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Over the last decade, structural aspects involving iron-sulfur (Fe/S) protein biogenesis have played an
increasingly important role in understanding the high mechanistic complexity of mitochondrial and cytosolic
machineries maturing Fe/S proteins. In this respect, solution NMR has had a significant impact because of its
ability to monitor transient protein-protein interactions, which are abundant in the networks of pathways leading
to Fe/S cluster biosynthesis and transfer, as well as thanks to the developments of paramagnetic NMR in both
terms of new methodologies and accurate data interpretation. Here, we review the use of solution NMR in
characterizing the structural aspects of human Fe/S proteins and their interactions in the framework of Fe/S
protein biogenesis. We will first present a summary of the recent advances that have been achieved by para-

magnetic NMR and then we will focus our attention on the role of solution NMR in the field of human Fe/S

protein biogenesis.

1. Introduction

Since the early days of research on iron-sulfur (Fe/S) proteins, so-
lution NMR spectroscopy has been successfully applied to Fe/S proteins
for their characterization in terms of: i) electronic structure; ii) oxidation
states and electron localization/delocalization over the cluster; iii)
analysis of the magnetic coupling patterns among the iron ions of the Fe/
S clusters; iv) their effects on the NMR spectra. It became thus clear that
solution NMR spectroscopy applied to a highly paramagnetic system
(paramagnetic NMR), in combination with EPR, Mossbauer and mag-
netic susceptibility measurements, is a precious tool for the character-
ization of the Fe/S cluster chemical-physical properties [1,2]. The
pattern of the paramagnetic '"H NMR spectra [3,4], the temperature
dependence of the NMR signals [5], and their residue specific assign-
ment [6-8] played an invaluable role for identifying the nature of the
cluster, its overall oxidation state as well as that of each iron ion
[6,9-11]. The integrated application of solution NMR with other spec-
troscopic techniques [12-15] constituted an exemplary case of their
complementarity and opened one of the most popular playgrounds of
modern structural biology applied to metalloproteins [16]. Para-
magnetic NMR spectroscopy is informative on the electronic structure of
the cluster as EPR spectroscopy does, it is highly sensitive to the
oxidation and spin state, such as Mossbauer and electronic absorption

spectroscopies do, and it provides all the above information at the same
time on the same sample. Furthermore, the analysis of NMR chemical
shift perturbations is a very efficient approach to study the interaction
network of Fe/S proteins responsible of the Fe/S protein biogenesis
[17-22]. The majority of the proteins involved into Fe/S cluster
biogenesis are redox-sensitive, 10-40 kDa sized soluble proteins, thus
being too small, and therefore not suitable, for cryo-electron microscopy
(cryo-EM) investigations [23,24]. Of course, X-ray crystallography has
been largely used to address structural aspects of Fe/S proteins and
complexes involved in the Fe/S cluster biogenesis [25-32]. However,
even when data are available with a very high resolution, there are some
intrinsic limitations with X-ray structures: the redox state cannot be
controlled, the presence of the bound cluster could be partial, and
packing forces might affect the aggregation state thus making the crystal
situation different from the active solution state of these proteins. On the
other hand, the size of these Fe/S proteins is typically well suitable for
NMR structural and interaction studies, and although the resolution of
the NMR structures could be much lower than that of crystallographic
data, solution NMR provides key information on the state of the protein
that can easily complement the crystallographic picture of the system.
There are no doubts that the NMR view on the structure and reactivity of
Fe/S protein is unique, accurate and informative.

Paramagnetism is a common property of all Fe/S proteins in all
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oxidation states, because in no case a Fe/S cluster can be treated as
diamagnetic at room temperature. Some cluster types and oxidation
states are characterized by an S = 0 ground state of the electron spin
energy ladder, but excited states are thermally accessible. The conse-
quence is that, at room temperature, also systems with a S = 0 ground
state, and therefore EPR silent at low temperature, such as [2Fe-25]2Jr or
[4Fe-48]%* clusters, do exhibit a remarkable paramagnetism that can be
quantified and accounted for on the basis of the paramagnetic NMR
spectral properties. The interaction between the electron and the nu-
clear spins is described by a term of the spin Hamiltonian called hy-
perfine coupling [33]. The hyperfine coupling gives rise to contributions
to the chemical shifts and to the relaxation rates of nuclear spins, which
sum up to those of the same system in the diamagnetic state. The
paramagnetic effects on the spectral parameters can be detected and
quantified using tailored NMR approaches [34]. The presence of a
paramagnetic center brings pro's and con's into the NMR characteriza-
tion, both of them widely discussed in the current literature [35-42].
The additional contributions to nuclear spin relaxation arising from the
electron spin-nuclear spin interaction may broad NMR lines beyond
detection, thus bleaching out NMR signals of nuclear spins that are (too)
close to the metal center. On the other hand, the information arising
from the hyperfine coupling acts as a very accurate fingerprint of the
type of cluster, coordination sphere, oxidation states of the individual
iron ions, valence localization/delocalization, magnetic coupling
[43-46].

We are going here to describe the use of solution NMR in charac-
terizing the structural aspects of Fe/S proteins and their interactions in
the framework of Fe/S protein biogenesis. We will first present a sum-
mary of the recent advances that have been achieved by paramagnetic
NMR and then we will focus our attention on the impact of solution NMR
in the field of Fe/S protein biogenesis. This review aims at showing how
solution NMR spectroscopy has contributed to the in vitro identification
of many snapshots of the [2Fe-2S] and [4Fe-4S] assembly and transfer
processes and how it could still help in the future to unravel the mo-
lecular mechanism of iron-sulfur protein biogenesis, which are still far
from being fully understood.

2. Dedicated paramagnetic NMR methodologies

The theory of the hyperfine coupling between electron spins and
nuclear spins has been exhaustively reviewed, also reporting the rele-
vant equations, which do not need to be reiterated here [36,47,48]. The
hyperfine shift, i.e. the contribution to the chemical shift arising from
the hyperfine coupling, is determined by a pseudo-contact shift (PCS)
and by a contact shift (CS) contribution. The former arises from the
motional average of the dipole-dipole interaction between the nuclear
and the electron magnetic moments. In solution, this contribution is
different from zero only in presence of an anisotropic paramagnetic
susceptibility tensor. Due to its dipolar nature, the PCS contribution also
depends on r~3 with r being the metal-to-nucleus distance. The magnetic
susceptibility anisotropy of Fe>t/Fe" high spin ions in tetrahedral ge-
ometry [33,49] is small enough to neglect, at least in a first approxi-
mation, PCS contributions to the chemical shift. Under the assumption
that the magnetic anisotropy of each individual Fe ion of the cluster is
not affected by the magnetic coupling, one can safely assume that the
paramagnetic shift in Fe/S proteins, for the various cluster types, is
essentially due to the contact contribution(s). The CS contribution de-
pends on the unpaired electron spin density localized on the resonating
nucleus. The latter has sizable values only for the nuclei of the ligands
directly coordinated to the paramagnetic metal ion(s) or of groups
interacting with them through H-bonds.

2.1. Exploiting magnetically coupled iron ions in Fe/S proteins for
structural characterization

In Fe/S proteins, the Fe>*/Fe?! jons are magnetically coupled and
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give rise to peculiar effects on the NMR data. The magnetic coupling
between two or more paramagnetic ions gives rise to new electron spin
levels, whose energy depends on the oxidation and spin state of the
metal ions and on the values of the magnetic coupling constant J [5].
The observed contact shift arises from the sum of the hyperfine coupling
for each spin level, weighted for the population of the spin levels, ac-
cording to the Boltzmann distribution (Fig. 1A) [47]. Consequently, CS
are a very sensitive probe of the type of cluster, of its oxidation state and
of the valence distribution within the cluster, as summarized in Fig. 1B.
Once the nature of the cluster is identified from the general pattern of
paramagnetic signals, the residue-specific assignment of signals from
cluster-bound residues can be used to obtain information on the dihedral
angle of residues coordinating the metal center [8] and on the number of
H-bonds surrounding the cluster [50].

A paramagnetic center can also significantly affect the nuclear spin
relaxation properties. The paramagnetic contribution to nuclear spin
relaxation rates is determined by various terms: contact, dipolar and
Curie spin relaxation. For nuclei outside the first coordination sphere,
therefore not experiencing electron spin density on them, the contact
contribution is null and nuclear spin relaxation is only determined by
through-space interactions, as both dipolar and Curie spin relaxation
terms are. They have an r~® dependence, being r the distance between
the metal ion and the nuclear spins.

The magnetic coupling among metal ions, determining new spin
states, affects the nuclear spins as well as the electron spin relaxation
properties [51]. For a multiple coupled metal ions system, each nuclear
spin is affected by all metal ions of the system; however, the equations
describing the contact, the dipolar and the Curie spin relaxation con-
tributions are modified by taking into account the new electron spin
levels of the coupled system [47]. New transitions involving electron
spin levels can occur, therefore the electronic relaxation times of the
metal ions change under the effect of the magnetic coupling(s).
Depending on the spins involved in the coupling (if they are equal, Fe
(II1)-Fe(Il) or different, Fe(Il)-Fe(II)) and on the extent of the mag-
netic coupling, as different behaviours are expected for J/kT> > 1 or J/
kT < <1), very different patterns may arise and, indeed, relaxation
properties in magnetically coupled systems constitute, essentially, a
fingerprint of each different cluster and oxidation state (Fig. 1) [5,11].

Several approaches have been proposed to convert R; and Ry nuclear
relaxation rates into structural restraints; the most used approach is

based on the assumption that, neglecting contact contribution, para-
K12

magnetic relaxation can be treated as Ry » = ZT’ where r;j is the dis-

et
tance between the nuclear spin and the Fe; of the cluster. The constants
Ki,2 contain all the terms that appear in the Solomon equation, which
are difficult to predict in a magnetically coupled system. However, when
a sufficient number of R; or R, relaxation rates are available, values of
K5 can be obtained from the fitting and the equation used to convert
relaxation rates into structural restrains [52]. This relationship has been,
and still is being, exploited for the conversion of paramagnetic relaxa-
tion enhancements into metal-to-nucleus distance restraints for struc-
ture calculations [52-57].

NMR-based approaches dedicated to the solution structures of
paramagnetic proteins have been developed in the 90’es and, since
them, widely used to obtain the NMR structure of different Fe/S proteins
[58]. The general approach is to combine standard NMR restraints
(nuclear Overhauser effect, dihedral angles, chemical shift index), with
paramagnetism based NMR restraints (dihedral angles, 1D nuclear
Overhauser effect from paramagnetic signals, paramagnetic relaxation
enhancement effects, H-bonds involving unpaired spin density from the
cluster). When successful, the combination of classical and
paramagnetism-based NMR restraints provides small root-mean-square
deviation values throughout the structure, including the regions that
are very close to the paramagnetic center. However, depending on the
size of the protein and on the type of cluster, there might be cases in
which the signal broadening due to the paramagnetic center causes a
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Fig. 1. Antiferromagnetic coupling and NMR properties. A) Left: Energy level diagrams for oxidized (top) and reduced (bottom) [2Fe-2S] clusters. S; 5 are the
electron spin of the uncoupled iron ions, S’ refers to the electron spin of the coupled system. Right: Calculated temperature dependence of the paramagnetic shifts of
BCH,, signals of the ligands, obtained considering J = 200 cm ™! and A = 1.81 MHz. The thin and dashed lines report an increase of 10 % of the exchange coupling
constant or of the hyperfine electron-nuclear coupling, respectively. B) Schematic drawing of expected chemical shift values for BCH, signals of the ligands in [2Fe-
28] and [4Fe-4S] clusters. Arrows indicate the direction of change in chemical shift of the signals upon temperature increase [38].

“blind sphere” around the cluster that severely limits the quality of the
structure in the proximity of the prosthetic group.

More recently, solution NMR has demonstrated its ability in char-
acterizing at the atomic level protein-protein interaction networks
involved in Fe/S cluster assembly and transfer. In particular, solution
NMR spectroscopy has been successfully applied to weak or transient
protein-protein interactions [59], which are abundant in the networks of
protein-protein interactions leading to Fe/S cluster biosynthesis and
transfer [11,20,60], and they will be extensively described in Section 3.

2.2. Application of *3C-direct detection to characterize challenging Fe/S
proteins

In the last two decades, the NMR approach for the structure of
metalloproteins has been implemented with the development of 13C
detected experiments [56,61-66]. Their rationale is based on the fact
that paramagnetic relaxation depends on the square of the gyromagnetic
ratio of the studied nucleus [47,67], therefore paramagnetic relaxation
effects are 16 times lower for '°C spins than for 'H spins. Therefore,
residues whose 'H signals are broadened beyond detection may have the
corresponding 3C signals still detectable. This has been successfully
applied, among the several systems, to the NMR characterization of
MitoNEET (or CISD1) [68]. Particularly, tailored CACO and CON ex-
periments have been tested on both oxidized and reduced states of
CISD1, giving rise to a significant decrease of the blind sphere around
the cluster (Fig. 2A and B) [68,69]. It has been shown that the interplay
between structure and NMR assignment can be exploited in the
“reverse” approach to extend the NMR resonance assignment. In para-
magnetic proteins, the sequential assignment strategy is not applicable
in the surrounding of the metal centers, because paramagnetic relaxa-
tion makes the scalar connectivities, needed for an unambiguous signal
assignment, non-detectable. However, it is often possible, via tailored
experiments, to observe signals arising from the proximity of the metal

center (Fig. 2C and D) [70,71]. Typically, scalar and dipolar connec-
tivities involving these signals are not detected; however, nuclear spin
relaxation rates can be measured and used to obtain metal-to-nucleus
distances. When a reliable structural model of the protein is available,
the distance from the metal center can be used to assign the signal,
without any sequential connectivity.

As outlined above, paramagnetic relaxation is less efficient on carbon
spins than on the proton spins; therefore, the range of distances moni-
tored by '3C paramagnetic relaxation rates can be effectively combined
with that of 'H paramagnetic relaxation rates and, together, strongly
reinforces the battery of paramagnetism based structural restraints. The
R; and R rates of '3Ca and '3C' can be measured via a battery of recently
developed experiments [34,71] and, together with an extensive com-
bination of classical and paramagnetic based structural restraints, they
succeeded to obtain NMR structures [57,72] sufficiently in all protein
regions.

3. Solution NMR contributions to the mechanism of Fe/S cluster
assembly and transfer in human mitochondrial ISC assembly and
CIA machineries

In the following sections, we present recent advances and contribu-
tions that solution NMR has made toward the molecular understanding
of Fe/S protein biogenesis in the human mitochondrial iron-sulfur
cluster (ISC) assembly machinery and in the human cytosolic iron-sulfur
protein assembly (CIA) machinery.

3.1. Mitochondrial ISC assembly machinery: [2Fe-2S] cluster assembly
on a scaffold protein

A large complex (termed here the core ISC complex) assembles [2Fe-
28] clusters in the mitochondrial matrix. This complex is formed by six
proteins (ISCU2, ACP1, ISD11, NFS1, FXN, FDX2) and, within this
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Fig. 2. Optimization of '>C-direct detection experiment for paramagnetic systems. Overlay of diamagnetic CACO (black) and paramagnetic CACO (red) (A) and
overlay of diamagnetic CON (black) and paramagnetic CON (red) (B). Experiments have been performed, at 175 MHz Larmor Frequency using a Bruker Avance NEO
700 spectrometer, on the protein CISD3, containing two [2Fe-2S] clusters in the reduced, [Fe,S,]™ state. Asterisks represent the extra paramagnetic signals that are
not seen in the diamagnetic experiments. The chemical shift assignments obtained thanks to the paramagnetic experiments are indicated [70]. COCA-AP (C) and
CACO-AP (D) spectra, recorded to identify the C*/C’ signals of iron bound cysteines. Experiments have been performed, at 300 MHz Larmor Frequency using a Bruker
Ascend NEO 1200 spectrometer, on the HiPIP protein PioC, containing a [4Fe-4S] cluster in the [Fe,S4]%" state. The relative intensity of the peaks in the two ex-
periments provide information about the orientation of the C*-C' backbone bond with respect to the iron ion [71].

complex, ISCU2 acts as a scaffold protein providing the molecular unit
collecting and assembling ferrous ions and sulfur atoms into a [2Fe-
2S1%" cluster (Fig. 3A). The structural arrangement of the core ISC
complex has been visualized few years ago by several studies applying
several techniques including NMR [73-75]. On this respect, the 'H-!°N
TROSY HSQC-based NMR studies contributed to provide structural re-
straints to determine how frataxin (FXN) interacts within the core ISC
complex [74,76]. When FXN is titrated with stoichiometric amounts of
dimeric NFS1:1SD11:Acp complex, HY-N" cross-peaks, shift, broaden
and disappear. These effects on the NMR spectrum are envisaged when
FXN binds the large molecular complex formed by dimeric NFS1:ISD11:
Acp and adopts the tumbling time of the NFS1:ISD11:Acp:FXN complex.
Upon addition of ISCU2 to the obtained NFS1:ISD11:Acp:FXN complex,
FXN signal shifting, broadening, and disappearing increases. The
chemical shift perturbation analysis of the NMR spectra revealed that
FXN residues interacting with the dimeric NFS1:ISD11:Acp complex are
placed on helix al and strand p1 and that, after the addition of ISCU2,
major chemical shift perturbations appeared in the -sheet region of FXN
[74]. Overall, NMR spectroscopy is unique in indicating that, in vitro,
ISCU2 and FXN proteins cooperate in the interaction to the complex, and
that FXN binds more strongly to the dimeric NFS1:1SD11:Acp complex in
the presence of ISCU2. Furthermore, solution NMR studies contribute to
investigate the molecular function of FXN in the mitochondrial ISC as-
sembly machinery. This protein was first suggested to be a metal-
lochaperone providing Fe?" ions required to assemble the [2Fe-2S]
cluster on the core ISC complex [77-80]. The NMR studies supporting

this model indicated that FXN binds Fe?" at a negatively charged helix
[78] but not Fe>*, and that Fe?"-FXN binds to the dimeric NFS1:ISD11:
Acp complex with no iron release. Moreover, once the sulfide is formed
by the complex either adding reduced FDX2 or dithiothreitol (DTT),
Fe®' is released from FXN because of its oxidation to Fe3t [76]. On the
other hand, the cryo-EM structure of the human NFS1:ISD11:ACP1:
ISCU2:FXN complex [75] (Fig. 3A) showed that iron-binding site of FXN
is far from where the [2Fe-2S] cluster synthesis occurs, thus contra-
dicting the functional role of FXN as metallochaperone in the mecha-
nism. Several studies from different labs deny, indeed, the model of FXN
as iron chaperone and propose that FXN is only an allosteric activator of
the persulfide transfer process [81,82]. The finding that an ISCU2 ge-
netic mutant (M108I) can survive with no need of frataxin also support
that FXN does not work as iron donor [83-85]. On this respect, NMR
played a fundamental role to explain the mechanism of the ISCU2
mutant that bypasses FXN [86]. The TH-15N HSQC spectrum showed that
ISCU2(M108) variant is almost completely structured, while wild-type
ISCU2 exists in two interconverting conformations, i.e. a structured
form (S-state) and a dynamically disordered form (D-state) [86,87].
Upon titration of ISCU2 with unlabelled dimeric NFS1:ISD11:Acp
complex, M108 mutant of ISCU2 is able to interact with high affinity to
generate a [2Fe-2S] cluster. In this case, FXN does not act as an allosteric
modulator that increase the rate of the assembly reaction, as instead it
occurs for the wild-type ISCU2 [86]. This is because, after dimeric NFS1:
ISD11:Acp:ISCU2:FXN complex formation, the binding of reduced
ferredoxin FDX2, displaces FXN. This mechanism became evident when
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1H-15N TROSY HSQC NMR spectra of FXN were recorded following the
two-step addition of: i. dimeric NFS1:ISD11:Acp:ISCU2 complex, ii.
FDX2. Sharp HY-N cross peaks of isolated FXN, shift and/or broaden
beyond detection when dimeric NFS1:ISD11:Acp:ISCU2 complex is
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Fig. 3. Molecular model of mitochondrial Fe/S protein biogenesis based on
integrated structural biology data. A) Assembly of [2Fe-2S] cluster on ISCU2
driven by the core ISC complex and [2Fe-2S] cluster trafficking to GLRX5 and
GLRX5-BOLAs complexes. PDB IDs are: ISC complex-5WLW, apo-GLRX5-
2MMZ, [2Fe-2S] GLRX5-2WUL, BOLA3-2NCL, BOLA1-5LCI, [2Fe-2S] FDX2-
2Y5C. B) Generation of [4Fe-4S] cluster on ISCA1-ISCA2 complex. Dashed
rectangle and arrows indicate a putative working model for [2Fe-2S] reductive
coupling mechanism. PDB ID for IBA57 is 6QE3. C) Transfer of [4Fe-4S] cluster
to LIAS. PDB IDs are: NFU1-CTD-2M50 and NFU1-NTD-2LTM. Red colors were
used to highlight proteins and pathways that have been characterized through
solution NMR. Structural models of human proteins, solved by X-ray crystal-
lography, solution NMR or information-driven flexible docking approaches
were reported. [2Fe-2S] and [4Fe-4S] clusters were represented as red (for Fe)
ind yellow (for S) spheres.

added, but the totality of the signals is recovered after the addition of
FDX2, indicating the complete dissociation of FXN from the core ISC
complex [86]. This scenario agrees with recent data indicating that yeast
homologues of FDX2 and FXN (i.e. Yahl and Yfh1) bind to the yeast
cysteine desulfurase Nfsl using the same binding site and display a
mutually exclusive binding [88]. The same was also observed for bac-
terial ferredoxin and frataxin, which mutually exclusively bind to the
bacterial IscS-IscU complex [89].

A further contribution of solution NMR to dissect the mechanism of
[2Fe-2S] cluster assembly on the core ISC complex concerns the for-
mation of the sulfide ions (Sz') driven by the cysteine desulfurase NFS1
and the electron donor FDX2. Two electrons are required to reduce
persulfide sulfurs, formed by NFS1, to sulfides (Fig. 3A). It has been
demonstrated that the electron donor is FDX2, whose [2Fe-2S] cluster is
reduced by the ferredoxin reductase FDXR, which receives electrons
from NADPH (Fig. 3A) [90,91]. FDX2, within the core ISC complex, is in
charge of donating at least one of the two required electrons [90-92].
Oxidized and reduced FDX2 have distinct 'H-1°N HSQC NMR spectra,
where most of the differences involve residues close to the [2Fe-2S]
cluster-binding site [93]. The 115N HSQC NMR spectra differ be-
tween oxidized and reduced states, which can be thus used to monitor
electron transfer processes at atomic resolution. The electron transfer
process can be also monitored by paramagnetic 1D 'H NMR. Thanks to
paramagnetic tailored NMR experiments, the hyperfine-shifted reso-
nances of oxidized and of reduced FDX2 have been acquired [93]; their
shifts and temperature dependence directly reflects the oxidation state
of the cluster [11]. Furthermore, since the electron exchange between
the reduced and the oxidized form is slow on the NMR time-scale [94],
both 'H-15N HSQC NMR and paramagnetic 1D 'H NMR spectra provide
information about the exchange rate of the electron transfer process. By
applying these NMR experiments, the reduced form of the yeast homo-
logue of FDX2 (Yahl) shows significantly higher affinity for the yeast
homologue of ISCU2 (Isul) than the oxidized form. NMR data also
identified the interaction surface between Isul and Yahl, indicating a
possible pathway of the electrons from reduced Yah1 to Isul [95]. NMR
studies have also been used to demonstrate that both reduced and
oxidized FDX2 recognize dimeric NFS1:ISD11:Acp complex [93], that
electrons were provided by reduced FDX2 to generate sulfur, and that a
highly conserved region close to the [2Fe-2S] clusters of FDX2 forms the
interaction site in the complex. As helix a3 has been shown to bind to
both the complex and FDXR [96], it results that FDX2 bound to the
dimeric NFS1:ISD11:Acp complex cannot be reduced by FDXR, but it
needs to disrupt its interaction with the complex in order to interact with
another FDXR molecule and to receive the second electron required to
complete the assembly of the [2Fe-2S] cluster on ISCU2. NMR data
finally showed that FDX1 binds to the complex less tightly than FDX2
and yields Fe/S cluster assembly less rapidly [93]. Thus, FDX2 was
demonstrated to be the physiological electron donor in mitochondrial
ISC assembly machinery from both in vitro [90] and in vivo [91] works.
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3.2. Mitochondrial ISC assembly machinery: [2Fe-2S] cluster transfer
from ISCU2 to target apo proteins via GLRX5

Once the [2Fe-2S] cluster is assembled, the monothiol glutaredoxin-
5 (GLRX5) receives the [2Fe-2S] cluster from ISCU2. GLRX5 is a
component of the mitochondrial ISC assembly machinery [97], which
distributes the [2Fe-2S] cluster to target apo proteins. These are both
mitochondrial proteins requiring [2Fe-2S] clusters for their function and
accessory proteins involved in the assembly of [4Fe-4S] clusters. This
transfer reaction depends by dedicated molecular chaperones [98,99],
which, in humans, are the mitochondrial ATP-dependent HSPA9 and
HSC20 proteins (Fig. 3A) [100,101]. The mechanism of the transfer of
the [2Fe-2S] cluster from ISCU2 to GLRX5 mediated by this chaperone/
co-chaperone system is unknown. NMR studies provided some hints on
how the HSPA9-HSC20 chaperone-cochaperone system interacts with
ISCU2 [102], but still this process is not well characterized at the atomic
level. Many recent research studies have been, however, performed to
investigate the chaperone-cochaperone function in Fe/S protein
biogenesis [103], but they will not be discussed here, as they did not
apply NMR spectroscopy.

In the last decade, solution NMR were applied to address how [2Fe-
28] GLRX5 operates in the transfer of its cluster to protein partners.
GLRX5 belongs to the monothiol glutaredoxin family, which has a
conserved a CysGlyPheSer active site, which typically coordinates a
[2Fe-2S] cluster bridged in a homodimeric complex [104]. Monothiol
glutaredoxins can also form [2Fe-2S]-bridged complexes involving BolA
proteins. BolA protein family typically has an invariant C-terminal His
and an extra His or Cys residue which act as cluster ligands [105]. The
NMR solution structure of the apo form of GLRX5 has been solved by us
[106] showing that i) the protein is monomeric in solution, ii) the
conserved Cys is highly solvent exposed, and iii) GSH interacts with
GLRXS5 in a specific binding site close to the conserved Cys. We showed
that [2Fe-2S] cluster binding promotes GLRX5 dimerization. This is
because the [2Fe-2S]%* cluster bridges two subunits of GLRX5 thanks to
the coordination of a conserved Cys and a GLRX5-bound GSH molecule
per GLRX5 unit, resulting a high solvent accessible cluster (Fig. 3A).
Furthermore, paramagnetic NMR experiments (*H-15N IR-HSQC-AP and
1D '3C NMR) showed two sets of peaks for some residues of the Fe/S
cluster binding site, indicating that dimeric [2Fe-2S] GLRX5 adopts in
solution two conformations [106,107]. This NMR description indicated
that GLRX5 has molecular features suitable to transfer a [2Fe-2S] cluster
to apo target proteins. A stable binding of the [2Fe-2S] cluster is, indeed,
associated with its kinetic lability determined by a solvent-accessible
metal binding site, which can promote a ligand exchange mechanism.

Two mitochondrial BOLA proteins (BOLA1 and BOLA3) are present
in humans [108]. Patients with BOLA3 mutations show biochemical
phenotypes similar to those of patients with mutations present in NFU1,
another protein of the mitochondrial ISC assembly machinery
[109,110]. This data has suggested that BOLA3 plays a role with NFU1
in the machinery. In addition, BOLA1 was suggested to be involved in
the mitochondrial ISC assembly machinery as it is co-purified with
GLRX5 [111]. Although, based on yeast studies [19], it might be ex-
pected that BOLA1 and BOLA3 facilitate the transfer and insertion of
[4Fe-4S] clusters into target apo proteins, their role in the mitochondrial
ISC assembly machinery and their position in the pathway are still
elusive. BOLA1 and BOLA3 proteins are monomeric in solution and
interact with apo GLRX5 forming an apo dimeric complex [19]. NMR
studies indicate that BOLA3 and BOLA1 have very similar affinities with
apo GLRX5, and that the residues nearby the conserved His in BOLAs
and the GSH binding site in GLRX5 form the interaction site in both apo
GLRX5-BOLA1 and apo GLRX5-BOLA3 complexes [19]. By NMR, it was
also observed that homodimeric [2Fe-2S] GLRX5 interact with both
BOLA1 and BOLA3 promoting the formation of monomeric apo GLRX5
and of a GLRX5-BOLAs complex bridging a [2Fe-2S] cluster (Fig. 3A).
Chemical shift changes very similar to those observed in apo complexes
were observed in the formation of the [2Fe-2S] GLRX5-BOLAs
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complexes, but with additional chemical shift changes detected for
His67 of BOLA1, Cys59 of BOLA3 and the conserved Cys67 of GLRX5.
These regions were the same identified in the formation of the [2Fe-2S]
GLRX5 homodimer, showing that homo and heterodimers interact
similarly. Spectroscopic data indicated that, for both BOLA1-GLRX5 and
BOLA3-GLRX5 complexes, the [2Fe-2S] cluster is coordinated by a
GLRX5-bound GSH molecule, the conserved Cys of GLRX5, by the
invariant His of BOLA1 or BOLA3 and by a Cys or a His in BOLA3 and
BOLAL1, respectively [112]. NMR data also showed that both [2Fe-2S]
BOLA1-GLRX5 and [2Fe-2S] BOLA3-GLRX5 complexes are more stable
than the [2Fe-2S] GLRX5 homodimeric complex, and that, at variance of
what occurs for the formation of the apo complexes, the [2Fe-2S]
GLRX5-BOLA1 complex is preferentially formed with respect to [2Fe-
2S] GLRX5-BOLA3, thus being the different BOLA1 vs. BOLA3 ligands
the discriminating factor [112]. Structural models of the two complexes
showed that the [2Fe-2S] BOLA3-GLRX5 complex exposes the cluster to
solvent more than what it occurs in the [2Fe-2S] BOLA1-GLRX5 complex
(Fig. 3A) [112]. This information indicates that the [2Fe-2S] BOLA3-
GLRX5 complex works as a metallochaperone promoting to cluster-
exchange with GLRX5-partner proteins, similarly to what observed for
homodimeric [2Fe-2S] GLRXS5. This scenario is in agreement with recent
data showing that the two mitoribosome subunits receive [2Fe-2S]
clusters via a GLRX5-BOLA3 pathway [113] as well as to other apo ac-
ceptors [114,115]. On the contrary, the [2Fe-2S] cluster in the BOLA1-
GLRX5 complex is less solvent accessible and actively works as redox
center. This information supports that the [2Fe-2S] BOLA1-GLRX5
complex functions as electron transfer carrier and not as a metal-
lochaperone. The no [2Fe-2S] cluster trafficking role of the [2Fe-2S]
BOLA1-GLRX5 complex is supported by in vitro studies showing that
the complex does not transfer the cluster to apo protein acceptors [116].

3.3. Mitochondrial ISC assembly machinery: [4Fe-4S] cluster assembly

Several studies showed that the human proteins ISCA1, ISCA2, IBA57
are involved in the assembly of a [4Fe-4S] cluster in mitochondria
[117-120], and others showed that human GLRX5 is a protein partner of
human ISCA proteins [121,122]. NMR studies from our laboratory
provided the first clear evidence that GLRX5 is the metallochaperone
donating its bound [2Fe-2S] cluster to ISCAs [17,106,123]. GLRXS5 in-
teracts, indeed, with both ISCA1 and ISCA2, and one of the two con-
formers of [2Fe-2S] GLRXS5 preferentially donates the [2Fe-2S] cluster to
ISCA1 and ISCA2. NMR studies also showed that a dimeric complex is
formed by apo ISCA1 and apo ISCA2, which, upon receiving two [2Fe-
ZS]2+ clusters from two [2Fe-2S] GLRX5 molecules, can form a [4Fe-
45]2* cluster by reductive coupling when high concentrations of DTT
and GSH are present. This process is not operative on the ISCA homo-
dimeric complexes. These NMR-based findings thus demonstrated that
the ISCA1-ISCA2 dimeric complex is the module assembling [4Fe-4S]
clusters in mitochondria (Fig. 3B) [17]. A NMR study also allowed us
to propose a molecular model of the mechanism of [4Fe-4S] cluster
formation on the ISCA1-ISCA2 heterodimeric complex [123]. In this
study, it was shown that the two C-terminal cysteines present in the C-
terminus of homodimeric ISCA2 can sequentially extract two [2Fe-2S] 2+
clusters from GLRXS5. It was suggested that the high structural flexibility
of the C-terminal tails of ISCA1 and ISCA2 [17] drives the formation of
an intermediate formed by a cluster-bridged GLRX5-ISCA1-ISCA2
complex with two bound [2Fe-2S12* clusters. This intermediate might
be the crucial species able to promote the reductive coupling of the two
[2Fe-2S] clusters bound to it [106], upon accepting two electrons from
DTT, to form the [4Fe-4S]1%* cluster bound to the ISCA1-ISCA2 complex.
This mechanism, however, did not explain the essential role of IBA57 in
the [4Fe-4S] cluster assembly process. Recently, a DTT-free in vitro
reconstitution system [124], which used GLRX5 as a [2Fe-2S] donor and
mitochondrial aconitase as a [4Fe-4S] acceptor, showed that IBA57 is
absolutely required to form the [4Fe-4S]?" cluster, although it does not
clarify its molecular role. Moreover, this study defines that the electron
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transfer pathway providing the two electrons required to form the [4Fe-
4S]2+ cluster on ISCA1-ISCA2 complex is formed by FDX2, its reductase
FDXR, and NADPH (Fig. 3B). FDX1, the other ferredoxin present in the
mitochondrial matrix cannot replace FDX2 in this process, in agreement
with in vivo studies performed on the two ferredoxins [91,92,125,126],
which indicated a distinct role of the two human ferredoxins. We
recently showed by NMR and analytical gel filtration that a stable het-
erodimeric complex is formed by IBA57 and ISCA2 (but not by ISCA1),
only once a [2Fe-2S] cluster bridges the two proteins [127]. The ligands
of the [2Fe-2S] cluster are a conserved cysteine of IBA57 (Cys 230),
which characterizes IBA57 protein family, and three conserved cyste-
ines, which characterize the ISCA protein family. When IBA57 is mixed
either to [2Fe-2S] ISCA2 or to [2Fe-2S] GLRX5 and apo ISCA2, the same
[2Fe-2S] IBA57-ISCA2 complex is formed. Thus, this study delineates a
GLRX5\ISCA2\IBA57-dependent pathway that brings to the assembly of
a [2Fe-2S] ISCA2-IBA57 complex (Fig. 3B). We also found that the [2Fe-
28] cluster bound to this heterocomplex can switch from its reduced to
oxidized states. This finding suggests that the binding of IBA57 to the
[2Fe-2S] cluster activates a reduction process on the [2Fe-2S] cluster
bound to ISCAs. Thus, we propose that IBA57 activates an electron
transfer pathway required to reductively couple two [2Fe-2S]2* clusters
to form a [4Fe-4S]%* cluster. This step needs to be addressed at a mo-
lecular level to accept this model, structurally characterizing both the
interaction among ISCA1, ISCA2 and IBA57 and the electron transfer
pathway with the electron donor FDX2. To date, structural information
are only available on isolated IBA57, whose crystal structure has been
solved by us, showing that Cys 230 is highly exposed to the solvent, in
agreement with its role, in the heterodimeric complex, of ligand of the
[2Fe-2S] cluster bridged between ISCA2 and IBA57 [127]. The IBA57
structure and NMR interaction data also showed that tetrahydrofolate
derivatives are not substrates of IBA57, at variance of what it was found
in a bacterial structurally homologue of IBA57 (YgfZ). This result has
been recently confirmed by functional studies in yeast that showed that
yeast Iba57 does not exploit folate for its function [128]. A structural
docking model of the [2Fe-2S] ISCA2-IBA57 complex [129] showed that
the complex is organized in a dimer of dimers, where ISCA2 forms the
homodimerization core interface (Fig. 3B). The [2Fe-2S] cluster is out of
the ISCA2 core and it is shared with IBA57 in the dimer of dimers. NMR
and gel filtration data indicated the presence of an equilibrium between
the dimer of dimers and the [2Fe-2S] ISCA2-IBA57 heterodimer
(Fig. 3B). This structural arrangement of dimer of dimers might provide
a first hint on how the ternary ISCA1-ISCA2-IBA57 complex is formed.
The replacement of one of a ISCA2-IBA57 subunit of the dimer of dimers
with a ISCA1-ISCA2 unit would indeed generate a ternary complex
containing an ISCA1-ISCA2 unit able to bind a [2Fe-2S] cluster at its
interface and an ISCA2-ISCA57 unit also to bind a [2Fe-2S] cluster at its
interface (Fig. 3B). This structural module with two bound [2Fe-2S]
clusters would be perfectly suitable to assemble a [4Fe-4S] cluster
once two electrons are provided by FDX2 (Fig. 3B).

3.4. Mitochondrial ISC assembly machinery: Dedicated ISC accessory
proteins for [4Fe-4S] cluster insertion into mitochondrial target apo
proteins

Accessory proteins of the mitochondrial ISC assembly machinery
drive the transfer and insertion of [4Fe-4S] clusters into mitochondrial
target apo proteins. Among them, the best-characterized example via
NMR is the NFU1 protein. NFU1 is necessary for the biogenesis of some
mitochondrial [4Fe-4S] proteins, which are the respiratory complexes I
and II [109,110], lipoyl synthase (LIAS) [110,130] and the mitor-
ibosome assembly factor METTL17 [113]. NFU1 is formed by two folded
domains connected by a flexible linker. The C-terminal domain (CTD) is
highly conserved in the Nfu protein family, while N-terminal domain
(NTD) is less conserved. The solution NMR structures of the single CTD
and NTD are available [131] and showed that the conserved metal
biding CXXC motif of CTD is positioned on a flexible loop (Fig. 3C)
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[115,131]. NMR, analytical gel filtration and SAXS data showed that
full-length apo NFU1 is monomeric and assumes a dumbbell-shaped
structure with the two domains not fully independent (Fig. 3C). NMR
data provided information that allow us to build a structural docking
model of a compact state of apo NFUL. In this structural model, the
metal-binding CXXC motif of CTD can be still involved in Fe/S cluster
binding as it is fully exposed to the solvent [115]. NMR data also showed
that, upon [4Fe-4S]1%* cluster binding, NFU1 forms a homodimer in
which the cluster bridges two CTDs and is coordinated by two CXXC
motifs. Although no residues of the N-domain are directly involved in
coordinating the cluster, the presence of the N-domian is important to
stabilize cluster binding. Paramagnetic NMR on [4Fe-4S]%" NFU1 dimer
showed that the cluster binding site is easily reached by small molecule
ligands such as DTT and GSH, which are able indeed to bind to the
cluster likely displacing the highly solvent exposed Cys 213 of NFU1
[115]. This coordinative plasticity matches with the cluster trafficking
role of NFU1. Indeed, NFU1 is expected to receive the [4Fe-4S] cluster
assembled on ISCA1-ISCA2 complex and insert it into target apo
proteins.

A NMR-based study recently proposed the molecular events occur-
ring when a [4Fe-4S] cluster need to be inserted into mitochondrial
target apo proteins via ISCA1, ISCA2 and NFU1 proteins [132]. ISCA1 is
able to individually form complex with both NFU1 and ISCA2. On the
contrary, NFU1 and ISCA2 do not form a complex. Upon mixing the
three proteins, a transient ISCA1-ISCA2-NFU1 ternary complex is
formed. These results indicate that ISCA1 promotes the interaction be-
tween the two not interacting NFU1 and ISCA2 proteins. The synergy of
paramagnetic and diamagnetic NMR studies defined that ISCA1 specif-
ically interacts with CTD of NFU1 (NTD is not involved in the interac-
tion). This interaction drives the transfer of the [4Fe-4S] cluster from the
[4Fe-4S] cluster assembly site on ISCA1-ISCA2 complex to a [4Fe-4S]
cluster-binding site shared by ISCA1 and NFU1. This process occurs
via the formation of the ISCA1-ISCA2-NFU1 ternary complex, which is
transient and evolves, indeed, to form the [4Fe-4S] ISCA1-NFU1 com-
plex upon the release of apo ISCA2 (Fig. 3C). In such a way, the [4Fe-4S]
cluster transfer from the ISCA1-ISCA2 complex to NFU1-ISCA1 complex
is strictly and specifically controlled and drives the [4Fe-4S] cluster
insertion to those target apo proteins that specifically require NFU1 for
their maturation (Fig. 3C). Proteomics data in HeLa cells support this
model showing the ability of ISCA1 to form a complex with both ISCA2
and NFU1 proteins and that of ISCA2 to complex ISCA1, but not NFU1
[118]. Finally, a site-directed mutagenesis/spectroscopic (NMR and UV-
vis) combined approach indicated that the [4Fe—4S]2+ cluster in both
ISCA1-ISCA2-NFU1 and ISCA1-NFU1 complexes is coordinated by the
CXXC motif of NFU1 and by Cys57, and either Cys121 or Cys123 of
ISCA1 [133].

A synergistic approach that exploited SEC-SAXS and high-resolution
NMR allow us to present the structural models of apo complexes formed
by ISCA1, ISCA2 and NFU1 proteins [133]. These models revealed that
the structural plasticity of the two domains of NFU1 observed when they
interact with different protein partners is the crucial molecular factor
allowing a safe and regulated transfer of the [4Fe-4S] 2+ cluster from the
ISCA1-ISCA2 complex to the ISCA1-NFU1 complex. Two conformations
of apo NFU1 (extended and compact) were observed when NFU1 is
complexed with ISCA1-ISCA2 or with ISCA1 (Fig. 3C). Specifically, in
the ternary ISCA1-ISCA2-NFU1 complex, NFU1 assumes an extended
conformation where NTD of NFU1 is released in solution (Fig. 3C). The
extended conformation of NFU1 in the ternary complex is caused by the
position of the ISCA2 subunit, which does not allow, indeed, NTD of
NFU1 to assume the compact state. On the contrary, NFU1 assumes a
compact conformation in the ISCA1-NFU1 complex, since, upon ISCA2
release, NTD of NFU1 can go spatially close to CTD of NFU1 swapping
ISCA2 (Fig. 3C). ISCA1 assumes the same position found in both ISCA1-
ISCA2-NFU1 and ISCA1-NFU1 complexes interacting with CTD of NFU1.
These data suggest that NTD of NFU1 modulates [4Fe-4S]%t cluster
transfer, i.e.: the structural proximity between NTD and CTD observed in
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the compact conformation of NFU1 does not allow [4Fe-4S]1%t cluster
transfer and its reception from donors, while this transfer is possible in
the extended NFU1 conformation only (Fig. 3C). This role of NTD of
NFU1 in protecting [4Fe-4S] cluster from its trafficking agrees with the
finding that a quantitative [4Fe-4S]%* cluster binding to CTD was ob-
tained only in the presence of NTD [115].

The last step of the biogenesis of mitochondrial [4Fe-4S] target
proteins consists in the insertion of the [4Fe-4S] cluster in their cluster
binding sites. Experimental data monitoring the [4Fe-4S] cluster trans-
fer between NFU1 and a mitochondrial apo target protein were provided
by solution NMR. The first example consists in [4Fe-4S] cluster delivery
to mitochondrial apo aconitase. Solution NMR data suggested that an
oligomeric [4Fe-4S] NFU1 state interacts with apo aconitase, and then
the formed monomeric apo NFUL1 is no longer able to interact with [4Fe-
48] aconitase [131]. Another and deeper NMR investigation of the
mechanism of [4Fe-4S] cluster insertion into target apo proteins
involved human lipoyl synthase (LIAS), which belongs to the radical S-
adenosylmethionine (SAM) superfamily [134,135]. LIAS has two [4Fe-
48] clusters [136,137], one (named FeSgs) is distinctive of all radical
SAM enzymes [138], and the other (named FeS,,x) makes available two
sulfur atoms to biosynthesize the lipoyl cofactor [139]. In vivo studies
revealed that NFU1 is protein partner of LIAS [140] and is fundamental
for cluster insertion into LIAS [141]. Solution NMR showed that a LIAS
form mostly populating a [4Fe-4S]1%" cluster at its FeS,uy site (LIASqux,
hereafter) forms a stable heterodimeric complex with apo NFU1 [142].
ITC data confirmed this tight interaction resulting with a dissociation
constant of 0.7 &+ 0.2 uM [143]. The NMR data showed that the inter-
action surface of NFU1 with LIAS comprises the two helices of CTD
encasing the cluster binding CXXC site. This region is essentially the
same interface of NFU1 found in the interaction of NFU1 with ISCA1.
NMR data coupled with analytical gel filtration also showed that, once
LIAS,ux is added to apo or [4Fe-4S] ISCA1-NFU1 complex, it displaces
ISCAL1 to form a dimeric apo or [4Fe-4S] NFU1-LIAS,ux complex, With no
detection of a stable ISCA1-NFU1-LIAS,,x ternary complex [142]. Thus,
[4Fe-4S] cluster insertion into LIAS,, to generate matured LIAS with
cluster-loaded at the RS site occurs with the displacement of ISCA1
(Fig. 3C) [142]. CTD of NFU1 interacts with LIAS stronger than with
ISCA1, thus replacing ISCA1 in the heterocomplex by competition for
the same binding surface [142]. In conclusion, solution NMR data were
able to dissect the NFU1-dependent mechanism of maturation of LIAS
(Fig. 3C). An affinity gradient of the interaction of the C-domain of NFU1
that increases from ISCA1 to LIAS directs the [4Fe-4S] cluster to its final
destination. Recent biochemical data showed that NFU1 efficiently
restore FeS,yx of LIAS in its enzymatic cycle [143], thus suggesting that
the mechanism we proposed can also be active in cluster insertion into
the FeS,y site of LIAS. As final consideration, it is remarkable that NTD
and CTD domains in NfuA, the E. coli homologue of human NFU1, work
differently. Indeed, it has been found that NTD of NfuA is essential for
recognizing E. coli lipoyl synthase (LipA) by tightly interacting with it,
while the CTD of NfuA, which binds a [4Fe-4S] cluster like human
NFU1, does not interact with LipA [144]. This different behaviour,
although at first glance surprising, can be rationalized considering that
the structure of the two N-domains is profoundly different [145],
providing us an important lesson on how similar modular domain ar-
chitectures not always can bring to extrapolate a general mechanism
applicable from one organism to another (in particular when going from
bacteria, archeae to mammals), but that the protein surface is the crucial
factor in selecting protein interaction partners.

3.5. Mitochondrial ISC assembly machinery: potential alternative
pathways operating in the biogenesis of mitochondrial [4Fe-4S] proteins

An alternative pathway in the maturation of mitochondrial [4Fe-4S]
proteins, which was proposed based on exclusive in vitro data, envisages
[4Fe-4S] cluster assembly on ISCU2 and its transfer to apo NFUL1. It has
been observed that a [4Fe-4S] cluster can be assembled on ISCU2 at the
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core ISC complex once iron and cysteine are provided, and that this
cluster can be then transferred to NFU1 [146] as well as to aconitase to
produce an active enzyme [146,147]. The interaction and the cluster
transfer between [4Fe-4S] ISCU2 and apo NFU1 have been characterized
in vitro by NMR. 'H-'>N TROSY HSQC experiments reveal specific in-
teractions between two a-helices of CTD of NFU1 and the Fe/S cluster
binding site of ISCU2 [146]. These NMR data combined with SAXS data
generated a docking model of the complex. 'H-'>N TROSY HSQC ex-
periments also showed a selectivity of the cluster transfer process, which
exclusively occurs with a [4Fe-4S] cluster but not with a [2Fe-2S]
cluster. However, the described in vitro reaction experiments have
been questioned as a non-physiological process [95,148]. The assembly
of the [4Fe-4S] cluster on ISCU2 requires indeed a high concentration of
the no physiological reducing agent DTT.

Another alternative pathway possibly operating in the maturation of
mitochondrial [4Fe-4S] proteins includes the function of BOLA3 in
assembling [4Fe-4S] clusters on NFU1. Human BOLA3 protein has been,
indeed, implicated to act in the mitochondrial ISC assembly machinery
not only once complexed with GLRX5, but also interacting with NFU1 to
generate the lipoyl cofactor [149]. The tight interaction (Kq = 3 + 0.8
uM range) detected by microscale thermophoresis between apo/holo
NFU1 and BOLA3 suggested that BOLA3 complexed with NFU1 is the
species required to insert the [4Fe-4S] cluster into LIAS [19]. However,
NMR studies ruled out this model as BOLA3 was shown to do not interact
with NFU1 either in its apo or [4Fe-4S]1%* form. This is consistent with
ITC data that showed a very weak binding between apo NFU1 and
BOLA3 [114]. Moreover, once BOLA3 was included in NFU1-LIAS ac-
tivity assays no additional effect on turnover was observed, as well as
size exclusion chromatography experiments showed that BOLA3 is not
tightly bound to LIAS [143]. Overall, these in vitro findings exclude that
BOLA3 directly operates in the cluster insertion pathway into LIAS.
However, the still open question is why a similar reduced lipoate syn-
thesis is observed in pathogenic NFU1 or BOLA3 mutants [109,141]. On
this aspect, solution NMR data suggested that an alternative BOLA3-
dependent pathway, which forms a [4Fe-4S] cluster in NFU1 and is in-
dependent by ISCA1-ISCA2-IBA57 pathway, might be operative [115].
The data showed indeed that a [4Fe-4S]%>" cluster can be formed on
dimeric NFU1 once the [2Fe-2S]%>" GLRX5-BOLA3 complex is added to
monomeric apo NFU1 in the presence of DTT. Although the reaction is
not very efficient, likely because DTT is not the physiological electron
donor, the reaction is specific as it does not occur once [2Fe-28]1%*
GLRXS5 is mixed with apo NFU1 only [115]. Thus, this [4Fe-4S] cluster
assembly pathway on NFU1 is triggered only once both GLRX5 and
BOLA3 are present. On the other hand, the physiological relevance of
this pathway needs to be fully demonstrated, as well as a physiological
reductant needs to be identified.

3.6. CIA machinery: electron transfer to assemble a [4Fe-4S] cluster by
the NDOR1-anamorsin complex

In its first stages of action, the CIA machinery, operative in the
cytoplasm, requires electrons to assemble a [4Fe-4S]1%" cluster following
a mechanism similar to that found in mitochondria where two [2Fe-
2512+ clusters are reductively coupled. This [4Fe-4S] cluster assembly
mechanism is actually largely debated and two distinct models have
been proposed by Lill's [150,151] and Rouault's [152,153] groups,
respectively. Both models require electrons to assemble a [4Fe-4S]
cluster on a scaffold protein. While in the Rouault's model the electron
donor was still not identified, in the Lill's model two human cytosolic
proteins, i.e. NADPH-dependent diflavin oxidoreductase 1 (NDOR1) and
anamorsin, were suggested to be the source of electrons required for
assembling a [4Fe-4S]%" cluster in the cytosol [154,155].

NMR studies significantly contributed to the investigation of the
electron transfer process required to assemble the cytosolic [4Fe-4S]
cluster. By solution NMR, we characterized the structure of ana-
morsin, showing that it is formed by a N-terminal well-folded domain
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connected by a long unstructured and flexible linker to a largely un-
structured, C-terminal CIAPIN1 domain [156,157] (Fig. 4). The CIAPIN1
domain contains two highly conserved cysteine motifs present in several
eukaryotic proteins, i.e. CXgCX3CXC and CXpCX;CXyC [158].
Combining paramagnetic NMR, UV/vis, EPR, Mossbauer and MS tech-
niques, we showed that each motif independently coordinates a [2Fe-
28] cluster (Fig. 4) [156,159]. Other works showed that anamorsin
homologues belonging to the eukaryotic CIAPIN1 protein family bind
[4Fe-4S] or [2Fe-2S] clusters depending on the purification procedures
used to isolate the holo species [160-163]. Our recent studies on the Fe/
S binding properties of human anamorsin, performed by in cellulo
Mossbauer and in cellulo EPR spectroscopies, have helped to make clarity
showing that no [4Fe-4S] clusters were detected to be bound to ana-
morsin but two [2Fe-2S] clusters were bound at both motifs of ana-
morsin, consistently with the model that [2Fe-2S]; anamorsin is the
physiologically species [15]. This finding agrees with in vivo data on
yeast Dre2, which showed that its maturation does not require any
member of the CIA machinery that is known to be involved in the
maturation of cytosolic [4Fe-4S] proteins [155].

Solution NMR also contributed to define the molecular grounds of
the interaction between NDOR1 and anamorsin as well as provided in-
formation on the electron transfer between them. The two proteins form
a stable complex which, first, drives the transfer of two electrons from
NADPH to FMN moiety of NDOR1 to form the hydroquinone state of
FMN (FMNH,, Fig. 4) [157]. Then, the electrons are sequentially
transferred to the [2Fe-2S] cluster bound to the CXgCX3CXC motif of
anamorsin to form the reduced [2Fe-2S]™ cluster, but they are not
transferred to the other [2Fe-2S] cluster of anamorsin bound to the
CXCX7CX,C motif [157,159] (Fig. 4). A completely unstructured region
of anamorsin, located in the long linker of anamorsin, interacts with a
a-helical patch of the FMN-binding domain of NDOR1 (Fig. 4). On the
contrary, the well-folded N-terminal domain of anamorsin does not take
part to the complex formation (Fig. 4). It was also shown by solution
NMR that the [2Fe-2S] cluster bound to the CXgCX,CXC motif and FMN
transiently interact via an electrostatic attraction between a negatively
charged region surrounding FMN and a positively charged region sur-
rounding the [2Fe-2S] cluster [157]. Overall, the NMR data define a
stable complex thanks to the tight interaction between regions that are
far from the redox cofactors of anamorsin and NDOR1, and indicate a
structural dynamicity of the interaction between the redox cofactors,
which indeed transiently and weakly interact with each other.

Very recently, we identified a molecular target of the electron

CIAPIN1

domain
CX5CX,CXC motif— <.

N-domain

Anamorsin

BBA - Molecular Cell Research 1871 (2024) 119786

transfer pathway activated by the NADPH-NDOR1-anamorsin complex
formation. This is the cytosolic protein NUBP1, which is a component of
the CIA machinery [164]. NUBP1 contains a [4Fe-4S] cluster at its N-
terminal domain tightly bound via a conserved CX;3CX2CXs5C motif
[22,164,165]. The assembly of this cluster requires two electrons to
reductively couple two [2Fe-28]2+ clusters (Fig. 4) [166]. We showed,
via a combination of paramagnetic NMR, EPR and analytical SEC
techniques, that a complex, formed by two molecules of [2Fe-2S]3
anamorsin and one molecule of dimeric [2Fe-25]3*-GLRX3,, synergi-
cally provides two [2Fe-2S]1%* clusters from GLRX3 and two electrons
from the [2Fe-2S] cluster bound to the CXgCX5CXC motif of anamorsin
to assemble the [4Fe-4S]%" cluster on the N-terminal cluster binding site
of NUBP1 (Fig. 5A) [166]. This assembly process agrees with the func-
tional role of GLRX3 proposed in the CIA machinery. Indeed, GLRX3 is a
cytosolic monothiol glutaredoxin able to bind, in a labile manner, two
[2Fe-28]%" clusters that can be delivered in the early steps of the CIA
machinery [167]. The protein dimerizes upon binding of two bridged
[2Fe-28]er clusters as shown in Fig. 5A [22,168,169] and it has been
shown in vitro to act as a [2Fe-2S] cluster chaperone versus various
proteins [170,171], including NUBP1 [22]. In particular, while the [4Fe-
48] cluster tightly bound to the N-terminal site of NUBP1 behaves like a
final cytosolic acceptor of [4Fe-4S] clusters assembled by GLRX3-
anamorsin complex (as described above), the [4Fe-4S1%* cluster
bound at the C-terminal motif is labile [22,165]. The biogenesis of N-
terminal [4Fe-4S] cluster in the yeast homologue of NUBP1 was shown
to require the homologue of anamorsin, Dre2 [155], but does not use
proteins working later in the CIA machinery [172]. This behaviour is
markedly different from what occurs for the biogenesis of the majority of
cytosolic [4Fe-4S] proteins that, indeed, require both early and late
acting components of the CIA machinery [20,167]. These findings fit
well with the maturation mechanism we found for the N-terminal [4Fe-
48] cluster of NUBP1.

NMR studies have also shown that GSH can activate the assembly of a
[4Fe-4S]%t cluster at the C-terminal cluster binding site of NUBPI,
although not being very efficient [22]. This process proceeds only if the
[4Fe-4S] cluster is present at the N-terminal site, suggesting a cooper-
ativity effect between the N- and the C-terminal sites to drive the for-
mation of a [4Fe-4S] cluster at the C-terminal site. The same is not true
for the assembly of the [4Fe-4S] cluster at the N-terminal site, which,
indeed, can assemble independently by the presence of a [4Fe-4S]
cluster at the C-terminal site. A possible model explaining this syner-
gic effect is that the N-terminal [4Fe-4S] cluster is reduced by the

. G—Iu:e—lu

[2Fe-25] i
Reduction i
E 2+ i E —|14
NUBP1 :CISD1

Fig. 4. Electron transfer pathway guiding [4Fe-4S] cluster assembly in the cytosol based on integrated structural biology data. Electrons are transferred from NADPH
via the FAD- and FMN-containing NDOR1 to the [2Fe-2S] cluster bound to the CXgCX>CXC motif of anamorsin. [2Fe-2S]1%* cluster reduction can then generate a [4Fe-
48]1%* cluster on NUBP1 or a reduced [2Fe-2S]%* cluster on CISD1. Red colors were used to highlight proteins and pathways that have been characterized through
solution NMR. Structural models of human proteins, solved by X-ray crystallography or solution NMR, were reported. [2Fe-2S] and [4Fe-4S] clusters were repre-
sented as red and green (for Fe®* and Fe?", respectively) and yellow (for S) spheres. PDB IDs are: NDOR1(FMN-binding domain)-4H2D and N-domain of ana-

morsin-2LD4.
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Fig. 5. Molecular model of cytosolic [4Fe-4S] cluster assembly on NUBP1 and IRP1 based on integrated structural biology data. A) [2Fe-2S]13"
GLRX3, orchestrate the assembly of a [4Fe-4S] 2+ cluster on the N-terminal cluster binding site of NUBP1. B) [2Fe-2S] cluster reduction of CISD1
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mediated by the NDOR1-anamorsin complex and [4Fe-4S]" cluster assembly on cytosolic apo IRP1 under oxidative stress. Red colour was used to highlight proteins
and pathways that have been characterized through solution NMR. Structural models of human proteins, solved by X-ray crystallography or solution NMR, were
reported. [2Fe-2S] and [4Fe-4S] clusters were represented as red and green (for Fe>* and Fe?*, respectively) and yellow (for S) spheres. PDB IDs are: GLRX3(Trx
domain)-2WZ9, GLRX3(first Grx domain)-3ZYW, GLRX3(second Grx domain)-2YAN, and CISD1-3REE.

NDOR1-anamorsin complex, and the received electrons are then
sequentially supplied to the C-terminal site to assemble a [4Fe-4S]
cluster on it. This possible mechanism is intriguing but still needs to
be characterized.

3.7. CIA machinery: other potential electron transfers pathways driven by
the NDOR1-anamorsin complex

CISD1 belongs to the NEET protein family, which is a class of protein
able to bind two [2Fe-2S] clusters coordinated by a unique 3 Cys:1 His
coordination motif [173]. NMR spectroscopy complemented by UV-vis
spectroscopy showed that the NDOR1-anamorsin complex can act as
reducing agent of the [2Fe-2S] clusters bound to CISD1 via the forma-
tion of a transient complex that approaches each [2Fe-2S] cluster of
CIDS1 to the redox-active [2Fe-2S] cluster of anamorsin, i.e. the one
bound by the CXgCX,CXC motif (Fig. 5B) [174]. This specific interaction
exclusively involves anamorsin and CISD1, but not NDOR1. The physi-
ological role of this electron transfer pathway is still unknown, but a
potential function can be proposed by NMR studies. They showed that
the holo form of CISD1 is well folded, while the apo form is highly
disordered. Thus, the two forms can cycle just by insertion/transfer of
the [2Fe-2S] cluster [175]. Moreover, it was showed that an appropriate
redox state of the [2Fe-2S] clusters bound to CISD1 is crucial to transfer
them from CISD1 to a target [2Fe-2S]-receiving protein [176-178].
Once the clusters are in the reduced [2Fe-2S]" state, they are not
kinetically labile and are not released, while, once they are in the
oxidized [2Fe-2S]%" state, they are labile and transferable to an apo
protein [178-180]. Thus, cluster reduction of CISD1 driven by the
NDOR1-anamorsin complex might act as a regulatory mechanism that
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controls the cluster transfer properties of CISD1. In this model, under
oxidative stress conditions, in which the NDOR1-anamorsin electron
pumping system might be impaired [181] as the solvent-exposed [2Fe-
28] clusters of anamorsin are damaged by the oxidative environment
[32], the [2Fe-2S] clusters of CISD1, which were found resistant to NO
and H50,, turn out to be oxidized/labile and able to be released for
repairing cytosolic apo IRP1 (Fig. 5B). The latter, once produced by
oxidative stress [175], has been shown indeed to be converted to [4Fe-
4S] aconitase by CISD1 by direct Fe/S transfer in the presence of DTT as
reductant that provides two electrons required to assemble the [4Fe-4S]
cluster (Fig. 5B). Upon the reduction of oxidative stress conditions, the
NDOR1-anamorsin complex of the CIA machinery is re-activated and
able to reduce the [2Fe-2S] clusters of CISD1 thus stopping the [2Fe-2S]
cluster transfer activity of CISD1. In such model, the CIA machinery only
operates to mature [4Fe-4S] proteins under cellular conditions with no
oxidative stress [174,175,179]. The here described [2Fe-2S] cluster
transfer role of CISD1, as well as of its homologous CISD2, was proposed
to be active when GLRX3 is depleted in human cells, thus possibly
representing a cellular mechanism bypassing GLRX3-dependent cluster
transfer pathway [182]. GLRX3 depletion determines, indeed, modest
deficiencies of cytosolic Fe/S cluster enzymes [169], supporting that the
[2Fe-2S] cluster transfer function of GLRX3 might be replaced by the
NEET proteins.

3.8. CIA machinery: [2Fe-2S] cluster insertion into anamorsin

Solution NMR provided the first evidence of a mechanism inserting
[2Fe-2S] clusters into both Fe/S cluster binding motifs of anamorsin by
[2Fe-2S]2-GLRX3, [170]. These two proteins were previously shown to
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be protein partners in vivo and involved in the CIA machinery
[155,169,183]. NMR data showed that, when [2Fe-2S],-GLRX3, was
mixed with apo anamorsin, both [2Fe-2S] clusters of GLRX3 were
transferred into the two cluster binding sites of anamorsin. Moreover,
solution NMR showed that the N-terminal domain of GLRX3 tightly in-
teracts with the N-terminal domain of anamorsin and that this interac-
tion is required to activate the cluster transfer from the two couples of
Grx domains of dimeric GLRX3 sharing a [2Fe-2S] cluster to both Fe/S
cluster motifs of the CIAPIN1 domain of anamorsin (Fig. 6), which are
transiently interacting each other. The NMR data once integrated with
protein-protein docking also describe how the N-terminal domains of
GLRX3 and anamorsin reciprocally interact and showed that the linker
of anamorsin contribute to the stabilization of the protein-protein
complex. This study defined for the first time a molecular function for
the N-terminal domains of GLRX3 and anamorsin.

After cluster transfer from GLRX3 to anamorsin occurred, a stable
heterodimeric complex, formed by a molecule of apo GLRX3 and a
molecule of [2Fe-2S], anamorsin, was obtained. This compley, is tightly
stabilized by the interaction between the N-terminal domains and the
linker of anamorsin. On the contrary, the other domains of anamorsin
and GLRX3 (i.e. CIAPIN1 domain and the Grx domains, respectively) do
not form a stable interaction. The apo GLRX3-[2Fe-2S]; anamorsin
complex thus needs to be released in order to form the NDOR1-[2Fe-2S],
anamorsin complex which provides electrons to assemble cytosolic
[4Fe-4S] clusters (Fig. 6). Considering that, by solution NMR, we found
that the linker of anamorsin is a structural determinant of the tight
interaction with NDOR1 [157], we can hypothesize that the linker of
anamorsin releases its interaction with GLRX3 in the apo GLRX3-[2Fe-
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2S],.anamorsin complex to promote its tighter interaction with NDOR1.
As final consequence of this process, the apo GLRX3-[2Fe-2S];.ana-
morsin complex evolves to the NDOR1-[2Fe-2S], anamorsin complex. In
such molecular model, the linker of anamorsin thus properly modulates
its interactions with GLRX3 and NDOR1 protein partners to promote the
formation of the mature redox-competent state of anamorsin, which can
receive electrons from NDOR1. This molecular model still requires to be
experimentally validated.

Another well-characterized protein partner of GLRX3 is BOLA2
[184], which is a cytosolic protein of the BolA protein family
[105,168,185]. BOLA2 has been associated with iron homeostasis in
humans responding to changes in cellular iron availability and has a role
in protecting against iron deficiency [186,187]. NMR and biochemical
studies showed that a heterotrimeric complex formed by a GLRX3
molecule and two BOLA2 molecules stably coordinates two bridged
[2Fe-2S] clusters (Fig. 6) [18,168]. The data indicate that the trimeric
complex can be formed between the apo proteins with an affinity of 25
+ 15 pM (Fig. 6), and that the Fe/S cluster binding region of BOLA2
[168], interacts with the regions of each Grx domain of GLRX3 involved
in [2Fe-2S]1%t cluster binding, while Trx domain of GLRX3 is not
involved in such interaction [18]. Upon [2Fe-2S1%" cluster binding, each
cluster in the GLRX3-BOLA2, heterotrimeric complex is coordinated by
the conserved cysteine of Grx domain, by a glutathione bound to Grx
domain and by a conserved histidine residue in BOLA2. The fourth
ligand was not yet clearly recognized. When apo BOLA2 is mixed with
[2Fe-2S]2 GLRX3,, a heterotrimeric GLRX3-BOLA2; complex, structur-
ally similar to that formed in the apo heterotrimeric complex, but con-
taining bridged [2Fe-28]%* cluster(s), is preferentially formed, likewise
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Fig. 6. [2Fe-2S] cluster insertion into anamorsin based on integrated structural biology data. Apo GLRX3 and apo GLRX3-BOLA2 complex binds [2Fe-2S]%* clusters

to form [2Fe-2S]3*-GLRX3, and [2Fe-2S]3"-
formed GLRX3-[2Fe-2S]3"

GLRX3-BOLA2,, respectively. The latter transfer their two [2Fe-2S]1%" clusters to the CIAPIN1 domain of anamorsin. The
anamorsin complexes interact with NDOR1 to form the matured NDOR1-anamorsin complex, which can perform its electron transfer

function. ABCB7 exports an unknown, sulfur-containing molecule to the cytosol, which was proposed to be required for Fe/S cluster insertion into GLRX3 [188]. As
an alternative pathway, anamorsin can be maturated by CISD1, which, upon oxidation of its two [2Fe-2S] clusters (ox), transfer the oxidized clusters to anamorsin.
Red colour was used to highlight proteins and pathways that have been characterized through solution NMR. Structural models of human proteins, solved by X-ray
crystallography or solution NMR, were reported. [2Fe-2S] clusters were represented as red and green (for Fe>* and Fe?", respectively) and yellow (for S) spheres.

PDB-IDs already mentioned in Figs. 4 and 5.
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to what was found in the mitochondrial homologous GLRX5, BOLA1 and
BOLAS3 proteins (see above).

The [2Fe-2S],-GLRX3-BOLA2, quantitatively transfers in vitro its
two [2Fe-2S] clusters to apo anamorsin to obtain [2Fe-2S]» anamorsin
[18] through the same mechanism described above for [2Fe-2S],
GLRX3y (Fig. 6) [170]. Subsequent in vivo studies showed that this
process can also occur in mammalian cells, thus supporting that [2Fe-
28]5-GLRX3-BOLA2, works as a [2Fe-2S] cluster chaperone [182]. The
cellular studies also showed that high iron concentrations increase the
cellular abundance of the GLRX3-BOLA2 complex and that GLRX3-
GLRX3 homodimeric complex is less stable and transitory species are
formed at a cellular level. In a cell, both [2Fe-2S], GLRX3, and [2Fe-
2S]5-GLRX3-BOLA2; can play a role in maturing anamorsin. It is
possible that both complexes are operative and that the cellular condi-
tions select, between two complexes, the cluster donor of anamorsin.
Considering that [2Fe-28]2+ clusters bound to the GLRX3-BOLA2,
complex is more stable vs. oxidative degradation than the [2Fe-2S]
cluster bound to [2Fe-2S]o GLRX3, [168], it is possible that low oxy-
gen cellular conditions vs. oxidative stress is a discriminatory factor
between the two anamorsin-maturing complexes.

The NMR data complemented with analytical gel filtration analysis
indicate that the heterotrimeric GLRX3-BOLA2; complex with both
bound [2Fe-2S]2+ clusters is preferentially formed when two [2Fe-2S]2+
clusters are inserted in an already pre-formed apo GLRX3-BOLA2;
complex. NMR showed indeed that the same result cannot be reached by
adding [2Fe-2S]5 GLRX3, to BOLA2, since, in this case just, a mixture of
holo GLRX3-BOLA2, complexes containing just one [2Fe-2S]%" cluster
was obtained. Therefore, it is realistic to propose that the apo GLRX3-
BOLA2, complex receives two [2Fe-2S]2" clusters from a cluster donor.
However, which might be the [2Fe-2S] cluster donor for the latter
complex is still a matter of debate in the literature [188-191]. A recent
structural work support that the mitochondrial ABC transporter ABCB7
is in charge of transferring [2Fe-2S] clusters assembled by the mito-
chondrial ISC machinery, thus making [2Fe-2S] cluster available in the
cytosol. However, the identification of ABCB7 physiological substrates
still requires further functional investigations [192]. A still unknown
molecule exported by ABCB7 was shown to be required for the
biogenesis of cytosolic-nuclear Fe/S proteins and cellular iron regula-
tion, possibly targeting GLRX3 that acts early in the CIA machinery
(Fig. 6) [188]. On the other hand, recent biochemical analysis, per-
formed in cells and in vitro proposed a new view of the cytosolic [2Fe-
28] cluster assembly process, indicating that the iron binding protein
PCBP1 and BOLA2 form a complex with glutathione and Fe?* jon bound,
which is responsible for the formation of [2Fe-2S] clusters on the
BOLA2-GLRX3 complex [193,194]. Spectroscopic and structural evi-
dences, showing the formation of the PCBP1-Fe-GSH-BOLA2 complex as
well as its iron donor function to apo GLRX3-BOLA2 complex to
assemble the [2Fe-2S] cluster, would be fundamental to validate this
model. Moreover, how the sulfide is originated to assemble the [2Fe-2S]
cluster in the GLRX3-BOLA2 complex is still elusive.

Another route proposed for anamorsin maturation involves the NEET
proteins. By using UV-Vis spectroscopy and electrospray mass spec-
trometry, it was shown that CISD1 and CISD2 interact with apo ana-
morsin and transfer to it their [2Fe-2S] clusters, only once oxidized, to
obtain mature [2Fe-2S];.anamorsin (Fig. 6) [177]. This alternative
pathway is supported by the finding that yeast Dre2 is bound in a large
fraction to the cytosolic side of the outer membrane of mitochondria,
where CISD1 protein is also localized [195].

3.9. CIA machinery: [4Fe-4S] cluster insertion to cytosolic target apo
proteins by dedicated CIA accessory proteins

Once the cytosolic [4Fe-4S] cluster is generated, its transfer to apo
proteins is specifically mediated by several proteins of the CIA ma-
chinery [196]. Among these proteins there is the iron-hydrogenase-like
protein NARFL (also known as IOP1 and CIAO3 [197]), which accepts
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the [4Fe-4S] cluster bridged between the NUBP1-NUBP2 complex (i.e.
where a cytosolic [4Fe-4S] cluster is assembled) and delivers it to the
CIA targeting complex (CTC), that is formed by CIAO1, CIAO2B and
MMS19 proteins [198-204], and to the CIAO1-CIAO2A complex (Fig. 7)
[200,205]. Crystal and cyro-EM structures of CTC and of CTC complexed
with CTC-target proteins has been recently solved, showing that CTAO2B
is central to the complex and connects CIAO1 and MMS19 (Fig. 7) [23].
This structure, however, does not provide a clear picture of how the
[4Fe-4S] cluster is inserted in a target apo protein. Concerning the [4Fe-
48] cluster transfer from CIAO3 to the CIAO1-CIAO2A complex, a recent
study showed that [4Fe-4S] CIAO3 stably interacts only once a hetero-
dimeric complex between CIAO2A and CIAO1 is formed, while it does
not interact with the individual CIAO2A and CIAO1 proteins [206]. This
study also demonstrated that the interaction between the three proteins
requires the binding of the [4Fe-4S] cluster at the C-terminal motif of
CIAO3, while it is independent by the binding of the [4Fe-4S] cluster at
the N-terminal site of CIAO3. This is in agreement with the structural
role of the C-terminal cluster with respect to that bound to the N-ter-
minus, which is solvent exposed and labile [207].

NMR studies investigated the pathway involving CIAO3 and the
CIAO1-CIAO2A complex. The structure of monomeric CIAO2A solved by
solution NMR is available (Fig. 7) [208], and two distinct structures of
dimeric CIAO2A were reported by X-ray crystallography [208,209]. In a
recent NMR study, we showed that CIAO2A is preferentially monomeric
in solution and that it binds a [4Fe-4S] cluster only once it is complexed
with CIAO1 (Fig. 7) [210]. Specifically, it has been shown that a stable
apo heterodimeric complex is formed between CIAO2A and CIAO1, and
that, upon [4Fe-4S] cluster binding, it evolves to a complex that contains
one CIAO1 molecule and two CIAO2A molecules ([4Fe-4S] CIAO1-
CIAO2A)), likely arranged in the dimeric state of the crystal structure
able to bind a zinc ion (which mimics the [4Fe-4S] cluster binding
[209,210]) by Cys 90 (Fig. 7). At support of the physiological relevance
of this complex, it has been found that the [4Fe-4S] cluster bound to
[4Fe-4S] CIAO1-CIAO2A; can be transferred to apo IRP1 to generate
aconitase (Fig. 7) [210]. The switch from the apo CIAO1-CIAO2A het-
erodimeric complex to the [4Fe-4S] CIAO1-CIAO2A; complex might be
caused by the interaction of [4Fe-4S]y CIAO3 with the apo CIAO1-
CIAO2A heterodimeric complex. A ternary [4Fe-4S], CIAO3-CIAO1-
CIAO2A intermediate might be the key element formed to drive [4Fe-
48] cluster transfer from the N-terminal solvent exposed cluster bind-
ing site of CIAO3 to that defined by the dimerization of CIAO2A (Fig. 7).
The role of the [4Fe-4S] form of CIAO3 in bridging the interaction be-
tween the heterodimeric NUBP1-NUBP2 complex and the CTC complex
has been recently demonstrated [202], thus supporting that [4Fe-4S]
CIAO3 can similarly act in the transfer of the [4Fe-4S] cluster from
CIAO3 to CIAO1-CIAO2A complex.

Recent biochemical\spectroscopic studies including NMR contrib-
uted to the characterization of the maturation of an ATP-binding
cassette (ABC)-ATPase ABCE1 that binds two [4Fe-4S] clusters [211].
The maturation of ABCE1 includes two additional accessory proteins,
which form a complex formed by ORAOV1 and YAE1 proteins (‘CIA
adapter complex’ hereafter) [212,213]. The current molecular model
suggests that the ‘CIA adapter complex’ assists the insertion of [4Fe-4S]
clusters, received from the CIA targeting complex, into the apo form of
ABCE1 (Fig. 7). Recent data showed that ORAOV1 is able to bind a [4Fe-
48]%" cluster and it is an homodimer in both apo and holo forms, largely
composed by a-helical and flexible unstructured regions [211]. Fe/S
cluster binding in ORAOV1 is consistent with the presence of a
conserved CX9CX4C motif and of a conserved Cys 117. Similarly, to
isolated ORAOV1, the ‘CIA adapter complex’, a heterodimer formed by
one molecule of ORAOV1 and one of YAE], is composed by unstructured
and o-helical regions, and binds a [4Fe-4S]2+ cluster (Fig. 7). Site-
directed mutagenesis coupled with spectroscopic analysis favours a
structural model where, in the YAE1-ORAOV1 heterocomplex, the [4Fe-
4S] cluster is exclusively bound to the conserved cluster-binding motif of
ORAOV1. Indeed, YAE1 has not a metal-binding consensus motif.
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Fig. 7. Molecular model of [4Fe-4S] cluster insertion to cytosolic target apo proteins by dedicated CIA accessory proteins based on integrated structural biology data.
The NUBP1-NUBP2 complex assembles a [4Fe-4S] 2+ cluster bridged between the two proteins. This cluster is donated to CIAO3, which acts as mediator of the [4Fe-
48]%* cluster insertion into IRP1 and other cytosolic targets following two alternative pathways. In one pathway, CIAO3 interacts with CIAO1 and CIAO2A to deliver
the [4Fe-4S]%* cluster to IRP1 thus generating aconitase. In the other pathway, CIAO3 interacts with CTC complex to deliver the [4Fe-4S]?* cluster to several
cytosolic target apo proteins, including ABCE1, which requires the specific assistance of the YAE1I-ORAOV1 complex. Red colour was used to highlight proteins and
pathways that have been characterized through solution NMR. Structural models of human proteins, solved by X-ray crystallography or solution NMR, were reported.
[2Fe-2S] clusters were represented as red and green (for Fe>* and Fe?", respectively) and yellow (for S) spheres. PDB IDs are: CIAO1-3FMO, dimeric CIAO2A-3UX2,

monomeric CIAO2A-2M5H and CIAO1-CIAO2B-MMS19 complex-6TCO.

However, the structure of YAE1-ORAOV1 is strongly required to vali-
date this model.

4. Conclusions and outlook

The characterization of the mechanisms that drive Fe/S protein
biogenesis is a crucial aspect both for the complete description of these
pathways and for their impairment in rare diseases. The protein-protein
interaction pathways herein described clearly show how, consistently
with the premises summarized in the Introduction, solution NMR offers,
at the same time, atomic scale resolution and unambiguous signatures of
the oxidation and metalation state of the investigated systems. This
makes solution NMR a unique technique to study cluster transfer, elec-
tron transfer and cluster assembly processes. The paramagnetism of Fe/S
clusters represents an obstacle to the use of routine NMR experiments;
however, as discussed in Section 2, the state of the art of our expertise
combined with the recent improvements, in terms of sensitivity and
versatility, of modern NMR instrumentation, allowed us to evade the
loss of NMR information around the paramagnetic center and to convert
pitfalls into challenges and limitations into advantages. Within this
frame, we believe that solution NMR spectroscopy can play in the future
a crucial role in addressing various molecular aspects of the Fe/S protein
biogenesis as well as other emerging aspects, thanks to its unique ability,
with respect to all the other structural methodologies, to simultaneously
monitor protein-protein recognition, cluster transfer and electron
transfer.

Another important argument that NMR studies have highlighted
concerns the no requirement of input energy along cluster transfer
pathways occurring after that the [2Fe-2S] cluster has been transferred
from ISCU2 to GLRX5. Our NMR studies performed with GLRXS5, ISCAs,
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IBA57, BOLAs, NFU1, LIAS showed indeed that the cluster transfer from
the donor to the acceptor quantitatively occur without the need of en-
ergy ATP input. Therefore, the NMR data support a molecular model
where properly tuned protein-protein interactions and cluster affinities
in the proteins part of a cluster transfer pathway can create a thermo-
dynamic cascade that brings the cluster to its final destination, i.e. the
target protein/enzyme. The specific protein-protein recognition be-
tween the partner proteins along the pathway can also guarantee a rapid
and selective cluster transfer process. It might be possible that, along a
cluster transfer pathway, we can have incomplete cluster transfer re-
actions; however, the high affinity for cluster binding typical of the final
target protein can pull this equilibrium toward the product and over-
come a shallow thermodynamic gradient. This thermodynamic gradient-
based model is what we have indeed showed to occur in the ISCA1-
ISCA2-NFU1-dependent [4Fe-4S]%" cluster delivery pathway that spe-
cifically directs the cluster into the cluster-binding site of the final target
LIAS protein [142]. This model is specular with what it has been already
demonstrated by us and others in copper transfer pathways [214,215].
On the other hand, to definitively validate this model for iron-sulfur
cluster transfer pathways, it would be vital in the future to develop
probes able to quantitative compare the affinities of iron-sulfur-binding
proteins on a reliable and unified scale, similarly to what it was done for
copper chaperones/proteins [214].
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