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Abstract: Frataxin is a highly conserved protein whose deficiency results in the neurodegenerative
disease Friederich’s ataxia. Frataxin’s actual physiological function has been debated for a long
time without reaching a general agreement; however, it is commonly accepted that the protein is
involved in the biosynthetic iron-sulphur cluster (ISC) machinery, and several authors have pointed
out that it also participates in iron homeostasis. In this work, we use site-directed spin labeling
coupled to electron paramagnetic resonance (SDSL EPR) to add new information on the effects of
ferric and ferrous iron binding on the properties of human frataxin in vitro. Using SDSL EPR and
relating the results to fluorescence experiments commonly performed to study iron binding to FXN,
we produced evidence that ferric iron causes reversible aggregation without preferred interfaces
in a concentration-dependent fashion, starting at relatively low concentrations (micromolar range),
whereas ferrous iron binds without inducing aggregation. Moreover, our experiments show that the
ferrous binding does not lead to changes of protein conformation. The data reported in this study
reveal that the currently reported binding stoichiometries should be taken with caution. The use
of a spin label resistant to reduction, as well as the comparison of the binding effect of Fe2+ in
wild type and in the pathological D122Y variant of frataxin, allowed us to characterize the Fe2+

binding properties of different protein sites and highlight the effect of the D122Y substitution on the
surrounding residues. We suggest that both Fe2+ and Fe3+ might play a relevant role in the context of
the proposed FXN physiological functions.
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1. Introduction

Frataxin (FXN) is a small acidic protein that is highly conserved in most organisms, from bacterial to
mammalian. A low FXN expression, primarily caused by an abnormal GAA triplet repeat expansion in
the first intron of the frataxin gene, is associated with the neurodegenerative disease Friedreich’s ataxia
(FRDA; OMIM 229300) [1]; in addition, several FXN point mutations including nonsense, missense,
insertions and deletions have been associated with compound heterozygous FRDA patients [1–4].
The main biochemical feature of FRDA is a large depletion of proteins relying on iron-sulphur clusters
(ISC) for function (such as those of the mitochondrial respiratory chain complexes I, II and III or
aconitase) with an accompanying increase in mitochondrial iron and oxidative stress [5–8].

Human FXN is nuclear encoded, expressed in the cytoplasm as a precursor of 210 amino acids,
and then imported into the mitochondria, where it undergoes two-step maturation by the mitochondrial
processing peptidase (MMP) [9–11]. MMP first cleaves a portion of the N-terminus, the mitochondrial
import signal, originating an intermediate form (FXN 42–210), and with a further cleavage MMP
produces the mature FXN 81–210, which is the most abundant form found both in normal individuals
and in FRDA patients [9]. Sequence alignment studies have distinguished the N-terminal frataxin
region, which is intrinsically unfolded and poorly conserved among the different species, from the
C-terminus highly conserved block of about 100–120 amino acids, which is considered the most
important part for protein function [12]. The 3D structure of human FXN has been determined by both
X-ray crystallography [13] and NMR [14], and the agreement between the results suggests the high
stability and rigidity of the structure. The structure of the conserved C-terminus (81–210) consists of a
mixed alpha-beta fold with two helices packing against a contiguous anti-parallel beta sheet, assembled
in the sequence alpha-(beta)7-alpha, which, despite its simplicity, is very rare. The N-terminal tail
of human FXN (residues 81–92) was shown to be intrinsically unfolded [14]. Despite harboring a
potential iron binding site [15], it is often truncated (obtaining FXN 90–210) for in vitro studies.

The proposed role of FXN as an allosteric regulator of the biosynthetic iron-sulphur cluster (ISC)
machinery has recently found further confirmations [16–19]. The ISC biosynthetic pathway takes
place in the mitochondria and is a multi-step process involving several proteins [19–21]: the early
cluster assembly requires a yet-unidentified iron source and is performed by a pentameric quaternary
protein complex. The complex is formed by FXN, the cysteine desulfurase NFS1 (extracting the
sulphide from free cysteine), ISD11 (an accessory protein), ACP (an acyl-carrier protein), and ISCU
(the scaffold protein on which the clusters are assembled). The structure of this complex has been
recently solved via cryo-electron microscopy, showing FXN to be at the interface between NFS1 and
ISCU [16]. Additionally, given its well-known ability to bind ferrous and ferric ions, FXN has been
proposed as the iron donor ISC machinery complex [22–24]. Finally, FXN has been proposed as a key
regulator of iron homeostasis [25] and ferroptosis [26,27], a recently identified iron-dependent form of
cell death [28].

The latter functions point to the critical importance of the interaction between iron ions and FXN.
While the binding of ferrous/ferric iron is ascertained through a wide range of chemical and biological
techniques, some incongruities among the collected data remain. Using fluorescence analysis and
calorimetry titrations with both ferric and ferrous iron, it was found that human frataxin 81–210 binds
6–7 ferrous/ferric ions [22]. Differently, through a combination of fluorescence, NMR, and mass
spectrometry, a binding stoichiometry of only three equivalents was reported for Fe2+/3+ and Co2+

ions [15]. An NMR study concluded that FXN binds only one Fe2+ equivalent and has no binding
interaction with Fe3+ [24]. In a previous paper, using EPR and NMR spectroscopies, we showed
that FXN is able to bind both iron forms [29]. Another contested feature of FXN is the tendency to
aggregate in presence of ferrous or ferric ions. Mature human FXN 81–210, and also yeast and bacterial
orthologs (Yfh1 and CyaY), do not aggregate in vitro when overexpressed and purified. However,
only human FXN has been reported to retain the monomeric form when added with ferrous ions,
while the orthologs show a clear tendency to aggregation [30,31]. While human FXN aggregation in
the presence of ferric ions has been alternatively dismissed [32] or confirmed [33], Yfh1 and CyaY are
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prone to aggregation [34]. Since aggregation may affect the iron binding properties, it is important to
determine its threshold in terms of protein concentration and compare it to the FXN concentrations
commonly employed for the experimental determination of iron affinity.

In this work, we focus on the effects of ferrous/ferric iron binding on possible conformational
changes of the mature human FXN 90–210 and its D122Y variant, the only pathological variant
identified so far in the iron binding region. The effects of iron were explored also as a function of
pH and protein concentration. We make use, for the first time, of the site-directed spin labeling
(SDSL) technique coupled with electron paramagnetic resonance (EPR). This is a powerful tool for
detecting changes in structure, dynamics, and oligomerization in proteins and was used here to get
information on the protein structural changes following iron binding. We adopted two different spin
labels, MTSSL and the reduction-resistant M-TETPO (see Scheme 1), to work with Fe3+ and Fe2+,
respectively. The EPR investigation has been supplemented by tryptophan fluorescence quenching
and circular dichroism measurements to allow also comparison with previously adopted methods.
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2. Results

2.1. Structural Remarks and Choice of Labeling Sites

The physiological role of human FXN is still uncertain, as mentioned in the introduction, but its
ability to bind iron in its ferrous and ferric oxidation states, along with other ions, seems to be a key
part of its function. The iron binding region of WT human FXN and that of its pathological variants
has been studied previously [29,35]: FXN uses Asp and Glu residues to bind iron via chelation by
carboxylate groups. All of the long alpha-helix, located towards the N-terminal portion of the mature
protein, as well as the following loop region, are rich in negatively charged residues and constitute the
main iron-binding region (the positions of these residues are shown in orange in Figure 1). D122Y is the
only pathological variant currently known that carries a mutation in the iron-binding region (shown in
yellow in Figure 1); this mutation has been shown to affect the conformation of the loop region and to
influence iron binding [29].

The spectroscopic study of human FXN reported so far have taken advantage of the three native Trp
residues (W155, W168, W173) for fluorescence experiments; the Trp are shown in green in ball-and-stick
representation in Figure 1. The W155 residue is in the beta-sheet region, exposed to the solution:
this Trp is involved in the interface of the FXN/ISCU/NFS1 complex [16], and the W155R variant is one
of the known pathological mutations [2]. The other two Trp are spatially close together, W168 and
W173 are separated by about 0.6 nm, while W155 is more distant (1.4/1.7 nm to W168/172 respectively);
W168 is partially exposed to the solution, while W173 is buried. The fluorescence probably comes from
one or two of them since they are very close to each other and homo-FRET can easily occur.
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Figure 1. Structure of human FXN (PDB.ID 1EKG) from different angles, the N-terminus is in dark
grey, the C-terminus is white. The Glu and Asp residues are colored dark and light orange, respectively.
The three native Trp residues are colored bright green and shown in ball and stick representation.
The spin labeling sites—A99 (blue), A114 (yellow), T133 (green), H183 (pink), A193 (red)—are shown
in stick representation. The D122 residue in light orange, the site of the pathological D122Y mutation,
is shown in ball and stick representation.

FXN has no native cysteine residues, and thus for SDSL EPR studies, cysteine mutants must be
designed and expressed to place the spin label in the desired position. Five protein sites (namely A99,
A114, T133, H183, A193, see Figure 1) were chosen with the aim of mapping possible changes in the
protein structure and dynamics upon ferrous/ferric iron addition, probing the response of different
protein regions. The A99 site is a buried site located at the beginning of the long alpha-helix, close to
the iron binding region; A114, which is close to iron-binding sites and located to the end of the
long alpha-helix, has been expressed both in the WT and in the D122Y variant; T133 belongs to the
beta-sheet region involved in the interaction with the complex with ISCU/NFS1 [16]; H183 is located
at the beginning of the second alpha helix, not involved either in the iron binding or the complex
with ISCU/NFS1; A193 is located at the end of the second alpha helix, spatially close to the iron
binding region. These sites have been singly mutated to Cys for the subsequent coupling reaction
with nitroxide spin probes. Please note that the A99 position has a very limited solvent accessibility;
therefore, it showed limited labeling efficiency (about 10%) and was thus viable only for the analysis
with Fe2+ that was performed at higher concentration.

Since FXN is a small protein (MW = 14 kDa), its reorientation in aqueous solutions, at room
temperature, is very rapid. This motion would mask any local contribution to the EPR spectral
lineshape proper of the spin label; therefore, it is necessary to slow down the protein tumbling
(quantified by the rotational correlation time, τc) performing the EPR experiments in viscous solution.
Ficoll PM70, a synthetic glucose polymer, at a 28% w/w concentration, was suggested as one of the
better thickening agents [36]. We calculated the FXN rotational correlation time τc, on the basis of the
protein structure, at the viscosity of a buffer solution (ηWater = 8.94 × 10−4 Pa × s) and at the viscosity
of a 28% w/w Ficoll solution (ηFicoll = 1.92 × 10−2 Pa × s) using the program by M. Zerbetto et al. [37]:
in buffer, τcWater was 5.6 ns, which is on a timescale comparable with that of the motions of the spin
label side chain; in Ficoll, τcFicoll was 122 ns, slow enough to observe an EPR spectral shape influenced
exclusively by the spin probe and backbone mobility, rather than the protein tumbling.
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2.2. EPR Spectra of FXN Interacting with Fe3+

The EPR spectra of FXN mutants in a 28% w/w Ficoll solution, were recorded at increasing protein:
Fe3+ molar ratios at different FXN concentrations to explore both the effects of iron binding and the
influence of protein concentration on the binding equilibrium. The spectra of all mutants at 10 µM
concentration, labeled with MTSSL, are reported in Figure 2. As previously noted, mutant A99C
showed very limited labeling efficiency (about 10%), which made it impossible to record EPR spectra
at 10 µM concentration.
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Figure 2. EPR spectra of FXN mutants at increasing protein: Fe3+ molar ratios from 1:0 to 1:50;
protein concentration 10 µM, MTSSL label. The colors are the same of the positions highlighted
in Figure 1: (A) A114C—brown; (B) A114C/D122Y—brown; (C) T133C—green; (D) H183C—pink;
(E) A193C—red. Central and Right panels: EPR spectra (black) and simulations (color) of FXN mutants
at protein: Fe3+ molar ratios 1:0 (central) and 1:50 (right).

In the absence of iron, each mutant shows a characteristic spin label mobility proper of the site,
which confirms that the protein molecular tumbling has been slowed enough by the Ficoll solution;
this allows spectral differences to be distinguished due to the specific local motion of the spin probe.
Among these mutants, A193C showed the least restrained mobility, suggesting that WT FXN secondary
structure is not very rigid at the edge of its second alpha helix. On the contrary, A114C, which is in a
similar position at the end of FXN long alpha helix, has a more restrained mobility indicating a stable
helical terminal. The other two labeled sites show a mobility that is intermediate between those two.
In the A114C-D122Y mutant, MTSSL shows minimal differences in the spectra compared to the WT
form, whereas the M-TETPO label shows some difference, the WT protein being more rigid than the
pathological mutant in this region (vide infra).

Upon addition of increasing amounts of Fe3+, all the labeled positions show a progressively
restrained mobility both for the WT and the D122Y variant. In fact, the spectral broadening proceeds
until an almost complete spin label immobilization is observed, at all labeled sites, as shown by the
spectra at a FXN:Fe3+ 1:50 ratio in Figure 2. The onset of the immobilization, at a protein concentration
of 10 µM, can be observed after the addition of about five equivalents of ferric iron. The rotational
correlation time determined from the simulations of the spectra increases more than 2-fold going
from a 1:0 to a 1:50 ratio, and, concurrently, the order parameter increases for all positions as shown
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in Table 1: this indicates that the motion of the labeled sites becomes slower and more constricted,
consistent with the formation of a new interfacial contact hindering the probe mobility.

Table 1. The rotational correlation times of the different FXN labeled positions in 28% w/w Ficoll
solution. The g tensor principal components are: gxx = 2.0088, gyy = 2.0070, gzz= 2.0030. The hyperfine
tensor principal components are: Axx = 0.79 mT; Ayy = 0.54 mT; Azz = 3.68 mT. The spectrum of A193C
at a FXN:Fe3+ 1:50 ratio is characterized by two components.

FXN:Fe3+ 1:0 FXN:Fe3+ 1:50

Position βD S τc βD S τc

A114C 17◦ 0.44 0.7 ns 0◦ 0.53 5.3 ns

A114C/D122Y 17◦ 0.44 0.7 ns 0◦ 0.53 5.3 ns

T133C 20◦ 0.36 0.9 ns 0◦ 0.53 3.8 ns

H183C 42◦ 0.44 3.9 ns 0◦ 0.53 8.4 ns

A193C 45◦ 0.44 1.8 ns 0◦ 0.53 3.6 ns

0◦ 0 2.2 ns

The immobilization of the protein depends not only on the protein:iron ratio, but also on the
absolute protein concentrations. The dependence of the immobilization on protein concentration and
pH has been explored using the A193C mutant that has the highest sensitivity to immobilization since
it is the one that changes its mobility most dramatically; the zoom of the left shoulders of the EPR
spectra are shown in Figure 3A. We must note that ferric iron at neutral pH is not present in solution
as a free isolated ion, and the main species are colloidal oxo-hydroxo suspensions. The formation of
these complexes upon addition of Fe3+ stock solution has a very strong acidifying effect on the sample
solution, and even small additions of Fe3+ lead to a drop in pH. Therefore, we checked the effective pH
as a function of Fe3+ concentration as shown in Figure 3B, right axis: under our buffering conditions,
nominal Fe3+ concentrations of 1 mM and above steadily drop the pH below 6.5. Since FXN isoelectric
point is IP = 4.9 [38], Fe3+ concentrations of 1.5 mM and above will cause protein aggregation by
acidic denaturation rather than by a specific iron effect. Please note that EPR, fluorescence and CD
experiments detailed in the text are all performed at pH ≥ 6.8.

The gradual spectral changes may be analyzed and reconstructed as combination of the two “pure”
contributions (an example of the analysis is reported in the Supporting Information, Figure S1):
(1) the initial, more mobile, nitroxide lineshape and (2) the final immobilized one, which does not
change upon further Fe3+ addition. Importantly, the spectral analysis suggests that there are no
further intermediate conformational states at significant concentration. The obtained percentage
of immobilized protein (Figure 3B, left axis) has been plotted as a function of ferric iron nominal
concentration concurrently with the effective pH of the solution (Figure 3B, right axis). Please note that
irrespective of the final pH value, the immobilized shape is always the same, suggesting that high
amounts of ferric iron lead to a denatured and/or strongly aggregated protein.

The immobilization starts at progressively lower FXN:Fe3+ ratios as the protein concentration
gets higher, as shown by the plot in Figure 3C. At the lowest concentration that we explored, 5 µM,
the immobilization starts at 25 µM Fe3+, but the spectra are only partially immobilized (< 20%) even at
a 1:20 FXN:Fe3+ molar ratio.
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Detection of the EPR spectra in buffered aqueous solution without the addition of Ficoll was also
performed in labeled FXN. The EPR spectra were detected both in the absence of iron and in the presence
of Fe3+. In the absence of iron, the spectra show three sharp peaks in agreement with the averaging
effect on the spectra exerted by the protein tumbling due to the small size of the protein. Upon addition
of Fe3+, the spectral broadening occurs as it was observed for the samples in Ficoll; the effect, however,
is much less noticeable since the intensity is dominated by the sharper mobile component (see Figure S2
in the Supporing Information). Centrifugation of the sample, followed by EPR analysis of the
supernatant, showed that the protein fraction that is immobilized precipitates along the colloidal iron,
leaving behind the fraction that showed no motional broadening (see Figure S2). These results confirm
the suggestion that Fe3+ addition promotes protein oligomerization [33], slowing down the molecular
tumbling due to the bigger size of the Fe3+-FXN formed complexes. Analogous results were obtained
in centrifugation experiments performed in Ficoll solutions (not shown); however, they are less clear
cut, since a density gradient is formed.

The reversibility of the immobilization effect has been checked by adding EDTA in a three-fold
excess relative to Fe3+ to remove the bound iron ions. After a one-hour incubation, the amount of
immobilized component decreases (see the Supporting Information, Figure S3), suggesting that the
aggregation is at least partially reversible.

2.3. EPR Spectra of FXN Interacting with Fe2+

EPR spectra have been collected on the different FXN mutants after addition of increasing amounts
of Fe2+ to the samples, to investigate possible conformational changes induced by the binding of the
divalent ion, which could be relevant for protein function. To prevent iron oxidation, the proteins have
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been prepared in strictly anaerobic conditions from the labeling stage and samples capillaries were
prepared in an anaerobic glove box and sealed with wax at both ends.

We observed a very rapid signal loss in FXN labeled with MTSSL following the addition of
Fe2+. The reason for this lies in the quick reduction of the MTSSL nitroxide function to the EPR-silent
nitroxylamine with concurrent oxidation of Fe2+ to Fe3+: this unwanted reaction not only results in
signal loss, but also makes it impossible to separate the spectral changes induced by Fe2+ from those
induced by Fe3+. For this reason, we changed the spin label to M-TETPO, a non-commercial spin label
designed to be resistant to the cellular reducing environment [39]. Indeed, we verified that M-TETPO
is also resistant to the reduction by Fe2+ in solution, making it the ideal probe in EPR studies of Fe2+

binding. We also confirmed that the M-TETPO-labeled protein shows the same behavior with Fe3+ as
the MTSSL-labeled one (data reported in the Supporting Information, Figure S4).

The EPR spectra of FXN mutants labeled with M-TETPO in the presence of ferrous iron are
reported in Figure 4 (samples in Ficoll, protein concentration 50 µM), the spectra recorded at 10 µM
protein concentration were identical to the ones reported here save for the worse S/N ratio. When iron
is not present, the spectra show a reduced mobility compared to FXN labeled with MTSSL, indicating
that the side chain of M-TETPO has less degrees of freedom than the one of MTSSL. As mentioned
above, unlike MTSSL, M-TETPO differentiates the A114C-D122Y mutant from the WT counterpart,
the spectra of the former revealing a faster mobility which indicates a change in the local structure of
the D122Y FXN around residue 114. The difference between the labels is determined by the different
conformers and mobility of their sidechain.
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Once ferrous iron is added to the solution, we observe that the spectra of the sites that are located
far from the iron binding region are unchanged even at a 1:50 FXN: Fe2+ ratio (T133, H183, A193,
Figure 4B,D,F), while those close to the iron binding sites show an EPR intensity that gets progressively
lower at higher iron content (A99, A114, A114-D122Y, Figure 4A,C,E).

The signal loss is less marked for the D122Y pathological variant than for the WT: at a 1:50 FXN:
Fe2+ ratio, the signal loss for A114C-D122Y (and for A99C) is 40%, while that for A114C raises to 65%.
For the A114 position the signal loss is accompanied by a change in shape, whereas no change is observed
for the A99 position: this difference arises from the intrinsic mobility of the probe sidechain in the
two positions and has been discussed more in-depth in the Supporting Information (Figures S5 and S6).
The signal loss is independent of the presence of Ficoll (data not shown), and we verified that it is caused
by a redox reaction of the M-TETPO nitroxide with Fe2+ as observed for MTSSL. To test this hypothesis,
we removed protein-bound Fe2+ by treatment with 1,10-phenanthroline (PHEN) which forms a strongly
colored red complex with Fe2+. Treating the sample with a three-fold molar excess of PHEN relative to
iron leads to quantitative removal of Fe2+ from FXN, as evaluated spectrophotometrically by UV-Vis
under anaerobic conditions from the absorption band at λmax = 508 nm (see Supporting Information,
Figure S7) [40]. When stripping Fe2+ with PHEN from FXN, the solution turns red but the EPR signal
is not restored, confirming that an irreversible reduction of the nitroxide has taken place.

We can then hypothesize that the signal loss is directly correlated with the presence of a nearby
Fe2+ binding site. Indeed, signal loss does not originate from Fe2+ free in solution, as confirmed by the
lack of effect in the three mutants labeled at positions far away from the iron-binding region. When a
ferrous iron is close to the nitroxide of the spin label, the redox reduction can be favored by the vicinity
between the redox partners, and nearby amino-acid residues might also favor the electron transfer
kinetics. The exact mechanism will be tested in a future work; nevertheless, the redox reaction is
a clear sign of proximity and this makes M-TETPO an interesting probe able to detect nearby Fe2+

binding sites.

2.4. Fluorescence Spectra of FXN Interacting with Fe3+

The quenching effect of Fe3+ addition to the fluorescence emission of the three Trp residues of
wild type and D122Y FXN proteins was explored. Relative to what was previously reported [29],
here we worked at a seven-fold lower protein concentration ([FXN] = 1.4 µM) and with a greater focus
on the sub-stoichiometric region since, as shown by the EPR experiments reported above, aggregation
starts to occur when adding more than few equivalents. The fluorescence signals and their quenching
are shown in Figure 5; quenching is reported as (F − F0)/F0, where F is the fluorescence intensity at the
maximum of emission at a given amount of quencher and F0 the intensity in the absence of quenchers.
The normalized signal shapes of the WT and the D122Y FXN are identical, as expected (reported in the
Supporting Information, Figure S8). In addition, the normalized emission profiles in the absence of
iron and at 9.5 equivalents of iron do not show any difference neither in the position of the maxima nor
in the shape of the band, indicating that the three Trp residues are equally quenched by the presence
of Fe3+. The quenching of Trp fluorescence by Fe2+/3+ is likely due to an energy transfer mechanism,
which is a distance dependent process [41]. Due to the short distance between Trp residues and to the
homo-FRET, the observed quenching of the fluorescence could be due only to Fe2+/3+ ions close to any
of the Trp residues.

The signal decreases sharply in the sub-stoichiometric region, levels off somewhat around
1.5 equivalents of Fe3+ and then falls off more sharply again at six equivalents and beyond.
Visual inspection of the cuvette revealed no visible precipitate in the sub-stoichiometric region,
but substantial precipitate already at six equivalents. It is, therefore, impossible to reliably assess a
binding constant for Fe3+ with human FXN using fluorescence due to the presence of Fe3+-induced
FXN aggregates (in agreement with the EPR results reported above). The WT and the D122Y variant
show almost no difference in the quenching profile.
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2.5. Fluorescence Spectra of FXN Interacting with Fe2+

The quenching effect of Fe2+ addition to the fluorescence emission of WT and D122Y FXN was
explored using strictly anaerobic solutions at low concentration ([FXN] = 1.4 µM) and focusing on the
sub-stoichiometric region. To ensure that the Fe2+ is not oxidized during the experiment, both the
iron stock solution and the experimental cuvette were filled under nitrogen atmosphere and closed
with silicon septa. The experimental compartment was flushed with nitrogen at all times. Fe2+ was
injected into the cuvette through the septum using a Hamilton syringe flushed with nitrogen before
any addition. The absorption of a stock solution of Fe2+ was checked and found it does not contribute
significantly in the experimental conditions (λexc = 280 nm).

The fluorescence signals and their quenching, expressed as (F − F0)/F0, are reported in Figure 6.
As discussed above, the quenching from Fe2+ has the same mechanism as the one from Fe3+,
i.e., through an energy transfer mechanism from a bound iron ion to the nearest of the three Trp
residues. From the normalized spectra (reported in the Supporting Information, Figure S8), Fe2+ does
not alter the shape of the emission profiles even at 20 equivalents, indicating that all three Trp residues
are equally quenched as for the case of Fe3+.

The signal decreases sharply in the sub-stoichiometric region, levels off somewhat around
2.2 equivalents of Fe2+, and then does not further decrease reaching a plateau. The absence of further
quenching indicates that either Fe2+ populates only one binding site, or that the other binding sites are
too far from the Trp to further quench them as further discussed below. This is true only in rigorously
anaerobic conditions: in a control experiment in the presence of oxygen, quick conversion of Fe2+ to
Fe3+ leads to a progressively increasing quenching (data not shown).

The WT shows a markedly more intense quenching than the D122Y variant, the (F − F0)/F0 being
−0.08 vs. −0.06 at the 20 equivalents. The absolute quenching for Fe2+ in the sub-stoichiometric region
is comparable for ferrous and ferric iron (about −0.08 for both oxidation states). Proceeding with the
titration, at 10 equivalents the (F − F0)/F0 for WT is −0.08 for Fe2+ much lower than the quenching
observed for Fe3+, −0.27. The titration curves have been analyzed according to a literature method [42],
the details of the analysis are reported in the Supporting Information (see Figure S9); we obtained
KD = 4.2 × 10−7 for the WT and KD = 7.8× 10−7 for the D122Y variant, and for both cases a stoichiometry
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of one strongly bound Fe2+. These values must be considered only indicative, due to the low
concentration used for the experiments which introduces a 10% error in the estimate.
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2.6. CD Spectra of FXN Interacting with Fe3+ and Fe2+

The effects of iron binding on the secondary structure of human wild type and D122Y FXN
proteins were evaluated by circular dichroism spectroscopy, as reported in Figure 7. In the absence of
iron, the CD spectra for both WT and D122Y FXN are identical and show the typical shape of a mixed
alfa-beta secondary structure [43].

Increasing addition of Fe3+ leads to a progressive loss of ellipticity across the whole spectral range
for both proteins, Figure 7A,B. There are no marked changes in spectral shape and no well-defined
isodichroic point can be observed; in addition, at high Fe3+ amounts, the low wavelength region
shows signs of increased scattering. It was previously shown that a peptide derived from the main
helix of FXN can bind one Fe3+ ion through its acidic residues and gains alpha-helical structure upon
binding [44]. All these observations suggest that the loss of ellipticity cannot be interpreted as a loss of
structure, but only as a sign of protein aggregation/precipitation as already proven by EPR spectroscopy.

On the contrary, additions of up to ten equivalents of Fe2+ do not change the CD spectra of WT and
D122Y FXN, Figure 7C,D. Therefore, Fe2+ binding to FXN does not induce either significant secondary
structure changes or protein aggregation.



Int. J. Mol. Sci. 2020, 21, 9619 12 of 20Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 12 of 20 

Figure 7. CD spectra of FXN of WT FXN and D122Y variant with either Fe3+ or Fe2+. Protein
concentration 50 µM. (A) WT FXN with increasing amounts of Fe3+; (B) D122Y FXN with increasing 
amounts of Fe3+; (C) WT FXN with Fe2+; (D) D122Y FXN with Fe2+. 

3. Discussion

FXN has been proposed to have several physiological roles: allosteric regulator of ISC biogenesis
[21,45], the iron source for building ISC clusters [24], regulator of iron homeostasis [25] and
ferroptosis [26]. All the above roles involve iron ions; therefore, it is of key importance to understand 
the effects of ferrous and ferric iron on the structure and function of FXN. In this work, the response 
of human FXN, both WT and D122Y variant (the only pathological variant with a mutation in the 
iron-binding region), was investigated in the presence of ferrous and ferric ions using the SDSL EPR 
technique, which has never been used on FXN before, and the results were combined with those 
obtained by fluorescence and circular dichroism.  

Ferrous iron binds human FXN without causing any large secondary structure changes as shown 
by CD, even at a 10-fold excess. On the other hand, EPR clearly indicates that Fe2+ binding does not 
alter local backbone dynamics of regions that are not involved in iron binding, as revealed by the lack
of mobility changes of the spin probes at all the sites investigated. Moreover, no FXN oligomerization
occurs in the presence of Fe2+, which is in agreement with previous results [30]. The M-TETPO probe 
that we adopted, was liable to reduction by Fe2+ bound in close proximity (at sites A99 and A114), 
thus proving that Fe2+ binds on both ends of the long alpha helix, in accordance with previous reports 
[15,29,35]. The majority of the EPR probe reduction takes place in the first three iron equivalents. The
EPR results also put the results of fluorescence quenching into context. Fluorescence analysis leads 
to the conclusion that at least one strongly bound iron ion can be located in the long helix containing
many Asp and Glu residues, close to W168/W173 (note that W155 is located in a region where 
putative Fe2+ binding sites are absent). This would be the site that reduces the spin label at position 
99 (which is close to these two Trp). Conversely, the fluorescence measurements are not sensitive to
binding of the Fe2+ ions in regions which are far from the Trp. Indeed, the Fe2+ binding site at the end 
of the helix suggested by the EPR spectra of A114C may escape fluorescence detection being out of
range of the energy transfer Trp quenching mechanism. In conclusion, the number and the position 
of Fe2+ binding sites cannot be easily determined based on fluorescence quenching only, due to the 
presence of multiple Trp emitters spatially close to each other, and our results explain the apparent 
conflict in the number of iron binding sites reported in the literature. 

(A) (B)

(C) (D)
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3. Discussion

FXN has been proposed to have several physiological roles: allosteric regulator of ISC
biogenesis [21,45], the iron source for building ISC clusters [24], regulator of iron homeostasis [25] and
ferroptosis [26]. All the above roles involve iron ions; therefore, it is of key importance to understand
the effects of ferrous and ferric iron on the structure and function of FXN. In this work, the response
of human FXN, both WT and D122Y variant (the only pathological variant with a mutation in the
iron-binding region), was investigated in the presence of ferrous and ferric ions using the SDSL EPR
technique, which has never been used on FXN before, and the results were combined with those
obtained by fluorescence and circular dichroism.

Ferrous iron binds human FXN without causing any large secondary structure changes as shown
by CD, even at a 10-fold excess. On the other hand, EPR clearly indicates that Fe2+ binding does not
alter local backbone dynamics of regions that are not involved in iron binding, as revealed by the lack
of mobility changes of the spin probes at all the sites investigated. Moreover, no FXN oligomerization
occurs in the presence of Fe2+, which is in agreement with previous results [30]. The M-TETPO
probe that we adopted, was liable to reduction by Fe2+ bound in close proximity (at sites A99 and
A114), thus proving that Fe2+ binds on both ends of the long alpha helix, in accordance with previous
reports [15,29,35]. The majority of the EPR probe reduction takes place in the first three iron equivalents.
The EPR results also put the results of fluorescence quenching into context. Fluorescence analysis leads
to the conclusion that at least one strongly bound iron ion can be located in the long helix containing
many Asp and Glu residues, close to W168/W173 (note that W155 is located in a region where putative
Fe2+ binding sites are absent). This would be the site that reduces the spin label at position 99 (which is
close to these two Trp). Conversely, the fluorescence measurements are not sensitive to binding of
the Fe2+ ions in regions which are far from the Trp. Indeed, the Fe2+ binding site at the end of the
helix suggested by the EPR spectra of A114C may escape fluorescence detection being out of range of
the energy transfer Trp quenching mechanism. In conclusion, the number and the position of Fe2+

binding sites cannot be easily determined based on fluorescence quenching only, due to the presence
of multiple Trp emitters spatially close to each other, and our results explain the apparent conflict in
the number of iron binding sites reported in the literature.
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In contrast to ferrous iron, ferric iron binding promotes FXN aggregation when few equivalents are
added as shown EPR and CD experiments while the initial binding events at sub-stoichiometric ratios
do not induce it. The WT protein exhibited a loss of ellipticity upon Fe3+ addition, and centrifugation
of EPR samples showed the precipitation of the immobilized portion of the sample. We observed
immobilization at sites placed not only in the long acidic alfa helix, which is the major putative
iron binding region, but also in the second beta strand and the shorter helix. Thus, the interactions
among monomers involve all the secondary structure elements and a large surface area is interested
in the aggregation induced by iron binding: as such, it is likely that FXN does not form dimers,
rather oligomers, and these are arranged in a globular fashion, without a preferential interface.
Immobilization is the result of the constraint of the local motion of the labels, arising from new contacts
between different protein monomers upon aggregation. Fe3+-mediated oligomerization was previously
suggested using SAXS, light scattering, and electron microscopy, at least at high FXN concentration
(150–700 µM), with EM images suggesting that at least a portion of the aggregates are present as ring
tetramers [33]. This was in contrast to previous reports, according to which human frataxin showed no
tendency towards oligomerization, while the correspondent yeast and E. coli orthologs aggregate in
the presence of both Fe2+ and Fe3+ [34]. Since Fe3+ promotes the formation of FXN aggregates, also at
relatively low protein concentration, it is impossible to evaluate the dissociation constant of Fe3+ using
fluorescence or calorimetry since the quenching or heat, respectively, have dominant contributions
from aggregation and precipitation phenomena. Based on our results, the data previously reported for
the dissociation constants and binding stoichiometry of human FXN with Fe3+ need to be critically
reconsidered [22].

Our results may have some implication in the context of the physiological behavior of FXN.
The lack of perturbation of the structure of FXN by Fe2+ suggests that ferrous iron might easily
bind/unbind FXN without any change in structure and dynamics. Therefore, FXN might partake
in the ISC machinery while exchanging Fe2+ from the solution to the complex. With respect to
the aggregation induced by Fe3+, we showed that it is strongly dependent on FXN concentration,
thus large oligomers are not expected to be present at the low physiological concentrations of FXN in
normal physiological states (FXN mitochondrial concentration is estimated to be between 0.1–1.0 µM
in S. cerevisiae, by combining literature data [46,47]). However, in FRDA patients, a significant iron
imbalance was observed [48–50], and pathological conditions are likely to trigger oligomerization.
It seems unlikely, then, that the interaction of FXN with Fe3+ has no physiological function and reflects
only a non-specific electrostatic effect. Indeed, a recent report linked FXN deficiency to cell death
by ferroptosis [26]. Therefore, in conditions of an excess of ferric iron, a contribution of FXN to
iron scavenging could be important, substantiating the function of FXN as a ‘ferritin-like’ scavenger
helping iron homeostasis by keeping iron in a nontoxic, soluble and more bio-available form [51].
In this context, it is important to note that, as demonstrated by the effects of EDTA, the aggregation is
reversible: therefore, once the imbalances in cell physiology that are responsible for the increase in
ferric iron are overcome, FXN can potentially return monomeric.

Finally, the use of SDSL EPR allowed us to highlight differences in iron binding between the WT
and the D122Y variant. A lower iron affinity of the D122Y FXN has been related before to a higher
intrinsic mobility of the iron-binding region of the protein [52]. Indeed, an increased mobility of
D122Y FXN in comparison with WT FXN is proved by the M-TETPO spin probe at the A114 position.
The D122Y variant shows lower EPR signal loss in the presence of Fe2+ relative to the WT, and reduced
fluorescence quenching, confirming a lower Fe2+ affinity. In addition, since the M-TETPO probe is
sensitive to bound Fe2+ in the vicinity, the lower signal loss observed in the D122Y variant implies that
the aspartate side chain in position 122 is directly involved in ferrous iron binding. In contrast, in the
sub-stoichiometric region, the effects of Fe3+ on the fluorescence quenching show no difference between
the WT and the D122Y variant. The differences in fluorescence quenching by Fe3+ between the WT
and D122Y that were previously observed [29,52] are referred especially to the region dominated by
precipitation, and as such depend strongly on the protein concentration as already described. Overall,
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the different binding affinity with ferrous, but not ferric, iron likely arises from a combination of
variations in the structural dynamics of the region and loss of the aspartate partaking in iron binding.
Since it was previously observed that D122Y variant retains some capability to enhance the desulfurase
activity in vitro [29], it is likely that the pathological nature of D122Y lies in a combination of lowered
ability of the variant to participate in Fe2+ trafficking and less than optimal conformation hampering
the interaction with the other proteins in the ISC cluster biogenesis complex.

4. Materials and Methods

4.1. Materials

The spin label MTSSL, (1-Oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) Methanethiosulfonate,
was purchased from Toronto Research Chemicals. M-TETPO was synthesized as described below.
Unless otherwise specified, the buffer composition for spectroscopic experiments was: 25 mM HEPES
(pH 7.0) 50 mM KCl. Ferrous iron solutions were prepared in anaerobic atmosphere in degassed
deionized water slightly acidified starting from (NH4)2Fe(SO4)2·6H2O (Mohr’s Salt, >99% Fe2+ content).
Ferric iron solutions were prepared from FeCl3·6H2O in HCl at pH = 0.8. Ficoll® PM 70 stock solution
was prepared dissolving the polymer in degassed buffer at a 35% w/w% concentration, under anaerobic
atmosphere. 1,10-Phenanthroline monohydrate was dissolved in dilute buffer. Unless otherwise
specified, chemicals were purchased from Merck and used without further purification.

4.2. Synthesis of M-TETPO

The synthesis of M-TETPO is reported in Scheme 2; further details are reported in the Supporting
Information (pages S12–13). It was prepared in three steps from alcohol 1, which was synthesized
according to a published procedure [53]. Thus, reaction of alcohol 1 with mesyl chloride (MsCl) and
triethylamine (NEt3), followed by the substitution of the crude resulting mesylate 2 with protected
maleimide, afford compound 3 in 41% yield and the unreacted mesylate 2 in 31% yield. Finally,
retro-Diels-Alder was performed with compound 3 by refluxing in toluene to afford pure M-TETPO in
65% yield. Analytical data were identical to those reported for TETPO [39].
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4.3. Heterologous Expression and Purification of Human Wild Type and D122Y FXN Proteins

A plasmid containing the coding sequence of human wild type mature FXN, i.e., pET-9b/FXN
(90–210), was previously obtained in our laboratory [54]. FXN mutants were obtained through
site-directed mutagenesis with the QuickChange® II Site-Directed Mutagenesis Kit (from Agilent
Technologies), using as template the pET-9b/FXN (90–210) plasmid and the couples of primers listed
in the Supporting Information (see the Table S1 at page S2). Each sequence was checked by DNA
sequencing (at GATC Biotech, Germany). Escherichia coli BL21 (DE3) cells were chemically transformed
with the plasmids of interest and positive clones were selected by antibiotic resistance. The expression
of the wild type and mutant proteins was induced by adding 1 mM isopropyl-β-thiogalactopyranoside
(IPTG) in LB medium and incubating the bacteria cultures at 30 ◦C overnight at constant stirring.
Cells were then harvested by centrifugation at 5000× g and 4 ◦C for 20 min, resuspended in lysis
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buffer 25 mM HEPES (pH = 7.0) supplemented with protease inhibitors (1 µg/mL pepstatin A, 1 µg/mL
leupeptin, 1 µg/mL antipain, 100 µM PMSF) and lysed by French press. The supernatant fractions
were isolated from cell debris by centrifugation at 17,000× g and 4 ◦C for 15 min and incubated
with EDTA 10 mM for 1 h at 4 ◦C, in gentle agitation. Proteins were purified combining anionic
exchange and size exclusion chromatographies. The first chromatographic step was performed using
a cationic DEAE (Diethylaminoethyl) Sepharose column using 25 mM HEPES (pH = 7.0) as buffer
of equilibration and 25 mM HEPES (pH = 7.0), 1 M KCl as elution gradient buffer. The fractions
corresponding to frataxin, as assessed by SDS PAGE, were collected, pooled together, concentrated by
centrifugal filters (Amicon Ultra Centrifugal Filter, 3000 NMWL, from Merck Millipore, Burlington, MA,
USA) and purified by size-exclusion chromatography (SEC). For FXN mutants containing cysteines,
an incubation with 1 mM of dithiothreitol (DTT) for 1 h at 4 ◦C has been performed after cationic
exchange. The second purification step was performed on a Superdex 200 GL 10 300 column (from GE
Healthcare), equilibrated in a buffer containing 25 mM HEPES (pH = 7.0) and 50 mM KCl. To estimate
the molecular weight of the protein samples, the column was equilibrated in the same buffer and
calibrated with the standards thyroglobulin (669 kDa), ferritin (440 kDa), β-amylase (200 kDa),
bovine serum albumin (67 kDa), carbonic anhydrase (29 kDa) and cytochrome c (12 kDa). The eluted
fractions containing frataxin proteins were finally pooled together and the molar concentration of the
protein samples was determined spectroscopically using ε280nm = 26930 M−1cm−1 for all mutants and
ε280nm = 28420 M−1cm−1 for those containing D122Y point mutation (molar extinction coefficients
evaluated by ExPASy ProtParam tool). Protein purity and integrity were finally assessed by 15%
SDS-PAGE and Coomassie blue staining, prior to any spectroscopic experiment reported in this work.

4.4. Spin Labeling

Protein samples were labeled with MTSSL or M-TETPO for EPR experiments. Samples labeled
with MTSSL were obtained by adding to the purified protein (at a concentration of about 150 µM) a
sevenfold molar excess of spin label (dissolved in DMSO) and incubating the protein at 4 ◦C overnight
in the dark and gentle stirring. Excess of non-ligated spin label was removed from the protein by PD10
desalting column (GE Healthcare) using 25 mM HEPES (pH = 7.0) and 50 mM KCl as final buffer.
For the experiments with Fe2+, in order to avoid possible oxidation of iron, anaerobic conditions have
been adopted in the labeling with MTSSL and all steps were performed under a glove box. For the
labeling with M-TETPO, purified proteins (at a concentration of 50 µM) were previously incubated with
DTT in a molar ratio of 1:100 at 4 ◦C for 30 min in slow agitation. The excess of DTT was removed from
the samples by PD10 desalting column (GE Healthcare) using 25 mM HEPES (pH = 7.0) and 50 mM
KCl as elution buffer. Proteins were labeled with a tenfold molar excess of M-TETPO (dissolved in
acetonitrile) and incubated at 4 ◦C for 2 h in the dark and slow agitation. Labeled protein samples
were concentrated by centrifugal filters (Amicon Ultra Centrifugal Filter, 3000 NMWL, from Merck
Millipore, Burlington, MA, USA) and the excess of spin label was then removed by gel filtration using
a Superdex 200 GL 10 300 column (from GE Healthcare) and 25 mM HEPES (pH = 7.0), 50 mM KCl
as elution buffer. MTSSL/M-TETPO-labeled proteins were finally concentrated by centrifugal filters
to a volume suitable for EPR spectroscopic analysis, and their concentration determined by UV-Vis
spectroscopy as previously described.

4.5. Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectra were recorded on an ELEXSYS E580 spectrometer equipped with a SHQ cavity,
both from Bruker, Germany. The experiments were performed at room temperature, typically using
the following parameters: microwave frequency 9.87 GHz, microwave power 10 mW (attenuation
12 dB), sweep width 150 mT, center field 352 mT, conversion time 164 ms, time constant 82 ms,
modulation amplitude 1.6 mT, 1024 points, 3–25 averages (depending on protein concentration).
Samples were prepared thoroughly mixing 32 µL of Ficoll PM70 stock solution (or buffer when
needed), 7 µL of protein stock solution, and 1 µL of Fe2+ or Fe3+ solution; the resulting solution was



Int. J. Mol. Sci. 2020, 21, 9619 16 of 20

put in glass capillary (internal diameter 0.8 mm) and measured under nitrogen gas flow. The final
protein concentration was typically 50 or 10 µM for Fe2+ or Fe3+ respectively, save for when differently
stated. The different FXN:Fe2+ or Fe3+ molar ratios were prepared from an appropriate dilution of a
concentrated stock solution.

4.6. Simulation of EPR Spectra

The simulation of the EPR spectra allows getting quantitative information on the mobility of
the spin label and eventually pointing out the presence of multiple components. To perform the
simulations, one must know or estimate the nitroxide g-tensor (g) and hyperfine tensor (A) and
then adopt a model of the spin label motion based on the stochastic Liouville equation, Microscopic
Order Macroscopic Disorder (MOMD) being the one used most often [55]. MOMD was developed
considering that the spin label molecular motion is limited by the protein structure (microscopic order)
and that the macromolecules adopt all the possible orientations with respect to the external magnetic
field (macroscopic disorder). The MOMD model makes it possible to describe the spin label mobility
in terms of the diffusion tensor D, its orientation relative to the nitroxide frame expressed by the
Euler angles ΩD (but usually reduced to a single angle βD for symmetry), and the order parameter S.
The mobility is often discussed in terms of the rotational correlation time τc, which is derived from the
diffusion tensor: for a nitroxide characterized by an axial diffusion τc = 1/6(D||D⊥)1/2. We used the
MultiComponentEPR827.vi program by Christian Altenbach to perform the simulations. The program
is written in LabVIEW (National Instruments) and can be freely downloaded from the following
website: http://www.biochemistry.ucla.edu/Faculty/Hubbell/.

4.7. Fluorescence

Fluorescence experiments were performed on a FLS 1000 UV/Vis/NIR photoluminescence
spectrometer by Edinburgh Instruments with a 450 W Xenon Arc lamp for excitation at 285 nm
and a PMT-980 detector. The Peltier controlled holder allowed measuring at 288 K under stirring.
The sample compartment was under constant nitrogen flow to avoid condensation on the windows
and keeping an anaerobic atmosphere. Experiments were conducted using a fluorescence cuvette
(117104F-10-40 from Hellma, Mülheim, Germany) with 10 × 4 mm optical path length and gas
tight screw cap with a silicon septum for addition of the ferrous/ferric iron solutions via a gas tight
microsyringe (from Hamilton Company, Reno, NV, USA) under anaerobic atmosphere. Proteins were
used at 1.4 µM concentration.

4.8. Circular Dichroism

CD measurements were performed with a Jasco J-1500 spectropolarimeter. Experiments were
performed at 298 K using a Jasco PTC-423 Peltier cell holder connected to a Jasco PTC-423S Peltier
controller. Far-UV CD spectra were collected using a cylindrical cell (121-0.20-40 from Hellma) with
0.2 mm optical path length using 50 µL of protein solution. Data were acquired at a scan speed of
20 nm/min and at least three scans were averaged. Proteins were used at a concentration of 50 µM, in a
0.5 mM Tris-HCl pH 7.0, 1 mM KCl buffer. For experiments with ferrous iron, the cuvette was filled
and sealed under anaerobic atmosphere in a glove box; the compartment of the CD spectropolarimeter
is anaerobic since it is constantly under nitrogen flow.

5. Conclusions

The results obtained through the combination of SDSL EPR, fluorescence and CD spectroscopies
prove that human FXN interacts with Fe2+ and Fe3+ with a markedly different outcome. Fe3+ causes
aggregation in a concentration-dependent fashion, starting when adding few equivalents, making
difficult to evaluate the exact binding stoichiometry. Fe2+, the physiological form of iron in cells,
simply binds without affecting FXN conformation or inducing aggregation.

http://www.biochemistry.ucla.edu/Faculty/Hubbell/
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We suggest that both ions might be relevant in the context of the proposed FXN physiological
functions. FXN role as a regulator of iron homeostasis and ferroptosis might be exerted by sequestering
the excess of ferric iron through concentration dependent reversible aggregation. The absence of
structural and dynamic effects of Fe2+ binding suggests that FXN is able to partake in ferrous iron
trafficking even while bound to the ISC cluster assembly machinery, possibly intercepting the iron
from the labile iron pool in solution and passing it to ISCU during cluster formation. The different
binding affinity with ferrous, but not ferric, iron in D122Y pathological shows that the aspartate side
chain in position 122 is directly involved in ferrous iron binding and that the mobility of the protein in
the vicinity of the mutated site is increased compared to the WT. Both the effects may be related to the
pathological nature of D122Y.

The next step will involve exploring the effects of Fe2+/Fe3+ on FXN structure and dynamics in the
presence of the other partners of the ISC cluster assembly machinery, ISCU, NFS1 and the accessory
proteins. We will use the currently available spin labeled sites plus new others strategically chosen in
light of the available structure of the complex.

Supplementary Materials: Supplementary materials can be found online at http://www.mdpi.com/1422-0067/21/
24/9619/s1.

Author Contributions: P.C., M.B., D.C. conceived and designed the experiments; D.D., L.P., M.B. performed the
experiments; M.B. and D.C. analyzed the data; G.A., S.R.A.M., M.S., J.S., P.C. contributed reagents/materials; D.D.,
M.B., D.C. wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: M.B. acknowledges the support of the MIUR through the “Dipartimenti di Eccellenza” grant NExuS.

Acknowledgments: Fluorescence measurements were performed with an Edinburgh FLS 1000 UV/Vis/NIR
photoluminescence spectrometer, funded by the MIUR—“Dipartimenti di Eccellenza” grant NExuS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Campuzano, V.; Montermini, L.; Molto, M.D.; Pianese, L.; Cossee, M.; Cavalcanti, F.; Monros, E.; Rodius, F.;
Duclos, F.; Monticelli, A.; et al. Friedreich’s Ataxia: Autosomal Recessive Disease Caused by an Intronic
GAA Triplet Repeat Expansion. Science 1996, 271, 1423–1427. [CrossRef] [PubMed]

2. Galea, C.A.; Huq, A.; Lockhart, P.J.; Tai, G.; Corben, L.A.; Yiu, E.M.; Gurrin, L.C.; Lynch, D.R.; Gelbard, S.;
Durr, A.; et al. Compound Heterozygous FXN Mutations and Clinical Outcome in Friedreich Ataxia.
Ann. Neurol. 2016, 79, 485–495. [CrossRef] [PubMed]

3. De Castro, M.; García-Planells, J.; Monrós, E.; Cañizares, J.; Vázquez-Manrique, R.; Vílchez, J.J.; Urtasun, M.;
Lucas, M.; Navarro, G.; Izquierdo, G.; et al. Genotype and Phenotype Analysis of Friedreich’s Ataxia
Compound Heterozygous Patients. Hum. Genet. 2000, 106, 86–92. [CrossRef] [PubMed]

4. Gellera, C.; Castellotti, B.; Mariotti, C.; Mineri, R.; Seveso, V.; DiDonato, S.; Taroni, F. Frataxin Gene Point
Mutations in Italian Friedreich Ataxia Patients. Neurogenetics 2007, 8, 289–299. [CrossRef]

5. Chiabrando, D.; Bertino, F.; Tolosano, E. Hereditary Ataxia: A Focus on Heme Metabolism and Fe-S Cluster
Biogenesis. Int. J. Mol. Sci. 2020, 21, 3760. [CrossRef]

6. Rötig, A.; de Lonlay, P.; Chretien, D.; Foury, F.; Koenig, M.; Sidi, D.; Munnich, A.; Rustin, P. Aconitase and
Mitochondrial Iron–Sulphur Protein Deficiency in Friedreich Ataxia. Nat. Genet. 1997, 17, 215–217. [CrossRef]

7. Puccio, H.; Simon, D.; Cossée, M.; Criqui-Filipe, P.; Tiziano, F.; Melki, J.; Hindelang, C.; Matyas, R.; Rustin, P.;
Koenig, M. Mouse Models for Friedreich Ataxia Exhibit Cardiomyopathy, Sensory Nerve Defect and Fe-S
Enzyme Deficiency Followed by Intramitochondrial Iron Deposits. Nat. Genet. 2001, 27, 181–186. [CrossRef]

8. Schulz, J.B.; Dehmer, T.; Schols, L.; Mende, H.; Hardt, C.; Vorgerd, M.; Burk, K.; Matson, W.; Dichgans, J.;
Beal, M.F.; et al. Oxidative Stress in Patients with Friedreich Ataxia. Neurology 2000, 55, 1719–1721. [CrossRef]

9. Koutnikova, H.; Campuzano, V.; Koenig, M. Maturation of Wild-Type and Mutated Frataxin by the
Mitochondrial Processing Peptidase. Hum. Mol. Genet. 1998, 7, 1485–1489. [CrossRef]

10. Condò, I.; Ventura, N.; Malisan, F.; Rufini, A.; Tomassini, B.; Testi, R. In Vivo Maturation of Human Frataxin.
Hum. Mol. Genet. 2007, 16, 1534–1540. [CrossRef]

11. Schmucker, S.; Argentini, M.; Carelle-Calmels, N.; Martelli, A.; Puccio, H. The in Vivo Mitochondrial Two-Step
Maturation of Human Frataxin. Hum. Mol. Genet. 2008, 17, 3521–3531. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/24/9619/s1
http://www.mdpi.com/1422-0067/21/24/9619/s1
http://dx.doi.org/10.1126/science.271.5254.1423
http://www.ncbi.nlm.nih.gov/pubmed/8596916
http://dx.doi.org/10.1002/ana.24595
http://www.ncbi.nlm.nih.gov/pubmed/26704351
http://dx.doi.org/10.1007/s004399900201
http://www.ncbi.nlm.nih.gov/pubmed/10982187
http://dx.doi.org/10.1007/s10048-007-0101-5
http://dx.doi.org/10.3390/ijms21113760
http://dx.doi.org/10.1038/ng1097-215
http://dx.doi.org/10.1038/84818
http://dx.doi.org/10.1212/WNL.55.11.1719
http://dx.doi.org/10.1093/hmg/7.9.1485
http://dx.doi.org/10.1093/hmg/ddm102
http://dx.doi.org/10.1093/hmg/ddn244
http://www.ncbi.nlm.nih.gov/pubmed/18725397


Int. J. Mol. Sci. 2020, 21, 9619 18 of 20

12. Huynen, M.A.; Snel, B.; Bork, P.; Gibson, T.J. The Phylogenetic Distribution of Frataxin Indicates a Role in
Iron-Sulfur Cluster Protein Assembly. Hum. Mol. Genet. 2001, 10, 2463–2468. [CrossRef] [PubMed]

13. Sirano, D.P.; Shigeta, R.; Chi, Y.I.; Ristow, M.; Shoelson, S.E. Crystal Structure of Human Frataxin. J. Biol. Chem.
2000, 275, 30753–30756. [CrossRef]

14. Musco, G.; Stier, G.; Kolmerer, B.; Adinolfi, S.; Martin, S.; Frenkiel, T.; Gibson, T.; Pastore, A. Towards a
Structural Understanding of Friedreich’s Ataxia: Solution Structure of Frataxin. Structure 2000, 8, 695–707.
[CrossRef]

15. Gentry, L.E.; Thacker, M.A.; Doughty, R.; Timkovich, R.; Busenlehner, L.S. His86 from the N-Terminus of
Frataxin Coordinates Iron and Is Required for Fe-S Cluster Synthesis. Biochemistry 2013, 52, 6085–6096.
[CrossRef]

16. Fox, N.G.; Yu, X.; Feng, X.; Bailey, H.J.; Martelli, A.; Nabhan, J.F.; Strain-Damerell, C.; Bulawa, C.; Yue, W.W.;
Han, S. Structure of the Human Frataxin-Bound Iron-Sulfur Cluster Assembly Complex Provides Insight
into Its Activation Mechanism. Nat. Commun. 2019, 10, 1–8. [CrossRef]

17. Patraa, S.; Barondeaua, D.P. Mechanism of Activation of the Human Cysteine Desulfurase Complex by
Frataxin. Proc. Natl. Acad. Sci. USA 2019, 116, 19421–19430. [CrossRef]

18. Gervason, S.; Larkem, D.; Mansour, A.B.; Botzanowski, T.; Müller, C.S.; Pecqueur, L.; Le Pavec, G.;
Delaunay-Moisan, A.; Brun, O.; Agramunt, J.; et al. Physiologically Relevant Reconstitution of Iron-Sulfur
Cluster Biosynthesis Uncovers Persulfide-Processing Functions of Ferredoxin-2 and Frataxin. Nat. Commun.
2019, 10, 1–12. [CrossRef]

19. Srour, B.; Gervason, S.; Monfort, B.; D’Autréaux, B. Mechanism of Iron–Sulfur Cluster Assembly: In the
Intimacy of Iron and Sulfur Encounter. Inorganics 2020, 8, 55. [CrossRef]

20. Braymer, J.J.; Lill, R. Iron–Sulfur Cluster Biogenesis and Trafficking in Mitochondria. J. Biol. Chem. 2017, 292,
12754–12763. [CrossRef]

21. Maio, N.; Jain, A.; Rouault, T.A. Mammalian Iron–Sulfur Cluster Biogenesis: Recent Insights into the Roles of
Frataxin, Acyl Carrier Protein and ATPase-Mediated Transfer to Recipient Proteins. Curr. Opin. Chem. Biol.
2020, 55, 34–44. [CrossRef] [PubMed]

22. Yoon, T.; Cowan, J.A. Iron-Sulfur Cluster Biosynthesis. Characterization of Frataxin as an Iron Donor for
Assembly of [2Fe-2S] Clusters in ISU-Type Proteins. J. Am. Chem. Soc. 2003, 125, 6078–6084. [CrossRef]
[PubMed]

23. Mühlenhoff, U.; Richhardt, N.; Ristow, M.; Kispal, G.; Lill, R. The Yeast Frataxin Homolog Yfh1p Plays a
Specific Role in the Maturation of Cellular Fe/S Proteins. Hum. Mol. Genet. 2002, 11, 2025–2036. [CrossRef]
[PubMed]

24. Cai, K.; Frederick, R.O.; Tonelli, M.; Markley, J.L. Interactions of Iron-Bound Frataxin with ISCU and
Ferredoxin on the Cysteine Desulfurase Complex Leading to Fe-S Cluster Assembly. J. Inorg. Biochem. 2018,
183, 107–116. [CrossRef] [PubMed]

25. Alsina, D.; Purroy, R.; Ros, J.; Tamarit, J. Iron in Friedreich Ataxia: A Central Role in the Pathophysiology or
an Epiphenomenon? Pharmaceuticals 2018, 11, 89. [CrossRef]

26. Du, J.; Zhou, Y.; Li, Y.; Xia, J.; Chen, Y.; Chen, S.; Wang, X.; Sun, W.; Wang, T.; Ren, X.; et al. Identification of
Frataxin as a Regulator of Ferroptosis. Redox Biol. 2020, 32. [CrossRef]

27. Grazia Cotticelli, M.; Xia, S.; Lin, D.; Lee, T.; Terrab, L.; Wipf, P.; Huryn, D.M.; Wilson, R.B. Ferroptosis as a
Novel Therapeutic Target for Friedreich’s Ataxia. J. Pharm. Exp. Ther. 2019, 369, 47–54. [CrossRef]

28. Stockwell, B.R.; Jiang, X. The Chemistry and Biology of Ferroptosis. Cell Chem. Biol. 2020, 27, 365–375.
[CrossRef]

29. Bellanda, M.; Maso, L.; Doni, D.; Bortolus, M.; De Rosa, E.; Lunardi, F.; Alfonsi, A.; Noguera, M.E.;
Herrera, M.G.; Santos, J.; et al. Exploring Iron-Binding to Human Frataxin and to Selected Friedreich
Ataxia Mutants by Means of NMR and EPR Spectroscopies. Biochim. Biophys. Acta Proteins Proteom. 2019,
1867, 140254. [CrossRef]

30. Cavadini, P.; O’Neill, H.A.; Benada, O.; Isaya, G. Assembly and Iron-Binding Properties of Human Frataxin,
the Protein Dificient in Friedreich Ataxia. Hum. Mol. Genet. 2002, 11, 217–227. [CrossRef]

31. Bou-Abdallah, F.; Adinolfi, S.; Pastore, A.; Laue, T.M.; Dennis Chasteen, N. Iron Binding and Oxidation
Kinetics in Frataxin CyaY of Escherichia Coli. J. Mol. Biol. 2004, 341, 605–615. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/hmg/10.21.2463
http://www.ncbi.nlm.nih.gov/pubmed/11689493
http://dx.doi.org/10.1074/jbc.c000407200
http://dx.doi.org/10.1016/S0969-2126(00)00158-1
http://dx.doi.org/10.1021/bi400443n
http://dx.doi.org/10.1038/s41467-019-09989-y
http://dx.doi.org/10.1073/pnas.1909535116
http://dx.doi.org/10.1038/s41467-019-11470-9
http://dx.doi.org/10.3390/inorganics8100055
http://dx.doi.org/10.1074/jbc.R117.787101
http://dx.doi.org/10.1016/j.cbpa.2019.11.014
http://www.ncbi.nlm.nih.gov/pubmed/31918395
http://dx.doi.org/10.1021/ja027967i
http://www.ncbi.nlm.nih.gov/pubmed/12785837
http://dx.doi.org/10.1093/hmg/11.17.2025
http://www.ncbi.nlm.nih.gov/pubmed/12165564
http://dx.doi.org/10.1016/j.jinorgbio.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29576242
http://dx.doi.org/10.3390/ph11030089
http://dx.doi.org/10.1016/j.redox.2020.101483
http://dx.doi.org/10.1124/jpet.118.252759
http://dx.doi.org/10.1016/j.chembiol.2020.03.013
http://dx.doi.org/10.1016/j.bbapap.2019.07.007
http://dx.doi.org/10.1093/hmg/11.3.217
http://dx.doi.org/10.1016/j.jmb.2004.05.072
http://www.ncbi.nlm.nih.gov/pubmed/15276847


Int. J. Mol. Sci. 2020, 21, 9619 19 of 20

32. Yoon, T.; Dizin, E.; Cowan, J.A. N-Terminal Iron-Mediated Self-Cleavage of Human Frataxin: Regulation of
Iron Binding and Complex Formation with Target Proteins. J. Biol. Inorg. Chem. 2007, 12, 535–542. [CrossRef]
[PubMed]

33. Ahlgren, E.C.; Fekry, M.; Wiemann, M.; Söderberg, C.A.; Bernfur, K.; Gakh, O.; Rasmussen, M.; Højrup, P.;
Emanuelsson, C.; Isaya, G.; et al. Iron-Induced Oligomerization of Human FXN81-210 and Bacterial CyaY
Frataxin and the Effect of Iron Chelators. PLoS ONE 2017, 12, e0188937. [CrossRef] [PubMed]

34. Adinolfi, S.; Trifuoggi, M.; Politou, A.S.; Martin, S.; Pastore, A. A Structural Approach to Understanding
the Iron-Binding Properties of Phylogenetically Different Frataxins. Hum. Mol. Genet. 2002, 11, 1865–1877.
[CrossRef]

35. Huang, J.; Dizin, E.; Cowan, J.A. Mapping Iron Binding Sites on Human Frataxin: Implications for Cluster
Assembly on the ISU Fe-S Cluster Scaffold Protein. J. Biol. Inorg. Chem. 2008, 13, 825–836. [CrossRef]

36. López, C.J.; Fleissner, M.R.; Guo, Z.; Kusnetzow, A.K.; Hubbell, W.L. Osmolyte Perturbation Reveals
Conformational Equilibria in Spin-Labeled Proteins. Protein Sci. 2009, 18, 1637–1652. [CrossRef]

37. Barone, V.; Zerbetto, M.; Polimeno, A. Hydrodynamic Modeling of Diffusion Tensor Properties of Flexible
Molecules. J. Comput. Chem. 2009, 30, 2–13. [CrossRef]

38. Pastore, A.; Puccio, H. Frataxin: A Protein in Search for a Function. J. Neurochem. 2013, 126 (Suppl. S1),
43–52. [CrossRef]

39. Karthikeyan, G.; Bonucci, A.; Casano, G.; Gerbaud, G.; Abel, S.; Thomé, V.; Kodjabachian, L.; Magalon, A.;
Guigliarelli, B.; Belle, V.; et al. A Bioresistant Nitroxide Spin Label for In-Cell EPR Spectroscopy: In Vitro and
In Oocytes Protein Structural Dynamics Studies. Angew. Chem. Int. Ed. 2018, 57, 1366–1370. [CrossRef]

40. Braterman, P.S.; Song, J.I.; Peacock, R.D. Electronic Absorption Spectra of the Iron(II) Complexes of 2,
2′-Bipyridine, 2, 2′-Bipyrimidine, 1, 10-Phenanthroline, and 2, 2′:6′,2”-Terpyridine and Their Reduction
Products. Inorg. Chem. 1992, 31, 555–559. [CrossRef]

41. Ilari, A.; Latella, M.C.; Ceci, P.; Ribacchi, F.; Su, M.; Giangiacomo, L.; Stefanini, S.; Chasteen, N.D.; Chiancone, E.
The Unusual Intersubunit Ferroxidase Center of Listeria Innocua Dps Is Required for Hydrogen Peroxide
Detoxification but Not for Iron Uptake. A Study with Site-Specific Mutants. Biochemistry 2005, 44, 5579–5587.
[CrossRef] [PubMed]

42. Sawyer, W.H.; Winzor, D.J. Theoretical Aspects of the Quantitative Characterization of Ligand Binding.
Curr. Protoc. Protein Sci. 1999, 16, 1–40. [CrossRef]

43. Faraj, S.E.; González-Lebrero, R.M.; Roman, E.A.; Santos, J. Human Frataxin Folds Via an Intermediate State.
Role of the C-Terminal Region. Sci. Rep. 2016, 6, 1–16. [CrossRef] [PubMed]

44. Vazquez, D.S.; Agudelo, W.A.; Yone, A.; Vizioli, N.; Arán, M.; González Flecha, F.L.; González Lebrero, M.C.;
Santos, J. A Helix-Coil Transition Induced by the Metal Ion Interaction with a Grafted Iron-Binding Site of
the CyaY Protein Family. Dalt. Trans. 2015, 44, 2370–2379. [CrossRef] [PubMed]

45. Bridwell-Rabb, J.; Fox, N.G.; Tsai, C.L.; Winn, A.M.; Barondeau, D.P. Human Frataxin Activates Fe-S Cluster
Biosynthesis by Facilitating Sulfur Transfer Chemistry. Biochemistry 2014, 53, 4904–4913. [CrossRef] [PubMed]

46. Garber Morales, J.; Holmes-Hampton, G.P.; Miao, R.; Guo, Y.; Münck, E.; Lindahl, P.A. Biophysical
Characterization of Iron in Mitochondria Isolated from Respiring and Fermenting Yeast. Biochemistry 2010,
49, 5436–5444. [CrossRef] [PubMed]

47. Seguin, A.; Sutak, R.; Bulteau, A.L.; Garcia-Serres, R.; Oddou, J.L.; Lefevre, S.; Santos, R.; Dancis, A.;
Camadro, J.M.; Latour, J.M.; et al. Evidence That Yeast Frataxin Is Not an Iron Storage Protein in Vivo.
Biochim. Biophys. Acta Mol. Basis Dis. 2010, 1802, 531–538. [CrossRef]

48. Harding, I.H.; Raniga, P.; Delatycki, M.B.; Stagnitti, M.R.; Corben, L.A.; Storey, E.; Georgiou-Karistianis, N.;
Egan, G.F. Tissue Atrophy and Elevated Iron Concentration in the Extrapyramidal Motor System in Friedreich
Ataxia: The IMAGE-FRDA Study. J. Neurol. Neurosurg. Psychiatry 2016, 87, 1260–1263. [CrossRef]

49. Lamarche, J.B.; Côté, M.; Lemieux, B. The Cardiomyopathy of Friedreich’s Ataxia Morphological Observations
in 3 Cases. Can. J. Neurol. Sci. J. Can. Des Sci. Neurol. 1980, 7, 389–396. [CrossRef]

50. Bradley, J.L.; Blake, J.C.; Chamberlain, S.; Thomas, P.K.; Cooper, J.M.; Schapira, A.H.V. Clinical, Biochemical
and Molecular Genetic Correlations in Friedreich’s Ataxia. Hum. Mol. Genet. 2000, 9, 275–282. [CrossRef]

51. Zanella, I.; Derosas, M.; Corrado, M.; Cocco, E.; Cavadini, P.; Biasiotto, G.; Poli, M.; Verardi, R.; Arosio, P.
The Effects of Frataxin Silencing in HeLa Cells Are Rescued by the Expression of Human Mitochondrial
Ferritin. Biochim. Biophys. Acta Mol. Basis Dis. 2008, 1782, 90–98. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00775-007-0205-2
http://www.ncbi.nlm.nih.gov/pubmed/17285345
http://dx.doi.org/10.1371/journal.pone.0188937
http://www.ncbi.nlm.nih.gov/pubmed/29200434
http://dx.doi.org/10.1093/hmg/11.16.1865
http://dx.doi.org/10.1007/s00775-008-0369-4
http://dx.doi.org/10.1002/pro.180
http://dx.doi.org/10.1002/jcc.21007
http://dx.doi.org/10.1111/jnc.12220
http://dx.doi.org/10.1002/anie.201710184
http://dx.doi.org/10.1021/ic00030a006
http://dx.doi.org/10.1021/bi050005e
http://www.ncbi.nlm.nih.gov/pubmed/15823016
http://dx.doi.org/10.1002/0471140864.psa05as16
http://dx.doi.org/10.1038/srep20782
http://www.ncbi.nlm.nih.gov/pubmed/26856628
http://dx.doi.org/10.1039/C4DT02796E
http://www.ncbi.nlm.nih.gov/pubmed/25533527
http://dx.doi.org/10.1021/bi500532e
http://www.ncbi.nlm.nih.gov/pubmed/24971490
http://dx.doi.org/10.1021/bi100558z
http://www.ncbi.nlm.nih.gov/pubmed/20536189
http://dx.doi.org/10.1016/j.bbadis.2010.03.008
http://dx.doi.org/10.1136/jnnp-2015-312665
http://dx.doi.org/10.1017/S0317167100022927
http://dx.doi.org/10.1093/hmg/9.2.275
http://dx.doi.org/10.1016/j.bbadis.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18160053


Int. J. Mol. Sci. 2020, 21, 9619 20 of 20

52. Correia, A.R.; Pastore, C.; Adinolfi, S.; Pastore, A.; Gomes, C.M. Dynamics, Stability and Iron-Binding
Activity of Frataxin Clinical Mutants. FEBS J. 2008, 275, 3680–3690. [CrossRef] [PubMed]

53. Wang, Y.; Paletta, J.T.; Berg, K.; Reinhart, E.; Rajca, S.; Rajca, A. Synthesis of Unnatural Amino Acids
Functionalized with Sterically Shielded Pyrroline Nitroxides. Org. Lett. 2014, 16, 5298–5300. [CrossRef]
[PubMed]

54. Roman, E.A.; Faraj, S.E.; Gallo, M.; Salvay, A.G.; Ferreiro, D.U.; Santos, J. Protein Stability and Dynamics
Modulation: The Case of Human Frataxin. PLoS ONE 2012, 7, e45743. [CrossRef] [PubMed]

55. Budil, D.E.; Sanghyuk, L.; Saxena, S.; Freed, J.H. Nonlinear-Least-Squares Analysis of Slow-Motion EPR
Spectra in One and Two Dimensions Using a Modified Levenberg-Marquardt Algorithm. J. Magn. Reson.
Ser. A 1996, 120, 155–189. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1742-4658.2008.06512.x
http://www.ncbi.nlm.nih.gov/pubmed/18537827
http://dx.doi.org/10.1021/ol502449r
http://www.ncbi.nlm.nih.gov/pubmed/25324010
http://dx.doi.org/10.1371/journal.pone.0045743
http://www.ncbi.nlm.nih.gov/pubmed/23049850
http://dx.doi.org/10.1006/jmra.1996.0113
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Structural Remarks and Choice of Labeling Sites 
	EPR Spectra of FXN Interacting with Fe3+ 
	EPR Spectra of FXN Interacting with Fe2+ 
	Fluorescence Spectra of FXN Interacting with Fe3+ 
	Fluorescence Spectra of FXN Interacting with Fe2+ 
	CD Spectra of FXN Interacting with Fe3+ and Fe2+ 

	Discussion 
	Materials and Methods 
	Materials 
	Synthesis of M-TETPO 
	Heterologous Expression and Purification of Human Wild Type and D122Y FXN Proteins 
	Spin Labeling 
	Electron Paramagnetic Resonance (EPR) Spectroscopy 
	Simulation of EPR Spectra 
	Fluorescence 
	Circular Dichroism 

	Conclusions 
	References

