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Highlights:

A set of frataxin variants spanning a broad ranfjeomformational stabilities
was prepared.

Variants S160I, S160M and A204R were more stabdm ttne wild-type and
equally active.

As in the case of FRDA variant N146K, variant S18f@bwed higher stability
but lower function.

The triple mutant S1601/L203C/A204R was 2.4 kcalltnaore stable and
resistant to proteolysis, and it was as activdhasild-type variant.

Internal motions were investigated by molecular adgits simulations and
NMR.

The study of frataxin variants uncovered the tréideetween frataxin stability
and the cysteine desulfurase supercomplex function.



Abstract

The relationships between conformational dynanstability and protein function are
not obvious. Frataxin (FXN) is an essential protisat forms part of a supercomplex
dedicated to the iron-sulfur (Fe-S) cluster assgmilithin the mitochondrial matrix. In
humans, the loss of FXN expression or a decreas#sirfunctionality results in
Friedreich’s Ataxia, a cardio-neurodegenerativeea@se. Recently, the way in which
FXN interacts with the rest of the subunits of gupercomplex was uncovered. This
opens a window to explore relationships betweeucsiral dynamics and function. In
this study, we prepared a set of FXN variants sp@na broad range of conformational
stabilities. Variants S160I, S160M and A204R weerstable than the wild-type and
showed similar biological activity. Additionally, evprepared SILCAR, a variant that
combines S160I, L203C and A204R mutations. SILCA# ®.4 kcal ma! more stable
and equally active. Some of the variants were 8aamtly more resistant to proteolysis
than the wild-type FXN. SILCAR showed the highessistance, suggesting a more
rigid structure. It was corroborated by means oflenalar dynamics simulations.
Relaxation dispersion NMR experiments comparingCAR and wild-type variants
suggested similar internal motions in the microselctm millisecond timescale. Instead,
variant S1571 showed higher denaturation resistdnutea significant lower function,
similarly to that observed for the FRDA variant k4 We concluded that the
contribution of particular side chains to the caonfational stability of FXN might be
highly subordinated to their impact on both thetgirofunction and the stability of the

functional supercomplex.



| ntroduction

The relationships between conformational stabilitygernal motions and protein
function are not trivial and are the essence ofpifweein nature. The alteration of the
conformational stability of proteins is a key factor the development of pathogenicity
in several human diseases.

Numerous proteins exert their function by estallighspecific protein-protein
interactions. Although in some cases they intenatsiently, in other cases they form
stable protein complexes. The latter is the casdratxin (FXN), an essential
mitochondrial protein of 120 residues, which is leady encoded. FXN is one of
several proteins that forms a supercomplex dedictiethe iron-sulfur (Fe-S) cluster
assembly within the mitochondrial matrix. A myriaflenzymatic processes depends on
its activity. In this supercomplex, FXN works as aativator that simultaneously
interacts at least with two different proteins: I$Ghe scaffold protein, and the cysteine
desulfurase NFS1, a PLP dependent enzyme thatfdransSH groups from the
substrate (cysteine) to ISCU (Fox et al. 2019).isltworthy of note that FXN
simultaneously interacts with both NFS1 subunitstioé supercomplex (PDB ID:
6NZU).

Remarkably, in humans, the loss of FXN expressionaodecrease in its
functionality, and the subsequent deficiency initba-sulfur cluster (Fe-S) assembly in
the mitochondria, result in Friedreich’s Ataxia (BR), a cardio-neurodegenerative
disease (Campuzano et al. 1996; Lamont et al. 108%hima et al. 1998; Marmolino
and Acquaviva 2009; Punga and Buhler 2010; Lufinal.e2013; Li et al. 2015; Silva et
al. 2015; Galea et al. 2016).

Although 95% of FRDA patients exhibit in each aleGAA triplet-repeat

expansion in the first intron of the FXN gene, whidetermines a low expression of



FXN, the remaining 5% of patients have a missens&tmon in one of the alleles (in
compound heterozygosis with the GAA triplet-repeapansion in the other allele),
modifying the conformational stability and/or theoein function; currently, there is
only one report of patients showing homozygous emse mutation, R165C, (Candayan
et al. 2019).

Among many other compound variants, G130V (Coretial. 2008), G137V
(Faggianelli et al. 2015), L198R (Faraj et al. 20®&hd the truncated form FXN81-193
(ACTR) (Roman et al. 2012; Sacca et al. 2013) shoaveynificant decrease of the
conformational stability of the protein. In print@p this feature is expected to yield a
concomitant low protein concentration in the cetéuse of protein degradation. In the
case of mutant G137V, no impairment of the strctor activity of the protein was
foundin vitro (Faggianelli et al. 2015); however, low FXN contcation was observed
in the patient.

On the other hand, a significant reduction of comi@tional stability may
additionally result in a decrease in protein fumctias a consequence of the loss of
cooperativity with an increase of local unfoldingeats, the alteration of the internal
motions as in the case of L198R or FXN81-18B8TR) (Faraj et al. 2014).

Some FXN mutations perturb the supercomplex assemielding a decrease in
function, without necessarily causing a reductidntie conformational stability of
FXN. This is the case of mutations N146K and W1553Re former significantly
stabilizes the native conformation of FXN (Bellaretaal. 2019); however, the activity
of this variant decreases because N146 is veryedosthe ISCU-FXN interaction
region, adjacent to W155, another key residue ih@tindamental for this interaction
(Bridwell-Rabb et al. 2011; Schmucker et al. 20I0Hus, the interaction surfaces of

ISCU and FXN have coevolved and the contributiorth® stability of the residues



involved in coevolution might be highly subordinate their impact on both protein
function and the stability of the functional supmrplex.

Additionally, in principle, FXN interacts with irotby means of its “acidic
ridge”, a region of the protein that is very rich®lu and Asp residues (Huang et al.
2008; Vazquez et al. 2015; Adinolfi et al. 2002;r@@ et al. 2008). This metal ion
binding process is thought to be relevant for ttievation of the supercomplex, and the
influence of these acidic residues on conformatistebility was previously studied by
the group of Gomes (Correia et al. 2010). The martatf the acidic residues to alanine
resulted in a substantial stabilization of thewvetonformation. It is worthy of mention
that several acidic residues are also involvedhénimteraction between FXN and NFS1
(Schmucker et al. 2011; Fox et al. 2019).

The behavior of the alanine variants of the acrilige added to that of the
N146K mutant suggest a substantial tradeoff betweammformational stability and
function. On the other hand, the L203C variant &rat al. 2016; Faraj et al. 2019), in
which a core leucine residue is replaced by a tstés more stable than the wild-type
FXN and exhibited similar cysteine desulfurase vatibn. Then, a more complex
relationship between stability and function needsbe invoked to explain these
observations.

In this context, we decided to look for other FXBriants more stable than the
wild-type protein and, at least, equally actiwevitro and in vivo. Taking this into
account, we explored the FXN structure by meanbiahformatic tools in order to
locate residues that might be replaced by anotime, @ncreasing thermodynamic
stability. We found a series of feasible mutantseyl were prepared and studied
vitro. Conformational features and stability and the bdpg of activating the

supercomplex were analyzed side by side.
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Materials and Methods

Bioinformatics

Stability and mutational effect calculations wererfprmed using FOLDX
(Schymkowitz et al. 2005). For these calculatid?idB ID: 1EKG (Dhe-Paganon et al.
2000) was analyzed. Briefly, first all positionsreeevaluated by means of FOLDX to
find positions that might be mutated producing anrease in the conformational
stability of the protein. The PositionScan was ggapblsing repair tool. It mutates each

amino acid to the other 19.

Mutagenesis, Protein Expression and Purification

Mutagenesis was carried out using thé’ @&e-Directed Mutagenesis Kit (New
England Biolabs, U.S.A.). Wild-type FXN (residue®-210) and mutants were
expressed and purified as previously describedterwild-type variant (Faraj et al.
2014). Purity was > 98 % as evaluated in SDS-PAGe&ntity was verified by DNA
sequencing using Macrogen facility and by masstspeetry analysis. The latter was
performed in the National Laboratory of Researath 8arvices in Peptides and Proteins
using an LCQ DUO ESI ion trap (Thermo Finnigan)Q@Exactive Orbitrap (Thermo
Scientific) spectrometers.

For °*N-labeled protein, production cultures were growmi9 minimal medium
supplemented with**N-NH,C| obtained from Cambridge Isotope Laboratories
(Andover, MA) and purified as the unlabeled samplestinction coefficients were
calculated from amino acid sequences using theé®Bram tool on the ExXPASy Server
(Wilkins et al. 1999).

The DNA sequence corresponding to ISCU2 was opéchiZor E. coli

expression by Explora Biotech (Rome Italy) and etbin a pE22b vector, with a C-



terminal His6 tag. Protein was induced by the aaoldiof 1mM IPTG (3h, 37°C and 250
rpm). The protein was purified using a?NNTA-agarose column equilibrated in a
buffer 20 mM Tris-HCI, 300 mM NaCl, pH 7.5. The &t was performed with a
buffer 20 mM Tris-HCI, 300 mM NaCl, 500 mM imidazglpH 7.5.

The DNA sequences corresponding to the human NFSR11 and ACP
proteins where optimized fdt. coli expression by Bio Basic (Markham ON, Canada).
The cysteine desulfurase variant NBASS (mature form, with an N-terminal His6 tag)
and the ISD11 sequences were cloned in a pETdasinod and ACP was cloned in a
pPpACYCDuet-1 vector. To prepare the protein comgdkES1/ACP-ISD11L) the three
proteins NFS1, ISD11 and ACP proteins were indumgedhe addition of 1mM IPTG
and co-expressed (overnight, 20 °C and 250 rpmijfi€ation was carried out using a
Ni?*-NTA-agarose column equilibrated in a buffer 20 riiki-HCI, 300 mM NacCl, 20
mM imidazole, pH 8.0. The elution was performedwatbuffer 20 mM Tris-HCI, 300

mM NacCl, 500 mM imidazole, pH 8.0.

Circular Dichroism Spectroscopy

Circular dichroism (CD) measurements were carried ioé a Jasco J-815
spectropolarimeter. Near-UV CD spectra were cadeéatsing a 1.0 path length cell,
thermostatized at 20 °C. Protein concentration $#8gM and the buffer was 20 mM
Tris-HCI, 100 mM NaCl, pH 7.0. Data were acquirédaacan speed of 20 nm rlin
with a 1-nm bandwidth and a 0.1-nm data-pitch. Fseans for each sample were

averaged, and the blank spectrum was subtractibe @verage.

Light Scattering and the Hydrodynamic Behavior of the FXN Mutants



The hydrodynamic radiusR{) of the FXN mutants was investigated using
Dynamic Light Scattering (DLS, Zetaziser Nano-S,\Men). Protein concentration
was in the range of 70-14M (1-2 mg mLY). The buffer was 20 mM Tris-HCI, 100
mM NaCl, pH 7.0. The experiments were carried du?& °C. On average, 10 runs
were performed. Size distributions weighted byipErinumber were obtained.

Additionally, SEC-HPLC was performed using a Super6 column(GE
Healthcare). Protein concentration was 25, a volume of 5QL was typically
injected, and running buffer was 20 mM Tris-HCIQ1@M NaCl, 1 mM EDTA, at pH
7.0. The experiment was carried out at room tentpera~25 °C) at a 0.5 mL/min
flow rate. A JASCO HPLC instrument was used. It veasipped with an automatic
injector, a quaternary pump and a UV-VIS UV-207tutfen was monitored at 280

nm).

Thermal Shift Assay

Temperature-induced denaturation of FXN variantss vmonitored by the
change in the Sypro Orange dye fluorescence usotgip at a 5.QuM concentration in
50 mM sodium phosphate buffer, pH 7.0. Samplesawiitiprotein were also included
as controls. The dye was used at as suggested by Thermo Fisher Scientific). The
temperature slope was°C min* (from 20 to 90 °C). Excitation and emission ranges
were 470-500 and 540-700 nm, respectively. Thedieence signal was quenched in
the agueous environment but became unquenched tlvbgorobe bound to the apolar
residues upon unfolding. Experiments by triplicatre carried out in a Step One Real-

Time-PCR instrument (Applied Biosystems, CA, U.3.A.

Equilibrium Unfolding Experiments
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Isothermal unfolding experiments were performedubating each FXN variant
(3.7 uM) with different concentrations of denaturant @rén a buffer solution of 20
mM Tris-HCI, 100 mM NaCl, 1 mM EDTA, at pH 7.0 férh at room temperature. A
fresh urea solution (approximately 9.2 M) was pregdaor each experiment, and the
exact urea concentration was determined usingatefeaindex measurements, using a
Palm Abbe digital refractometer (Misco). Tryptophafluorescence spectra
measurements were taken at 20° C. Excitation wagedaout at 295 nm and spectra
were acquired between 305 and 500 nm.

To calculate thermodynamic parameters, a linepeni@ence of the standard free
energy of unfoldingZ4G°ny) on denaturant concentration was assumed:

AGI(\)IU = AGIQIU,HZO — myylurea]l (1)
whereAG°\y, 120 IS the free energy of unfolding in the absencdesfaturant andyy is
the dependence of free energy on denaturant. Dgfi@, as the denaturant
concentration in whichG°yy = 0, it is deduced that:
AGRy = Mny(Cr — [urea])  (2)
A two-state unfolding mechanism was assumed, amdollowing equation was fitted

to data:

(mNU[urea]—Cm)
(SO,N + my [urea]) + (SO,U + my [urea])e RT
S= mNU[urea]—Cm)

1+e( RT

(3)

where Sy and Sy are the intrinsic CD signals for the native andologd states,
respectively. Parametersy and my are the slopes of the pre- and post-transitions,
respectively, assuming the linear dependencessef and Sy signals with urea

concentration.
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The correlation obtained in this work between dhservedT,, values (unfolding
monitored by Sypro-orange florescence) and freeggndifferences (urea unfolding
experiments monitored by Trp fluorescence) was(0.25+0.01)x - (16.27 +0.54), with

an R=0.99.

Controlled Proteolysis

Resistance to proteolysis of the FXN variants weedyged bySDS-PAGE and
RP-HPLC profiles (C18). The variants at 1 mg ‘mprotein concentration were
incubated during 5h reactions at 40 in buffer 20 mM Tris-HCI, 100mM NacCl, 1mM
EDTA, pH 7.0 in the presence or in the absencehyimotrypsin (1:100 protease:
protein ratio). The reactions were stopped by théiten of 2x sample buffer for SDS-
PAGE analysis and 1mM PMSF (final concentration), ImM PMSF (final
concentration) and 0.05%/¢) TFA for RP-HPLC. Protein controls without proteas
were simultaneously incubated, for the same pesfddne, and under exactly the same
conditions of buffer and temperature. PMSF was dddter the incubation. For HPLC,
a JASCO system, equipped with an autoinjector,\aam dthermostatized at 2%&) an
and UV detector, was used. A gradient from 0 to%0fcetonitrile was performed
(0.05% TFA y/v) was added to the solvents). The column used wamalytical C18
(Higgins Analytical, Inc. U.S.A.) and flow was 1L min™ Peptides were monitored

at 220 nm. Wild-type FXN was included as a refeeenc

NF S1 Cysteine Desulfurase Activity
Enzymatic desulfurization of cysteine to alanind aalfide by the NFS1/ACP-
ISD11/ISCU/FXN supercomplex was determined by thethylene blue method.

Concentrations of proteins, substrate and the ieduagent DTT were set according to

12



a previous paper by Tsai and Barondeau (Tsai anwnBeau 2010). Reactions
contained 1.QuM NFS1, 1.0uM ACP-ISD11, 3.0uM ISCU and 3.0uM FXN, and
samples were supplemented with @ PLP, 2 mM DTT, and 1.uM FeSQ (final
concentrations). The reaction buffer was 50 mM-H@ and 200 mM NacCl, pH 8.0,
and reactions were started by the addition of 1 cysteine. Samples were incubated at
room temperature for 30 min.,8 production was stopped by the addition ofu&0of

20 mM N,N-dimethyl p-phenylenediamine in 7.2 M H&id 50uL of 30 mM FeC}
(prepared in 1.2 M HCI). Under these conditions, phoduction of methylene blue took
20 min. After that, samples were centrifuged fanf at 12000, and the supernatant

was separated. Absorbance at 670 nm was measured.

NMR Samples, Data Acquisition and Processing

Samples for NMR experiments contained 0.45 fiNHabelled protein in 20 mM
Tris-HCI, 100 mM NacCl, 1.0 mM EDTA, at pH 7.0, sigmented with 5% BD. NMR
experiments were performed at 22° C in a Bruker BBz Avance Il spectrometer
equipped with a TXI probe. The NMR data were preedswith NMRPipe (Delaglio et

al. 1995) and analyzed using NMRViewdJ (Johnson 2004

Backbone Amide Resonance Assignment

The chemical shift assignments of nitrogen, andlarand alpha protons of loop-1
variants were performed by 3D0°N-NOESY-HSQC and ®N-TOCSY-HSQC
experiments (100 and 30 ms of mixing times, respelgd), based on the available
chemical shifts of the full-length C-terminal domaif FXN (BMRB 4342) (Musco et
al. 1999). ThéH-">"N-NOESY-HSQC spectrum of the wild-type FXN was mefeml to

assist in the assignment.
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Relaxation Dispersion Experiments

Carr-Purcell Meiboom-Gill relaxation dispersion peximents were performed
using published methods (Palmer et al. 2001; Faabdr Mittermaier 2015). In these
experiments, variable trains of refocusing pulsesrewapplied during a constant
relaxation period to suppress spectral broadenimg @ conformational exchange
(Palmer et al. 2001). A constant-time relaxatiompensated pulse program was used
for all variants, setting the constant time perfdgrmc) to 100 ms in combination with
the following CPMG frequenciesdpme): 40, 80, 120, 160, 200, 240, 280, 320, 360,
400, 480, 520, 600, 680, 760, 840, 920, 1000, HRDN1200 Hz. Two-dimensional data
sets were acquired in an interleaved manner, withinterscan delay of 3 s and 256
increments in the nitrogen dimension. The obsetvadsverse relaxation rat&,)
for each frequency point was obtained from the aigmensity measured at the end of

the Tcpmaperiod according to:

-1 I
R3"(vepmg) = ln( (VCPMG)) (4)

TcpMma Io

wherel(vepme) andlg are the intensities of a given cross-peak measwitédor without

the CPMG period, respectively, for a specific sloick frequency cpme).

The contribution of the exchange to the signalxaian rate Re,) is estimated by:
RY*S(Vepmg = 0) = Rex + RE™ (Vepmg = ) (5)

where ROPS(vepume = ) is the intrinsic relaxation rate in the absencexafhange, at

infinite Vcpmo, estimated from the average of &£ at the 3 highestcpwe, Whereas

Obs at the lowestcpme The experiment was

R9PS(vepme — 0) was approximated &R
carried out at two different magnetic field strdrgy(14.1 and 16.5 T) and dispersion

profiles were then analyzed as in a previous wdtgiera et al. 2017). Dispersion
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profiles were then analyzed using the SherekhaveséMazur et al. 2013) to fit a
completely general two-site exchange model to tispelsion data acquired at both

magnetic fields, using the following equations:
b
R(z) S(I/Tcp) =

1 1
> (RgA +RIg + kex — T—cosh_l[D+ cosh(n,) —D_ cos(n_)]> (6)
cp

in which, key is the observed constant for the conformationahargezp is the delay
between 18Dpulses in the CPMG pulse traRg, and RS i are the intrinsic (exchange-
free and independent of thepyg) transverse relaxation rate constants for statesdh

B, respectively (it is assumed ttR, = R ) and,

PY+2Aw2

b ¢2+€2)1/2] 7)

Tcp 1/
e ="Zlxyp+ @2+ '] (@)

¥ = (RS — RYs — Pakex + Pikex) — Aw? + 4 papak’y (9)

{ =2Aw(R§ s — RSy — Pakex + Ppkex) (10)

whereAw is the chemical shift difference between stateandl B,p, andpg are the
populations of the states A and B. Finally, a F-teas carried out to confirm that the

identified residues behave as a cluster.

TheR gbs profile corresponding to each residue was indiviguéted using the

NESSY program (Bieri and Gooley 2011). The relatprofile was better described
by an exchanging model compared with the no-exahamgdel, according to the
corrected Akaike Information Criterion. This prelimary analysis was performed
separately for the two protein variants and the staiic magnetic fields. Most of the
significant exchanging residues in the SILCAR watriare the same than the ones

previously identified for the wild-type variant wur previous studies (Noguera et al.

15



2017). On the other hand, we were unable to agbign.103 residue in SILCAR and
some relaxation profiles were too noisy precludmgconfident estimation of the
exchanging parameter, so these later profiles wrotuded from the global fit. As a
result, eight residues were included in a glokdalding a general two-state equation for

chemical exchange.

Molecular Dynamics Simulations
The coordinates corresponding to human FXN (PDB 1EKG) and the

SILCAR model obtained bin silico mutation of the wild-type structure using FOLDX
were solvated with the TIP3P water model molecul@ésrgensen et al. 2015).
Protonation states of amino acid residues werésebrrespond to those at pH 7.0. As
in previous works, in the case of His residug®r ¢ protonation was established to
favor hydrogen bond formation (Capece et al. 20B&tandard minimization protocol
was applied to the resulting structures to speaiffaemove steric clashes. The systems
were heated up from 100 to the desired temperaf88&sor 340K) using the Berendsen
thermostat and constant volume conditions. 800spbaric molecular dynamics were
run to achieve an appropriate density. A 2-fs tistep was used, and the SHAKE
algorithm was applied (Ryckaert et al. 1977). Utieesed 400 ns production MD
simulations were performed with Amber 18 (Casel.e2@18), using the ff14SB force
field (Maier et al. 2015). Analysis of productionns were performed using CPPTRAJ
software from AmberTools. The fraction of time imieh H-bond interaction is formed
was calculated by integrating the first peak (fr8mo approximately 4.5 A) of the

probability density function.
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Results

Finding Point Mutants More Stable than the Wild-Type FXN

To evaluate the contribution of each amino aciddres to conformational
stability, the FXN structure (PDB ID: 1EKG) was exaed by means of the FOLDX
bioinformatic tool Figure 1). A list of approximately 220 potential variantasvfound,
in which the predicted stability was at least Ocalkmol® higher than that of the wild-
type FXN. Next, these mutants were analyzed by idensg the structure of the
supercomplex [NFS1/ACP-ISD11/ISCU/FXNJPDB ID: 6NZU). Our purpose was to
avoid mutations of positions involved in proteiref@in interactions. Potential
mutations of residues involved in FRDA sites ortle immediate vicinity of these
residues were also discarded. However, the execeptias K147M, near N146, a
position involved in FRDA (N146K variant). K147M wanot discarded given the
possibility of blocking the ubiquitination site KZ4n order to alter degradatiam vivo
(Benini et al. 2017; Rufini et al. 2011). Additidlya we discarded mutations of those
residues located in the iron binding region (helix loop-1 and stranfil), given the
eventual disruption of metal-FXN and cysteine diesate NFS1-FXN interactions.

This protocol constrained the set of variants tedaced group of approximately
twenty plausible positions. In this context, we ided to prepare and study a
preliminary set of seven mutants: K147M, S1571, B1&160M, A193L, T196l and
A204R. We included mutant A204M in order to invgate the effect of a long side
chain at this position, compared to the electrastaffect of the long and positively
charged side chain as the one corresponding tartiieine residueT{able 1), and we
also studied the L203C variant previously identiftey our laboratory as a stabilizing

mutation AAGS,= 1.0 kcal mof). Remarkably, the prediction of the effect of the
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cysteine sidechain is not captured by FOLDX atiaBtead, it is predicted as a highly
destabilizing mutationRigure 1, expectedAAGS,= -3.0 kcal maf).

The conformational stability of the variants wasacainferred from the FXN
protein structure using the Dynamut tool (Rodrigwsal. 2018), which included
dynamic information for the prediction§gble 1). Whereas FOLDX predicted K147M
significantly more stable than the wild-type, Dynénpredicted this mutation may be
only slightly stabilizing; the same occurred for tation T196l. On the other hand,
A204M, which was predicted as a stabilizing mutatiyy FOLDX, was predicted as

destabilizing by Dynamut. In addition, Dynamut éailto predict the stabilizing effect

of L203C.
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Figure 1. Bioinformatic Inspection of FXN by FOLDX. (A) Ribbon representation
of FXN structure showing the residues mutated is thork. Protein representations
were prepared using YASARA (Krieger and Vriend 2018) The structure (residues
90 to 108) was analyzed using FOLDX (Schymkowitale 2005) and mutations that
exhibitedAAGRy > 0 were plotted (empty circles). Mutations prepairethis work are
highlighted with color circles. ThAAGy prediction for L203C mutant is shown by a
full-brown-square. AAGRy = AGNy mutant Fxn — AGNy wild—type Fxn (POSItive  values
correspond to stabilizing mutations, e.g., L203@redicted as destabilizing mutation).
FRDA mutants currently known are indicated by asksrat positions 106, 122, 123,
130, 137, 146, 148, 154, 155, 156, 165, 173, 184, 190, 198 and 202. Note that the
asterisks are not associated AAGRyvalues; they are only included to indicate the
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residue involved. Secondary structure elementslepected at the top of panel B; CTR
is the C-terminal region.

The FRDA variants D122Y, G130V, W155R and L198Rt tvare previously
shown to be less stable than wild-type FXMG°yy=-2.1, -2.9, -1.4 and -4.2 kcal mol
! respectively, (Correia et al. 2008; Faraj e28i16)) were included as a reference in
our analysis. Additionally, the FRDA mutant N1468Mhich exhibits a higher resistance
to thermal denaturation than wild-type FXN (obsend,, ~ 5°C), was also integrated
to the set of proteins analyzed (Bellanda et al920

The set of point mutant variants was prepared asrdbed in Materials and
Methods, purified (>98%, SDS-PAGE and HPLC, data stoown) and studied. All
variants were soluble. The analysis of dynamictlggattering experiments along with
size exclusion chromatography (SEC-HPLC) showetldahaf the variants are folded
and behave as compact monomers in solufiogue 2A, andTable 1). The observed
molecular mass values fall in the range 15000-13880as inferred by means of the
calibration curveRigure 2A, inset).

We analyzed the tertiary structure of the varidmgscircular dichroism (CD)
spectroscopy in the near-UV region. All the varsashowed near-UV CD spectra
compatible with a fully conserved structurBidure 2); similar band shapes and
intensities were observed. This result indicatecharable asymmetric environments

for the aromatic residues, among the FXN variants.
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Figure 2. Characterization of the FXN Variants. (A) Characterization of the
hydrodynamic behavior of the FXN variants by SECLBPProtein concentration was
25 to 75uM. Buffer was 20 mM Tris-HCI, 100 mM NacCl, pH 7.0he inset shows the
correlation between molecular weight and elutionlure obtained from a
chromatogram corresponding to the molecular weightrkers gammaglobulin
(158kDa), ovoalbumin (44kDa), myoglobin (17kDa)davitamin B12 (1350Da). (B)
Characterization of the tertiary structure of th&NF variants by near-UV CD
spectroscopy. Protein concentration wasu®b and the buffer was 20 mM Tris-HCl,
100 mM NacCl, pH 7.0. Spectra were collected at@0 °
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Conformational Stability of Point Mutants

Next, the resistance to temperature-induced unfglébllowed by Sypro-orange
fluorescence was exploreBigure 3). Five of the seven mutants showed the observed
Tm higher than the wild-type variant (observAd,, > 2°C), whereas K147M and
A204M mutants displayed considerably lower obser¥gdvalues (observedT,, <
2°C), suggesting that conformational stability of tager variants might be lower than
that of the wild-type FXN. Therefore, (i) a longisichain at position 204 is not enough
to yield FXN stabilization; (ii) K147M, which wasrgdicted as a stabilizing mutation,
on the contrary, is slightly destabilizing.

FRDA variants prepared as controls D122Y, G130V,58R and L198R
exhibited considerably lower observég value than the wild-type protein, compatible
with a destabilization of FXN conformation, wher@s46K showed a marked increase

in the observed,, compatible with the stabilization of the natitate of FXN.
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Figure 3. Temperature-Induced Unfolding Followed by Sypro-Orange
Fluorescence. Protein was at 5.QM. Buffer was 50 mM sodium phosphate, pH 7.0.
The temperature slope was°C min® (from 20 to 90 °C). Excitation and emission
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ranges were 470-500 and 540-700 nm, respectivalgy Gars correspond to the
designed variants, whereas white bars correspoRBRIA FXN variants.

Remarkably, three variants (S160l, S160M and A20&R)ibited substantially
higher observed,, values than the rest of the varianialfle 2), suggesting that these
mutations might have stabilizing effects. In parde, S1601 and S160M exhibited
observedl, values even higher that the stable variant L203C.

To evaluate more exhaustively the effect of theatioims on conformational
stability, we carried out isothermal urea-inducedolding experiments followed by
tryptophan fluorescence for S160l, S160M, A204Rldwfpe and L203C variants
were studied side by side with the mutants.

Human FXN has three tryptophan residuesyyre 4A), one of them (W155)
located on the surface of the beta sheet and edpgosthe solvent, and the other two
(W168 and W173) in the core of the protein, botl &an der Waals distance (~ 4 A).
Tryptophan residues are excellent probes to mothiimFXN unfolding proces$gure
4B). Fluorescence spectra corresponding to the naigge of these mutants were
completely superimposable to that of the wild-ty@iant, exhibiting a wavelength
maximum RAyax) of ~335 nm, suggesting as the near-UV CD resthtst the
environment of tryptophan residues is preservedti@nother hand, the urea-induced
unfolding resulted in all cases imM\gax shift to 350 nm due to the solvent effect over
the tryptophan—excited state. This is indicativeadtill unfolding process at high urea

concentrationsHigure 4B).
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Figure 4. lIsothermal Urea-Induced Unfolding Followed by Tryptophan
Fluorescence. (A) Tryptophan residues mapped on the human FXdtstre (PDB 1D
1EKG). (B) Tryptophan spectra corresponding to Fxdiants incubated in buffer 20
mM Tris-HCI, 100 mM NaCl, pH 7.0, in the presende8dM urea (U, dashed) or in the
absence of denaturant (N, solid line). Excitatiaswwerformed at 295 nm. Spectra were
collected at 20 °C. Protein concentration was 8W to avoid an inner filter effect.
Panels (C), (D), (E) and (F) correspond to S16Qlp0B81, L203C and A204R,
respectively. In panels C-F, the fluorescence sitgrat 330 nm was plotted. Wild-type
and the triple mutant SILCAR are included in eaaehe as references. (G) The native
fraction calculated from the fitting of a two-stateodel to the experimental data are
shown in panels C-F.

Unfolding profiles showed that all the variants &edd as highly cooperative
folding units and the analysis of two-state unfotdimodel fittings indicated that the
conformational stability of S160l, S160M and A204Rriants notably increases
(Figure4 andTable 2). The stable variants exhibited higl@&y values Table 2).

To obtain a highly stable variant, we chose to are@ multiple mutant of FXN.

It is worthy of mention that S1571 and A193L wereo@ed because of a reduced
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function (see below) and lower observiggvalue, respectively. Therefore, we prepared
a triple mutant variant that included S160l, L20aG@d A204R changes (SILCAR
variant). In principle, if the effect of the muiats were completely additive, this
variant should be ~3 kcal mbmore stable than the wild-typAdg, might reach the
12 kcal mof). As expected, the SILCAR variant was structur&igfre 2). We
evaluated the conformational stability of this weati AG3,= 11.5 kcal mdf, Table 2
and Figure 4); taking into account the experimental error Aafy; determinations
(~0.25 kcal mot), the analysis suggested that the partial effeEthe mutations may
be approximately additive.

It is worthy of note that the fittings of the twtate model to the data
corresponding to the mutants and wild-type FXN wsegformed with a commomyy

parameter (the dependence of unfolding free enewgh the chaotropic agent

concentratio%) by a global fit of all the data, resulting imgy =1.85 £ 0.04 kcal

mol* M. The fact that a commonym could be applied, suggested that the difference
in the solvent—accessible surface a#®ASAyy) between the native and unfolded states
may be similar for the variants.

Remarkably, a good correlation betweddy; (at 20°C) and the observdg,
values was obtainedrigure 5), reinforcing the idea that the variants shar@mrmaon
AS§y at 20°C (Becktel and Schellman 1987), and sugugstiat the variation iAGRy
at this temperature is essentially mediated byadpith differences among the variants.
As previously showed by Schellman (Schellman 198ii$, correlation was very useful
for screening purposes, in our experiments. Moreowe the case of the SILCAR
variant, the observet, value was significantly increased compared to d¢iidhe wild-

type FXN (AT, ~10°C, Table 1) and the correlation was also very good.
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Resistance to Proteolysis

Resistance to proteolysis comprises a combinatiomtdeast two different
features of proteins, on the one hand, global l#al@nd, on the other hand, local
unfolding events and motions specific for nativatetdynamics; in both cases
proteolytic sites have to be exposed to the pretaasve site.

At 20-25°C, wild-type FXN is pretty resistant to proteolysihen the reaction
for wild-type was carried out at room temperatwater long incubation times with
chymotrypsin, we observed only a singly cut; iturced at position Tyr 205, in the C-
terminal region. On the other hand, for some FRD#ants like L198R and G130V

(Correia et al. 2008), or for the C-terminal trulech FXN 90-195, a distinctive
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sensitivity to proteolysis was observed, even wihy short incubation times (2 min at
20 °C) and low protease concentration (1:200, FpiNtease ratio) (Faraj et al. 2014).

Remarkably, at higher temperatures (4C), the wild-type variant is
considerably more sensitive to chymotrypsin actlorfact, after a five-hour incubation
(protein:protease ratio 1:100), FXN was almost cletety degraded, only <10 % of the
total protein remained intact (elution peak betw&dn3-34.6 min,Figure 6A and
Table S1).

In this condition, the stable variants S160l, L20&@ A204R showed higher
resistance to proteolysis than the wild-type FXbljudged by the analysis of the RP-
HPLC profiles, and the protein persisted intacemafirotease treatment (elution peak
between 34.3-34.6 mifigure 6). Qualitatively, resistance to proteolysis wasiviiipe
~ S160M < L203C < S160l < A204RFigures 6A-E). In particular, the fraction of
protein that remained intact in the case of L20B@ 81601 was approximately 1.7 and
2.7 times (respectively) higher than that what wiaserved in the case of the wild-type
FXN, whereas in the case of mutant A204R, the ifvaadf intact protein was more than
4.7 times the observed fraction for the wild-types, judged by the area below the
corresponding peaks. Therefore, A204R exhibitedsicerably higher resistance,
compared to the other point mutant. Proteolysis alas evaluated for the SILCAR
variant in the same conditions (with 100:1; FXN:etotrypsin, 40°C, 5h). SILCAR
was significantly more resistant than the wild-tyaeiant (6.3 timesJ able S1) and the

point mutants, and even more resistant than A2G4gu(e 6F).
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Figure 6. Resistance to Proteolysis of the FXN Variants. RP-HPLC profiles
corresponding to wild-type (A), S160I (B), S160M)(B.203C (C), A204R (D) and
SILCAR variant (F). In each panel PMSF (blue) ahé protein without protease
(black) were included. Proteins (1 mg Mlwere incubated during 5h at 40 in buffer
20 mM Tris-HCI, 100mM NaCl, 1mM EDTA, pH 7.0 with:1ID0 protease: protein
(chymotrypsin). In all cases, the reactions weopstd by the addition of 1mM PMSF
(final concentration) and 0.05-0.1%/\) TFA. After that, a gradient from 0 to 100%
acetonitrile (0.05%wWv) TFA) was performed. The column used was analyti8
(Higgins Analytical, Inc. U.S.A.) and peptides warmnitored by absorbance at 220
nm.

The peak corresponding to the intact protein isaigd with a red asterisk at the top of
each chromatographic profile. The values corresimgntb the integration of the areas
are in Table S1.

Activation of Cysteine Desulfurase NFS1 Enzyme and Frataxin Function of the

Point Mutants
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Does the increase in stability affect the biolofifanction of FXN? To

investigate this issue, we evaluated the capalolitthe FXN mutants to activate the
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cysteine desulfurase enzyme. With the exceptiorvasfant S1571, all the variants

showed similar activation to the exhibited by wijghe FXN Figure 7).

Figure 7. Activation of Cysteine Desulfurase NFS1 by the FXN Variants.
Enzymatic desulfurization of cysteine to alanined asulfide by the (NFS1/ACP-
ISD11/ISCU/FXN) supercomplex was determined by the methylene bie¢hod.
Samples were incubated at room temperature for iBO HaS production was stopped
and the production of methylene blue was measuyedblsorbance at 670 nm. Grey
bars correspond to the designed variants, wherbés Wwars correspond to the FRDA
FXN variants and a control without FXN (no FXN).

Variant S1571, however, exhibited only 50% of tlpedfic activation of wild-
type FXN. It is worthy of note that this variant hlsited only a slightly higher
activation than the FRDA mutants N146K and W155Rjgesting a substantial effect

of the S1571 mutation on function, and possiblgpacific involvement of this residue
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in protein-protein interactions, most likely witBCU, because S157 is located in fhe
sheet oriented to the solvent and at only 5A of A& key-residue W155. In fact, the
structure of the supercomplex (PDB ID: 6NZU) shalat S157 forms a hydrogen
bond with the backbone carbonyl oxygen of residid3of the ISCU subuniF{gure
32).

Mutant K147M showed an activation similar to thaserved for the wild-type
FXN, suggesting the possibility of avoiding ubigpgtion (which occurs in residue
K147) and ubiquitin-mediated degradationvivo (Benini et al. 2017; Rufini et al.
2011), conserving the thermodynamic stability ofidwipe protein by compensation of
the negative effect of K147M (the observEd is approximately £C lower than the
observed for the wild-type) by making other mutasio

Whether or not SILCAR was useful to activate cystedesulfurase NFS1
supercomplex was a major question because it wasclear enough if extreme
enhancement stability might result in an increasgdlity or an alteration of other
properties that could alter FXN activity. As shomnFigure 7, this stable variant was
able to activate the supercomplex in the samedaghiat wild-type FXN did.

The inspection of a plot of cysteine desulfurasevisg vs. the observed,
(Figure 8) clearly shows that there is no correlation betwstbility and function. In
fact, it is unlikely that the observed requiremfamtthe activation depends on the native
fraction of the FXN given that, even for the mossiable variant assayed in this work
(L198R AG°\u= 5 kcal M* (Faraj et al. 2014)), the unfolded fraction is €0% at
room temperature. Furthermore, cysteine desulfuadéevation seems to reach a
maximal activity to what was observed for the wiyge, independently of the increase

in the stability of the variant.
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Nevertheless, from a practical point of view, FXBriants can be clustered in
four different groups: (i) active and stable vatg(relative activity(11.0 and observed
Tm = 65 °C); (ii) active but unstable (relative activiiyl.0 and observed Tm <6%);
(i) inactive but stable (relative activity < 1.8nd observed Tz 65 °C); and (iv)
inactive and unstable (relative activity < 1.0 afiderved Tm < 65C).

The K147M variant exhibits a reducetiability, although this mutant does
preserve the protein function (group ii). The FRBA37V variant recently studied by
Faggianelli and coworkers (Faggianelli et al. 205 much more pronounced case of
conformational instability in a context of similactivity compared with the wild-type
FXN. Variants S1571 (prepared in this work) and BK4FRDA) can be clustered in
group iii. On the other hand, the FRDA variants P12G130V, W155R and L198R
may be clustered in group iv; they are highly ublstaand, simultaneously, they are

significantly less active than the wild-type FXN.
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Figure 8. Activation of Cysteine Desulfurase NFS1 by the FXN Variants vs.
Resistanceto Thermal Denaturation. Data shown in Figures 5 and 8 were plotted.

The Conformational Dynamics of the SILCAR Variant

Given that SILCAR variant exhibited remarkable semnce to proteolysis, we
wondered whether these three mutations causederatain of the internal motions of
FXN. To evaluate this issue, first we carried olitabom molecular dynamics
simulations for this mutant and for the wild-typariant Eigure 9).

The analysis of the simulations carried out at €7showed similar RMSF
profiles for both variantsHigure 9A), suggesting, in principle, comparable internal
motions in the nanosecond timescale. A slightlydowternal mobility was observed
for wild type, in particular, for stretches 115-1@fat comprises loop 1), 135-140, 158-
162 (which includes S1601 mutation in SILCAR), af#D-200. When simulations were
run at a higher temperature (67 °C), some stretohdéise wild-type variant exhibited
higher mobility than SILCAR; nevertheless, otheetthes proved to be more dynamic
in the case of SILCAR. RMSD analysis showed no iBgant differences in global
mean fluctuations between the wild-type and SILCA®t in the C-terminal average
motions (data not shown).

Interestingly, the interactions that R204 can ditlabseem to depend on the
temperature. When simulations were carried out 7at°@, the side chain of R204
established strong ionic interactions with E101 afgb interacted with other acidic
residues (D104 and E108) in SILCARFigure 9B). On the other hand, when
simulations were run at 67 °C the strongest intemaavas formed between R204 and
D104, whereas E101 and E108 only sporadically fdrmeic pairs with the arginine,
as judged by the distance analysisg(re 9B). Additionally, Y205 established a

stronger hydrogen bond interaction with E101 in tase of the SILCAR variant
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compared to the wild-type FXN, and this was alsd&wt when simulations were run at

a higher temperaturé&igure 9C).
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Figure 9. Internal Motions of Human FXN Explored by Molecular Dynamics
Simulations. (A) RMSF values corresponding to the wild-typeaggand black at 27 °C
and 67 °C, respectively) and SILCAR (cyan and Biu27 °C and 67 °C, respectively)
variants. (B) Interaction distance between R204 B&61, D104 or E108 along the
simulation time of SILCAR. (C) Histogram showingetldistribution of the observed
distances between residues Y205 and E101 alongirtidation time of the wild-type
(gray and black at 27 and 67 °C, respectively) @3l AR (cyan and blue at 27 and 67
°C, respectively) variants.

We calculated the fraction of time in which the bhld between Y205 and E101 was
formed. For the wild-type protein, 60% was estirdatéhen simulated at 27 °C and

50% when the temperature was increased to 67 “DelSILCAR variant simulations,
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this interaction was present 80% and 75% of the tmr27 and 67 °C, respectively. This
behavior may be related to the high resistancelb€AR to chymotrypsin; that is,
Y205 would be more rigid and structured in the aas8ILCAR and consequently, less
accessible to protease action.

Internal motions spread in a broad range of timescaVe wondered whether
SILCAR exhibited alterations in its dynamics, iretihange of the microsecond to
milliseconds that might be relevant in protein fuma. Carr-Purcell-Meiboom-Gill
(CPMG) relaxation dispersion NMR experiments arefuisto explore motions in this
timescale; thus we carried out this experimenttfier'>N-labeled SILCAR and wild-
type FXN variants, for comparisoRigure 10).

Prior to that, in the case of the SILCAR variarige tassignments were
corroborated by means of NOESY-HSQC and TOCSY-HSfpEctra, because an
important set of H°N- groups exhibited significant chemical shift @iféncesKigure
10A) compared to that of the wild-type FXN. Higherfdiences were observed for
residues close in space to the mutation sites (SLB03C and A204REFigures S3 and
$4).

If some residues were involved in a conformatiamalhange that occurs in this
timescale, this exchange should positively contabto the observed (effective)
transversal relaxationRg?S). Additionally, an increase ikey (the observed kinetic
constant for the exchange process), or an increméhé population of the excited state
(higher in energy than the ground state), or aneese in the difference between the
chemical shifts of the excited state and the grastate may result in an increase in the
observed transversal relaxation rat®§°f) (Mittermaier and Kay 2006; Mittermaier

and Kay 2009; Palmer et al. 2001).
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The results indicate that the relaxation profilesresponding to the variants are
similar. Thus, in principle, both the SILCAR ance tild-type variants exhibit similar
internal motions. However, some residues exhibitiigh RS?S values in the wild-type
variant have shown even higher values in SILCARgssting that the exchange might
be higher in the mutantc(gures 10B and C). To study what the source of these
differences was, we carried out two-state (ground excited native states) global
fittings (Figures 10D and E) using the Sherekhan server (Mazur et al. 2013),
considering data sets acquired at two differentmatg field strengths (14.1 and 16.5
T). The analysis of the global fittings suggestt there are no significant differences in
the conformational exchange rate,@re 225+ 31 and 216 16 $* for wild-type and
SILCAR, respectively) nor are there any changesha populations of ground and
excited statespg are 0.016+ 0.002 and 0.012 0.002, for wild-type and SILCAR
variants, respectively). Therefore, the origin bé tincrease in the effectiver9?s
values for these residues might come from a stibhnhge in differences in the chemical
shifts between the ground and excited stakes Figure 10D). Thus, these peculiarities
observed for th&®S?S values in SILCAR are more likely evidence of thibtie effects
of the three mutations on the fine structure of gh@und and/or excited states rather

than alterations in the dynamics of the protein.
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Figure. 10. NMR analysis of the SILCAR variant. (A) Chemicahifs Perturbation
(CSP).*H->"N HSQC spectra corresponding to wild-type and SIRC¥ariants were
analyzed to identify the effect of point mutatiams the amide chemical shift using the
parametend = [(As%h +A8 N/25)/2f. The small arrows indicate the mutated residues
in SILCAR, 160, 203 and 204. (B) The contributiohaoconformational exchange to
transverse relaxatiomR,** was estimated from the difference ia”Rat the lowest
and highest CPMG frequency values and plotted aflbadg-XN sequence (diamonds in
blue and black bars correspond to the SILCAR arid-type variants, respectively).
The experiment was carried out at 14.1 T. (C) Simib panel B, but the experiment
was performed at 16.5 T. For clarity, only the salid residues used for global fittings
(E96, E100, G130, V131, K147, K152, L156 and D1&7hown. (D) The differences
in chemical shifts between the ground and excitates from fittings to the Carver-
Richards equation (see the Materials and Methodtsosg for the same subset of
residues as in panel B. (E) The global fittingshgstlata acquired at 14.1 (black-bold
and blue circles, wild-type and SILCAR, respecyehnd 16.5 T (black-empty and
red-bold circles , wild-type and SILCAR, respeclye The residue corresponding to
the cross-peak analyzed is indicated in each paiets indicate the best-fit curves
obtained using shared values for the exchangearatestate populations, according to
previous work (Noguera et al. 2017). The residussyaed are plotted on the FXN
structure inFigure S5, in Supplementary Material).

Discussion

FXN Variants with High Conformational Stability
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In this study we explored the structure of FXN mier to find mutants with
higher stability than the wild-type protein and 8anbiological activity. We identified
several candidates by means of the FOLDX compunalitool. Seven mutants were
prepared and studied. Three of them (S160l, S166M A204R) were significantly
more stable than the wild-type variant and equatiifive as cysteine desulfurase NFS1
activators. Thus, these variants and L203C, preWostudied in our laboratory,
provided a good tool to explore structural dynaracBvity relationships spanning a
broad range of conformational stabilities.

Taking into account the structure of FXN (PDB IDKKE), the structure of the
supercomplex for the iron-sulfur cluster assembBRDB ID 6NzZU) and the
computational models corresponding to the pointamuEXN variants, the following
inferences can be made regarding the effect aftliations on stability and function:

K147M: Residue K147 establishes an ionic interactiorh w96 (2.5A). It
might be inferred that this mutation can reduce dtability of the protein, cancelling
this salt bridge. On the other hand, methioninehtnéstablish apolar interactions with
L103 side chain (3.1 A). The experimental resuitlidate that a destabilizing effect of
the mutation prevailed.

S1571: This variant exhibits a slightly higher observig value than the wild-
type variant. 1157 might establish stabilizing apatontacts with V144 (distance is 3.7
A). On the other hand, it is not odd that the SM&iflant is a very poor activator of the
cysteine desulfurase NFS1 supercomplex because &ipdars to form a hydrogen
bond with P133 from ISCUHgur e S2) and the mutation cancels this interaction.

S160I1: As predicted by FOLDX, it is more stable thae thild-type FXN. The

analysis of the FXN structure suggests that thdeimine at position 160 might
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establish apolar interaction with P159 (3.5 A)p#izing the B-turn structure between
theB-strands 4 and 5.

S160M: It is more stable than the wild-type variant. &timonine residue in that
place may interact with P159 and also with E186 éhd 3.5 A, respectively).

A193L: It is more stable than the wild-type; it is lilgghat leucine increases the
number of apolar contacts with residues at the cbFeXN: L140, L136 and Y143 (3.4,
3.6 and 3.3 A, respectively).

T196l: The analysis of the structure suggests thatusote located in the first
part of CTR region might interact with Tyr 108 frdoop 1, making an apolar bridge.
However, the fact that the observigglvalues corresponding to wild-type and T196I are
very similar suggests that, if this interactiongslplace, it is only transient or, on the
other hand, the effect is negatively compensatetime way.

L 203C: As previously described (Faraj et al. 2016; Fatal. 2019), a cysteine
residue at position 203 can favorably interact vaitiolar side chains of the FXN core,
whereas it can also interact with core polar ressdsuch as H183 and S105 (distances=
3.4 and 3.3 A, respectively) given its dual physiemical behavior, which is not
properly predicted by FOLDX or Dynamut software.

A204M: It exhibits a slight destabilizing effect compdiréo the wild-type
variant, as judged by the observéd It is possible that the larger apolar side-chain
cannot be properly accommodated at this site.

A204R: it exhibits a marked gain in stability; the arsa$y of the structure
indicates that R204 can establish a strong ioneraction with E101.

In this work, we also carried out controlled prdyses of the mutant proteins.
Variants S160l, L203C and A204R showed more rewsistdhan the wild-type FXN. In

particular, A204R variant showed the highest rasis¢ among the simple mutants.
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This arginine residue might create a new salt leridgtween the CTR and hebid. In
this regard, relationships between conformatiotedibty and C-terminal region (CTR)
integrity of the FXN protein family were previouslgentified (Roman et al. 2012;
Adinolfi et al. 2004). Furthermore, it was shovinatt CTR mutations essentially affect
the stability of the native state but neither ttabagity of the folding transition state nor
that of the intermediary state of the folding reaciFaraj et al. 2016) are altered.

Moreover, point mutation L198R at the CTR locallitees FXN internal
motions. This behavior was also studied in detaibur laboratory by means of the
engineered cysteine point mutants (located in thre:cV134C, located in the CTR:
L198C, L200C and L203C) and thiol-disulfide excharttynamics. These experiments
effectively showed that there is a correlation lestw local stability of the CTR and
global stability of FXN (Faraj et al. 2019). On thther hand, complete truncation of
the CTR Q195) perturbed internal motions in a global fashi®uggesting a
conformational exchange between the native andldedostates in the absence of a
denaturant and at room temperature (Faraj et d4)20his is in agreement with the
very low conformational stability of the CTR truned variant (Roman et al. 2012).

To increase the stability of FXN, we have prepates triple mutant SILCAR
(S1601/L203C/A204R). Remarkably, SILCAR has twosgomutations located in the
CTR. As expected, this variant was highly stablerddver, SILCAR was as active as
the wild-type FXN and, notably, it was more resiteo proteolysis than each one of
the simple mutants, suggesting a more compacttstaic

Relaxation dispersion NMR experiments have showat this mutant has
internal motions similar to that of the wild-typanant at least in the micro-millisecond

timescale. In this context, the fact that SILCARswaore resistant to chymotrypsin
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protease suggests the protection at specific gydtesites, a hypothesis that will be
further investigated.

The capability of human FXN to exert its functionvivo seems to depend on a
multiplicity of factors, among them: expressiondtsy ubiquitination and degradation
(Rufini et al. 2015; Rufini et al. 2011), transltica and processing of the precursor (1-
210) and intermediate (41-210) forms to yield thature form (81-210) within the
mitochondrial matrix, conformational stability, thestablishment of proper protein-
protein interactions (cysteine desulfurase NFSlesigmplex), iron interaction and
perhaps the inhibition of protein aggregation, whicas described for some pathogenic
variants in vitro (Correia et al. 2014; Correiaaét2008). All these features make the
essence of FXN inside the cell.

Whether a highly stable variant as SILCAR is abl@d¢t as the wild-type FXN
should be explored in more detail. Here we explarely a small part of the picture.
More experiments should be done to evaluate if 3IRGs able to activate the [Fe-S]
cluster assembly and if other possible moonligihcfions of FXN inside the cells are
carried out in a proper way by this variant. Irsthontext, the combination of SILCAR
mutations with K147M or K147R—which are less stalhian the wild-type FXN but
would not be substrates of the ubiquitin-mediateatgin degradation pathway—may
be good options to prepare a highly stableivo FXN variant for protein replacement

therapies.
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Table 1. Parametersfor FXN Variants

Properties and Predictions
Theoretical| Experimental b FOLDX Dyna.n_wut Temperature-
Variant Molecular | Molecular Ry Stability Setabmty lnduqedf
Mass® Mass (nm) | 9 (kcal (kcal -} Unfolding
(Da) (Da) mor) | ™M) Obs(?,gfdrm
Wild type 13605.2 | 13604.90.3 | 2.@0.3 64.9+ 0.6
K147M 13608.2 13607.7 | 1.9+0.1 2.1 0.2 61.1+ 0.4
S1571 13631.2 13630.4 | 2.5+0.1 2.7 1.7 65.8+ 0.2
S160I 13631.2 13630.0 | 2.4+0.2 0.9 1.1 69.3+ 0.2
S160M 13649.3 13647.3 | 2.3t0.2 2.3 15 68.8+ 0.2
A193L 13647.2 13646.0 | 2.1+0.1 2.2 2.0 65.7+ 0.3
T196I 13617.2 13617.2 | 2.4+0.1 0.9 0.1 65.4+0.2
L203C 13595.1 136000 | 2.0t0.2 -2.9 -1.0 67.6+ 0.2
A204M 13665.3 13664.0 | 2.0+0.2 0.3 0.2 63.3+ 0.1
A204R 13690.3 13689.2 | 1.8+0.3 0.5 -0.3 66.8+ 0.2
SILCAR? 13706.3 13705.5 | 2.50.1 73.8+ 0.1

#Theoretical parameter inferred from the proteinuseges calculated using EXPASY
tool (Wilkins et al. 1999).

® It was evaluated by DLS. Protein concentration wathe range 1-2 mg mt. Size
distributions were weighted by particle number.

¢ AAG°\y calculated using PDB ID: 1EKG (Dhe-Paganon e2@00).

dCalculated using FOLDX repair tool (Schymkowitzzét2005). Negative and positive
values indicate destabilization and stabilizatiaespectively. Prior to stability
calculation repair algorithm was applied. The asiglyf the different FOLDX terms
that contribute to the stability of each variansli®wn in Figure S1.

®Negative and positive Dynamut (Rodrigues et al.8}0Mhlues indicate destabilization
and stabilization, respectively (a correlation betw FOLDX and Dynamut results is
shown in Figure S1).

" ObservedT,, was derived from temperature-induced unfoldingeexpents followed
by Sypro-orange fluorescence.

9The triple mutant variant S1601/L203C/A204R.

"Mass measured by MALDI TOF. The rest of the vagamére analyzed by ESI-MS as
mentioned in Materials and Methods.
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Table 2. Thermodynamic Parametersfor Equilibrium Unfolding of FXN Variants

Ur ea-Induced Unfolding ®
Variant Cn AGONUY H20 AAG®\y
(M) (kcal mol®) (kcal mol")
wild type 4.88 9.02+0.16 | = ----
S160I 5.37 9.94+ 0.08 0.92
S160M 5.34 9.88+ 0.25 0.86
L203C 5.48 10.14+ 0.08 1.12
A204R 5.23 9.67+ 0.07 0.65
SILCAR 6.20 11.46¢ 0.06 2.44 (2.69§

& Parameters were obtained by least-squares fittamggua globally adjusted value of
mwu = 1.85 + 0.04 kcal m8IM™ (Faraj et al. 2016).

® The value between parenthesis was calculated&6°\y siicar = AAG°NU s1601+
AAG® Ny L203ct DAG® NU A204R
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