS was truncated at 1.0 and 13.0 Å−1 for filtering purposes and
Fourier transformed. The final fitting results listed in Table 3 are from averaged values
obtained from simulations of raw unfiltered data. Edge inflection energies were calculated as
the maximum of the 1st derivative of the XANES spectra. Analysis of the XANES 1s → 3d
transitions was completed using the EDG_FIT subroutine within EXAFSPAK. Only spectra
collected using the higher resolution Si[220] monochromator crystals were subjected to edge
analysis. Pre- and post-edge splines were fit to the experimental spectra within the energy
range of 7090 to 7100 eV and 7120 to 7125 eV, respectively. The extrapolated line was then
subtracted from raw data to obtain baseline corrected spectra. Pre-edge features were
modeled using pseudo-Voigt line shapes (simple sums of Lorentzian and Gaussian
functions), and the energy position, the full width at half-maximum (FWHM) and the peak
heights for each transition were varied. A fixed 50:50 ratio of Lorentzian to Gaussian
functions successfully reproduced the spectral features of the pre-edge transitions. Global
peak transition areas were determined for all spectra over the energy range of 7109 to 7117
eV using the program Kaleidagraph. Pre-edge intensity values were calibrated by
multiplying values by 100.

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 v7.2. Single
scattering Feff v7.2 models were calculated for carbon, oxygen, sulfur and iron coordination
to simulate possible iron-ligand environments in our systems (21). Fits to
crystallographically characterized model compounds were used to calibrate the scale factor
and ΔE0 values. A calibrated scale factor (Sc) of 0.95 and a threshold shift (ΔE0) of −11.5
eV were used during protein data analysis and Sc and E0 were not allowed to vary during the
fitting analysis. Simulation protocols and criteria for judging the best fit were outlined
previously (30).

Fluorescence Spectroscopy
Fluorescence spectroscopy was used to identify structural changes in Isu1 that occur
resulting from the binding of substrate or following cluster production. The fluorescent dye
1,8-Anilinonaphthalenesulfonate (ANS), which selectively binds to solvent exposed
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hydrophobic regions found in molten globule proteins, is an effective tool to help observe
overall changes in the molten globule nature of Isu1 at different states during cluster
assembly (31). ANS studies were performed using a 3 mL fluorescence cuvette (Starna)
equipped with septa, a 50 μM Isu1 solution, in 20 mM HEPES buffer (pH = 7.5), 150 mM
NaCl and 5 mM β-Me. Samples and solutions were degassed on a Schlenk line and stored
under Ar(g). Independent samples were prepared by incubating the Isu1 dimer ± 2
equivalents of ferrous iron and/or sulfide. Single time point fluorescence measurements
were made for protein samples incubated for 10 minutes before addition of 10 μM ANS
followed by a second 10 min incubation before data collection (λexcite = 371 nm, λemission =
490 nm) on a QuantaMaster fluorimeter (PTI). Data was collected at 1 nm intervals with 0.5
second integration times and 5 mm slit widths. Data was collected in duplicate and spectra
shown in Figure 5 represents a single smoothed spectrum using a window function of 5 data
points. Titration of ANS into Isu1 alone was performed to measure the number of moles of
ANS that binds to Isu1 (Bmax) and the binding affinity was obtained through Scatchard
analysis of the variation of bound ANS to the protein concentration (32).

RESULTS
Isothermal Titration Calorimetry

ITC was used to probe the thermodynamic characteristics of the interaction between iron,
Yfh1 and Isu1. Our laboratory previously showed monomeric Yfh1 binds 2 ferrous iron
atoms with μM binding affinity when mM concentrations of MgSO4 were present in the
solution buffer (21). In this current report, we measured the Fe(II) binding affinity and
stoichiometry to Yfh1 under solution conditions that stabilize Isu1 (20 mM HEPES (pH
7.5), 150 mM NaCl and 5 mM β–Me) again using ITC. All data were collected
anaerobically in the presence of salt and in duplicate using independently prepared protein
samples to promote ferrous iron stability, prevent protein aggregation and to test sample
reproducibility. Yfh1 exhibited a strong single exothermic binding interaction when binding
2 iron atoms (Figure 1A), similar to what was observed in our published MgSO4 salt study.
Data were best fit using a two independent-site substrate binding model with corresponding
KD values of one Fe(II) atom at 113 ± 2 nM and one Fe(II) atom at 1.64 ± 1.68 μM (Table
1). These affinities are similar but tighter than the average of 3 μM binding affinities
observed for the two bound iron atoms in our previous study.

ITC was used to measure energy and stoichiometry of iron ± Yfh1 binding to apo-Isu1.
Aqueous ferrous iron titrated into Isu1 yields a single exothermic binding event (Figure 1B).
Heat released data were best simulated using a two independent substrate binding site model
with both iron atoms binding at nanomolar affinity (KD1 = 234 ± 35 nM and KD2 = 6 ± 4
nM) per Isu1 monomer (Table 1). Titrations of apo-Yfh1 into apo-Isu1 showed no
appreciable heat absorbed or released indicating a lack of a binding event in the absence of
added iron (Figure 1C). However, titration of holo-Yfh1 into Isu1 yielded a strong biphasic
exothermic binding event with saturation occurring at approximately 2 equivalents of holo-
Yfh1 monomer (with 1 Fe bound) per each Isu1 monomer in the Isu1 protein dimer (Figure
1D). Binding occurred at nanomolar affinities (KD1 = 166 ± 112 nM and KD2 = 5 ± 3 nM).

Nuclear Magnetic Resonance Spectroscopy
NMR spectroscopy was used to identify which Yfh1 amino acids reside at the Isu1 binding
interface. 15N-1H HSQC-TROSY data was collected on apo-Yfh1, holo-Yfh1, apo-Yfh1 +
apo-Isu1, and holo-Yfh1 + apo-Isu1. Data was collected under two different buffer
conditions: 1) 25 mM NaPO4 (pH 7.5) with 2 mM DTT buffer; and 2) 20 mM HEPES (pH
7.5), 150 mM NaCl and 5 mM β-Me buffer. During the iron titrations, specific Yfh1 amide
resonances were observed to change upon addition of iron, as previously reported (21,22).
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Titrations under both solution conditions yielded similar results except that data collected in
phosphate buffer did not show the amide resonance line broadening effects in the presence
of the paramagnetic metal that were observed in the HEPES buffer titration (21). Upon
further addition of unlabeled apo-Isu1 into labeled holo-Yfh1 (Figure 2A), an additional set
of amide resonances underwent a chemical shift perturbation indicating selective changes in
the frataxin amino acid chemical environments caused by Isu1 binding. Normalized
chemical shift changes were calculated under both solution conditions and the averaged
normalized chemical shift changes are given in Figure 2B. Only residues with normalized
chemical shift changes above the calculated spectral resolution of our data are highlighted in
red on the apo-Yfh1 solution structure (Figure 2C). Specific Yfh1 residues affected by the
addition of Isu1 comprise portions of both Yfh1 iron-binding sites identified (21,22) in
addition to a major portion of the β-sheet surface of frataxin. Specific residues perturbed by
the addition of unlabeled Isu1 into labeled holo-Yfh1 include: H83, D86, L91, E93, A94,
H95 (broadly the Yfh1 helix 1 Fe-binding region); V102, E103 (the Yfh1 strand 1 Fe-
binding region); L104, S105, G107, T110, L111, Y119, V120, Q124, N127 (on the Yfh1 β-
sheet surface); and N154, V166, and I170 (on the Yfh1 strand 6-loop and helix 2 region).

X-ray Absorption Spectroscopy
XANES analysis of the XAS spectra for metal bound to Yfh1 ± Isu1 ± S2

− were examined
to characterize the electronic and structural properties of bound iron at different stages of
cluster assembly. Complete XAS spectra were collected on multiple independent versions of
the following samples: A) Fe(II) + apo-Yfh1, B) Fe(II) + apo-Isu1, C) Fe(II) + S2

− + apo-
Isu1, D) Fe-Yfh1 + Isu1 and E) Fe-Yfh1 + S2

− + apo-Isu1. XANES spectra of all samples
show similar edge features (Figure 3) and the analysis of the first derivative of the edge
inflection energies show values consistent with the bulk iron being stable in the ferrous form
(Table 2). Pre-edge 1s→3d electronic features (i.e., pre-edge energy and absorption area) in
the XANES spectra (Figure 3, inset) are consistent with iron, in the samples without sulfide,
being six coordinate high-spin Fe(II) with a small shift from octahedral metal-ligand bond
symmetry as the samples go from Fe-Yfh1, Fe-Isu1, Fe-Yfh1-Isu1. In samples containing
sulfide, 1s→3d pre-edge transition energies and areas are consistent with a significant
portion of the metal being held in a tetrahedral Fe(II)-ligand coordination environment (33).

Metrical parameters regarding iron-ligand identity, iron coordination number and metal-
ligand bond lengths were determined by analysis of the EXAFS portion of the XAS data for
the samples listed above. We previously showed iron bound to Yfh1 (Figure 4A, B) is 6
coordinate in a highly symmetric oxygen/nitrogen (O/N) ligand coordination environment,
with an average bond length of 2.12 Å (Table 3). Ferrous iron bound to Isu1 (Figure 4C, D)
has two unique nearest neighbor ligand coordination environments, both O/N based with ca.
1 O/N ligand at 2.01 Å and ca. 5 O/N ligands centered at 2.14 Å. Interestingly, metal bound
to Isu1 alone does not occur via cysteine sulfur ligands, as there is no evidence for sulfur
ligation. Long-range scattering in both samples were best fit with carbon scattering at
distances ranging from 3.00 to 3.30 Å. Iron, in the Yfh1-Isu1 complex, shows nearest
neighbor ligand coordination distinct from either Fe-Yfh1 or Fe-Isu1 alone or as a linear
combination of both. The nearest neighbor ligand coordination in the Fe-Yfh1-Isu1 sample
(Figure 4G, H) is made up of two independent environments centered at 1.99 Å and 2.15 Å;
these average bond lengths are consistent with 6 coordinate Fe(II)-(O/N) model compounds.
While the coordination numbers are similar in both environments (C.N. = 2 and 1.5,
respectively), the large Debye-Waller factor in the 1.99 Å environment is consistent with
significant disorder in this ligand environment producing an abnormally low coordination
number for this set of ligands. Long-range scattering in this sample is consistent with
multiple carbon based ligands centered at 3.07 Å, 3.51 Å and 4.09 Å.
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Inclusion of sulfur to the above samples causes a significant change in the Fe coordination
environment. Sulfur added to Isu1 with iron bound (Figure 4E, F) alters the iron nearest
neighbor coordination environment so that it includes both O/N and S scattering. The best-
fit spectral simulation for the iron coordination includes 2.5 O/N ligands at 2.11 Å, a single
sulfur atom at 2.26 Å and a distinct Fe•••Fe interaction at 2.69 Å; bond lengths consistent
with a portion of the iron (< 50%) being coordinated in a Fe-S cluster (34). Addition of
sulfur to the Fe-Yfh1-Isu1 complex (Figure 4I, J) shifts the nearest neighbor metal-ligand
environment to 1.5 O/N ligands centered at 2.04 Å, 1 S atom at 2.28 Å and a distinct Fe•••Fe
interaction at 2.70 Å, again consistent with a portion of the metal (< 50%) being coordinated
in a Fe-S cluster. No long-range carbon scattering in the range of R > 3.0 Å was detected in
either sulfur-containing sample.

Fluorescence Spectroscopy
Fluorescence spectroscopy was used to characterize Isu1 structural changes coupled to iron
or sulfide binding, or following Fe-S cluster formation. Binding of the fluorescent probe
ANS is often used to characterize the globular nature of biomolecules, since ANS
selectively binds to solvent exposed hydrophobic regions in molten globule proteins.
Binding induces a fluorescence signal in the vicinity of 500 nm (λexcite = 371nm), whereas
well-folded proteins bind little dye and exhibit little fluorescence. Apo-Isu1 exposed to ANS
exhibits a large fluorescence signal centered at 480 nm (Figure 5A, light solid line). At these
concentrations, ANS in buffer by itself had negligible fluorescence (control not shown).
Reverse titration analysis of ANS into Isu1 indicated a maximum concentration of ligand
bound to Isu1 (Bmax) of 34.44 ± 0.49 μM. The dissociation constant (KD) for the
dissociation of ANS to Isu1, obtained from Scatchard analysis, was 7.73 μM ± 0.31. The
linear nature of the bound/free vs. free ANS from the Scatchard analysis (Figure 5B; inset)
indicates a single ANS binding site on the protein.

The effect of structural changes on Isu1 coupled with Fe(II) or S2− binding was also tested
by fluorescence spectroscopy. Addition of either ferrous iron (Figure 5A, long dashed line)
or sulfide (Figure 5A, short dashed line) to the Isu1/ANS mixture exhibits only subtle
changes in fluorescence intensity, although the fluorescence maximum was red-shifted to
490 nm in both cases, indicating an increase in polarity of the ANS binding environment
coupled with substrate binding (35). Interestingly, incubation of both ferrous iron and
sulfide to Isu1 prior to dye addition results in a substantial decrease of signal intensity
(Figure 5A, bold solid line), suggesting a reduction in ANS accessibility to Isu1 (or an
increase in Isu1 fold) coupled to the formation of a complete Fe-S cluster.

DISCUSSION
Mounting evidence suggests that de novo Fe-S cluster assembly within the ISC pathway
occurs via formation of a multiprotein complex consisting of the cysteine desulfurase, the
assembly scaffold, frataxin and, in eukaryotes, the accessory protein Isd11(4,36). Here we
provide molecular details of the frataxin interaction with the scaffold protein, one event in
multiprotein complex formation. In yeast, a direct interaction between Yfh1 and Isu1 is well
documented, confirming that binding can occur separately from multiprotein complex
formation and suggesting that contact between these two partner partners may drive
mutiprotein complex formation. Frataxin also interacts separately with the cysteine
desulfurase and with Isd11, and so future investigation of these interactions distinct from
multiprotein complex formation is also certainly justified. Our goal is to dissect each
protein-protein interaction separately, starting with the frataxin-scaffold protein interaction,
and then building towards a global understanding of structural changes that occur during
multiprotein complex formation. Key differences between the prokaryotic and eukaryotic
systems (for example the presence of Isd11 in eukaryotes) indicate interactions between
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protein orthologs may be partially unique for the system under investigation, so clarification
of these interactions within the yeast system may help explain key differences in the
function of frataxin between different species (i.e. iron delivery or storage vs. pathway
regulation). In addition, this report follows the structural path of iron delivery to Isu1 during
multiple stages of Fe-S cluster assembly. In summary, we provide in this report the
structural and thermodynamic details essential for understanding Fe-S cluster assembly at a
molecular level, short of having the complete multiprotein complex structure.

Our NMR mapping results indicate that Yfh1 binds to Isu1 utilizing the frataxin α1/β1 acidic
ridge and a large section of the β-sheet surface of the protein. Included in this binding region
are the two Yfh1 iron binding sites previously identified by NMR (21). Overlap of these
Yfh1 iron binding sites with the Isu1 interaction interface would be consistent with an iron
delivery function for frataxin. The Yfh1 surface shown here to bind to Isu1 includes key
residues shown to be essential for Fe-S cluster assembly. Others have shown substitution of
conserved acidic residues (D86, E89 on α1 or D101, E103 on β1) by lysine impairs Fe–S
cluster assembly, weakens the interaction between Yfh1 and Isu1, and increases oxidative
damage in the cell (37). Mutations of residues in the third β-strand region (either N122 itself
or as a N122, K123, Q124 triple mutant) or at positions Q129, W131 (β4) and R141 (β5)
also show severe functional defects and decreased affinity of Yfh1 for Isu1 (8,13).
Frataxin’s α1/β1 acidic ridge has also been shown to participate in the bacterial frataxin
binding surface for the cysteine desulfurase (14), so it seems possible that the cysteine
desulfurase and scaffold bind contiguously to this region of frataxin.

Binding between Yfh1 and Isu1 is selective by nature (8,13,38,39). Yfh1 or Isu1
individually bind iron, but with different affinities, suggesting that energetic factors could be
key determinants in the selective delivery of iron from Yfh1 to Isu1 if frataxin is serving as
an iron chaperone. Binding affinities for iron to the different frataxin orthologs all occur in
the micromolar range (see review (7)) where as binding affinities for iron to the different
scaffold protein orthologs are generally sub-micromolar (16). Binding between Yfh1 and
Isu1 is also iron dependent. Interestingly, while Yfh1 binds 2 iron atoms, the binding site on
Yfh1 is weaker than the tighter binding measured between holo-Yfh1 and Isu1. The
presence of Nfs1 and Isd11 will surely alter these binding affinities, and experiments
directed at measuring these additional binding interactions are currently underway.
However, our results indicate that it would be energetically favorable for holo-Yfh1 and
apo-Isu1 to interact in the presence of iron. This protein-protein binding would then allow
metal transfer to Isu1, and following removal of metal from frataxin would cause Yfh1
release from Isu1.

Snapshots of the structural and electronic details of iron during the different stages in the
Yfh1-Isu1 interaction provide insights into how metal is utilized during cluster assembly.
Our data highlight, in the absence of sulfide, that iron exists in at least three stages, starting
with its binding to Yfh1, then in the Yfh1-Isu1 complex, and ending with its binding to Isu1
alone. In all three states, iron is stable as high-spin six coordinate Fe(II) coordinated by only
oxygen or nitrogen based ligands. Analysis of the metrical details of the metal-ligand
structure indicate that the coordination environment of Fe(II) bound to Isu1 is distinct from
Fe(II) on Yfh1 alone or in the Yfh1-Isu1 complex, suggesting that metal bounding to Isu1
alone is the end point following delivery. Surprisingly, there is no evidence for sulfur
ligation of iron bound to Isu1. Our data therefore suggest that when Isu1 initially binds iron,
the protein utilizes a site distinct from the cysteine rich assembly site.

Introduction of sulfide to iron bound to Isu1 (either in complex with Yfh1 or alone) induces
the formation of a multinuclear Fe species structurally consistent with a 2Fe-2S cluster.
Shifts in the pre-edge feature and edge energy are consistent with a percentage of the iron (at
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a 50% lower limit) being shifted to a 4 coordinate sulfur containing structure. Metrical
parameters for Isu1 bound iron in this Fe-S structure indicate two iron atoms occur at ca. 2.7
Å, consistent with the formation of an authentic 2Fe-2S cluster (34). In addition, these
results are consistent with our recent spectroscopic characterization of the formation of a Fe-
S cluster based on the 435 nm chromophore seen in the UV-vis assembly assay for Isu1 in
the presence of both Fe and S (15).

The global fold of Isu1 becomes more defined as a result of Fe-S cluster formation.
Structures of multiple IscU orthologs exhibit shared features including the presence of an α
+ β core (40–44). In many cases, homogeneity in structure and the extent of the ortholog’s
fold is influenced by the presence of metal. ANS binding fluorescence was used to
determine the molten globular nature of the T. maritima IscU in solution (45). Our data
indicate binding of Fe2+ or S2− alone by Isu1 has only a minimal affect on the protein’s fold,
although a red-shift seen in fluorescence is consistent with substrates influencing an increase
in the molecule’s global environmental polarity (35). Concurrent with or following Fe-S
cluster formation, the Isu1 structure shifts to an increased fold with a hydrophobic core that
better excludes solvent. This increase in fold is consistent with the well-folded A. aeolicus
IscU structure that was determined with a Fe-S cluster bound (46). It should be noted, our
experiments were performed on the D37A Isu1 mutant to ensure retention of the bound Fe-S
cluster; this mutant was selected so we could study Isu1 with an intact cluster. In the D37A
Isu1 mutant, in the absence of the conserved aspartic acid, a conserved histidine preceding
the most C-terminal cysteine is believed to supply the fourth ligand to the cluster (47)
thereby locking the cluster in place. While there are certainly structural differences resulting
from this mutation, we expect that the changes will be local relative to the overall protein
fold since these residues are in a surface exposed location. We would further expect that the
wild type Isu1 protein would release the cluster intermediate as part of a later step in Fe-S
cluster assembly, subsequently returning to its initial flexible state. The increased flexibility
obtained upon cofactor release would likely help prime Isu1 for the next round of cluster
assembly.

Mounting evidence suggests that yeast mitochondrial Fe-S cluster assembly requires
interactions between proteins forming a whole or subset of a Nfs1/Isd11/Isu1/Yfh1
multiprotein complex. Insight into the structure of this complex can be gained from studies
of orthologous protein interactions. Structural details for the bacterial IscS/IscU complex
have recently emerged, providing direct insight into how cysteine desulfurase and the
scaffold interact (44). In the structure, IscU binds to the C-terminal region of IscS in close
proximity to the cysteine desulfurase critical active site cysteine (Cys328). In the process,
bound IscU projects its three conserved cysteine active site residues toward the IscS loop
that carries Cys328. Interestingly, binding of IscU to IscS induces an increase in the fold of
the N-terminal region of the scaffold protein. Mutagenesis studies of bacterial frataxin
(CyaY) binding to IscS showed frataxin interacting with the cysteine desulfurase in a region
in close proximity but distinct from Cys328; binding of CyaY did not disrupt sulfur transfer
from IscS to IscU. NMR chemical shift mapping studies showed CyaY interacting with IscS
through multiple residues on frataxin’s acidic (helix-1/strand-1) acidic ridge (14).
Combined, these studies provide structural details for how IscU and IscS interact, and for
how IscS and CyaY interact. However, molecular details regarding frataxin’s interaction
with the scaffold protein remain ambiguous.

Our results, when combined with the above listed structural details, allow us to propose a
structural model for how Yfh1 interacts with Isu1 during the initial stages of Fe-S cluster
assembly. A large portion of frataxin’s β-sheet surface, along with the N-terminal helix,
form the interface with Isu1, and this interaction is iron dependent. This Isu1 interacting
surface of frataxin encompasses the two Yfh1 iron binding sites. When utilized, this would
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position Yfh1 for iron delivery or for assisting in stabilization of the intermolecular
interface. An interaction with the cysteine desulfurase residues in one of the Nfs1 monomers
that participate in CyaY binding would position frataxin so it could interact with the second
cysteine desulfurase monomer in the dimer; this would occur in close proximity to the
scaffold protein binding site (44). By modeling the Isu1 and Nfs1 structures from the
bacterial orthologs, we developed a model for how these three proteins could come together
to perform cluster assembly (Figure 6). In our model, Yfh1 could bind to Isu1 and also
possibly to Nfs1 in the active site regions using residues identified above to be involved in
protein-protein interactions with only minimal distortion of the Isu1/Nfs1 protein complex
structure (red residues in Figure 6). In our model, frataxin binding would require subtle
movement of the Nfs1 dimer/Isu1 orientation, and this movement has already been proposed
to bring cysteine desulfurase and the scaffold protein together (44)). Structural details for
frataxin’s interaction with Isd11 are currently under investigation and while not included in
detail in our model, the accessory protein could modify the movement of Isu1/Nfs1 relative
to frataxin’s position by also binding in this region. Sulfur delivery for Fe-S cluster
assembly may occur coordinately with these protein interactions. In our model, iron is
delivered to Isu1 using surface exposed residues amenable for both frataxin binding and
close to the Fe-S cluster assembly site. Following iron delivery, frataxin would dissociate
from the multiprotein complex prompting Isu1 to complete Fe-S cluster assembly. Structural
and biochemical experiments are currently under way to test this model and to further
characterize the individual interaction of frataxin with each additional binding partner.
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NMR Nuclear Magnetic Resonance

XAS X-ray absorption spectroscopy

XANES X-ray absorption near edge structure
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ITC Isothermal titration calorimetry
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Figure 1.
Raw isothermal titration calorimetry data (top) and binding isotherm data (bottom) of: A)
Fe(II) titration into Yfh1, B) Fe(II) titrated into Isu1, C) Yfh1 titrated into Isu1, D) Fe-Yfh1
titrated into Isu1. A grey line in each bottom panel shows the simulated fit to the binding
isotherm data.
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Figure 2.
NMR chemical shift mapping of Yfh1 residues affected by Isu1 binding. A) 1H/15N HSQC
spectra for Fe-Yfh1 in the presence (red) and absence (black) of unlabeled apo-Isu1.
Reproducible Fe-Yfh1:Isu1 spectra were collected at a 2:1 iron to Yfh1 stoichiometric ratio
and a 1:1 Yfh1:Isu1 ratio in phosphate buffer. Solid line boxed region is expanded in Figure
2A. B) Averaged normalized chemical shift changes for Fe-Isu1 with and without Isu1. The
line represents the threshold value calculated based on the resolution of the data. C)
Residues identified on the apo-frataxin structure have normalized chemical shift (d) values
greater than 1 (colored red).
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Figure 3.
Iron XANES spectra A) Fe-Yfh1, B) Fe-Isu1, C) Fe-Isu1 + S2−, D) Fe-Yfh1 + Isu1 and E)
Fe-Yfh1 + S2− + Isu1. Individual spectra were equally offset for clarity. Inset: Expansion of
the individual 1s→3d transition peaks in the same order as listed in the full figure.
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Figure 4.
EXAFS and Fourier transforms of EXAFS data for iron at different stages of Fe-S cluster
assembly. Raw EXAFS data in black for: A) Fe-Yfh1, C) Fe-Isu1, E) Fe-Isu1 + S2−, G) Fe-
Yfh1 + Isu1 and I) Fe-Yfh1 + S2− + Isu1. Corresponding Fourier transform plots of raw
EXAFS data in black for: B) Fe-Yfh1, D) Fe-Isu1, F) Fe-Isu1 + S2−, H) Fe-Yfh1 + Isu1 and
J) Fe-Yfh1 + S2− + Isu1.
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Figure 5.
Characterization of Isu1 fold using fluorescence spectroscopy. (A) Molten globule nature of
Isu1 by fluorescence spectroscopy. Fluorescence of ANS bound to Isu1 alone (thin-solid
line), Isu1 incubated with Fe(II) (thin dashed line), Isu1 incubated with S2− (thin-dotted
line) and Isu1 incubated with Fe(II) and then S2− (bold-solid line). (B) Fluorescence titration
of Isu1 with ANS monitored at 476 nm. (B, Inset) Scatchard analysis for the binding of ANS
to Isu1.
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Figure 6.
Model for the formation of the multiprotein complex required for Fe-S cluster assembly in
the ISU pathway. The Isu1 and Nfs1 structures are modeled based on the bacterial IscS/U
structure (PDB code 3LVL). Residues identified in red on Nfs1 were identified as being
essential to the binding of frataxin (14,44). Frataxin’s Isu1 binding surface is displayed but
the protein must undergo a 180° horizontal axis rotation to fit in the binding pocket. Finally,
while Isd11 is essential for in vivo Fe-S cluster assembly, structural details for the protein
are lacking so the protein is shown as only an oval.
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Table 1

Average simulation results for ITC analysis. Averaged values of stoichiometry versus Isu1 monomer (N1 and
N2) and dissociation constant (KD1 and KD2) are given with error bars.

Sample N1 KD1 N2 KD2

Fe-Yfh1 1.08 ± 0.30 1.64 ± 1.68 μM 1.02 ± 0.38 113 ± 2 nM

Fe-Isu1 1.19 ± 0.66 234 ± 35 nM 0.97 ± 0.31 6 ± 4 nM

Yfh1+Isu1 -- -- -- --

Fe-Yfh1 + Isu1 1.67 ± 0.28 166 ± 112 nM 0.52 ± 0.14 5 ± 3 nM
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Table 2

Analysis of pre-edge and edge features from XANES spectra given in Figure 4. Pre-edge transition energies
and areas determined using EDG_FIT software. Edge inflection energies quantified as maximum value of
calculated first derivative of the XAS edge feature.

Sample Pre-Edge Peak Energy (eV) Total Pre-Edge Area Edge Inflection Energy (eV)

Fe-Yfh1 7111.27 ± 0.02‡

7112.28 ± 0.03‡

7113.38 ± 0.02‡

5.5 ± 0.7‡ 7122.4 ± 0.1‡

Fe-Isu1 7111.90 ± 0.14
7113.80 ± 0.28

8.8 ± 0.3 7123.1 ± 0.2

Fe-Isu1 + S 7112.63 ± 0.18 22.3 ± 10.0 7123.5 ± 0.2

Fe-Yfh1 + Isu1 7111.70 ± 0.28
7113.68 ± 0.11

10.6 ± 3.0 7123.0 ± 0.3

Fe-Yfh1 + S + Isu1 7112.90 ± 0.28 16.2 ± 0.9 7123.0 ± 0.7

Fe(II) (aq) 7111.18 ± 0.07*

7112.03 ± 0.15*

7113.58 ± 0.03*

3.9 ± 0.3* 7122.9 ± 0.1‡

‡
See reference (21)

*
See reference (48)
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