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CHAPTER I. BIBLIOGRAPHY

1. Friedreich’s ataxia

1.1. Clinical features

Ataxia means a neurological sign consisting ofl#wk in voluntary coordination of muscle
movements that includes gait abnormality. Friedrsiataxia (FA) is the most prevalent form
of hereditary ataxia in the Caucasian populatioart®li and Puccio 2014). FA was initially
described by Nikolaus Friedreich. Clinical featuassataxia, dysarthria, sensory loss, muscle
weakness, scoliosis, foot deformation and cardismpsoms were present, and the age of
onset was around puberty (Table I.1). Often as goas teenagers, patients become
wheelchair-bound and unable to independently perfdaily activities. This disease is the
consequence of a mutation localized in the regigb39f chromosome, which induces the
abnomalities in cellular metabolism and manifestdifferent tissues under a diversity of

clinical features.

Table 1.1: Clinical features of Friedreich’s ataxia

Clinical features of Friedreich’s ataxia
Progressive ataxia (legs, arms, and speech)
Areflexia (up-going toe sign)
Dysarthria

Atrophy of the spinal cord

Loss of position and vibratory sense
Extensor plantar responses

Heart disease (abnormalities on ECG)
Vision loss

Eye movements (fixation instability)
Hearing loss

Foot deformity

Scoliosis

Diabetes
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1.1.1. Neuropathology

Friedreich’s ataxia is a neurodegenerative disomleslving both the peripheral and central
nervous systems. FA neuropathology includes atraphige dorsal root ganglia (DRG) with
a progressive destruction of the larger neuronstlaicller myelinated axons, which accounts
for the thinning of the dorsal root and sensoryveeneuropathy. The impact of DRG
degeneration on the downstream structures of thealsgord and brainstem underlies
secondary damage, with atrophy of the Clarke amgadl@olumn, gracile and cuneate nucleus
and spinocerebellar tract. Atrophy of Betz cellsl dhe cortico-spinal tract is the second
purely intrinsic central nervous system lesion & fKoeppen A. H. and Mazurkiewicz
2013).

1.1.2. Cardiac system

Besides the typical neurological involvement, FAalso associated with a progressive
hypertrophic cardiomyopathy (thickening of venttamuwalls). The common cause of death
in FA patients is arrhythmias or cardiac failuréeTcardiac morphology of patients with FA
is variable. The cardiac symptoms may develop earljfe but the degree and timing of
cardiac involvement correlates poorly with the lex&# neurological disability. The
histological changes in the left ventricle mainlgnsist of cellular hypertrophy, diffuse

fibrosis, and focal myocardial necrosis (Weidemanal. 2013).
1.1.3. Skeletal muscle

FA patients are wheelchair dependent and unahpetiorm daily activities. Clinically, they

show progressive and symmetrical loss of musclkength particularly affecting the lower
limbs. Morphological and histological studies otipats muscle biopsy indicated atrophy in
the neurogenic muscle as well as the absence oflenusgeneration. They also showed
reduced capillary density in skeletal muscle, whtay be the result of the immobility as a

consequence of ataxia (Nachbauer et al. 2012).
1.2. Cellular metabolism

1.2.1. Genetic mechanism

Patients with FA have guanine-adenine-adenine (G#Alcleotide repeat expansion in the
first intron of FXN gene located in chromosome 9ql13 (Campuzano et98i6), which
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encoded for a mitochondrial protein so-called #ata(Figure 1.1). This protein is highly
conserved during the evolution. It has been foundall organisms from bacteria to
mammalian. Thus, in order to study this disease,RA type mutant or complete deletion
mutant has been created in multiple models fintoli to human cell lines. Herein, the

nomenclature of different frataxin homologues iffiad as below:

- Bacteria frataxin homologue: CyaY
- Yeast frataxin: Yfhl
- Drosophile frataxin: Dfh

- Mammalian frataxin: hFxn

A 10.4kb

.j pre-mRNA
2

ATG i ¥
\

Figure I1.1: FXN gene in the 9913 chromosome.

In healthy individuals, the number of repeats rarfgem 6-36, whereas in FA patients, it is in
the 70-1700 range, most commonly in 600-900 (Campozt al. 1996, Pandolfo and Pastore
2009). The length of (GAA) repeat expansion invigrserrelates with the ages of onset and
the severity of the disease. Long expansion leadmtearly onset, severe clinically illness
and death in young adult life, whereas patient$ stort expansion have a later onset and
milder signs, some even are not diagnosed duriag lifie time (Koeppen A. H. 2011). In
96 % of patient, this repeat expansion is homozggdwt in 2-4 % of patients it is
heterozygous with missense mutations present inctiiing region of one allele and
expansion in the other. Until now, 44 different atidns have been described in FA
heterozygous form, including point mutations, adlvas insertion or deletion mutations
(Figure 1.2a) (follow Human Gene Mutation DatabaSardiff, UK). No patient homozygous

for point mutations has been described (Galea @046).

The GAA expansion leads to silence mRNA transaiptihrough a mechanism involving
modifications of the chromatin structure of theuscresulting in expression of a structurally

and functionally normal frataxin but at levels there estimated at ~5-30 % of normal
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(Gottesfeld 2007). The missense mutations cantleash amino acid residue change (Figure
1.2b).

al BLBZ B3 pa PS5 PSRET o2

= ) 9

0 30 &0 1 150 IED
1 L 1
2 3 4 5a
I T
E40C 53|_.1i1_1|:|55' mml[ HM-HG; I w17 ESI l
Yi23m 1154F FELESC L1a0p
GIIW S wissR [ LHCE L1BAR
L1S6P W RIGESN |5 L180R

L HtBS:FI LERIF
LAEIH

Figure 1.2: Diseases-associated FXN point mutations and corasging positions in human
frataxin molecule.(A) Exons 1 to 5a are numbered and delineatedinvitie frataxin sequencéhe
mitochondrial transit peptide is colored purpleetintermediate N-terminal tail is light blue, and
mature frataxin is white. Secondary structure nsotife shown above the sequence, whereathe
helices are illustrated as cylinders ag#strands as arrows. Black dots represent residuesitas
cleaved during frataxin maturation (B) lllustratioof human frataxin molecule highlights residues
that are mutated in FA (Galea et al. 2016).

In most cases, heterozygous patients are clinieatlistinguishable from patients that are
homozygous for the GAA expansion, but a few missemsutations in compound
heterozygous patients cause atypical or mildericainpresentations (Cossée et al. 1999)
(Gellera et al. 2007). It was shown in knockoutnzali model that the complete absence of

frataxin leads to early embryonic death (Cossé&x. &000).

The nuclear-encoded human frataxin protein is ®giied in the nucleus as a 210 amino acid
precursor (23 kDa) with an N-terminal mitochondteigeting sequence and it undergoes two
steps of cleavage to achieve activity site. Theffigent level of frataxin in mitochondria
causes defects in mitochondrial and cellular mdisinoas: iron-sulfur cluster synthesis,
heme synthesis and anti-oxidative stress. Most hefsé alterations concern “made-in
mitochondrion” processes, thus the mitochondrib-tissues such as the heart and the brain
are most affected. The levels KN mMRNA and frataxin protein show specificity forsise

that partially correlates with tissue-specific effeof its deletion pathology (Table 1.2).



Chapter I: Bibliography

Table 1.2: Tissue-specific FA pathology (Anzovihale2014).

Alteration Heart Neurons Skeletal muscle
Cytosolic iron deficiency Yes ? No
Mitochondrial iron loading Yes No No

Perturbed iron-sulfur cluster synthesis  Yes Yes ?
Autophagy/apotosis Yes Yes ?

Oxydative stress ? Yes ?
Inflammatory response ? Yes ?

1.2.2. Perturbation in mitochondrial processes

The deficiency of frataxin causes mitochondrialfdgstion (Vazquez-Manrique et al. 2005),
(Gonzalez-Cabo and Palau 2013), which has a dakett on the pathophysiology of the
disease. The mitochondria are long known as theeguauses of the cell. They generate ATP
by oxidative phosphorylatiowvia respiration chain (complexes I-1V). The generatioin
reactive oxygen species (ROS) is closely associai#dATP production so mitochondria are
considered as the major source of ROS. Mitochondsalso known as a major site for the
metabolism of transition metals, including iron, ighis essential for metabolic processes
critical for cell viability. Important processesctuas [Fe-S] cluster assembly and heme
biosynthesis occur in this organelle. The dysfuorctdf mitochondria in FA patients or FA

models organisms involves all the processes lisbede.
1.2.2.1. Transition metal homeostasis

1.2.2.1.1. Physiological condition

Transition metal ions are particularly required tbe correct function of all mitochondrial
machineries. They are frequently used as cofafborsnzymes and oxygen-carrying proteins
that take advantage of their propensity to gainlard single electron. These metalloproteins

participate in all vital processes of mitochond®ATP production or detoxification of ROS.

As the majority of mitochondrial proteins, the nmiefaroteins are encoded by nuclear DNA

and imported into the organelle as apo- and unébjgleteins. Iron, copper, manganese and
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zinc are inserted into peptides during the foldiog post-translation process. Hence,
mitochondria have its own mechanism of storageesponding to each metal (Atkinson and
Winge 2009, McCormick et al. 2015).

(i) Fe:

The mitochondrion is a major site of cellular irotilization, and inversely, iron influences
many aspects of mitochondrial metabolism. Irormgorted into mitochondria from cytosol
by crossing the inner mitochondrial membrane thhotige mitochondrial iron importers
(mitoferrins Mrs3/4). Within the mitochondrion, moparticipates in three major metabolic
pathways: (i) iron-sulfur cluster (ISC) assembily), lfeme biogenesis and (iii) mitochondrial
iron storage. All of these processes give mitochionda central role in modulating iron

homeostasis.

Cys, Cys,
/Fe-"S .Fe*S
Cys, g .Cys g | sZ L/ Ors
JFel SFe [, | ST e
Cys S Cys Fe—s Fe"— 5" L
Cys cys”
[2Fe-25] [3Fe-4S] [4Fe-4S]

(@) Iron-sulfur cluster

(b) Heme b

Figure 1.3: Iron prosthetic groups.

- [Fe-S] cluster biogenesisiron sulfur clusters (ISC) (Fig 1.3a) are anciamd vital
prosthetic groups that are found in a wide rangprofeins in the mitochondria, cytosol and
nucleus. Many of these proteins play major rolesthe metabolism, such as catalysis,
electron-transfer in redox reactions and regulat@ngene expression. ISC assembly
machineries include at least 10 proteins. That cmapessentially protein scaffold, sulfur
donor, electron transporter, iron chaperone anstefuransporter. Importantly, mammalian
ISC biogenesis occurs in two different but funcéityy connected compartments:
mitochondrial (ISC system) and extra-mitochond(f@lA system). The inorganide novo
[Fe-S] cluster is synthesized within the mitochamalby ISC assembly apparatus. They are
then inserted into mitochondrial apo-proteins asgea through a process which generates an
unknown molecule (X-S) that is exported by the AB@nsporter Atm1l to the cytosol to
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support the cytosol iron sulfur cluster proteinSK) biogenesiand to be utilized elsewhere
(Figure 1.4)(Lill et al. 2015)
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Figure 1.4: lllustration of [Fe-S] cluster (ISC) biogenesis ireukaryote cells (A) Three distinct
machineries assist the maturation of Fe/S proté@naon-green eukaryotes. The mitochondrial ISC
assembly machineries consist of 17 known proteimsraature all organelle ISPs. The ISC system
cooperates with the ISC export machinery and thA @iachinery, which is in charge for the
biogenesis of cytosolic and nuclear ISPs. The eértomponent of ISC export machinery is the
mitochondrial inner membrane ABC transporter Atmdhich exports a sulfur- and glutathione
containing compound of still unknown identify (X48)the cytosol(B) The current model for
mitochondrial ISC assembly machinery. The ISC alkeatcurs in three distinct stegStep 1 The
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de novo [2Fe-2S] cluster is assembled in the skthffcotein Isul with the participation of cysteine
desulfurase complex Nfsl-Isd11 as sulfur suppéarglectron donor ferredoxin Yahl and frataxin
Yfh1l with unknown function. Iron for this steprigpbrted from cytosol by mitoferrins Mrs38tep 2
[2Fe-2S] cluster is released from Isul. The cluskertransferred from Isul to mitochondrial
glutaredoxin Grx5 that binds the [2Fe-2S] grouparglutathione dependent manner. The dedicated
Hsp70 chaperone Ssql bind to the conserved LPP\f rabtlsul(ATP-hydrolysis dependent
association) and facilitate the transfer of [2Fe}2@®m Isul to Grx5. Jacl is a co-chaperone which
assists the recruitment of Ssqgl to Isul. The ADP-é&xchange by Mgel helps to dissociate Ssql from
Isul and thus closes the chaperone cycle. From,hdre Grx5-bound [2Fe-2S] clusters are
transmitted to one of three pathways: (i) be trangfd to mitochondrial apo-proteins without further
assistance; (ii) pass through an unknown procesgwgenerates a sulfur or possibly glutathione-
containing molecule (X-S) that is exported by tlB&CAransporter Atm1 to the cytosol to support the
cytosol ISPs biogenesis; and (iii) shift to thedhstep.Step 3 All mitochondrial [4Fe-4S] proteins
are assembled. Specialized ISC factors [Iba57-IsaP] first facilitate the synthesis of [4Fe-4S]
cluster from Grx5-bound [2Fe-2S] cluster. Then, theget specific insertion of [4Fe-4S] cluster into
apo-proteins is archieved by various dedicated t&@Qeting factors (Ind1, Nful, Aim1). (Lill et al.
2015)

- Heme biogenesisHeme is a prosthetic group that contains a metal, is the most
common, in the central position of porphyrin rifgg(l. 3b). Iron atom can uptake or release
another smaller ligand.g. O.. Heme is an essential cofactor of important pnstesuch as
hemoglobin and myoglobin. The heme biosynthetichway includes eights enzymes, it
begins and ends in mitochondria but the intermeds&ps occur in the cytoplasm (Ponka
1997). In the final step, an iron atom is inseit#d protoporphyrin IX by ferrochelatase. In
the case of iron unavailability or deficiency, & replaced by Zn(ll) to form Zn-
protoporphyrin, which can be an indicator for iroleficiency diseases. Ferrochelatase
requires one [2Fe-2S] cluster to govern its cat@lgttivity, it is possible that any disruption
in ISC synthesis would also adversely affect thadsynthesis (Anzovino et al. 2014).

- Mitochondrial iron storage: Iron excess from heme or ISC synthesis is sequekte
by mitochondrial ferritin (Levi et al. 2001). Sinceactive oxygen species are generated in
mitochondria, it is essential that iron is storedan inert form to prevent adventitious redox
cycling reactions (Richardson Des R. et al. 20F3rritin stores iron by inducing its
oxidation and deposes it inside the cavity in aidavxo-hydroxide core, which is structurally
similar to the mineral ferrihydrite. Ferritin isdhily expressed in tissues with high metabolic
activity and oxygen consumption, such as testiginbrand heart. Non-ferritin iron or labile
iron pool is reactive and probably toxic for ceaWlitochondria from iron-sufficient cells
contain labile iron in low-molecular-mass compleaésbout 100-15QM (McCormick et al.
2015).
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The three pathways described above contribute tocimondria the role of a gatekeeper for
iron metabolism. Every disruption in these pathwags affect iron homeostasis in both

mitochondria and cytoplasm.
(i) Cu:

Copper is required within the mitochondrion for thenction of two metalloproteins:
Cytochrome c oxidase (CcO) and Cu-Zn superoxidmuligse (SOD1). CcO locates in the
inner membrane. CcO is the terminal complex iniragpry chains, which reduces @ two
water molecules and transfers two protons intoriméenbrane space. Two subunitsaGund
Cug of CcO containing copper are encoded by mitochiahdenome. Hence, the insertion of
Cu certainly occurs in intermembrane space. SODdcalized and functionalized mainly in
cytosol, with however 1-5 % is found in the intemigane space. It is one of three common
superoxide dismutases that catalytically convepesoxide to oxygen and hydrogen peroxide.
SODL1 contains copper and zinc, where copper plaggneatic role and zinc stabilizes the
structure of protein. SOD1 is imported into mitoodoal as apo-protein; the metalation of
SOD1 depends on a copper chaperone Ccsl.

There is very little, if any, free Cu within thellse Copper is bound to proteins or complexed
to glutathione or other small molecules. McCormétkal., have indicated that 22 % of total
mitochondrial copper (~18M of 71 uM) exist in a complex with an unknown low-molecular
mass molecule (CulL). But the remaining questiowhsther the copper metalation of SOD1
and CcO is supplied by this CuL or from the cytqdatCormick et al. 2015).The mechanism
of copper import into the mitochondrion is unknovRecently, Cobine PAt al. identified in
yeast model two proteins of the mitochondria carfemily involving in mitochondrial
copper import Pic2 and Mrs3. Mrs3 is an iron cartleat suggests a connection between
copper and iron homeostasis (Vest et al. 2013, ¥estl. 2016). These studies also gave

evidences for the direct interaction between Cud Rit2/Mrs3.

Subsequently, copper is an important trace elerfoermedox activity. It can also induce the
generation of ROYia Fenton-like reaction. Therefore, cellular uptakirage as well as
copper export necessitate a tight regulation ireotd guarantee sufficient copper supply for

copper-containing enzyme but also to prevent coppirced oxidative stress.

(i) Mn:
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In yeast, the only known function of Mn(lIl) in mabondria is that of a cofactor in superoxide
dismutase SOD2, the matrix superoxide dismutaseoiirast to Cu-dependent superoxide
dismutase, SOD2 plays essential role in anti-onidastress since the complete loss of the
enzyme SOD2 results in neonatal lethality in miceYibing et al. 1995) that cannot be
rescued by CuzZnSOD (Copin et al. 2000). Mammaligochondria contain the second Mn
enzyme, which is type Il arginase. It catalyzessyrthesis of ornithine and may regulate the
production of NO by nitric oxide synthase (Topahkt2006).

Mitochondrial Mn labile pool exists majorly as angplex with an 1100 Da molecular weight
(~2uM) (McCormick et al. 2015). The mechanism of mdiatafor MnSOD is unknown.
Apo-SOD2 has specific affinity to Fell. In iron ess condition, SOD2 risks to be
irreversibly inactivated by the mismetalation afririnto apo-SOD2.

(iv) Zn:

Zinc is the most commonly utilized metal cofact@®s% of all enzymes). In mitochondria,
zinc is the catalytic cofactor of a range of pret=a which include inner membrane
associated protease (MAAA, IAAA, Omal proteasesth& inner membrane, and the
intermembrane space protease Atp23) and mitochalnpirocessing protease (functions in
cleavage of the N-terminal mitochondrial targetsgguences); Zn(ll) is likely associated
with the yeast mitoribosome. The dominant non-pnoténc in mitochondrial is at ~1j0M

(McCormick et al. 2015). A subunit of cytochromexidase (Cox4) and SOD1 require Zn

for is stability.

1.2.2.1.2. Impairment of metal metabolism in FA model

Early characterization of the pathophysiology imiuwduals with FA provided obvious
evidence of a link between frataxin deficiency amtlular metal metabolism dysregulation

(Table 1.3). However, their occurrences dependhemiture of the tissues.

Table 1.3: Mitochondrial metals: function and thmpaired metabolism in FA model.

Metal Functions Metabolism in FA
Fe - Respiratory chain with 4 enzymesReduce in ATP generation.
complexes I, II, I, IV - Deficiency in [Fe-S] cluster protein
) activity.
- [Fe-S] cluster synthesis - Zn-protoporphyrin IX is formed instead

10
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- Heme synthesis of heme.

N - Iron accumulation in non-ferritin form.
- Ferritin storage

Cu - CuZn-superoxide dismutase (SOD1)—SOD1 is highly induced but decreased
intermembrane space (IMS). in activity (oxidative damage and lack jof

) _ | Cu for the metalation).
- Cytochrome c oxidase (CcO) - inner

membrane proteins, complex IV pf Reduce in activity of CcO.
respiratory chain.

Mn MnSOD  (SOD2) -  superoxidelncrease in protein amount but decrepse
dismutase in mitochondrial matrix. in activity of SOD2.
Zn - Cofactor of proteinases Uncharacterized

- Requiredstructural stabilitySOD1 and
Cox4, a subunit of CcO

In cardiac tissues, studies on autopsies of FAeptdi reported independent proofs of
mitochondrial iron overload. The accumulation abnirin cardiomyocytes is restricted to
small regions and progresses from granules in hébers to coarse aggregates in
phagocytized cardiomyocytes (Lamarche et al. 198§josolic and mitochondrial ferritin,
which are marker of iron excess, co-localize extetg in heart tissues. Hepcidine, a hepatic
hormone controls systemic iron distribution, haerb&und in non-hepatic tissues including
heart, which is an indicator of iron dysmetaboli@foeppen A. H. et al. 2012). Rotag al
was the first group to report the deficient acyivdaf the ISC proteins of mitochondrial
respiratory complexes I-lIll and aconitase in FArh&opsies but not in other tissues (Rotig
et al. 1997). The impairment of ATP synthesis ihf causcle and reduced biochemical
activities of complex | and IV in the skeletal oA lpatients were also reported. However, it
was suggested that they were due to a quantitdBeeease in the number of mitochondria

rather than a selective mitochondrial dysfunctidacghbauer et al. 2012)

However, iron overload does not occur typicallythe nervous system. Dorsal root ganglion
(DRG) are a primary target of FA with a remarkabésion (Koeppen A. H. and

Mazurkiewicz 2013). The assay of total Fe in DRGF#f patients was not increased. The
accumulation of ferritin was only found in satalitells surrounding dying DRG neurons
(Koeppen A. H. et al. 2009). DRG in FA retainedafid Fe rather than discharging them into
the circulating blood (Koeppen Arnulf H et al. 2018 physiological conditions, dentate

11
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nucleus (DN) is an iron-rich structure that congarelatively high amounts of copper and
zinc. The net amount of Fe, Cu or Zn does not as®eor decrease significantly in the DN of
FA patients, but the distributions of these megatschanged in affected DN. The Cu and Zn
rich regions broaden and overlap extensively with Ee-rich region. Copper is supposed to
exist mainly in protein-bound forms in the DN of FPhe atrophy of the DN in FA correlates
with Cu and Zn redistribution rather than with Resigégulation only (Koeppen A. H. et al.
2007, Koeppen A. H. et al. 2012).

A conditional mouse locally depleted frataxin withhe heart and skeletal muscle, named the
muscle creatine kinase (MCK) conditional - hFxnl muice (herein referred to as MCK-hFxn-
knockout (KO) mice) is an effective model to stugltensively the cellular mechanism of
FA. Similar to patient cardiac tissues, mitochoaditon accumulation as phosphorus and
sulphur iron, cytosolic iron deficiency and low &s of cytosolic ferritin has been observed
in MCK-hFxn-KO mouse (Huang et al. 2009, Puccioakt 2001, Whitnall et al. 2008,
Whitnall et al. 2012). However, no detectable iaeposits were observed in the complete
hFxn-KO mouse or in the central nervous systemhef‘heuron-specific’ hFxn-KO mouse
models (Santos et al. 2010). Also in yeast stradk bf yeast frataxin homologyfh1l), iron
was found in amorphous nanopatrticles of ferric phase in mitochondria (Babcock et al.
1997, Foury and Cazzalini 1997, Lesuisse et al3200

The inactivated iron-sulfur cluster proteins (ISR®re found in cardiomyocytes of MCK-
hFxn-KO mouse (Puccio et al. 2001) axyfhl (Foury 1999, Rotig et al. 1997). Importantly,
it was emphasized that the inactivation of irorftguénzymes is the early phenomenon and
intra-mitochondrial iron accumulation is the lat@®oburski et al. 2016, Puccio et al. 2001,
Stehling et al. 2004). FA patients do not manifasaemia when frataxin expression is
reduced, but heme production is attenuated (Huarad. 2009). The enzymes involved in
heme synthesis are altered (Boddaert et al. 200@nand Cowan 2004). Zn-protoporphyrine
IX is formed instead of heme iyfhl(Lesuisse et al. 2003).

The absence of frataxin in the heart and skeletedahe leads to iron loading in liver, spleen
and kidney because of the induction of hepcidinpatie hormone of iron metabolism
(Whitnall et al. 2012). Biochemical studies on it metabolism of MCK-hFxn-KO mouse
showed two alterations. First, there are the glalsayn-regulation of molecules involved in
ISC biogenesis, iron storage and heme synthesise wig-regulation of cytosolic heme
catabolism. Second, the expression of moleculeslved in cellular and mitochondrial iron

12
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uptake tends to an increase in iron uptake targetiitochondria, as well as a decrease in iron

release (Huang et al. 2009). This implies a systgrarturbation of iron metabolism.

In contrast to the eukaryotic systems, a complests lof the bacterial frataxin ortholog

(AcyaY)does not exhibit a typical phenotype. It does exdtibit any modification in iron
content or in the sensitivity to oxidant (Li D.$.at. 1999).

Despite tissue-specific variations in frataxin-nageld iron handling, the dysregulation of iron

metabolism due to frataxin deficiency remains tlesnprominent feature.

1.2.2.2.

Mitochondrial redox control and oxidative stress

1.2.2.2.1. Generation of ROS/RNS in healthy mitochondrion

Redox dependent processes affect most cellulatitunsc Mitochondria are in the center of

these processes as they generate reactive spB8gghat drive redox-sensitive events and

respond to RS-mediated changes in the cellularxrestiste. Reactive species are not only

harmful they are also important signaling moleculeth potential therapeutic effect. The

term reactive species relates to many kinds, ssichactive oxygen species (ROS!" H-0,

OH"), RS of nitrogen (RNS), carbon, sulfur and halggsn. Herein, we only mention ROS

and RNS, the two most important RS in biologicaltegn. The components of RNS and ROS

are listed in Figure 1.5.
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Figure 1.5: Reactive oxygen and nitrogen intermediate produatio mammalian cellsROS include
superoxide anion (£)- the one electron reduction product of oxygergrogen peroxide (D),
hydroxyl radical (OH). Nitric oxide (NO) is generated from the convensiof L-arginine to L-
citrulline. The reduction step-by-step of NO gemesanitrite (NQ, nitrogen dioxide (N@) and
nitrate (NQ). The reaction of NO with cysteine sulphydryl (R-8an result in either S-nitrosylation
(R-SNO) or oxidation to the sulphenic acid (R-SOH)reaction with superoxide anion, the highly
reactive radical would be formed, include peroxytat anion (ONOO and peroxynitrous acid
(ONOOH). ONOOH spontaneously decomposes througiiessof species that resemble the reactive
radical hydroxyl (OH) and nitrogen dioxide (N (Fang 2004).

0] Reactive oxygen species (ROS)

In living organism, under aerobic condition, 90 #ite consumed oxygen is reduced directly
to water by 4 electrons per@olecule, catalyzed by cytochrome ¢ oxidase -etmplex IV

in electron transport chain. The 10% is reducetksyatic as detailed in ROS branch in figure
1.5, the incompletely reduced products including” @superoxide anion), ¥D, (hydrogen
peroxide), OF (hydroxyl radical)are called reactive oxygen species (ROS) (Fang,2004
Lushchak 2014).

In mitochondria, about 1-2 % of molecular oxygercasmverted to superoxide anion during
the oxidative phosphorylation by complexes | aridofithe electron-transport chain, where
70% of Q" are from the Q cycle (ubiquinol QH& ubiquinone Q) as a part of electron
transfer to complex Il (Figure 1.6). This super&ican be released into the mitochondrial
matrix or intermembrane space since the complexcbenzyme Q10 binding site localize

within the inner membrane (Handy and Loscalzo 2012)

Intermembrane space

Mitochondrial matrix Inner mitochondrial membrane

Figure 1.6: Complexes I-IV- the respiratory chains on the inner membranmidbchondria
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Superoxide radical is not a particularly stronguaédnt or oxidant (Abreu and Cabelli 2010).
In physiological conditions, it seems unreactiveéhwhe amino acids. It is however highly
reactive with some transition metal complexes, sashCu, Mn, Fe because of the Haber-
Weiss reaction (equation I.1). The damages indungdsuperoxide anion O are more
important on soluble metalloproteins such as [Fep®jteins (equations 1.2 & 1.3).
Nevertheless, © is converted into hydrogen peroxide®d by superoxide dismutases
(SODs). HO> is not a free radical but it is ROS as it is moeactive than an oxygen
molecule, it can react with reduced cations ofditiaon metal as Fé or Cu in Fenton-like
reaction (equation 1.4) and generates hydroxyl cadiOH  and hydroxyl anion HO
Hydrogen peroxide and others ROS/RNS can furthexnribit aconitase - an ISC enzyme
of Kreb’s cycle, thus slow down glucose consumptioespiration and ATP synthesis
(Brazzolotto et al. 1999, Gardner 1997, Lushchak420HO, excess is scavenged by

catalase- a heme containing protein (Handy anddlps@012).

Haber-Weiss reaction: Fet O > Fe '+ (1.LD)
Inactivation [Fe-S] cluster: [4Fe-48} O, — [4Fe-4S]-00 (1.2)

[4Fe-4S]-00 + 2 H'— [3Fe-4S] + HOz +Fe** (1.3)
Fenton reaction: Baq) + H202 — F€*(aq)+ OH (ag)+ OH~ (1.4)

Hydroxyl radical can acquire one more electron angdroton to yield KO. In biological
systems, this reaction mainly occurs through thessaction of hydrogen atom from proteins,
lipids or DNA (Stadtman and Levine 2003).

It has been established that 90 % of ROS are pesblucmitochondria (Herrero et al. 2008).
Every post-translational modification of mitochomdlr subunits can either promote or
attenuate the generation of ROS. The other sounfeROS include: diverse oxidases
(xanthine oxydases, NADPH oxidase, etc.) and thww-axidation of different small

molecules (epinephrine, norepinephrine and xenmigioetc.) (Lushchak 2014).
(i) Reactive nitrogen species (RNS)

In mammals, NO is mainly synthesized by nitric @idynthases (NOS) through the
conversion of L-arginine to NO and L-citrulline (Bwles and Moncada 1994). The

physiological roles of NO depend on its local corications, it plays multiple roles in the
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nervous system and glial regulated pathways. Upldgsiological conditions, it contributes to
regulating proliferation, survival, and differert@n of neurons. Nitric oxide is involved in
synaptic activity, neural plasticity, and cognitiwmction (i.e., memory). The imbalance nitric
oxide metabolism can contribute to neuronal celatdeand various neurodegenerative

disorders (as Alzheimer’s diseases, Parkinson&adiss etc.) (Bradley and Steinert 2016).

An increase in the production of NO during the o@&ftammation in the presence of ROS,
especially superoxide anion, yields highly reacipezoxynitrite (ONOQ. Peroxynitrite can
react directly with proteins that contain transitimetal centers. Therefore, it can modify
proteins such as hemoglobin, myoglobin, and cyttier ¢ by oxidizing ferrous heme into its
corresponding ferric forms. Peroxynitrite may ab&oable to change protein structure through
the reaction with various amino acids in the peptithain. The most common reaction is
tyrosine nitration (nitrotyrosination Ty Tyr-NOz) which is considered as a biomarker of
nitrosative stress. In another hand, NO itself ¢@n added covalently into a cysteine
thiol/sulfhydryl (RSH) (S-nitrosylation RSK> R-SNO) (Figure 1.5). All of these reactions
affect protein structure and function, cause changehe catalytic activity of enzymes, alter

cytoskeletal organization, and impair cell sigmahsduction (Castro et al. 2011).

1.2.2.2.2. Oxidative defense mechanism

As the excess of reactive species (RS) can indnegpected changes in the structure and
function of biomolecule, it is then necessary f&@ B be kept in a range compatible with
normal cellular function. The imbalance between fgreduction of ROS/RNS and the
protection against ROS/RNS is defined as “oxidasitress” and/or “nitrosative stress”. The
oxidative/nitrosative stress induces damage to A RNA (incorporation of an oxidized
base during DNA polymerization, or oxidization dfetintegrated base), proteins (protein-
protein cross-linking, fragmentations, unfolding;.eand lipid (formation of lipid peroxides
(LOOH) which can also damage DNA and protein). Hertbe RS steady-state level must be

strictly controlled.
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Figure 1.7: ROS/RNS production and cellular antioxidant defensnzymes Copper-dependent
superoxide dismutase (SOD1), which locates in iménbrane space, is responsible for the
dismutation of superoxide anion while manganesexdégnt superoxide dismutase (SOD2) achieves
the same purpose in the mitochondrial matrix. ThaseEesses generate hydrogen peroxidgOgH
which can react with labile iron pool and produceH@nd OH. H.O, and other peroxides are
detoxified by glutathione peroxidases (GPXs), wihikitize glutathioneGlutathione (GSH/GSSG) is

a tripeptide synthesized in two steps from glutaagicl, cysteine, and glycine. GSSG is reduced to
GSH by glutathione reductase (GR) by using elestfoom NADPH. NADPH is regenerated by the
pentose phosphate pathway enzymes, glucose 6-@itesplehydrogenase (G6PDH), and 6-
phosphogluconate dehydrogenase. Other enzymesc¢haenge bD. and peroxides are catalases
and peroxiredoxins (PRXs). Peroxiredoxins can atsevenge ONOOThe cellular thiol redox status

is maintained by the thioredoxin (TRX)/thioredoxeductase (TR) and glutathione/glutaredoxin
systems by reducing the oxidized sulfhydryl grafgsoteins (Santos et al. 2010).

Living organisms possess multilevel and complicaatioxidant system operating either to
eliminate RS, or minimize their negative effectgg(ffe 1.7). Antioxidants can be classified
according to their molecular mass: low moleculassng 1000 Da) and high molecular mass

(> 1000 Da).

The group of low molecular mass antioxidants inekidnolecules such as vitamins C
(ascorbic acid) and E (tocopherol), carotenoidsh@yanins, polyphenols, and uric acid.
Most of them are supplied as food or supplementpmrants. However, the most important
antioxidant in this group is glutathione (GSH)+1glutamyl-L-cysteinylglycine), a tripeptide
synthesized in most living organisms from glutamed, cysteine, and glycine. GSH is used
to control RS level eithevia direct interaction, or serving as a cofactor f@-&etoxifying
enzymes €.g. glutathione-dependent peroxidases). High molecmlass antioxidant group
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includes enzymes such as: superoxide dismutase $&Blase and glutathione-dependent

peroxidase, etc. (Indo et al. 2015).
0] GSH and glutathione-dependent antioxidants

Under the conditions of oxidative/nitrosative s#rethe thiols in cysteine residues (-SH)
within proteins are among the most susceptible antidensitive targets that can undergo
various reversible and irreversible redox altersti@ffecting protein activity or structure
(Figure 1.8). The tripeptide glutathione is presentells at the millimolar concentrationsl{-

10 mM). Itshows high negative redox potential (high eleclonating capacity). It is the
reason for which GSH can protect protein thiol gérom oxidation either directly as a free
radical scavenger, or indirectly as co-substrateafoumber of important enzymatic systems.
Glutathione can also form a mixed-disulfide bridg¢h an accessible free thiol group on a
protein (S-glutathionylation- P-SSG). Glutathioriglh proteins may thus be used as a

biomarker for oxidative stress.

Glutathione-dependent peroxidases (GPx) redug®,Ho form GSSG, and also lipid
peroxides (L-OOH) — a reactive species (equatioi&Il.6).

2GSH + HO2 —» GSSG*+ 2H.0 (1.5)

2GSH + LOOH— LOH + GSSG + KO (1.6)

Figure 1.8: lllustration of the modification of proteins thiolgroups under oxidative/nitrosative

stress.

The reduced form of glutathione, GSH, is the quatiiely most important buffering system
against oxidative stress in mammals. The physioldgintracellular milieu is a reducing
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environment with a GSH/GSS& 100. Maintaining optimal GSH/GSSG ratios in thé ==
critical to cell survival and is important for rdgting the redox state of protein thiols. In
mitochondria, this ratio is higher than in cytosehich minimizes protein glutathionylation
by thiol disulfide exchange (Lushchak 2014). Theammtration of reduced GSH and ratio
GSH/GSSG allow evaluating the buffering capacitynefdium.

(i)  SODs

SOD family consists of metalloproteins, whose a&#ite uses copper-zinc, manganese, iron,
or nickel, are ubiquitous components of cellulatiadant system. These proteins catalyze
the dismutation of & to oxygen and hydrogen peroxide. All known SODsunmexja redox
active transition metal in the active site in orderaccomplish the catalytic breakdown of
superoxide anion. A generic mechanism for the rostlakyme dependent dismutation steps

is below (equation 1.7 & 1.8).

M™DSOD + @~ — M™-SOD + Q (1.7)
M"™-SOD + Q" + 2H" —» M™D.SOD + HO;, (1.8)
(*) M= Cu, Mn, Fe, Ni

CuZn-dependent SOD (SOD1) and Mn-dependent SOD §3Q@ie the only members of
SOD family found within mitochondria (Culotta et. #006). SOD1 is an intracellular
enzyme, which localizes throughout the cell cytepla nucleus and microsomes; in
mitochondria it has been detected only in intermemé space. Whereas, MnSOD is the only
mitochondrial matrix superoxide dismutase. SOD2dasore crucial role in the inactivation
of mitochondrial superoxide anion than SOD1. Inde8®D2 deficiency causes early
neonatal death in knockout mice while the totalealbs of SOD1 does not (Li Yibing et al.
1995). Both SOD1 and SOD2 are imported into theochibndria as apo-peptide and must

undergo a step of post-translation coupled withntle¢alation.
The structure and function of SOD1 and SOD2 wilbseussed in details in chapter IV.
1.2.2.2.3. FA cases

A similarity of phenotypes between FA and the aadi vitamin E deficiency led to envisage
a probably relation between FA and oxidative stréssthermore, in the most common five

mitochondrial diseases related to oxidative strdéss, is the most cited (Hayashi and
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Cortopassi 2015). On the other hand, although @qtiative therapie (discussed 1n3) can
reduce the symptoms of FA, they never can curaigease (Santos et al. 2010). Therefore,
the involvement of oxidative stress in FA remainstooversal. The main research related to
the oxidative deal with three aspects: (i) the emtks of oxidative damage in FA patients as
well as in frataxin depletion models; (ii) increaseROS/RNS production; (iii) FA models

become highly sensitive to oxidative stress.
(1) Oxidative stress markers

The loss of mitochondrial function and the appeeeawt the markers of oxidative damage in
nearly all FA models have been examined. ProducBNA oxidative damage have been
found in urine (Schulz et al. 2000); both mitochoaldand nuclear DNA damage are detected
in peripheral blood cells (Haugen et al. 2010); rsdeed telomere and abnormal
glutathionylation have been reported by study asgd@njomani Virmouni et al. 2015). By
investigating different human cell lines with FAjet increased level of glutathionylated
cytoskeletal proteins was found in fibroblast apohal cord of patients with FA together with
a significant rise of dynamic tubulin and neurafilents (Sparaco et al. 2009).

Frataxin deficient pancreatic islets in mice shoecrédased proliferation and increased
apoptosis due to the increased ROS (Ristow eDABYR The disruption of frataxin expression
in murine hepatocyteseduces life span and develops multiple hepaticotamAlso,
biomarkers of lipid oxidation and oxidized glutathe (GSSG) were found to be significantly
high in liver specimen (Thierbach et al. 2005). nnce mutant with the (GAA) repeat
expansion, oxidized proteins were found in cerelhroenebellum, heart and skeletal muscle
and increased lipid peroxidation was also deteatederebrum and heart samples (Al-
Mahdawi et al. 2006). In yeast models, frataxin lefiéggn led to the oxidization of
mitochondrial proteins, mitochondrial DNA lesionadaaccumulations and nuclear DNA
damage (Karthikeyan et al. 2003). Furthermore akiat deficiency had little effect when
yeast cells were grown anaerobically, but a shiftaerobic growth resulted in loss of
aconitase activity and oxidative protein damageltéBw et al. 2007). Moreover, oxidative
stress iMyfh1l mutants increased the proportion of fragmentedchiindria as compared to

wild type (Lefevre et al. 2012).

(i) Increased ROS/RNS production
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The increase of ROS as superoxide and hydrogenxigderaas reported in FA lymphoblasts
by use of fluorescent probes (Napoli et al. 200&) an frataxin-depletion pancreatic islets
(Ristow et al. 2003).

The increased generation of ROS in FA was suggeéstdet a result of deficiency in ISC
biosynthesis and iron accumulation. Indeed, in amtmdria of FA models, hydrogen
peroxide HO: is overproduced because of the insufficient atgtioi complexes I-1ll of the
oxidative phosphorylation chain and cytosolic atas®. Iron is also overloaded in FA
mitochondria in non-protein iron pool. The preseatél>O. together with iron accumulation
favor the Fenton-like reaction that generates R@§udtion 1.4) (Babcock et al. 1997,
Calabrese et al. 2005, Napoli et al. 2006, Radislal. 1999).

Conversely, this hypothesis can be contradictethéyollowing results. A study reported that
the iron accumulated in frataxin deficient yeashisn oxidized and insoluble form and thus
unable to participate in Fenton-like reaction (Seget al. 2011). Recently, a time-resolved
functional analysis on modified murine fibroblasvealed that a full depletion of frataxin
induced a massive increase in ROS production befmeeiron accumulation. This result

excludes away the primary role of iron overloaddridative stress (Poburski et al. 2016).

(i) Increase oxidant sensitivity and oxidant protectiordeficiency

The increase of oxidant sensitivity has been shbywmdependent studies in various model:
FA patient cells (Wong et al. 1999), yeast (Saetad. 2010)C. elegangVazquez-Manrique
et al. 2005),Drosophila (Runko et al. 2008), mouse (Al-Mahdawi et al. 2006 these
studies, the depletion of frataxin aggravates tlesisivity to a variety of pro-oxidants,
including HO- and other peroxides as well as iron. The mechawitthe aggravation is
complex. However a critical aspect is that the dgéeagainst oxidative stress is altered in FA

models.

Biochemical studies have shown the impairment afaghione homeostasis in FA patients’
blood plasma and lymphocytes, FA mouse model, DR{s @and frataxin deficiens.

cerevisiae It was found that free reduced glutathione (G8Egreased while glutathionyl-
protein increased in blood of patients with Friéchies ataxia (Piemonte et al. 2001) or in

fibroblast (Pastore A. et al. 2003). Mouse neuraedll lines with reduced amount of frataxin
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showed that glutathione imbalance progressivelyem®es with a significant rise of all
oxidized forms of glutathione, including proteinumal one (Carletti et al. 2014). The isolated
mitochondria from\yfh1 cells and lymphoblasts of FA patients showed ewiddor a severe
mitochondrial glutathione-dependent oxidative styegth a low GSH/GSSG ratio (1.7 within
the mitochondriayfhl), and thiol modifications of key mitochondrial gmzes (Bulteau et al.
2012).

A continuous oxidative damage due to an impairesporse to oxidative stress may
contribute further to mitochondrial dysfunction acell degeneration in FA. As mentioned
before, SODs are the most important defenses dg&@S as they catalyze the
disproportionation of superoxide anion to hydrogeroxide. Their activity requires however
redox active metal iondn heart cells of MCKhFxn KO mouse, MNnSOD expression was
induced early but reduced when respiratory chazyme activities are extremely decreased
and iron accumulation is visible in mitochondriamiarly, AhFxn cerebellum has a lower
MnSOD expression level (Seznec et al. 2006)frataxin-deficient mouse model of FA,
microarray and neurotic growth experiments in DR&GuUe identified decreased transcripts
encoding the antioxidants, including peroxiredoximgutaredoxins, and glutathione S-
transferase (Shan et al. 2018).Ayfh1 cells, both of CuZnSOD and MnSOD are highly
induced but their specific activity (meaning dividithe enzymatic activity with the protein
amount) is decreased. CuzZnSOD activity can be megtcn copper supplement medium,
Whereas,the matrix mitochondrial MnSOD is always inactiteven in manganese

supplemented culture (Irazusta et al. 2010)

1.3. Pharmacotherapy for Friedreich ataxia

Currently, there is no treatment for FA as no dilugrapy showed any efficacy in slowing
disease progression. The palliative and symptomagatments, such ag-blockers,
angiotensin-converting-enzyme inhibitors, surgesy ¢ardiac manifestations and physical
therapy are applied only to improve the qualitylitd. A number of active ingredients are
under investigation since the identification of tfrataxin responsible gene. The current
efforts in developing therapeutic strategies de#h whree approaches: iron chelators,
antioxidants and/or stimulants of mitochondrial dggoesis, and frataxin level modifiers
(Table 1.4).
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1.3.1. Iron chelators

Dysregulation of metabolic iron and its accumulatio mitochondria are typical hallmark of
FA patients. Several iron chelators that targeth® mitochondria have been avaluated
including deferoxamine and deferiprone. They susfcdly protected the mitochondria and
reduced ROS damage to mitochondrial proteins. Hewetne utilization of iron chelators
presents an important risk mainly because of maahy sffects such as the decrease of the

MRNA levels of both aconitase and frataxin (Paraatid Hausmann 2013).
1.3.2. Antioxidants and/or stimulant of mitochondrial biogenesis

Even if the role of oxidative stress in FA pathoglagmains controversial, it is clear that
patients with FA present increased oxidative sfressulting in DNA damage (Schulz et al.
2000), increased levels of lipid peroxidation (Abstal. 2015), and impaired ROS defenses
(Irazusta et al. 2010). A lot of work has been donevaluating the potential of antioxidants

in FA therapy.

Until now, the first drug who reached phase llklmical trials is Idebenone, an analogue of
Co-enzyme Q10 (Figure 1.8). Co-enzyme Q10 is a Ishpalphilic molecule present within
the inner mitochondrial membrane in associatiorhwite electron transport chain (ETC)
complexes, which transfers electrons between corapleand I, and from oxidation of fatty
acids and branched chain amino acids to complesedililting in the ultimate production of
ATP (Figure 1.9).
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Figure 1.9: Chemical structures of cenzyme Q10 and Idebenon€éhey show the common reducible
benzoquinone nucleus and lipophilic side chains.

Idebedone can act as an electron carrier withifEfh@ and has similar antioxidant properties
to co-enzyme Q10. Idebenone has been reportedctease oxidative phosphorylation and

aerobic respiration (Meier and Buyse 2009), to maprintracellular markers of ROS damage
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and FA symptoms, to decrease oxidative stressl fiproxidation and to slow the progression
of heart diseases (Rustin et al. 1999, Schulz. &04l0). However, in 2011, Idebenone failed
its Phase Il trial because it was found not tongigantly improve lifespan and cardiac

outcomes in patients. ldebenone is currently ragned in Europe or the United States for
use in FA. Therefore, further works are being utaden with other CoQ10 analogs but no

study has yet been performed in FA patients (Padxret al. 2013).
1.3.3. Frataxin level modifiers

One of the most promising treatment strategies-fotherapy is to increase the intracellular
content of frataxin, thus preventing the cascaderofein deficiency that leads to the clinical
syndrome. The level of frataxin expression canrnmeeiased by the compounds that combat

the FXN gene silencing and/or a delivery systemctvimtroduce frataxin to cells.

Erythropoietin (EPO) is a 30 400 Da glycoproteiattivas initially recognized as a regulator
of red cell production. rHUEPO, which has the sdn@ogical effects as endogenous
erythropoietin, is a 165 amino acid glycoproteinntegsized by recombinant DNA
technology. Sturnet al, 2005 was the first group to report that rHUERD ncrease the
qguantity of frataxin, in addition to its classiceduro- and cardio protective effects (Sturm et
al. 2005). It is suggested that EPO promotes #nestation of mRNA into frataxin without a
concurrent rise in frataxin mMRNA level (Acquavivaat. 2008). Other compounds have also
shown success in increasing frataxin protein leveleh as histone deacetylase inhibitors
BML-201 and 106. These two compounds are in praeal phase (Richardson Timothy E. et
al. 2013).

In addition, varieties of systems that allow the#aduction of frataxin or vector expressing
human FXN have been developed. For example, triwator of transcription (TAT) from
the human immunodeficiency virus (HIV) is a shodppde able to efficiently guide the
delivery of fused proteins across cellular andaicgtlular membranes. TAT fusion proteins
containing a mitochondrial targeting sequence canstocate through the mitochondrial
membranes, with appropriate processing and pemsisteof the fusion protein within
mitochondria. A TAT/h-frataxin fusion protein able localize within the mitochondria is
currently being developed and tested in mammaliadah Also, gene therapy is being
experienced with several successful applicationsiig-Galea et al. 2014).

Table 1.4: Active ingredients under investigation FA therapy.
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Agent Groups (+) Effects, (-) Side effects Preseatage

Idebenone Antioxidant (+) as free radical scavenger. Phase llI
Analogue of Co Q10| (+) facilitate electron transport in ETC, thugfailed in phase

enhance ATP production. Il study since
(-) adequately improve cardiac outcomes| iP011)
patients.

Mitoquinone Antioxidant (+) decrease oxidative damage; 800 times mdpehase |l
Analogue of CoQ1Q potent in preventing cellular death than
specifically targeting idebenone
at mitochondria (-) does not enhance ATP production.

Deferiprone Iron chelator (+) detoxify labile iron pool Phase Il

Deferoxamine ) side effects: agranulocytosis,

musculoskeletal pain, dizziness, nausea
vomiting, gastrointestinal discomfort and

elevated hepatic enzymes, etc.

(-) Decrease mRNA levels of both frataxin and
aconitase (deferoxamine); and activity |of
aconitase (deferiprone).

17B-Estradiol (E2)| Combination of| (+) E2: neuroprotective effects; attenuate RO8yeclinical

and methyleng antioxidant and iron prevent lipids and proteins damage; stabilize

blue (MB) chelator mitochondrial membrane potential, maintain

activity of ETC chain, aerobic respiration apd
favorable balance of anti/pro apoptotic
proteins.

(+) MB: neuroprotection and antioxidant
(similar to idebenone)

Erythropoietin Increase frataxin(+) Promoting the translation of mRNA intoPhase Il
expression frataxin without a concurrent rise in frataxin

MRNA level.

Pioglitazone Stimulant Agonist of the peroxisome proliferator-Phase Il

mitochondrial activated receptor gamma
(+) increase fatty acid oxidation and
mitochondrial ~ function; decrease RQOS
accumulation and inflammation.

Adeno-associated| Gene-therapy Preclinical

virus vector

TAT-frataxin Mitochondrial Preclinical

fusion protein targeting frataxin
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2. Frataxin and functions hypothesis

2.1. Structure

Frataxin is a small globular protein, highly congsr in most organisms from prokaryotes to
eukaryotes, in eukaryote cells it locates in théoahiondrion. All frataxin orthologues have
an unique fold that combines two terminahelices to form one plane, five antiparalfel
strands that construct the second plane of theiprand a sixth (or seventh in hFl$trand
that intersects the planes to give an overall pldna sandwich” structure motif (Figure
1.10) (Bencze et al. 2006).

Figure 1.10: Frataxin's structure. Top: ribbon
diagram for yeast, human and bacterial frataxin.
Middle: electropotential plots for proteins in
same orientation. Bottom: electropotential plots
for proteins rotated —90 degrees around the y-
axis compared to top display. Structure figures
made using solution structures of Yfhl (PDB
ID# 2GA5), hFxn (PDB ID# 1LY7) and CyaY
(PDB ID# 1SOQY) frataxins. The negatively
charged amino acids are red, the neutrally
charged ones are grey and the positively
charges ones are bly8encze et al. 2006)

The strong structural similarity between frataxithologues results from the fact that these
proteins share an extremely high degree of amind sequence similarity (Figure 1.11).

Various biochemical studies have reported the it@pae of conserved residues in both of
two regions: thex1/B1 acidic ridge and the conservpgheet surface in stabilizing structure

as well as in frataxin’s functions (Bencze et 802, Dhe-Paganon et al. 2000).
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Figure 1.11: Structure-based sequence alignment of human frataxwith homologues from
prokaryotes and other eukaryote€lements of secondary structure are denoted bgubise
cylinders ¢ helices) and green arrowg (strands). Identical residues are red. Highly cawesd
residues are blue (Dhe-Paganon et al. 2000)

A large number of the highly conserved amino aamttuding a subset of aspartic acid and
glutamic acid residues are located in the N-terinmegion of the protein which is also
exposed surface of thel- B1] interface. In physiological condition, theseidegs generate a
negatively charged surface that covers roughlyaatqu of frataxin’s total accessible surface
(Dhe-Paganon et al. 2000). The acidic residuesiwhaye critical role in iron-binding have
been identified in most of frataxin orthologues B48/E19/D22 in CyaY (Adinolfi et al.
2002, Nair et al. 2004, Pastore C. et al. 200031/D35/ /D28/H32 in Yfhl (Cook et al.
2006, Foury et al. 2007, He et al. 2004); D122/UD135 in hFxn (Bencze et al. 2007, Dhe-
Paganon et al. 2000). The acidic ridgexda B1 interface are also reported to be necessary for
frataxin - ferrochelatase interaction (D104, E1B811, D122, D124 in hFxn) (Bencze et al.
2007) and holoYfhl — Isul (the ISC scaffold prosgifCook et al. 2010). This acidic ridge is
not only the site for functional interaction, bstalso involved in frataxin's stability. Indeed, it
was observed that these charged residues inceadeniding ability but decrease molecular
stability, illustrates interestingly a trade-offtiween activity and stability (Correia et al. 2010,
Sanfelice et al. 2014). The conservation of thesdi@patches suggests that the negatively

charged amino acids can be the key for determifmatgxin’s function.

The second putative functional region of the proteia large flat surface, which is formed by
the 5-7 antiparallep-strands. Thig3-sheet surface is nearly neutral because it coeseav

collection of mostly uncharged residues. In phygyatal condition, the internal hydrophobic
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core is important for the protein’s stability. Fuetmore, the exposed hydrophobic surface is
supposed to be involved in the binding of frataxints functional partners as the components
of [Fe-S] cluster assembijia V144, N146, Q148, Q153, W155, L156 and R165 (human
numbering) (Bridwell-Rabb et al. 2011, Leidgensakt 2010, Wang and Craig 2008).
Importantly, the identical conserved W155 is repdrto be essential for functional binding
between frataxin and ISC scaffold (Leidgens et28ll0). Moreover, the mutation of this
residue into arginine, which has been found astpmintation in some heterozygous FA
patients, rather blocks completely the mitochondngort of frataxin (Galea et al. 2016).
The residues from 122 to 124 @rsheet surface are also reported to play imporaetin

functional interactions of Yfhl (Correia et al. 2)1

The “o—f sandwich” motif structure consists of a layer whelices packed against an
antiparallel B-sheet. The fold is quite robust, the proteins wilis type of structure

accommodate a range of functions: metal chaper@needoxin-like fold of some cytosolic

copper chaperones), proteinase inhibitor (seriogepse inhibitor), host defense (interleukin-
8, class | histocompatibility antigens), electraansfer and enzymes (biotin synthetase,
aspartate transcarbamylase) etc. The active siegistributed over the whole surface of the
fold. Many of these proteins use the hydrophobidases or the loops to bind to other

proteins (Orengo and Thornton 1993).
2.2. Stability

In spite of their high degree of conservation, ithid-point of the thermal unfolding (Tm) of

different frataxin orthologues are very differehe hFxn and CyaY are quite stable, they
have melting points in ranges of 60 °C and 54 &Spectively, while Yfh1l has melting point

at 35 °C (Adinolfi et al. 2002, Adinolfi et al. 28 In addition, Yfhl is one of the few

proteins whose cold denaturation can be observesrgieratures around the freezing point of
water and at physiological pH without the preseoicdestabilizing agents (Pastore A. et al.
2007a). It is suggested that the weak stability®fl is due to two reasons. First, Yfhl has a
shorter C-terminal sequence compared to other lodghes, which does not provide an
effective protection of the hydrophobic core (Adinet al. 2004). Second, the surface of
Yfhl is exceptionally rich in negative charges ahé distances between the negatively
charged residues (E89, E103, D101, E112) are snth#da the ones in CyaY and hFxn. Thus
the repulsion between these residues favors tharemet of the solvent into the hydrophobic

core (Sanfelice et al. 2014). The nature of bufdeganic or phosphate) has minimal effect on
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protein stability while the presence of salt geligriacreases the stability of the frataxin’s
fold, most pronounced in the case of Yfhl. The wrigl increase in ionic strength induces
the decrease in repulsions between the negativedyged residues (Adinolfi et al. 2004,
Sanfelice et al. 2014, Vilanova et al. 2014).

Many cell free studies dealt with the oligomer foomYfhl (trimer or more). However very
recently, Pastore and co-workers have reportedthigaprotein is predominantly present in

cell not as an aggregate but as a monomeric sp@tgsvic et al. 2015).
2.3. Hypothesis about function

Since the discovery of frataxin, a lot of hypotlsesbout its functions have been supposed. In
FA models, a range of defect in iron homeostass lbieen observed. Hence, most of the
hypothesis about its functions concern the iron al@ism, such as iron storage,
mitochondrial iron efflux control, iron chaperonadairon donor for [Fe-S] assembly and
heme synthesis. Also, the depletion of frataxinucebs the highly sensitivity towards
oxidative stress, which implies that frataxin casgbly participate in antioxidant defense.

2.3.1. Iron-binding: iron storage and/or mitochondrial iro n-uptake control

Indeed, iron overload occurs in the mitochondriathe absence of frataxin led to the
hypothesis that frataxin control mitochondrial irdux (Radisky et al. 1999). This led also to
an extensive study of all the frataxin orthologuéth Fe** /Fe*™.

Initially, Yfh1l was reported to form a multimer theonsists of abou60 subunits which can
sequester ~13,000 atoms of iron, which is clodeetferritin ratio implying for frataxin a role
similar to that of ferritin in iron sequestratiohdamec et al. 2000). In addition, at?HeYfh1
molar ratios below of 0.5, Yfh1l was reported todnétve ferroxidase activity, as ferritin (Park
et al. 2002). In presence of iron, CyaY has beemwshto form aggregations as yeast
homologue, whereas no multimeric form was obsefeechuman frataxin (Adinolfi et al.
2002, Bou-Abdallah et al. 2004).

However, iron storage function seems to be exclusiede the oligomerization is not

observedn vivo (Aloria et al. 2004, Seguin et al. 2010).

Now, it has been shown that monomeric frataxing binn with similar affinities but with

different stoichiometries: hFxn binds six or sewam ionsKq ~ 12-55uM (Yoon and Cowan
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2003), CyaY bind two ferrous witKq ~ 4uM (Bou-Abdallah et al. 2004), frataxin from
DrosophilaDfh binds one ferrous iroKq¢ ~ 6 uM (Kondapalli et al. 2008) and monomeric
Yfh1 binds two ferrous ironkq ~ 2.5uM (Cook et al. 2006).

It was also shown that the bacterial frataxin Cyaé low cation specificity and its binding
with divalent or monovalent metal does not involgavities or pockets, but exposed

glutamates and aspartates (Pastore C. et al. 2007b)
2.3.2. Iniron-sulfur cluster assembly

[Fe-S] cluster is critically required for the furmt of numerous proteins involved in a wide
range of cellular activities as electron transpeoegulatory sensing, photosynthesis, tRNA
modification, DNA repair and regulation of gene mgsion, etc. The biogenesis of Fe-S
clusters proteinsn vivo is a multistep process that involves a complicaeduence of

catalyzed protein—protein interactions and couptedformational changes between the

components of several dedicated multimeric com@exe

In bacteria, three distinctive systems involved=&S cluster proteins biogenesis have been
identified: NIF, ISC and SUF systems (Table |.Sheneas in eukaryotes, the scenario is more
complicated since the Fe-S proteins are requiredl idistinct subcellular compartments. ISC
biogenesis can be broadly understood in terms ofgghases: the formation of Fe-S cluster,
and the transfer of the intermediates to apo-pnatetipients. In eukaryote cells, tde novo
[2Fe-2S] cluster is assembled within the mitochardby the ISC machinery. [Fe-S] clusters
for the ISPs in cytosol or other organelles aretlwsized by cytosolic system (CIA).
However, this depends functionally on mitochondi&C system (detailed in 1.2.2.1.1). The
core step of Fe-S biogenesis in the mitochondriesgential to all subcellular Fe-S proteins
(Figure 1.12).
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Figure 1.12: De novo [2Fe-2S] cluster formation on the scaffoftotein Isul (A) Hypothesis A:
The desulfurase complex Nfsl/Isdll converts cyst@nalanine and releases sulfur which is
transiently bound in form of a persulfide groupanonserved cysteine residue on Nfsl. After petativ
transfer to a cysteine residue on the scaffold girotsul the sulfane sulfur is reduced to sulfide t
allow for Fe/S cluster formation. Sulfur reductimpresumably mediated by the electron transport
chain comprised of NAD(P)H, Arhl, and Yahl. Yahidbito Isul only in its reduced (red) but not
oxidized (ox) state. The delivery of iron to Isughminvolve frataxin (Yfh1l) which is also needed f
maximal desulfurase activity of Nfsl. (review bieling et al. 2014)YB) Hypothesis B: Frataxin
(FXN) is part of the core complex, potentially bimglin a pocket-like region between NFS1 and
ISCU. The cluster assembles upon ISCU when irpnoigided together with the reducing equivalents
that allow achievement of the final electronic d¢guifation of the cluster. The source of iron foeth
nascent cluster remains to be identified, but psgub donors include frataxin or a complex of
glutathione and glutaredoxin. Electrons are prowdey ferredoxins (FDX1/2) and ferredoxin
reductase (FDXR) (review by (Maio and Rouault 2015)

The ISC system components in eukaryote are corgséiveugh evolution. The nomenclature of ISC

components in different models are listed in thetd 5.

Table I.5: Inventory of mitochondrial de novo [FEISC assembly factors

Prokaryotes | Yeast name | Human name Putative functions

name
IscU Isul/lsu2 ISCU Scaffold protein
IscS Nfsl NFS1 Cysteine desulfurase: Sulfur supplie
Isd11 ISD11 Structural stabilizer for cysteineudggase
Fdx Yahl FDX2 Electron transport
Arhl FDXR Electron transport
CyaY Yfhl hFxn Iron donor; Or enhance the entryrof

Regulator, stabilizer of ternary complex
Activator of cysteine desulfurase
Enhance S-S formation and/or S-S transfe

-
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In general, thede novosynthesis of a [2Fe-2S] cluster is accomplishedalyultiprotein
complex with the cluster transiently bound on atgiro scaffold Isul which provides the
backbone structure for cluster assembly (Figur@)l.Cysteine desulfurase Nfsl is the
suppliers of sulfur by subtracting the element frdcysteine through a persulfide
intermediate by a pyridoxal-phosphate dependentharmesm. Isd11, which is not found in
prokaryotes, is required for Nfsl stability. Thesdfide sulfur is transferred from Nfsl to
Isul likely involving the formation of persulfideaup in one of three cysteine residues of the
scaffold. The sulfur needs to be reduced frofnt® $, the electrons required for this
reduction are supplied by ferredoxin reductase Anhd ferredoxin Yahl through an electron
transport chain including NAD(P)H. The iron donsralways unidentified. The essential role
of frataxin in ISC system was confirmed by the plggnetic distribution (Huynen et al.
2001). Moreover, frataxin-deficient cells preseme tefect in mitochondrial Fe/S proteins
(Chen et al. 2002, Foury 1999, Lutz et al. 2001tidRet al. 1997, Stehling et al. 2004).
However, frataxin’s exact functions are still sutgeto controversy, which have been most
extensively discussed. Various suggestions hava gaen as: iron donor/iron chaperone,
enhancement the activity of Nfsl/Isd11 by exposh active site, enhancement of the S-S

bond transfer from Nfs1 to Isul or a regulatordact
0] Iron donor:

In the beginning, Yfhl appears to interact withnirand also exhibits direct molecular
interaction with the ISC components as Isul, orlMNésl/Isd11 complex in an iron-
dependent manner (Gerber et al. 2003, Layer €108l6, Ramazzotti et al. 2004, Yoon and
Cowan 2003). Similarly, holo-CyaY (preformed compleith iron) has been reported to give
iron to IscU forming [2Fe-2S] cluster in presenseS and cysteine (Layer et al. 2006).
Significantly, apo-hFxn does not bind to ISCU, boto-hFxn does, with a sub-micromolar
binding affinity (Yoon and Cowan 2003).

Furthermore, the residues of Yfhl which play caticoles in Yfhl-Isul interactions were
identified. Consistently, the conserved acidicdass in fi1l-31] interface as D86, E89, D101
and E103, which arénvolved in the iron-binding sites, also have esisémole in Isul
binding (Cook et al. 2006, Foury et al. 2007) (peinesidues in Figure 1.13). Nevertheless,
some other results compromised this hypothesis. thitee residues 122-124 @asheet of
Yfhl are not involved in iron binding site, thelteaiation does not modify the affinity for iron

neither, nor the stability of protein, however stinnodification reduces the direct interaction
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of Yfh1l with Isul as well as the activity of Ytha the ISC assembly (Figure 1.13) (Wang and
Craig 2008). The mutation of W131 in Yfhl (W155hRxn) — a conserved amino acid [dn
sheet, which is not involved in iron binding, alseakens the association between Isul and
Yfhl (Leidgens et al. 2010).

A al B1 B2

Sc 68 LPLEKYHEEADDYLDHLLDSLEELSEAHPDCIP-DVELSHGVMTLEIP-AF
Hs 90 LDETTYERLAEETLDSLAEFFEDLADKPYTFEDYDVSFGSGVLTVKLGGDL
Ec 1 MNDSEFHRLADQLWLTIEERLDDWDGD----SDIDCEINGGVLT ITFE-NG

. * e * s . **-t: .

p3 p4 B5 pé B7 o2

Sc 117 GTYVINKQPPNKQIWLASPLSGPNRFDLLNGEWVSLRNGTKLTDILTEEVEKAI
Hs 141 GTYVINKQTPNKQIWLSSPSSGPKRYDWTGKNWVYSHDGVSLHELLAAELTKAL
Ec 47 SKIIINRQEPLHQVWLATKQGG-YHFDLKGDEWICDRSGETFWDLLEQAATQQA

shkok kK sk akkas L P LTk Lk L aak

Figure 1.13: Yfh1 structure (A): alignment of sequences corresponding todhe2 region of Yfhl.

S. cerevisiae, Yfhl (Sc); Homo sapiens, frataxis);(HEscherichia coli, CyaY (Ec). Secondary
structural elements and numbering referring to Yéné above the sequences. Iron binding residues
(purple), Asn-122 (green), Lys-123 (blue), GIn-12dd) are indicated. Identical (*) and highly
similar () residues are indicatedB]: Ribbon and C): space-filled YfhIWang and Craig 2008).

(i) Regulatory factor:

Many cell free studies on purified proteins haveygasted that frataxin enhances the
formation and transfer of persulfide, stabilizes working complex and thereby improves the

formation of ISC cluster in eukaryote cells.

The mechanism of persulfide formation and transfiems NFS1 to ISCU has been studied
extensively. Actually, the sulfur is derived frofmetfree amino acid cysteine by the cysteine
desulfurase activity of NFS1. The enzyme binds shbstrate cysteine in the pyridoxal
phosphate-containing site, and a persulfide is éofran the active site cysteine residue of
NFS1 in a manner depending on the accessory pré&&dl which is also necessary for
NFS1 stability. In bacteria, cysteine desulfurastviy is carried out by IscS, without an
ISD11-similar partner. The “S-S” bond is then tfensed to the scaffold ISCU, where it
combines with iron to form the Fe-S cluster intedmé (Pandey et al. 2012).

Beside the direct molecular interaction of holadran with ISC scaffold proteins, hFxn was
also described to bind ISD11. Contrary to hFxn-IS@lis interaction is inhibited by iron but

favored by nickel. The two conserved residueg-ameet W155 and 1154 are identified to be
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necessary for hFxn-ISD11 binding (Shan et al. 200V}55 is important for hFxn-ISCU
binding as well. Barondeau’s groups reported thatakin binding improves the Kfor
cysteine and the catalytic efficiency.{idKm) of NFS1. The presence of ferrous iron further

stimulates this activation (Tsai and Barondeau 20&@ure 1.14).

SDU SDUF

cys loop on Nfs1

B %

apo
2Cys 2Ala
2Fe’
Nfs1 2e -
[2Fe-2S]

“OFFH “ON”

Figure 1.14: Working model for hFxn activation of the Fe-S clust assembly complexthe NFS1
flexible loop is stabilized in a nonfunctional comhation for the NFS1-ISD11 (SD) complex or
NFS1-ISD11-ISCU (SDU) complex. HFxn-SDU bindingtcveis the NFS1 flexible loop from a
nonfunctional to a catalytic conformation, whichhances substrate binding and lowers thg fisr
cysteine. It also induces a conformational changésiICU (Isu2) that facilitates the transfer of sulf
from NFS1 and thereby increases the cysteine temoumber (k). Fe binding also induce a
conformational change in ISCU that accelerates ttlaasfer of sulfur from NFS1 to ISCU for Fe-S
cluster biosynthesis (Tsai and Barondeau 2010).

Similarly, in yeast model, Pandest al. suggested that Nfsl must undergo at least two
conformational changes, one of which is mediated/'tid to expose its “buried” substrate-
binding sites, whereas the other is mediated byligdbring the bound substrate cysteine to
the active site cysteine residue for persulfidenfation. The Yfh1-Nfsl-Isd11l binding does

not depend on iron, neither does Isul (Pandey 04B).

HFxn also accelerates the formation of persulfaenfition on NFS1 (Bridwell-Rabb et al.
2014) and enhances the rate of sulfur transfer 81 persulfide to ISCU and to the small
thiol-containing molecules such as DTT, L-cysteamel GSH. (Parent et al. 2015). Collin and
co-workers showed that FXN stabilizes the quatgreamplex ISCU/NFS1/ISD11/FXN and
controls iron entry to the complex through actieatof cysteine desulfurization. Moreover,
the presence of FXN leads to a greater amount leé-gS] cluster per complex and to a
transferable [4Fe-4S] cluster (Colin et al. 2013).
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Figure 1.15: Schematic model of the molecular mechanism of frataiin the prokaryotic cell (a) At
normal iron concentrations, the Fe-S clusters assembled by the IscS—-IscU complex and passed on
to their acceptors (apo-proteins or transporter®) Any excess of iron as compared to the number of
final acceptors will be rebalanced by slowing dotle reaction to match the concentration of final
acceptors and avoid unnecessary overproductionesEFlusters. (CACyaY: there is no regulation.
Fe-S clusters will be produced irrespectively okther they can be transferred to an acceptor. Any
iron excess will result in a surplus of Fe-S clustevhich, being highly unstable, will fall apart,
generating Fenton reactions. Fewill precipitate and form insoluble aggregatg@dinolfi et al.
2009).

On the other hand, CyaY is not simply an iron clhape in prokaryote, it serves as an
inhibitor specific for [2Fe-2S] cluster assembladiedeed, the function as iron donor is
excluded since [2Fe-2S] cluster can be formed seabe of CyaY. The addition of CyaY
reduces the rate of cluster formation. The diretgraction of CyaY-IscS is indispensable for
the activity of frataxin. In addition, frataxin’sihibition depends on iron concentration, this

suggests an iron sensors function of CyaY (Figure) I(Adinolfi et al. 2009).

Interestingly, it was found that a single aminodasubstitution in the scaffold protein Isul
effectively reverses many of defects in absendeatéixin. The methionine at 107 position in
Isul is a highly conserved residue in eukaryotésrbprokaryote this position corresponds to
an isoleucine. The mutation M1071 on Isul restosederal deficient functions inYfhil,
such as the improvement of iron homeostasis, |88gtg, cytochrome and heme synthesis.
(Yoon et al. 2014, Yoon et al. 2012).
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In summary, the direct function of frataxins in {6 formation is well acknowledged.
However, further studies are needed to establishriblecular mechanism of the process and

to unify the function of eukaryotic frataxins.
2.3.3. Heme synthesis

Ferrochelatase is the terminal enzyme in the hgmiheasis apparatus, which inserts iron into
protoporphyrin IX. Frataxin is reported to bindetitly to ferrochelatase (both human and
yeast) with a sub-micromolar binding affinity (Beecet al. 2007, He et al. 2004). Iron used
in heme synthesis is suggested to be controlletidtgxin (Lesuisse et al. 2003, Yoon and
Cowan 2004). In addition, the participation of &&h in heme synthesis is independent of
ISC synthesis since the overproduction of yeasafra impairs ISC assembly, but increases

iron availability for heme synthesis (Seguin et28l09).
2.3.4. In response to oxidative stress

Frataxin-deficient yeast cells accumulate oxidipedteins in the mitochondria and cytosol
(Bulteau et al. 2007). It is often assumed thagxess of ROS is generated in the case of the
dysfunction of [Fe-S]-dependent enzymes in the iraBpn chain. This leads to iron
accumulation and thereby induces Fenton reactiah gamerates a vicious circle of ROS
production in deleted frataxin cells (CalabresaleR005).

Conversely, the investigation of overproductiontdran in various models supported its
involvement in the defense against ROS/RNS. Oveesgmon of Yfhl leads to lower levels
of [Fe—S] cluster enzyme activity, including a dsxge in the stability of aconitase (a [4Fe-
4S] enzyme). However, smaller amounts of oxidizedtgins and greater resistance to
oxidative agents have been observed in yeast (Segudl. 2009). IDrosophila a systemic
increase in antioxidant capability, resistance xmative stress insults and longevity (Runko
et al. 2008). In mammalian (Shoichet et al. 2002gr-expression of hFxn increases cellular
antioxidant defenses. A study by Kiet al. interestingly demonstrated a frataxin dependent
mechanism in neuroprotection from ROS in a Parkingmuse model, which also suffers

from oxidative stress (Kim et al. 2012).
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2.4. Functional interactions reported for frataxin

One classic manner to determine the functions dficenolecule is the identification of
interacting partners. Database bank SGD has ligbgohysical and 84 genetic interactions of
Yfhl protein (Figure 1.16A). There are three progeiwhose interaction with Yfhl are
determined by both physical and genetic interactibay are Isul, Sdhl and Sdh2 (subunits

of succinate dehydrogenase- the complex Il of ETC).

The function of frataxin in ISC assembly is wellcdmented. Frataxin interacts with single
proteins in ISC assembly apparatus such as thesiogsdesulfurase (Layer et al. 2006,
Pandey et al. 2013) or the scaffold protein (Lemdget al. 2010, Ramazzotti et al. 2004,
Wang and Craig 2008, Yoon and Cowan 2003). It hisds the preformed tri-complex Nfs1-
Isd11-Isul to form a tetra-complex (Gerber et 802 Li H. et al. 2009, Ranatunga et al.
2016, Tsai and Barondeau 2010). In particular, iCahd his colleagues had synthesired
vitro [4Fe-4S] cluster by this tetra-complex in preseoicmorganic iron and sulfur (Colin et
al. 2013). No direct interaction between frataxindalSC carriers proteins has been
determined, nevertheless an identical phylogendistribution of the frataxin gene with
hscA/SSQJand hscB/JAC1(encode for the [Fe-S] cluster carriet®s been identified by
phylogenetic studies (Huynen et al. 2001).

A Genetic

Physica

Figure 1.16: (A) Genetic interactions
(green) and physical interactions
(violet) of YFH1(SDG); (B)Network of
reported protein interactions visualized
by STRING 10
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A specific interaction between frataxin and mitostival aconitase which allows the
reinsertion of iron into the [3Fe-4S] cluster ozgme was observed. It gives frataxin a role
different from the assembly of protein iron-sult@lusters (Bulteau et al. 2004). Testi’'s group
showed the interaction of an extra-mitochondriatdkin with cytosolic aconitase/iron
regulatory protein-1, which is the oxidized form @ftosolic aconitase (Condo et al. 2006,
Condo et al. 2010).

Frataxin of eukaryote cells has been showed toaotevith ferrochelatase. The binding sites
involve the highly conserved acidic patch of framaxwhich overlaps its iron-binding site
(Bencze et al. 2007, He et al. 2004, Yoon and Caz@f4).

A genetic interaction of Yfh1-SOD2 has been ingted by negative double mutant
(Michael Costanzo et al. 2010). Yeast flavohemagldlyhbl) was shown to interact with
Yfhl by yeast two hybrid systems and co-immunomiéiion (Gonzalez-Cabo et al. 2005).

SOD2 and Yhb1 are components of oxidative stresg@osystems.

Table 1.6 summarizes the proteins partners whotaction with Yfhl was analyzed and

suggested for frataxin’s function.

Table 1.6: Interaction partners and suggested fiomd for Yfh1 in each case

Proteins partners Evidence Suggested functions for
Yfhl
Isul (+)(Michael Costanzo et al.Direct function in [Fe-S]
_ _ 2010, Ramazzotti et al. 2004 )cluster assembly: iron donor
Mitochondrial [Fe-S] Jlenhance

assembly scaffold protein | (++)(Cook et al. 2010,iron entry/conformational

Gerber et al. 2003, Leidgen%hange to favor the S-S
et al. 2010, Li H. et al. 2009, - nsfer.

Wang and Craig 2008)

(+++)(Gerber et al. 2003)

Nfsl/Isd1l1l (+)(Michael Costanzo et al.Activator cystein desulfurase/
2010) conformational changes {o

Nfs1l: mitochondrial cystein _ expose substrate binding site
desulfurase; Isd11: the(++)(Wang and Craig 2008) Jenhance S-S transfer from

structural stabilizer of Nfs1
(+++)(Layer et al. 2006, Nfs1/Isd11 to Isul.

Pandey et al. 2013)

(1%
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Ternary
Nfsl/Isd11/Isul

complex

(++)

(+++)(Colin et al. 2013
Gerber et al. 2003, Manicl
et al. 2014, Schmucker et i
2011)

(prokaryotic).
i

AIStabilize quaternary comple

Regulator positive
(eukaryotic) or negative

Yahl - Ferredoxin of the (+) (Vilella et al. 2004) Direct function in [Fe-$]
mitochondrial matrix; cluster assembly.

electron donor for ISC and

heme biosynthesis

Ssql and Jacl function| (+) gene co-occurrence withCo-chaperone or in
together in the dislocation ¢hscA/SSQ1 and| protecting the sulfhydryl
the Fe/S cluster from IsulthscB/JACIHuynen et al] groups of ISC apo-proteins.
and its insertion into apq-2001) Or direct function in [Fe-S|

proteins

cluster assembly.

Acol-Aco2: [4Fe-4S]| (+++)(Bulteau et al. 2004)
proteins required for the
tricarboxylic acid (TCA) Citrate —dependent

cycle and also independent
required for
mitochondrial genome
maintenance.

IY.++) (Condo et al, 2010)

Protection of the [4Fe-45]

facilitation of Fe(ll) transfe
to the [3Fe-4ST cluster of
aconitase, allows th
reactivation of the enzyme.

cluster from disassembly; ar

nd

Sdh1/Sdh2

Succinate dehydrogenase

(++) (Gonzalez-Cabo et 3
2005)

role of frataxin
the entry

IDirect
regulating

in
of

. electrons towards the electron

complex subunits transport chain, at leastia
complex Il

Mrs3/Mrs4 - Iron carrier on (+) (Zhang et al. 2005) Iron-chaperone/lron  donoy/
inner membrane which are Iron efflux in mitochondria
responsible for mitochondrial
iron uptake
Heml5 - Ferrochelatase |-(++) (He et al. 2004, Yoonlron donor for heme

catalyzes the final step
heme biosynthesis

nand Cowan 2004)

biosynthesis

SOD2 Mitochondrial

manganese superoxi(
dismutase; protects cel

(+) (lrazusta et al. 201(
dldichael Costanzo et 4
[2010)

|.control

).Role in the oxidative stres

S
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against oxygen toxicity

Yhbl -  Flavohemoglobin
involved in nitric oxide
detoxification

(++) (Gonzalez-Cabo et 3
2005)

|Role
control

in nitrosative stres

(+): genetic relation (negative mutant, gene caiomnce)

(++): physical interaction (two hybrid, co-immunepipitation, affinity chromatography, co-structyme-crystal...etc)

(+++): functional interaction (the interaction whiaffects the function of partner protein, the attiof reconstituted complex has be

evaluated)

2N
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3. Objectives

GAA expansion | Decreased transcription of FXN gene

in FXN gene
Decreased frataxin protein level o
Tee, Deficits in
e
. v, others
* Ly . .
*
Fe and others metals 2, *, A mitochondrial
., ) metal
%, Mechanism | homeostasis?
.-y . “ w
Abnormalities of [Fe-S] cluster biogenis *, .
other iron-sulfur deficiency
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<
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proteins / ¢

Increased mitochondrial iron, in
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\ oxidative damage

Cell dysfunction and death

Figure 1.17: The panorama of phenomena in FA.

Figure 1.17 summarizes the events which can ocguFA pathology. The expansion of
(GAA) triplet in FXN gene induces the deficiency frhtaxin in the mitochondria. The
insufficient level of this protein leads to the abmalities in [Fe-S] cluster biogenesis, which
in turn impair the respiratory chain, induce thepart of iron into the mitochondria and
disturb the oxidative stress control. Recentlyreetresolved analysis demonstrated the order
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of perturbation in murine FA model: the loss of I8Gzymes activity is the first event after
inducing complete frataxin deficiency; this is @mlled by an elevated ROS production and
then a late increase in iron content (PoburskileR@l6). This result confirmed that the
perturbation of [Fe-S] biogenesis is primary. lroverload and oxidative stress are only
secondary. However, oxidative stress can be obdewithout deficiency in iron-sulfur
clusters (Tamarit et al. 2016). Indeed, in a y@astlel, the authors have observed signs of
oxidative stress long before iron-sulfur deficier{@§oreno-Cermeno et al. 2010). Different
studies point out that oxidative stress is not sdaoy to the lack of ISC but can play a central

role in FA.

The functions of frataxin are not known. Until ratg, the most discussed assumption is the
involvement in iron-sulfur cluster assembly andnirbomeostasis. Few information is

available for the role of frataxin in homeostasfsneetals other than iron and about the
mechanisms of frataxin’s protection against thelative stress (red arrows).

In this work, we are interested in the involvemehfrataxin in both metal metabolisms and

oxidative stress. The results, which are presentéuls thesis, are divided into three chapters.

For cell free studies, we dealed with yeast protéil, as a model. Chapter | is devoted to
the biosynthesis and characterization of yeast eprot we studied (frataxin and

flavohemoglobin).

We then aimed to revisit the affinity and mechandafrfrataxin — Fe binding. We investigated
the interaction of frataxin with the physiologicaletals that play essential roles in the
mitochondria, such as copper, zinc and mangandse affinity of these metals for frataxin

and the mechanism of their binding are describechapter Ill.

In Chapter IV, we characterize the molecular inteom of frataxin with the mitochondrial
proteins involved in the antioxidant defense, sugh superoxide dismutase in the
intermembrane space CuzZnSOD, that of the matrix @D Svhich scavenge the superoxide
anion, andSaccharomyces cerevisilavohemoglobin, a protein which plays centrabsoin
protection from nitrosative stress. Here, we, alapnalyze how frataxin, in absence or

presence of metal, may affect the enzymatic agtofithese proteins.
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CHAPTER II: PROTEIN PRODUCTION AND PURIFICATION

In order to investigate the involvement of fratakinthe metabolism of transition metals in
mitochondria as well as in the defense againstatixid stress and nitrosative stress, we first
synthesized and purifieds. cerevisiaefrataxin homologue (Yfhl) andS. cerevisiae
flavohemoglobin (Yhb1), a protein which belongsthe hemoglobin family and plays key
roles in the protection from nitrosative stress. & determined the influence of Yfhl on
superoxide dismutases activities, these proteiastlae gatekeepers of the defense against

oxidative stress. The two superoxide dismutases bhaen used in their commercial form.

1. Yeast frataxin homologue 1 — Yfhl
1.1. Expression

In our study, the production of the protein waseoben a pSBET vector, which contains
downstream the coding sequence a T7 promoter.si @byeast frataxin homolog (Yfhl), the
plasmid pSBET-YFHL1 is cloned into BL21(DEB) coli strain, which is compatible with the
T7lac promoter system and deficient in tlie protease andmpT outer membrane protease
(which can degrade proteins during purification)dded, the chromosome of this strain
integrated aADE3 lysogen which harbors a copy of the gene emgpdhe T7 RNA
polymerase under the control oflac promoter. The expression of the target protein by
pSBET system is therefore controlled by the synshes the T7 RNA polymeraséJnder
repressive conditions (glucose containing medid) RNA polymerase is not produced, and
transcription of the target gene is negligible.eifinduction of thdac regulon by isopropyl-
B-D-thiogalactopyranoside (IPTG) or lactose, theRINA polymerase is produced, and most
of the cellular protein synthesis machinery becomegoted for the target protein (Figure
1.1).
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Using T7 systems, protein expression can be indeabdr with the chemical inducer IPTG
or by modifying the carbon sources duriig coli growth (auto-induction medium). The
advantage of using auto-induction medium is noy @voiding a step of manually adding
chemical inducer, but also getting higher cellssitynand yields of target protein. In our
study, the induction has been done in LBE5052 nmdwhere glycerol 0.5 %, glucose
0.05 % and lactose 0.2 % have been used as sowoirasgbon (Studier 2005). The cells
initiate growth by using glucose first. Then thesewglycerol as a source of carbon, allowing
efficient production of biomass. They finally usetose, which is the physiological inducer
of thelac operon. This allows (i) to relieve glucose repi@s®n thelac promoter and (ii) to
induce the expression of the gene cloned undetheromoter. The growth in LBE5052
allows higher culture densities and so on moreetapgotein than in absent of lactose or LB

medium (Figure 11.2).

BL21(DE3) BL21(DE3)-YFH1
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Figure 11.2: Protein expressior{a) Crude extract from wild type or containing gaid corresponding
to BL21(DE3) or BL21(DE3)-YFH1. The intense proteamd (shown by the blue arrow) migrates as
a 15 kDa protein presented in auto-induction LBES®@&edium but not in LB505 and LB medium in
the same incubation condition. (b) Growth underoaimduction medium LBE5052 give higher cells
density than the others: LBE505 and LB.
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After 15 h of incubation at 37 °C under agitation 200 rpm, cells were harvested by
centrifugating at 4000 rpm for 15 min, and washed time by milliQ water. The cell pellet

was then disrupted physically by a French presse*€hot” system. Lysis buffer contains
benzonase to avoid DNA contaminant. After beingugieed under a pressure of 7-8 kBar,
cell lysate was mixed 1:1 (v/v) with the HEPES 5Bljurea 6 M pH 7.0 buffer and kept at
room temperature for 15 min. This mixture was dérged at 4000 rpm for 15 min at 4 °C to
eliminate insoluble proteins. On 1D SDS PAGE, thpesnatant from recombinant strain
showed an intense protein band migrated as a 15k8tain, in contrary to the proteomic
extract from wild type. This band corresponds pbdp#o the target protein, Yfhl, which has

molecular masse of 13800 Da.
1.2. Purification

After the centrifugation to eliminate the insolulgeteins, the supernatant was loaded onto
an anion-exchange column of DEAE Sepharose Fast{fiagma Aldrich). The target protein
Yfhl has theoretical pl value of 4.13. Hence, tHeAB column was previously equilibrated
with buffer HEPES 50 mM pH 7.0, proteins were aluby a linear gradient of NaCl from
0.1 M to 1 M. The fraction eluting at 0.4 M NaClntained an intense protein band that
migrated at 15 kDa and this band was visualized/estern blot analysis using anti-frataxin
antibody (Figure Il. 3a & 3b). However, these frags contained nevertheless impurity, as
shown in the gel SDS PAGE or Western blot. Theyewtren sent to the next step of

purification.
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(a) (b ) the crude extract
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Figure 11.3: Protein purification (a) Western blot analysis of fractions elutingfr®@EAE column; (b)
Electrophoresis gel colored by blue comassie 5% effractions eluting from DEAE anion-exchange
chromatography column where Yfh1l was eluted at a®@uM of NaCl; (c) Electrophoresis gel of the
fractions eluting from HAP chromatography wherelyiffas eluted mainly at 350 mM of K.

These fractions were then pooled and submittedhéo second step of anion exchange
chromatography by a hydroxyapatite (HAP) columnjolvhwas previously equilibrated by
HEPES 25 mM, pH 7.0 buffer. The elution was perfedmby a gradient of potassium
phosphate from 50 mM to 750 mM. The fractions ciomg Yfhl were found at 350 mM of

KH2POy (Figure 11.3c).

The fractions containing Yfhl were pooled and cotraged, then injected into a column of
size exclusion chromatography (Superdt200 10/300 GL - GE Healthcare Lifescience).
Proteins are eluted by HEPES 50 mM pH 7.0 buffére® peaks were detected: (i) the first
elutes at 8.2 mL and contains impurity componecdsrésponding to the lanes 1D3 and 2D3
in SDS PAGE gel) (Figure 11.4); (ii) the secondti®e highest and elutes at 14.7 mL. When
being analyzed in gel SDS PAGE, the main compomérthese fractions migrates as a
15 kDa protein (see the 1F11 and 2F11 lanes irs® PAGE gel), which may correspond
to the protein of interest; (iii) the third peakutds before the major peak (12.7 mL), and
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should probably contains oligomer forms of Yfhlofsl 1F1 and 2E12), since in SDS PAGE
gel, they also migrate as 15 kDa proteins (Figudd).

(a) (b)
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Abs at 280nm
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88 102 136 17.0 204
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Figure 11.4: Yfh1l purification by Akta purifier system — size @usion FPLC. (a) Mobile phase:

HEPES 50 mM buffer, pH 7.0, injection and elutiater 0.5 mL/min. Detection by absorption at
280 nm. The chromatogram shows the highest pea&delt 14.7 mL, which contains an important
amount of Yfhl (corresponding to the 1F11 and 2Kities in the SDS PAGE gel) (b). The peak
eluting at 8.2 mL contains impurity component (Ra®3 and 2D3) while the 12.7 mL peak contains

oligomer forms of Yfhl (lanes 1F1 and 2E12).
1.3. Characterisation

These fractions (1F11 & 2F11) were pooled and thpurity checked by a frataxin more
selective system of chromatography. In a size exmiucolumn Bio SEC-5 from Agilent

(5 um particle, 150A, 7.8 mm x 300 mm), the fractierformed as highly pure sample, the
component elutes at 7.85 mL, corresponding to aeautdr weight of 25 kDa, which may

correspond to the dimer form of Yfh1 (Figure I1.5).
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Figure 11.5: Size-exclusion chromatography analysis of pure ft@o (Yfh1l)} Ve = 7.85 mL). Mobile
phase: KHPOs 50 mM buffer, pH 7.0, injection and elution rateml/min. Detection by emission
spectroscopylexc = 280 nm,Zem = 340 nm. Overlaid black line is the chromatogramcalibration
mixture containing: dimeric bovine albumin (132 RDanonomeric bovine albumin (66 kDa),
ovalbumin (45 kDa), carbonic anhydrase (29 kDagtdébumine (14.2 kDa).

These fractions were analyzed by high-resolutioactebspray ionization (ESI) mass
spectrometry (Orbitrap Exactive EMR). The samples vimiefly loaded in a micro-LC
column; the elution was monitored by measuring ttital ion current. The chromatogram
showed a major peak at retention time of 6.51-6t3 (Figure 11.6a). The ions from this
peak were analyzed and gave a full MS spectrum slgpwlifferent charged states
(Figure 11.6b). The deconvolution spectra (Figuréd) showed a major peak of 27499.84 Da
corresponding to the average mass of dimer yeatstxin (theoretical value: 27500. 72 Da)
with the precision of 0.003 %.
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Figure 11.6: MS spectra of pure fraction detected by the ExsaetiPlus EMR MS (a) Total ion
current of flow eluted from micro-LC column (ProBwRP-4H X250mm). Elution by a gradient of
acetonitrile 0.01 % formic acid from 10 — 80 % i@ thin, flow rate 0.2 mL/min, at 6. The major
peak with retention time (RT) is 6.51- 6.63 min waalyzed; (b) ESI full MS spectra with different
charge states; (c) Deconvolution spectra confirrhe dimer form of purified protein. Peak of
27499.842 Da corresponds to theoretical averagesnias mature sequence of (Yfh(R7500.72 Da).
The 27630.727 Da peak is probably the heterodirharfall Yfh1l and a lost-methionine Yfh1.

We used the peptide mass fingerprint analysis tdirto the expression of the right protein.
Indeed, the 15 kDa band in 1D SDS PAGE gel wasaetdd by TFA 0.1 % and digested by
trypsin. Figure Il. 7a represents MS spectrum @jedied peptides. The limited range of
detectable masses for this experiment is 600-3000TDis cannot allow the identification of
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high mass peptides (red in the sequence). MS/M$/simeby MALDI TOF TOF of each

fragment allowed exploiting the sequence of eadgested peptide (see material & methods)

(Table 11.7b). The blue peptides in the sequenceespond to the calculate peptides.

f
MVESSTDGQVVPQEVLNLPLEKYHEEADDYLDHLLDSLEELSEAHPDCIPDVELSHGVMTL

,

i ) 1 y
EIPAFGTYVINKQPPNKQIWLASPLSGPNR FDLLNG EWVSLRNGTP&LTD]LTEEVEKAIS'KSQ

4700 Reflector Spec #1 MC[BP = 1449 8, 99893]

1436.9387

el

& &

1394

1443

g8 N Ji:huuu 'ﬁ"’ “!’(‘L—L- |

(*) ¥: cut sites of Trypsin

(b) List of peptide information

Calculate | Observed | +Da + ppm | Seq. Peptide Modification
mass mass

1289.6835 | 1289.7599| 0.0764 5958-168 | LTDILTEEVEK

1438.7802 | 1421.9061] 0.0336 23229-141 | QIWLASPLSGPNR pyroglutamylatior
1438.7802 | 1438.9204] 0.1402 D7129-141 | QIWLASPLSGPNR

1448.7533 | 1448.8555 0.1022 7142-153 | FDLLNGEWVSLR

Figure 11.7: Peptide fingerprint analysis of cut band from 1D SDPAGE gel.(a) MS spectrum of
digested peptide, the mass of peptides observetkiapectrum is conforming to expected sequences
(blue). (b) Table listed the sequences, which demtified by MS/MS technique; data from MALDI
TOF-TOF were exploited by Mascot.

Consequently, after two steps of anion exchangenshtography and one step of size

exclusion chromatography, we obtained (Ythpurified as a dimer with the molecular

weight of 27499.84 Da.

62



Chapter II: Protein production and purification

2. Yeast flavohemoglobin — Yhbl

The yeast flavohemoglobin, Yhbl, is a homologuenammalian cytohemoglobin, which is
implicated in responses to both the oxidative aiidosative stress inSaccharomyces
cerevisiaeln order to investigate the involvement of fratatonanti-oxidative and nitrosative
stress response, we investigated the molecularaciten between frataxin and Yhbl, and
then the effect of frataxin on the enzymatic atyivof Yhbl. We first optimized the
biosynthesis of Yhbl using DNA recombinant techeidpased on system pSBET vector and
BL21 (DE3) competent cells. Yhbl exists as a peptdl 399 residues and contains two
cofactors: one flavin adenine dinucleotide (FADdame heme per peptide (Figure 11.8)
(Forrester and Foster 2012). These two cofact@ng iphportant roles in enzymatic activity of
Yhbl. Therefore, it is essential for Yhbl to beifsenl in assembly with the two cofactors
FAD and heme.

Figure 11.8: The three structural domains of Yhbheme domain (green); FAD domain (yellow) and
NADH binding domain (red). Visualization by Pymbi&1V (PDB) (El Hammi et al. 2012).

2.1. Optimization of the expression

The sequence coding for Yhbl, was obtained by petgse chain reaction (see Materials &
methods). We introduced in the amplification primméme Ndel and BamHI restriction sites
for easy cloning into the pUC18 vector. We verifigee sequence of positive subclones,
digested the cloning vector with Ndel and BamH1 aiwhed the fragment into the
expression vector pSBET-2b. After ligation, the spiéds were transformed into a non-
expression strain Topl1B.coli to amplify the plasmid. The competent cells ToELoli has
the efficiency of 18cfu/ug of plasmid DNA, it allows not only the higheffective

transformation but also a stable replication ofhhigppy number plasmids. Once being
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amplified, the plasmid is extracted from the straimop10 and is cloned into the competent

cells BL21(DE3)E. coliwhich allows the expression of protein.

Briefly, we compared protein expression in diffdéréypes of media: LB medium and/or
induction by addition of IPTG and auto-inductiondnen (LBE5052) in the same condition
of induction as with Yfhl (at 37 °C, 200 rpm stg). Similar to the expression of Yfhl by
BL21(DES3), growth in auto-induction medium LBE50passed the exponential phase faster
and allowed a higher OD600nm in stationary phasgu(E Il. 9). However, it did not express
higher amount of target protein (band at 44kDaigufe 11.10a).

m LBL+PTG
® LB2+IPTG+pre
84 | A LBE5052+Pre A

OD 600nm

24 A

A
ulﬂ:'.

T T T T T T T T T
-200 0 200 400 600 800 1000 1200 1400 1600
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Figure 11.9: Cells density of BL21DE3-YHB1 induced in differebnditions LB induced by IPTG
(black square); LB and precursors, induced by IPF& circle); auto-induction medium LBE5052
with the presence of precursors (blue triangle).

The cells were harvested by a centrifugation stdipwed by milliQ water washing. After at
least an overnight freezing at -80°C, the pelles waspended in lysis buffer and lysed by a

cycle of 5 min sonication or “One-shot” French gres

After lysing the cells, we centrifuged the extréotseparate the soluble and the insoluble
material. Indeed, we observed a red pellet in tisoluble part left by the auto-induction
medium, which may correspond to the inclusion bethecause normally. coli cells present

in light green pellet. The lysis by sonication wasre effective to liberate soluble protein
from inclusion bodies. This phenomenon has alsm beported by Parrillet al. in case of
bacterial flavohemoglobin expression (Parrilli ¢t 2010). To reduce the formation of

inclusion bodies, we decreased the incubation tesye to lower the induction rate.
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In addition, we aimed to synthesize a holo-prowith both cofactors FAD and heme. Hence,
the presence of precursors for the biosynthesthaxfe two cofactors in the induction media
was also established. In physiological conditidbpffavin and 6-aminolevulinic acid &-
ALA) are precursors for the biosynthesis of FAD dme. In our studies, we compared the
composition of the crude extracts from bacteriaubated in: (i) LB medium, inducted by
IPTG; (ii) LB medium with the two supplementary puesors, inducted by IPTG; and (iii)
auto-induction medium LBES5052 in presence of the tprecursors. For each type of

medium, we examined the incubation time in 8 hdh2

After lysing the cells by sonication, the cruderagts were applied to SDS PAGE gels. These

gels are stained by two methods:

- Classical method: blue Comassie 5% allows visudlizine proteomic compositions
(Figure 11.10a).

- Specific method for identifying hemoproteins:dianisidine (3,3-dimethoxybenzidine)
allows revealing the bands which contains hemoprstéFigure 11.10b). The holo-
protein, would present as a green band in SDS-PA8HEs in lane T, which contained

catalase — a heme-protein

-

\/

Figure 11.10: Electrophoresis analysis of crude extract from BLEZIE3)-YHB1 induced in different
conditions. SDS PAGE gel stained by blue coomassie 5 % (apyoo-dianisidine to identify
hemoprotein (b). (1): LB + IPTG 8 h; (2): LB+ IPTZ# h; (3): LB riboflavin and-ALA, 8 h; (4): LB
riboflavin andd-ALA 24 h; (5): LB5052 + riboflavin and-ALA 8 h;(6) LBE5052 + riboflavin ané-
ALA 24 h.

Firstly, considering the blue Coomassie stain tp&,proteomic compositions of the different
cultures are quite similar. In the-dianisidine stained gel, in the crude extract from the
medium LB without precursors, incubated in 8 h 4h2(lanes 1 and 2), less intensive green

bands were observed. That implies that only alathount of holo-protein is expressed. On
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the other hand, the green bands present at abdddaare much more intense in lane 3 and
lane 5, which correspond to the crude extractsaotdria incubated for 8 h, in cultures with
precursors (induction by IPTG — lane 3 or auto-ttaun medium — lane 5). The lanes 4 and 6
correspond to the crude extracts of cultures wittgrsors, which are incubated for 24 h at
37°C. In lanes 4 and 6, other green bands are detedtedolecular weight higher than
45 kDa, such as those observed in lanes 3 andi§.pfbbably means that Yhbl is in the
aggregated or oligomer form, and/or heme is indartdigger molecules.

In LB and LBE5052 media, we conclude that the preseof precursors favored the
expression of holo-proteins. Moreover, the incubatshould not exceed 24 h at q7 to

avoid the aggregation of the overexpressed protein.

The presence of Yhbl in the 8 h incubation sampiggests a high expression in the
exponential phase of growth. To improve this exgimes Terrific Broth medium (TB) can be
a good choice for the recombinant straing o€oli. Indeed, TB maintains an extended growth
phase (El Hammi et al. 2012, Rosano and Ceccal).

We compared this time the expressions of holo-Yinb{iv) LB medium, incubated at 25 °C

for 20 h, inducted by IPTG; (v) TB medium, inculzhtd 25° C for 20 h and (vi) TB medium,

incubated at 30 °C for 20 h. The precursors aregots in all media. We used the UV-visible
spectrophotometry to evaluate the amount of solidd®-proteins in the crude extracts
(Figure 11.11).
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Figure 11.11: UV-visible spectra
of the crude extract from
BL21(DE3)-YHB1 grown in LB
25°C for 20h (blue), Terrific Broth
at 25°C for 20h (red) and Terrific
Broth at 30°C for 20h (black).
Inset: The Soret bancbnfirms the
presence of soluble holo-Yhbl in
wavelength (nm) crude extract.
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Basically, heme presents a characteristic absortémd at about 410 nm (Soret band). The
UV-visible spectrum of the proteomic extract frohretbacteria incubated in LB medium

(blue line) shows a lower absorption in the Somatdas compared to those in TB medium
(red and black lines). This means that TB mediunm@e adopted for the expression of
Yhbl, which is highly expressed during the expoia¢mhase. On the other hand, when the
temperature of incubation is changed (from 25 °GQdC), the proteomic extract from the

bacteria incubated at 25 °C (red line) has a highsorption at 410 nm than that from 30 °C
incubation (black line). That means better quantitysoluble holo-Yhbl was expressed at
25 °C than at 30 °C (Figure 11.11).

2.2. Purification

Yhbl has the theoretical pl value of 5.86 (Expasins://www.expasy.ohg The crude extract

was loaded onto an anion-exchange column of DEAfh&®se (HiPrep DEAE FF 16/10)
previously equilibrated with buffer A (K#fQs 20 mM, pH 7.5). The elution was performed
with 4 CV (column volume) of a linear gradient fr@d®o to 100 % KCI 1 M. The absorption

at 410 nm of the fractions containing proteins 680% of KCI) was measured in 96 wells
plaque by Spectra i3. Yhbl was then identified emdesponded to the fractions eluted at 30-
40 % of KCIl 1 M (Figure 11.12). The fractions thatesented the higher absorptions at 410 nm
were analyzed by SDS-PAGE, and were confirmed tdado Yhbl.
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Figure 11.12: Yhbl purification by anion exchange chromatograplon a DEAE column (HiPrep
DEAE FF 16/10). Mobile phase: kRO, 20mM, pH 7.5. (a): chromatogram during the elutlpna
gradient of KCI 1M. “%KCI" corresponding to the K@radient obtained by the mix of a buffer A
(KH2PO4 20mM, pH 7.5) and buffer B (kAOs 20mM, KCI 1M, pH 7.5). (b): SDS PAGE gel analysis
of fractions which absorb at 410nm.
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The pool of the fractions containing Yhbl was dialy overnight to remove salt and
introduced into a second column of DEAE-Sepharasgipusly equilibrated with buffer A.
Since in the “capture step”, the target protein whged with 30-40 % KCI 1 M, in this
second step, we planned to “polish” the elutiogebda higher resolution by applying a linear
gradient of salts from 25 % to 65 % KCI| 1M. Afteansple injection, a washing step was
carried out by two CV of equilibrium buffer with 26 salts. Unexpectedly, Yhbl was eluted
in this washing step. This is confirmed by the apgon at 410 nm and by SDS-PAGE
experiment (Figure 11.13). Even though, a part ohtaminant proteins was held in the
column and eluted later. This early elution is @toly due to a change in conformation and/or

loss of cofactors, which can modify the exposedghaf protein.
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Figure 11.13: The second step of purification by DEAE columifa): chromatogram during the
elution by a gradient of KCI. “%KCI” correspondintp the KCI gradient obtained by the mix of a
buffer A (KHPOs 20mM, pH 7.5) and buffer B (kAOs 20mM, KCI 1M, pH 7.5). (b) zoom-in of
washing step. (c) Electrophoresis analysis of waglfiiactions which absorb at 410nm.

These Yhb1l fractions were pooled, concentratedinoduced into a size exclusion column
of Superdex 200/300 previously equilibrated witlif@uC (Tris/HCI 20 mM, KCI 10 mM,
pH 7.5). Yhbl was eluted at 13.1 ml, relevant @ tireoretical molar weight of 44 636 Da.

(Figure Il.14a&b).
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Figure 11.14: Yhb1 purification by size exclusion chromatographfa): chromatogram (black line:
absorption at 280 nm; red line: absorption at 4If@)nobtained during the purification by size-
exclusion chromatography. (b): Electrophoresis gsa of the fractions eluted at 13.1 mL and absorb
at 410 nm.

2.3. Characterization

As for frataxin, we loaded the previous proteinsime exclusion column Bio SEC-5 from
Agilent (5 pm particle, 150A, 7.8 mm x 300 mm). Arpof Yhb1 formed rapidly the dimer
of protein, which elutes at 6.9 mL, after beingy#iad against BisTris 50 mM, KCI| 150 mM,
pH = 7.0 buffer (Figure 11.15). The detection aD4im showed that this dimer is heme free,
whereas the fraction at 7.25 mL corresponds toYthiel monomer associated with heme.
Further experiments are nevertheless required tone the condition that can avoid this

self-oligomerization.

Elution volume (mL)

Figure 11.15: Size exclusion chromatography analysis of pure fiiao after the dialysis against
BisTris 50 mM, KCI 150 mM, pH 7.0 buffefYhbl: Ve = 7.25 mL). Mobile phase: kO, 50 mM
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buffer, pH 7.0, injection and elution rate 1 mL/midetection by emission spectroscdpy= 280 nm,
Jem = 340 nm (red line) and absorption at 410nm (bldicke). Green line is the calibration curve
containing: dimeric bovine albumin (132 kDa), momeim bovine albumin (66 kDa), ovalbumin (45
kDa), carbonic anhydrase (29 kDa), lactalbumine.2lkDa).

The peptide was extracted from a cut band from II3 AGE electrophoresis gel by TFA
0.1%, then digested by Trypsin and analyzed by @8litrap MS/MS. An example of
identification peptide fragment Byroteome Discoverer 1.4 given below (Figure 11.16b &
c). The table 1.1 lists the expected mass obtaibgd MS/MS analysis of fragment
VGAQPNALATTVLAAAK, which locates at position 49-66n the Yhb1l peptide sequence,
corresponding to the5 helix. The b and y ions represent the most comfragment ions by
imparting energy in collision cell and successivepjitting of peptide link. If the charge is
retained on the N terminal fragment, the ion isstal ab. If the charge is retained on the C
terminal, the ion type is eithgr(Figure 11.16a). The red or blue numbers corredpmnthe
experimentally detected mass. Figure 11.16 pres#@sMS/MS spectra and the highlighted
texts show detected residues.

Table I1.1: List of expected mass obtained by MSakkSysis the fragmentation of
VGAQPNALATTVLAAAK peptide.

#1 b* b2* Seq. y* yz* y3* #2
1 100.07570 50.54149 Vv 17
2 157.09711  79.05222 G 1496.84320748.92524 499.61925 16
3 228.13429 114.57078 A 1439.82173 720.4145Q 480.6120¢ 15
4 356.19287 178.60007 Q 1368.78461684.89594 456.93305 14
5 453.24564 227.12646 P 1240.72603620.86665 414.24686 13
6 567.28857 284.14797 N 1143.67326572.34027 381.89594 12
7 638.32569 319.66648 A 1029.63033515.3188(0 343.88163 11
8 751.4097q¢ 376.20857 L 958.59321479.80024 320.20259 10
9 822.44688 411.72708 A 845.50914 423.25821 282.5079( 9
10 923.4945¢ 462.25092 T 774.47207 387.73965 258.82886 8
11 1024.54224 512.77476 T 673.42434 337.21581 225.1463( 7
12 1123.61066 562.308971 Vv 572.37666 286.69191 191.46374 6
13 1236.69473 618.85100 L 473.30824 237.1577¢ 158.44093 5
14 1307.73185 654.36956 A 360.22417 180.61573 120.74624 4
15 1378.76897 689.88817 A 289.18709 145.09714 97.06720 3
16 1449.80609 725.40668 A 218.149934 109.5786Q0 73.38816 2
17 K 147.11281 74.06004 49.70912 1
(a) Y3 Y2 Y1 He

TR RRL TR TS

N L [l ‘
N—C+C+N—C-C-N—C-C-N—C—C-OH

H \ P I [

H ‘H H ‘'H H H H

a, b, a, b, a; b,
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(b)

(c)
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FTMS, HCD@27 00, z=+3, Mono m/z=532 64325 Da, MH+=1595.01520 Da, Maich Tol.=0.02 Da
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Figure 11.16: Mass spectroscopy analysis of fractions containivdibl. (a) The most common
fragments observed by imparting energy in collisielt of a mass spectrometer. The a and b ions are

prefix/N-terminal

ions, the y-ions are suffix/Cstenal

ions. (b) and c) MS analysis of

VGAQPNALATTVLAAAK. (b) b-ions identification, (c)oys identification. Peptide charge: +3.
Monoisotopic mass (m/z): 532.64325 Da (+1.19 mmi#42ppm), MH: 1595.91520 Da, retention
time: 52.32 min. Identified with Mascot (v1.30)nlIecore: 81. Experimental value: 298 lons
matched by search engine: 13/180. Fragment matehnaioce used for search: 0.02 Da. Fragments
used for search: a; a-¥D; a-NH;; b; b-H,O; b-NH;; y; y-H,O; y-NH.

In this way, 60-80 % residues of Yhbl peptides hasen identified, (Figure 11.17), we then

assumed that the right peptide has been expreaseguuafied.
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Annotate PTMs reported in Uriprot | 1 51 101 151 201 251 301 351 399
Show only PTMs l
Include PSMs that are fitered Out

Coverage: 67.17%

Found Modifications: Sequence | Modfication List

(o} Carbamidomethy! (C) 1 11 21 31 41 51 61 71 81 91 101

D Deamidated (Q.N) 1 DD DO DD D o D

o Oxidation (M) MLAEKTRSII KATVPVLEQQ GTVITRTFYK NMLTEHTELL NIFNRTNQKV GAQPNALATT VLAAAKNIDD LSVLMDHVKQ IGHKHRALQI KPEHYPIVGE YLLKAIKEVL
111 D D D DD

GDAATPEIIN AWGEAYQOAIA DIFITVEKKM YEEALWPGWK PFDITAKEYV ASDIVEFTVK PKFGSGIELE SLPITPGQYI TVNTHPIRQE NOYDALRHYS LCSASTKNGL

o bpc
RFAVKMEAAR ENFPAGLVSE YLHKDAKVGD EIKLSAPAGD FAINKELIHQ NEVPLVLLSS GVGVTPLLAM LEEQVKCNPN RPIYWIQSSY DEKTQAFKKH VDELLAZCAN

VDKIIVETDT EPLINAAFLK EKSPAHADVY TCGSLAFMQA MIGHLKELZH RDDMIHYEPF GPRMSTUQU

Figure I1.17: The residues identified by MS analysis fit to 67%Yhb1 sequences.
2.4. Verification of the presence of the two cofactors

The pure fraction of Yhbl was dialyzed against &uBisTris 50 mM, KCI 150 mM pH 7.0
at 4 °C and protected from light during 24 h befoeeng scanned for UV-visible spectra. We
observed the characteristic absorption bands ahg¥,%12 nm, 484 nm, 545 nm, 580 nm and
640 nm (insert (d) Figure 11.18). The absorptiomdaisually found for protein at 280 nm is
for Yhbl at 275 nm, probably due to the fact th&bY contains 14 Tyr and only 4 Trp.
Candidaflavohemoglobin was also reported to present aorbion maximum at 275 nm
(Kobayashi et al. 2002). The Soret band at 412 s.similar to that previously reported by
other groups (El Hammi et al. 2012, Gardner e2@D0). The Soret maximum at 412 nm and
the broad shoulders at 543 nm and 580 nm showittedteme group in Yhb1 was purified in
the reduced [F&-O;] form. In the oxidized state (Fe— Fe), this band shifts to 406 nm.

FAD absorbs at 348 nm and 450 nm, but in the poeseh heme, the absorption bands of
FAD can be overlaid by heme absorption bands. Weebed FAD by boiling Yhbl in a
solution of 7% TCA during 5 min, followed by a 12@®rpm centrifugation to remove all
precipitated proteins. The spectra of supernathabvrds at 450 nm (inset (b) Figure 11.18)
which confirms the presence of cofactor FAD.
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Figure 11.18: UV-visible analysis of Yhbl(a) Absorption spectrum of Yhbl pure fraction: (\D
absorption spectrum of the extract after precipitgt peptide; (c): absorption band of Yhbl in
presence of pyridine (black); absorption band ofoXhn presence of pyridine and DTT (red);
absorption band of Yhb1l in presence of pyridine Bid@ and FeKCN in excess (green); (d): Soret
bands of freshly purified fraction (violet) and th@me fraction in oxidized state (black).

The dosage of peptide and two cofactors have peddrto verify the state of the purified
protein. FAD content was measured based on thetimo at 450 nmg(= 11,300 M cm?)

of extract after protein precipitation as explairgabve (Aliverti et al. 1999). Heme was
qguantified by the pyridine haemochrome method (ir(s¢ figure 11.18, see Material &

methods).

Table I1.2: Dosage of peptide and two cofactor¥bb1l in the pure fractions.

Peptide Cofactors
Abs ath = 275 nm Bradford assay [FAD] [Heme]
0.334 0.56 mg/mL 5.3 uM 1.2 uM
(7.74 M) (12.55uM)
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Considering the dosage results, the Bradford astawys determining the amount of peptide.
The Bradford essay showed 0.56 mg/mL of peptidiaénpure fraction which corresponds to
a concentration of 12.58M (Mw = 44636 Da). On the other hand, based on the nuailibe
aromatic amino acid present in Yhbl, the theorbtwedue of absorption coefficient was
estimated is = 43100 M' cmt at 275 nm. At this wavelength, we measured andrakien

of 0.334, which leads to a concentration of 7.74udhich differs from the 12.5uM
determined by Bradford above. The difference o3& probably the result of the partial
aggregation that occurs during the storage (agylsiown in figure 11.15)The dosage of two
cofactors showed that the pure fraction was coveisalit 70 % by FAD cofactor (0.7 mol
FAD / 1 mol peptide) and only 15 % of heme (0.19 heme / 1 mol peptide).
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3. Discussion

In this chapter, we report the biosynthesis of pvoteins Yfhl and Yhbl. The optimized
conditions for the expression of these proteinsevadatermined. The T7-based vector pSBET
cloned in BL21 (DE3)E.coli strain was utilized to express target proteinse fégcombinant
protein expression is induced without the addindPTG using an auto-induction medium.
This method of growth and induction relies on thediam components that are differentially
metabolized to promote high-density growth and muatiic induction of protein expression

from lac-based promoters.

The phenomenon of unintended induction has beetrided by Grossmaat al. (Grossman

et al. 1998) as the induction of the target proteon approach to bacterial saturation,
independent of inducer, which can stress the hali. cToo high level of induction can Kkill
the cells that carry a multi-copy plasmid with a priomoter even if the target protein is
innocuous. It was demonstrated previously that @nlyace of lactose present as impurity
component can lead to unintended induction (Stu2id®5). The use of auto-induction was
showed to reduce the unintended induction. In th®-aduction LBE5052 medium, a
mixture of carbon sources includes glycerol 0.5¢lcose 0.05 % and 0.2 % of lactose is
applied. Glucose prevents the uptake and utilinadiblactose and allows the growth to high
density. Glycerol supports the growth as well aggse and does not prevent the uptake and
induction by lactose. The medium LBE5052 perfornghfcell density first and shifts to the
induction of target protein at saturation phasewlaetose starts being consumed. When this
medium is used in case of Yfhl expression, we eksethat Yfhl is not produced during the
exponential phase (8 h) but later (15 h) as expedtecontrary, although the same condition
of culture formulation, temperature and agitatiaterhave been applied in expression of
Yhb1l, the protein was expressed majorly duringdkgonential phase and oligomerized or
aggregated in the inclusion bodies in the satungtitase. The use of Terrific Broth medium
and the incubation at 25 °C increased the yiekbafble Yhbl. Interestingly, the composition
of TB medium does not include lactose nor glucgbgerol 0.4% is the only carbohydrate
source. The inducer IPTG was not added, even th¥hgh is well expressed.

In our study, we aimed to investigate the intecacf Yfhl with metals and others proteins
involved in the anti-oxidative/nitrosative stre¥bl is known as an important protein in

detoxification of NO in yeast. The two proteins arpressed in the mature form without poly
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his-tag, which can avoid the unexpected bindingnpheenon. However, the purification

demands several steps and can lead to some seg@figats.

Preliminary attempts to produce recombinant Yfhingisa classical pET21b expression
vector failed, mostly because the IPTG mediatedigtidn of the protein production was
poorly efficient, and the protein was purified tdge with major chaperones frol coli
(DnaJd, IbpA) identified by peptide mass fingermiritom SDS-PAGE separated proteins
(works of others colleagues in group). We therefdmned the open reading frame of the
mature Yfhl into the pSBET-b expression vector tbatries the ArgU gene, allowing
efficient production of eukaryote proteinskncoli. The auto-induction medium together with
the two-steps purification strategy taking advaatag the low pl (4.13) of the protein,
allowed us to produce up to 10 mg purified protegncell paste. After the purification, Yfhl
has been found in dimer form as being confirmed/I8yand size-exclusion chromatography.
Even if frataxin from a psychrophilic bacterium Is®wn to be mainly in monomeric form, a
fraction has been found to be dimeric at high cotregion (Noguera et al. 2015). In addition,
in vitro, Yfhl was susceptible to homo-oligomerization wiih iron 2 weeks after its
isolation (Cook et al. 2006). To our knowledgethe absence of metal this oligomerization
has not been observedvivo.

In the case of Yhbl production, Yhbl is expressetialo-protein in the presence of two
precursors in culture. However, after purificatiamly 70% of the peptides are covered by
FAD cofactor and 15% by heme in the pure fractibne deficiency of the cofactors after
several steps of chromatography has been reporgstibpsly by other groups (Sasaki et al.
2004, Takaya et al. 1997). The cofactors wouldiglgrtdissociate from the Yhbl during the
purification process. In our case, the lost of ctdaseems concern to heme more than FAD.
Indeed, the eukaryotic flavin binding proteins weeported to be produced as holo-protein
efficiently by DNA recombinant irE. coli (Martinez-Martinez et al. 2006, Volonte et al.
2010).0n the other hand, over-expression of heme bingimtgins inE. coli often results in
sub-optimal heme incorporation (Sudhamsu et al02®8arnado and Goodwin 2004). The
rate of protein synthesis is much too high when gam to that of heme biosynthesis. This
explains the vast quantity of peptide folding withahe insertion of heme during the
induction. The problems can be resolved by: (i) aniaig the rate of heme synthesis and
protein expression by increasing the concentratbi-ALA in the range of mM — the

precursors of heme biosynthesis (Kery et al. 1$effnmerford et al. 1995); (ii) adding hemin
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into the bacterial culture together with the expras of outer membrane bound heme
receptors (Varnado C. L. and Goodwin 2004); (ia)expression of the factors which support
heme insertion during protein folding (Graves e2808, Wu et al. 1996). Interestingly, it has
been shown that the co-expression with ferrochs&tatlong with the addition of a small
amount ofé —ALA (60 uM) is sufficient to produce fully incorporated hemmtein. The
presence of ferrochelatase increases the rate ofe hbiosynthesis and avoids the
incorporation of free protoporphyrin IX into theptiele (Sudhamsu et al. 2010). In our study,
d —ALA was present in medium at concentration o60.¥ mM. Perspectively, the solutions
of co-expression with a heme-chaperone, which asge the heme insertion and stabilizes
the heme- Yhb1l peptide binding, can be considesed better production of holo-Yhb1.
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CHAPTER Illl: MECHANISM OF METAL-FRATAXIN
INTERACTIONS

1. Introduction

Although the involvement of frataxin in Friedreishataxia is well documented, the precise
function of the protein remains a matter of deb@bee of the hypotheses is the involvement
of frataxin in iron metabolism. It has been shownSaccharomyces cerevisiaad other
model organisms that frataxin can serve as irodibgichaperone which is involved in Fe-S
clusters biosynthesis. It facilitates heme biosgat, and protects the cell against oxidative
damage (Bayot et al. 2011).

Frataxin homologs have a unique-f3 sandwich” structure with a large number of highly
conserved negative residues (Asp, Glu) which aratéml between the first helix and the edge
of the B1l-sheet. This semi-conserved acidic ridge generateggatively charged surface
which covers roughly a quarter of frataxin’s totalcessible surface (Dhe-Paganon et al.
2000). In yeast mutantsnputations of acidic residues in this region showdedect in the
biosynthesis of the Fe-S clusters (Aloria et aD£20Gakh et al. 2006). However, a change in
the electrostatic properties of the acidic ridggams Fe-S clusters assembly, weakens the
interaction between yeast frataxin (Yfh1l) and sadfprotein in Fe-S cluster assembly (Isul),
and increases oxidative damage (Correia et al.,Zodry et al. 2007). In addition, mutations
in bacterial frataxin lead to the loss of?Féinding indicating that this region has a high
affinity for this cation(Nair et al. 2004, Pastaeal. 2007). Therefore, this region appears to
be important for the physiological role of frataXtuang et al. 2008).

Previous works have shown that frataxins from hunyaast andEscherichia colibind F&*
and Fé&" with comparable affinity. HFxn binds six or sevieon ions withKg ~ 12-55uM
(Yoon T. and Cowan 2003), CyaY bind two ferrousiimaith Kg ~ 4uM (Bou-Abdallah et al.
2004); frataxin fronDrosphilaDfh binds one ferrous irokq¢ ~ 6 uM (Kondapalli et al. 2008)
and monomeric Yfhl binds two ferrous irof& ~ 2.5uM (Cook et al. 2006). The
dissociation constants of these iron-frataxin caxes are in the micromolar range. This
probably means that iron reacts with frataxin waWw selectivity and specificity. Moreover,

mutations of the acidic residues on hedik or/andp1l sheet decrease the affinity of yeast
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Chapter Ill: Mechanism of metal-frataxin interaciso

frataxin for iron without abolishing the interaatigFoury et al. 2007). Several studies with
bacterial frataxin using NMR and X-ray crystalllaghy showed that these proteins may
interact with metals, such as €oEUW*, Mn?*, Zr#* (Nair et al. 2004, Noguera et al. 2015,
Pastore et al. 2007).

Mitochondria require transition metals for many siojogical functions. Iron, copper,
manganese and zinc participate in multiple rolgsratein structures and functions (catalysis,
electron transfer, ligand binding) (Atkinson andngé 2009, Pierrel et al. 2007). These
metals complex low-molecular-mass ligands forml#iode metal pools in the cell, and recent
studies using liquid chromatography coupled withspta mass spectrometer estimated that
they constitute 20-40 % of total mitochondrial M@, Zn and Cu ions (McDonald-McGinn et
al. 2013).

In this chapter, we investigate in cell-free assagractions of mitochondrial metals (Fe, Cu,
Mn, and Zn) with yeast frataxin. Emission spectopscis used to investigate the affinity of
frataxin for each metal. We then revisit the comat®n of F&" and Fé* by yeast frataxin by
means of microcalorimetry and size exclusion chitography and demonstrate that frataxin
interacts with Cty Cu/** and Mrf* with higher affinities than iron. We establish tbe first
time the mechanisms of these iron- and copperxiraiateractions. These investigations are

based on the use of chemical relaxations (Bernad&ait, Eigen and DeMaeyer 1963).
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2. Results

The frataxin we obtain is a dimer, consisted of #ssociation of two identical frataxin
subunits (chapter Il). We assumed that frataxinedifYthly has identical metal-binding
sites for each subunit. Therefore, our kinetic amermodynamic analysis deal with each
subunit separately. Except with Fe(lll), Cu(ll) adal(ll), all the experiments were performed
under anaerobic conditions in a glove box undeomrg avoid any oxidation and reaction

with oxygen to generate superoxide anions.
2.1. Iron (1) binding

2.1.1. Thermodynamics of iron(ll) uptake

The Fé* donor to (Yfh1) used in our experiment is ferrous ammonium sulfatbe absence
or presence of reduced glutathione. Spectrophotametetection was used in all
thermodynamic and kinetic runs. The kinetic proessslated to Fé uptake by (Yfh1) were

acquired by fluorescence emission.

0 uM [Fell]

700 —.
600 —.
500
400

51 uM [Fell]

300

Fluorescence intensity (AU)

200

100 ¢

T T T T 1
320 340 360 380 400
wavelength (nm)

Figure 1l1.1: Emission spectrdiex= 280 nm)of (Yfhl), (0.9 uM)at different concentrations of F&
(0 uM to 51 pM), in 50 mM Bis-Tris, 150 mM KCI pl3.7

Under anaerobic conditions, adding?Feo a solution of (Yfhl)leads to a decrease in the
fluorescence emission accompanied by a 2 nm rdd{giom 334 to 336 nm) (Figure Il1l.1).
Since a monomer of Yfhl can form two complexes witle or two F& (Cook et al. 2006),
we assumed that each subunit interacts with ote@Fe*. A SPECFIT analysis shows that
two F&* complexes are produced sequentially with Yfh1 éigqus I11. 1 and Il1. 2).
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Yfhl+ Fe?t —= (Yfh1)Fé (1.1)

(YTh1)Fd + F&* — (Yfh1)Fé, (11.2)

: Ferr _ [Fe?*|lYfn1] o perr _ [Fe2*][(vfh1)Fe!l]
W|th Kdl - [(thl)Fe”]' KdZ - [(thl)FeéI] ’

K" and KS' values are measured in presence or in absence bf GBey seem
independent of GSH concentration (Table 111.1). Bherage values are: -l&g;" = 6.3 + 0.4

and -logK ;5" =4.7 +0.3,

Table 11.1: Dissociation constants of (YfbEg'> and (Yfh1yF€'s complexes determined by
spectrophotometric titration, at pH 7.0 and at Z5ih the absence or presence of GSH.

[GSH] (mM) -log (K" log (K"
0 6.6+0.2 48+0.3
2.5 58+0.1 45+0.2
5 6.9+0.6 4.7+0.6

10 6.0+£0.2 4.8+0.2

2.1.2. Kinetics of Iron(ll) uptake

When a solution of (Yfh)is rapidly mixed with a solution of Feat pH 7.0, three kinetic
processes are observed (Figure IIl.2). The firstuox as an exponential increase in the
fluorescence in the 200 ms range (Figure lll.2AheTsecond appears as an exponential
decrease in fluorescence occurring in about 5 sic@rigure 111.2B). These two processes
are followed by a third exponential decrease inssian in the 500 s range (Figure 111.2C).
The experimental reciprocal relaxation times reldtethe first two processes depend ofi Fe

concentration, whereas the last process seemsandept of all our experimental parameters.
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Figure 111.2: Fluorescence intensity variation with time after fast mixing of a (Yfh1) solution
(0.5uM) with a Fe* solution (250uM) at pH 7.0, 25.0 °C and ionic strengih= 0.2 (50 mM Bis-
Tris, 150 mM KClI).

a) First Kinetic process:

The reciprocal relaxation times associated withfdst process of Figure Ill.2A depend on

Fe?* concentration in a continuous but non-linear fast{Figure 111.3).
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Figure 111.3: Plot of (z{¢/")* against [F€"] at pH 7.0 and T= 25°C. Inset: Plot ¢t{*" )* against
[Fe*}/([Fe®] +KF*!") with K[! = 200 uM; slope, 22.7 + 1.27% intercept, 11.5 + 0.7 % r =
0.98418.

As recently described for metal uptake by cerulepia (Eid et al. 2014), we ascribe this

phenomenon to the fast uptake of a first'Fey a frataxin subunit Yfh1, followed by a rate-

limiting monomolecular reaction (equations 111.3-4)

Yfhl + Fe*" = {(Yfh1)Fe'} (11.3)
K

{(YfhD)Fe''} = (Yfh1)Fe" (111.4)
i

-1

2+ ! 1 Fell
[Yfhi] [Fe ]and(Kfe”) _ [(vfhy)Fe!] ki

: ; iati Fell _
With the dissociation consta{; = [(((FhDFel] [((rRDFel)] - kFel

The rate equation of equation 111.4 is expresseécamtion 111.5:

dA[(Yf;tl)Fe”] = kF"A[{(YFRL)Fe"}] — kFe"A[(YFh1)Fe!!] (111.5)
Masse conservation:
A[{(Yfh1)Fe!l}] + A[(Yfh1)Fe"] + AYfh1 =0 (111.6)
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Fell
A[Yfh1] = [F22+]A[{(th1)Fe”}] (111.7)
= AL{(Yfh1)Fe!}] = Fe™] ) ntrpanyren
=> [{(¥fhDFe"}] = - KP4 [For*] [(Yfh1)Fe™] (111.8)

Apply equation 111.8 to equation 111.5, we have:

dA[(Yfh1)Fe']
dt

2+]

_ _ 1, Fell [
= (kl Kf'ell + [Fez+]

The reciprocal relaxation time equation associat@t equation Ill.4 can be expressed as

+ kFeYA[(YFR1)Fe!!] (11.9)

equation 111.10:

[Fe**]

11 11
(TFe )—1 — kFe
' bOKEe 4 [Fe?t]

ke (111.10)

Varying K" from 10 to 1000 uM with aAK™" step of 10 pM shows théte best linear
regression of(r;/®" )™ against[Fe*']/(K[*" + [F€"]) is obtained forK;*" = 200 + 10 uM
(Inset Figure 111.3). From the slope and intercegt," =23 +1 ¢, k" =11.5+0.7 4 and

(K" =2.0 £ 0.1 are determined.

b) Second kinetic process:

The experimental reciprocal relaxation times asgedi with this second process depend on
[Fe*].

0,1

T T T T T T 1
0,0 1,0x10" 2,0x10* 3,0x10* 4,0x10* 5,0x10* 6,0x10* 7,0x10"
[Fe*] (M)

Figure I11.4: Plot of (75*" )™ against [F&"] at pH 7.0 and T= 25°C; slope, (1.15 +0.04) ¥ &3 M™,;
intercept, (9.9 +1.3)x18s%; r = 0.98947.
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This phenomenon is assumed to be the uptake alomdéé" (equation 111.11).

ké;-ell
(Yfh1)Fe'l + Fe?* = (Yfh1)Fel! (111.11)

Fell
k=3

The reciprocal relaxation time equation associatgd equation Ill.11 can be expressed as
equation I11.12:

(cFe"™y=t = kEe" ([(Yfh1)Fe!] + [Fe?*]) + kFg" (111.12)

Since, under our experimental conditions,?[Fe> [(Yfh)Fe'], equation 1I1.12 simplifies

into equation I11.13:

i1 = Fe[Fe2t) 4 Fe" (111.13)

A very good linear least-squares regression of etkuaerimental(ré’e")‘1 against [Fé&]

(Figure 111.4). From the slopes and interceptshef best linesk;*" = (1.15 + 0.04) x 1M

st, k5" =(9.9 £ 1.3) x 18 st and KJ®"' =kf*" /k5" = (1.2 £ 0.2) x 16 M values are

determined.

c) Third kinetic process:

The last kinetic process lasts 500s and seemséndept of F& concentrations.

(rf")* = (8+1)x 10°s?

2.2. Iron(Ill) binding

2.2.1. Thermodynamics

The Iron(lll) binding to (Yfh1) was investigated in Bis-Tris 50 mM, KCI 150 mM, @0 by
emission spectrophotometry, microcalorimetry, szelusion chromatography and stopped
flow. The addition Fe(lll) to a solution of (Yfhl)eads to changes in emission spectra
(Figure 1I1.5).
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Figure II1.5: Emission spectra(lex = 280 nm) of (Yfhl) (0.9 uM) at different concentrations of
FeNTA (0 uM to 138 puM), in Bis-Tris 50 mM, KCI 150 mM pH.

Furthermore, a typical thermogram obtained uponatidition of FeNTA to a solution of
(Yfh1), at 25 °C is shown in Figure lIl.6. This titratiamplies that the binding of Féto
(Yfhl)z is an exothermic procesAH = -32 + 4 kJ.mot). The data were curve-fitted using a
model of one set of independent binding sites. fitiag yields 9 + 1 equivalent Fe(lll)
bound to (Yfh1) andKa=4.0 x 16 M,

Time (s)

? 1 OIDD 2 DPD 30‘00 4DIDO SOIOU EDIDO i IJIDD BD‘UU
ST I T Y O L L N L O CGL L AL LI LML . L L L I LI

Corrected Heat Rate (pJ/s)

Normalized Fit (kJ/mol)
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Figure 1l1.6: Raw ITC (top) and binding isotherm datdbottom)for FENTA to yeast frataxin The
red line in the bottom graph shows the simulatetbfthe binding isotherm data. Data were collected
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at 25C, pH 7.0, ionic strength p = 0.2 (50 mM Bis-Td§0 mM KCI).

The solution was afterward injected in a size esiolm chromatography to determine the
oligomeric state of frataxin in the presence of*R&akh et al. 2002). With FeNTA, the
absorption and emission chromatogram of the eluposfile showed two peaks, one of
(Yfh1), and another peak at ~ 60 + 5 kDa, leading to timelasion, that in presence ofFe
(Yfhl1), forms a stable four-subunit complex (equationldl). Figure 111.7). Furthermore, no

complexes of higher molecular weight were observed.

2(yfhl),Fell’ = 2(yfh1), Fell (111.14)
. _ [(rfr)Felll
With Kgim = [(Yfh1),FellT]?
35+ Vv, =7.85mL

% V,=6.86 mL
25—-
20
15

104

Fluorescence intensity (mAU)

Elution volume (mL)

Figure 111.7: Chromatograms of (Yfhl) (Ve = 7.85 mL)in absence(blue) and presencered) of
FeNTA. Mobile phase: 50 mM KiRO;, buffer, pH 7.0, injection and elution rate 1 mbuAmbDetection
by emission spectroscopy (tofak = 280 nm,Aem = 340 nm. Overlaid dash line is the chromatogram
of calibration mixture containing: dimeric bovindbamin (132 kDa), monomeric bovine albumin
(66 kDa), ovalbumin (45 kDa), carbonic anhydrase kPa), lactalbumine (14.2 kDa).

Using microcalorimetry, the dissociation constahttlee complex formed in presence of
FeNTA is determined. Typically, the complex (2.M)uwas injected under stirring in the
calorimeter cell (166 pL) initially containing thmuffer, with a typical injection sequence of
25 x 2ul at 5 min intervals. Dilution of the complex in®iris buffer, pH 7.0, at 25 °C gave
a series of endothermic heat pulses (Figure IITB)s is consistent with the dissociation of
protein oligomers modeled as dimers, with a dinaitm constanKgim of 2.89 x 16 Mt and

a dissociation enthalpyAH) of 4730 kJ.mot.
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Figure 111.8: Raw ITC (left) and dissociation isotherm datgéight) for (Yfhl)sFe" 1sto (YfhlkFe" o.
Data were collected at 2&, pH 7.0, ionic strength p = 0.2 (50 mM Bis-Td§0 mM KCl).

2.2.2. Kinetics of Iron(lll) uptake

When a solution of FeNTA is rapidly mixed with dwgn of (Yfhl) in Bis-Tris buffer, pH
7.0, three kinetic phenomena are observed (Figl/@).1 The first is a monoexponential
increase in fluorescence in the 500 ms range (Eigu®a). It is followed by a second process
which occurs in 50 s as another monoexponentiakase in emission (Figure 111.9b). The
third kinetic process manifests as a decreaseuordscence and lasts about 1000 s (Figure
111.9¢).
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Figure I11.9: Fluorescence intensity variation with time after fast mixing of an (Yfh1) solution

(1 M) with a FeNTA solution(75uM) at pH 7.0, 25.0 °C and ionic strength0.2 (50 mM Bis-Tris,
150 mM KCI).

a) First Kinetic process:

The reciprocal relaxation time associated with tfiist phenomenon depends on3Fe
concentration (Figure 111.10).

24
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) (7
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[FENTA] (M)

Figure 111.10: Plot of (r/*")™ against [FeNTA]at pH 7.0 with [(YfhL] = 1 M and 75M <
[FENTA] <175.M; slope of (11.5 +0.6) x oM™ s*; intercept, 3.4 £0.7°S r = 0.99606.

We ascribe it to the uptake of one*Feequation 111.15).
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FeI”
key

Yfhl + Fe3* = (Yfh1)Fe!!! (111.15)

FeI”
k2%

[(vfh1)Felll]

: Felll _
With K = 7hilFe™

Under our experimental conditions (fFe>[Yfh1]), the reciprocal relaxation time equation

associated with equation I11.15 is expressed astemulll.16:
’[feul)_l — kfeIII[Fe3+] + kf‘im (“|16)

A good linear regression of the experimental rexipl relaxation times against fFeis

obtained (Figure 111.10). From the slope and ingptcof the best linek ™" = (11.5 + 0.5) x
100 Mt st k=34 + 0.7 ¢ and K" =k ™" /kT" = (3.4 £ 0.8) x 16 values are

determined. Thek[*" value is, within the limits of uncertainty, idecdl to that determined

by microcalorimetry for one iron.

b) Second and third kinetic processes:

The second and third processes are independertro&ind frataxin concentrations. They are,
therefore, assumed to be monomolecular reactiarts&sia change in the conformation of the

protein-metal complex.

(r5")™ = (64+5)x107°s™

(zf")! = (332 02)x1073s™

2.3. Copper(ll) binding
2.3.1. Thermodynamics of copper(ll) uptake

The thermodynamic constants of Copper(ll)-frataxirieractions were determined by

emission spectroscopy and microcalorimetry.

Size exclusion chromatography experiments show thatke with Fé*, (Yfhl), does not
oligomerize in the presence of €Figure 111.11).

93



Chapter Ill: Mechanism of metal-frataxin interaciso

fhl1),

Absa 280mm
3

50

40 _-

. ) (1), +4 '
20 _-

10 | (1), +50 '

o -

7 8 10
Elution volunmn (mL)

Figure 1I.11: Chromatograms of (YfhL) (Ve = 7.85 mL)in absenceblack)and presence o€u' at
4:1 (red) or 50:1 (blue) ratio. Mobile phase: 50 mM KiPO, buffer, pH 7.0, injection and elution
rate 1 mL/min. Detection by absorption at 280 nnvelaid dash line is the chromatogram of
calibration mixture containing: dimeric bovine almin (132 kDa), monomeric bovine albumin
(66 kDa), ovalbumin (45 kDa), carbonic anhydrase kPa), lactalbumine (14.2 kDa).

The addition of Ctf to a solution of (Yfh1)leads to a 3 nm red-shift (from 334 to 337 nm)
and to a decrease in the fluorescence emissioar@=ly.12).

0 uM [Cull
200 UM [Cull]

150

100 5.8uM [Cull]

Fluorescence intensity (AU)

wavelength (nm)

Figure I11.12: Emission spectrdte=280 nm)of (Yfh1), (0.12 uM) at different concentration of Cii
(0 uM to 5.8 uM) at pH 7.0, ionic strength p = 6D mM Bis-Tris, 150 mM KCl).

SPECFIT analysis shows two €womplexes form sequentially with (Yfllyvhich allows
the measurement of two affinity constants for eadbunit (equations 111.17 & 18).
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Yfhl + Cu?* = (Yfh1)Cu" (1.17)
(YfRD)Cu! + Cu?* = (Yfh1)CuY (1l1.18)

o curl _ YFRU[CUPY) oy [(YFRDCUM[Cut]
With Kap ™ = [(vfhD)cull]” 42 ™ [(vfh1)cull]

The values of those constants are independent ohpHe 6.5-7.5 pH range. The average

values are: -log5" =6.9 +0.5 and -lof ;" =5.5+0.6.

Using microcalorimetry, the affinity constant offfM). for Ci?* was determined. Typically,

a CU#"* solution (600 pM) was injected under stirring e tcalorimeter cell (166 uL) initially
containing the (Yfhl) solution (120uM), with a typical injection sequence of 25 xl2at

5 min intervals. Analysis of raw signal gave thedyrwamics parameters of reaction between
(Yfh1), and C@* (Figure 111.13).
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Figure 111.13: Raw ITC (top) and binding isotherm datgbottom)for Cu?* to (Yfh1). The black lines
in bottom graphs show the simulated fit to the nigdsotherm data. Data were collected at@5pH
7.0, ionic strength p = 0.2 (50 mM Bis Tris, 150 riKal).

The binding of Cd' to (Yfhl) is an exothermic process, as shown in the ITC raxeat,
AH; = -(28.2 + 0.5) kJ mdl & AH, = -(30 + 4) kJ mot. The data were curve-fitted using a
model of multiple independent binding sites. Theing yields 2.2 £+ 0.5 & 2.4 + 0.3
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equivalent C&" bound to (Yfh1) andKi = (2.0 + 0.5) x 10(logK1 = 7.3) andKz = (3.4 + 0.8)
x 10* (logKz = 4.5), which are within the limits of uncertainigentical to those found
spectrophotometrically.

2.3.2. Kinetics of Copper(ll) uptake

When a solution of (Yfhk)is mixed with a solution of Ctiin Bis-Tris buffer, three kinetic
processes are observed (Figure 111.14). The fgsfast and occurs in the 50 ms range as
exponential decrease of the fluorescence to yidicsiakinetic product (Figure 111.14A). The
latter yields a second kinetic product in a procedsich manifests by a monoexponential
increase in emission occurring in the 200 s rakggu(e 111.14B). These two processes are
followed by a slow kinetic phenomenon which lagiewt 2000 s (Figure 111.14C).
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Figure Il1.14: Fluorescence intensity variation with time after fast mixing of a (Yfh1) solution
(0.5uM) with a solution of(a) and (b) 25«M CuSG at pH 7.3, (c) 200uM CuS@t pH 7.0, 25.0 °C
and ionic strengtlx = 0.2 (50 mM Bis-Tris, 150 mM KCI).
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a) First kinetic process:

The reciprocal relaxation times associated to ftiist phenomenon depend on Tu

concentration, pH, but are independent of [Yfh1].
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Figure 111.15: Plot of (r.*" )™ against [C#*] at seven fixed pH values with [(Yf1F 0.5 M; 25

UM s[Cu?'] £125.M. Inset: Plot of 1/knsagainst [H]; intercept, (3.95+ 0.4)x10°M.s; slope, 2.17
#0.1s;r=0.9947.

Under our experimental conditions ([Yfh1l] <<[€]) and at a fixed pH, there is a linear

relationship between the experimental relaxati(meti(rf””)‘1 and C@* concentration
(Figure 111.15).

This can be expressed by equation 111.19:

. _ 11 11 111.19
@y = kG [Cut] + K (11.19)

We ascribe this first step to the uptake of on& ®y Yfh1 subunit (equation 111.20).

From the slopes and intercepts of the best linegression of* against [C&'] performed at
each of the seven fixed pHs (6.0, 6.2, 6.5, 78, 7.5 and 7.8kiobs andk.1opsare determined
(Table III.2) at each pH valué.i0obs appear to be independent of pH, whereass increase
with pH.
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Chapter Ill: Mechanism of metal-frataxin interaciso

A plot of 1kions against [H]" shows a linear relationship for n = 1 (Inset Feglt.15) . This
leads us to assume that the?Quptake by Yfh1 involves a single proton transfer.

Table 111.2: Apparent rate constanksf;‘,;; andkflfgbs after fast mixing of Cuand (Yfh1) by stopped-
flow.

PH | K§%(sY) | kS%pps (MLsY)

6.0 258+3.1 | (45+0.4)x10
6.2 271+11 | (5.6+0.1)x %0
6.5 26.0+3.0 | (1.1+0.1)x§0
7.0 28.7+28 | (1.6+0.1)x§0

7.3 344+39 | (1.8+0.1)x 0

7.5 47636 | (22+0.1)x %0

7.8 52.7+4.3 | (1.9+0.1)x &0

For this kinetics process, we suggest four possitdehanisms. Mechanisms | and Il involve
the protonation or deprotonation of the complexh®@f*), while mechanisms Il and IV

deal with the protonation/deprotonation of Yfh1.

0] Mechanism I:
k;:.,illl
Yfhl + Cu?*t = {(Yfhl)Cu''} (111.20)
K

{((YFRO)CUW} + H* = (Yfh1)Cu!

. cull _ [Yfhi][cu?t]
With K/ = Wl

K(yfhl)Cu” [{(rrrOcu!T}|x[H*]
a

and T [(rraDcul)

The reciprocal relaxation time associated withledD can be expressed as equation Ill. 21:

[H*]

11 11
TIC% = kICIf X (1 + W
Ka

) [Cu?*] + k] (I1.21)
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Chapter Ill: Mechanism of metal-frataxin interaciso

" cull cu! | Cu” g+
u
k = kr1 W[ | (11.22)

I.1obs —
Equation 111.22 shows a linear relation betwdéﬁ‘:,lbs and [H] concentration, which is not

compatible with the experimental observation (ireddtgure 111.15).

(i) Mechanism II:

kG
Yfhl + Cu?* = {(Yfhl)Cu'"}

cull
Kk -111

(11.23)

{((YfRD)Cu!"} = (YFRI)Cu!! + H*

cull _ [Yfh1][Cu?*] {(rrrnycully _ [(rrnncul]x(Ht
With Kiz {(thl)Cu”} andk, [{(YfhD)Cull}]

The reciprocal relaxation time associated with équalll.23 can be expressed as equation
111.24:

{(vrh)cu!l}
11 11
T =k x| 1 +“[H—+] [Cu?*] + k%, (I11.24)
And: i 1 i {frcud) 1
kICII.llobs = klc}l.ll +k1CIu1 . c{l “ }m (111.25)

Equation 11.25 shows a linear relation betwdéﬁ‘f,’bs and [H]™, which is not compatible

with the experimental observation (inset of figutel5).

(i)  Mechanism Il

Yfhl1+ H" = {Yfhl'}
ki (111.26)
{Yfh1'} + Cu?** = (thl)Cu”

u
k 111

i (fh1) _ [Yfrix[H* cull _ [{rrrt'}[cu?t]
With Kq [{Yfh1}r] andK, [(YfhD)Cull]

The reciprocal relaxation time associated with équalll.26 can be expressed as equation

11.27:
L (KO -1 (1.27)
T1Cu1 = ki1 % <FH—+] + 1) [Cu®*] + kC1111
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Chapter Ill: Mechanism of metal-frataxin interaciso

or cull cull Kéyfhl) -
kiobs = kit X <W + 1)
1 1 KO (111.28)
kCu” = kCu” + kCu” X [H+]

lobs 111.1 111.1

wll

Equation 111.28 shows a linear relation betweékfy,, )~ and [H]?, which is not

compatible with the experimental observation (ireddtgure 111.15).

(iv)  Mechanism IV:

Yfhl = {Yfhl'}+ H*

cul!
kl

{Yfa1'} + Cu*t = (thl)Cu” (111.29)
kf'{"
. (yfh1) _ [{YfridIx[H*] cul! _ [{rrn1'}]lcull]
With K ="mn and Kz* = A

The rate equation associated with equation IlI28xpressed as equation 111.30:

dA[(Yfh1)Cul!
WTADCT _ sy malicus*) — ey airpancar) — (120)
Masse conservation:
A[Yfh1] + A[{YfR1'}] + A[(YfRD)Cu"] = 0 (111.31)
(vfh1) _ [{YFr1nIx[HY] . _ e [HY] )
As K, =y we haveA[Yfhl] = A[{Yfh1'}] W Equation 111.31
becomes:
! [H"] 1
A[{Yfh1'}] 1+W = —A[(Yfh1)Cu"] (11.32)
a

The replacement of equation 111.32 into equatidr80 leads to equation 111.33:

[H*]

KCEthl)

dA[Y fh1CuU] (111.33)

dt

= - (kfu”(1 + Y1Ccu?t] + kfﬁ‘") A[(YfR1)CuM]

The reciprocal relaxation time associated with @qualll.29 can be expressed as equation
111.34:
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Chapter Ill: Mechanism of metal-frataxin interaciso

~ [H*]
R N (R [ R (1:34)
Ka
1
With: z [H]
Kions = k£ (1 + oD (11:35)
a
1 1 1
Or: = +
e = e +kfu”.1<§”h” [H™] (111.36)

Equation 111.36 expresses a linear relationshiwvbeh(kfgég ~1land [H7] (inset of figure II.
15).

Furthermore, Yfhl emission spectra depend on phkshasvn in Figure I11.16. SPECFIT
analysis of these spectra allowed the determinaifaime protodissociation constan4=
6.7 £0.1.

pH = 7.48

Fluorescence intensity (AU)

T T T T T T T T
320 340 360 380 400
wavelength (nm)

Figure 111.16: Emission spectrglex= 280 nm)of (Yfhl), (0.12 uM) at different pH valuesind p =
0.2 (Bis-Tris 50 mM, KCI 150 mM) at 25 °C.

From the slope and intercept of the best line efitiset of Figure I11.15k™" = (2.5 £ 0.2) x

10° M1 st Ka= (1.8 +0.3) x 13 M values are determined. The latter is, within lthéts of

uncertainty, identical to the one determined bprfscence titration (Figure 111.16).

With Ka known, a linear regression of all experimentahdattdifferent pH and [Cij values

against equation 111.34 is obtained (Figure IIL1R™ = (2.7+ 0.1) x 16 M s? was

confirmed within the experimental uncertainty, akd" = 30.4 + 2.1 $ is determined from
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Chapter Ill: Mechanism of metal-frataxin interaciso

the intercept of the best regression line of Figlkd7. This allows the measurement of

K =k /kS" = 8.9 x 16 M™.

0 T T T T T T T T T T T
0,0 2,0x10°  4,0x10°  6,0x10°  8,0x10°  1,0x10"

[CU™IXK /(K +[H']) (M)

Figure 111.17: Plot of (r>*")™ against [C#']x Kd/(Ka+[H™]); intercept of 30.4 +2.1°% slope (2.7 +

1

0.05) x 16M™.s*; r = 0.98934.

b) Second kinetic process:

The reciprocal relaxation times related to the sdgohenomenon (Figure 1ll.14b) depend on
Cu?* concentration and pH. We therefore, assumed tmatuptake of a second €uis
followed by structural conformation change thae+lnits a proton transfer (equation 111.37-
38):

(YfhD)Cu' + Cu?t = {(Yfh1)Cull} (11.37)
kgu"
(YFRDCUYY = (YFRDCWY + HY (111.38)
kflzl"
L _ [yrhalfcu?t] | _ [rrrycul[cu?t] _ [rryculynat)
with: Kay = [(vfrOCull] * 792 7 [(vfr1)Cul] andK,; = [(Yfr1)cull]
A[(YfR1)Cu'!] A[(YFh1)Cul] (111.39)
A[(thl)] = Kdl [Cu2+] = Rg18q2 [Cu2+]2
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Chapter Ill: Mechanism of metal-frataxin interaciso

A[(YFhD)Cull] (111.40)
[Cu?*]

A[(YFRDCU'] = Ky

The rate equation associated with equation IlIs38ipressed as equation 111.41:

dA[{(Yfh1)Cull}] " " ) (11.41)
R g ALY FRY) Cull] - kY HHALY fRD Y]
The conservation mass allows us to write:
A[(Yfh1)] + A[(Yfh1)Cu™] + A[(Yfh1D)Cull] + A[{(YfRDCul'}] = 0 (11.42)
which leads to equation 111.43:
A[(Yfh1)Cull A[(Yfh1)Cull (11.43)
= —A[{(Yfh1)Cuy'}']
K, Ki1K 4 (11.44)
1 — 11
ALY FRDCulY] = (1 T Cu2+]2) ALY fRD)Cul]
From equation 111.44 and equation Il.41, we ob&alrequation 111.45:
A RCY] | (. Ke | KaKo\™ o, , (111.45)
P = — kS <1+[Cu2+] [Cu2+]2) + kS [HH][A[{(YfR1)Cul/}]

The reciprocal relaxation time associated with ¢équall.38 is expressed as equation 111.46

K Kgj Ko\t (11.46)
cut _ cul daz d1tdaz cull
'l = pgu (1+[ T Cu2+]2) + kS [HY]
Tgu” [Cu2+]2 (”|47)

_ g,cull cul!
= k& + k25

[H*] [H*]. ([Cu?*]? + Kap[Cu?*] + Kq1Kaz)

With K5" =1/Ky = 5x108 ML, and K5y = 2.94x16 M2, determined earlier by ITC, the plot
of the experimental data related to equation lligtiinear (Figure 111.18). From the slope of

the best line, we determine;" = 0.141 + 0.004 M s™.
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7x10° 7

6x10°

5x10°

4x10°

T H

3x10°
2x10°

1x10°

T T T T T
0 1x10’ 2x10’ 3x10” 4x10" 5x10"
[Cu'PHHIX(K K, + K [Cu'] + [Cu'T}

d1l “d2

Figure 111.18: Plot of /[H*] against [CUE*¥{[H *x(KaixKaz + Ka2x[Cu?*] + [Cu?9)}; intercept of (-
4.8 +0.8) x 16s, slope 0.114 +0.003 Ms*; r = 0.97003.

¢) Third kinetic process:

The third kinetic process (Figure l11.14c) seemsb® independent of our experimental

parameters. It is therefore assumed to be a malecehction, such as a conformational

change,(r{")™ = 12+ 03)x107°%s™,

2.4. Copper(l) binding
2.4.1. Thermodynamics of copper(l) uptake

The Cu donor to (Yfh1) used in our experiment is the '@&SH) complex. The synthesis of
this complex and titration of Cu(l) were previoudkgscribed (Ciriolo et al. 1990, Hanna et al.
1988).

The binding of (Yfhl) with Cu(GSH) was first investigated by size exclusion
chromatography (Figure 111.19a). When one equivaleh Cu(GSH) is mixed with one
equivalent of (Yfh1l) the chromatogram does not show any peaks corrdsmpto Cu(GSH)
or GSH. This indicates that the reaction betweefnl) and Cu(GSH) is not a Cu(l)
exchange. Indeed, such an exchange should rele@kk i the medium. We, therefore,
assume that we are dealing with an interaction éetwCu(GSH) and the protein. On the

other hand, when one to ten equivalents of GSHraxed with one equivalent of (Yfhi)we
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Chapter Ill: Mechanism of metal-frataxin interaciso

do not observe any significant change in the etugieak of GSH (Figure 111.19b). This result

suggests that there is no specific interaction betw(Yfh1) and reduced glutathion.

120

—— GSH 150uM
u
60
100 [ ]
_ 50 b .
2
— 80 ]
£ 4
£ 40 X n
g ~
@
O 30
IS 2 60
N <
©
S 20 % e
8 8
=3 40
S 10 =
§ R
0 L o
X 204
-10 4
T T T T T T T °
7,0 75 8,0 85 9,0 95 100 105 0+
Elution volume (mL) T T T T T T T T T T T
0,0 0,2 04 0,6 0,8 1,0

Molar ratio Yfh1/GSH or Yfh1/CuGSH

Figure I11.19: (a) Chromatograms of Cu(GSH)75 pM in the absencdred), or in the presence of
(Yfhl), 75 uM (blue); GSH 150 uM (black). Inset: zoom-in elution volume correspogdito
GSSG/GSH at pH 7.0. Mobile phase: 50 mMR®, buffer, pH 7.0, elution rate 1 mL/min. Detection
by UV-visible absorbance at= 270 nm. (b)Relative area under curve of GSH peaks (black sjuar
and Cu(GSH)peaks (red circle) in function of molar ratio betwwwn Yfh1l/GSH or Yfh1/Cu(GSH)

Furthermore, under anaerobic conditions, at pHtA®addition of Cu(GSH)o a solution of
(Yfhl)2 leads to a decrease in the fluorescence emissioonmganied by a 2 nm red-shift
(from 334 to 336 nm) (Figure 111.20). When the flascence intensity is plotted against the
ratio of [Cu(GSH)J/[Yfh1] (Inset of Figure 111.20), two linear secis are observed. The
firest line occurs for & [Cu(GSHY)/[(Yfh1)2] < 2, whereas the second occurs above the ratio

of 2 metals per (Yfhk)with, howevera lower slope.
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Figure 111.20: (a) Emission spectrdlex= 280 nm)of (Yfhl), (0.24 uM)at different concentration of
Cu(GSH)» (0 uM to 4.8 puM), at pH 7.0, ionic strength p 2 @0 mM Bis-Tris, 150 mM KCI); (b)
Intensity fluorescence of (Yfhk)at iem= 334 nm in function of molar ratio [Cu(GSH}/[(Yfh1)].
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This implies the formation of one complex with sttometry of 2 Cu(GSH)per (Yfhl)
(equation 111.48). SPECFIT analysis allows the d®ieation of the dissociation constant of

the Cu-Yfh1 subunit complex (equation 111.49), -6 = 7.5 + 0.5. The same experiments

were repeated in the presence of 1.5 mM GSH, amtiffatent pHs (6.5 < pH < 7.8). The
dissociation constants were identical to that messsat pH 7.0.

Yfhl+ Cu(GSH) ~—= (Yfh)Cu(GSH) (111.48)
- cul _ [Cu(GSH),1[YFR1]
With K = e S (111.49)

2.4.2. Kinetics of Copper(l) uptake

When a solution of (Yfhk)is mixed with a solution of Cu(GSH)n Bis-Tris buffer, three

kinetic processes are observed (Figure 111.21). Tirt appears as a monoexponential
increase in the fluorescence intensity occuringh@ 500 ms range (Figure lll.21a). The
second kinetic process occurs in the 20 s rangenagnoexponential increase in the emission

(Figure 111.21b). Finally, the last process is avelkinetic phenomenon which lasts about
3000 s (Figure lll. 21c).
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Figure 111.21: Fluorescence intensity variation with time afterfast mixing of a (Yfh1) solution (1

#M) with a solution of 2QuM Cu(GSH), at pH 7.0, at pH 7.0, 25.0 °C and ionic strength 0.2 (50
mM Bis-Tris, 150 mM KCI).

a) First kinetic process:

The experimental reciprocal relaxation times relate the first process (Figure Ill.21a)
depend on Cu(GSHYxoncentration. They grow linearly with the ‘Gzoncentration to reach a
plateau above [Cu(GSH)= 75uM (Figure 111.22).
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Figure [11.22: Plot of (rf“’)‘l against [Cu(GSH)] at pH 7.0 and T= 25°Clinset: Plot of(rf”l)‘1

against [Cu(GSHJ/([Cu(GSH)] + K withKS*' = 35 uM; slope, 10.8 + 0.8 intercept, 5.8 +
0.5 s% r = 0.98418.
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As for F&*, we assumed that this phenomenon is the uptakdiaft Cu(GSH)followed by a
monomolecular reaction (equation 111.50-51).

(Yfhl)+ Cu" =—— {(Yfh1)CU} (11.50)
kCuI
{(Yfh1)Cl} —= (Yfh1)Clu (11.51)
k_CluI
: : . ul _ [(YfrOCul] culn _ lraDcu!] k¥
With an overall dissociation constant*/ = rhtlic] and(K;"*)' = o )] — KO

The reciprocal relaxation time equation associatgd equation Ill. 51 can be expressed as

equation Ill. 52:

Culy-1 _ kicu'[CU+] +|Cul

(n, SCuTeKe T (111.52)

Varying K'from 1 to 100 pM with aA K™ step of 5 uM shows thahe best linear
regression of(r")™ against{Cu']/( K;*'+ [Cu']) is obtained forK ™ = 35 + 5 uM (Inset
Figure 111.22). From the slope and intercegf," = 10.8 + 0.8 %, k5'=5.8 + 0.5 g and

(K')'=1.9 + 0.3 are determined.

b) Second and third kinetic processes

These 24 and 3 processes (Figure 111.21b & c) are independer€@fGSH) concentrations.
They are, therefore, assumed to be monomolecutatioms, which may imply changes in

conformation.

St = (2.8+0.3) x 10 sTand (r$")* = (1.6 + 0.7) x 16 s,

2.5. Manganese (Il) and zinc (I1) binding

As the others metals, the addition of Mn(ll) or Enfo a solution of (Yfhl) leads to the

decrease of fluorescence emission intensity.

Manganese
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250+
[MNll] = opMm

Huorescence intensity (AU)

wavelength (nm)

Figure 111.23: Emission spectra(le=280 nm) of (Yfhl), (0.12 uM) at different concentration of
Mn?* (0 uM to 3.3 uM) at pH 7.0, ionic strength p = (59 mM Bis-Tris, 150 mM KCI).

SPECFIT analysis shows that two Mrcomplexes form sequentially with (Yfrlyvhich
allows the measurement of two affinity constantsefach subunit (equations 111.53 and 54).

(YThDz + Mn2* <= (YfhD).Mn" (I11.53)
(YfhDMn" + M2t <—= (YfhD)Mn'', (I11.54)

With —logKM™" = 7.4 + 0.1 and—logKM""' = 6.4 + 0.2

Zinc

SPECFIT analysis shows that two?Zrcomplexes form sequentially with (Yfhljvhich
allows the measurement of two affinity constantsdach subunit—longZ{l" = 58+0.2

and—logKM"" = 6.1 + 0.1 (equation 111.55 & 56).
(YfhDz + Zr?* —= (YfhDzn (111.55)

(YfhDozn' + Zre* =—— (YfhDazn'', (111.56)
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800 - [Znll] =0 uM

[Znil] =6.1 .M

intensity (AL)
;
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Figure 111.24: Emission spectrdte=280 nm)of (Yfh1), (0.12 uM)at different concentration oZn**
(O uM to 6.1 uM) at pH 6.5, ionic strength u = (8D mM Bis-Tris, 150 mM KCI pH 6.8).
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3. Discussion
3.1. Metal-Yfhl interaction

In this chapter, we investigated the uptake by tyrataxin (Yfh1l)» of some of the important
metals involved in the metabolism and present itochiondria, such as fH&€"; Cu/Cu";
Mn" and zd. Yfh1 binds these metals forming complexes witksdciation constants in the
micromolar range (Table 111.3). In the presencd-e{lll), (Yfh1l), forms an oligomer, with a
dissociation constant of 1.8 uM, whereas it dogswith Cu(l) or Cu(ll) (Figure IIl.7 &11).
By ITC, we showed that (Yfhi)nteracts with 8 to 10 Fe(lll), this metal-bindingluces the
formation of a four subunits complex. No other otigeric form was observed under our
experimental conditions, whereas Isaya’s groupatiedea trimer and a 24-mer at high Fe(ll)
concentration, and after iron oxidation (Adamecakt2000, Soderberg et al. 2013). The
physiological function of this oligomer is uncleagvertheless, it was assumed to be an iron
donor to Fe-S cluster biosynthesis or to play a noliron storage (Vaubel and Isaya 2013).

Frataxin has an acidic ridge that covers almosuartgr of its surface. This area seems
essential for its physiological function. On Yflilhe exposed acidic residues are localized on
the al helix and thegl strand, and are semi-conserved between the ehtfepecies (D78,
D86, E89, E90, and D101 — Figure IIl.25). The aitlus work was to investigate the
eventual specificity iron- binding to frataxin. Weeave studied the thermodynamics and
kinetics of the interactions of yeast frataxin wke(ll), Fe(lll), Cu(l) and Cu(ll) by fast
kinetic technics, microcalorimetry, emission speghotometry and size exclusion
chromatography. The bioavailable metal pools inoofibndria mainly contain iron, zinc,
copper and manganese (Atkinson and Winge 2009, MuiCk et al. 2015). These metals are
weakly complexed by low molecular ligands. In yeasttochondria, they are at the
concentration of ~ 90 uM for Fe complex, ~ 16 pMtlee dominant copper species, ~ 2 uM
for Mn and ~ 110 uM for Zn (McCormick et al. 2018)n the other hand, in mitochondria the
number of yeast frataxin units was estimated toy iaom 200 to 1500, which implies
concentrations in the uM range (0.4 to 60 uM) (Segtial. 2009).
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@

Figure 111.25: The iron-binding residues(rose) with numbering refers to Yfhl are indicated on
secondary structural{Cook et al. 2006, Foury et al. 2007). Yfhl stuoetpresents as (a) space-filled
(b) ribbon.

We confirmed by fluorescence that yeast frataxmdbiFe(ll), with dissociation constants
values of 2.5 x 10 M for the (Yfh)Fe' complex and 1.6 x TOM for the second complex
(YfhD)F€',. The average dissociation constant for one irponted for one subunit of frataxin
is 2 uM, which is close to the Kd values previouslynd for Yfh1l by Cook et al. (3 and 2
uM) and for CyaY by Bou-Abdallah et al. (~ 4uM) (@ébdallah et al. 2004, Cook et al.
2006). In this work, we investigated the role @it&xin in copper homeostasis and focused on
the Cu-Yfhl interaction. Indeed, Seguin et al. skdvhat the copper added in the growth
medium was more toxitor AYfhl cells than for wild type cells (Seguin et al. 2010). We
showed here that (Yfhd)nteracts with Cu(ll) and Cu(l), with higher afiiles than Fe(ll)
(Table I1.3).

Table 11.3: Comparison of dissociation constant§ metal-Yfhl complexes determined by
spectrophotometry, at pH 7.0 and at 25 °C

Metals -logKd1 -logKdz
(= 6.6 +0.2 48+0.3
Cu' 6.9+0.3 55+0.3
Cu 75+0.3 -
Mn'" 7.4+0.1 6.4+0.2
zZn" 5.8+0.2 6.1+0.1
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The formation of complexes between Cu(ll) ankfth@)., are shown to be enthalpically
privileged (AH < 0, Figure 12). This negative value of thethalpy indicates coordination
bonds and/or electrostatic interactions betweenlCagd residues of the protein. As for
Fe(ll), Yfhl presents two independent binding sitasCu(ll). The affinity constants in the
first complex ¥fth)M and in the second on&fHh)M> are higher for Cu(ll) than for Fe(ll).
But the highest affinity found is for the complearmhed betweer¥thl subunit and one
Cu(GSH) (~ 10°> M). Copper is essential for respiratory, metabold atress response
enzymes. Redox cycling between Cu(ll) and Cu(l)detion states is a fundamental
requirement for single electron transfer reactions copper-containing proteins. In
mitochondria, the two main copper enzymes are tytoone c oxidase, the last electron
acceptor in the respiratory chain, and superoxigengtase 1, a copper-zinc enzyme involved
in oxidative stress. In a Fenton-like reaction, [Cgénerates reactive oxygen species which
can damage cell components. To avoid radical faamatopper transfer occuvsa a direct
protein-protein interaction between copper enzyied copper chaperones (Robinson and
Winge 2010, Rosenzweig and O'Halloran 2000). Tipesteins present similar—3 sandwich
structures that are also observed in frataxin. l@nother hand, frataxin does not possess the
conserved CXXC motif involved in Cu(l) binding ihe copper chaperones. Nevertheless, in
addition to the negatively charged residues of Yitmdre are four histidine (H74, H83, H95
and H106), and a cysteine (C98) (Figure 111.27) akihare well-known to be Cu(ll) and Cu(l)

ligands, respectively, and which may improve thelaton to frataxin.

(@) (b)

HIS 10€
"\

Figure I11.26: In addition to iron-binding residues(rose) four histidines (blue) and a cysteine
(green)are also found near ofd1/#1) interface.The residues are indicated with numbering refers t
Yfhl. Yfhl structure presents as (a) ribbon (ckepiled.
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3.2. Role of glutathion

Cu(l) used in our experiment is the '@ESH) complex. Reduced glutathione is the most
abundant non-protein thiol-molecules in cells.dhtibutes to thiol redox-control and plays a
role in iron metabolism in cytoplasm and mitochoeadGostimskaya and Grant 2016, Kumar
et al. 2011, Toledano et al. 2013). The intracatlgbncentration of GSH varies from 2 to 10
mM and may form a stable complex with labile Cy@sterberg et al. 1979). We show by
size exclusion chromatography that (Yfhijteracts with the entire QGSH) complex, but
not with GSH alone (Figure 111.19 a & b). Furthemapthe presence of GSH in the medium
has no effect on the dissociation constant valaesdth Cu(l) and Fe(ll)-frataxin complexes
(Table I11.1). In cytoplasm, Fe(ll)-GSH is the darant component of the iron labile pool and
provides iron to mitochondrion for heme and iroifftgucluster maturation (Hider and Kong
2011). In addition, in depleted Yfhl cells, ironcamulates in mitochondria, leading to an
increased GSH flux or a decrease in glutathion@gxXBulteau et al. 2012). Glutathione can
coordinate and stabilize [E®] iron-sufur centers (Qi et al. 2012). Howevergiaotaredoxin,
GSH ligands are unstable and can be exchangedfneghGSH, which inhibits Fe-S cluster
transfer to ferredoxin (Wang et al. 2012). Frataxninvolved in Fe-S cluster (ISC)
biosynthesis, it interacts with the Fe-S clustercin@ery composed by the cysteine
desulfurase Nfsl, its activator Isd11 and scaffolotein Isul. Nevertheless, the role of Yfhl
in the Fe-S cluster biosynthesis is still unclées frataxin is an iron-binding protein and as it
interacts with Isul, it was first thought to progidon to the Fe-S cluster (Stemmler et al.
2010). Yoonet al. showed that a single mutation (M1071) in Isul ioyas the Fe-S cluster
enzymatic activities in Yfhl-depleted cells, impigi that frataxin plays a minor role as an
iron donor (Yoon H. et al. 2015, Yoon H. et al. 2R1Recently, frataxin was suggested to be
an allosteric effector of the ISC complex: the bael ortholog frataxin CyaY strengthens the
interaction between desulfurase and scaffold pmetei bacteria (Prischi et al. 2010); Yfhl
stimulates binding of cysteine to Nfsl, by induciexposure of substrate-binding site and
enhances the Nfsl activity (Pandey et al. 2013,nYéb et al. 2014) (Figure 111.28).
Moreover, human frataxin increases the rate of ytkals formation on human scaffold
protein (IscU) and of sulfur transfer from Nfsl qdfide to IscU or to small thiols such as
cysteine or glutathione (Parent et al. 2015) (Fegur29).
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Substrate

Cys—SH
SH
.PLP—Cys—
Change # 1 263 g+ ¥
Nfs1 Yfh1 binding Yfhi
_
]
o)
3850ys — 385 ve —
263y Cys —SH Cys —SH
Change # 2
SH
s
Isd11
Persulfide SH
2 formaﬂon PLP Cys 7,
385Cys — SG

EGELYS
263 g Yth1 Isd11

Figure 111.28: Model for two-tier regulation of persulfide form@on by Nfsl The enzyme Nfsl is
shown by a green line. The Lys263 residue of tsé Blibstrate-binding site forms a Schiff base with
the cofactor pyridoxal phosphate. Nfsl by itse#fficiently binds the substrate cysteine (Cys-SH,
sulfur indicated in red). Frataxin/Yfhl interactstivNfsl, inducing a conformational change in the
enzyme (Change #1) and exposing new sites with6ByRBPP, now able to efficiently bind the
substrate cysteine. Isd11 then interacts with N¥ih substrate cysteine already bound, inducing a
second conformational change (Change #2), and bringhe substrate cysteine (red sulfur) into
proximity to the Cys385 (sulfur indicated in blirethe peptide backbone of the Nfsl active sitp.loo
A nucleophilic attack by the thiolate anion of h&tive site Cys385 extracts the —SH group of the

substrate, forming a covalent persulfide (Nfs1-§¢Bahdey et al. 2013).
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Figure 111.29: In the presence of frataxin, the rates of two remxts are enhanceda) sulfur transfer
to ISCU and (b) sulfur transfer to free thiol-coimiag molecules (RSH) such as L-cysteine and GSH.

The rate constants are indicated (Parent et al.5)01
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Yeast frataxin presents a high affinity for Cu(Gghiyhereas it cannot bind GSH. The role of
this Yfh1l-(Cu(GSH)) complex is unknown, we can nevertheless, empbaseveral
proposals: (i) copper may help the approach of GBtie ISC complexia frataxin; (ii) Cul-
Yfhl can increase the rate of persulfide formatiwnincrease the interaction between the
proteins of the ISC machinery. To confirm thesediljpses some additional experimeants

required.

3.3. Kinetic of metal-uptake by yeast frataxin

We report in this chapter the mechanisms of magitdke by yeast frataxin (Table 111.4). For
all the studied metals, we observe at least threetiks steps. The first phenomena
correspond to the uptake of a first cation andfasg they occur in 50 to 500 ms. For Fe(ll)
and Cu(l), the experimental reciprocal relaxationes related to these first kinetic steps
increase with metal concentration to reach a plaigagure 1.3 & Ill. 22). As already
described, this implies a fast uptake of a catmloWed by a monomolecular reaction, such
as a conformational change (Table IIl.4) (Eid et 2014, Pilotelle-Bunner et al. 2009,
Thompson et al. 2011). The equilibrium constanisted to these changes in conformation
are identical for both metals. These first stepsfallowed by two other kinetics steps. For
Fe(ll), the second step corresponds to the uptikesecond iron and the third to a change of
the conformation which may stabilize the iron-Yfbdmplex. As (Yfh1l) can complex only
one Cu(GSH) the second and third kinetic phenomena corresponagnonomolecular
reactions. On the other hand, a first Cu(ll) isalkph by a deprotonated form of Yfhl. The
pKa value of this acid-base reaction is 6.7 = OTlab{e 11.5), which may imply the
deprotonation of a histidine residue. Indeed, atdhidic surface, there are three histidines
(H74, H83 and H95) which may be involved in Cuf{fhiferaction.

This work revisited the formation of complexes betw iron and frataxin and determined the
mechanism these interactions. In addition, we igated the copper-frataxin interaction and,
confirmed that frataxin does not specifically bingh. The best affinity constant found is for
Cu(GSH}». Nevertheless, the role of the (Yfh1l)-Cu(Gglddpmplex is unknown and further
experiments should be performed to determine itgoluement in the Fe-S cluster
biosynthesis or in the protection against oxidasiress.
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Table II.4: Metal uptake by Yfhl

Reaction

Direct rate constant

Reverse rate constant

Equilidbum constant

Fell uptake

Yfhl + Fé* — {(Yfh1)Fe'} (3) 200 + 10 pM
{(Yfh1)Fe'} —— (Yfhl) (4) 23+ 1's 11.5+0.7 % 2.0+0.1
(Yfhl)Fe' + F&* — (Yfh1)F€', (5) (1.15+0.04) xAMts! | (9.9+1.3)x 1Gs? 86 +5 uM
Felll uptake

Yfhl + Fé* —— (Yfh1)Fé€" 9) (11.5 +0.5) x1? st 34+07% 3.4x1d

Cull uptake

YthT ——  (Yfhl) +H (14) (1.8 £0.3) x°10
(Yfhl) + Cu?* — (Yfh1)CU' (15) (2.7+0.1) xaAmt st 304+217% 8.9x 1 M1
(Yfh1)Cu'+ C* —— ((Yfh1)Cu'y) (17)

((Yfh1)Cu';y =—=(Yfh1)Cu",+ H* (18) 0.114 + 0.003 #s?

Cu(GSH). uptake

Yfhl + Cu” =— {(Yfh1)Cu'} (22) 35+5 M
{(Yfh1)Cu'} =—=(Yfh1)CU' (23) 10.8+0.8s 58+058% 1.9+0.3
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CHAPTER IV: INTERACTIONS OF FRATAXIN WITH PROTEINS
INVOLVED IN ANTI OXIDATIVE STRESS AND EFFECTS OF
FRATAXIN ON THEIR ACTIVITY

1. Introduction

In mitochondria, 1-2 % of the molecular oxygen @erted to superoxide anion by the
uptake of an electron leaking from the oxidativeghorylation (OXPHOS). Complex I, IlI
and possibly succinate dehydrogenase (SDH) are eaoBidered to be key sites of
superoxide anion © formation (Figure IV.1A). This free radical is highreactive with
transition metal which are found in the cofactofsrultiple mitochondrial proteins. In the
dysregulating state of 0, metalloproteins such as [Fe-S] proteins are ambegdamage
targets. Superoxide dismutase (SODs) scavenydydisproportioning it into ®@and HO>
(equations IV.1 &2).

M™DSOD + @~ — M™-SOD + Q (IV.1)
M"™-SOD + Q" + 2H" - M™D.SOD + HO; (IV.2)

20" + 2H — Oz + H202

(*) M= Cu, Mn, Fe, Ni

A _ B

cytoplasm

cytoplasm

intermembrane space

P>, 40 . horx 1o
GSHIGSSG

YosHossa

Figure IV.1: Schematic representation showing mitochondriat"Oproduction in normal and in FA
cells. A) Physiological @ production is thought to occur at respiratory cdexes | and Il in the
mitochondrial matrix and in the intermembrane spadest matrix-generated 2. is broken down
by the GSH-dependent enzyme systems, althoughoa frdntion may enter the cytoplasm from the
mitochondrial intermembrane space due to the preseari CuzZnSOD (yellow circles in complexes I,
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Ill, and SDH show enzymes containing Fe-S clust&g)n FA cells, Fe-S complexes are thought to
be defective, and O production may be increased significantly bothcamplex | and complex lli
and probably at the SDH. The altered GSH redoxustat FA cells may result in increased levels of
H>0O,, which can diffuse into the cytoplasm of the @&linstrong et al. 2010)

The importance of oxidative stress in FA was unstareated for a while by the fact that
frataxin plays an explicit role in Fe-S cluster easbly. Its deficit is associated with the
reduced activity of complexes I, lll and SDH, tHgrehe increase of ROS/RNS production
(Figure 1V.1B). Indeed, a nearly double overproductof mitochondrial superoxide anion
was observed in FA lymphoblast (Napoli et al. 20@®6)d in depleted frataxin yeast (Kim et
al. 2009), NO overproduction was also observedfimlYleletion model (Martin et al. 2009).
We already summarized the evidences of oxidatiesstsigns in FA model in chapter | (see
1.2.2.2). The oxidized proteins accumulation, DN dipids damages by ROS found in FA
models are at first regarded as the secondarytefédédrataxin deficiency, after Fe-S cluster
deficit and mitochondrial iron accumulation. Howevimdependent reports do not support
this hypothesis. A time-resolved functional anaysn mammalian model revealed that a full
depletion of frataxin induced a massive increadR@$ production before iron accumulation.
Tamarit’s studies reported that oxidative stress loa observed without deficiency in iron-
sulfur clusters (Tamarit et al. 2016). Indeed, yeast model, the authors have observed signs
of oxidative stress long before iron-sulfur defiag (Moreno-Cermeno et al. 2010).
Moreover, the over-expression of frataxin in diffietr models from yeast to mammalian leads
to the reduction of Fe-S enzymes activity but iases cellular antioxidant defenses (Seguin
et al. 2009), (Runko et al. 2008),(Shoichet e2@02).

Proteomics analysis @fYfhlrevealed that these cells displayed the inductiqura@teins that
are involved in antioxidant defense, including MiEB3@S0D2) and CuzZnSOD (SOD1).
However, their activities are reduced. The cytas®0DD1 was reported to be damaged by
oxidative stress while SOD?2 is inactivated becaafsthe dysregulation of iron metabolism
within mitochondria (Irazusta et al. 2006) (Irazust al. 2010) (Yang et al. 2006). Another
study reported that normal SOD2 up-regulation thtle occur in FA fibroblast exposed to
iron (Jiralerspong et al. 2001). Nevertheless, isirSOD2 mimetic (MNTBAP) and SOD1
overexpression on the murine FA cardiomyopathy dussextend significantly life span
(Seznec et al. 2005). In the point of view of théhars the dismutation of Oby SODs is not
supposed to be favored in FA disease because éraes hydrogen peroxide. This reactive

122



Chapter IV: Interactions of frataxin with proteimsolved in anti oxidative
stress and effects of frataxin on their activity

specie together with the over-accumulation of nemiin iron in mitochondria emphasizes

the oxidative stresda Fenton reaction.

In this work, to investigate the participation dfhY in the protection against oxidative stress,
we analyzed the functional relationship betweenlYdimd the proteins which play essential
roles in regulation of the reactive species in ohittndria: superoxide dismutases SOD1,
SOD2 which defense against oxidative stress, andl¥Ylhe yeast flavohemoglobin — a
protein responsible for protection from nitrosatseess.

1.1. CuZn-superoxide dismutase (SOD1)

Copper and zinc dependent superoxide dismutase 1p@Dgenerally acknowledged as a
cytosolic enzyme, a minor fraction (less than 5 &6) total SOD1 localizes in the
mitochondrial intermembrane space (IMS). In hunfa®@D1 is encoded by tifeOD1gene
which resides on chromosome 21922. The encodedugirasl a 17 kDa peptide that must
undergo a range of post-translational modificatiméuding the formation of intramolecular
disulfide bonds, the binding of Zn and Cu metal (ometallation) and a dimerization step.
Despite the lack of a N-terminal mitochondrial &tigg sequence, a small amount of
unfolded SOD1 might enter mitochondria after thanstationvia transporter of outer

mitochondrial membrane (OMM).

Eukaryotic SOD1 is highly conserved in quaternamucture composed by two identical
subunits. Each subunit folds into a “Greek-keyarkel with eight antiparallep-strands
(Figure 1V.2). Intra-subunit disulfide bonds lo@inearby the dimer interface that stabilize
both the subunit fold and the dimer stability. Gul &n sites are positioned outside the barrel.
The copper ion, bound to histidine residues H463,H463, and H120, is at the center of the
catalysis reaction. Zinc, coordinated to H63, HABO, and D83, does not participate in
catalytic process, but plays a structural roletlieractive site of the enzyme. H63 is the bridge
of the two metals. Electrostatic loop (blue helixjdes and accelerates the substrateeBtry
into the active site (Tafuri et al. 2015), and istestrains selectively prevent the access of
bigger anions than superoxyde, such as phosphate.
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Figure IV.2:Human SOD1 structure withz-barrel folding (Perry et al. 2010).

Importantly, only unfolded SOD1 is imported into 8MIn IMS, SODL1 is trapped by copper
chaperone for SOD1 (CCS1) to kick-off the foldingogess with the disulfide bridge
formation by a transient CCS1-SOD1 intermoleculeuldide link; also, during the two
molecules docking, copper is transferred from C@5$50OD1. Whether copper transfer and
S-S formation are concurrent or sequential is nuwn, both of CCS1 and SOD1 are
imported into IMS as apo-proteins. The copper sodor SOD1 metallation is likely from
mitochondrial copper pool. The mechanism and corapts proteins involved in copper
trafficking across mitochondrial membrane as waslltansfer from matrix to IMS are still

open questions (Kawamata and Manfredi 2010).

SOD1 works through a so-called “ping pong” mechan{&igure 1V.3, equations 1V.3 & 4)
in which the first reacting superoxide reducesdbfactor Cd at the active site, depositing an
electron and leaving as molecular oxygen. The skceacting superoxide then accepts an
electron from the reduced Cto become hydrogen peroxide (HOOH) and leavingGh&
and ready to accept another electron, thus compgléte cycle.
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Figure IV.3: Catalytic cycle of SOD{Abreu and Cabelli , Hitchler and Domann 2014)
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Catalvtic cycle reactions:
CW'Zn?*SOD + Q= — Cu'Zn**-SOD + Q (IV.3)
Cu'Zn?*-SOD + Q" + (2H") — CU*Zn?*-SOD + HO> (IV.4)

1.2. Manganese superoxide dismutase (SOD2)

Superoxide dismutation in mitochondria is catalyzeg SOD2. In prokaryote and
chloroplasts, there is also FeSOD which is cleagifn the same family with SOD2 as they
are closely related with regard to three-dimendisteucture and amino acid sequence
(Bafana et al. 2011). SOD2 is homodimeric or tegamenzyme that contains one metal
atom per subunit. It is encoded BDD2 gene located on thé"6chromosome. Complete
knockout of SOD2 gene expression causes early death in mouse (lal.e1995) and
Drosophilamodels (Duttaroy et al. 2003). Among human, yeasiE. coli, SOD?2 is a highly
conserved protein with 40 % sequence homology (&srmohd Li 2014). Each monomer is
translated as a 223 amino acids peptide contamingtochondrial targeting sequence. Once
being within mitochondrial matrix, the targetinggsence is clipped off, leaving a 22 kDa
monomer, which later incorporates a ¥irion. Metal activation of SOD2 occurs in the
mitochondria and only with newly synthesized peptiCulotta et al. 2006). The metal
chaperone for SOD2 — manganese incorporationlisisinown. Proper manganese loading
into SOD2 depends on several proteins, such as2 Smén essential transporter to the
delivery of Mn to the mitochondrial matrix, and Mtm a member of the mitochondrial
carrier family of transporters (Whittaker 2010) (lleet al. 2009).

SOD2 subunit contains a C-termir@3 domain with fivea-helix and three antiparall§-
strands, and a N-terminal domain which mediatesntibétimerization. The active site of
SOD2 is located between these two domains. Mn @diosated in a strained trigonal
bipyramidal geometry by four amino acid side chdii26, H74, D159 and H163), the fifth
ligand is a water molecule (Figure 1V.4). The sup@le reaches the active site through a
funnel that uses electrostatics for guidance arsl dhanarrow entrance to the active site,
limiting access to only small ions. H30 and Y34 getekeepers of this funnel, specifically

block access to the metal ion (Perry et al. 2010).
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Figure 1V.4: (A)Human MnSOD crystal structure(B) Active site of human MnSOLPerry et al.
2010).

Like other SODs, SOD2’'s superoxide dismutation raae&dm involves cycling between
oxidized (Mri*) and reduced (M) metal. The overall proposed mechanism is destritse
reaction IV.5 & IV.6. (Figure IV.5) (Hsu et al. 169

Mn -HO

Y

O I\/In —HO HOMn O

\ X\ H+
V.5 V.6

Mn_ -OH 272

N

Figure IV.5: Catalytic cycle of SOD2Hsu et al. 1996).

Catalvtic cycle reactions:

Mn3*-SOD(OH) + O, + H" — Mn?*-SOD (H0) + & (IV.5)
Mn?*-SOD(H0) + &~ + H"' — Mn**-SOD(OH) + H,02 (IV.6)
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Actually, the altered expression or mutations oD2have dramatic effects on cellular iron
handling (Ibrahim et al. 2013). On the other hahd,disruption of iron metabolism also leads
to perturbation on SOD2 activity. It is noteworttinat mitochondrial iron can associate with
SOD2 and irreversibly inactivate it. Indeed, theding constant of apo-SOD2 for Mn(ll) is
surprisingly low Kangy = 3.2 x 18 M2, only 10 fold higher than that of Fe(ll) (4 x"1801™%)
(Mizuno et al. 2004). Iron inactivation of SOD2 Heeen observed imtmldeletion and some
mutants with defective in mitochondrial ISC synibesuch assql, grx5 All these mutants
present with iron accumulation in the mitochondAastudy of Culotta’s group reported that
Yfhl contributed to iron inactivation of yeast SOD@&od2) since inAyfhl, the
overaccumulation of iron does not lead to the redodn Sod2 activity. Moreoveymtm1
leads to iron misincorporation in Sod2 while doublatantAyfhlAmtm1does not (Yang et
al. 2006).Similarly, the author also reported that total loss of Isugeast in the background
of Amtm2lor Agrx5 could disrupt the trafficking of iron toward SodRaranuntarat et al.
2009). Thus, they proposed the existence of a pbolitochondrial iron which can compete
with manganese for binding to SOD2 in manganeswaitan or iron dysregulation (Figure
IV.6), where Yfhl and Isul are responsible foritiectivation of SOD2 by “SOD2-reactive”
iron in the condition of iron accumulation but nat manganese starvation. However, the

mechanism is still unclear (Yang et al. 2006) (Margarat et al. 2009).

Normal Disruption in Fe homeostasis Mn defiency

Figure IV.6: lllustration of the effects of Mn/Fe homeostasis dBOD2 metalation Under normal
condition, even if iron is in excess over total aotondrial manganese, this iron is actually
unavailable for SOD2 (green boxes). There is alwagsnall amount of “SOD2-reactive” iron (red
circles), which cannot compete with manganesedvialcles). Otherwise, when iron homeostasis is
disrupted, “SOD2-reactive” iron amount can be swmdtally increased, and now compete well with
Mn for binding to SOD2. Also, under the manganesigciéncy condition, a small level of “SOD2-
reactive” iron gain access to the active guide 6fC® (Culotta et al. 2006)
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1.3. Yhb1l- S.cerevisiadlavohemoglobin

Nitric-oxide (NO) is a product of numerous enviragmtal and biological reactions. NO is
known to function in normal physiology and cellutagnaling. However, as a free radical, it
also drives some toxicities and serves as a prectosa range of RNS such as®, NO,",
and ONOQ These RNS overproduction leads to the moleculadifications and disrupt
cellular functions, the phenomenon is the so-catigbsative stress. Hence, NO production
in mammals is tightly regulated. Nitric-oxide di@ggnases (NOD), which have been recently
added to the family of free radical and peroxidavenging enzymes, convert efficiently NO
and Q to nitrate and play an important role in the de&mgainst nitrosative stress. Most
NODs are hemoglobins (Hbs), and most Hbs have Hpmagity to function as NODs.
Belonging to the hemoglobin’s family, flavohemogiols a conserved protein in bacteria,
yeast and filamentous fungi but not in archaeajtpland animals. It plays the central role in
scavenging NO (Gardner 2012).

Flavohemoglobins are composed of three domainsglibi@n domain carrying hemtg the
flavoprotein ferredoxin reductase domain built i dlavin adenine dinucleotide (FAD), and
a NADH binding domain (Figure IV.7A). The globin main folding of Yhb1l is similar to
that of human hemoglobin except helix D, which le@ in Yhbl (Frey and Kallio 2003).

Tyr 29—0H = o
2 L o 7
1/2 NAD(P)
B l NO

/

1/2 NAD(P)H

-‘7-

Fe?* + 0, + NO — Fe3* + NO3 (IV.7)

Figure IV.7: (A) Overall fold of S. cerevisiae flavohemoglobifYhbl). The two domains are the
globin (pink), the flavoprotein ferredoxin reduatadomain with two sub-domains: flavin binding
(light green) and NADH binding (green). The cofastbleme and FAD are indicated in red (EI
Hammi et al. 2012)(B) lllustration of NO dioxygenation catalyzed by hemlobin (Forrester and
Foster 2012).
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The dioxygenation of NO by hemoproteins is basetherreaction between NO and ferrous-
oxygen (Fé&"-Oy) of heme to yield N@ and Fé' (Figure IV.7B and equation IV. 7). In

mammalian, ferric hemoglobin needs to undergo moler step by cellular reductants or
ferric-globin reductases. In contrast, microbiavhhemoglobin uses the reducing power of
cellular NAD(P)H to drive the regeneration of therbus heme (step D, Figure IV.7B) by

flavoprotein ferredoxin reductaskomain (Forrester and Foster 2012).

Indeed, null mutant yeast lacking the frataxin gégfinl produces higher NO quantities than
wild-type cells (Martin et al. 2009). It has bedrown by yeast two-hybrid system and co-
immunoprecipitation that Yfhl interacts with YhbX{&alez-Cabo et al. 2005). The same
authors also suggested a direct role of frataximegulating the entry of electrons toward
succinate dehydrogenase — the complex Il of th@ahdndrial electron transport chain by
stabilizing its quaternary structure that allowsediicient electron transfer. Yhb1l is indeed a
special protein that carries out internally theceten transfer process. Hence, we investigated
the interaction between Yfhl and Yhbl to know wkethYfhl participates in NO
detoxification.
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2. Results

2.1. CuznSOD (SOD1)

2.1.1. Yfh1-SOD1 molecular interaction

SOD1 does not contain tryptophan, then does notdkce for the excitation wavelength at
280 nm whereas Yfhl does. The addition of one metarivalent of Yfhl into a SOD1
solution leads to an increase of fluorescence sitgnThis experimental spectrum is different
from the theoretical sum of each protein spectoaltribution, which indicates the existence
of molecular interaction between two proteins Yérnd SOD1 (Figure IV.8A).

(A) (B)

—+--Sod1 0.6puM
500 = ===yfhl 0.6uM
= = theoretical sum
experimental value

[S0d1]=0.4uM
[yfh1]=1.7uM

400

300

[Sod1] = 0.7uM
[yth1] = OpM

200

Fluorescence intensity (ua)
Fluorescence intensity (ua)

100

T T T T T T
300 320 340 360 380 400 wavelength (nm)
wavelength (nm)

Figure 1V.8: (A) Emission fluorescence spectra of SOM64uM (black dash-dot)Yfhl 0.64uM
(red dot); theoretical sum of the emission contribution of SQm.64pMand Yfhl 0.64uM (blue
dash); experimental spectrum of mixture SOD0.64uM and Yfhl 0.64uM (green solid). (B)
Fluorescence spectra of SODL4 uM < c¢1< 0.7 pMin presence of Yfhl2 (0< c2< 2.18uM),Lex
= 280nm; u=0.2, pH 7.00, at 25°C.

The emission spectra of SODL1 in the presence oéased amount of Yfh1l are shown at the
Figure IV.8B. The titration curve of a SOD1 soluti(®©.4 uM< c1< 0.7 uM) by a solution of
Yfhl is different from the theoretical sum of thenission contribution of each species
presenting in the solution (Figure IV.9). We assuha there is an interaction between these
two proteins in this range of concentration. Thediig phenomenon can be expressed by

equation IV. 8.
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SOD1 + Yfhl — Yfh1-SOD1 (IV.8)
Initial: cl c2
Final: cl-c3 c2-c3 c3
With: K, = [Yfh1][SOD1] _ (c1—c3).(c2 = c3) (IV.9)
[Yfh1 — SOD1] c3
Kiops (c1—=c3) (IvV.10)
(c2 = c3) c3
1 cl (IV.11)

K, X———->x-+1=—
dobs ™ (02 — ¢3) c3

where cl and c2 are the analytical concentratidnS@D1 and Yfhl, respectively. The
concentrations of the two proteins are in the nmartar range (0.4 uM ¢1< 0.7 uM and &
c2< 2.18 uM). In this range of concentration, the fasctence emission (F) is proportional to
the protein concentration F = €, where f (f1, f2) is the experimental factdrattassociate, at

a fixed wavelength, the fluorescence intensity \pitbtein concentration.

—a&— experimental value
—e— Yfhl 0-1.7uM

1000 —4&— Sod1 0.7uM-0.4uM
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Figure 1V.9: Variation of fluorescence emission with molar ratiéfh1/SOD1of a frataxin solution

in presence or absence of SODAfter subtraction of the emission contributionbafffer. ¢ SOD1
(blue triangle) and £ Yfhl (red circle), £in presence of ic(black square), theoretical sum of
fluorescence contribution of @and ¢ (green upside down triangle) &&= 280 nm andlem = 334 Nm
pH=0.2,pH7.00, at 25°C @c1 < 1.7 uM; 0.4 pM 2 < 0.7uM).

If Yfh1-SODL1 is formed according to the equation8yVthe fluorescence intensity is consist
of three individual components: SOD1, Yfhl and ¥8@D1 (equation IV.12).
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Fi = f1x(cl-c3)+ f2x(c2-c3)+ f3 xc3 (IV.12)
or: Fi — flxcl + f2xc2-c3x (FL+f2—f3) = 0 (IV.13)

Where {3 is the experimental factor that links thmrescence intensity of complex Yfhl-

SODL1 to its concentration, ¢3. ¢3 can be calculated equation IV.13.

The slope of the best-fit line of the plot of cl/a§ainst 1/(c2-c3) is equal to L and the
intercept is 1 (Figure 1V.10). The same method seduto study the other protein-protein

interactions, such as SOD1 or Yhb1 with Yfh1l, ia #bsence or presence of metals.

12

10

c1/c3
(2]
1

T T T T T
0,0 2,0x10° 4,0x10° 6,0x10° 8,0x10° 1,0x10°
1/(c,-c))

Figure IV.10:Plot of c/cs vs. 1/(g-c3) where 0< c; < 1.7 uM; 0.4 pM ¢ < 0.7uM, at p=0.2, pH
7.00, 25°C. Intercept, (0.330.1); Slope, (1.29.88)10° M, and r =0.98874.

As shown in Chapter lll, Yfh1l binds mitochondriakétals without any specificity. Hence, we
are also interested in the role of metal in molacuhteraction between Yfhl and SOD1.
Yth1’s affinity for CU(GSHY is higher than that of the others studied metitspper is also
the cofactor that participates to the catalyticleyaf SOD1. Then, Yfhl was loaded with
CU(GSHY and Ctl and these complexes were used to titrate a snlofiSOD1.

Indeed, when Yfhl- C(GSH) (0 < ¢’ < 1.6 uM) was added to a solution of SOD1 (0.4
UM< ¢’ < 0.7 uM), within the experimental uncertainties,e thitration curve was
superimposable with the theoretical sum of the simmscontribution (Figure IV.11a), which
implies no complex formation. We assumed that(G8H) abolishes the protein - protein
interaction. On the other hand, when Yfhllgwas added to SOD1 solution, the titration

curve on figure IV.11b allowed us to determine thssociation constant of the {SOD1-
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(Yfh1-Cu'2)} complex, which corresponds to the slope of thgression line on figure IV. 12,
K4{SOD1-(Yfh1-Cu'2)} = 0.93 +0.04 pM is close to theq¢SOD1-Yfh1) value found for
SOD1-Yfhl complex (1.29 = 0.03 uM). The similar sisiation constants imply that the
presence of Cudoes not change the affinity of Yfhl for SOD1. [Bab/.1 resumes the K
values obtained for SOD1-Yfh1 interaction.

B —&— experimental value
—— experimental value ®) —&— Cull-yfhl

7004 | o culyiht 5004 | —A—Sodl

:v: |shoect|:1rencal sum —¥— theoretical sum
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8
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8
=
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8
o
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[Cu(l)-Yfh1)/[Sod1] [Cu"-yfh1)/[sod1]
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Figure 1V.11: Variation of fluorescence emission with molar ratibolo-Yfh1/SOD1 of a frataxin
solution in presence or absence of SOBfter subtraction of the emission contributiorboffer. (A):
¢/’ SOD1 (green triangle), £ Cu-Yfh1 (red circle), ¢ in presence of £ (black square), theoretical
sum of fluorescence contribution af and ¢’ (blue upside down triangle) (0.4 pdvt:’ < 0.7uM; 0<
¢, < 1.6 pM). (B): ¢ SOD1 (blue triangle); & Yfh1-Cu'; (red circle) and, ¢ in presence of £
(black square), theoretical sum of fluorescencetrdoution of ¢” and c;” (green upside down
triangle) (0.4 pMc " < 0.7uM; 0< " < 1.6 M) atlex = 280 nm andlem = 334 nm p = 0.2, pH
7.00, at 25°C.
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Figure IV.12: Plot of ¢"/ ¢3” vs. 1/ (¢"-c 3") where 0< " < 1.7 uM; 0.4 uM ¢” < 0.7uM, at
u=0.2, pH 7.00, 25°C. Intercept, (0.5940.1), slof@93 +0.04)1¢ (M), and r =0.97137.

Table IV.1: Dissociation constants of Yfh1-SOD1 glexes at pH 7.00
SOD1 + apo-Yfhl| SOD1 + Yfhl-Cu"2 | SOD1 + Yfh1-CU(GSH):
Kobs(HM) 1.29£0.03 0.93+ 0.04 No interaction

2.1.2. Enzymatic activity of SOD1 in presence of Yfhl

The SODs activity was evaluated by a commerciadyaki (see Materials and methods).
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Figure 1V.13: Superoxide dismutase activity assafA) UV-visible absorption spectra of WST-1
(black) and WST-1 formazan (blue); (B) VariationAfonmwith time without SOD1 (black) or in
presence of SOD1 (red).
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Superoxide anion was generated by xanthine oxi&€g, which will oxidize WST-1 to
WST-1 formazan. WST-1 does not absorb at 450 nntevthe oxidized product does (Figure
IV.13A). The reaction was initialized by adding X¥0d the initial rate of WST oxidation was
measured at 450 nm. The rate value in absence BL@) was considered as the reference
of total activity of XO. The SOD1 was then addetbithe reaction mixture which reduced the
initial rate of the WST oxidation reaction;( (Figure 1V.13B). The activity of SOD1 was
evaluated as the percentage of inhibition XO astif@quation 1V.14).

(v, — v;) X 100 (IvV.14)

%inhibition = (%)

o

To see how Yfhl affects SOD1 activity, we added I¥80OD1 complex into the reaction
mixture. The molar ratio of Yfhl and SOD1 was irased from one to ten. We observed that
SOD1'’s activity increases with the Yfh1/SOD1 ratboattain its maximum for 5 equivalents
of Yfhl (Figure 1V.14).

1004

= 704 u

% inhibition

0 2 2 5 8 10
[yfh1)[Sod1]

Figure IV.14:Variation of SODL1 activity in presence of Yfh1l frofhto 10 equivalents.

We defined the IC50 concentration, which corresgotadthe concentration of SOD1 that

inhibits 50 % of the total activity of XO (Figur&I15b). To evaluate the influence of apo- or

metal loaded-Yfh1l on the enzymatic activity of SORE measured the IC50 in the presence
of different protein-protein complexes: Yfh1-SODOxbn or copper loaded frataxin complexed

to SOD1 (SOD1-Yfh1-Pe, SOD1-Yfh1-Clly). (Figure IV. 15c).

The complex (Yth1-SOD1) has a better activity tIs4DD1 as the IC50 decreases ~5 fold. As
previously described (Table IV.1), the presenc€df does not change the affinity of Yfh1-
SOD1 complex, however it improves significantly thiect of Yfhl on SOD1 activity as
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{SOD1-(Yfh1-Cu';)} has the IC50 ~ 20 times lower than that of (YABOD1) (column
FCuS1 in Figure 1V.15c).

Moreover, when PFeis added to the reaction mixture, the IC50 de@®asmpared to that of
SOD1 itself (column Fe-S1 and column S1). WhehiBdoaded previously into Yfhl, we do
not observe any additive effect compared to apdatMitolumn FFe-S1 and column F-S1).

The IC50 of {SOD1-(Yfh1-F&)} is similar to that of (Yfh1-SOD1) (Figure IV.1%c
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Figure 1V.15: Characterization of SOD1 activity in presence ofhif (a): % inhibition of WST-1
formazan formation rate catalyzed by XO in presenfcEOD1 (black) or apoYfh1-SOD1 (red). (b):
Determination of IC50 value for Yfh1-SOD1 complé®. IC50 of SOD1 in different conditions:
S1:S0D1; F-S1: SOD1 activity in presence of YfH@ufS1: SOD1 in presence of Yfh1!gHe-S1
SOD1 in presence of Fe FFe-S1: SOD1 in presence of Yfh1'Fe
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2.2. MnSOD (SOD2)
2.2.1. Yfhl- SOD?2 interaction

The addition of Yfhl to a SOD2 solution leads to inorease of fluorescence emission
accompanied by a 3nm red shift (from 332 nm to ®39. As for Yfh1l-SOD1, the
theoretical sum of these emission contributiordifferent from the experimental value. This
confirms the formation of at least one complex lesw the two molecules Yfh1-SOD2
(Figure 1V.16).

[yfh1] =2,57 uMm
a
@ 400 (b) [Sod2]= 0,48 uM
— Yh108uM
== =theoretical sum

2504 == experimental value
Sod2 0.8uM

200

1504

Fluorescence intensity (AU)

1004

Fluorescence intensity (AU)

504

wavelength (nm)
Figure IV.16: (A)Emission fluorescence spectra of SOMR8 uM (pink short dash)Yfhl 0.8 uM
(black dash);theoretical sum of the emission contribution of Y¥0.8 pMand SOD20.8 uM (red
dash-dot); experimental spectrum of mixture SODR.8 uM + Yfhl 0.8 uM (blue solid);lex =
280 nm; pu = 0.2, pH 7.00, at 25 °C. (Bluorescence spectra of SOD& (0.6 uM c3< 1 pM)in
presence of apo-Yfht4 (0<c4<1.7 uM),Jex= 280 nm; p = 0.2, pH 7.00, at 25°C.

A SPECFIT analysis shows that two complexes canfdomed with stoichiometry of
Yfh1/SOD2 of 1/1 and 2/1 (equation IV.15&16).

Yfhl + SOD2 ~— Yfhl — SOD2 (IV.15)
2Yfh1 + SOD2 ~— (Yfh1), — SOD2 (IV.16)
With K5f2 _ [rrhi]x[sopz] anngzsz __[vfh1-soD2]x[soD2]

[Yfh1-SOD2] T [(Yfh1),-SOD2]

Yfh1 forms two complexes with M with K7™ ™" = 7.4 + 0.1 uM an& /" *"" = 6.4 +

0.2 uM (see chapter Ill). The effects of Mon the affinity of Yfhl for SOD2 were then
investigated. Yfhl was incubated with two equivégeaf Mn' to form Yfh1-Mn'2 before
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titrating SOD2. We also observed two proteins caxd(Yfh1l-Mn2)-SOD2} and {(Yfh1-
Mn,)>-SOD2} (equations 1V.17 & 18). Interestingly, thaepence of Mh favors the

formation of these two complexes (Table 1V.2).

(Yfh1l — Mn,) + SOD2 ~— {(Yfh1Mn,) — SOD2} (IV.17)

2(Yfhl — Mn,) + SOD2 ~— {(Yfh1Mn,), — SOD2} (IV.18)

[Y fh1—Mn,][SOD2] andKFMms2 — [Yfh1Mn,—-SOD2][SOD2]

: FMnS2 _
With Kay "~ [Yfh1Mny-SOD2] [(Yfh1Mny),—SOD2]

(*) FMnS2 = Yfh1Mn-SOD2

Table IV.2: Dissociation constants of complexesvbeh Yfhl or Yfhl-Mrand SOD2 at pH 7.00

Kd (M) Yfh1 vs. SOD2 Yfh1-Mre vs. SOD2
Ka1 1.05 +0.05 0.11 +0.01
Kaz 6.6+0.1 0.39 +0.01

2.2.2. Enzymatic activity of SOD2

Briefly, the activity of SOD2 was measured in thesence or presence of Yfhl. When the
concentration of SOD2 was kept constant while iasirgg that of Yfh1, no significant change

in the SOD2 activity was observed (Figure IV.17).

4
Yfhl/sSOD2

Figure IV.17:Variation of SOD2 activity in presence of Yfh1l frofnto 8 equivalents
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The IC50 of SOD2 and its complexes with apo-Yfhfh2¥Mn'", and Yfh1-Fé, were also
determined (Figure 1V.18). The addition of free 'Mnhibits the activity of SOD2 (column
Mn-S2, figure 1IV.18) while free Fedecreases the IC50 of SOD2 (column Fe-S2) sirtolar
the phenomenon observed when the activity of SO@% tested. However, when these
metals are complexed to Yfh1l, their influences @D activity are suppressed, we obtained
within the experimental uncertainty IC50 valueshwitthe same range as for free SOD2 or
{(apo-Yfh1l)-SOD2} (columns S2, F-S2, MnF-S2 and FRE figure IV.18). Yfhl, in
presence or absence of metals, does not changgcsigtty the IC50 of SOD2.

1,04

0,85+0,01

0,8 1

0,41+0,01

IC50 (UM)

0,29+ 0,01

0,17 +0,04
0,2 1

0,088+0,006

0,0 -

S2 FS2 Mn-S2 MnF-S2 Fe-S2 FeF-S2

Figure 1V.18:IC50 of SOD2 and the complexe$2: SOD2; FS2: Yfh1-SOD2, Mn-S2: SOD2 in
presence of 2 equivalents of Mnll, MnF-S2: {(Yfhd')SOD2}, Fe-S2: SOD2 in presence of 2
equivalents of Peand FeF-S2: {(Yfh1-Fg)-SOD2}.

2.3. Yhbl

2.3.1. Yfh1-Yhbl interaction

UV-Visible absorption

The differential spectrum of a mixture Yfh1-YhblX), which was obtained by subtracting
the absorbance spectrum of Yfhl, presents a decieaabsorption at 275 nm and 411 nm.
Moreover, two blue shifts appeared: from 580 nnb57@ nm and from 640 nm to 636 nm

(Figure IV.19). We then assumed that Yfh1l and Yfdsfin a protein-protein complex.
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Figure 1V.19: Absorption spectrum of Yhblblack line)and differential spectrum of Yhbl-Yfhl
mixture at 1:1 equivalent after sustracting the alsdance of Yfh1(red line).

Fluorescence emission spectroscopy

The dissociation constant of Yfh1-Yhbl was detesdity fluorescence spectroscopy. The
addition of an apo- Yfh1 solution or Yfh1 loadedwinetals, such as Yfhi-te Yfh1-Cu';,
Yfh1-Cu(GSH}» to a solution of Yhbl leads to an increase ofridsoence emission (Figure
V.20 &21).
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Figure 1V.20: (A)Emission fluorescence spectra of Yhbl 1 p(dlack dash);Yfhl 0.9 uM (red thin
solid); theoretical sum of the emission contribution of Yhli pMand Yfh10.9 uM (blue dash-dot);
experimental spectrum of mixture Yhbll uMand Yfh10.9 pM (pink solid)Zex = 280 nm; p = 0.2,
pH 7.00, at 25°C. (BFluorescence spectra of Yhbd (0.2 pM< ¢s < 0.45 pM) n presence of apo-
Yfhl cs (0< ¢ < 3.3 UM),dex= 280 nm; n = 0.2, pH 7.00, at 25°C.
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Figure IV.21: The variation of fluorescence emission with molaatio Yfh1/Yhbl of a frataxin
solution in presence or absence of Yhhfter subtraction of the emission contributionboffer. Gm:
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Yfhl (red circle) andyg: Yhbl (blue triangle); @1 in presence ofyg: (Square); theoretical sum of
fluorescence contribution of and gnv: (Upside down green triangle) atx = 280 nm and alem
=334 nm, p =0.2, pH 7.00, at 25°C {0ci1 < 3.3 uM; 0.2 puM Cyho1 < 0.45 uM). Yfhl corresponds
to: (a) apo-Yfhil, (b) Yfhl-Eg (c) Yfh1-Cth, (d) Yfh1-CU{GSH)

The reaction between Yfh1, apo- or holo-proteirexpressed as equation 1V.19:

Yfhl + Yhbl ~— {Yfh1 — Yhb1} (IV.19)

[Yfh1].[Yhb1]

With KfH =
[Yfh1-Yhb1]

We used the same method as before for Yth1-SOD&tEermine the dissociation constants of
Yfhl-Yhbl complex. The K was determined from titration experiments by tlse wf

equation 1V.20.

KEH 1 pq o lrfn] (IV.20)
([Yhb1] — [Yfh1l — Yhb1]) [Yfhl —Yhb1]
16
14
124
10-
]
& 6
s
2
0
OjO ' 2,o>|<106 ' 4,o>|<106 ' 6,0>I<106 ' 8,0>I<106 ' 1,o>|<107

1/(c -c_)

yth1 ~FH

Figure 1V.22: Plot of Gnvy/Cytiyhbr VS 1/(G1-Cymiyho) Where 0< G < 1.7 pM; 0.2 pM Cyhor <
0.4uM, at pu = 0.2, pH 7.00, 25°C. Intercept (0.1@.83), slope (1.4 +0.01) x ™, and r =0.99853.

The titration curves of Yhbl by Yfhl point out a lexular interaction between Yhbl and
Yfhl (Figure 1IV.21a), Yfh1-Clp (Figure 1V.21c) and Yfh1-C(GSH)Y (Figure IV.21d). The

dissociation constants of the complexes of Yhbhwipo/holo-Yfhlwere determined as for
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Yfh1-SODL1 from the slope of the regression lindagyre 1V. 22). We found that apo/holo-
Yfhl and Yhbl form a complex with 1/1 stoichiometfjhe Kyvalues are resumed in table
IV.3. Indeed, the dissociation constant of compY¥ék1-Yhb1l is in the micromolar range.
When Yfhl was loaded with ({GSH) or CU', the affinity for Yhbl did not change.
However, no interaction was observed between YmiollYdh1-Fé'2 with the superimposable
titration curves between the theoretical and expenital sums of the emission contribution of
the two species (Figure IV. 21b). Thus! Feaded in Yfh1 abolishes the interaction.

Table 1V.3: Dissociation constants of complexesvbeh apo-Yfh1l or holo-Yfh1l and Yhbl

Yhbl-Yhi | (Yfhi-Fe'2) | {Yhbl-Cu'"x(Yfh1)} | {Yhbl-Cu'(Yfh1)}

KFH (uM) | 1.4+0.1 | No interaction 1.5+0.1 1.5+ 0.1

2.3.2. Enzymatic activity:

The proposed enzymatic cycle of Yhbl is descrilmefigure IV.7b that includes two main
steps: NO dioxygenation, which is carried out onbgi domain, and NADH oxidation
carrying out on flavin domain. As shown in chaptethe Yhb1l was obtained with 70 % of
peptide covered by FAD but only 15 % covered by éeWe therefore only dealt with the
NADH oxidase activity.

NADH oxidase activity

The NADH oxydase activity of Yhbl was evaluatediiactly by the reduction of cytochrome
c oxidase (cyctFg, equation IV.21) The product (cyctfehas a typical absorption band at
550 nm (Figure 1V.23) with molar extinction coeféat of esso = 21.1 mML.cml. (Van
Gelder and Slater 1962).

+ CytcFe" ~— + H" + cytc .
NADH Fe* NAD* + H* Fe* (Iv.21)

143



Chapter IV: Interactions of frataxin with proteimsolved in anti oxidative
stress and effects of frataxin on their activity

(b)

031 ‘ Cco ‘

Cco+NADH +yhbl

0,244

550 nm

o
N

A 550nM

Absorption (AU)
o
n

o
=)

T T T T
0 10 20 30
time (min)

-0.1

T T T !l
500 520 540 560 580 600
wavelength (nm)

Figure IV.23: (a)Absorbance spectrum of cytochrome ¢ befdbtack)and after (red) the reduction
by NADH and Yhb1 (b) Variation of absorbance at 550 nm with time

The initial rate of cytochrome c reduction is prdpmal to the initial rate of NADH
oxidation. The Michaelis Menten model shows how ithigal rate of oxidative reactiorog)
depends on initial concentration of substrate [NAQehuation 1V.22). The initial rates of
NADH oxidase activity was measured at differentcantrations of NADH. We determined
VmaxandKm and kcat of Yhb1 in presence or absence of Yfhl (equatidhd3&24). The
influence of metals was also evaluated. These eaugnconstants of Yhbl, Yhbl-Yfhl
complexe, and {Yhb1-(Yfh1-C(GSH))} are resumed in the table 1V.4

- Vimax[NADH] (IV.22)
° " K, + [NADH]
Or: 1 Ky 1 1 (IV.23)

Vinax (IvV.24)
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Figure 1V.23: Lineweaver-Burk plot Plot of reciprocal v, against the reciprocal substrate
concentration [NADH] (red blots), regression lindlgck): slope, (1.13 * 0.06).10 (M.min?);
intercept, (99.8 £18.6) min, r = 0.99086.

Tables 1V.4: Vm and Km of Yhb1 in presence of agmlo-Yfhl

Km (uM) V max (S1) kcat (M1.s?)
Yhb1l 11.3+0.8 (5.02 +0.02) x £0 444 + 25
Yhb-Ythl 12.6 £ 0.3 (4.43 +0.06) x 0 351+14
{Yhb1-(Yfh1-CU(GSHY)} | 9.4%05 (4.52 + 0.05) x 10 480 + 33

The presence of Yfhl does not change significatitéy catalytic constants of the NADH

oxidase activity of Yhb1.
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3. Discussion

3.1. Protein-protein interaction

In this chapter, we reported for the first time thelecular interaction between yeast frataxin
and the gatekeepers in antioxidant defense: SOMID2Sand flavohemoglobin. The

flavohemoglobin is from yeast, whereas, the two SQ@Bed are both mammalian proteins.

Nevertheless, these proteins are well conservethgithe evolution. The structures of
mammalian SOD1 and SOD2 are similar to yeast SQth, 52 and 41 % of identity,
respectively (Candas and Li 2014) (Figure 1V.24).

Figure 1V.24: Structure visualization of the subunits dfa) bovine SOD1(pink - PDB code:2E9P)
overlayed with yeast SODturquoise- PDB code: 1SDY), (byman SOD2(red — PDB code: 1PM9)
overlayed with yeast SOD@reen — PDB code 3LSU). Visualisation by Pymol.

The Ky values of the complexes between Yfhl and thesteippare in the micro-molar
range. Do these interactions ocautthe cells? Let us first consider the compartraevtiere
these proteins are present. In fact, the subcelldealization of frataxin is subject to
controversy. In the majority of reports about FAkaryotic frataxin had been considered as a
protein exclusively confined to the mitochondriabtnix (Campuzano et al. 1997). It is
encoded by nucleus DNA and its mRNAs is translairdcytoplasmically-free ribosomes
(Saint-Georges et al. 2008). Human frataxin is lsgsized as a precursor polypeptide (210
amino acids), directed to the mitochondrial matvixere it is cleaved by the mitochondrial

processing peptidase to the mature foria a processing intermediate. The mitochondrial
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targeting sequence includes the amino acids (ea) frto 40. The mature form sequence was
reported to include residues from 81 - 210 aa (322 aa for Yfhl). The other isoforms of
human frataxin (56-210 hFxn or 78-210 hFxn) alsmlize in the mitochondria (Schmucker
et al. 2008). Follow the proteomics analysis databthe non-mature form of both Yfhl and
hFxn are seldom detected (GPM datablap://gpmdb.thegpm.org)Nevertheless, several

studies observed a pool of extra-mitochondrial afkat in several human cell lines
(Acquaviva et al. 2005) (Condo et al. 2006, Contlale2010).They also showed that both
mitochondrial and extramitochondrial isoforms atentical hFxn (81-210 aa) and suggested
that after the maturation inside the mitochondrapart of mature hFxn is exported back to
the cytoplasn{Condo et al. 2010)

SOD1 is mainly found in the cytosol at 4000-120 @@@lecules per cell (Kulak et al. 2014).
Only 5 % of total SOD1 localizes in the mitochomadlintermembrane space, corresponding
to a concentration of 0.01-0.6 uM. Consequentiypraplex between Yfhl and SOD1, which
dissociates with K= 1.29 + 0.03 uM, would rarely be formed in theéonhondrionin vivo.

On the other hand, the SOD key-player in the mibochial matrix is SOD2 with
concentrations varying from 0.8 uM to 1.2 mM (Kulekal. 2014). In cell free assay, we
showed that two complexes are formed between Yfhil 0D2 with 1/1 or 2/1
stoichiometry with K in range of micromolaiKg1 = 1.05 + 0.05 pM and & = 6.6 = 0.1 pM.
Accordingly, the two complexes Yfh1-SOD2, 2Yfh1-S®Ban occuin vivo.Furthermore, a
previous research by synthetic genetic array teglenshowed a negative genetic interaction
between SOD2 and Yfhl, which may involve a funaiarelationship (Michael Costanzo et
al. 2010). Our results underline, for the first @inthe existence of a molecular interaction
between Yfh1-SOD2.

Likewise, Yhbl-Yfhl binding was predicted by yeasto hybrid systems and co-
immunoprecipitation analyses (Gonzalez-Cabo e2@0D5). Yhbl is located in both cytosol
and mitochondria. It is found at 20-43 000 molesulger cell, which corresponds to
concentrations of 1 nM to 20 uM (Kulak et al. 2Q1Bging in the same compartment with
Yfhl, with a Kd of 1.4 + 0.1 uM, the interaction ¥fhl and Yhb1l is therefore feasihie

vivo. This suggests a physiological role for the Yhligihi complex. Nevertheless, Yhb1l is
not a candidate for the pathogenesis of FA becalise not conserved in non-plant
multicellular organisms. However, it is noteworthlyat Yhbl contains a flavoprotein

ferredoxin reductase domain and a globin domainps&hstructures are conserved in

147



Chapter IV: Interactions of frataxin with proteimsolved in anti oxidative
stress and effects of frataxin on their activity

mammalian. Interestingly, the perturbation in tleeed band observed when Yhb1l is mixed
with Yfhl (Figure IV.17) supports the interactioetyeen Yfhl and the globin-domain of
Yhbl. Moreover, this domain folding of Yhb1 is siamito that of human hemoglobin (Frey
and Kallio 2003), which is well accepted to be msble for NO detoxification (Gardner

2012).

Table IV.5: Dissociation constants of complexesvbeh Yfhl and SOD1, SOD2 or Yhb1.
(nd:not determined)

CuZnSOD MnSOD Yhbl

Kg1=1.05+0.05 pM
Apo-Yfhl 1.29 +0.03 uM 1.4+0.1puM
Ki2=6.6 £0.1 uM

Fel2- Yfhl nd nd No interaction
Cu'2-Yfh1 0.93+0.04 uM nd 1.5+0.1uM
Cu'-Yfhl No interaction nd 1.5+0.1uM

Kg1=0.11 +0.01 uM
Mn'2-Yfhl nd nd
Kd2=0.39 £ 0.01 uM

The interaction of frataxin with proteins in ISCsambly machinery and heme- biosynthesis
are well characterized with ¢Kkvalues resumed in table IV. 6. The dissociationstants
between Yfhl and ferrochelatase (Hem15) were détedrby surface plasmon resonance in
the absence and presence of iron. The presendesometal improves affinity of Yfhl for
Hem15 by one order of magnitude (without FQ:=K17 — 40 nM — with Fe: K= 0.17 nM)
(Lesuisse et al. 2003) (Yoon and Cowan 2004) (Miek et al. 2015). Moreover, frataxin
from E.coli (CyaY) interacts with IscS — homologue of cystedesulfurase with Kvalue of
18.5 = 2.4 uM. However, no interaction was obseivetiveen CyaY and IscU- ISC scaffold
protein (Prischi et al. 2010), whereas, yeast andaphile frataxin have been reported to bind
Isul in an iron-dependent fashion with dissociatonstants in the micromolar range (Cook
et al. 2010), (Kondapalli et al. 2008). The affindonstants of Yfhl for the anti-oxydant
proteins determined in this study are within thensaorder of magnitude as the ISC
components. It may suggest that Yfhl is a multefioms protein, which can “switch” from

one form to another under alterations in the pHggioal environment.
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Table IV.6: Dissociation constants of complexesvbeh Yfh1l and ISC components or Hem15.

Proteins Kd Reference
CyaY-IscS 18.5 £ 2.4 uM - Independent of iron (Prischi et al. 2010)
CyaY-IscU No interaction
(E. coli
Yfhl-lsul (1:1) 166 = 112 nM -lron dependent (Cook et al. 2010)

(S. cerevisege | (1:2)5+3 uM
Dfh-Isul 0.21 uM (Kondapalli et al. 2008)
(Drosophilg
Yfhl-Hem15 17 - 40nM (determined by SPR techniquél.esuisse et al. 2003)
B.subtilis: 0.17 nM (in presence of iron) | (Yoon and Cowan 2004)
(Mielcarek et al. 2015)

We also dealt here with the influences of meta<hapter Ill, we showed that the affinity of
Yfh1 for metals is unspecific since Yfh1 binds thajority of mitochondrial metals (E&=€",
Cu/Cu", Mn", zn'") with dissociation constants in the micromolarganSOD1, SOD2 or
Yhbl are all metalloproteins and each of which am# a specific metal. For each
experiment, the corresponding metal is complexedftdt and the affinity of the metal-
loaded Yfh1 for the protein is investigated. In tase of SOD1, adding €does not change
the affinity of Yfhl for SOD1, while C(GSH) abolishes the binding. Ferrous iron also
abolishes the binding between Yhb1l and Yfh1, whehesh Cli and Clido not change the
Kd value. Furthermore, in the presence of Mn, thelYS©D2 complex is stronger. All these
results suggest several hypotheses: (i) metal fgnsites on Yfh1 should be different. Indeed,
in Chapter lIl, we suggested that Yfh1 binds'@uad Clivia at least one of the four histidines
(H74, H83, H95 and H106), and a cysteine (C98peaetvely (see chapter I, figure 111.27),
whereas iron binding sites are D78, D86, E89, E®@ D101. (i) CUGSH). prevents the
interaction of Yfhl- SOD1 because of its size. As affinity of Yfhl for Yhbl remains
unchanged in the presence of Gue suggest that the binding interface of Yfhlw8OD1 is
different from that of Yfhl and Ybhl1l. (iii) Metaltding probably changes Yfhl
conformation, which may increase or decrease tleraations with other proteins by
allosteric effect. We therefore conclude that thesetals participate differently to Yfhl

functions.
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3.2. Enzymatic activity

In the second part, we studied the influence oflYdm the enzymatic activity of SODs and

Yhb1, in the presence or absence of metal.

Interestingly, Yfhl improves the activity of SODFidgure IV. 13&14). Indeed, SOD1
exposes externally aglectrostatic loop which guides and acceleratessthestrate & into
the active site (Tafuri et al. 2015). Thashelix is highly selective for the molecular sizie o
substrate (Figure IV. 2). We suggest that the bipdo Yfhl alters the environment of this
“entrance” in a manner that favors the dismutasetren catalyzedy SOD1. Previously,
Condo and coworkers showed that #ression ofan extramitochondrial frataxin pool
directly suppresses apoptosis and protects FAmatiymphoblasts from stress-induced cell
death (Condo et al. 2006). This is compatible vertin finding that cytosolic SOD activity is
enhanced by Yfh1.

Yfh1-Cu', complex enhances the activity of SOD1 when compaeethat of metal-free
frataxin (Figure 1V.15). This effect was also obssl in dyfhl cells, indeed, copper
supplement restores the activity of SOD1 (Irazastal. 2010). In any case, YfhlEeloes
not modify the SOD1 activity compared to apo-Yffihis can imply that Fe and Cu bind
Yfh1 on different sites.

Furthermore, Pedecreases the IC50 of SODL1 in the absence of Yithik. effect can be due
to the Fenton reaction between'' Fnd HO. generated from the dismutation catalyzed by
SOD1 (equation 1V.25). The Fenton reaction remd¥g3; and the balance 0+ 2H" - O,

+ H0O:> shifts to favor the consumption ob™O In addition, the Haber-Weiss reaction can also
play a role, because ¥ds formed by Fenton reaction (equation IV.26). Bof oxidation

states can increase the dismutation of superoxiae @nd decrease the IC50 of SOD1.

Fenton reaction: Be+ H0, — FE*+ OH + OH (IV.25)

Haber-Weiss reaction: O+ Fet - O+ Fet (IV.26)

That is probably why Fedecreases the IC50 of SOD1 (Figure IV.15). In tioldj Fe-Yfhl
does not change the IC50 value of SOD1 as comparegho-Yfhl. That implies that the
action of iron in Fenton or Haber reactions is praed.
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In case of the mitochondrial SOD, the impact of Yfin SOD2 activity is not as significant
as on SODL1. Our result is in accordance with tha&@wdotta’s group, which indicated that in
Yfhl deleted cells, the SOD2 activity is unchan@édng et al. 2006). Nevertheless, Yfhl's
effects on reactive metals are not negligible. Vgice that free Fé decreases the IC50 of
SOD2 by 50 %, probably because of the Fenton macts mentioned for SOD1. On the
other hand, when SOD2 is mixed with Mithe effect of SOD2 on WST-formazan formation
rate decreases. However, when these metals ard tal¢h1, the IC50 values are similar to
those for metal-free frataxin. The interaction leéde metals with Yfh1l avoids the effects of
metals on superoxide dismutation. We suggest tHatl Yoehaves as a regulator and/or

protector when the metabolism of mitochondrial semdisrupted.

Concerning to Yhbl enzymatic activity, the evaloatiof NADH oxidase by our purified
Yhbl gave Km = 11.3 + 0.8 uM. The Michealis Mentamstant is in the micromolar range
similar to that found in the literature (Km = 28 Kardner et al. 2000); 3.2 uM (Bonamore
and Boffi 2008). The insignificant influence of Yiffon NADH oxidase activity of Yhb1l is in
accordance with the hypothesis that Yfhl probahlyd® Yhbl on the globin domain.
Unfortunately, we cannot evaluate NO dioxygenad#vigc of Yhbl with only 15 % of

protein covered by heme (as shown in chapter II).

02
02 + HO \:+\ 0,+H,0,

N
CUI(GSH) \

/‘NO

NO,

Figure IV.25:Evidences for the participation of Yfh1l on antioxadt defenselnfluence of metals.

In this chapter, we reported by cell-free assayd Wthl interacts with SOD2, Yhbl and
SOD1, three mitochondrial proteins which partiogpa the anti-oxidant defense (Figure
IV.25). Surprisingly, Yfh1l has no significant effemn SOD2 activity. On the other hand, the
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effect of Yfhl on SOD1 activity is the most subsiahn it enhances the dismutation of the
superoxide anion by SOD1. Our data confirm the rkatde participation of Yfhl to cellular

anti-oxidative stress. That can explain why theaiericy of frataxin increases the sensitivity
to oxidant agents, not only by the impairment i€ ISr heme biogenesis. Moreover, our
results tend to imply that frataxin play the rofead‘regulator” in metal homeostasis. Indeed,
the presence of mitochondrial metals influencesptio¢ein-protein interactions and the effect

of Yfh1l on enzymatic activities.
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CONCLUSIONS AND PERSPECTIVES

The question of what a protein does inside a liwal) is not simple to answer. Beside the
cellulo assays, there are other methods to investigateitiotions of an isolated protein, such
as studying its structure, its sequence, and sinost proteins act in concert with other
proteins, the information about its interactionghwathers proteins and/or ligands is useful. In
the present work, the role of frataxin (yeast haygak — Yfhl) — a protein with unknown
functions —is studied by exploring its interactioméh mitochondrial metals and the proteins
involved in anti-oxidative stress. The thermodynasnand kinetics methods were used to

characterize these binding phenomena.

Frataxin is a highly conserved protein from baeleio human. In eukaryotes, it is located in
mitochondria. Its deficiency leads to several pblggjical perturbations, such as
dysregulation of iron homeostasis, inefficiency iron-sulfur cluster assembly and
hypersensitivity to oxidant agents. In human, thsufficiency of frataxin is responsible of
Friedreich’s ataxia. The discovery of the gene dimgpfor frataxin in the nineties broadened
the research about its functions by different medehong which the yeast. The research
about the involvement of frataxin in ISC machineryhe most “eye catching” and has been
widely investigated. However, the participationfi@taxin in anti-oxidant defense remains a
problem of debate. Here, we explored the frataxinigtions dealing with the anti-oxidant

systems.

In the first part of this work, two yeast proteinghl and Yhbl- were synthesized by DNA

recombinant techniques and purified by anion exghaand size exclusion chromatography.
For the purpose of biophysical studies, both ofrtheere obtained in mature form without

polyhis-tag. Yfhl was isolated in its dimer formhlyl was expressed as a holo-protein with
70 % peptide covered by FAD cofactor and 15 % bydeofactor.

In the second part, the interactions of Yfhl withtarhondrial transition metals were
investigated by thermodynamic and kinetic measunésé&Ve reported briefly the affinity of
Yfhl for most of the mitochondrial metals: ?5&€e**, CU*/Cuf, Mn?* and Zi*. Our results
indicated thatyfh1l forms complexes with all these metalwith affinities in the micromolar
range (0.03 to 1.6 uM). This proved that Yfhl bindgochondrial metals without any
specificity. Yfh1 has a better affinity for @GSH) (logKg =7.5 + 0.3) and Mfi(logKa1 =7.4

+ 0.1; logKs2 =6.4 + 0.2) and a surprisingly low affinity for iron
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The role of GSH is also discussed. Indeed, we dicbbserve any direct interaction between
Yfhl and GSH in the absence of metals. However1¥fimds the entire G{GSH) molecule
Furthermore, GSH has no effect on the affinity éfiMor F€'. Dealing with the suggestion
that frataxin is a modulator that enhances the &von and transfer of persulfide from
cysteine desulfurase to ISC scaffold (Parent €2@l5), we emphasized several proposals for
the role of CYGSHY: (i) copper may help the approach of GSH to th€ t®mplexvia
frataxin; (if) Cul-Yfhl can increase the rate ofqdfide formation or increase the interaction

between the proteins of the ISC machinery.

We also presented the mechanism of metals uptakéfidyin chapter Ill. The uptake of the
first metal occurs in the hundred ms range andli@#a conformational change (case df Fe
and CY(GSHY). A slow conformational change was always obseiwuethe final step of the
uptake leading to the thermodynamic product. The Tu(ll) is uptaken by a deprotonated
form of Yfhl. The pKa of this acid-base reaction6s + 0.1, which may imply the
deprotonation of a histidine residue. We suggestttie binding site of Yfh1-Cu(ll) includes
one of four exposing histidines on the negativdigrged interface of Yfhl (H74, H83, H95
and H106). Referring to the binding sites of YfthithwFe, which are well studied, it might be
concluded that Yfhl binds copper and iron on ddférsites. We, therefore, propoae

relationship _between frataxin_and copper_metabolism Indeed, copper dysregulation is

observed in DN of FA patients, where iron overlales not occur. In this organ, the net
amount of Fe, Cu or Zn does not increase or deersgmificantly but the distributions of
these metals are altered. The Cu and Zn rich rediomaden and overlap extensively with Fe-
rich region. The atrophy of DN of FA correlates twitu and Zn redistribution rather than
with Fe dysregulation only (Koeppen et al. 2007).

In the third part (chapter IV), we reportdte molecular interactions between Yfhl and the

enzymes involved in antioxidant defense SOD1, SOR2Ad Yhbl. Based on the finding in
Chapter Ill, which indicates that Yfhl binds Cu akbh with better affinity than iron,

mitochondrial proteins containing Cu and Mn areskd for this study. SOD1 and SOD2 are
the gatekeepers of antioxidant defense, which am@u and Mn in their catalytic centers,
respectively. On the other hand, Yhb1l is the protesponsible for the NO detoxification in

yeast. Yhbl, which contains a heme domain simdareémoglobin in human, is the scaffold

for NO-deoxygenation. Yfhl forms at least a compigth these proteins with affinities in the

micromolar range (k1.3 - 1.5 uM). The effects of metal on the affestof Yfhl for these
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proteins were also studied. The different effediseoved suggest a “switch” function for

Yfh1l when the metal metabolism is altered.

The enzymatic activities of SOD1 and SOD2 in thespnce of apo-Yfhl and metal-loaded
Yfh1l were characterized. Mhand Fé*, which can carry out Fenton-like reaction, affé
superoxide dismutation catalyzed by the two enzyrhiesvever, these effects are abolished
when the metals are complexed toYfhl. We suggest Yhl also plays the role of a
“regulator” for metal homeostasis. Our results uhke the hypothesis that Yfhl is a

multifunctional protein whichparticipates in_antioxidant mechanisms Thus, frataxin

deficiency increases the sensitivity to oxidantragenot only by the impairment in ISC or
heme biogenesis but also probably by its interfegewith the dismutation of superoxide

anion catalyzed by SODs.

In perspectives, the expression and purificatiatqmol need to be optimized to get a higher
coverage of heme for Yhbl. It should be interestmgtudy the structure of the complexes
between Yfhl and metals. The binding sites woulkak the functions of copper when
complexed to Yfhl. The studies can also be followgdhe determination of the mechanism
of SOD1 activity enhancement by Yfhl. Further, thgact of frataxin on nitric oxide

detoxification by flavohemoglobin or another memhsr the hemoglobin family is a

promising approach for studying of the frataxin giblogical functions. In the near future, the
interaction of frataxin with other components olldar antioxidant system can be helpful for
a better understanding of the highly controversidé¢ of the protein. Since the frataxin-
lacking cells are highly sensitive for>€b, it will also be interesting to investigate the
interactions of frataxin with the proteins resposi for HO. detoxification, such as

glutathione peroxidases, peroxiredoxins and catalas
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CHAPTER V: MATERIALS AND METHODS

1. Materials

1.1. Chemical materials

- The Bis Tris (Amresco) concentration in neutralfetd was 50 mM. Final pHs were
continuously controlled and adjusted to between &x 8.6 with micro-quantities of
concentrated HCI or NaOH. All final ionic strengthiere adjusted to 0.2 M with KCI (Sigma-
Aldrich). pH values were measured with a Jenco p#emequipped with a "Metrohm"
combined calomel/glass mini-electrode.

- Fe': Crystalline ferrous ammonium sulfate hexahydrBe{NH:),SQu.6H0 (Fluka),
was used as the ferrous iron source and was dessalvl0 mM in a 0.2 M deoxygenated KClI
solution. Solutions were stocked under argon.

- Fe''NTA (iron nitrilotriacetic acid complex) solutions veeprepared as previously
described (El Hage Chahine and Fain 1994).

- CuSQ4, ZnS0O4, MnCl2 (Prolabo) were dissolved in 50 mM Bistris, 150 nK\I
buffer.

- Cu(GSH)2 was prepared under argon atmosphere as previdastyibed (Ciriolo et
al. 1990). CuCl powder (Aldrich) was weighted amtkraduced into a dry vial. Reduced
glutathione (GSH, Sigma-Aldrich) were dissolvedlgoxygenate&0 mM Bis Tris, 150 mM
KCI buffer. The complex was prepared by adding &aime of GSH solution to the vial
containing an appropriate amount of CuCl powdere Tihal Cu:GSH molar ratio is 1:2.
Cu(GSH» concentration was measured before each experimesitg (2,2)-biquinoline
((2,2)-BBQ, Fluka) which form selectively a compée with CU, ess5 = 6370 M* cnmt
(Hanna et al. 1988). (2,2')-BBQ was dissolved iatacacid at 0.5 mg/mL.

1.2. Biological materials

The competent cells BL 21(DE3) or TopEOQ coli are purchased from Invitrogen. The cells
are conserved in -80 °C was 50 pL sample eppenaoet
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Bovine CuzZnSOD was purchased from Sigma Aldrich dihgted in enzyme dilution buffer
including in SOD activity assay kit. Recombinantmtan MnSOD was purchased from
Bioscience Innovation- Interchim and diluted in Higs buffer (pH 7.0). The SOD initial
solution was aliquoted and conserved in -20 °Cluming used. The SODs were used

without further purification.
2. Protein production

2.1. Plasmid

The mature full-length yeast frataxin homolog cagdsequence YFH1 (51-174) was amplified
from genomic DNA by PCR, cloned into a pUC19 vectord the nucleotide sequence
verified by Sanger sequencing. The Ndel-BamH1 feagmvith the coding sequence from
the initiation methionine to a stop codon was soibetl into a pSBET-2b bacterial vector

expression (Schenk et al. 1995).

The coding region of flavohemoglobin YHB1 was pobnaise chain reaction-amplified from
vectors pYADE4 (Buisson. N and Labbe-Bois 1997)ngsforward (5-CGCCATATG
CTAGCCGAAAAAACCCG) and reverse (5-CGCGGATCCTAAACTICACGGTTGAC
ATC) primers containing sequences for Ndel and Bamadtriction sites (underlined). The
resulting DNA fragment was inserted into the pallgdr of pSBET-2b (Figure V.1). Then, the
plasmid psBET2b-YHB1 was formed by a step of ligativith digested vector pSBET-2b

overnight at room temperature.

Pvul 155

Pst1 281

Hinc Il 666

Pstl 773
Sph 885

Hind Il 3595

Cla| 3167
Xho | 3075

Eco RI 2711
Clal 2687

Xmn | 2041
Hind lll 2682
Nde | (ATG ) 2147
Eco RV 2521

EcoRV 2331 BamHI 2185

Figure V.1:Plasmid pSBET-2b.
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2.2. Transformation into competent cells

Transformation is a process in which exogenoustgenmaterial is introduced into competent
bacterial cells. The competent cells were thawpdlhlaon ice (less than 5 min). Then 3-5 pL
plasmid solution was added to 25 pL of cells. Thisture is kept on ice for 30 mins before
incubation of 30 s on 42 °C, and then it is turtethe ice for 5 min. After this thermal sock,
150 pL of S.0.C medium (purchased with the competelis) was added to the transformed
cells. The cells were then incubated at 37°C uraheagitation of 200 rpm during 1 h. The
transformation cells were selected by plating ongdl&es (LB medium with 50 pg/mL

kanamycin) and incubating overnight at 37°C. Thefl&es are inspected for growth of

colonies the next day.

2.3. Protein expression

- Starter culture:a single colony of plasmid-containing cells froelextion LB-plates was

suspended in 3 mL of LB medium with 50 pg/mL kanamyThis suspension was incubated
at 37 °C, under 200 rpm stirring for 10-15 h.

- Expression culturethe starter culture was inoculated into the exgpoesculture at 1/1000

(v/v) dilutions. The expression culture is one bé tmedia presenting in table V.1 with
50 pg/mL kanamycin.

Table V.1: Ingredients of expression cultures for 1

Auto-induction medium
Luria-Bertani (LB) | Terrific Broth (TB)| LBE 505 LBB052

Yeast extract | 5¢g 249 1g 1lg
Tryptone 10g 12 g 059 059
NacCl 10g

Glycerol 8 mL 05¢g 05¢g
Glucose 0.05¢ 0.05¢
Lactose 0.2g
K2HPOy 949 04g¢g 049
KH2POw 229 049 049
Metals <0.01g <0.01g
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With LB medium, the induction was initialized by dwg isopropyl B-D-1-
thiogalactopyranoside (IPTG) at 0.4 mM when the @D nm reaches 0.8 — 1.

2.4. Crude extracts preparation

After incubation time, cells were harvested by d@&mating at 4000 rpm for 15 min
following by a milliQ water washing. The pellets igestocked at -80 °C for at least one night
before lysing. Cells were then lysed by a cycl&m@nch press or sonication. 1 g of wet pellet
was suspended in 7 mL of lysis buffer (50 mM Tri€lHL mM MgCh, pH 8.0). Benzonase
(Sigma) was added to avoid DNA contaminant (0.5pdr gram of wet pellet). The
suspension was then treated by the pressure of t608Q00 psi in a French press system. In
sonication protocol, the suspension was kept inaeé treated by 5 cycles of sonication (a
pulse of 10 s per cycle, 30 s pause between twiegydCell lysate was collected in a flask
that is kept on ice. The cell debris was removedlbacentrifugation 18 000 rpm at 4°C for

30 min (Beckman).

In the case of the Yfhl crude extract, the celatgswas mixed 1/1 (v/v) with the HEPES
50 mM, urea 6 M pH 7.0 buffer (corresponding to tbguilibrium buffer of the first
chromatography column) and kept at room temperatarel5 min. This mixture was

centrifuged at 4000 rpm for 15 min at 4 °C to ehiate insoluble materials.

2.5. Purification
2.5.1. Anion exchange chromatography

a) DEAE Sepharose Fast-flow chromatography

A column of DEAE Sepharose Fast-flow (Sigma Ald)ietras previously equilibrated by
5 CV (column volume) of HEPES 50 mM, pH 7, then®@V of HEPES 50 mM, urea 6 M
pH 7.0. After the injection with the rate of 1 mlmmthe column was washed by 2 CV of
HEPES 50 mM, urea 6 M pH 7.0. Then, the proteineeveduted at a flow rate of 2 mL/min
by a gradient of KCI solution 0.1 M, 0.2 M, 0.4 M6 M and 1 M, respectively. The fractions
containing frataxin were determined by SDS PAGEtebphoresis gel. The pool of these
fractions are dialyzed against HEPES 25 mM pH 7@ asubmitted to a step of

hydroxyapatite anion-exchanged chromatography.
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b) Hydroxyapatite chromatography

A column of hydroxyapatite (Bio-Grad Labs.) wasvpoesly equilibrated by 5 CV of HEPES
25 mM, pH 7.0. The fraction containing frataxin wagected into this column (1 mL/min).
The column was washed by 2 CV of the equilibriunffdru Then, proteins were eluted by a
gradient of KHPQ4 from 25 mM to 500 mM. Electrophoresis gel SDS PAB&s used to

determine the fractions that contain frataxin.

2.5.2. Size-exclusion chromatography

In a system FPLC (Akta purifier - GE Healthcareesifience), the column of Super#é00
10/300 GL (GE Healthcare Lifescience) was previpustjuilibrated by buffer HEPES
50 mM, then sample was injected at the rate offLBnin. The elution was carried on at
flow rate of 0.5 mL/min. The means of detection wWasabsorption at 280 nm.

2.5.3. Concentration and dialysis

The pure fractions containing the target proteimenmooled and concentrated by VIVASPIN
10000 MWCO (GE Healthcare Lifescience). The prateivere dialyzed against Bis Tris
50mM, KCI 150 mM buffer three time during at le2dth at 4 °C before all physicochemical

studies.

2.6. Protein identification by electrophoresis

Samples from different purification steps were gpadl by sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis (SDS-PAGE). 3®&n anionic detergent that binds to
proteins, causing it to linearize and to becomeahegly charged. The charge of the protein
becomes proportional to the mass, and proteinseggarated by mass on the gel by an electric
field. The polyacrylamide gels with 10-15% acryldeiwere used in their commercial form
(Bio-Rad).
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Table V.2: Stock solutions for SDS PAGE assay.

Laemmli 4x 2-Mercaptoethanol, 0.4%
Bromophenol blue, 0.002%
Glycerol, 40%

SDS (electrophoresis-grade), 8%
Tris-HCI, 250 mM (pH 6.8)
Running buffer 0.3 % Tris base

1.5 % g of glycine
0.1 % of SDS
pH 8.3

Before the migration, protein samples were mixethwaemmli 4x (1/4 v/v) and boiled for

3 min (Table V.2). This treatment with reducing mtgg2-mercaptoethanol) disrupts
intramolecular and intermolecular disulfide bondghe proteins. That allows the protein to
achieve complete protein unfolding and to maintaisteins in their fully reduced states. The
samples were then loaded separately to the welBD&-PAGE gel. Typically, the migration
was run briefly for 15 min at 80 V and shift to 18@uring 45 min with the running buffer.

5 uL of Pre-stained protein standards (Invitrogadyer was used. After the electrophoresis

migration, the gel was stained by either CoomaBkie method or Heme-stain method.

2.6.1. Coomassie stain

Table V.3: Stock solutions for coomassie stain oteth
Coomassie 0.1 % Brilliant Blue R250
10 % Acetic acide
45 % Ethanol

Fixing solution 10 % Acetic acide
45 % Ethanol

Destaining solution 25 % Ethanol

Gel stock solution 1 % Acetic acid

The gel was incubated with Commasie solution foleast 2 h on an orbital shaker (50-70

rpm). After the coloration, the fixing solution weeplaced and shakes for 30 s. Then, the gel
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was destained by the destaining solution few tion&d the well appearance of the protein
bands (Table V.3).

2.6.2. Heme- stain

Heme containing proteins (hemoproteins) can beifspadty visualized on SDS-PAGE gel by

a reaction with benzidine derivatives based onr theroxidase activity. Indeed, hemoglobin
in the presence of 4@ oxidizes the amine groups of 3@methoxybenzidine (Figure V.2),

the product has dark green color (Broyles et al9).9

NH,
HaCO O O OCH,
HoN

Figure V.2:0-dianisidine (3,3-Dimethoxybenzidine).

Table V.4: Stock solutions for heme-stain method.
Al 0.0625 M Tris pH 6.8
2 % SDS
10 % glycerol

0.01 % Bromophenol

A2 12.5 % Trichloroacetic acid (TCA)

A3 0.2 g de o-dianisidine (3,3-Dimethoxybenzidine
dissolving in 20 mL of glacial acetic acid.

A4 Tricitrate sodium buffer pH 4.4

A5 30 % HO2

Stain solution | 10 mL A3 + 10 mL A4 + 80 mL kD+ 400 uL A5

(A5 was added immediately before use)

Briefly, 5 pL of A1 was mixed with 45 pL proteinlaton. The mixture was kept 10 min at
room temperature. This 50 pL sample was appliefD8-PAGE 10% acrylic acid gel. After

a typical electrophoresis migration, the gel wasibated with 200 mL of A2 for 30 min on
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an orbital shaker. TCA was then removed by two weagshkteps by milliQ water. The gel was
finally stained by 100 mL of stain solution. The'klgreen band is visible after 15 min (Table
V.4).

2.7. Western blot

For Western blot analysis, proteins were separated SDS-PAGE and then
electrophoretically transferred onto nitrocellulosembrane (Protran BA85, GE Healthcare
Life Sciences). After protein transfer, the memlesamere treated with the blocking buffer
(milk proteins) followed by incubation with an aiftataxin antibody. We used an anti-rabbit
horseradish peroxidase-conjugated secondary amtii®dyma Aldrich) and an enhanced
chemiluminescent reagent (West Pico and Femto, mitneScientific) for detection of

immunoreactive material.

2.8. Mass spectroscopy (MS)

The identifications of isolated proteins were basadottom-up approach. In this approach,
proteins of interest are digested with trypsin, #m&resulting “tryptic peptides” are analyzed
by electrospray ionization (ESI) or matrix-assisteskr desorption/ionization (MALDI). The

main steps are presented in Figure V.3.

Proteins separation Cut band « Tryptic digest »
MS& |
MS/MS
Ir?-gel_ Separation by i
digestion by liquid ull
g g TTYPSIF chromatography

~
N v

Figure V.3:The steps of bottom-up approach in MS analysis.
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2.8.1. In-gel digestion by Trypsin:

Table V.5: Stock solutions for the Trypsin digespootein from SDS-PAGE gels

Bl Acetonitrile (ACN) 50 % in NEHHCOz 50 mM

B2 102 g/L Trypsin in NHHCO; 25 mM

B3 Dithiothreitol 10mM in water

B4 lodoacetamide 55mM in water

B5 0.01 % Trifluoroacetic acid (TFA) in ACN 50 %

SDS-PAGE band was cut by a scapel blade and @uimitrocentrifuge tube (Table V.5).

- Washing step: The excised band was washed by tvubation cycles in 100 pl of B1
solution for 15 min/950 rpm at room temperaturee Tel piece was dehydrated by
stirring with 10 min/950 rpm in 100 puL of ACN 100.%hen, ACN was removed and
the gel piece was dried at 37 °C for 10 min.

- Reduction/Alkylation: B3 was added to cover comglletthe gel piece. Protein

reduction was performed by soaking 45 min in B3&tC in an air thermostat. The
band was chilled down to room temperature. B3 veaéaced by B4 and the protein
alkylation was carried out by incubation in B4 &% min at room temperature in the
darkness. B4 was removed and 100 pL of miliQ watas added. Incubation for

10 min allowed washing the gel piece. Later, it Walydrated for the second time by
100 pL of ACN 100 %.

- Digestion: At 4 °C, B2 was added enough to covet saturate the dried gel piece
(20 pL typically). The digestion was effected bg thvernight incubation at 37 °C.

- Extraction: After the digestion, the supernatans wansferred to another tube. 20 pL
of B5 was added. The 15 min incubation under 950 agitation allowed the second
extraction. The two solutions are finally combirgad sample is immediately dried
with Speed-Vac. The samples are now ready for ESladalysis or being desalted by
Zip-Tip procedures.

2.8.2. Zip-tip procedures:

Samples for MALDI need to be desalted and conctdtrasing Zip-Tipis pipette tip.
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Table V.6: Stock solutions for Zip-tip procedures

Wetting solution acetonitrile 100%

Equilibration and wash solutions  0.1% TFA in water

Elution solution 0.1% TFA in water containing 70%I&

20 uL pipette was utilized for all aspirate/dispenseley. The Zip-Tipis pipette tip was wet
first by wetting solution. Equilibration was thenhgeved by two aspirate/dispense cycles of
the equilibration solution. Peptides were bounchwvilib slow aspirate/dispense cycles of the
sample solution. The tip was rinsed with two adpidispense cycles of the wash solution.
Peptides were recovered with an aspiration ofull5of elution solution. Samples are now
ready for MALDI TOF-TOF analysis (Table V.6).

2.8.3. MALDI TOF TOF analysis

Tryptic peptides were spotted on a MALDI plate. Thatrix (@-cyano-4-hydroxycinanamic
acid in 50 % ACN, 0.01 % TFA) was mixed to tryppieptides solution directly on the plate
with ratio of 1/1 (v/v). Mass spectra were acquimd a MALDI TOF/TOF ABI 4800+
(Applied Biosystems/MDS Sciex) (Figure V.4).

Floating collision cell

y‘—— o |
Nd:YAG laser
Detectors

Gas

DE MALDI
AN I/%;n':&ii ¥ /' 2nd source — e \
I~ _I_I[l_II_II_I!I_II_IIIIIIi\
) IIIIIIIIIIIIIIIIIIII
\
TOF 21 X/ | | \
Retardi ens, x/y
1 Ier:smg 1 deflectors, 1 2 Stage
metastable lon Mirror
suppressor
250 Uss 250 Us 250 Us

Figure V.4:Schematic representation of MALDI TOF-TOF instrumerfYergey et al. 2002)
2.8.4. ESI analysis

ESI mass spectra were acquired on an Orbitrap FUsibrid coupled to a Nano-LC Proxeon

1000 equipped with an easy spray ion source (Th&anentific, San Jose, CA) (Figure V.5).
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Figure V.5:Schematic representation of (a) ESI interface; (fmechanism of ion formation.

2.9.HPLC-Size exclusion chromatography

The HPLC system (1260 Infinity, Agilent) consists a quaternary pump, absorption and
emission detectors. It was used to determine tigorokric state of frataxin in the presence
and absence of metals and to study the interabgbmeen Cu(GSH)and frataxin, and finally

the state of flavohemoglobin.

Protein samples were prepared in Bis Tris 50 mM| RCmM, pH 7.0 and loaded (20 pL) in

a size exclusion column (Bio SEC-5, 5 um partits) A, 7.8 mm x 300 mm) from Agilent.

The column was previously calibrated with dimeravime albumin (132 kDa), monomeric

bovine albumin (66 kDa), ovalbumin (45 kDa), carigoanhydrase (29 kDa), lactalbumine
(14.2 kDa). The mobile phase consisted of2R&% 50 mM buffer, pH 7.0. The flow rate of

the HPLC system was set at 1.0 mL/min. The elutv@s monitored by absorption at 280 nm,
and emission at 340 nmek = 280 nm). For the characterisation of flavoherabl, the

elution was monitored by absorption at 410 nm ang&ion at 340 nmiéx = 280 nm).

2.10. Dosage

2.10.1.Protein concentration
Yfhl concentration was determined through UV-visibspectroscopy by measuring
absorbance at 280 nm with extinction coefficients 20 000 M!.cnml. Absorption

measurements were performed at 25°C on a Cary d4pé€trophotometer equipped with a

Peltier thermostated cell-carrier.
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Protein concentration was measured by Bradfordepraissay (Biorad). The standard linear
curve was based on a range of human serum albu8A)(concentration varying from 0 to
100 pg/mL.

2.10.2.Heme quantification

Heme content was determined by pyridine hemochremagethod (Barr and Guo 2015).
This method is based on the changes in the hemiagiddsorbance spectrum upon reduction
of heme iron to Fe(ll) (Figure V.6). In the firdep, 250 uL sample of flavohemoglobin was
mixed with 250 puL of 4.4 M pyridine/0.2 M NaOH. Thpectrum of this mixture, which
corresponds to the oxidized state of heme iron, el#ained by measuring the absorption
between 500- 600 nm. DTT was added in excess, dmeple was scanned again for
absorption between 500-600 nm. In presence of DIhe, spectrum corresponds to the
reduced state of heme iron. In this step, the saryhs into reddish color. The scan was
repeated until the absorbance peak does not ircréhs scan with the highest peak is that of
the reduced spectrum. The concentration of heme caksilated based on the absorption
band at 557 nm of reduced state by the Beer Lamélation with an extinction coefficients
of 34 700 Mt.cni? (Paul et al. 1953).

0.30 557 nm
0.25-
0.20+
0.154

0.10+

Absorbance (AU)

0.05-
Oxidized

0.00 :
500 510 520 530 540 550 560 570 580 590 600
Wavelength (nm)

Figure V.6:Example spectrum of reduced and oxidized pyridirentochromager{(heme b).
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2.10.3.FAD quantification

Protein was mixed with one equivalent of A2 (12.51%A) and boiled for 3-5 min. The
solution was then centrifuged at 12 000 rpm to nesmarecipitated proteins. The absorption
of the supernatant was measured at 450 nm. Coatientrof FAD was estimated with and
absorption coefficient of 11 300-Mcn! (Gardner 2008)

3. Thermodynamic study

3.1. Spectrofluorimetric measurements

Fluorimetric measurements were performed at 25°C aan Aminco-Bowman series 2
luminescence spectrometer equipped with exterrahtbstated water-bath circulation. The
excitation wavelength was set at 280 nm and thessam spectra were measured between
300 and 400 nm.

The light path length was 1 cm and the monochromslib openings were 4 nm for both
excitation and emission. The spectra used for #gterthination of equilibrium constants were
recorded at the final equilibrated state of the iggeiovolved. The titrations were carried out
in the 100QuL cuvette. For the anaerobic experiments, espgdaligned cuvettes were used

and manipulated in a glove box before being transdieto the spectrometers.

Dissociation constants of metal-frataxin complewese determined from spectrofluorimetric
data sets collected at multiple wavelengths ushey multivariate data analysis program
SPECFIT 32 (Binstead et al. 2003).

3.2.Isothermal titration calorimetric

ITC measurements were performed to determine thdirig affinity and stoichiometry of
Yfh1l and metals (Figure V.7).
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stirring syringe

Figure V.7:1sothermal titration calorimetric illustration

The experiments were carried out on a TA Instrusi@w-volume Nano ITC with gold cells

and an active cell volume of 166 pL. The anaerelxgeriments were performed by keeping
the ITC machine in the glove box. All ITC titratenvere performed at 25 °C and a stirring
rate of 250 rpm using a titrating syringe volume50fuL. Typically, after an initial 1 pL

injection, an automated sequence of 24 injectieash of 2 pL metal titrant into the sample
cell containing Yfhl, spaced at 5 min intervalseTdata were collected automatically and
analyzed using the NanoAnalyze software from TArimeents and a mathematical model

involving one class of independent multiple bindsmigs.

4. Kinetic study

4.1. Stopped flow technique

Stopped-flow experiments were performed on a Hi-T8clentific SF61DX2 stopped-flow
spectrofluorimeter equipped with a Xe/Hg light seuand a thermostated bath held at 25°C.
Solutions of frataxin were mixed with a metal smaotin buffered aqueous solutions (Bis Tris
50 mM, KCI 150 mM) (Figure V.8). For the anaerol@zperiments, all solutions were
prepared in a glove box under a positive atmospbéngure argon gas. The stopped-flow

apparatus and mixing syringes were kept under angen in a specially designed glove box.

For the stopped-flow experiments, the excitationelewgth was set at 295 nm, which is one
of the emission peaks of the Xe/Hg light sourcel detection was set atm > 300 nm. All

stopped-flow generated kinetic curves were 10-tisigrsal averaged.
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Figure V.8:Stopped flow system illustratiofZheng et al. 2015)

4.2. Relaxation chemistry
Consider a chemical equilibrium such as the comsysiem:

kq (V.1)
A+B —=C
k_4

The rate equation of equation V.1 is expressedjaat®n V.2

dlA]  d[B] d[C] _ (V.2)
—— === —= = k[AlB] - k4 [C]
At equilibrium:
_d[A] B _d[B] _d[c] 0 (V.3)
a  dt dt
Thus, the equilibrium constant iKan be calculated from equation V.4:
[Al[B] k-1 (V.4)
K, = ——— = —= constant
Ik

A chemical equilibrium is a dynamic affair. A reacontinuously with B to form C but at the
same time an equal number of molecules of C deceepo regenerate A and B. The
equilibrium state of this and any other chemicatem not only depends on the chemical

identity of the species involved but is determitigda set of external parameters such as the
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temperature, pressure, solvent, stoichiometric eéotnations, etc. When this equilibrium state
is perturbed for instance by the addition of magactants, dilution, a change of pH, or a
change in temperature, pressure, etc., the systigmta itself to the changed set of external

parameters.

In the case of system equation V.1, if for instaweemodify the concentration of reactants A
or B, or Ki (which depends on several variable parameters asitckmperature or pressure)
and if the perturbation is faster than system respp the system is instantly out of
equilibrium state. The concentration of reactantBfor C) will change to be adaptable with
the new equilibrium imposed by the perturbationg@ife V.9). A model of relaxation

associated with chemical reaction is obtained. riBgconi, CF. 1976)

A [A] I A

uoneqinyad

Concentration

v

t=0 Time (s)

Figure V.9:The perturbation must be excessively rapid when pamed to system response.

Since in a relaxation experiment the system relécogs an initial equilibrium state to a final

equilibrium state, we introduce the following syngo

ci, ¢, ct Equilibrium concentration at initial state
cf, cl,cl Equilibrium concentration at final state

The concentration of reactants can be expresstnrs of their new equilibrium values and

their deviations occurring during chemical relaaatas below:
¢l = { + Acy

ch = c£ + Acp (V.5)

ct = cg + Ace
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According to the principle of mass conservationr{@ss balance), we have:

ACA + ACC = O (V6)
ACB + ACC = O

Or Acy = Acg = —Ace = x
Hence equation V.5 becomes:

6}1=6Af+x

ch=cltx (V.7)

ck=cl—x

From equation V.3 and equation V.7, we have:

dcj  dch dct d(cf/-x) dcf dx  dx (V-8)

dt dt dt  dt  dt dt  dt

Notes that at equilibrium state d[A]/dt = 0, eqaatV.2 can be expressed as:

_% = ky(c] +x)(cf +x) = k_1(cf - x) (V.9)
= ky[clcf + (c] +cf)x+x21 = k_y(cL - x)
= (kyc) L —k_ycl) + [y (c] + cL)x + k_yx] + keyx?
— [kl(CA + cB)x + k_ix] + kyx? (V.10)

If only small equilibrium perturbations are consiel® that means|k< c , the termk,x? is

negligibly small compared to the other terms anga¢ign V.10 becomes:

dx (V.11)
- = [ki(cq +c5 )+ k_qlx
Or: dx 1 (V.12)
—_—_— =X
dt 7
With T =ky(cy +c5)+ kg (V.13)

T is called the relaxation time of the system. Indéign of equation V.12

X t
j x tdx = —‘L'_lj dt
X0 0
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leads to: 1 (x) _t
nl— ) =—-
X, T

Or. x = x,e"t/" (V.14)
With X, = Ch — C/’;

As is evident from equation V.13:kand ki can be evaluated from the concentration

dependence af! being a linear function of fc+ o) (Figure V.10).

Slope = k;

1/t

k-1

v

Figure V.10:Determination of rate constants from the concenti@t dependence of* for the A+B
= Csystem
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5. Enzymatic activity study

5.1.Superoxide dismutase enzymatic activity essay

| —— WST-1 formazan
S0, N_N,.(j 104 ——WST-1
: Pat
xanthing ™ o 20 - 05“@‘{ WST-1 formazan
0 b 7 s H=HN 08
2 \ / III.’ ‘("l
b \
LY \/ NO_—
xanihine oxidase :f 06
"\\ A 50, UE <
inacid A N 04
uric acid .~ . / \ " N ;
HOp © 20; °~5WN< N f:L M WST-1
‘ ND_. 024
500 - Dz hl HzOz 0.0
inhibition reaction 200 50 00 700
wavelength (nm)

WST-1 formazan spectrum
SOD essay kit principle

Figure V.11 Superoxide dismutase activity assay.

CUW*Zr?*SOD + Q" — Cu'Zn?* SOD + Q (V.15)
CUZr?* SOD + Q" +2H* - C¥*Zn?* SOD + HO; (V.16)

To investigate the influences of Yfhl on enzymatitivity of SOD, we used the SOD assay
kit, which uses a tetrazolium salt to detect thpesoxide radicals generated by xanthine
oxidase (XO) and hypoxanthine. SOD essay kit casta/ST-1 (2-(4-lodophenyl) - 3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoliumnmonosodium salt), which produces a
highly water-soluble formazan dye (WST-1 formazappn reduction with a superoxide
anion Q" (Figure V.11). Xanthine oxidase (XO) has been usedenerate ©. At 37°C,
SOD catalyzed the dismutation o™Ao O, and HO. as described in equations V.15 and
V.16 with the rate approaches the diffusion-cotdblimit (1.6x16 Mt s1) (Culotta et al.
2006). By disproportioning £, SOD reduced the rate of WST-1 oxidation. By maaguhe
rate of WST-1 formazan production in presence oDS@e can evaluate its activity. The

absorbance at 450 nm is proportional to the am@(BiT-1 formazan.

In a 200uL cuvette, the reaction was initialized by addin@,Xhe absorption 450 nm was
measured each 0.01 s during 20 mins. The initi@ od WST-1 oxidation reaction by,D
generated from XO was measured and consideredasl@ % (y), the rate in presence of

SOD was determined as ¥he percentage of inhibition is calculated akfeing equation:
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v, — v;) X100
%inhibition = o =~ v) (%)

(o]

The IC50 of SOD in presence or absence of Yfhl determined by tracing a regression
linear of percentage of inhibition against log[SOI50 corresponds to the concentration of
SOD that inhibits 50 % total activity of workingzame (XO).

5.2.Yhb1l enzymatic activity essay

The NADH oxydase activity of Yhbl was evaluatediiactly by the reduction of cytochrome
c oxidase based on the reaction (equation V.17.prbduct has a typical absorption band at
550 nm (Figure V.12) with molar coefficient extiimet of esso = 21 100 M.cm! (EI Hammi

et al. 2012).

NADH + cytcFé* =—= NAD"* + H* + cytcF&" (V.17)

03 Cco ‘

Cco+NADH +yhbl

550 nm 0241

0,2

Abs
A 550nM

0,0

oo i i i
T T T T

0 10 20 30

0,1 T T T T ] time (min)
500 520 580 600

540 560
wavelength (nm)

Figure V.12: (a)Absorbance spectrum of cytochromebefore (black)and after (red) the reduction
by NADH and Yhb1 (b) Variation of Asso nmduring 30 min in presence of Yhb(black)or not (red).
The initial rate of cytochrome c reduction is prdmmal to the initial rate of NADH
oxidation. Thus, the initial rates of NADH oxidatiat different concentrations of NADH
were measured. The Michealis Menten model was egpb determind/maxand Km and

kcat

180



Chapter V: Materials and methods

REFERENCES

Barr I, Guo F. 2015. Pyridine Hemochromagen Assaybietermining the Concentration of Heme in
Purified Protein Solutions. Bio-protocol 5: e1594.

Binstead RA, Zuberbihler AD, Jung B. 2003. SPECEKldbal analysis system version 3.04.34.
SPECFIT global analysis system version 3.04.34.

Broyles RH, Pack BM, Berger S, Dorn AR. 1979. Qifemattion of small amounts of hemoglobin in
polyacrylamide gels with benzidine. Analytical Bi@mistry 94: 211-219.

Buisson. N, Labbe-Bois R. 1997. Flavohemoglobin régpion and Function in Saccharomyces
cerevisiae: no relationship with respiration andptex response to oxidative stress. The journal of
Biological chemistry 273: 9527-9533.

Ciriolo MR, Desideri A, Paci M, Rotilio G. 1990. Rawstitution of Cu,Zn-superoxide dismutase by
the Cu(l).glutathione complex. J Biol Chem 265: 30:01034.

Culotta VC, Yang M, O'Halloran TV. 2006. Activatiarf superoxide dismutases: putting the metal to
the pedal. Biochim Biophys Acta 1763: 747-758.

El Hage Chahine JM, Fain D. 1994. The mechanisnraf release from transferrin. Slow-proton-
transfer-induced loss of nitrilotriacetatoiron(ltpmplex in acidic media. Eur J Biochem 223: 581-
587.

El Hammi E, Warkentin E, Demmer U, Marzouki NM, HemU, Baciou L. 2012. Active site analysis
of yeast flavohemoglobin based on its structurénwitsmall ligand or econazole. FEBS J 279: 4565-
4575.

Gardner PR. 2008. Assay and Characterization otbeDioxygenase Activity of Flavohemoglobins.
436: 217-237.

Hanna PM, Tamilarasan R, McMillin DR. 1988. Cu(l)abysis of blue copper proteins. Biochem J
256: 1001-1004.

Paul KG, Theorell H, Akeson A. 1953. The molar ligitisorption of Pyridine Ferroprotoporphyrine
(Pyridine haemochromogen). Acta Chemica Scandiaaxid 284-1287.

Schenk PM, Baumann S, Mattes R, Steinbiss HH. 1898proved high-level expression system for
eukaryotic genes in Escherichia coli using T7 RNodymerase and rare (Arg)tRNAs. BioTechniques
19.

Yergey AL, Coorssen JR, Backlund Jr PS, Blank PSnptuey GA, Zimmerberg J, Campbell JM,
Vestal ML. 2002. De novo sequencing of peptideagi$lALDI/TOF-TOF. Journal of the American
Society for Mass Spectrometry 13: 784-791.

Zheng X, Bi C, Li Z, Podariu M, Hage DS. 2015. Artadgl methods for kinetic studies of biological
interactions: A review. Journal of Pharmaceutical Biomedical Analysis 113: 163-180.

181



Résumé

La frataxine est une protéine mitochondriale biemservée de la bactérie a 'homme. La déficiencdade
frataxine chez 'homme entraine une maladie newédérative grave, appelée Ataxie de FriedreichteCet
protéine a été découverte dans les années 90speisdea fonction physiologique exacte n'est tougopas
connue. La frataxine joue un réle important dansiégynthése des centres Fe-S dans I'homéostadiar ét/ou
dans la protection contre le stress oxydant. Datte ¢hése, nous nous intéressons aux interactiomie la
protéine et d’autres molécules, comme certains urétditochondriaux ou protéines pour mieux compreridr
fonction de la frataxine dans la cellule. Lors detavail, la frataxine de levure (Ythl) a été stisée par la
technique de I’ADN recombinant, puis purifiée ptes études physico-chimiques. La flavohémoglobliie()

qui joue le réle important dans la détoxificatioa NO (un agent du stress oxydatif et nitrosatiBt@ aussi
exprimée et purifiée selon le méme principe. Ersuious avons étudié la thermodynamique et laiguéde la
complexation de Yfhl par les métaux mitochondrimaxnmme Fe, Cu, Mn, Zn, ainsi qu’'avec les protéines
impliquées dans le systéme antioxydant comme |@erenydes dismutases, CuZnSOD et MnSOD, et la
flavohémoglobine. Ces résultats montrent tout d'dlgue Yfhl interagit avec tous les métaux mitochi@ux,
néanmoins elle présente une meilleure affinité geucuivre et le manganése. Par la suite, nousongettn
évidence le rdle remarquable de la frataxine darsy$téme antioxydant. Nous attribuons ainsi dal@fine un

réle de protéine multifonctionnelle : « régulateuttans le métabolisme des métaux.

Resume

The frataxin is a mitochondrial protein which ighlly conserved during the evolution. The deficienEyrataxin
in human induces a neurodegenerative disease:réights ataxia. This protein was discovered in tigeties.
However, its functions are always opened questitbriigas been shown that frataxin participates enahsembly
of Fe-S cluster, as well as the iron homeostasiscafiular antioxidant system. The interactionsaesn frataxin
and others molecules, such as metals or proteies)exessary for a better understanding of pratédimictions.
In this work, we synthesized a yeast frataxin hagoe (Yfhl) by DNA recombinant technique, and then
purified it for cell free studies. Yeast flavohenwgn (Yhbl), which is responsible for the detoséfion of NO
(an oxidative and nitrosative stress agent), wes @blated. We started by determining the thermarycs and
kinetics of the physiological interaction betweefnl' and mitochondrial metals, such as Fe, Cu, MhZm as
well as the interaction with the gatekeepers inahi-oxidative stress such as superoxide dismsit@&aeZnSOD
& MnSOD, and Yhbl. We underline here, in the fjpatt the unspecific interaction of Yfh1l with mitasidrial
metals, and more especially the higher affinityréil for copper and manganese than for iron. We atsfirm
the remarkable participation of Yfhl in the antitesit system. Based on these observations, we aghatne

frataxin plays the role of a “regulator” in metaétabolism.



