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ARTICLE INFO ABSTRACT

Keywords: Mitochondrial aconitase (ACO2) has been postulated as a redox sensor in the tricarboxylic acid cycle. Its high
Mitochondrial aconitase sensitivity towards reactive oxygen and nitrogen species is due to its particularly labile [4Fe-4S]%" prosthetic
Frataxin

group which yields an inactive [3Fe-4S]™ cluster upon oxidation. Moreover, ACO2 was found as a main oxidant
target during aging and in pathologies where mitochondrial dysfunction is implied.

Herein, we report the expression and characterization of recombinant human ACO2 and its interaction with
frataxin (FXN), a protein that participates in the de novo biosynthesis of Fe-S clusters.

A high yield of pure ACO2 (>99%, 22 + 2 U/mg) was obtained and kinetic parameters for citrate, isocitrate,
and cis-aconitate were determined. Superoxide, carbonate radical, peroxynitrite, and hydrogen peroxide reacted
with ACO2 with second-order rate constants of 108, 108, 10°, and 102 Mm! s’l, respectively. Temperature-
induced unfolding assessed by tryptophan fluorescence of ACO2 resulted in apparent melting temperatures of
51.1 £ 0.5 and 43.6 + 0.2 °C for [4Fe—4S]24r and [3Fe-4S]™ states of ACO2, sustaining lower thermal stability
upon cluster oxidation. Differences in protein dynamics produced by the Fe-S cluster redox state were addressed
by molecular dynamics simulations.

Reactivation of [3Fe-4S]"-ACO2 by FXN was verified by activation assays and direct iron-dependent inter-
action was confirmed by protein-protein interaction ELISA and fluorescence spectroscopic assays. Multimer
modeling and protein-protein docking predicted an ACO2-FXN complex where the metal ion binding region of
FXN approaches the [3Fe-4S]" cluster, supporting that FXN is a partner for reactivation of ACO2 upon oxidative
cluster inactivation.

Iron-sulfur protein

Tricarboxylic acid cycle (TCA cycle) (Krebs
cycle)

Mitochondria

protein-protein interaction

by iron-sulfur covalent bonds while the fourth iron, termed Fe,, is linked
only to inorganic sulfur atoms and can bind oxygen atoms from its

1. Introduction

Mitochondrial aconitase (ACO2, EC 4.2.1.3) is an essential enzyme
that participates in the tricarboxylic acid cycle (TCA), catalyzing the
reversible isomerization from citrate to isocitrate through a cis-aconitate
intermediate in a non-redox reaction. This 83 kDa protein contains a
cubane iron-sulfur cluster [4Fe—4S]2" ligated to three protein cysteines

substrates or water [1,2]. The integrity of the [4Fe-4S]%" cluster is
essential for catalysis.

Mitochondrial [4Fe-4S]%" cluster aconitase evolves from o-proteo-
bacteria aconitate hydratase B (AcnB) which is extremely sensitive to
oxygen and oxygen-derived reactive species. These include ROS such as
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superoxide anion (03 ), hydrogen peroxide (H202), hydroxyl radical
(*OH), and reactive species derived from ROS reactions with nitric oxide
(*°NO) such as peroxynitrite (ONOO ), carbonate radical (CO3% ), and
nitrogen dioxide (*°NO-) [3]. In fact, ACO2 is extremely sensitive to O3
inactivation being one of the few direct targets of this radical, reacting
with fast second-order rate constants ranging from 10° to 108 M~! s7!
and yielding a catalytic inactive [3Fe-4S]" cluster [4,5]. ACO2 can also
react with *NO, ONOO , CO3 , and *NO; [6,7]. The presence of oxidized
and nitrated ACO2 in several animal models of sepsis, inflammation,
aging, and diabetes, reveals the enzyme as an important target of
nitroxidative species [8-10].

In normal mammalian cell intermediary metabolism, ACO2 is typi-
cally present in excess and catalyzes a reaction that results in a char-
acteristic approximately citrate:isocitrate ratio of 10:1 (AG** = 6.3 kJ/
mol), for most mammalian tissues [11]. Despite not being classically
considered a key regulator of TCA, using a limited metabolic control
analysis in isolated mitochondria from rat tissues, we showed that in-
hibition of aconitase could impact mitochondrial metabolism by
diminishing the entry of reducing equivalents to the electron transport
chain (ETC), decreasing mitochondrial membrane potential, and slow-
ing the rate of 03 and H,0» production [12]. These observations sup-
port the hypothesis that ACO2 acts as a redox rheostat, regulating the
levels of O3 generated by the ETC and tuning metabolism by channeling
citrate either for the production of NADH for energy metabolism or
diverting it to the cytosol for the synthesis of fats or acetylation reactions
[13].

In this regard, besides being a key constituent of the TCA cycle,
citrate is an excellent chelating agent for divalent cations, also serves as
a substrate for fatty acid and sterol biosynthesis, and functions as a key
regulator of intermediary energy metabolism. Specialized tissues
modulate ACO2 activity to accumulate and export citrate for other cells.
For instance, normal prostate glands accumulate high Zn%* levels,
resulting in the inhibition of ACO2 and in a shift of its equilibrium to-
wards citrate, which is exported to being part of the prostatic fluid
[14-16]. Other specialized cells specifically synthesize and export cit-
rate, as is the case of astrocytes. The ability of astrocytes to produce large
amounts of citrate may be reflected in its relatively high concentration
(0.4 mM) found in cerebrospinal fluid, similar to the level of glutamine
considered a main neuron metabolic substrate [17]. Also, abundant data
support that citrate may also play an important role in other key bio-
logical processes such as inflammation, cancer, insulin secretion, histone
acetylation, and non-alcoholic fatty acid liver [18].

Oxidized [3Fe-4S]""ACO2 is reactivated in vivo by reconstitution of
the [4Fe-4S]1%t cluster by Fe®" in the presence of intra-mitochondrial
reductants such as glutathione [19]. Reversible inactivation is neces-
sary to function as a redox sensor. Possible protein partners that facili-
tate the reactivation process were postulated. In this regard, in 2004 it
was postulated that frataxin (FXN), a protein that participates in the de
novo biosynthesis of Fe-S clusters, was involved in repairing oxidatively
inactivated [3Fe-4S]""ACO2 [20].

FXN is a 14.3 kDa protein that has been shown to work as a kinetic
activator of L-Cys desulfurase NFS1 supercomplex for the [2Fe-2S]
cluster assembly [21-23] and also as an iron chaperone as it possesses
several coordination sites for metal ions [24]. In this subject, it was
shown that bacterial FXN can specifically bind iron by using its “acidic
ridge”, a region of the protein rich in the acidic residues Glu and Asp
involving alpha helix 1, loop 1, and beta strand 1. NMR chemical shift
perturbation studies using '°N-labeled FXN allowed to assign the resi-
dues involved in the iron binding [25]. Furthermore, yeast FXN was also
stable as the iron-loaded monomer and the protein were able to bind two
Fe?" atoms per FXN monomer with micromolar binding affinity, and the
residues affected by the presence of iron were located within the
conserved acidic ridge [26]. Moreover, human FXN also exhibited iron
binding capability with both Fe?™ and Fe3* [27]. However, Fe2*
induced larger shifts or a higher intensity decrease of the NMR signals,
except for residues 119 and 120, which appear more shifted upon
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addition of Fe>*. In the same fashion, EPR experiments unequivocally
showed that FXN was able to bind Fe>* [27]. Additionally, the grafting
of the EExxED motif on peptide and protein models generated an iron
binding site [28]. This motif is present in the acidic ridge of the FXN
protein family. Remarkably, Cai and coworkers showed by means of
NMR spectroscopy that the complex Fe?"-FXN binds to the mammalian
NFS1/ACP-ISD11/ISCU2 complex without the release of iron. After the
addition of both L-Cys and a reductant agent (either reduced FDX2 or
DTT), iron is released from FXN [29].

Data regarding ACO2 and FXN interactions was sustained by ACO2
immunoprecipitation following HyO9 exposure to mitochondria from
either Saccharomyces cerevisiae or rat hearts, which rendered FXN as an
associated protein [20]. Nevertheless, co-immunoprecipitation of FXN
with ACO2 could not be reproduced by others, even when ISCU, NFS1,
ISD11, and MPP (other protein members of the Fe-S machinery syn-
thesis) were present, therefore confronting the hypothesis of direct
ACO2-FXN interaction during ACO2 reactivation [30,31].

Current biochemical and structural data in mammalian ACO2 were
performed using pig or bovine protein and until now data regarding in
vitro data for human ACO2 is missing.

The present study describes the novel expression, purification, and
characterization of recombinant human ACO2, including kinetics,
oxidant reactivity, structural studies, and present evidence for its direct
interaction with human FXN. This work confirmed that FXN acts as a
protein partner of ACO2 not only during Fe-S maturation but also
during the oxidative inactivated [3Fe-4S]"-ACO2 repairing, supporting
data of highly compromised ACO2 activity in Friedreich’s Ataxia in
human, animal and cellular disease models, which may be the result of
both the decrease of Fe-S cluster biosynthesis and the decrease in ACO2
activation processes.

2. Materials and methods
2.1. Materials

Chemical compounds were purchased from Sigma Chemical CO. (St.
Louis, MO) unless otherwise specified. Peroxynitrite was synthesized as
described in Ref. [32]; when used, it was diluted in freshly prepared 5
mM NaOH.

Antibodies: anti-Mitochondrial aconitase (ab71440) was obtained
from Abcam (Cambridge, UK). anti-Rabbit antibody (IRDye 800 CW)
was acquired from Li-Cor (Lincoln, Nebraska, USA). Nitrogen and argon
were acquired from AGA (Montevideo, Uruguay). Anti-FXN rabbit
serum was produced in the laboratory of Dr. Javier Santos as described
in Ref. [33].

All solutions were prepared using distilled deionized water (Barn-
stead Smart2Pure).

2.2. Construction of ACO2 expression system

Primers for amplification were designed using the Primer3Plus on-
line tool [34], based on the mature human ACO2 gene sequence ob-
tained from GenBank (ID: CR536568.1). The forward primer
(5'-TAAGCAgctagcCAACGGGCCAAGGTGGCGAT-3’ [restriction -site for
Nhel in lower cases]) and reverse primer (5'-TGCTTGaagcttT-
CACTGTTGCAGTTCCTTCA-3’ [restriction site for Hind III]) were pur-
chased from IDT (Coralville, Iowa, USA). The gene was cloned from
cDNA of Thp1 cell line (human monocytic cell) into a pGEM -T vector
(Promega, US) using commercial kits (Thermo Fisher, Massachusetts,
USA) and amplified in E. coli TOP10 electrocompetent cells. The plasmid
containing ACO2 was double digested with Nhel and HindIII and the
amplicon was ligated in a pET28(c)+ expression plasmid (HIS-tag and
kanamycin resistance), and later used for transformation of E. coli BL21
(DE3) electrocompetent cells. Expression plasmid was sequenced to
verify integrity at the Sequencing Service from the Institut Pasteur de
Montevideo, Montevideo, Uruguay.
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2.3. Expression and purification of ACO2

E. coli BL21(DE3) cells, harboring the ACO2 expression system were
grown using a temperature-controlled shaker at 220 rpm, for 18 h at
37 °C in flasks containing 25 mL of LB medium supplemented with
kanamycin (30 pg/mL). The flasks were used as an inoculum for flasks
with 1 L of the same media. Cultures were grown in the same conditions
until reaching an optical density of 0.5-1.0 at 600 nm and then IPTG 0.5
mM was added for induction. The expression under various conditions
was tracked by SDS-PAGE and optimal growth conditions were deter-
mined (25 °C for 18 h).

2.4. Mitochondrial aconitase purification

Cells were harvested by centrifugation at 4,500 g for 20 min at 4 °C
and then resuspended in PBS, containing 0.1 mM phenyl-
methanesulfonyl fluoride (PMSF) and 0.1 mg/mL of DNAse. The cell
suspension was lysed by sonication and later cleared by centrifugation at
15,000 g for 20 min at 4 °C and filtration. HIS-tagged-ACO2 was purified
from the supernatant by immobilized metal affinity chromatography
(IMAC) using a 5 mL Hi-Trap column (GE Healthcare, Illinois, USA)
following the manufacturer’s instructions. The protein was eluted using
an imidazole gradient and then dialyzed against a 50 mM Tris buffer
containing 100 mM NaCl, pH 7.8. On a second purification step, ACO2
was separated from contaminants by using size exclusion chromatog-
raphy on a PD-10 column packed with Sephadex G-25 resin. Protein
purity was assessed by SDS-PAGE and mass spectrometry. ACO2 could
also be visually followed by its brownish color characteristic of iron-
sulfur proteins. HIS-tag was cleaved with thrombin and removed by
filtration and the purified ACO2 was changed to a pH 7.8 HEPES buffer,
100 mM NaCl and 2 mM DTT. Protein was centrifuged at 15,000 g for 20
min at 4 °C to pellet aggregated protein and the final concentration was
assayed by Bradford’s method using bovine serum albumin as standard.
Purified ACO2 was stored at —80 °C until use. ACO2 purity was assayed
by SDS-PAGE.

2.5. Aconitase activation and activity measurements

As ACO2 is inactivated by oxygen during purification [35], the
enzyme was reactivated by incubation with 100 pM ferrous ammonium
sulfate ((NH4)oFe(SO4)2) and 10 mM dithiothreitol (DTT) to a final
volume of 1.0 mL in a 25 mM Tris-HCl buffer containing 100 mM NaCl
pH 7.4 for 1 h under an argon saturated atmosphere on an anaerobic
vial. Different volumes of activated ACO2 were withdrawn from the
anaerobic vial using gas-tight syringes (Hamilton) and added to a
cuvette containing substrates in Tris-HCl buffer. Aconitase activity was
measured using the three substrates of the enzyme: citrate, isocitrate,
and cis-aconitate by following the double bond of cis-aconitate by
absorbance at 240 nm (¢ = 3.6 mM~! cm’l) [35]. Activation and ac-
tivity measurements were performed at 25 °C. Activation in the presence
of 500 pM sodium disulfide did not show higher activity, implying that
purified ACO2 is mainly obtained in the [3Fe-4S]" form and not as
apo-ACO2. Activity measurements as well as spectra determination were
carried out with a Shimadzu UV-Vis spectrophotometer UV-2450.

2.6. Reactions constants with oxidants

Excess iron and DTT added during ACO2 activation were removed by
Sephadex G-25 gel filtration carried on a hypoxic chamber (Coy In-
struments) under a nitrogen atmosphere and O level below 2%. Purified
ACO2 was collected on anaerobic vials and oxidants were added also in
hypoxia. Different approaches were used for the determination of the
constant at 25 °C with each oxidant. ACO2 concentration used was in the
range of 0.4-2 pM.

For ONOO , active ACO2 was diluted in a 100 mM Tris, pH 7.6 buffer
previously degassed, aliquoted, and then different concentrations of
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ONOO  were added in bolus and vortexed. Effects of contaminants from
the ONOO synthesis (H202) or stable products from the ONOO
decomposition were discarded by a reverse addition assay where
ONOO is incubated in the buffer for its decomposition before adding
ACO2. Aconitase activity was assayed for determining residual activity.
The reaction constant was obtained by comparing experimental data
against simulated data as reaction constants for decomposition and
other reactions involving ONOO™ are already known [10].

For CO3% , active ACO2 was treated as with ONOO  in presence of 25
mM HCOj5 . Under these conditions, the CO5 concentration is calculated
to be 1.5 mM, similar to the physiological mitochondrial CO, concen-
tration. To determine the rate constant for the reaction we followed the
same approach used for ONOO . We performed computer-assisted
simulations of ACO2 activity in the presence of CO; and different con-
centrations of ONOO (0-5 pM), varying the value of the second-order
rate constant for the reaction between CO3 and ACO2.

For Hy0,, active ACO2 was exposed to different concentrations of
H50, in anaerobic vials and the loss of ACO2 activity was followed in
time by withdrawing aliquots and measuring the consumption of cis-
aconitate at 240 nm as described above. H,O5 was diluted from stock
immediately before use and dilution concentration was determined by
absorbance at 240 nm (¢ = 43.6 M !em™? [36D).

To determine the reaction constant of ACO2 with O3 a competition
assay with superoxide dismutase (CuZnSOD) was used following the
procedure proposed in Ref. [6]. Briefly, active ACO2 was exposed to a
0% flux produced by a xanthine oxidase (0.65 mU) in presence of
xanthine (150 pM). The competition of ACO2 and SOD for O3 was
evaluated in presence of catalase (0.5 pM). Under these conditions the
next equation is valid:

FlA] 1

(1 fF‘)kx:_[C]

Eq.1
ks q

Being F the proportion of inhibited ACO2 at a certain competitor’s
concentration and k; and k,; the reaction constant of the O3 with the
competitor and ACO2 respectively. Here, k, has already been reported to
be2 x 10° M 's7! [37].

2.7. Molecular modeling methods

The structure of the human ACO2 has not been solved to date but it
shares a high amino acid sequence identity (97%) with the pig ACO2
whose structure is available (PDB ID:6ACN). 24 punctual mutations
were applied to the pig ACO2 with the FoldX [38] plugin in the YASARA
View [39] software. The six amino acids from the His-tag cleavage
(5'-GSHMAS-3') were added to the model. The system was embedded in
a truncated octahedral TIP3P water box [40] of 106 x 106 x 106 A
dimensions. All used residue parameters correspond to the parm99
Amber force field, except for the iron-sulfur cluster and the substrates.
Parameters for the iron-sulfur cluster were developed based on work
from Carvalho, A., et al. [41] (Figure S-1), while those for the substrates
were developed by a standard RESP procedure. Briefly, substrate
structures were optimized in an implicit water solvent at the
B3LYP/6-31G* level of theory and partial charges were computed using
the restricted electrostatic potential at the HF/6-31G* level of theory.
Equilibrium distances and angles, as well as force constants, were
computed using the same methods and basis set used for computed
charges. All electronic structure calculations were performed using
Gaussian09 [42].

Molecular dynamics (MD) simulations were performed using a 9 A
cutoff and particle mesh Ewald (PME) summation method for treating
the electrostatic interactions. The hydrogen bond lengths were kept at
their equilibrium distances by using the SHAKE algorithm, while tem-
perature and pressure were kept constant with a Langevin thermostat
and barostat, respectively, as implemented in the AMBER18 program
[43]. The system was minimized, heated from 0 to 300 K (20 ps), and
equilibrated (0.2 ns). After these steps, 3 to 6 replicates of a 1 ps long MD



S. Mansilla et al.

simulation at constant temperature (300 K) and pressure (1 bar) were
performed for both, active ([4Fe—4$]2+) and inactive ([3Fe-4S]")
ACO2. Analysis was performed by including all data from different
replicates.

In order to estimate the pKa of the catalytic His101, we also applied a
constant pH molecular dynamics approach [44]. pH titration curves
were obtained by applying the following protocol [45]: 10 ns long
simulations at constant pH were performed from pH 4 to 14, with a step
of 0.2 pH units (500 ns total). Between pH 8 and 9, steps were reduced to
0.1 pH units and 5 ns to better sample the inflection point. During
simulation, in each frame (timestep = 2 ps), the protonation state of the
residue was selected by Monte Carlo sampling based on calculated en-
ergy differences between the possible protonation states. The protonated
fraction in each pH step was calculated by dividing the number of frames
with the protonated residue by the total number of frames.

ACO2 opening motion was followed by measuring the angle between
the mass centers of two residue groups located in highly rigid antipar-
allel beta sheets: group 1 located in domain 3 (Arg351, Val352, Gly353,
Thr440, Ile441, Val442, His460, Ala461, Phe462) and group 2 located
in domain 4 (Leu558, Ile559, K560, Val631, Val632, 1le633, Ala658,
1le659, 11e660), using the Fe-S cluster as the angle vertex.

Binding free energy calculations were performed at the MM/GBSA
level [46] for the simulations with substrates at the active site. Initial
models were created by using the information of substrate-like mole-
cules at the active site of pig ACO2 (PDB ID: 6ACN). Initially, a series of
harmonic restraints designed based on experimental data [47] were
applied to maintain substrate positions (Figure S-2). After minimizing
and equilibrating, and allowing the binding mode of the substrate to
adjust their conformations smoothly, the force constants of the har-
monic restraints were gradually turned off (from k = 50 kcal/mol to 0),
during a 500 ns long MD simulation.

Analyses were performed using the cpptraj [48] module of AMBER18
and bio3d R package (v2.4-3) [49]. Structural visualization was done
with VMD 1.9.4 [50].

2.8. Frataxin production and purification

Mature version of human frataxin (residues 90-210) and mutant
H177C were expressed and purified as described previously [51].
Briefly, transformed E. coli BL21(DE3) were grown in Terrific Broth, pH
7.5 culture media at 37 °C and 280 rpm. Protein expression was induced
at DO = 1.0 by the addition of 1.0 mM IPTG and induced for 3.5 h at the
same temperature. Cells were disrupted and FXN was purified by
ion-exchange chromatography (DEAE DE52 matrix), followed by
exclusion chromatography on a preparative Sephadex G-100 column
(SEC, 93 cm x 2.7 cm). Purified FXN concentration was determined
spectroscopically using an extinction coefficient eygp = 26,930 M~
em L. FXN mutant H177C was labeled with Texas Red maleimide dye
(Thermo Fisher) as previously described [52].

2.9. Protein-protein interaction ELISA

ELISA was carried out following the procedure described in
Ref. [53]. Briefly, ACO2 5 pg/mL was immobilized by noncovalent
coating onto the wells of a 96-well microtiter plate at 100 pL/well in a
buffer containing 100 mM KCl, 3 mM MgCl,, and 10 mM PIPES, pH 7.0
(buffer A). Plate was sealed and incubated at 4 °C overnight and then
washed to remove unbound protein and blocked by adding buffer A with
0.1% Tween-20 and 0.1% BSA (buffer B) for 1 h at room temperature.
The plate was washed three times with buffer A containing 0.1%
Tween-20 (buffer T). After this step, serial dilutions of FXN or BSA as
control were added to the wells at 100 pL/well and incubated with the
immobilized ACO2 for 2 h at room temperature under air and in pres-
ence of 200 pM Fe?" and 10 mM DTT. Following this incubation, the
plate was washed again three times with buffer T and the FXN or BSA
bound to immobilized ACO2 were detected using an anti-FXN rabbit
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serum and an anti-rabbit IgG bound to HRP at a previously optimized
dilution. Finally, the assay was revealed at 450 nm using the chromo-
genic substrate OPD (o-phenylenediamine dihydrochloride) following
manufacturer guidelines (P-3804, Sigma-Aldrich).

2.10. Fluorescence analysis

Thermal denaturation spectrums were performed in an FP-8500
fluorescence spectrometer (Jasco Inc.). For the Trp fluorescence, the
excitation wavelength was fixed at 295 nm, and the emission spectrum
was recorded from 305 to 400 nm, while for 1-anilino-8-naphthalene
sulfonate (ANS), samples were excited at 380 and scanned from 400
to 600 nm. Slits of 2.5 nm in the excitation and emission paths were used
with a 1-cm path length quartz cuvette. The Trp relative fluorescence
was obtained by dividing the area for each temperature by the fluores-
cence at 20 °C.

Anisotropy fluorescence measurements were performed on an FP-
8300 fluorescence spectrometer with an automatic polarizer (Jasco
Inc.). Excitation and emission slits were adjusted to 10 nm to maximize
intensity counts. The concentration of Texas Red-labeled FXN was
adjusted to 5.0 pM. Excitation was done at 590 and emission data were
collected at 615 nm. Experiments were performed at 15 °C and the
temperature during measurements was maintained using a thermo-
regulated Peltier. The fluorescence anisotropy (r) was calculated using
the following equation:

L, — GI,;,

R (e Eq.2
T q

where I,, is the intensity of the detected light with both excitation and
emission polarizers mounted vertically, I is the intensity of the
detected light with the excitation polarizer installed vertically and the
emission polarizer mounted horizontally. The factor G in equation (2)
for each sample was determined by measuring the intensities of the
detected lights, I, and I, with the emission polarizer installed hori-
zontally and vertically, respectively, under the excitation polarizer
mounted horizontally and calculating G = Iy, /Iy [54]. Under the
assumption of only 1 binding site for the interaction of FXN and ACO2,
the curves of anisotropy titration with ACO2 were fitted using:

Arp [ACO2],
K, +[ACO2],’

Fobs =10

Eq.3

where ry, corresponds to the observed anisotropy value, ry is the initial
anisotropy value of the free Texas Red-labeled FXN, [ACO2]; is the total
concentration of ACO2, Ky corresponds to the dissociation constant for
the binding event and Arp;, corresponds to (rp; — rp)([FXN]), being rp;
and rp the anisotropy values of the complex and ACO2 and [FXN]|, the
total concentration of Texas Red-labeled FXN [55]. Before use, all so-
lutions were centrifuged for 20 min at 15,000 g to sediment
light-scattering particles.

2.11. Docking experiments

First, initial complex models for the interaction of ACO2 and FXN
were predicted with the AlphaFold2-multimer algorithm [56], while
sequence alignments were generated with MMseqs2 and HHsearch [56].
Query sequences were designed based on references for the human
ACO2 (UniProt Q99798) and the human FXN 90-210 (UniProtQ16595).
The acidic ridge of FXN, a region rich in Glu and Asp (original sequence
“90-LDETTYERLAEETLDSL-117”) was mutated to “90-LAATTYAR-
LAAATLASL-117” in the queries for AlphaFold prediction.

Then, docking experiments of ACO2 and FXN were performed in
HADDOCK 2.4 [57,58] using the structures obtained from the MD
simulation for the active and inactive ACO2 and the crystal structure of
human FXN (PDB ID:1EKG). Selected active residues were residues 90 to
117 and residues located in the ACO2 cleft formed by the domains 3 and
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4 (166,167, 201, 218, 221-235, 258-265, 322-332, 337, 340, 344, 346,
424, 425, 443, 445-453, 455-463, 559-573, 589-604, 632-644, 647,
651, 659-669, 672, 681, 682, 685, 688, 589). The docking solutions
were evaluated based on the HADDOCK score and the Z-score (the
number of standard deviations the HADDOCK score of a given cluster is
separated from the mean of all clusters).

2.12. Statistical analysis

Plots and statistical analysis were performed using GraphPad Prism
8.0. P values < 0.05 were considered statistically significant and indi-
cated with asterisks in graphs (*P < 0.05, **P < 0.01, ***P < 0.001, ns
not significant). Means were compared using Welch’s t-test.

All relevant data used for running experiments, model fitting, and
plotting is available on a GitHub repository at (https://github.com/
smansillal6/Mansilla-S_2022). This article contains supplementary
material.

3. Results
3.1. Biochemical characterization of ACO2

Recombinant human ACO2 was expressed with a high yield (20 mg/
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L) and purity (>99%) and its molecular weight was determined by mass
spectrometry (83,002 + 6 Da being the theoretical molecular weight
82,996 Da) (Figure S-3).

Reactivated ACO2 was used to study the kinetic constants for its
substrates (citrate, cis-aconitate, and isocitrate). ACO2 exhibited
Michaelis-Menten (MM) kinetics for its three substrates, therefore the
MM constant (Kyy), turnover number (k¢,) and catalytic efficiency (keat/
Km) were determined by fitting the MM equation to experimental data
(Fig. 1).

Obtained catalytic efficiencies differed by an order of magnitude
between citrate, isocitrate, and cis-aconitate (104, 105, and 105! M’l)
mainly because of the differences in Ky (Table 1). These results were
compared with the binding energy of the substrate for the active site of
ACO2 obtained from molecular dynamic simulations (see below in
Fig. 6).

Freshly obtained ACO2 from purification presented a brownish
color, as reported for other Fe-S proteins, and did not have activity as
the [4Fe—4S]%" is inactivated by molecular oxygen. To verify the status
of the Fe-S cluster, we activated ACO2 with 100 pM Fe?* and in the
presence or absence of NaS under an Ar-saturated atmosphere. As
previously verified for other mammalian aconitases, when incubating
the apo-ACO2 with Fe?' and Szf, the [4Fe—4S]2+ can be reconstituted
[62]. As shown in Fig. 2A, no difference in activation was observed
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Fig. 1. Michaelis-Menten parameters of ACO2. Aliquots of active ACO2 were withdrawn from an anaerobic vial and added to a substrate-containing quartz cuvette to a
final volume of 1 mL. Reactions were followed spectrophotometrically by measuring consumption or formation of cis-aconitate (240 = 3,6 mM~! cm™) at different
concentrations of substrates for 1 min: A) cis-aconitate, B) isocitrate, C) citrate. The activity was measured in a 20 mM HEPES buffer, pH 7.8, containing 150 mM NaCl
using 20 nM ACO2. MM equation was fitted to experimental data. The dotted line represents the 95% confidence band of the fitting. Hanes and Woolf’s linearization
(S/vo vs. S) and its coefficient of determination (R?) are shown in the inset for validation.
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Table 1
Kinetic parameters of human ACO2.
Substrate Km (M) Keat (sec™1) Keat/Ku (sec™? M71) Organism Reference
cis-Aconitate 7.9 +0.7° 23.8 +0.7° (3.0 + 0.2) x 10% Homo sapiens This work
4.8 to 99 Bos taurus [59,60]
15 to 120 Sus scrofa [59]
90 Oryctolagus cuniculus [59]1
Isocitrate 100 & 10" 14.1 £ 0.4" (1.4 £0.1) x 10> Homo sapiens This work
12 to 139 Bos taurus [59,60]
200 to 480 Sus scrofa [59]
320 Oryctolagus cuniculus [591
Citrate 950 + 90" 10.2 £ 0.4" (1.07 + 0.06) x 10% Homo sapiens This work
140 to 950 Bos taurus [59,60]
620 to 3600 Sus scrofa [59]
900 Oryctolagus cuniculus [59]1

@ Values are mean + SEM for 2 or 3 independent experiments. Constants were obtained by non-linear regression as recommended by Johnson, K. (2019) [61].
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Fig. 2. Biochemical characterization of ACO2. A) ACO2 specific activity measured after a 1-h incubation under Ar atmosphere in presence of 100 pM Fe**, 10 mM DTT
and 50 pM Na,S. Measurements were repeated for three different protein batches. B) The ACO2 activity was measured at different temperatures using its three
substrates after being previously equilibrated at the desired temperature using a spectrophotometer with a temperature-controlled Peltier and by following con-
sumption or production of cis-aconitate. The substrate concentrations used were more than 10 Ky (10 mM citrate, 200 pM cis-aconitate, 1 mM isocitrate) and the
concentration of ACO2 was 20 nM. C) Activity using 200 pM cis-aconitate was measured in buffer PIPES (pH 6.0 and 6.5), HEPES (pH 7.0 and 7.5), Tris-HCI (pH 8.0
to 9.5), 150 mM NaCl, at 25 °C. D) Titration curves for the catalytic His101 of ACO2 obtained by pHtMD. The Henderson-Hasselbalch equation was fitted to
experimental data to obtain the pKa values (8.80 and 8.30 for the [4Fe—4S]%>" and [3Fe—4S]™ states of ACO2 respectively).

regarding the presence of sulfide, indicating that most freshly purified
ACO2 is in the [3Fe—4S]" state.

To further characterize ACO2 kinetics, we studied the dependency
between activity and temperature or pH under substrate saturation
conditions. ACO2 activity showed to be dependent on the temperature
up to 50 °C (Fig. 2B). At higher temperatures, ACO2 activity decreased
and protein aggregation occurred as assessed by visual inspection and
confirmed by SDS-PAGE (see below in Fig. 4). The optimal activity of
ACO2 was reached at pH 8.5, similar to that reported for other
mammalian aconitases [63] (Fig. 2C). The pKa of the catalytic His101
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was estimated from simulated pHtMD titration curves, resulting in 8.80
and 8.30 for the [4Fe-4S]%" and [3Fe-4S]" states of ACO2 (Fig. 2D).

3.2. Reactivity of the human ACO2 with biologically relevant oxidants

As the Fe-S cluster of ACO2 is highly sensitive to oxidant species, we
sought to determine the second-order constant rates for the reaction of
ACO2 with several biologically relevant ROS. To avoid secondary re-
actions caused by reductants or free iron, excess iron and DTT added
during activation were removed by molecular exclusion
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chromatography before oxidants exposure.

To determine the ONOO ™ and CO3 reaction constants, inactivation
curves were simulated using GEPASI considering the reactions and
constants already reported [10]. Experimental data best fitted rate
constants in the order of 10% and 10° M~! s! for CO3~ and ONOO™
respectively (Fig. 3A and B).

The reaction constant with HoOy was obtained by plotting the
inactivation rates (kops) of ACO2 exposed to different HoO, concentra-
tions. The second-order rate constant for this reaction was in the order of
102 M ! st (Fig. 3C).

Finally, the reaction constant with O3 was obtained by a simple
competition assay for the oxidation of ACO2 in presence of a competitor
(CuZnSOD) (Fig. 3D). Aconitase activity decreases in the presence of
oxygen (filled circle) at a certain rate, while the presence of an O3 and
H0;, generating system (empty triangle) increased this inactivation rate
relative to both species alone, as the presence of only catalase (empty
square) or SOD (filled triangle and empty circle) do not protect ACO2
completely. Complete protection is only achieved when catalase and
SOD are added simultaneously (filled square). Under these conditions,
the inactivation rate of aconitase is similar to the inactivation produced
by oxygen alone. As there is no additional protection of SOD above 1.92
pM (filled square and filled triangle), it is reasonable to assume that the
decrease in activity between the XO condition and the XO with 1.92 pM
SOD lines represents 100% of O3 mediated inactivation. This made it
possible to apply Eq. (1) on the condition where there is XO and a SOD
concentration (0.77 pM) which produces only partial inhibition of
ACO2. The second-order rate constant reaction for the reaction of O3
with active ACO2 obtained was (2.3 + 0.8) x 103 M s ' at pH 8.4 and
25 °C.

w

Experimental data 1001

4
Y
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All values obtained for the constant rates were similar to other values
reported for other aconitases (Table 2). Altogether, the human ACO2
showed to be highly sensitive to biological oxidants as well as other
bacterial and mammalian dehydratases. As with other ACO2 [10], the
reactions with low oxidants concentrations were reversible as complete
activity was achieved following incubation with DTT and Fe?* for 1 h
under an Ar-saturated atmosphere after inactivation by O3, ONOO ,
CO3% and Hy0, (Figure S-4).

3.3. Structural and dynamical characterization of ACO2

To investigate if the state (active [4Fe—4S]?* or inactive [3Fe-4S]™)
of the Fe-S cluster was important to the structure or stability of ACO2,
we evaluated the thermal denaturation of the enzyme by following the
intrinsic tryptophan fluorescence (9 residues) (Fig. 4). In the confor-
mational transition between native and unfolded states, the fluorescence
abruptly decreased with temperature as a result of the increased polarity
of the Trp environment as they become exposed to solvent [66]. Dena-
turation curves for the [4Fe-4S]*t and [3Fe—4S]™ states of ACO2
differed significantly being the [4Fe-4S]*" form more resistant to
thermal denaturation as shown by the apparent-Tm (51 vs. 42.3 °C). For
both states, the experiments were irreversible, and reducible high mo-
lecular weight aggregates appeared, therefore, thermodynamic param-
eters could not be obtained from these experiments (Fig. 4D).
Differences in the denaturation curve of ONOO ™ treated ACO2 were also
observed. At the concentration used (1 mM ONOO ), ACO2 showed not
only Fe-S oxidation but also other posttranslational oxidative modifi-
cations such as nitration and protein oligomerization [10,67]
(confirmed herein, not shown).
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Fig. 3. Second-order rate constants for the reactions of ACOZ2 with biologically relevant oxidants. A-B) For ONOO™ and CO3 , second-order rate constants with ACO2 were
obtained after incubation of active ACO2 with a bolus addition of ONOO ™ in the absence (A) or presence (B) of 25 mM HCO3 . ACO2 inactivation was compared with
simulated curves for the reaction considering different values for the reaction constant. C) To calculate the reaction rate constant with HyO,, active ACO2 was
exposed to different concentrations of H,O (1, 3, and 6 pM) and activity was followed for 5 min. Inactivation rates were then plotted against H,O, concentration to
obtain the rate constant. D) Reaction rate constant for ACO2 inactivation by O3~ was obtained by a competition assay with Cu, Zn superoxide dismutase (SOD). ACO2
concentration in all experiments was in the range of 0.4-2 pM. For details see Materials and methods.
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Fig. 4. Temperature-induced unfolding comparison of the [4Fe-4S]*" and [3Fe-4S] " states of ACO2. A-B) Intrinsic fluorescence emission spectra of thermally unfolded
ACO2 at 10, 20, 30, 40, and 50 °C. The intrinsic fluorescence was measured with an excitation wavelength of 295 nm. C) Thermal-induced unfolding of ACO2.
Unfolding curves were plotted by measuring the total area under spectra at each temperature. Points were connected to facilitate visualization. D) Assay showing the
irreversibility of the unfolding. This was observed for all states of ACO2. Samples used on thermal unfolding assay were run on a 10% SDS-PAGE and stained with
Coomassie blue. All assays were performed in a 20 mM HEPES buffer, pH 7.8 containing 100 mM NaCl and 2 pM ACO2.

Table 2
Second-order rate constants of ACO2 with biologically relevant oxidants.

Oxidant Rate constant (M 's™ 1) Organism Reference
H,0, (4.8 +2.9) x 10* Homo sapiens This work
2 % 10% E. coli [64]
ONOO ™ (0.9 + 0.2) x 10> Homo sapiens This work
(1.1 £0.2)x 10° Sus scrofa [10]
(1.4 +0.1)x 10° [6]
coy” (1.3 £ 0.3) x 10% Homo sapiens This work
3 x 108 Sus scrofa [10]
03 (2.3 +1.7)x 10% Homo sapiens This work
3 x 107 E. coli [65]
0.8 x 107 Sus scrofa [65]
(3.5 +2)x10° [6]
(3+2)x10° Bos taurus [64]

# Values are mean + SEM for 3 or 4 independent experiments. Constants were
obtained as explained in Materials and methods.

Titration assays with ANS showed that protein-ANS complex fluo-
rescence is higher in the presence of inactive ACO2 than in the presence
of active ACO2 (Fig. 5A). According to this result, analysis of the MD
simulations of the [4Fe—4S]%>" and inactive [3Fe-4S]" states showed a
higher Solvent Accessible Surface Area (SASA) for the hydrophobic
residues of ACO2 of about 400 A2 (Fig. 5B). The increase in the fluo-
rescence intensity could be explained as an increase in the quantum
yield of ANS, produced by a more hydrophobic environment, an increase
in the number of ANS binding sites, or both.

The opening angle, measured as the angle formed by two groups of
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residues in antiparallel beta-sheets and centered in the Fe-S cluster
differed in both states by about 27° (Fig. 5C). In 2 out of 3 replicas of 1 ps
long MD simulations of the inactive ACO2, the model captured an
“open” state, in comparison to the active ACO2 where this happened in 1
out of 6 replicas simulations and even when this occurred, the angle was
of lesser magnitude. Analysis of the ACO2 cleft also showed an increased
SASA in the [3Fe—4S]™ inactive state (Fig. 5D). Concomitantly, the Fe-S
cluster was much less solvated in the active state, implying that while in
the active state, the Fe-S cluster is less solvent-exposed (Fig. 5E).

Therefore, ACO2 shows, as a dominant motion, closing-opening
structural movements of the domains that comprise the active site,
also known as a “breathing-like” motion, of higher magnitude when
ACO2 is in the [3Fe—4S]" inactive state which exposes the cluster to the
solvent. This might lead to the interaction with partners or be related to
the ACO2 function as a redox “switch” (see below).

We also studied the interaction of ACO2 substrates at the active site
employing MD simulations and MM-GBSA binding free energy estima-
tions (Fig. 6A). Once restraints were completely removed, isocitrate
stayed in the same binding mode, with little impact on the binding en-
ergy estimation. On the other hand, citrate (having a higher Ky;), was
displaced from starting conditions and final binding energy was higher,
indicating a lesser affinity. Concomitantly, the substrate and active site
residues mobility was significantly higher for citrate simulations than
for isocitrate ones (Fig. 6B).
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Fig. 5. Comparison of dynamic characteristics of the [4Fe-4S]?" and [3Fe-4S]" states of ACO2. A) ANS titration curves: fluorescence emission at 475 nm as a function of
molar ratio [ANS]/ACO2 for active ([4Fe-4S]1?") or inactive ([3Fe-4S]") ACO2. ANS fluorescence was measured at 20 °C using an excitation wavelength of 380 nm
with ACO2 (4 pM) in HEPES 20 mM, pH 7.4. Respective buffer spectra were used for buffer subtraction. B) SASA of hydrophobic residues (Gly, Pro, Phe, Ala, Ile, Leu,
Val, Met, Trp, Tyr) in the ([4Fe-4S]%>" and [3Fe-4S]" states of ACO2. C) First non-trivial normal mode of ACO2 (“breathing-like” motion). ACO2 domains are colored
as follows: domain 1, orange; domain 2, gray; domain 3, dark green; domain 4, cyan; hinge linker, pink. Fe-S cluster is represented along with two residue groups
located on antiparallel beta sheets on domains 3 and 4 used as a reference for measuring the opening angle of ACO2 (yellow spheres). D) Opening angle of ACO2. E)

Surface area of the Fe-S cluster for both states of ACO2.

3.4. ACO2-frataxin interaction

Fully active ACO2 was usually obtained in presence of Fe?>* and DTT
after a 1-h incubation under an Ar-saturated atmosphere, while ACO2
reaches only less than 20% of maximum activity in the same conditions
under air (21% O53) (Fig. 7A).

To evaluate if Fe?*-loaded FXN was able to activate ACO2 under air,
we first preincubated FXN (6 pM) or BSA (2 mg/mL) with 300 pM Fe2t
in a 20 mM HEPES buffer containing 100 mM NaCl, pH 7.4 for 10 min.
Then ACO2 and DTT were added to a final concentration of 1 pM and 10
mM respectively. Final FXN and Fe?" concentrations were 4 pM and 200
puM. ACO2 activation was followed by taking aliquots and following the
consumption of cis-aconitate at 240 nm. As shown in Fig. 7A the pres-
ence of FXN preloaded with Fe?* promoted ACO2 reactivation in vitro
under these conditions while BSA incubated with Fe?* or Fe?>* alone did
not have any effect on ACO2 activation, as previously shown for bovine
ACO2 [20].

ACO2 (2 pM) was treated with 15 pM ONOO , a concentration
shown to inactivate ACO2, in the presence or absence of 4 pM FXN
(Fig. 7B). Under these conditions, FXN was unable to protect ACO2 from
inactivation. On the other hand, aerobic reactivation of ONOO  -treated
ACO2 was obtained only in presence of iron-loaded FXN. As other bio-
logical oxidants such as O3, HyO5 and CO3 also promotes ACO2
inactivation by iron-sulfur cluster one-electron oxidation (reviewed in
Ref. [68]), the effect of FXN promoting ACO2 reactivation is expected to
be as for ONOO .

To determine if FXN is increasing the Fe" bioavailability for ACO2
reactivation or if there is a direct interaction between both proteins, a
series of experiments were performed considering the conditions where
we detected ACO2 activation by FXN (FXN preloaded with 300 pM Fe?*,
10 mM DTT and 2 pM ACO2 under air).

ACO2 has 9 Trp (Trpl166, Trp222, Trp241, Trp373, Trp455, Trp574,
Trp603, Trp657, Trp765) residues while FXN has 3 (Trp155, Trpl68,
Trp173) and part of these are exposed to solvent and thus are sensitive to
quenching. The fluorescence emission spectrum of mixed FXN:ACO2
solution at a molar ratio of 2.5:1 showed higher quenching than the sum
of the experimental spectra of the individual proteins (3% vs 12%)
which implies that both proteins could be getting close to each other and
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quenching their Trp (Fig. 7C and D). This effect was higher in presence
of Fe?*, suggesting that iron might be important for the interaction.
These results were reproducible and a representative experiment is
shown. Yet, the presence of FXN did not change the temperature-
induced unfolding of ACO2, as assessed in Fig. 4C (not shown).

We performed UV-visible spectra of [3Fe—4S]T-ACO2 (as it is puri-
fied) and after its incubation with Fe?>" and DTT in the presence or
absence of FXN (Figure S-5). Iron-sulfur proteins are known to have
broad and unfeatured bands in the UV-visible absorption spectra, pro-
duced by a large number of electronic transitions and the number of
metal atoms [69]. As shown in Figure S-5, human ACO2 showed this
type of signal. This result resembles the spectrum of pig ACO2 reported
in Ref. [70]. Following a 1 h incubation in presence of Fe> and DTT, an
increase in the overall spectrum was observed, an effect that was
potentiated by the addition of FXN, reflecting the improvement in the
formation of [4Fe-4S]1*T-ACO2 [62].

Interaction ELISA [53] was performed to further evaluate the exis-
tence of physical interaction between FXN and ACO2 (Fig. 7E). The
molar concentration required for 50% maximal binding of FXN to
immobilized ACO2, representative of the binding affinity (K,), were (1.1
+0.9) and (10 + 2) pM in conditions with and without Fe2+, indicating
a higher affinity of FXN for ACO2 when Fe" is present. The maximal
binding (Fig. 7F), representing the coupling strength or the off-rate of
the protein pair’s binding, showed no differences concerning iron
addition. Similar results were obtained from fluorescence anisotropy
assays, a magnitude inversely related to the rotational mobility of a
fluorescent molecule (Fig. 7G). We performed the addition of ACO2 to a
cuvette containing 1 pM of a fluorescent Texas Red-labeled FXN in
conditions where we observed ACO2 activation by FXN (in presence of
Fe?" and DTT). An increase in anisotropy was observed with the addi-
tion of ACO2 indicating the formation of a Texas Red-FXN:ACO2 com-
plex. When non-labeled FXN was added, the anisotropy decreased as a
result of an equilibrium displacement and the increase in free Texas
Red-labeled FXN. In addition, as shown in Fig. 7H, in presence of Fe?*,
an increase in almost 0.008 anisotropy units was observed when adding
5 M ACO2 to 1 M TR-labeled FXN, while in absence of Fe>*, adding 20
uM ACO?2 increased the anisotropy in about 0.006 units. This implies
that more ACO2 was needed to allow the formation of a complex in
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Fig. 6. Substrate binding to ACO2. A) MMGBSA-calculated binding energies of
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jectories for the MD simulation. Harmonic restraint constants (k, kcal/mol)
were changed at 100 and 200 ns allowing the binding modes to relax within the
active site. B) Representation of the substrate binding to the active site of ACO2.
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for the substrate, 20 structures equally spaced in time are represented (from
red: beginning of the trajectory, to blue: end of the trajectory).

absence of Fe?".

This data suggests that FXN directly interacts with ACO2 favored by
the presence of Fe?* and under these conditions; ACO2 is capable of
regaining function.

To supplement the experimental data and provide further insight
into the interaction, we developed a structural model for a 1:1 ACO2:
FXN complex. As a first step, we used the AlphaFold-Multimer to
generate models using the sequences of the human ACO2 and human
FXN. As this tool considers data about the coevolution of the protein
pair, we compared the predicted complexes of the WT proteins to the
complexes of the proteins when the Glu and Asp acid residues from the
acidic ridge region of FXN (known to contain iron-binding motifs [52]),
were replaced by alanines (Figure S-6). The five predicted models for the
WT complex were similar, as all of them had FXN located in the same
region next to the ACO2 cleft formed between domains 3 and 4 (where
the Fe-S cluster is located) and had the acidic ridge region oriented
towards ACO2. On the other hand, when using the in silico mutated FXN,
the models differed greatly in the FXN relative location with respect to
ACO2, thus implying that the mutated acidic residues could be impor-
tant for the interaction from a coevolutionary point of view. Prediction
quality control indicators and the sequence coverage of the MSA are
shown in Figure S-7.
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Based on this information, we developed a docking model by
defining as the active residues participating in the interaction, residues
on the acidic ridge region of FXN, and residues on the ACO2 cleft
(Fig. 8). As starting models of ACO2, we selected structures from the MD
simulations that captured the “open” ([3Fe-4S]1") and “closed”
([4Fe-4S]1%1) states of ACO2. The complex model for the “open” state of
ACO2 shows FXN positioned inside the ACO2 cleft with the acidic ridge
oriented to the Fe-S cluster to a distance of about 8 A. In contrast, in the
“closed” state, FXN was not capable of entering into the cleft and
approaching the Fe-S cluster (22 A), mainly because this state does not
expose the Fe-S cluster. The replacement of the acidic residues of the
acidic ridge by the non-polar amino acid Ala to the FXN did not greatly
affect the complex structure but showed an increased HADDOCK score
(less energy stability) in comparison with the WT complexes (Figure S-
8).

4, Discussion

In this work, we successfully purified the human ACO2 for the first
time to provide biochemical and structural data as well as presented
robust evidence for its physical interaction with FXN.

Michaelis-Menten constants were higher with citrate, followed by
isocitrate and cis-aconitate respectively (Fig. 1), as reported for other
ACO2 (Table 1). Concomitantly, the binding energies obtained by MM-
GBSA analysis showed a higher affinity of the ACO2 active site for the
isocitrate with respect to citrate. This analysis was not done for cis-
aconitate, as structural data for its binding mode was poorly defined
(Fig. 6).

The Fe-S cluster of ACO2 has been reported to be very sensitive to
various biological oxidants. In this regard, in the absence of protective
substrates, human ACO2 was readily inactivated by O3, CO3 , ONOO
and H»0 (Fig. 3), showing inactivation second-order rate constants in
the order of previously reported constants for other mammalian ACO2
(Table 2). This is consistent with the high conservation of the active site
among species [2].

As for other mammalian ACO2, human ACO2 showed an optimal pH
of around 8 (Fig. 2D), which is in line with the mitochondrial matrix pH.
The catalytic His101 acts as an acid in the dehydration reaction by
donating its proton to citrate or isocitrate [47]. For this to occur, His101
must be protonated. Considering a physiological pH in the mitochon-
drial matrix of 7.8 [71] and the results shown in Fig. 2C, about 90% of
ACO2 has its His101 protonated in the [4Fe-4S]%* state, (while for the
[3Fe-4S]" ACO2, is about 68%) which is in agreement with the reaction
mechanism of ACO2 [47]. As this difference might not be significant, the
pKa of His101 is higher than the reference value for the free His (6.00)
[72] for both [3Fe-4S]" and [4Fe-4S]*" ACO2.

Maximal V4 for all substrates was achieved at 50 °C (Fig. 2A), the
temperature at which mitochondria are proposed to be physiologically
maintained [73]. Interestingly, thermal instability and aggregation of
ACO2 were found to occur in intact mitochondria at 37 °C while com-
plete aggregation was detected after incubation of isolated mitochondria
at 45 °C, a condition where the majority of matrix proteins remain
soluble [74]. This is in line with the irreversible thermal unfolding of
ACO2 observed herein, but we detected differences between the
[3Fe-4S] and [4Fe-4S]%t states, as the inactive state promoted dena-
turation (lowered apparent-Tm) (Fig. 4). ONOO treated ACO2 showed
an even greater increase in its tendency for denaturation and
aggregation.

In addition, increased ANS fluorescence was observed in the
[3Fe-4S]" state (Fig. 5), suggesting a higher hydrophobic peptide region
exposure which increases the probability of irregular protein-protein
interaction, covalent crosslinking and aggregation. In mitochondria,
aggregation of oxidatively modified ACO2 is prevented by its degrada-
tion by the Lon protease [75], activity that declines during senescence
and aging [75,76]. The MD simulations showed an increased solvent
exposure of hydrophobic residues for the [3Fe-4S]" state of ACO2
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Fig. 7. Interaction between ACO2 and FXN. A) ACO2 activation assay. FXN 3.7 pM (1.2 mg/mL) or BSA 1.2 mg/mL were preincubated with 300 uM Fe?" and then
ACO2 and DTT were added to a final concentration of 1 uM and 10 mM respectively. Final Fe?" concentration was 200 pM. Vial was left open and exposed to air and
ACO?2 activity was followed by taking aliquots and measuring the consumption of 200 uM cis-aconitate. B) Active aconitase was treated with ONOO ™ in the presence
or absence of FXN. Reactivation of ONOO  treated ACO2 when sample was exposed to air occurred only in presence of FXN. C-D) Fluorescence emission spectra of
ACO2 (2 pM) and FXN (5 pM) alone or in the same solution in the presence or absence of 200 pM Fe2+; Aexe = 280 nm. E) Normalized interaction curves obtained
from an interaction ELISA for ACO2 and FXN. ACO2 was immobilized to the well and interaction was carried out in conditions where ACO2 activation by FXN was
observed (in presence of Fe2* and DTT or only DTT). Control wells had no ACO2 immobilized or BSA was used instead of FXN. No binding was detected when using
BSA (nd). F) Maximal binding of the interaction ELISA. G) Direct binding curve obtained from a fluorescence anisotropy experiment measuring the binding of a
fluorescent Texas Red-labeled FXN to ACO2 in the presence or absence of 200 pM Fe?™ and 10 mM DTT. The reversibility of binding was verified by adding non-
labeled FXN in a 1:4,5 and 1:2.2 FXN:ACO2 ratio. H) Change of anisotropy by a single addition of ACO2 or non-labeled FXN in absence or presence of 200 uM Fe?".
I:Ion-labeled FXN was added in a 1:4 and 2:4 FXN:ACO2 ratio in abscence of Fe®*, and 1:1 in presence of Fe2*,

) _ capable of activating the oxygen or ONOQO inactivated [3Fe—4S]"-
A —~RIN \ s ACO2 (Fig. 7). In addition, we provide strong evidence for a direct iron-
‘ ‘ % dependent interaction between FXN and ACO2.

For experimental purposes, we preferred to use FXN 90-210 because
purification yield and protein stability are higher than FXN 81-210
(final mitochondrial processed protein), as residues 81 to 90 are disor-
dered (reviewed in Ref. [84]). Nonetheless, we are aware that His86 is
capable of coordinating iron and we could be underestimating mature
FXN iron binding capacity [85].

Intrinsic fluorescence spectra for ACO2 and FXN alone or together in
the same solution in presence of iron suggested a physical interaction
between the proteins. As iron is a fluorescence quencher and might
interfere with the assay, other approaches were used, including protein-
protein interaction ELISA and fluorescence anisotropy which confirmed
the iron-dependent interaction.

The ACO2-FXN docking complex with the [3Fe-4S]" state of ACO2
showed that FXN could get close enough for the iron atoms bound to the
acidic ridge region, to physically diffuse to the inactive Fe-S cluster
(Fig. 8) [86]. Interestingly, the ACO2-FXN model complex predicted by
AlphaFold2-Multimer, which considered the coevolution of ACO2 and
FXN was sensible to the in silico mutation of the Glu and Asp of the acidic

ridge to Ala, showing the importance of these residues for the interaction
Fig. 8. Proposed protein-protein interaction model of ACO2 and FXN. Protein- (Figure S-2).

protein docking model of WT human ACO2 (human ACO2 PDB based on

Al WT h FXN (PDB ID:1EK i ith HAD K 2. b . . . . ..
6ACN) and . uman N ©) predicted wit . DO(.: 4 We strated in mice cardiomyocytes treated with doxorubicin that showed
Server. Starting ACO2 models were taken from the MD simulation for the

o . . .. o
inactive (A) or active (B) ACO2. Distance from the Fe-S cluster to the acidic 50% re.duCEd FXN exPreSSIOH’ freoe lron accumulatlon.lgcreased mito
ridge region of FXN is 8 Ain (A) and 22 A in (B). ACO2 domains are colored as chondrial ROS formation and 40% reduced ACO2 activity [87]. Also,

The supporting role of FXN on ACO2 activity has also been demon-

in Fig. 5. FXN is colored green with the acidic ridge region in red. In close-up HIF-2 a-knock-out mice livers which presented a reduced FXN expres-
representations, the glutamic and aspartic acid residues were colored cyan. sion (<50% of WT) showed a significant reduction in ACO2 activity
(45%) even though ACO2 expression was higher than in WT) [88].
(Fig. 5B), supporting the experimental observation shown in Fig. 5A. In Moreover, in heart biopsies obtained from FRDA patients, ACO2 was the
line with this result, normal mode analysis, measuring of opening angle most affected activity among other Fe-S proteins suggesting that
and Fe-S cluster solvent exposition (Fig. 5C-E) support the existence of a biosynthesis, as well as cluster reconstitution, might be compromised
“breathing-like” motion of ACO2, which might lead to conformations [82].
where substrate exchange or interaction with protein partners could be Recently, combining site-directed spin-labeling coupled with para-
favored. magnetic resonance and fluorescence quenching experiments as well as
Under physiological conditions, ACO2 is in a steady state between amolecular docking approach, revealed that human SOD2 (MnSOD) can
the [4Fe-4S]** and [3Fe-4S]" states, and approximately a 10-15% interact with human FXN in vitro, in a complex that leaves the metal
inactive fraction is present in bacteria and mammalian cells growing in binding region accessible to the solvent [89]. This observation supports
normoxia [5,77]. Although the inactivation mechanism by oxidants is the hypothesis that a ternary complex among the three proteins could
well known, the in vivo reactivation was not fully comprehended. For operate in the mitochondrial matrix or at least implies the relevancy of
reactivation, ACO2 needs an electron (donated by ascorbic acid, gluta- the interplay between these three proteins. Therefore, iE can be assumed
thione, or cysteine, readily available in the mitochondria [78]), and a that ACO2 operates as a redox sensor due to the O3 sensitivity and
ferrous ion. The mitochondrial labile iron pool (LIP), used for Fe-S specificity of its reaction with the Fe-S cluster, and its interaction with
cluster and heme biosynthesis, is estimated to be around 0.5-10 yM in ~ FXN which promotes its reconstitution and bring together MnSOD to
mammalian cells and has been suggested to be mostly in the ferrous state cope with 03 .
forming low M, complexes (e.g., iron-citrate, iron-p-Citryl-L-glutamate) In summary, the present study describes for the first time the novel
or bound to iron chaperones [79-81]. One of these iron chaperones’ expression, purification, and characterization of recombinant human
candidates for interacting with ACO2 is FXN [20]. Mutations or more ACO2, including kinetics, oxidant reactivity, and dynamics, validating
frequently low expression of FXN are associated with the neurodegen- previous results inferred to human ACO2 from other mammalians ho-
erative disease Friedreich’s ataxia (FRDA), whose phenotype is caused mologous. In addition, we present various evidence for its direct inter-
by depletion of Fe-S cluster-containing proteins, including ACO2 [82, action with FXN. Multimer modeling and protein-protein docking
83]. sustain an ACO2-FXN complex where the metal ion binding region of

Herein we showed that iron-loaded human recombinant FXN was FXN approaches the [3Fe-4S]" cluster. This work confirmed that FXN
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acts as a protein partner of ACO2 not only during Fe-S maturation but
also in repairing oxidatively inactivated aconitase, supporting that
highly compromised aconitase activity in FRDA in animal and cellular
disease models may be the result of both the decrease of Fe-S cluster
biosynthesis and the decrease in the ACO2 activation processes.
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