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Abstract

Members of the monothiol glutaredoxin family and members of the BolA-like protein family
have recently emerged as specific interacting partners involved in iron-sulfur protein
maturation and redox regulation pathways. It is known that human mitochondrial BOLA1
and BOLAS3 form [2Fe-2S] cluster-bridged dimeric heterocomplexes with the monothiol
glutaredoxin GRX5. The structure and cluster coordination of the two [2Fe-2S]
heterocomplexes as well as their molecular function are, however, not defined yet.
Experimentally-driven structural models of the two [2Fe-2S] cluster-bridged dimeric
heterocomplexes, the relative stability of the two complexes and the redox properties of the
[2Fe-2S] cluster bound to these complexes are here presented on the basis of UV/vis, CD,
EPR and NMR spectroscopy and computational protein-protein docking. While the BOLA1-
GRX5 complex coordinates a reduced, Rieske-type [2Fe-2S]* cluster, an oxidized,
ferredoxin-like [2Fe-2S]?* cluster is present in the BOLA3-GRX5 complex. The [2Fe-2S]
BOLA1-GRX5 complex is preferentially formed over the [2Fe-2S] GRX5-BOLA3 complex,
as a result of a higher cluster binding affinity. All these observed differences provide the first

indications discriminating the molecular function of the two [2Fe-2S] heterocomplexes.

Keywords: Iron-sulfur protein; GRX5; BOLA1; BOLAS; Iron metabolism; Glutaredoxin.

Abbreviations: glutaredoxins, Grxs; glutathione, GSH; wilde-type, wt; DTT, dithiothreitol;

HSQC, Heteronuclear Single-Quantum Correlation.



1. Introduction

Monothiol glutaredoxins (Grxs), with a conserved CGFS active site, and BolA-like proteins
have recently emerged as specific interacting partners [1-3]. This functional relationship is
conserved in both prokaryotes and eukaryotes [4-7]. Bioinformatic analyses indicated that
both genes are frequently adjacent in prokaryotic genomes, that some natural fusion
proteins exist in a few microbes, and that there is a very strong gene co-occurrence of these
genes [8,9]. Besides these genomic evidences, high-throughput approaches experimentally
confirmed a physical interaction for Homo sapiens, S. cerevisiae, Drosophila melanogaster,
A. thaliana, and E. coli Grxs and BolA proteins. From a functional perspective, a cytosolic
Grx-BolA complex was found in yeast to be involved in a cytosolic-nuclear signaling pathway
responsible of iron homeostasis regulation via two transcriptional activators Aft1 and Aft2
[10,11]. In humans, this cytosolic pathway is, however, not conserved and the homologous
cytosolic heterocomplex has been shown to play a role in the maturation of cytosolic Fe/S
proteins [12-14]. Similarly, mitochondrial yeast BolAs (i.e. BolA1 and BolA3) have been
proposed to mature some [4Fe-4S] cluster proteins by playing a role in the late stages of
Fe/S cluster insertion to target apo proteins [15,16]. In humans, BOLA3 is involved, similarly
to yeast, in handling Fe/S centers for the maturation of some mitochondrial Fe/S binding
enzymes such as the lipoate-containing 2-oxoacid dehydrogenases and the respiratory
chain complexes [17-19]. On the contrary, BOLA1 has been implicated in the regulation of
the mitochondrial thiol redox potential [20].

During the last years, Grx-BolA complexes have been spectroscopically and biochemically
investigated in different organisms (E. coli [21,22], A. thaliana [23-25], S. cerevisiae [26,27],
and humans [12,15,28]) indicating that the two proteins form a [2Fe-2S] cluster-bridged

heterodimeric complex. However, no structures are yet available for the [2Fe-2S] cluster



bound form of any BolA-Grx dimeric complex. Only a NMR-based docking model of the apo
GrxS14-BolA2 dimeric complex from A. thaliana is available [23].

BolA-like proteins are generally grouped into three subfamilies designated BolA1-, BolA2-,
and BolA3-like proteins [29]. The genome of H. sapiens encodes three BolA homologues,
one for each of the three subfamilies [2]. Multiple sequence alignment of prokaryotic and
eukaryotic BolAs allowed to identify sequence patterns probably comprising the cluster
ligands in human BOLAs, which are HXsHX1sHX1sH in BOLA1 and CX21HX14H in both
BOLA2 and BOLA3 (Figure S1). All prokaryotic and eukaryotic BolAs conserve the C-
terminal histidine that is shown in bold in the above patterns. Spectroscopic data on Grx-
BolA complexes from E. coli, S. cerevisiae and A. thaliana indicated that three ligands to the
[2Fe-2S] cluster are provided by a conserved cysteine of monothiol Grx, by a GSH molecule
bound to monothiol Grx, and by the invariant histidine at the C-terminus present in all BolA-
like family members [22,23,28]. The nature of the fourth ligand in the S. cerevisiae
heterocomplex still remains controversial, while spectroscopic data on A. thaliana and E.
coli BolA1-like/Grx dimeric complexes indicated the presence of a Rieske-type [2Fe-2S]
center with two His and two Cys ligands, both His suggested to be provided by the BolA
protein. In humans, it is already well established that mitochondrial GRX5 binds the [2Fe-
28] cluster in both its homodimeric form and in the heterodimer with mitochondrial human
BOLA1 and BOLAS3, through the Cys residue (Cys 67) of the conserved CGFS motif and
through a GRX5-bound glutathione (GSH) molecule [15,30,31]. The cluster ligands provided
by BOLA1 and BOLA3 in the human heterodimeric complex are, on the contrary, not yet
defined. Spectroscopic data are indeed available only for the cytosolic human [2Fe-2S]
BOLA2-GRX3 dimeric complex, which showed the same cluster ligands found in the S.
cerevisiae homologous heterocomplex [12,28]. Structural data on BOLA1 and BOLAS can
only exclude as a cluster ligand the histidine underlined in the above sequence patterns,

because it is structurally far from all the other potential ligands [15,23,32-35].
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Here, we investigated the [2Fe-2S] cluster coordination in the human BOLA1-GRX5 and
BOLA3-GRX5 complexes by UV/vis, CD, EPR and NMR spectroscopy; we characterized
the cluster redox properties and the relative stability of the two heterocomplexes; and we
provided experimentally-driven structural models for the [2Fe-2S] cluster bound form of the
two heterocomplexes. The present data provide structural and biochemical evidences
contributing to the comprehension of the still poorly defined molecular function of these [2Fe-

2S] heterocomplexes.

2. Materials and Methods

2.1 Protein production

Human glutaredoxin 5 (GRX5) (UniProtKB ID Q86SX6), human BOLA3 (BOLA3), and
human BOLA1 (BOLA1) depleted of the N-terminal mitochondrial targeting sequence
(GRX5, aa 1-34; BOLAS, aa 1-26; and BOLA1, aa 1-20) were produced as already reported
[15,30].

Recombinant BOLA1 and BOLA3 mutants were obtained by site-directed mutagenesis
(QuickChange Site-directed Mutagenesis Kit, Agilent Technologies) of pETG20A-BOLA3
and pET15-BOLA1 expression vectors, used for the production of wild-type (wt) proteins, by
using primers containing the required single mutations, i.e. C59A and H96A for BOLAS3, and
H58A, H67A and H102A for BOLA1. Protein production of BOLA1 and BOLA3 mutants was
obtained following the same procedure described for the wt proteins [15].

The [2Fe-2S] cluster bound forms of wt and mutant complexes were obtained by anaerobic
chemical reconstitution of the apo heterocomplexes formed mixing apo GRX5 and BOLAs
in a 1:1 ratio, obtained on the basis of NMR titration experiments (see section 2.4), by

following a previously reported procedure [13].



2.2 Biochemical Methods

For GSH measurements, the chemically reconstituted Fe/S protein complexes in 50 mM
phosphate buffer (pH 7.0) were denatured and precipitated with 5% (w/v) 5-sulfosalicylic
acid, and GSH in the supernatant was measured using 5,5'-dithiobis(2-nitrobenzoic acid)
and glutathione reductase by using Glutathione Assay Kit (Sigma-Aldrich). Protein
concentrations of the hetero-complexes were determined by measuring absorbance at 280
nm of the apo proteins, which were then mixed at the 1:1 ratio and chemically reconstituted,

using the extinction coefficients of the native proteins.

2.3 UVvisible, CD and EPR spectroscopy

UV/vis and CD absorption spectra were recorded under anaerobic conditions at room
temperature in degassed 50 mM phosphate buffer (pH 7.0), 5 mM GSH, and 5 mM DTT, on
a Cary 50 Eclipse spectrophotometer and JASCO J-810 spectropolarimeter, respectively.
In the CD experiments, each sample was split into two aliquots, one containing degassed
50 mM phosphate buffer (pH 7), 5 mM GSH, and 5 mM DTT, and the other degassed 50
mM phosphate buffer (pH 7.0), in order to test GSH and DTT depletion effects. To
investigate the redox properties of chemically reconstituted [2Fe-2S] BOLA1-GRX5 and
[2Fe-2S] BOLA3-GRX5, UV/vis absorption and CD spectra were recorded under anaerobic
conditions at room temperature in degassed 50 mM phosphate buffer (pH 7.0) in the
presence of increasing amounts of dithionite, up to four electron equivalents. EPR spectra
were recorded before and after anaerobic reduction of the cluster by stoichiometric addition
of sodium dithionite and rapid freezing of the protein solution in liquid nitrogen. EPR spectra
were acquired in degassed 50 mM phosphate buffer (pH 7.0), 5 mM GSH, 5 mM DTT, and

10% (v/v) glycerol at 45 K, using a Bruker Elexsys E500 spectrometer working at a
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microwave frequency of ca. 9.45 GHz, equipped with a SHQ cavity and a continuous flow
He cryostat (ESR900, Oxford instruments) for temperature control. Acquisition parameters
were: microwave frequencies are specified in the figure captions; microwave power, 5 mW;
modulation frequency, 100 kHz; modulation amplitude, 8.0 G; acquisition time constant,

163.84 ms; number of points 1024.

2.4 NMR spectroscopy

Paramagnetic '"H NMR experiments of the chemically reconstituted [2Fe-2S] GRX5-BOLA1
and [2Fe-2S] GRX5-BOLA3 complexes were performed on a Bruker AVANCEG600
spectrometer, equipped with a 'H selective probe, and on a Bruker Il HD AVANCE400
spectrometer, equipped with a PH 'H selective 400SB probe, at 298 K and 283 K with protein
samples in 50 mM phosphate (pH 7.0), 5 mM DTT, 5 mM GSH, 10% (v/v) D20. All
diamagnetic NMR experiments were carried out at 298 K on a Bruker AVANCE700
spectrometer with 0.5-1 mM uniformly "N (or 3C,"®N) labeled or unlabeled protein samples
in 50 mM phosphate (pH 7.0), 5 mM DTT, 5 mM GSH, 10% (v/v) D20. All NMR spectra were
processed using the standard BRUKER software (Topspin 2.1) and analysed through the
CARA program.

To follow the formation of the heterodimeric complex, '°N-labeled apo BOLA1 or apo BOLA3
(wt or single mutants) samples were titrated with increasing amounts of unlabeled apo GRX5
till a 1:1 ratio was reached. Chemical shift changes were followed in the "H-">N HSQC NMR
spectra, and the differences in chemical shifts between free and bound BOLAs in absence
of 5 mM GSH, between the heterocomplexes before and after the addition of 5 mM GSH,
and between the heterocomplexes complex before and after [2Fe-2S] cluster binding were
mapped on the surface of the structural model of BOLAs [15]. To investigate the relative
stability of the two [2Fe-2S] heterocomplexes, the following experiment was performed: "°N-

labelled BOLA3 was first titrated with ">N-labelled BOLA1 up to a 1:1 protein ratio and 'H-
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SN HSQC NMR spectra were recorded, showing that the two proteins do not interact each
other. This mixture was then titrated with unlabelled homodimeric [2Fe-2S] GRX52 up to a
1:1:2 protein ratio and chemical shift changes followed by 'H-"N HSQC NMR spectra and
compared with chemical shifts of the [2Fe-2S] GRX5-BOLA1 and [2Fe-2S] GRX5-BOLA3
complexes, obtained by mixing [2Fe-2S] GRX52 with BOLA1 or BOLAS at a 1:1 ratio. These
NMR data were also compared with 'H-">"N HQSC NMR spectra recorded on a titration
performed mixing "°N-labelled BOLA3 with '>N-labelled BOLA1 at a 1:1 protein ratio with

unlabeled apo GRX5 up to a final 1:1:2 ratio.

2.5 Molecular docking and energy minimization with AMBER force field

Structural models of the [2Fe-2S]'* GRX5-BOLA1 and [2Fe-2S]>* GRX5-BOLA3 complexes
were calculated using the protein-protein docking program HADDOCK 2.2 (high ambiguity
driven protein-protein docking) by following the standard HADDOCK procedure [36].
Specifically, the structural models of the [2Fe-2S] GRX5-BOLAs dimers were built from the
structures of individual proteins (GRX5 PDB entry 2WUL, BOLA3 PDB entry 2NCL and
BOLA1 PDB entry 5LCI). The [2Fe-2S] cluster with a GSH molecule bound to GRX5 were
taken from the X-ray structure of [2Fe-2S] GRX52 (PDB ID 2WUL, [31]), and included in the
docking calculations. The [2Fe-2S] cluster in the appropriate redox state was bound to the
BOLA1 and BOLAS3 ligands using unambiguous distance restraints, while the GRX5 ligands
(GSH and Cys) were included in the HADDOCK force field parametrization of the [2Fe-2S]
cluster. The BOLA1 and BOLAGS ligands of the [2Fe-2S] cluster were selected on the basis
of the mutagenesis and spectroscopic data. The NMR chemical shift mapping data, already
available for the two wt heterocomplexes [15], were used to define ambiguous interaction
restraints for the residues at the interface. The “active” residues were defined as those
having a chemical shift perturbation upon complex formation larger than the average of

Aavg(HN) plus 10 (Aavg(HN) = (((AH)? + (AN/5)?)/2)"2, where AH and AN are chemical shift
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differences for backbone amide 'H and "N nuclei, respectively) and with a solvent
accessibility higher than 50%; the “passive” residues were defined as those being surface
neighbors to the active residues and with a solvent accessibility higher than 50%. The final
ensemble of 200 solutions was analyzed and clustered based on the pair-wise RMSD matrix
calculated over the backbone atoms of the interface residues of GRX5 after fitting on the
interface residues of BOLA1 or BOLA3. This way of calculating RMSD values in HADDOCK
results in high values that emphasize the differences between docking solutions. For this
reason, clustering was performed using a 7.5 A cut-off. In the case of BOLA1-GRX5
complex, the docking calculations were performed considering that His 67 and His 102 can
coordinate the iron through No&1 or Ne2, thus generating four docking results. After final
refinement in water, the docked structures were clustered using the standard HADDOCK
algorithm and the HADDOCK scores in the four docking calculations compared (Table S1).
It resulted that the model, where N&1 of His 67 and Ne2 of His 102 coordinate the iron ions,
provides the best cluster binding mode on the basis of the HADDOCK score (Table S1).
Applying the same approach to select the coordination mode of His 96 in [2Fe-2S] BOLA3-
GRXS5, it resulted that the best-scoring binding mode is that where N1 of His 96 binds the
iron (Table S1). The docking calculations of the best-scoring His binding modes for the two
heterocomplexes yielded 4 clusters for BOLA3-GRX5 and BOLA1-GRX5 complexes (Table
S$2). The best-scoring HADDOCK cluster for each heterocomplex resulted the most
populated, with 155 structures, for BOLA1-GRX5, and 148 structures, for BOLA3-GRX5, out
of the 200 calculated structures, indicating that they represent the most reliable solutions
(Table S2). The clusters were ranked based on the averaged HADDOCK score of their top
four members. For the [2Fe-2S]'* GRX5-BOLA1 and [2Fe-2S]** GRX5-BOLA3 complexes,
the best structure with the highest HADDOCK scoring cluster was then energy minimized in

explicit water, using AMBER molecular dynamics program [37]. AMBER force field



parametrization of the [2Fe-2S] cluster was obtained using a python based metal center

parameter builder [38].

3. Results and Discussion

3.1 NMR and EPR reveal different redox states for the two [2Fe-2S] BOLA1-GRX5 and [2Fe-

2S] BOLA3-GRX5 complexes

Paramagnetic '"H NMR and EPR spectroscopy were used to characterize the redox state of
the [2Fe-2S] cluster for the two dimeric BOLA1-GRX5 and BOLA3-GRX5 complexes. EPR
data showed that the BOLA3-GRX5 complex chemically reconstituted in strictly anaerobic
conditions with a [2Fe-2S] cluster was EPR silent, as expected for the presence of a S =0
ground state in an oxidized [2Fe-2S]?* cluster, while, for the BOLA1-GRX5 complex, also
chemically reconstituted in strictly anaerobic conditions with a [2Fe-2S] cluster, an EPR
signal typical of a S = 1/2 reduced [2Fe-2S]"* center was observed (Figure 1A and 1B). By
adding dithionite to the [2Fe-2S] BOLA3-GRX5 complex, the EPR spectrum of a S = 1/2
[2Fe-2S]"* cluster appears (Figure 1A). Paramagnetic '"H NMR spectrum of the [2Fe-2S]
BOLA3-GRX5 complex showed the presence of broad signals at 37, 32 and 23 ppm and a
sharper one at 14 ppm (Figure 1C), all of them typical of an oxidized [2Fe-2S]?* cluster-
containing species [39]. In conclusion, both EPR and NMR data of the BOLA3-GRX5
complex indicate that the [2Fe-2S] cluster is in the oxidized state. On the contrary, the NMR
spectrum of the [2Fe-2S] BOLA1-GRX5 complex at 600 MHz and 283 K showed the
presence of two broad down-field shifted peaks at about 92 and 88 ppm and sharper peaks
at 44 and 29 ppm, together with up-field shifted sharp signals at -4.3 and -6.0 ppm (Figure
1D). Paramagnetic '"H NMR spectrum of [2Fe-2S] BOLA1-GRX5, acquired at a lower
magnetic field (400 MHz) and higher temperature (298 K), showed the presence of two

additional down-field shifted broad peaks at 77 and 110 ppm (Figure S2). These down-field
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shifted signals exhibited Curie-type temperature dependence (viz., the high-frequency-
shifted peaks move to lower frequency, toward their diamagnetic positions, as the
temperature is raised); consistently, the up-field shifted signals have pseudo-Curie-type
temperature dependence (viz., the low-frequency-shifted peaks move to higher frequency,
toward their diamagnetic positions, as the temperature is raised) [39,40]. Both the observed
chemical shift pattern and the temperature dependence of the NMR signals indicate the
presence of a reduced [2Fe-2S]'* cluster in the BOLA1-GRX5 complex.

The redox properties of the [2Fe-2S]%*'* centers in the two heterocomplexes were
investigated titrating the chemically reconstituted complexes with dithionite and the reaction
followed by UV-vis and CD spectroscopy. The reduced [2Fe-2S]"* state of the cluster in the
BOLA3-GRX5 complex is not stable, as it was destroyed upon dithionite treatment with no
residual visible and CD peaks (EPR spectra discussed above were obtained only by rapidly
freezing the sample once treated with stoichiometric dithionite additions). The [2Fe-2S]?*
cluster in BOLA3-GRX5 behaves similarly to CGFS-Grxs homodimers which are both
oxidatively and reductively labile [41]. Thus, BOLA3-GRXS5, similarly to CGFS-Grxs
homodimers, are unlikely to be redox active in vivo, but likely act as cluster transfer protein.
On the contrary, a slight decrease of the molar absorbivity in the UV-vis spectra upon sub-
stoichiometric dithionite additions was observed in the [2Fe-2S] BOLA1-GRX5 complex and
further additions of dithionite up to four electron equivalents do not perturb anymore molar
absorbivity (Figure S3). The CD spectra are also slightly perturbed upon dithionite additions
(Figure S3). These data indicate that a small fraction of the cluster bound to the complex is
in the oxidized [2Fe-2S]*? state and that dithionite can completely reduce the cluster without
promoting cluster degradation, at variance of what observed for the [2Fe-2S] BOLA3-GRX5
complex. The presence of a small percentage of oxidized [2Fe-2S]*? cluster in the chemically
reconstituted [2Fe-2S] BOLA1-GRX5 complex is also visible in the paramagnetic NMR

spectrum, which shows very weak peaks typical of the oxidized [2Fe-2S]?* cluster-containing
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species (Figure 1). In conclusion, the [2Fe-2S] center in the BOLA1-GRX5 complex
behaves like a stable redox active center able to perform electron transfer reactions to
dithionite. This result supports a possible physiological role of the [2Fe-2S] BOLA1-GRX5
complex in electron transfer reactions. Moreover, the EPR and NMR data indicates that the
two BOLAs stabilize different redox states of the [2Fe-2S] cluster in anaerobic conditions,
i.e. BOLA1 essentially stabilizes a reduced [2Fe-2S]'* cluster and BOLA3 an oxidized [2Fe-
2SJ?* cluster. On the basis of literature data that reported higher redox potentials for a [2Fe-
28] cluster coordinated by a higher number of His ligands with respect to Cys ligands [42],
we could suggest different cluster ligands in the two heterodimeric complexes, i.e. BOLA1

having a higher number of His as cluster ligands than BOLAS.

3.2 Spectroscopic studies to investigate BOLAs cluster ligands in the [2Fe-2S] BOLA1-

GRX5 and [2Fe-2S] BOLA3-GRX5 dimeric complexes

Literature data available on [2Fe-2S] BolA-Grx complexes showed that the invariant C-
terminal His of BolAs (His 96 in BOLA3 and His 102 in BOLA1) is a cluster ligand
[2,12,22,23,26-28]. However, the other BolA ligand in the BolA1-like and BolA3-like
heterocomplexes still remains elusive. Multiple amino acid sequence alignments of BolA1-
like and BolA3-like subfamilies (Figure S1) can provide information on the missing cluster
ligand in human BOLA1 and BOLAS. Specifically, while BOLA3 has only another possible
cluster ligand (Cys 59), BOLA1 has two highly conserved His residues (His 58 and His 67),
which are both structurally close to the invariant C-terminal His ligand (His 102), suggesting
that either His 58 or His 67 might be a cluster ligand. In order to test whether Cys 59 in
BOLAS, and His 58 or His 67 in BOLA1 are involved in [2Fe-2S] cluster binding, we
generated a number of single Cys/His-to-Ala mutations in BOLA3 and BOLA1 to gauge how
elimination of each putative metal-binding residue influences the BOLA1 (or BOLA3)-GRX5

complex formation and the cluster binding.
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UV/vis, CD, NMR and EPR spectroscopy were applied on these mutant complexes to
identify BOLA1 and BOLAS3 ligands in wt [2Fe-2S] BOLA1-GRX5 and wt [2Fe-2S] BOLAS3-
GRX5 dimeric complexes. Before doing this, we have established whether the mutations
affect the number of GSH molecules per heterocomplex, following a standard approach [43].
From these data (Table S3), it resulted that chemically reconstituted wt BOLA1-GRXS,
H58A BOLA1-GRX5, wt BOLA3-GRX5 and C59A BOLA3-GRX5 bind one GSH molecule
per heterocomplex. These results suggest that the GSH molecule interacting at the GSH
binding site of GRX5 [30,31] is bound to the cluster in these complexes, and that H58 and
C59 mutations do not promote the binding of further GSH molecules to the cluster. On the
contrary, the [2Fe-2S] H67A BOLA1-GRX5 complex binds more than one GSH molecule
per heterocomplex, i.e. ~1.3 GSH:heterocomplex (Table S3). These data suggest that about
30% of the [2Fe-2S] H67A BOLA1-GRX5 molecules binds a further GSH molecule to the
cluster.

The heterodimeric complexes of any BOLA1 and BOLA3 mutants with GRX5 were still able
to bind a [2Fe-2S] cluster, as indicated by UV/vis spectra (Figure 2). Specifically, the UV/vis
spectra of the [2Fe-2S] H58A and H67A BOLA1-GRX5 complexes are comparable with that
of the wt heterocomplex, although the relative intensities of the bands in the visible region
between 350 and 700 nm are different (Figure 2A). From these spectra it is not possible to
discriminate which between His 58 and His 67 of BOLA1 is the cluster ligand. On the
contrary, the UV/vis spectrum of [2Fe-2S] C59A BOLA3-GRXS5 significantly differs from the
wt one (Figure 2B), indicating an apparent change in the interaction between the [2Fe-2S]
cluster and the protein upon Cys 59 mutation, thus suggesting that Cys 59 of BOLA3 might
be involved in cluster binding. Moreover, the UV/vis spectrum of human C59A BOLA3-GRX5
is very similar to those of human BOLA2-GRX3 [12,28] and yeast Fra2-Grx3 complexes
[26,27], consistent with the same coordination pattern, which has been identified in human

BOLA2-GRX3 and yeast Fra2-Grx3 complexes to be one His from Fra2/BOLA2, one Cys
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from Grx3/GRX3, one GSH molecule and an undefined N/O ligand [26-28]. On this basis,
the difference observed in the UV/vis spectra among wt and C59A BOLA3 heterocomplexes
support a model in which BOLA3 involves the conserved Cys 59 in cluster binding, in
addition to the invariant C-terminal histidine.

CD spectra were recorded for all wt and BOLA mutant complexes in phosphate buffer in the
presence or not of 5 mM DTT and 5 mM GSH, in order to monitor possible effects of S-
donor small molecules on cluster coordination in the heterocomplexes. From these data, it
resulted that CD spectra of wt BOLA1 and wt BOLA3 complexes are not significantly
affected by the presence of 5 mM DTT and 5 mM GSH (Figure 3A), suggesting that cluster
coordination is not modified by the presence of S-donor small molecules. Also the CD
spectrum of [2Fe-2S] H58A BOLA1-GRX5 complex is not significantly affected by the
presence of S-donor small molecules (Figure 3A), indicating that the [2Fe-2S] cluster
coordination in this complex is not modified by the presence of S-donor small molecules.
According to this, the His 58 mutation does not promote the binding of further GSH
molecules (i.e. only one GSH molecule per [2Fe-2S] H5S8A BOLA1-GRX5 complex, as found
in [2Fe-2S] BOLA1-GRX5 complex, Table S3). The variations in the CD spectra between
the [2Fe-2S] wt heterocomplex and the [2Fe-2S] H58A heterocomplex (Figure 3A) can be
thus ascribed to a change in the cluster environment due to the structural proximity of His
58 to the [2Fe-2S] cluster. This interpretation is in agreement with the structural model of
[2Fe-2S] BOLA1-GRX5 complex (see section 3.4). The CD spectrum of [2Fe-2S] H67A
BOLA1-GRX5 complex is slightly affected by the presence of DTT and GSH, and more
closely matches that of [2Fe-2S] BOLA1-GRX5 heterocomplex in the buffer not containing
5 mM DTT and 5 mM GSH. These effects suggest that S-donor small molecules might
contribute to cluster coordination in the H67A BOLA1-GRX5 heterocomplex. The presence
of more than 1 eq. of GSH per [2Fe-2S] H67A BOLA1-GRX5 heterocomplex also supports

this model, indicating that GSH can be the partecipating S-donor ligand. The GSH additional
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contribution to cluster coordination is, however, is not quantitative, as we estimated that only
about 30% of the [2Fe-2S] H67A BOLA1-GRX5 heterocomplex contains two GSH molecules
(Table S3) providing a 2GSH-Cys 67(GRX5)-His 102(BOLA1) cluster coordination for only
a ~30% of the complex. These data therefore suggest that His 67 is a cluster ligand, although
they do not address which is the preferential ligand replacing His 67 once it is mutated. The
CD spectrum of [2Fe-2S] C59A BOLA3-GRX5 is also slightly perturbed by the presence of
S-donor small molecules (Figure 3B), suggesting that cluster coordination might be
modified by the presence of S-donor small molecules. However, [2Fe-2S] C59A BOLAS-
GRXS5 binds one GSH molecule per heterocomplex (Table S3), similarly to [2Fe-2S] BOLA3-
GRX5 complex, and the CD spectrum of [2Fe-2S] BOLA3-GRX5 complex does not more
closely match the CD spectrum of [2Fe-2S] C59A BOLA3-GRX5 in both GSH/DTT
containing and not-containing buffers, at variance with what observed for the [2Fe-2S] H67A
BOLA1-GRX5 complex. Therefore, the GSH/DTT-dependent changes observed in the CD
spectra of [2Fe-2S] C59A BOLA3-GRX5 cannot conclusively attributed to the direct
participation of a further GSH/DTT molecule to cluster binding, but most likely to a
perturbation on the cluster binding site region induced by the presence or not of GSH/DTT
molecules. This result suggests that the cluster is more solvent exposed in [2Fe-2S] BOLA3
heterocomplex than in [2Fe-2S] BOLA1 heterocomplex. According to this view, the CD
spectrum of [2Fe-2S] BOLA1 heterocomplex is completely unperturbed over different buffer
conditions, while that of [2Fe-2S] WT BOLA3 heterocomplex shows small differences in
signal intensity of the bands at 465 and 567 nm upon different buffer conditions. To define
whether the C59A mutation has an real effect on the cluster binding region, we need
therefore to compare the CD spectra of [2Fe-2S] C59A BOLA3-GRX5 versus that of [2Fe-
2S] BOLA3-GRX5 complex performed in the same buffer (i.e. buffer not containing 5 mM
DTT and 5 mM GSH, Figure 3B). Some differences between them were observed,

indicating that Cys 59 is close to the [2Fe-2S] cluster in such a way that its mutation
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influences the coordination environment of the cluster. In conclusion, UV/vis and CD data
suggest that Cys 59 might be a cluster ligand in the [2Fe-2S] BOLA3-GRX5 complex, but
does not provide a clear picture of which between His 58 and His 67 of BOLA1 is the cluster
ligand in the [2Fe-2S] BOLA1-GRX5 complex. NMR spectroscopy was therefore applied on
both complexes to provide more definitive information.

By analyzing 'H-">N NMR backbone chemical shift differences between wt BOLAs and their
mutants (Figure 4), it resulted that: i) the C59A mutation in BOLA3 affects only a few
residues of the loop containing the mutation; ii) either H58A or H67A mutations in BOLA1
affect, in addition to residues of the region containing the mutation, the invariant C-terminal
His 102, and the region around the other, not mutated histidine. These results are in
agreement with what can be predicted from the solution structures of the two apo proteins
[15], which showed that Cys 59 of BOLAS is highly solvent exposed and thus not in contact
with other protein regions, while His 58 and His 67 in BOLA1 are close each other as well
as to His 102.

NMR titrations of "°N-labeled apo BOLA1 or BOLA3 mutants with unlabeled apo GRX5 were
then performed, and, from 'H-">"N HSQC spectra analysis, it resulted that the BOLAs
mutants behave like the wt protein in forming a 1:1 apo heterocomplex with GRX5, and in
having a GSH molecule bound to the complex. Comparing the chemical shift differences of
BOLA1- or BOLA3-GRX5 heterocomplexes with those of their respective mutants, similar
interaction regions were indeed identified (Figure 5A and 6A). Also GSH addition affects
backbone chemical shifts in similar regions for wt and mutants complexes (Figure 5B and
6B). In the case of the H67A BOLA1 mutant, even if the interacting region is the same as
that in the wt protein, the residues affected by the interaction with GRX5 and by GSH binding
are, however, scattered and less residues show meaningful chemical shift differences
(Figure 6A and 6B). In conclusion, structurally similar apo heterocomplexes are formed by

wt and BOLAs mutants. In order to learn about BOLA1 and BOLAS cluster ligands in the
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heterocomplexes, the effects of the various mutations on the backbone chemical shifts of
the residues close to the paramagnetic [2Fe-2S] center of the heterocomplexes were
explored by NMR. Specifically, a comparison of the backbone chemical shift values of
BOLA1 and of BOLAS3 in the apo heterocomplex versus BOLA1 and BOLAS3 in the [2Fe-2S]
cluster bound heterocomplex was performed for each BOLA1 and BOLA3 mutant and for
the wt proteins. Meaningful chemical shift changes were then mapped on the BOLA1 and
BOLAS structures (Figures 5C and 6C). By analyzing them it resulted that: i) [2Fe-2S]
cluster binding affects much fewer residues of the loop containing Cys 59 of BOLA3 when
this Cys is mutated to Ala than in wt protein (Figure 5C); ii) [2Fe-2S] cluster binding affects
His 67 of BOLA1 and surrounding residues, when His 58 is mutated to Ala (i.e. broadening
beyond detection effects observed for these residues), as it occurs for wt protein, while the
mutated His 58 region in both HS8A BOLA1 and wt protein does not show broadening
beyond detection effects (Figure 6C); iii) [2Fe-2S] cluster binding affects at a similar extent
both His 67 and His 58 regions (broadening beyond detection effects were observed for both
regions) when His 67 is mutated to Ala, at variance with what occurs in wt BOLA1 whose
His 58 region does not display broadening beyond detection as well as no meaningful
chemical shift changes (Figure 6C); iv) [2Fe-2S] cluster binding affects the region containing
the invariant C-terminal His in all mutants in a similar manner as observed for wt, i.e.
broadening beyond detection is observed in this region (Figure 6C). Overall, these results
indicate that Cys 59 of BOLAS is involved in [2Fe-2S] cluster binding in the wt [2Fe-2S]
heterocomplex, that His 67 of BOLA1 is involved in [2Fe-2S] cluster binding in both HS58A
mutant and wt [2Fe-2S] heterocomplexes, and that His 58 can substitute His 67 in ligating
the cluster once the latter His is mutated to Ala. Finally, the NMR data indicate that the
invariant C-terminal His is involved in cluster binding in all these heterocomplexes.

EPR spectra on the [2Fe-2S] cluster-bound forms of the mutated heterocomplexes were

compared with those of the wt heterocomplexes, with the assumption that the mutations are
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not drastically perturbing the electronic delocalization. They showed that, as it occurs for the
wt heterocomplexes (see section 3.1), the C59A BOLA3-GRX5 complex is EPR silent
(Figure 7A), while an EPR signal was observed in the H58A and H67A BOLA1-GRX5
complexes (Figure 7B and 7C), indicating that the mutations do not drastically modify the
cluster redox state of the GRX5-BOLA1 and GRX5-BOLA3 complexes, i.e. reduced [2Fe-
28]'* and oxidized [2Fe-2S]?*, respectively. Both [2Fe-2S] H58A BOLA1-GRX5 and [2Fe-
2S] H67A BOLA1-GRX5 complexes exhibit nearly axial EPR signals, as in the wt
heterocomplex, with the same gav 0of 2.00 and very similar anisotropy (Figure 1B, and Figure
7B and 7C). These results suggest an invariant coordination pattern for all [2Fe-2S] BOLA1-
GRX5 complexes, indicating that, once His 67 is mutated, the nearby His 58 can coordinate
the [2Fe-2S] cluster. In this respect, the EPR data are in full agreement with the NMR data
described above and support the same conclusion. However, considering GSH
quantification data showing that the [2Fe-2S] H67A BOLA1-GRX5 complex binds slightly
more than one GSH per heterodimer (Table S3) and the influence of S-donor small
molecules on the CD spectrum of H67A BOLA1-GRX5 complex (Figure 3A), a competitive
ligand equilibrium between GSH molecules and His 58 in coordinating the same iron ion of
the cluster can act once His 67 is mutated. This equilibrium is not present in the wt
heterocomplex, as its CD spectrum is totally unaffected by S-donor small molecules (Figure
3A) and only one GSH molecule is present per heterodimeric complex (Table S3). Dithionite
reduction of the [2Fe-2S] C59A BOLA3-GRX5 complex provides EPR signals typical of a S
= 1/2 [2Fe-2S]"* center (Figure 7A). The signals of the reduced [2Fe-2S] C59A BOLA3-
GRX5 complex are very different from those observed for the [2Fe-2S]'* center in the wt
heterocomplex, being the resonance nearly axial with g. > gi in wt BOLA3-GRX5 complex
and rhombic in C59A BOLA3-GRX5 complex, and being the gav decreased from 2.00 to
1.93. This decrease in the gav is in agreement with a S-ligand being replaced by a N/O-

ligand [44], indicating that Cys 59 is a cluster ligand in [2Fe-2S] wt BOLA3-GRX5, consistent
18



with the Uv/vis, CD and NMR data described above. Moreover, the EPR spectrum of the
[2Fe-2S] C59A BOLA3-GRX5 complex shows the same rhombicity and gav value as that of
yeast [2Fe-2S] Fra2-Grx3 complex, which has been shown to not involve any Cys of Fra2
in cluster binding [26]. Therefore, the two systems (C59A BOLA3-GRX5 and Fra2-Grx3)
acquire the same coordination pattern, i.e. a Cys and GSH molecule from the Grx moiety, a
His from BOLAS3 or from Fra2, and an undefined N/O-ligand. This comparison further support
that Cys 59 is a cluster ligand in [2Fe-2S] BOLA3-GRX5 complex.

The gav values of human BOLAs-GRX5 complexes (wt and mutant BOLAs) are higher than
expected from literature data on similar systems [22,23,26,28]). Taking into account that
NMR measurements indicate that human BOLAs-GRX5 complexes bind a [2Fe-2S] cluster
through 2 Cys and 2 His ligands in BOLA1 and through 3 Cys and 1 His ligands in BOLAGS,
this behavior can be rationalized considering that, once the two iron ions of the [2Fe-2S]"*
cluster have a fully or partial delocalized electronic distribution for the unpaired electron,
then the cluster exhibits a larger gav value than for an electronically localized system, which
favors a smaller gav value [45]. On this basis, a partial delocalized electronic distribution is
expected to be present in the human [2Fe-2S]'* BOLAs-GRX5 complexes, thus determining
an increase in the gav values. A similar increase in the gav values than expected from a
valence-localized model was also observed for E. coli BolA-Grx4 [22], yeast Fra2-Grx3 [26]
and human GRX3-BOLA2 [28]. In these cases, indeed, experimentally determined gav
values of ~1.93 were higher than those expected for the 2His-2Cys (gav ~1.90) and 1His-
1N/O-2Cys (gav ~1.90) coordinations, which were, respectively, proposed for the E. coli
BolA-Grx4 and yeast/human Fra2-Grx3/GRX3-BOLA2 heterocomplexes, on the basis of
other spectroscopic techniques.

The invariant C-terminal His in yeast BolA1 and BolA3 has been shown to be important for
the respiratory growth of cells, suggesting that it might be a potential cluster ligand [16].

Those observations agree with the NMR data here presented on human BOLA1 and BOLA3
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[2Fe-2S] complexes, showing that this His is a cluster ligand. On the contrary, mutation of
His 56 (corresponding to His 67 in BOLA1) to Ala or Lys in yeast BolA1 failed to yield a
significant yeast phenotype, suggesting that His 56 should not contribute to the Fe/S cluster
binding [16], at variance with what proposed here for the corresponding His 67 in the human
[2Fe-2S] BOLA1-GRX5 complex. Similarly, mutation of Cys 64 (corresponding to Cys 59 in
BOLA3) to Ala or Lys in yeast BolA3 failed to yield a significant yeast phenotype, thus
potentially Cys 64 not contributing to the Fe/S cluster binding, at variance again with what
proposed here for the corresponding Cys 59 in the human [2Fe-2S] BOLA3-GRX5 complex.
Since we think reasonable that the yeast and human heterocomplexes should have the
same cluster ligands, as the same metal binding pattern is conserved in the sequence of
both organisms, we need to rationalize these potentially conflicting in vivo vs. in vitro results.
We propose that a mutation of the invariant C-terminal His plays a role in cluster binding
more critical than mutations of the other ligands (Cys 59 in human BOLAS or Cys 64 in yeast
BolA3; His 67 in human BOLA1 or His 56 in yeast BolA1), similarly to what was observed in
E. coli Grx4-lbaG complex, in which the invariant C-terminal His is more important than His
27 (corresponding to His 67 in BOLA1) for stabilizing the [2Fe-2S] cluster-bound
heterodimer complex [22]. Thus, at cellular level, the mutation on the invariant C-terminal
His is expected to be the determinant factor for observing significant phenotype effects with
respect to the other mutations. To investigate such hypothesis, we produced His to Ala
mutants of the invariant C-terminal His in BOLA1 and BOLAS, i.e. H102A BOLA1 and H96A
BOLAS, and investigated their cluster binding properties once complexed with GRX5. Both
H102A BOLA3 and H96A BOLA1 mutant still forms a [2Fe-2S] bound complex with GRX5
upon chemical reconstitution, similarly to what was observed in the homologous yeast
H103A Fra2-Grx3 complex [27]. The UV/vis spectra of H102A BOLA1-GRX5 and H96A
BOLA3-GRX5 complexes are indeed typical of the presence of a [2Fe-2S] bound cluster

(Figure S4). 'H-'SN HSQC spectra acquired on the [2Fe-2S] bound form of these
20



heterocomplexes showed, however, the presence of a double set of cross-peaks in an
equimolar ratio for several backbone NHs of BOLA1 or BOLA3 residues, indicating the
presence in solution of two [2Fe-2S] BOLAs conformations. These conformations might
originate from cluster-ligand exchange equilibria caused by the lack of the invariant C-
terminal His ligand. This conclusion is supported by what has been observed in the
homologous E. coli Grx4-lbaG complex, which binds two GSH molecules per [2Fe-2S]
cluster, once the C-terminal His was mutated, at variance with the wt heterocomplex that
binds one GSH per [2Fe-2S] cluster [22]. The observation of a double set of cross-peaks in
the NMR spectra, corresponding to the different conformations, has not been observed for
all other [2Fe-2S] heterocomplexes involving either the wt proteins or the other mutants of
BOLA1 and BOLAS. Therefore, the invariant His plays a crucial role in structurally stabilizing
the [2Fe-2S] heterocomplexes in a unique cluster bound conformation. Accordingly to the
role of the invariant His in stabilizing cluster binding, we observed that, once [2Fe-2S] H102A
BOLA1-GRX5 and [2Fe-2S] HO96A BOLA3-GRX5 complexes were reduced by dithionite, the
[2Fe-2S] cluster was highly unstable, readily degrading as evidenced by irreversible
bleaching of the UV/vis absorption spectra and by the absence of an EPR signal
corresponding to a S = 1/2 [2Fe-2S]'* center, at variance with what occurs for the wt and all
the other mutant heterocomplexes. The conformational variability observed for the H96A
and H102A BOLA1 mutant heterocomplexes can therefore explain the observed cluster
instability upon reduction, once the invariant C-terminal His is mutated. The same behavior
has been reported for the yeast [2Fe-2S] Grx3-Fra2 complex, which involves in cluster
binding the C-terminal invariant His 103. Once His 103 of Fra2 was mutated to Ala or Cys,
EPR and UV/vis data clearly demonstrate that the [2Fe-2S] cluster is relatively unstable to
reduction [27].

The failure to observe a significant yeast phenotype once His 56 is mutated to Ala or Lys in

yeast BolA1, could be also rationalized considering that the H67A BOLA1 mutant binds a
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[2Fe-2S] cluster in the heterodimer with GRXS by substituting, as cluster ligand, the mutated
His 67 with the nearby His 58. This ligand substitution determines that cluster binding and
redox properties of the protein are not largely affected by the mutation, and thus no

significant phenotype is expected to be observed.

3.3 Interaction of [2Fe-2S] GRX52 with BOLA3 and BOLA1

We have previously shown that apo GRX5 has a similar affinity for BOLA3 and BOLA1. Apo
GRXS5 is indeed equally partitioned in solution between the two BOLA1 and BOLAS3 proteins
upon its addition to a 1:1 BOLA1-BOLA3 mixture [15]. Once a 1:1:2 BOLA1-BOLA3-GRX5
protein ratio was reached, both apo 1:1 heterodimeric complexes are completely formed
with no free apo GRX5 present in solution [15]. We have here investigated whether the
binding of the [2Fe-2S] cluster to the two apo heterocomplexes can favor the formation of
one vs. the other complex, i.e. [2Fe-2S] GRX5-BOLA1 vs. [2Fe-2S] GRX5-BOLA3. To
address this question, a 1:1 "*N-labelled apo BOLA3-'"N-labelled apo BOLA1 mixture was
titrated with unlabelled homodimeric [2Fe-2S] GRX52 up to a 2:1:1 [2Fe-2S] GRX52-BOLA1-
BOLAS3 protein ratio. Following the titration through 'H-'SN HSQC NMR spectra, we
observed the almost complete formation of the [2Fe-2S] GRX5-BOLA1 complex once one
equivalent of [2Fe-2S] GRX52 was added to the protein mixture, while the [2Fe-2S] GRX5-
BOLA3 complex was still not formed. Specifically, some BOLA1 residues, such as that of
Ala 94, shown in Figure S5, display chemical shift changes in a slow exchange regime on
the NMR time scale between free BOLA1 protein and the complexed BOLA1 in [2Fe-2S]
GRX5-BOLA1 during the additions of [2Fe-2S] GRX52 up to a 1:1:1 protein ratio, and they
indicate an almost quantitate formation of the latter complex once the 1:1:1 ratio is reached
between the three proteins (Figure S5). On the contrary, the chemical shifts of some
residues of BOLAS, i.e. the residues of the Cys binding loop, show exclusively chemical

shifts changes in a fast exchange regime on the NMR time scale (Figure S5). These fast
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exchange chemical shift changes match those observed by titrating a 1:1 mixture of '>N-
BOLA1 and "®N-BOLA3 with apo GRX5 (Figure S5), indicating that upon addition of up to
one equivalent of [2Fe-2S] GRX52, the fraction of the equivalents of added [2Fe-2S] GRX52
that become apo upon interaction with BOLA1 forms an apo complex with ">"N-BOLA3, that
is still present in solution at these protein ratios. Also the fraction of uncomplexed '°N-
BOLA1, which is also still present at these protein ratios, shows chemical shifts changes in
a fast exchange regime on the NMR time scale, indicating the formation of apo BOLA1-
GRX5 complex (Figure S5). However, upon further additions of [2Fe-2S] GRX52, the
formation also of the [2Fe-2S] GRX5-BOLA3 complex is observed, as demonstrated by the
broadening beyond detection of backbone NHs of the Cys binding loop residues, which is
determined by paramagnetic effects of [2Fe-2S] cluster binding. The formation of the [2Fe-
2S] GRX5-BOLA3 complex is complete once a further equivalent of [2Fe-2S] GRX52 was
added, i.e. the stoichiometric amount needed to form both BOLAs-GRX5 complexes (Figure
S5). These data therefore showed that i) the formation of the [2Fe-2S] BOLA1-GRX5 and
[2Fe-2S] BOLA3-GRX5 complexes is favored with respect to the homodimeric [2Fe-2S]
GRX52, and ii) [2Fe-2S] cluster binding is the driving force that discriminate between the
formation of the two heterodimeric complexes, i.e. [2Fe-2S] GRX5-BOLA1 complex is
preferentially formed to the detriment of [2Fe-2S] GRX5-BOLA3 formation, once there is no
enough amount of [2Fe-2S] GRX52 for the formation of both complexes. We can therefore
conclude that the [2Fe-2S] GRX5-BOLA1 complex shows a higher intrinsic stability than the
[2Fe-2S] GRX5-BOLA3 complex.

Our previous work [15] showed that yeast Grx5 is (at least) 4-fold more abundant than BolA1
and BolA3 yeast proteins in yeast mitochondria. Therefore, assuming that similar protein
level ratios are also present in human mitochondria (a good approximation given the
conservation of the mitochondrial Fe/S machinery throughout all the kingdoms of life) a

significant amount of [2Fe-2S] GRX5: is present in the cell, in addition to its smaller fraction
23



complexed with mitochondrial BOLAs to form the [2Fe-2S] heterodimers. This implies that
[2Fe-2S] GRX5z2 is still available at the cellular level to act in cluster transfer to apo proteins,
consistent with the proposed Fe/S cluster transfer role of mitochondrial monothiol
glutaredoxins [30,46,47]. We cannot, however, exclude that GRX5 versus BOLA1/BOLA3
ratio might be drastically affected in response to different cellular iron concentrations and
other cell stress conditions. This is indeed what has been recently found for cytosolic human
BOLAZ2 protein that, in response to increasing iron levels, quantitatively forms a [2Fe-2S]
heterocomplex with human GRX3 in human cells, while the cluster-bridged GRX3

homodimers do not accumulate in cultured cells [48].

3.4 Structural models of [2Fe-2S] BOLA1-GRX5 and [2Fe-2S] BOLA3-GRX5

The structural models of the [2Fe-2S] BOLA1-GRX5 and [2Fe-2S] BOLA3-GRX5 complexes
were calculated following the standard protocol of HADDOCK 2.1 docking program and
using experimental chemical shift mapping data, which provide the identification of the
interacting residues in the complex (see section 2.5 for details). HADDOCK calculations
were also exploited to discriminate about the most favored tautomeric conformation adopted
by the His residues coordinating the cluster (see section 2.5 for details). It appears that
No61 of His 67 and Ne2 His 102 in the [2Fe-2S] BOLA1-GRX5 complex and N1 of His 96 in
[2Fe-2S] BOLA3-GRX5 complex coordinate iron. The best scoring HADDOCK structural
models for each heterocomplex were then refined through AMBER calculations, using, for
the cluster moiety and its ligands, force field parameters derived from an oxidized [2Fe-2S]?*
cluster for BOLA3-GRX5 complex and from a reduced [2Fe-2S]'* cluster for BOLA1-GRX5
complex.

From the backbone superimposition of the structures of BOLAs and apo GRX5 with those
in the structural models of the [2Fe-2S] BOLAs-GRX5 complexes (Figure S6), it results that

the major structural rearrangement upon dimer formation and cluster binding involve the
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loop region between B1 and 2 of BOLAS3. This is the key region differentiating BolA1-like
subfamily from BolA3-like subfamily at the structural level [15]. Remarkably, this loop of
BOLAS, containing the cluster ligand Cys 59, moves closer to the invariant C-terminal His
96 to coordinate the [2Fe-2S] cluster (Sy(Cys59)-N&1(His96) distance changes from 12 A to
6.5 A from the free BOLA3 protein to the heterocomplex, Figure S6). On the contrary, the
regions of the His ligands in BOLA1 do not show large structural rearrangements upon
heterocomplex formation and a structural proximity (N¢1(His58)-Fe(2Fe-2S) distance is 4.9
A) of His 58 to the [2Fe-2S] cluster is observed (Figure S6), in agreement with the
spectroscopic data that indicate a possible replacement of His 67 by His 58 as cluster ligand,
once His 67 was mutated. Comparing the structural model of [2Fe-2S]'* BOLA1-GRX5 with
that of [2Fe-2S]?* BOLA3-GRXS5, it results that BOLA1 has a different orientation respect to
BOLA3, once the GRX5 structure is superimposed in the two heterocomplexes. This
structural difference causes a change in the cluster surface exposure (Figure 8). Cluster
solvent accessibility increases indeed from 3% to 20% going from the BOLA1 to the BOLA3
heterocomplex. Specifically, in the [2Fe-2S] BOLA1-GRX5 complex, BOLA1 and GRX5
proteins are oriented such that the B-sheet of BOLA1 is at the protein-protein interface
embracing both iron atoms of the [2Fe-2S] cluster towards the interior (Figure 8). Only
through a major structural rearrangement at the protein-protein interface the iron atoms of
the cluster might be exposed to the solvent in order to be possibly participate to cluster
ligand-exchange reactions with a [2Fe-2S] receiving protein. On the contrary, only the last
B-strand of the BOLA3 B-sheet is at the interface with GRXS5 in the [2Fe-2S] BOLA3-GRX5
complex, so that the [2Fe-2S] cluster is more accessible on the protein surface (Figure 8).
The loop containing Cys 69 in BOLA3 can be considered as a gate regulating the [2Fe-2S]
cluster access for a [2Fe-2S] receiving protein. Indeed, just a slight movement of this loop

(Figure S6), possibly determined by the interaction with a [2Fe-2S] receiving protein, can
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largely expose one of the iron atoms of the [2Fe-2S] cluster to the solvent, thus easily making
it accessible for ligand invasion by the [2Fe-2S] receiving protein. Comparing the two
heterodimeric [2Fe-2S] complexes with the homodimeric [2Fe-2S] GRX52 complex, it results
that the latter shows an elongated shaped structure at variance with the two BOLA3-GRX5
and BOLA1-GRX5 complexes, which are more compact, with BOLA1-GRX5 complex being
more compact than BOLA3-GRX5. This determines a higher solvent accessibility of the
[2Fe-2S] cluster in the homodimeric GRX5 complex with respect to of both
heterocomplexes, in agreement with the general function of GRX5 in transferring [2Fe-2S]

clusters to several partners [30,49,50].

4. Conclusions

The different structural and redox properties observed for the two [2Fe-2S] BOLAs-GRX5
complexes as well as their different stability suggest that they have a diverse molecular
function. The redox active cluster properties, the high stability and low solvent cluster
accessibility found for the [2Fe-2S] BOLA1-GRX5 complex suggests that the latter complex
might work in electron transfer reactions. On the contrary, the BOLA3-GRX5 complex, which
has a more accessible cluster with no sizable redox properties and with a less stabilized
[2Fe-2S] cluster binding (i.e. more prone to be released) can be involved in iron-sulfur cluster
transfer processes versus other client proteins along the Fe/S protein assembly pathway.
According to its molecular function in [2Fe-2S] cluster transfer processes, the [2Fe-2S]
GRX5 and BOLAS interaction is kinetically labile, especially in the absence of GSH, at
variance with what observed for the [2Fe-2S] BOLA1-GRX5 complex [15].

The distinct molecular function that we propose for the two BOLAs complexes is in
accordance the functional data reported by Willems et al. 2013 [20]. In this work, it was

showed that i) ablation of BOLA1 in cultured human cells increases mitochondrial protein
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thiol oxidation and elicits alterations in mitochondrial morphology, ii) BOLA1 overexpression
prevents mitochondrial morphology aberrations induced by GSH depletion, iii) the reducing
agent DTT, similarly to BOLA1 overexpression, prevents mitochondrial shape changes,
while BOLA3 does not result in the same mitochondrial rescue. Specifically, the latter data
support that the molecular function of human BOLA1 is different from that of human BOLAS3,
suggesting that BOLA1 can work as an electron donor, similarly to the DTT reducing agent.
The mechanism by which human BOLA1 is specifically regulating mitochondrial thiol redox
potential is still unknown. However, since BOLA1 has been shown to interact with GRX5 in
mitochondria [20] and yeast BolA1 has been implicated in the late steps of the mitochondrial
Fe/S cluster assembly pathway [15,16], we believe that the increased mitochondrial protein
thiol oxidation observed upon BOLA1 ablation is an indirect effect of the inability to assemble
Fe/S clusters in mitochondria.

In yeast, it has been shown that the cellular function of the two mitochondrial yeast BolAs in
the Fe/S cluster assembly pathway is overlapping [15]. However, their function is not entirely
identical, as indeed it has been shown that i) small effects occur on lipoic acid synthase and
succinate dehydrogenase in bol3A yeast cells, versus no detectable alterations upon BolA1
deletion; ii) double deletion of BolA3 and Nfu1, encoding another late-acting iron-sulfur
cluster assembly factor [16,51], exacerbates the Fe/S protein defects compared to single
deletions, while double deletion of BolA1 and Nfu1 behaved similarly to nfu1A yeast cells
[15]. Apparently, even though yeast BolA1 and BolA3 play overlapping roles, their function
is not entirely identical. The major evident physiological function, which was observed by
double yeast BolA1-BolA3 deletions, is in lipoate synthase maturation and a similar defect
is seen in human cells obtained from BOLA3 patients. This phenotype similarity suggests
that the yeast mitochondrial BolAs and human BOLAS are functionally similar, and thus the
overlapping function of mitochondrial yeast Bols seems not to be conserved in human

BOLA1 and BOLAS, in agreement with the findings of the work by Willems et al. 2013 [20].
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In conclusion, our data support a different function of the two human [2Fe-2S] BOLA1-
GRX5, [2Fe-2S] BOLA3-GRX5 heterocomplexes in the late steps of mitochondrial Fe/S

cluster assembly, i.e. assisting them through different biochemical reaction, i.e. electron

transfer vs. cluster transfer, respectively.
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Figure Legends

Figure 1. EPR and paramagnetic 'H NMR spectra of [2Fe-2S] GRX5-BOLA3 and [2Fe-
2S] GRX5-BOLA1 complexes. EPR spectra at 45 K recorded on chemically reconstituted
[2Fe-2S] GRX5-BOLA3 (A) and [2Fe-2S] GRX5-BOLA1 (B) complexes, before (black line)
and after (red line) anaerobic reduction with stoichiometric amounts of sodium dithionite and
rapid freezing. The g-values were calculated using microwave frequencies 9.401 and 9.422
MHz, respectively. Paramagnetic '"H NMR spectra of chemically reconstituted [2Fe-2S]
GRX5-BOLA3 (C) and [2Fe-2S] GRX5-BOLA1 (D) complexes recorded at 283 K and 600
MHz. Recycle times are 93 ms and 285 ms, respectively. In the inset, the low-field region of
the paramagnetic "H NMR spectrum of the chemically reconstituted [2Fe-2S] GRX5-BOLA1,
obtained with a faster recycle time of 33 ms, is shown. The signals of a small fraction of

oxidized cluster [2Fe-2S]?* is indicated as Ox in the spectrum.

Figure 2. Monitoring cluster binding by UV/vis spectroscopy. (A) UV/vis absorption
spectra of [2Fe-2S] BOLA3-GRXS5 (red line) and [2Fe-2S] C59A BOLA3-GRX5 (black line);
(B) and of [2Fe-2S] BOLA1-GRX5 (red line), [2Fe-2S] H58A BOLA1-GRX5 (black line),
[2Fe-2S] H67A BOLA1-GRX5 (green line). € values are based on the [2Fe-2S] cluster

concentration.

Figure 3. Monitoring cluster binding by CD spectroscopy. CD spectra of (A) [2Fe-2S]
BOLA1-GRX5, [2Fe-2S] H58A BOLA1-GRX5, [2Fe-2S] H67A BOLA1-GRX5, and of (B)
[2Fe-2S] BOLA1-GRXS5, [2Fe-2S] C59A BOLA1-GRX5 in 50 mM phosphate buffer in the
presence or not of 5 mMM DTT and 5 mM GSH are shown. A¢ values are based on the [2Fe-

2S] concentration.

Figure 4. C59A BOLA3, H58A or H67A BOLA1 mutation effects on BOLAs structures.

On the left panels, backbone weighted average chemical shift differences Aavg(HN) (i.e.
39



(((AH)? + (AN/5)?)/2)"2), between wt BOLA3 and C59A BOLA3 mutant (A), and between wt
BOLA1 and H58A (B) or H67A (C) BOLA1 mutants are shown. The indicated threshold
values (obtained by averaging Aavg(HN) values plus 10) were used to define meaningful
chemical shift differences. On the right panels, the residues experiencing meaningful
chemical shift differences were mapped in red on the solution structures of wt BOLAs.

Conserved His and Cys residues potentially involved in cluster binding are indicated.

Figure 5. Mapping BOLA3 interacting interface in BOLA3-GRX5 and C59A BOLA3-
GRX5 complexes by NMR. Residues experiencing meaningful chemical shift Aavg(HN)
differences were obtained comparing i) the 'H-""N HSQC spectrum of BOLA3 or C59A
BOLAS with that of apo BOLA3-GRX5 or apo C59A BOLA3-GRX5 complex, respectively; ii)
the 'H-"®"N HSQC spectrum of apo BOLA3-GRX5 or apo C59A BOLA3-GRX5 complex
before and after the addition of 5 mM GSH; iii) the 'H-">"N HSQC spectrum of apo BOLA3-
GRX5 or apo C59A BOLA3-GRX5 complex before and after [2Fe-2S] cluster binding. The
identified residues are mapped on the solution structure of BOLA3 in (A), (B), and (C),
respectively. Color codes: in green, residues showing meaningful chemical shift changes; in
red, residues broaden beyond detection; residues in green or in red in the A or B panels are
in blue in the B or C panels, respectively. Cys 59 and His 96 residues are indicated as yellow

and blue sticks, respectively.

Figure 6. Mapping BOLA1 interacting interface in BOLA1-GRX5, H568A BOLA1-GRX5
and H67A BOLA1-GRX5 complexes by NMR. (A) Residues experiencing meaningful
chemical shift Aavg(HN) differences were obtained comparing i) the 'H-""N HSQC spectrum
of BOLA1 or H58A BOLA1 or H67A BOLA1 with that of apo BOLA1-GRX5 or apo H58A
BOLA1-GRX5 or H67A BOLA1-GRX5 complex, respectively; (B) the 'H-'SN HSQC
spectrum of apo BOLA1-GRX5 or apo H58A BOLA1-GRX5 or H67A BOLA1-GRX5 complex

before and after the addition of 5 mM GSH; (C) the 'H-">N HSQC spectrum of apo BOLA1-

40



GRX5 or apo H58A BOLA1-GRX5 or H67A BOLA1-GRX5 complex before and after [2Fe-
28] cluster binding. The identified residues are mapped on the solution structure of BOLA1
in (A), (B), and (C), respectively. Color codes: in green, residues showing meaningful
chemical shift changes; in red, residues broadened beyond detection; the residues in green
orinredin A or B panel are in blue in the B or C panel, respectively, with the exception of
those residues which from chemical shift fast exchange show broaden beyond detection
effects upon GSH addition or [2Fe-2S] binding; the latter residues are in red. His 58, His 67

and His 102 residues are indicated as blue sticks.

Figure 7. EPR spectra of mutant BOLA1-GRX5 and BOLA3-GRX5 heterocomplexes.
EPR spectra at 45 K of chemically reconstituted (A) [2Fe-2S] C59A BOLA3-GRX5, (B) [2Fe-
2S] H67A BOLA1-GRXS5, and (C) [2Fe-2S] H58A BOLA1-GRXS5 before (black line) and after
(red line) anaerobic reduction with stoichiometric sodium dithionite and rapid freezing. The
g-values were calculated using microwave frequencies 9.380, 9.422, and 9.419 MHz,

respectively.

Figure 8. Structural models of [2Fe-2S]>* BOLA3-GRX5 and [2Fe-2S]"* BOLA1-GRX5
complexes. The structural models of the [2Fe-2S]?* BOLA3-GRX5 and [2Fe-2S]"* BOLA1-
GRX5 complexes are shown in two different orientations. GRX5, BOLA3 and BOLA1
structures are in red, cyano and green, respectively. The invariant C-terminal His (His 96 in
BOLAS3 and His 102 in BOLA1), His 67 in BOLA1, Cys 59 in BOLA3, Cys 67 in GRX5

residues and GSH involved in cluster binding are shown.
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