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Summary 
 

 

Friedreich’s ataxia (FRDA) is a mitochondrial cardio-neurodegenerative disease, 

characterized by a progressive damage to the nervous system, muscle weakness 

and cardiomyopathy, which is the main cause of death [Harding A.E. & Hewer 

R.L., 1983]. FRDA is due to an abnormally expanded GAA triplet repeat in the 

first intron of the nuclear FXN gene, which leads to a transcriptional silencing of 

FXN and to a reduced expression of frataxin (FXN), a ubiquitous and highly 

conserved protein localized in mitochondria [Campuzano V. et al., 1996]. There are 

currently no options to prevent or specifically treat the disease and the main 

pharmacological strategies are aimed at mitigating the clinical symptoms and 

slowing the progression rate of the disorder. Several roles have been proposed 

for FXN, ranging from biogenesis of iron-sulfur clusters (ISCs) [Huynen M.A. et 

al., 2001] and heme [Yoon T. & Cowan J.A., 2004] (key redox cofactors of the 

mitochondrial respiratory chain), to iron-binding/storage [Cavadini P. et al., 2002] 

and iron chaperone [Yoon T. & Cowan J.A., 2003]. All these potential functions are 

in agreement with the main biochemical features that characterize FRDA 

patients’ cells, i.e. a deficit of proteins containing Fe-S clusters as cofactors [Rötig 

A. et al., 1997], imbalance in iron homeostasis accompanied by mitochondrial iron 

overload [Puccio H. et al., 2001] and increased susceptibility to oxidative stress 

[Schulz J.B., 2000]. To date, however, a definite relationship between FXN levels, 

dysregulation in iron metabolism/Fe-S clusters assembly and bioenergetics 

failure has not been established yet and, although FRDA has been unequivocally 

associated to the depletion of frataxin, a clear cause-effect relationship is still 

elusive. 

Based on these premises, the objective of my Ph.D. project has been to explore the 

role of FXN in the context of iron metabolism and ISCs biogenesis, as well as to 

rationalize the molecular mechanisms underlying the pathophysiological effects 

of FXN depletion in mitochondria. The present thesis has been structured into 

three parts: in Part I a general introduction is reported, in order to give an 

exhaustive overview of the background of my research; Part II includes the 

experimental section, in which the results of my scientific activity are reported; 

Part III consists of a collection of published papers in which I gave my 

contribution. The experimental section, which is summarized below, has been 

divided into two chapters, in which the two main working lines of my research 
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activity, conducted performing parallel studies in vitro, both with purified 

recombinant proteins and intact cells, are reported. 

In the first part of my research activity, lymphoblastoid cell lines (LCLs) from 

three different FRDA patients, along with an LCL from a healthy age-matched 

control, were thoroughly analyzed in terms of mitochondrial phenotype. Defects 

in bioenergetics efficiency and in mitochondrial ultrastructure morphology were 

disclosed, along with a reduced capability to assemble the respiratory complexes 

in supercomplexes (SCs), supramolecular structures which in healthy cells 

improve the performance of the electron transport chain and the overall 

mitochondrial respiration. Interestingly, it was found that, in healthy cells, 

frataxin and the Fe-S cluster assembly machinery are enriched in the 

mitochondrial cristae, the functional subcompartment housing the respiratory 

(super)complexes. On the contrary, in FRDA cells, while proteins belonging to 

the Fe-S cluster assembly machinery retain their association with the 

mitochondrial cristae as in healthy cells, part of the residual frataxin moves 

towards the matrix. This evidence suggests that the mitochondrial morphological 

and ultrastructural changes observed in FRDA cells could be intimately 

connected to the partial loss of FXN from the cristae to the matrix and that this 

displacement could in turn affect its functional interaction with the ISCs 

assembly machinery, as well as with the mitochondrial respiratory chain. The 

hypothesis of a functional interaction between frataxin and the complexes of the 

respiratory chain was further investigated and, taken together, the obtained 

results suggest an involvement of frataxin in the assembly and/or stability of 

supercomplexes, especially those containing complex I. This could help to focus 

the study of possible therapeutic approaches for FRDA disease on a more specific 

target. 

The second part of my research was dedicated to study the iron-binding 

properties of human FXN through different spectroscopic techniques. All the 

hypothetical functions proposed for frataxin are indeed essentially based on the 

capability of the protein to bind iron; however, literature on this topic is often 

controversial. By means of fluorescence spectroscopy and circular dichroism, the 

behavior of FXN in the presence of ferrous (Fe2+) and ferric (Fe3+) ions has been 

investigated. Moreover, to gain more information about the potential structural 

changes of frataxin promoted by iron-binding, it was taken advantage of an 

approach never used before in the study of FXN, i.e. Site Directed Spin Labeling 

(SDSL) coupled to Electron Paramagnetic Resonance (EPR) spectroscopy. This 

experimental technique is based on labeling cysteines in selected positions of the 
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protein with sensitive paramagnetic probes allowing to detect, at local level, 

possible conformational changes of the backbone dynamics induced by ligand 

binding or by a potential interacting partner. The results obtained by the 

combination of SDSL-EPR, fluorescence and circular dichroism spectroscopies 

have allowed to shed light on the iron-binding properties of frataxin, in relation 

to its possible physiological roles at cellular level. In this regard, contextually to 

the proposed roles for FXN, a recent in vitro study demonstrated a direct 

interaction between yeast frataxin and superoxide dismutases (SODs), key 

enzymes involved in the regulation of the reactive oxygen species in cellular 

environment [Han T.H.L. et al., 2019]. On the basis of this evidence, it was 

addressed if also human FXN is potentially able to interact in vitro with human 

SOD2, the mitochondrial isoform of the enzyme. In order to fulfill this purpose, 

SDSL-EPR has been applied using the same labelled FXN proteins previously 

obtained to detect the effects of iron-binding. EPR experiments, combined with 

fluorescence experiments and with an in silico approach, demonstrated that 

human SOD2 interacts with human FXN in vitro, supporting the hypothesis that 

frataxin could also be involved in the protection against oxidative damage, a 

biochemical trait which commonly characterizes FRDA disease.  
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Chapter 1 

Insight into Mitochondrial Architecture and 

Functions 

 

Known as the “powerhouses of the cell”, mitochondria are organelles responsible 

for the cellular energetic sustainability, using oxygen and nutrients to produce 

adenosine triphosphate (ATP), the molecule which provides the driving force for 

many biological processes. Beyond their direct involvement in cellular 

bioenergetics, mitochondria have been demonstrated to play a key role in several 

other cellular processes, such as signalling and differentiation, immune response 

and cell death. To exert their functions, mitochondria present a distinct 

ultrastructure which constantly reshapes and dynamically changes in response to 

the rearrangements of cellular metabolic pathways. In this chapter the intimate 

linkage between the structural features and the functional roles of mitochondria 

will be described, focusing particularly on the mitochondrial bioenergetic process 

and the molecular components which belong to it. 

 

1.1 Structure-Function Relationship in Mitochondria 

 

Mitochondria, whose structure has been firstly described by George Palade in 

1953 [Palade G.E., 1953], are characterized by a singular and distinct morphology 

where each constituent has a precise functional role [for comprehensive reviews, 

see Pernas L. & Scorrano L, 2016 and Giacomello et al., 2020]. These organelles, 

which could present different shapes in terms of width, length or roundness, 

present a high degree of compartmentalization: they are characterized by two 

membranes, the outer mitochondrial membrane (OMM) and the inner 

mitochondrial membrane (IMM), which physically separate two other 

subcompartments, the intermembrane space (IMS) and the matrix, or lumen 

(Figure 1.1A). The IMM consists in two distinct spatial domains, the inner 

boundary membrane (IBM), close and parallel to the outer membrane, and the 

cristae membranes (CMs), which form pleomorphic invaginations towards 

mitochondrial matrix. Depending on the cell type or cellular energetic status 
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(Figures 1.1B,C), the mitochondrial cristae could adopt very different shapes, from 

curved tubular to more lamellar morphology; however, they are commonly 

characterized by two distinguishable regions, i.e. cristae rims (CRs) and cristae 

junctions (CJs), narrow tubular segments connecting the inner boundary 

membrane to the cristae domain (Figure 1.1D). 

 

 

 
 

 

 

Figure 1.1. Morphological features of mitochondria and their ultrastructure organization. (A) 

Schematic representation of mitochondrial structure and compartments of mitochondrial membranes. (B,C) 

Micrograph of a mitochondrion from muscle fibers (B) and from murine fibroblasts (C). To note that 

mitochondria of tissues with high energetic demands, such as muscles, present a high number of cristae, 

well organized, which occupy most of the inner space of the organelle; a different display is shown in 

mitochondria from cells which do not have high energetic request, like fibroblasts, where cristae have a less 

homogenous distribution and occupy 30-50% of the matrix space. (D) Electron microscopy magnification of 

a mitochondrion in which the outer mitochondrial membrane (OMM) is highlighted in yellow, the Inner 

Boundary Membrane (IBM) in light blue, Cristae Membranes (CMs) in green and cristae junctions (CJs) 

in red [adapted from Quintana-Cabrera R. et al., 2018]. 



                                                                Chapter 1 – Insight into Mitochondrial Architecture and Functions 

9 
 

The stability and maintenance of cristae membranes are ensured by a large 

number of proteins, such as the mitochondrial contact site and cristae organizing 

system (MICOS), F1Fo - ATP synthase and Optic Atrophy 1 (OPA1).  

The MICOS complex, which consists of at least 7 to 8 different subunits in 

mammalian cells, is enriched at cristae junctions and it is the main responsible of 

the stability and the structural maintenance of this mitochondrial region (Figure 

1.2). Each component has a specific function on the modulation of the inner 

membrane shape, especially MIC60, the core of the MICOS complex [Harner M.E. 

et al., 2011; Kozjak-Pavlovic V, 2017; Wollweber F., 2017].  

 

 

 
 

Figure 1.2. Structural factors implicated in mitochondrial cristae architecture and dynamics. The 

MICOS complex (which comprises the subunits MIC10, MIC60, MIC19, MIC25, MIC13, MIC26 and 

MIC27) is involved in the stabilization of cristae junctions. Through its components, it ensures the 

curvature of the inner membrane and it establishes contact sites with outer membrane protein complexes. 

The mitochondrial F1Fo-ATP synthase, due to its dimerization through subunits e, g and k, is responsible of 

the curvature of cristae rims. The dynamin-related GTPase OPA1 is involved in fusion of the inner 

membrane and play a key role in cristae biogenesis and maintenance. OXPHOS, oxidative phosphorylation 

system; CI, CII, CIII, CIV, complexes of the mitochondrial respiratory chain; SAM, sorting and assembly 

machinery; TOM, translocase of the outer mitochondrial membrane; MIB, mitochondrial intermembrane 

space bridging complex [from Colina-Tenorio L. et al., 2020]. 



Part I – Introduction                                                                                                                                             

 

10 

 

MIC60, also known as mitofilin, is the largest component of MICOS and, in 

addition to its role in the maintenance of cristae junctions and membrane 

bending, it is involved in a dynamic series of interactions with a series of proteins 

and protein complexes of the outer membrane, such as the translocase of the 

outer membrane (TOM) or the sorting and assembly machinery (SAM), with 

which it associates in a stable supercomplex called mitochondrial intermembrane 

space bridging complex (MIB) [Ott C. et al., 2012; von der Malsburg K. et al., 2011; 

Ding C. et al., 2015; Huynen M.A. et al., 2016]. The interactions between MIC60 and 

the proteins of the outer membrane constitute a series of contact sites between the 

two mitochondrial membranes which seem to play a crucial role in the stability 

of cristae junctions. 

Differently from MICOS, F1Fo - ATP synthase is mainly localized at cristae rims 

and it ensures, through its dimerization and oligomerization, an appropriate 

curvature of the inner membrane in this spatial site. In contrast to MIC60, which 

favors the negative curvature of the inner membrane, ATP synthase acts in an 

antagonistic way, allowing the positive curvature of the membrane, promoting 

cristae tightening and preventing their branching [Paumard P. et al., 2002; Strauss 

M. et al., 2008; Davies K.M. et al., 2011]. In addition to its physiological role in the 

oxidative phosphorylation, F1Fo - ATP synthase exerts in this way a structural role 

in the complex trim of mitochondrial architecture [Walker J.E., 2013; Kühlbrandt 

W., 2019]. 

A crucial function in the cristae biogenesis and maintenance of cristae junctions is 

carried out by OPA1, a dynamin-related GTPase which localizes in the inner 

mitochondrial membrane and faces the intermembrane space [Meeusen S. et al., 

2006; Frezza C. et al., 2006; Ishihara N. et al., 2006; Cogliati S. et al., 2013; Cogliati S. et 

al., 2016]. In addition to its well-known role in the process of mitochondrial inner 

membrane fusion and, in general, in the mitochondrial dynamics, OPA1 is also 

involved in the energetic efficiency and in the maintenance of mitochondrial 

DNA (mtDNA) [Jones B.A. et al., 1992; Shepard K.A. & yaffe M.P., 1999]; the 

disruption of OPA1 oligomers arrangement is strictly linked to the release of 

cytochrome c from the intracristal space subsequently to an apoptotic stimulus 

[Cipolat S. et al., 2006; Yamaguchi R. et al., 2008]. 

The physical interaction between OPA1 and MIC60, as demonstrated in 

mammalian cells [Barrera M. et al., 2016; Glytsou C. et al., 2016], and the reciprocal 

stabilizing effect between OPA1 and ATP synthase [Quintana-Cabrera R. et al., 

2018], shed light on the close connection of the molecular components involved 

in shaping the morphology of inner mitochondrial membrane. Defects in 
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mitochondrial morphology, as a consequence of their genetic alterations, can 

result in a series of severe human pathologies which mainly affect the cardiac 

and the nervous system. Therefore, the complex network of interactions and 

crosstalk among the membrane-shaping factors need a tight regulation and could 

have a relevant impact on mitochondrial and cell pathophysiology, as it will be 

described in detail in the next chapter. 

While the outer mitochondrial membrane and the inner boundary membrane are 

mainly involved in a synergic interplay with other subcellular cytosolic 

compartments, such as the endoplasmatic reticulum (ER) or lysosomes and 

peroxisomes, cristae are essentially the spatial region responsible for the 

mitochondrial bioenergetic function. Indeed, the oxidative phosphorylation 

(OXPHOS), i.e. the coupled processes of mitochondrial respiration and ATP 

production, takes place in cristae membranes where the complexes of the 

respiratory chain and F1Fo - ATP synthase are localized (Figure 1.2); the cristae 

morphological display itself, with its deep invaginations and increased 

membrane surface, is optimized to harbour larger quantities of respiratory chain 

complexes and consequently to improve the overall respiratory efficiency. 

 

1.2 Oxidative Phosphorylation 

 

To provide a comprehensive understanding of mitochondrial bioenergetics, in 

1961 the British scientist Peter Mitchell proposed the chemiosmotic theory 

[Mitchell P., 1961]. According to this model, the free energy resulting from the 

oxidation of organic nutrients guarantees the generation of an electrochemical 

gradient, pumping of protons out of the mitochondrial matrix, from one side to 

the other side of the mitochondrial membrane; the ATP synthase, through the 

back translocation of these protons from the intermembrane space towards the 

matrix, promotes the synthesis of ATP (Figure 1.3).  

The electrochemical gradient, due to the cationic concentration difference (ΔpH) 

and the membrane potential difference (ΔΨ), is coupled to the passage of 

electrons from reducing equivalents through a series of enzymes which are 

embedded in the inner mitochondrial membrane and that constitutes the so-

called electron transport chain (ETC).  
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Figure 1.3. Schematic representation of the chemiosmotic theory and the oxidative 

phosphorylation. The entire process could be divided into two phases: the “RedOx coupling” (or “first 

coupling”), in which the translocation of protons is promoted by the electron transport chain, and the 

“proton coupling” (or “second coupling”), in which the proton movement is associated with the synthesis 

of ATP by the action of ATP synthase [from Morelli A.M. et al., 2019]. 

 

1.2.1 Respiratory Chain Complexes 

 

The electron transport chain is composed of four multienzymatic complexes and 

two small diffusible and mobile carriers, i.e. ubiquinone (or coenzyme Q, CoQ) 

and cytochrome c, that shuttle electrons between them (Figure 1.3).  

The respiratory chain consists of complex I (CI or NADH:ubiquinone 

oxidoreductase), complex II (CII or succinate:ubiquinone oxidoreductase), 

complex III (CIII or ubiquinol:cytocrome c reductase) and complex IV (CIV or 

cytochrome c oxidase). With the exception of complex II, whose subunits are 

encoded only by nuclear DNA, the subunits of complexes I, III and IV are 

encoded by both nuclear and mitochondrial genomes. As explained in more 

detail in the next chapter, genetic mutations in these subunits, as well as in the 

assembly factors that promote their association into mature complexes, could 

lead to a series of dysfunctions which are commonly referred as mitochondrial 

diseases, highlighting the central role of the respiratory chain complexes in the 

context of the mitochondrial functionality [Vercellino I. & Sazanov L.A., 2021]. 
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1.2.1.1 Complex I or NADH:Ubiquinone Oxidoreductase 
 

Respiratory complex I, also known as NADH:ubiquinone oxidoreductase,  is the 

first enzyme of the electron transport chain and, with its molecular weight of 

about 1 MDa, it is the largest component of the OXPHOS system [for 

comprehensive reviews, see Hirst J., 2013 and Sazanov L.A., 2015]. 

Complex I oxidizes NADH which is mainly produced in the mitochondrial 

matrix through the tricarboxylic acid (TCA) cycle and the β-oxidation of fatty 

acids; the two electrons arising from the oxidation of NADH to NAD+ are used to 

reduce ubiquinone (CoQ) to ubiquinol (CoQH2) in the inner mitochondrial 

membrane and to start the process of electron transfer through the respiratory 

chain until the reduction of molecular oxygen to water. 

The potential energy released during this oxidoreductive process is used to 

transfer four protons from the mitochondrial matrix to the intermembrane space, 

giving a predominant contribution to the proton-motive force used to synthesize 

ATP. The entire process promoted by complex I is the following: 

 

NADH + H+ + CoQ + 4H+matrix  →  NAD+ + CoQH2 + 4H+IMS 

 

(Rxn. 1.1) 

 

Although various structures of bacterial and mitochondrial complex I have been 

determined by X-ray crystallography [Baradan R. et al., 2013; Zickermann V. et al., 

2015] and cryo-EM [e.g. Agip A.A. et al., 2018; Parey K. et al., 2019], the molecular 

details about the catalytic mechanism have not been completely understood yet.  

Complex I from different organisms share a common L-shaped form in which it 

is possible to distinguish three different functional modules: the NADH 

oxidation module (N module), the ubiquinone reduction module (Q module) and 

the proton translocation module (P module) which could be further subdivided 

into two regions, proximal and distal (PP and PD, respectively). While the P 

module, where protons are pumped from matrix to intermembrane space, 

belongs to the inner mitochondrial membrane and constitutes the hydrophobic 

domain, the Q and N modules protrude towards the matrix and, together, they 

constitute the hydrophilic, water-soluble domain of the complex (Figure 1.4). 

Currently, 45 subunits have been identified for human complex I; among them, 

14 subunits are highly conserved across species and represent the functional core 

of the enzyme being necessary and sufficient for energy trasduction. The 

remaining 31 subunits, defined as supernumerary or accessory subunits, 
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contribute to the assembly, stability and functional regulation of the enzyme, 

although they are not strictly required for the catalytic function. The hydrophobic 

domain contains seven core subunits (ND subunits) which are encoded by the 

mitochondrial DNA; the other seven core subunits, which belong to the matrix 

arm, are encoded by the nuclear genome and are imported to the mitochondrion, 

as well as all the accessory subunits.  

Different coenzymes are also present in the complex: the hydrophilic domain 

contains the primary electron acceptor flavin mononucleotide (FMN) and a chain 

of iron-sulfur clusters (ISCs) which transfers electrons from the NADH oxidation 

site to the binding site for ubiquinone, this last localized in the membrane arm. 

The reduction of ubiquinone to ubiquinol induces protein conformational 

changes in the P module, promoting the translocation of the four protons across 

the membrane. 

 

 

 
 

Figure 1.4. Overview of the mitochondrial complex I architecture. Representation based on the bovine 

heart cryo-EM structure of mitochondrial complex I (PDB ID: 4UQ8). The N-module, depicted in green, is 

the site for the oxidation of NADH promoted by a flavin mononucleotide (FMN).  The two electrons derived 

from the redox reaction are transferred across a chain of iron–sulfur clusters (highlighted as orange spheres) 

up to the ubiquinone Q10¯, (bound in the Q-module, colored in gold), which gets reduced to ubiquinol 

Q10H2. The reduced FMN cofactor, reacting with molecular oxygen, is a source of reactive oxygen species 

ROS (in red). The two P-modules of the hydrophobic membrane domain involved in the protons 

translocation are highlighted in violet (PP, proximal P module) and salmon (PD, distal P module). MIM, 

mitochondrial inner membrane; IMS, intermembrane space [from Giachin G. et al., 2016]. 
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Mitochondrial complex I, representing the main entry point for electrons to the 

respiratory chain, plays a central role for the energetic metabolism of the cell; 

furthermore, due to its redox activity, it contributes in a large extent to the 

cellular production of reactive oxygen species (ROS) [Sugioka K. et al., 1988; 

Turrens J. F. & Boveris A., 1980], chemical species which have important functions 

in different signalling pathways.  

 

1.2.1.2 Complex II or Succinate:Ubiquinone Oxidoreductase 
 

Complex II, or succinate:ubiquinone oxidoreductase or succinate dehydrogenase 

(SDH), is the second enzyme of the mitochondrial respiratory chain and the 

second entry point for the electrons. This enzyme, which also takes part to the 

TCA cycle catalyzing the oxidation of succinate to fumarate, promotes the 

reduction of ubiquinone to ubiquinol. Complex II consists of four subunits, all 

encoded by nuclear DNA: two of them, SDHA and SDHB, protrude towards the 

mitochondrial matrix and constitute the catalytic domain of the enzyme; the 

other two subunits, SDHC and SDHD, are embedded in the inner mitochondrial 

membrane and form the hydrophobic domain where ubiquinone gets reduced to 

ubiquinol (Figure 1.5). 

 

 

 
 

Figure 1.5. Mitochondrial complex II and its cofactors. Representation of the porcine mitochondrial 

complex II (PDB ID: 1ZOY). The four subunits of the enzyme are SDHA (purple), SDHB (blue), SDHC 

(green) and SDHD (orange). The cofactors belonging to the enzyme are FAD (green stick), three iron-

sulfur clusters (red and yellow sphere), Ubiquinone (red stick) and heme b (blue stick). IMS, 

intermembrane space; IMM, inner mitochondrial membrane [from Van Vranken J. G. et al., 2014]. 
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While SDHA contains a flavin adenine dinucleotide (FAD) cofactor and the 

succinate binding site, SDHB contains three iron-sulfur clusters whose function 

relies on transferring the electrons from the flavin to the ubiquinone reduction 

site. Among its prosthetic groups, complex II contains also a heme center which 

seems not directly involved in the reduction of ubiquinone and whose function 

has not been completely clarified yet.  

 

1.2.1.3 Complex III or Ubiquinol:Cytochrome c Reductase 
 

Complex III, alternatively known as ubiquinol:cytochrome c reductase, plays a 

central role in the mitochondrial respiratory chain catalyzing the transfer of 

electrons from ubiquinol to the soluble carrier cytochrome c (Figure 1.3); the 

oxidoreductive reaction is coupled to the translocation of protons from the matrix 

to the intermembrane space: 

 

CoQH2 + 2 Cyt c oxidized + 2 H+matrix  →  CoQ + 2 Cyt c reduced + 4 H+IMS 
 

(Rxn. 1.2) 

 

Crystal structures for complex III have been resolved from different species and 

they share a common structure [Xia D. et al. 1997; Iwata S. et al., 1998; Zhang Z. et 

al., 1998; Lange C. & Hunte C., 2002], a homodimeric assembly in which each 

monomer presents several subunits, eleven in mammals, all encoded by nuclear 

genome, with the exception for cytochrome b subunit. Three of them are involved 

in the electron transfer: cytochrome b, which contains two hemes (bL, or low 

potential heme, and bH, or high potential heme), cytochrome c1, which contains 

heme c1, and the Rieske iron-sulfur protein (UQCRFS1 subunit or Rip1), which 

contains one iron-sulfur cluster (Figure 1.6). 

Differently from complex I and complex IV, in complex III the protons are carried 

across the membrane by ubiquinone itself and the mechanism which is actually 

accepted to explain the catalytic action of the enzyme is called “proton-motive Q 

cycle” [Trumpower B., 1990], as depicted in Figure 1.6B. 

Within the mitochondrial respiratory chain, complex III is the second major site 

for the production of reactive oxygen species together complex I. 
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Figure 1.6. Architecture and catalytic mechanism of ubiquinol:cytochrome c reductase. (A) Crystal 

structure of Saccharomyces cerevisiae complex III (PDB ID: 3CX5). The subunits involved in the catalytic 

function are cytochrome b (in red), cytochrome c1 (in orange) and Rieske iron–sulfur protein (Rip1, in 

yellow). The carrier cytochrome c is highlighted in pink. (B) Representation of the Q cycle. One of the two 

electrons derived from the oxidation of ubiquinol (UQH2) at Qo site is transferred to the cluster of Rieske 

protein (Rip1) and subsequently to heme c1, in order to reduce cytochrome c as final step. The second 

electron reaches the Qi site through hemes bH and bL reducing ubiquinone (UQ) to ubiquinol (UQH2) [from 

Ndi M. et al., 2018]. 

 

1.2.1.4 Complex IV or Cytochrome c Oxidase 
 

Mitochondrial complex IV, or cytochrome c oxidase (COX), is the last enzyme of 

the respiratory chain, promoting the electrons transfer from the reduced 

cytochrome c to molecular oxygen and with the production of H2O [Ostermeier C. 

et al., 1996; Kadenbach B., 2021]. In the enzymatic process catalyzed by complex IV, 

four protons from the mitochondrial matrix are used to synthesize two molecules 

of water while other four protons are translocated toward the intermembrane 

space, contributing to the generation of the electrochemical gradient used by ATP 

synthase to synthesize ATP. The overall reaction could be summarized as 

follows:  

 

4 Cyt c reduced + 8 H+matrix + O2 →  4 Cyt c oxidized + 4 H+IMS + 2 H2O 
 

(Rxn. 1.3) 
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All the subunits of the complex belong to the inner mitochondrial membrane; for 

human COX, which has a total of 13 subunits (plus the recent debatable 

attribution of a fourteenth subunit  [Zong S. et al., 2018]), ten subunits are 

encoded by nuclear DNA, while the other three, which are directly involved in 

the catalytic function, are encoded by the mitochondrial genome. 

As cofactors, mitochondrial complex IV contains two hemes, a cytochrome a and 

cytochrome a3, and two copper centers, the CuA and CuB centers, together with 

phospholipid molecules (Figure 1.7). Cytochrome a3 and CuB form a binuclear 

center which is the site where oxygen reduction takes place. Starting from 

cytochrome c, previously reduced by mitochondrial complex III, electrons will be 

transferred to the oxygen reduction site a3-CuB through cytochrome a and CuA 

and, coupling this process to the proton pumping across the mitochondrial 

membrane, molecules of water are produced. 

 

 
 

Figure 1.7. Structure of human cytochrome c oxidase, shown in two rotated views along the inner 

mitochondrial membrane. The 14 identified subunits are labeled and highlighted with different colors. 

The metal cofactors (CuA, CuB, heme a and heme a3) and phospholipids cardiolipin (CDL) and 

phosphatidylethanolamine (PEE) are shown as spheres. M, matrix; IM, inner membrane; IMS, 

intermembrane space [adapted from Zong S. et al, 2018]. 

 

1.2.2 Respiratory Chain Supercomplexes 

 

The OXPHOS system represents the core of the mitochondrial bioenergetic 

function and the structural organization of the mitochondrial respiratory 

complexes is intimately linked to its role. 
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There are different models, widely debated, which describe how the complexes 

organize in the mitochondrial inner membrane. In the first model, introduced in 

1947 by Keilin and Hartree [Keilin D. & Hartree E.F., 1947], the components of the 

respiratory chain have been considered to be: 

 

“more or less rigidly held together in a framework that ensures their mutual accessibility 

and a consequent high catalytic activity” 

 

Therefore, the “solid model” describes the complexes as closely packed, 

organized in bigger structures to provide an enhancement of electron transport 

and efficiency of the process. This model has been gradually replaced by the 

“fluid model” where the four complexes are considered to be randomly 

distributed within the inner mitochondrial membrane and the electrons could 

flow from a complex to another thanks to the mobile carriers ubiquinone and 

cytochrome c. As described by Hackenbrock [Hackenbrock C.R. et al., 1986]: 

 

“The mitochondrial inner membrane is a fluid-state rather than a solid-state membrane 

and…all membrane proteins and redox components which catalyze electron transport and 

ATP synthesis are in constant and independent diffusional motion…. We present five 

fundamental postulates upon which the random collision model of mitochondrial electron 

transport is founded: (1) All redox components are independent lateral diffusants; (2) 

cytochrome c diffuses primarily in three dimensions; (3) electron transport is a diffusion-

coupled kinetic process; (4) electron transport is a multicollisional, obstructed, long-range 

diffusional process; (5) the rates of diffusion of the redox components have a direct 

influence on the overall kinetic process of electron transport and can be rate limiting, as 

in diffusion control” 

 

Although accepted for a long time, the fluid model has been later replaced by a 

more articulate vision of the system, when Schägger and Pfeiffer proposed a 

reformulation of the solid model with their “plasticity model” [Schägger H. & 

Pfeiffer K., 2000]: 

 

“…we present data that fundamentally change the paradigm of how the yeast and 

mammalian system of oxidative phosphorylation is organized. The complexes are not 

randomly distributed within the inner mitochondrial membrane, but assemble into 

supramolecular structures” 
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According to this model, the respiratory chain complexes could organize into 

supramolecular assemblies, called respiratory supercomplexes (RSCs), which 

guarantee a more efficient and quick transfer of electrons and an enhancement of 

the overall mitochondrial respiration.  

For the experimental approach used to prove their existence, supercomplexes 

have been questioned for a long time; indeed, Schägger and Pfeiffer observed the 

co-migration of the respiratory complexes using blue native polyacrylamide gel 

electrophoresis (BN-PAGE), a technique which necessarily requires the 

solubilization of the membrane with mild detergents to preserve the native 

interactions and assemblies between proteins and macromolecules [Schägger H. & 

von Jagow G., 1991]. Figure 1.8 reports the diversified pattern of mitochondrial 

supercomplexes as revealed by BN-PAGE, with their approximate molecular 

weights and their relative structures. Although initially criticized as artifacts of 

detergent solubilization, the existence of supercomplexes as real physical entities 

has been later unequivocally demonstrated [Davied K.M. et al., 2011]. 

 

 

 
 

Figure 1.8. BN–PAGE analysis of mitochondrial membranes from ovine heart solubilized with 

the mild detergent digitonin. The respiratory chain supercomplexes, with their approximate molecular 

weights and structure, are reported on the right. The attribution of the bands to the correspondent 

supercomplexes has been done on the basis of the molecular weight and comparison to proteomic and 

western blot analysis [from Letts J.A. & Sazanov L.A., 2017]. 
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The association of individual complexes into supercomplexes has been observed 

in different organisms including mammals [Schägger H. & Pfeiffer K., 2000; 

Schägger H. & Pfeiffer K., 2001], yeast [Schägger H. & Pfeiffer K., 2000], plants [Eubel 

H. et al., 2003], algae [Miranda-Astudillo H. et al., 2018] and some bacteria [Stroh A. 

et al., 2004]. It has been estimated that most of mammalian complex I (85%-100%), 

partly of complex III (55%-65%) and only a small extent of complex IV (15%-25%) 

are found to be associated into supercomplexes [Schägger H. & Pfeiffer K., 2001; 

Greggio C. et al., 2017]; on the contrary, complex II has not been observed to be 

part of a stable supramolecular assembly with other respiratory complexes. 

Moreover, complex I, complex III and complex IV associate with different 

composition and stoichiometry (including, for instance, CI/CIII2, CI/CIII2/CIV1-4 

and CIII2/CIV1-2) and the structures of several supramolecular assemblies have 

been also resolved by electron and cryo-electron microscopy [Althoff  T. et al., 

2011; Dudkina N.V. et al., 2011; Mileykovskaya E. et al., 2012; Letts J.A. et al., 2016].   

Among the different and possible combinations, RSCs containing complex I in 

simultaneous association with complex III and complex IV are considered the 

most relevant: this supramolecular assembly, in the presence of mobile carriers 

ubiquinone and cytochrome c, is capable of independent respiration and, for this 

reason, is commonly referred as respirasome (Figure 1.9) [Schägger H. & Pfeiffer K., 

2000; Acín-Pérez R. et al., 2008; Enriquez J.A., 2016].  

Recently, it has been also proposed that mammalian OXPHOS complexes are 

able to associate into a higher supramolecular assembly, the respiratory 

megacomplex CI2CIII2CIV2, providing new insight into the organization of the 

electron transport chain and new perspectives on the study of its functional 

mechanisms [Guo R. et al., 2017]. 

Differently from ATP synthase which, as previously stated, is mainly localized in 

the cristae rims and modulates the curvature of the inner membrane, each 

component of the OXPHOS system is predominantly localized on the planar 

cristae surfaces, as well as the respiratory supercomplexes and megacomplexes 

[Vogel F. et al., 2006; Davies et al., 2011; Wilkens V., 2013]; accordingly, ATP 

synthase has never been demonstrated to be associated with respiratory 

supercomplexes and cryo-EM map of the respirasome CI1CIII2CIV1 and 

megacomplex CI2CIII2CIV2 show a spatial arrangement where the cytosolic 

surfaces of CI, CIII and CIV are in the same plane, therefore constituting a disc-

like structure (Figure 1.10) [Gu J. et al., 2016; Letts J.A. et al., 2016; Guo R. et al., 

2017].  
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Figure 1.9. The respirasome. The principal and functional mitochondrial supercomplex is constituted by 

complex I associated with a dimer of complex III and with a monomer of complex IV. Complex I catalyzes 

the oxidation of NADH to NAD+ with the reduction of ubiquinone Q to ubiquinol QH2. Complex III 

catalyzes the oxidation/reduction of ubiquinol/ubiquinone, according to the Q cycle mechanism. Complex 

IV oxidizes cytochrome c and promotes the reduction of O2 to H2O [from Hirst J., 2018]. 

 

 

The morphology of the inner mitochondrial membrane and, especially, of the 

cristae, has a deep impact on the stabilization of respirasomes; indeed, it has been 

observed that a reshape of the orthodox topology of the inner mitochondrial 

membrane, as a cause or a consequence of an impairment of the organelle’s 

functionality, could have a relevant effect on the assembly of supercomplexes. 

The disruption of MICOS system, as well as the genetic ablation of OPA1,  has a 

relevant effect on the respiratory chain assembly: the disorganization of the 

cristae morphology due to the modulation of mitochondria-shaping proteins 

causes defects in the structure/function of the supercomplexes and consequently 

leads to an impairment of the respiratory efficiency and, in general, of the 

bioenergetic functions [Cogliati S. et al., 2013; Cogliati S. et al., 2016]. 

Furthermore, the lipid composition of the inner mitochondrial membrane seems 

to be crucial for the formation of supercomplexes, as well as for their stabilization 

and function: for instance, in Barth syndrome, the defective remodeling of 
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cardiolipin, the main constituent of inner membrane, induces a decrease in the 

levels of RSCs, shedding light on a possible effect of cardiolipin in the stability of 

respirasomes [McKenzie M. et al., 2006]. 

 

 

 

 
 

Figure 1.10. Organization and topological distribution of respiratory chain complexes in 

mitochondria. (A) Mitochondrial structural morphology (on the left) and its relative enlargement (on the 

right) with the distribution of the OXPHOS complexes and their supramolecular association in 

mitochondrial membrane. The concentration gradient of protons is represented with red notes. OM: outer 

membrane; IMS: intermembrane space; IM: inner membrane. (B) Distribution of complex II (CII), 

megacomplex MCI2III2IV2 and ATP synthase (Complex V, CV) tetramer on mitochondrial cristae. 

Cofactors of the complexes are shown as spheres. CII PDB ID: 1ZOY; megacomplex MCI2III2IV2 PDB ID 

5XTI; supercomplex SCI1III2IV1 PDB ID 5XTH; ATP synthase PDB ID: 6J5K [from Wu M. et al., 2020]. 

 

 

Among the possible roles hypothesized for RSCs, it has been speculated that the 

functional advantage of the association into supercomplexes is to guarantee 

structural stabilization of the individual complexes and, especially, to provide an 
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optimized condition for the assembly and activation of complex I. Although 

different other roles have been proposed for supercomplexes, such as increasing 

the efficiency of electron transfer through substrate channeling, enhancing the 

catalytic activities of the respiratory enzymes and/or preventing the generation of 

ROS through the regulation of reactive intermediates, the precise reason why 

supercomplexes exist is still under debate; anyhow, it is generally accepted that 

the structural organization of respiratory complexes into supercomplexes could 

exert a relevant role in the mitochondrial physiology; therefore, alterations to 

RSCs formation could be an important hallmark of pathological conditions 

[Enríquez J.A, 2016; Novack G.V., 2020; Ramírez-Camacho I., 2020; Javadov S. et al., 

2021; Protasoni M. & Zeviani M., 2021]. 
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Chapter 2 

Mitochondrial Diseases  

 

Mitochondrial diseases represent a large group of disorders characterized by a 

progressive dysfunction of oxidative phosphorylation and, in general, of 

mitochondrial functionality. For their heterogeneity in clinical manifestations, 

mitochondrial disorders are very difficult to diagnose and manage, representing 

a challenge for the scientific community of the new century. As described in the 

previous chapter, mitochondria have a crucial role in several metabolic processes: 

an impairment of their physiological status may have deleterious consequences 

on their functions and, for extension, on the biochemical pathways of a cell. 

In this chapter a brief overview of disorders which affect mitochondria is 

reported, focusing on their pathophysiological mechanisms and clinical 

phenotypes. 

 

2.1 Pathophysiology of Human Mitochondrial Diseases 

 

Mitochondrial diseases, also known as mitochondriopathies, are de facto caused 

by mutations in genes of the mitochondrial or nuclear genome that encode 

proteins whose functions are pivotal for the metabolism of the organelle 

[Scheibye-Knudsen M. et al., 2015; Gorman G.S. et al., 2016; Russell O.M. et al., 2020; 

Protasoni M. & Zeviani M., 2021]. Over about 1500 proteins are involved in the 

maintenance and correct functionality of mitochondria: among them, thirteen are 

encoded by human mtDNA while the remaining are encoded by nuclear DNA 

(nDNA), translated in the cytoplasm and subsequently translocated into the 

organelle through a fine regulated mechanism of import [Calvo S.E. & Mootha 

V.K., 2010]. Several pathogenic mutations in mtDNA and nDNA have been 

shown to cause disease: up to now, is known that 11% of the disease genes are 

mitochondrial DNA encoded (36 genes) while 89% are encoded by nuclear 

genome (302 genes) (Figure 2.1) [Stenton S.L. & Prokisch H., 2020]. Since genetic 

mutations could occur in both mtDNA and/or nDNA, mitochondrial diseases can 

present any pattern of inheritance, i.e. maternal, autosomal-dominant, autosomal-

recessive and X-linked [Koopman W.J. et al., 2012]; it has been also reported that de 
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novo mutations can also occur, although rarely, both in nuclear or mitochondrial 

genomes [DiMauro et al., 2004].  

 

 

 
 

Figure 2.1. Mitochondrial disease genes. 338 genes are recognized to be involved in mitochondrial 

diseases; they are divided into six subsets according to their roles: (1) OXPHOS subunits, assembly factors, 

and electron carriers (102/338 genes), (2) mitochondrial DNA maintenance, expression, and translation 

(102/338 genes), (3) mitochondrial dynamics, homoeostasis, and quality control (43/338 genes), (4) 

metabolism of substrates (40/338 genes), (5) metabolism of cofactors (41/338 genes), and (6) metabolism of 

toxic compounds (10/338 genes). Genes indicated with an asterisk have dual roles across these categories. 

The mode of inheritance is autosomal recessive in 262 genes, maternal in 36, autosomal dominant in 8, X-

linked dominant in 6, X-linked recessive in 4, and 22 genes inherited by a combination of AR and AD 

inheritance [from Stenton S.L. & Prokisch H., 2020]. 
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In the majority of cases, pathogenic mutations in the human mtDNA are 

heteroplasmic, a condition which occurs when an individual cell carries a 

mixture of wild type and mutated mitochondrial genome [Larsson N.G. & Clayton 

D.A., 1995]. The level of heteroplasmy, i.e. the relative proportion of mutant to 

normal mtDNA, is critical for the arise of cellular dysfunctions and, 

consequently, for the disease onset. Furthermore, the percentage of mutated 

mtDNA usually needs to exceed specific threshold values to cause biochemical 

defects and these values strongly depend on the mtDNA specific mutation, on 

the cell type and could also vary for the same mutation in different patients 

[Schlieben L.D. & Prokisch H., 2020].  

As previously stated, the thirteen proteins encoded by mtDNA are structural 

subunits of the respiratory chain; additionally, mtDNA encodes twenty-four 

molecules of RNA (2 ribosomal RNAs and 22 transfer RNAs) that are 

fundamental for the translation of these proteins inside mitochondria. The 

polypeptides encoded by mtDNA are essential for the correct functioning of the 

oxidative phosphorylation process: seven of them are the core subunits of the 

hydrophobic domain of mitochondrial complex I (subunits MT-ND1–6 and 

ND4L), one is a subunit of complex III (subunit MT-CYB), three belong to 

complex IV (subunits MT-CO1–3) and two are the subunits of ATP synthase 

(MT-ATP6 and MT-ATP8). A relevant number of mutations in all of these genes 

and mtDNA rearrangements have been shown to induce pathological conditions, 

leading to dysfunctions of the OXPHOS system and, more in general, to a severe 

impairment of the mitochondrial bioenergetics. The majority of mitochondrial 

proteome is encoded by nuclear DNA and several point mutations have been 

found to cause a large number of mitochondrial disorders [Fernandez-Vizarra E. & 

Zeviani M., 2021]. Pathological mutations occur in genes coding for the structural 

subunits of the OXPHOS complexes, as well as for the assembly factors involved 

in their biogenesis. These factors are proteins which promote a correct and 

appropriate maturation of the complexes, stabilizing possible assembly 

intermediates, assisting the insertion of specific subunits or guaranteeing the 

biosynthesis and/or incorporation of the cofactors required for their catalytic 

activity. The severity of pathophysiological effects caused by mutations in genes 

coding for complexes subunits and/or assembly factors is highly variable, 

depending on the type of mutations and on the biosynthetic pathways which are 

directly involved. It is worth to note that pathogenic mutations in nuclear DNA 

can not only affect genes encoding proteins of the OXPHOS system but also 

proteins involved in many other mitochondrial functions, such as mitochondrial 
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dynamics and quality control, as well as mitochondrial morphology and cristae 

shaping, homeostasis and substrates/cofactors metabolism et cetera [Stenton S.L. & 

Prokisch H., 2018]. Mitochondria are complex systems where each molecular 

component is strictly connected to the others: this strong interdependency is 

relevant in the context of mitochondrial diseases, because a genetic mutation 

which occurs in an individual component has usually a drastic impact on the 

entire organelle’s functionality.   

 

2.2 Occurrence, Clinical Features and Syndromes 

 

Mitochondrial diseases represent the most common group of inherited disorders 

whose large variety of clinical features and high genotype-phenotype 

heterogeneity makes them difficult to be recognized and treated.  

Defects on nuclear genome have shown to be the principal cause of childhood 

mitochondrial disease while genetic mutations in mtDNA are more frequent in 

adult cases. The onset of mitochondrial disorders is characterized by a bimodal 

distribution: a peak in the first three years of life and a second broader peak 

between adolescence and forty years of life (adult-onset disorders) [Gorman G.S. 

et al., 2016]. The prevalence of childhood-onset mitochondrial disorders (<16 

years of age, indicatively) has been evaluated to range from 5 to 15 cases per 100 

000 individuals [Skladal D. et al., 2003; Ryan E. et al., 2006]; in adults, the 

occurrence for mitochondrial diseases caused by mutations in nDNA and 

mtDNA have been estimated to be 9.6 and 2.9 cases per 100 000 of the 

population, respectively [Gorman G.S. et al., 2015]. 

Since mitochondria are present in almost all nucleated cells, mitochondrial 

disorders could potentially affect every organ or tissue; however, as expected, 

they have a deeper impact on cells with high energetic demands (i.e. myocytes 

and neurons) leading to an impairment of organs like heart, brain and skeletal 

muscles. Mitochondrial human dysfunctions can cause a large spectrum of 

neurological and non-neurological symptoms, as schematically summarized in 

Figure 2.2 [McFarland R. et al., 2010; Gorman G.S. et al., 2016; Russell O.M. et al., 

2020]. 

Commonly, childhood-onset diseases are characterized by a series of typical 

symptoms such as generalized weakness, hypotonia, encephalopathy, fatigue 

and vomiting. Adult-onset disorders are generally less severe and they present 
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clinical manifestations like chronic progressive external ophthalmoplegia, 

diabetes, deafness and, in some cases, neurodegenerative episodes. 

Although they generally manifest as multisystemic disorders, cases of 

mitochondriopathies in which single organs are involved are possible: for 

instance, in Leber hereditary optic neuropathy (LHON) syndrome, a disease 

characterized by mutations in the ND1, ND4 and ND6 genes and consequent 

deficiency in complex I, leads young people to have problems circumscribed only 

to the visual apparatus [Jurkute N. & Yu-Wai-Man P., 2017].  

 

 

 
 

 

Figure 2.2. Clinical manifestations of human mitochondrial diseases. Disorders which involve 

mitochondrial functionality can be characterized by a series of neurological and non-neurological 

symptoms. The clinical presentations are usually multi-systemic involving different organs and tissues and 

they depend on several factors, such as the specific mutations on mtDNA or nDNA, heteroplasmy or the 

age of onset [from Gorman G. S. et al., 2016]. 
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The most severe childhood mitochondrial disease is Leigh syndrome, a 

progressive neurodegenerative disorder which, being associated with defects in 

more than 90 different genes in mtDNA and nDNA, well represents the genetic 

heterogeneity of mitochondrial diseases [Rahman J. et al., 2017]. Patients affected 

by Leigh syndrome usually die in infancy or early childhood due to the rapidity 

of the neurodegenerative progression. Other childhood disorders are Alpers-

Huttenlocher disease, characterized by epilepsy, liver disease and psychomotor 

regression, and Pearson syndrome, characterized by lactic acidosis, anemia and 

pancreatic insufficiency [Saneto R.P. et al., 2013; Rötig A. et al., 1995]. Adult-onset 

mitochondrial disorders include the previously mentioned LHON syndrome, the 

progressive cardio-encephalomyopathy Kearns-Sayre disease, the myopathy, 

encephalopathy, lactic acidosis and stroke-like episodes (MELAS) syndrome and 

the neurogenic muscle weakness, ataxia and retinitis pigmentosa (NARP) 

neurodegenerative disorder [see Gorman G.S. et al., 2016 for a comprehensive 

review]. Additionally, several other diseases have shown to be caused by 

mutation in genes coding for proteins involved in mitochondrial dynamics, such 

as in MFN2 and OPA1, leading to Charcot-Marie-Tooth neuropathy type 2A and 

optic atrophy 1, respectively [Verhoeven K. et al., 2006; Hudson G. et al., 2008]. 

Currently, diagnostic methods used to evaluate a mitochondrial disease are 

essentially based on genetic and genomic screening, generally providing a 

prompt treatment of the pathology. Nowadays, therapeutic approaches are 

mostly symptomatic and organ-specific; although they guarantee an 

improvement of the life quality and expectancy, they do not provide a definitive 

resolution to the problem. With new advances in diagnostic techniques and omic 

sciences, great efforts have been made to understand the molecular mechanisms 

of mitochondrial pathologies, thereby providing new hope for the development 

of curative treatments [Stenton S.L. & Prokisch H., 2020]. In the complexity of this 

scenario, it is noteworthy that mitochondrial dysfunctions could be also critical 

for the pathogenic mechanisms that characterize some common neurological 

disorders, such as Parkinson’s disease (PD), Alzheimer’s disease (AD), 

Huntington’s disease, prion diseases and amyotrophic lateral sclerosis; it is 

therefore clear that modulation and manipulation of mitochondrial  

functionalities could be crucial for the control and decreasing of the progression 

of these disorders [Murphy M.P. & Hartley R.C., 2018]. Friedreich’s ataxia, a 

mitochondrial neurodegenerative disease, is described in detail in the next 

chapter.
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Chapter 3 

Friedreich’s Ataxia  

 

In 1863, the German neurologist and pathologist Nikolaus Friedreich (1825-1882) 

described for the first time a form of inherited disease characterized by early 

onset ataxia, kyphoscoliosis, fatty degeneration of the heart, defects of the dorsal 

columns and dorsal roots [Friedreich N., 1863]. His scientific work was not 

properly acknowledged during his lifetime and only thirty years later the French 

neurologist Pierre Marie (1853-1940) realized the importance of Friedreich’s 

scientific studies [Marie P., 1893]. His eponymous disease, Friedreich’s ataxia, is 

actually recognized as a rare disease and the most common inherited ataxia.  

Despite the identification of the pathogenic gene, more than twenty years ago, 

and the great efforts to understand the pathophysiological mechanisms of the 

disease, a cure is not yet available. In this chapter, the clinical, biochemical and 

genetic aspects of Friedreich’s ataxia will be described and the main therapeutic 

strategies currently adopted for mitigate symptoms and slowing down the 

progression of the disease will be briefly reported.    

 

3.1 Phenotypic Traits 

 

Friedreich’s ataxia (FA or FRDA; OMIM # 229300) is the most common inherited 

ataxia in Caucasian population [Cossée M. et al., 1997]. Epidemiological studies 

highlight large regional differences in Europe, ranging from 1 in 20 000 in south-

west (especially in North of Spain, South of France and Ireland) and 1 in 250 000 

in the north and east of the continent [Vankan P., 2013]. Additionally, the 

estimated carrier frequency varies between 1:50 to 1:100 in European, Middle 

Eastern, North African and Indian people [Koeppen A.H., 2011]. The onset of 

symptoms is usually in middle to late childhood and adolescence, between the 

age of 6 and 18 (“classical” FRDA); the outbreak of the disease in adult and 

middle age is possible, although less common: late-onset (LOFA) and very late-

onset (VLOFA) Friedreich’s ataxia represent “atypical” forms of the disease, 

developing after the ages of 25 and 40 years, respectively [Bürk K., 2017; Cook A. 

& Giunti P., 2017]. In these cases, the phenotypic manifestations are milder and 
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less severe, showing a slower disease progression and more heterogeneous 

symptoms. On the contrary, early-onset FRDA represents a condition where the 

symptoms of the disease develop before the age of 5; these cases are rare and 

they are generally characterized by a more severe phenotype and a faster 

progression of the disease [Parkinson M.H. et al., 2013]. FRDA is slowly 

progressive and multisystemic, affecting both the central and peripheral nervous 

systems, as well as the musculoskeletal system, the heart and the endocrine 

pancreas; in most cases, it is characterized by progressive ataxia of limbs and 

gait, dysarthria, hypertrophic cardiomyopathy and diabetes mellitus [Harding A.E. 

& Hewer R.L., 1983; Delatycki M.B. & Corben L.A., 2012; Cook A. & Giunti P., 2017]. 

With regard to neuropathological phenotype, dorsal root ganglia, dentate nuclei 

of the cerebellum, peripheral nerves, posterior columns, spinocerebellar tracts 

and corticospinal tracts of the spinal cord are the main affected sites [Koeppen 

A.H., 2011]. Among the musculoskeletal defects, FRDA patients commonly suffer 

from scoliosis and foot deformities, such as pes cavus and talipes equinovarus. The 

later stages are characterized by pyramidal weakness, muscular contractures and 

spasticity which confine patients to a wheelchair by the age of forty; other 

concomitant clinical manifestations like dysphagia, oculomotor abnormalities 

and sensorineural hearing loss could also occur [Cook A. & Giunti P., 2017]. 

Diabetes, whose prevalence in FRDA patients varies between 8% and 49%, is 

generally a late event of Friedreich’s ataxia but its manifestation may generally 

worsen the health status of the patient [Finocchiaro G. et al. 1988; Dürr A. et al., 

1996]. The most common cause of death for FRDA patients is associated to 

cardiac dysfunction, in particular to arrhythmic manifestations; nevertheless, 

aspiration pneumonia, diabetic coma, stroke, ischemic heart disease and trauma 

sequelae are reported as other typical causes of death [De Michele G. et al., 1996; 

Leone M. et al., 1988]. Although the average age at death is reported to be 

approximately 40 years [Tsou A.Y. et al., 2011], life quality has considerably 

improved thanks to the advancement in the study of the pathophysiological 

mechanisms of the disease and the development of new therapeutic strategies.  

 

3.2 Genetics and Molecular Basis of the Disease 

 

In 1996 Friedreich’s ataxia was identified as an autosomal recessive inherited 

disease, caused by an unstable guanine-adenine-guanine (GAA) triplet expansion 
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in the first intron of FXN gene on the positive strand of chromosome 9q21.11 

[Campuzano V. et al., 1996]. 

The majority of FRDA patients (approximately 96%) are homozygous for the 

GAA expansion while the remaining 4% of the cases present a heterozygous 

phenotype with an expansion in one allele and a mutation in the other, including 

nonsense, missense, insertion and deletions [Cossée M. et al., 1999]. 

Whilst in normal chromosomes the number of GAA repeats is generally less than 

40, in FRDA patients the number of repeats is commonly between 600 and 900 

with a pathological threshold that is reported to be 70 (Figure 3.1) [Cook A. & 

Giunti P., 2017]. The GAA triplet expansion is also unstable during life because it 

could increase or decrease with a maternal passage while it usually decreases 

when inherited from father to child [Monros E. et al., 1997]. 

 

 

 

 

Figure 3.1. Genetic cause of Friedreich's ataxia. An aberrant expansion of GAA triplet in the first 

intron of FXN gene blocks the transcription of FXN mRNA leading to reduced levels of frataxin protein. 

The number (n) of GAA expansions correlates with disease severity. 

 

 

Longer GAA expansions are usually associated with a more severe phenotype 

with earlier symptoms onset and faster progression of the disease, and an inverse 

correlation between the number of GAA triplets in the smaller allele and the age 

of symptoms onset, as well as disease complications like diabetes mellitus or 

cardiomyopathy, has been also observed in FRDA patients. Nevertheless, the 

number of repeats is not the only aspect which determines the variability of the 

age of onset; somatic mosaicism, modifier genes and the instability of the GAA 

expansion are only some other aspects which could contribute to that [Delatycki 

M.B. et al., 1999; Dürr A. et al., 1996; Filla A. et al., 1996; Montermini L. et al., 1997]. 

From a genetic point of view, the primary consequence of the abnormal GAA 

triplet repeat is the transcriptional silencing of FXN, gene which encodes the 

mitochondrial protein frataxin (FXN). 
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The molecular mechanisms which bring to FXN gene silencing have been 

extensively studied and some evidence indicates that the FXN transcriptional 

deficiency is due to the formation of non-canonical DNA/RNA structures, like 

“sticky DNA” triplexes and R-loops. The formation of heterochromatin (i.e. 

repressive chromatin), along with other aberrant epigenetic mechanism like DNA 

methylation, histone modifications (acetylation/deacetylation and 

methylation/demethylation) and noncoding RNAs, have a deep impact on the 

transcriptional process of the gene and, consequently, on the expression of 

frataxin (Figure 3.2) [Sakamoto N. et al., 1999; Sandi C. et al., 2013; Cook A. & Giunti 

P., 2017].  

 

 

 

 

Figure 3.2.  Proposed mechanisms of FXN gene silencing. (A) In healthy conditions, where the number 

of GAA repeats is less than 40, the FXN gene is packaged in open chromatin; RNA polymerase II (Pol II) 

has access to the promoter, proceeding with the elongation. Blue marks indicated acetylated histones on 

nucleasomes. (B) In FRDA conditions, where the number of GAA repeats is more than 40, the FXN gene is 

packaged in condensed heterochromatin (the histone methylation marks, shown in red, are the binding sites 

for HP1, the protein involved in the heterochromatin condensation). Some factors which induce 

heterochromatinization, such as triplexes and/or sticky DNA, R-loops, short RNA transcripts or FAST-1 

(an antisense transcript of FXN), are reported [from Gottesfeld J.M. et al., 2019]. 
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In FRDA patients, frataxin levels are in fact reduced by 5-30% while, in 

asymptomatic carriers, protein levels are about 50% if compared to healthy 

unaffected individuals; therefore, a correlation between the amount of residual 

frataxin in FRDA patients and the onset of pathological mechanisms of the 

disease is likely [Campuzano V. et al., 1997; Chutake Y.K. et al., 2014; Lazaropoulos M. 

et al., 2015; Delatycki M.B. & Bidichandani S.I., 2019]. Frataxin deficiency mainly 

affects the organs and tissues where the protein is highly expressed, i.e. dorsal 

root ganglia, spinal cord, cerebellar dentate nuclei and cerebral cortex, as well as 

in heart, pancreas, liver and skeletal muscle [Campuzano V. et al., 1996; Campuzano 

V. et al., 1997] and this correlates with the sites mainly involved in FRDA 

pathology [Koeppen A.H., 2011]. Furthermore, the complete loss of frataxin in cells 

results in embryonic lethality, both in mammals [Cossée M. et al., 2000] and in 

plants [Vazzola V. et al. 2007], suggesting that frataxin plays a key role as a protein 

essential for organisms’ development and survival. Since frataxin depletion has a 

deep impact on the mitochondrial functionalities, Friedreich’s ataxia has been 

effectively classified as a mitochondrial disease. 

 

3.3 Mitochondrial Pathophysiology  

 

As described in the previous chapter, alterations in mitochondrial functionalities 

have a predominant role in neurodegenerative disorders. Defects in 

mitochondrial energy production and in oxidative stress mechanisms, as well as 

alterations in mitochondrial quality control, network dynamics and 

communication of mitochondria with other organelles, are all phenotypic traits 

that have been reported for FRDA pathology [González-Cabo P. & Palau F., 2013]. 

In particular, the imbalance of iron metabolism, which commonly characterizes 

neurodegenerative diseases, is a distinctive feature of Friedreich’s ataxia 

[Lamarche J.B. et al., 1980; Bradley J.L. et al., 2000; Harding I.H. et al., 2016]. The 

biochemical alteration of mitochondrial and cellular iron physiology due to 

frataxin deficiency have been associated with mitochondrial iron overload and 

iron deposits, as observed in FRDA patients [Ramirez R.L. et al., 2012] and in 

different models of frataxin depletion such as mouse [Whitnall M. et al., 2012], 

yeast [Babcock M. et al., 1997] and Caenorhabditis elegans [González-Cabo P. et al., 

2011]. In this regard, mitochondria play a central role in the maintenance of 

cellular iron homeostasis [Richardson D.R. et al., 2010]; iron levels need to be finely 

regulated because a possible imbalance at mitochondrial level can lead to the 
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generation of reactive oxygen species and consequent deleterious effects for the 

cell. In mitochondria, iron is mainly used in the biosynthesis of iron-sulfur 

clusters and heme centers, prosthetic groups that are responsible of the 

enzymatic activities of several proteins such as the complexes of electron 

transport chain and enzymes of Krebs cycle. Defects in iron-sulfur clusters 

biogenesis with the consequent deficit of Fe-S proteins lead to an increasing iron 

accumulation and mitochondrial iron overload [Lill R. et al., 2012], as observed in 

Friedreich’s ataxia etiology [Rötig A. et al., 1997; Chiabrando D. et al., 2020]. 

In addition to defects in iron-sulfur cluster biosynthesis and mitochondrial iron 

accumulation, the third main biochemical features of FRDA cells is an increased 

susceptibility to oxidative stress [Schulz J.B. et al., 2000; Schmucker S. & Puccio H., 

2010]. Increases in reactive oxygen species, in some cases associated with iron 

deposits, have been observed in several cellular and animal models with a 

depletion of frataxin (mouse [Puccio H. et al., 2001; Simon D. et al. 2004; Al-

Mahdawi S. et al., 2006], yeast [e.g. Babcock M. et al., 1997 and Wilson R.B. & Roof 

D.M., 1997], Drosophila melanogaster [Llorens J.V. et al., 2007] and C. elegans 

[Vazquez-Manrique R.P. et al., 2007]), as well as in fibroblasts, cerebellum and heart 

biopsies from FRDA patients [Garcia-Gimenez J.L. et al., 2011; Waldvogel D. et al., 

1999; Rötig A. et al. 1997]. ROS imbalance is also intimately linked to the 

impairment of iron-sulfur protein. The complexes of the respiratory chain, 

especially complex I and complex III, are the primary source of endogenous 

reactive oxygen species; an imbalance in their activity and, for extension, in the 

coupling efficiency of the electron transport chain, promotes an increase in ROS 

levels and in oxidative stress susceptibility. In a vicious circle, a modification in 

physiological redox balance could bring to the activation of cellular defense 

mechanisms such as autophagic processes. Autophagy is a degradative cellular 

process responsible for the removal of damaged organelles, misfolded or 

aggregated proteins and intracellular pathogens, playing a key role in balancing 

sources of energy as an adaptive mechanism of starvation. In some cases, when 

autophagic mechanisms are not able to control the oxidative injuries, apoptotic 

pathways could be activated. In neurodegenerative diseases autophagy has been 

shown to be crucial for the neuronal survival; when autophagic mechanisms are 

not able to control the oxidative injuries, apoptotic pathways can be activated 

leading to cellular death. Although the correlation between frataxin depletion 

and apoptosis is strongly dependent on the type of cell, some evidence has 

pointed out classical autophagic patterns in FRDA pathology models [Simon D. et 

al., 2004; Schiavi A. et al., 2013], as well as the activation of apoptotic mechanisms 
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[Cossée M. et al., 2000; Palomo G.M. et al., 2011]. It is worth noting that the 

biochemical features in Friedreich’s ataxia described above show a differential 

pattern depending on the type of tissues or organs (Figure 3.3); moreover, these 

phenotypic traits are not universal: ROS imbalance, as well as deficiencies in 

iron-sulfur cluster proteins or mitochondrial iron accumulation, are not always 

manifest or coexistent events in FRDA cells, highlighting the complexity of 

mitochondrial pathophysiology in Friedreich’s ataxia. 

 

 
 

 

Figure 3.3.  Altered biochemical pathways in Friedreich’s ataxia pathology as a consequence of 

frataxin depletion in mitochondria. Iron deposits, deficiencies in enzymes containing iron sulfur 

clusters, imbalance in oxidative stress and activation of autophagic/apoptotic mechanisms are the main 

biochemical features that characterize FRDA patients’ cells. The three principal organs affected are heart, 

nervous system and pancreas. Continuous arrows and dashed arrows indicate that the specific biochemical 

feature taken into account in the specific organ or tissue has always been reported or not, respectively [from 

González-Cabo P. & Palau F., 2013]. 

 

3.3 Therapeutic Approaches 

 

Although Friedreich’s ataxia has been unequivocally associated to frataxin 

depletion, a clear cause-effect relationship has not been clarified yet. As it will be 

discussed in the next chapter, different physiological roles have been proposed 

for frataxin, especially on the basis of the biochemical features of FRDA patients’ 

cells; however, the precise function of frataxin is still elusive, as well as its 

specific contribution to the pathology onset and progression of both classical and 

atypical FRDA.  
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Since an effective and resolutive therapy is not currently available, the main 

therapeutic and pharmacological strategies are aimed to mitigate the clinical 

symptoms of FRDA and slowing down the progression rate of the disease. As 

reported above, frataxin deficiency leads to an imbalance in iron metabolism 

associated with mitochondrial iron overload, an impaired enzymatic activity of 

Fe-S proteins and an increase in oxidative stress. On the basis of these 

biochemical evidence, the current therapeutic approaches are mainly based on 

the administration of iron chelators, drugs to decrease oxidative stress and drugs 

that increase frataxin expression.  

 

3.3.1 Antioxidants and Enhancer of Energy Metabolism 

 

Several studies highlight the beneficial use of antioxidant and mitoprotective 

agents in the management of FRDA disease aimed to decrease oxidative stress 

and increase mitochondrial functions [Pallardò F.V. et al., 2021]. 

Among them, the most studied antioxidants are coenzyme Q10 (CoQ10), its 

structural analogue idebenone, vitamin E and omaveloxolone. Coenzyme Q, which is 

an essential component of mitochondrial respiratory chain, has a protective role 

against oxidative damages and acts as a compound able to restore optimal levels 

of energy production. Although poorly reabsorbed from the gut for its 

hydrophobic properties, CoQ10, in combination with vitamin E, seems to have 

some positive effects on heart and skeletal muscle of FRDA patients, as well as in 

the slowdown of neurological symptoms progression [Cooper J.M. et al., 2008]. 

Idebenone, although combining an increased bioavailability with antioxidant 

properties of CoQ, has not been shown to have strong positive effects in the 

management of the disease [Delatycki M.B. & Bidichandani S.I., 2019]. Instead, a 

promising drug in the treatment of FRDA pathology appears to be Omaveloxolone, 

which has been shown to improve mitochondrial function, restore redox balance 

and reduce inflammation in several models of FRDA disease [Lynch D.R. et al., 

2018; Lynch D.R. et al., 2021]. 

 

3.3.2 Iron Chelators 

 

Due to the evidence of iron deposits as a biochemical consequence of frataxin 

depletion, iron sequestering agents are currently one of the main therapeutic 
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approaches adopted in the management of the disease. Among them, 

deferoxamine and deferiprone are the most common [Bürk K., 2017; Alsina D. et al., 

2018]. Although largely used, the main problems of iron chelators are associated 

to their poor permeability of biological membranes and to their lack of selectivity. 

In fact, iron chelators act also sequestering the physiological iron, causing 

extracellular depletion of the metal with the risk of increasing the overall 

imbalance of iron metabolism. For this reason, a chelating compound able to 

relocate the metal from mitochondrial iron accumulations to the cytosolic 

compartment would be optimal, instead of non-selective chelators that 

indiscriminately remove iron from all the body sites.  

 

3.3.3 Frataxin Increase and Gene Therapy 

 

An interesting strategy in Friedreich’s ataxia therapy is aimed at increasing the 

levels of frataxin: since heterozygous FRDA carriers with 50% level of FXN 

transcript are asymptomatic and phenotypically normal, a slight increase in 

frataxin levels for affected FRDA patients could be relevant to have significant 

clinical effects. 

It has been demonstrated, both in cellular and animal models of FRDA, that 

frataxin levels could be increased with the use of resveratrol, a natural polyphenol 

which simultaneously acts as an antioxidant agent [Yiu E.M. et al., 2015], or 

erythropoietin [Mariotti C. et al., 2013], as well as the immune modulator interferon 

gamma [Seyer L. et al., 2015; Vavla M, et al., 2020]. The same effect may be achieved 

with the administration of ubiquitin-competing molecules (UCM), a class of small 

molecules which selectively block the ubiquitination and degradation of frataxin 

promoted by the ubiquitin/proteasome system and guarantee the accumulation 

of FXN protein in cells [Rufini A. et al., 2015]. Etravirine, an antiretroviral drug 

currently used for the treatment of human immunodeficiency virus (HIV), has 

recently turned out to be a promising therapeutic for Friedreich’s ataxia; in fact, 

etravirine has shown to enhance frataxin mRNA translation as well as to promote 

a significant increase in frataxin levels in cells from FRDA patients, allowing to 

restore Fe-S clusters biogenesis and conferring resistance to oxidative stress 

[Alfedi G. et al., 2018]. 

Frataxin supplementation could be also achieved by two different approaches, i.e. 

by protein replacement therapy, through a direct delivery of the protein, or by 

gene replacement therapy, through a delivery of a wild-type FXN gene [Delatycki 
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M.B. & Bidichandani S.I., 2019]. A direct delivery of frataxin inside cells could be 

carried out with the use of TAT-frataxin fusion proteins, chimeric proteins resulting 

from the fusion of frataxin with the trans-activator of transcription (TAT) 

domain, a cell penetrating peptide. It has been demonstrated, in FRDA mouse 

models, that TAT-frataxin allows an efficient delivery of the protein inside the 

cell and leads to a rescue of the phenotype, increasing lifespan and improving 

cardiac functions [Britti E. et al., 2018; Vyas P.M. et al., 2012]. 

New perspectives, although still at early stages, are directed to genetic therapy 

which could solve the upstream events of FRDA pathology. Recently, CRISPR-

Cas9 system has been shown as a promising tool for genome editing and it has 

started to be widely applied in several preclinical trials, also for Friedreich’s 

ataxia [e.g. Rocca C.J. et al., 2020]. However, although encouraging, gene therapy 

presents several problems as target delivery, genotoxicity and controlled 

expression [Bürk K., 2017]; for these reason, frataxin replacement or 

improvements in oxidative stress are currently the preferred strategies for the 

treatment of the disease. As an alternative approach, epigenetic therapy has been 

recently developed in FRDA management. The epigenetic therapy is aimed at 

searching for drugs and compounds which specifically target enzymes directly 

involved in the epigenetic changes of specific genes. In the case of Friedreich’s 

ataxia, reversing the epigenetic modifications with, for instance, histone 

deacetylase inhibitors (like pimelic 2-aminobenzamide HDAC-inhibitors, 

nicotinamide, sirtinol or splitomicin) or DNA demethylating agents, could be a 

potential therapeutic tool to upregulate the expression of frataxin [Sandi C. et al., 

2013].  
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Chapter 4 

Frataxin  

 

Among the transition metals which regulate biological processes in living 

systems, iron plays a role of primary importance. Iron metabolism is one of the 

most complex and finely regulated mechanism that characterize all life forms, 

from bacteria to humans. The exceptional peculiarity of this element is due to its 

chemical versatility which is the reason why nature selected iron in so many life 

processes. Several proteins are involved in iron homeostasis, from the storage 

and transfer of the metal to its integration as a constituent part of enzymatic 

cofactor. Among them, frataxin seems to play a key role in the biogenesis of Fe-S 

clusters, a highly complex mechanism which occurs in mitochondria. Frataxin is 

a mitochondrial protein whose deficiency, as described in the previous chapter, is 

the cause of Friedreich’s ataxia. Based on the biochemical phenotypic traits of 

FRDA pathophysiology, several functions have been proposed for frataxin: in 

addition to its involvement in iron metabolism, frataxin seems to act as a 

pleiotropic protein taking part in other biochemical pathways, such as in cellular 

oxidative stress regulation or in mitochondrial bioenergetics. 

In the present chapter, the current knowledge about the molecular aspects of 

frataxin’s structure and function will be summarized, highlighting its potential 

capability to interact with iron, its close involvement in mitochondrial iron 

metabolism regulation and its role in Fe-S clusters biogenesis. 

 

4.1 Frataxin Sequence Conservation 

 

Frataxin is a small protein, ubiquitously found in prokaryotes and eukaryotes 

and highly conserved among the organisms, from bacteria and mammals to fungi 

and plants [Gibson T.J. et al., 1996; Adinolfi S. et al., 2002]. 

The sequence alignment of the frataxin family highlights two distinct regions, a 

N-terminal block of about 70 – 90 residues, poorly conserved among eukaryotes 

and totally absent in prokaryotes, and a C-terminal region of about 100 – 130 

residues, which is highly conserved among different species (Figure 4.1). The 

sequence identity of the C-terminus is approximately 25% while the sequence 
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similarity corresponds to 40 – 70%, indicating that this is the functional region of 

the protein [Pandolfo M. & Pastore A., 2009]. It is worth to note that the sequence 

conservation mainly involves three tryptophan residues and a semi-conserved 

series of negatively charged residues, suggesting that these could have an 

important role in the structure and/or function of the protein.  

 

 

 
 

Figure 4.1. Multiple sequence alignment of frataxin proteins. Sequence alignment of some frataxin 

orthologues displayed with software program ClustalX (European Bionformatic Institute, Cambridge, UK) 

and with the standard colour coding scheme. The red boxes and light blue arrows indicate the positions of 

the secondary structure motif, i.e. alpha helices and beta strands respectively [from Adinolfi S. et al., 2002]. 

 

4.2 Cellular Localization and Mitochondrial Maturation 

 

In eukaryotes, frataxin is encoded in the nucleus, synthetized in the cytoplasm 

and subsequently imported into mitochondria. At first, the mitochondrial 

localization of frataxin was suggested by the identification of a mitochondrial 

targeting sequence in the N-terminal of mouse and yeast homologues, as well as 

by the observation of an impairment of mitochondrial function caused by the 

disruption of the yeast frataxin gene [Koutnikova H. et al., 1997]. This hypothesis 
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was unequivocally confirmed by tagging experiments that demonstrated the co-

localization of human frataxin with mitochondrial cytochrome c oxidase 

[Koutnikova H. et al., 1997]. 

The human FXN gene encodes a polypeptide of 210 amino acids which 

represents the precursor form of the protein, recently characterized in vitro in 

terms of stability, conformation and function [Castro I.H. et al., 2018]. The 

additional N-terminal tail contains a mitochondrial import signal which delivers 

frataxin to the mitochondrion. Inside the organelle, frataxin is proteolytically 

processed by mitochondrial processing peptidase (MPP) to its final, mature, 

soluble and fully functional form. 

The maturation process has been a matter of debate for a long time. Among 

different proposals [Koutnikova H. et al., 1998; Cavadini P. et al., 2000; Gordon D.M. 

et al., 2001], Cavadini and coworkers proposed a two-step process: in the first 

step, human frataxin precursor is cleaved between residues G41 and L42, 

generating an intermediate form of 19 kDa (residues 42-210); a second cleavage 

occurs between residues A55 and S56, giving rise to a 17 kDa form (residues 56-

210) [Cavadini P. et al., 2000]. In addition to these two steps, a subsequent 

proteolytic cleavage between residues K80 and S81, generating a 14 kDa protein 

(residues 81-210), has been also identified. This last form, constituted of 130 

amino acids, is currently recognized as the major form of mature frataxin inside 

human cells, both in healthy individuals and in FRDA patients [Condò I. et al., 

2007; Schmucker S. et al., 2008; Gakh O. et al., 2010].  

 

4.3 Folding and Structure 

 

By means of X-ray cristallography and NMR spectroscopy, several structural 

studies have been carried out for the yeast (Yfh1), human (Hfxn) and bacterial 

(CyaY) frataxin orthologues [Cho S.J. et al., 2000; Dhe-Paganon S. et al., 2000; Lee 

M.G. et al., 2000; Musco G. et al., 2000; Nair M. et al., 2004; He Y. et al., 2004]. A 

comparison of their tridimensional structures highlights a strong folding 

similarity (Figure 4.2A), which directly reflects the high degree of amino acid 

sequence conservation and suggests a common function. 

The peculiarity of frataxin fold is due to a planar α-β sandwich motif: two 

terminal α-helices and five antiparallel β-strands constitutes two structural 

planes, and one or two additional β-strands intersect them, giving rise to the final 

globular and slightly elongated structure. 
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Figure 4.2. Solution structure of three frataxin orthologues and their electropotential surfaces. (A) Ribbon 

structures for human (Hfxn), yeast (Yfh1) and bacterial (CyaY) frataxin. All the proteins shared a common 

structure characterized by two alpha-elices (in green) and 6/7 beta-sheets (in orange) following an 

α1β1β2β3β4β5β6(β7)α2 topology. (B) Electrostatic surfaces of human (Hfxn), yeast (Yfh1) and bacterial 

(CyaY) frataxin placed in the same orientation as in (A) on the top and rotated of 90 degrees around the y-

axis on the bottom. (Structure figures and electropotential plots have been elaborated with UCSF Chimera 

using PDB ID: 1LY7 for Hfxn, PDB ID: 2GA5 for Yfh1 and PDB ID: 1SOY for CyaY).  
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For human frataxin, the N-terminal tail which comprises residues 81-92 has been 

shown to be predominately unstructured and intrinsically unfolded [Musco et al., 

2000; Prischi F. et al., 2009], justifying the frequent use of the truncated 90-210 

form for the in vitro studies. Despite their high structural similarity, human, yeast 

and bacterial frataxins have also different thermodynamic stabilities [Pastore A. et 

al., 2007] and several factors have been shown to influence frataxin fold as, for 

instance, the length of the C-terminal region [Adinolfi S. et al., 2004]. 

As previously stated, the structural similarity between frataxin orthologues is the 

result of a high similarity in amino acid sequence. Among the most conserved 

and semi-conserved residues, a series of aspartates and glutamates are located in 

the N-terminal region of the protein covering in large part the α1 and β1 

secondary structural motifs. The enrichment in these residues confers acidity to 

frataxin, which presents an isoelectric point of around 4.5 [Adinolfi S. et al., 2004]. 

The comparison of the electrostatic potential plots of yeast, human and bacterial 

frataxins (Figure 4.2B) highlights a conserved negatively charged surface 

distributed along the first alpha helix and the beta sheet, approximately covering 

a quarter of the protein total accessible surface [Dhe-Paganon et al., 2000]; the 

conservation of this protein dipole among frataxin from different organisms 

suggests the potential involvement of this specific protein patch in molecular 

interactions with other ligands or proteins. 

 

4.3.1 The Effect of Point Mutations on Protein Structure 

 

As described in the previous chapter, most of the FRDA patients are homozygous 

for a GAA repeat expansion in the first intron of the FXN gene while about 4% of 

FRDA patients carry one GAA expansion in one allele and a truncating or 

missense mutation in the other. More than 40 different mutations have been 

reported, including insertion, deletion and/or point mutations [Cossée M. et al., 

1999; De Castro M. et al., 2000]. Interestingly, all clinically relevant mutations have 

been shown to affect highly conserved residues [Cossée M. et al., 1999]; for this 

reason, a closer inspection of these mutations have been done to provide new 

insights into frataxin function. Unlike the homozygous condition, which leads to 

a reduction of frataxin levels, the missense mutations are directly involved in 

alteration of the activity, folding and/or structural properties of the expressed 

protein, as suggested by several in vitro studies [Correia A.R. et al., 2006; Correia 

A.R. et al., 2008]. Using recombinant mutant proteins, it has been demonstrated 
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that, under physiological conditions, some of these point mutations do not affect 

the native protein folding but influence the thermodynamic stability, as well as 

protein dynamics, tendency towards aggregation and susceptibility to proteolytic 

digestion. For this reason, it has been suggested that the FRDA etiological 

manifestations in heterozygous patients could result from the combined effects of 

a reduced folding efficiency and an acceleration in protein degradation, leading 

to lower frataxin cellular levels [Pastore A. & Puccio H., 2013]. 

Among the most frequent pathological point mutations, D122Y, G130V, I154F, 

N146K, W155R and R165C could result either in the classical FRDA phenotype or 

in atypical clinal manifestation [Cossée M. et al., 1999; Gellera C. et al., 2007; Galea 

C.A. et al., 2016]. It is worth to note that the most recurrent point mutations could 

be clustered into two groups with common features (Figure 4.3). The first group is 

composed by residues which belong to the hydrophobic core of the protein and 

pack against each other, suggesting that their mutations could have an impact on 

the stabilization of protein fold (residues L106, I154, L156, W173, L182 and H183). 

 

 

 
 

Figure 4.3. Ribbon representation of the structure of human mature frataxin and main FRDA-pathological 

point mutations. The side chains of mutated residues are shown as sticks and colored on the basis of the 

group to which they belong. In blue are highlighted the three exposed residues (N146, W155 and W165) 

while the buried residues of the hydrophobic core (L106, I154, L156, W173, L182 and H183) are depicted in 

pink and explicited in the structure rotated of 90 degrees around the x-axis. The two glycine residues (G130 

and G137) are in orange while D122 is highlight in green. The structure figures have been made with 

PyMol using PDB ID: 1EKG for human frataxin. 
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The second group is represented by exposed residues located on the β-sheet, i.e. 

the conserved tryptophan W155, the arginine R165 and the asparagine N146. 

Other relevant point mutations affect the negatively charged aspartate in position 

122 and two glycine residues in position 130 and 137 which are placed at the 

beginning of the β1β2 turn and at the end of β2 strand, respectively. The two 

glycine-to-valine mutations of G130 and G137, due to the steric hindrance with 

neighboring residues caused by the bulkier side chain of valine, have been shown 

to strongly destabilize the protein fold [Cavadini P. et al., 2000; Faggianelli N. et al., 

2015]. 

Interestingly, it has been also demonstrated that some disease-related missense 

mutations impair the cellular localization of frataxin as well as the interaction 

with mitochondrial protein peptidase, with consequences on the correct protein 

maturation processing inside mitochondria [Clark E. et al., 2017]. 

 

4.3.2 Iron-Binding Properties 

 

The acidic patch of frataxin N-terminal domain, corresponding to the first α-helix 

and the first β-strand, has been suggested to confer to the protein the capability 

to bind cationic species. In particular, the presence of aspartates and glutamates, 

which are chemically proper to act as ligands for metallic ions, indicated a 

possible involvement of frataxin in metal binding. 

NMR studies on yeast, human and bacterial frataxin orthologues pointed out the 

capability of the protein to chelate, although with low specificity and affinity, 

divalent and trivalent cationic species including Ca2+, Mn2+, Co2+, Cu2+, and 

various lanthanide ions [Nair M. et al., 2004; Pastore C. et al., 2007]. However, since 

one of the biochemical traits of FRDA pathophysiology is an impairment in 

cellular iron homeostasis, a plethora of spectroscopic studies have been 

performed to investigate the potential capability of the protein to bind iron. 

Although widely debated over the years, frataxin has been unequivocally 

recognized as an iron-binding protein, albeit as an unusual member of this family 

[Adamec J. et al., 2000; Adinolfi S. et al., 2002; Cavadini P. et al., 2002; Yoon T. & 

Cowan J.A. 2003; Yoon T. & Cowan J.A., 2004; Bou-Abdallah F. et al., 2004; Cook J.D. 

et al., 2006; Bellanda M. et al., 2019]. Frataxin has in fact a completely different 

structure if compared to classical iron-binding proteins: in iron-carrying proteins, 

such as transferrin, the binding sites for the metal are localized in buried pockets 

protected by globular domains, while in other iron-binding proteins, such as 
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ferritin, these sites are hidden in hydrophilic cavities. Furthermore, among the 

residues which are generally involved in the iron-binding, there are often 

cysteines, which can be in turn assisted by the coordination promoted by 

histidines and carboxylate groups. On the contrary, mature frataxin does not 

possess cysteine residues in its amino acid sequence and the putative region of 

iron-binding is exposed on the protein surface, suggesting that the monomeric 

protein could have a weak and labile tendency to bind the metal, and that a 

stable binding or storage functions may require the joint action of several frataxin 

monomers. 

X-ray absorption spectroscopy (XAS) and X-ray absorption fine structure 

(EXAFS) have been used to characterize iron-binding to yeast and human 

frataxin [Cook J.D. et al., 2006], and NMR spectroscopy clearly provided frataxin 

residues which are directly involved in the interaction with the metal [Musco G. et 

al., 1999; Nair M. et al., 2003; He Y. et al., 2004]. 

Several independent studies demonstrated the capability of the monomeric 

protein to bind both ferrous and ferric ions. By means of isothermal titration 

calorimetry (ITC), bacterial CyaY and yeast Yfh1 were shown to bind two Fe2+ 

ions at micro-molar range and, although with comparable dissociation constant 

(Kd), they bind iron in a different manner: while for CyaY both binding sites have 

Kd ≈ 4.0 μM [Bou-Abdallah F. et al., 2004], in Yfh1 the two metal binding sites for 

Fe2+ are independent with nearly identical binding affinities (Kd1 = 3.0 μM and Kd2 

= 2.0 μM for the two sites, respectively) [Cook J.D. et al., 2006]. Moreover, the 

capability of monomeric CyaY to bind six ferric ions in oxidative conditions has 

been demonstrated. This eventually leads to the interaction with 25-26 

Fe3+/monomer and to an increased oligomerization tendency [Bou-Abdallah F. et 

al., 2004]. For human frataxin, greater uncertainty concerns the stoichiometry, 

affinity and type of metal coordination in iron-binding. By means of ITC and 

fluorescence spectroscopy, it was found that human mature frataxin binds six to 

seven Fe2+/Fe3+ ions per monomer with Kd (Fe2+) = 55.0 μM and Kd (Fe3+) = 10.2 μM 

[Yoon T. & Cowan J.A., 2003]. Differently, through a combination of NMR, 

fluorescence, and mass spectrometry, a binding stoichiometry of only three 

equivalents was reported for the binding of both ferrous and ferric ions [Gentry 

L.E. et al., 2013]. Making more controversial this issue, a recent NMR study 

pointed out that frataxin binds only one Fe2+ equivalent and has no binding 

affinity for Fe3+ [Cai K. et al., 2018]. 

Although the large number of discrepancies regarding its iron-binding 

properties, it is widely accepted that frataxin, directly binding iron, could be 
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involved in the maintenance of cellular metabolism and homeostasis of this 

metal; for this reason, various hypotheses about its possible roles in vivo have 

been advanced, as described in the next section.  

 

4.4 Frataxin, a Moonlighting Protein  

 

As described in the previous chapter, the precise physiological function of 

frataxin is still elusive. Different roles have been supposed, based on the 

phenotype of FRDA patients’ cells and on frataxin iron-binding properties. 

Among them, frataxin seems to take part in different pathways, all related to iron 

metabolism, as an iron chaperone and/or allosteric modulator in Fe-S clusters and 

heme biogenesis, as an iron-storage protein during condition of iron overload, or 

as a modulator in the oxidative stress and protection against oxidative damage. 

Furthermore, there are other cellular processes in which a direct involvement of 

frataxin has been suggested, from mitochondrial energy conversion and 

oxidative phosphorylation to cellular signaling, from mechanism of autophagy to 

apoptosis and ferroptosis. All these roles are however interdependent, 

suggesting how frataxin could take part simultaneously in more than a single 

process: to all intents and purposes frataxin can be considered a moonlighting 

protein, performing multiple physiological roles in the context of mitochondrial 

functionality.  

 

4.4.1 The Involvement in Iron Metabolism as an Iron-Storage Protein 

 

Isaya and co-workers were the first to suggest a physiological function for 

frataxin, observing the capability of the yeast Yfh1 to encapsulate iron in 

spheroidal oligomeric structures in a ferritin-like manner [Adamec J. et al., 2000]. 

Later studies demonstrated that the tendency to form large oligomeric assemblies 

distinguishes also bacterial CyaY but not mature Hfxn: while in the absence of 

iron all three frataxin orthologues retain a highly soluble monomeric form in 

vitro, only CyaY and Yfh1 assemble into oligomeric structure, in the presence of 

large excess of iron and under aerobic conditions [Cook et al., 2006; Adinolfi et al., 

2009; Cook et al., 2010]. Although confuted later [Yoon T. et al., 2007], human 

frataxin demonstrates a tendency to oligomerize only in its (56-210) form, in an 
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iron-independent manner and under extreme conditions [O’Neill H.A. et al., 

2005]. Frataxin oligomerization has been deeply investigated for Yfh1, 

highlighting the tendency of the protein to assemble into trimers, hexamers, 12-

mers, 24-mers up to 48-mers, with the trimer as a basic unit, in an iron-dependent 

manner (Figure 4.4A). The capability to form spheroidal structures with iron 

storage properties led to hypothesize for frataxin a ferritin-like storage function 

(Figure 4.4B); this was also supported by the evidence that mitochondrial ferritin 

can partially complement the absence of frataxin, both in yeast and in human 

cells [Campanella A. et al., 2004; Zanella I. et al., 2008]. 

 

 

 
Figure 4.4. Architecture of the yeast frataxin trimer and 24-meric oligomer. (A) On the left, proposed 

outer surface of the trimer and, on the right, its inner surface, in ribbon representation. Loops, α-helices and 

β-strands are shown in brown, yellow and red, respectively. The N-terminal, which is colored in green, 

contributes to the stabilization of the assembly. (B) Comparison of surface representation of yeast frataxin 

(on the left) and horse-spleen ferritin (on the right) 24-meric oligomers in the same scale. Trimers which 

constitute the oligomers are represented in accordance with their electrostatic surface potential. [Adapted 

from Karlberg T. et al., 2006]. 

 

 

However, experimental studies performed with Yfh1 and CyaY suggested that 

this should not be the major function of frataxin since, at physiological 

concentrations of magnesium or calcium salts within mitochondria, these 

proteins are in a monomeric state and the tendency to oligomerization is 

discouraged [Adinolfi S. et al., 2002]. Moreover, iron storage function for frataxin 

could be a redundant role in mammals where a specialized mitochondrial ferritin 

(MtF) fulfills this function; the expression of human mitochondrial ferritin in 

frataxin-deficient yeast cells prevented the development of mitochondrial iron 

overload and restored the impaired mitochondrial functionality, showing that 

MtF can substitute for most frataxin functions in yeast [Campanella A. et al., 2004]. 
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4.4.2 The Role in the Oxidative Stress 

 

As described in the previous chapter, susceptibility to oxidative stress is one of 

the central features of FRDA disease. An altered iron metabolism associated with 

intracellular iron deposits, as observed in FRDA patients’ cells as well as in 

different frataxin-deficiency models, remarkably contributes to cellular oxidative 

damage [e.g. Babcock M. et al., 1997; Rötig A. et al. 1997; Puccio H. et al., 2001; 

Llorens J.V. et al., 2007]. The chemical versatility of iron, which relies on the ability 

to cycle between the ferrous (Fe2+) and ferric (Fe3+) oxidation states, is the reason 

why the metal has been chosen by Nature to take part in several biological 

processes. Nevertheless, at the same time, iron redox chemistry needs to be finely 

regulated because, if unbalanced, it can promote a series of collateral reactions 

which lead to the increase the cellular concentration levels of ROS, molecules 

which have deleterious effects on cell membranes and other cellular components 

such as proteins, lipids, and nucleic acids. ROS include superoxide radical anions 

(O2¯), hydroxyl radicals (OH˙) and hydrogen peroxide (H2O2), that can easily lead 

to free radical reactions in living organisms. At low concentrations, ROS are 

particularly important in cells, playing a pivotal role as messengers in cell 

signaling, as a support in cell proliferation and as key regulators in survival 

pathways [Ray P.D. et al., 2012]. On the other hand, a very high concentration of 

ROS creates an imbalance between ROS formation and cellular antioxidant 

capacity; in this case, the cell turns into a condition of oxidative stress and the 

antioxidant system is not able to overcome it [Schieber M. & Chandel N.S., 2014]. 

The cellular antioxidant defenses include detoxifying specific enzymes, as well as 

small molecules which directly react with ROS as glutathione, ascorbic acid or 

NADPH. Among the enzymes which take part in the response to oxidative stress 

there are superoxide dismutases (SODs), which catalyze the dismutation of the 

superoxide radical into molecular oxygen and hydrogen peroxide, and 

glutathione peroxidase and catalase, which catalyze the decomposition of H2O2 to 

water and oxygen. With a closer inspection to iron biological chemistry, ferrous 

iron is extremely prone to react with molecular oxygen, leading to the formation 

of superoxide radical anion and hydrogen peroxide:  

 

Fe2+ + O2 → Fe3+ + O2¯˙  

2O2¯˙ + 2H+ → H2O2 + O2 
 

(Rxn. 4.1) 
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In the Haber Weiss reaction, ferric iron can be reduced to Fe2+ by superoxide 

radical anion and, subsequently, ferrous iron can react with hydrogen peroxide 

promoting the generation of highly reactive hydroxyl radicals according to 

Fenton reaction [Kehrer J.P. 2000; Aisen P. et al., 2001]. The overall Haber Weiss 

reaction can be summarized as follows:  

 

Fe3+ + O2¯˙ → Fe2+ + O2 

Fe2+ + H2O2 → Fe3+ + OH ¯ + OH ˙ 

------------------------------------------- 

O2¯˙ + H2O2 → OH ¯ + OH ˙ 
 

(Rxn. 4.2) 

 

In an oxidative environment, like that of the mitochondrial matrix, free Fe2+ ion is 

rapidly oxidized to Fe3+ and, under physiological conditions, ferric ions undergo 

hydrolysis process with the subsequent formation of insoluble species: 

 

[Fe(H2O)6]2+  → [Fe(H2O)5(OH-)]2+ + H3O+ 

[Fe(H2O)5(OH-)]2+  → [Fe(H2O)4(OH-)2]+ + H3O+ 

[Fe(H2O)4(OH-)2]+  → [Fe(H2O)3(OH-)3] + H3O+ 
 

(Rxn. 4.3) 

 

In biological systems, different mechanisms have been developed in order to 

prevent the iron oxidation and keep it in a soluble form, from specialized 

chaperones for the metal delivery (e.g. transferrin) to efficient systems for its 

storage (e.g. ferritin). In this context, it has been suggested that frataxin, for its 

iron-binding properties, could modulate iron redox chemistry: according to a 

ferritin-like model, frataxin could bind Fe2+ and oxidize it to Fe3+ through a 

ferroxidase chemistry and eventually keep iron in a bio-available form due to its 

oligomerization capability [Park S. et al., 2003]. Ferroxidase activity has been 

observed for yeast Yfh1 [Park S. et al., 2002] and human frataxin [O’Neill H.A. et 

al., 2005]; oligomers of iron-loaded human frataxin showed in fact a protective 

effect on DNA against oxidative damage in presence of hydrogen peroxide, 

highlighting a possible role of the protein in the modulation of cellular oxidative 

stress [O’Neill H.A. et al., 2005; Gakh O. et al., 2006]. 

Accordingly, it has been demonstrated that, in a Drosophila model, frataxin 

overexpression improved the cellular resistance to oxidative stress and to iron 

accumulation, supporting the hypothesis of frataxin as a protector against 
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mitochondrial oxidative damage [Runko A.P. et al., 2008]. However, the 

mechanisms through which frataxin could exert this role are not completely 

understood yet. In particular, although a strict relationship between frataxin 

deficiency and oxidative stress is clear, it is not likewise evident whether frataxin 

could act as an active participant in the cellular antioxidant machinery. A recent 

study demonstrated a direct involvement of human frataxin and yeast 

orthologue Yfh1 in the antioxidant defense, showing that both proteins are able 

to regulate the detoxifying enzymatic mechanisms and to inhibit the ROS 

production [Uceda A.B. et al., 2021]. In support of the hypothesis which suggests 

frataxin as a player in the intracellular antioxidant machinery, it has been shown 

that frataxin from yeast is able to interact in vitro with superoxide dismutases and 

guarantee an enhancement of their enzymatic activities [Han T.H.L. et al., 2019]. 

Interestingly, it has been also demonstrated that mature frataxin interacts not 

only with mitochondrial SOD2 but also with cytosolic SOD1, supporting a 

previous evidence which showed that extramitochondrial frataxin plays a 

regulatory function in the cytoplasmatic oxidative balance [Condò I. et al., 2006]. 

Although the mechanism by which frataxin participates in the antioxidant 

machinery is far to be completely clarified, it is commonly accepted that, in 

Friedreich’s ataxia, oxidative stress is intimately linked to the impairment of iron-

sulfur clusters biogenesis [Pandolfo M. & Pastore A., 2009]. In this regard, the 

alteration of the ISC-containing OXPHOS complexes leads to a defective 

respiratory chain causing, as direct consequence, the leakage of electrons within 

the mitochondrial membrane. Thus, the direct addition of electrons to molecular 

oxygen leads to an increase in superoxide anions which are converted to H2O2 by 

SOD2 and hydrogen peroxide, reacting with iron according to Fenton reaction, 

eventually contributes to the oxidative damage.  

 

4.4.3 The Participation in the Biosynthesis of Iron Cofactors 

 

Among the different functions attributed to frataxin, it has been suggested that 

the protein plays a key role in the biogenesis of iron-sulfur clusters and in the 

biosynthesis of heme centers [Huynen M.A. et al., 2001]. Several studies 

unequivocally demonstrated a direct involvement of frataxin in these metabolic 

pathways, providing new insights into the specific linkage between frataxin and 

cellular iron metabolism. In this paragraph the experimental evidence and the 

molecular details of the participation of frataxin in these processes will be 
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discussed, with a brief insight into the chemical and biochemical features of heme 

and iron-sulfur clusters. 

 

4.4.3.1 Chemistry and Biochemistry of Heme and Iron-Sulfur Clusters 

 

Heme centers and iron-sulfur clusters are ubiquitous prosthetic groups, widely 

diffused in almost all living beings, from prokaryotes to eukaryotes, from archaea 

to mammals. In biological systems, they are essential for several fundamental 

cellular processes including electron transport, enzymatic catalysis and metabolic 

regulation [Padmanaban G., 1989; Ponka P., 1999; Beinert H. & Kiley P.J., 1999]. The 

functional versatility of heme and iron-sulfur clusters derived from the protein 

environment in which they are inserted: the distribution of polar and charged 

groups around them, the extent of their burial inside the protein, the number and 

nature of protein-donated ligands to iron and the structural features of their 

binding site have a deep impact on their chemical properties and, consequently, 

on their functions [Barupala D.P. et al., 2016]. 

In eukaryotes three types of heme exist: heme a, heme b and heme c (Figure 4.5) 

[Kim H.J. et al., 2012]. Heme b, also known as protoheme IX, is the precursor of the 

other two types of heme and it consists of iron, two vinyl side chains, four methyl 

groups and two propionic acid side chains on a conjugated tetrapyrrole ring. 

 

 

 
Figure 4.5. Chemical structures of protoheme IX (heme b), heme a and heme c. Heme b binds non-

covalently to protein while heme c is covalently bound through two thioether bonds between cysteine side 

chains of the protein and the heme vinyl groups at positions 2 and 4, according to Fisher numbering 

system. Heme a presents a higher structural complexity, requiring two chemical modifications from 

protoheme, i.e. farnesylation and addition of a formyl group to position 8 of protoheme. In cytochromes, 

iron is either penta- or hexa-coordinate: in addition to the four coordination positions filled by the nitrogen 

atoms of the porphyrin ring, appropriate ligands are positioned below the heme plane and, in most cases, 

also above the heme plane [adapted from Liu J. et al., 2014]. 
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Heme a and heme c are structurally similar to protoheme IX, with modifications 

that derive from their insertion into each specific protein: heme c is covalently 

bound to the protein through two (rarely one) thioether bonds to cysteine side-

chains; heme a has an isoprenoid tail substituted on one of the vinyl groups and a 

formyl which replaced a methyl group on the porphyrin ring. Examples of 

proteins which contains heme b are hemoglobin, catalase and mitochondrial 

complexes II and III. Heme c is present in cytochrome c and in the subunit 

cytochrome c1 of mitochondrial complex III, while heme a, with heme a3, occurs in 

mitochondrial complex IV. In cytochromes, hemes catalyze the electrons transfer 

through the reversible oxidation and reduction of iron and the redox potential of 

the system, which dictate the direction of electron flow, is modulated by the 

synergic effects of the protein environment, the solvent exposure and the 

chemical nature of the out-of-plane ligands on the heme center. 

Similarly to heme, iron-sulfur clusters (ISCs) are fundamental redox-active 

cofactors and they are essential components of proteins involved in many cellular 

processes, such as respiration, photosynthesis, metabolism and nitrogen fixation 

[Maio N. & Rouault TA., 2020]. Due to their versatile chemical properties, ISCs 

have been shown to play a key role in many other biochemical processes like 

enzyme catalysis, cofactor biosynthesis, DNA replication and repair, tRNA 

modification and gene expression regulation [Beinert H. et al., 1997; Maio N. & 

Rouault TA., 2020]. From a chemical point of view, Fe-S clusters are composed by 

iron (Fe2+/Fe3+) coordinated to inorganic sulphide (S2-); as cofactors, they are 

inserted into proteins typically, but not exclusively, through coordination of the 

iron ions by cysteinyl sulfhydryl side chains of the protein backbone. The 

rhombic [2Fe-2S] and the cubane [4Fe-4S] clusters are the simplest and the most 

common: the [2Fe-2S] cluster is formed by two tetrahedrally coordinated iron 

atoms with two bridging sulphides while the [4Fe-4S], as well as clusters with 

higher complexity (for instance with stoichiometries [3Fe-4S], [6Fe-6S], [7Fe-8S], 

[8Fe-7S] or [8Fe-8S]), can be conceptualized as an elaboration of the basic [2Fe-2S] 

moiety [Beinert H., 1997; Rees D.C. & Howard J.B., 2003] (Figure 4.6). Furthermore, 

among the different types of ISCs, it is worthy to note the Rieske iron-sulfur 

cluster in which one of the two Fe atoms of the [2Fe-2S] cofactor is coordinated 

by two histidine residues rather than two cysteine residues; Rieske centers are the 

key cofactors of several biological systems, such as mitochondrial complex III 

and chloroplast cytochrome b6f complex. Proteins which contain ISCs as cofactors 

present a broad range of reduction potentials, ranging from -700 mV to 400 mV 

[Beinert H., 2000]; for this reason, in addition to cytochromes, they are among the 
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most important electron carriers in biological systems: in mitochondrial 

respiratory chain, the presence of up to 12 different iron-sulfur clusters is pivotal 

for the electron transfer between complexes I, II and III [Schultz B.E. & Chan S.I., 

2001]. Furthermore, the ability of ISCs to coordinate ligands guarantees, for 

instance, their participation of substrate binding and catalysis: in mitochondrial 

aconitase, an enzyme of the TCA cycle, the substrate citrate can be converted to 

isocitrate, and vice versa, when its hydroxyl group is ligated to an iron atom of the 

[4Fe-4S] center [Beinert H., 2000; Rees D.C., 2002]. 

 

 

 

 

Figure 4.6. Examples of the most common Fe-S clusters found in iron-sulfur proteins. (a) The 

rhombic [2Fe-2S] cluster and (b) the tetranuclear or cubane [4Fe-4S] cluster which derives by reductive 

coupling of two [2Fe-2S] clusters and the addition of two electrons. In [4Fe-4S] clusters, the delocalization 

of electrons between iron sites is depicted by the cloud-like frame. (c) The [8Fe-7S] cluster (also known as P-

cluster) which occurs in nitrogenase is reported as an example of a more complex structure which can be 

however considered as an elaboration of [2Fe-2S] as a basic unit [from Rouault T.A., 2014].  
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Besides their involvement in electron transfer and enzymatic catalysis, ISCs act 

also as important regulatory sensors: for their sensitivity towards reactive oxygen 

species like H2O2, superoxide O2¯ and nitric oxide NO, iron-sulfur clusters are 

susceptible to oxidative stress and to intracellular iron levels both in bacteria 

[Kiley P.J. & Beinert H., 2003] and mammals [Bouton C. & Drapier J.C., 2003]. ROS 

could promote the oxidation of clusters leading to their interconversion and/or 

disassembly, as well as to conformational and activity modifications to the 

proteins containing them [Rouault T.A. & Tong W.H., 2005]; for instance, cytosolic 

iron regulatory protein-1 (IRP1) is a bifunctional enzyme, acting as an aconitase 

when containing a [4Fe-4S] cluster and as a regulator of cytosolic iron 

homeostasis when the cluster is absent as a result of iron depletion or ROS 

damage [Rouault T. & Klausner R., 1997; Pantopoulos K., 2004]. 

The biosynthesis of heme centers and iron-sulfur clusters takes place inside 

mitochondria, within the matrix. These processes require the assimilation of 

mitochondrial-imported iron with protoporphyrin IX or with atoms of sulfur, 

respectively [Beinert H. et al., 1997; Taketani S., 2005]. A defective biosynthesis of 

heme and ISCs cause a direct accumulation of iron in mitochondria, reducing its 

bioavailability and impairing its homeostasis, as well as increasing oxidative 

stress and compromising mitochondrial functionalities [Atamna H. et al., 2002]. 

  

4.4.3.2 The Interaction with Ferrochelatase in Heme Biogenesis 

 

The hypothesis of an involvement of frataxin in heme biogenesis was suggested 

by the evidence of a severe deficiency of cytochromes a, a3, b and c in yeast cells 

lacking YFH1 gene [Lesuisse E. et al., 2003] and of a decrease in mitochondrial 

complex IV activity in frataxin deleted yeast strains [Foury F. & Cazzalini O., 

1997]. Furthermore, functional and biochemical alterations of the heme pathway 

and cytochrome oxidase were also observed in frataxin-deficient murine models 

and in human cells derived from FRDA patients [Schoenfeld R.A. et al., 2005]. 

Heme biosynthesis is a multi-step process which occurs in eight sequential steps, 

each of them assisted by a different enzyme and employing several substrates: 

the first and last three steps of the biosynthetic pathway occur in mitochondria 

while the remaining four occur in the cytosol (Figure 4.7). The enzyme which 

attends the terminal step of heme biosynthesis is ferrochelatase (FECH), which 

catalyzes the incorporation of ferrous iron into the tetrapyrrole ring of 
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protoporphyrin IX and ensures the production of a functional heme prosthetic 

group [Taketani S., 2005].  

 

 

 
 

Figure 4.7. The heme biosynthetic pathway. The process starts with the transport of glycine inside 

mitochondria and its subsequent delivery across the inner mitochondrial membrane (IMM) by SLC25A38. 

The reaction between glycine and succinyl-CoA catalyzed by ALA synthase (ALAS) leads to the production 

of 5-aminolevulunic acid (5-ALA) which is subsequently transported outside the mitochondria to the 

cytosol through an unknown mechanism. In the cytoplasm, four subsequent reactions occur, involving 

porphobilinogen synthase (PBGS), hydroxymethylbilane synthase (HMBS), uroporphyrinogen synthase 

(UROS) and uroporphyrinogen decarboxylase (UROD) as enzymes. The intermediate product 

coproporphyrinogen III is transported into the mitochondrial intermembrane space (IMS) where is 

converted to protoporphyrinogen IX by CPgen oxidase (CPOX). Protoporphyrinogen IX is then oxidized 

into protoporphyrin IX by PPgen oxidase (PPOX). In the final step, which occurs in mitochondrial matrix, 

ferrochelatase (FECH) catalyzes the synthesis of heme b with the insertion of Fe2+ into the porphyrin ring of 

protoporphyrin IX [from Swenson S.A. et al., 2020]. 
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In prokaryotes, ferrochelatase has been shown to localize within the cytoplasm or 

associated to the plasmatic membrane [Dailey H.A. et al., 2000] while in 

eukaryotic cells the enzyme results associated with the inner mitochondrial 

membrane and oriented with its active site facing the matrix, ensuring in this 

way the uptake of the poorly soluble porphyrin and the release of heme [Ferreira 

G.C. et al. 1995]. To complete heme assembly, ferrochelatase needs ferrous iron as 

substrate [Taketani S., 2005]; this suggests the requirement of an iron chaperone 

that donates the metal to ferrochelatase which could subsequently insert it into 

the porphyrin ring. Several studies supported the idea of frataxin as the iron 

donor protein that delivers Fe2+ to ferrochelatase and that directly assists the 

biosynthesis of heme [Lesuisse E. et al., 2003; Park S. et al. 2003]. Using surface 

plasmon resonance, Dancis and co-workers demonstrated that recombinant yeast 

frataxin Yfh1 interacts with yeast ferrochelatase with a high binding affinity (Kd = 

40 nM), suggesting the involvement of frataxin in the final step of heme 

biosynthesis [Lesuisse E. et al., 2003]. Accordingly, by mean of ITC and 

fluorescence spectroscopy, the formation of an in vitro complex between human 

frataxin and ferrochelatase has been also observed, although only in the presence 

of iron [Yoon T. & Cowan J.A., 2004]. Furthermore, it has been demonstrated that 

ferrochelatase enzymatic activity increases in the presence of frataxin, resulting 

optimal at a stoichiometric ratio of one frataxin monomer per ferrochelatase 

dimer [Yoon T. & Cowan J.A., 2004]. These evidences corroborate the hypothesis 

that frataxin can recruit ferrous ion and deliver it to ferrochelatase, acting as an 

iron donor and as an important player in the biogenesis of heme.  

Spectroscopic analysis and modeling studies have been also used to predict how 

frataxin may interact with ferrochelatase [Bencze K.Z. et al., 2006; Bencze K.Z. et al., 

2007]. A model of the complex Yfh1-ferrochelatase has been proposed, where 

ferrochelatase dimer is prone to interact with a trimeric yeast frataxin; in this 

model, the two proteins are spatially arranged to create a path for Fe2+ transfer 

from the iron-binding site of frataxin to the active site of ferrochelatase and 

optimizing the delivery of the metal [Söderberg C. et al., 2016]. Using recombinant 

yeast frataxin and ferrochelatase, it has been also shown that the rate of heme 

production by FECH is highly dependent on the oligomerization status of Yfh1 in 

vitro, resulting higher in the presence of frataxin monomers and trimers and 

reduced in the presence of larger frataxin oligomers [Söderberg C. et al., 2016]; this 

suggested not only that the tendency of frataxin to oligomerize in the presence of 

iron is linked to the potential capability of iron storage but also that this could be 
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crucial for the interplay with its interacting partners, as in the case of 

ferrochelatase. 

It is worth to note that mammalian ferrochelatases, as well as yeast and some 

bacterial forms of the enzyme, contain a [2Fe-2S] prosthetic group which is 

required for enzyme activity [Ferreira G.C. et al. 1999]. The heme biosynthetic 

pathway is therefore particularly interesting in the study of the pathophysiology 

of FRDA disease since the terminal step of the process involves not only the 

delivery of iron but also the interaction with an iron-sulfur protein, supporting 

once again that frataxin may have a direct or indirect role on the proteins 

containing Fe-S clusters.     

 

4.4.3.3 The Role in Iron-Sulfur Cluster Biogenesis 
 

As previously described, iron-sulfur clusters are ancient and ubiquitous 

cofactors, widely spread in almost every life form. Their existence and prevalence 

in Nature rely on the spontaneous ability of iron and sulfur to self-associate into 

cluster assemblies, although under strictly anaerobic conditions. Since these 

prosthetic groups can be easily oxidized with a consequent impairment of their 

structure and function, different and tightly regulated biosynthetic pathways 

have been developed for their assembly during the evolutionary shift from 

anaerobic to aerobic Earth’s atmosphere, both in prokaryotes and in eukaryotes 

[Lill R. & Mühlenhoff U., 2008; Lill R., 2009]. Although with some differences, these 

processes share a general action strategy which could be subdivided into two 

main steps, i.e. the assembly of the cluster on a scaffold protein and the 

subsequent transfer of the cofactor from the scaffold to the acceptor protein 

[Braymer J.J. et al., 2021]. In prokaryotic organisms, three different pathways are 

employed to produce ISCs: the nitrogen fixation pathway (NIF), the sulfur 

mobilization pathway (SUF) and the iron-sulfur cluster (ISC) assembly pathway 

[Outten F.W., 2015; Baussier C. et al., 2020]. In eukaryotes, the assembly of iron-

sulfur clusters is supported by two processes, the bacteria-derived mitochondrial 

iron-sulfur cluster (ISC) pathway and the cytosolic iron-sulfur cluster assembly 

(CIA) pathway [Lill R. & Freibert S.A., 2020]. The latter, which assists the 

biosynthesis of ISCs utilized outside mitochondria, is strongly dependent from 

the ISC pathway; for this reason, the mitochondrial iron-sulfur cluster pathway 

appears as the pivotal mechanism for providing iron-sulfur clusters throughout 

the entire eukaryotic cell, in a direct or indirect manner [Lill R. & Freibert S.A., 

2020].   
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In striking contrast to the chemical simplicity of ISCs, the biosynthesis of Fe-S 

proteins in vivo appears to be a rather complex and coordinated process, 

involving several proteins and cofactors that interact with each other in a 

synergic manner [Ciofi-Baffoni S. et al., 2018; Maio N. & Rouault T.A., 2020; Lill R. & 

Freibert S.A., 2020; Braymer J.J. et al., 2021; Courtney J.C. et al., 2021]. Mitochondrial 

iron-sulfur protein biogenesis can be conceptualized as the result of three major 

consecutive steps: a de novo synthesis of a [2Fe-2S] cluster on a scaffold protein, 

the transfer of the [2Fe-2S] cluster to mitochondrial [2Fe-2S] target apoproteins 

and the conversion of the [2Fe-2S] into [4Fe-4S] cluster with the final insertion 

into the apoprotein (Figure 4.8).   

 

 

 
 

Figure 4.8. Schematic representation of mitochondrial iron-sulfur protein biogenesis. The entire 

process takes places within mitochondrial matrix and can be subdivided into three major steps. In the initial 

step (orange box) a de novo [2Fe-2S] cluster is synthesized. The ISCs assembly machinery is constituted by 

the cysteine desulfurase complex NFS1-ISD11-ACP, by the scaffold ISCU2 (in the main text simply 

referred as ISCU) and by frataxin (FXN). Electrons (e-) required for the process are transferred from 

NADPH to ferredoxin reductase FDXR and provided by ferredoxin FDX2. The carrier protein mitoferrin 

MFRN1/2 and a proton motif force (pmf) are required for the import of Fe2+ used in the ISCs synthesis. In 

the second step (blue box) the chaperone system HSPA9/HSC20/GRPE1 promotes the transfer of the [2Fe-

2S] cluster from ISCU2 to the monothiol glutaredoxin GLRX5 through which the cluster is delivered to 

target mitochondrial [2Fe-2S] proteins, converting them from apo to holo form. The [2Fe-2S] cluster can be 

also exported out of the mitochondria as an unknown sulfur-containing (X-S) moiety through the ATP 

binding cassette ABCB7 and used by the cytosolic iron-sulfur protein assembly (CIA) machinery. The third 

step (green box) involves the synthesis of [4Fe-4S] clusters by the transfer of [2Fe-2S] cluster from GLRX5 

to ISCA1/ISCA2/IBA57/FDX2 system and their subsequent insertion in target proteins (e.g. respiratory 

complexes I and II, aconitase, lipoyl synthase) by dedicated delivery proteins (e.g. NFU1, IND1 and BOLA 

proteins) [from Lill R. & Freibert S.A., 2020]. 
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Focusing on the first step of the overall process, the central component of the ISC 

assembly machinery is the cysteine desulfurase NFS1, a pyridoxal 5'-phosphate 

(PLP)-dependent enzyme that catalyzes, through a β-elimination reaction, the 

conversion of L-cysteine to L-alanine and sulfane sulfur via the formation of an 

enzyme-bound persulfide intermediate on a conserved cysteine residue [Boniecki 

M.T. et al., 2017; Cai K. et al., 2018; Cai K. & Markley J.L., 2018; Fox N.G. et al. 2019]. 

In eukaryotes, the activation/regulation and the stabilization of NFS1 are ensured 

by the presence of the accessory protein ISD11 and the acyl-carrier protein ACP1 

[Van Vranken J.G. et al., 2016; Cory S.A. et al., 2017; Herrera M.G. et al., 2019]. NFS1, 

ISD11 and ACP1 constitute the NFS1/ISD11/ACP1 (NIA) protein complex which 

is the core of the ISCs assembly machinery. The protein that acts as a platform for 

the assembly of the nascent cluster is ISCU, which receives persulfide sulfur from 

the NIA complex and ferrous ion, from an iron donor and in a way that are not 

yet fully understood. The electrons used for the reduction of the persulfide sulfur 

to sulfide are provided by the mitochondrial ferredoxin FDX2 which transiently 

binds and leaves the NIA-ISCU complex according to an oxidative/reductive 

cycle mechanism (Figure 4.9) [Webert H. et al., 2014; Gervason S. et al., 2019]. 

 

 

 
 

Figure 4.9. Hypothetical mechanism of the de novo [2Fe-2S] cluster synthesis. The process can be 

divided into five reactions. In the first reaction (reaction 1), the desulfurase NFS1 catalyzes the conversion 

of free cysteine to alanine with the generation of persulfide (-SSH) on its conserved Cys residue. In the 

second reaction (reaction 2), the persulfide is transferred from the catalytic site to the surface of NFS1 

through the allosteric modulation promoted by FXN. In the third step (reaction 3), the persulfide sulfur is 

transferred from NFS1 to one of the conserved cysteine residues of ISCU2 after iron-binding of ISCU2 

itself. In the reaction 4, the mitochondrial reduced ferredoxin (FDX2red) transiently binds to NFS1-ISCU2 

promoting the reduction of persulfide sulfur to sulfide (S2-) used for the [2Fe-2S] synthesis. Finally 

(reaction 5), the mitochondrial oxidized ferredoxin (FDX2ox) leaves the complex and it is reduced by 

ferredoxin reductase FDXR and NADPH [adapted from Lill R. & Freibert S.A., 2020].               
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For its iron-binding properties and for the evidence which correlates the 

impairment of Fe-S proteins to its cellular depletion, frataxin was originally 

proposed to be the iron donor in the ISC pathway [Mühlenhoff U. et al., 2002; Yoon 

T. & Cowan J.A., 2003]. This hypothesis was also corroborated by the solved 

crystallographic structure of the ISCs assembly machinery, where frataxin results 

as a constitutive and stable component of the complex, binding at the tips of the 

two NIA monomers together with ISCU (Figure 4.10) [Fox N.G. et al. 2019].  

However, a closer inspection of the cryo-EM structure of the human NFS1-ISD11-

ACP1-ISCU-FXN (NIAUF) complex reveals that the iron-binding α-helix of 

frataxin is not proximal to the active site of [2Fe-2S] cluster biosynthesis, ruling 

out a direct role of frataxin for the loading, delivery and release of iron to ISCU. 

 

 

 
 

Figure 4.10. Crystal structure of the human iron-sulfur cluster assembly machinery. The 

symmetrical shape of the complex (reported here in two different views) is essentially determined by the 

dimeric nature of NFS1 (in light blue). The direct interacting partners of NFS1 are ISD11 (in green) and 

ACP1 (in red). The ligands (PLP and the acyl group) are colored in orange. FXN (in pink) and ISCU (in 

light yellow) interact with the two NFS1 monomers in a pairwise fashion with each other (structure figures 

made with PyMol using PDB ID: 6NZU). 

 

 

Moreover, independent studies demonstrated a direct interaction between 

frataxin and the proteins belonging to the ISCs assembly machinery [Gerber J. et 

al., 2003; Shan Y. et al., 2007; Leidgens S. et al., 2010; Schmucker S. et al., 2011; Colin 
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F. et al., 2013; Cai K. et al., 2018]. Currently, it is widely accepted that frataxin acts 

as an allosteric modulator for the ISCs biogenesis rather than as an iron 

chaperone of the machinery [Maio N. et al., 2020]: several biochemical and 

structural studies suggest that frataxin may be directly involved in the sulfur 

transfer reaction, assisting the movement of the highly flexible cysteine loop of 

NFS1 involved in the catalytic mechanism from the site of persulfide generation 

toward the active site of ISCU [Tsai C.L. & Barondeau D.P., 2010; Bridwell-Rabb J. et 

al., 2014; Fox N.G. et al., 2015; Gervason S. et al., 2019]. This assumption was mainly 

suggested by the evidence that the binding of FXN to NFS1-ISD11 in the presence 

of ISCU stimulates the rate of the sulfur transfer in vitro [Parent A. et al., 2015]. 

Interestingly, it was also shown that the presence of ferrous iron enhances the 

capability of frataxin to stimulate the sulfide production, shedding light on a 

possible regulatory effect of frataxin iron-binding on modulating the correct 

orientation of the persulfide for its subsequent transfer to ISCU [Tsai C.L. & 

Barondeau D.P., 2010]. 

It is worth to note that in the NIAUF complex frataxin interacts with NFS1 and 

ISCU mainly through its β-sheet surface [Schmucker S. et al., 2011; Fox N.G. et al., 

2019]; as previously described, many residues of this region are highly conserved 

and common pathological mutations involve some of them. For instance, the 

point mutations N146K and W155R have been shown to drastically affect the 

modulatory effect of FXN on the cysteine desulfurase activity of NFS1/ISD11 

complex in vitro [Tsai C.L. et al., 2011; Bridwell-Rabb J. et al., 2011; Bellanda M. et al., 

2019], suggesting that these residues may play a crucial role in the ability of 

frataxin to interact with NFS1. At the same time, mutations involving residues 

important for the folding/stability of frataxin (e.g. G130V, I154F) or for its iron-

binding properties (e.g. D122Y) may have a deep impact on desulfurase NFS1 

activity since a general destabilization of the protein structure and/or function 

could indirectly affect its capability to interact with the ISCs assembly machinery 

[Campbell C.J. et al., 2021]. 

However, although it is well established that FXN plays a key role in the 

biogenesis of iron-sulfur clusters through its simultaneous interactions with 

NFS1 and ISCU, there are still unclarified points concerning the molecular 

mechanism by which the ISCs assembly machinery operates. 
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4.4.4 Existence and Functions of Extramitochondrial Isoforms of 

Frataxin 

 

As previously described, human frataxin is synthesized as a precursor protein 

and imported inside mitochondria where, through two distinct and subsequent 

proteolytic cleavages, it is converted to its mature functional form [Cavadini P. et 

al., 2000; Condò I. et al., 2007]. Interestingly, a pool of extramitochondrial mature 

frataxin has been also detected in different human cell types [Acquaviva F. et al., 

2005; Condò I. et al., 2006; Lu C. & Cortopassi G., 2007]. Condò et al. observed that a 

cytosolic mature frataxin is able to promote cell survival, contributing to the 

resistance against oxidative damage and conferring protection against apoptosis 

[Condò I. et al., 2006]. The same authors provided also the first evidence for a 

physiological role of an extramitochondrial mature frataxin, unraveling a direct 

physical interaction between frataxin and cytosolic aconitase/iron regulatory 

protein-1 (IRP1) protein [Condò I. et al., 2010]; these data are in agreement with 

the general consensus which considers the involvement of frataxin not only in the 

biogenesis of Fe-S clusters, but also in the regulation of the enzymatic activity of 

the ISC-containing proteins.  

Although the mitochondrial frataxin is prevalent in human cells, the existence of 

other isoforms with different cellular distribution and putative physiological 

functions has been recently recognized [Xia H. et al., 2012; Pérez-Luz S. et al., 2015; 

Guo L. et al., 2018]. For instance, FXN II and FXN III isoforms, both lacking the 

mitochondrial import sequence, have been found in cytoplasm and nucleus, 

respectively; these isoforms are tissue-specific, with FXN II mainly found in the 

cerebellum and FXN III mainly localized in the heart [Xia H. et al., 2012]. 

Although a possible involvement of FXN II and FXN III in the biogenesis of Fe-S 

clusters and in their protection against oxidative damage has been hypothesized 

[Xia H. et al., 2012], the physiological relevance of these additional frataxin 

isoforms remains elusive.  
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Chapter 5 

EPR Spectroscopy 

in the Study of Biological Systems  
 

Electron Paramagnetic Resonance (EPR), otherwise known as Electron Spin 

Resonance (ESR), is a spectroscopic technique that allows to detect and 

investigate molecular species containing one or more unpaired electrons as, for 

example, organic radicals, photoexcited triplet states, metal ions and some metal 

complexes. Since its inception, EPR spectroscopy has proven to be an important 

tool for the study of biological systems as well as the molecular mechanisms in 

which these systems are involved. Among them, metalloproteins containing one 

or more paramagnetic centers, like Fe-S clusters or heme, or biological radicals 

resulting as intermediates of biological reactions, are the most studied. 

Nevertheless, the technique is also widely used for the investigation of 

macromolecules which are intrinsically non-paramagnetic through the 

introduction of appropriate exogenous probes, added to the system (spin probes) 

or incorporated through covalent bonds (spin labels). 

There are many different EPR techniques, from basic to the most advanced 

approaches, that ensure to obtain different information on the investigated 

system. In this chapter the principles of EPR spectroscopy will be briefly 

described and the specific EPR applications used in this Ph.D. thesis will be 

reported.  

 

5.1 Basic Introduction to EPR Theory 

 

EPR spectroscopy is based on the interaction between the magnetic dipole (𝜇𝑒⃗⃗⃗⃗ ) 

associated to the spin angular momentum of the electron, and an external 

magnetic field (B0) applied to the system. The energy of this interaction, known 

as electron Zeeman interaction, is given by: 

 

𝐸 = −𝜇𝑒⃗⃗⃗⃗ ⋅ 𝐵0
⃗⃗⃗⃗  

 

(Eq. 5.1) 
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where the magnetic dipole 𝜇𝑒⃗⃗⃗⃗  is defined as: 

 

 𝜇𝑒⃗⃗⃗⃗ =  −𝑔𝜇𝐵𝑆  
 

(Eq. 5.2) 

 

In this equation, g is the electron factor, a dimensionless quantity that relates the 

observed magnetic moment to its angular momentum (for a free electron, g = ge = 

2.0023) and µB = eħ/2me = 9.274·10-24 JT-1 is the electron Bohr magneton, a constant 

which depends on the charge 𝑒 and the mass me of the electron. 

The spin angular momentum 𝑆  is related to the spin quantum number S and, 

since for the electron S = 1/2, 𝑆  can only assume one value corresponding to 

|𝑆 | =  √𝑆(𝑆 + 1)ħ = 3/2ħ. The projection of 𝑆  on the cartesian axis parallel to the 

magnetic field B0 (conventionally, the z axis), assumes only two possible values 

depending on the spin magnetic quantum number mS: since Sz = msħ and ms = 

+1/2 ; -1/2, the corresponding values are Sz = +1/2 and Sz = -1/2 (in ħ units). 

Therefore, the interaction between the magnetic dipole of the electron and the 

external magnetic field B0, according to Eq. 5.1, leads to the generation of two 

energy levels (in ħ units), corresponding to the α and β states: 

 

𝐸𝛼 = +
1

2
𝑔𝜇𝐵𝐵0 

𝐸𝛽 = −
1

2
𝑔𝜇𝐵𝐵0 

 

 (Eq. 5.3) 

 

The presence of B0 allows to remove the degeneracy of the states (Zeeman effect) 

and the energy difference between them is proportional to the intensity of the 

applied magnetic field, i.e.: 

 

∆𝐸 = 𝐸𝛼 − 𝐸𝛽 = 𝑔𝜇𝐵𝐵0 

 

(Eq. 5.4) 

 

The simplest EPR experiment consists in irradiating the sample, inserted in the 

static magnetic field B0, with an oscillating electromagnetic radiation B1 

(continuous wave EPR, or CW EPR). In CW EPR, the magnetic field B0 is swept and 

when there is a match between the frequency (ν) of the B1 field and the energy 
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level separation (ΔE), a transition between the two energy levels occurs. 

According to Planck’s relation: 

 

∆𝐸 = ℎ𝜈 = 𝑔𝜇𝐵𝐵0     →   𝜈 = 𝑔
𝜇𝐵

ℎ
𝐵0  

 

(Eq. 5.5) 

 

To increase the signal to noise ratio, a modulation of the magnetic field and 

phase-sensitive detection are required; for this reason, the typical EPR signal is 

collected as the first derivative of the absorption, as shown in Figure 5.1. Most 

EPR experiments are performed with magnetic fields of 0.3 – 0.8 T, 

corresponding to a frequency of about 9.5 – 9.7 GHz (X band, range of the 

microwaves).  

 

 
 

Figure 5.1. Energy levels scheme for a system with S = 1/2 as a function of applied magnetic field 

B0. The resonance conditions are achieved when the frequency of the electromagnetic radiation (B1) perfectly 

matches the difference in energy of the two states α and β. This gives rise to the EPR spectrum, shown both 

in absorption and first derivative forms.  
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The ratio of the populations of two spin states Nα and Nβ is given according to 

the Boltzmann distribution: 

 

𝑁𝛼

𝑁𝛽
= 𝑒

− 
∆𝐸
𝑘𝐵𝑇 

 

(Eq. 5.6) 

 

where kB is the Boltzmann’s constant (kB = 1.38 · 10-23 JK-1). This ratio depends on 

the difference in energy of the two states (ΔE) at a given temperature T. At room 

temperature, the spin population in the lower energy level is slightly larger than 

the spin population of the higher energy level, therefore a net resonance 

absorption will occur. The applied microwaves tend to equalize the two 

populations, leading the system to saturation conditions. Nevertheless, this 

situation is prevented by relaxation phenomena due to interactions of spins with 

the molecular environment (or lattice) and interactions between spin themselves, 

restoring in this way the thermal equilibrium. These processes are characterized 

by two time constants, T1 (spin-lattice relaxation time) and T2 (spin-spin relaxation 

time), which are specific for the system under investigation and generally 

increase decreasing the temperature. For instance, as it will be described below, 

EPR signals that derive from [4Fe-4S] clusters are characterized by extremely 

short relaxation time(s) at room temperature; for this reason, their EPR spectra 

are detectable only at low temperatures, i.e. below 20 K. On the contrary, 

nitroxides used as spin labels are characterized by long relaxation times, thus 

allowing to acquire EPR spectra at room temperature without losing signals. 

It is worth to note that for an electron in a molecular system, the g factor can 

assume values significantly different from 2.0023, representing therefore an 

important parameter in the characterization of the paramagnetic species. 

Deviations from ge value depend on the spin-orbit coupling, i.e. the coupling 

between the magnetic moment and the one attributed to the orbital motion. This 

contribution becomes more and more relevant with the increase of the atomic 

number of the atom in which the electron resides and this justifies the fact that, 

for example, paramagnetic molecular systems containing atoms with low atomic 

number, such as organic radical molecules, present  an effective g (geff) very close 

to 2.0023, while for systems with one or more electrons in orbitals of heavy 

atoms, such as some transition metals, the geff can deviate significantly from this 

value. 



                                                                   Chapter 5 – EPR Spectroscopy in the Study of Biological Systems   

71 
 

The g factor is better represented by a tensor (g) that in its principal axes system 

(XYZ) assumes a diagonal form: 

 

𝒈 = (

𝑔𝑋𝑋 0 0
0 𝑔𝑌𝑌 0
0 0 𝑔𝑍𝑍

) 

 

(Eq. 5.7) 

 

The interactions between the magnetic field B0 and the electron spin are therefore 

anisotropic, so they strongly depend on the orientation of the system with respect 

to a particular chosen spatial direction. The elements and orientation of the 

tensor relative to the molecular skeleton can be extrapolated by the analysis of 

EPR spectra of oriented species, such as ordered systems like crystals; 

alternatively, it is possible to derive the diagonal values of the tensor from the 

analysis of spectra of polycristalline powders, disordered systems in which 

molecules assume orientations that are all statistically equiprobable. In liquid 

solution, however, the motions of molecular reorientation are very fast and the 

overall effect is the mediation of the g tensor on all possible orientations. As a 

direct consequence, the spectrum will give an isotropic g-factor value, i.e. the 

average of the three main values of the diagonal tensor: 

  

𝑔𝑖𝑠𝑜 = 
( 𝑔𝑋𝑋 + 𝑔𝑌𝑌 + 𝑔𝑍𝑍 )

3
 

 

(Eq. 5.8) 

 

As for unpaired electrons, some nuclei have not null spin angular moment ( 𝐼  ), 

leading to a generation of an associated magnetic dipole moment 𝜇𝑛⃗⃗⃗⃗  : 

 

𝜇𝑛⃗⃗⃗⃗ =  𝑔𝑁𝜇𝑁𝐼    

 

(Eq. 5.9) 

 

In this equation, gN is the nuclear factor, a value which is specific for a certain 

nucleus, and µN = eħ/2mp = 5.05 ·10-27 JT-1 is the nuclear magneton, a constant which 

depends on the charge 𝑒 and the mass mp of the proton. 

Also for the nuclear spin, in the presence of the magnetic field, there is an energy 

of interaction (nuclear Zeeman interaction) which results as: 
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𝐸 = −𝜇𝑛⃗⃗⃗⃗ ⋅ 𝐵0
⃗⃗⃗⃗  = − 𝑔𝑁𝜇𝑁𝐼 ⋅ 𝐵0

⃗⃗⃗⃗  
 

(Eq. 5.10) 

 

The nuclear Zeeman interaction generates a number of states with different 

energies on the basis of the quantum number I, typical of the nucleus under 

examination. The coupling between the electronic spin and the nuclear spin, a 

phenomenon known as hyperfine interaction, significantly modifies the resonance 

conditions for the electronic transitions leading to 2I+1 observed peaks (or 2nI+1 

in the case of coupling with n equivalent nuclei). The energy of the system will be 

then expressed as follows: 

 

𝐻 = 𝜇𝐵𝒈𝑆 ∙ 𝐵0
⃗⃗⃗⃗  − 𝑔𝑁𝜇𝑁𝐼 ⋅ 𝐵0

⃗⃗⃗⃗ + 𝑆 𝑨𝐼  

  

(Eq. 5.11) 

 

where the contribution of hyperfine interaction, represented by the term 𝑆 𝑨𝐼 , has 

been added to the electronic and nuclear Zeeman interactions. A is the hyperfine 

coupling tensor which, in its principal axes system, assumes a diagonal form: 

 

 

𝑨 = (

𝐴𝑋𝑋 0 0
0 𝐴𝑌𝑌 0
0 0 𝐴𝑍𝑍

) 

 

(Eq. 5.12) 

 

The hyperfine interaction is composed of two contributions, i.e. the Fermi contact 

interaction and the dipolar interaction. The Fermi contact interaction is: 

 

𝐸𝐹𝑒𝑟𝑚𝑖 = 𝑎𝑖𝑠𝑜𝑆 ∙ 𝐼  
 

(Eq. 5.13) 

 

where aiso is the isotropic hyperfine coupling constant resulting from the trace of 

the tensor A. The dipolar interaction can be expressed as follow: 

 

𝐸𝑑𝑖𝑝 = 𝑆 𝑻𝐼  

 

(Eq. 5.14) 
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Where T is the dipolar tensor and has a null trace (Tr(DT) = 0). The hyperfine 

coupling tensor A can then be expressed in this way: 

 

𝑨 = 𝑎𝑖𝑠𝑜 (
1 0 0
0 1 0
0 0 1

) + 𝑻 

 

(Eq. 5.15) 

 

As in the case of the g tensor, it is possible to determine all elements of the tensor 

A by analyzing EPR spectra of crystal samples. However, with samples in liquid 

solution, the fast molecular tumbling results in rapid orientational mediation 

leading to a complete average of the tensor A. Since the dipolar tensor T has a 

null trace, the hyperfine coupling tensor will result equivalent to aiso. 

Then, in a liquid solution, the energy of the system can be expressed as follow (in 

the high-field approximation): 

 

𝐸 = 𝑔𝑖𝑠𝑜𝜇𝐵𝑆𝑧
⃗⃗  ⃗ ∙ 𝐵0

⃗⃗⃗⃗  − 𝑔𝑁𝜇𝑁𝐼𝑧⃗⃗  ⋅ 𝐵0
⃗⃗⃗⃗  + 𝑎𝑖𝑠𝑜𝑆𝑧

⃗⃗  ⃗ ∙ 𝐼𝑧⃗⃗   
 

(Eq. 5.16) 

 

In this regard, it is useful to analyze the particular case of a nitroxide radical, a 

molecule in which the unpaired electron is delocalized between the atoms of the 

N-O bond and that is found to magnetically interact with 14N, the nitrogen 

isotope with quantum number I = 1. For a molecular system with S = 1/2 and I = 1, 

as for a nitroxide spin system, the resolution of Eq. 5.16 allows to derive, on the 

basis of the electronic spin quantum number mS and the nuclear spin quantum 

number mI, six distinct spin states, whose energies (EmS, mI) are: 

 

𝐸
±

1
2
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= ±
1

2
𝑔𝑖𝑠𝑜𝜇𝐵𝐵0 − 𝑔𝑁𝜇𝑁𝐵0 ±

1

2
𝑎𝑖𝑠𝑜 
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±

1
2
,0
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1
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𝑔𝑖𝑠𝑜𝜇𝐵𝐵0 
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±

1
2
,−1

= ±
1

2
𝑔𝑖𝑠𝑜𝜇𝐵𝐵0 + 𝑔𝑁𝜇𝑁𝐵0 ∓

1

2
𝑎𝑖𝑠𝑜 

 

(Eq. 5.17) 
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For the selection rules, the oscillating field B1 induces transitions only between 

states with different quantum number mS but with the same quantum number mI 

(ΔmS = ± 1 and ΔmI = 0); therefore, the allowed transitions are three and there will 

be three distinct peaks of equal intensity in the EPR spectrum, separated from 

each other by the aiso value (Figure 5.2). 

 

 
 

Figure 5.2. Schematic representation of the energetic levels for s system with S = ½ and I = 1. Only 

the isotropic hyperfine contribution has been taken into account. Double-headed arrows indicate the allowed 

transitions between the energetic states (ΔmS = ± 1 and ΔmI = 0). 
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5.2 Site-Directed Spin Labeling 

 

Site-Directed Spin Labeling (SDSL) is a technique which consists in the 

introduction of one or more paramagnetic probes in specific positions of a 

biological macromolecule in order to study its structural and conformational 

features by EPR spectroscopy. Spin labeling is mainly used for the investigation 

of soluble and membrane proteins, but it finds application also in the study of 

other biomolecules, such as nucleic acids or peptides. In the case of proteins, 

small organic radical molecules are generally chosen as probes which could be 

chemically bound to the protein backbone via reaction with the thiol group of 

cysteine residues, natively present in the protein or inserted via site-directed 

mutagenesis. To perform a selective labeling, it is necessary to have the target 

cysteine residue only in a specific site of the protein; this condition is achieved 

replacing all the native cysteines with structurally similar residues, such as 

alanines or serines [Bordignon E. & Steinhoff H.J., 2007]. 

The most used spin labels are nitroxides, paramagnetic molecules that presents 

an unpaired electron on their NO∙ group and that are characterized by a certain 

degree of chemical stability. Among them, MTSSL ((1-oxyl-2,2,5,5-

tetramethylpyrrolidin-3-methyl) methane sulfonate) is the most widely used due 

to its high affinity for the cysteine thiol group with which it reacts forming a 

disulfide bridge (Figure 5.3); furthermore, the volume of its side chain, 

comparable to that of a tryptophan or a phenylalanine residue, does not 

generally compromise the structural stability of the protein as well as its 

biological functionality [Czogalla A. et al., 2007]. Other nitroxide spin labels 

commonly used are, for instance, IAP (3-(2-iodoacetamido)-proxyl), MSL (4-

maleimido-TEMPO) and IASL (4-(2-iodoacetamido)-TEMPO), which differ from 

each other in terms of steric hindrance, length of the chain and mobility. 

 

 

 
 

 

Figure 5.3. Cysteine labeling with MTSSL. The chemical reaction between the nitroxide MTSSL and the 

thiol group of a cysteine residue belonging to the backbone of a protein. 
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The importance of the SDSL-EPR technique relies on the fact that the analysis of 

the EPR spectrum of the labelled system allows to obtain information on 

[Steinhoff H.J., 2002]: 

 

 molecular dynamics and mobility, since the spectral shape of the nitroxide is 

strongly dependent on the local environment in which it is located and on 

the restrictions on free motion that this imposes; 

 

 solvent accessibility, through the analysis of the collisional frequency of the 

nitroxide side chain with apolar (such as molecular oxygen) or polar (such 

as Cr(C2O4)3-) paramagnetic molecules; 

 

 molecular distances, through the study of the dipolar interaction between 

two spin labels inserted in different positions of the macromolecule. 

 

5.2.1 Spin Label and Mobility 

 

Through the analysis of the EPR spectrum of the labelled protein, it is possible to 

acquire information about the mobility of the nitroxide and, consequently, on the 

structural and conformational features of the specific site of the protein where the 

spin label has been inserted.  

At room temperature, the EPR spectrum highly depends on the mobility of the 

nitroxide and different mobilities lead to different degrees of averaging of the g 

and 𝑨 tensors, the magnetic parameters which describe the system.  The overall 

mobility of the nitroxide, conventionally described by the rotational correlation 

time τc, results as a sum of three different contributions: the mobility of the 

nitroxide side chain, the motions of the protein backbone in which the nitroxide 

is located, and the tumbling of the protein itself. Since the first two contributions 

have comparable timescales and longer than the third, they are referred to be 

“local” motions. The latter contribution is negligible in the case of large proteins 

(i.e. with molecular weight higher than 200 kDa) and for which correlation times 

are greater than 60 ns; however, in the case of small proteins, this contribution 

leads to the averaging of the tensors g and A in any particular condition of local 

mobility of the nitroxide, losing information about the nitroxide mobility itself. In 

these cases, it could be useful to modify the viscosity of the sample adding 

glycerol, sucrose or other thickening agents (e.g. Ficoll, a synthetic glucose 
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polymer) in order to slow down the reorientational motion of the entire 

macromolecule without altering in a significant way the local mobility of the 

nitroxide. 

On the basis of the EPR spectrum, it is therefore possible to distinguish different 

mobility regimes, varying from fast motion regime (τc < 0.1 ns) to slow motion 

regime (τc > 100 ns). If the nitroxide has a completely unrestrained mobility, the 

complete time averaging of both tensors 𝒈 and 𝑨 occurs: as a result, the EPR 

spectrum will consist in three narrow peaks, centered at giso, and spaced by the 

hyperfine coupling costant aiso. When the mobility of the nitroxide decreases, a 

significant variation in the spectrum shape occurs, with a global broadening of 

the spectral lineshape due to the incomplete averaging of the 𝒈 and 𝑨 tensors. 

When the tumbling slows down to a large extent, the EPR spectrum becomes 

indistinguishable from that of a powder or frozen solution (Figure 5.4).  

 

 
 

Figure 5.4. EPR spectra for MTSSL nitroxide under different rotational mobility conditions. The 

spectrum (A) refers to the free spin label in solution where the motion is completely isotropic. In (B) the 

situation where MTSSL is bound to a small, unstructured peptide of 15 amino acids in aqueous solution is 

represented. Spectrum (C) depicts the case in which the same peptide is labelled with nitroxide but 

structured in α-helix. The last spectrum (D) is related to the spin label bound to the same peptide but in 

frozen solution [from Klug C.S. & Feix J.B., 2008]. 

 

 

Although spectroscopic analysis can be quite complex in describing the overall 

nitroxide mobility, some qualitative considerations can be easily done by the 
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simple inspection of the EPR spectral profile. For instance, if the nitroxide is 

located on the surface of the protein or in interconnecting loops, its mobility is 

high and the resulting EPR spectrum will present three narrow and intense 

peaks; if the spin label is constrained in buried sites or at the interface with 

another interacting protein, the steric hindrance could lead the nitroxide to be 

poorly mobile, thus giving an EPR spectrum in which the peaks are broadened 

and less intense. 

Moreover, if the labelled protein has two or more possible conformations which 

affect the nitroxide mobility, the registered spectrum will consist in the weighed 

sum of the spectrum of each conformation with its particular nitroxide mobility 

condition (Figure 5.5). Since the spectral lineshape is strongly dependent on the 

structural features of the protein region in which the nitroxide is located, a 

change in the components of the spectrum as a result of an external solicitation, 

such as the addition of a substrate or effector, may be indicative of a 

conformational change in the protein. 

 

 

 
 

Figure 5.5. Multi-component EPR spectra. EPR spectra in which multiple components with different 

mobility are present (indicated by arrows) [from Klug C.S. & Feix J.B., 2008]. 

 

 

Distinction of multiple components and a more quantitative understanding of the 

experimental data can be made by simulation of the EPR spectra, whenever 

possible. With the support of computational models, it is possible to obtain 

information about the dynamics of the protein backbone to which the spin label 

is bound. Among those proposed, the MOMD (Microscopic Order Macroscopic 

Disorder) model has been developed considering that the spin label molecular 
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motion has not a free diffusion, but it is limited by the protein structure 

(microscopic order); however, the macromolecules adopt all the possible 

orientations with respect to the external magnetic field (macroscopic disorder) 

[Budil D.E. et al., 1996]. The MOMD model allows to describe the spin label 

mobility through two main parameters: the rotational correlation time τc and the 

order parameter S. The rotational correlation time is related to the isotropic 

rotational diffusion coefficient DR because τc = 1/6DR, implying that lower 

nitroxide mobility corresponds to longer rotational correlation times. The 

coefficient DR results from the averaging of the diffusion tensor D, which for an 

axial diffusion symmetry tensor, as for elongated proteins, has two equal 

diagonal elements, according to: 

 

𝑫 = (

𝐷∥ 0 0

0 𝐷⊥ 0
0 0 𝐷⊥

) 

 

(Eq. 5.18) 

 

In this case, the rotational correlation time of a protein with an axial diffusion 

symmetry is calculated as: 

 

𝜏𝑐 = 
1

6√(𝐷∥𝐷⊥𝐷⊥)3
 

 

(Eq. 5.19) 

 

However, in a more general case, it is possible that the motion of nitroxide is 

anisotropic and therefore it must be described by a rotational diffusion tensor 

whose main axis system is not necessarily coincident with the magnetic one. 

The mobility of a spin label can be modelized as its rotation within an ideal cone 

built around the z axis of the reference system for the rotational diffusion tensor. 

The width of this cone is a function of the angle ϑ of deviation from that axis, so 

that the order parameter can be expressed as: 

 

𝑆 =  
(3〈𝑐𝑜𝑠2𝜗〉 − 1)

2
 

 

(Eq. 5.20) 
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where <cos2ϑ> is the average value on the molecular orientational distribution. 

The order parameter S represents therefore a measure for the nitroxide mobility 

constraint: it can assume values comprised between 0 (no order, all the 

orientations of the spin label side chain with respect to the protein backbone are 

present), and 1 (total order, only a single orientation of the spin label side chain is 

possible). To conclude, through the MOMD model, it is possible to evaluate if the 

nitroxide mobility can be described as an isotropic or anisotropic motion and to 

understand if more than one mobility component is necessary to reproduce the 

experimental spectrum, describing each of them with the parameters τc and S. 

 

5.3 The Study of Mitochondrial Diseases by EPR Spectroscopy 

 

As mentioned before, EPR spectroscopy has proved to be an important tool for 

the structural and functional analysis of biological molecules. Among them, the 

most studied systems are proteins containing one or more metallic centers, as 

well as small radical molecules involved in the biochemical pathways of the cell. 

Mitochondrial respiratory chain complexes are characterized by a large variety of 

redox-active cofactors, such as iron-sulfur clusters, heme, copper ions, flavines 

and quinones; in the investigation of a biological sample, be it an organic tissue 

or whole cells, the predominant EPR signals are mainly given by them. 

Additionally, relevant spectral contribution could also derive from other cellular 

components such as ferriheme, transferrin, aconitase and catalase, although to a 

lower extent. It is worth to note that, although Fe-S clusters are molecular 

systems characterized by complex magnetic interactions between the Fe nuclei, in 

the majority of cases iron-sulfur clusters belonging to the mitochondrial 

respiratory complexes can be simply described as systems with an effective S = ½ 

in their reduced state [Hagen W.R., 2018]. Moreover, most of the electrons in Fe-S 

clusters are mainly localized in the 3d molecular orbitals of iron, thereby leading 

to a significant deviation of the g factor from that of a free electron and being 

indicative of the interactions between the spin system with the molecular 

environment [Ohnishi T., 1998]. 

Although the g factors differ from one spin system to another, one of the main 

practical problems in the study of biological samples is the multiple signal 

overlap: in fact, each redox center is characterized by a distinct EPR signal which 

is, however, in the same region of the other EPR-active centers. Nevertheless, a 

deconvolution of the overall spectral lineshape by means of computational 
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simulations and a direct assignment of the individual contributions have been 

extensively done in the past by the comparison of EPR signals from tissues like 

liver, muscles or heart, with those derived from purified proteins, fractionated 

extracts, or isolated mitochondria (Figure 5.6) [Beinert H., 1978; Haddy A. & Smith 

G., 1999; Kalyanaraman B. et al., 2019].  

 

 

 
 

Figure 5.6. EPR spectra of mitochondrial redox centers. Redox cofactors belonging to the four 

mitochondrial respiratory chain complexes (CI, CII, CIII and CIV, on the left) and the relative 

computational simulation of their EPR signals observed in whole, unprocessed, frozen tissue (on the right). 

The g values and resonant fields at 9.5 GHz are reported on the top scale and on the bottom scale, 

respectively. In order to appreciate each contributory signal, the EPR spectrum of the whole mitochondrion 

is shown at two different amplitudes [adapted from Bennett B., 2020]. 

 

 

Among the complexes belonging to the respiratory chain, complex I is the one 

that contributes the most. It provides the richest array of EPR signals due to the 

large number of iron-sulfur clusters, both as [2Fe-2S] and [4Fe-4S], which are all 

EPR-detectable in their reduced state. The direct assignment for EPR signals of 

Fe-S clusters from mammalian complex I is, however, still controversial [Yakovlev 

G. et al., 2007; Ohnishi T. & Nakamaru-Ogiso E., 2008]. Nevertheless, the most 

informative clusters in complex I are also the best-resolved in the EPR spectrum 

and they correspond to the [2Fe-2S] cluster N1b (g ≈ 1.92) and the three [4Fe-4S] 
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clusters N2, N3 and N4 (g ≈ 1.92, g = 1.86 and g = 1.88, respectively) [Roesller M.M. 

et al., 2010; Bennett B. et al., 2020]. There are three signals arising from the iron-

sulfur clusters of mitochondrial complex II: two are due to [2Fe-2S] cluster S1 and 

the [4Fe-4S] cluster S2, both centered at g ≈ 1.92 and overlapping the signal of 

complex I, and the third derives from an oxidized [3Fe4S] (cluster S3) whose 

signal is at g ≈ 2.02 [Beinert H. et al., 1975; Maguire J.J. et al., 1985; Johnson M.K. et 

al., 1985; Bennett B., 2020]. For complex III, the only signal which is usually 

attributed is the one ascribed to reduced [2Fe-2S] cluster of the Rieske protein; it 

is characterized by a sharp resonance at g = 2.03, a derivative peak at g = 1.90 

(usually not distinguishable by the overlap of the EPR signals at g = 1.92) and a 

distinctive very broad signal at g = 1.78 [Rieske J.S. et al., 1964; Orme-Johnson N.R. 

et al., 1974; Trumpower B.L. et al., 1979; Bennett B. et al., 2016]. Unfortunately, the 

signals ascribed to the other cofactors of complex III, i.e. cytochromes c1, bL and bH, 

are generally very weak and difficult to be detected and characterized, also 

because their resonance positions and line widths strongly depend on the 

environment and the specific sample under investigation [Orme-Johnson N.R. et 

al., 1974; Siedow J.N. et al., 1978]. In the case of complex IV, the main recognizable 

signal derives from the low-spin heme a (g ≈ 3.0 and g ≈ 2.2) and, in some cases, 

from the dinuclear S =1/2 CuA center (g ≈ 2.18 and g ≈ 2.0) [Aasa R. et al., 1976; 

Kroneck P.M. et al., 1990]. 

In addition to the aforementioned problem concerning the overlap of signals and 

the consequent difficulty in the interpretation of the spectra, there are two other 

problems concerning the study of iron-sulfur biological clusters by EPR, both 

related to sensitivity: the low concentrations of Fe-S clusters in the biological 

samples and the temperatures at which EPR spectra are acquired [Hagen W.R., 

2018]. With purified proteins or synthetic model systems, EPR studies related to 

iron-sulfur clusters are not constrained by concentration limits; in the case of 

biological samples, the lower concentrations, ranging from micromolar to sub-

micromolar, hamper the spectroscopic survey, requiring an increase of the 

sample concentration (whenever possible) or adopting some additional 

experimental tricks, although limiting the EPR to the basic continuous-wave X-

band experiment. The second problem, related to temperature, is not trivial: 

cofactors like Fe-S clusters, semiquinones, semiflavines and heme can be detected 

in mitochondria and quantified only at cryogenic temperatures, close to that of 

liquid helium. This is mainly due to the relaxation kinetics of the EPR signals 

arising from iron-sulfur clusters, which are characterized by short and/or 

extremely short relaxation times; a temperature of 12-15 K is frequently chosen in 



                                                                   Chapter 5 – EPR Spectroscopy in the Study of Biological Systems   

83 
 

the X-band studies, since it represents a good compromise for the detection of 

both fast relaxing [4Fe-4S] clusters and the slow relaxing [2Fe-2S] clusters [Hagen 

W.R., 2018]. Acquiring EPR spectra at different temperatures, for instance at 15 K 

and 40 K, is usually sufficient to ensure an adequate interpretation of 

experimental data [Bennett B., 2016]. 

From a general point of view, the mitochondrial EPR-active cofactors can exist in 

different oxidation states and the modulation of their status is determined by 

several factors, such as the mitochondrial and cellular redox environment, the 

functionality of the individual respiratory complexes and the electron transfer 

process, the integrity of the mitochondrial membrane and/or an imbalance in the 

physiological levels of reactive oxygen species. As previously described, 

mitochondrial complexes are pivotal to sustain cellular energetic demands. In 

general, an alteration of the functionality of mitochondrial respiratory chain is a 

common feature shared by all mitochondrial diseases. The application of 

cryogenic electron paramagnetic resonance spectroscopy on cells and flash-

frozen tissues turns out to be a promising tool for the investigation of cellular 

dysfunction in situ and, especially, for the characterization of mitochondrial 

diseases [Bennett B. et al., 2016; Bennett B., 2020]. In support of the classical 

biochemical investigation methods, this approach could provide new clues on the 

pathophysiology of mitochondrial disorders and, in a long-term perspective, 

novel molecular targets for effective pharmacological action. 
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Aim of the Thesis 
 

Friedreich’s ataxia (FRDA) is a cardio- and neuro-degenerative disease, caused 

by an abnormal expanded GAA triplet repeat in the first intron of the nuclear 

FXN gene which leads to a transcriptional silencing of FXN and to a reduced 

expression of frataxin, a ubiquitous and highly conserved mitochondrial protein.  

Several roles have been proposed for frataxin, essentially based on the 

structural/functional features of the protein. Genetic and biochemical studies 

carried out on several orthologues support a role of frataxin as a multifunction 

protein involved in different aspects of intracellular iron metabolism, ranging 

from biogenesis of Fe-S clusters and heme, to iron-binding/storage and iron 

chaperone activity. All these proposed functions are in agreement with the 

cardinal downstream biochemical features of FRDA cells, i.e. a deficit of Fe-S 

proteins, associated to mitochondrial iron overload and a consequent increased 

sensitivity to oxidative stress. 

Although the depletion of frataxin is crucial for the disease onset and 

progression, the precise function of frataxin in the cell (patho)physiology is still 

elusive and a definite relationship between frataxin decrease, Fe-S clusters 

assembly dysregulation, iron homeostasis and mitochondrial bioenergetics 

impairment has not been established yet. 

Based on this background, my Ph.D. project has been based on a 

multidisciplinary approach ranging from in vitro biochemistry and advanced 

biophysical analysis on isolated proteins, to mitochondrial physiology and cell 

imaging, to explore how frataxin deficiency could be involved in FRDA 

pathogenesis.  

My research has been developed in two main parallel working lines. In the first 

one (Part II, Chapter 1), I have explored if and how the cellular deficiency of 

frataxin is involved in the upstream events leading to Fe-S clusters assembly 

impairment and bioenergetics defects; in this regard, I have investigated the 

mitochondrial phenotype of cells derived from FRDA patients, assessing the 

cellular respiration, the mitochondrial morphology and ultrastructure, the 

activity and structural stability of individual respiratory chain complexes as well 

as their association in supercomplexes. In light of these studies, a potential 

functional relationship between frataxin and mitochondrial respiratory chain was 

further explored. 
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In the second part of my research (Part II, Chapter 2) the focus has been on the 

iron-binding properties of human frataxin by means of different spectroscopic 

techniques; in particular, I took advantage of an approach never used before in 

the study of frataxin, i.e. Site Directed Spin Labeling (SDSL) technique coupled to 

Electron Paramagnetic Resonance (EPR). This approach has been exploited to 

have a precise picture of the structural and conformational changes of frataxin in 

vitro, not only as response to the iron-binding to the isolated protein, but also in 

the interplay with the mitochondrial superoxide dismutase, a key enzyme 

belonging to the intracellular antioxidant machinery. 

The combination of these studies, performed with both purified recombinant 

proteins and intact cells, have been aimed to understand the molecular 

mechanisms underlying the upstream pathophysiological effects of frataxin 

deficiency in mitochondria and, consequently, to gain new insights into the role 

of frataxin in the cell. 
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Chapter 1 

Deciphering the Role of Frataxin in 

Mitochondrial Pathophysiology 

  of Friedreich’s Ataxia 
 

 

 

Friedreich’s ataxia (FRDA) is a cardio-neurodegenerative disease resulting from a severe decrease 

of frataxin (FXN), a mitochondrial protein involved in the biogenesis of iron-sulfur clusters. Most 

patients carry a GAA repeat expansion in both alleles of the FXN gene, whereas a small fraction 

of them are compound heterozygous for the expansion and a point mutation in the other allele. A 

distinctive feature of all FRDA patients’ cells is an impaired cellular respiration, likely due to a 

deficit of Fe-S clusters and heme, key redox cofactors working as electrons shuttles through the 

complexes of the respiratory chain. However, a definite relationship between frataxin levels, iron-

sulfur clusters assembly dysregulation and bioenergetics failure has not been established. In this 

work, we made a comparative analysis of the mitochondrial phenotype of lymphoblastoid cell lines 

from FRDA patients, either homozygous for the expansion or compound heterozygotes for the 

G130V mutation.  We disclosed defects in respiratory supercomplexes assembly, reduced maximal 

respiration and spare respiratory capacity in all FRDA cell lines. Taking advantage of cryo-EPR, 

we identified a severe impairment of the redox centers belonging to the respiratory chain in 

FRDA cells. Furthermore, we found that in healthy cells FXN and two key proteins of the Fe-S 

cluster assembly machinery, i.e. NFS1 and ISCU, are enriched in mitochondrial cristae, the 

dynamic subcompartment housing the respiratory chain. On the other hand, FXN widely 

redistributes to the matrix in FRDA cells with an altered respiratory function. We propose that 

this could be relevant for the early mitochondrial defects afflicting FRDA cells and that 

perturbation of mitochondrial morphodynamic could in turn be critical in terms of disease 

mechanisms. The hypothesis of a functional interaction between frataxin and the respiratory 

chain has been further investigated by means of in situ proximity ligation assay (PLA) in human 

healthy fibroblasts and iPSC-derived cardiomyocytes. Taken together, our findings suggest that 

frataxin could act as a bridge between iron-sulfur clusters biogenesis and the oxidative 

phosphorylation system. 
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This chapter has been adapted from: 

 

Doni D., Rigoni G., Palumbo E., Baschiera E., Peruzzo R., De Rosa E., Caicci F., 

Passerini L., Bettio D., Russo A., Szabò I., Soriano M.E., Salviati L., Costantini P. – 

The displacement of frataxin from the mitochondrial cristae correlates with abnormal 

respiratory supercomplexes formation and bioenergetic defects in cells of Friedreich ataxia 

patients – The FASEB Journal (2021); 35(3): e21362 - [doi: 10.1096/fj.202000524RR] 
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Introduction 
 

As described in Part I, the cardinal downstream biochemical feature of frataxin 

deficiency in FRDA cells is a severely affected mitochondrial physiology, 

associated to deficit of Fe-S proteins, impairment of energy production, iron 

overload and increased sensitivity to oxidative stress [Rötig A. et al., 1997; Schulz 

J.B. et al., 2000; Puccio H. et al., 2001; Schmucker S. & Puccio H., 2010]. However, 

although several roles have been hypothesized, ranging from heme and Fe-S 

clusters biogenesis [Huynen M.A. et al., 2001; Yoon T. & Cowan J.A., 2004] to iron-

chaperone and binding/storage activities [Cavadini P. et al., 2002; Yoon T. & Cowan 

J.A., 2003], the precise physiological function of frataxin remains unclear. All the 

potential functions proposed are in agreement with the impaired mitochondrial 

phenotype of FRDA cells; however, due to the tight link between these crucial 

cellular pathways, it is difficult to identify with certainty the upstream event(s) 

leading to the disease onset and progression and to define which metabolic 

consequences primarily occur after frataxin depletion. It is worth noting that in 

disorders associated to dysfunctions of Fe-S clusters biogenesis, such as FRDA, 

mitochondria have to be considered as double-sided: on the one hand, their 

primary function in energy production relies on Fe-S clusters (respiratory 

complexes I, II and III) and heme (respiratory complex IV) as prosthetic groups; 

on the other hand, the biogenesis of Fe-S clusters itself takes place in 

mitochondria, which contain the specific assembly machinery responsible for the 

biosynthesis of these cofactors. According to an involvement in the Fe-S clusters 

biogenesis, human frataxin was shown to interact in vitro with multiple core 

components of this machinery, although its exact molecular function at this level 

remains elusive [Gerber J. et al., 2003; Shan Y. et al., 2007; Schmucker S. et al., 2011; 

Bridwell-Rabb J. et al., 2014; Parent A. et al., 2015]. This assembly system is also 

essential to all extra-mitochondrial Fe-S proteins [Martelli A. et al., 2007], putting 

mitochondria physiology more in general at the core of the metabolic pathways 

involving Fe-S proteins [Lill R. & Mühlenhoff U., 2008; Lill R., 2009]. 

Most, if not all functions of mitochondria are closely linked to their morphology: 

mitochondria are highly dynamic organelles which continually fuse, divide and 

remodel the cristae to adapt their morphology and ultrastructure to the cell 

energy demand, and to participate in several processes besides bioenergetics, 

including organelle distribution during cell proliferation, calcium homeostasis, 

apoptosis, autophagy [Pernas L. & Scorrano L., 2016]. In the complex architecture 
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of a mitochondrion, cristae have a remarkable structural variability [Colina-

Tenorio L. et al., 2020] and are considered a functional subcompartment, since in 

addition to hosting many key processes, such as protein translocation, metabolite 

exchange and protein assembly and degradation [Vogel F. et al., 2006], they house 

the assembled respiratory complexes and supercomplexes, quaternary structures 

which in healthy cells increase the electron flow channeling and the overall 

mitochondrial respiratory efficiency [Schägger H. & Pfeiffer K., 2000; Schägger H. & 

Pfeiffer K., 2001]. Cristae shape and their dynamic remodeling are therefore 

fundamental for the complexes and supercomplexes formation, and ultimately 

for the performance of the electron transport chain [Cogliati S. et al., 2013; Cogliati 

S. et al., 2016]. Energy-intensive cells, such as neurons and skeletal/cardiac 

myocytes, are particularly vulnerable to mitochondrial dysfunctions and several 

neurodegenerative pathologies are caused by mutations in genes directly 

involved in mitochondrial dynamics [Pernas L. & Scorrano L., 2016; Chan D.C., 

2020]. Moreover, other neurological disorders, including Parkinson’s and 

Huntington’s diseases, have been associated with defects in these processes, even 

if the link in this case is less direct and the potential causative role remains to be 

determined [Pernas L. & Scorrano L., 2016; Chan D.C., 2020]. 

Interestingly, it has been shown that in Saccharomyces cerevisiae some of the 

proteins of the Fe-S cluster assembly machinery, i.e. the NFS1 desulfurase and its 

chaperonine ISD11, are closely attached to the mitochondrial inner membrane 

and enriched in the cristae, as assessed by quantitative immuno-electron 

microscopy of intact cells [Vogel F. et al., 2006]; more recently, an association of 

these two proteins with the respiratory chain supercomplexes of S. cerevisiae was 

found [Böttinger L. et al., 2018], and this could be instrumental to drive the 

coordination of Fe-S cluster assembly with the respiratory activity. Such an 

association has not yet been shown in mammalian mitochondria, however large-

scale protein interactome studies point to an interaction of human NFS1 with 

complex I [Floyd B.J. et al., 2016; Huttlin E.L. et al., 2017]. Furthermore, some 

evidences suggest that frataxin itself could interact with the proteins belonging to 

the respiratory chain [Gonzalez-Cabo P. et al., 2005; Vázquez-Manrique R.P. et al., 

2006]; in this regard, it has been shown that, in yeast, frataxin is able to interact 

with succinate dehydrogenase, indicating that FXN may have a direct 

involvement in the electron transport chain [Gonzalez-Cabo P. et al., 2005].  

In this work we therefore thoroughly explore the mitochondrial phenotype of 

three cell lines from FRDA patients, two homozygous for the GAA triplet 

expansion and the third heterozygous for the GAA expansion on one FXN allele 
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and for the G130V point mutation in the other, which is one of the most 

frequently found in affected patients. We found that in healthy cells frataxin as 

well as some key components of the Fe-S cluster assembly machinery are 

enriched in the mitochondrial cristae and we propose that the decrease of 

frataxin in this functional subcompartment is associated with lower levels of 

respiratory chain supercomplexes, which could be in turn a crucial factor in the 

mitochondrial respiratory defects afflicting FRDA patient cells. On the basis of 

our results, we hypothesized that frataxin could have a role on the stability 

and/or activity of mitochondrial (super)complexes through a functional 

interaction with the respiratory complex I. 
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Materials & Methods 
 

Cell Lines and Culture Conditions 

 

Lymphoblastoid cell lines (LCLs) were obtained from the Coriell Institute for 

Medical Research (NJ, USA) and cultured in RPMI 1640 (GIBCO Life 

Technologies), supplemented with 15% (v/v) Fetal Bovine Serum (FBS) (GIBCO 

Life Technologies), 2 mM L-glutamine, 100 U/mL penicillin and 100 µg/mL 

streptomycin, under 5% CO2 at 37°C. FRDA LCLs were from three unrelated 

clinically affected patients: GM04079 (homozygous for the GAA expansion in the 

FXN gene, with alleles carrying 541 and 420 repeats at sampling), GM16227 

(homozygous for the GAA expansion in the FXN gene, with alleles carrying 630 

and 830 repeats at sampling) and GM21542 (with one FXN allele carrying 900-950 

GAA repeats, as determined in this work by long-range PCR, and the second 

carrying a G130V point mutation and a normal number of repeats). Control LCL 

was from one clinically unaffected and unrelated subject, i.e. GM07533 (with both 

FXN alleles in the normal range of GAA repeats); a second control cell line 

(GM15849, with one FXN allele carrying 920 GAA repeats and the second allele 

in the normal range) was used in the comparative analysis of the FXN 

transcription for the LCLs used in this work. GM04079 and GM16227 are 

indicated throughout the text as FRDA 1 and FRDA 2, respectively. Cytogenetic 

analysis was performed on the lymphoblastoid cell lines used for the 

experiments, according to standard laboratory procedures. This analysis was 

kindly provided by Dr. Daniela Bettio of the Clinical Genetic Unit of the 

Department of Women’s and Children’s Health, University of Padova. A normal 

karyotype was observed in all the 20 Q-banded metaphases analyzed for each 

case (Figure 1.1). 

 

Healthy and FRDA human immortalized fibroblasts were used as in vitro models 

for the immunofluorescence experiments reported in this thesis. FRDA 

fibroblasts were obtained from the Coriell Institute for Medical Research (NJ, 

USA) and were from a clinically affected patient (GM04078), homozygous for the 

GAA expansion in the FXN gene with alleles of approximately 541 and 420 

repeats. Fibroblast cells were cultured in DMEM (Dulbecco’s Modified Eagle’s 

Medium, GIBCO Life Technologies) supplemented with 100 mM Sodium 

Pyruvate (100X solution, GIBCO Life Technologies), 10% (v/v) FBS (GIBCO Life 
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Technologies), 100 U/mL penicillin G, 100 µg/mL streptomycin and 1% non-

essential amino acids (100X solution; GIBCO Life Technologies) under 5% CO2 at 

37°C. For cell passaging, fibroblasts were washed with Phosphate Buffered Saline 

(PBS), trypsinized with 0.25% trypsin/EDTA (GIBCO Life Technologies) and 

supplemented with fresh growth medium. 

 

 
 

Figure 1.1. Normal karyotypes obtained from healthy control, FRDA 1 and 2 and G130V FRDA LCL. 

 

Genotyping and RT-PCR 

 

Four million cells from each lymphoblastoid cell line were harvested, 

sedimented, washed twice with PBS and resuspended in lysis buffer (10 mM 

Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 0.1% SDS, 400 µg/mL Proteinase K). 

Samples were incubated at 50°C overnight. Genomic DNA was purified with 
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phenol : chloroform : isoamyl-alcohol (25 : 24 : 1) according to standard 

procedures. For FXN expression analysis, total RNA was isolated from 3 x 106 

cells using the RNeasy mini kit (Qiagen). DNA and RNA samples were 

quantified using ND-1000 spectrophotometer (Nanodrop, Wilmington, DE, 

USA). The genotype of all cell lines employed in this work was verified by long-

range PCR. In the case of GM21542, derived from the compound heterozygote 

carrying the G130V mutation and one expanded allele of unknown length, we 

found that the GAA expansion consists of 900-950 repeats (Figure 1.2). 

 

 
 

Figure 1.2. The length of FXN alleles for the six LCLs was assessed by long-range PCR. Lane 1: GM 07533 

(healthy control); lane 2: GM 04079 (homozygous FRDA 1); lane 3: GM 16227 (homozygous FRDA 2) 

lane 4: GM 21542 (heterozygous G130V-FRDA) lane 5: GM 15849 (healthy carrier); lane 6: no template 

control. Molecular weight of the 1kb ladder bands of interest is indicated by an arrow. Amplicon length is 

calculated as follow: amplicon length (bp) = 1350 + 3n GAA (n = number of GAA repeats). 
 

 

An amount of 50 ng of each DNA sample were amplified with the QIAGEN 

LongRange PCR Kit (Qiagen) according to manufacturer’s instructions using a 

primer set specific for the amplification of the expanded GAA-repeat: 

 

forward: 5’-GGAGGGATCCGTCTGGGCAAAGG-3’ 

reverse: 5’-CAATCCAGGACAGTCAGGGCTT-3’ 

amplicon length: 1350 + 3n GAA 
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2 μg of RNA was retrotranscribed (EuroScript M-MLW Reverse Transcriptase 

RNase H-, Euroclone) and 2 ng of cDNA were used as template in the 

quantitative real-time PCR (qRT-PCR) using the following primer pairs: 

 

FXN forward: 5’-CCTTGCAGACAAGCCATACA-3’ 

FXN reverse: 5’-GGTCCACTGGATGGAGAAGA-3’ 

GAPDH forward: 5’-CCTCAACGACCACTTTGTCA-3’ 

GAPDH reverse: 5’-TTCCTCTTGTGCTCTTGCTG-3’ 

 

qRT-PCR was performed using an Applied Biosystems 7500 Fast Real-Time PCR 

System according to the following amplification protocol: 95°C for 10 min, 95°C 

for 15 sec, 60°C for 60 sec (40 cycles). qRT-PCR reactions were always performed 

in triplicates amplifying the cDNA deriving from two independent reverse 

transcription reactions. Amplification efficiency of FXN and GAPDH genes was 

verified using the standard curve method. FXN expression was normalized to 

that measured in the non-mutated cell line (GM07533), using the comparative 

delta CT method (2 - ∆∆CT) implemented in the 7500 Real Time System software. 

 

SDS-PAGE and Protein Immunoblotting 

 

Five million cells from each lymphoblastoid cell line were harvested, sedimented, 

washed once with cold PBS and lysed for 30 min on ice in 1 mL of RIPA lysis 

buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 100 μM 

phenylmethylsulfonyl fluoride (PMSF), 1 μg/mL aprotinin, 1 µg/mL leupeptin, 1 

μg/mL pepstatin). Lysates were sedimented at full speed in a microcentrifuge for 

30 min at 4°C, the supernatants transferred to clean tubes and the protein 

concentration determined by the Bradford assay (Bradford Reagent, Sigma-

Aldrich). Equal protein amounts were solubilized in Laemmli gel sample buffer 

(Tris-HCl 62.5 mM, SDS 2%, glycerol 10%, β-mercaptoethanol 5%, bromophenol 

blue 0.1%, pH 6.8) and separated electrophoretically by SDS-PAGE on 4%-20% 

polyacrylamide gels (GenScript ® ExpressPlusTM PAGE), except for the analyses 

of OPA1 in which the gels were 8%. Proteins were then transferred on 

nitrocellulose membranes (0.45 µm, LifeScience) through a semi-dry Trans-Blot® 

TurboTM Transfer System (BioRad). Membranes have been then blocked with 

10% milk in Tris-Buffered Saline (TBS) for 1 hour at room temperature and 

subsequently incubated with primary antibodies diluted in Tris-Buffered Saline 
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with 0.05% Tween20 (TBS-T) (the list of antibodies and the experimental 

conditions of their use are reported in Table 1). After incubation with secondary 

Horseradish Peroxidase-Conjugated (HRP) antibodies at room temperature for 1 

hour, the proteins were visualized using Immobilon® Forte Western HRP 

Substrate (Millipore) by Imager CHEMI Premium Detector (VWR). Reaction 

product levels were quantified by scanning densitometry using ImageJ software 

and normalized to those of β-actin or the mitochondrial protein TOM20. 

 

Blue Native Gel Electrophoresis (BNGE) 

 

For BN extraction, 40 x 106 cells from each lymphoblastoid cell line were 

collected, sedimented and washed once with cold PBS. Cell pellets were 

homogeneously resuspended in 200 µL of PBS and 200 µL of a freshly prepared 

solution of 8 mg/mL digitonin (SIGMA) were added. After incubation for 10 min 

in ice, 1 mL of cold PBS was added to each sample to be then centrifuged at 9.600 

x g, 10 min, 4°C. Pre-treated cells were washed once with cold PBS and 

sedimented again at 9.600 x g, 10 min, 4°C in order to remove the excess of 

residual digitonin. After centrifugation, the pellets containing the mitochondrial 

fraction were solubilized in 100 μL of Loading Native Buffer 1X containing 

Protease Inhibitor Cocktails (PIC, 1:100) and 10 μL of a freshly prepared solution 

of digitonin 10%. After 5 min of incubation in ice, samples were centrifuged at 

maximal speed in a microcentrifuge, 25 min, 4°C, and the supernatant containing 

mitochondrial complexes was collected. In the final step, 5 μL of 5% Coomassie 

Blue G-250 (Invitrogen) were added to each sample.The electrophoresis in native 

conditions was performed by loading 20 μL of each sample in a precast native 

Bis-Tris gel 3-12% (Invitrogen). A first electrophoretic run was done at 150 V in 

the presence of Anode buffer and Dark cathode buffer (Invitrogen), 45 min, 4°C. 

The Dark buffer was then replaced with Light buffer (Invitrogen) and a second 

run was done at 250 V, 90 min, 4°C. Then, a part of the gel was stained with 

Coomassie Blue (40% methanol, 10% acetic acid, 0.25 g of Coomassie Brilliant 

Blue R-250) and the other part, containing the replicates, was blotted onto a 

PVDF membrane at 33 V, overnight, 4°C. After transfer, the membrane was fixed 

with acetic acid 8% for 15 min, washed with water and let it dry. The membrane 

was then re-activated for 1 min in pure methanol and incubated with the 

antibodies of interest (Table 1.1). Protein bands were visualized as described 

above. 
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Table 1.1. List of antibodies used in western blotting analyses and experimental conditions adopted for 

their usage. 

 

Antibody Supplier Condition of use 

Anti – β-actin Merck; MAB1501 1 : 20 000 in TBST 1X 5% milk – 3h, RT 

Anti – TOM20 Santa Cruz; SC-11415 1 : 1000 in TBST 1X 5% milk – 3h, RT 

Anti – Frataxin proteintech; 14147-1-AP 1 : 500 in TBST 1X 5% milk – O/N, 4°C 

Anti – NFS1 LSBio; LS-C482672 1 : 1000 in TBST 1X – O/N, 4°C 

Anti – ISCU LSBio; LS-C157839 1 : 500 in TBST 1X – O/N, 4°C 

Anti – NDUFA9 Abcam; ab14713 1 : 1000 in TBST 1X 5% milk – O/N, 4°C 

Anti – NDUFS1  Abcam; ab157221 1:1000 in TBST 1X – O/N, 4°C 

Anti – NDUFS8  Santa Cruz; SC-515527 1:500 in TBST 1X – O/N, 4°C 

Anti – NDUFV2  Santa Cruz; SC-271620 1:500 in TBST 1X – O/N, 4°C 

Anti – NDUFS2  Santa Cruz; SC-390596 1:500 in TBST 1X – O/N, 4°C 

Anti – NDUFS3  Invitrogen; 459130 1:1000 in TBST 1X – O/N, 4°C 

Anti – NDUFS4  Santa Cruz; SC-514002 1:500 in TBST 1X – O/N, 4°C 

Anti – SDHA Abcam; ab14715 1 : 8000 in TBST 1X – O/N, 4°C 

Anti – SDHB  Santa Cruz; SC-59688 1:1000 in TBST 1X – O/N, 4°C 

Anti – UQCRC1 Santa Cruz; SC-65238 1 : 1000 in TBST 1X 5% milk – O/N, 4°C 

Anti – UQCRFS1  Santa Cruz; SC-271609 1:500 in TBST 1X – O/N, 4°C 

Anti – MTCO1 Abcam; ab14705 1 : 1000 in TBST 1X 5% milk – O/N, 4°C 

Anti – ACO2  Santa Cruz; SC-517651 1:500 in TBST 1X – O/N, 4°C 

Anti – OPA1 BD Biosciences; 612607 1 : 1000 in TBST 1X 5% milk – O/N, 4°C 

Anti – Mitofilin proteintech; 10179-1-AP 1 : 1000 in TBST 1X 5% milk – O/N, 4°C 

Anti – Vinculin Sigma Aldrich; V9264-25UL 1:1000 in TBST 1X – O/N, 4°C 

Anti – ATP5A Abcam; ab14748 1:4000 in TBST 1X 5% milk – O/N, 4°C 

Anti – Lamin B1 Santa Cruz; SC-6216 1:1000 in TBST 1X 5% milk – O/N, 4°C 

Anti – mouse 

peroxidase 
Sigma Aldrich; A4416 1 : 10 000 in TBST 1X – 1h, RT 

Anti – rabbit 

peroxidase 
Sigma Aldrich; A0545 1 : 20 000 in TBST 1X – 1h, RT 

Anti – goat 

peroxidase 
Sigma Aldrich; A5420 1:80 000 in TBST 1X – 1h, RT 
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Biochemical Analysis of Respiratory Complexes 

 

The activities of the mitochondrial electron transport chain (ETC) complexes 

were measured according to the protocol described by Spinazzi et al. [Spinazzi M. 

et al., 2012]. Briefly, 50 x 106 cells from each lymphoblastoid cell line were 

harvested, sedimented, washed twice with PBS (pH 7.6) and pellets were frozen 

in liquid nitrogen and stored at -80°C before proceeding with mitochondrial 

extraction. To obtain the mitochondrial-enriched fraction, each pellet was kept in 

ice and resuspended in 1 mL of 10 mM ice-cold hypotonic Tris buffer (pH 7.6); 

cells were homogenized with a precooled 2-mL glass/Teflon tissue grinder kept 

on ice through 20 slow up-down strokes at 1800 r.p.m.. The cell homogenate was 

then transferred to a clean tube and 200 μL of a 1.5 M sucrose solution was added 

and thoroughly mixed. The suspension was centrifuged at 600 x g, 10 min, 2°C 

and the supernatant was subsequently centrifuged at 14 000 x g for 10 min at 2 

°C. The supernatant was then removed and the mitochondrial pellet was 

resuspended with 500 µL of 10 mM ice-cold hypotonic Tris buffer (pH 7.6). Each 

mitochondrial suspension was subjected to three cycles of snap-freezing / 

thawing at 37°C in order to disrupt the mitochondrial membranes and the 

mitochondrial lysates were kept on ice. Protein content of each sample was then 

quantified according to the Bradford method and the activity of respiratory chain 

complexes I-IV and citrate synthase (CS) was measured by means of a single-

wavelength multicuvette spectrophotometer (Varian Cary UV-Vis 100) at 37°C. 

Activities of the mitochondrial OXPHOS complexes were normalized to CS 

activity. 

 

Oxygen Consumption Studies 

 

Cells from each lymphoblastoid cell line were collected, sedimented and 

resuspended in DMEM without serum and sodium bicarbonate, supplemented 

with 10 mM sodium pyruvate and 2 mM glutamine; 2.5 x 105 cells/well were then 

seeded into a Seahorse plate after pre-coating with Cell Tak reagent (Corning), 

following the protocol described by the manufacturer. The plate was then 

centrifuged for 2 min at 600 x g to ensure cells adhesion to the bottom of the 

wells. The oxygen consumption rate (OCR) was measured with an extracellular 

flux analyzer (Seahorse) at fixed time points and after the addition of the 

following compounds: oligomycin (2 µg/mL), carbonyl cyanide p-
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(trifluoromethoxy)phenylhydrazone (FCCP) (400 nM), antimycin A (1 μM). At 

the end of each experiment, every plate well was directly observed using an optic 

microscope, to exclude wells with a massive detachment of cells from the 

analysis. To assess mitochondrial functionality, bioenergetic parameters were 

calculated as follows: ATP-linked respiration is the difference between OCR 

before and after the addition of oligomycin; proton leak is the difference between 

OCR measured after the treatment with oligomycin and after the treatment with 

antimycin; maximal respiration was obtained by subtracting the OCR value 

measured after the addition of antimycin from the OCR value observed upon the 

addition of FCCP; spare respiratory capacity is the difference between the 

respiration obtained after the addition of FCCP and basal respiration; non-

mitochondrial respiration is OCR value of cells incubated with antimycin. 

 

Isolation of Mitochondria for EPR Samples 

 

Mitochondrial enriched fractions for EPR experiments were obtained starting 

from 700 x 106 cells for each lymphoblastoid cell line. Cells were collected, 

sedimented and washed twice with cold PBS (pH 7.6) and pellets were instantly 

frozen in liquid nitrogen and stored at -80°C before proceeding with 

mitochondrial extraction. To obtain the mitochondrial-enriched fraction, each 

pellet was kept in ice and resuspended with cold PBS in a total volume of 20 mL. 

Cells were homogenized with a precooled 30-mL glass/Teflon tissue grinder kept 

on ice through 20 slow up-down strokes at 1800 r.p.m.. The cell homogenate was 

then transferred to a clean tube and 4 mL of a 1.5 M sucrose solution was added 

and thoroughly mixed. The suspension was then centrifuged at 600 x g, 10 min, 

2°C and the supernatant, containing both the cytosolic and mitochondrial 

fractions, was subsequently centrifuged at 14000 x g for 10 min at 2 °C. The 

supernatant was carefully removed and the mitochondrial pellet was gently 

resuspended with 50 µL of a 50% (v/v) glycerol solution in PBS. The 

mitochondrial suspension was kept on ice and 200 μL and then transferred to a 3 

mm (i.d.) x 4 mm (o.d.) EPR quartz tube. The samples in the EPR tubes were 

immediately frozen in liquid nitrogen and stored in liquid nitrogen until 

spectroscopic analysis. The total protein concentration of each mitochondrial 

fraction was determined by the BCA assay (PierceTM BCA Protein Assay Kit). 

Each step of subcellular fractionations was checked by western blotting analysis 

using antibodies directed against lamin B1, vinculin and ATP5A as markers for 
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nuclear, cytoplasmic and mitochondrial fractions, respectively (see Table 1.1). 

Protein bands were visualized as previously described. 

 

EPR Measurements 

 

EPR experiments were performed at the Department of Chemical Sciences of 

University of Padova with an ELEXSYS E580 spectrometer equipped with a SHQ 

cavity (both from Bruker, Germany). For cryogenic measurements, the 

spectrometer was equipped with an Oxford ESR900 cryostat and an Oxford ITC4 

variable-temperature controller.  

Spectra were obtained using the following parameters: temperature, 15 K, 40 K 

and 100 K (the parameters that have been used exclusively for 100 K experiments 

are reported in parentheses); microwave frequency, 9.38 GHz, i.e. X-band; 

number of scans, 25; microwave power, 5 mW (0.02 mW); modulation amplitude, 

0.7 mT; modulation frequency, 100 kHz; time constant, 41 ms; conversion time, 41 

ms; scan width, 100 mT (12 mT); points, 1024. The microwave power was chosen 

to maximize signal intensity while limiting signal saturation. The magnetic field 

was calibrated using a 2,2-Diphenyl-1-Picrylhydrazyl radical (DPPH) sample (g = 

2.0036). EPR spectra were corrected for the blank baseline, obtained using an EPR 

sample tube filled with the buffer used for mitochondria resuspension (50% 

glycerol in PBS), and for the baseline contributions resulting from the small 

amounts of frozen oxygen in the sample tube. The resulting spectra were then 

normalized dividing them by the total protein concentration (between 25 μg/μL 

and 37 μg/μL) and the effective sample volume. 

 

Immunogold Staining and Electron Microscopy 

 

Cells were fixed in a 24 wells plate with 4% PFA (freshly prepared) in PBS (pH 

7.4) for 30 min at room temperature. After fixation, cells were washed 5 times 

with PBS (5 min each), blocked and permeabilized with 5% normal goat serum 

and 0.1% saponin in PBS for 30 min, and then incubated 2 hours at room 

temperature with the primary antibody of interest in PBS, 5% normal goat serum 

and 0.05% saponin. After five washes with PBS (5 min each), cells were incubated 

1 hour at room temperature with the secondary antibody Nanogold Fab GAR 

Ultra Small (Aurion). After 5 washes, cells were fixed with 2% glutaraldehyde in 
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PBS for 30 min. After 5 washes with water (5 min each) cells were incubated with 

Gold Enhancer (Nanoprobes), washed with water and prepared as for classical 

electron microscopy sample. Briefly, samples were postfixed with 1% osmium 

tetroxide/1% ferrocyanide in 0.1 M sodium cacodylate buffer for 1 hour at 4°C; 

after three water washes, samples were dehydrated in a graded ethanol series 

and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin sections (60-70 nm) 

were obtained with an Ultrotome V (LKB) ultramicrotome, counterstained with 

uranyl acetate and lead citrate and finally examined under a Tecnai G2 (FEI) 

transmission electron microscope operating at 100 kV at the electron microscopy 

facility of the Department of Biology, University of Padova. Images were 

captured with a Veleta (Olympus Soft Imaging System) digital camera. Antibody 

used for immunogold analyses were anti-frataxin, anti-NFS1 and anti-ISCU. 

Controls for specificity of immunolabeling were made by omitting the primary 

antibodies. 

 

Morphometric Analysis of Mitochondria 

 

The mitochondrial ultrastructure was analyzed using ImageJ Fiji software. For 

each mitochondrion, two morphological parameters were assessed in 2D: i) 

mitochondria length, evaluated as the longest distance between any two points of 

the selected mitochondrion (Feret’s maximum diameter); ii) cristae width, 

evaluated as the widest point of the selected crista. For each cell line, TEM 

micrographs ranging from 30 to 150 (mitochondrial length) and from 165 to 600 

(cristae width) were analyzed, as specified in the figure legends. For both 

morphological descriptors, frequency distribution and fitting analysis were 

performed using Origin. Briefly, the relative frequencies, expressed as percentage 

of mitochondria, were fitted by a nonlinear regression as singular or sum of 

gaussian functions, according to the data distribution. 

 

Immunofluorescence 

 

For immunofluorescence experiments, 15.000 fibroblast cells/well were seeded on 

13 mm diameter cover glasses in 24-well plates, to reach approximately 60% final 

confluence. Cells, 24 hours after seeding, were gently washed with PBS, fixed 

with paraformaldehyde (PFA) 3.8% in PBS for 15 minutes, permeabilized with 
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0,2% Triton-X 100 (Sigma) in PBS for 10 minutes and saturated with Bovine 

Serum Albumin (BSA) (Sigma Aldrich) 2% in PBS, at room temperature for 1 

hour, in order to prevent non-specific binding of primary and secondary 

antibodies. Samples were subsequently incubated overnight at 4°C with primary 

antibodies and for 1 hour at room temperature with secondary antibodies (the list 

of antibodies and the experimental conditions of their use are reported in Table 

1.2). The incubations with both primary and secondary antibodies were 

performed in a humidified chamber. Finally, cover slides were extensively 

washed, dried and mounted with DAPI mounting media (Sigma). Images were 

acquired at 40X magnification by means of Leica SP5 confocal microscope and 

LAS-AF Software at the Imaging facility of the Department of Biology, University 

of Padova, and ultimately processed with ImageJ Fiji software.  

 

Proximity Ligation Assay (PLA) 

 

To perform Proximity Ligation Assay (PLA), Duolink® In Situ Red Starter Kit 

Mouse/Rabbit (DUO92101, Sigma Aldrich) has been used. A number of 15.000 

fibroblast cells/well were seeded on 13 mm diameter cover glasses in 24-well 

plates, to reach approximately 60% final confluence. 24 hours after seeding, cells 

were fixed with PFA 3.8% for 15 minutes and permeabilized with 0,2% Triton-X 

100 in PBS for 10 minutes. Samples were then saturated with BSA 2% in PBS, at 

room temperature for 1 hour, and incubated overnight at 4°C with primary 

antibodies diluted at suitable concentrations in a humidified chamber (Table 2). 

Cells were washed twice with Buffer A® (DUO82046), for 5 min each at room 

temperature, and subsequently incubated for 1 h at 37 °C in a pre-heated 

humidified chamber with secondary antibodies conjugated with complementary 

oligonucleotides, i.e. anti-rabbit PLUS® (DUO82002) and anti-mouse MINUS® 

(DUO82004), properly diluted 1:5 in the Duolink® Antibody Diluent 

(DUO82008). After three washes in Buffer A® (5 min each, at room temperature), 

cells were incubated with DNA Ligase (DUO82029) properly diluted 1:5 in 

Ligation Buffer (DUO82009), for 30 min at 37 °C in a pre-heated humidified 

chamber. Subsequently, cells were washed three times in Buffer A® (5 min each, 

at room temperature) and incubated for 100 min at 37 °C with DNA Polymerase 

(DUO82030) diluted 1:5 in Amplification Buffer (DUO82011) containing red 

fluorescent-labeled oligonucleotides, for 100 min at 37 °C in a pre-heated 

humidified chamber and in the dark. Cells were washed twice with 1X Buffer B® 
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(DUO82048) for 10 min and eventually once with 0.01X Buffer B® for 1 min 

protecting them from light. The slides were then mounted using Duolink In Situ 

Mounting Medium containing DAPI (DUO82040) and stored at -20°C. Images 

were acquired under identical conditions at 40X magnification by means of Leica 

SP5 confocal microscope and LAS-AF Software at the Imaging facility of the 

Department of Biology, University of Padova. Images were ultimately processed 

with ImageJ Fiji software to assess the number of PLA dots/cell. 

Immunofluorescence and PLA experiments were also preliminary performed on 

iPSC (induced Pluripotent Stem Cell)-derived cardiomyocytes, kindly provided 

by Dr. Milena Bellin of the Department of Biology of University of Padova. 

 

 

Table 1.2. List of antibodies used in immunofluorescence and proximity ligation assay. The experimental 

conditions adopted for their usage are reported. 

 

Antibody Supplier Condition of use 

Anti – Frataxin proteintech; 14147-1-AP 
1 : 50 in BSA 1% (v/v) / 0.1% (v/v) Tween20 in 

PBS – O/N, 4°C 

Anti – NFS1 Santa Cruz; SC-365308 
1 : 50 in BSA 1% (v/v) / 0.1% (v/v) Tween20 in 

PBS – O/N, 4°C 

Anti – MTND1  Invitrogen; 43-8800 
1 : 500 in BSA 1% (v/v) / 0.1% (v/v) Tween20 in 

PBS – O/N, 4°C 

Anti – SDHB  Invitrogen; 45-9230 
1 : 100 in BSA 1% (v/v) / 0.1% (v/v) Tween20 in 

PBS – O/N, 4°C 

Anti – UQCRFS1  Santa Cruz; SC-271609 
1 : 10 in BSA 1% (v/v) / 0.1% (v/v) Tween20 in 

PBS – O/N, 4°C 

Anti – Cyt c BD Pharmingen; 556432 
1 : 200 in BSA 1% (v/v) / 0.1% (v/v) Tween20 in 

PBS – O/N, 4°C 

Anti – mouse 
Invitrogen; Alexa 

FluorTM 568 
1 : 500 in 0.1% (v/v) Tween20 in PBS –1h, RT  

Anti – rabbit 
Invitrogen; Alexa 

FluorTM 488 
1 : 500 in 0.1% (v/v) Tween20 in PBS –1h, RT  

 

Statistical Analysis 

 

All numerical data, analyzed by GraphPad Prism, are expressed as mean ± SEM. 

Statistical analysis and significance were performed and assessed as specified in 

the figure legends, with p ≤ 0.05 accepted as statistically significant. 
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Results 

 

Comparative Analysis of Frataxin in FRDA Patients’ Cells 

 

We evaluated FXN transcription by qRT-PCR in five lymphoblastoid cell lines 

(LCLs). Three of them were derived from FRDA patients, two homozygous for 

the GAA expansion (FRDA 1 and FRDA 2) and the other carrying the G130V 

point mutation and an expanded allele (G130V-FRDA). The other LCLs were 

derived from a clinically unaffected control with two unexpanded alleles and 

from a healthy carrier, heterozygous for the GAA expansion. 

We detected the lowest levels of FXN mRNA in the homozygous FRDA cell lines, 

while FXN expression was similar in the G130V-FRDA and in the heterozygous 

carrier (Figure 1.3A). Frataxin protein levels were then analyzed by western 

blotting in whole-cell extracts. Frataxin is synthesized in the cytosol as a full-

length precursor (i.e. FXN1-210) and then imported into the mitochondria, where it 

undergoes to a two-step proteolytic processing resulting in the mature, shorter 

form (i.e. FXN81-210) [Koutnikova H. et al., 1998; Condò I. et al., 2007; Schmucker S. et 

al., 2008]. Figure 1.3B shows that the amount of mature frataxin is reduced in the 

three FRDA patients’ cells when compared to the control. The lowest protein 

levels were found in LCLs from the G130V-FRDA heterozygous patient. Clark 

and colleagues showed that G130V mutation impairs the frataxin processing 

from FXN42-210 to FXN81-210 in FRDA patients’ fibroblasts [Clark E. et al., 2017]. 

Figure 1.3C indicates that FXN42-210/FXN81-210 ratio is increased also in the G130V-

FRDA LCLs used in our experiments and, on the other hand, that the amount of 

the intermediate FXN42-210 has the same trend of the mature FXN81-210, as they are 

both strongly reduced. 
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Figure 1.3. Comparative analysis of frataxin in healthy control, homozygous FRDA and 

heterozygous G130V-FRDA LCLs. (A) FXN expression measured by qRT-PCR in unaffected control, 

FRDA (1 and 2), G130V-FRDA and healthy carrier LCLs. FXN expression levels are normalized to those 

detected in the non-mutated control cell line, expressed as 100%. Error bars represent gene expression 

range calculated according to the standard deviation of the ∆∆CT value. (B) Western blotting analysis of 

FXN protein (mature form) in whole cell extracts from unaffected control, FRDA (1 and 2), G130V-FRDA 

and healthy carrier LCLs. Equal amounts of protein (i.e. 60 µg) were loaded in each lane. β-actin was used 

as loading control. Protein levels were quantified after normalization with β-actin and expressed as a 

percentage of control level. Reported data result from the mean of four independent experiments ± SEM. 

(C) Impaired frataxin processing from FXN42-210 to FXN81-210 in lymphoblasts from G130V-FRDA patient. 

Equal amounts of protein (i.e. 60 µg) were loaded in each lane. β-actin was used as loading control. FXN42-

210 and FXN81-210 were detected by western blot. FXN levels were quantified and expressed as ratio of FXN42-

210 to FXN81-210. Reported data result from the mean of four independent experiments ± SEM. Statistical 

significance was determined using One-way ANOVA with Dunnett's post-hoc test (*p ≤ 0.05, compared to 

control). 
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Comparative Analysis of Respiratory Complexes I-IV Subunits and 

Mitochondrial Aconitase in FRDA Patients’ Cells 

 

We examined by western blotting analysis the relative abundance of several 

respiratory chain subunits in healthy control, homozygous FRDA and 

heterozygous G130V-FRDA LCLs, either containing and not Fe-S clusters as 

prosthetic groups. In this regard, it is worth noting that mammalian complex I, 

which is the main entry point for electrons in the electron transport chain, 

contains the highest number of Fe-S clusters among the respiratory chain 

complexes, involving overall five subunits; on the contrary, complex II contains 

three Fe-S clusters in one subunit (SDHB) while complex III contains only two Fe-

S clusters, one for each UQCRFS1 (ubiquinol-cytochrome c reductase, Rieske 

iron-sulfur polypeptide 1) subunit (Figure 1.4).  

 

 
 

Figure 1.4. Fe-S clusters subunits in mitochondrial respiratory chain complexes. Cartoon 

representations of human mitochondrial complex I (PDB ID: 5XTD), complex II (PDB ID: 3AE1) and 

complex III (PDB ID: 5XTDE) where the subunits containing Fe-S clusters are highlighted. The subunits 

of complex I containing Fe-S clusters are NDUFS1 (in purple), NDUFV1 (in dark blue), NDUFV2 (in 

pink), NDUFS8 (in light blue) and NDUFS7 (in green). The subunit of complex II which contains three 

Fe-S clusters is SDHB (in dark green); both UQCRFS1 subunits of complex III, each of them containing 

one Fe-S cluster, are colored in magenta. The iron and sulphur atoms of the Fe-S clusters are shown as 

yellow and dark orange spheres, respectively. Figures of structures have been elaborated with UCSF 

Chimera. 
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Figure 1.5 shows that the levels of some structural subunits, i.e. NDUFA9 

(complex I), SDHA (complex II), UQCRC1 (complex III) and MTCO1 (complex 

IV), are comparable in LCLs from healthy and FRDA patient cells. Protein levels 

were quantified after normalization with β-actin and, as a further control, with 

TOM20 as a mitochondrial housekeeping protein. 

 

 
 

Figure 1.5. Comparative analysis of mitochondrial respiratory complexes structural subunits in 

healthy control, homozygous FRDA and heterozygous G130V-FRDA LCLs.  Western blotting 

analysis of respiratory complexes structural subunits, i.e. NDUFA9 (complex I), SDHA (complex II), 

UQCRC1 (complex III) and MTCO1 (complex IV) in whole cell extracts from FRDA 1, FRDA 2, G130V-

FRDA and unaffected control LCLs. Equal amounts of protein (i.e. 25 μg) were loaded in each lane. Protein 

levels were quantified after normalization with β-actin and TOM20 and expressed as percentage of control 

level. Reported data result from the mean of N independent experiments ± SEM. Statistical significance 

was determined using One-way ANOVA with Dunnett’s post-hoc test. 
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Different results have been obtained analyzing the subunits containing Fe-S 

clusters. For complex I, six subunits were analyzed, all belonging to the 

hydrophilic domain. Three of them, i.e. NDUFS1, NDUFS8 and NDUFV2, contain 

three, two, and one Fe-S clusters, respectively; subunits NDUFS2, NDUFS3, and 

NDUFS4, do not contain iron-sulfur centers but belong to the Fe-S cluster domain 

of the complex. The comparative analysis of the protein levels for NDUFS1, 

NDUFS8 and NDUFV2 is reported in Figure 1.6, while Figure 1.7 shows the levels 

of NDUFS2, NDUFS3 and NDUFS4 in the four lymphoblastoid cell lines, 

normalized on both β-actin and TOM20 as loading controls. 

 

 
 

Figure 1.6. Comparative analysis of mitochondrial respiratory complex I Fe-S subunits in healthy 

control, homozygous FRDA and heterozygous G130V-FRDA LCLs. Western blotting analysis of 

some of respiratory complex I Fe-S cluster-containing subunits (i.e. NDUFS1, NDUFS8, NDUFV2) in 

whole cells extracts from FRDA 1, FRDA 2, G130V-FRDA and unaffected control LCLs. Equal amounts of 

protein (i.e. 25 μg) were loaded in each lane. β-actin and TOM20 was used as loading control. Protein 

levels were quantified after normalization with β-actin and TOM20 and expressed as a percentage of 

control level. Reported data result from the mean of N independent experiments ± SEM. Statistical 

significance was determined using One-way ANOVA with Dunnett’s post-hoc test (*p ≤ 0.05, **p ≤ 0.01, 

compared to control). 
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Figure 1.7. Comparative analysis of some subunits belonging to the Fe-S clusters domain of 

mitochondrial respiratory complex I in healthy control, homozygous FRDA and heterozygous 

G130V-FRDA LCLs. Western blotting analysis of some of respiratory complex I subunits NDUFS2, 

NDUFS3 and NDUFS4 in whole cells extracts from FRDA 1, FRDA 2, G130V-FRDA and unaffected 

control LCLs. Equal amounts of protein (i.e. 25 μg) were loaded in each lane. Protein levels were quantified 

after normalization with β-actin and TOM20 and expressed as a percentage of control level. Reported data 

result from the mean of N independent experiments ± SEM. Statistical significance was determined using 

One-way ANOVA with Dunnett’s post-hoc test (*p ≤ 0.05, compared to control). 
 

 

The results indicate that NDUFS1, NDUFS8, NDUFS3, and NDUFS4 are reduced 

in the three FRDA cell lines, although in a variable way; on the contrary, the 

levels of the NDUFV2 and NDUFS2 subunits remain almost unaltered if 

compared to the control. Interestingly, only NDUFS1 subunit, which contains 

three Fe-S clusters, results significantly reduced in all three FRDA cell lines. 

For complex II and complex III we analyzed SDHB and UQCRFS1, respectively; 

Figure 1.8 shows that the levels of these subunits were unaltered in the FRDA 

LCLs compared to healthy control, with the exception of SDHB which appears to 
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be slightly reduced in the FRDA cell lines characterized by the lowest levels of 

frataxin (i.e. FRDA 2 and G130V-FRDA). 

 

 
 

Figure 1.8. Comparative analysis of Fe-S subunits in mitochondrial respiratory complexes II and 

III in healthy control, homozygous FRDA and heterozygous G130V-FRDA LCLs. Western blotting 

analysis of Fe-S cluster-containing subunits of respiratory complex II (SDHB) and respiratory complex III 

(UQCRFS1) in whole cell extracts from FRDA (1 and 2), G130V-FRDA and unaffected control LCLs. 

Equal amounts of protein (i.e. 25 μg) were loaded in each lane. Protein levels were quantified after 

normalization with β-actin and TOM20 and expressed as percentage of control level. Reported data result 

from the mean of N independent experiments ± SEM. Statistical significance was determined using One-

way ANOVA with Dunnett’s post-hoc test (*p ≤ 0.05, compared to control). 

 

 

To assess the possible impairment of other Fe-S proteins, we further analyzed the 

protein levels of mitochondrial aconitase ACO2, an iron-sulfur enzyme involved 

in the TCA cycle which catalyzes the reversible isomerization of citrate to 

isocitrate via cis-aconitate. In this regard, it has been demonstrated that frataxin is 

able to interact with mitochondrial aconitase, modulating its enzymatic activity 

and acting as an iron chaperone [Bulteau A.L. et al., 2004]; furthermore, a 

deficiency in frataxin has been shown to impair its enzymatic activity [Rötig A. et 

al., 1997; Bradley J.L. et al., 2000; Condò I. et al., 2010]. Western blotting analysis in 
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whole-cell extracts showed that, ACO2 levels in FRDA LCLs are not significantly 

altered respect to the control, although slightly reduced in G130V-FRDA cell line 

(Figure 1.9). 

 

 
 

Figure 1.9. Comparative analysis of mitochondrial aconitase ACO2 in healthy control, 

homozygous FRDA and heterozygous G130V-FRDA LCLs. Western blotting analysis of ACO2 in 

whole cell extracts from FRDA 1, FRDA 2, G130V-FRDA and unaffected control LCLs. Equal amounts of 

protein (i.e. 25 μg) were loaded in each lane. Protein levels were quantified after normalization with β-actin 

and TOM20 and expressed as percentage of control level. Reported data result from the mean of N 

independent experiments ± SEM. Statistical significance was determined using One-way ANOVA with 

Dunnett’s post-hoc test. 
 

 

Biochemical and Functional Analyses of Mitochondrial Respiratory 

Complexes in FRDA and G130V-FRDA Patients’ Cells 

 

The individual activities of respiratory complexes in control, FRDA 1, FRDA 2 

and G130V-FRDA LCLs were measured by spectrophotometric assays (Figure 

1.10). Results were variable: the FRDA 1 and FRDA 2 cells displayed essentially a 

partial reduction of complex III, while other complexes were only mildly 

decreased (complex I), or unaffected (complex II). The cells from patient with the 

G130V mutation had a partial reduction of complexes I and IV, while complex II 

was only mildly affected, and complex III was normal. Complex IV does not 

contain Fe-S clusters and the observed reduction of its activity could be explained 

by the involvement of frataxin in the biosynthesis of heme [Yoon T. & Cowan J.A., 

2004; Schoenfeld R.A. et al., 2005], an essential cofactor of this complex.  
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Figure 1.10. Biochemical analysis of mitochondrial respiratory complexes in healthy control, 

homozygous FRDA and heterozygous G130V-FRDA LCLs. Complex I-IV individual activities (nmol / 

min ∙ mg of protein) in control, FRDA 1, FRDA 2 and G130V-FRDA LCLs. All activity values were 

normalized to citrate synthase and expressed as percentage of control activity. Reported data result from the 

mean of four independent experiments ± SEM. Statistical significance was determined using unpaired t-

test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, compared to control). 

 

 

We next measured the oxygen consumption rate of LCLs by means of a Seahorse 

flux analyzer. We found that, compared to healthy control, homozygous FRDA 1 

and FRDA 2 and G130V-FRDA LCLs have decreased maximal respiration and 

spare respiratory capacity, with no difference both in basal and in ATP-linked 

respiration (Figure 1.11). This result could indicate an impaired capability of 

FRDA cells to increase mitochondrial oxygen consumption rate in conditions of 

increased energy demand. 
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Figure 1.11. Oxygen consumption studies in healthy control, homozygous FRDA and 

heterozygous G130V-FRDA LCLs. Oxygen consumption rates (OCR) of cells were measured in real 

time under basal conditions and after injection of oligomycin, FCCP and antimycin as indicated in the 

figure. Values were normalized with respect to basal respiration which was considered as 100%. OCR 

values at basal condition were 275.9 ± 26.9, 281,5.3 ± 33.5, 247,8 ± 14.5 and 250.3 ± 50.9 (pmol 

O2/min)/2.5·105 cells in control, FRDA 1, FRDA 2 and G130V-FRDA LCLs respectively. Bioenergetic 

parameters were calculated as described in Materials & Methods. Reported data result from the mean of 

three independent experiments ± SEM. Statistical significance was determined using Two-way ANOVA 

with Bonferroni’s post-hoc test (***p ≤ 0.001, compared to control). 

 

 

Since in healthy cells individual stability and function of the mitochondrial 

respiratory complexes are improved by their organization in supercomplexes 

(SCs), we next wondered if a defective formation of these supramolecular 

structures could contribute to the differences in the respiratory activity described 
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above. Respiratory SCs of different composition and stoichiometry have been 

described; the most functionally relevant are SCs [I+III], [I+III+IV] and [III-IV], 

while the association of complex II in supercomplexes has not been reported yet 

[Schägger H. & Pfeiffer K., 2000; Schägger H. & Pfeiffer K., 2001; Acín-Pérez R. et al., 

2008; Enriquez J.A., 2016]. To get additional insights into the impaired respiratory 

phenotype of FRDA LCLs compared to healthy control, we therefore analyzed 

the pattern of SCs assembly. To this end, cells were solubilized using the mild 

detergent digitonin to maintain the integrity of respiratory complexes, which 

were then separated by blue-native gel electrophoresis (BN-PAGE). Following 

electrophoresis, the gels were transblotted and proteins immunodetected with 

antibodies against complex I (i.e. subunit NDUFA9) and complex II (i.e. subunit 

SDHA). Figure 1.12 indicates that the relative abundance of higher molecular-

weight CI-containing supercomplexes, among which the respirasome, is 

decreased in FRDA LCLs compared to healthy control cells. On the contrary, the 

relative levels of CII in FRDA LCLs are comparable to those of control. This is in 

accordance with the lower individual enzymatic activities of respiratory 

complexes I, III and IV (Figure 1.10), as well as with the reduced maximal 

respiration and reserve capacity of FRDA LCLs (Figure 1.11).  

 

 
 

Figure 1.12. Blue native PAGE and western blotting analyses of the mitochondrial 

supercomplexes in healthy control, homozygous FRDA and heterozygous G130V-FRDA LCLs. On 

the left, BN-PAGE, followed by Coomassie staining and destaining, of the control, FRDA 1, FRDA 2 and 

G130V-FRDA LCLs treated with digitonin. 5 μL of native protein marker (ladder) was loaded in the gel to 

estimate the molecular weight of the bands. On the right, western blotting after BN-PAGE of CI-containing 

SCs and CII from digitonin-treated control, FRDA 1, FRDA 2 and G130V-FRDA LCLs. The blot was 

immunodecorated with an antibody against NDUFA9 (complex I) and, subsequently, the same membrane 

was incubated with an antibody against SDHA (complex II). 
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EPR Measurements on Isolated Mitochondria from FRDA Cells 

 

The association of mitochondrial complexes into supercomplexes is pivotal to 

enhance their catalytic activities as well as to increase the efficiency of electron 

transfer. As previously stated, the electron channeling relies on Fe-S clusters and 

heme centers belonging to the respiratory complexes; altered enzymatic activities 

of the respiratory complexes, along with impaired respiratory efficiency, could be 

due to an impairment of these prosthetic groups. For this reason, we explored the 

redox centers in FRDA LCLs used in this study taking advantage of EPR 

spectroscopy at cryogenic temperatures as investigative tool. 

Firstly, to overcome the problem of sensitivity related to this technique, we 

optimized a protocol to obtain highly enriched mitochondrial fractions in a buffer 

suitable for EPR analysis; starting from a high number of lymphoblastoid cells 

from each line (around 700 x 106 cells), we isolated mitochondria through a 

subcellar fractionation, as described in detail in Materials & Methods. Samples 

from each step of the extraction were assessed by western blotting analysis. The 

results obtained with the mitochondrial extraction of the control cell line are 

reported as an example in Figure 1.13; western blot highlights how the final 

sample used for EPR experiments is highly enriched in mitochondria and 

relatively pure, despite the presence of a residual cytosolic fraction which, 

however, was considered negligible for the purposes of the spectroscopic 

experiments. Similar patterns were obtained with the subcellular fractionations 

for the three FRDA cell lines (data not shown), confirming the validity of the 

protocol. 

 

 

Figure 1.13. Western blotting analysis for the subcellular fractionation of lymphoblastoid cells. 

Cells were fractionated to nuclear, cytosolic and mitochondrial fractions by sequential centrifugation. For 

each fractionation step, an identical volume has been resuspended in Laemmli buffer and equal amounts of 

the samples (5 μL) were loaded onto the gel. Vinculin, lamin B1 and ATP5A have been respectively chosen 

as cytosolic, nuclear and mitochondrial markers for the western blot analysis. The reported western blot 

refers to the subcellular fractionation of the healthy control lymphoblastoid cell line used in this work. 
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Isolated mitochondria from each cell line have been transferred in EPR tubes and 

subsequently flash frozen in liquid nitrogen to proceed with the acquisition of 

EPR measurements at three different temperatures, i.e. at 100, 40 and 15 K. The 

choice of acquiring EPR spectra at different temperatures has been made with the 

aim of obtaining as much information as possible on the redox cofactors 

belonging to mitochondrial respiratory chain. Figure 1.14 shows the spectra 

acquired at 100 K for the mitochondrial fractions from the four LCLs. At this 

temperature, the only detectable species are radicals coming mostly from 

semiquinones (SQ) and semiflavins (SF). SQ radicals derive mainly from the 

partial reduction of CoQ in complex I and complex II while SF radicals typically 

derive from the partial reduction of FMN in complex I. Although SQ and SF 

radicals have slightly different g tensors, in our experimental conditions they are 

characterized by an unresolved isotropic g value of 2.005. 

An inspection of the spectra reveals that the healthy control is characterized by 

more intense radical signals, while those arising from FRDA LCLs are less 

intense, confirming a higher respiratory activity in healthy control than in FRDA 

cells. 

 
Figure 1.14. EPR spectra acquired at 100 K on isolated mitochondria from healthy control, 

homozygous FRDA and heterozygous G130V-FRDA LCLs. The spectra show the g = 2.0 spectral 

region. The superimposed spectra are reported with a different color for each LCLs: black, healthy control; 

brown, FRDA 1; dark red, FRDA 2; orange, G130V-FRDA. The spectra were normalized to the total 

protein concentration of each corresponding mitochondrial fractions.  
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Lowering the temperature, signals arising from Fe-S clusters of the respiratory 

chain complexes can be observed; in particular, at 15 K, it is possible to detect 

both fast relaxing [4Fe-4S] and [3Fe-4S] centers and, to a lesser extent, the slow 

relaxing [2Fe-2S] clusters, in addition to other cofactors of the respiratory chain, 

such as the copper center of Complex IV (CuA). Figure 1.15 reports the spectra 

acquired at 15 K for the healthy control and the three FRDA LCLs. 

 

 
 

Figure 1.15. EPR spectra acquired at 15 K on isolated mitochondria from healthy control, 

homozygous FRDA and heterozygous G130V-FRDA LCLs. The superimposed spectra are reported 

with a different color for each LCLs: black, healthy control; brown, FRDA 1; dark red, FRDA 2; orange, 

G130V-FRDA. The spectra were normalized to the total protein concentration of each corresponding 

mitochondrial fractions. The attribution of the peaks of the redox centers is indicated in the figure; for more 

clarity, the reference simulated EPR signals of N2 [4Fe4S] cluster, S3 [3Fe-4S] cluster and CuA copper 

center are reported in sky blue, cyan and steel blue, respectively. The inset on the right refers to the region 

of the signal of N2 [4Fe-4S] cluster of complex I.  

 

 

A comparative analysis between the EPR spectra deriving from mitochondria of 

FRDA cells and that originating from the healthy control highlights different 

spectroscopic responses, reflecting in turn a different mitochondrial physiological 

status. In particular, G130V-FRDA cell line, which is characterized by the lowest 

level of frataxin among the LCLs used in this study (Figure 1.3B), shows strongly 
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reduced signals across the whole range, while the healthy control has the 

strongest signals overall. The diagnostic peak of N2 [4Fe-4S] (g ≈ 1.92, see the 

inset in Figure 1.15), the cluster located in the NDUFS7 subunit of the hydrophilic 

domain of complex I (see Figure 1.4) and at the end of the electron transport chain 

that directly donates electrons to the ubiquinone, is far less intense in the FRDA 

cell lines. The signals arising from the S3 [3Fe-4S] cluster of the complex II, along 

with that arising from CuA center of the complex IV, are overall reduced in 

FRDA LCLs when compared to control. On the contrary, no differences have 

been detected for the broad signal typical of the Rieske [2Fe-2S] cluster belonging 

to complex III. This observation was further confirmed by the acquisition of EPR 

spectra at 40 K (Figure 1.16), condition in which only the [2Fe-2S] clusters are 

detectable; in fact, all LCLs are characterized by comparable spectroscopic signals 

in the region of mitochondrial Fe-S clusters, indicating almost no changes for the 

Rieske [2Fe-2S] (complex III) and the N1b [2Fe-2S] (complex I). The spectra at 40 

K do not give any further insights, since they are dominated by the multiple EPR 

signals from Mn2+ ions, which are ubiquitously present in biological systems. 

 
Figure 1.16. EPR spectra acquired at 40 K on isolated mitochondria from healthy control, 

homozygous FRDA and heterozygous G130V-FRDA LCLs. The superimposed spectra are reported 

with a different color for each LCLs: black, healthy control; brown, FRDA 1; dark red, FRDA 2; orange, 

G130V-FRDA. The spectra were normalized to the total protein concentration of each corresponding 

mitochondrial fractions. The attribution of the peaks to the correspondent redox center is indicated in the 

figure. The inset refers to the region of the signal of N1b [2Fe-2S] cluster of complex I and Rieske [2Fe-2S] 

cluster of complex III. 
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Frataxin Co-localizes with the Fe-S Clusters Assembly Machinery in 

the Mitochondrial Cristae in Healthy Cells and Redistributes to the 

Matrix in FRDA Cells 

 

Frataxin has been claimed to play a role in the biogenesis of Fe-S clusters, and it 

was previously shown that in S. cerevisiae two other proteins involved in this 

pathway (i.e. NFS1, the sulfur donor to the assembly machinery, and the 

accessory protein ISD11) are closely attached to the mitochondrial inner 

membrane and enriched in the cristae [Vogel F. et al., 2006]. 

Therefore, we investigated if the Fe-S cluster assembly machinery is localized in 

the cristae also in the human LCLs used in our work. We addressed this issue by 

immunogold-labeling, in control cells and in the three FRDA LCLs, the proteins 

NFS1 and ISCU (i.e. the scaffold upon which the Fe-S cluster is synthetized), as 

described in detail Material & Methods. Both proteins are expressed in control 

and FRDA cells with any significant difference, as assessed by the western 

blotting analyses (Figure 1.17).  

 

 

Figure 1.17. Comparative analysis of NFS1 and ISCU in healthy control, homozygous FRDA and 

heterozygous G130V-FRDA LCLs. Western blotting analyses of NFS1 and ISCU proteins in whole cell 

extracts from FRDA (1 and 2), G130V-FRDA and unaffected control LCLs. Equal amounts of protein (i.e. 

25 µg) were loaded in each lane. TOM20 was used as mitochondrial loading control. Protein levels were 

quantified after normalization with TOM20 and expressed as percentage of control level. Reported data 

result from the mean of six independent experiments ± SEM. One-way ANOVA with Dunnett’s post hoc 

test was used for statistical analysis. 
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Figure 1.18 shows that in the four LCLs NFS1 and ISCU are mostly localized in 

the cristae. 

 
 

Figure 1.18. The NFS1 desulfurase and ISCU scaffold proteins of the mitochondrial FeS-cluster 

assembly machinery are closely associated to the cristae membranes of healthy control, FRDA 

and G130V-FRDA LCLs. Panel A refers to NFS1, Panel B refers to ISCU. In both panels: top, 

representative images of the immunogold-labeling coupled to electron microscopy; bottom, quantitative 

analyses of the gold particles distribution in different mitochondrial subcompartments, expressed as 

percentage of particles per mitochondrion. Reported data result from the mean of three independent 

experiments ± SEM. Mitochondria from 20-45 cells were analyzed. IBM, inner boundary membrane; 

OMM, outer mitochondrial membrane. Scale bars are indicated in the figure. 



Part II – Experimental Section                                                                                                                             

124 

 

We next explored the sublocalization of frataxin in mitochondria of healthy 

control and FRDA LCLs by the same immunogold-labeling approach. It is clearly 

visible in Figure 1.19 that in healthy LCLs frataxin is in fact enriched in the cristae.  

 

 
 

Figure 1.19. Frataxin is enriched in the mitochondrial cristae of healthy control and moves to the 

matrix in FRDA LCLs. Left, representative images of the immunogold-labeling coupled to electron 

microscopy of control, FRDA (1 and 2) and G130V-FRDA LCLs; right, quantitative analyses of the gold 

particles distribution in different mitochondrial subcompartments, expressed as percentage of particles per 

mitochondrion. Reported data result from the mean of three independent experiments ± SEM. Mitochondria 

from 20-45 cells were analyzed. IBM, inner boundary membrane; OMM, outer mitochondrial membrane. 

Scale bars are indicated in the figure. 
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Frataxin levels are strongly reduced in the three FRDA patient LCLs used in this 

work (Figure 1.3B), nevertheless we were able to detect immunogold particles 

both in homozygous FRDA and in the heterozygous G130V-FRDA LCLs, albeit at 

a smaller extent (Figure 1.19). 

Some gold particles are also present at the inner boundary and outer membranes 

and likely label the full-length precursor of frataxin (i.e. FXN1-210), which is 

synthesized in the cytosol and then imported into the mitochondria, where it 

undergoes to a two-step proteolytic processing resulting in the mature, shorter 

form (i.e. FXN81-210). Interestingly, a close inspection of mitochondria of FRDA 

LCLs revealed that their residual frataxin is partially redistributed to the matrix 

even in the presence of intact cristae (Figure 1.19). Negative controls experiments, 

performed in parallel in absence of primary antibodies (Figure 1.20), did not show 

electron-dense deposits in the cristae, supporting the specificity of the approach. 

 

 

Figure 1.20. Negative control for the immunogold-labeling experiments with LCLs. Control cells 

were fixed and prepared for immunogold staining exactly as described in Materials and Methods except for 

the rabbit primary antibody (against human NFS1, ISCU or FXN proteins), which was omitted. 

 

Mitochondrial Cristae Morphology in FRDA Patient’s Cells 

 

Cristae morphology as well as their dynamic remodeling are crucial to keep the 

respiratory complexes properly assembled and functional [Cogliati S. et al., 2013; 

Cogliati S. et al., 2016] and in the same way they could be relevant to keep in site 

the Fe-S cluster biogenesis machinery and frataxin. 

We therefore analyzed by transmission electron microscopy the mitochondrial 

ultrastructure of healthy control and FRDA LCLs. In all LCLs used in this work, 

mitochondria are mostly localized near the plasma membrane and inside the 



Part II – Experimental Section                                                                                                                             

126 

 

nuclear invagination that is typically present in lymphoblasts. On the other hand, 

while mitochondria of healthy cells have an overall architecture with groups of 

parallel cristae extending through the entire body of the organelle, those of FRDA 

1, FRDA 2 and G130V-FRDA cells are reduced in length and contain cristae 

significantly shorter and wider than healthy control (Figure 1.21). 

 

 
 

Figure 1.21. Cristae morphology is altered in mitochondria of FRDA LCLs. Panel A. Representative 

electron micrographs of control, FRDA (1 and 2) and G130V-FRDA LCLs. Cells were fixed and TEM 

images of randomly selected fields were acquired. Scale bars: 0.5 µm. Boxed areas represent a 4X 

magnification. Panel B. Morphometric analysis. To estimate mitochondrial length, 80 to 150 mitochondria 

were analyzed in each experiment; to estimate cristae width, 300 to 600 cristae were analyzed in each 

experiment. Data represent mean ± SEM of three independent experiments. Statistical significance was 

determined using One-way ANOVA with Dunnett’s post-hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 

compared to control). For each morphological parameter, the frequency distribution plot of the experimental 

data is reported on the right. Symbols represent the relative frequencies expressed as percentage of 

mitochondria and lines represent the gaussian fit curves for each individual data set. 
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Frataxin is a free-soluble protein devoid of any transmembrane domains [Musco 

G. et al., 2000; Dhe-Paganon S. et al., 2000] and this morphological change could be 

relevant for its partial loss from the cristae membranes. Because cristae shape 

could have per se an impact in the mitochondrial phenotype of the three FRDA 

LCLs used in our work, to exclude an upstream defect in the mitochondrial-

shaping proteins background, we next analyzed the expression levels of two 

proteins involved in the formation and maintenance of the cristae, i.e. mitofilin 

and OPA1. Mitofilin is a key component of the protein complex MICOS while 

OPA1 has a fundamental role in cristae architecture and exists in eight tissue-

specific isoforms, which are proteolytically processed to form several long and 

short forms [Cogliati S. et al., 2016]. The western blotting analysis reported in 

Figure 1.22 indicates that healthy control and FRDA LCLs have comparable levels 

of mitofilin and share a similar pattern of the detected long/short forms of OPA1, 

except for the smallest, which is slightly increased in all FRDA LCLs, as expected 

in cells with respiratory defects [Duvezin-Caubet S. et al., 2006]. 

 

 

 

Figure 1.22. Comparative analysis of mitofilin and OPA1 in healthy control, homozygous FRDA 

and heterozygous G130V-FRDA LCLs. Western blotting analyses of mitofilin and OPA1 in whole cell 

extracts from FRDA (1 and 2), G130V-FRDA and unaffected control LCLs. Equal amounts of protein (i.e. 

25 μg) were loaded in each lane. β-actin and TOM20 were used as loading controls. Protein levels were 

quantified after normalization with β-actin or TOM20 and expressed as percentage of control level. 

Reported data result from the mean of N independent experiments ± SEM. One-way ANOVA with 

Dunnett’s post hoc test was used for statistical analysis. 
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Frataxin is in Close Proximity with Mitochondrial Respiratory Chain 

in Human Cells 

 

Immunogold-labeling experiments have shown that, in healthy cells, frataxin co-

localizes in the mitochondrial cristae with two proteins belonging to the Fe-S 

cluster assembly machinery (i.e. the sulphur donor NFS1 and the scaffold protein 

ISCU) and that in FRDA cells, characterized by wider cristae and defects in 

respiratory efficiency as well as in formation/stabilization of supercomplexes, 

only frataxin moves to the matrix. As previously stated, mitochondrial cristae 

play a crucial role for the cellular bioenergetics since they host the complexes of 

the respiratory chain, whose functionality relies on Fe-S clusters as prosthetic 

groups. Therefore, we wondered if frataxin could have a role in the stabilization 

of supercomplexes through a spatial and functional proximity with the 

individual complexes belonging to the electron transport chain. The hypothesis 

of a functional interaction between frataxin and respiratory (super)complexes has 

been investigated by Proximity Ligation Assay (PLA), an immunofluorescence 

technique which allows to detect in situ physical closeness of proteins and 

potential protein-protein interactions with high specificity and sensitivity, also at 

endogenous protein expression levels [Fredriksson S. et al., 2002; Söderberg O. et al., 

2006]. The general principles of PLA technique are reported in Figure 1.25A (see 

below). Briefly, this method requires to use antibodies that specifically recognize 

the two proteins of interest; if they are closer than 40 nm, based on the operating 

mode of the assay, proximity between the two proteins results in fluorescent 

spots that can be visualized and quantified by confocal microscopy.  

PLA experiments have been conducted on healthy human fibroblasts, along with 

fibroblasts derived from a FRDA patient (i.e. GM04078, see Materials & 

Methods). As preliminary investigation, a comparative analysis of frataxin levels 

in the two fibroblast cell lines was performed. Western blot analysis in whole-cell 

extracts showed a residual amount of frataxin in FRDA cells corresponding to 

about 40% of the frataxin levels in the healthy control (Figure 1.23A). This 

evaluation was also confirmed by immunofluorescence analysis carried out on 

the two cell lines using an anti-frataxin antibody, since a strong decrease of 

fluorescence was observed in FRDA cells if compared to the control  (Figure 

1.23B); furthermore, the fluorescence signal is localized exclusively in 

mitochondria as suggested by the co-localization of frataxin with cytochrome c 

(Figure 1.23B), thus indicating that the primary antibody used against frataxin is 

highly specific for the protein of interest and then suitable for PLA experiments. 
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Figure 1.23. Expression levels of frataxin in healthy control and 

FRDA human fibroblasts by western blotting analysis and 

immunofluorescence. Panel A. Representative western blotting 

analysis of frataxin levels in whole cell extracts from healthy and 

FRDA-derived human fibroblasts (indicated as Control and FRDA, 

respectively). Equal amounts of cellular lysate (i.e. 45 µg) were loaded 

in each lane. Frataxin levels were quantified after normalization with β-

actin (used as loading control) and expressed as a percentage of control 

level. Reported data result from the mean of three independent 

experiments ± SEM. Panel B. Representative confocal micrographs 

showing frataxin in fibroblasts of healthy control and FRDA patient. 

An anti-frataxin (green) antibody and DAPI (blue) were used for 

immunofluorescent staining; as mitochondrial marker, an anti-

cytochrome c (in red) has been used. Merge images are reported. Scale 

bars: 50 μm. Images were captured at 40X magnification.  

 

 
 

 

As positive control for PLA assay, we firstly address the physical closeness of 

frataxin towards NFS1, which is considered its putative functional interacting 

partner [Gerber J. et al., 2003; Schmucker S. et al., 2011; Fox N.G. et al., 2019]. In 

healthy fibroblasts, frataxin and NFS1 perfectly co-localized in mitochondria 

(Figure 1.24).  
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Figure 1.24. Mitochondrial co-localization of frataxin with NFS1 in healthy human fibroblasts 

cells. Double immunofluorescence staining was performed in human healthy fibroblasts using an anti-

frataxin antibody (in green) and an anti-NFS1 (in red) as a second antibody. The nuclei were 

counterstained with DAPI (in blue). In yellow, overlap of red and green which show the mitochondrial co-

localization of frataxin with NFS1. Scale bars: 50 μm. Images were captured at 40X magnification. 

 

In situ PLA between the two proteins provided positive signals (red dots) (Figure 

1.25B). The specificity of the assay was further confirmed by the qualitative 

decrease of the number of fluorescent spots in FRDA fibroblasts (Figure 1.25B) in 

which frataxin levels are severely reduced (Figure 1.23). To detect possible 

unspecific signal, we performed PLA in absence of primary antibodies or 

secondary antibodies as negative controls; in both cases, no PLA dots were 

observed (Figure 1.25B), confirming the specificity of the technique.  
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Figure 1.25. Frataxin and NFS1 are in close proximity in human fibroblasts. Panel A. Principles of 

PLA. Two primary antibodies raised in different species are used to recognize the two proteins of interest; a 

pair of secondary antibodies (PLA probes), each conjugated to a short oligonucleotide that is complementary 

to the other, bind the primary antibodies; if in close proximity (less than 40 nm), the oligonucleotides 

hybridize and an added DNA ligase forms a closed circle DNA template required for rolling circle 

amplification. Then, the addition of a DNA polymerase promotes the formation of a long DNA product 

which remains covalently attached to one of the PLA probes. In the last step, fluorescent-labelled 

oligonucleotides hybridize to the complementary sequences resulting as distinct fluorescent spots that can 

be detected and quantified by confocal microscopy. Panel B. Representative confocal images of in situ PLA 

between frataxin and NFS1 performed in human healthy control and FRDA, using an anti-frataxin 

antibody in combination with an antibody against NFS1. Evidence of proximity between frataxin and 

NFS1 is indicated by the presence of red spots. Confocal images for negative controls, where the primary or 

secondary antibodies were omitted, are reported. Nuclei were counterstained with DAPI (in blue). Scale 

bar: 50 μm. Images were captured at 40X magnification. 
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As previously observed in healthy LCLs, we verified by means of immunogold-

labeling that also in healthy fibroblasts frataxin is enriched in mitochondrial 

cristae, as suggested by the distribution of gold particles in the representative 

micrographs reported in Figure 1.26.  

 

 

Figure 1.26. Frataxin is enriched in the mitochondrial cristae of healthy control fibroblasts. 

Representative images at two different magnitudes of the immunogold-labeling coupled to electron 

microscopy of healthy control fibroblasts. Scale bars are indicated in the figure. 

 

 

We then investigated, by means of PLA, whether frataxin may also be found in 

close proximity to the complexes of the electron transport chain, focusing on the 

mitochondrial complexes containing Fe-S clusters as cofactors. 

As preliminary control, we checked the specificity of the selected primary 

antibodies against respiratory complexes I, II and III. Figure 1.27 clearly shows 

that frataxin co-localizes in mitochondria with all complexes, thus allowing to 

proceed with PLA experiments. Figure 1.28 reports the results of in situ proximity 

ligation assay performed with frataxin and the complexes of respiratory chain, 

both in healthy fibroblasts and in FRDA fibroblasts. PLA puncta are detected in 

all cases, suggesting a physical closeness between frataxin and mitochondrial 

respiratory chain; as expected, the number of fluorescent dots decreases in FRDA 

fibroblasts, accordingly with the reduced levels of frataxin in comparison to the 

healthy control. Interestingly, a different number of PLA signals has been 

detected in all cases, with the highest number observed for frataxin with complex 

I and the lowest number of dots detected for frataxin with complex II (Figure 

1.28).  
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Figure 1.27. Mitochondrial co-localization of frataxin and respiratory complexes I-II-III in 

human healthy fibroblasts. Double immunofluorescence staining was performed in human healthy 

fibroblasts using an anti-frataxin antibody (in green) and an anti-complex I, II, or III (in red) as a second 

antibody. The antibodies recognizing the complexes are against ND1 subunit for complex I, against SDHB 

subunit for complex II and against UQCRFS1 subunit for complex III. The nuclei were counterstained 

with DAPI (in blue). In yellow, overlap of red and green which show the co-localization of frataxin with 

each of the complexes of the respiratory chain. Scale bars: 50 μm. Images were captured at 40X 

magnification. 
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Figure 1.28. Detection of physical closeness between frataxin and mitochondrial respiratory 

chain in healthy control and FRDA human fibroblasts by in situ PLA. On the left, representative 

confocal images of in situ proximity ligation assay performed in human healthy and FRDA fibroblasts 

(indicated as Control and FRDA, respectively), using an anti-frataxin antibody in combination with 

antibodies against the respiratory chain complexes I, II or III (anti-ND1 subunit for complex I, anti-SDHB 

subunit for complex II and anti- UQCRFS1 subunit for complex III). Evidence of proximity between 

frataxin and the targeted proteins is indicated by the presence of red spots. Nuclei were counterstained with 

DAPI (in blue). Scale bar: 50 μm. Images were captured at 40X magnification. On the right, quantitative 

analyses expressed as number of PLA dots per cell. Different images for each condition have been acquired 

and an average number of 50 cells have been analyzed for the quantification. Reported data result from the 

mean of three independent experiments ±SEM. Statistical significance was determined using One-way 

ANOVA with Bonferroni’s post-hoc test multiple comparison test (***p ≤ 0.001). 

 

To validate these results, negative control experiments were performed in 

parallel in the absence of primary or secondary antibodies (data not shown); in 

all cases, no red dots were observed, confirming the specificity of the technique. 

The same pattern of PLA signals was also qualitatively observed in iPSC 

(induced Pluripotent Stem Cell)-derived cardiomyocytes, which have been 

chosen as a model of choice to interpret the experimental data in the context of 

FRDA disease. As expected, a close proximity between frataxin and NFS1 was 

detected (Figure 1.29); PLA dots have been also observed for frataxin with the 

respiratory complexes and, notably, to a greater extent with complex I (Figure 

1.29). 
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Figure 1.29. Detection of proximity between frataxin, iron-sulfur clusters assembly machinery 

and mitochondrial respiratory chain in iPSC-derived by in situ PLA. Representative confocal images 

of in situ proximity ligation assay performed in iPSC (induced Pluripotent Stem Cell)-derived 

cardiomyocytes using an anti-frataxin antibody in combination with antibodies against cysteine 

desulfurase NFS1 or the respiratory chain complex I, II or III (anti-ND1 subunit for complex I, anti-SDHB 

subunit for complex II and anti-UQCRFS1 subunit for complex III). Evidence of proximity (distance < 40 

nm) between FXN and the targeted proteins is indicated by the presence of red spots. Nuclei were 

counterstained with DAPI (in blue). Scale bar: 50 μm. Images were captured at 40X magnification. 
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Discussion & Conclusions 
 

In the present study, we report a comparative analysis of the mitochondrial 

phenotype of lymphoblastoid cell lines derived either from two “classic” 

Friedreich’s ataxia patient (homozygous for the GAA triplet expansion in the 

FXN gene) or from a compound heterozygous patient harboring the expansion 

on one FXN allele and a G130V point mutation on the other. The GAA expansion, 

that is present in at least one allele in virtually all patients, causes a 

transcriptional repression of the gene, resulting in the production of reduced 

amounts of otherwise normal frataxin [Campuzano V. et al., 1996; Lazaropoulos M. 

et al., 2015], an iron-binding protein able to functionally interact with the Fe-S 

cluster assembly machinery [Gerber J. et al., 2003; Shan Y. et al., 2007; Schmucker S. 

et al., 2011; Bridwell-Rabb J. et al., 2014; Parent A. et al., 2015; Boniecki M.T. et al., 

2017]. The G130V point mutation, frequently found in heterozygous patients with 

a severe frataxin deficiency [Lazaropoulos M. et al., 2015], has been reported to 

alter the protein conformation, leading to a higher tendency towards aggregation 

in vitro [Correia A.R. et al., 2006; Correia A.R. et al., 2008; Faggianelli N. et al., 2015; 

Bellanda M. et al., 2019]. Accordingly, we found the lowest levels of residual 

frataxin in the G130V-FRDA LCLs (Figure 1.3B). This point mutation has been 

shown to impair the frataxin processing from FXN42-210 to FXN81-210 in FRDA 

patients’ fibroblasts [Clark E. et al., 2017]. In fact, we found an increased FXN42-

210/FXN81-810 ratio in the G130V-FRDA lymphoblastoid cells, confirming the 

previous observation. On the other hand, in these cells the amount of the 

intermediate FXN42-210 has the same trend of the mature FXN81-210, as they are both 

strongly reduced compared not only to healthy control but also to the 

homozygous FRDA cells (Figure 1.3C). Therefore, the alterations of the 

mitochondrial phenotype that we observe in G130V-FRDA LCLs are likely due to 

a decrease of overall frataxin levels, as in homozygous FRDA cells. 

Deficiencies in oxidative phosphorylation and alteration of respiratory complexes 

have been observed in FRDA patients’ cells [Rötig A. et al., 1997; Salehi M.H. et al. 

2014] and in the cerebellum of a frataxin-deficient FRDA mouse model (KIKO 

mouse) [Lin H. et al., 2017]. We found that the assembly of higher molecular 

weight respiratory supercomplexes and the spare respiratory capacity are also 

decreased in the FRDA LCLs analyzed in our work (Figure 1.12 and Figure 1.11), 

indicating that lymphoblastoid cells with a severe frataxin depletion are unable 

to boost the respiratory function in response to an increase in energy demands. 
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The role of frataxin in the mitochondrial phenotype of FRDA cells could be 

related to an impaired assembly of the Fe-S clusters [Huynen M.A. et al., 2001], 

key prosthetic groups involved in the transfer of electrons (such as in respiratory 

complexes I, II and III) or in the catalytic activity of several enzymes (e.g. 

aconitase). Accordingly, EPR experiments performed on isolated mitochondria 

have highlighted different spectroscopic responses for the LCLs used in this 

work (Figure 1.14 and Figure 1.15), indicating a general impairment of the redox 

centers, including Fe-S clusters, belonging to the electron transport chain in 

FRDA cells.  

Although the specific contribution of frataxin to the Fe-S clusters biogenesis has 

not been yet definitively clarified, an emerging role is that it could act as an 

allosteric activator of cysteine binding to the NFS1 desulfurase and ensuing 

sulfur transfer to the ISCU scaffold protein [Tsai C.L. & Barondeau D.P., 2010; 

Colin F. et al., 2013; Bridwell-Rabb J. et al., 2014; Parent A. et al., 2015]. This relies on 

its transient binding to multiple core components of the assembly machinery, 

which has been confirmed by several independent experiments in vitro using 

purified recombinant proteins [Gerber J. et al., 2003; Schmucker S. et al., 2011; Fox 

N.G. et al., 2019]. A relevant novel finding of the present work is that in healthy 

cells mitochondrial cristae, which house the respiratory complexes, are enriched 

of frataxin as well as of NFS1 and ISCU, as assessed by immunogold-labeling 

coupled to electron microscopy (Figure 1.18, Figure 1.19 and Figure 1.26). The 

localization of some proteins of the Fe-S cluster assembly complex in the 

mitochondrial cristae was previously found in the yeast S. cerevisiae [Vogel F. et 

al., 2006] and it would be therefore an evolutionary conserved feature essential to 

drive an efficient biogenesis of these key redox cofactors. An indication that 

frataxin localizes at or near the inner mitochondrial membrane was previously 

obtained by Campuzano and colleagues in transfected HeLa cells overexpressing 

a recombinant full-length FXN1-210 [Campuzano V. et al., 1997]. To the best of our 

knowledge, our data provide the first direct evidence that in healthy cells 

endogenous frataxin is mostly associated with the mitochondrial cristae. This 

subcompartimentalization would put the Fe-S cluster biogenesis complex in close 

proximity with frataxin, enabling key structural and functional interactions, and 

with the respiratory chain complexes, which rely on these cofactors for their 

redox activity. Interestingly, we found that a significant proportion of residual 

frataxin moves towards the matrix in FRDA LCLs, while NFS1 and ISCU proteins 

are mostly associated to the mitochondrial cristae as in control cells (Figure 1.18 

and Figure 1.19). This could in turn prevent or decrease its binding to the Fe-S 
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cluster assembly machinery. The frataxin expressed by heterozygous G130V-

FRDA cells is expected to be a mixture of wild type and mutant proteins, which 

are both recognized by the antibody used in the immunogold-labeling 

experiments, so we cannot rule out the possibility that the point mutation itself 

could have an impact in the localization of residual frataxin in the cristae. In any 

case this would lead to a poor structural stability and contribute to a further 

decrease of the protein at this level. In a previous work, we showed that the 

G130V-frataxin retains the capability to interact with the scaffold protein ISCU, to 

enhance the NFS1 desulfurase activity and to bind iron in vitro [Bellanda M. et al., 

2019]. Therefore, the pathological phenotype of G130V-FRDA cells is likely 

related to the instability of the mutant protein. 

The transient nature of the interactions between frataxin and the proteins 

belonging to the Fe-S cluster assembly machinery could explain the reason why 

only frataxin has the tendency to redistribute from the cristae to the matrix in 

FRDA cells with wider mitochondrial cristae. In fact, this machinery is a stable 

supramolecular complex composed of NFS1, ISCU and the accessory proteins 

ISD11 and ACP (Acyl Carrier Protein). Frataxin binding to this core complex is 

dynamic and this makes the reconstitution of the whole complex very 

challenging. The only FXN-bound complex structure known to date, from any 

organism, has been solved by Fox and colleagues, by cryo-electron microscopy 

using recombinant human proteins [Fox N.G. et al., 2019]. Based on this structure, 

frataxin would transiently and dynamically bind at the interface of two NFS1 and 

one ISCU subunits, stabilizing key conformations of these two proteins and 

promoting sulfur transfer from NFS1 to ISCU. 

Taken together, our evidences support a major role of frataxin enrichment in the 

mitochondrial cristae of healthy cells as a key factor to allow an efficient 

biogenesis of Fe-S clusters and in turn a proper assembly of functional 

respiratory complexes. It is worth noting that in mitochondria of healthy 

mammalian cells almost all complex I, the major entry point of electrons in the 

respiratory chain, is usually found to be associated with supercomplexes, and 

this increases its stability [Schägger H. & Pfeiffer K., 2000; Schägger H. & Pfeiffer K., 

2001; Acín-Pérez R. & Enriquez J.A. 2014]. We also found a defect in respirasome 

formation in FRDA cells (Figure 1.12); to the best of our knowledge, this is the 

first experimental evidence that respiratory chain supercomplexes are 

destabilized in cells with a severe deficiency of frataxin.  

Our results allow us to speculate that frataxin could simultaneously and 

synergically interacts with the ISCs assembly machinery and the electron 
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transport chain, acting as a bridge between the two molecular systems and 

promoting the biogenesis and/or the incorporation of Fe-S clusters into the 

respiratory complexes, as well as ensuring their stability. 

Evidence of a functional relationship between frataxin and the mitochondrial 

respiratory chain was previously described in literature. In fact, it was shown 

that in S. cerevisiae frataxin is able to physically interact with complex II [Gonzalez-

Cabo P. et al., 2005]: frataxin, interacting with the FAD binding domain of the 

SDHA subunit and the iron-sulfur-containing subunit SDHB, may regulate the 

entry of electrons in the electron transport chain, at least via complex II, and/or 

that could contribute to the stability or the assembly of the respiratory complex. 

To date, however, no evidence of a possible interaction of frataxin with the 

complex I and complex III has been reported.  

On the basis of these premises, we addressed the hypothesis of a potential 

functional interaction between frataxin and respiratory (super)complexes by 

means of Proximity Ligation Assay (PLA), a highly-specific and sensitive 

technique which allow to detect stable and transient protein-protein interactions 

in situ. Our data showed a close proximity between frataxin and the respiratory 

complexes I, II and III in two different cellular models, i.e. fibroblasts (Figure 1.28) 

and iPSC-derived cardiomyocytes (Figure 1.29). Interestingly, in both cellular 

models, we disclosed the strongest proximity signal between frataxin and 

complex I and the weakest one with complex II, suggesting that frataxin could 

preferentially interact with mitochondrial complex I rather than complex II and 

complex III. According to this hypothesis, a closer inspection of the EPR spectra 

deriving from mitochondria of FRDA LCLs (Figure 1.15 and Figure 1.16) revealed 

that the strongest signal decrease concerns the Fe-S clusters belonging to complex 

I, while the signals arising from the iron-sulfur clusters of the other two 

complexes are slightly decreased (complex II) or superimposable (complex III) 

relatively to the healthy control. The EPR results are also fully consistent with the 

protein expression of the individual respiratory complexes in FRDA LCLs: 

western blot analysis indicates that, while the levels of Fe-S-containing subunits 

of complex II and complex III do not vary significantly (Figure 1.8), some specific 

Fe-S subunits of complex I are reduced in FRDA cells (Figure 1.6 and Figure 1.7). 

Additionally, no relevant differences in protein levels have been observed for 

mitochondrial aconitase (Figure 1.9), an iron-sulfur enzyme belonging to the TCA 

cycle whose deficiency is reported to be a frequent hallmark of FRDA disease 

[Rötig A. et al., 1997; Bradley J.L. et al., 2000; Condò I. et al., 2010]. Trivially, it is 

possible that we disclosed defects mainly on complex I because, among the 
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respiratory chain complexes and, in general, among the Fe-S proteins, it is the 

one containing the highest number of iron-sulfur clusters, hence resulting the 

most affected. However, an interesting finding corroborates our hypothesis of a 

direct functional interaction between frataxin and complex I, going beyond this 

mere evaluation. In fact, the solved crystallographic structure of the hydrophilic 

domain of the complex I of Thermus thermophilus [Sazanov L.A. & Hinchliffe P., 

2006; Hinchliffe P. et al., 2006] highlights the presence of a subunit, i.e. Nqo15, 

characterized by a frataxin-like structure, with a folding and topology highly 

similar to those of frataxin (Figure 1.30). Furthermore, a closer inspection of the 

structure of the bacterial complex I shows that Nqo15 is closely proximal to Nqo3 

subunit, the equivalent of human NDUFS1 (Figure 1.30). In this regard, it is worth 

to note that NDUFS1 is the only Fe-S subunit which is severely and significantly 

reduced in the FRDA LCLs analyzed in our work (Figure 1.6). The presence of a 

putative iron-binding channel at the interface between Nqo15 and its binding 

surface to bacterial complex I suggests that Nqo15 may promote the 

incorporation of iron to the Fe-S subunits and/or prevent and repair iron-sulfur 

cofactors from their damage; since there are no current available crystallographic 

structures or experimental evidences which highlight a stable binding between 

frataxin and mammalian complex I, it could be hypothesized that, in mammals, 

frataxin may interact transiently with complex I in order to perform an analogue 

function. 

Interestingly, it was shown that, in E. coli, although the frataxin homologue CyaY 

is not a structural component of complex I, its deletion has an effect on reducing 

the total contents of complex I as well as of complex II [Pohl T. et al., 2007]. This 

evidence was ascribed to an impaired biogenesis or a destabilized repairing 

process of the Fe-S clusters belonging to the respiratory complexes, suggesting 

that a transient interaction between CyaY and the electron transport chain could 

take place [Pohl T. et al., 2007]. Furthermore, it was demonstrated that a silencing 

of frataxin in NSC34 motoneuronal cells specifically affects mitochondrial 

complex I among the respiratory chain complexes, strongly reducing its 

enzymatic activity and impairing its structural stability more than its assembly 

[Carletti B. et al., 2014]. 

A deficiency of frataxin could be then crucial for the stability of the respiratory 

complex I, whose structural and functional integrity is pivotal for the 

organization of the entire electron transport chain and, consequently, for the 

overall respiratory efficiency. In fact, a dysfunctional complex I could critically 

impair the organization of respiratory complexes into supercomplexes since 
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supercomplexes formation starts and is ensured only with a complex I fully 

assembled and structurally intact [Guerrero-Castillo S. et al., 2017]. 

 

 

 
 

 

Figure 1.30. Similarity between human frataxin and Nqo15 subunit of bacterial complex I from 

Thermus thermophilus. On the left, comparison of the structures of human frataxin (PDB ID: 1EKG) 

and Nqo15 subunit belonging to the hydrophilic domain of complex I of the bacterium Thermus 

thermophilus (PDB ID: 6Y11). Secondary structure motifs are highlighted with the same colors in the two 

structures (α-helices in orange, β-strands in light blue). On the right, structures of the human respiratory 

complex I (PDB ID: 5XTD) and complex I from Thermus thermophilus (PDB ID: 6Y11). Nqo3 and the 

equivalent human subunit NDUFS1 are highlighted in purple. In the complex I from Thermus 

thermophilus is also highlighted the Nqo15 subunit with α-helices in orange and β-sheet in light blue. In 

both structures, the sulphur and iron atoms of the Fe-S clusters are colored in yellow and dark orange, 

respectively. Figures of structures have been elaborated with UCSF Chimera. 
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Interestingly, in the scenario of the assembly pathway of respiratory complex I, it 

has been shown that the subunits NDUFS1, NDUFV1 and NDUFV2 are added 

only at the final stages of the assembly process [Guerrero-Castillo S. et al., 2017]; 

since NDUFS1 is the subunit mostly affected in the FRDA LCLs analyzed in the 

present work, we are prompted to speculate that reduced levels of frataxin could 

have a downstream effect in the assembly and/or stability of complex I, impairing 

its structural integrity and its association into supercomplexes. 

Nevertheless, the relationship between frataxin depletion and the reduced ability 

to assemble functional respiratory supercomplexes observed in FRDA patients’ 

cells requires additional experiments to be completely clarified. 

To date, we still do not know exactly which metabolic consequences primarily 

occur after frataxin depletion and would be most relevant for early FRDA 

therapy strategies. Our finding that beside housing respiratory (super)complexes 

cristae are also enriched in proteins of the Fe-S cluster assembly machinery, 

including frataxin, is relevant because it opens up a new working perspective 

aimed at addressing if and how the perturbation of mitochondrial morphology 

and dynamics are involved in the events leading to bioenergetic defects in cells 

from FRDA patients. The redistribution of frataxin in mitochondrial 

subcompartments upon changes of the cell physiological state defines a novel 

framework to address the pathogenesis of Friedreich’s ataxia and to explore if 

manipulation of mitochondria shaping-proteins could correct the bioenergetic 

defects afflicting patient cells, as in other mitochondrial disease [Varanita T. et al., 

2015; Civiletto G. et al., 2015]. 
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Chapter 2 

Insight into the Iron-Binding Properties of 

Human Frataxin and its Interaction with 

Mitochondrial Superoxide Dismutase 

 

 

 

Frataxin (FXN) is a highly conserved mitochondrial protein whose deficiency causes Friedreich’s 

ataxia, a cardio-neurodegenerative disease. The precise physiological function of FXN is still 

elusive, but several evidences point out its direct involvement in the iron-sulphur clusters (ISCs) 

and heme biosynthetic pathways, as well as in iron homeostasis and antioxidant defense.  

In this work, we combined different spectroscopic techniques to explore the ferric and ferrous iron-

binding properties of human frataxin in vitro. We found that the human protein binds both iron 

forms, displaying different behaviors. By means of fluorescence spectroscopy and Site-Directed 

Spin Labeling coupled to Electron Paramagnetic Resonance (SDSL-EPR) we showed that ferric 

iron causes reversible aggregation in a concentration-dependent fashion and that ferrous iron 

binds without inducing either aggregation or altering the protein conformation. The use of a spin 

label resistant to reduction and the comparison of the binding effect of Fe2+ in wild type frataxin 

and in a pathological variant carrying a point mutation in the iron-binding region (i.e. D122Y), 

allowed us to characterize the ferrous binding properties of different protein sites. Furthermore, 

the involvement of frataxin in the redox imbalance suggests that FXN could interact with 

mitochondrial superoxide dismutase (SOD2), an enzyme which plays a key role in antioxidant 

cellular defense. Taking advantage of SDSL-EPR and fluorescence quenching experiments, we 

explored the interaction between human FXN and SOD2 in vitro to point out this issue. 

Spectroscopic data were combined with rigid body protein-protein docking to assess the potential 

structure of the FXN-SOD2 complex, which leaves the metal binding region of FXN accessible to 

the solvent. We provide evidence that human FXN interacts with human SOD2 in vitro and that 

the complex is in fast exchange. This interaction could be relevant during the assembly of Fe-S 

clusters and/or their incorporation in proteins, when Fe-S clusters are potentially susceptible to 

oxidative damage by reactive oxygen species (ROS). 
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Introduction 
 

The main biochemical trait characterizing cells from FRDA patients is a severe 

impairment of proteins containing Fe-S clusters as cofactors; however, frataxin 

deficiency is also associated with dysregulation of iron homeostasis and to a 

marked increase in mitochondrial iron overload and increased levels of oxidative 

stress [Rötig A. et al. 1997; Schulz J.B. et al., 2000; Puccio H. et al., 2001; Chiabrando 

D. et al., 2020]. 

The C-terminal region of the protein is highly conserved and considered the most 

important part for its function(s) [Huynen M.A. et al., 2001]. On the contrary, the 

N-terminal region, corresponding to residues 81–92, is intrinsically unfolded and 

poorly conserved [Musco G. et al., 2000]; for this reason, the N-terminal region is 

often truncated to obtain FXN90–210 for in vitro studies. As described in detail il 

Part I, despite its simplicity, the structure of the folded portion of mature human 

FXN is relatively rare and consists of an alpha-beta-alpha motif, where two α-

helices pack against a contiguous anti-parallel β-sheet. Furthermore, FXN folding 

is remarkably stable, and the secondary structure has limited dynamics, as 

demonstrated by the high level of similarity between NMR [Musco G. et al., 2000] 

and X-ray crystallography [Dhe-Paganon S. et al., 2000] structures. 

As pointed out in the general introduction, several roles have been proposed for 

frataxin, essentially based on its capability to bind iron: FXN has been claimed to 

participate in the Fe-S clusters biogenesis as iron donor [Mühlenhoff U. et al., 2002; 

Yoon T. & Cowan J.A., 2003], as well as to be a key regulator of iron homeostasis 

[Alsina D. et al., 2018] and ferroptosis [Cotticelli M.G. et al., 2019; Du J. et al., 2020], 

a recently identified iron-dependent form of cell death [Stockwell B.R. et al., 2020]. 

These functions highlight the critical importance of the interaction between iron 

ions and frataxin. This interaction has been investigated through a wide range of 

chemical and biochemical techniques, but so far, literature on this topic is often 

controversial and some incongruities among the collected data remain. Using 

fluorescence spectroscopy and calorimetry titrations with both Fe2+ and Fe3+, it 

was found that human FXN81-210 binds 6-7 ferrous/ferric ions [Yoon T. & Cowan 

J.A., 2003]. Differently, through a combination of fluorescence, NMR, and mass 

spectrometry, a binding stoichiometry of only 3 equivalents was reported for 

Fe2+/Fe3+ and Co2+ ions [Gentry L.E. et al., 2013]. A NMR study proposed that FXN 

binds only one Fe(II) equivalent and does not bind Fe(III) [Cai K. et al., 2018]. In a 

previous paper, using EPR and NMR spectroscopies we showed that FXN is able 
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to bind both iron forms [Bellanda M. et al., 2019]. Another controversial feature of 

FXN is the tendency to aggregate in presence of ferrous or ferric ions. Mature 

human FXN81-210, as well as yeast and bacterial orthologues (i.e. Yfh1 and CyaY, 

respectively) do not aggregate in vitro when overexpressed and purified. 

However, only human FXN was reported to retain the monomeric form when 

added with ferrous ions, while the orthologues show a clear tendency to 

aggregation [Cavadini P. et al., 2002; Bou-Abdallah F. et al., 2004]. While human 

FXN aggregation in the presence of ferric ions has been alternatively dismissed 

[Yoon T. et al., 2007] or confirmed [Ahlgren E.C. et al., 2017], Yfh1 and CyaY show 

tendency to aggregate [Adinolfi S. et al., 2002]. Since aggregation may affect the 

iron-binding properties, it is important to determine its threshold in terms of 

protein concentration and compare it to those commonly employed for the 

experimental determination of iron affinity. 

The capability of frataxin to bind iron appears to be an important issue to 

investigate in the context of FRDA disease. Indeed, in biological systems, iron 

homeostasis requires a fine regulation since an imbalance in the metabolic 

processes and biochemical reactions in which iron takes part could be critically 

relevant for the onset of an oxidative stress condition. Frataxin has been claimed 

to work in the protection against the oxidative damage which is, in fact, a 

common hallmark characterizing FRDA disease. In this regard, it has been shown 

that yeast FXN is able to interact with superoxide dismutases (SODs) [Han T.H.L. 

et al., 2019], an ubiquitous class of antioxidant enzymes that play a crucial role in 

the response to oxidative stress catalyzing the dismutation of superoxide radicals 

into molecular oxygen and hydrogen peroxide. SODs are considered the first line 

of defense against reactive oxygen species (ROS), whose unbalanced 

concentration within the cell can dramatically contribute to the 

pathophysiological mechanisms of several diseases [Fukai T. & Ushio-Fukai M., 

2011]. To date, three different SOD isoforms have been identified in mammals: 

two of them, SOD1 (or Cu/Zn-SOD) and SOD2 (or Mn-SOD), are localized inside 

the cells, while the third isoform, SOD3 (or EC-SOD), is in the extracellular spaces 

[Zelko I.N. et al., 2002]. SOD1 is mainly localized in the cytoplasm, although it is 

partially present in the mitochondrial intermembrane space [Fukai T. & Ushio-

Fukai M., 2011]. SOD2, a homotetrameric enzyme containing one Mn3+ ion (in the 

resting state) per monomer as a cofactor, is localized exclusively in the 

mitochondria and exerts a pivotal role in the defense against superoxide radicals 

produced by electron transport chain complexes, the major source of ROS in cells. 
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In this work, we firstly address the iron-binding properties of the mature human 

frataxin (FXN90-210) and its D122Y variant, the only pathological point mutation 

identified so far in the iron-binding region. We used the Site-Directed Spin 

Labelling (SDSL) technique coupled to electron paramagnetic resonance (EPR), a 

powerful tool which, as described in detail in Part I (Chapter 5) of this Thesis, is 

generally used for detecting changes in structure, dynamics, and oligomerization 

in proteins; taking advantage of SDSL-EPR, we  got information on the frataxin 

structural changes following the ferrous/ferric iron-binding using two different 

spin labels, MTSSL and the reduction-resistant M-TETPO, to work with Fe(III) 

and Fe(II), respectively.  

Based on the previous in vitro work by Han et al. on the interactions between 

yeast FXN and SODs [Han T.H.L. et al., 2019], we explored the potential 

interaction between human mature FXN and human SOD2 using the same 

spectroscopic approach. Since human and yeast FXN show a good degree of 

homology, the interaction is likely to be conserved, and we use human proteins 

not only to confirm the interaction but also to gain a deeper molecular insight 

into the interface of the complex with a combined in vitro and in silico approach. 

The EPR investigation were completed by endogenous tryptophan fluorescence 

experiments and, based on the experimental data, we performed a guided 

protein-protein docking between FXN and SOD2 to identify the interface region 

and suggest a possible structure for the FXN/SOD2 complex. 
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Materials & Methods 
 

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 (1-Oxyl-3-(maleimidomethyl)-2,2,5,5-tetraethyl-1-pyrrolidine) was 

kindly provided by Prof. Gérard Audran and Prof. Sylvain R.A. Marque of 

Institut de Chimie Radicalaire of Aix-Marseille University, France. A comparison 

between the chemical structures of MTSSL and M-TETPO is reported in Figure 

2.1.  

 

 
 

Figure 2.1. Chemical structures of the nitroxide spin labels used in this work. On the left, MTSSL; 

on the right, M-TETPO. M-TETPO is resistant to reduction thanks to a good steric hindrance formed by 

ethyl groups on the pyrroline ring. 

 

 

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 

(PHEN) was dissolved in dilute buffer. Human mitochondrial superoxide 

dismutase (SOD2) was purchased as a His-tag recombinant protein from 

Technical Novusbio; the SOD2 buffer was 20 mM Tris HCl (pH 8.0) and 
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containing 20% glycerol. Unless otherwise specified, chemicals were purchased 

from Merck and used without further purification. 

 

Heterologous Expression and Purification of Human Wild Type and 

Frataxin Mutants 

 

A plasmid containing the coding sequence of human wild type (WT) mature 

FXN, i.e. pET-9b/FXN90–210, was kindly provided by Prof. Javier Santos of the 

Departamento de Química Biológica of University of Buenos Aires, Argentina. 

The plasmid pET-9b (Novagen) confers resistance to kanamycin and contains the 

phage T7 promoter; the coding sequence for frataxin has been inserted using 

BamHI and NdeI restriction sites. In order to select bacteria transformed with the 

plasmid, kanamycin (Sigma-Aldrich) has been added in concentration 50 µg/mL 

to the culture media. Frataxin mutants were obtained through site-directed 

mutagenesis with the QuickChange® II Site-Directed Mutagenesis Kit (from 

Agilent Technologies) using as template the pET-9b/FXN90–210 plasmid and the 

couples of primers listed in Table 2.1, with the exception of frataxin mutants 

H177C and S202C that were obtained with Q5® Site-Directed Mutagenesis Kit 

(from New England Biolabs) and the couples of primers listed in Table 2.1. Each 

sequence was checked by DNA sequencing (at GATC Biotech, Germany).  

E. coli BL21 (DE3) cells (genotype F-, ompT gal dcm lon hsdSB (rB-mB-) λ, (DE3 

[lacI lacUV5-T7 gene 1 ind1 sam7 non5])) were chemically transformed with the 

plasmid of interest, and positive clones were selected by antibiotic resistance. For 

the transformation, about 2-5 µL of the plasmid has been added to competent 

bacteria and the suspension was incubated for 30 minutes in ice. To ensure the 

internalization of the DNA, heat shock was performed incubating the solution for 

1 minute at 42°C and transferring it on ice for 1 minute. After the addition of 300 

µL of Luria Bertani liquid medium (LB), the culture has been incubated for one 

hour at 37°C under shaking. Then, the bacteria have been plated in solid media 

LB + Agar (with kanamycin 50 µg/mL) and incubated overnight at 37°C to 

promote the bacterial growth. Bacteria have been then inoculated in LB media 

with kanamycin 50 µg/mL, starting from a small-volume pre-culture previously 

grown to saturation at 37°C overnight. The bacterial culture was incubated under 

shaking at 37°C until reaching an optical density at 600 nm (OD600nm) between 0.4 

and 0.6.Expression of the wild-type and mutant proteins was induced by adding 

1 mM isopropyl-β-thiogalactopyranoside (IPTG) in LB medium and incubating 
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the bacteria cultures at 30°C overnight under constant stirring. Cells were then 

harvested by centrifugation at 5000 x g and 4°C for 20 min, resuspended in lysis 

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 (from Constant Systems Limited, Daventry, UK). The supernatant 

fractions were isolated from cell debris by centrifugation at 17 000 x g and 4°C for 

15 min and incubated with 10 mM EDTA for 1 hour at 4°C under gentle 

agitation. 

Proteins were purified by combining Anionic Exchange Chromatography (AEC) 

and Size Exclusion Chromatography (SEC). The first chromatographic step was 

performed using a cationic DEAE (Diethylaminoethyl) Sepharose column using 

25 mM HEPES (pH 7.0) as the buffer of equilibration and 25 mM HEPES (pH 7.0), 

1 M KCl as the elution gradient buffer. The fractions containing 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 SEC. For FXN mutants 

containing cysteines, incubation with 1 mM of dithiothreitol (DTT) was 

performed for 1 h at 4 °C after cationic exchange. 

The second purification step was performed on a Superdex 200 GL 10–300 

column (from GE Healthcare, Chicago, IL, USA) 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 with an UV-Vis spectrophotometer (Perkin Elmer 

Lambda Bio-40) using ε280nm = 26930 M−1cm−1 for all mutants and ε280nm = 28420 

M−1cm−1 for those containing D122Y point mutation (as evaluated by ExPASy 

ProtParam tool). 

For each FXN protein (wild type and mutants), expression, purification steps and 

integrity were checked by 15% SDS-PAGE and Coomassie blue staining (see 

below). Figure 2.2A of the next paragraph reports, as an example, the SDS-PAGE 

gel showing the different steps of expression and purification of recombinant 

human FXN90-210 wild type. Similar results were obtained with the other FXN 

mutants (data not shown). Purified proteins were stored at – 20°C. 
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Table 2.1. List of primer sequences for human mature FXN90-210  mutants used in the present work.  

 

FXN 

mutant 
Primer Primer sequence 

FXN_D122Y 

FXN_D122Y_for 5’ - GCCATACACGTTTGAGTACTATGATGTCTCCTTTGG - 3’ 

FXN_D122Y_rev 5’ – CCAAAGGAGACATCATAGTACTCAAACGTGTATGGC – 3’ 

FXN_A99C 

FXN_A99C_for 5’ - GAGACCACCTATGAAAGACTATGCGAGGAAACGCTGGACTC – 3’ 

FXN_A99C_rev 5’ – GAGTCCAGCGTTTCCTCGCATAGTCTTTCATAGGTGGTCTC – 3’ 

FXN_A114C 

FXN_A114C_for 5’ - CAGAGTTTTTTGAAGACCTTTGCGACAAGCCATACACGTTTGAG – 3’ 

FXN_A114C_rev 5’ – CTCAAACGTGTATGGCTTGTCGCAAAGGTCTTCAAAAAACTCTG – 3’ 

FXN_T133C 

FXN_T133C_for 5’ - TCCTTTGGGAGTGGTGTCTTATGTGTCAAACTGGGTGG – 3’ 

FXN_T133C_rev 5’ – CCACCCAGTTTGACACATAAGACACCACTCCCAAAGGA – 3’ 

FXN_H177C 

FXN_H177C_for 5’ - GGACTTGTCTTGCTTGGCCTATT - 3’ 

FXN_H177C_rev 5’ - CAGTTTTTCCCAGTCCAGTC - 3’ 

FXN_A183C 

FXN_A183C_for 5’ - CGGCGTGTCCCTCTGTGAGCTGCTGGCC – 3’ 

FXN_A183C_rev 5’ – GGCCAGCAGCTCACAGAGGGACACGCCG – 3’ 

FXN_H193C 

FXN_H193C_for 5’ - GGCCGCAGAGCTCACTAAATGCTTAAAAACCAAACTGGAC – 3’ 

FXN_H193C_rev 5’ – GTCCAGTTTGGTTTTTAAGCATTTAGTGAGCTCTGCGGCC – 3’ 

FXN_S202C 

FXN_S202C_for 5’ - GGTGTACTCCTGCGACGGCGTGT - 3’ 

FXN_S202C_rev 5’ - AGTTTGGTTTTTAAGGCTTTAGTG - 3’ 

 

 

SDS-PAGE Electrophoresis and Western Blot Analysis 

 

Protein expression, purity and integrity were assessed by SDS-PAGE and 

Coomassie blue staining, prior to any spectroscopic experiment reported in this 

work. Samples of each step of FXN expression and purification and a small 

aliquot of recombinant SOD2 have been solubilized in Laemmli gel sample buffer 

(Tris-HCl 62.5 mM, SDS 2%, glycerol 10%, β-mercaptoethanol 5%, bromophenol 

blue 0.1%, pH 6.8) and further denatured at 95°C for 10 min on a heating block. 

Samples were then loaded into precast 4-20% polyacrylamide gel (GenScript® 

ExpressPlusTM PAGE). The run has been done at 100 volts in Tris-MOPS-SDS 

Running Buffer Powder GenScript® as running buffer. At the end of the run, the 
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gel has been incubated with the Coomassie Brilliant Blue dye and subsequently 

destained using a solution of acetic acid 7.5% - methanol 10%. The correct 

separation and molecular weights of proteins have been estimated using a 

marker of molecular weight (PM2610 ExcelBand™ Enhanced 3-color High Range 

Protein Marker, SMOBiO Technology). For SOD2 and purified FXN proteins, an 

immunoblot assay has been performed to assess their identities (Figure 2.2).  

 

 
 

 

Figure 2.2. SDS-PAGE and western blotting analyses for recombinant human FXN90-210 and 

SOD2. (A) SDS-PAGE followed by Coomassie Brilliant Blue staining for the expression and purification 

steps of recombinant human wild type FXN90-210. Lane (1): protein marker (5 μL). Lanes (2) and (3): 

bacterial culture before and after the induction with IPTG, respectively (10 μL of sample loaded in the 

correspondent lane). Lane (4) and (5): soluble and insoluble fractions of the total cellular lysate (5 μL of 

sample). Lane (6): protein pool after the first purification step performed by Anionic Exchange 

Chromatography AEC (5 μL). Lane (7): protein pool after the second purification step performed by Size 

Exclusion Chromatography SEC (10 μL). The identity of the recombinant human FXN90-210 was further 

confirmed by western blotting analysis using an anti-FXN antibody (lane 8). (B) SDS-PAGE gel (on the 

left) and western blot analysis (on the right) of recombinant human SOD2. The SDS-PAGE gel shows that 

recombinant SOD2 is present in high purity, and the western blot confirmed the identity of the protein. 
 

 

After the electrophoretic run, the gel was transferred to a nitrocellulose 

membrane (Life Science) through a semi-dry Trans-Blot® TurboTM Transfer 

System (BioRad). The membranes were then blocked with 10% milk in Tris-
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buffered Saline (TBS) for 1 hour at room temperature and subsequently 

incubated at 4°C overnight with primary antibodies (anti-SOD2 - HPA001814, 

Sigma / anti-FXN 14147-1-AP, proteintech) diluted 1:1000 for anti-SOD2 and 

1:500 for anti-FXN in Tris-buffered Saline with 0.05% Tween20 (TBS-T) and 5% 

milk. After incubation with anti-rabbit IgG HRP-conjugate antibody (A0545, 

Sigma Aldrich) diluted 1:20000 at room temperature for 1 hour, the protein was 

visualized using Immobilon® Forte Western HRP Substrate (Millipore) by 

Imager CHEMI Premium Detector (VWR). 

 

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 seven-fold 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 by PD10 

desalting column (GE Healthcare) using 25 mM HEPES (pH 7.0), 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 M-TETPO and 

all steps were performed under a glove box (MBRAUN MB 200B). 

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 hours 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. 

Labelled proteins were stored at -80°C and in anaerobic conditions for those 

labelled with M-TETPO. 
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EPR Spectroscopy 

 

EPR spectra were recorded on an ELEXSYS E580 spectrometer equipped with a 

SHQ cavity, both from Bruker, Germany. The experiments with Fe2+ and Fe3+ 

were performed at room temperature, 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 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. 

The experiments with SOD2 were performed at room temperature, using the 

following parameters: microwave frequency 9.86 GHz, microwave power 19 mW 

(attenuation 9 dB), sweep width 150 mT, center field 351.4 mT, conversion time 

164 ms, time constant 82 ms, modulation amplitude 1.6 mT, 1024 points, 25 

averages. Samples were prepared thoroughly mixing 18 µL of SOD2 buffer or 

SOD2 protein stock solution (both in 20% v/v glycerol) with 2 µL of FXN stock 

solution for a final FXN concentration of 10 µM; the resulting solution was put in 

glass capillary (internal diameter 0.8 mm) and measured under nitrogen gas 

flow. The experiments testing the effect of Fe3+ on the interaction between FXN 

and SOD2 were performed adding 1 µL of Fe3+ stock solution to the EPR samples 

containing FXN and SOD2. 

 

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, it is necessary to 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 [Budil D.E. et al., 

1996]. As described in Part I (Chapter 5), the MOMD model allows to describe the 
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spin label mobility in terms of the diffusion tensor D 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. To perform the simulations, we used 

the MultiComponentEPR827.vi program by Christian Altenbach. The program is 

written in LabVIEW (National Instruments) and can be freely downloaded from 

the following website: http://www.biochemistry.ucla.edu/Faculty/Hubbell/. 

 

Fluorescence Spectroscopy 

 

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. For the experiments 

with iron (Fe2+ and Fe3+), FXN proteins were used at 1.4 µM concentration and the 

buffer was 25 mM HEPES (pH 7.0), 50 mM KCl. The titration curves of FXN with 

Fe2+ have been analyzed according to the method reported in [Sawyer W.H. & 

Winzor D.J., 1999]. For the fluorescence experiment with SOD2, the buffer was a 

mix of the SODs buffer (910 µL of 20 mM TRIS-HCl, pH 8.0) and FXN buffer (90 

µL of 25 mM HEPES, pH 7.0, 50 mM KCl) to mimic the composition of the buffer 

in EPR experiments. The final concentrations of the proteins were: FXN, 1.4 µM; 

SOD2, 1.9 µM. 

 

Circular Dichroism (CD) Spectroscopy 

 

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 
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of 20 nm/min and at least three scans were averaged. FXN 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 Fe2+, 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. 

 

Protein-Protein Docking 

 

The molecular docking simulations were performed using three docking 

software packages freely available as webservers, all of them allow the input of 

one or more residues to be considered for the interface: ClusPro [Kozakov D. et al., 

2017], ZDOCK [Pierce B.G. et al., 2014], GRAMM-X [Tovchigrechko A. & Vakser I.A., 

2006], PatchDock [Schneidman-Duhovny D. et al., 2005; Andrusier N. et al., 2007]. 

The generation of the docking poses, the potential energy function that evaluates 

the energy of each docking pose, and the additional steps performed to rank the 

final docking poses all depend on the individual program, for the details we refer 

to the relative references. ZDOCK, GRAMM-X, and ClusPro are based on an FFT 

approach to probe a fine grid for the generation of the docking poses. PatchDock 

adopts a different approach to accelerate the generation of the possible docking 

poses, matching the surface of the two proteins based on geometric 

complementarity. All programs perform additional steps to score the docking 

poses, each characterized by a different function. Therefore, to compare the 

results, the top solutions of each program were pooled together and re-ranked 

using a common scoring function. 

Among the different possibilities, we chose to adopt CONSrank, a freely 

available webserver that allows to easily score at the same time the solutions 

from all programs, without only minimal formatting on the output files [Oliva R. 

et al., 2013; Vangone A. et al., 2013; Chermak E. et al., 2015]. The re-ranking is based 

on the frequency of inter-residue contacts that appear in the solutions. 

Visualization, analysis, and plotting of the docking models were performed using 

the UCSF Chimera software, developed by the Resource for Biocomputing, 

Visualization, and Informatics at the University of California, San Francisco, with 

support from NIH P41-GM103311 [Pettersen E.F. et al., 2004]. 

 

 



Part II – Experimental Section                                                                                                                             

160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



           Chapter 2 – Insight into the Iron-Binding Properties of Human FXN and its Interaction with SOD2   

 

161 
 

Results 
 

Structural Remarks, Choice of Labelling Sites and Molecular 

Dynamics of Frataxin 

 

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 

previously studied [Huang J. et al., 2008; Bellanda M. et al., 2019]: FXN uses Asp 

and Glu residues to bind iron via chelation by carboxylate groups. The long α-

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. FXN-D122Y is the only pathological variant 

currently known that carries a mutation in the iron-binding region (shown in 

brown in stick representation in Figure 2.3); in a previous work, we showed that 

this mutation affects the conformation of the loop region and influences iron-

binding [Bellanda M. et al., 2019]. 

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 bright green in stick representation in Figure 2.3. The W155 

residue is in the β-sheet region, exposed to the solution: this Trp is involved in 

the interface of the FXN/ISCU/NFS1 complex [Fox N.G. et al., 2019], and the 

W155R variant is one of the known pathological mutations [Galea C.A. et al., 

2016]. 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 (Fluorescence Resonance Energy Transfer) 

can easily occur. Mature 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 2.3) 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.  
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Figure 2.3. Structure of human mature FXN viewed from different angles. The three native Trp 

residues are shown in stick representation and colored in bright green. The D122 residue is shown in stick 

representation and highlighted in brown. The spin labelling sites - A99 (blue), A114 (dark orange), T133 

(dark green), H177 (deep purple), H183 (pink), A193 (red), S202 (cyan) - are shown in sphere 

representation. The structure figures were elaborated with PyMol using PDB ID: 1EKG for human mature 

frataxin. 

 

 

The A99 site is a buried site located at the beginning of the long α-helix, close to 

the iron-binding region; A114 is close to iron-binding sites and located to the end 

of the long α-helix; T133 belongs to the β-sheet region involved in the interaction 

with the complex with ISCU/NFS1 [Fox N.G. et al., 2019]; H183 is located at the 

beginning of the second α-helix, not involved either in the iron-binding or the 
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complex with ISCU/NFS1; A193 is located at the end of the second α-helix, 

spatially close to the iron-binding region. These sites have been individually 

mutated to Cys for the subsequent coupling reaction with nitroxide spin probes. 

For its particular position, the A114 site has been investigated by SDSL-EPR both 

in wild type frataxin and in the pathological variant D122Y. It is worth to note 

that the A99 position has a very limited solvent accessibility; therefore, it showed 

low labeling efficiency (about 10%) and was thus viable only for the analysis with 

Fe2+ at higher concentration. 

The same FXN mutants were also used to investigate the possible interaction 

between FXN and SOD2; for this analysis, we produced two additional mutants 

to map the loop region between the β-sheet and the short α-helix (i.e. H177C) and 

the C-terminal portion of the protein (i.e. S202C) (in Figure 2.3, H177 and S202 are 

highlighted in deep purple and cyan, respectively). The local mobility of the 

residues, together with the tumbling of the protein, is reflected in the lineshapes 

of the EPR spectra of the spin probes. Then, the internal motions of the WT 

frataxin were studied by all-atom molecular dynamics (MD) simulations 

(nanosecond timescale) to investigate the mobility of the labeled positions. This 

analysis was kindly performed by Prof. Javier Santos of the University of Buenos 

Aires. The results are reported in Figure 2.4, showing the root mean square 

fluctuations (RMSF) along the protein chain; the mutated sites are colored using 

the same color code as in Figure 2.3. The MD simulations clearly show that the 

H177 and S202 positions are more mobile than the rest of the labeled positions. 

Furthermore, H177 is part of a flexible stretch of the protein. 

 

 
 

Figure 2.4. Root-mean-square fluctuations (RMSF) along the protein chain determined from the 

MD simulations on WT FXN 90-210. The spin labelling sites are shown as colored dots: A99 (blue), A114 

(dark orange), T133 (dark green), H177 (deep purple), H183 (pink), A193 (red), S202 (cyan). 
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Since FXN is a small protein (MW = 13.64 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, as 

described in detail in Part I (Chapter 5), 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 best thickening agents 

[López C.J. et al., 2009]. 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. [Barone V. et al., 2009]: in buffer, τc 

Water was 5.6 ns, which is on a timescale comparable with that of the motions of 

the spin label side chain; in Ficoll, τc Ficoll 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. 

 

 

Human Frataxin & Iron 

 

 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 and 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, 

labelled with MTSSL, are reported in Figure 2.5. As previously assessed, mutant 

A99C showed very limited labeling efficiency (about 10%) that made it 

impossible to record EPR spectra at 10 μM concentration.  

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 distinguishing spectral 

differences due to the specific local motion of the spin probe. Among these 

mutants, A193C showed the least restrained mobility, suggesting that the 

secondary structure of the WT FXN is not very rigid at the edge of its second α-

helix. On the contrary, A114C, which is in a similar position at the end of FXN 

long α-helix, has a more restrained mobility indicating a stable helical terminal. 
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The other two labelled sites show a mobility that is intermediate between those 

two; in the A114C-D122Y mutant, MTSSL shows instead minimal differences in 

the spectra compared to the WT form.  

 

 
 

Figure 2.5. 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 2.3: (A) A114C – dark orange; (B) A114C/D122Y – dark orange; (C) T133C – dark green; (D) 

H183C - pink; (E) A193C - red. Central & Right panels: EPR spectra (black) and simulations (color) of 

FXN mutants at protein: Fe3+ molar ratios 1:0 (central) and 1:50 (right). 

 

 

Upon addition of increasing amounts of Fe3+, all the labelled 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 labelled sites, as shown by the spectra at a 

FXN:Fe3+ 1:50 ratio in Figure 2.5. The onset of the immobilization, at a protein 

concentration of 10 μM, can be observed after the addition of about 5 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 in Table 
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2.2: this indicates that the motion of the labelled sites becomes slower and more 

constricted, consistent with the formation of a new interfacial contact hindering 

the probe mobility. 

 

 

Table 2.2. The rotational correlation times of the different FXN labelled 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. In the table, for each component, are 

reported the orientation angle βD and the order parameter S.   

 

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

Position S τC S τC 

A114C 0.44 0.7 ns 0.53 5.3 ns 

A114C / D122Y 0.44 0.7 ns 0.53 5.3 ns 

T133C 0.36 0.9 ns 0.53 3.8 ns 

H183C 0.44 3.9 ns 0.53 8.4 ns 

A193C 0.44 1.8 ns 
0.53 3.6 ns 

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 2.6A. It is worth to 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 

2.6B, right axis: in our buffering conditions, nominal Fe3+ concentrations of 1 mM 

and above steadily drop the pH below 6.5. Since FXN isoelectric point is IP = 4.94, 

Fe3+ concentrations of 1.5 mM and above will cause protein aggregation by acidic 
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denaturation rather than by a specific iron effect. Note that EPR, fluorescence and 

CD experiments detailed in the text are all performed at pH ≥ 6.8. 

 

 
 

 

Figure 2.6. Effects of concentration and pH on FXN immobilization. (A) From top to bottom, the left 

shoulder of the EPR spectrum of the A193C mutant labelled with MTSSL at progressively lower protein 

concentrations, the lighter the color the higher the FXN:Fe3+ ratio. (B) The percentage of immobilized 

protein (left axis, big dots) or the pH (right axis, small dots) vs the nominal ferric iron concentration for 

different protein concentrations (C) the percentage of immobilized protein vs the FXN:Fe3+ molar ratio for 

three protein concentrations. 
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The gradual spectral changes may be analyzed and reconstructed as combination 

of two “pure” contributions: 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 2.6B, left axis) has been plotted as a function of ferric 

iron nominal concentration concurrently with the effective pH of the solution 

(Figure 2.6B, right axis). 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 2.6C. At the lowest concentration that we 

explored, i.e. 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. Detection 

of the EPR spectra in buffered aqueous solution without the addition of Ficoll 

was also performed in labelled FXN A193C. The EPR spectra have been 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; however, the effect is much less noticeable since the intensity is 

dominated by the sharper mobile component (Figure 2.7). Centrifugation of the 

sample, followed by EPR analysis of the supernatant, showed that the protein 

fraction that is immobilized precipitates along with the colloidal iron, leaving 

behind the fraction that showed no motional broadening (Figure 2.7).  

These results confirm that Fe3+ addition promotes protein oligomerization 

[Ahlgren E.C. et al., 2017], slowing down the molecular tumbling due to the bigger 

size of the Fe3+-FXN formed complexes. Similar 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 (Figure 2.8). 

After a one-hour incubation, the amount of immobilized component decreases, 

suggesting that the aggregation is at least partially reversible. 
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Figure 2.7. EPR spectra of FXN A193C in buffer solution at a FXN:Fe3+ 1:20 ratio, [FXN] = 10 μM. 

The figure shows the spectrum before (black) and after (red) centrifugation. The lineshape shows a partial 

averaging of the different components relative to the sample in Ficoll, as expected from the fast tumbling of 

FXN. Nevertheless, the immobilized component is visible as indicated by the arrows (black spectrum). 

Upon centrifugation of the sample, the EPR spectrum of the supernatant shows only the mobile component, 

indicating that the immobilized component has been precipitated. 

 

 

 
 

 

Figure 2.8. Reversibility of Fe3+ aggregation via chelation by EDTA. The reversibility of FXN 

aggregation was checked by incubating the sample with A193C at a 1:20 FXN:Fe3+ molar ratio, taking the 

EPR spectrum before (red) and after (pink) incubation of the sample with a three-fold molar excess of 

EDTA relative to iron (on the left). The lineshape partially reverts to the one in the absence of Fe3+, showing 

that aggregation is at least partially reversible. To confirm that EDTA does not perturb the protein, the 

spectra of the protein with/without EDTA in the absence of Fe3+ (on the right) are reported. 
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 EPR Spectra of FXN Interacting with Fe2+ 

 

EPR spectra have been collected for 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 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 labelled with MTSSL following the 

addition of Fe2+. The reason 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 [Karthikeyan G. et al., 2018]. 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.  

The EPR spectra of FXN mutants labelled with M-TETPO in the presence of 

ferrous iron are reported in Figure 2.9 (samples in Ficoll, protein concentration 50 

μM). The spectra recorded at 10 μM protein concentration were identical to those 

reported here, except for the worse signal to noise ratio. When iron is not present, 

the spectra show a reduced mobility compared to FXN labelled with MTSSL, 

indicating that the side chain of M-TETPO has less degrees of freedom than the 

one of MTSSL. Unlike MTSSL, M-TETPO differentiates the A114C-D122Y mutant 

from the WT counterpart, since the spectra of the former reveal 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. 

Once ferrous iron is added to the solution, we observe that the spectra of the sites 

located far from the iron-binding region are unchanged even at a 1:50 FXN: Fe2+ 

ratio (T133, H183, A193, Figure 2.9B,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 2.9A,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%.  
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Figure 2.9. EPR spectra of FXN mutants at increasing protein:Fe2+ molar ratios from 1:0 to 1:50; 

protein concentration 50 μM, M-TETPO label. The colors are the same of the positions highlighted in 

figure 2.3: (A) A99C – blue; (B) T133C – dark green; (C) A114C – dark orange; (D) H183C - pink; (E) 

A114C/D122Y – dark orange; (F) A193C - red.  
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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. 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 [Braterman P.S. et al., 1992]. When stripping Fe2+ 

from FXN by PHEN, the solution turns red but the EPR signal is not restored 

(Figure 2.10), confirming that an irreversible reduction of the nitroxide has taken 

place. 

 

 

 

 

 

Figure 2.10. Removal of Fe2+ bound to FXN via chelation by PHEN. The presence of an irreversible 

redox reaction of the M-TETPO nitroxide with Fe2+, as observed for MTSSL, via chelation of the protein-

bound Fe2+ by treatment with 1,10-phenanthroline (PHEN) was verified. Here we report the EPR spectra of 

A1114C/D122Y alone (black), at a FXN: Fe2+ 1:50 ratio (grey), and at a FXN: Fe2+:PHEN 1:50:150 ratio 

(red); [FXN] = 50 μM. Upon PHEN addition to a sample of the A114C/D122Y mutant - 1:50 FXN:Fe2+ 

molar ratio, the spectral intensity does not recover, even though Fe2+ has been chelated as verified by the 

solution turning red. 
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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 

labelled 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 closeness of the redox partners, and nearby amino-acid residues might also 

favor the electron transfer kinetics. The exact mechanism will be tested in the 

next future, 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. 

 

 

 Fluorescence Spectra of FXN Interacting with Fe3+ 

 

The quenching effect upon Fe3+ addition to the fluorescence emission of the three 

Trp residues of wild type and FXN D122Y proteins was explored. We worked at 

low protein concentration ([FXN] = 1.4 μM) and with a 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 2.11; quenching is 

reported as (F-F0)/F0, where F is the fluorescence intensity at the maximum of 

emission and at a given amount of quencher and F0 is the intensity in the absence 

of quenchers. The normalized signal shape of the WT and the FXN D122Y are 

identical, as expected (Figures 2.11E,F). 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+ and Fe3+ is likely due to an energy 

transfer mechanism, which is a distance dependent process [Ilari A. et al., 2005]. 

Due to the short distance between Trp residues and to the homo-FRET, the 

observed quenching of the fluorescence could be due only to iron 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 
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reported above). The WT protein and the D122Y variant show almost no 

difference in the quenching profile. 

 

 

 

 

 

Figure 2.11. Tryptophan fluorescence spectra of WT FXN and D122Y variant at increasing 

amounts of Fe3+. Protein concentration 1.4 μM, 288 K, λexc = 280 nm, λmax = 332 nm. (A) and (B) 

fluorescence of FXN WT & D122Y with Fe(III), respectively; (C) and (D) fluorescence quenching by Fe3+ 

calculated at λmax for FXN WT and D122Y, respectively; in the inset, a zoom of the sub-stoichiometric 

region. (E) and (F) normalized fluorescence spectra of WT and D122Y FXN with Fe(III), respectively. 
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 Fluorescence Spectra of FXN Interacting with Fe2+ 

 

The quenching effect of Fe2+ addition on 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 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 we found that 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 2.12. As discussed above, the quenching by Fe2+ has the same 

mechanism as the one by Fe3+, i.e. through an energy transfer from a bound iron 

ion to the nearest of the three Trp residues. The normalized spectra (Figure 

2.12E,F) show that 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 protein 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 by 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 the WT protein is -0.08 for Fe2+, much lower than 

the quenching observed for Fe3+, -0.27. 

The titration curves have been analyzed according to the method of Sawyer and 

Winzor [Sawyer W.H. & Winzor D.J., 1999]; we obtained KD = 4.2 · 10-7 for the WT 

protein and KD = 7.8 · 10-7 for the D122Y variant, and for both a stoichiometry of 

one strongly bound Fe2+. These values must be considered only indicative, due to 
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the low concentration used for the experiments which introduces a 10% error in 

the estimate. 

 

 

 
 

 

Figure 2.12. Tryptophan fluorescence spectra of WT FXN and D122Y variant at increasing 

amounts of Fe2+. Protein concentration 1.4 μM, 288 K, λexc = 280 nm, λmax = 332 nm. (A) and (B) 

fluorescence of FXN WT & D122Y with Fe(II), respectively; (C) and (D) fluorescence quenching by Fe2+ 

calculated at λmax for FXN WT and D122Y, respectively; in the inset, a zoom of the sub-stoichiometric 

region. (E) and (F) normalized fluorescence spectra of WT and D122Y FXN with Fe(II), respectively. 
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 Circular Dichroism Spectra of FXN Interacting with Fe3+ and Fe2+ 

 

The effects of iron-binding on the secondary structure of wild type and D122Y 

FXN proteins were evaluated by circular dichroism spectroscopy, as reported in 

Figure 2.13. In the absence of iron, the CD spectra for both WT and D122Y FXN 

are identical and show the typical shape of a mixed alpha-beta secondary 

structure [Faraj S.E. et al., 2016]. 

 

 
 

Figure 2.13. 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) FXN D122Y with increasing 

amounts of Fe3+; (C) WT FXN with Fe2+; (D) FXN D122Y with Fe2+. 

 

 

Increasing addition of Fe3+ leads to a progressive loss of ellipticity across the 

whole spectral range for both proteins (Figure 2.13A,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 
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main helix of FXN can bind one Fe3+ ion through its acidic residues and gains 

alpha-helical structure upon binding [Vazquez D.S. et al., 2015]. 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 2.13C,D). Therefore, Fe2+ binding to FXN 

does not induce either significant secondary structure changes or protein 

aggregation. 

 

 

Human Frataxin & SOD2 

 

 EPR Spectra of FXN Interacting with SOD2 

 

To investigate the potential interaction between human frataxin and 

mitochondrial superoxide dismutase, we performed EPR experiments on FXN 

spin-labeled in different regions to try to pinpoint the interface formed by FXN 

with SOD2. The formation of an interface in the position where the nitroxide 

probe is located would result in a marked slowdown of the side-chain motion, 

leading to a broader EPR spectrum. We performed the experiments in 20% v/v 

glycerol, which slows down the FXN tumbling enough to observe an EPR 

spectral shape influenced not only by the protein tumbling but also by the 

mobility of the spin probe sidechain and the backbone mobility.  

The EPR spectra of FXN mutants at 10 µM concentration, in the absence or 

presence of SOD2 at 40 µM concentration for a final 1:1 FXN:(SOD2)4 molar ratio, 

are reported in Figure 2.14. In the absence of SOD2, each mutant shows a 

characteristic spin label mobility, which confirms that the addition of glycerol, as 

previously seen in the presence of Ficoll, slows the molecular tumbling of the 

protein enough for the spectrum to report both local and general mobility. Based 

on the EPR spectra, the mobility of the two additional sites taken into account in 

this survey, i.e. H177 and S202, faithfully reflects the high mobility of the native 

residues. H177 is positioned in the loop between the β-sheet and the short α-helix 

(see above in Figure 2.3), it has the highest mobility among the studied residues, 

favored by little crowding by nearby sidechains, and accordingly it shows an 

EPR spectrum typical of very fast motion. S202 is in a relatively rigid part of the 
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C-terminal region (residues 196-210) (see above in Figure 2.3), but it has a larger 

mobility relative to neighboring residues and its EPR spectrum indicates a 

mobility that is faster than that of all other positions other than H177.  

 

 

 

 

 

Figure 2.14. EPR spectra of FXN mutants (10 µM) in the absence (dark grey) and in the presence 

(orange) of SOD2 (40 µM); molar ratio FXN:(SOD2)4 1:1. For each mutant: top, experimental spectra; 

bottom, fitting. All spectra have been normalized to the same number of spins to compare the spectral shape 

in terms of spin probe mobility. 

 

 

 

Upon addition of an equimolar quantity of tetrameric SOD2, all positions are 

affected similarly except for H177 and S202, for which the effect is almost null. 

Similar, albeit slightly less pronounced effects were obtained with a FXN:(SOD2)4 

1:0.5 ratio (Figure 2.15), closer to the one used in fluorescence experiments 

reported below. The spectral changes clearly indicate that there is an interaction 

between FXN and SOD2. 
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Figure 2.15. EPR spectra of FXN mutants in the absence (dark red) and in the presence of (SOD2)4 

at a 1:0.5 (red) and 1:1 (orange) molar ratio. All spectra have been normalized to the same number of 

spins to compare the spectral shape in terms of spin probe mobility. The spectra show a progressive 

slowdown at all spin label positions, but the spectral shape does not significantly change, a sign that most of 

the proteins are already involved in the complex. 

 

 

 

 

To better quantify the effects of SOD2 on FXN, we fitted the EPR spectra 

obtaining the rotational correlation time, τc (the fittings are reported in Figure 2.14 

as grey and orange lines). The slow motion of the EPR probe was assumed to be 

isotropic: this simple model captures the spectral variations induced by SODs 

quite well and makes it easy to discuss the spectral variations in terms of the 

changes in the rotational correlation times (τc), reported in Table 2.3 as the 

difference between τc in the presence of SOD (τc+ SOD) minus the one in its absence 

(τc- SOD).  
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Table 2.3. Isotropic rotational correlation times for FXN mutants alone (τc - SOD), in the presence 

of 1:1 tetrameric SOD (τc + SOD), and their variation (Δτc) obtained from the fitting of the EPR 

spectra. 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. 

 

Mutant τc - SOD τc + SOD Δτc (τc + SOD - τc -SOD) 

A114C 2.52 ns 2.96 ns 0.44 ns 

T133C 2.70 ns 3.10 ns 0.40 ns 

H177C 1.13 ns 1.24 ns 0.11 ns 

H183C 2.77 ns 3.33 ns 0.56 ns 

A193C 2.77 ns 3.18 ns 0.41 ns 

S202C 2.30 ns 2.47 ns 0.16 ns 

 

 

A homogeneous reduction in dynamics τc is observed for four sites (A114, T133, 

H183, A193) that are spread over a large region of the protein: the observed 

change likely reflects the slowdown in protein tumbling following the formation 

of the complex with bulky SOD2. In particular, H183, being an internal residue 

with limited sidechain and backbone dynamics, has the lowest mobility (i.e. the 

highest τc) of all sites and almost purely reflects the protein tumbling. Given that 

the changes in protein tumbling are the dominant effect on spin label mobility, 

we cannot exclude that one or more of the exposed sites (A114, T133, A193) are 

located at the interface between the two proteins. On the other hand, τc indicates 

that the mobility of H177 and S202 remains almost unchanged upon addition of 

SOD2. Their mobility is always dominated by the fast backbone and sidechain 

motions (lowest τc), making them unsensitive to the protein tumbling changes. 

This excludes that these latter residues partake on the protein-protein interface: 

they would be at the interface, their sidechain motion would be strongly reduced, 

bringing down their τc to that characteristic of the protein tumbling (i.e. that of 

the internal site H183). Another important aspect that emerges from the 

simulation of the EPR spectra is that only one motional component is present in 

all spectra, even after SOD2 addition, suggesting that the interaction between the 

proteins is in the fast exchange regime. Previously, we showed that the addition 

of excess Fe(III) slows the FXN motion by inducing its aggregation at all 

positions. Here, we tested the effects of Fe3+ addition in the presence of SOD2, 

performing EPR experiments at FXN:(SOD2)4:Fe3+ 1:0.5:20 ratio. The spectra, 



Part II – Experimental Section                                                                                                                             

182 

 

reported in Figure 2.16, clearly show that the presence of SOD2 has no effect on 

FXN aggregation at this molar ratio. 

 

 

 
 

Figure 2.16. EPR spectra of FXN mutants with Fe3+ in the absence (black) and in the presence 

(orange) of SOD2. [FXN] = 10 µM; [SOD2] = 0/20 µM; [Fe3+] = 200 µM. Black, FXN:(SOD2)4:Fe3+ 

1:0:20; orange, FXN:(SOD2)4:Fe3+ 1:0.5:20. FXN and SOD2 have been mixed, and then Fe3+ has been 

added. All spectra have been normalized to the same number of spins to compare the spectral shape in terms 

of spin probe mobility.  

 

 

 Fluorescence Spectra of FXN Interacting with SOD2 

 

The interaction between FXN and SOD2 was tested following the fluorescence 

emission of the tryptophan residues, by comparing the fluorescence of the 

individual proteins with the fluorescence of the mixed solution. The results are 

reported in Figure 2.17. We must note that the spectra show at 310 nm the Raman 

scattering peak of the buffer (corresponding to a Raman shift  𝜈 ̅= 3456 cm-1). 
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Figure 2.17. Tryptophan fluorescence spectra of WT FXN (1.4 µM) and SOD2 (1.9 µM). 

Temperature 288 K, λexc = 280 nm. FXN alone, grey; SOD2 alone, orange; SOD2 and FXN (molar ratio 

FXN:(SOD2)4 1:0.34), red; sum of the individual fluorescence spectra of SOD2 and FXN, black dashed 

line. The peak at 310 nm is the Raman peak of the buffer. 

 

 

FXN has three native Trp residues (W155, W168, W173; the Trp are shown in 

bright green in stick representation in figure 2.3. While the W155 residue is in the 

beta sheet region and exposed to the solution, W168 is partially exposed and 

W173 is completely buried. It should be noted that all three Trp residues are 

spatially close together and therefore interact with each other via energy transfer, 

affecting the overall fluorescence in a complex way. W155, being the only fully 

exposed Trp residue, is likely the most sensitive to the presence of quenchers in 

solution. We must note here that we previously verified that fluorescence 

experiments based on Trp quenching may be not fully reliable when the 

quencher binds far away from the Trp region. For frataxin, the fluorescence 

spectrum therefore results in a maximum at 332 nm (grey line in Figure 2.17). 

Human SOD2 has six Trp residues per protein chain (W78, W123, W125, W161, 

W181, and W186) mostly buried inside the protein and in proximity to each 

other, either in the same chain or in neighboring chains in the tetramer with only 

W181 and W186 exposed to the solution. SOD2 fluorescence is largely self-
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quenched, and the limited solvent exposition leads to it being blue-shifted 

relative to FXN with a maximum at 328 nm (orange line in Figure 2.17). 

The fluorescence spectrum of the mixed FXN:(SOD2)4 solution in a molar ratio of 

1:0.34 (red line in Figure 2.17) shows a marked quenching relative to the sum of 

the experimental spectra of the individual proteins (17% less fluorescence, black 

dashed line in Figure 2.17). The quenching, highlighted by the arrow in the figure, 

suggests that the two proteins come in contact and that the exposed Trp residues 

are close to the interaction surface, leading to a quench in fluorescence. We 

propose that the quenching stems from the energy transfer from the exposed 

W155 (or possibly also W168) in FXN to the tryptophan network in SOD2 

through the solvent exposed W181/W186 residues. 

 

 

 Protein-Protein Docking of FXN and SOD2 

 

To complement the experimental data and gain further insight into the 

interaction, we decided to model the structure of the FXN:(SOD2)4 1:1 complex 

using protein-protein molecular docking. We performed both blind docking 

simulations and simulations using the site-specific information from SDSL-EPR 

and fluorescence as restraints. The structures used for the docking calculations 

were: FXN, PDB ID: 1EKG [Dhe-Paganon S. et al., 2000]; SOD2, PDB ID: 5VF9 

[Azadmanesh J. et al., 2017].  

The top fifteen models obtained from the blind docking simulations were 

analyzed collectively to identify which residues of FXN and SODs are most often 

found at the interface of the protein complex. The full details of the docking 

simulations are reported in Materials & Methods; briefly, the docking protocol 

has been performed in three steps: 1) docking simulations using four programs 

freely available as webservers (ClusPro [Kozakov D. et al., 2017], ZDOCK [Pierce 

B.G. et al., 2014], GRAMM-X [Tovchigrechko A. et al., 2006], PatchDock 

[Schneidman-Duhovny D. et al., 2005; Andrusier N. et al., 2007]); 2) re-ranking of the 

solutions using a common scoring function with CONSRank; 3) analysis of the 

interface regions in the top 15 re-ranked docking poses using PDBePISA. The 

normalized frequency with which each residue appears at the interface in the top 

15 models has been represented as a histogram and then mapped on the protein 

surface; the results for the blind docking are shown in Figure 2.18. In this set of 

simulations, FXN interacts with a single monomer of SOD2, contacting only a 

second monomer close to the interface.  
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Figure 2.18. Blind docking simulations FXN/(SOD2)4. Left - histogram of the normalized frequency of 

appearance of each amino acid at the interface: grey, FXN; orange, SOD2. Right - surface mapping of the 

frequency of appearance at the interface: the frequency with which an individual residue is involved in the 

interaction lowers going from red to orange; grey residues are never involved in an interaction. SOD2 has 

only one monomer mapped. FXN is represented showing the β-sheet to the reader on the left image. 

 

 

The SOD2 region involved in the interaction is the hollow region on top of the N 

and C-terminal tails of the protein, on the other side of the active site that faces 

the inner tetrameric cavity. The interaction region for FXN is concentrated mostly 

around the top part of the protein comprising the N- and C-terminal regions, 

leaving the beta-sheet region exposed to the solution. These models show a good 

surface complementarity, and several hydrogen bonds and salt bridges are 

possible; however, they contrast with the experimental evidence. First, a site that 

is almost always found at the interface is H177 (present in more than 90% of the 

models), in marked contrast to the EPR experimental results which show limited 

effects of the complex formation on H177 mobility. Furthermore, the exposed Trp 

residues of SOD2 are also relatively far away from the interface, as is W155 from 

FXN, while the other FXN Trp residues are close to the interaction region. 

Overall, since the Trp residues of the two proteins are far from each other and do 

not change their solvent exposition, the obtained docking poses make it hard to 

justify the observed fluorescence quenching. Given that the blind-docking 

analysis did not respect the observations from the spectroscopic data, the 
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docking simulations were also performed using the data as restraints. We chose 

not to exclude any residue from the interface, even if H177 and S202 could be 

excluded based on the EPR results. Instead, we opted to locate only W181 and/or 

W186 from SOD2 close to the binding interface if possible, as Trp fluorescence 

was strongly affected. No Trp residue from FXN was chosen, since, while W155 

is the only Trp residue fully solvent exposed, W168 is also sufficiently close to the 

surface to potentially act as a conduit for quenching. In this set of calculations, we 

specified as restraints the Trp residues belonging to a single SOD2 chain: this is 

reasonable since the exposed Trp of SOD2 are located far away from the tetramer 

interfaces and FXN, being smaller than a SOD2 monomer, would be unable to 

reach the other SOD2 monomers when interacting with the Trp region. The best 

docking model of the restrained simulations is reported in Figure 2.19, from two 

different angles. 

 

 

 
 

 

Figure 2.19. Docking model of FXN:(SOD2)4 1:1 complex. FXN in grey; SOD2 in shades of orange, one 

shade per protein chain. Tryptophan residues in light green, stick representation; T133 in dark green, 

sphere representation. The protein chains involved in the interaction are represented with a partially 

transparent surface. (A) SOD2 viewed in the same orientation as in figure 2.17; (B) the complex as viewed 

from the direction of the arrow to better highlight the orientation of FXN. 

 

 

The structure of this complex involves a different region from the blind docking 

simulations, as expected. The active site of SOD2 is still accessible, as is the iron-

binding region of FXN. Although the complementarity of the surface is reduced 

relative to the blind-docking simulations, and the specific interactions are limited 
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to two hydrogen bonds, this structure satisfies both the fluorescence and the EPR 

data. FXN is now contacting SOD2 using the beta sheet region, bringing W155 

close to the exposed Trp of SOD2: the closest inter-atom distance between W155 

and W186 is only 0.8 nm. Additionally, both H177 and S202 are now far from the 

region of interaction, which justifies the smaller changes in mobility for these two 

residues according to the EPR data. The full accessibility of the iron-binding 

region is also in line with the experiments in the presence of Fe3+. 
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Discussion & Conclusions 
 

FXN has been proposed to have several physiological roles: allosteric regulator of 

ISCs biogenesis [Maio N. et al., 2020], the iron source for building iron-sulfur 

clusters [Cai K. et al., 2018], regulator of iron homeostasis [Alsina D. et al., 2018] 

and ferroptosis [Du J. et al., 2020]. All these potential 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 the first part of this work, the 

response of human FXN, both WT and D122Y variant (i.e. 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 (Figure 2.13C). 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 (Figure 2.9). 

Moreover, no FXN oligomerization occurs in the presence of Fe2+, which is in 

agreement with previous results [Cavadini P. et al., 2002]. 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 to both ends of the long α-helix, in 

accordance with previous reports [Huang J. et al., 2008; Gentry L.E. et al., 2013; 

Bellanda M. et al., 2019]. The majority of the EPR probe reduction takes place in 

the first three iron equivalents. The EPR data 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 α-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 α-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 
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spatially close to each other, and our results explain the apparent conflict in the 

number of iron-binding sites reported in the literature.  

In contrast to ferrous iron, ferric iron-binding promotes FXN aggregation when 

few equivalents are added, as shown by 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 (Figure 2.13A), and 

centrifugation of EPR samples showed the precipitation of the immobilized 

portion of the sample (Figure 2.7). We observed immobilization at sites placed not 

only in the long acidic α-helix, which is the major putative iron-binding region, 

but also in the second β-strand and in the shorter α-helix. Thus, the interactions 

between 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 would be 

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 concentrations (150–700 µM), with EM 

images suggesting that at least a portion of the aggregates are present as ring 

tetramers [Ahlgren E.C. et al., 2017]. This was in contrast to previous reports, 

according to which human frataxin showed no tendency towards 

oligomerization, while the yeast and E. coli orthologues aggregate in the presence 

of both Fe2+ and Fe3+ [Adinolfi S. et al., 2002]. 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+ [Yoon T. & Cowan J.A., 2003] need to be critically 

reconsidered.  

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 ISCs assembly 

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, and therefore large oligomers are not expected to be present 
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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 [Garber Morales J, et al., 2010; Seguin A. et 

al., 2010]). However, in FRDA patients, a significant iron imbalance was observed 

[Lamarche J.B. et al., 1980; Bradley J.L. et al., 2000; Harding I.H. et al., 2016], and 

pathological conditions are likely to trigger oligomerization. It seems then 

unlikely that the interaction of FXN with Fe3+ has no physiological function and 

only reflects a non-specific electrostatic effect. Indeed, a recent report linked FXN 

deficiency to cell death by ferroptosis [Du J. et al., 2020]. 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 [Zanella I. et al., 2008]. In this context, it is important to note that, 

as demonstrated by the effects of EDTA (Figure 2.8), 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 FXN D122Y 

has been previously related to a higher intrinsic mobility of the protein iron-

binding region [Correia A.R. et al., 2008]. Indeed, an increased mobility of FXN 

D122Y 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 (Figure 2.9C,E), and reduced fluorescence quenching 

(Figure 2.12C,D), 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 

protein and the D122Y variant. The differences in fluorescence quenching by Fe3+ 

that were previously observed [Correia A.R. et al., 2008; Bellanda M. et al., 2019] are 

referred especially to the region dominated by precipitation, and as such depend 

strongly on the protein concentration as already described. Overall, 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 [Bellanda M. et 

al., 2019], it is likely that the pathological nature of D122Y mutation lies in a 
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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 Fe-S cluster biogenesis complex. 

Taken together, 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, and this 

makes it difficult to evaluate the exact binding stoichiometry. Fe2+, the 

physiological form of iron in cells, simply binds without affecting FXN 

conformation or inducing aggregation. We suggest that both ions might be 

relevant in the context of the proposed FXN physiological functions. A role as a 

regulator of iron homeostasis and ferroptosis might be exerted by sequestering 

the excess of ferric iron through a concentration-dependent reversible 

aggregation. The absence of structural and dynamic effects of Fe2+ binding 

suggests that FXN would be able to partake in ferrous iron trafficking even while 

bound to the ISCs assembly machinery, possibly intercepting the iron from the 

labile 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. As future perspective, it would be interesting to 

explore 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. 

For the second part reported in this chapter, we have taken into account a 

previous work by Han et al. [Han T.H.L. et al., 2019], which reported on the 

interaction between yeast FXN and SODs (bovine and human, in that work). To 

give full meaning to the results, however, the question of whether the same 

interaction could be detected between human FXN and human SODs must be 

addressed. We therefore investigated the interaction between the mature form of 

FXN and mitochondrial SOD2, since Han and coworkers excluded that at 

physiological concentrations a complex between FXN and SOD1 could be formed 

within mitochondria [Han T.H.L. et al., 2019]. Furthermore, since SOD1 is 

primarily a cytosolic protein, it would probably interact with the immature form 

of FXN or with the extramitochondrial pool of mature FXN which has been 
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shown to plays a role in preventing oxidative damage and suppressing apoptosis 

[Condò I. et al., 2006]. EPR experiments suggest that human SOD2 interacts with 

mature FXN: all positions report a slowdown in dynamics upon the addition of 

SOD2, which is likely the result of the large increase in the hydrodynamic radius 

(Figure 2.14 and Table 2.3). We did not observe two different spectral populations, 

suggesting that the proteins are in fast exchange in solution, and therefore the 

kinetics of association/dissociation are fast, in the order of tens of nanoseconds. 

The results of the fluorescence experiments confirm an interaction with SOD2: 

when both proteins are present, the fluorescence is reduced by 17% relative to the 

sum of the individual contributions (Figure 2.17). Interestingly, Han et al. 

observed a fluorescence enhancement by about 13% mixing yeast FXN with 

human SOD2, as opposed to the quenching that we observed, suggesting that the 

details of the interaction between human proteins are significantly different from 

those of the mixed-species system. Together, our experimental results suggest a 

definite interaction between human FXN and SOD2 in vitro. A quantitative 

estimation of the KD would require additional experiments and it is under way. 

Several experimental works point to a possible direct or indirect role of FXN in 

SOD2 activity, giving a potential physiological relevance for the in vitro 

interaction that we observed. The two proteins are located in the same 

mitochondrial compartment. In the previous chapter of this thesis it has been 

shown that FXN is enriched in the mitochondrial cristae and an involvement of 

frataxin in stabilizing the organization of respiratory chain has been 

hypothesized. Interestingly, recent cryo-EM studies showed that SOD2 is 

associated with respiratory supercomplexes in both mycobacteria [Gong H. et al., 

2018] and Caenorhabditis elegans [Suthammarak W. et al., 2013], and this provide 

local protection against ROS damage. FXN and SOD2 are both involved in the 

biochemical hallmarks of FRDA pathophysiology, i.e. increased susceptibility to 

oxidative stress, iron overload, and a deficit in ISCs biogenesis. FXN deficiency 

correlates with a lower antioxidant capacity of the cell, especially for SOD2 

[Chantrel-Groussard K., 2001; Jiralerspong S. et al., 2001]. In the yeast model of 

FRDA, SOD2 is overexpressed but shows a lower activity, that can be recovered 

by manganese supplementation [Irazusta V. et al., 2006]. Furthermore, iron 

overload plays a role in the inactivation of SOD2, since it can compete with 

manganese for binding to SOD2, inactivating the enzyme [Yang M. et al., 2006; 

Irazusta V. et al., 2010]. In this context, we can propose two hypotheses on the 

physiological relevance of the FXN/SOD2 interaction, but we cannot exclude that 

the link between FXN and SOD2 discussed above is more a consequence of their 
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common involvement in mitochondrial function than the result of a direct 

interaction. One possibility is that the interaction between the two proteins acts 

as a modulator of antioxidant mechanisms in the vicinity of respiratory 

complexes, given their localization and involvement in oxidative stress. A second 

possibility is that in pathological conditions of excess iron, FXN transiently 

interacts with SOD2, lowering the local iron concentration, since one FXN can 

bind several Fe2+/Fe3+ ions, thus preventing manganese substitution with the 

consequent inactivation of SOD2. The structure of the complex that we proposed 

(Figure 2.19), in which the iron-binding region of FXN is exposed to the solution 

and does not block the active site of SOD2, could be in line with both hypotheses. 

In conclusion, the results obtained in the second part of this work through the 

combination of SDSL-EPR, fluorescence and molecular docking prove that 

mature human FXN interacts with human SOD2 in vitro. Considering the 

increasing amount of evidence that both proteins are present in the region 

around the respiratory chain complexes and that iron interacts with both, we 

deem that the observed interaction deserves additional investigations to better 

frame it in the context of the uncertain physiological role of FXN and of the 

molecular mechanisms of FRDA. 
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Abstract: Hydrogen production in nature is performed by hydrogenases. Among them,

[FeFe]-hydrogenases have a peculiar active site, named H-cluster, that is made of two parts,

synthesized in different pathways. The cubane sub-cluster requires the normal iron-sulfur cluster

maturation machinery. The [2Fe] sub-cluster instead requires a dedicated set of maturase proteins,

HydE, HydF, and HydG that work to assemble the cluster and deliver it to the apo-hydrogenase.

In particular, the delivery is performed by HydF. In this review, we will perform an overview of the

latest knowledge on the maturation machinery of the H-cluster, focusing in particular on HydF.

Keywords: hydrogenases; [FeFe]-hydrogenases; HydF; HydG; HydE; maturases

1. Introduction

Hydrogen metabolism is one of the most ancient processes of life, and today it is at the

center of growing attention in the field of bioenergy (or bio-inspired) production technologies [1–5].

Hydrogenases are the enzymes responsible for the biological production or consumption of

hydrogen in all domains, Archaea, Bacteria, and Eukarya [6,7]. They are divided into three

classes based on their metal cofactors [7,8]: [Fe]-hydrogenases [9]; [NiFe]-hydrogenases [10];

[FeFe]-hydrogenases [11]; [NiFeSe]-hydrogenases [12]. [Fe]-hydrogenases, found only in methanogenic

Archaea, are the smallest group and are restricted to a single function, they catalyze reversible

reaction of methenyltetrahydromethanopterin with H2 to methylenetetrahydromethanopterin and

H+. [NiFe]-hydrogenases are widespread among all bacteria families, including archaea, eubacteria

and cyanobacteria. [FeFe]-hydrogenases have been found in some unicellular green algae, such

as Chlamydomonas reinhardtii, as well as in strict anaerobes, fungi and protists. For the most part,

hydrogenases likely function either in recycling reduced electron carriers that accumulate during

anaerobic fermentation through proton reduction or in coupling H2 oxidation to energy yielding

processes. Indeed, both [NiFe]- and [FeFe]-hydrogenases catalyze the reversible conversion of protons

into hydrogen 2H+ +2e− ⇋ H2 in conditions of strict anaerobiosis; [FeFe]-hydrogenases are usually

involved in the forward reaction, while [NiFe]-hydrogenases in the backward reaction, although there

are a number of exceptions [13,14]. Both classes of enzymes are oxygen sensitive, and hydrogen

production is strongly inhibited by aerobic conditions, whereas [FeFe]-hydrogenases are irreversibly

inactivated during catalysis by trace amounts of O2, in most cases [NiFe]-hydrogenases react reversibly

with O2, giving rise to a mixture of inactivated states [15–18]. This sensitivity to molecular oxygen is

one of the most critical drawbacks that have seriously limited the use of recombinant hydrogenases as
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biotechnological tools so far, and several recent studies aim at overcoming this problem from different

angles [2,19–21]. In fact, growing interest in exploiting particularly robust and more O2-tolerant

enzymes has become a major driving force for understanding the hydrogenases biogenesis and

catalytic mechanisms, in vivo and in vitro. An additional problem for potential technical applications

of biomimetic catalysis aimed at H2 production by artificial hydrogenases is linked to the synthesis of

their active site in a functional form [22,23]: recent advances have shown that in vitro activation of

the recombinant enzymes using synthetic precursors is feasible [24]. It is worth noting that among

all hydrogenases, [FeFe]-hydrogenases (HydA) show an unsurpassed H2 release activity of up to

8.000 µmol H2 min−1 mg−1 [25]: this efficiency is based on the unique and peculiar design of the

cofactor responsible for their catalytic activity, the so-called H-cluster, which requires a dedicated

protein machinery to be assembled [26]. As discussed in detail below, to date this maturation pathway

is still incompletely characterized. Figure 1 shows that this site is a complex organometallic center

composed of two halves, a standard cubane (called [4Fe-4S]H) anchored to the protein backbone via

four cysteine residues, one of which acts as the linker for the other half, a complex cluster (called

[2Fe]H) in which two Fe atoms are coordinated each by a CO and a CN− and bridged by a third

CO and an aza-dithiolate moiety, the nature of which had been long debated [27,28]. As soon as

structural and functional details of the [FeFe]-hydrogenases active site were known, production of

bioinspired catalysts for hydrogen production became a major goal in the field and this prompted

the molecular studies of the H-cluster assembly. As for other FeS-proteins, the maturation process

allowing the assembly of the H-cluster follows some basic common biosynthetic rules (reviewed

in [29]), and can be divided in two main coordinated steps, i.e., the synthesis of a cluster precursor on a

scaffold protein and the accurate delivery of this precursors to the target apoprotein, which culminates

with its assembly into the polypeptide chain. The biosynthesis of the H-cluster is further complicated

by the existence of the unusual non-protein ligands, CO, CN− and dithiolate, and by its composite

double iron, unique in nature. It is not surprising that, whereas several systems for the biogenesis of

more conventional [4Fe-4S] and [2Fe-2S] clusters have been thoroughly characterized in bacteria as

well as in different eukaryotic intracellular compartments [29], despite crucial advancements made in

recent years, important gaps remain in the understanding of the molecular pathway leading to the

assembly of the [FeFe]-hydrogenase H-cluster, and eventually allowing the enzyme activation. Three

highly conserved proteins, at first found in C. reinhardtii and then in all microorganisms containing a

[FeFe]-hydrogenase [30], have been shown to form the minimal synthetic machinery for the assembly

of this site: HydE, HydG and HydF. Based on several in vitro experimental evidences, it has been

proposed that the whole HydE/HydF/HydG maturation machinery would be dedicated to the

synthesis and insertion of the [2Fe] subcluster, with its ligands, into a hydrogenase containing a

[4Fe-4S] unit that would be performed by a housekeeping FeS clusters biogenesis system [31]. In fact,

the division of the H-cluster in two sub-clusters is also reflected by their different synthetic paths:

[4Fe-4S]H is assembled and inserted into the hydrogenase by the general iron-sulfur clusters assembly

machinery in a first step, while the [2Fe]H is assembled by the three specific maturase proteins,

as outlined in Figure 1 [30,32,33]. All three maturases are essential for the maturation of HydA,

as shown by the lack of hydrogen production in the absence of one of the three proteins [30,34]. HydF

is a homodimeric GTPase belonging to the family of the P-loop NTPases [35] and containing a FeS

cluster binding consensus sequence [30], and is the core of the H-cluster biogenesis pathway, since

it plays a dual role in the maturation process acting as scaffold upon which the final form of the

[2Fe]H cluster is assembled and as carrier to insert it into the hydrogenase [36,37]. HydG and HydE,

both monomeric radical-SAM (S-adenosyl-L-methionine) proteins, synthesize different parts of the

H-cluster and interact with HydF to assemble it. While many details of these maturation proteins

have been elucidated in recent years, the exact sequence of events and intermediates of the maturation

process is still unknown.
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Figure 1. Scheme of the maturation process of the [2Fe]H sub-cluster of [FeFe] hydrogenase. On the

left side, we show the structures and active sites of the enzymes involved in the maturation: purple,

HydG from T. italicus (pdb.id 4WCX) with the first active site, the SAM cluster on top, and the second

active site on the bottom; pink, HydE from T. maritima (pdb.id 3CIW); blue, HydF) from T. melaniensis

(pdb.id 5KH0); green, HydA, from C. reinhardtii (pdb.id 3LX4), without the complete active site.

On the right side, a more detailed scheme of the reactions involved in the process. The enzymes

are indicated as squares (the color scheme is conserved); the products of the enzymes are shown

as ovals of the same color of the enzymes producing them. Some relevant chemical structures are

reported, from top to bottom: the synthon; the [2Fe]F cluster; the [2Fe]H cluster; and the active site

of the holo-HydA with the full H-cluster. The question mark denotes unknown substrates/products;

the asterisk denotes the attachment point of the [2Fe]F sub cluster to HydF. For the acronyms, please

refer to the abbreviation section.

The principal methods that have been used to characterize hydrogenases and their active sites

are crystallography, fourier-transform infrared spectroscopy (FT-IR), electron paramagnetic resonance

spectroscopy (EPR). Crystallography beside providing the molecular structures of the enzymes, also

helped in the identification of the molecular mechanisms through co-crystallization experiments

with putative substrates. However, most of the information on the mechanisms of action of the

hydrogenases and on their maturation process, has been obtained through spectroscopic methods,

mainly EPR methodologies and FT-IR, often coupled together. Conventional EPR spectroscopy

(i.e., continuous-wave EPR) provides a wealth of information on FeS clusters of the enzymes: different

kinds of FeS clusters have different EPR spectra. Additionally, since EPR is only sensitive to

paramagnetic states, it can help to define the oxidation state of the metal centers in different conditions.

When coupled to isotopic labeling or mutagenesis experiments, pulsed EPR methods allow to identify

the residues bound to the metal centers of the active site in the different functional states through the

detection of the electron-nuclei hyperfine coupling. Finally, EPR has been coupled to the site-directed

spin labeling method (SDSL) to study the changes in structure and dynamics of the enzymes in solution.

FT-IR resulted to be unique in its ability to differentiate both the nature of the H-cluster ligands, and

their mode of binding. By a careful analysis of the molecular stretching modes, the CO and CN−
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ligands and their orientation have been defined. In addition, the stretching modes sensitive to the iron

oxidation state have allowed to identify the EPR-silent cluster states.

In this work, we will review the updated knowledge on the maturation machinery of the H-cluster,

highlighting the questions that are still open, focusing in particular on the structure and catalytic

mechanisms of HydF. A first section will be devoted to the individual enzymes and a second one to

the discussion of the overall process.

2. The maturases

2.1. HydE

HydE is the least characterized of the three maturation enzymes, while its structure has been

solved and HydE has been assigned to the radical SAM superfamily of enzymes, its substrates and

products are still uncertain. While the exact role of HydE in the maturation process is not well-defined,

it has been suggested to provide the bridging di (thiomethyl) amine ligand of the H cluster [38].

The structure of HydE has been solved only for the enzyme from Thermotoga maritima (pdb.id

3CIW) [39], see Figure 2. HydE from T. maritima adopts a distorted triose-phosphate isomerase

(TIM)-barrel fold, where 8 α-helices and 8 parallel β-strands (shown in dark pink and green,

respectively, in Figure 2) alternate along the peptide backbone, these last forming a large internal

cavity where a molecule of SAM and additional substrates can be accommodated. Relative to the

standard TIM-barrel fold, HydE has additional helices at the N-terminus and an additional strand at

the C-terminus (shown in pale pink and dark blue, respectively, in Figure 2). The protein hosts one

[4Fe-4S] cluster in the N-terminal part which is highly conserved and has been identified as the active

site; this cluster faces the internal cavity of the enzyme, and it is coordinated by a SAM molecule in the

crystal structure. A secondary [FeS] cluster binding site is present, about 2 nm away from the SAM

cluster, but this secondary site does not seem to be essential for the maturation process, the cysteines of

the secondary site are shown as spheres in Figure 2. The stoichiometry of the secondary cluster is not

exactly defined in the crystal structures, varying from [2Fe-2S] to [4Fe-4S] [40], and EPR spectroscopy

data have shown that full cluster reconstitution leads to two [4Fe-4S] clusters in the enzyme [38].

Figure 2. HydE (pdb.id 3CIW) from T. maritima. Left, cartoon representation of the protein, showing

the protein from the top of the internal cavity. In magenta (helix) and green (strand) the TIM-barrel

fold; in pale pink the N-terminal helices; in dark blue (on the other side of the protein) the C-terminal

loop; in light blue the putative “lid” region governing the access to the active site; the [4Fe-4S] cluster

forming the active site is in sphere representation; and the cysteine residues not binding the cluster are

also in sphere representation. Right, same view as before but with the surface shown: the accesses to

the internal cavity are in the center of the light blue zone and close to the two cysteines as shown by

the red arrow.
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Based on the crystal structure, the access to the internal cavity has been hypothesized to be

regulated by a region of the protein directly above the active site, a loop-helix-loop structure acting as

a “lid” (shown in light blue in Figure 2) with a strictly conserved aromatic motif, YXXY. The protein

surface on this region shows one main access point in the “lid” region and a second one that is open

in the absence of the secondary cluster (indicated by the red arrow in Figure 2). Both accesses are

narrow, but, combined with dynamic conformational fluctuations of the protein in solution, could

allow substrates and products to diffuse to the active site. A third access to the internal cavity, closed

in the static protein structure, rests on the other side of the cavity relative to the active site, covered by

the C-terminal loop.

While it is certain that the dithiolate bridge comes from HydE, the exact substrates and products

of HydE are unknown. HydE belongs, like HydG, to the radical SAM superfamily of enzymes, which

perform a homolytic cleavage of the C5′–Sδ bond of SAM at a [4Fe-4S] cluster, to yield a reactive

5′-deoxyadenosyl radical species (5′-dA•), used to usually extract a hydrogen atom from a substrate,

thus generating a highly reactive carbon centered radical which is used in further synthetic steps.

At variance with the general mechanism, it has been shown that HydE can react directly on a sulfur

atom to form a C-S bond without passing through the hydrogen abstraction [41]. However, without

knowledge of the actual substrate, it is unclear if this unusual reaction is part of the physiological

mechanism involved in the maturation process. Nevertheless, it has been suggested that the substrate

of HydE contains a thiol functional group [38]. Additionally, the SAM chemistry is performed on the

main cluster, but the role of the secondary, less conserved, cluster in the function of the enzyme is

still unknown.

2.2. HydG

HydG has been well-characterized, its crystal structure has been solved for different organisms

and its function has been recently established in detail. HydG, belonging as HydE to the radical-SAM

superfamily, is a bifunctional enzyme performing the synthesis of a Fe-containing complex with CO

and CN− ligands that acts as a synthon of the [2Fe]H cluster.

The structure of HydG has been solved for two organisms, Carboxydothermus hydrogenoformans

(pdb.id 4RTB) [42] and Thermoanaerobacter italicus (pdb.id 4WCX) [43], the latter shown in Figure 3.

HydG, similarly to HydE, has a distorted TIM-barrel fold, 8 α-helices and 8 β-strands (shown in dark

pink and green, respectively, in Figure 3), with additional helical domains at the N-terminus and

C-terminus (about 80 amino acids long, shown in pale pink and dark blue, respectively, in Figure 3).

It has a large internal cavity at the edge of which two distinct active sites, both iron-sulfur clusters, are

present. The first is a [4Fe-4S] cluster with the conserved structural motif of a radical-SAM active site,

and it is located at the top of the cavity of the TIM-barrel fold. The second site is a peculiar [4Fe-4S]

cluster bridged by a µ2 sulfide ion (or a non-proteic Cys) to a labile dangling Fe atom, and it is located

at the bottom of the TIM-barrel cavity about 2.4 nm away from the first cluster, bound to the additional

helical domain at the C-terminus. The second cluster is the site at which a Fe(CO)2CN synthon is

assembled (see the next paragraph). The internal cavity of HydG is connected to the protein surface by

a channel through which the products and substrates are thought to diffuse, shaded in light blue in

Figure 3. The opening/closing of the channel located at the top of the cavity, close to the SAM active

site, is thought to be governed by a loop region with a conserved Arg residue that partakes in Tyr

binding, and is analogous to Streptomyces actuosus tryptophan lyase [42,43].
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Figure 3. HydG (pdb.id 4WCX) from T. italicus. Left, cartoon representation of the protein, in the figure

we show the protein from the top of the internal cavity. In magenta (helix) and green (strand) the

TIM-barrel fold; in pale pink the N-terminal helices; in dark blue (on the other side of the protein) the

C-terminal domain; and the [4Fe-4S] and [5Fe-4S] clusters forming the two active sites at the opposite

sides of the cavity are in sphere representation. Right, a rotated view of the protein with the surface

shown: the access to the internal cavity is in the center shaded in light blue.

HydG has long been recognized to provide the CO and CN− ligands of the [2Fe]H cluster. Recently,

mostly through a combination of isotopic labeling and pulsed EPR experiments the role of HydG in

the maturation pathway has been further expanded [41,44–47]: it has been shown to synthesize the

synthon of the [2Fe]H cluster, a low-spin iron complex, Fe(CO)2(CN)Cys. The assembly of the synthon

is a multi-step process involving both active sites of the enzyme. The first active site utilizes the

radical-SAM mechanism similarly to HydE (see above) to cleave a tyrosine into p-cresol, one molecule

of CO, and one of CN− via a dehydroglycine intermediate. p-cresol migrates out of the protein cavity

following the opening of the active site, while the other products migrate to the bottom of the cavity at

the second active site. The second active site assembles the synthon: the dangling Fe atom, initially

coordinated by a free cysteine, water, and histidine from the backbone, is coordinated by two CO and

one CN− produced at the first active site while the second CN− cleaves the formed synthon from the

[4Fe-4S] cluster. Note that in the proposed mechanism the stoichiometry of the overall formation of

the synthon involves the conversion of two molecules of tyrosine at the first site to produce all the

necessary ligands.

2.3. HydF

HydF holds a central role in the maturation pathway, but while its homodimeric structure has

been crystallized, and its dual role, as a scaffold upon which the [2Fe]H cluster is assembled and carrier

of the cluster into the apo-HydA, is universally recognized, a detailed knowledge of its mechanisms of

action is still missing.
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The structure of a recombinant HydF from Thermotoga neapolitana (pdb.id 3QQ5) has been solved

without the [4Fe-4S] cluster [48], which is known to be part of the holo-protein as derived by EPR of

the protein in solution-state [37,49–55], and more recently complete with the cluster from Thermosipho

melaniensis (pdb.id 5KH0, used for Figure 4) and from T. maritima (pdb.id 5LAD) [56]. HydF is a

homodimeric protein with three domains per monomer. The N-terminus holds the GTPase domain,

the central domain is the dimerization domain, and the C-terminus holds the [4Fe-4S] cluster-binding

domain. While HydE and HydG are globular, the homodimeric structure of HydF adopts an open

fold with a skewed inverted V shape, with the two GTPase domains located at the outermost part of

the dimer and twisting away from the plane formed by the other two domains (as shown in Figure 4).

This fold creates a large open “cavity” just below the dimerization interface with the active [4Fe-4S]

cluster site of each monomer in its center. The cluster is solvent-exposed as befits an active site that

needs to interact with several different proteins, as shown in Figure 4.

Figure 4. Top, HydF (pdb.id 5KH0) from T. melaniensis viewed from three angles (bottom of the cavity,

and two views of the sides rotated 90◦ one relative to the other). To highlight the homodimeric assembly

of the protein only one monomer has been colored according to secondary structure: in magenta the

α-helices, in green the β-strands, the [4Fe-4S] cluster is in sphere representation. Bottom, reconstruction

of the whole protein structure in the absence of GTP based on HydF from T. melaniensis (see text)

including the missing amino-acid stretches. The left monomer has the reconstructed stretches colored

in purple (switch 1 region) and dark orange (switch 2 region). The right monomer has been colored

to highlight the three protein domains: GTPase domain in orange, dimerization domain in blue, and

cluster-binding domain in green.
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2.3.1. GTPase Domain

The GTPase domain at the N-terminus (orange in Figure 4), is the least resolved in the crystal

structures, it has high B factors, and is not stabilized in the crystal by direct contact with other

molecules [56]. Its fold is similar to that of other GTPases: six β-strands, five parallel and one

anti-parallel, assemble into a large sheet, with three α-helices flanking this sheet on one side and

two α-helices on the other. Recently, through sequence and structure analysis, it has been shown

that the GTPase domain has a high homology to analogous domains of other small K+-dependent

GTPases, and as such it should act as a molecular switch triggering a conformational change [57].

Two regions have been identified as switch regions: switch 1 (residues 31–46, located directly above

the nucleotide binding site) not solved in any crystal structure, and switch 2 (residues 68–86), solved

only for HydF from T. neapolitana. Switch 1 is the most conserved in function and sequence among

different K+-dependent GTPases. Upon GTP binding, the switch 1 region of K+-dependent GTPases

exhibits a change from a β-sheet to a structured loop region with specific interactions with K+ and

Mg2+ ions mediated by conserved Asn residues [58]. This structural change is highly conserved, and

likely adopted by HydF as well. On the other hand, the switch 2 region, which in HydF comprises a

loop ending in an α-helix, has a high variability among the proteins belonging to different species and

thus the structure adopted by HydF in the presence of GTP is not easily predicted starting from that

resolved in the absence of GTP. Based on these considerations, we here present a model of the whole

protein in the absence of GTP constructed with the UCSF Chimera package [59]. The model is based

on the structure of HydF from T. melaniensis, pdb.id 5KH0, on top of which the two switch regions

have been modeled. The switch 2 region was taken from the structure from HydF from T. neapolitana

(pdb.id 3QQ5) where it is resolved. The switch 1 region was taken from the GDP-bound soluble

N-terminal domain of FeoB from Streptococcus thermophilus (pdb.id 3LX8), a membrane protein that

imports Fe2+ [60], taken as the reference structure of a K+-activated GTPase. The two reconstructed

regions are highlighted in Figure 4 (bottom): switch 1 (residues 31–46) in purple and switch 2 (residues

68–86) in dark orange.

2.3.2. Dimerization Domain

The second domain in the sequence is responsible for the formation of the HydF dimer (blue in

Figure 4). An extended stretch of residues, about thirteen amino-acids long, connects the dimerization

to the GTPase domain. The domain is composed of four parallel β-strands and three α-helices.

The four-stranded parallel β-sheets of each monomer are coupled in an antiparallel way to form a

continuous eight-stranded β-sheet. Additional stabilization comes from the interactions between

the neighboring α-helices and the loop regions, to a degree that depends on the species. Note that,

so far, it is not clear why HydF needs to be dimeric to partake in cluster maturation, since a single

[4Fe-4S] cluster is potentially sufficient to anchor the [2Fe]H cluster. On the other hand, a close look

at the HydF structure indicates that the total buried surface due to the dimerization is large enough

to support the existence of a stable physiological dimer, which assumes a sort of left-handed helical

shape leaving both the putative FeS cluster and GTP-binding sites exposed to the solvent and giving

a large protein surface for contacts with possible partners, such as the other two maturases and/or

the apo-[FeFe]-hydrogenase. Thus, the dimer could be essential to provide the central open cavity to

bind alternatively HydE, HydG, or the domain of HydA containing the H-cluster. This issue will be

discussed in greater detail below.
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2.3.3. Cluster Binding Domain

The C-terminal domain hosts the putative enzyme active site, where the [4Fe-4S] cluster is

predicted to act as an anchor for the [2Fe]H assembly and delivery (green in Figure 4). The domain

is composed of four β-strands and five α-helices arranged in a complex way to bring the three

highly conserved Cys residues belonging to the highly conserved iron-sulfur cluster-binding motif

(CxHx46-53HCxxC) spatially close [48,56]. Site-specific mutagenesis analysis coupled to EPR

spectroscopy have shown that while cysteine residues are essential for the cluster assembly of

HydF, the conserved histidines are not, and do not belong to the cluster coordination sphere [52].

However, the histidines are essential for the [2Fe]H cluster assembly, possibly partaking in this

process via hydrogen bonding to the synthons. The crystal structure of HydF from T. melaniensis

revealed that the fourth ligand of the cluster in the absence of the synthon comes from a highly

conserved acidic residue (Glu in this organism) coordinating via the carboxylate [56]. HYSCORE

spectroscopy studies had already shown that the fourth ligand is an oxygen in a variety of organisms

and that this ligand is easily exchangeable, as expected since the fourth position is the one where the

[2Fe]H cluster is anchored [52,54,55]; to date, the only known exception coming from the cluster of

Clostridium acetobutylicum, where a nitrogen was found, however the possibility that the His-tag at

the N-terminus of the recombinant protein, which is located spatially close to the cluster, interferes

with the natural coordination must be taken into account. The putative binding pocket of the [2Fe]H

cluster is located in a cleft at the interface between the second and third domains and is characterized

by a positively charged surface. The loop that holds the fourth ligand likely changes conformation

upon de-coordination of the acidic residue for the binding of the synthon, a model has been proposed

comparing the two existing crystal structures, with and without the cluster [56].

In addition to the [4Fe-4S] cluster, there is evidence from EPR spectroscopy that as-isolated and

chemically reconstituted HydF can also host a [2Fe-2S] cluster [61–65], which is otherwise lacking

in all solved HydF crystal structures [48,56]. Given this discrepancy, it is still unclear whether the

presence of a [2Fe-2S] cluster represents a physiological state, a state of partial cluster maturation, or

simply arises from an incomplete reconstitution due to the in vitro conditions. Since there are no other

binding motifs in HydF, and its relaxation properties suggest that the [2Fe-2S] cluster is located at least

2.5 nm away from the main cluster, it is likely bound in the same binding site in a different monomer,

with a mixed occupancy of the sites in the two monomers, or a subset of proteins binding only a single

type of cluster [62]. Finally, while there is a consensus about the role of the [4Fe-4S] cluster as the

anchor for the [2Fe]H cluster, the role of [2Fe-2S] cluster is completely undefined.

The role of HydF as a scaffold and carrier in the maturation process is widely accepted based

on both structural and functional studies [24,36,48,66], but several unclear points on its function are

still present.

2.3.4. Tetrameric Form

HydF adopts in the crystal structures and in the purification process a tetrameric form (or more

precisely forms a dimer of dimers), less abundant than the native dimeric form. The quaternary

structure of the tetramer is uncertain since in the three available crystal structures the tetrameric

assembly differs greatly and it is likely influenced by the crystal packing [56]. It is possible to separate

the two forms in the recombinant protein via chromatographic methods, but the dimer and tetramer

are in dynamic equilibrium [64]. A regulatory role has been attributed to the tetrameric form of HydF,

acting as a switched-off state of the enzyme, since the tetrameric fractions are much less active in

assembling the cluster [62].
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2.3.5. [2Fe]H Cluster Precursor

In a recent work [65], the precursor to the [2Fe]H cluster present in HydF (called [2Fe]F cluster)

has been suggested to be structurally different from the one present in HydA, based on FT-IR data

(see Figure 1 for its structure). [2Fe]F has not been detected by EPR spectroscopy suggesting it is

diamagnetic. The [2Fe]F cluster form is coordinatively saturated and bridged to the [4Fe-4S] cluster of

HydF by a cyanide ligand. Relative to the [2Fe]H cluster, the [2Fe]F cluster would lack the bridging CO

molecule and the relative orientation of the CO and CN- ligands relative to the dithiolate bridge is

different, see Figure 1. Another difference that has been highlighted is the different redox state of the

sub clusters, which would imply that the [4Fe-4S] cluster of HydF might be redox active and involved

in the change of the redox state going from [2Fe]F to [2Fe]H, a step that might play a role in the transfer

of the cluster to HydA.

2.3.6. Role of the GTPase Domain

Site-specific mutagenesis analysis revealed that the HydF GTPase consensus motifs are essential

for the [FeFe]-hydrogenase maturation and activation [34,66]. NTPases are commonly involved in

the assembly of metal cofactors of FeS proteins [67], mediating either the metal delivery to the active

site or the transfer of the whole cluster to the target apoprotein. Experimental evidences excluded

a role of HydF GTPase activity in the transfer of H-cluster precursor to the [FeFe]-hydrogenase [68],

and an involvement of the GTPase domain in the interaction with the two other maturases has been

suggested [66,68]. As reported above, the HydF crystal structures showed that this domain includes a

flexible loop region which could rearrange upon GTP binding, thus facilitating the interaction with

the maturation partners (see next paragraph). The changes in structure and backbone dynamics in

the presence of GTP were investigated by EPR spectroscopy coupled to site-directed spin labeling

(SDSL) and CD spectroscopy both in the full enzyme [57] and in the isolated domain [69]. EPR spectra

in the presence of non-hydrolysable analogues and transition state mimics of GTP showed that GTP

binding, and not its hydrolysis, triggers the switch. The binding of GTP causes a change in backbone

dynamics diffused throughout the whole protein (Figure 5): the largest changes are in the GTPase

domain (S38, V71, R88), at the interface between the GTPase and cluster-binding domain (D340),

or between the GTPase and dimerization domains (I175), while they are nonexistent in the core of

dimerization domain proper (V261). All buried residues that were labeled do not change spectra upon

GTP addition, suggesting that they do not get exposed irrespective of the domain (A89, T164, L341).

DEER (Double Electron-Electron Resonance) experiments, measuring the distances between couples

of spin labels, carried on double mutants of the isolated domain [69] and in the full enzyme [57]

showed that neither the folding of the GTPase domain nor the dimeric quaternary structure are largely

altered by GTP addition. The secondary structure changes in the whole enzyme evidenced by CD

spectroscopy were modest, showing that the overall folding does not change. Taken together, all these

results suggest that GTP binding induces local conformational changes in the domain and changes in

protein backbone dynamics that radiate to the active site. These subtle changes in conformation and

backbone dynamics likely play a key role in the regulation of the interaction with the other maturases

and/or hydrogenase. Intriguingly, it has been reported that the presence of GTP affects the EPR

spectral properties of the HydF [4Fe-4S] cluster [68], suggesting a communication between the GTPase

domain and the FeS cluster domain. Thus, another possibility is that the GTP-induced conformational

switches could instead modulate the coordination and orientation of the [4Fe-4S] cluster, switching

from the four-coordination state with the carboxylate bound to a three-coordination states ready to

bind the [2Fe]H precursors. Further work is needed to have more information on the actual mechanism.
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Figure 5. Top. The structure of HydF from T. neapolitana (pdb.id 3QQ5) with the mutated labeling sites

highlighted in the same color of the domain they are located in (orange, GTPase; blue, dimerization;

green, cluster binding). Bottom. EPR spectra (zoom of the low field region) of HydF from T. neapolitana

spin labelled at the indicated positions: black, the spectra in the absence of GTP; colored lines, the

spectra in the presence of GTP. The figure is based on the results reported in reference [57].

3. The Overall Process

The function of the individual maturases has been the object of extended work, and in the last

few years the knowledge of HydG and HydF proteins has significantly progressed. Quite lacking,

on the contrary, is the knowledge of the interactions between the different maturases, the sequence of

individual steps, and both the stoichiometry and the regulatory mechanisms of the overall process.

Due to the multistep nature of the molecular pathway leading to the [FeFe]-hydrogenase maturation

described above, a close and coordinate network of protein interactions between several partners must

be achieved. The structural features and the dynamic behavior of HydF as scaffold and carrier assign
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to this protein a key role along the entire [FeFe]-hydrogenase maturation pathway and indicate its

capability to establish functional interaction with all the players of this process. These binding events

were at first inferred from co-purification of HydE and HydG with HydF [36] and then confirmed

and quantified in vitro through a combination of Surface Plasmon Resonance and co-purification

experiments using recombinant proteins from C. acetobutylicum [66]. The dissociation constants of

HydE and HydG interacting with HydF have been determined both in the absence and in the presence

of a non-hydrolysable GTP analogue. The study showed that HydE has a ten times higher affinity for

HydF than HydG, both with and without GTP, and that HydG cannot interact with HydF if HydE is

bound to it. This suggests that the interactions of HydE and HydG with the HydF scaffold are distinct

events occurring in a precise functional order and would be fully consistent with the model proposed

below. Nevertheless, the dissociation constants are relatively high, implying that the interaction of

HydF with the other maturases is not very strong, as expected for a protein that acts as a scaffold for

up to three other proteins (HydG, HydE, HydA). The role of GTP binding is less clear: while both

proteins have slightly higher affinity for HydF when GTP is present, the difference is less than an

order of magnitude. Together with the other assays used in the work, the authors suggested that

HydE and HydG bind separately to HydF and not cooperatively, thereby ruling out the possibility of a

ternary complex [66]. It is still unknown, however, if there is an interaction between HydG and HydE

occurring before either interacts with HydF.

Since no direct evidence of the role of the cavity formed by the dimeric structure of HydF as

the protein-protein interaction interface has been obtained so far, we used rigid-body molecular

docking to test this hypothesis, which is relevant for the discussion of the overall maturation pathway.

To perform the docking procedure, we docked together proteins from different organisms since there is

no common organism for which all structures have been obtained. Note that performing the docking

simulations of proteins from different organisms is meaningful since it has been shown that mixing

maturases and HydA of different species still yields a functional hydrogenase [70]. For HydF, we used

the reconstructed structure from T. melaniensis described above. Then, we chose the structures of the

maturases for which the primary sequence had the highest homology with HydF from T. melaniensis:

for HydE, the structure from T. maritima (pdb.id 3CIW) and for HydG, the structure from T. italicus

(pdb.id 4WCX). For HydA, we chose the structure from C. reinhardtii (pdb.id 3LX4), since it has

the smallest complete hydrogenase domain of the available structures. The soft rigid-body docking

procedure, adapted from [71], was performed using the webservers of both PatchDock [72] (in tandem

FireDock [73]) and ZDOCK [74]. The full results of these simulations will be further refined and

presented in a future work, we here report the preliminary results of our analysis in Figure 6, where we

chose three docking poses that show that indeed HydE, HydG, and HydA are all able to dock in the

“cavity” formed by the dimer of HydF. However, these are rigid body docking simulations, dynamics

are not accounted for, and some physiologically relevant docking poses, resulting from different

conformations of flexible structural elements, might be lost. Additionally, we used the structure of

HydF in the absence of GTP, and since the full structural changes induced by GTP binding are not

known, the results might be very different in the GTP-bound state.

Based on the evidence gathered so far, we propose two speculative models of the overall process

that are schematically shown in Figure 7. These models provide for a central role of HydF that receives

all parts of the cluster and assembles them, with separate binding events of HydG and HydE. As shown

in Figure 1, the overall maturation of the [2Fe]H cluster implies a stoichiometry for the maturases

that depends on the protein: HydG needs four turnovers at the first active site and two at the second

site to produce the two synthons necessary for the complete cluster, while only a single turnover is

expected to be necessary for the formation of the dithiolate bridge by HydE. It seems unlikely that the

reactive dithiolate bridge is delivered to HydF before a synthon is bound, therefore it is reasonable

that the first step (Figure 7A) always involves the binding of HydG to HydF and the delivery of a

synthon. The synthon could easily bind to the [4Fe-4S] cluster of HydF via the cyanide ligand like in

the complete [2Fe]F structure. It has to be noted that the only access to the inner cavity of HydG is
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the single channel on top of the cavity, where both substrate and products are thought to pass, and

therefore the access to the active site of HydG would be sterically impossible when it is bound to

HydF. Then, the synthesis and delivery of the second synthon imply a dissociation and re-association

of HydG. Following the binding of the first synthon two possibilities exist: (1) HydE delivers the

dithiolate bridge (Figure 7B) before a second HydG comes to deliver the second synthon to the partially

formed [2Fe]F cluster (Figure 7C); and (2) HydG binds to deliver the second synthon (Figure 7D) before

HydE comes in to clip the two synthons together via the dithiolate bridge (Figure 7E). In the latter case,

the second synthon could either be attached to the to the first one, implying a rearrangement of the

ligands, or it could be delivered to the empty [4Fe-4S] cluster of the other HydF monomer and then

coupled by HydE. The presence of two individual synthons in the two monomers of HydF is attractive,

since it would provide another justification for its homo-dimeric structure besides the presence of the

central cavity where the other maturases could dock. In both cases additional regulatory mechanisms,

i.e., GTP binding, changes in protein backbone dynamics, and/or a conformational change of the

cluster region following the binding of the first synthon, must modulate the binding affinity of the

other maturases to HydF.

A further alternative mechanism would provide for HydG and HydE to interact first, assembling

the whole [2Fe] sub-cluster possibly making use of the secondary cluster binding motif of HydE. Then,

HydE would deliver the complete cluster to HydF. We performed docking simulations on a possible

HydG-HydE complex, but the results do not show any preferential binding interface between the two

proteins. However, this mechanism cannot be excluded, and experiments on HydE-HydG binding

affinity would be needed to verify this hypothesis.

Figure 6. Molecular docking of reconstructed HydF from T. melaniensis (monomers in blue and grey)

with: left, HydE (pink) from T. maritima (pdb.id 3CIW); center, HydG (purple) from T. italicus (pdb.id

4WCX); right, HydA (green) from C. reinhardtii (pdb.id 3LX4). Top and bottom show two views of the

same docking pose rotated by 90◦. All proteins show the active FeS clusters in sphere representation.
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Figure 7. Possible sequence of events leading to the [2Fe]H cluster assembly. In this hypothesis, HydG

(purple) and HydE (pink) bind to HydF (blue) in separate steps. For the description of the steps please

refer to the text. The cavities of HydE and HydG are shown schematically in black lines with the inner

cavities outlined and the putative access points shown; yellow squares, [4Fe-4S] clusters; yellow dots,

the cysteines of HydE; orange dot, the labile iron in HydG; purple dots, the synthon; pink rectangle,

the dithiolate bridge.
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Abbreviations

EPR Electron Paramagnetic Resonance

GTP Guanosine-5′-Triphosphate

GDP Guanosine-5′-Diphosphate

SAM S-adenosyl-L-Methionine

TIM Triose-Phosphate Isomerase

DHG Dehydroglycine

dAdoH 5′- Deoxyadenosine

4OB• 4-Oxidobenzyl Radical
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A B S T R A C T

The neurodegenerative disease Friedreich ataxia results from a deficiency of frataxin, a mitochondrial protein.
Most patients have a GAA expansion in the first intron of both alleles of frataxin gene, whereas a minority of
them are heterozygous for the expansion and contain a mutation in the other allele. Frataxin has been claimed to
participate in iron homeostasis and biosynthesis of FeS clusters, however its role in both pathways is not un-
equivocally defined. In this work we combined different advanced spectroscopic analyses to explore the iron-
binding properties of human frataxin, as isolated and at the FeS clusters assembly machinery. For the first time
we used EPR spectroscopy to address this key issue providing clear evidence of the formation of a complex with a
low symmetry coordination of the metal ion. By 2D NMR, we confirmed that iron can be bound in both oxidation
states, a controversial issue, and, in addition, we were able to point out a transient interaction of frataxin with a
N-terminal 6his-tagged variant of ISCU, the scaffold protein of the FeS clusters assembly machinery. To obtain
insights on structure/function relationships relevant to understand the disease molecular mechanism(s), we
extended our studies to four clinical frataxin mutants. All variants showed a moderate to strong impairment in
their ability to activate the FeS cluster assembly machinery in vitro, while keeping the same iron-binding features
of the wild type protein. This supports the multifunctional nature of frataxin and the complex biochemical
consequences of its mutations.

1. Introduction

Frataxin (FXN) is a small highly conserved protein, found in both
prokaryotic and eukaryotic organisms [1,2], that was originally iden-
tified based on its link to Friedreich ataxia (FRDA; OMIM 229300), a
neurodegenerative disease caused by an abnormal expansion of a GAA
repeat in the first intron of the FXN gene, leading to a severe deficiency
of the protein [3,4]. FRDA is the most common inherited form of ataxia,
clinically characterized by a progressive limb and gait ataxia, diabetes
mellitus and hypertrophic cardiomyopathy, which is the main cause of
death [5]. Although the majority of FRDA patients (i.e.>95%) are
homozygous for the GAA expansion, a small but significant proportion
of them (i.e. around 4%) are compound heterozygous for the expansion

on one FXN allele and for a mutation on the other, including nonsense,
missense, insertion and deletions [6,7]. To date, out of the 40 reported
pathogenic variants of FXN, at least 20 different point mutations have
been described, and it is worth noting that all clinically important
mutations described in heterozygous FRDA patients affect highly con-
served residues [6]. These patients present either the classical FRDA
phenotype or an atypical, less severe clinical picture [6,8]. Contrary to
the homozygous GAA expansion, which reduces FXN levels, these
missense mutations are expected to directly affect the activity and/or
structural properties of the expressed protein, as suggested by in vitro

studies using recombinant mutant proteins [9,10]. There are currently
no options to prevent or specifically treat this disease, and life ex-
pectancy of patients is reduced to ~ 40–50 years. In fact, although
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FRDA has been unequivocally associated to FXN depletion, a clear
cause-effect relationship is still elusive: the precise physiological func-
tion of the protein has not been clarified, as well as its specific con-
tribution to the pathology onset and progression of both classical and
atypical FRDA. Several potential roles have been proposed for FXN
(reviewed in [11,12]), essentially based on the structural/functional
features of the protein. Genetic and biochemical studies carried out on
several orthologues support a role of FXN as a multifunction protein
involved in different (and likely related) aspects of intracellular iron
metabolism, ranging from biogenesis of heme [13] and FeS clusters
[14], to iron binding/storage [15] and iron chaperon activity [16]. All
these possible functions of FXN are in agreement with the cardinal
downstream biochemical features of FRDA cells, i.e. an impaired mi-
tochondrial respiration, likely due to the decrease of the FeS clusters
working as electrons shuttles through the respiratory chain, associated
to iron overload and increased sensitivity to oxidative stress [17–19].
Some of these defects are probably secondary consequences of FeS
clusters assembly defects, and a large body of data supports the idea
that the complex phenotypes associated with FXN deficiency in humans
as well as in other eukaryotes reflects, at least in part, an impaired
capability to assemble these key cofactors (as reviewed in [20]). In fact,
FXN depletion is associated with multiple deficit of FeS proteins,
especially mitochondrial aconitase and respiratory chain complexes
[17] but also cytosolic enzymes [21]; this is usually accompanied by a
general dysregulation of cellular iron homeostasis, leading to mi-
tochondrial iron accumulation and cytosolic iron depletion [22,23]. It
is thus generally accepted that FXN is a mitochondrial protein involved
in iron metabolism, however whether and how it directly participates in
this pathway remains unclear and controversial.

Human FXN is a nuclear-encoded protein, ubiquitously expressed at
low levels, with the higher concentrations found in tissues strongly
dependent on respiratory metabolism, such as heart, dorsal root ganglia
sensory neurons and spinal cord [3]. It is an acidic iron-binding protein
[1], synthesized in the cytosol as a precursor of 210 amino acids and
then imported to the mitochondrion, where it undergoes to proteolytic
maturation by a two-step process leading to an intermediate form of
19 kDa (residues 42–210) and finally to a mature form of 14 kDa (re-
sidues 81–210) [24–26], which is widely accepted to be the most
abundant species both in normal individuals and in patients. Sequence
alignment of frataxins from different organisms showed two distinct
regions: i) a N-terminal block of 70–90 residues, completely absent in
prokaryotes and poorly conserved also among eukaryotes, with features
typical of intrinsically unfolded proteins, and ii) a C-terminus encom-
passing a block of about 100–200 amino acids that is highly conserved
in most organisms. The sequence identity of this region is as high as
25%, and the similarity is 40 to 70%, indicating that this is likely the
functional portion of the protein. The three-dimensional crystal struc-
ture of a recombinant human FXN has been solved [27,28] and in-
dicates that the protein has indeed a N-terminal tail (residues 81–92)
intrinsically unfolded and highly flexible, and a C-terminal domain
folded in a mixed, compact αβ-sandwich, with two α-helixes packing
against an antiparallel β-sheet. Several highly conserved residues are
buried in the protein core, consistent with a requirement for main-
tenance of a compact structure, whereas other are located either in a N-
terminal anionic patch or within the flat, conserved external surface of
the β-sheet, strongly supporting the hypothesis that these surfaces are
critical for FXN function. The highly acidic N-terminal domain, corre-
sponding to the first α-helix together with the first β-strand, has been
suggested to confer to FXN the capability to bind iron, and indeed in-
dependent NMR studies on human, yeast and bacterial frataxin homo-
logues indicated iron addition effects at or near the negatively charged
residues (aspartate and glutamate) clustered on this surface acidic ridge
[27,29–32]. On the other hand, there is still uncertainty with respect to
the iron-stoichiometry and affinities as well as type of coordination:
different constructs of human FXN were reported to bind different
Fe2+/Fe3+ equivalents per monomer, with largely discrepant

dissociation constants [13,16,33], and it has been recently proposed
that this protein is not able to bind ferric iron [34], making even more
controversial its involvement in iron metabolism and homeostasis.
Moreover, how the capability of human FXN to bind iron is related to its
potential role in the FeS clusters assembly process is not completely
clarified and unequivocally defined.

Based on these premises, in this work we combined different spec-
troscopic analyses to further characterize the iron-binding properties of
human FXN, both as isolated and at the FeS clusters assembly ma-
chinery. Moreover, we extended our study to four variants found in
FRDA heterozygous patients carrying clinically relevant missense mu-
tations in highly conserved FXN residues.

2. Materials and methods

All chemicals were of the highest purity commercially available.

2.1. Heterologous expression and purification of human FXN, ISCU and

NSF1/ISD11 proteins

A plasmid containing human wild type mature FXN, i.e. pET-9b/
FXN(90–210), was previously obtained in our laboratory as described in
[35]. 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 Table 1 (Supplementary material). The
sequence of each mutant FXN gene was confirmed by DNA sequencing
(at GATC Biotech, Germany). Human ISCU2 cDNA cloned into a
pENTR223.1 vector was purchased from MyBioSource, Inc. (San Diego,
CA, USA) and used as template to amplify the sequence corresponding
to the mature ISCU2 variant, i.e. without mitochondrial targeting se-
quence, by using the couple of primers FwISCU (5′-gaattcttatcaacaa-
gaaggttgttgat-3′) and RevISCU (5′-aagctttcatttcttctctgxctctcc-3′). The
fragment of interest was then directionally sub-cloned into a pETDuet-1
expression vector in frame with a sequence coding for a 6his-tag at the
5′ terminus. The identity of the insert was confirmed by DNA sequen-
cing (at GATC Biotech, Germany). The sequence coding for the mature
ISCU2 protein was also sub-cloned in frame with the 6his-tag sequence
at the 3′ terminus into a pET-22b(+) expression vector, also carrying
the TEV protease cleavage site sequence to remove the 6his-tag from
the C-terminus of the purified protein, as described in more detail in
Supplementary material. Sequences coding for mature mouse NFS1 and
ISD11 proteins were cloned into the two multi-cloning sites (NFS1 in
MCS1, in frame with a N-terminus 6his-tag, and ISD11 in MCS2) of a
pETDuet-1 vector. Escherichia coli BL21 (DE3) cells were transformed
with the plasmids of interest, positive clones selected by antibiotic re-
sistance, and recombinant proteins expressed and purified as described
in more detail in Supplementary material: briefly, 6his-ISCU2 by
combining affinity Ni-NTA and size exclusion chromatographies, wild
type and mutant FXN proteins by combining anion exchange and size
exclusion chromatographies, and the NFS1/ISD11 complex by a single
step of Ni-NTA affinity chromatography, exploiting the NFS1 N-ter-
minus 6his-tag.

2.2. Cysteine desulfurase activity measurements

The enzymatic catalysis of cysteine to alanine by NFS1/ISD11 (SD)
complex was measured by the production of sulfide, using slight
modifications of the assay described by Leimkühler and co-workers
[36]. Briefly, sulfide quantification was performed by a colorimetric
reaction in which the latter is used to generate methylene blue. For the
assay, a total volume of 0.4mL was employed, containing 1 μM NFS1/
ISD11, 3 μM FXN and 3 μM ISCU. The samples were also supplemented
with 10 μM PLP, 2mM DTT and 10 μM Fe2+ at final concentrations.
Argon-purged 50mM Tris-HCl, 200mM NaCl, pH 8.0 was used as the
reaction buffer. To initiate the reaction, 1mM cysteine was added and
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the sample was incubated at room temperature. As sulfide production is
linear during the first 40min (data not shown), 30min were employed
to generate sufficient product for the detection. The assays were
stopped by the addition of 50 μL of 20mMN,N-dimethyl p-phenylene-
diamine in 7.2 M HCl and 50 μL of 30mM FeCl3 in 1.2M HCl. After
letting the reaction proceed for 20min, the samples were centrifuged
for 5min at 12000 xg. Then, the absorbance at 670 nm was measured.
The same assay was performed for each frataxin variant, in the same
concentration as the wild type. In this case, the desulfurase activity was
normalized to the activity of the wild type protein.

2.3. Circular dichroism (CD)

CD measurements were performed with a Jasco J-810 spectro-
polarimeter. Far-UV CD spectra were collected using cells of 0.1 cm
path-length. 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 0.2 mg/mL, in a 2.5 mM Tris-HCl pH 7.0, 5 mM KCl buffer.
Experiments were performed at 25 °C using a thermostated Jasco PTC-
423 peltier cell holder connected to a Jasco PTC-423S peltier controller.
The secondary structure content of all analyzed proteins was calculated
using the CD spectrum deconvolution software CDNN (a software that
calculates the secondary structure by comparison with a CD database of
known protein structures) [37], and then compared with the one pre-
sent in literature to confirm their correct folding state.

2.4. UV–Vis absorption and fluorescence spectroscopy

UV–Vis absorption were performed using a Cary 100 UV–Vis
Spectrometer from Varian. Fluorescence spectra were detected with a
FluoroMax-P Fluorimeter from Horiba Scientific, using 280 nm excita-
tion wavelength which allows to excite tryptophan residues. Quartz
cells of 1 cm path-length were used. Proteins were used at a con-
centration of 0.05mg/mL (10 μM), in a 100mM HEPES pH 7.5, 50mM
KCl buffer. Experiments were performed at 25 °C using a thermostated
cell. Fe3+ equivalents were added step by step starting from a con-
centrated stock solution of FeCl3 in diluted HCl (pH ~ 2) by addition of
few microliters each time, under constant stirring. Correction of the
fluorescence spectra for the filter effect and for dilution resulted to be
negligible.

2.5. Electron paramagnetic resonance (EPR) spectroscopy

EPR spectra were recorded on an ELEXSYS E580 spectrometer
equipped with a rectangular cavity, ER4102ST, both from Bruker,
Germany, and fitted with a cryostat (ESR900) and a variable-tem-
perature controller (ITC503S), both from Oxford Instruments, UK. The
experiments were performed using the following parameters: micro-
wave frequency 9.38 GHz, microwave power 6.4mW (attenuation
15 dB), sweep width 170 mT, center field 150 mT, conversion time
82ms, time constant 41ms, modulation amplitude 0.95 mT, 1024
points, 50 averages, temperature 10 K. Samples were prepared in-
cubating the proteins and 2 μL of Fe3+ in a FXN:Fe3+ 1:4 molar ratio
and a final protein concentration 50 μM, in a 25mM HEPES pH 7.0,
5 mM KCl buffer, sample volume 100 μL. Fe3+ was added from a con-
centrated solution stock solution of FeCl3 in diluted HCl (pH ~ 2),
[Fe3+]= 10mM. Samples were frozen in dry ice in quartz tubes (i.d.
3 mm, o.d. 4 mm). Quantitative measurements were performed for all
samples using identical instrumental conditions, volume and position of
the sample tube. The spectra were corrected by subtracting the baseline
obtained from the spectrum of a solution of 200 μM Fe3+ in buffer.

2.6. Nuclear magnetic resonance (NMR) spectroscopy

Wild type and mutant FXN 15N-labeled and 15N/13C-double labeled
proteins were isolated from E. coli cultures expressing the protein of

interest, grown in M9 minimal media supplemented with 15N
NH4Cl/13C D-Glucose, in the same conditions described above. When
Fe2+ was used, all samples were prepared with N2 purged buffer
(25mM Tris-HCl pH 7.0, 50mM KCl, and 1mM DTT) under an anae-
robic glove box (MBRAUN MB-200B) saturated with N2.

15N labeled
wild type and mutant FXN proteins had a final concentration of 45 μM;
unlabeled ISCU, when present, was at 80 μM, taking into account that in
all ISCU sample preparations a complex SEC profile was observed, in-
dicative of the co-existence of monomeric and dimeric proteins, or of
species with different degree of folding. Fe2+ stock solution was freshly
prepared before each experiment, dissolving (NH4)2Fe(SO4)2·6H2O in
the buffer described above, into the anaerobic glove box. Fe3+ solution
was prepared dissolving FeCl3 in the same buffer. Both iron stock so-
lutions had a concentration of 14mM. Samples “FXN wild type/mutant
+ Fe” (1:4 FXN:Fe ratio) and “FXN wild type/mutant + Fe + ISCU”
(1:4:2 FXN:Fe:ISCU ratio) were prepared starting from a common stock
of FXN wild type/mutant + Fe, and then diluted to the right final
concentration either with buffer alone or with buffer + ISCU, in order
to obtain the same FXN/Fe ratio in all experiments. 10% D2O was
added to all samples, which were then transferred in anaerobic condi-
tions in Shigemi NMR tubes, without the insert, and sealed with ap-
propriate rubber septa that secured air-tightness throughout the dura-
tion of the experiments. Before and after NMR experiments, pH of all
samples was strictly controlled, and, in particular after addition of
Fe3+, it was necessary to adjust it with 1M NaOH. All NMR experi-
ments were acquired at 298 K on a Bruker DMX 600MHz spectrometer
with room temperature probes. SOFAST HMQC (band-Selective
Optimized Flip-Angle Short-Transient Heteronuclear Multiple Quantum
Coherence) [38] was used to monitor the effect of iron and ISCU on 15N
labeled FXN wild type/mutants. Resonance assignment for the amides
groups of FXN was achieved by comparison with data available for
human FXN in the BMRB database (http://www.bmrb.wisc.edu; ac-
cession code: 4342) and confirmed by HNCA, HN(CO)CA, HNCO, HN
(CA)CO, HNCACB and HN(CO)CACB 3D heteronuclear experiments,
using a sample of 1mM doubly-labeled protein in the same buffer de-
scribed above. Spectra were analyzed with NMRFAM-Sparky 1.4 [39]
and CARA [40]. Normalized chemical shifts were calculated using the
following the equation:

= +∆δ ((δ ) (δ /5) )HN
2

N
2 0.5

Residues that underwent significant chemical shift perturbations
were mapped on the human FXN crystal structure (PDBID: 1EKG) using
the program PyMOL [41].

3. Results and discussion

Despite the wide consensus that frataxins are iron-binding proteins
involved in the mitochondrial FeS clusters assembly process, there is
not a general agreement on iron stoichiometries and dissociation rates,
nor on the specific role of frataxin either in the FeS clusters biogenesis
or in iron homeostasis. This issue is even more complex for human FXN,
for which different recombinant constructs have been shown to bind 6
to 7 iron ions per monomer, irrespective of whether they were Fe2+ or
Fe3+ [16,33,42], with largely incongruous dissociation constants. It is
worth noting that in many respects frataxins are quite atypical iron-
binding proteins, since they are thought to achieve iron coordination
solely through aspartate and glutamate residues exposed on the protein
surface instead of cysteines as most of the other iron-binding proteins.
An additional unusual property, which may contribute to the experi-
mental discrepancies, is related to the apparent lack of selectivity of
frataxin, which is able to coordinate most divalent cations using the
same surface acidic residues used for iron [43], so that different ex-
perimental conditions could in principle affect both stoichiometries and
measured dissociation constants. Moreover, although eukaryotic
FXN81–210 is widely accepted as the mitochondrial mature form and
several experimental data refer to this protein, pivotal structural studies
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have been performed with a shorter construct (i.e. FXN90–210), which
comprises only the C-terminal evolutionary conserved domain and
lacks the extra stretch of residues besides the mitochondrial import
sequence at the N-terminus, that is likely unfolded [16,27,29,44]. In the
first part of this work, we readdressed the iron-binding properties of a
recombinant human FXN90–210 protein by means of a multidisciplinary
approach in which different spectroscopic analyses have been com-
bined to obtain new independent structural data on the controversial
role of iron in frataxin function(s). Moreover, to gain new clues on
potential structure-function relationships, we extended our studies to a
panel of selected FXN clinical variants carrying a point mutation either
in the iron-binding region itself (i.e. D122Y) or in the conserved ex-
ternal surface likely involved in the interaction with the FeS clusters
assembly machinery (i.e. G130V, N146K and W155R). In the second
part of the work, we focused on the iron effect in relation to the
structural and functional interactions of these FXN constructs with the
FeS clusters assembly machinery, in order to obtain additional mole-
cular details on the involvement of FXN in this biosynthetic pathway.

3.1. Testing iron-binding to human FXN and to selected clinical variants

found in FRDA patients

3.1.1. Heterologous expression and purification of different variants of

human FXN90–210

We overexpressed in E. coli and purified by combining an anionic
exchange and a size exclusion chromatography, as described in detail in
the section Materials and methods, both the wild type FXN90–210 protein
(supplementary Fig. S1) and the four clinical variants (not shown),
obtained by inserting the selected point mutation into the wild type
FXN90–210 coding sequence by site-specific mutagenesis. All FXN90–210

variants were expressed at the same extent as the wild type protein and
were almost completely found in the soluble fraction after cell lysis,
except for G130V mutant, which showed a higher tendency towards
aggregation (supplementary Fig. S2), as previously reported by Correia
and coworkers [9]. This could be explained by the position of residue
G130, which is in the tight turn formed by G128, S129 and G130 itself,
between strands β1 and β2; thus, its mutation into a valine may disturb
the turn conformation, resulting in a severe local strain.

3.1.2. UV–visible and fluorescence spectroscopy

The oxidation of Fe2+ in the presence of FXN was estimated by
following the absorbance change at a wavelength of about 296 nm,
which is diagnostic of formation of oxo/hydroxo Fe3+ species [45],
after adding Fe2+ to the protein in aerobic buffer, without stirring. The
oxidation rate, in these conditions, depends on the Fe2+/protein ratio.
While at low iron concentration the oxidation rate is lower than that of
the auto-oxidation in buffer, at higher equivalents the oxidation occurs
at rates faster. In fact, after adding 3 equivalents, corresponding to
30 μM of Fe(II), the oxidation rate is already much faster compared to
auto-oxidation of Fe2+ in buffer at the same iron concentration (Fig. 1).
Moreover, there is a fast (within the 10–20 s) initial oxidation phase
clearly observable by adding 3 or more iron equivalents, followed by a
slower oxidation process. The fast oxidation is saturating already at
about 3–4 Fe2+ equivalents, showing the same optical density change
by addition of 10 equivalents. The second phase is dependent on the
Fe2+ concentration as expected for an enzymatic reaction following the
Michaelis-Menten relationship. Clearly, as the titration progresses, iron-
binding sites with different reaction properties are filled. A similar
behavior was reported before for CyaY from E. coli [45] and was as-
cribed to the presence of different iron-binding sites.

An indirect evidence for the iron-FXN complex formation was then
provided by fluorescence quenching of the tryptophan residues emis-
sion, induced by Fe3+ addition to a protein solution. The effect on the
fluorescence may mainly be ascribed to the energy transfer of the ex-
citation that occurs between tryptophan residues and the oxo-com-
plexes formed by Fe3+ ions with the protein upon binding, as suggested

before for ferritin fluorescence quenching observed when Fe3+ was
loaded [46]. Human FXN contains three tryptophan residues, and it is
worth noting that one of them is missing in one of the four variants
analyzed in this work (i.e. the W155R FXN). It can be seen that the
fluorescence quenching due to the increasing amount of ferric ions is
similar among the samples (wild type and mutants), with a more pro-
nounced deviation for the D122Y mutant, which shows a reduced
quenching (about −20%) (Fig. 2). The quenching of fluorescence
produced by Fe2+ was almost absent (data not shown). In the case of
Fe2+ the quenching, strongly reduced compared to that induced by
Fe3+ addition, is expected to be due only to a paramagnetic effect ra-
ther than to energy transfer as for Fe3+. However, since strictly anae-
robic conditions were not guaranteed, it is possible that the observed
quenching derives from the trace amounts of Fe3+ produced by oxi-
dation due to the residual oxygen. Our experimental data on Fe2+ are in
disagreement with those reported by Yoon and co-workers, who ob-
served a large fluorescence quenching following Fe2+ addition, similar
to that observed with Fe3+ [13].

Fig. 1. Kinetics of Fe2+ oxidation. The oxidation of Fe2+ to Fe3+ was detected
by absorbance change at 296 nm, at different FXN: Fe2+ molar ratios: squares,
1:0.5; circles, 1:3; up triangles, 1:4; down triangles, 1:10. In empty diamonds,
the oxidation in buffer alone of Fe2+ 30 μM. Protein concentration: 10 μM.
T=298 K.

Fig. 2. Quenching of tryptophan fluorescence intensity in wild type and mutant
FXN proteins after addition of increasing Fe3+ equivalents. The quenching was
followed on the maximum of fluorescence emission at different FXN:Fe3+ molar
ratios. Black squares, wild type FXN; red diamonds, D122Y mutant; purple
circles, G130V mutant; azure down triangles, N146K mutant; green up triangles
W155R mutant. F= fluorescence intensity at the actual concentration of Fe3+,
F0= fluorescence intensity in the absence of Fe3+. Protein concentration:
10 μM. T=298 K.
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The iron-binding to FXN was further addressed, for the first time, by
EPR spectroscopy of wild type and mutant frataxins, as described in the
following.

3.1.3. EPR spectroscopy

EPR measurements were performed at 10 K to get a direct evidence,
instead of an indirect effect as probed by fluorescence spectroscopy, of
the iron-binding to FXN, since EPR is able to detect bound Fe3+ ions
and gives information on the coordination to the protein residues. A
protein sample in the absence of iron does not show an EPR signal, and
the signal of Fe3+ in HEPES buffer solution at pH 7.0 is negligible in the
low-field g=4.3 region and absent at higher field values (data not
shown). This was expected, since i) HEPES does not coordinate iron and
ii) under these experimental conditions, in terms of pH and con-
centration, iron precipitates as hydroxide. On the other hand, when
Fe3+ was added to FXN, a signal centered at g= 4.3, ascribed to a high-
spin mononuclear Fe3+ species in an environment of low symmetry, has
been observed for all the samples, compatible with an aspartate/glu-
tamate coordination [47], with no further signals present in other
spectral regions. In Fig. 3, the EPR signals detected after addition of 4
equivalents of Fe3+ to 50 μM protein solutions are shown. The spectra
have been normalized to unit intensity to compare their shape: no
significant differences among the samples have been detected when
comparing wild type and mutant frataxins. The intensity of the signal of
D122Y variant was reduced with respect to that of the wild type, in
agreement with the fluorescence experiments reported above. Instead,
the other variants showed only slightly different signal intensities.

The EPR experiments unequivocally show that i) FXN is able to bind
Fe3+ ions and ii) the mutations in the FXN clinical variants examined in
our study do not impair the protein ability to bind iron ions. The D122Y
mutant seems to be affected in this respect, but the capability of binding
iron is not fully compromised. Due to the broadness of the spectral
shape, it was not possible to characterize the different iron-binding sites

suggested by the absorption spectra.
We next investigated the iron-binding properties of wild type and

mutant frataxins by NMR, either as isolated and in the presence of ISCU,
the key scaffold protein of the FeS clusters assembly machinery.

3.1.4. 2D NMR analysis

Both the NMR spectral assignment and the structure of human
FXN90–210 have been previously achieved by Musco and coworkers
[27,44], and the Fe2+-binding sites were mapped onto the protein by
chemical shift perturbation analysis [29]. We first confirmed these data
by titrating with Fe2+ a 15N-labeled FXN90–210 protein and using SO-
FAST-HMQC NMR spectra to monitor perturbations, as described in
detail in Material and methods, and we performed the same analyses
with Fe3+. Supplementary Fig. S3 shows the NMR spectrum of FXN
with the peak assignments, whereas supplementary Fig. S4 reports the
superimposition of the spectra in the absence and in the presence of
Fe2+ (panel A) or Fe3+ (panel B). In these experiments we used a
protein:iron ratio of 1:4 and at the relatively low FXN concentration
used in our experiments we did not observe any evident precipitation
upon addition of Fe3+. Fig. 4, panels A and B, shows the normalized
chemical shift changes, calculated as described in Materials and
methods. Upon the addition of Fe2+ in anaerobic conditions (panel A),
as previously shown [29], or of Fe3+ (panel B), positions and/or in-
tensities of several peaks in NMR spectra of FXN resulted to be per-
turbed. As expected, the perturbed peaks mostly correspond to residues
belonging to the N-terminal α1/β1 acidic iron-binding region of FXN.
Titration of FXN with Fe3+ showed effects qualitatively similar to those
caused by Fe2+, indicating that the protein binds iron ions by using
essentially the same area, as previously reported for the frataxin bac-
terial homologue CyaY [29]. Interestingly, Fe2+ generally induces
larger perturbations (larger shifts or higher intensity decrease of the
peaks), except for residues 119 and 120, that appear more shifted upon
addition of Fe3+ (Fig. 4, panels A and B). This is in agreement with the
EPR data reported above, showing that Fe3+ is able to bind to FXN, and
further suggests a slightly different binding mode for iron in the two
oxidation states.

We next analyzed, in the same experimental conditions, the 2D
NMR spectra of the four clinical FXN variants described above, either in
the absence or in the presence of Fe2+. The same experiment using
Fe3+ was not performed because of the very similar effects observed on
wild type FXN upon addition of iron in the two different oxidation
states. In the absence of iron, the spectra of all mutants showed a good
signal dispersion, compatible with folded species (supplementary Fig.
S5). This was already reported for D122Y, G130V and W155R [9] but
not for N146K, whose 1He15N correlation spectrum is shown here for
the first time. All the spectra of the mutants were partially super-
imposable to that of the wild type protein and, accordingly, it was
possible to assign most of the resonances and to identify the regions
most perturbed by the mutations (supplementary Fig. S6). When com-
pared to the wild type protein, the NMR spectra of the four clinical FXN
variants reflected local rearrangements, mostly surrounding the muta-
tion. In all cases some peaks of residues adjacent to the mutation could
not be assigned because of very large shifts when compared to the wild
type protein. For mutant D122Y, the substitution induced strong per-
turbations in several residues facing it. Perturbed regions include re-
sidues of the terminal part of α1 and the beginning of β1 together with
the loop connecting them, the loop between β1 and β2 and the be-
ginning of α2. The most significant perturbations were observed for the
G130V and W155R variants, in a relatively wide region extending from
the mutation that includes not only residues from the whole β-sheet but
also from the N-terminal part of α1, as shown in supplementary Fig. S6.
These results are compatible with the W155R crystal structure, in which
a significant side-chain reorganization surrounding the mutation is
evident when compared to the native FXN [48]. Instead, mutation
N146K perturbed only few adjacent residues, mostly belonging to β3
(where mutation is located) and β4 strands (supplementary Fig. S6).

Fig. 3. EPR spectra of Fe3+ bound to wild type and mutant FXN proteins. The
spectra show the g=4.3 spectral region. Top to bottom: black, wild type FXN;
red, D122Y mutant; purple, G130V mutant; azure, N146K mutant; green,
W155R mutant. The samples have a 4:1 Fe3+:FXN ratio. Protein concentration:
50 μM. T=10K.

M. Bellanda, et al.



This is in agreement with the crystal structure of the variant N146K
(construct FXN90–210), that shows backbone and side chain conforma-
tions similar to those of native FXN [9]. Additionally, we analyzed the
temperature-induced unfolding profiles of all FXN variants (as assessed
by using Sypro-orange dye that binds to the unfolded state) and found

Tm values compatible with stable tertiary structure and resistance to the
temperature unfolding, i.e. 50.3 ± 0.3, 57.1 ± 0.3, 54.8 ± 0.1,
69.4 ± 0.1, 64.9 ± 0.2 °C for G130V, D122Y, W155R, N146K and
wild type FXN, respectively (Fig. 5). Interestingly, mutation N146K may
be stabilizing. On the other hand, since a difference in Tm does not

Fig. 4. Mapping the iron-binding sites of
FXN by NMR chemical shift perturbation.
Normalized chemical shift changes for wild
type FXN with and without 4 equivalents of
Fe2+ (A) or Fe3+ (B) and for the four FXN
mutants with and without 4 equivalents of
Fe2+ (C). The dotted line represents the
threshold calculated as one standard de-
viation of the shifts. The asterisks indicate
residues whose peaks disappeared or pre-
sented significantly reduced intensity in
presence of iron. Prolines or residues cor-
responding to severe overlapped or unas-
signed peaks in wild type FXN are indicated
with black triangles while residues which
cannot be traced in the mutants are shown
with empty triangles. A schematic re-
presentation of FXN secondary structure is
inserted in frame with residues sequence
number to facilitate the interpretation of
the figure. On the right column, protein
regions perturbed upon iron addition are
mapped with colours on the apo-FXN
structure (PDBID: 1EKG). The residues pre-
senting, upon addition of iron, normalized
chemical shift changes larger than a one
standard deviation of all the shifts are co-
loured in red. Residues whose signal dis-
appear upon addition of iron are coloured
in magenta. The mutated residues are re-
presented in spheres. In black are coloured
prolines, residues corresponding to severe
overlapped or unassigned peaks in wild
type FXN and residues whose assignment
could not be traced in the mutants.
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necessarily imply a difference in free energy more experiments will be
carried out in order to confirm these data.

We then explored by the same NMR analysis the N-terminal acidic
region of these four clinical variants after addition of Fe2+ at a 1:4
protein:iron ratio. Notably, in these conditions, for the W155R mutant
we did not observe any significant protein precipitation as was pre-
viously reported [9], most likely due to the lower protein concentra-
tions used in our experiments. The results are shown in Fig. 4, panel C,
which reports the normalized chemical shift and intensity changes
(NMR spectra are in supplementary Fig. S7). When compared to the
wild type protein, FXN variants showed similar behaviors in the pre-
sence of four equivalents of Fe2+. The iron-binding region of mutants
N146K and W155R resulted to be almost identical to that of the wild
type protein, suggesting that these two mutations do not significantly
impact on the iron-binding capability of FXN. Instead, the effect of Fe2+

on the NMR spectrum of mutant G130V involves a larger number of
peaks which become very broad or shift, with additional perturbed
residues surrounding the α1/β1 acidic region. This increased pertur-
bation in the NMR spectrum of G130V FXN variant upon addition of
Fe2+ could reflect the lower conformational stability previously ob-
served by Correia and coworkers [9], as discussed above, and it is in
agreement with a decrease in Tm value compared to the wild type FXN
(ΔTm=14.6 °C). Surprisingly, with four Fe2+ equivalents, mutant
D122Y does not show striking differences in the iron-binding region,
where the mutation is located, when compared to the wild type protein.
On the other hand, it must be underlined that residues 120 and 121
(and 122 itself) were not assigned in this mutant because of their large
resonance shift; thus, possible differences in this region potentially af-
fecting the capability of D122Y FXN variant to bind iron could not be
tracked. As the EPR and fluorescence experiments reported above
suggest, at least for Fe3+ binding, D122Y FXN shows a reduced cap-
ability to bind iron with respect to all the mutants addressed in this
work. This is in agreement with the previous observation that iron-
binding is only partially impaired in this mutant, which maintains the
ability to bind four irons per protein.

An additional key open issue is the way by which FXN is involved in
the FeS clusters assembly process; several functions have been hy-
pothesized for FXN in this pathway, ranging from iron delivery
[16,49,50] to allosteric activation of the assembly machinery [51–53].
However, a converging consensus on its specific role is still missing. We
thus further investigated this issue, focusing on the structural and
functional interactions of FXN with ISCU, the scaffold protein upon
which the FeS clusters are assembled prior to the transfer to the target

apoproteins, as reported in the next paragraph. Although we used the
mitochondrial isoform ISCU2, this protein will be simply referred as
ISCU in the following.

3.2. Exploring human iron-bound FXN at the FeS cluster assembly

machinery

According to an involvement in the FeS clusters biogenesis, human
FXN was shown to interact with multiple core components of the as-
sembly machinery. In eukaryotes, FeS proteins are distributed in almost
every cellular compartment, especially in mitochondria, cytosol and
nucleus [54]; the assembly of the FeS clusters is mainly performed by
the mitochondrial ISC multiprotein machinery, which is composed of
the cysteine desulfurase NFS1, the accessory proteins ISD11 and ACP
(Acyl Carrier Protein), and the ISCU scaffold [55–60]. It is worth noting
that although eukaryotes possess an additional cytosolic assembly
system (i.e. CIA, Cytosolic Iron‑sulfur cluster Assembly) [54], the ISC
complex is also essential to all extra-mitochondrial FeS proteins
[54,55], putting this machinery more in general at the core of the
metabolic pathways involving FeS proteins, both in healthy cells and in
human diseases caused by FeS clusters deficiencies, including Frie-
dreich ataxia. Although evidence of an interaction between FXN and the
NFS1-ISD11-ACP-ISCU complex has received many independent con-
firmations [34,49,53,61–64], several questions are unanswered, parti-
cularly as far as concerns its direct partner, which remains controversial
as different one-to-one interactions with each component were reported
[16,49,61,63,64]. It is worth noting that many residues of the FXN
whole β-sheet external surface are highly conserved and have been
claimed to be critical for its specific interactions with other FeS cluster
assembly proteins [28,62]. Several known missense point mutations
associated with compound heterozygous FRDA patients map indeed to
these residues, including the four selected for our study, that belong
either to the N-terminal anionic patch or to the flat, conserved external
surface of the β-sheet, which is likely fundamental for the docking of
protein partner(s) on FXN.

Whatever is the specific role of FXN, the general consensus is that it
is iron-dependent [16,34,49], and that it relies on transient interactions
with the biosynthetic core complex. Thus, by means of the same NMR
analysis described above, we addressed the iron-binding to FXN in the
presence of the scaffold ISCU, using either the wild type protein or the
four selected pathological mutants. To this end, we heterologously ex-
pressed and purified a recombinant human mature (i.e. without the N-
terminal mitochondrial targeting sequence) N-6his-tagged ISCU

Fig. 5. Temperature-induced unfolding of FXN mutants. Unfolding of FXN mutants was followed by the change in sypro-orange dye fluorescence. (A) Unfolding
profiles. (B) Melting temperatures. Data represent the mean of four replicates± S.D. for each variant.
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protein, as described in detail in Materials and methods. The purified
protein showed a secondary structure content compatible with a
properly folded α/β species, as assessed by far-UV circular dichroism
(supplementary Fig. S8 and Table 2 in Supplementary material). Ad-
dition of unlabeled ISCU to the 15N-labeled FXN protein was then
performed in the presence of Fe2+, in anaerobic conditions, as de-
scribed in detail in Material and methods, with a 1:4:2 FXN:Fe2+:ISCU
ratio. In order to facilitate the interaction with FXN, ISCU was added in
excess taking into account that this protein is present in solution in
monomeric and dimeric states, as pointed out above. The SOFAST
HMQC NMR spectrum was finally acquired to map the residues po-
tentially affected by the presence of ISCU. We found that addition of
ISCU did not cause evident chemical shift perturbation on the NMR
spectrum of the iron-bound frataxin (Fig. 6), which would have in-
dicated the formation of a binary complex interaction of this protein
with ISCU, at least in the absence of the other ISC complex functional
partners. Interestingly, some cross-peaks corresponding to residues lo-
cated in the α1/β1 acidic region already perturbed by iron-binding
became significantly broader upon addition of N-6his-tagged ISCU.
Furthermore, a close look to the NMR spectrum of the Fe2+-bound FXN
protein indicates that few residues present a small but significant shift
in the proton dimension upon addition of ISCU (Fig. 6). In particular,
the significant increase of line broadening for residues in the α1/β1
acidic region already perturbed by iron-binding could be due to an
enhancement of paramagnetic relaxation caused by existence of tran-
sient, low population of the complex between the two proteins. More-
over, we added the N-6his tagged ISCU to 15N-labeled frataxin in

absence of iron and, as expected, in this case we did not observe any
effect (supplementary Fig. S9), confirming that the further broadening
is due to enhanced paramagnetic relaxation, which is very sensitive to
protein-protein interaction. Although a strong interaction between the
two proteins can be excluded, our data suggest that, even in the absence
of the cysteine desulfurase complex, ISCU could interact directly with
the α1/β1 acidic region or that a transient interaction of ISCU with the
β3-β5 sheet of FXN, previously proposed for the interaction between
the two proteins, could affect the structure and/or dynamics of the iron-
binding region. Moreover, differently from what observed before by Cai
and coworkers [34], the finding that upon addition of ISCU the spec-
trum of FXN remained very similar to that of the iron-bound protein
indicates that, at least in our conditions, the transfer of iron from FXN
to ISCU does not take place. Qualitatively similar results were obtained
when N-6his-tagged ISCU was added to the FXN mutants studied in this
work in the presence of 4 equivalents of Fe2+, in anaerobic conditions.
As in the case of the wild type FXN, the addition of N-6his-tagged ISCU
causes changes in the NMR spectra for peaks corresponding to residues
in the α1/β1 acidic region, mostly in term of a further line broadening
(Fig. 7). This was not evident in the case of G130V, where the signals
that experienced the larger effect in presence of ISCU for the wild type
FXN or for the mutants were already extremely broad upon iron addi-
tion. Although there are some small differences, in all cases the addition
of ISCU appeared to strengthen the effects observed upon addition of
iron. In particular, there are 8 peaks, corresponding to E108, E111,
D112, L113, D115, V125 and S126, that disappear or become very
weak upon addition of Fe2+ and ISCU. Interestingly, they are located in

Fig. 6. Effect of N-6his-tagged ISCU on the NMR
spectra of FXN in presence of four equivalents of
Fe2+. The superposition of the 1H,15N-SOFAST-
HMQC spectra of FXN in absence (blue) and in pre-
sence (red) of ISCU are shown in panel A. The ratios
of the peak intensities in the spectra without (I0) and
with (I) ISCU are represented as a function of the
residue number in panel B. Residues corresponding
to signals which disappeared in presence of ISCU and
iron are indicated with asterisks. Prolines or residues
corresponding to severe overlapped or unassigned
peaks in wild type FXN are marked with black tri-
angles. A schematic representation of FXN secondary
structure is inserted in frame with residues sequence
number to facilitate the interpretation of the figure.
The black arrows indicate peaks that, besides being
broadened, are also slightly shifted upon addition of
ISCU.
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the C-terminal part of α1 and in the resides of β1 facing it, while the
binding sites at the N-terminus of α1 and in the loop are much less
influenced.

In order to exclude that the effect of ISCU on FXN described above
may be due to an interaction of the N-terminal 6his-tag, possibly
mediated by iron, we produced a novel construct allowing the

expression of a C-6his-ISCU protein, with a TEV-cleavage site to remove
the tag after purification, as described in Materials and methods and in
the supplementary materials. The C-6his-ISCU and untagged ISCU
proteins were then used to explore potential effects on the NMR spec-
trum of the iron-bound 15N-labeled frataxin, exactly as described above.
We found that both proteins did not cause neither evident chemical

Fig. 7. Ratios of the peak intensities in the spectra without (I0) and with (I) ISCU represented as a function of the residue number for FXN mutants. Residues
corresponding to signals which disappeared in presence of ISCU and iron are indicated with asterisks. Prolines or residues corresponding to severe overlapped or
unassigned peaks in wild type FXN are marked with black triangles while residues which cannot be traced in the mutants are shown with empty triangles. A
schematic representation of FXN secondary structure is inserted in frame with residues sequence number to facilitate the interpretation of the figure.
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shift perturbation nor additional broadening of NMR signals, including
those corresponding to the residues of the α1/β1 acidic already per-
turbed by iron-binding, unlike what we observed with the N-6his-
tagged ISCU protein (supplementary Fig. S10). On the other hand, the
lack of effects observed with untagged or C-6his-tagged ISCU proteins
suggested that the his-tag at the N-terminus should influence the
structural properties of ISCU. In view of the capability of ISCU to ex-
plore different conformational states, as previously reported by dif-
ferent groups [65,66], it is likely that the flexible N-terminus when his-
tagged promotes a shift of the equilibrium among conformations. Thus,
a transient interaction between FXN and ISCU could be enhanced, al-
lowing the changes measured in the NMR spectra. In particular, the
significant increase of line broadening for residues in the α1/β1 acidic
region already perturbed by iron-binding could be due to an enhance-
ment of paramagnetic Curie relaxation caused by existence of transient,
low population of the complex between the two proteins.

Taken together, these results confirm that a binary complex inter-
action between FXN and ISCU, at least in the absence of the other ISC
complex functional partners, is not formed, as it was pointed out by Cai
and co-workers with the FXN80–210 protein [34]. On the other hand,
they suggest that the presence of a 6his-tag at the N-terminus of ISCU
may promote a transient interaction with FXN, which is not mediated
by a potential iron-binding to the 6his-tag.

The capability of iron-bound FXN to functionally interact with the
NFS1-ISD11-ACP-ISCU complex is pivotal to drive the biogenesis of the
FeS clusters at the assembly machinery. The mutations of the highly
conserved residues associated with the four clinical variants analyzed in
this work are all expected to have a functional impact on the FeS
clusters synthesis. Since our EPR and NMR data did not point out sig-
nificant differences between the wild type and the mutant proteins in
terms of iron-binding and ISCU interaction, to further investigate the
structure-function relationships in these variants we next evaluated
their activity at the whole FeS cluster biogenesis complex. Mammalian
FXN was proposed to stimulate the rate of FeS clusters assembly by
enhancing the sulfide production at the NFS1-ISD11-ISCU machinery
[53,67,68]. The cysteine desulfurase NFS1, which forms a functional
complex with ISD11 (an essential mitochondrial matrix protein that is
required for the stability and function of NFS1), catalyzes the break-
down of cysteine to alanine and produces a transient persulfide species
that can be detected in vitro by the enzymatic assay described in detail
in Materials and methods. By taking advantage of this approach, we
monitored the amount of sulfide produced by NFS1/ISD11 conversion
of cysteine to alanine in the presence of ISCU, with or without wild type
or mutant frataxin proteins. In these experiments, sulfide production
has been monitored in the presence of 1 equivalent of the NFS1/ISD11
complex, purified as described in Materials and methods, 3 equivalents
of ISCU and 10 equivalents of Fe2+, either in the absence or in the
presence of wild type FXN and of each of the four FXN variants. The
results of these analyses are reported in Fig. 8 and Table 3 in Supple-
mentary material. The mutations N146K and W155R had been pre-
viously shown to affect the capability of FXN to stimulate the NFS1/
ISD11 desulfurase activity in vitro [48,69], whereas these data were
lacking for both D122Y and G130V variants. Our results confirmed that
i) wild type FXN increases the cysteine desulfurase activity of NFS1/
ISD11 complex and ii) N146K and W155R variants are almost unable to
further activate NFS1. We next analyzed the effects of G130 V and
D122Y point mutations. We found that, when compared to the wild
type FXN, both variants retain a partial capability to enhance the de-
sulfurase activity in vitro. Since it has been previously proposed the FXN
stimulatory effect on the desulfurase activity relies on the presence of
the ISCU scaffold [68], these functional data would be in accordance
with the structural NMR analysis reported above. On the other hand,
even though N146K may be more stable than the wild type protein, it
exhibited a significant decrease of desulfurase activation. Based on the
analysis of the experimental model of NFS1/ISD11-ACP/ISCU/FXN
complex determined by Cai and coworkers [34], residue Asn146 of FXN

interacts with residues Pro108 and Val109 of ISCU (supplementary Fig.
S11). Thus, the mutation N146K may distort the interaction surface of
ISCU-FXN subcomplex. In fact, when the residue is mutated to Lys, the
N atom of the Lys146 side-chain is located near Cys44 of ISCU (i.e.
5.0–6.0 Å), one of the conserved Cys residues where the cluster is as-
sembled. Therefore, the electrostatics of the active site of ISCU (residues
Cys44, Cys70, His112 and Cys113) may be highly altered by the pre-
sence of a positive charge.

Taken together, these data thus indicate that iron-binding, at least
to the specific FXN clinical variants selected in this work, is not uni-
vocally related to their capability to enhance sulfide production via

binding the NFS1-ISD11-ISCU complex, one the proposed molecular
functions of frataxin. The complex relationships between stability and
function of FXN at the whole FeS cluster assembly machinery are cur-
rently under further investigation in our laboratory.

4. Conclusions

One of the end results of FXN decrease in cells of FRDA patients is a
severe iron overload in their mitochondria, especially in nerve and
cardiac tissues, associated to cellular iron dysregulation, impairment of
FeS clusters assembly and increased sensitivity to oxidative stress, likely
due to the mitochondrial redox-active environment. This has been
suggested to play a key role in the pathogenesis of the disease and in-
deed pharmacological strategies based on free-radical scavengers, such
as idebenone or CoQ10, as well as on iron chelators, such as deferiprone,
showed some cardiac and neurological improvements in FRDA mouse
models and in-patient clinical trials [11,70–72]. On the other hand, to
date the primary cause of the disease is still difficult to identify, and the
precise physiological role of FXN remains unclear, both in iron meta-
bolism and in the FeS clusters biogenesis. Although iron-binding to FXN
has been proposed to be essential for its function(s), this important
issue is still controversial in many respects, and has been readdressed in
the present work in which we combined different advanced spectro-
scopic analyses to investigate the iron-binding properties of a re-
combinant human FXN. Moreover, in order to disclose potential
structure-function relationships, we applied the same multidisciplinary
approach to a panel of FXN variants found in FRDA heterozygous pa-
tients, with point mutations in highly conserved residues mapping ei-
ther in the iron-binding acidic ridge or in the surface involved in the
iron-dependent interaction of FXN with the FeS clusters assembly

Fig. 8. Modulation of the NFS1 cysteine desulfurase activity at the FeS clusters
assembly complex. Sulfide production was assessed in the presence of 1
equivalent of the NFS1/ISD11 complex, 3 equivalents of ISCU and 10 Fe2+

equivalents, either in the absence or in the presence of 3 equivalents of wild
type FXN and each FXN mutant, as described in detail in Materials and
methods. The enzymatic activity is normalized to the desulfurase activity in the
presence of wild type FXN. Data represent the mean of three replicates± S.D.
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machinery. EPR is an advanced spectroscopic technique of choice to
investigate metalloproteins, and in this work it has been exploited for
the first time to provide direct experimental evidence in vitro that FXN
binds Fe3+. This was then further supported by 2D NMR experiments,
which also confirmed that FXN is able to bind iron ions in both oxi-
dation states, although with slightly different binding modes. An in-
triguing result was obtained by the same NMR analysis when iron-
bound FXN was incubated with ISCU, the scaffold protein of the mi-
tochondrial FeS clusters assembly machinery, providing a novel mole-
cular insight on this complex biosynthetic pathway: indeed, our data
may suggest that structural changes of the N-terminal portion of ISCU
could be instrumental for the transitions between different conforma-
tional states, which have been previously claimed to be relevant, as
scaffold protein, for the interactions with the functional partners of the
FeS cluster assembly machinery [65,66].

Although the pathophysiological consequences of the point muta-
tions of the selected variants are relevant, no significant differences
were detected when compared to the wild type FXN, in terms of both
iron-binding properties and interaction with the ISCU scaffold protein,
suggesting that these are not key factors for the disease onset, at least in
heterozygous patients. On the other hand, we confirmed that two out
the four FXN mutants (i.e. N146K and W155R) have an impaired cap-
ability to enhance the desulfurase activity in vitro, one of the functional
roles that have been hypothesized for this protein. This indicates that
FXN missense point mutations could have multiple biochemical effects,
and further supports the multifunctional nature of the protein.
Examining FXN mutations in the context of protein structure/function
relationships is expected to increase our knowledge of FXN biology and
FRDA pathology, and additional clinical mutants are thus currently
under investigation in our laboratory.

Understanding the intricate pathophysiology of FXN defects is pi-
votal to characterize the FRDA disease molecular mechanisms and to
better define the clinical outcome of both homozygous and compound
heterozygous patients, which is in turn crucial to develop novel, more
specific therapeutic strategies.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbapap.2019.07.007.
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Bacteria cultures were grown at 37°C and 180 rpm in Luria-Bertani Broth, pH 7.5 (except for 

15N/13C labeled proteins, see below in the paragraph describing NMR). For the expression of ISCU 

protein, induction was performed at OD600=0.5 by addition of 1.0 mM isopropyl- -

thiogalactopyranoside (IPTG) and carried out over-night at 25°C and 180 rpm. For the expression 

600

mM IPTG. All bacterial cultures, except for the one expressing FXN mutant G130V, were 

harvested after 3.5 h of induction at 37°C and 180 rpm. For FXN mutant G130V, instead, it was 

necessary to perform induction at 18°C and 180 rpm over-night, to prevent high levels of protein 

aggregation. The expression of NFS1/ISD11 complex was induced at OD600=0.7 by addition of 1.0 

mM IPTG, carried out over-night at 16°C and 180 rpm. At the end of inductions, bacteria were 

centrifuged at 6,000 rpm at 4°C and the pellet stored at -20°C until cell disruption with French press 

(within a month). 

Recombinant ISCU-6his, either N-6his or C-6his-tagged, was purified starting from 1 to 1.5 L 

cultures by combining affinity Ni-NTA chromatography and size exclusion chromatography (SEC). 

Briefly, frozen harvested cells were thawed on ice, resuspended in lysis buffer (20 mM Tris-HCl pH 

8.0, 50 mM NaCl and 20 mM 

fractions were isolated from cell debris by centrifugation and the proteins purified to homogeneity 

by double chromatography, starting from affinity chromatography (HIS-Select® Nickel Affinity 

Gel, from Sigma-Aldrich). Fractions eluted in the first chromatographic step, obtained with 

subsequent elutions with lysis buffer added with growing imidazole concentrations (from 50 to 500 

mM), were evaluated by SDS-PAGE. ISCU containing fractions were pooled together and 

incubated 1h on ice with 10 mM EDTA to eliminate any residual metal. Then, a gel filtration 

chromatography was performed using a Superose 12 10/300 GL (from GE Healthcare), equilibrated 

in final buffer (25 mM Tris-HCl pH 7.0, 50 mM KCl, and 1 mM DTT). The eluted fractions 

containing ISCU (both dimeric and monomeric) were finally pooled together and concentrated by 

centrifugal filters (Amicon Ultra Centrifugal Filter, 3000 NMWL, from Merck Millipore), obtaining 

280nm = 10220 M 1cm 1. 

To obtain the untagged ISCU, a sample of C-6his-tagged protein purified by affinity 

chromatography was digested with the TEV protease (from Sigma-Aldrich) before gel filtration. 



Briefly, the C-6his-tagged ISCU was incubated with TEV (50:1 w/w) overnight at 4°C, and then 

subjected to a further step of affinity chromatography. The flow through, containing the protein 

without 6his-tag, was kept and finally subjected to gel filtration as described above. 

Purification of wild type and mutant FXN proteins was carried out starting from 0,5 to 1L cultures 

and exploiting two subsequent chromatographic steps: anion exchange chromatography and SEC. In 

particular, after cell disruption with French press in lysis buffer (20 mM Tris-HCl, 1 mM EDTA, 

antipain, 1 mM PMSF), soluble and insoluble fractions were separated by centrifugation. The 

soluble fraction, after 1h incubation with 10 mM EDTA, was carefully loaded onto a column 

packed with a weak anion exchanger resin (DEAE Sepharose Fast Flow, GE Healthcare), and eluted 

with a 300 mL linear gradient, from 0.0 to 1.0 M NaCl, in buffer 20 mM Tris-HCl, 1 mM EDTA, 

pH 7.0. Subsequently, fractions with FXN (identified by SDS-PAGE) were loaded onto a 

preparative HiLoad 16/600 Superdex 200 pg column (GE Healthcare), previously equilibrated with 

final buffer (25 mM Tris-HCl pH 7.0, 50 mM KCl, and 1 mM DTT). SEC fractions corresponding 

to FXN (wild type and mutant, both present exclusively as monomeric proteins) were finally pooled 

together and concentrated by centrifugal filters (Amicon Ultra Centrifugal Filter, 3000 NMWL, 

from Merck Millipore), obtaining a final concentration up to 1 mM, as determined spectroscopically 

280nm = 26930 M 1cm 1 280nm = 28420 

M 1cm 1 280nm = 21430 M 1cm 1 for mutant W155R. To estimate the 

molecular weight of the analyzed samples during SEC, the columns were equilibrated in the same 

final buffer and calibrated with the standards thyroglobulin (669 kDa), ferritin ( -

amylase (200 kDa), bovine serum albumin (67 kDa), carbonic anhydrase (29 kDa) and cytochrome 

c (12 kDa). All proteins, after the final purification step, were analyzed by SDS-PAGE. 

The identity of ISCU and FXN proteins was confirmed by Western Blotting analysis, using a 

primary rabbit antibody anti-human ISCU (LSBio, LifeSpan Biosciences, Inc.) and a primary rabbit 

antibody anti-human FXN (Proteintech), respectively, and a secondary goat anti-rabbit IgG 

conjugated with horseradish peroxidase (Sigma-Aldrich). The ECL SuperSignalTM West Pico 

Chemiluminescent Substrate (Thermo Scientific) was used for final detection on HYPERFILMTM 

(GE Healthcare Life Sciences). 

The NFS1/ISD11 complex was purified starting from 1 L cultures, and performing a single step of 

affinity chromatography, exploiting NFS1 N-terminus His-tag. Briefly, frozen harvested cells were 

thawed on ice and resuspended in lysis buffer (50 mM Tris-HCl, 300 mM NaCl, pH 8.0), and lysed 

by multiple cycles of sonication. The soluble fraction of lysate, separated from the insoluble 



fraction through centrifugation, was loaded into a column for nickel affinity chromatography (HIS-

Select® Nickel Affinity Gel, from Sigma-Aldrich). After several washes of the column with lysis 

buffer and lysis buffer supplemented with growing imidazole concentrations (20-50 mM), 

NFS1/ISD11 complex was eluted with elution buffer (50 mM Tris-HCl, 300 mM NaCl, 500 mM 

imidazole, pH 8.0). Fractions containing NFS1/ISD11 proteins were identified by SDS-PAGE and 

pooled together. Finally, the proteins pool was supplemented with pyridoxal phosphate 10 mM 

(PLP) and 1 mM DTT, and subsequently dialyzed over-night against dialysis buffer (50 mM Tris-

HCl, 200 mM NaCl, 1 mM DTT, pH 8.0), with a 10 kDa cut-off membrane. Finally, protein 

280nm= 42670 M-1cm-1. 

. List of primers used for the mutagenesis of the human FXN90-210 sequence 

Primer name 

 

   Primer sequence 

FXN_D122Y_for    - gccatacacgtttgagtactatgatgtctcctttgg -  

 

FXN_D122Y_rev    - ccaaaggagacatcatagtactcaaacgtgtatggc -  

 

FXN_G130V_for    - gtctcctttgggagtgttgtcttaactgtcaaactg -  

FXN_G130V_rev    - cagtttgacagttaagacaacactcccaaaggagac -  

FXN_N146K_for    - aggaacctatgtgatcaagaagcagacgccaaaca -  

 

FXN_N146K_rev    - tgtttggcgtctgcttcttgatcacataggttcct -  

FXN_W155R_for    - gccaaacaagcaaatcaggctatcttctccatcca -  

 

FXN_W155R_rev    - tggatggagaagatagcctgatttgcttgtttggc -  

 

 

. Percentages of secondary structure elements obtained from the fitting of the CD spectra of 

purified recombinant human ISCU expressed in E. coli 

Secondary structure 

component 

Percentage 

-helix 27.6% 

Parallel  14.1% 

Antiparallel  9.6% 

-turn 18.2% 

Random coil 32.2% 

Total 101.8% 

 



NFS1 sulfide production at the FeS clusters assembly complex. The activity was 

monitored in the absence of FXN or in the presence of wild type or mutant FXN. Activity is 

reported as micromoles of sulfide produced by NFS1 per micromole of NFS1 per minute. 

 

 

FeS clusters 

assembly complex 

NFS1 activity 

(mol H2S/mol NFS1/min) 

no FXN 1.125 ± 0.10   

wt FXN 3.9 ± 0.15 

N146K 1.11 ± 0.03 

W155R 0.95 ± 0.06 

D122Y 3.12 ± 0.06 

G130V 1.875 ± 0.14 

 

 

SDS-PAGE, 

12% polyacrylamide gel, Coomassie blue staining. Lane 1, total extract of not induced sample (10 

l); lane 2, total extract of IPTG-induced sample (10 l); lane 3, protein insoluble fraction (10 l); 

lane 4, protein soluble fraction (10 l); lane 5, FXN pool sample after anionic exchange 

chromatography (10 l); lane 6, FXN90-210 pool sample after size exclusion chromatography (10 l). 

 

 



-

 

 

 

 

FXN concentration: 1 mM, in 25 mM Tris-HCl pH 7.0, 50 mM KCl and 1 mM DTT.  

 

 



 FXN concentration: 45 M, 4 equivalents of Fe2+ (red in 

panel A) or of Fe3+ (green in panel B). 

 



The spectrum of each mutant (in red) is superimposed with the spectrum of 

the wild type protein (in blue). In all spectra the protein concentration was 45 M FXN, in 25 mM 

Tris-HCl pH 7.0, 50 mM KCl. 

 

-

 



 In all spectra the protein 

concentration was 45 M FXN, in 25 mM Tris-HCl pH 7.0, 50 mM KCl. 

 

 

- -

-

 

 



 The 

superposition of the 1H,15N-SOFAST-HMQC spectra of FXN (45 M), in absence (blue) and in 

presence (red) of N-6his-tagged ISCU (80 M) are shown in panel A. The spectra were acquired in 

in 25 mM Tris-HCl pH 7.0, 50 mM KCl, without iron. The rations of the peak intensities in the 

spectra without (I0) and with (I) N-his-tag-ISCU are represented as a function of the residue number 

in panel B. 

 The superposition of the 1H,15N-SOFAST-HMQC spectra of 

FXN, in absence (blue) and in presence (red) of untagged ISCU (panel A) or C-6his-tagged ISCU 

(panel). The spectra were all acquired in in 25 mM Tris-HCl pH 7.0, 50 mM KCl, in presence of 

180 M Fe2+. The rations of the peak intensities in the spectra without (I0) and with (I) ISCU are 

represented as a function of the residue number at the bottom of each panel. 



 Ribbon representation of FXN (magenta) and ISCU (blue) structures 

extracted from the model of the protein complex NFS1/ACP-ISD11/ISCU/FXN obtained by Cai 

and coworkers [69] showing (A) Asn146 from FXN and residues Pro108 and Val109 from ISCU. 

Additionally, residues from the active site of ISCU (Asp44, Cys44, 70 and 113 and His112) are also 

shown. In (B), Asn146 was replaced by Lys in order to infer possible effects of the mutation, 

assuming a similar interaction between both proteins. The distance between nitrogen from Asn or 

Lys side-chain and sulfur atom from Cys44 is shown by means of a dashed red line. Residues are 

numbered as in the PDB file available in [69]. 
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A B S T R A C T   

The relationships between conformational dynamics, stability and protein function are not obvious. Frataxin 
(FXN) is an essential protein that forms part of a supercomplex dedicated to the iron-sulfur (Fe–S) cluster as-
sembly within the mitochondrial matrix. In humans, the loss of FXN expression or a decrease in its functionality 
results in Friedreich's Ataxia, a cardio-neurodegenerative disease. Recently, the way in which FXN interacts with 
the rest of the subunits of the supercomplex was uncovered. This opens a window to explore relationships 
between structural dynamics and function. In this study, we prepared a set of FXN variants spanning a broad 
range of conformational stabilities. Variants S160I, S160M and A204R were more stable than the wild-type and 
showed similar biological activity. Additionally, we prepared SILCAR, a variant that combines S160I, L203C and 
A204R mutations. SILCAR was 2.4 kcal mol−1 more stable and equally active. Some of the variants were sig-
nificantly more resistant to proteolysis than the wild-type FXN. SILCAR showed the highest resistance, sug-
gesting a more rigid structure. It was corroborated by means of molecular dynamics simulations. Relaxation 
dispersion NMR experiments comparing SILCAR and wild-type variants suggested similar internal motions in the 
microsecond to millisecond timescale. Instead, variant S157I showed higher denaturation resistance but a sig-
nificant lower function, similarly to that observed for the FRDA variant N146K. We concluded that the con-
tribution of particular side chains to the conformational stability of FXN might be highly subordinated to their 
impact on both the protein function and the stability of the functional supercomplex.   

1. Introduction 

The relationships between conformational stability, internal mo-
tions and protein function are not trivial and are the essence of the 
protein nature. The alteration of the conformational stability of proteins 
is a key factor for the development of pathogenicity in several human 

diseases. 
Numerous proteins exert their function by establishing specific 

protein-protein interactions. Although in some cases they interact 
transiently, in other cases they form stable protein complexes. The 
latter is the case of frataxin (FXN), an essential mitochondrial protein of 
120 residues, which is nuclearly encoded. FXN is one of several proteins 
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that forms a supercomplex dedicated to the iron-sulfur (Fe–S) cluster 
assembly within the mitochondrial matrix. A myriad of enzymatic 
processes depends on its activity. In this supercomplex, FXN works as 
an activator that simultaneously interacts at least with two different 
proteins: ISCU, the scaffold protein, and the cysteine desulfurase NFS1, 
a PLP dependent enzyme that transfers –SH groups from the substrate 
(cysteine) to ISCU [1]. It is worthy of note that FXN interacts at the 
same time with both NFS1 subunits of the supercomplex (PDB ID: 
6NZU). 

Remarkably, in humans, the loss of FXN expression or a decrease in 
its functionality, and the subsequent deficiency in the iron-sulfur cluster 
(Fe–S) assembly in the mitochondria, result in Friedreich's Ataxia 
(FRDA), a cardio-neurodegenerative disease [2–10]. 

Although 95% of FRDA patients exhibit in each allele GAA triplet- 
repeat expansion in the first intron of the FXN gene, which determines a 
low expression of FXN, the remaining 5% of patients have a missense 
mutation in one of the alleles (in compound heterozygosis with the GAA 
triplet-repeat expansion in the other allele), modifying the conforma-
tional stability and/or the protein function; currently, there is only one 
report of patients showing homozygous missense mutation, R165C, 
[11]. 

Among many other compound variants, G130V [12], G137V [13], 
L198R [14], and the truncated form FXN81-193 (ΔCTR) [15,16] 
showed a significant decrease of the conformational stability of the 
protein. In principle, this feature is expected to yield a concomitant low 
protein concentration in the cell because of protein degradation. In the 
case of mutant G137V, no impairment of the structure or activity of the 
protein was found in vitro [13]; however, low FXN concentration was 
observed in the patient. 

On the other hand, a significant reduction of conformational stabi-
lity may additionally result in a decrease in protein function as a con-
sequence of the loss of cooperativity with an increase of local unfolding 
events, the alteration of the internal motions as in the case of L198R or 
FXN81-193 (ΔCTR) [14]. 

Some FXN mutations perturb the supercomplex assembly, yielding a 
decrease in function, without necessarily causing a reduction of the 
conformational stability of FXN. This is the case of mutation N146K that 
significantly stabilizes the native conformation of FXN [17]; however, 
the activity of this variant decreases because N146 is very close to the 
ISCU-FXN interaction region, adjacent to W155, another key residue 
that is fundamental for this interaction [18,19]. Thus, the interaction 
surfaces of ISCU and FXN have coevolved and the contribution to the 
stability of the residues involved in coevolution might be highly sub-
ordinated to their impact on both protein function and the stability of 
the functional supercomplex. 

Additionally, in principle, FXN interacts with iron by means of its 
“acidic ridge”, a region of the protein that is very rich in Glu and Asp 
residues [12,20–22]. This metal ion binding process is thought to be 
relevant for the activation of the supercomplex, and the influence of 
these acidic residues on conformational stability was previously studied 
by the group of Gomes [23]. The mutation of the acidic residues to 
alanine resulted in a substantial stabilization of the native conforma-
tion. It is worthy of mention that several acidic residues are also in-
volved in the interaction between FXN and NFS1 [1,19]. 

The behavior of the alanine variants of the acidic ridge added to that 
of the N146K mutant suggest a substantial tradeoff between con-
formational stability and function. On the other hand, the L203C var-
iant [24,25], in which a core leucine residue is replaced by a cysteine, is 
more stable than the wild-type FXN and exhibited similar cysteine de-
sulfurase activation. Then, a more complex relationship between sta-
bility and function needs to be invoked to explain these observations. 

In this context, we decided to look for other FXN variants more 
stable than the wild-type protein and, at least, equally active in vitro and 
in vivo. Taking this into account, we explored the FXN structure by 
means of bioinformatic tools in order to locate residues that might be 
replaced by another one, increasing thermodynamic stability. We found 

a series of feasible mutants. They were prepared and studied in vitro. 
Conformational features and stability and the capability of activating 
the supercomplex were analyzed side by side. 

2. Materials and Methods 

2.1. Bioinformatics 

Stability and mutational effect calculations were performed using 
FOLDX [26]. For these calculations, PDB ID: 1EKG [27] was analyzed. 
Briefly, first all positions were evaluated by means of FOLDX to find 
positions that might be mutated producing an increase in the con-
formational stability of the protein. The PositionScan was applied using 
repair tool. It mutates each amino acid to the other 19. 

2.2. Mutagenesis, protein expression and purification 

Mutagenesis was carried out using the Q5 Site-Directed 
Mutagenesis Kit (New England Biolabs, U.S.A.). Wild-type FXN (re-
sidues 90–210) and mutants were expressed and purified as previously 
described for the wild-type variant [14]. Purity was > 98% as eval-
uated in SDS-PAGE. Identity was verified by DNA sequencing using 
Macrogen facility and by mass spectrometry analysis. The latter was 
performed in the National Laboratory of Research and Services in 
Peptides and Proteins using an LCQ DUO ESI ion trap (Thermo Fin-
nigan) or QExactive Orbitrap (Thermo Scientific) spectrometers. 

For 15N-labeled protein, production cultures were grown in M9 
minimal medium supplemented with 15N–NH4Cl obtained from 
Cambridge Isotope Laboratories (Andover, MA) and purified as the 
unlabeled samples. Extinction coefficients were calculated from amino 
acid sequences using the ProtParam tool on the ExPASy Server [28]. 

The DNA sequence corresponding to ISCU2 was optimized for E. coli 
expression by Explora Biotech (Rome Italy) and cloned in a pE22b 
vector, with a C-terminal His6 tag. Protein was induced by the addition 
of 1 mM IPTG (3 h, 37 °C and 250 rpm). The protein was purified using 
a Ni2+-NTA-agarose column equilibrated in a buffer 20 mM Tris-HCl, 
300 mM NaCl, pH 7.5. The elution was performed with a buffer 20 mM 
Tris-HCl, 300 mM NaCl, 500 mM imidazole, pH 7.5. 

The DNA sequences corresponding to the human NFS1, ISD11 and 
ACP proteins where optimized for E. coli expression by Bio Basic 
(Markham ON, Canada). The cysteine desulfurase variant NFS1Δ55 
(mature form, with an N-terminal His6 tag) and the ISD11 sequences 
were cloned in a pETduet plasmid and ACP was cloned in a pACYCDuet- 
1 vector. To prepare the protein complex (NFS1/ACP-ISD11)2, the three 
proteins NFS1, ISD11 and ACP proteins were induced by the addition of 
1 mM IPTG and co-expressed (overnight, 20 °C and 250 rpm). 
Purification was carried out using a Ni2+-NTA-agarose column equili-
brated in a buffer 20 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 
8.0. The elution was performed with a buffer 20 mM Tris-HCl, 300 mM 
NaCl, 500 mM imidazole, pH 8.0. 

2.3. Circular dichroism spectroscopy 

Circular dichroism (CD) measurements were carried out in a Jasco 
J-815 spectropolarimeter. Near-UV CD spectra were collected using a 
1.0 path length cell, thermostatized at 20 °C. Protein concentration was 
25 μM and the buffer was 20 mM Tris-HCl, 100 mM NaCl, pH 7.0. Data 
were acquired at a scan speed of 20 nm min−1, with a 1-nm bandwidth 
and a 0.1-nm data-pitch. Five scans for each sample were averaged, and 
the blank spectrum was subtracted to the average. 

2.4. Light scattering and the hydrodynamic behavior of the FXN mutants 

The hydrodynamic radius (Rh) of the FXN mutants was investigated 
using Dynamic Light Scattering (DLS, Zetaziser Nano-S, Malvern). 
Protein concentration was in the range of 70–140 μM (1–2 mg mL−1). 
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The buffer was 20 mM Tris-HCl, 100 mM NaCl, pH 7.0. The experi-
ments were carried out at 25 °C. On average, 10 runs were performed. 
Size distributions weighted by particle number were obtained. 

Additionally, SEC-HPLC was performed using a Superose-6 column 
(GE Healthcare). Protein concentration was 25–75 μM, a volume of 
50 μL was typically injected, and running buffer was 20 mM Tris-HCl, 
100 mM NaCl, 1 mM EDTA, at pH 7.0. The experiment was carried out 
at room temperature (~25 °C) at a 0.5 mL min−1 flow rate. A JASCO 
HPLC instrument was used. It was equipped with an automatic injector, 
a quaternary pump and a UV-VIS UV-2075 (elution was monitored at 
280 nm). 

2.5. Thermal shift assay 

Temperature-induced denaturation of FXN variants was monitored 
by the change in the Sypro Orange dye fluorescence using protein at a 
5.0 μM concentration in 50 mM sodium phosphate buffer, pH 7.0. 
Samples without protein were also included as controls. The dye was 
used at 2 × (as suggested by Thermo Fisher Scientific). The tempera-
ture slope was 1 °C min−1 (from 20 to 90 °C). Excitation and emission 
ranges were 470–500 and 540–700 nm, respectively. The fluorescence 
signal was quenched in the aqueous environment but became un-
quenched when the probe bound to the apolar residues upon unfolding. 
Experiments by triplicate were carried out in a Step One Real-Time-PCR 
instrument (Applied Biosystems, CA, U.S.A.). 

2.6. Equilibrium unfolding experiments 

Isothermal unfolding experiments were performed incubating each 
FXN variant (3.7 μM) with different concentrations of denaturant (urea) 
in a buffer solution of 20 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, at 
pH 7.0 for 5 h at room temperature. A fresh urea solution (approxi-
mately 9.2 M) was prepared for each experiment, and the exact urea 
concentration was determined using refractive index measurements, 
using a Palm Abbe digital refractometer (Misco). Tryptophan fluores-
cence spectra measurements were taken at 20 °C. Excitation was carried 
out at 295 nm and spectra were acquired between 305 and 500 nm. 

To calculate thermodynamic parameters, a linear dependence of the 
standard free energy of unfolding (ΔG°NU) on denaturant concentration 
was assumed: 

=G G m urea[ ]NU
0

NU,H2O
0

NU (1) 

where ΔG°NU, H20 is the free energy of unfolding in the absence of de-
naturant and mNU is the dependence of free energy on denaturant. 
Defining Cm as the denaturant concentration in which ΔG°NU = 0, it is 
deduced that: 

=G m C urea( [ ])NU
0

NU m (2)  

A two–state unfolding mechanism was assumed, and the following 
equation was fitted to data: 
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where S0,N and S0,U are the intrinsic tryptophan fluorescence signals for 
the native and unfolded states, respectively. Parameters mN and mU are 
the slopes of the pre- and post-transitions, respectively, assuming the 
linear dependences of S0,N and S0,U signals with urea concentration. 

The correlation obtained in this work between the observed Tm 

values (unfolding monitored by Sypro-orange fluorescence) and free 
energy differences (urea unfolding experiments monitored by Trp 
fluorescence) was y = (0.25  ±  0.01) x - (16.27  ±  0.54), with an 
R2 = 0.99. 

2.7. Controlled proteolysis 

Resistance to proteolysis of the FXN variants was analyzed by SDS- 
PAGE and RP-HPLC profiles (C18). The variants at 1 mg mL−1 protein 
concentration were incubated during 5 h reactions at 40 °C in buffer 
20 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.0 in the presence or 
in the absence of chymotrypsin (1:100 protease: protein ratio). The 
reactions were stopped by the addition of 2 × sample buffer for SDS- 
PAGE analysis and 1 mM PMSF (final concentration), or 1 mM PMSF 
(final concentration) and 0.05% (v/v) TFA for RP-HPLC. Protein con-
trols without protease were simultaneously incubated, for the same 
period of time, and under exactly the same conditions of buffer and 
temperature. PMSF was added after the incubation. For HPLC, a JASCO 
system, equipped with an autoinjector, an oven (thermostatized at 
25 °C) an and UV detector, was used. A gradient from 0 to 100% 
acetonitrile was performed (0.05% TFA (v/v) was added to the sol-
vents). The column used was an analytical C18 (Higgins Analytical, Inc. 
U.S.A.) and flow was 1.0 mL min−1 Peptides were monitored at 
220 nm. Wild-type FXN was included as a reference. 

2.8. NFS1 cysteine desulfurase activity 

Enzymatic desulfurization of cysteine to alanine and sulfide by the 
NFS1/ACP-ISD11/ISCU/FXN supercomplex was determined by the 
methylene blue method. Concentrations of proteins, substrate and the 
reducing agent DTT were set according to a previous paper by Tsai and 
Barondeau [29]. Reactions contained 1.0 μM NFS1, 1.0 μM ACP-ISD11, 
3.0 μM ISCU and 3.0 μM FXN, and samples were supplemented with 
10 μM PLP, 2 mM DTT, and 1.0 μM FeSO4 (final concentrations). The 
reaction buffer was 50 mM Tris-HCl and 200 mM NaCl, pH 8.0, and 
reactions were started by the addition of 1 mM cysteine. Samples were 
incubated at room temperature for 30 min H2S production was stopped 
by the addition of 50 μL of 20 mM N,N-dimethyl p-phenylenediamine in 
7.2 M HCl and 50 μL of 30 mM FeCl3 (prepared in 1.2 M HCl). Under 
these conditions, the production of methylene blue took 20 min. After 
that, samples were centrifuged for 5 min at 12000g, and the super-
natant was separated. Absorbance at 670 nm was measured. 

2.9. NMR samples, data acquisition and processing 

Samples for NMR experiments contained 0.45 mM 15N-labeled 
protein in 20 mM Tris-HCl, 100 mM NaCl, 1.0 mM EDTA, at pH 7.0, 
supplemented with 5% D2O. NMR experiments were performed at 22 °C 
in a Bruker 600 MHz Avance III spectrometer equipped with a TXI 
probe. The NMR data were processed with NMRPipe [30] and analyzed 
using NMRViewJ [31]. 

2.10. Backbone amide resonance assignment 

The chemical shift assignments of nitrogen, and amide and alpha 
protons of loop-1 variants were performed by 3D15N-NOESY-HSQC and  
15N-TOCSY-HSQC experiments (100 and 30 ms of mixing times, re-
spectively), based on the available chemical shifts of the full-length C- 
terminal domain of FXN (BMRB 4342) [32]. The 1H–15N-NOESY-HSQC 
spectrum of the wild-type FXN was recorded to assist in the assignment. 

2.11. Relaxation dispersion experiments 

Carr-Purcell Meiboom-Gill relaxation dispersion experiments were 
performed using published methods [33,34]. In these experiments, 
variable trains of refocusing pulses were applied during a constant re-
laxation period to suppress spectral broadening due to conformational 
exchange [33]. A constant-time relaxation-compensated pulse program 
was used for all variants, setting the constant time period (TCPMG) to 
100 ms in combination with the following CPMG frequencies (νCPMG): 
40, 80, 120, 160, 200, 240, 280, 320, 360, 400, 480, 520, 600, 680, 
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760, 840, 920, 1000, 1080 and 1200 Hz. Two-dimensional data sets 
were acquired in an interleaved manner, with an interscan delay of 3 s 
and 256 increments in the nitrogen dimension. The observed transverse 
relaxation rate (R2

Obs) for each frequency point was obtained from the 
signal intensity measured at the end of the TCPMG period according to: 

=R
T

ln
I

I
( )

1 ( )
Obs

2 CPMG
CPMG

CPMG

0 (4) 

where I(νCPMG) and I0 are the intensities of a given cross-peak measured 
with or without the CPMG period, respectively, for a specific spin-lock 
frequency (νCPMG). 

The contribution of the exchange to the signal relaxation rate (Rex) 
is estimated by: 

= +R R R( 0) ( )2
Obs

CPMG ex 2
Obs

CPMG (5) 

where R ( )2
Obs

CPMG is the intrinsic relaxation rate in the absence of 
exchange, at infinite νCPMG, estimated from the average of the R2

Obs at 
the 3 highest νCPMG, whereas R ( 0)2

Obs
CPMG was approximated as 

R2
Obs at the lowest νCPMG. The experiment was carried out at two dif-

ferent magnetic field strengths (14.1 and 16.5 T) and dispersion profiles 
were then analyzed as in a previous work [35]. Dispersion profiles were 
then analyzed using the Sherekhan server [36] to fit a completely 
general two-site exchange model to the dispersion data acquired at both 
magnetic fields, using the following equations: 
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in which, kex is the observed constant for the conformational exchange, 
CP is the delay between 180° pulses in the CPMG pulse train, 
R Rand
o o

2A 2 B are the intrinsic (exchange-free and independent of the 
νCPMG) transverse relaxation rate constants for states A and B, respec-
tively (it is assumed that =R R
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where is the chemical shift difference between states A and B, pA 

and pB are the populations of the states A and B. Finally, a F-test was 
carried out to confirm that the identified residues behave as a cluster. 

The R 2

obs profile corresponding to each residue was individually 
fitted using the NESSY program [37]. The relaxation profile was better 
described by an exchanging model compared with the no-exchange 
model, according to the corrected Akaike Information Criterion. This 
preliminary analysis was performed separately for the two protein 
variants and the two static magnetic fields. Most of the significant ex-
changing residues in the SILCAR variant are the same than the ones 
previously identified for the wild-type variant in our previous studies 
[35]. On the other hand, we were unable to assign the L103 residue in 
SILCAR and some relaxation profiles were too noisy precluding a con-
fident estimation of the exchanging parameter, so these later profiles 
were excluded from the global fit. As a result, eight residues were in-
cluded in a global fit using a general two-state equation for chemical 
exchange. 

2.12. Molecular Dynamics Simulations 

The coordinates corresponding to human FXN (PDB ID: 1EKG) and 
the SILCAR model obtained by in silico mutation of the wild-type 

structure using FOLDX were solvated with the TIP3P water model 
molecules [38]. Protonation states of amino acid residues were set to 
correspond to those at pH 7.0. As in previous works, in the case of His 
residues, δ or ε protonation was established to favor hydrogen bond 
formation [39]. A standard minimization protocol was applied to the 
resulting structures to specifically remove steric clashes. The systems 
were heated up from 100 to the desired temperatures (300 or 340 K) 
using the Berendsen thermostat and constant volume conditions. 800 ps 
isobaric molecular dynamics were run to achieve an appropriate den-
sity. A 2-fs time step was used, and the SHAKE algorithm was applied 
[40]. Unrestrained 400 ns production MD simulations were performed 
with Amber 18 [41], using the ff14SB force field [42]. Analysis of 
production runs were performed using CPPTRAJ software from Am-
berTools. The fraction of time in which H-bond interaction is formed 
was calculated by integrating the first peak (from 3 to approximately 
4.5 Å) of the probability density function. 

3. Results 

3.1. Finding point mutants more stable than the wild-type FXN 

To evaluate the contribution of each amino acid residue to con-
formational stability, the FXN structure (PDB ID: 1EKG) was examined 
by means of the FOLDX bioinformatic tool (Fig. 1). A list of approxi-
mately 220 potential variants was found, in which the predicted sta-
bility was at least 0.5 kcal mol−1 higher than that of the wild-type FXN. 
Next, these mutants were analyzed by considering the structure of the 
supercomplex [NFS1/ACP-ISD11/ISCU/FXN]2 (PDB ID: 6NZU). Our 
purpose was to avoid mutations of positions involved in protein-protein 
interactions. Potential mutations of residues involved in FRDA sites or 
in the immediate vicinity of these residues were also discarded. How-
ever, the exception was K147M, near N146, a position involved in 
FRDA (N146K variant). K147M was not discarded given the possibility 
of blocking the ubiquitination site K147 in order to alter degradation in 
vivo [43,44]. Additionally, we discarded mutations of those residues 
located in the iron binding region (helix α1, loop-1 and strand β1), 
given the eventual disruption of metal-FXN and cysteine desulfurase 
NFS1-FXN interactions. 

This protocol constrained the set of variants to a reduced group of 
approximately twenty plausible positions. In this context, we decided to 
prepare and study a preliminary set of seven mutants: K147M, S157I, 
S160I, S160M, A193L, T196I and A204R. We included mutant A204M 
in order to investigate the effect of a long side chain at this position, 
compared to the electrostatic effect of the long and positively charged 
side chain as the one corresponding to the arginine residue (Table 1), 
and we also studied the L203C variant previously identified by our 
laboratory as a stabilizing mutation ( GNU

o = 1.0 kcal mol−1). Re-
markably, the prediction of the effect of the cysteine sidechain is not 
captured by FOLDX at all; instead, it is predicted as a highly destabi-
lizing mutation (Fig. 1, expected GNU

o = −3.0 kcal mol−1). 
The conformational stability of the variants was also inferred from 

the FXN protein structure using the Dynamut tool [46], which included 
dynamic information for the predictions (Table 1). Whereas FOLDX 
predicted K147M significantly more stable than the wild-type, Dynamut 
predicted this mutation may be only slightly stabilizing; the same oc-
curred for mutation T196I. On the other hand, A204M, which was 
predicted as a stabilizing mutation by FOLDX, was predicted as desta-
bilizing by Dynamut. In addition, Dynamut failed to predict the stabi-
lizing effect of L203C. 

The FRDA variants D122Y, G130V, W155R and L198R that were 
previously shown to be less stable than wild-type FXN 
(ΔΔG°NU = −2.1, −2.9, −1.4 and −4.2 kcal mol−1, respectively, 
[12,24]) were included as a reference in our analysis. Additionally, the 
FRDA mutant N146K, which exhibits a higher resistance to thermal 
denaturation than wild-type FXN (observed ΔTm ~ 5 °C), was also in-
tegrated to the set of proteins analyzed [17]. 
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The set of point mutant variants was prepared as described in 
Materials and Methods, purified (> 98%, SDS-PAGE and HPLC, data 
not shown) and studied. All variants were soluble. The analysis of dy-
namic light scattering experiments along with size exclusion chroma-
tography (SEC-HPLC) showed that all of the variants are folded and 
behave as compact monomers in solution (Fig. 2A, and Table 1). The 
observed molecular mass values fall in the range 15000–13600 Da, as 
inferred by means of the calibration curve (Fig. 2A, inset). 

We analyzed the tertiary structure of the variants by circular di-
chroism (CD) spectroscopy in the near-UV region. All the variants 

showed near-UV CD spectra compatible with a fully conserved structure 
(Fig. 2); similar band shapes and intensities were observed. This result 
indicated comparable asymmetric environments for the aromatic re-
sidues, among the FXN variants. 

3.2. Conformational stability of point mutants 

Next, the resistance to temperature-induced unfolding followed by 
Sypro-orange fluorescence was explored (Fig. 3). Five of the seven 
mutants showed the observed Tm higher than the wild-type variant 

Fig. 1. Bioinformatic Inspection of FXN by FOLDX. (A) Ribbon representation of FXN structure showing the residues mutated in this work. Protein representations 
were prepared using YASARA [45]. (B) The structure (residues 90 to 108) was analyzed using FOLDX [26] and mutations that exhibited GNU

o > 0 were plotted 
(empty circles). Mutations prepared in this work are highlighted with color circles. The GNU

o prediction for L203C mutant is shown by a full-brown-square. 
=G G GNU

o
NU mutant FXN
o

NU wild type FXN
o (positive values correspond to stabilizing mutations, e.g., L203C is predicted as destabilizing mutation). FRDA mutants 

currently known are indicated by asterisks at positions 106, 122, 123, 130, 137, 146, 148, 154, 155, 156, 165, 173, 182, 186, 190, 198 and 202. Note that the 
asterisks are not associated to GNU

o values; they are only included to indicate the residue involved. Secondary structure elements are depicted at the top of panel B; 
CTR is the C-terminal region. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Parameters for FXN variants.         

Variant Properties and Predictions 

Theoretical Molecular Massa 

(Da) 
Experimental Molecular Mass 
(Da) 

RH
b (nm) FOLDX Stabilityc,d (kcal mol−1) Dynamut Stabilitye (kcal mol−1) Observed Tm

f 

(°C)  

WT 13605.2 13604.9 2.0  ±  0.3 – – 64.9  ±  0.6 
K147M 13608.2 13607.7 1.9  ±  0.1 2.1 0.2 61.1  ±  0.4 
S157I 13631.2 13630.4 2.5  ±  0.1 2.7 1.7 65.8  ±  0.2 
S160I 13631.2 13630.0 2.4  ±  0.2 0.9 1.1 69.3  ±  0.2 
S160M 13649.3 13647.3 2.3  ±  0.2 2.3 1.5 68.8  ±  0.2 
A193L 13647.2 13646.0 2.1  ±  0.1 2.2 2.0 65.7  ±  0.3 
T196I 13617.2 13617.2 2.4  ±  0.1 0.9 0.1 65.4  ±  0.2 
L203C 13595.1 13600.0h 2.0  ±  0.2 −2.9 −1.0 67.6  ±  0.2 
A204M 13665.3 13664.0 2.0  ±  0.2 0.3 0.2 63.3  ±  0.1 
A204R 13690.3 13689.2 1.8  ±  0.3 0.5 −0.3 66.8  ±  0.2 
SILCARg 13706.3 13705.5 2.5  ±  0.1 – – 73.8  ±  0.1 

a Theoretical parameter inferred from the protein sequences calculated using EXPASY tool [28]. 
b It was evaluated by DLS. Protein concentration was in the range 1–2 mg mL−1. Size distributions were weighted by particle number. 
c ΔΔG°NU calculated using PDB ID: 1EKG [27]. 
d Calculated using FOLDX repair tool [26]. Negative and positive values indicate destabilization and stabilization, respectively. Prior to stability calculation repair 

algorithm was applied. The analysis of the different FOLDX terms that contribute to the stability of each variant is shown in Fig. S1. 
e Negative and positive Dynamut [46] values indicate destabilization and stabilization, respectively (a correlation between FOLDX and Dynamut results is shown 

in Fig. S1). 
f Observed Tm was derived from temperature-induced unfolding experiments followed by Sypro-orange fluorescence. 
g The triple mutant variant S160I/L203C/A204R. 
h Mass measured by MALDI TOF. The rest of the variants were analyzed by ESI-MS as mentioned in Materials and Methods.  
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(observed ΔTm  >  2 °C), whereas K147M and A204M mutants dis-
played considerably lower observed Tm values (observed ΔTm  <  2 °C), 
suggesting that conformational stability of the latter variants might be 
lower than that of the wild-type FXN. Therefore, (i) a long side chain at 
position 204 is not enough to yield FXN stabilization; (ii) K147M, which 
was predicted as a stabilizing mutation, on the contrary, is slightly 
destabilizing. 

FRDA variants prepared as controls D122Y, G130V, W155R and 
L198R exhibited considerably lower observed Tm value than the wild- 
type protein, compatible with a destabilization of FXN conformation, 
whereas N146K showed a marked increase in the observed Tm, com-
patible with the stabilization of the native state of FXN. 

Remarkably, three variants (S160I, S160M and A204R) exhibited 
substantially higher observed Tm values than the rest of the variants 
(Table 2), suggesting that these mutations might have stabilizing ef-
fects. In particular, S160I and S160M exhibited observed Tm values 
even higher that the stable variant L203C. 

To evaluate more exhaustively the effect of the mutations on con-
formational stability, we carried out isothermal urea-induced unfolding 
experiments followed by tryptophan fluorescence for S160I, S160M, 
A204R. Wild-type and L203C variants were studied side by side with 
the mutants. 

Human FXN has three tryptophan residues (Fig. 4A), one of them 

(W155) located on the surface of the beta sheet and exposed to the 
solvent, and the other two (W168 and W173) in the core of the protein, 
both at a Van der Waals distance (~4 Å). Tryptophan residues are ex-
cellent probes to monitor the FXN unfolding process (Fig. 4B). Fluor-
escence spectra corresponding to the native state of these mutants were 
completely superimposable to that of the wild-type variant, exhibiting a 
wavelength maximum (λMAX) of ~335 nm, suggesting as the near-UV 
CD results that the environment of tryptophan residues is preserved. On 
the other hand, the urea-induced unfolding resulted in all cases in a 
λMAX shift to 350 nm due to the solvent effect over the tryptopha-
n–excited state. This is indicative of a full unfolding process at high urea 
concentrations (Fig. 4B). 

Unfolding profiles showed that all the variants behaved as highly 
cooperative folding units and the analysis of two-state unfolding model 
fittings indicated that the conformational stability of S160I, S160M and 
A204R variants notably increases (Fig. 4 and Table 2). The stable var-
iants exhibited higher Cm values (Table 2). 

To obtain a highly stable variant, we chose to prepare a multiple 
mutant of FXN. It is worthy of mention that S157I and A193L were 
avoided because of a reduced function (see below) and lower observed 
Tm value, respectively. Therefore, we prepared a triple mutant variant 
that included S160I, L203C and A204R changes (SILCAR variant). In 
principle, if the effect of the mutations were completely additive, this 
variant should be ~3 kcal mol−1 more stable than the wild-type ( GNU

o

Fig. 2. Characterization of the FXN Variants. (A) Characterization of the 
hydrodynamic behavior of the FXN variants by SEC-HPLC. Protein concentra-
tion was 25–75 μM. Buffer was 20 mM Tris-HCl, 100 mM NaCl, pH 7.0. The 
inset shows the correlation between molecular weight and elution volume ob-
tained from a chromatogram corresponding to the molecular weight markers 
gammaglobulin (158 kDa), ovoalbumin (44 kDa), myoglobin (17 kDa), and 
vitamin B12 (1350 Da). (B) Characterization of the tertiary structure of the FXN 
variants by near-UV CD spectroscopy. Protein concentration was 25 μM and the 
buffer was 20 mM Tris-HCl, 100 mM NaCl, pH 7.0. Spectra were collected at 
20 °C. 

Fig. 3. Temperature-Induced Unfolding Followed by Sypro-Orange 
Fluorescence. Protein was at 5.0 μM. Buffer was 50 mM sodium phosphate, pH 
7.0. The temperature slope was 1 °C min−1 (from 20 to 90 °C). Excitation and 
emission ranges were 470–500 and 540–700 nm, respectively. Grey bars cor-
respond to the designed variants, whereas white bars correspond to FRDA FXN 
variants. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 2 
Thermodynamic parameters for equilibrium unfolding of FXN variants.      

Variant Urea-Induced Unfoldinga 

Cm (M) ΔG°NU, H20 (kcal mol−1) ΔΔG°NU (kcal mol−1)  

WT 4.88 9.02  ±  0.16 – 
S160I 5.37 9.94  ±  0.08 0.92 
S160M 5.34 9.88  ±  0.25 0.86 
L203C 5.48 10.14  ±  0.08 1.12 
A204R 5.23 9.67  ±  0.07 0.65 
SILCAR 6.20 11.46  ±  0.06 2.44 (2.69)b 

a Parameters were obtained by least-squares fitting using a globally adjusted 
value of mNU = 1.85  ±  0.04 kcal mol−1 M−1 [24]. 

b The value between parenthesis was calculated as: ΔΔG°NU SILCAR = ΔΔG°NU 

S160I + ΔΔG° NU L203C + ΔΔG° NU A204R.  
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might reach the 12 kcal mol−1). As expected, the SILCAR variant was 
structured (Fig. 2). We evaluated the conformational stability of this 
variant ( GNU

o = 11.5 kcal mol−1, Table 2 and Fig. 4); taking into ac-
count the experimental error of GNU

o determinations 
(~0.25 kcal mol−1), the analysis suggested that the partial effects of the 
mutations may be approximately additive. 

It is worthy of note that the fittings of the two-state model to the 
data corresponding to the mutants and wild-type FXN were performed 
with a common mNU parameter (the dependence of unfolding free en-
ergy with the chaotropic agent concentration G

[Urea]

NU
o

) by a global fit of all 
the data, resulting in a mNU = 1.85  ±  0.04 kcal mol−1 M−1. The fact 
that a common mNU could be applied, suggested that the difference in 
the solvent–accessible surface area ASA( )NU between the native and 
unfolded states may be similar for the variants. 

Remarkably, a good correlation between GNU
o (at 20 °C) and the 

observed Tm values was obtained (Fig. 5), reinforcing the idea that the 
variants share a common SNU

o at 20 °C [47], and suggesting that the 
variation in GNU

o at this temperature is essentially mediated by en-
thalpic differences among the variants. As previously showed by 
Schellman [48], this correlation was very useful for screening purposes, 

in our experiments. Moreover, in the case of the SILCAR variant, the 
observed Tm value was significantly increased compared to that of the 
wild-type FXN (ΔTm ~10 °C, Table 1) and the correlation was also very 
good. 

3.3. Resistance to proteolysis 

Resistance to proteolysis comprises a combination of at least two 
different features of proteins, on the one hand, global stability and, on 
the other hand, local unfolding events and motions specific for native 
state dynamics; in both cases proteolytic sites have to be exposed to the 
protease active site. 

At 20–25 °C, wild-type FXN is pretty resistant to proteolysis. When 
the reaction for wild-type was carried out at room temperature, after 
long incubation times with chymotrypsin, we observed only a singly cut; 
it occurred at position Tyr 205, in the C-terminal region. On the other 
hand, for some FRDA variants like L198R and G130V [12], or for the C- 
terminal truncated FXN 90–195, a distinctive sensitivity to proteolysis 
was observed, even with very short incubation times (2 min at 20 °C) and 
low protease concentration (1:200, protease: FXN ratio) [14]. 

Fig. 4. Isothermal Urea-Induced 
Unfolding Followed by Tryptophan 
Fluorescence. (A) Tryptophan residues 
mapped on the human FXN structure (PDB 
ID 1EKG). (B) Tryptophan spectra corre-
sponding to FXN variants incubated in 
buffer 20 mM Tris-HCl, 100 mM NaCl, 1 
mM EDTA, pH 7.0, in the presence of 8 M 
urea (U, dashed) or in the absence of de-
naturant (N, solid line). Excitation was 
performed at 295 nm. Spectra were col-
lected at 20 °C. Protein concentration was 
3.7 μM to avoid an inner filter effect. Panels 
(C), (D), (E) and (F) correspond to S160I, 
S160M, L203C and A204R, respectively. In 
panels C–F, the fluorescence intensity at 
330 nm was plotted. Wild-type and the 
triple mutant SILCAR are included in each 
panel as references. (G) The native fraction 
calculated from the fitting of a two-state 
model to the experimental data are shown 
in panels C–F. 
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Remarkably, at higher temperatures (40 °C), the wild-type variant is 
considerably more sensitive to chymotrypsin action. In fact, after a 5-h 
incubation (protease: FXN ratio 1:100), FXN was almost completely 
degraded, only < 10% of the total protein remained intact (elution 
peak between 34.3 and 34.6 min, Fig. 6A and Table S1). 

In this condition, the stable variants S160I, L203C and A204R 
showed higher resistance to proteolysis than the wild-type FXN, as 
judged by the analysis of the RP-HPLC profiles, and the protein per-
sisted intact after protease treatment (elution peak between 34.3 and 
34.6 min, Fig. 6). Qualitatively, resistance to proteolysis was wild 
type ~ S160M  <  L203C  <  S160I  <  A204R (Fig. 6A–E). In parti-
cular, the fraction of protein that remained intact in the case of L203C 
and S160I was approximately 1.7 and 2.7 times (respectively) higher 
than that what was observed in the case of the wild-type FXN, whereas 
in the case of mutant A204R, the fraction of intact protein was more 
than 4.7 times the observed fraction for the wild-type, as judged by the 
area below the corresponding peaks. Therefore, A204R exhibited con-
siderably higher resistance, compared to the other point mutant. Pro-
teolysis was also evaluated for the SILCAR variant in the same condi-
tions (with 100:1; FXN:chymotrypsin, 40 °C, 5 h). SILCAR was 
significantly more resistant than the wild-type variant (6.3 times, Table 
S1) and the point mutants, and even more resistant than A204R 
(Fig. 6F). The peak corresponding to the intact protein is signaled with 
a red asterisk at the top of each chromatographic profile. The values 
corresponding to the integration of the areas are in Table S1. 

3.4. Activation of Cysteine Desulfurase NFS1 enzyme and frataxin function 
of the point mutants 

Does the increase in stability affect the biological function of FXN? 
To investigate this issue, we evaluated the capability of the FXN mu-
tants to activate the cysteine desulfurase enzyme. With the exception of 
variant S157I, all the variants showed similar activation to the ex-
hibited by wild-type FXN (Fig. 7). 

Variant S157I, however, exhibited only 50% of the specific activa-
tion of wild-type FXN. It is worthy of note that this variant exhibited 
only a slightly higher activation than the FRDA mutants N146K and 
W155R, suggesting a substantial effect of the S157I mutation on func-
tion, and possibly, a specific involvement of this residue in protein- 
protein interactions, most likely with ISCU, because S157 is located in 
the β-sheet oriented to the solvent and at only 5 Å of the FXN key- 

residue W155. In fact, the structure of the supercomplex (PDB ID: 
6NZU) shows that S157 forms a hydrogen bond with the backbone 
carbonyl oxygen of residue P133 of the ISCU subunit (Fig. S2). 

Mutant K147M showed an activation similar to that observed for the 
wild-type FXN, suggesting the possibility of avoiding ubiquitination 
(which occurs in residue K147) and ubiquitin-mediated degradation in 
vivo [43,44], conserving the thermodynamic stability of wild-type 
protein by compensation of the negative effect of K147M (the observed 
Tm is approximately 4 °C lower than the observed for the wild-type) by 
making other mutations. 

Whether or not SILCAR was useful to activate cysteine desulfurase 
NFS1 supercomplex was a major question because it was not clear en-
ough if extreme enhancement stability might result in an increased ri-
gidity or an alteration of other properties that could alter FXN activity. 
As shown in Fig. 7, this stable variant was able to activate the super-
complex in the same fashion that wild-type FXN did. 

The inspection of a plot of cysteine desulfurase activity vs. the ob-
served Tm (Fig. 8) clearly shows that there is no correlation between 
stability and function. In fact, it is unlikely that the observed require-
ment for the activation depends on the native fraction of the FXN given 
that, even for the most unstable variant assayed in this work (L198R 
ΔG°NU = 5 kcal M−1 [14]), the unfolded fraction is < 0.02% at room 
temperature. Furthermore, cysteine desulfurase activation seems to 
reach a maximal activity to what was observed for the wild-type, in-
dependently of the increase in the stability of the variant. 

Nevertheless, from a practical point of view, FXN variants can be 
clustered in four different groups: (i) active and stable variants (relative 
activity ~1.0 and observed Tm ≥ 65 °C); (ii) active but unstable (re-
lative activity ~1.0 and observed Tm  <  65 °C); (iii) inactive but stable 
(relative activity  <  1.0 and observed Tm ≥ 65 °C); and (iv) inactive 
and unstable (relative activity  <  1.0 and observed Tm  <  65 °C). 

The K147M variant exhibits a reduced stability, although this mu-
tant does preserve the protein function (group ii). The FRDA G137V 
variant recently studied by Faggianelli and coworkers [13] is a much 
more pronounced case of conformational instability in a context of si-
milar activity compared with the wild-type FXN. Variants S157I (pre-
pared in this work) and N146K (FRDA) can be clustered in group iii. On 
the other hand, the FRDA variants D122Y, G130V, W155R and L198R 
may be clustered in group iv; they are highly unstable and, simulta-
neously, they are significantly less active than the wild-type FXN. 

3.5. The conformational dynamics of the SILCAR variant 

Given that SILCAR variant exhibited remarkable resistance to pro-
teolysis, we wondered whether these three mutations caused an al-
teration of the internal motions of FXN. To evaluate this issue, first we 
carried out all-atom molecular dynamics simulations for this mutant 
and for the wild-type variant (Fig. 9). 

The analysis of the simulations carried out at 27 °C showed similar 
RMSF profiles for both variants (Fig. 9A), suggesting, in principle, 
comparable internal motions in the nanosecond timescale. A slightly 
lower internal mobility was observed for wild type, in particular, for 
stretches 115–121 (that comprises loop 1), 135–140, 158–162 (which 
includes S160I mutation in SILCAR), and 190–200. When simulations 
were run at a higher temperature (67 °C), some stretches of the wild- 
type variant exhibited higher mobility than SILCAR; nevertheless, other 
stretches proved to be more dynamic in the case of SILCAR. RMSD 
analysis showed no significant differences in global mean fluctuations 
between the wild-type and SILCAR nor in the C-terminal average mo-
tions (data not shown). 

Interestingly, the interactions that R204 can establish seem to de-
pend on the temperature. When simulations were carried out at 27 °C, 
the side chain of R204 established strong ionic interactions with E101 
and also interacted with other acidic residues (D104 and E108) in 
SILCAR (Fig. 9B). On the other hand, when simulations were run at 
67 °C the strongest interaction was formed between R204 and D104, 

Fig. 5. Correlation between the Observed Tm and Conformational 
Stability. For the correlation we included data corresponding to the variants 
prepared for this work and the FRDA variants L198R, D122Y, W155R. Also, we 
included two CTR variants previously studied in our laboratory L198A and 
L200A. Free energy differences for D122Y, G130V and W155R were taken from 
Ref. [12]. The black straight line corresponds to the linear correlation 
(R2 = 0.99). GNU

o values were calculated 
as. =G G GNU

o
NU mutant FXN
o

NU wild type FXN
o
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whereas E101 and E108 only sporadically formed ionic pairs with the 
arginine, as judged by the distance analysis (Fig. 9B). Additionally, 
Y205 established a stronger hydrogen bond interaction with E101 in 
the case of the SILCAR variant compared to the wild-type FXN, and this 
was also evident when simulations were run at a higher temperature 
(Fig. 9C). 

We calculated the fraction of time in which the H-bond between 
Y205 and E101 was formed. For the wild-type protein, 60% was 

Fig. 6. Resistance to Proteolysis of the FXN Variants. RP-HPLC profiles corresponding to wild-type (A), S160I (B), S160M (C), L203C (D), A204R (E) and SILCAR 
variant (F). In each panel PMSF (blue) and the protein without protease (black) were included. Proteins (1 mg mL−1) were incubated during 5 h at 40 °C in buffer 
20 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.0 with 1:100 protease: protein (chymotrypsin). In all cases, the reactions were stopped by the addition of 1 mM 
PMSF (final concentration) and 0.05–0.1% (v/v) TFA. After that, a gradient from 0 to 100% acetonitrile (0.05% (v/v) TFA) was performed. The column used was 
analytical C18 (Higgins Analytical, Inc. U.S.A.) and peptides were monitored by absorbance at 220 nm. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 7. Activation of Cysteine Desulfurase NFS1 by the FXN Variants. 
Enzymatic desulfurization of cysteine to alanine and sulfide by the (NFS1/ACP- 
ISD11/ISCU/FXN)2 supercomplex was determined by the methylene blue 
method. Samples were incubated at room temperature for 30 min H2S pro-
duction was stopped and the production of methylene blue was measured by 
absorbance at 670 nm. Grey bars correspond to the designed variants, whereas 
white bars correspond to the FRDA FXN variants and a control without FXN (no 
FXN). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 8. Activation of Cysteine Desulfurase NFS1 by the FXN Variants vs. 
Resistance to Thermal Denaturation. Data shown in Fig. 5 and 8 were 
plotted. 
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estimated when simulated at 27 °C and 50% when the temperature was 
increased to 67 °C. In the SILCAR variant simulations, this interaction 
was present 80% and 75% of the time at 27 and 67 °C, respectively. This 
behavior may be related to the high resistance of SILCAR to chymo-
trypsin; that is, Y205 would be more rigid and structured in the case of 
SILCAR and consequently, less accessible to protease action. 

Internal motions spread in a broad range of timescales. We won-
dered whether SILCAR exhibited alterations in its dynamics, in the 
range of the microsecond to milliseconds that might be relevant in 
protein function. Carr-Purcell-Meiboom-Gill (CPMG) relaxation dis-
persion NMR experiments are useful to explore motions in this time-
scale; thus we carried out this experiment for the 15N-labeled SILCAR 
and wild-type FXN variants, for comparison (Fig. 10). 

Prior to that, in the case of the SILCAR variant, the assignments 
were corroborated by means of NOESY-HSQC and TOCSY-HSQC 
spectra, because an important set of H–15N- groups exhibited significant 
chemical shift differences (Fig. 10A) compared to that of the wild-type 
FXN. Higher differences were observed for residues close in space to the 
mutation sites (S160I, L203C and A204R, Figs. S3 and S4). 

If some residues were involved in a conformational exchange that 
occurs in this timescale, this exchange should positively contribute to 
the observed (effective) transversal relaxation (Robs

2 ). Additionally, an 
increase in kex (the observed kinetic constant for the exchange process), 
or an increment in the population of the excited state (higher in energy 
than the ground state), or an increase in the difference between the 
chemical shifts of the excited state and the ground state may result in an 
increase in the Robs

2 [33,49,50]. 

The results indicate that the relaxation profiles corresponding to the 
variants are similar. Thus, in principle, both the SILCAR and the wild- 
type variants exhibit similar internal motions. However, some residues 
exhibiting high Robs

2 values in the wild-type variant have shown even 
higher values in SILCAR, suggesting that the exchange might be higher 
in the mutant (Fig. 10B and C). To study what the source of these dif-
ferences was, we carried out two-state (ground and excited native 
states) global fittings (Fig. 10D and E) using the Sherekhan server [36], 
considering data sets acquired at two different magnetic field strengths 
(14.1 and 16.5 T). The analysis of the global fittings suggests that there 
are no significant differences in the conformational exchange rate (kex 

are 225  ±  31 and 216  ±  16 s−1 for wild-type and SILCAR, respec-
tively) nor are there any changes in the populations of ground and 
excited states (pB are 0.016  ±  0.002 and 0.019  ±  0.002, for wild-type 
and SILCAR variants, respectively). Therefore, the origin of the increase 
in the effective Robs

2 values for these residues might come from a slight 
change in differences in the chemical shifts between the ground and 
excited states (Δω, Fig. 10D). Thus, these peculiarities observed for the 
R
obs

2 values in SILCAR are more likely evidence of the subtle effects of 
the three mutations on the fine structure of the ground and/or excited 
states rather than alterations in the dynamics of the protein. 

4. Discussion 

4.1. FXN variants with high conformational stability 

In this study we explored the structure of FXN in order to find 

Fig. 9. Internal Motions of Human FXN Explored by Molecular Dynamics Simulations. (A) RMSF values corresponding to the wild-type (grey and black at 27 °C 
and 67 °C, respectively) and SILCAR (cyan and blue at 27 °C and 67 °C, respectively) variants. (B) Interaction distance between R204 and E101, D104 or E108 along 
the simulation time of SILCAR. (C) Histogram showing the distribution of the observed distances between residues Y205 and E101 along the simulation time of the 
wild-type (grey and black at 27 and 67 °C, respectively) and SILCAR (cyan and blue at 27 and 67 °C, respectively) variants. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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mutants with higher stability than the wild-type protein and similar 
biological activity. We identified several candidates by means of the 
FOLDX computational tool. Seven mutants were prepared and studied. 
Three of them (S160I, S160M and A204R) were significantly more 
stable than the wild-type variant and equally active as cysteine de-
sulfurase NFS1 activators. Thus, these variants and L203C, previously 
studied in our laboratory, provided a good tool to explore structural 
dynamics-activity relationships spanning a broad range of conforma-
tional stabilities. 

Taking into account the structure of FXN (PDB ID 1EKG), the 
structure of the supercomplex for the iron-sulfur cluster assembly (PDB 
ID 6NZU) and the computational models corresponding to the point 
mutant FXN variants, the following inferences can be made regarding 
the effect of the mutations on stability and function:   

K147M: Residue K147 establishes an ionic interaction with E96 
(2.5 Å). It might be inferred that this mutation can reduce the sta-
bility of the protein, cancelling this salt bridge. On the other hand, 
methionine might establish apolar interactions with L103 side chain 
(3.1 Å). The experimental results indicate that a destabilizing effect 
of the mutation prevailed.   
S157I: This variant exhibits a slightly higher observed Tm value than 
the wild-type variant. I157 might establish stabilizing apolar con-
tacts with V144 (distance is 3.7 Å). On the other hand, it is not odd 
that the S157I variant is a very poor activator of the cysteine 

desulfurase NFS1 supercomplex because S157 appears to form a 
hydrogen bond with P133 from ISCU (Fig. S2) and the mutation 
cancels this interaction.   
S160I: As predicted by FOLDX, it is more stable than the wild-type 
FXN. The analysis of the FXN structure suggests that the isoleucine 
at position 160 might establish apolar interaction with P159 (3.5 Å), 
stabilizing the β-turn structure between the β-strands 4 and 5.   
S160M: It is more stable than the wild-type variant. A methionine 
residue in that place may interact with P159 and also with E189 (3.6 
and 3.5 Å, respectively).   
A193L: It is more stable than the wild-type; it is likely that leucine 
increases the number of apolar contacts with residues at the core of 
FXN: L140, L136 and Y143 (3.4, 3.6 and 3.3 Å, respectively).   
T196I: The analysis of the structure suggests that isoleucine located 
in the first part of CTR region might interact with Tyr 108 from loop 
1, making an apolar bridge. However, the fact that the observed Tm 

values corresponding to wild-type and T196I are very similar sug-
gests that, if this interaction takes place, it is only transient or, on 
the other hand, the effect is negatively compensated in some way. 
L203C: As previously described [24,25], a cysteine residue at po-
sition 203 can favorably interact with apolar side chains of the FXN 
core, whereas it can also interact with core polar residues such as 
H183 and S105 (distances = 3.4 and 3.3 Å, respectively) given its 
dual physicochemical behavior, which is not properly predicted by 
FOLDX or Dynamut software. 

Fig. 10. NMR analysis of the SILCAR variant. (A) Chemical Shift Perturbation (CSP). 1H–15N HSQC spectra corresponding to wild-type and SILCAR variants were 
analyzed to identify the effect of point mutations on the amide chemical shift using the parameter Δδ = [(Δδ2

H +Δδ2 N/25)/2]0.5. The small arrows indicate the 
mutated residues in SILCAR, 160, 203 and 204. (B) The contribution of a conformational exchange to transverse relaxation, ΔR2

obs, was estimated from the difference 
in R2

obs at the lowest and highest CPMG frequency values and plotted along the FXN sequence (diamonds in blue and black bars correspond to the SILCAR and wild- 
type variants, respectively). The experiment was carried out at 14.1 T. (C) Similar to panel B, but the experiment was performed at 16.5 T. For clarity, only the subset 
of residues used for global fittings (E96, E100, G130, V131, K147, K152, L156 and D167) is shown. (D) The differences in chemical shifts between the ground and 
excited states from fittings to the Carver-Richards equation (see the Materials and Methods section) for the same subset of residues as in panel B. (E) The global 
fittings using data acquired at 14.1 (black-bold and blue circles, wild-type and SILCAR, respectively) and 16.5 T (black-empty and red-bold circles, wild-type and 
SILCAR, respectively). The residue corresponding to the cross-peak analyzed is indicated in each panel. Lines indicate the best-fit curves obtained using shared values 
for the exchange rate and state populations, according to previous work [35]. The residues analyzed are plotted on the FXN structure in Fig. S5, in Supplementary 
Material). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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A204M: It exhibits a slight destabilizing effect compared to the 
wild-type variant, as judged by the observed Tm. It is possible that 
the larger apolar side-chain cannot be properly accommodated at 
this site.   
A204R: it exhibits a marked gain in stability; the analysis of the 
structure indicates that R204 can establish a strong ionic interaction 
with E101. 

In this work, we also carried out controlled proteolysis of the mu-
tant proteins. Variants S160I, L203C and A204R showed more re-
sistance than the wild-type FXN. In particular, A204R variant showed 
the highest resistance among the simple mutants. This arginine residue 
might create a new salt bridge between the CTR and helix α1. In this 
regard, relationships between conformational stability and C-terminal 
region (CTR) integrity of the FXN protein family were previously 
identified [15,51]. Furthermore, it was shown that CTR mutations es-
sentially affect the stability of the native state but neither the stability 
of the folding transition state nor that of the intermediary state of the 
folding reaction [24] are altered. 

Moreover, point mutation L198R at the CTR locally alters FXN in-
ternal motions. This behavior was also studied in detail in our labora-
tory by means of the engineered cysteine point mutants (located in the 
core: V134C, located in the CTR: L198C, L200C and L203C) and thiol- 
disulfide exchange dynamics. These experiments effectively showed 
that there is a correlation between local stability of the CTR and global 
stability of FXN [25]. On the other hand, complete truncation of the 
CTR (Δ195) perturbed internal motions in a global fashion, suggesting a 
conformational exchange between the native and unfolded states in the 
absence of a denaturant and at room temperature [14]. This is in 
agreement with the very low conformational stability of the CTR 
truncated variant [15]. 

To increase the stability of FXN, we have prepared the triple mutant 
SILCAR (S160I/L203C/A204R). Remarkably, SILCAR has two-point 
mutations located in the CTR. As expected, this variant was highly 
stable. Moreover, SILCAR was as active as the wild-type FXN and, no-
tably, it was more resistant to proteolysis than each one of the simple 
mutants, suggesting a more compact structure. 

Relaxation dispersion NMR experiments have shown that this mu-
tant has internal motions similar to that of the wild-type variant at least 
in the micro-millisecond timescale. In this context, the fact that SILCAR 
was more resistant to chymotrypsin protease suggests the protection at 
specific proteolytic sites, a hypothesis that will be further investigated. 

The capability of human FXN to exert its function in vivo seems to 
depend on a multiplicity of factors, among them: expression levels, 
ubiquitination and degradation [44,52], translocation and processing of 
the precursor (1–210) and intermediate (41–210) forms to yield the 
mature form (81–210) within the mitochondrial matrix, conformational 
stability, the establishment of proper protein-protein interactions (cy-
steine desulfurase NFS1 supercomplex), iron interaction and perhaps 
the inhibition of protein aggregation, which was described for some 
pathogenic variants in vitro [12,53]. All these features make the essence 
of FXN inside the cell. 

Whether a highly stable variant as SILCAR is able to act as the wild- 
type FXN should be explored in more detail. Here we explored only a 
small part of the picture. More experiments should be done to evaluate 
if SILCAR is able to activate the [Fe–S] cluster assembly and if other 
possible moonlight functions of FXN inside the cells are carried out in a 
proper way by this variant. In this context, the combination of SILCAR 
mutations with K147M or K147R—which are less stable than the wild- 
type FXN but would not be substrates of the ubiquitin-mediated protein 
degradation pathway—may be good options to prepare a highly stable 
in vivo FXN variant for protein replacement therapies. 
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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.

Keywords: frataxin; iron; EPR; fluorescence; CD; Fe-S cluster assembly machinery
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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.

Scheme 1. The MTSSL and the M-TETPO nitroxide spin labels.

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.

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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Figure 3. (A) From top to bottom, the left shoulder of the EPR spectrum of the A193C mutant labeled

with MTSSL at progressively lower protein concentrations, the lighter the color the higher the FXN:

Fe3+ ratio. (B) The percentage of immobilized protein (left axis, big dots) or the pH (right axis, small dots)

vs. the nominal ferric iron concentration for different protein concentrations. (C) The percentage of

immobilized protein vs. the FXN: Fe3+ molar ratio for three protein concentrations.

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



Int. J. Mol. Sci. 2020, 21, 9619 8 of 20

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.

Figure 4. EPR spectra of different FXN mutants at increasing protein: Fe2+ molar ratios from 1:0 to 1:50;

protein concentration 50 µM, M-TETPO label. (A) A99C—blue; (B) T133C—green; (C) A114C—brown;

(D) H183C—pink; (E) A114C-D122Y brown; (F) A193C—red.



Int. J. Mol. Sci. 2020, 21, 9619 9 of 20

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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Figure 5. Tryptophan fluorescence spectra of WT FXN and D122Y variant at increasing amounts of

Fe3+. Protein concentration 1.4 µM, 288 K, λexc = 280 nm, λmax = 332 nm. (A,B) Fluorescence of FXN

WT and D122Y, respectively; (C,D) fluorescence quenching by Fe3+ calculated at λmax for FXN WT and

D122Y, respectively; in the inset, a zoom of the sub-stoichiometric region.

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.

Figure 6. Tryptophan fluorescence spectra of WT FXN and D122Y variant at increasing amounts of

Fe2+. Protein concentration 1.4 µM, 288 K, λexc = 280 nm, λmax = 332 nm. (A,B) Fluorescence of FXN

WT and D122Y, respectively; (C,D) fluorescence quenching by Fe2+ calculated at λmax for FXN WT and

D122Y, respectively; in the inset, a zoom of the sub-stoichiometric region.

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.
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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.
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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].

Scheme 2. Synthetic way to prepare TETPO from alcohol 1. (a) MsCl, Et3N, DCM 0 ◦C to RT, 2 h;

(b) protected maleimide, K2CO3, DMF; (c) reflux, toluene.

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
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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.
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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.
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Abstract

Friedreich ataxia (FRDA) is a neurodegenerative disease resulting from a severe de-

crease of frataxin (FXN). Most patients carry a GAA repeat expansion in both al-

leles of the FXN gene, whereas a small fraction of them are compound heterozygous 

for the expansion and a point mutation in the other allele. FXN is involved in the 

mitochondrial biogenesis of the FeS-clusters. Distinctive feature of FRDA patient 

cells is an impaired cellular respiration, likely due to a deficit of key redox cofactors 

working as electrons shuttles through the respiratory chain. However, a definite rela-

tionship between FXN levels, FeS-clusters assembly dysregulation and bioenergetics 

failure has not been established. In this work, we performed a comparative analysis 

of the mitochondrial phenotype of cell lines from FRDA patients, either homozygous 

for the expansion or compound heterozygotes for the G130V mutation. We found 

that, in healthy cells, FXN and two key proteins of the FeS-cluster assembly machin-

ery are enriched in mitochondrial cristae, the dynamic subcompartment housing the 

respiratory chain. On the contrary, FXN widely redistributes to the matrix in FRDA 

cells with defects in respiratory supercomplexes assembly and altered respiratory 

function. We propose that this could be relevant for the early mitochondrial defects 

afflicting FRDA cells and that perturbation of mitochondrial morphodynamics could 

in turn be critical in terms of disease mechanisms.

K E Y W O R D S

FeS-cluster assembly, mitochondria, mitochondrial morphology, respiration
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1 |  INTRODUCTION

Friedreich ataxia (FRDA; OMIM 229 300) is the most com-

mon inherited ataxia, affecting 1 in 50 000 in the Caucasian 

population.1,2 FRDA is a neurodegenerative disorder associ-

ated to multiple symptoms including slowly progressive gait 

and limb ataxia, areflexia, dysarthria, and loss of proprio-

ceptive sensation, while cognitive functions are preserved. 

Symptoms typically manifest in childhood and gradually 

worsen over time, with patients usually becoming wheel-

chair-dependent 15-20  years after the onset of the disease. 

Non-neurological features comprise diabetes mellitus and 

hypertrophic cardiomyopathy, which affects at least 60% of 

patients and at final stages may cause severe, life threaten-

ing arrhythmias that lead to premature death.3,4 To date, no 

specific therapeutic measures are known to modify the pro-

gression of the disease and patient medical care is essentially 

aimed at mitigating the symptoms. FRDA is usually caused by 

an abnormally expanded GAA triplet repeat in the first intron 

of the FXN gene, on chromosome 9q21. The expansion leads 

to transcriptional silencing of FXN through heterochromati-

nization of the expanded region, and to a reduced expression 

of frataxin, a ubiquitous and highly conserved mitochondrial 

protein.1,5,6 The severity of the disease increases with the 

length of the expansion, which ranges from 6 to 36 in healthy 

individuals and 70-1700 (most commonly 600-900) in FRDA 

patients.1 The majority of the patients harbor two expanded 

FXN alleles, and it is usually the size of the shorter expansion 

that correlates with the clinical phenotype. Approximately, 

5% of the patients are compound heterozygous for the GAA 

expansion and a point mutation in the FXN gene, including 

nonsense, missense, insertions, and deletions.7-10 All pa-

tients have about 5%-30% estimated residual frataxin levels.5 

Constitutive deletion of the FXN gene in mice causes embry-

onic lethality,11 indicating that the complete loss of frataxin 

is not compatible with life.

Impaired mitochondrial oxidative phosphorylation, bio-

energetics failure, deficit of FeS-protein, iron overload, and 

increased sensitivity to oxidative stress commonly occur in 

cells of patients with FRDA.12-22 The precise function of 

frataxin remains unclear, but several roles have been pro-

posed, ranging from heme and FeS-clusters biogenesis23,24 to 

iron-chaperone and binding/storage activities.25,26 All these 

functions are in agreement with the mitochondrial phenotype 

of FRDA cells; however, due to the tight link between these 

crucial cellular pathways, it is difficult to clearly identify the 

primary event(s) leading to the metabolic impairment and to 

disease onset and progression. It is worth noting that mito-

chondrial energy production relies heavily on FeS-clusters 

(respiratory complexes I, II, and III) and heme (respiratory 

complex IV) as prosthetic groups; but the biogenesis of FeS-

clusters itself takes place in mitochondria, which contain the 

specific assembly machinery.27 Human frataxin was shown 

to interact in vitro with multiple core components of this ma-

chinery, however, its exact molecular function at this level 

remains unclear.28-32 Although a cytosolic FeS-cluster bio-

genesis system exists in eukaryotes, the assembly machinery 

described above is also essential to all extra-mitochondrial 

FeS-proteins.33 This puts mitochondria physiology more 

in general at the core of the metabolic pathways involving 

FeS-proteins.34

Most mitochondrial functions are closely linked to their 

morphology: mitochondria are highly dynamic organelles 

which continually fuse, divide and remodel their cristae to 

cope with the variable energy demands and to participate to 

other processes such as calcium homeostasis, apoptosis, and 

autophagy (see 35 for a comprehensive review on this topic). 

In the complex architecture of a mitochondrion, cristae have 

a remarkable structural variability36 and are considered a 

functional subcompartment per se since they host the as-

sembled respiratory complexes. The physiological relevance 

of the cristae is supported by the direct correlation between 

their density and the respiratory capacity of mitochondria.37 

Moreover, cristae shape and their dynamic remodeling are 

fundamental for the assembly of the respiratory complexes in 

supercomplexes, quaternary structures which in healthy cells 

increase the electron flow channeling and the overall mito-

chondrial respiratory efficiency.38-40

Energy-intensive cells, such as neurons and skeletal/car-

diac myocytes, are particularly vulnerable to mitochondrial 

dysfunctions as indicated by the fact that several neurode-

generative diseases are caused by mutations in genes directly 

involved in mitochondrial dynamics.35,41 In disorders associ-

ated with defects in the FeS-cluster assembly process, such 

as FRDA, perturbations of mitochondrial ultrastructure and 

dynamics could be also critical for the pathogenesis of the 

disease. Based on these premises, in this work, we explored 

the relationship between frataxin, mitochondrial ultrastruc-

ture, and bioenergetics in four cell lines from FRDA patients, 

three homozygous for the GAA triplet expansion, the other 

compound heterozygous for the GAA expansion and the 

G130V point mutation, which is one of the most frequently 

found in clinically affected heterozygous patients.

2 |  MATERIALS AND METHODS

2.1 | Cell lines and culture conditions

Lymphoblastoid cell lines (LCLs) were obtained from the 

Coriell Institute for Medical Research (NJ, USA) and cultured 

in RPMI1640 (GIBCO Life Technologies), supplemented 

with 15% FBS, 2  mM L-glutamine, 100 U/mL penicillin, 

and 100 µg/mL streptomycin, under 5% CO2 at 37°C. FRDA 

LCLs were from four unrelated clinically affected patients: 

GM04079 (homozygous for the GAA expansion in the FXN 



   | 3 of 14DONI ET AL.

gene, with alleles carrying 541 and 420 repeats at sampling), 

GM16227 (homozygous for the GAA expansion, with alleles 

carrying 630 and 830 repeats at sampling), GM15850 (ho-

mozygous for the GAA expansion, with alleles carrying 650 

and 1030 repeats at sampling), and GM21542 (with one FXN 

allele carrying 900-950 GAA repeats, as determined in this 

work by long-range PCR, Figure S1 (see below in the next 

paragraph) and the second carrying a G130V point mutation 

and a normal number of repeats); control LCLs were from 

two clinically unaffected subjects (with both FXN alleles in 

the normal range of GAA repeats): GM07533 and GM15851 

(brother of patient GM15850). GM04079, GM16227, and 

GM15850 are indicated throughout the text as FRDA 1, 

FRDA 2, and FRDA 3, respectively. Cytogenetic analysis 

was performed on the lymphoblastoid cell lines used for the 

experiments, according to standard laboratory procedures. A 

normal karyotype was observed in all the 20 Q-banded meta-

phases analyzed for each case (Figure S2).

2.2 | Genotyping and RT-PCR

About 4  ×  106 cells from each line, were harvested, sedi-

mented, washed twice with PBS, and resuspended in lysis 

buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 0.1% 

SDS, and 400  µg/mL Proteinase K). Samples were incu-

bated at 50°C overnight. Genomic DNA was purified with 

phenol: chloroform: isoamyl alcohol (25:24:1) according 

to standard procedures. For FXN expression analysis, total 

RNA was isolated from 3 × 106 cells using the RNeasy mini 

kit (Qiagen). DNA and RNA samples were quantified using 

ND-1000 spectrophotometer (Nanodrop, Wilmington, DE, 

USA). The genotype of all cell lines employed in this work 

was verified by long-range PCR. In the case of GM21542, 

derived from the compound heterozygote carrying the 

G130V mutation and one expanded allele of unknown length, 

we found that the GAA expansion consists of 900-950 re-

peats (Figure S1). A 50 ng of each DNA sample were am-

plified with the QIAGEN LongRange PCR Kit (Qiagen) 

according to manufacturer's instructions using a primer set 

specific for the amplification of the expanded GAA-repeat 

(forward: 5’-GGAGGGATCCGTCTGGGCAAAGG-3’; 

reverse: 5’-CAATCCAGGACAGTCAGGGCTT-3’; am-

plicon length: 1350  +  3n GAA).1 A sample of 2  μg of 

RNA was retrotranscribed (EuroScript M-MLW Reverse 

Transcriptase RNase H-, Euroclone) and 2  ng of cDNA 

were used as template in the quantitative real-time PCR 

(qRT-PCR) using the following primer pairs (FXN: for-

ward: 5′-CCTTGCAGACAAGCCATACA-3′, reverse: 

5′-GGTCCACTGGATGGAGAAGA-3′; GAPDH: for-

ward: 5′-CCTCAACGACCACTTTGTCA-3′, reverse: 

5′-TTCCTCTTGTGCTCTTGCTG-3′). qRT-PCR was per-

formed using an Applied Biosystems 7500 Fast Real-Time 

PCR System according to the following amplification proto-

col: 95°C for 10 minutes, 95°C for 15 seconds, and 60°C for 

60 seconds (40 cycles). qRT-PCR reactions were always per-

formed in triplicate amplifying the cDNA deriving from two 

independent reverse transcription reactions. Amplification 

efficiency of FXN and GAPDH genes was verified using 

the standard curve method. FXN expression was normalized 

to that measured in the non-mutated cell line (GM07533 or 

GM15851), using the comparative delta CT method (2−∆∆CT) 

implemented in the 7500 Real Time System software.

2.3 | SDS-PAGE and protein 
immunoblotting

About 5  ×  106 cells from each line were harvested, sedi-

mented, washed once with cold PBS and lysed for 30 min-

utes on ice in 1 mL of RIPA lysis buffer (50 mM Tris-HCl 

pH 7.5, 150 mM NaCl, 1% NP-40, 100 μm phenylmethylsul-

fonyl fluoride, 1  μg/mL aprotinin, 1  μg/mL leupeptin, and 

1 μg/mL pepstatin). Lysates were sedimented at full speed 

in a microcentrifuge for 15 minutes at 4°C, the supernatants 

transferred to clean tubes and the protein concentration de-

termined by the Bradford assay. Equal protein amounts, as 

determined by Bradford assay (Bradford Reagent, Sigma-

Aldrich), were solubilized in Laemmli gel sample buffer 

containing 5% 2-mercaptoethanol and separated electropho-

retically by SDS-PAGE on 4%-15% gels (BioRad), except 

for the analyses of OPA1 in which the gels were 8%. Proteins 

were then transferred on nitrocellulose membranes (0.45 µM, 

BioRad), which were eventually probed with different pri-

mary antibodies (listed in Table S1) and with horseradish 

peroxidase-conjugated goat anti-mouse or anti-rabbit IgG. 

Labeled proteins were then visualized with an ECL west-

ern blotting detection kit (Thermo Scientific Pierce Protein 

Research). Reaction product levels were quantified by scan-

ning densitometry using ImageJ software and normalized to 

those of β-actin or the mitochondrial protein TOM20.

2.4 | Blue native gel electrophoresis (BNGE)

For BN extraction, 40 × 106 cells from each line were col-

lected, sedimented and washed once with cold PBS. Cell pel-

lets were homogeneously resuspended in 200 μL of PBS and 

200 μL of a freshly prepared solution of 8 mg/mL digitonin 

were added. After incubation for 10 minutes in ice, 1 mL of 

cold PBS was added to each sample to be then centrifuged at 

9600 xg, 10 minutes, 4°C. Pretreated cells were washed once 

with cold PBS and sedimented again at 9600 xg, 10 minutes, 

4°C in order to remove the excess of residual digitonin. After 

centrifugation, the pellets containing the mitochondrial frac-

tion were solubilized in 100  μL of Loading Native Buffer 
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1X containing Protease Inhibitor Cocktails (PIC, 1:100) and 

10 μL of a freshly prepared solution of digitonin 10%. After 

5 minutes of incubation in ice, samples were centrifuged at 

maximal speed in a microcentrifuge, 25 minutes, 4°C, and 

the supernatant containing mitochondrial complexes was col-

lected. In the final step, 5 μL of 5% Coomassie Blue G-250 

(Invitrogen) were added to each sample. The electrophoresis 

in native conditions was performed by loading 20 μL of each 

sample in a precast native Bis-Tris gel 3%-12% (Invitrogen). 

A first electrophoretic run was done at 150V in presence of 

Anode buffer and Dark cathode buffer (Invitrogen), 45 min-

utes, 4°C. The Dark buffer was then replaced with Light 

buffer (Invitrogen) and a second run was done at 250V, 

90  minutes, 4°C. Then, a part of the gel was stained with 

Coomassie Blue (40% methanol, 10% acetic acid, 0.25 g of 

Coomassie Brilliant Blue R-250, not shown in the Results), 

and the other part containing the replicates was blotted onto 

a PVDF membrane at 33V, overnight, 4°C. After transfer, 

the membrane was fixed with acetic acid 8% for 15 minutes, 

washed with water and let it dry. The membrane was then re-

activated for 1 minute in pure methanol and incubated with 

the indicated antibodies (reported in Table S1). Protein bands 

were visualized as described above.

2.5 | Biochemical analysis of 
respiratory complexes

The activities of the mitochondrial electron transport chain 

(ETC) complexes were measured according to the protocol 

described by Spinazzi et al.42 Briefly, 50  ×  106 cells from 

each line were harvested, sedimented, washed twice with 

PBS and prepared to obtain the mitochondrial-enriched 

fraction. Each sample protein content was then quantified 

according to the Bradford method and the activity of com-

plex I (NADH: ubiquinone oxidoreductase), complex II 

(succinate dehydrogenase), complex III (decylubiquinol cy-

tochrome c oxidoreductase), complex IV (cytochrome c oxi-

dase), and citrate synthase (CS) was measured by means of 

a single-wavelength multicuvette spectrophotometer (Varian 

Cary UV-Vis 100) at 37°C. Activities of the mitochondrial 

OXPHOS complexes were normalized to CS activity.

2.6 | Oxygen consumption studies

Cells from each line were collected, sedimented, and re-

suspended in DMEM without serum and sodium bicar-

bonate, supplemented with 10  mM sodium pyruvate and 

2  mM glutamine. About 2.5  ×  105 cells/well were seeded 

into a Seahorse plate after precoating with Cell Tak reagent 

(Corning), following the protocol described by the manufac-

turer. The plate was then centrifuged for 2 minutes at 600 xg  

to ensure cells adhesion to the bottom of the wells. The oxy-

gen consumption rate (OCR) was measured with an extracel-

lular flux analyzer (Seahorse) at fixed time points and after 

the addition of the following compounds: oligomycin (2 μg/

mL), FCCP (400 nM), and antimycin A (1 μM). At the end 

of each experiment, every plate well was directly observed 

using an optic microscope (not shown), to exclude wells with 

a massive detachment of cells from the analysis. To assess 

mitochondrial functionality, bioenergetic parameters were 

calculated as follows: ATP-linked respiration is the differ-

ence between OCR before and after the addition of oligo-

mycin; proton leak is the difference between OCR measured 

after the treatment with oligomycin and after the treatment 

with antimycin; maximal respiration was obtained by sub-

tracting the OCR value measured after the addition of an-

timycin from the OCR value observed upon the addition of 

FCCP; spare respiratory capacity is the difference between 

the respiration obtained after the addition of FCCP and basal 

respiration; non-mitochondrial respiration is OCR value of 

cells incubated with antimycin.

2.7 | Immunogold staining and 
electron microscopy

Cells were fixed in a 24 wells plate with 4% paraformaldehyde 

(freshly prepared) in PBS (pH 7.4) for 30 minutes at room tem-

perature. After fixation, cells were washed five times with PBS 

(5 minutes each), blocked and permeabilized with 5% normal 

goat serum and 0.1% saponin in PBS for 30 minutes, and then in-

cubated 2 hours at room temperature with the primary antibody 

of interest in PBS, 5% normal goat serum and 0.05% saponin. 

After five washes with PBS (5 minutes each), cells were incu-

bated 1 hour at room temperature with the secondary antibody 

Nanogold Fab GAR Ultra Small (Aurion). After 5 washes, cells 

were fixed with 2% glutaraldehyde in PBS for 30 minutes. After 

5 washes with water (5 minutes each) cells were incubated with 

Gold Enhancer (Nanoprobes), washed with water and prepared 

as for classical electron microscopy sample. Briefly, samples 

were postfixed with 1% osmium tetroxide/1% ferrocyanide in 

0.1 M sodium cacodylate buffer for 1 hour at 4°C; after three 

water washes, samples were dehydrated in a graded ethanol se-

ries and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin 

sections (60-70 nm) were obtained with an Ultrotome V (LKB) 

ultramicrotome, counterstained with uranyl acetate and lead cit-

rate, and finally, examined under a Tecnai G2 (FEI) transmis-

sion electron microscope operating at 100 kV at the electron 

microscopy facility of the Department of Biology, University 

of Padova. Images were captured with a Veleta (Olympus Soft 

Imaging System) digital camera. Antibody used for immuno-

gold analyses were anti-frataxin, anti-NFS1, and anti-ISCU. 

Controls for specificity of immunolabeling were made by omit-

ting the primary antibodies.
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2.8 | Morphometric analysis of 
mitochondria

The mitochondrial ultrastructure was analyzed using ImageJ 

software. For each mitochondrion, two morphological 

parameters were assessed in 2D: (i) mitochondria length, 

evaluated as the longest distance between any two points 

of the selected mitochondrion (Feret's maximum diam-

eter); (ii) cristae width, evaluated as the widest point of 

the selected crista. For each cell line, TEM micrographs 

F I G U R E  1  Comparative analysis of frataxin and mitochondrial respiratory complexes I-IV subunits in healthy control, homozygous FRDA, 

and heterozygous G130V-FRDA LCLs. A, FXN expression measured by qRT-PCR in unaffected control, FRDA (1 and 2) and G130V-FRDA 

LCLs. FXN expression levels are normalized to those detected in the non-mutated control cell line, expressed as 100%. Error bars represent gene 

expression range calculated according to the standard deviation of the ∆∆CT value. B, Western blotting analysis of FXN protein (mature form) in 

whole cell extracts from unaffected control, FRDA (1 and 2) and G130V-FRDA LCLs. Equal amounts of protein (i.e., 60 µg) were loaded in each 

lane. β-actin was used as loading control. Protein levels were quantified after normalization with β-actin and expressed as a percentage of control 

level. Reported data result from the mean of four independent experiments ± SEM. C, Western blotting analysis of respiratory complexes subunits, 

that is, NDUFA9 (complex I), SDHA (complex II), UQCRC1 (complex III), and MTCO1 (complex IV), in whole cells extracts from FRDA  

(1 and 2), G130V-FRDA and unaffected control LCLs. Equal amounts of protein (i.e., 25 µg) were loaded in each lane. TOM20 was used as loading 

control. Protein levels were quantified after normalization with TOM20 and expressed as a percentage of control level. Reported data result from the 

mean of three independent experiments ± SEM. Statistical significance was determined using One-way ANOVA with Dunnett's post hoc test

(A)

(C)

(B)
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ranging from 30 to 150 (mitochondrial length) and from 

165 to 600 (cristae width) were analyzed, as specified in 

the Figure legends. For both morphological descriptors, 

frequency distribution and fitting analysis were performed 

using Origin. Briefly, the relative frequencies, expressed 

as percentage of mitochondria, were fitted by a nonlinear 

regression as singular or sum of Gaussian functions, ac-

cording to the data distribution.

2.9 | Statistical analysis

All numerical data, analyzed by GraphPad Prism, are 

expressed as mean  ±  SEM. Statistical analysis and sig-

nificance were performed and assessed as specified in 

the Figure legends, with P ≤  .05 accepted as statistically 

significant.

3 |  RESULTS

3.1 | Comparative analysis of frataxin and 
respiratory complexes I-IV subunits in FRDA 
patients' cells

We evaluated FXN transcription by qRT-PCR in four 

lymphoblastoid cell lines (LCLs). Three of them were de-

rived from FRDA patients, two homozygous for the GAA 

expansion (GM04079/FRDA 1 and GM16227/FRDA 2) 

and the other carrying the G130V point mutation and an 

expanded allele (GM21542/G130V-FRDA). The other 

LCL was derived from a clinically unaffected control, 

that is, GM07533 (with two unexpanded alleles). We de-

tected the lowest levels of FXN mRNA in the homozygous 

FRDA cell lines (Figure 1A). In the G130V-FRDA, FXN 

expression was comparable to the expression levels usu-

ally detected in a heterozygous carrier (not shown, E.P. 

and A.R., personal communication). Frataxin protein lev-

els were then analyzed by western blotting in whole-cell 

extracts. Frataxin is synthesized in the cytosol as a full-

length precursor (i.e., FXN1-210), and then, imported into 

the mitochondria, where it undergoes to a two-step pro-

teolytic processing resulting in the mature, shorter form 

(i.e., FXN81-210). 43-45 Figure 1B shows that the amount of 

mature frataxin is reduced in the three FRDA patient cells 

when compared to the control. The lowest protein levels 

were found in LCLs from the G130V-FRDA heterozygous 

patient. Clark and colleagues showed that G130V mutation 

impairs the frataxin processing from FXN42-210 to FXN81-

210 in FRDA patients’ fibroblasts.46 Figure S3 indicates that 

FXN42-210/FXN81-210 ratio is increased also in the G130V-

FRDA LCLs used in our experiments, in agreement with 

Clark et al, and, on the contrary, that the amount of the 

intermediate FXN42-210 has the same trend of the mature 

FXN81-210, as they are both strongly reduced.

We next examined by western blotting analysis the rel-

ative abundance of several respiratory chain subunits in 

healthy control, homozygous (FRDA 1 and FRDA 2) and 

heterozygous G130V-FRDA LCLs. Figure 1C shows that the 

levels of complex I (NDUFA9), complex II (SDHA), com-

plex III (UQCRC1), and complex IV (MTCO1) subunits are 

comparable in LCLs from healthy and FRDA patient cells. 

The same membranes were stripped and incubated with an 

antibody against TOM20 as a mitochondrial protein loading 

control. As a further control, a quantification normalized to 

β-actin is reported in Figure S4.

3.2 | Biochemical and functional analysis of 
mitochondrial respiratory complexes in FRDA 
patients' cells

The activities of the individual respiratory complexes in 

the LCLs (ie, control, FRDA 1, FRDA 2, and G130V-

FRDA) were then measured by spectrophotometric assays 

(Figure 2A). Results were variable: the FRDA 1 and FRDA 2 

displayed essentially a partial reduction of complex III, while 

other complexes were only mildly decreased (complex I),  

or unaffected (complex II). The cells from patient with the 

G130V mutation had a partial reduction of complexes I and 

IV, while complex II was only mildly affected, and complex 

III was normal. Complex IV does not contain FeS-clusters and 

the observed reduction in its activity could be explained by 

the involvement of frataxin in the biosynthesis of heme,23,47 

an essential cofactor of this complex.

Since in healthy cells individual stability and function 

of the mitochondrial respiratory complexes are improved 

by their organization in supercomplexes (SCs),38,39 we next 

determined the pattern of SCs assembly in the different cell 

lines. SCs of different composition and stoichiometry have 

been described. The most functionally relevant are SCs 

[I + III], [I + III+IV], and [III-IV], which can be visualized 

by blue-native gel electrophoresis.38,39,48-50 Figure 2B shows 

that the relative abundance of higher molecular-weight CI-

containing supercomplexes (among which the respirasome) 

is decreased in FRDA 1, FRDA 2, and G130V-FRDA LCLs 

compared to healthy control cells.

We next measured the oxygen consumption rate of LCLs 

by means of a Seahorse flux analyzer. We found that, com-

pared to healthy control, FRDA 1, FRDA 2, and G130V-

FRDA LCLs have decreased maximal respiration and spare 

respiratory capacity, with no difference both in basal and in 

ATP-linked respiration (Figure 2C). This result could indi-

cate an impaired capability of FRDA cells to increase mito-

chondrial oxygen consumption rate in conditions of increased 

energy demand.
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3.3 | Frataxin co-localizes 
with the FeS-cluster assembly machinery 
in the mitochondrial cristae in healthy 
cells and redistributes to the matrix in FRDA 
patients' cells

Because frataxin has been claimed to play a role in the bio-

genesis of FeS-clusters, and it was previously shown that in 

Saccharomyces cerevisiae two other proteins involved in this 

pathway (i.e., NFS1, the sulfur donor to the assembly machin-

ery, and the accessory protein ISD11) are closely attached to 

the mitochondrial inner membrane and enriched in the cristae,51 

we investigated if the FeS-cluster assembly machinery is local-

ized in the cristae also in the human LCLs used in our work. 

We addressed this issue by immunogold-labeling in control 

and FRDA LCLs the proteins NFS1 and ISCU (i.e., the scaf-

fold upon which the FeS-cluster is synthetized),27 as described 

in detail in Material and Methods. Both proteins are expressed 

in control, FRDA 1, FRDA 2, and G130V-FRDA cells with-

out any significant difference, as assessed by the western blot-

ting analyses reported in Figure S5. Figure 3 shows that in the 

four LCLs, NFS1 and ISCU are mostly localized in the cris-

tae. Negative controls experiments, performed in parallel in 

absence of primary antibody, did not show electron-dense de-

posits in the cristae (Figure S6), supporting the presence of the 

immunolabeled proteins mainly in this subcompartment, as in 

S. cerevisiae. We next explored the sublocalization of frataxin 

in mitochondria of healthy control and FRDA LCLs by the 

same immunogold-labeling approach. It is clearly visible in 

Figure 4 that in healthy LCLs frataxin is in fact enriched in the 

cristae. As for NFS1 and ISCU proteins, negative control ex-

periments in which primary antibody was omitted support the 

specificity of the approach. Some gold particles are also present 

at the inner boundary and outer membranes and likely label the 

full-length precursor of frataxin (i.e., FXN1-210). Frataxin levels 

are strongly reduced in the three FRDA patient LCLs used in 

F I G U R E  2  Mitochondrial respiratory activity is impaired in FRDA LCLs. A, Complex I-IV individual activities (nmol/min mg of protein) in 

control, FRDA (1 and 2) and G130V-FRDA LCLs. All activity values were normalized to citrate synthase and expressed as percentage of control 

activity. Reported data result from the mean of four independent experiments ± SEM. Statistical significance was determined using unpaired 

t-test (*
P ≤ .05, **

P ≤ .01, ***
P ≤ .001, compared to control). B, Western blotting after BN-PAGE of CI-containing SCs from digitonin-treated 

control, FRDA (1 and 2) and G130V-FRDA LCLs. The blot was immunodecorated with an antibody against NDUFA9. C, Oxygen consumption 

rates (OCR) of cells were measured in real time under basal conditions and after injection of oligomycin, FCCP and antimycin as indicated 

in the figure. Values were normalized with respect to basal respiration which was considered as 100%. OCR values at basal condition were 

275.9 ± 26.9, 281,5.3 ± 33.5, 247, 8 ± 14.5, and 250.3 ± 50.9 (pmol O2/min)/2.5 x 105 cells in control, FRDA 1, FRDA 2, and G130V-FRDA 

LCLs, respectively. Bioenergetic parameters were calculated as described in Materials and Methods. Reported data result from the mean of three 

independent experiments ± SEM. Statistical significance was determined using Two-way ANOVA with Bonferroni's post hoc test (***
P ≤ .001, 

compared to control)

(A)

(B) (C)
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these experiments (Figure 1), nevertheless we were able to de-

tect immunogold particles both in homozygous FRDA 1 and 

FRDA 2 and in the heterozygous G130V-FRDA LCLs, albeit 

at a smaller extent. Interestingly, a close inspection of mito-

chondria of FRDA LCLs revealed that their residual frataxin 

is partially redistributed to the matrix even in the presence of 

intact cristae (Figure 4).

3.4 | Biochemical and functional analyses of 
mitochondria from GM15850 FRDA cells

The experimental plan of this work included the analysis of 

a third homozygous patient's LCL, that is, GM15850 (here 

indicated as FRDA 3). These cells are indeed largely used in 

FRDA research and are considered a validated model, along 

F I G U R E  3  The NFS1 desulfurase and ISCU scaffold proteins of the mitochondrial FeS-cluster assembly machinery are closely associated to 

the cristae membranes of healthy control, FRDA and G130V-FRDA LCLs. A, refers to NFS1, B, refers to ISCU. In both panels: top, representative 

images of the immunogold-labeling coupled to electron microscopy; bottom, quantitative analyses of the gold particles distribution in different 

mitochondrial subcompartments, expressed as percentage of particles per mitochondrion. Reported data result from the mean of three independent 

experiments ± SEM. Mitochondria from 20 to 45 cells were analyzed. IBM, inner boundary membrane; OMM, outer mitochondrial membrane. 

Scale bars are indicated in the figure

(A)

(B)
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with the GM15851 LCL derived from a healthy brother of the 

patient GM15850.52-57 We found that these FRDA cells have 

reduced levels of frataxin (Figure S7, panel A). Moreover, as 

in the other FRDA LCLs analyzed in this work, in FRDA 3 

cells the levels of respiratory complexes subunits (Figure S7, 

panel B) as well as of NFS1 and ISCU proteins (Figure S7, 

panel G) are similar to those of control cells, as assessed by 

western blotting. Surprisingly, unlike the other FRDA LCLs, 

in the GM15850 cells the residual frataxin is enriched in the 

mitochondrial cristae along with the NFS1 and ISCU proteins 

not only in the healthy control, but also in the FRDA 3 LCLs 

(Figure 5). The biochemical and functional analyses of mi-

tochondrial respiratory complexes of these cells, performed 

as described above, indicate that in FRDA 3 LCLs the en-

zymatic activities of single complexes (Figure S7, panel C), 

their assembly in respirasome (Figure S7, panel D) and the 

overall oxygen consumption rate (Figure S7, panel E), are 

unaffected when compared to the healthy control.

F I G U R E  4  Frataxin is enriched in the mitochondrial cristae of healthy control and moves to the matrix in FRDA LCLs. Top, representative 

images of the immunogold-labeling coupled to electron microscopy of control, FRDA (1 and 2) and G130V-FRDA LCLs; bottom, quantitative 

analyses of the gold particles distribution in different mitochondrial subcompartments, expressed as percentage of particles per mitochondrion. 

Reported data result from the mean of three independent experiments ± SEM. Mitochondria from 20 to 45 cells were analyzed. IBM, inner 

boundary membrane; OMM, outer mitochondrial membrane. Scale bars are indicated in the figure

F I G U R E  5  NFS1, ISCU, and frataxin proteins are associated to the cristae membranes in mitochondria of homozygous GM15850 LCLs. Top, 

representative images of the immunogold-labeling coupled to electron microscopy; bottom, quantitative analyses of the gold particles distribution 

in different mitochondrial subcompartments, expressed as percentage of particles per mitochondrion. Reported data result from the mean of three 

independent experiments ± SEM. Mitochondria from 20 to 45 cells were analyzed. IBM, inner boundary membrane; OMM, outer mitochondrial 

membrane. Scale bars are indicated in the figure. Healthy control LCLs, GM15851; FRDA 3 LCLs, GM15850



10 of 14 |   DONI ET AL.

3.5 | Mitochondrial cristae morphology in 
FRDA patients' cells

Cristae morphology as well as their dynamic remodeling are 

crucial to keep the respiratory complexes properly assembled 

and functional37,40 and in the same way they could be rel-

evant to keep in site the FeS-cluster biogenesis machinery 

and frataxin. Therefore, we analyzed by transmission elec-

tron microscopy the mitochondrial ultrastructure of healthy 

controls and FRDA LCLs. In all LCLs used in this work, 

mitochondria are mostly localized near the plasma membrane 

and inside the nuclear invagination that is typically present 

in lymphoblasts (Figure S8). On the contrary, while mito-

chondria of healthy and FRDA 3 cells have an overall archi-

tecture with groups of parallel cristae extending through the 

entire body of the organelle, those of FRDA 1, FRDA 2, and 

G130V-FRDA cells are reduced in length and contain cristae 

significantly shorter and wider than healthy control (Figure 6 

and S7, panel F). Frataxin is a free-soluble protein devoid 

of any transmembrane domains58,59 and this morphological 

change could be relevant for its partial loss from the cris-

tae membranes. Because cristae shape could have per se an 

impact in the mitochondrial phenotype of the FRDA LCLs, 

to exclude an upstream defect in the mitochondrial-shaping 

proteins background we next analyzed in these cells the 

expression levels of two proteins involved in the formation 

and maintenance of the cristae, that is, mitofilin and OPA1. 

Mitofilin is a key component of the protein complex MICOS 

(mitochondria contact site and cristae organization system); 

OPA1 has a fundamental role in cristae architecture and ex-

ists in eight tissue-specific isoforms, which are proteolyti-

cally processed to form several long and short forms (see 37 

for a comprehensive review). The western blotting analysis 

reported in Figure S9 and in the panel H of Figure S7 indi-

cates that healthy controls and FRDA LCLs have comparable 

levels of mitofilin and share a similar pattern of the detected 

long/short forms of OPA1, except for the smallest, which is 

slightly increased in FRDA 1, FRDA 2, and G130V-FRDA 

LCLs, as expected in cells with respiratory defects.60

4 |  DISCUSSION

In the present study, we report a comparative analysis of the 

mitochondrial phenotype of lymphoblastoid cell lines derived 

either from “classic” Friedreich ataxia patients (homozygous 

for the GAA triplet expansion in the FXN gene) or from a 

compound heterozygous patient harboring the expansion on 

one FXN allele and a G130V point mutation on the other. 

The GAA expansion, that is present in at least one allele in 

F I G U R E  6  Cristae morphology is altered in mitochondria of FRDA LCLs. A, Representative electron micrographs of control, FRDA 

(1 and 2) and G130V-FRDA LCLs. Cells were fixed and TEM images of randomly selected fields were acquired. Scale bars: 0.5 µm. Boxed 

areas represent a 4X magnification. B, Morphometric analysis. To estimate mitochondrial length, 80 to 150 mitochondria were analyzed in each 

experiment; to estimate cristae width, 300 to 600 cristae were analyzed in each experiment. Data represent mean ± SEM of three independent 

experiments. Statistical significance was determined using One-way ANOVA with Dunnett's post hoc test (*
P ≤ .05, **

P ≤ .01, and ***
P ≤ .001, 

compared to control). For each morphological parameter, the frequency distribution plot of the experimental data is reported on the right. Symbols 

represent the relative frequencies expressed as percentage of mitochondria and lines represent the Gaussian fit curves for each individual data set.

(A) (B)
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virtually all patients, causes a transcriptional repression of 

the gene, resulting in the production of reduced amounts of 

otherwise normal frataxin,1,61 an iron-binding protein able to 

functionally interact with the FeS-cluster assembly machin-

ery.27-32 The G130V mutation, frequently found in heterozy-

gous patients with a severe frataxin deficiency,61 has been 

reported to alter the protein conformation, leading to a higher 

tendency toward aggregation in vitro,62-65 and to impair the 

processing from the intermediate FXN42-210 toward the ma-

ture FXN81-210.46 Accordingly, we found the lowest levels 

of residual frataxin (Figure 1) and an increased FXN42-210/

FXN81-210 ratio (Figure S3) in the G130V-FRDA lympho-

blastoid cells, confirming the previous observations. On the 

contrary, in these cells intermediate and mature FXN pro-

teins are both strongly reduced compared to healthy control. 

Therefore, the alterations of the mitochondrial phenotype 

that we observe in G130V-FRDA LCLs are likely due to a 

decrease of overall frataxin levels, as in homozygous FRDA 

cells.

Deficiencies in oxidative phosphorylation and alteration of 

respiratory complexes have been observed in FRDA patients’ 

cells12,66 and in the cerebellum of a frataxin-deficient FRDA 

mouse model (KIKO mouse),20 and confirmed in three of the 

four FRDA LCLs analyzed in our work (i.e., FRDA 1, FRDA 

2, and G130V-FRDA), although with a certain variability 

which could be due to different adaptation mechanisms of the 

immortalized cell lines. We found that the assembly of higher 

molecular weight respiratory supercomplexes and the spare 

respiratory capacity are also decreased in these FRDA LCLs 

(Figure 2), indicating that they are unable to boost the respi-

ratory function in response to an increase in energy demands.

The role of frataxin in the mitochondrial phenotype of 

FRDA cells could be related to an impaired assembly of the 

FeS-clusters, key prosthetic groups moving the electrons 

through mitochondrial respiratory complexes I, II, and III.24 

Although its specific contribution to this pathway has not 

been yet definitively clarified, an emerging role is that it could 

act as an allosteric activator of cysteine binding to the NFS1 

desulfurase and ensuing sulfur transfer to the ISCU scaffold 

protein.31,32,67,68 This relies on its transient interaction with 

multiple core components of the assembly machinery, which 

has been confirmed by several independent experiments in 

vitro using purified recombinant proteins.27-29,65,69 A relevant 

novel finding of the present work is that in healthy cells mi-

tochondrial cristae, which house the respiratory complexes, 

are enriched of frataxin as well as of NFS1 and ISCU, as 

assessed by immunogold-labeling coupled to electron mi-

croscopy (Figures 3 and 4). The localization of some proteins 

of the FeS-cluster assembly complex in the mitochondrial 

cristae was previously found in the yeast S. cerevisiae,51 and 

therefore, our data suggest that it could be an evolutionary 

conserved feature essential to drive an efficient biogenesis of 

these key redox cofactors. An indication that frataxin localizes 

at or near the inner mitochondrial membrane was previously 

obtained by Campuzano and colleagues in transfected HeLa 

cells overexpressing a recombinant full-length FXN1-210.5 To 

the best of our knowledge, our data provide the first direct 

evidence that in healthy cells endogenous frataxin is mostly 

associated with the mitochondrial cristae. This subcompart-

mentalization would put the FeS-cluster biogenesis complex 

in close proximity to frataxin, enabling key structural and 

functional interactions, and with the respiratory chain com-

plexes, which rely on these cofactors for their redox activ-

ity. Interestingly, we found that a significant proportion of 

residual frataxin moves toward the matrix in FRDA 1, FRDA 

2, and G130V-FRDA LCLs, while NFS1 and ISCU proteins 

are mostly associated to the mitochondrial cristae as in con-

trol cells (Figures 3 and 4). This could, in turn, prevent or 

decrease its binding to the FeS-cluster assembly machinery. 

The frataxin expressed by heterozygous G130V-FRDA cells 

is expected to be a mixture of wild-type and mutant proteins, 

which are both recognized by the antibody used in the immu-

nogold-labeling experiments, so we cannot rule out the pos-

sibility that the point mutation itself could have an impact in 

the localization of residual frataxin in the cristae. In any case, 

this would lead to a poor structural stability and contribute to 

a further decrease of residual frataxin at this level. In a pre-

vious work, we showed that a recombinant G130V-frataxin 

protein retains the capability to interact with the scaffold 

protein ISCU, to enhance the NFS1 desulfurase activity and 

to bind iron in vitro.65 Therefore, the pathological phenotype 

of G130V-FRDA cells is likely related to the instability of 

the mutant protein rather than to a loss of function. Taken 

together, these data support a major role of frataxin enrich-

ment in the mitochondrial cristae of healthy cells as a key 

factor to allow an efficient biogenesis of FeS-clusters and in 

turn a proper assembly of functional respiratory complexes. 

It is worth noting that in mitochondria of healthy mamma-

lian cells almost all complex I, the major entry point of the 

respiratory chain substrates, is usually found to be associated 

with supercomplexes, and this increases its stability.38,39,70-72 

We also found a defect in respirasome formation in FRDA 

1, FRDA 2, and G130V-FRDA cells (Figure 2): to our best 

knowledge, this is the first experimental evidence that respi-

ratory chain supercomplexes are destabilized in cells with a 

severe deficiency of frataxin and altered respiratory function. 

Despite FRDA 3 cell line (i.e., GM15850) was largely used 

in several studies focused on the molecular mechanisms of 

frataxin deficiency,52-57 in our set of data it represents an out-

lier with respect to the mitochondrial respiratory phenotype. 

It should be noted that conflicting findings concerning this 

aspect have been reported in the literature for the GM15850 

cell line, since some authors found alterations in the activity 

of respiratory complexes, whereas others showed an unaf-

fected respiration.73,74 We found that, under our experimental 

conditions, the mitochondrial phenotype of GM15850 cells 
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is superimposable to that of control LCLs, with no detectable 

alterations in function and assembly of respiratory complexes 

in supercomplexes, oxygen consumption rate and ultrastruc-

ture (Figure S7, panels D, E, and F). Interestingly, in these 

cells residual frataxin is concentrated in the mitochondrial 

cristae, along with the proteins of FeS-cluster assembly 

machinery, as in the healthy control LCLs (Figure 5). This 

would further support the functional link between frataxin 

enrichment in this subcompartment and respiratory features. 

Nevertheless, the relationship between frataxin depletion in 

the mitochondrial cristae and reduced ability to assemble 

functional respiratory supercomplexes, as well as the mo-

lecular mechanisms that allow the GM15850 FRDA cells to 

keep their residual frataxin in the cristae, require additional 

experiments to be completely clarified.

To date, we do not know exactly which metabolic conse-

quences primarily occur after frataxin depletion and would 

be most relevant for early FRDA therapy strategies. Our find-

ing that beside housing respiratory (super)complexes cristae 

are also enriched in proteins of the FeS-cluster assembly ma-

chinery, including frataxin, is relevant because it opens up 

a new working perspective aimed at addressing if and how 

the perturbation of mitochondrial morphology and dynam-

ics are involved in the events leading to bioenergetic defects 

in cells from FRDA patients. The redistribution of frataxin 

in mitochondrial subcompartments upon changes of the cell 

physiological state defines a novel framework to address the 

pathogenesis of Friedreich ataxia and to explore if manip-

ulation of mitochondria shaping-proteins could correct the 

bioenergetic defects afflicting patient cells, as in other mito-

chondrial diseases.75,76
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: the length of FXN alleles for the six LCLs was assessed by long-range PCR. Lane

1: GM07533 (healthy control); lane 2: GM04079 (homozygous FRDA 1); lane 3: GM16227

(homozygous FRDA 2) lane 4: GM21542 (heterozygous G130V-FRDA); lane 5: no template

control; lane 6: GM15851 (second healthy control); lane 7: GM15850 (homozygous FRDA 3).

Molecular weight of the 1kb ladder bands of interest are indicated by an arrow. Amplicon

length is calculated as follow: amplicon length (bp) = 1350 + 3n GAA (n = number of GAA

repeats).
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: normal karyotypes obtained from healthy controls, FRDA (1, 2 and 3) and G130V-FRDA LCLs
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control cells were fixed and prepared for immunogold staining exactly as described

in Materials and Methods except for the rabbit primary antibody (against human NFS1, ISCU

or FXN proteins), which was omitted.
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Abstract: Frataxin (FXN) is a highly conserved mitochondrial protein whose deficiency causes
Friedreich’s ataxia, a neurodegenerative disease. The precise physiological function of FXN is
still unclear; however, there is experimental evidence that the protein is involved in biosynthetic
iron–sulfur cluster machinery, redox imbalance, and iron homeostasis. FXN is synthesized in
the cytosol and imported into the mitochondria, where it is proteolytically cleaved to the mature
form. Its involvement in the redox imbalance suggests that FXN could interact with mitochondrial
superoxide dismutase (SOD2), a key enzyme in antioxidant cellular defense. In this work, we use
site-directed spin labelling coupled to electron paramagnetic resonance spectroscopy (SDSL-EPR)
and fluorescence quenching experiments to investigate the interaction between human FXN and
SOD2 in vitro. Spectroscopic data are combined with rigid body protein–protein docking to assess
the potential structure of the FXN-SOD2 complex, which leaves the metal binding region of FXN
accessible to the solvent. We provide evidence that human FXN interacts with human SOD2 in vitro
and that the complex is in fast exchange. This interaction could be relevant during the assembly of
iron-sulfur (FeS) clusters and/or their incorporation in proteins when FeS clusters are potentially
susceptible to attacks by reactive oxygen species.

Keywords: frataxin; Friedreich’s ataxia; SDSL-EPR; fluorescence; protein-protein docking; molecu-
lar dynamics

1. Introduction

Frataxin (FXN) is a small, soluble protein that is highly conserved in most organisms,
from bacteria to mammalian. The neurodegenerative disease Friedreich’s ataxia (FRDA;
OMIM 229300) [1] results from low FXN expression, primarily caused by an abnormal GAA
triplet repeat expansion in the first intron of the frataxin gene. In addition to low expression
levels of FXN, several point mutations of FXN, including nonsense, missense, insertions,
and deletions, have been associated with compound heterozygous FRDA patients [1–4].
The principal effect of FRDA is a large depletion of proteins containing iron–sulfur clusters
(ISC) as cofactors, such as respiratory chain complexes (complex I-III) or other enzymes,
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such as aconitase. Protein depletion is also associated with a disruption of iron homeostasis
with a marked increase in mitochondrial iron overload and increased levels of oxidative
stress [5–8].

Nuclear-encoded human frataxin is synthesized in the cytoplasm as a precursor
polypeptide of 210 amino acids; subsequently, it is imported inside mitochondrion where it
undergoes a two-step maturation by the mitochondrial processing peptidase (MMP) [9–11]:
MMP first cleaves a portion of the N-terminus, the mitochondrial import signal, producing
the intermediate form (FXN 42–210), and in the second step, MMP produces the mature
form (FXN 81–210), which is the most abundant form found both in normal individuals
and FRDA patients [9]. The FXN C-terminus consists of a highly conserved block of about
100–120 amino acids, which is considered the most important part for protein function [12].
Residues 81–92 of the N-terminal portion are intrinsically unfolded [13] and are often
partially truncated for in vitro studies [14] to obtain FXN 90–210. The structure of the
folded portion of mature human FXN is relatively rare and consists of the sequence alpha-
beta-alpha, where the two alpha helices are located side-by-side on the same side of the
contiguous antiparallel beta sheet. FXN folding is remarkably stable, and the secondary
structure has limited dynamics, as demonstrated by the high level of similarity between
NMR [13] and X-ray crystallography [15] structures. The function of FXN is uncertain,
and among the several proposed roles, FXN appears to act as a kinetic activator of the
biosynthetic iron–sulpur cluster (ISC) machinery [16–20] and/or as a regulator of iron
homeostasis [21] and ferroptosis [22,23], a recently identified iron-dependent form of cell
death [24]. Furthermore, it has been suggested to be a protector against the oxidative
damage commonly present in the pathological states of the mitochondrial respiratory
chain [25–28].

Interestingly, in the context of the latter function, yeast FXN has been shown to interact
with superoxide dismutases (SODs) [29]. SODs, a ubiquitous class of antioxidant enzymes,
play a crucial role in the response to oxidative stress, catalyzing the dismutation of superox-
ide radicals into molecular oxygen and hydrogen peroxide. SODs are considered the first
line of defense against reactive oxygen species (ROS), whose unbalanced concentration
within the cell can dramatically contribute to the pathophysiological mechanisms of several
diseases [30]. Up to now, three different SOD isoforms have been identified in mammals:
two of them, SOD1 (or Cu/Zn-SOD) and SOD2 (or Mn-SOD), are cellularly localized,
while the third isoform, SOD3 (or EC-SOD), is located in extracellular spaces [31]. SOD1 is
mainly localized in the cytoplasm, although it is partially localized in the mitochondrial
intermembrane space [30]. SOD2 is located exclusively in the mitochondria and exerts a
pivotal role in the defense against superoxide radicals produced by electron transport chain
complexes, the major source of ROS in cells. SOD2 is a homotetrameric enzyme containing
one Mn3+ ion (in the resting state) per monomer as a cofactor.

In this work, building on previous in vitro work by Han et al. on the interactions
between yeast FXN and bovine SOD1 and between yeast FXN and human SOD2 [29], we
focus on the study of human FXN in its mature form (FXN 90–210) and human SOD2.
Since human and yeast FXN show a good degree of homology, the interaction is likely to
be conserved, and we use human proteins to confirm the interaction and gain a deeper
molecular insight into the interface of the complex with a combined in vitro and in silico
approach. We make use of the site-directed spin labelling technique (SDSL) coupled to
electron paramagnetic resonance spectroscopy (EPR). This is a powerful tool for detecting
changes in structure, dynamics, and oligomerization in proteins that was previously used
to detect the effects of iron binding to FXN [32]. The EPR investigation is completed by
endogenous tryptophan fluorescence experiments and Molecular Dynamics (MD) simu-
lations. Finally, based on the experimental data, we perform a guided protein–protein
docking between FXN and SOD2 to identify the interface region and suggest a possible
structure for the FXN/SOD2 complex.
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2. Materials and Methods

Materials Unless otherwise specified, chemicals were purchased from Merck and used
without further purification. Ferric iron solutions were prepared from FeCl3·6H2O in HCl
at pH 0.8. Human mitochondrial SOD (SOD2) was purchased as a His-tag recombinant
protein from Technical Novusbio; the SOD2 buffer was Tris HCl buffer (20 mM, pH 8)
containing 20% glycerol. The M-TETPO label was synthesized as previously described [32].

Heterologous expression and purification of human wild-type FXN and mutants A plas-
mid containing the coding sequence of human wild-type mature FXN, pET-9b/FXN(90–210),
was previously obtained in our laboratory [33]. FXN mutants were obtained as previously
described [32]. The two additional frataxin mutants used in this work, H177C and S202C,
were obtained using the pET-9b/FXN(90–210) plasmid as a template and the couples of
primers listed in the SI. Each sequence was checked by DNA sequencing (at Macrogen).
Escherichia coli BL21 (DE3) cells were chemically transformed with the plasmids of interest,
and positive clones were selected by antibiotic resistance. 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 under constant
stirring. Cells were then harvested by centrifugation at 5000× g and 4 ◦C for 20 min,
resuspended in lysis 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 10 mM EDTA for 1 h at 4 ◦C under
gentle agitation. Proteins were purified by 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 the buffer of
equilibration and 25 mM HEPES (pH = 7.0), 1 M KCl as the elution gradient buffer. The frac-
tions 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, incubation with 1 mM of dithiothreitol (DTT)
was performed for 1 h at 4 ◦C after cationic exchange. The second purification step was
performed on a Superdex 200 GL 10–300 column (from GE Healthcare, Chicago, IL, USA)
equilibrated in a buffer containing 25 mM HEPES (pH = 7.0) and 50 mM KCl. To esti-
mate the molecular weights 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 concentrations of the protein samples were determined
spectroscopically using ε280nm = 26,930 M−1cm−1 for all mutants (molar extinction coeffi-
cients were evaluated with the ExPASy ProtParam tool). Protein purity and integrity were
finally assessed by SDS-PAGE and Coomassie blue staining (see Supplementary Materials,
Figure S1).

Spin Labelling Protein samples were labelled with M-TETPO for the EPR experiments.
Purified proteins (at a concentration of 50 µM) were incubated with DTT in a molar ratio of
1:100 at 4 ◦C for 30 min under slow agitation. Excess DTT was removed from the samples
with a PD10 desalting column (GE Healthcare) using 25 mM HEPES (pH = 7.0) and 50 mM
KCl as the elution buffer. Proteins were labelled with a tenfold molar excess of M-TETPO
(dissolved in acetonitrile) and incubated at 4 ◦C for 2 h in the dark under slow agitation.
Labelled protein samples were concentrated by centrifugal filters (Amicon Ultra Centrifugal
Filter, 3000 NMWL, from Merck Millipore), and excess 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) and 50 mM KCl as the elution buffer. M-TETPO-labelled proteins were finally
concentrated by centrifugal filters to a volume suitable for EPR spectroscopic analysis, and
their concentrations were determined by UV-Vis spectroscopy, as previously described.
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SDS-PAGE electrophoresis and Western Blot analysis Protein purity and integrity were
assessed by SDS-PAGE and Coomassie blue staining prior to any spectroscopic experiment
reported in this work. Samples of each step of FXN expression and purification and a small
aliquot of recombinant SOD2 were solubilized in a Laemmli gel sample buffer containing
5% 2-mercaptoethanol and heated for 10 min at 95 ◦C on a heating block. Samples were
then loaded into precast 4–20% polyacrylamide gel (GenScript® ExpressPlusTM PAGE,
Piscataway, NJ, USA). The run was done at 100 volts using Tris-MOPS-SDS Running Buffer
Powder GenScript® as the running buffer. At the end of the run, the gel was incubated with
Coomassie Brilliant Blue colorant and subsequently destained using a solution of acetic
acid 7.5%–methanol 10%. Correct separation and the molecular weights of the proteins
were estimated using a marker of molecular weight loaded on the same gel.

For SOD2, an immunoblot assay was performed to assess the identity of the protein
(see the Supplementary Materials, Figure S2). After the electrophoretic run, the gel was
transferred to a nitrocellulose membrane (Life Science) through a semi-dry Trans-Blot®

TurboTM Transfer System (BioRad, Hercules, CA, USA). The membrane was then blocked
with 10% milk in Tris-buffered Saline (TBS) for 1 h at room temperature and subsequently
incubated at 4 ◦C overnight with the primary antibody (alpha-SOD2-HPA001814, Merck
KGaA, Darmstadt, Germany) diluted 1:1000 in Tris-buffered Saline with 0.05% Tween20
(TBS-T). After incubation with the anti-rabbit IgG HRP-conjugate antibody (A0545, Merck
KGaA, Darmstadt, Germany) diluted 1:20,000 at room temperature for 1 h, the protein was
visualized using Immobilon® Forte Western HRP Substrate (Millipore) with an Imager
CHEMI Premium Detector (VWR).

Fluorescence Fluorescence experiments were performed on a FLS 1000 UV/Vis/NIR
photoluminescence spectrometer (Edinburgh Instruments) with a 450 W Xenon Arc lamp
for excitation at 285 nm and a PMT-980 detector. The Peltier controlled holder allowed
measurement at 288 K under stirring. The sample compartment was under constant nitro-
gen flow to avoid condensation on the windows and to maintain an anaerobic atmosphere.
Experiments were conducted using a fluorescence cuvette (117104F-10-40 from Hellma,
Müllheim, Germany) with a 10 × 4 mm optical path length and a gas tight screw cap with
a silicon septum. The buffer was a mix of the SOD buffer (910 µL of 20 mM TRIS-HCl,
pH = 8) and FXN buffer (90 µL of 25 mM HEPES, pH = 7.0, 50 mM KCl) to mimic the
composition of the buffer in EPR experiments. The final concentrations of the proteins
were as follows: FXN, 1.4 µM; SOD2, 1.9 µM.

Electron Paramagnetic Resonance (EPR) spectroscopy EPR spectra were recorded on
an ELEXSYS E580 spectrometer equipped with a SHQ cavity, both from Bruker BioSpin
GmbH (Rheinstetten, Germany). The experiments were performed at room temperature,
typically using the following parameters: microwave frequency 9.86 GHz, microwave
power 19 mW (attenuation 9 dB), sweep width 150 mT, center field 351.4 mT, conversion
time 164 ms, time constant 82 ms, and modulation amplitude 1.6 mT (1024 points, 25 aver-
ages per spectrum). Samples were prepared by thoroughly mixing 18 µL of SOD buffer or
SOD2 protein stock solution (both in 20% v/v glycerol) with 2 µL of FXN stock solution to
give a final FXN concentration of 10 µM; the resulting solution was put in a glass capillary
(internal diameter 0.8 mm) and measured under nitrogen gas flow. The experiments with
Fe3+ were performed on the same solution as above with the addition of 1 µL of Fe3+ stock
solution. As previously verified [32], this volume of acidic iron solution does not change
the pH of the solution.

Simulation of EPR spectra the simulation of the EPR spectra allowed quantitative
information on the mobility of the spin label to be obtained. To perform the simulations,
one must know or estimate the nitroxide g-tensor (g) and hyperfine tensor (A) and then
adopt a model of spin-label motion based on the stochastic Liouville equation [34]. In this
work we describe the spin-label mobility in terms of an isotropic diffusion tensor D. While
this model is simplified, it fully allowed us to rationalize our results for all mutants in
terms of the rotational correlation time τc, which is derived from the diffusion tensor:
τc = 1/6Diso. We used the MultiComponentEPR827.vi program designed by Christian
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Altenbach to perform the simulations. The program is written in LabVIEW (National
Instruments) and can be freely downloaded [35].

Protein–Protein docking The molecular docking simulations were performed using
four docking software packages that are freely available as webservers on the web. All of
them allow the input of one or more residues to be considered for the interface: Clus-
Pro [36], ZDOCK [37], GRAMM-X [38], and PatchDock [39,40]. The generation of the
docking poses, the potential energy function that evaluates the energy of each docking
pose, and the additional steps performed to rank the final docking poses all depend on the
individual program (for details, we refer the reader to the relative references). ZDOCK,
GRAMM-X, and ClusPro are based on a FFT approach to probe a fine grid for the gen-
eration of the docking poses. PatchDock adopts a different approach to accelerate the
generation of the possible docking poses by matching the surfaces of two proteins based
on their geometric complementarity. All programs perform additional steps to score the
docking poses, each characterized by a different function. Therefore, to compare the results,
the top solutions of each program were pooled together and re-ranked using a common
scoring function. Among the different possibilities, we chose to adopt CONSrank, a freely
available webserver that allows the solutions from all programs to be easily scored at the
same time without only minimal formatting on the output files [41–43]. The re-ranking
was based on the frequency of inter-residue contacts appearing in the solutions. Visualiza-
tion, analysis, and plotting of the docking models were performed using UCSF Chimera
software, developed by the Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco with support from NIH P41-GM103311 [44].

Molecular Dynamics simulations Molecular Dynamics (MD) simulations and the
analysis of production runs were carried out using the YASARA Structure [45] on the fol-
lowing hardware: Processor Intel CORE i7 10,700 10th generation; SOCKET 1200 2.9 GHZ
(Max 4.8 GHZ) 16 M cores/threads 8/16, 2; Memory Kingston HX426C16FB3/8G HyperX
2666 Mhz; Disc SSD Kingston A400 240GB SATA 7 mm; Linux Ubuntu 20.04 LTS 64 bit.
The coordinates corresponding to wild-type FXN (PDB ID: 1EKG) were solvated, and
standard minimization protocols were applied to remove steric clashes. The simulation cell
was prepared by maintaining a 20 Å water-filled space around the protein with a density of
0.997 g/mL. The system (cubic cell, periodic boundaries, and 8.0 Å cut-off for long-range
coulomb electrostatics forces) was neutralized with 0.9% NaCl, and the temperature was
maintained at 298 K with a pH of 7.4. After the initial steepest descent minimization,
unrestrained replicas of 100 ns MD simulations using an ff14SB Amber force field [46] were
carried out with 2.50 fs time steps. Snapshots were saved every 0.1 ns. The root-mean-
square deviation (RMSD), root mean square fluctuation (RMSF), and secondary structure
content were calculated.

3. Results

3.1. Choice of Labelling Sites and Molecular Dynamics of FXN

Mature FXN has a natively unfolded N-terminal region, followed by a region rich
in Asp and Glu residues constituted by a long alpha helix and a loop, which constitute
the main iron binding region that was characterized previously [47,48]. The beta-sheet
region has been shown to be part of the interface in the ISC maturation complex, with
W155 playing a key role [16]. We previously produced a library of FXN site-directed
mutants across the protein where a native amino acid was mutated to cysteine and labeled
with a spin probe to study the effect of Fe2+/3+ binding [32]. In this work, we used these
mutants to investigate the possible interaction between FXN and SOD2 and produced two
additional mutants to also map the loop region between the beta sheet and the short alpha
helix (H177C) and the C-terminal portion of the protein (S202C). All positions where the
spin labels were introduced are shown in sphere representation in Figure 1.
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Figure 1. Structure of human FXN (pdb.id 1EKG) from different angles. The three native Trp residues are colored bright
green and shown in stick representation. The spin labelling sites, A114 (yellow), T133 (green), H177 (purple), H183 (pink),
A193 (red), and S202 (light blue), are shown in sphere representation. The third view from the left is the same as the one
0that appears below in the proposed models of the FXN/SODs complexes.

The local mobility of the residues, together with the tumbling of the protein, is reflected
in the lineshapes of the EPR spectra of the spin probes. The internal motion of the wild
type frataxin was studied by all-atom molecular dynamics (MD) simulations (nanosecond
timescale) to investigate the mobility of the labeled positions (Figures 2 and S6). The results
are reported in Figure 2, showing the root-mean-square fluctuations (RMSF) along the
protein chain; the mutated sites are shown in color using the same color code as used in
Figure 1. The MD simulations clearly show that the H177 and S202 positions are more
mobile than the rest of the labeled positions. Furthermore, H177 is part of a flexible stretch
of the protein.

Figure 2. Root-mean-square fluctuations along the protein chain determined from the MD simulations on WT FXN (90-210).
The spin labelling sites are shown as colored dots: A114 (yellow); T133 (green); H177 (purple); H183 (pink); A193 (red); S202
(light blue).

3.2. EPR Spectra of FXN Interacting with SOD2

We performed EPR experiments on FXN spin-labeled in different regions to try and
pinpoint the interface formed by FXN and SOD2. The formation of an interface in the
position where the nitroxide probe is located would result in a marked slowdown of
side-chain motion, leading to a broader EPR spectrum. However, FXN is a small protein
(MW = 13.64 kDa), and its tumbling motion in aqueous solutions at room temperature
is rapid. The protein tumbling motion would mask any local contribution to the EPR
spectral lineshape proper of the spin label; therefore, it was necessary to slow it down
by carrying out the EPR experiments in viscous solution. We performed the experiments
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in 20% v/v glycerol, which slowed down the FXN tumbling enough to observe an EPR
spectral shape influenced not only by the protein tumbling but also by the mobility of the
spin probe sidechain and the backbone mobility.

The EPR spectra of 10 µM FXN mutants in the absence or presence of 40 µM SOD2,
giving a final FXN:(SOD2)4 molar ratio of 1:1, are reported in Figure 3. In the absence
of SOD2, each mutant shows a characteristic spin label mobility, which confirms that the
addition of glycerol slows the molecular tumbling of the protein enough that the spectrum
reports both local mobility and general mobility. The mobility of the two new sites studied
in this work (H177 and S202), as judged by the EPR spectra, faithfully reflects the high
mobility of the native residues, as shown by the MD simulations presented in Figure 2.
H177 is positioned in the loop between the beta sheet and the short helix and has the
highest mobility among the studied residues, which is aided by the low level of crowding
by nearby sidechains. Accordingly, it shows an EPR spectrum typical of very fast motion.
S202 is in a relatively rigid part of the C-terminal region (residues 196–210), but it has
greater mobility relative to neighboring residues, and its EPR spectrum indicates faster
mobility than that of all other positions other than H177.

Figure 3. EPR spectra of FXN mutants (10 µM) in the absence (dark grey) and presence (orange) of SOD2 (40 µM) at
a FXN:(SOD2)4 molar ratio of 1:1. For each mutant: top, experimental spectra; bottom, fitting. All spectra have been
normalized to the same number of spins to compare the spectral shape in terms of the spin-probe mobility.

Following the addition of an equimolar quantity of tetrameric SOD2, all positions
were affected similarly, except for positions H177 and S202, for which the effect was almost
null. Similar but slightly less pronounced effects were obtained with a FXN:(SOD2)4
ratio of 1:0.5, closer to that used in the fluorescence experiments reported below (see the
Supplementary Materials, Figure S3). The spectral changes clearly indicate an interaction
between FXN and SOD2.

To better quantify the effects of SOD2 on FXN, we fitted the EPR spectra by obtaining
the rotational correlation time, τC (the fittings are reported in Figure 3 as grey and orange
lines). The slow motion of the EPR probe was assumed to be isotropic. This simple model
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captures the spectral variations induced by SODs quite well and makes it easy to discuss
the spectral variations in terms of the changes in the rotational correlation times (∆τC),
reported in Table 1 as the difference between τC in the presence of SOD (τC

+SOD) and the
one in its absence (τC

−SOD).

Table 1. Isotropic rotational correlation times for FXN mutants alone (τC
−SOD) in the presence of

1:1 tetrameric SOD (τC
+SOD) and their variation (∆τC) obtained from the fitting of the EPR spectra.

All values are presented in nanoseconds. The error estimate was derived from the error in the fitting
following standard error propagation methods. The g tensor principal components are gxx = 2.0088,
gyy = 2.0070, and gzz = 2.0030. The hyperfine tensor principal components are Axx = 0.79 mT,
Ayy = 0.54 mT, and Azz = 3.68 mT.

Mutant τC
−SOD/ns τC

+SOD/ns ∆τC (τC
+SOD

− τC
−SOD)/ns

A114C 2.52 ± 0.06 2.96 ± 0.06 0.44 ± 0.09

T133C 2.70 ± 0.06 3.10 ± 0.07 0.40 ± 0.095

H177C 1.13 ± 0.03 1.24 ± 0.03 0.11 ± 0.04

H183C 2.77 ± 0.06 3.33 ± 0.06 0.56 ± 0.10

A193C 2.77 ± 0.06 3.18 ± 0.06 0.41 ± 0.10

S202C 2.30 ± 0.05 2.47 ± 0.05 0.16 ± 0.08

A homogeneous reduction in dynamic ∆τC was observed for four sites (A114, T133,
H183, A193) spread over a large region of the protein. The observed change likely reflects
the slowdown in protein tumbling following the formation of the complex with bulky
SOD2. In particular, H183, being an internal residue with limited sidechain and backbone
dynamics, has the lowest mobility (highest τC) of all sites and almost purely reflects the
protein tumbling. Given that the changes in protein tumbling are the dominant effect
on spin-label mobility, we cannot exclude the idea that one or more of the exposed sites
(A114, T133, A193) are located at the interface between the two proteins. On the other hand,
∆τC indicates that the mobility of H177, and S202 remains almost unchanged upon the
addition of SOD2. Their mobility is always dominated by the fast backbone and sidechain
motions (lowest τC), making them unsensitive to protein tumbling changes. This excludes
the idea that these latter residues partake in the protein–protein interface: if they were at
the interface, their sidechain motion would be strongly reduced, bringing down their τC to
that characteristic of protein tumbling (that of the internal site H183).

Another important aspect that emerged from the simulation of the EPR spectra was
that only one motional component was present in all spectra, even after the addition of
SOD2, suggesting that the interaction between the proteins is in the fast-exchange regime.

Previously, we showed that the addition of excess iron slows FXN motion by inducing
its aggregation at all positions [32]. Here, we tested the effects of Fe3+ addition in the
presence of SOD2 by performing EPR experiments at a ratio of FXN:(SOD2)4:Fe3+ 1:0.5:20.
The spectra, reported in the Supplementary Materials in Figures S4 and S5, clearly show
that the presence of SOD2 has no effect on FXN aggregation at this molar ratio.

3.3. Fluorescence Spectra of FXN Interacting with SOD2

The interaction between FXN and SOD2 was tested using the fluorescence emission of
the tryptophan residues and comparing the fluorescence of the individual proteins with
the fluorescence of the mixed solution. The results are reported in Figure 4. We must note
that the spectra show the Raman scattering peak of the buffer at 310 nm (corresponding to
a Raman shift ν = 3456 cm−1).
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Figure 4. Tryptophan fluorescence spectra of WT FXN (1.4 µM) and SOD2 (1.9 µM). Temperature 288 K, λexc = 280 nm. FXN
alone, grey; SOD2 alone, orange; SOD2 and FXN (molar ratio FXN:(SOD2)4 1:0.34), red; sum of the individual fluorescence
spectra of SOD2 and FXN, red. The peak at 310 nm is the Raman peak of the buffer.

Human FXN has three native Trp residues (W155, W168, W173); the Trp residues are
shown in green in stick representation in Figure 1. While the W155 residue is in the beta
sheet region and exposed to the solution, W168 is partially exposed and W173 is completely
buried. It should be noted that all three Trp residues are spatially close together and,
therefore, interact with each other via energy transfer, affecting the overall fluorescence in
a complex way. W155, being the only fully exposed Trp residue, is likely the most sensitive
to the presence of quenchers in solution. We must note here that, in our previous study, we
verified that fluorescence experiments based on Trp quenching may be not fully reliable
when the quencher binds far away from the Trp region [32]. For Frataxin, the fluorescence
spectrum, therefore, results in a peak at 332 nm (grey line in Figure 4).

Human SOD2 has six Trp residues per protein chain (W78, W123, W125, W161, W181,
and W186), most of them buried in the protein interior and in proximity to each other,
either in the same chain or in neighboring chains in the tetramer, with only W181 and
W186 exposed to the solution. SOD2 fluorescence is largely self-quenched, and the limited
solvent exposition leads to it being blue-shifted relative to FXN with a peak at 328 nm
(orange line in Figure 4).

The fluorescence spectrum of the mixed FXN:(SOD2)4 solution at a molar ratio of
1:0.34 (red line in Figure 4) shows marked quenching relative to the sum of the experimental
spectra of the individual proteins (17% less fluorescence, black dashed line in Figure 4).
The quenching, highlighted by the arrow in the figure, suggests that the two proteins come
into contact and that the exposed Trp residues are close to the interaction surface, leading
to fluorescence quenching. We propose that the quenching stems from the energy transfer
from the exposed W155 (or possibly also W168) in FXN to the tryptophan network in SOD2
through the solvent-exposed W181/W186.

3.4. Protein–Protein Docking of FXN and SOD2

To complement the experimental data and gain further insight into the interaction,
we decided to model the structure of the FXN:(SOD2)4 1:1 complex using protein–protein
molecular docking. We performed both blind docking simulations and simulations us-
ing site-specific information from SDSL-EPR and fluorescence as restraints. The struc-
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tures used for the docking calculations were as follows: FXN (pdb.id 1EKG [15]); SOD2
(pdb.id 5VF9 [49]).

The top fifteen models obtained from the blind docking simulations were analyzed
collectively to identify which residues of FXN and SODs were most often found at the
interface of the protein complex. The full details of the docking simulations are reported
in the materials section. Briefly, the docking protocol involved three steps: (1) docking
simulations using four programs freely available as webservers (ZDOCK [37], ClusPro [36],
GRAMM-X [38], PatchDock [39,40]); (2) re-ranking of the solutions using a common
scoring function with CONSRank; and (3) analysis of the interface regions in the top 15
re-ranked docking poses using PDBePISA. The normalized frequency with which each
residue appeared at the interface in the top 15 models was represented as a histogram and
then mapped on the protein surface; the results for the blind docking are shown in Figure 5.
In this set of simulations, FXN interacted with a single monomer of SOD2, contacting only
a second monomer close to the interface. The SOD2 region involved in the interaction is
the hollow region on top of the N and C-terminal tails of the protein on the other side
of the active site facing the inner tetrameric cavity. The interaction region for FXN is
concentrated mostly around the top part of the protein comprising the N- and C-termini,
leaving the beta-sheet region exposed to the solution. These models show a good surface
complementarity with several hydrogen bonds and salt bridges being possible; however,
they contrast with the experimental evidence. First, a site that is almost always found at
the interface is H177 (present in more than 90% of the models), which is in marked contrast
to the EPR experimental results, which show limited effects of the complex formation on
H177 mobility. Furthermore, the exposed Trp residues for SOD2 are also relatively far away
from the interface, as is W155 from FXN, while the other FXN Trp residues are close to the
interaction region. Overall, because the Trp residues of the two proteins are far from each
other and do not change their solvent exposition, the obtained docking poses make it hard
to justify the observed fluorescence quenching.

Figure 5. Blind docking simulations FXN/(SOD2)4. Left—histogram of the normalized frequency of appearance of each
amino acid at the interface: grey, FXN; orange, SOD2. Right—surface mapping of the frequency of appearance at the
interface: the frequency with which an individual residue is involved in the interaction lowers going from red to orange;
grey residues are never involved in an interaction. SOD2 has only one monomer mapped. FXN is represented with the
beta-sheet shown to the reader in the left image.
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Given that the blind-docking analysis did not agree with the observations from the
spectroscopic data, the docking simulations were also performed using the data as re-
straints. We chose not to exclude any residue from the interface, even if H177 and S202
could be excluded based on the EPR results. Instead, we opted to locate only W181 and/or
W186 from SOD2 close to the binding interface, if possible, as Trp fluorescence was strongly
affected. No Trp residue from FXN was chosen, since, while W155 is the only Trp residue
that is fully solvent-exposed, W168 is also sufficiently close to the surface and could poten-
tially act as a potential conduit for quenching. In this set of calculations, we specified the
Trp residues belonging to a single SOD2 chain as restraints. This is reasonable since the
exposed Trp residues of SOD2 are located far from the tetramer interfaces and FXN and,
being smaller than a SOD2 monomer, would be unable to reach the other SOD2 monomers
when interacting with the Trp region. The best docking model of the restrained simulations
is reported in Figure 6 from two different angles. The structure of this complex involves a
different region from the blind docking simulations, as expected. The active site of SOD2 is
still accessible, as is the iron-binding region of FXN. Although the complementarity of the
surface is reduced relative to the blind-docking simulations, and the specific interactions
are limited to two hydrogen bonds, this structure satisfies both the fluorescence and the
EPR data. FXN now contacts SOD2 using the beta-sheet region, bringing W155 close to
the exposed Trp of SOD2; the closest interatom distance between W155 and W186 is only
0.8 nm. Additionally, both H177 and S202 are now far from the region of interaction, which
justifies the smaller changes in mobility for these two residues from the EPR data. The full
accessibility of the iron-binding region is also in line with experiments conducted in the
presence of Fe3+.

Figure 6. Docking model of the FXN:(SOD2)4 1:1 complex. FXN is shown in grey; SOD2 is shown in shades of orange, one
shade per protein chain. Tryptophan residues are shown in light green with stick representation; T133 is shown in dark
green with sphere representation. The protein chains involved in the interaction are represented by a partially transparent
surface. (A) SOD2 viewed in the same orientation as in Figure 4; (B) the complex as viewed from the direction of the arrow
to better highlight the orientation of FXN.

4. Discussion

This study stemmed from previous work by Han et al. [29], which reported on the
interaction between yeast FXN and SODs (bovine and human, in that work). To give
full meaning to the results, however, the question of whether the same interaction could
be detected between human FXN and human SODs needed to be addressed. In this
work, we investigated the interaction between the mature form of FXN and mitochondrial
SOD2, since Han and coworkers estimated that at physiological concentrations a complex
between FXN and SOD1 could not be formed within the mitochondria [29]. Furthermore,
since SOD1 is primarily a cytosolic protein, it would probably interact with the immature
form of FXN. EPR experiments suggested that human SOD2 interacts with mature FXN.
All positions showed a slowdown in dynamics upon the addition of SOD2, which was
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likely the result of the large increase in the hydrodynamic radius. We did not observe
two different spectral populations, suggesting that the proteins undergo fast exchange in
solution, and therefore the kinetics of association/dissociation are fast, in the order of tens
of nanoseconds. The results of the fluorescence experiments confirm an interaction with
SOD2: the fluorescence when both proteins are present was reduced by 17% relative to the
sum of the individual contributions. Interestingly, Han et al. observed a ~13% fluorescence
enhancement by mixing yeast FXN with human SOD2, as opposed to the quenching
we observed. While yeast FXN only has two Trp residues, the diametrically different
result suggests that the details of the interaction between human proteins are significantly
different from those of the mixed-species system. Together, our experimental results
suggest a definite interaction between human FXN and SOD2 in vitro. A quantitative
estimation of the KD would require additional experiments and is beyond the scope of the
present work.

Several experimental works point to a possible direct or indirect role of FXN in
SOD2 activity, giving a potential physiological relevance for the in vitro interaction that
we observed. Both SOD2 and FXN [28] are able to regulate the detoxifying enzymatic
mechanisms and inhibit ROS production, and they might act synergistically, since the
two proteins are located in the same mitochondrial compartment. Recently, it has been
demonstrated that FXN is enriched in the mitochondrial cristae, and its involvement in
stabilizing the organization of respiratory chain has been hypothesized based on functional
and biochemical analyses [50]. Interestingly, recent cryo-EM studies showed that SOD2 is
associated with respiratory supercomplexes in both mycobacteria [51] and Caenorhabditis
elegans [52], an association that can provide local protection against ROS damage. FXN
and SOD2 are both involved in the biochemical hallmarks of FRDA pathophysiology, i.e.,
increased susceptibility to oxidative stress, iron overload, and a deficit in ISC biogenesis.
FXN deficiency correlates with a lower cell antioxidant capacity, especially for SOD2 [53,54].
In the yeast model of FRDA, SOD2 is overexpressed but shows lower activity that can
be recovered with manganese supplementation [55]. Furthermore, iron overload plays
a role in the inactivation of SOD2, since it can compete with manganese for binding to
SOD2, inactivating the enzyme [56,57]. In this context, we propose two hypotheses on
the physiological relevance of the FXN/SOD2 interaction, but we cannot exclude the
possibility that the link between FXN and SOD2 discussed above is more a consequence of
their common involvement in mitochondrial function than the result of a direct interaction.
One possibility is that the interaction between the two proteins acts as a modulator of
antioxidant mechanism in the vicinity of respiratory complexes, given their localization
and their involvement in oxidative stress. A second possibility is that under pathological
conditions of excess iron, FXN transiently interacts with SOD2, lowering the local iron
concentration, since one FXN can bind several Fe2+/Fe3+ ions, thus preventing manganese
substitution with the consequent inactivation of SOD2. The structure of the proposed
complex (Figure 6), in which the iron binding region of FXN is exposed to the solution and
does not block the active site of SOD2, could be in line with both hypotheses.

In conclusion, the results obtained through the combination of SDSL-EPR, fluores-
cence, and molecular docking prove that mature human FXN interacts with human SOD2
in vitro, confirming the previously observed interaction between yeast FXN and human
SOD2. An aspect that should be investigated is whether the currently known pathological
variants of FXN affect the interaction. Several involve mutations in the beta-sheet region
of FXN (for example, N146K, W155R, R165C), which we found to be important for the
interaction with SOD2 as well as with the FeS assembly protein complex. Taking into
account the increasing amount of evidence that both proteins are present in the region
around respiratory chain complexes and that iron interacts with both, the FXN/SOD2
interaction could be relevant for the protection of FeS clusters during assembly and/or
incorporation when FeS clusters are potentially exposed to attacks by reactive oxygen
species. All things considered, we suggest that the observed interaction merits further
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investigation to better frame it within the context of the uncertain physiological role of
FXN and the molecular mechanisms of FRDA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9121763/s1, Figure S1: DS-PAGE followed by Coomassie Brilliant Blue staining
for the expression and purification steps of recombinant human FXN90-210, Figure S2: Left - SDS-
PAGE followed by Coomassie Brilliant Blue staining. Right - Western Blot analysis, Figure S3: EPR
spectra of FXN mutants in the absence (dark red) and in the presence of (SOD2)4 at a 1:0.5 (red) and
1:1 (orange) molar ratio, Figure S4: EPR spectra of FXN mutants in the absence (black) and in the
presence (red) of Fe3+, Figure S5: EPR spectra of FXN mutants with Fe3+ in the absence (black) and
in the presence (orange) of SOD2, Figure S6: Molecular Dynamics simulation, Table S1: The primer
sequences for FXN mutants S202C and H177C.
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1) Mutagenesis primers for FXN H177C and S202C 

In Table S1 below, we report the primer sequences for FXN mutants S202C and H177C used in this 

study for SDSL.  

 

Table S1: The primer sequences for FXN mutants S202C and H177C. 

 

FXN mutant 

 

 

Primer name 

 

Primer sequence 

FXN_H177C 

FXN_H177C_for 
 

- GGTGTACTCCTGCGACGGCGTGT -  

 

FXN_H177C_rev 

 

- CAGTTTTTCCCAGTCCAGTC -  

FXN_S202C 

FXN_S202C_for 

 

- GGACTTGTCTTGCTTGGCCTATT -  

 

 

FXN_S202C_rev 

 

- AGTTTGGTTTTTAAGGCTTTAGTG -  

 

 

 

 

 

 

 

 

 

 

  



2) FXN expression and purification 

In the Figure S1 below, we report a SDS-PAGE gel showing the different steps of expression and 

purification of recombinant human FXN90-210. FXN mutants for SDSL have been expressed and 

purified with the same procedure. 

 SDS-PAGE followed by Coomassie Brilliant Blue staining for the expression and 

purification steps of recombinant human FXN90-210. Lane (1): molecular weight protein ladder. 

Lanes (2) and (3) correspond to the bacterial culture before and after the induction with IPTG, 

respectively. Lane (4) and (5) represent the soluble and insoluble fraction of the total cellular lysate. 

Lane (6) corresponds to the protein pool after the first purification step performed by anionic 

exchange chromatography (AEC). Lane (7) corresponds to the protein pool after the second 

purification step performed by size exclusion chromatography (SEC).  



3) SOD2 purity and identity control 

In Figure S2 below, we report the SDS-PAGE gel and relative Western Blot analysis of 

recombinant human SOD2 performed to verify the purity and identity of SOD2 used in EPR and 

fluorescence spectroscopy experiments. The SDS-PAGE gel shows that recombinant SOD2 is 

present in high purity, and the Western Blot confirmed the identity of the protein.  

 Left - SDS-PAGE followed by Coomassie Brilliant Blue staining. Right - Western Blot 

analysis.  

  



4) FXN:SOD2 experiments at different ratios 

The effects of two different ratio of FXN:SOD2 on the mobility of the spin labels of FXN mutants 

are reported in Figure S3. FXN and SOD2 have been mixed at a 1:0 (dark red), 1:0.5 (red), and 1:1 

(orange) ratio. The spectra show a progressive slowdown at all spin label positions, but the spectral 

shape does not significantly change, a sign that most of the proteins are already involved in the 

complex. 

 

 

 

 EPR spectra of FXN mutants in the absence (dark red) and in the presence of (SOD2)4 

at a 1:0.5 (red) and 1:1 (orange) molar ratio. All spectra have been normalized to the same number 

of spins to compare the spectral shape in terms of spin probe mobility. 

 

  



5) FXN/SOD2 experiments with Fe3+ 

The effects of Fe3+ on FXN in the presence/absence of SOD2 have been evaluated using EPR 

spectroscopy. Previously, we showed that the addition of excess iron slows down FXN motion by 

inducing its aggregation at all positions [noi].  

Here, we show in Figure S4 that the effects are still present also for the new mutated positions 

(H177 and S202) with the formation of new slow components on the side wings of the spectra (red 

spectra). 

The effects of Fe3+ in the presence of SOD2 are reported in Figure S5. FXN and SOD2 have been 

mixed, and then Fe3+ has been added. The spectra do not change significantly when SOD2 is 

present (orange spectra). 

 

 

 EPR spectra of FXN mutants in the absence (black) and in the presence (red) of Fe3+. 

[FXN] = 10 M; [Fe3+] = 0/200 M. All spectra have been normalized to the same number of spins 

to compare the spectral shape in terms of spin probe mobility. 

 



 

 EPR spectra of FXN mutants with Fe3+ in the absence (black) and in the presence 

(orange) of SOD2. [FXN] = 10 M; [SOD2] = 0/20 M; [Fe3+] = 200 M. Black, 

FXN:(SOD2)4:Fe3+ 1:0:20; orange, FXN:(SOD2)4:Fe3+ 1:0.5:20. All spectra have been normalized 

to the same number of spins to compare the spectral shape in terms of spin probe mobility. 

  



6) Molecular Dynamics simulation 

 

Molecular Dynamics simulation. (A) The root-mean-square deviation (RMSD). The plot shows 

Calpha (RMSDCa), backbone (RMSDBb) and all-heavy atom (RMSDAll]). (B) The secondary structure 

content (B) along the simulation time. The analysis of production runs was carried out using YASARA 

Structure [1].  

[1] H. Land, M.S. Humble, YASARA: A Tool to Obtain Structural Guidance in Biocatalytic Investigations, 

Methods Mol Biol 1685 (2018) 43-67. 
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