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During its late steps, the mitochondrial iron—sulfur cluster (ISC) assembly
machinery leads to the formation of [4Fe-4S] clusters. In vivo studies
revealed that several proteins are implicated in the biosynthesis and traf-
ficking of [4Fe-4S] clusters in mitochondria. However, they do not provide
a clear picture into how these proteins cooperate. Here, we showed that
three late-acting components of the mitochondrial ISC assembly machinery
(GLRXS, BOLA3, and NFUI) are part of a ISC assembly pathway lead-
ing to the synthesis of a [4Fe-4S]*" cluster on NFUI. We showed that the
[2Fe-2S]*" GLRX5-BOLA3 complex transfers its cluster to monomeric apo
NFUI to form, in the presence of a reductant, a [4Fe-4S]** cluster bound
to dimeric NFUI1. The cluster formation on NFU1 does not occur with
[2Fe-2S1** GLRX5, and thus, the [4Fe-4S] cluster assembly pathway is acti-
vated only in the presence of BOLA3. These results define NFU1 as an
‘assembler’ of [4Fe-4S] clusters, that is, a protein able of converting two
[2Fe-2S]*" clusters into a [4Fe-4S]*" cluster. Finally, we found that the
[4Fe-4S]** cluster bound to NFUI has a coordination site which is easily
accessible to sulfur-containing ligands, as is typically observed in metal-
lochaperones. This finding supports a role for NFUI in promoting rapid
and controlled cluster-exchange reaction.

Introduction

Mitochondria play a key role in the maturation of
iron—sulfur (Fe-S) proteins [1,2]. Within mitochondria,
the biosynthesis of Fe-S clusters and their insertion
into mitochondrial apo target proteins is assisted by at
least 17 proteins forming the mitochondrial iron—sulfur
cluster (ISC) assembly machinery [2]. In this

Abbreviations

machinery, [4Fe-4S] clusters are formed by a specific
system, including ISCA1 and ISCA2 proteins, that
generate a [4Fe-4S] cluster by coupling two [2Fe-2S]
clusters [1,2]. The [4Fe-4S] clusters are then transferred
to apo target proteins with the assistance of the so-
called ISC targeting factors. One of these factors is the

BMRB, biological magnetic resonance bank; Fe-S, iron-sulfur; GSH, reduced glutathione; HADDOCK, high ambiguity-driven protein—protein
docking; HSQC, heteronuclear single quantum coherence; IPTG, isopropyl B-p-1-thiogalactopyranoside; ISC, iron—sulfur cluster; LB, Luria—
Bertani; NOE, nuclear overhauser effect; OD, optical density; R;, longitudinal relaxation rate; R,, transverse relaxation rate; SAXS, small-
angle X-ray scattering; SEC-MALS, size exclusion chromatography combined with multiangle light scattering; TCEP, tris (2-carboxyethyl)

phosphine.
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universally present NFUI1 protein [3]. NFUI was ini-
tially thought to be an alternative scaffold to ISCU
[4,5], a protein de novo assembling Fe-S clusters [6].
Other studies supported a model that NFUI works in
a late step of the mitochondrial ISC assembly machin-
ery transferring a [4Fe-4S] cluster to selected apo tar-
get proteins [7,8]. The current prevailing model, largely
based on studies in Saccharomyces cerevisiae [8], pro-
poses that NFU1 receives a [4Fe-4S] cluster assembled
on the ISCAs system and then transfers it to selected
apo target proteins with the assistance of BOLA3,
another protein of the mitochondrial ISC assembly
machinery. This model was supported by the observa-
tion of an interaction of yeast NFUI homologue with
both yeast ISCAs homologues and with [4Fe-4S] target
proteins, and of an interaction of yeast BOLA3 homo-
logue with the same target proteins of yeast NFUI
homologue [8]. However, the interaction between yeast
NFU1l and BOLA3 homologues was not experimen-
tally observed in mitochondrial lysates and not clearly
identified in pull-down experiments, being proposed to
be transient [8]. Thus, whether and how BOLA3 may
facilitate [4Fe-4S] cluster dissociation and transfer from
NFUI to apo target proteins is still unclear. On the
other hand, BOLA3 has been found to form a stable
dimeric hetero-complex with GLRXS5 [9,10], a monoth-
iol glutaredoxin-related component of the mitochon-
drial ISC assembly machinery that operates upstream in
the machinery receiving a [2Fe-2S]*" cluster assembled
on the ISCU scaffold protein [11]. The hetero-dimeric
GLRX5-BOLA3 complex is formed both as apo and
having a bridged [2Fe-2S]*" cluster. The [2Fe-2S]*"
GLRX5-BOLA3 hetero-dimeric complex is preferen-
tially formed as hetero-complex with respect to homo-
dimeric [2Fe-2S]*" GLRXS5 [9,10]. The proposed func-
tional role of the [2Fe-2S]** GLRX5-BOLA3 complex is
that of transferring the cluster to apo acceptor(s),
although the target(s) need(s) to be identified [10].

While BOLA3 sequence analysis with sorting pro-
grams [12,13] uniquely identifies only a mitochondrial
isoform, analyses of genomic DNA, transcripts, and
translation products indicate that alternative splicing
of a common pre-mRNA results in the synthesis of
two NFUIl human isoforms with distinct subcellular
localizations [5]. Isoform I of NFUTI is localized in the
mitochondria and, once processed by mitochondrial
processing peptidases has a mature form with a molec-
ular mass of ~ 22 kDa (mNFUI, hereafter), whereas
isoform II is present in the cytosol and the nucleus
having a molecular mass of ~ 26 kDa [5]. The mito-
chondrial targeting sequence in mNFUI1 is composed
by the first 58 residues at the N terminus of the pro-
tein [14]. Human mNFUI is required for the proper

NFU1 works as an ‘assembler’ of [4Fe-4S] clusters

assembly of a subset of mitochondrial [4Fe-4S] pro-
teins, which include components of respiratory com-
plexes I and II, and lipoyl synthase [4,7,15]. A recent
structural characterization of a construct of human
NFU1 42-residue longer at the N terminus than
mNFUI sequence (42-NFU1 hereafter) showed that
the apo protein is monomeric in solution and adopts a
dumbbell-shaped structure with well-structured N- and
C-domains connected by a linker [16]. It has been also
shown that chemically Fe-S cluster reconstituted 42-
NFUI1 binds a [4Fe-4S] cluster [16]. Combined NMR
and small-angle X-ray scattering (SAXS) data showed
that the holo form is constituted by a trimer of dimers,
each containing a [4Fe-4S] cluster [16]. Three N-do-
mains are involved in the formation of a tripartite
interface, while two conserved cysteines in the C-do-
main ligate a [4Fe-4S] cluster to form a dimer by
bridging two C-domains.

With the aim of characterizing the molecular func-
tion of GLRXS5, BOLA3, and mNFUI1 in the mito-
chondrial ISC assembly machinery, we have here first
characterized the structure of the holo form of
mNFUI and its interaction with BOLA3 and then
investigated the interaction between apo mNFUI and
[2Fe-2S] GLRX5-BOLA3 or [2Fe-2S] GLRXS.

Results

Mitochondrial human NFU1 dimerizes to bind a
[4Fe-4S] cluster

The mitochondrial isoform of human NFUI has a
mature state with a molecular mass of ~ 22 kDa, pro-
duced after the removal of a N-terminal mitochondrial
targeting sequence of 58 residues (mNFUI, hereafter)
[5,14]. mNFU1 was isolated from Escherichia coli cells
in the apo form (see Materials and methods for details).
Analytical size exclusion chromatography combined
with multiangle light scattering (SEC-MALS) per-
formed on apo mNFUI showed the presence of a
major species eluting with a molar mass of at
~ 22 kDa, corresponding to the monomeric form and
of a minor species eluting with a molar mass of 47 kDa
(Fig. 1A), which corresponds to a homo-dimeric form
of mNFUI1. The monomeric and dimeric forms are in
equilibrium, whose position almost completely shifts to
the monomer upon the increase of the ionic strength to
150 mm NaCl (Fig. 1B). In agreement with this, the
reorientational correlation time, estimated from the
average '°N transverse relaxation rate (R,)/longitudinal
relaxation rate (R;) ratios of backbone NHs (Fig. 1C),
decreased from 13.5 + 0.90 ns to 11.8 + 0.92 ns by
addition of 150 mm NaCl. The Brownian rotational
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Fig. 1. Monomer-dimer equilibrium and backbone dynamics of apo mNFU1. (A) SEC-MALS profile of apo mNFU1 in phosphate buffer
50 mm pH 7.0, 5 mm DTT, 150 mm NaCl. The red and blue dots indicate the molecular masses in g-mol~" of dimeric and monomeric apo
mNFU1, calculated by MALS for each point of the curve. (B) Analytical gel-filtration of apo mNFU1 in phosphate buffer 50 mm pH 7.0, 5 mm
DTT with (green) and without (blue) 150 mm NaCl, and of C-domain (magenta) and N-domain (black) of apo mNFU1 in phosphate buffer
50 mm pH 7.0, 150 mm NaCl, 5 mm DTT. (C) "°N Ry, R, and heteronuclear "°N["H] NOEs values (red bars) versus residue number of apo
mNFU1 at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm DTT, 150 mm NaCl. Error bars are represented as standard deviation. The cyan
bars represent proline residues. The residues whose NHs are not detected or too broad to be analyzed are not shown. SEC-MALS and

NMR relaxation experiments were repeated three times.

correlation time value of 10.11 ns calculated for a
24 kDa spherical particle surrounded by a single layer
of water [17] is consistent with a globular shape for the
~ 22 kDa mNFUI molecule, but the present data does
not conclusively exclude that some flexibility between
the two domains is present. Indeed, eleven backbone
NHs of the residues connecting the two domains (i.e.,
EETPSGEAGSEE, named flexible linker hereafter)
show fast backbone motions in the ns-ps time scale
experiencing very low or negative heteronuclear SN
['H] nuclear overhauser effect (NOEs; Fig. 1C). This
behavior is typical of highly unstructured and flexible
regions and suggests the possible presence of domain-
domain flexibility. To investigate whether the two
domains interact with each other, we have produced
the single N- and C-domains. SEC-MALS data showed
that the apo form of the C-domain is fully monomeric
in solution, while the N-domain showed the presence of
a major species eluting with a molar mass of ~ 11 kDa,
corresponding to the monomer, and of a minor species
eluting with a molar mass of ~ 23 kDa corresponding
to the dimer (Fig. 1B). The 'H-'>N heteronuclear single
quantum coherence (HSQC) spectra of the N- and C-
domains were compared with that of the full-length
protein in the presence of 5 mm reduced DTT, to avoid
disulfide-linked dimerization as previously observed
under oxidizing conditions [16]. Chemical shifts
changes were observed on the two a-helices of the C-
domain and on the short a-helix, the 3,y-helix, and the
C terminus of the N-domain (Fig. 2A,B). The flexible
linker is required for determining this interaction since,
by mixing at 1 : 1 ratio the two single N- and C-do-
mains that do not contain residues 156-161 of the lin-
ker, no chemical shifts were observed. In summary, the

data indicate that the two domains in the apo mNFU1
monomer, although connected by a flexible linker, are
not fully independent. Docking N-domain and C-do-
main by high ambiguity-driven protein—protein docking
(HADDOCK) [18,19] based on chemical shift perturba-
tion data produced a top-scoring cluster of 41 struc-
tures out of 200 calculated with a RMSD, from the
lowest-energy structure, of 1.1 + 0.8 A and a HAD-
DOCK score of —80.0 + 1.6 (Table 1). The obtained
structural model mimics a closed conformational state
of monomeric apo mNFUI, but other possible confor-
mations describing the dynamics of the two domains of
monomeric mNFUT are likely present in solution. The
best structure, shown in Fig. 2C, indicates that the two
domains interact through a hydrophobic patch and a
charged patch. These interactions orient the two
domains so that the conserved metal-binding CXXC
motif, located in the C-domain of mNFUI, is fully
exposed to the solvent and can thus be involved in clus-
ter binding (Fig. 2C).

The UV-visible absorption spectrum of the chemi-
cally Fe-S cluster reconstituted mNFU1 ([4Fe-4S]*"
mNFUI, hereafter, Fig. 3A) showed the presence of a
broadband centered at ~ 410 nm, as previously
reported [5], which typically dominates the absorption
spectra of biological [4Fe-4S]*" clusters [6]. The CD
spectrum of [4Fe-4S]*" mNFUI1 (Fig. 3B) in the UV-
visible region is very weak and featureless, which is
also characteristic of biological [4Fe-4S]*" clusters [20].
Moreover, the extinction coefficient at 410 nm of
8.3 mM_l-cm_l, based on the mNFUl monomeric
concentration, is consistent with one [4Fe-4S]*" cluster
per mNFUI1 dimer [21]. The C-domain of mNFUI1
was also chemically Fe-S cluster reconstituted but, in
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Fig. 2. Structural properties of apo mNFU1. (A) Backbone weighted average chemical shift differences Au,o(HN) (i.e., ((AH)? + (AN/5))/2)')
(red bars), between full-length apo mNFU1 and the N-domain (left panel) or apo C-domain (right panel) of mNFU1. The indicated threshold
values (obtained by averaging A,.4(HN) values plus 1c) were used to define meaningful chemical shift differences. The cyan bars represent
proline residues. (B) The side chains of the residues experiencing meaningful chemical shift differences were mapped as yellow sticks on
the solution structures of N- and apo C-domains [16]. (C) Theoretical modeling of N-domain docking to apo C-domain of mNFU1 using
HADDOCK program. Hydrophobic residues on both structures are in green, and their contact surfaces are as dotted areas in red and blue
on N-domain and apo C-domain, respectively. Positively charged residues, Arg and Lys, and negatively charged residues, Asp and Glu, are in
blue and orange, respectively. Cysteines of the conserved CXXC motif are in yellow. NMR experiments were repeated three times. The

models shown in panels B and C were rendered with MOLMOL molecular graphics program.

all tested conditions, no more than ~ 50% of [4Fe-4S]*"
loaded mNFUI1 was obtained, demonstrating that the
N-domain is essential to obtain a quantitative cluster
binding on the C-domain. "N heteronuclear NMR
relaxation measurements on [4Fe-4S]*" mNFU1
(Fig. 3C) provided a reorientational correlation time of
15.1 + 1.2 ns, increased with respect to the value of
11.8 ns estimated for apo mNFUI, in agreement with
protein dimerization. The heteronuclear '>’N['H] NOEs
of the flexible linker are still negative in [4Fe-4S]**
mNFUI, indicating that the linker conserves its flexibil-
ity in the holo form (Fig. 3C). The comparison of the
"H->SN HSQC spectrum of [4Fe-4S]*" mNFU!1 with
that of apo mNFUI revealed that the Fe-S cluster bind-
ing led to large chemical shift perturbations and signifi-
cant line broadening (Fig. 4A). Only one set of peaks
for each residue was observed in the 'H-">’N HSQC
spectrum of [4Fe-4S]** mNFUI, as it occurs in the
"H-">N HSQC spectrum of apo mNFU1 (Fig. 4A), indi-
cating the presence of a symmetric holo dimer. Chemical

shift perturbations were observed on both N- and C-do-
mains. Specifically, while the N-domain shows only
chemical shift changes, the C-domain shows also line
broadening effects beyond detection for eleven back-
bone NHs of the region containing the conserved
CXXC motif. These broadening effects are a conse-
quence of the binding of the paramagnetic [4Fe-4S] clus-
ter to the cysteines of the CXXC motif. The peaks of the
N-domain in the "H-""N HSQC spectrum of [4Fe-4S]**
mNFUI do not match with those of the single N-do-
main of mNFUI, suggesting that the N-domain is not
fully independent to move in solution in [4Fe-4S]*"
mNFUI (Fig. 4B). In summary, these data indicate that
the cluster is bridged between two C-domains in the
symmetric dimer and is coordinated by two CXXC
motifs from each subunit of the dimer. On the contrary,
the N-domain is not directly involved in cluster binding
and the chemical shift changes observed on its residues
upon cluster binding reflect a change of the intramolec-
ular contacts between the N- and C-domains.
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Table 1. Statistics of the HADDOCK docking run for the first three
best-scoring clusters by docking N-domain and C-domain of
mNFU1

Cluster 1 Cluster 2 Cluster 3
HADDOCK -80.0 £ 1.6 —65.8 +£ 5.2 —-55.4 + 2.0
score
Cluster size 41 18 49
RMSD from 1.1+08 57+ 0.7 47 £1.3
the overall
lowest-energy
structure
Van der Waals —-26.4 + 4.4 —-21.3 £ 438 -162 + 2.4
energy
Electrostatic —240.7 & 49.1 -184.3 £ 30.0 —-133.2 + 25.8
energy
Desolvation -99 +6.3 -85+ 5.1 13.1 + 45
energy
Restraints 446 + 16.6 9.1 +£1.88 4.5 + 2.03
violation
energy
Buried surface 911.1 £ 47.4 900.5 + 63.2 721.6 +£ 49.4
area
Z-score -2.0 -0.8 0.1

The paramagnetic 1D "H NMR spectrum of [4Fe-
4S]** mNFUI1 showed the presence of two close hyper-
fine-shifted signals at 20.2 and 19.5 p.p.m. and one at
12.7 p.p.m. (Fig. 4Ca), all showing an anti-Curie tem-
perature dependence. The chemical shift values of
these signals, their anti-Curie temperature dependence,
and their linewidths are typical of BCH, signals of Cys
residues bound to a [4Fe-4S]** cluster with an S = 0
electronic ground state, with the paramagnetism aris-
ing from excited states of the electron spin ladder, par-
tially populated at room temperature [22]. By adding
5mm reduced glutathione (GSH) to [4Fe-4S]*"
mNFUI1, the 1D 'H paramagnetic NMR spectrum

V. Nasta et al.

changes showing the presence of three further hyper-
fine-shifted signals at 15.5, 13.5, and 11.3 p.p.m.
(Fig. 4Cb), indicating that GSH modifies the coordina-
tion environment, possibly acting as a ligand with its
Cys residue. Nevertheless, GSH does not fully replace
the Cys protein ligand since the three signals at 20.2,
19.5, 12.7 p.p.m. are still present (Fig. 4Cb). A mixture
of at least two [4Fe-4S]** species is present, most likely
one derived from all protein-derived Cys protein
ligands and the other from a GSH ligand and three
protein-derived Cys ligands. Analyzing the interaction
between apo mNFUl and GSH through 'H-"’N
HSQC experiments, it appears that the chemical shifts
of the backbone NH signals of Cys 213, Ser 215, Ser
216, Ile 217, Ile 218, Leu 220, that include and sur-
round the CXXC motif, change upon the addition of
GSH (Fig. 5A). The solution NMR structure of the C-
domain of mNFUI in its apo form [16] showed that
Cys 213 ligand is more solvent-exposed than the other
cysteine ligand, that is, Cys 210 (Fig. 5B). Our NMR
data thus indicate that GSH interacts with the region
close to the solvent-exposed Cys 213, suggesting that
this cysteine is the ligand preferentially displaced by
GSH in [4Fe-4S]*" mNFUI (Fig. 5B). Upon addition
of 5mmM DTT to the 5 mm GSH/[4Fe-4S]*" mNFU1
mixture, the 1D 'H paramagnetic NMR spectrum
showed further changes. The three signals at 20.2,
19.5, 12.7 p.p.m. of the DTT- and GSH-free protein
as well as the three signals of the GSH-bound form
disappeared, and three new signals at 20.3, 14.5, and
13.6 p.p.m. appear, all displaying an anti-Curie tem-
perature dependence (Fig. 4Cc). The size and the anti-
Curie temperature dependence of the chemical shifts of
these signals indicate that a [4Fe-4S]*" cluster with an
S = 0 electronic ground state is still bound to mNFU1
in the presence of DTT, but the change observed in
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Fig. 3. UV-visible absorption spectroscopy and backbone dynamics on chemically reconstituted [4Fe-4S]>* mNFU1. UV-visible (A) and CD-
visible (B) spectra of [4Fe-4S]** mNFU1 in 50 mm phosphate buffer pH 7.0, 5 mm DTT, 150 mm NaCl. (C) "®N R;, R, and heteronuclear '°N
["H] NOEs values (red bars) versus residue number of [4Fe-4S]?* mNFU1 at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm DTT, 150 mm
NaCl. The cyan bars represent proline residues. The residues whose NHs are not detected or too broad to be analyzed are not shown. UV-

vis, CD, and NMR relaxation experiments were repeated three times.
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Fig. 4. NMR characterization of [4Fe-4S]** mNFU1. (A) Overlay of "H-">N HSQC spectra of apo (blue) and [4Fe-4S]%* (green) mNFU1,
acquired at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm DTT, 150 mm NaCl. (B) Overlay of "H-"®N HSQC spectra of [4Fe-4S]%* mNFU1
(green) and of the N-domain of mMNFU1 (black), acquired at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm DTT, 150 mm NaCl. (C) 1D "H
NMR spectra tailored for the detection of hyperfine-shifted signals of [4Fe-4S]>* mNFU1 were acquired at 298 K in 50 mm phosphate buffer
pH 7.0, 150 mm NaCl (a), and upon sequential additions of 5 mm GSH (b) and 5 mm DTT to the same protein sample (c), and of [4Fe-4S]%*

mNFU1 acquired in the presence of 5 mm DTT alone. NMR experiments were repeated three times.

their pattern indicates a modified cluster coordination,
where DTT acts as a cluster ligand and fully displaces
GSH from coordination. In agreement with this inter-
pretation of the NMR data, the paramagnetic 1D '"H
NMR spectrum of [4Fe-4S]*" mNFUI acquired in the
presence of 5 mm DTT alone (i.e., sample never trea-
ted with GSH) is perfectly superimposable with that
acquired in the presence of 5 mm GSH and 5 mm
DTT (Fig. 4Cd), confirming that DTT fully displaced
GSH in the coordination sphere of the cluster.

The 'H-'>N HSQC spectra acquired on [4Fe-4S]*"
mNFUI in the presence of DTT (or GSH) are also
different from that of DTT-free (or GSH-free) [4Fe-
4S]** mNFU1 but the observed resonances do not
have the chemical shifts of apo mNFU1 (Fig. 6A).
This result agrees with the model that GSH and DTT
are unable to displace a mNFU1 molecule from the
holo dimer to form a monomeric [4Fe-4S]*" mNFU1
species where two GSH or DTT molecules bind to the
cluster. In such a case, the appearance of peaks

corresponding to an apo mNFUI molecule released
from the holo dimer would be indeed expected in the
"H-">’N HSQC spectrum of the DTT (or GSH)/[4Fe-
4SP" mNFUI mixture. Finally, 1D 'H paramagnetic
or 'H-'>N HSQC NMR spectra (Figs 6B and 5A),
acquired on [4Fe-4S]*" mNFUI treated first with GSH
(or DTT) or and then passed on a PD-10 desalting
column, are the same as that of the GSH-free (or
DTT-free) [4Fe-4S]*" mNFUI, indicating that the
DTT and GSH molecules initially bound to the cluster
are then removed from the cluster coordination, due
to an equilibrium between GSH/DTT-bound holo pro-
tein and free GSH/DTT holo protein.

BOLAS3 drives the [4Fe-4S] cluster assembly on
mNFU1

Considering the proposed model that a mNFUI-
BOLA3 complex mediates the transfer of a [4Fe-4S]
cluster from ISCA complex to apo target proteins [§],

B Cys 210 Cys 213
5(° 5(“N) . N
cys213 | (W __Ser216 b lle 218
7 120.0 +GSH 1196
+GSH 1202 / ’
120.4 119.8
120.6
1208 Apo 120.0
121.0 ' g N N T
780 7.75 770 7.65 7.60;("H)p.p.M 805 800 7.95 7.90 §(°H)/P.pm 7.70 7.65 7.60 5 (°H) /p.p.m

Fig. 5. Monitoring the interaction between GSH and apo mNFU1 by NMR. (A) Overlay of "H-"®N HSQC spectra of apo '®N-labeled mNFU1,
acquired at 298 K in 50 mm phosphate buffer pH 7.0, 150 mm NaCl, in the absence (black) and in the presence of increasing concentrations
of GSH up to 7 mm (from black to violet). The final mixture was exchanged in the original buffer in the absence of GSH (cyan). (B) Mapping
the chemical shift changes (shown in green) on the C-domain of mNFU1 (PDB ID 2M50) occurring upon the interaction between apo
mNFU1 and GSH. NMR experiments were repeated three times. The model shown in panel 5B was rendered with UCSF Chimera.
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Fig. 6. DTT does not promote the formation of apo mNFU1 by its addition to [4Fe-4S]* mNFU1 and GSH-binding equilibrium in [4Fe-4S]%*
mNFU1. (A) Overlay of "H-">N HSQC spectra of '®N-labeled [4Fe-4S]>* mNFU1 in the presence (green) and in the absence (red) of 5 mm
DTT with that of "®N-labeled apo mNFU1 (blue) in the presence of 5 mm DTT, acquired at 298 K in 50 mm phosphate buffer pH 7.0, 150 mm
NaCl. (B) 1D "H NMR spectra tailored for the detection of hyperfine-shifted signals of [4Fe-4S]%* mNFU1 in the absence of GSH (upper), in
the presence of 5 mm GSH (middle) and after exchanging, through PD-10 desalting column, the latter mixture in the same buffer but not
containing GSH. NMR spectra were acquired at 298 K in 50 mm phosphate buffer pH 7.0 and 150 mm NaCl. NMR experiments were

repeated two times.

we have investigated, by NMR, UV-visible and CD
spectroscopy, the potential interaction between
BOLA3 and mNFUI1. NMR titration experiments on
ISN-labeled samples showed that apo NFU1 does not
interact with BOLA3 (Fig. 7A,B). To characterize the
potential interaction between BOLA3 and mNFUI in
the presence of a Fe-S cluster, we have performed a
chemical reconstitution with iron and sulfide ions on a
mixture composed by apo mNFUIl and BOLA3 in
various experimental conditions (see Experimental Sec-
tion for details) and spectroscopically characterized it.
In all cases, the UV-visible and CD spectra are essen-
tially identical to the spectra of [4Fe-4S]*" mNFU1
(Fig. 8A,B), suggesting that BOLA3 does not modify
the Fe-S cluster nuclearity. Consistently, the "H 1D
paramagnetic NMR spectrum of the chemically recon-
stituted mixture is typical of that of [4Fe-4S]*"
mNFUI1 (Fig. 8C), indicating that BOLA3 does not
contribute to the cluster binding. Comparison of the
'H-'SN HSQC NMR spectra of the chemically recon-
stituted mixture with those of the isolated proteins
showed that the two proteins do not interact each
other since no significant chemical shift changes
occurred and that only a [4Fe-4S]*" mNFUI species is
formed in the chemical Fe-S cluster reconstitution pro-
cess (Fig. 7C,D). We also tested the potential interac-
tion between BOLA3 and [4Fe-4S*" NFUI in the
presence of GLRXS5 by performing a NMR titration
experiment where unlabeled [4Fe-4S]*" mNFU1 was
added to a 1 : 1 mixture of '"N-labeled BOLA3 and
unlabeled apo GLRXS. The results showed that the
apo protein complex formed between GLRXS and
BOLA3 [9,10] does not interact with [4Fe-4S]*"

mNFUI (Fig. 7E). In conclusion, we can rule out any
possible interaction of BOLA3 with either apo or
[4Fe-4S]*" mNFUI in the absence and in the presence
of GLRXS.

The latter results brought us to investigate a differ-
ent pathway through which BOLA3 and mNFUI1 can
cooperate in assisting the formation of a [4Fe-4S] clus-
ter on apo target proteins. Since it has been already
shown that BOLA3 and GLRXS5 form a hetero-
dimeric complex able to bind a [2Fe-2S]*" cluster
[9,10], we investigated whether this complex can inter-
act with apo mNFUI, transfer the cluster, and form a
[4Fe-4S] cluster on mNFU1. We followed these possi-
ble processes by NMR, UV-visible, and CD spec-
troscopy. The experiments were performed by adding
either apo mNFUI to the [2Fe-2S]*" GLRX5-BOLA3
hetero-complex or vice versa, and, for NMR measure-
ments, '°N-labeling one protein at a time or '°N-label-
ing two out of the three proteins. Comparing the UV-
visible spectrum of the [2Fe-2S]** GLRXS5-BOLA3
hetero-complex with those of two mixtures containing
different ratios of [2Fe-2S]*" GLRX5-BOLA3 and apo
mNFUI, significant changes of the absorption bands
were observed (Fig. 9A). In particular, the bands char-
acteristic of the [2Fe-2$]2+ cluster bound to GLRXS5-
BOLA3 complex decrease in intensity and the final
spectrum resembles to that of [4Fe-4S]*" mNFUI
(Fig. 9A). The same mixtures, analyzed by CD spec-
troscopy, showed a loss of intensity of the CD signals
of the [2Fe-2S]*" GLRXS5-BOLA3 hetero-complex,
suggesting the formation of [4Fe-4S]*" mNFU1, whose
CD signals are indeed very low in intensity (Fig. 9B)
[20,23]. In the NMR titration between the [2Fe-2S]*"
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">N-labeled GLRXS5-unlabeled BOLA3 complex and
unlabeled apo mNFUI1, the resonances of the [2Fe-
2S]*" GLRXS5-BOLA3 hetero-complex disappeared
and concomitantly the resonances of the apo GLRX5-
BOLA3 hetero-complex appeared (Fig. 9D), indicating
the cluster release from the hetero-complex. In the
titration  between  the  unlabeled  [2Fe-2S]*"
GLRX5-""N-labeled BOLA3 complex and '’N-labeled
apo mNFUI, the changes observed for the BOLA3
resonances indicate again the occurrence of cluster
release from the hetero-complex (Fig. 9E). Concomi-
tantly, the new resonances appearing in the 'H-'>N
HSQC map of the mixture have chemical shifts match-
ing with those of [4Fe-4S]*" mNFUI, indicating the
formation of [4Fe-4S]*" mNFUI1 (Fig. 9F). In agree-
ment with the latter data, the 1D 'H paramagnetic
NMR spectrum acquired on the final mixture showed

the presence of the typical peaks of [4Fe-4S]** mNFU1
(Fig. 9C). Overall, the experimental data indicate the
transfer of two [2Fe-2S]*" clusters from the [2Fe-2S]*"
GLRX5-BOLA3 hetero-complex to apo mNFUI1 and
the concomitant formation of a [4Fe-4S]*" cluster. A
reducing agent is absolutely required for converting
ferric ions present in the [2Fe-2S]*" cluster into a mix-
ture of ferric and ferrous ions in the [4Fe-4S]*" cluster
(reductive coupling reaction) [23-25]. Considering that
5 mm DTT and 5 mm GSH were present in all protein
mixtures, these two small molecules are the best candi-
dates to act as reducing agents. To verify this hypothe-
sis, the same experiment reported above was
performed in the absence of DTT, that is, the [2Fe-
2SP** unlabeled GLRXS5-'"N-labeled BOLA3 complex
mixed with '"*N-labeled apo mNFUIL. In this case, we
observed that the reaction did not proceed, that is, no
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Fig. 8. BOLA3 does not modify cluster binding properties of mNFU1. UV-visible (A) and CD-visible (B) spectra of chemically reconstituted
mixtures of BOLA3 and mNFU1: magenta, chemical reconstitution of BOLA3 : mNFU1 at a 1 : 1 ratio in the presence of 5 mm GSH, 5 mm
DTT, and 150 mm NaCl; black, chemical reconstitution of BOLA3 : mNFU1 at a 1 : 1 ratio in the presence of 5 mm DTT and 150 mm NaCl.
In green are the UV-visible and visible CD spectra of [4Fe-4S]** mNFU1. (C) 1D "H NMR spectra tailored for the detection of hyperfine-
shifted signals of [4Fe-4S]?* mNFU1 (upper) and of the chemically reconstituted 1 : 1 BOLA3:mNFU1 mixture (lower). NMR spectra were
acquired at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm DTT, and 150 mm NaCl. UV-vis, CD, and NMR experiments were repeated

three times.

[2Fe-2S]*" cluster transfer occurred nor [4Fe-4S]** clus-
ter was formed. Indeed, the 'H-'>N HSQC spectrum
of the mixture is superimposable with those of the
individual proteins and no peaks of the [4Fe-4S]*"
mNFUI product are formed (Fig. 10). DTT is there-
fore the reducing agent in vitro required for the reduc-
tive coupling reaction to occur. DTT is, however, not
an efficient reducing system. Indeed, DTT is not able
to quantitatively form the [4Fe-4S]*" mNFUI1 product
in the 1:1 [2Fe-2S]*" GLRX5-BOLA3/apo mNFU1
mixture, being the amount of [4Fe-4S]*" mNFU1 65%
(estimated from 'H-"’N HSQC NMR data, see
Fig. 8F). Even when an excess of two equivalents of
[2Fe-2S** GLRXS5-BOLA3 was added to apo
mNFUI, the resonances associated with apo mNFU1
do not disappear completely. Moreover, the formation
of [4Fe-4S]*" mNFU1 occurs slowly upon time in the
presence of 5 mm DTT, that is, it reaches the equilib-
rium only after 1 day. Overall, from these data we can
gather that a physiological electron donor is required
to efficiently promote [4Fe-4S]*" cluster formation on
mNFUI. The best candidate physiological electron
donor might be a ferredoxin, a versatile protein family
typically involved in electron transfer in mitochondria
[26]. Human mitochondria possess two mitochondrial
ferredoxins, which are both present in the matrix of
mitochondria and have been shown to be versatile
electron mediators involved in multiple physiological
processes such as Fe-S cluster biogenesis, steroidogene-
sis, vitamin D metabolism, and heme A biosynthesis
[26-28].

We have finally observed by NMR and UV-visible
spectroscopy that, when apo or [2Fe-2S]*" GLRX5
was mixed with apo mNFUI1 using DTT as electron

source, no protein—protein interaction, no cluster
transfer from GLRXS5 to mNFUI1, and no formation
of a [4Fe-4S]*" cluster on mNFU1 occurred (Fig. 11).
This indicates that both cluster transfer and reductive
coupling reactions encompassing mNFUI1 require
BOLA3 to occur. Thus, BOLA3 acts as a trigger fac-
tor activating cluster transfer and assembly on
mNFUI.

Discussion

The late stages of the mitochondrial ISC assembly
machinery are responsible of [4Fe-4S] cluster assembly,
trafficking, and insertion into mitochondrial target Fe-
S proteins [1,2]. The first studies on the mitochondrial
[4Fe-4S] cluster assembly step showed that three
human proteins ISCAI1, ISCA2, and IBAS57 are
required for this process [29]. This functional associa-
tion has been revisited in a recent work [30], which
showed that ISCA2 and IBAS57 are not required under
standard physiological conditions for the maturation
of mitochondrial [4Fe-4S] proteins. Therefore, the so
far available in vivo data do not provide a clear picture
on how the three proteins operate in the cell for
assembling a [4Fe-4S] cluster. In vitro experiments
helped to shed some light on this issue showing that
(a) ISCA1 and ISCA2 form a hetero-dimer, which, by
accepting two [2Fe-2S]*" clusters from the protein
partner GLRXS5 (component of the mitochondrial ISC
assembly machinery receiving the [2Fe-2S]*" cluster
from ISCU), is able to assemble a [4Fe-4S]*" cluster,
without any need of IBAS57 [25,31]; (b) ISCA2, but not
ISCAI, after having received a [2Fe-2S]*" cluster from
GLRXS5, forms a [2Fe-2S]**-bridged hetero-dimeric
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unlabeled GLRX5-unlabeled BOLA3 hetero-complex and apo '°N-labeled mNFU1 (blue), [4Fe-4S]>* "®N-labeled mNFU1 (red) and apo '°N-
labeled mNFU1 (fuchsia). All spectra were acquired at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm GSH, 5 mm DTT, 150 mm NaCl. UV-

vis, CD, and NMR experiments were repeated three times.

complex with IBAS57, which results resistant to highly
oxidative environments and capable of reactivating
apo aconitase [32]. In conclusion, the in vitro studies
suggested a model of [4Fe-4S]*" cluster assembly on
the ISCA1-ISCA2 complex, while IBAS57 might be
involved with GLRXS5 and ISCA2 in a specific path-
way maturing Fe-S proteins under oxidative metabo-
lism. The proposed following step of the
mitochondrial ISC assembly machinery consists of the
transfer and insertion of the [4Fe-4S]** cluster assem-
bled on the ISCA1-ISCA2 complex into mitochondrial
target Fe-S proteins with the help of specific ISC tar-
geting factors [1,2]. Two proteins, that is, BOLA3 and
NFUI, have been proposed to be involved in this step.
NFU!1 was implicated in receiving the cluster from the
ISCA1-ISCA2 complex [4,7], and BOLA3 was pro-
posed to mediate the transfer of the [4Fe-4S]*" cluster
bound to NFUI into specific mitochondrial target

proteins [8]. However, the interaction between NFUI
and BOLA3 was not clearly detected in vivo and it was
proposed to be transient [8]. On the contrary, the
interaction between BOLA3 and GLRXS5 has been
well documented by in vivo studies [33], and in vitro
studies recently showed that BOLA3 strongly binds
GLRXS, while the binding of BOLA3 to NFUI is
weak [34]. As mentioned above, GLRXS acts in the
early-acting steps of the mitochondrial ISC assembly
machinery donating its [2Fe-2S]*" cluster to the
ISCA1-ISCA2 complex [11,25]. Therefore, the raising
question is whether GLRXS has a further role as [2Fe-
2S** cluster trafficking protein in the late stages of the
mitochondrial ISC assembly machinery once com-
plexed with BOLA3. Our work sheds light on this
question, showing that two [2Fe-2S]*" GLRX5-
BOLA3 complexes are able to transfer their clusters to
apo NFUI to form a [4Fe-4S]*" cluster on dimeric
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Fig. 10. A reductant is required to assemble a [4Fe-4S1** cluster

on mNFU1 upon the interaction with the cluster donor [2Fe-2S]%*
GLRX5-BOLA3. Overlay of "H-'"N' HSQC NMR spectra of [2Fe-
2S1%* unlabeled GLRX5-'"N-labeled BOLA3 (red), apo '®N-labeled
mNFU1 (green), and a 1:1 mixture of [2Fe-2S]?* unlabeled
GLRX5-""N-labeled BOLA3 and apo '°N-labeled mNFU1 (blue),
acquired at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm GSH,
and 150 mm NaCl. NMR experiments were repeated three times.

NFUI (Fig. 12). Our data showed that the mechanism
for cluster transfer and assembly from [2Fe-2S]*"
GLRX5-BOLA3 to NFUI leads directly to the forma-
tion of [4Fe-4S]*" NFUI without the accumulation of
[2Fe-2S]-bound intermediates, in support of a strong
preference of NFUI1 to bind a [4Fe-4S] cluster with
respect to a [2Fe-2S] cluster. The cluster formation on
NFUI does not occur with [2Fe-2S]*" GLRXS5 alone,
thus this pathway being activated only upon the for-
mation of the [2Fe-2S]>" GLRX5-BOLA3 hetero-com-
plex (Fig. 12). Therefore, homo-dimeric [2Fe-2S]*"
GLRXS5 only operates in the early-acting steps of the
mitochondrial ISC assembly machinery donating its
[2Fe-2S]*" cluster to the ISCAI-ISCA2 complex, while
the [2Fe-2S]** GLRX5-BOLA3 hetero-complex oper-
ates downstream specifically in the assembly of a [4Fe-
48] cluster on NFUI. This pathway might be alterna-
tive to the pathway involving the [4Fe-4S] cluster
transfer from the ISCAI1-ISCA2 complex to NFUI.
Considering that the S. cerevisiae homologue of
NFUI plays a crucial role for the function of mito-
chondrial [4Fe-4S] enzymes under oxidative metabo-
lism as opposed to anoxic metabolism [8], the here-
characterized pathway might be activated under oxida-
tive cellular conditions only. In conclusion, we estab-
lish a role of NFU1 as an ‘assembler’ of [4Fe-4S]
clusters alternative to the ISCAI1-ISCA2 complex,
possibly being operative for a subset of mitochondrial

V. Nasta et al.

Fe-S target proteins, which are highly susceptible to be
damaged in oxidatively growing cells, that is, enzymes
with a labile [4Fe-4S] cluster such as aconitase and
lipoyl synthase [35]. Moreover, the model shown in
Fig. 12 can help to rationalize the complexity observed
in human/S. cerevisiae NFU1 and BOLA3 phenotypes
[4,7-9]. In particular, it was shown that S. cerevisiae
BolA3 requires S. cerevisiae Nful for its function and
that Nful and BolA3 cannot mutually substitute each
other’s biochemical function, even upon overproduc-
tion [9]. Thus, these data suggest that BolA3 and Nful
perform individual, nonoverlapping functions during
the late stages of the mitochondrial ISC machinery,
and the here-characterized pathway shows how this
cooperative role can be achieved.

We also reported a structural characterization of
NFU1 showing that (a) apo NFUI is present in a
monomer-dimer equilibrium, in which the dimer for-
mation is mediated by the N-domain, (b) the two
domains in monomeric apo NFUI, although con-
nected by a flexible linker, are not fully independent,
(c) that [4Fe-4S]*" cluster binding to NFUI causes the
quantitative formation of a dimer, (d) that the two
NFUI subunits of the dimer bridge a [4Fe-4S]*" clus-
ter that is coordinated by two cysteines of each CXXC
motif of two C-domains, and (e) the presence of an
equilibrium between a [4Fe-4S]*" NFU1 dimer where
the cluster is coordinated by the Cys residues of two
CXXC motifs and a [4Fe-4S]*" NFU1 dimer where a
Cys ligand of the CXXC motif is replaced by a S-
donor small molecule ligand, such as GSH or DTT.
These results are consistent with in vivo data reported
on S. cerevisiae Nful [8]. Indeed, it has been shown
that (a) apo Nful in S. cerevisiae cells is present as a
mixture of a predominant monomer and a minor
dimeric species, whose formation is due by the pres-
ence of the N-domain of Nful; (b) in mitochondrial
lysates the bulk of S. cerevisiae Nful is a homo-
dimeric species, whose abundance is unaffected with
DTT but affected by cluster binding. In conclusion,
the structural characterization of dimeric [4Fe-4S]*"
NFUI1 showed that the cluster has a coordination site
accessible to sulfur-containing ligands. This site might
be optimal for being invaded by the S-donor ligand of
the metal-receiving partner (i.e., the mitochondrial tar-
get protein in the presence or not of other possibly
required accessory proteins) in order to promote a
rapid and controlled cluster-exchange reaction
(Fig. 12), following a mechanism typically observed
for proteins involved in metal transfer, that is, metal-
lochaperones [36-39].

The recent structural characterization of a construct
of human NFUI 42-residue longer at the N terminus

2322 The FEBS Journal 287 (2020) 2312-2327 © 2019 Federation of European Biochemical Societies

85UB01 7 SUOWILLOD dAIIE.1D) 3[cedl|dde auyy A peusenob ale saoie YO 8sN JO SaInJ 10} Aeiq18ul|UQ A3 UO (SUONIPUOD-pUE-SWS)/LIO™AB | 1M Afe.d1|Bul Uo//Schiy) SUORIPUOD pue SIS 1 8L 38S " [7202/50/S0] U0 ARiqiauliuO A8|IM BUWRISIS 8ZUsli 1 BISPAIUN AQ OYTST SGRY/TTTT OT/I0p/L00" A IM Aled | jpulUO'SCRY//SANY Wo. pepeojumod ‘TT ‘0202 ‘859vZr.T



V. Nasta et al.

A L aeN)
. /p.p.m
ve ® 105
., %
. o ® G
o, :" ,' . ;n'o' ﬁb ) 110
! X
.
. _"’“M‘. ﬂ‘ ) 115
¢
. oy o "} .
Y T3 IRX F120
. P L YA
s o™ Teeg T, 125
.
o :

130

-135

T T T T T T T T
105 100 95 90 85 80 75 7.0 §(H)/p.p.m

L 8("N)
B /p.p.m
- 105
- ™ 4 .
110
?. e a ~.
e el 115
. o* o ...’
o d L
- ‘P » 120
. ' S o ": st F125
e® s
RS .
. F130

135

T T T T
105 100 95 90 85 80 7.5 7.0 §(H)/p.p.m

Absorbance (AU)

NFU1 works as an ‘assembler’ of [4Fe-4S] clusters

C F8(*N)
® /p.p.m
N f-105
f110
115

[-120

125

130

135

e L Anaaa e S T
105 100 95 90 85 80 75 7.0 S(H)/p.p.m

1D

g
o

-
o
L

-
[
h

o
©
1

o
»
L

0.0 T T T T T T T 1
300 350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 11. Both apo and [2Fe-2S]?* GLRX5 do not interact with mNFU1 and [2Fe-2S]?* GLRX5 does not assemble a [4Fe-4S]** cluster on
mNFU1. Overlay of "H-">N HSQC NMR spectra of: (A) '®N-labeled apo mNFU1 (black) and a 1 : 2 mixture of '®N-labeled apo mNFU1 and
unlabeled apo GLRX5 (red); (B) a 60 : 40 mixture of '®N-labeled [2Fe-2S]?* and apo GLRX5 (black) before and after the addition of two
equivalents of apo mNFU1 (red); (C) "®N-labeled apo mNFU1 (black) and a 1 : 2 mixture of '®N-labeled apo mNFU1 and unlabeled [2Fe-2S]?*
GLRX5 (red). NMR spectra were acquired at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm GSH, 5 mm DTT and 150 mm NaCl; (D) UV-
visible spectra of [2Fe-2S]%* GLRX5 (blue), and of a 1 : 2 mixture of mNFU1: [2Fe-2S]?* GLRX5 (green) and the same mixture after 1 day
(red). The UV-vis spectra were acquired at 298 K in 50 mm phosphate buffer pH 7.0, 5 mm GSH, 5 mm DTT, and 150 mm NaCl. UV-vis and

NMR experiments were repeated three times.

than mNFUI1 sequence showed that the apo protein is
monomeric in solution and adopts a dumbbell-shaped
structure with well-structured N- and C-domains con-
nected by a flexible linker [16]. It has been also
observed that chemically Fe-S cluster reconstituted 42-
NFUI binds a [4Fe-4S] cluster [16]. Combined NMR
and SAXS data showed that the holo form of
42-NFUI1 is constituted by a trimer of dimers, each
containing a [4Fe-4S] cluster [16]. Three N-domains
are involved in the formation of a tripartite interface,
while two conserved cysteines in the C-domain ligate
a [4Fe-4S] cluster to form a dimer by bridging two C-
domains. Our NMR data indicate the presence of a
single species for [4Fe-4S]*" NFUI having a reorienta-
tional correlation time of 15.1 £ 1.2 ns, which fully
excludes the presence of the trimer of dimers as previ-
ously observed for [4Fe-4S]*" 42-NFU1 [16], while it
supports the occurrence of protein dimerization upon
cluster binding. Moreover, in the 'H-'>N HSQC spec-
trum of the [4Fe-4S]*" 42-NFUI, a few residues of the
N-domain exhibited two sets of peaks with equal peak
volume [16]. They were, respectively, assigned to the
free N-domains and to the N-domains that form the
tripartite interface in the trimer of dimers of [4Fe-4S]*"

42-NFU1 [16]. This behavior differs from what we
have observed in the 'H-'""N HSQC spectrum of our
construct for [4Fe-4S]*" NFUI, which shows indeed
only one set of peaks. The different quaternary struc-
ture of [4Fe-4S] mNFU1 with respect to that of [4Fe-
4S]** 42-NFUI1 can be rationalized considering that
the two NFUI1 constructs used in the two studies are
different. Indeed, the mitochondrial isoform of NFUI,
used in our studies, consists of 59-254 residues [5],
while 42-NFUI1, previously studied by NMR and
SAXS [16], consists of residues 16-254. It might be
that the longer N-terminal tail of [4Fe-4S]*" 42-NFU1
drives the formation of the trimer of dimers binding
three [4Fe-4S] clusters. In the structural model of [4Fe-
4S]2+ 42-NFU1, the N-domain is, indeed, involved in
the formation of the tripartite interface of the trimer
[16].

Materials and methods

Protein production

The pETG20A plasmid containing N-terminal tagged
mNFU1l (UniProt: Q9UMSO0, residues 59-254 with
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Fig. 12. Model of BOLA3/NFU1-dependent [4Fe-4S] cluster assembly pathway. Two molecules of [2Fe-2S]?>* GLRX5-BOLA3 transfer the
cluster to apo NFU1 that assembles a [4Fe-4S]?* cluster by receiving two electrons. The assembled [4Fe-4S]?* cluster is then inserted to
mitochondrial target apo proteins with or without the requirement of other accessory proteins (dotted arrow).

N-terminal TRX-6His-tag) was used to transform in E. coli
BL21-Gold(DE3) (Agilent, Santa Clara, CA, USA) compe-
tent cells. Cells were cultivated at 37 °C in 1 L of Luria—
Bertani (LB) media adding ampicillin (100 pg-mL~'), until
the ODggo reached 3-5. The cells were spun down (1693 g
for 20 min) and resuspended in 1 L of fresh LB or minimal
media [with 1 g (*NH,4),SO, and 3 g glucose] containing
ampicillin (100 pg-mL~'). The culture was left at 37 °C,
160 r.p.m. for approximately 1 h, and then, protein expres-
sion was induced by adding 1 mm of isopropyl B-p-1-thio-
galactopyranoside (IPTG), shaking overnight at 30 °C,
160 r.p.m. The cell paste was dissolved in the binding buf-
fer (20 mm phosphate buffer, 500 mm NaCl, 30 mm imida-
zole, pH 7.8), and the cells were lysated using the CelLytic
Express (C1990; Sigma-Aldrich, St. Louis, MO, USA). All
the following purification steps were performed aerobically.
The N-terminal TRX-6His-tag mNFUI1 protein was puri-
fied from E. coli using a HisTrap HP column (GE Health-
care, Chicago, IL, USA). The TRX-6His-tag was cleaved
by tobacco etch virus protease overnight at room tempera-
ture in 20 mm phosphate buffer, 500 mm NaCl, 500 mm
imidazole, pH 7.8 (UniProt: Q9UMSO0, residues 59-254
with N-terminal GSFT residues). The buffer was exchanged
to binding buffer, and a second His-trap chromatography
column was performed to separate the digested mNFUI1
from TRX-6His-tag mNFU1 and TRX-6His-tag. Recov-
ered mNFU1 was pure enough to be used for spectroscopic
and biochemical studies. The final yield of apo mNFUI1
was ~ 60 mg per liter of LB culture. 2.5 mm tris (2-car-
boxyethyl) phosphine (TCEP) was added in all the purifica-
tion steps to avoid disulfide bond formation.

The pETG20A plasmid containing N-domain of mNFU1
(UniProt: Q9UMSO0, residues 59-155 with N-terminal
TRX-6His-tag; after tag cleavage the N-domain sequence
contains N-terminal GSFT residues similarly to the full-
length protein) was obtained by a site-directed mutagenesis
with a prokaryotic codon stop. The protein expression was
performed likewise mNFUI1, in BL21-GOLD(DE3) cells.
Cells were cultivated at 37 °C in 1 L of LB or minimal
media adding ampicillin (100 ug-mLfl), until the ODyg
reached 0.6-0.8, and then, protein expression was induced
by adding 1 mm of IPTG, shaking overnight at 20 °C,

160 r.p.m. Protein purification steps were performed fol-
lowing the protocol of mNFUI, except that, during TEV
protease cleavage, a dialysis step in the binding buffer
(20 mm phosphate buffer, 500 mm NaCl, 30 mm imidazole,
pH 7.8) was performed. The C-domain of mNFU1 (Uni-
Prot: Q9UMSO0, residues 162-247 with N-terminal
GIDPFTM residues) was cloned by a TOPO cloning reac-
tion (Invitrogen, Carlsbad, CA, USA). The gene was
inserted in the pET151/D-TOPO (Invitrogen) vector that
present a polyhistidine (6x His) region, a TEV recognition
site and a TOPO cloning site. Protein expression and purifi-
cation steps do not differ from the previously described for
the N-domain, and the apo form of C-domain was purified.
The final yields of N- and C-domain of mNFUIl were
~ 60 mg-L~! of LB culture. 2.5 mm TCEP was added in all
the purification steps to avoid disulfide bond formation.

[4Fe-4S]** mNFUI and [4Fe-4S]*" C-domain were chem-
ically Fe-S cluster reconstituted in anaerobic conditions in
50 mm  Tris(hydroxymethyl)aminomethane hydrochloride,
100 mm NaCl, 5 mm DTT buffer at pH 8.0 with eightfold
FeCl; and Na,S for 16 h at room temperature. Chemical
Fe-S cluster reconstitution was performed with protein con-
centrations of ~ 40-80 uM. Anaerobic conditions were
obtained by degassing all buffers and performing the chem-
ical reconstitution in glove-box with less than 5 p.p.m. of
oxygen.

The expression and purification of human BOLA3 and
GLRXS5 in their apo monomeric forms and in their homo-
dimeric (for GLRXS5) and hetero-dimeric (for GLRXS5-
BOLA3) [2Fe-2S]*" cluster-bound forms were obtained as
previously reported [9,10,40].

NMR spectroscopy

1D '"H paramagnetic-tailored NMR experiments were per-
formed at 400 MHz with a 'H optimized 5 mm probe at
temperatures ranging from 280 and 307 K. Water signal
was suppressed via fast repetition experiments and water
selective irradiation. Experiments were typically performed
using an acquisition time of 50 ms and an overall recycle
delay of 90 ms. The protein concentration was 0.5-1 mm,
and the spectra were acquired in different buffer conditions
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as detailed in the Results section. Squared cosine and expo-
nential multiplications were applied prior to Fourier trans-
formation. Manual baseline correction was performed,
using polynomial functions.

>N heteronuclear relaxation experiments on '*N-labeled
samples of apo and [4Fe-4S]*" mNFU! were recorded on
Bruker AVANCE 500 MHz spectrometer at 298 K to mea-
sure '°N backbone R; and R, as well as the heteronuclear
I>N['H] NOEs. Spectra were processed using TopSpin
(Bruker BioSpin, Billerica, MA, USA) and analyzed with
CARA software (cara is a free software that can be down-
loaded fromcara.nmr.ch). The rotational correlation time
value was estimated from the R,/R; ratio using the pro-
gram QUADRATIC_DIFFUSION. The relaxation data
for those NHs having an exchange contribution to the R,
value or exhibiting large-amplitude fast internal motions
were excluded from the analysis [41]. NMR relaxation
experiments were acquired at 298 K in 50 mm phosphate
buffer pH 7.0, 5 mm DTT, and 150 mm NaCl.

SEC-MALS, UV-visible, CD, and NMR
spectroscopy for protein-protein interaction
studies

SEC-MALS data were aerobically acquired on the apo pro-
teins by attaching a SuperdexTM 200 Increase 10/300 GL
column to a DAWN HELEOS system with a continuous
flow rate of 0.6 mL-min~"' using a filtered degassed buffer
(50 mMm phosphate buffer, 150 mm NaCl, 5 mm DTT, pH
7.0).

The 'H-'>N HSQC NMR spectrum of apo mNFU1 was
compared, using CARA software [42], with those of the N-
and apo C-domains or with that of [4Fe-4S]*" mNFUI.
The observed chemical shift changes were plotted calculat-
ing the backbone weighted average chemical shift differ-
ences (Agg(HN) (i.e., (((AH)> + (AN/5)%)/2)"%, where AH
and AN are chemical shift differences for backbone amide
"H and "N nuclei, respectively). Backbone chemical shift
assignments of full-length NFU1 and of N- and C-domains
of NFUI in their apo forms were already available in the
literature [16]. The 'H-""N HSQC NMR spectra were
acquired at 298 K in 50 mm phosphate buffer pH 7.0,
S mm DTT and 150 mm NaCl.

Protein—protein (or protein-GSH or protein-DTT) inter-
action, cluster transfer, and assembly experiments were fol-
lowed performing UV-visible and CD spectra and 2D
diamagnetic-tailored 'H-'>N HSQC and 1D paramagnetic-
tailored '"H NMR experiments in anaerobic conditions.
Anaerobic conditions were obtained by degassing all buf-
fers and performing the experiments in glove-box with less
than 5 p.p.m. of oxygen. The samples were then sealed in a
gas-tight NMR tube or a UV-vis cuvette for the spectro-
scopic analysis. Each experiment was successfully repeated
three times. UV-visible and CD spectra were acquired
anaerobically at 298 K in 50 mm phosphate buffer, 5 mm

NFU1 works as an ‘assembler’ of [4Fe-4S] clusters

DTT, 150 mm NaCl, pH 7.0 on a Cary 50 Eclipse spec-
trophotometer (Varian-Agilent Technologies, Palo Alto,
CA, USA) and JASCO J-810 spectropolarimeter (JASCO,
Easton, MD, USA), respectively. NMR experiments were
performed on Bruker AVANCE 400, 700, 900, and
950 MHz spectrometers at 298 K on 0.3-1 mM protein
samples. Backbone chemical shift assignments of BOLA3,
of BOLA3 in the apo and [2Fe-2S]*" hetero-complex with
GLRXS, of apo GLRXS, and of [2Fe-2S]*" GLRX5 were
already available [10,40]. Chemical shift assignment of the
individual N- and C-domains of NFU1 and full-length
NFUI are available in the Biological Magnetic Resonance
Bank (under accession codes BMRB: 18489 [NFU1 N-do-
main], BMRB: 19068 [NFUl C-domain], and BMRB:
26801 [full-length NFUTI]) [16].

The potential interaction between apo mNFUI1 and
BOLA3 was followed, in 50 mm phosphate buffer, 150 mm
NaCl, 5 mm DTT pH 7.0, titrating "*N-labeled (or unla-
beled) apo mNFU1 with unlabeled (or '’N-labeled) BOLA3.
The potential interaction between [4Fe-4S]*" mNFU1 and
BOLA3 was investigated in anaerobic conditions by (a)
chemically reconstituting, in the presence of iron and sulfide
ions, equimolar or 1 : 2 mixtures of unlabeled (or '’N-la-
beled) apo mNFU1 and '*N-labeled (or unlabeled) BOLA3
in 5 mm GSH, 5 mm DTT, 150 mm NaCl, 50 mm Tris base
pH 8, or in 5 mm DTT, 150 mm NaCl, 50 mm Tris base pH
8, and spectroscopically investigating the final mixture after
having exchanged it in 50 mM phosphate buffer, 150 mm
NaCl, 5 mm DTT pH 7.0; (b) titrating a 1 : 1 mixture of
>N-labeled BOLA3 and unlabeled apo GLRX5 with 1
equivalent of [4Fe-4S]*" mNFU1 in 50 mm phosphate buffer,
150 mm NaCl, 5 mm DTT pH 7.0.

The cluster transfer and assembly observed upon mixing
[2Fe-2SP*" GLRX5-BOLA3 and apo mNFU1 in 50 mm phos-
phate buffer, 150 mm NaCl, 5 mm GSH, 5 mm DTT pH 7.0
was followed in anaerobic conditions titrating '*N-labeled (or
unlabeled) mNFU1 with [2Fe-2S]*" GLRX5-BOLA3 (unla-
beled or '°N-labeled GLRX5 or '*N-labeled BOLA3). The
same experiment was also performed in 50 mMm phosphate buf-
fer pH 7.0, 5 mm GSH, and 150 mm NaCl.

The potential interaction, cluster transfer, and assembly
between GLRXS5 and mNFU1 were followed in anaerobic
conditions in 50 mm phosphate buffer pH 7.0, 5 mm GSH,
5mm DTT, and 150 mm NaCl by (a) titrating '°N-labeled
apo mNFUI1 with unlabeled apo GLRXS; (b) titrating a
60 : 40 mixture of '*N-labeled (or unlabeled) [2Fe-2SP*" and
apo GLRXS5 with unlabeled (or '*N-labeled) apo mNFUI.

Molecular docking

The structural model of monomeric apo mNFU1 was cal-
culated using the protein—protein docking program HAD-
DOCK2.2 by following the standard HADDOCK
procedure [18,19]. The structures of the individual N- and
C-domains (PDB entries 2LTM and 2MS5O, respectively)
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[16], to which the N- and C-flexible termini have been
removed, have been used as input data. The meaningful
NMR chemical shift differences, shown in Fig. 2A,B, were
used to define ambiguous interaction restraints for the resi-
dues at the protein—protein interface. The ‘active’ residues
were defined as those having a chemical shift perturbation
upon complex formation larger than the average of
A,vo(HN) plus 1o and with a solvent accessibility higher
than 45%:; the ‘passive’ residues were defined as those being
surface neighbors to the active residues and with a solvent
accessibility higher than 45%. Following the standard
HADDOCK algorithm, HADDOCK clustered 152 struc-
tures in eight clusters, which represents 76.0% of the water-
refined models HADDOCK generated. The clusters were
ranked based on the averaged HADDOCK score of their
top four members. The best-scoring HADDOCK cluster
resulted in 41 structures, whose statistics are reported in
Table 1.
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