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ABSTRACT: Human frataxin has a vital role in the
biosynthesis of iron—sulfur (Fe—S) clusters in mitochondria,
and its deficiency causes the neurodegenerative disease
Friedreich’s ataxia. Proposed functions for frataxin in the
Fe—S pathway include iron donation to the Fe—S cluster
machinery and regulation of cysteine desulfurase activity to
control the rate of Fe—S production, although further
molecular detail is required to distinguish these two
possibilities. It is well established that frataxin can coordinate
iron using glutamate and aspartate side chains on the protein
surface; however, in this work we identify a new iron
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coordinating residue in the N-terminus of human frataxin using complementary spectroscopic and structural approaches.
Further, we demonstrate that His86 in this N-terminal region is required for high affinity iron coordination and iron assembly of
Fe—S clusters by ISCU as part of the Fe—S cluster biosynthetic complex. If a binding site that includes His86 is important for
Fe—S cluster synthesis as part of its chaperone function, this raises the possibility that either iron binding at the acidic surface of
frataxin may be spurious or that it is required for protein—protein interactions with the Fe—S biosynthetic quaternary complex.
Our data suggest that iron coordination to frataxin may be significant to the Fe—S cluster biosynthesis pathway in mitochondria.

M any neurodegenerative diseases are linked to imbalances
in metal homeostasis. The autosomal recessive neuro-
muscular disorder Friedreich’s ataxia (FA) is one such example.
FA is primarily caused by a (GAA), triplet repeat expansion in
the first intron of the frataxin gene.1 This results in decreased
transcription and/or translation of the gene and, therefore,
significantly reduced levels of frataxin in mitochondria of the
heart, spinal cord, and other tissues. FA is characterized by a
marked increase in mitochondrial iron, oxidative stress,
decreased activities of enzymes with iron—sulfur clusters
(Fe—S), and electron transport chain dysfunction. Cells from
FA patients indicate cytosolic iron deficiency even though iron
levels are highly elevated in mitochondria.”

The function of frataxin has been debated since it was first
linked to FA in 1996. By far, the most convincing role is one in
Fe—S cluster biosynthesis. Heart biopsies of FA patients reveal
decreased activities of Fe—S enzymes in the electron transport
chain and in the tricarboxylic acid cycle. The same enzyme
deficiencies were observed in Saccharomyces cerevisiae strains
deficient in Yfh1, the frataxin homologue in yeast, and in other
model systems.®> It is apparent that, in some way, frataxin
deficiency disrupts production of Fe—S clusters. Fe—S clusters
are assembled in the mitochondria of eukaryotic cells via the
ternary Fe—S cluster biosynthetic complex, which consists of
the cysteine desulfurase NFS1, the Fe—S scaffold protein ISCU,
and the accessory protein ISD11.* Frataxin physically and
functionally interacts with ISCU, NFS1, and ISD11; therefore,
it is suggested to be a member of the Fe—S complex.” Some
research suggests that frataxin is an iron-chaperone that delivers
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Fe*" to the Fe—S cluster complex.6 In vitro, frataxin stimulates
the rate of formation of [2Fe-2S] clusters on the surface of
ISCU with externally supplied sulfide’ and photoactivated
chemical cross-linking® confirms the interaction between
frataxin and ISCU. Other studies indicate that frataxin may
regulate Fe—S cluster synthesis through its stimulation of NFS1
cysteine desulfurase activity as part of the ISCU/NFS1/ISD11
complex.”'® For either case, iron is delivered directly or
indirectly through NSF1 activation to the ternary ISCU/NFS1/
ISD11 Fe—S machinery for cluster synthesis.

The structures of monomeric apo-frataxin have been solved
for the human, yeast, and bacterial homologues, revealing a
unique and conserved fold."" One striking feature of all frataxin
homologues is a clustering of negatively charged aspartate and
glutamate residues on one surface of the protein called the
“acidic ridge”. NMR studies indicated metal binding at or near
these residues in the human,'>"? yeast,M’15 and Dbacterial
frataxin homologues."”®> The three-dimensional structures of
various frataxin proteins have provided much needed structural
information, but there is still ambiguity in the coordination
environment since there is no structure with iron bound. There
is also uncertainty with respect to the Fe?* stoichiometry. Part
of the ambiguity lies in the ability of frataxin to coordinate most
divalent metal ions using the acidic residues on the surface.'®
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Additionally, reducing agents and some buffers also chelate
metal ions, and many frataxin studies employed these
competitors in excess over the frataxin concentration to keep
iron in a reduced state. Thus, the stoichiometries and measured
dissociation constants could be affected by these chemical
components. From various experiments, it appears that human
frataxin contains 1—2 Fe** bindin; sites with nanomolar to
micromolar dissociation constants.'” The locations of the actual
binding sites are assumed to be along the acidic ridge and into
the f1-strand, based on NMR iron titrations of frataxin,'>'*'®
However, mutation of specific aspartate and glutamate residues
within the acidic ridge affect frataxin binding with ISCU, the
scaffold for Fe—S cluster synthesis, but does not change the
total number of Fe?* binding sites.” This may indicate that
metal binding at the acidic ridge is superfluous and that there
may be additional, specific Fe** binding sites that are not readily
identifiable by current techniques.

Despite many years of research, there are still three main
questions about frataxin iron binding: (1) what is the
stoichiometry of Fe’ binding to human frataxin?; (2) what
residues are involved in coordination?; and (3) which of these
Fe®* sites are functionally relevant for Fe—S cluster formation
by ISCU? To address these questions, we characterized the
metal coordination environment and stoichiometries using
Fe®', Fe**, and Co?', which are common surrogates to probe
Fe®* sites in proteins because they have characteristic electronic
absorptions based on their environment and are not sensitive to
aerobic conditions."” These properties make Co?* and Fe**
amenable to UV—visible and NMR spectroscopies. Since
conformational or dynamics changes in frataxin should
accompany metal binding, backbone amide hydrogen/deute-
rium exchange mass spectrometry (HDX—MS) was used to
characterize structural perturbations in solution. Herein, we
report that frataxin binds ~3 metal ions and that one of these
binding sites uses a previously unknown residue (His86) from
the disordered N-terminal tail, which is functionally required
for Fe?* delivery to ISCU for Fe—S synthesis in vitro.

B EXPERIMENTAL PROCEDURES

Materials. ACS-grade HEPES, dioxane-free IPTG, HPLC
grade water, and HPLC grade acetonitrile were obtained from
EMD Millipore (Billerica, MA). Deuterium oxide (99.99% at.
D), ACS-grade Bis-Tris, and ferrozine were from Acros
Organics (Morris Plains, NJ). Ultrapure magnesium chloride
and ferric chloride were by Fisher Chemical (Fairlawn, NJ).
Deuterated d;¢-HEPES and '*N-ammonium sulfate were
obtained from Cambridge Isotopes (Andover, MA). Other
reagents included porcine pepsin (3200—4500 units/mg) from
Sigma-Aldrich (St. Louis, MO), HPLC grade 2-propanol from
Honeywell (Franklin, PA), cobaltous chloride from Macron
Chemicals (Center Valley, PA), ferrous ammonium sulfate
from MP Biomedical (Santa Ana, CA), and EDTA from BDH
Merck (Radnor, PA).

Purification of Human Frataxin. Human frataxin
corresponding to residues 81—210, or the mature form, was
expressed in Escherichia coli BL21(DE3)pLysS from pET81—
210Fxn, as described.® Purification was performed in the
presence of 2 mM EDTA in Chelex-treated, metal-free water.
All glassware was rinsed with 10% nitric acid and metal-free
water to remove trace metals. Frataxin concentrations were
determined spectroscopically using €49 nm = 26.93 mM ™' cm ™.
The amount of zinc and iron in purified frataxin was
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determined via an AAnalyst 400 atomic absorption spectrom-
eter (Perkin-Elmer, Waltham, MA) and was negligible.

UV-Visible Titrations. Titrations were performed on an
Agilent 8453 spectrophotometer (Santa Clara, CA). For cobalt
titrations, 300—400 uM frataxin in Chelex-treated 50 mM
HEPES (pH 7.4), 400 mM NaCl, and 5% glycerol was titrated
with a cobalt chloride stock solution in the same buffer. Co**
was added in 5—10 L increments, incubated for 5 min at 23
°C, and UV—visible spectra were collected from 200—800 nm.
Each spectrum was corrected for dilution.

Colorimetric Fe?* titrations required ferrozine, a Fe*" specific
chelator. All solutions were degassed and prepared in a Vacuum
Atmosphere anaerobic glovebox. A 0.53 M stock of Fe** was
made in 25 mM HEPES (pH 7.4), 150 mM NaClL A 6.5 mM
ferrozine stock was prepared in the same buffer with 2.5 M
ammonijum acetate. Samples of 108 yM with and without 13
UM apo-frataxin were made with increasing Fe®* concentrations
and spectra were collected from 240—800 nm. The Fe®'—
ferrozine; complex has a molar extinction at 562 nm of 27.9
mM™ cm™ and a formation constant (K;) of 3.65 x 10%°
M-320

Fluorescence Titrations. Intrinsic tryptophan fluorescence
titrations were performed at 23 °C using a Spex Fluoromax-3
fluorimeter (Edison, NJ) with ~S pM frataxin in either S0 mM
HEPES (pH 7.4), 400 mM NaCl, 5% glycerol (Co®" titrations),
or 50 mM Bis-Tris (pH 7.4), 400 mM NaCl, and 5% glycerol
(Fe® titrations) using an excitation wavelength of 295 nm. The
metal titrant concentrations were determined by atomic
absorption. After each addition of metal, the sample was
equilibrated for 3 min with stirring at 23 °C. Fluorescence
emission spectra were collected from 270—450 nm and
corrected for dilution. Since the addition of Fe* leads to
increased absorbance in this region of the spectrum, the
fluorescence data were corrected for inner filter effect with an
equivalent UV—vis titration of frataxin under the same
conditions. This procedure was repeated with Co>* for
experimental continuity. The corrected fluorescence intensity
was determined using eq 1.>!

E

corrected —

Abs + Abs
E X 10( 295Snm 5 343nm)

(1)

The initial fluorescence intensity (F,) at the emission
maximum wavelength was subtracted from each titration
point (F, — F,), which was plotted against total metal
concentration. The binding curves are stoichiometric (i.e.,, no
“free” metal exists during the titration); therefore, the
equilibrium binding constants obtained from fitting are not
representative of the true K, values and are not reported.”!

Nuclear Magnetic Resonance Spectroscopy. One liter
of M9 minimal media supplemented with 1 g/L 86% '“N-
ammonijum sulfate was inoculated, as described, and grown at
37 °C to ODgy, = 0.8, and then induced with 1 mM IPTG for 4
h. Cells were harvested at ODgy 1.8—2.0 and purified as
described except the final buffer was Chelex-treated 25 mM
HEPES-d,g (pH 7.0) with 100 mM NaCl. MALDI-TOF mass
spectrometry confirmed ~85% '“N-enrichment in the purified
NMR sample. Co**, Mg**, and Fe®" titrant stocks were made in
the HEPES-d, ¢ buffer at pH 7.0, and their concentrations were
determined by atomic absorption.

"H—"N HSQC spectra were collected for 0.56 mM apo-"°N-
frataxin with 5% (v/v) D,0. Resonances were assigned
according to ref 22. Titrations from 0.2—6.0 mol equiv of
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Co’" and Mg*" were performed aerobically. Individual NMR
samples containing 1.0—4.0 mol equiv of Fe*" were prepared
anaerobically. NMR data were collected at 298 K on a Briiker
Avance 600 MHz spectrometer (Fremont, CA) with a triple
resonance 'H/"*C/"N probe equipped with z-axis pulsed field
gradients. The fingerprint main chain amide region was
recorded by the two-dimensional "H—'N-HSQC experiment™’
using the standard Briiker pulse program. Data collection time
per spectrum ranged from 1.5 to 20 h to improve si§nal-to-
noise ratios. Data were processed using NMRPipe * and
SPARKY (T. D. Goddard and D. G. Kneller, University of
California, San Francisco). The data matrix consisted of 2048
points in the proton dimension centered on the water
resonance and 128 points in the nitrogen dimension centered
at 117 ppm. Data in both dimensions were apodized with a
shifted squared sine bell function and zero-filled prior to
Fourier transformation. After transformation, data in both
directions were baseline corrected with the default polynomial
function of NMRPipe. Normalized amide chemical shifts (Syy)
were calculated using the change in chemical shift from apo-
frataxin values of the 'H (8y) and "N (8y) resonances upon
each addition of metal as shown in eq 2, modified from ref 25.

2 2N ’
Snu = 4| (6g)” + (?) @)

Amide Hydrogen/Deuterium Exchange Mass Spec-
trometry. Twenty micrograms of frataxin was added to 100 uL
of 0.1 M potassium phosphate (pH 2.3) containing 20 pg of
pepsin. After a S min digestion on ice, the sample was separated
onal mm X 50 mm C18 column (Phenomenex, Torrence,
CA) equilibrated at 0.1 mL/min by a ThermoFinnigan
Surveyor HPLC connected to a TSQ Quantum mass
spectrometer (San Jose, CA). Peptides were eluted with a
2%—50% acetonitrile gradient in water with 0.4% formic acid
over 20 min and subjected to data-dependent tandem MS/MS
collision-induced dissociation in positive-ion mode. Peptide
assignments were made through Protein Prospector (http://
prospector.ucsf.edu/) and Peaks.”® The complete map is shown
in Figure 1.

The aerobic HDX reactions were performed in triplicate with
frataxin containing 0, 1, 2, and 3 mol equiv of either Co*" or
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Figure 1. Identified peptides from pepsin digestion of frataxin.
Frataxin (residues 81—210) was digested with pepsin and subjected to
tandem mass spectrometry. Peptide amino acid sequences are
indicated with arrows. The secondary structure as determined from
PDB: 1LY7 is indicated, where a-helices are in light blue and f-strands
are in pink. Residues in red are acidic residues from a1 and 1.
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Fe®*. Deuterium exchange reactions in 0.2 mL thin-walled tubes
containing S L of $80 M frataxin (30 M) were initiated with
4S5 pL of deuterium oxide (99.99% at. D,O). Samples were
incubated at 23 °C between 15 s—6 h. Exchange was quenched
with 50 uL of 0.1 M potassium phosphate (pH 2.3; 0 °C) and
placed on ice. After 10 s, 2 uL of 20 ug/uL pepsin was added
and incubated 5 min at 0 °C. For HDX with reduced Fe**, we
performed all steps in an anaerobic glovebox (<0.1 ppm O,)
using highly degassed stock solutions. Iron was prepared fresh
(from solid) inside the glovebox, and the concentration of
reduced Fe®* was measured anaerobically with a bath-
ophenanthrolinedisulfonate (BPS) colorimetric assay. The
total concentration of iron was determined by atomic
absorption. Our Fe®" stocks contained <5% of contaminating
Fe®'. Deuterium exchange reactions in 0.2 mL thin-walled tubes
containing 5 L of S80 M frataxin (30 uM) with 1, 2, 3, and 4
equiv of Fe*" were initiated with 45 uL of deuterium oxide
(99.99% at. D,0). Samples were immediately sealed with
parafilm and removed from the glovebox. Addition of quench
solution and pepsin digestion was as above. The exposure to air
upon addition of acidic quench is appropriate since the
exchange reaction will have essentially stopped. As a control
test for iron oxidation, mock samples of Fe**-frataxin in H,O
were incubated for 15 min, returned to the glovebox for BPS
analysis, which revealed, on average, that 16% Fe** was present.
Additional, longer incubations were not performed.

Pepsin-generated peptides were separated by HPLC, as
described, except that the solvent bottles, injector, and column
were submerged in an ice bath, and the elution was 2%—35%
acetonitrile over 10 min. Mass spectra were recorded using
positive-ion electrospray ionization with a capillary temperature
of 190 °C and a spray voltage of 3.5 kV. A control to account
for natural isotope abundance (m,) was prepared as other
samples except that H,O was used instead of D,0.”” Another
control to correct for deuterium loss during chromatography
(mypp) required frataxin to be completely exchanged for
deuterium (m,q,). This was done by incubating S uL of 580
UM frataxin with 45 L of D,O for at least § h at 60 °C.>” The
sample was then quenched and digested, as described.
Deuterium loss during HPLC varied from 18-36%. HDX—
MS data were averaged and processed by HDExaminer (Sierra
Analytics, Modesto, CA). The percent deuterium incorporation
(%D) was calculated using eq 3

%D = ( ) X 100
€)

where m, is the centroid value of the peptide at time t, m, is the
nondeuterated peptide, and m,y, is the fully deuterated
peptide.”” The percentage of deuterium incorporated was
plotted and fit to single-, double-, or triple-exponential
equations to give the percentage of amide protons exchanging
for deuterons (%D,) at a given rate constant (k,).”® Amides
that exchange faster than k, > 4 min~! are considered the fast
phase. Those that have rate constants slower than k, = 1 X 107°
min~' are considered “non-exchangeable” under our exper-
imental conditions.

Mutagenesis of H86A in Frataxin. The codon for His86
in pET81—210Fxn was mutated to Ala via site-directed
mutagenesis using QuikChange Lightning (Agilent, Santa
Clara, CA). H86A frataxin was expressed in BL21(DE3)pLysS
and purified as for the wild-type protein® Co®" and Fe*
titrations monitored by UV—visible spectroscopy of H86A

my — My
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frataxin were performed as for wild-type. The Fe?" titration of
HB86A frataxin in the presence of ferrozine chelator was also as
described for the wild-type frataxin protein.

Purification of D37A ISCU. The pET-mISCU plasmid®
was graciously obtained from Dr. Tracey Rouault (National
Institutes of Health, Bethesda, MD). The codon for Asp37 was
mutated to that for Ala, and a stop codon was introduced after
the codon for Lys133 using QuikChange mutagenesis (Agilent,
Santa Clara, CA). D37A ISCU was expressed in BL21(DE3)
pLysS and purified as described for native ISCU.* D37A ISCU
samples were anaerobically dialyzed into Chelex-treated 50 mM
HEPES (pH 7.4), 150 mM NaCl with 10% glycerol. The
concentration of ISCU was determined spectroscopically using
€380 nm = 9:97 mM ™! cm™,

Fe—S Cluster Assembly Assays. All reactions were
performed in an anaerobic cuvette fitted with a gastight syringe
before removal from the glovebox. The reaction buffer was 25
mM HEPES (pH 7.4) with 150 mM NaCl. Frataxin or H86A
frataxin (100 uM) was incubated with 200 uM ferrous
ammonium sulfate (2 Fe®*:1 frataxin) for 30 min at 25 °C.
The reaction containing 100 uM D37A ISCU and 2.4 mM
sodium sulfide was initiated by frataxin with 2 equiv of Fe** and
was monitored at 426 nm using an Agilent 8453 §/pectropho—
tometer (Santa Clara, CA) in kinetics mode.” Controls
included D37A ISCU with 200 uM ferrous ammonium sulfate
(no frataxin), as well as with 200 uM Fe?* bound to bovine
serum albumin (BSA). The data were fit to a first-order rate
equation (eq 4) to determine the initial rate of Fe—S cluster
assembly,

rate = Ale_k‘t 4)

where A, is the amplitude of the first-order rate, k;, as a
function of time, t.

B RESULTS

Metal Coordination Environment and Stoichiometry.
Mature human frataxin (residues 81—210) lacks cysteine
residues, and therefore the Fe’*—frataxin complex does not
have electronic transitions within the visible range.*® Experi-
ments with ferrous iron require rigorous anaerobic or reducing
conditions. Because many reducing agents can coordinate
metals and exhibit metal-based absorptions, they should be
excluded in binding experiments.>’ However, Co*" is a
common surrogate to aerobically probe Fe** binding sites in
proteins and has electronic absorptions in the UV—visible
region.19 The Co?" titration of frataxin reveals broad,
overlapping transitions centered at 532 and 485 nm after 1
equiv of Co**, which is consistent with oxygen and/or nitrogen-
coordination.*” As additional Co®* binds to frataxin, there is a
blue shift to 511 and 466 nm, which could indicate more
oxygen-based coordination.*® The low molar absorptivities for
the Co?* d—d transitions (¢ < 15 M™' cm™) indicate
octahedral geometry.>> The Co** binding isotherm for frataxin
is more linear in shape than hyperbolic, which is characteristic
for stoichiometric binding, so ~3 Co®" binding sites were
estimated (Figure 2). To further confirm the stoichiometry,
metal titrations of frataxin, which contains three tryptophan
residues, were followed by intrinsic tryptophan fluorescence.
The emission (A, at 343 nm) is quenched by Co®" and
saturates at ~3 equiv (Figure 3A), consistent with UV—visible
titrations. Frataxin was also titrated with Fe** and displayed
saturation after ~3 mol equiv of Fe** (Figure 3B).
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Figure 2. UV—visible cobalt titration of frataxin. (A) Shown are
representative spectra from a Co?* titration of 300 yM frataxin. Broad
d-d transitions from 450—550 nm are observed with a 4., of 535 nm.
(B) The isotherm indicates saturation at ~3 equiv of Co* per frataxin
protein.

To estimate apparent affinities for ferrous iron, samples
containing the Fe**-specific colorimetric chelator ferrozine,
with and without frataxin, were incubated with increasing
concentrations of Fe** (Figure 4). The Fe*"—ferrozine, (1:3)
complex absorbs at 562 nm (&5, = 27.9 mM ™ cm™) with an
apparent K; of 10" M2° The sample containing frataxin
clearly binds 1 equiv of Fe*" before the purple color of Fe**—
ferrozine; forms (Figure 4). This indicates that frataxin
possesses one Fe®" site of higher affinity than ferrozine, but
the remaining two sites are of lower affinity than ferrozine.

HSQC NMR Co** and Fe®" Titrations. To gain more
insight into the localization of the surrogate metal compared to
the native metal, "H—"°N HSQC spectra were collected from
uniformly "*N-labeled apo—frataxin titrated with Co** (aerobic)
and with Fe*" (anaerobic). Residues 81—90 were not observed
due to intrinsic disorder.”> Co®* and Fe?" are paramagnetic so
through-bond coupling of the metal’s free electrons and protein
nuclei lead to large chemical shifts for amide nitrogens and
protons near a bound metal, as well as line broadening of nuclei
in close proximity.** It is assumed that MgCl,, which is often
used to reduce adventitious metal binding, could be included in
Co®" and Fe™ titrations because diamagnetic metals like Mg>*
do not strongly affect chemical shifts.

Aerobic Co** binding to frataxin with and without 10 mM
Mg*" was investigated to assess its ability to alleviate
nonspecific metal binding. It is observed that inclusion of 10
mM Mg*" alters Co** binding isotherms for several residues
within a1/f1 (Figure S1, Supporting Information). Thus, all
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Figure 3. Fluorescence iron and cobalt titrations. Fluorescence
emission spectra were recorded for metal titrations of 5 yM frataxin
with an excitation at 295 nm. The corrected fluorescence intensity was
plotted against the molar equivalents of Co** (A) and Fe** (B). In
both cases, stoichiometric binding was observed with saturation at ~3
equiv of metal.

subsequent NMR titrations were preformed without Mg**. With
increasing concentrations of Co?" in the absence of Mg“,
frataxin NMR resonances show significant line broadening. By
~3 equiv of Co™", resonances from the acidic al helix (D104,
S105, E108, D112, L113, Al14, D115) and others near it
(Y118, V125, F127, V131) are no longer observable (Figure
SA). These residues are most likely within 8—15 A of the
bound Co?* ions.>* A plot of the change in normalized amide
chemical shift (Syy) shows clustered shifting between residues
103—117 and 122—133, which are localized to al—loop—f1.
There are also smaller shifts for residues at the beginning of a1
(D91, A99).

We then compared the Co*" HSQC spectra to those of Fe"
collected anaerobically. High-spin Fe®* broadens and shifts
resonances within 5—7 A of bound iron.** As shown in Figure
5B, the largest changes in normalized amide chemical shift after
2 equiv of Fe** localize to a1 (D104, S105, D112, L113, A114,
D11S) and into 1 (T119, D122, D124, V125). With 3 equiv of
Fe®, D91, D104, and D122 undergo further chemical shifting.
Many residues in al broaden but only D112, L113, and D115
broaden beyond detection at 3 mol equiv of Fe*". It is
important to note that no significant changes in resonance
intensities or chemical shift are observed beyond 3 equiv of
Co*" or Fe™.

HDX—MS. While NMR experiments have yielded valuable
information about the localization of metal binding sites, it is
still unclear whether frataxin undergoes changes in conforma-
tion or dynamics upon metal binding since there is no three-

6089

1 T T T T
A o Ferrozine only
® Frataxin + Ferrozine d
0.8} 5
£ o o © %
(S‘ 0.6 | .
S Q
s}
3 o4l ° o o ¢
< : °
o
° L]
0.2} ° . . .
) °
o
OQesoo® . .
0 1 2 3 4 5

Molar equivalents of Fe?":Frataxin

Ferrozine

EAAL

Ferrozine + Frataxin

AL

Molar equivalents of Fe?:Frataxin

Figure 4. Ferrozine iron competition titration. (A) The binding
isotherms at 562 nm for the ferrozine titrations without (O) and with
13 M frataxin (@) are shown. (B) Shown are representative samples
from a Fe?" titration of 108 uM ferrozine (top) and 13 M frataxin
with 108 uM ferrozine (bottom). The ferrozine;/Fe** complex is
purple in color. Up to 1 mol equiv of Fe’, the metal preferentially
binds to frataxin as shown by the lack of purple color and absorbance
at 562 nm.

dimensional structure of any frataxin with metal bound. These
changes could be important for interactions with potential
protein partners such as ISCU and NFS1. We performed
HDX—MS on apo—frataxin and frataxin with 1, 2, and 3 mol
equiv of Co*", Fe**, or Fe**. HDX—MS monitors the rate of
deuterium incorporation into amides within the protein
backbone. The amount of deuterium exchanged into the
backbone within the first 15 s of incubation mainly reports on
accessibility of the amide hydrogen to D,O and is a good
indicator of secondary structure content (i.e, amide hydrogen
bonding). Amides that exchange on a slower time scale are best
attributed to dynamic motions and local unfolding/folding
processes.28 Deuterium incorporation as a function of time is
detected through increased masses (m/z) of pepsin-digested
peptides from exchange of 'H with *H.

First, we investigated whether Co**, Fe*" (~5% Fe’"), and
Fe®* altered the solvent accessibility of amide hydrogens and
whether the effects were metal specific. In general, decreased
deuterium incorporation with 1 equiv of each metal was slight
compared to that of apo-frataxin. The differences in HDX
become more pronounced with the second and third
equivalents of metal, which indicates distribution between all
three binding sites. No additional changes in HDX are observed
beyond 3 equiv of metal. The percent change in amide
deuteration with 2 and 3 equiv of metal are shown in Figure 6.
Peptides from the N-terminus (residues 81-91), in f1
(residues 122—127), and within the $4—f5 strands (residues
156—172) showed reduced deuterium incorporation for all
metal ions. Fe®* also displayed a change within residues 128—

dx.doi.org/10.1021/bi400443n | Biochemistry 2013, 52, 6085—6096
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Figure 5. NMR titrations of frataxin with cobalt and iron. (A) The changes in normalized amide chemical shift (Syy;) of 560 M "*N-frataxin with 1,
2, and 3 mol equiv of Co? are in gray, pink, and red, respectively. (B) The change in normalized amide chemical shift (Syy) of 560 uM “N-frataxin
with 1, 2, and 3 mol equiv of Fe*" are in gray, cyan, and dark blue, respectively. Samples were made anaerobically. (C) The changes in intensity of
"H—"SN-frataxin resonances upon addition of 1, 2, and 3 mol equiv of Fe?* are in gray, cyan, and dark blue, respectively. Asterisks denote the
positions of the amino acids whose resonances broadened beyond detection during the titrations.

132 that was not observed with Fe** or Co®". The third frataxin decreased as a function of time presumably from iron
equivalent of metal further protected amides within @l and A1 oxidation and was not pursued further. HDX deuterium
(8191, 91-98, 110—121 and 122—127). These peptides are incorporation rate profiles for all pepsin generated peptides
mapped on the frataxin structure with the exception of residues with both Co* and Fe®* were comparable (Figure S3 in

81—90, which were not observed in the NMR structure (Figure
6B—G)."” It is also interesting to note that metal binding alters
deuterium exchange in the $4—pS strands, which are thought to
interact with the Fe—S cluster machinery.'” This indicates that
metal coordination affects frataxin conformation beyond the
immediate binding vicinity.

In addition to changes in amide D, O accessibility, HDX rates

Supporting Information), but only Fe®* progress curves are
shown (Figure 7). Addition of 2 and 3 mol equiv of Fe*" to
frataxin leads to a conformational change in the B4-3S sheets
(peptide 156—172) that affects protein dynamics and solvent
accessibility. Other notable decreases in rate were observed for
the N-terminus (peptide 81—91) and al-f1 (peptides 91—98,

can be correlated to altered local dynamics or structure upon 99-103, 110—123). Given that the N-terminus is disordered,
metal binding that could be functionally relevant. We compared we sought to better understand why residues 81-91 displayed
the HDX progress curves for only Co’* and Fe**-frataxin such a large change in solvent accessibility and conformational
samples. The signal-to-noise of the mass spectra for Fe'- dynamics upon metal binding. It is possible that residues in the

6090 dx.doi.org/10.1021/bi400443n | Biochemistry 2013, 52, 6085—6096
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Figure 6. (A) HDX—MS titrations with cobalt and iron. The D,0O
accessibility of backbone amides was determined by the percentage of
amides exchanging with rates greater than 4 min~' for each pepsin-
generated peptide. The percentage exchanged for apo-frataxin was
subtracted from the percentage obtain with 2 and 3 equiv of metal:
2Co* (pink); 3Co** (red); 2Fe** (light purple); 3Fe** (purple); 2Fe®*
(cyan); 3Fe* (blue). (B—G) Peptides that have HDX changes greater
than 10% at 3 equiv of metal are mapped to the structure of 91-210
frataxin (PDB: 1EKG)** using the color scheme in panel A. Note the
HDX data includes peptide 81—91, which is not observed in the
structure.

N-terminus could be involved in metal-promoted aggregation,
as observed in Yfh1 studies,® or direct metal coordination.
Mutagenesis of His86 in the N-Terminal Region.
Analytical size exclusion chromatography with frataxin
preincubated with up to 10 mol equiv of Co** or Fe’* does
not indicate stabile oligomerization (Figure S4, Supporting
Information), consistent with other studies.® To test for direct
metal coordination, site-directed mutagenesis of potential metal
binding ligands was pursued. Within residues 81—91, His86 is
the only residue to commonly coordinate metals, so His86 was
mutated to alanine and characterized. Co>* absorption
spectroscopy is sensitive enough to detect changes in
coordination environment.”> The d—d transitions for H86A
frataxin with Co®" shift to higher energies and with decreased
molar absorptivity, compared to wild-type frataxin (Figure 8A).
Analysis of the Co®" binding isotherm for H86A frataxin reveals
saturation after ~2 equiv (Figure 8B); therefore, substitution of
His86 leads to loss of one metal binding site. H86A frataxin was
also titrated with Fe** in the presence of ferrozine chelator
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Figure 7. HDX—MS rate profiles for selected frataxin peptides. Shown
are the kinetic traces for the % deuterium incorporated into peptides
derived from apo- (black), 2Fe**- (cyan), and 3Fe**-(blue) frataxin as
a function of incubation time in D,0. (A) Peptide 81—91. (B) Peptide
91-98. (C) Peptide 99—103. (D) Peptide 110—123. (E) Peptide
122—127. (F) Peptide 156—172. The data were averaged from three
experiments and were fit to single or double exponential equations to
obtain the rate constants for exchange (k,) and the corresponding
percentage of deuterons in each phase (%D,). The fitted parameters
are given in Table 1. The corresponding HDX—MS plots for 2Co*'-
and 3Co**-frataxin samples are in Supporting Information.

(Figure 8C,D). In contrast to wild-type, ferrozine out-competes
H86A frataxin for Fe?*. This demonstrates that His86 is a
ligand in the higher affinity Fe®* site observed for the wild-type
protein.

Fe—S Cluster Assembly. Although mutagenesis of His86
resulted in a loss of a single metal binding site, it was not clear
whether this had functional relevance. ISCU is a Fe—S scaffold
protein that assembles [2Fe-2S] clusters on its surface using
free Fe** and sulfide. The presence of iron-bound frataxin
enhances the rate of cluster assembly in vitro.” This assay was
used to determine if mutation of His86 affected the rate of Fe—
S cluster synthesis (Figure 9). In the presence of free Fe®,
ISCU assembled a cluster with a basal initial rate of 0.018 s7%;
however, the rate was ~4-fold greater in the presence of wild-
type frataxin preincubated with 2 equiv of Fe?* (0.074 s™).
When H86A frataxin with 2 equiv of Fe?* was used, the rate of
Fe—S formation is similar to the basal level (0.018 s7!).
Incubation of H86A frataxin with >2 equiv of Fe** did not
increase the rate of Fe—S synthesis (data not shown). These
data suggest that the H86A mutation negates the stimulatory
effect by frataxin on Fe—S cluster biogenesis. To elucidate if the
loss of Fe—S rate enhancement from the H86A mutation could
be from decreased affinity for ISCU, intrinsic tryptophan
fluorescence quenching titrations of ISCU into frataxin were

dx.doi.org/10.1021/bi400443n | Biochemistry 2013, 52, 6085—6096
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Table 1. HDX—MS Rate Constants and Amplitudes for Peptides from Figure 7%

peptide %Dpe g’ %D, k; (min~') “fast” %D, k, (min~") “intermediate” %D5 k; (min™) “slow”
81-91

apo ~100

2 Fe¥* ~81 17.8 (£1.0) <1 x107*

3 Fe¥* ~73 27.0 (£1.4) <Ix107*
91—-98

apo ~47 35.7 (+4.5) 2.2 (+0.4) 17.5 (+1.3) 0.040 (+0.007)

2 Fe** ~47 315 (+11.2) 2.7 (£1.2) 21.9 (+22) 0.031 (+0.007)

3 Fe¥* ~26 53.3 (+8.8) 14 (+04) 20.3 (£2.4) 0.007 (+0.002)

99-103

apo 0 100 (+1.2) 0.022 (+0.001)

2 Fe* 0 67.1 (+2.6) 0.032 (+0.002) ~33 <1 x107*

3 Fe** 0 76.9 (+1.5) 0.014 (+0.001) ~23 <1x107*
110-123

apo ~23 36.8 (+5.0) 1.1 (+0.3) 40.1 (£2.3) 0.018 (+0.002)

2 Fe¥* ~12 343 (£5.0) 1.4 (+04) 38.1 (£3.6) 0.06 (+0.01) 15.6 (£3.3) 0.002 (+0.001)

3 Fe¥t ~2 28.7(+7.5) 2.0 (+£1.0) 32.5 (£3.9) 0.10 (+0.02) 374 (£24) 0.0030 (+0.0005)
122-127

apo ~29 31 (+4) 2.2 (+0.4) 40 (+0.5) <Ix107*

2 Fe** ~18 30 (+4) 0.9 (+0.2) 52 (+1) <1x107*

3 Fe¥* ~18 30 (+3) 0.5 (+0.1) 52 (+1) <1x107*
156—172

apo ~33 28 (+7) 14 (+0.6) 39 (£2) 0.010 (+0.002)

2 Fe¥* ~25 24 (£9) 2.1 (£0.5) 19 (+4) 0.06 (+0.04) 32 (+4) 0.0017 (0.0005)
3 Fe** ~29 21 (£2) 2.3 (£0.5) 22 (£3) 0.05 (+0.01) 28 (£3) 0.0012 (+0.0005)

“Parameters obtained from fitting the H/D-exchange kinetics of frataxin peptides with and without metal (Figure 7A—F) according to a single,
double or triple exponential equations. The rates have been loosely grouped in to fast, intermediate and slow exchange. ®The amount of exchange

before the first time point is estimated from the fit parameters and is assigned a rate of exchange >4 min

—128

performed with and without Fe**, as described.’” The
fluorescence of wild type and H86A frataxin was quenched
by ISCU only in the presence of Fe’* (Figure SS, Supporting
Information). H86A only had a 2-fold lower Kp, for ISCU than
for wild type frataxin. Together, these studies show that His86
is important for iron binding and in the formation of Fe—S$
clusters by ISCU in vitro but does not seem to play a direct role
in ISCU binding.

B DISCUSSION

Human frataxin is a unique Fe**-binding protein in that the
mature form does not contain cysteine residues, which are
preferred ligands based on hard—soft acid base theory.”®
Instead, a cluster of aspartate and glutamate residues along one
face of al helix creates multiple binding sites for Fe** (Figure
1)."" This region has hampered direct determination of frataxin
metal stoichiometry from a variety of approaches since its
interactions with metals could also be nonspecific. For a better
understanding of frataxin molecular interactions, metal
coordination as related to structure and function was
investigated. From this study, we propose that His86 is a
previously unidentified iron ligand and that it plays a functional
role in Fe—S synthesis with the scaffold protein ISCU.
Localization of Metal Binding Sites in Frataxin Using
Paramagnetic NMR and HDX-MS. Our studies cumulatively
suggest that mature frataxin can bind up to three metal jons.
One Fe?* binding site has higher affinity than the other two
sites based on chelator competition assays. In these studies, a
significant population of “free” metal exists so differences in
affinity can be discerned. In other experiments, the frataxin
concentration is high enough that stoichiometric binding was
observed. It also led to metal distribution among all three sites.

6092

At this time, it is not possible to determine if the two weaker
metal binding sites observed in this study are nonspecific
because actual equilibrium binding constants have not been
determined. Further functional roles for these residues must be
ascertained. The HSQC NMR metal titrations in the presence
of Mg** attempted to control nonspecific metal coordination,
but Mg** competed with Co* for binding at or near acidic
residues within al—loop—/f1 (Figure S1, Supporting Informa-
tion). This suggests that electrostatic interactions with the
acidic a1 helix are possible."® Some of these acidic residues are
important for interaction with ISCU and other components of
the Fe—S machinery and not for iron binding.”

When the Co®* and Fe?* NMR results with 81—210 frataxin
are compared with those for truncated human frataxin (residues
91-210), S. cerevisiae Ythl, and E. coli CyaY, similarities are
observed that allow for the assignment of several potential
ligands (Figure 10). D112 and D115 from the al helix are
likely metal coordinating residues since their NMR resonances
were broadened beyond detection with Co®* and Fe* in our
experiments and in other homologues (Figure 10).'*'*'®
Acidic residues at positions 112 and 115 are conserved in most
eukaryotic frataxins.'" HDX—MS studies showed that the
peptide containing D112 and D115 (110—123) incorporated
less deuterium into the backbone in the presence of metal
(Figure 7D). In combination with NMR results, this is
consistent with reduced solvent accessibility and dynamics
from metal coordination.*

HDX—MS also revealed that amides within residues 122—
127 in A1 were protected from D,O in the presence of metal
without a measurable change in the rate of uptake (Figure 7E).
In other words, metal binding does not significantly perturb
structure in 1. Several residues in this region had altered NMR

dx.doi.org/10.1021/bi400443n | Biochemistry 2013, 52, 6085—6096
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Figure 9. Functional interaction between frataxin and ISCU. (A)
Shown are averaged progress curves for the assembly of [2Fe—2S]
clusters by D37A ISCU (100 #M) using various Fe?* donors in excess
sodium sulfide. The anaerobic reaction progress curves were followed
at 426 nm and were initiated by 200 uM Fe* as “free” metal in the
absence of protein (black), 2Fe**—frataxin (blue), 2Fe**—H86A
frataxin (red), or 2Fe**—BSA (green). The curves were fit to first-
order rate equations to obtain the initial rate of Fe—S cluster assembly.

chemical shifts and broadening in the presence of Co** and
Fe®, including D122 and D124, but the magnitude was smaller
than D112 and D11S. D122 and D124 are highly conserved
and appear to coordinate Co*" and Fe** in human, S. cerevisiae,
and E. coli frataxins (Figure 10).'"'>'* Interaction studies of
mutant frataxin proteins with the ISCU/NFS1/ISD11 ternary
complex showed that D124 of frataxin was essential for
interaction.” It is not apparent if iron coordination to D124
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mediates the interaction or if the residue is available to
coordinate iron when frataxin is bound to the Fe—S machinery.
It has been noted that “free” frataxin binds less iron than and
frataxin in complex with ISCU/NFS1/ISD11, supporting the
latter prediction, but more specific binding studies are
required."®

Large decreases in solvent accessibility and slower rates of
deuterium incorporation were also observed for peptides 81—
91 (N-terminus) and 91—98 (beginning of a1). In fact, 81—91
had the largest overall decrease in D,0O accessibility of any
peptide, especially at 2 equiv of metal (Figure 6A). Resonances
of residues 81—90 from the disordered N-terminus were not
observed in NMR structures of human frataxin, so metal
coordination to residues within 81—90 could not be obtained."
Thus, further studies were required to ascertain if residue(s) in
the N-terminal region can coordinate metals.

His86 Is a Potential Metal Ligand and Is Required for
Fe—S Synthesis by ISCU. Investigation into why the N-
terminus showed a conformational response with metal
suggested that it was from direct metal coordination.
Specifically, mutation of His86 to alanine led to loss of one
of the three identified metal binding sites and a shift in the Co*"
d-d transitions, suggesting a change in coordination environ-
ment such as loss of a nitrogen-containing ligand.**** Ferrozine
competition assays suggested that the higher affinity Fe®'
binding site was lost in the H86A mutant. It has been assumed
that because the N-terminal “extension” before a1 is not found
in bacteria and has weak conservation in eukaryotes, that
residues within it are not functionally relevant.'"' Our studies
revealed a functional role for His86 in Fe—S synthesis in vitro
since H86A frataxin did not stimulate Fe—S cluster biogenesis
by ISCU. Sequence alignments reveal a lack of conservation of
His86 across all frataxin homologues. Some higher eukaryotes
and yeast have a metal coordinating residue such as histidine,
glutamate, or aspartate aligned with human frataxin residue
His86 (Supporting Information, Figure S6A), which is
intriguing, but unclear if it is related to intracellular function
at this time."" Clearly, research into the in vivo relevance of
His86 is required.

It is well established that the N-terminus of eukaryotic
frataxins is processed for mitochondrial localization, leaving the
N-terminal extension before a1.** The intermediate processed
form of frataxin (residues 46—210) undergoes iron-mediated
self-cleavage to produce mature frataxin. It is intriguing that the
intermediate form had one high affinity Fe?* binding site (K; <
300 nM).*! Tron-dependent cleavage of the N-terminal domain
to form 78—210 frataxin led to additional, lower affinity iron
binding sites. Yoon et al. proposed that the unprocessed N-
terminus in 46—210 frataxin could interact with the al
carboxylate residues to block iron binding along the acidic
ridge.*! This observation is somewhat consistent with our
results showing ~3 Fe" binding sites in 81—210 frataxin, one
with higher affinity. There is no structure of the human
intermediate with the extended N-terminus; however, a
structure of the intermediate form of yeast frataxin, Yfhl
(residues $3—174, yeast numbering), revealed that the
disordered N-terminus (residues 53—69, yeast numbering)
extended over al (Supporting Information, Figure S6B)."* On
the basis of this structure and a protein alignment (Supporting
Information, Figure 6A), His86 in human 81-210 frataxin
would be too far away from residues D112, D115, D122, and
D124 to form a binding site, but it is within interaction distance
to residues at the beginning of a1 such as D91. Our Co*" and
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Yeast Fe?* 52 VESSTDGQVVPQEVLNLPLEKYHEEADDYLDHLLDSLEELSEAHPDCIP-DVELSHGVMTLEIP-AFGTY 119
E.coli Fe?* 1 - MNDSEFHRLADQLWLTIEERLDDWDGDS----DIDCEINGGVLTITFE-NGSKI 49
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Figure 10. Summary of NMR titrations of frataxin homologues. An alignment of mature H. sapiens frataxin, S. cerevisiae Ythl, and E. coli CyaY
proteins was created with ClustalW,** and the residues shown to broaden beyond detection (magenta) or have large chemical shifts (cyan) in Fe** or
Co? NMR titrations are indicated. The first and second entries (81—210 human frataxin) are from this study, the third entry (91—210 human
frataxin) is from Nair et al,"® the fourth entry (52—174 yeast Yth1) is from He et al,,'* and the fifth and sixth entries (1106 E. coli CyaY) are from
Pastore et al.'® The lines under the amino acid sequence indicate peptides that had decreased deuterium incorporation in HDX—MS experiments

with Fe®* (blue) and Co** (red).

Fe’* NMR titrations indicated broadening and shifting of
resonances at the beginning of al (D91, T93) of about the
same magnitude as those for D122 and D124. Our results
warrant further study into the role of His86 and potentially
other residues near the N-terminus that could form an iron
binding site.

B CONCLUSIONS

Using a variety of spectroscopic and structural approaches, we
describe the identification of His86 as a new iron coordinating
residue in the unstructured N-terminus of human frataxin.
Further studies revealed that His86 is required for efficient Fe—
S cluster synthesis with ISCU; however, additional mutagenesis
and in vivo characterization is required to further clarify the
biological role of this residue in the synthesis of Fe—S clusters.
Our results question the functional relevance of iron binding at
residues within the acidic a1 helix and support the possibility
that residues in the N-terminus could be relevant to Fe—S
cluster synthesis as part of the quaternary complex with ISCU/
NSF1/ISD11.
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frataxin homologue; d s-HEPES, deuterated 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid; EDTA, ethyl-
enediaminetetraacetic acid; FA, Friedreich’s Ataxia; Fe—S
cluster, iron—sulfur cluster; HDX—MS, hydrogen/deuterium
exchange mass spectrometry; HEPES, 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid; HPLC, high performance
liquid chromatography; HSQC, heteronuclear single-quantum
coherence; IPTG, isopropyl p-p-1-thiogalactopyranoside;
ISCU, human iron—sulfur cluster scaffold protein; ISD11,
human iron—sulfur cluster accessory protein; Kp, equilibrium
dissociation constant; K;; formation constant; MALDI-TOF,
matrix assisted laser desorption/ionization—time-of-flight; MS,
mass spectrometry; MS/MS, tandem mass spectrometry;
NFS1, human cysteine desulfurase; NMR, nuclear magnetic
resonance; ODgyo nmy Optical density at 600 nm; Yfhl, yeast
frataxin homologue
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