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Abstract

Iron-sulfur clusters are essential cofactors found in all kingdoms of life; they had unique functional
roles throughout evolution. These clusters, which are the second major form of complex iron
cofactors in biology, are ubiquitous in all organisms, playing a key role in several biological
pathways. Mutations on the protein involved in the iron-sulfur clusters biosynthesis pathway are
associated with a group of multiple mitochondrial dysfunction syndromes (MMDS). These severe
diseases could give infantile encephalopathy, lactic acidosis, leukodystrophy and death in early
childhood. In human cells, cluster biosynthesis involves three different types of machinery: ISC
(iron-sulfur cluster assembly machinery) located in the mitochondria, CIA (cytosolic iron-sulfur
cluster assembly machinery) located in the cytosol and ISC export machinery located in the
mitochondria inner membrane. The aim of the thesis was the deep investigation of the third step
of the ISC assembly machinery. Indeed, using NMR, UV-vis and CD-vis spectroscopies in
combination with size exclusion chromatography and multi-angle light scattering we assessed the
key role of NFU1, ISCA1, ISCA2, FDX2 and LIAS in the above-mentioned machinery. Moreover,
clinical BOLA3 Cys59Tyr mutation involved in the MMDS diseases has investigated at the
atomistic and molecular levels. The gained data elucidated fundamental molecular details in the
[4Fe-4S] cluster maturation and transfer to apo recipient proteins along the third step of ISC

assembly machinery.



1. Introduction

Metal ions are fundamental cofactors with different roles in the organisms forming coordination
compounds with biomolecules. All living systems are dependent on metal-based chemistry for
fundamental processes, thus suggesting the importance of metal ions on the evolution of life.
Indeed, metals have been exploited in prebiotic chemistry and in the earliest phases of protocellular
evolution!. During the first billion years of life on the Earth, the environment was anaerobic and
iron and sulfur were abundant, and the organisms start to synthetize iron-sulfur clusters as protein
cofactors?. Iron-sulfur clusters are essential cofactors found in all kingdoms of life and participate
in a broad range of electron transfer, biosynthetic processes and important non-redox catalytic and
regulatory functions®. These clusters, that are the second major form of complex iron cofactors in
biology, are ubiquitous in all organisms, playing a key role in several biological pathways. The
amount of available free iron ions in the cell is extremely controlled and maintained in low
concentration®. Otherwise, the free metal ions presence could produce toxic reactive oxygen
species. For this reason, all the organisms develop and evolve a large number of proteins that are

able to coordinate a safe, powerful and specific biogenesis of the iron-sulfur cofactors®.

1.1 Iron sulfur clusters structure and function

The composition of iron-sulfur metal sites is relatively simple®. They are made of iron atoms
bonded with sulfide atoms creating three main forms of clusters (Figure 1)”%, which are the
rhomboid [2Fe-2S] (Figure 1B) cluster, the cuboidal [3Fe-4S] cluster (Figure 1C), and the cubane

237y and inorganic sulfide (S*), with

[4Fe-4S] cluster (Figure 1D), all containing iron ions (Fe
cysteines generally completing tetrahedral S coordination at each Fe site. Occasionally, aspartate,
histidine (e.g., Rieske proteins) or serine residues (lypoil synthase) can replace the thiolate group
in the iron sulfur cluster coordination®!?. After S*” is incorporated into the cluster, it does not
undergo redox transitions, while, Fe** in the cluster may be reduced to Fe** and vice versa. In this
way, the iron sulfur clusters achieve the ability to accept or donate single electrons to carry out

complex enzymatic reactions'!. These clusters have thus versatile electrochemical properties with



reduction potentials ranging from over 400 mV to below —400 mV'2, A [2Fe-2S] cluster bound to
the proteins can be present in two oxidation states [2Fe-2S]*" and [2Fe-2S]". On the contrary, a
[4Fe-48S] cluster can exist in three oxidation states, i.e. [4Fe-4S]**, [4Fe-4S]*", [4Fe-4S]" 1. A
[3Fe-4S] cluster is available in two oxidation states; for the [3Fe-4S]" redox state, all the three iron

ions are in 3+ oxidation state'®.
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Figure 1. Schematic representation of iron sulfur cluster geometry bound to cysteines residues:

A)Fe’"; B) [2Fe-28] cluster; C) [3Fe-3S] cluster; D) [4Fe-4S] cluster.

Iron-sulfur clusters are found in a wide variety of metalloproteins, such as the ferredoxins, NADH
dehydrogenase, hydrogenases, coenzyme Q-cytochrome c reductase, succinate-coenzyme Q
reductase and nitrogenase. These iron sulfur proteins are involved in several cellular processes,
such as cellular respiration, photosynthesis, radical chain reactions, DNA synthesis and repair for
genome maintenance, protein translation, RNA modifications, and antiviral defense
strategies>!>!6, Furthermore, iron sulfur clusters can operate as a sulfur donor for other sulfur-
containing protein cofactors such as biotin and lipoic acid'”'®. Finally, iron sulfur clusters may
help stabilizing protein domains, thereby regulating the dynamic interaction with other proteins as
proposed for nuclear DNA polymerases'®. Concluding, it is totally evident that biosynthesis of iron

sulfur clusters is fundamental for the proper functioning of the human cells.
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1.2 Mitochondrial ISC assembly machinery

In eukaryotic cells, the iron sulfur cluster biosynthesis involves three different machineries: ISC
(iron-sulfur cluster) assembly machinery located in the mitochondria (Figure 2), CIA (cytosolic
iron-sulfur cluster) assembly machinery that generates cytosolic and nuclear iron sulfur cluster
protein located in the cytosol® and ISC export machinery based on a protein transporter placed in
the mitochondrial inner membrane, which has been shown to have a key role for the maturation of
the cytosolic and nuclear proteins?®. The mitochondrial ISC assembly machinery is highly
conserved in all eukaryotes, which during evolution was inherited from bacteria by endosymbiosis,
and it is the crucial cellular component required for the maturation of mitochondrial and
cytosolic/nuclear iron sulfur cluster proteins®!?2, The ISC machinery is the starting point for the de
novo iron sulfur cluster assembly in all cellular compartments; in humans, it involves 17 different
proteins, but the way in which they cooperate is still not well understood. This machinery can be

divided into three fundamental steps (Figure 2):

e Iststep: A [2Fe-2S] cluster is assembled on the ISCU2 scaffold protein via a large protein
complex formed by NFS1, ISD11, FXN, ACP and FDX2%. Fe?" ions are imported in the
mitochondrial matrix by the intermembrane transporters mitoferrin-1 and mitoferrin-2
making available free iron source?*. The sulfide ions are provided by the conversion of two

cysteines in alanine by the subcomplex composed by NFS1, ISD11 and ACP proteins®.

e 2nd step: [2Fe-2S] cluster is released from ISCU2 to specific proteins. Two different
processes could occur: ISCU2 transfers directly the [2Fe-2S] cluster to GLRXS or directly
inserts it into the target enzymes®. These processes are assisted by the HSPA9 chaperone
and Hsc20 co-chaperone required for the safe trafficking of the [2Fe-2S] cluster from
ISCU?2 to the targeting proteins. Then, GLRXS is able to maturate apo targeting proteins
that demanded [2Fe-2S] cofactors?’?® and it is also essential for the distribution of [2Fe-
28] cluster to the proteins involved in the final step of the ISC assembly machinery for the
maturation of [4Fe-4S] target®.

e 3rd step: ISCAI1, ISCA2 and IBAS57 are involved in the [4Fe-4S] cluster formation and
trafficking. In this step, GLRXS donates two [2Fe-2S] clusters to the ISCA1-ISCA2
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complex that performs the reductive coupling of two [2Fe-2S] clusters to assembles a [4Fe-
48] cluster®=° using two electrons given by the reduced form of FDX2. The molecular role
of IBA57 in the [4Fe-4S] cluster synthesis is still ambiguous, although in vivo data suggest
that IBAS7 is strictly required for the synthesis®**!. Finally, the assembled [4Fe-4S] cluster
is released to NFUI that is needed for cluster insertion into some targeting mitochondrial
proteins®>*, How the [4Fe-4S] cluster is transferred to these apo targeting proteins is still

not defined.

ISC assembly machinery

\
L)
]
@.

Insertion

Figure 2. A model of the iron sulfur cluster assembly machinery required for the de novo synthesis

of [4Fe-4S] and [2Fe-2S] clusters.

A parallel and secondary pathway where BOLA3 complexed with GLRXS can act in [2Fe-2S]
cluster trafficking and/or insertion process was also suggested®*. This hetero complex in its [2Fe-
2S] bound state was shown to be able to transfer the cluster to both apo FDX1 and FDX2 336, as

well as to apo NFUI1 that assembles a [4Fe-4S] cluster acting as a dimer>’. The maturation pathway



of mitochondrial targeting proteins dependent by BOLA3-GLRXS5 hetero complex is also
supported by in vivo studies that demonstrate the physiological role of the BOLA3 as a late actor

of the ISC assembly machinery?*-3°.

1.3 The actors of the late step of the ISC assembly machinery

The third and final step of the ISC assembly machinery, which consists on the mechanisms that
lead to the [4Fe-4S] cluster synthesis, trafficking and insertion into apo recipient proteins, is poorly
understood and explored. The main protagonists of the late step of the ISC assembly machinery
are well established and are ISCA1, ISCA2, IBA57, FDX2, BOLA3 and NFU1 (Figure 3).
According to their role in [4Fe-4S] protein maturation, mutations on these proteins cause a severe
malfunction on the [4Fe-4S] requiring mitochondrial enzymes. In this scenario, ISCA1(Figure
3A) and ISCA2 are proteins highly conserved from bacteria to eukaryotic cells and are essential
for [4Fe-4S] cluster biosynthesis?***!. Specifically, ISCA1 and ISCA2 are two highly
homologous members of the A-type protein family that are characterized by three highly conserved
cysteine residues organized in a C-Xa-C-G-C sequence motif*?. In vivo studies, performed in S.
cerevisiae on the Isal and Isa2 (yeast homologues of human ISCA1 and ISCA2), provide strong
evidence of the crucial role in the iron metabolism of these two proteins, specifically on the [4Fe-
48] cluster biosynthesis*’. Depletion of the Isal and Isa2 genes reduce the aconitase and succinate
dehydrogenase activities and their [4Fe-4S] cluster content. Further data have demonstrated that
the maturation of [2Fe-2S] proteins was unaffected in the absence of the Isa proteins, although that
of proteins containing [4Fe-4S] clusters was dependent on their function*. In human cells,
knockdown of ISCA1 and ISCA2 genes impair the maturation of several mitochondrial [4Fe-4S]
cluster proteins, like complexes I and II of the respiratory chain and aconitase**. Brancaccio et al.
through NMR experiments demonstrated that the two ISCAs proteins are able to synthetize a [4Fe-
48] starting from two [2Fe-28] clusters given by GLRX5%732, Summarizing, these data definitively
prove the ISCA1 and ISCA2 function in the late step of the ISC assembly machinery assembling
a [4Fe-4S] cluster.

Although, the ISCA1 and ISCA2 role in the [4Fe-4S] cluster assembly is quite defined, the

mechanism underlying the conversion of [2Fe-2S] into [4Fe-4S] clusters is poorly define. In this
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step of the ISC assembly machinery, an electron donor is necessary in order to synthetize the [4Fe-
48] cluster starting from two [2Fe-2S] clusters. Recently, it was discovered that the protein
involved in the electron transfer necessary for this process is FDX2 (Figure 3B)*®*. Ferredoxins
are small iron-sulfur proteins that use the redox properties of their [2Fe-2S] or [4Fe-4S] cofactors
in order to transfer electrons in a wide variety of biochemical reactions. Human mitochondria
possess two ferredoxins, FDX1 and FDX2 both containing a [2Fe-2S] cluster®. FDX1 is
recognized as a versatile electron donator involved in several reactions such as steroid hormone
biosynthesis and vitamin D metabolism*’. It is already known that in the first step of the ISC
machinery, FDX2 is a more efficient reductant compared with FDX1; indeed the latter is
overexpressed only in specific tissues. It was proposed that FDX2 gives the electrons required to
reduce two [2Fe-2S] clusters to form a [4Fe-4S] cluster. The mechanism as well as the essential

role of IBAS57 in this process are still unclear and further studies are considered necessary.

After the [4Fe-4S] cluster formation, NFU1(Figure 3C), the final striker of the third step of the
ISC assembly machinery, is required*>*?. There are two different NFU1 isoforms expressed by
human cells with distinct subcellular localizations, the one involved in ISC assembly machinery
is isoform I that loose the first 58 N-terminal residues after the mitochondrial internalization. S.
cerevisiae lacking Nful are partially deficient in the [4Fe-4S] enzymes aconitase, succinate
dehydrogenase and lipoic acid synthase. Nful depleted cells do not show any defects in enzymes
dependent on [2Fe-2S] clusters, suggesting that Nful acts only in the [4Fe-4S] cluster transfer
pathway?®. The human NFU1 is involved in the maturation of apo targeting proteins preferring
respiratory complexes I and II, and lipoyl synthase'”. A recent structural characterization of human
NFUI1 displayed that the apo protein is monomeric in solution and adopts a dumbbell-shaped
structure with well-structured N and C-domains connected by a highly flexible linker*®*%, SAXS
analysis coupled with NMR analysis define that [4Fe-4S] NFU1 consists of a trimer of dimers,
where the cluster is bridged by the cysteine residues of the C-terminal domains of two apo-NFU1
subunits forming a dimer, while the N-terminal domains of three of these dimers form a trimeric
conformation*®. However, it was demonstrated that [4Fe-4S] NFU1 physiologically acts as a dimer
bridged by the [4Fe-4S] cluster bound with the highly conserved cysteines of two C-terminal
domains***°. From functional point of view, it is described that NFU1 can act in different manner
activating different pathways modulated by the [4Fe-4S] clusters cellular request. First, NFU1 can
receives the cluster by the ISCA1-ISCA2 heterocomplex as it is already described for bacteria and
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yeasts*0:4

, acting in dimeric state as a maturation agent for some apo targeting proteins.
Additionally, on the basis of genetic and biochemical techniques it has been proposed that the
assembly of a [4Fe-4S] cluster on NFU1 requires the coordinate action of three proteins, which
are ISCU2, ISCA1 and FDX2¥. Specifically, the [2Fe-2S] cluster bound forms of ISCA1 and
ISCU2 interact and donate their cluster to dimeric NFU1, which then reductively couple into a
[4Fe-4S] cluster upon the delivery of two electrons by FDX2. This mechanism is supported by the
interactions observed in vivo between NFU1 and ISCU2, between NFU1 and ISCA1, between
NFU1 and FDX2 and between two NFU1 molecules®’, as well as by in vitro NMR and SAXS
studies that showed NFU1 and ISCU2 form a complex in which the cluster binding region of
ISCU2 interacts with the C-domain of NFUI*. This postulated [4Fe-4S] cluster assembly
mechanism bypasses the ISCA1-ISCA2 complex, thus not explaining the role of ISCA2 in the ISC
assembly machinery. Finally, another possible pathway involves the [2Fe-2S] GLRX5-BOLA3
complex that is able to promote the assembly of a [4Fe-4S] cluster on dimeric NFU1, again with
no requirement of the ISCA1-ISCA2 complex®’. This alternative pathway have been proposed to
be activated exclusively under cellular oxidative conditions®’. These different postulated models
depict the NFUI function in the [4Fe-4S] cluster assembly and trafficking even if the physiological
preferred pathway is still ambiguous. Finally, in the third step of the ISC assembly machinery
NFUI, alone or complexed, is required for the cluster transfer to the apo targeting proteins. This
mechanism is still not well defined and it demands characterization. Lipoyl synthase (LIAS
hereafter) (Figure 4D) is one of the most important [4Fe-4S] cluster recipient apo proteins. It is a
member of the radical S-(5’-Adenosyl)-L-Methionine (SAM) superfamily of enzymes that uses
two [4Fe-4S] clusters to catalyse the final step of the biosynthesis of the lipoyl cofactor >!. LIAS
attaches two sulfhydryl groups to C6 and C8 of an octanoyl chain®'. The appended sulfur atoms
derive from an auxiliary [4Fe—4S] cluster that is degraded during the enzymatic turnover, and this
degraded cluster is called auxiliary cluster (FeSaux hereafter)®>>. The second [4Fe-4S] clusters
(FeSrs hereafter) performs a reductive cleavage of a SAM molecule to obtain methionine and a
5’-deoxyadenosyl radical (5-dAv«) that is necessary to generate a radical on the octanoyl chain'®.
The FeSrs cluster is bound to a CX3CX2C motif, i.e. three iron ions are covalently bound to three
Cys residues of the motif (Cys 137,Cys 141 and Cys 144 in LIAS) and the fourth iron ion, termed

as catalytic iron ion, is exposed to the SAM binding. The FeSaux cluster is bound through a
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conserved CX4CXsC motif (Cys 106, Cys 111 and Cys 117 in LIAS) and a serine (Ser 345 in
LIAS)’!54,

A

C C-domain

N-domain

Figure 3 Structures of the proteins involved in the ISC assembly machinery that were mainly
studied in the thesis. A) apo ISCA1 structure generated by Alphafold software B) [2Fe-2S]*'FDX2
structure derived from X-ray diffraction data C) apo NFUI1 structure derived by in solution NMR
data on each isolated domains D) M. tuberculosis lipoyl synthase structure derived by X-ray

diffraction data.

Recently, it was shown that the iron sulfur cluster carrier protein NfuA from E. coli regenerates
the auxiliary cluster of E. coli lipoyl synthase (LipA) after each turnover. In this way, LipA acts
catalytically upon the continuous supply of [4Fe-4S] clusters by NfuA!”. The latter is the E. coli
homologous of the human NFU1 that is the late acting protein of the human mitochondrial ISC
assembly machinery. While the biosynthetic mechanism of the lipoic acid by lipoyl synthase was

11



deeply investigated in the recent years, the LIAS maturation process is poorly studied and demand

characterization.

In conclusion, elucidating the molecular events leading to the [4Fe-4S] cluster synthesis,
trafficking and delivery to apo recipient mitochondrial proteins is fundamental in order to fully

characterized the third step of the ISC assembly machinery.

12



1.4 MMDS: diseases related to the dysfunction of the late steps of
the mitochondrial ISC assembly machinery

Due to the essential role of iron sulfur cluster proteins in the human cells, their mutations are
related with an increasingly number of rare and severe human diseases (Table 1). Iron sulfur
clusters, as described in the paragraph 1.2, are involved in uncounted fundamental cellular
mechanisms like DNA metabolism, electron transport chain and lipoic acid maturation. Recently,
it was discovered that the DNA binding affinity of DNA processing enzymes are modulated by
the redox process of a [4Fe-4S] cluster™. Iron sulfur cluster enzymes are also required for the DNA
translation and repair systems, indeed malfunction related to these proteins cause genome
instability and high cancer propension®®. However, rare neurodegenerative diseases are the most
related to iron sulfur cluster protein mutations. In this scenario, the most common inherited iron-
related disorder is Friedreich’s ataxia, caused by a triplet expansion in intron 1 of the frataxin
gene’’8, Frataxin deficiency is characterised by accumulation of iron in the mitochondrial matrix
causing progressive degeneration of the nervous system leading to ataxia and compromises the
heart conditions®. Besides, some kind of myopathy (disease of the muscle in which the muscle
fibres do not function properly resulting in muscular weakness) are related to mutation on the IscU
and FDX2 genes. ISCU myopathy is characterized by severe exercise intolerance, tachycardia, and
pain in active muscles due to decreased mitochondrial iron sulfur clusters enzyme activities. This
myopathy disease is caused by homozygous splice mutation in intron 4 of the IscU gene resulting
in decreased ISCU?2 levels. Furthermore, FDX2 related myopathy is associated to a mutation that
abolish the ATG initiation codon, resulting in low expression levels of FXD2, and decreased
activities of respiratory complexes I-III and mitochondrial aconitase®®®!. Symptoms are similar

but less severe respect to the ISCU myopathy.
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Proteins Affected steps Diseases Mutations
NFS1 [2Fe-2S] assembles Infantile complex Missense mutation
/11T deficiency c.251G>A,
p-Arg72GIn
Frataxin [2Fe-2S] assembles Friedreich’ ataxia FXN gene
suppression, due to
expansion of the
intronic GAA repeat
FDX2 Fe-S biogenesis Mitochondrial muscle Homozygous
electron donor myopathy mutation ¢.1A>T
GLRXSA [2Fe-2S] cluster Sideroblastic anemia ~ Non correct splicing
carrier
ISCU2 [2Fe-2S] assembles ISCU myopathy Missense mutation
c.149G>A, p.G50E
BOLA3 [2Fe-2S] clusterand ~ MMDS2 Homozygous
[4Fe-4S] cluster missense mutation
delivery ¢.200T>A in exon 3,
p.167N
NFU1 [4Fe-4S] cluster MMDSI1 Homozygosity for
delivery c.622G>T
(p.Gly208Cys), or
compound
heterozygosity for
c.622G>T
ISCA1 [4Fe-4S] cluster MMDS5 homozygous
assembles missense mutation
c.29T>G p.V10G
ISCA2 [4Fe-4S] cluster MMDS4 Homozygous
assembles missense mutation
c.229G>A,
c.334A>G
IBAS7 [4Fe-4S] cluster MMDS3 Homozygous
assembles mutation ¢.941A>C,
p-GIn314Pro

Mitoferrin 1

Mitochondrial iron
importer

Variant erythropoietic
protoporphyria

Aberrant splicing of
MFRNI transcript

Table 1: Human diseases related to iron sulfur cluster proteins mutations.
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The iron sulfur cluster proteins related to human diseases that are more linked with this thesis work
are the multiple mitochondrial dysfunction syndromes, named MMDS. These diseases are severe
syndromes including mainly malfunctions on the different subunits of the electron transport chain.
They are typically characterized by infantile encephalopathy, lactic acidosis, leukodystrophy and
leads to death in their first year of life ®*%. Clinical and biochemical investigations on patients
revealed that these symptoms are related to single point mutations on NFU1, BOLA3, IBAS57,
ISCAT1 or ISCA2 genes. These mutations are characterized by deficiency of respiratory complex I
and III, pyruvate dehydrogenase (PDH), a-ketogluterate dehydrogenase (KGDH), and lipoate
synthase®®%*5 that are all proteins that need [4Fe-4S] cluster for their function. Typically,
symptoms associated to these neurodegenerative MMDS disease are brain dysfunction, seizures,
hypotonia, delayed development of mental and movement abilities, difficulties in growing a
gaining normal and expected weight and lactic acidosis. Each different MMDS, associated with
mutations on different ISC assembly machinery genes, present some or all symptoms described
above leading always in a dramatic clinical picture. By elucidating these very severe syndromes,
it resulted clear that the study focused on the ISC assembly machinery is required. Analysing and
elucidating the steps and the molecular interactions of the ISC assembly machinery might be
fundamental to deeply understand the mutation phenotypes. In this way, it might be possible to

rationalize new genetic or pharmacological approach for these severe syndromes.

1.4.1 MMDS?2: BOLA3 mutations related diseases

BOLA3 is a member of the BolA-like protein family that is highly conserved from prokaryotes to
eukaryotes. Recently, it has been suggested that BOLA-type proteins are important partners of
monothiol glutaredoxins®. In human cells there are three different BOLA proteins: mitochondrial
BOLA1 and BOLA3, and the cytosolic BOLA2. BOLA3 is involved in the third step of the ISC
assembly machinery being able to bridge a [2Fe-2S] cluster with GLRXS5 forming an hetero
complex®’. An in vitro study showed that BOLA3 helps GLRXS in the delivery of two [2Fe-2S]
clusters to NFU1 in order to assemble a [4Fe-4S] cluster on NFU1%’. These results are supported
by biochemical analysis performed on yeasts cells where BOLA3 knockdown cause a strong defect

in lipoyl synthase (LIAS) assembly and protein lipoylation as well as a weak defect in SDH
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activity®”. Similarly, NFU1 is involved in the lipoic acid maturation pathway!”*’. All these data
suggest an important BOLAZ3 role in the iron sulfur clusters delivery and assembly*”*%¢* Due to
the important role of BOLA3 in the maturation of mitochondrial [4Fe-4S] proteins, variants in
BOLA3 cause MMDS type 2 characterized by infantile encephalopathy, leukodystrophy, lactic
acidosis, non-ketotic hyperglycinemia and death in early childhood®®"% . A single base-pair
duplication c.123dupA was identified in BOLA3, causing a frame shift that produces a premature
stop codon (p.Glu42Argfs*13) leading to combined deficiency of the 2-oxoacid dehydrogenases,
associated with a defect in lipoate synthesis and in complexes I, II, and III of the mitochondrial
respiratory chain®. Additionally, nonketotic hyperglycinemia, a disorder of glycine metabolism
defined by deficient enzyme activity of the glycine cleavage enzyme system, is associated with
homozygous ¢.136C>T(p.R46X) mutation on the BOLA3 gene that leads to truncating and
inactive protein®*%’. Lately, a novel phenotype for MMDS2 with complete clinical recovery and
partial resolution of magnetic resonance imaging abnormality was observed in a patient®. Whole
genome sequencing identified compound heterozygous variants in BOLA3: one previously
reported (c.136C > T, p.Arg46* ®+7) and one novel variant (c.176G > A, p.Cys59Tyr). These
heterozygous variants determine a much milder phenotype with respect to homozygous ¢.136C >
T (p.Arg46*) variants reported by Baker et al. in three unrelated patients®’. The unique discrepancy
is the different life span: while the phenotypes at 18 months are equivalent, the grown patient with

the heterozygous variants (after 8 years old) regained normal neurological and cognitive function.
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1.6 Aim of the thesis

My PhD thesis was focused on the investigation of the molecular mechanisms responsible of the
assembly of some mitochondrial [4Fe-4S] cluster proteins. In mitochondria, a machinery
composed by at least 17 proteins is responsible of the latter process, which occurs along three
major steps. The third step of this machinery is the topic of my thesis; it involves the formation of
a [4Fe-4S] cluster starting from [2Fe-2S] clusters and their subsequent insertion into recipient apo
proteins. Although all the proteins involved in this last step have been identified, the mechanisms
through which these processes occur are not yet elucidated, and thus a complete and detailed
molecular picture of the third step of the machinery is needed. This characterization is also
essential as several mitochondrial diseases (called Multiple Mitochondrial Dysfunctions
Syndrome, MMDS) are associated to the proteins involved in this step. These are: NFU1, ISCAL,
ISCA2,IBAS57, FDX2, GLRXS and BOLA3. Previous studies reported that: (i) GLRXS, the [2Fe-
2S] metallochaperone of the mitochondrial matrix, donates two [2Fe-2S] clusters to the ISCA1-
ISCA2 complex®; (ii) Ferredoxin-2 (FDX2) supplies the two electrons required for the reductive
coupling of two [2Fe-2S] clusters to form a [4Fe-4S] cluster®’; iii) IBA57 is required in the latter
process, although its role is not clear yet?; (iii) NFU1 is required for the cluster delivery to the apo
recipient proteins, such as the respiratory complexes I and II and lipoyl synthase (LIAS)"". In vitro
studies described also a parallel pathway where BOLA3, forming an hetero complex with GLRXS,
transfers two [2Fe-2S] clusters to NFU1 in order to assembles a [4Fe-4S] cluster bypassing the
ISCAs dependent pathway®’. Initially, my work was focused on the in vitro structural and
functional characterization of the [4Fe-4S] cluster assembly and transfer involving NFU1, ISCA1
and ISCA2. The current prevailing model, largely based on studies in S. cerevisiae, proposes that
NFUI receives a [4Fe-4S] cluster assembled on the ISCAs proteins system and then transfers it to
selected apo target proteins with the assistance of BOLA3. In this scenario, a ISCA1, ISCA2 and
NFU!1 structural and functional characterization, performed exploiting NMR and SEC
chromatography techniques, can clarify the steps leading to the formation and transfer of the [4Fe-
48] cluster. The collected data define a detailed molecular model of the succession of events
performed in a coordinated manner by ISCA1, ISCA2 and NFUI to make available [4Fe-4S]
clusters for mitochondrial apo recipient proteins. This interaction was also investigated by SAXS,

thus obtaining structural models of the different identified hetero-complexes. The molecular
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mechanism of lipoyl synthase (LIAS) maturation was also studied, through
diamagnetic/paramagnetic NMR and SEC-MALS analysis, thus understanding the molecular steps
that lead to the production of mature LIAS. The LIAS and NFU1 interaction pattern were defined
at atomic level and the functional role of the newly identified [4Fe-4S] NFU1-ISCA1 hetero-
complex in the LIAS maturation understood. The role of FDX2 in the reductive coupling of two
[2Fe-2S] clusters to form a [4Fe-4S] cluster was also investigated. Very recently, it was indeed
discovered that the protein involved in the electron transfer necessary for the [4Fe-4S] cluster
assembly is FDX2 that is able to donate electrons through the oxidation of the [2Fe-2S] cluster
bound on the protein®®#. The data obtained up to now by us showed that the isolated ISCA1 and
ISCA2 proteins do not interact with FDX2, suggesting that the electron transfer process requires
IBAS57 and/or the formation of the ISCA1-ISCA2 heterocomplex. Finally, a heterozygous variant
of BOLA3 gene (c.176G>A, p.Cys59Tyr) was characterized. This mutation is associated with a
novel phenotype of MMDS type 2%°. The tyrosine substitution affects an highly conserved amino
acid, the Cys59 residue that has been identified as a ligand of the [2Fe-2S] cluster bound in the
BOLA3-GLRX5 complex®®. Our data indicated that the mutation does not modify the overall
structure of BOLA3, it structurally perturbs the iron-sulfur cluster binding region but without
abolishing [2Fe-2S]** cluster-binding on the hetero-complex, and it promotes the formation of an
aberrant apo C59Y BOLA3-GLRXS5 complex structurally different from that formed by the wild-
type proteins. Overall my PhD studied contributed to characterize at a molecular level the
mitochondrial [4Fe-4S] cluster assembling and transfer providing detailed molecular snapshots

able to elucidate how the third step of the mitochondrial machinery works.
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2. Results
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Abstract

The third step of the ISC assembly machinery is still under investigation because, even if the
involved proteins have been identified, the different molecular interactions in the pathway still
need to be elucidated. This third step requires: (a) GLRXS, the [2Fe-2S] metallochaperone that
gives two [2Fe-2S]*" clusters to the ISCA1-ISCA2 complex?’; (b) FDX2, which supplies the two
electrons required for the reductive coupling of two [2Fe-2S]** clusters to form a [4Fe-4S]**
cluster’®’®; (¢) NFUI, that is necessary for the cluster transfer to the apo targeting proteins.
Previous studies established that ISCA2 and NFU1 are the ISCA1 partners in the third step of the
ISC pathway™. Within this perspective, this work aimed at elucidating the ISCA1, ISCA2 and
NFUTI role in the process of [4Fe-4S] cluster formation, through their structural and functional
characterization via NMR and SEC chromatography experiments,. The data showed that ISCA1 is
complexed with NFU1 or ISCA2 or with both, although the preferential arrangement is not clear.
The results of the apo proteins interaction experiments suggested that the interacting surface on
ISCAL1 could be the same in the formation of either complexes. Consequently, that surface is no
longer accessible for further protein-protein recognition, and ISCA1 is redistributed to form a
complex with both proteins separately. These data support a model in which two parallel cluster
transfer pathways are operative: the first involves the ISCA1-ISCA2 complex, which is responsible
for assembling a [4Fe-4S] cluster targeted to several mitochondrial iron sulfur cluster proteins,
while the second involves NFU1-ISCA1 complex, which is responsible for assembling a [4Fe-4S]
cluster targeted to a subset of mitochondrial iron sulfur cluster proteins. On the other hand, the
NMR experiments on the holo-complexes lead to a different interpretation. In fact, by titrating "N
apo NFU1 with [4Fe-4S] ISCA1-°N ISCA2, it resulted that the final 'H-'>N HSQC map of the
mixture is essentially superimposable to '"H-'"N HSQC map of the apo "N apo NFU1, apo ISCA1-
SN ISCA2 mixture, indicating that the final interaction network is highly similar. However, the
'H 1D paramagnetic spectra acquired on the [4F-4S] NFU1- ISCA1-'°N ISCA2 mixture showed
that the cluster is shifted from ISCA1-ISCA2 hetero-complex to ISCA1-NFU1 hetero-complex,
suggesting that the cysteines of ISCA1 and NFUI together bind the cluster even though ISCA2
still interacts with ISCA1 forming a trimeric complex. ISCAL1 is the key player of the [4Fe-4S]
protein maturation process being able indeed to both individually and collectively interact with

ISCA2 and NFU1. We can propose a model of the ISC assembly machinery late step where:
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e The [4Fe-4S] cluster is assembled on the ISCA1-ISCA2 heterodimer by reductively
coupling two [2Fe-28] clusters donated by GLRX5?’.

e [4Fe-4S] ISCA1-ISCA2 complex can transfer the cluster to client proteins independently
from NFUI.

e [SCALI, by its specific recognition with NFU1, mediates the [4Fe-4S] cluster shift from
ISCA1-ISCA2 to ISCA1-NFU1 forming ternary ISCA1-ISCA2-NFU1 complex;

e The formed [4Fe-4S] ISCAI-NFU1 complex can then specifically direct the [4Fe-4S]

cluster to mitochondrial client proteins.

ISCAL resulted to be the crucial protein activating all [4Fe-4S] protein maturation pathways, i.e.
ISCAs-dependent and [4Fe-4S] NFU1-dependent ones, satisfying the in vivo studies reported in
the literature.
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Abstract

The late-acting steps of the pathway responsible for the maturation of mitochondrial [4F e-4S] proteins are
still dusive. Three proteins ISCA1, ISCA2 and NFU1 were shown to be implicated in the assembly of
[4F e-4S] clusters and their transfer into mitochondrial apo proteins. We present here a NMR-based study
showing a detailed molecular model of the succession of events perfformed in a coordinated manner by
ISCA1, ISCA2 and NFU1 to make [4Fe-4S] clusters available to mitochondrial apo proteins. We show that
ISCA1 is the key player of the [4Fe-4S] protein maturation process because of its ability to interact with
both NFU1 and ISCA2, which, instead do not interact each other. ISCA1 works as the promater of the
interaction between ISCA2 and NFU1 being able to determine the formation of a transient ISCA1-
ISCA2-NFU1 temary complex. We also show that ISCA1, thanks to its specific interaction with the C-
terminal cluster-binding domain of NFU1, drives [4Fe-4S] cluster transfer from te site where the cluster
is assembled on the ISCA1-ISCA2 complex to a cluster binding site formed by ISCA1 and NFU1 in the
ternary ISCA1-ISCA2-NFU1 complex. Such mechanism guarantees that the [4Fe-4S] cluster can be
safaly moved from where it is assembled on the ISCA1-ISCA2 complex to NFU1, thereby resulting the
[4Fe-4S] cluster available for the mitochondrial apo proteins specifically requiing NFU1 for their
maturation.

© 2021 Blsevier Lid. All rights reserved.

Introduction

In eukaryotes, mitochondria are the primary site
for the biosynthesis of Fe-S clustiers Within the
mitochondrial matrix, the biosynthesis of Fe-S
clusters and their inserfion into apo proteins is
assisted by several proteins that are highly
conserved from bacteria to mammals.' Among
these proteins, three of them, ISCA1, ISCA2 and
NFU1, were shown to beimplicated in the assembly
of [4Fe4S] clusters and their inserfion into mito-

0022 283600 2021 Enevier Lad. All rights reserved.

chondrial apo prowins.® '° ISCA1 and ISCA2 are
two highly homologous members of the Atype evo-
lutionarily conserved protein family, which is char-
acterized by three highly conserved cysteine
residues organized in a C-X,-C-G-C sequence
motif (nis usually 63-65, but is increased by a 21-
residue insert in some eukaryolic proteins). ' This
motif has been shown to be able to bind boh
[2Fe-2S] and [4Fe4S] cluster types.” '® In
humans, a ISCA1-ISCA2 complex was identified
in vivo'* and in its heterodimeric state was shown
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o act invitro as a platform b assemble a [4F e-4S]**
cluster.'** The process, hereafier named ISCAs-

dependent pathwa =

[2Fe-2S] metallochaperone of the mitochondrial
matrix that donates two [2Fe-2SF* clusters to the
ISCA1-ISCA2 complex; (ii) ferredoxin-2 (FDX2),
which supplies the two electrons ired for the
reductive of two [2Fe-2ST™ clusters to
form a [4Fe-4SF* cluster; (iii) IBAS7, whose molec-
ular role in the process is still not defined (Figure 1
(A))."**** Conceming the role of IBAS7 in the lat-
fer process, itwas found that ISCA2 and IBAS7 form
a[2Fe-25] ISCA2-IBAS7 that
BA57mimtwo¢kuhg§g§2h|ha[ ©-4S] clus-
er process. This stringent IBAS7-
ISCA2 functional association was also documented
in vivo by the finding that ISCA2, but not ISCA1,
interacts with IBAS7. ™ Inmarked contrast tothe just
mentioned [4Fe-4S] cluster assembly process,
some in vivo data provided evidence that only
human ISCA1 is essential for mitochondrial [4Fe-
4S] proteins in skeletal muscle or primary neuronal
cells under defined physiclogical conditions, while

’ m
¢
r
Lhe 48]
iteched Al
moles

- 20" (FOX2)

ISCA2 is dispensable.'” These data, however, con-
trast with what was found in Hela cells in which sim-
ilar were observed for ISCA1, ISCA2
and IBAS7 knockdowns, supporting that the three
proteins function together in the biosynthesis of
mitochondrial [4Fe-4S] clusters,” as well as they
contrast with the finding that pathogenic mutations

neurodegenerative defects, augpoﬁrg}tmt each
encoded protein is crucial in neurons
the latter mentioned in vivo data support that the
ISCAsdependent pathway described above is
operative in mitochondria.

The other player of the ISCA1-ISCA2 pathway is
NFU1, a universally present protein composed by
globular N-temminal and C4eminal domains (N-
and C-domains, hereafter) connected by a flexible
linker.®** Human NFU1 contains a conserved
CXXC motif located in the C-domain, shown to be
involved in [4Fe-4S] cluster binding. '**'% NFU1
was to act downstream the ISCA1-
ISCA2 complex.* This model was based on studies

B
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17
.»‘.’v
@D

®

1FuAS)|
m teciordnzl
ETET

Figure 1. Proposed modeils of [4Fe-4S] cluster assembly and transfer to mitochondrial targets. (A) The
ISCAs-dependent pathway requires ISCA1 and ISCA2 1o assemble a [4Fe-4S]** clusier on the ISCA1-ISCA2
complex by receiving two [2Fe-2SF* clusters from GLRXS and two electrons (2¢) from FDX2.'* * IBAS7 Is required
10 activaie this process, but, since its molecular role is still undefined, it was not shown in the figure. Then, the [4Fe-
4SF* ISCA1-ISCA2 complex was proposed 1o ransfer the cluster 1 specific protein targets with the assistance of
NFU1.7** The N and C letiers of NFU1 indicate the N-terminal and C-terminal domains, respectively. (B) In the
ISCA1-dependent pathway, two [2Fe-2S] clusters, each ligated by ISCA1 and ISCU2, are transferred 1o dimeric
NFU1 and assembied into a [4Fe-4SF* cluster by a reductive coupling mediated by FDX2, which provide two
electrons (2¢7).* A complex, formed by dimeric NFU1, monomeric ISCA1 and ISCU2, has been proposed to ransfer
the assembled [4Fe-4S]** dusiter 1o specific protein targets.
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in Saccharomyces cerevisiae™ and suggested that
NFU1 recaives the [4Fe-4S] cluster assembled on
the ISCAs complex and then transfers it to selected
apo proteins (Figure 1(A)). Supporting tis model, it
was found that yeast Nful specifically interacts
in vivo with the yeast homologues of both human
ISCA1 and ISCA2.* On the other hand, human
ISCA1 and ISCA2 were found 1o have distinct inter-
acling partners. Indeed, while a specific interaction
between ISCA1 and NFU1 was observed in vivo
by immunoprecipitation e(perrnamb NFU1 did
not codmmunoprecipitate with ISCA2."” Inaddition,
the ISCAs-NFU1-dependent pathway m be not
unique, since other allematve 4 ] cluster
assembling pathways have been recently
described. By employing genetic and biochemical
Mni%:s,itraabeensmwn ﬂntham
of a [4Fe-4S] cluster on NFU1 requires the
nate acton of three prokins, which are ISCU2,
the scaffold protein able to de novo assemble a
[2Fe-2SP* cluster, ™7 ISCA1 and FDX2.* It was
postulated a model (hereafter named ISCA1-
dependent pathway) where the [2Fe-2SP* cluster-
bound forms of ISCA1 and ISCU2 interact with
dimeric NFU1 to donate their clusters, which then
reductively couple into a [4Fe-4SP?* cluster upon
the provision of two electrons by FDX2 (Figure 1
(B)). This mechanism is supported by the interac-
tions observed in vivo between NFU1 and ISCU2,
between NFU1 and ISCA1, between NFU1 and
FDX2 and between two NFU1 molecules, ™ as wall
as by in viro NMR and SAXS studies that showed
that NFU1 and ISCU2 form a complex in which
the cluster binding region of ISCU2 interacts with
the C-domain of NFU1.* Then, in the ISCA1-
dependent pathway, a multi-protein complex com-
posed by ISCA1, ISCU2, FDX2 and dmeric [4Fe-
4S]-NFU1 was proposed to interact with mitochon-
dral apo proteins and b transfer to them the
assembled [4F cluster (Figure 1(B)).* This
proposed [4Fe-4S]™ cluster assembly mechanism
me the ISCA1-ISCA2 complex. Ancther
five mechanism of [4Fe-4S]** clusterassem-
bly, which is possibly activated under axidative cel-
lular conditions only,™ was proposed based on a
NMR study. It was shown indeed that the [2Fe-2S)
GLRXS-BOLA3 complex““' is able to promote
the assembly of a [4Fe-4SP** cluster on dimeric
NFU1 wlxla\ no requirement of the ISCA1-ISCA2

In summary, the data available up to now in the
literature do not still depict a molecular view of
how ISCA1, ISCA2 and NFU1 prolins cooperate
in the maturation of milbchondrial [4Fe-4S)
proteins. In order to shed light on this matter, we
report here a NMR-based study investigating the
ISCA1, ISCA2 and NFU1 pattems of interactions
and cluster transfer processes. Our data define a
detailed molecular model of the succession of
avents in a coordinated manner by
ISCA1, ISCA2 and NFU1 to make available [4Fe-

4S] clusters for mitochondrial apo proteins. This
model provides a general view of the late-acting
steps of the maturation of mitochondrial [4Fe-4S]
proteins.

Results

Interaction network among ISCA1, ISCA2 and
NFU1 in their apo forms
Protein-protein  interaction  studies were
characterized through NMR and
analytical size exclusion chromatography, by
titrating two or three prokins, which are ISCA1,
ISCA2 and NFU1, in their apo forms with different
mixing sequences. The used protein constructs
were: (i) the mitochondral isoform of human
NFU1 having, in the mature state, a molecular
mass of -22 kDa, as obtained upon removal of
the N-terminal mitochondrial targeting sequence of
58 residues'’; (i) human ISCA2 without the pre-
dicted N-ierminal mitochondrial targefing sequence
of 43 residues and thus having a molecular mass of
~12 kDa'"”; (iii) human ISCA1 in its fuldength form
(molecular mass of -14 kDa) as its mitochondrial
ance is not removed upon its mitochondrial
prosequs

First, we invesfigated protain-protain interactions
occurring between couples of proteins. When
SN ISCA2 was stepwise titrated with apo '
NFU1 up to a 1:1 protein ratio (calculated

no chemical shift changes were observed along
the 'H-"N HSQC NMR experiments and the
TH-'SN HSQC map of the final 1:1 mixture is the
sum of the 'H->N HSQC maps of the two isolated
protains (Figure 2(A)), indicating that the two
proteins do not interact each other.

result as no peaks, with apparent molar mass
h than those of the two isolated ISCA2 and
NFU1 proteins (running, respectively,
homodimer and a monomer with a low percentage
of homodimer'* %) were observed in the final 1:1
mixture (Figure 2(B)).

When apo "°N ISCA2 was stepwise titrated with
apo ISCA1 up b a 1:1 protein rafio (calculated
considering monomerc prolein concentrafions),

exchange regime on the NMR ime scale, which
means that signals of apo ISCA2 decreased in

the ISCA1-ISCA2 complex, appeared and
increased in intensity the titration (Figure 2
(C)). Once the 1:1 ISCA1-ISCA2 ratic was
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Figure 2. Apo ISCA2 interacts with apo ISCA1 and not with apo NFU1. A schematic carioon depicting the NMR
titration related to each panel is reporied. (A) Overlay of the "H-"*N HSQC spectrum acquired on a 1:1 apo ™N
ISCA2-apo ™N NFU1 mixture (red) with the 'H-"N HSQC spectra acquired on isolated apo "N ISCA2 (cyan) and on
Wm‘*ﬂlw).mwmwdmdmwwammAZ(eym).anFUI(hhck)
anda 1:1 apo ISCA2-apo NFU1 mixture (red). (C) Overlay of the "H-=N HSQC spectrum acquired on a 1:1 apo *N
ISCA2-apo ISCA 1 mixture (red) with the "H-"*N HSQC spectrum acquired on isolated apo ™N ISCA2 (black). In the
inset, overiays of three different regions of "H-"*N HSQC spectra, acquired on isolated apo ™N ISCA2 (black) and on
apo "*N ISCA2-apo ISCA1 mixtures at 1:1 (red) and 1:0.5 (green) ratios, are shown. (D) Analytical size exclusion
chromatography of apo ISCA2 (black), apo ISCA1 (violet) and a 1:1 apo ISCA2-apo ISCA1 mixture (red).

chromatography of apo ISCA1 showed that the  of the protein, which matches with the subunit

protein is essentially
fraction of dimer (Figure 2(D)) and that of the final
1:1 mixture showed: (i) a single peak with an
apparent molar mass of -24 kDa, which is close to
the molecular weight calculated for a dimeric apo
ISCA1-ISCA2 complex (26 kDa) and which
contains both ISCA1 and ISCA2 proteins, as
detected by SDS-PAGE (Figure S1), (i) that the
monomeric stale of apo ISCA1 is no longer
present in the mixture (Figure 2(D)). Considering
the concentration at which the complex is fully
formed in the NMR and SEC-MALS experiments,
the dissociaion constant for the apo ISCA1-
ISCA2 complex could be estimated to be lower
than 50 uM. Overall, the NMR and analyfical size
exclusion chromatbgraphy data indicaled the
formation of a heterodimeric apo ISCA1-ISCA2
complex. The meaningful (1o Ad,,o(HN) > 0.05 pp
) F:laarlrl SN chemical shift changes between
apo ISCA2 alone and in the 1:1 protein mixture
(Figure S2) are localized in a well-defined region

monomeric with a small  subunitinierface in dimeric apo ISCA2."* The same

results were previously found using a shorter ISCA1
construct without its mitochondrial prese-
quence of 1-23 amino acids, " thus indicating that
the latier stretch does nat affect complex formation
and does not take part as active contributor to com-
plex formation.

Apo ISCA1 forms a heterocomplex also with apo
NFU1. Indeed, when apo '>N NFU1 was stepwise
titrated with apo ISCA1 up b a 1:1 protein ratio
(calculated considering monomerc  protein
concentrations), chemical shift changes were
observed on the 'H-'SN HSQC maps of apo NFU1
in an intermediate exchange regime on the NMR
time scale (Figure 3(A)). Indeed, a lot of
resonances of the C-domain of NFU1 shift and
concomitanty broaden detection upon
additions of apo ISCA1 (Figures 3(A) and S3(A)),
due to the complex formation. This analysis
cannot allow to exactly quanfify the amourt of
complex formed at the final paint of the titration,
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Fgure 3. Apo ISCA1 Interacts with the C-domain of apo NFU1. (A) A schematic caroon depicting the NMR
fitration related 1o this panel is reported. Overiay of the "H-"N HSQC spectrum acquired on a 1:1 apo "*N NFU1-apo
ISCA1 mixture (red) with the *H-"*N HSQC spectrum acquired on isolated apo "N NFU1 (black). In the inset, overiay
of aregion of the "H-"N HSQC spectra of mixtures obtained by adding apo ISCA1 at increasing concentration 10 apo
"N NFU1. (B) Analytical size exclusion chromatbography of apo ISCA1 (violet), apo NFU1 (black) and a 1:1 apo
NFU1-apo ISCA1 mixture (red). (C) Meaningful chemical shift changes for the backbone NHs of apo ™N NFU1 upon
the addition of 1 equivalent of apo ISCA1 are mapped on a structural model of monomeric apo NFU1 in a dosed
conformation.™ In orange are the sidechains of the solvent exposed (>50%) residues showing chemical shift changes
(line broadening beyond detection effects and/or meaningful chemical shift changes). The protein stretches in blue
represent residues showing chemical shift changes but with a solvent exposure below 50%. The sidechains of the
proline and cysteine residues are shown in gray and yellow, respectively.
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apo NFU1. On the other hand, in the analytical
size exclusion chromatography of the final 1:1 apo
NFU1-apo ISCA1 mixture, a single peak, which
contains both prokins (as
PAGE, Figure S1), is pres

containing both NFU1 and ISCA1
exclusively the heterodimeric complex, which is
fully formed at the 1:1 apo NFU1-apo ISCA1 ratio.
SEC-MALS indicated that this single

complex concentration in the NMR and
MALS experiments where the complex formation
was fully reached, a dissociation constant for the
apo NFU1-ISCA1 complex lower than 50 yM can
be estimated. Overall, boh NMR and SEC-MALS
data showed that a heterodmerc ISCA1-NFU1
complex is fully formed via a specific recognition
between ISCA1 and the C-domain of NFU1. On
the other hand, also a few resonances of the N-
domain of NFU1 were affected by apo ISCA1
additions (residues 54-58, Figure S3(A)). These

between the N- and C-domains of apo NFU1
when it is in its closed conformation.™ This closed
conformation is in equilibrium with an open confor-
maftion vm?vgahe N- and C-domains fresly move
insolution.”*C these structural proper-
fies and the effect of ISCA1 addition on the NH sig-
nals of residues 54-58, we can propose that the
ISCA1-NFU1 complex formation induces structural
rearrangements at the interactioninterface between
the N- and C-domains of NFU1, possibly affecting
the open-closed conformational equilibrium. This
ISCA1-driven effect on the open-closed conforma-
fional equilibrium of NFU1 might also explain the
lower than expected molar mass of the ISCA1-
NFU1 complex as estimated by SEC-MALS data
analysis. By mapping the meaningful chemical shift
changes (both broadening beyond detection effects
and chemical shift changes with 1o A, 4(HN) > 0.
03 ppm) on the closed conformation of apo NFU1,
we see that (i) the two halices of the C-domain are
largely affected by the protein-protein interaction,
while the f-sheet of the C-domain is essentially
unaffected, and (i) only the first short helix of the
N-domain in close contact with the C-domain is
affected by the protein-protein interaction (Figure 3
(C). The two helices of he C-domain encase the
cluster binding CXXC motif of NFU1, indicating that

ISCA1inthe complex is positioned closetothe clus-
ter binding region, although the CXXC motif is not
largely involved in protein—protein recognition.
The z‘o complexes, ISCA1-'SN NFU1 and
ISCA1-*N ISCA2, were then titrated with apo
ISCA2 and apo "N NFU1, respectively, and the
resulting mixtures were again analyzed by NMR.
In the first titration, the comparison of the 'H-">N
HSQC map of the final mixure, having a 1:1 ratio
between apo ISCA1->N NFU1 complex and apo
ISCA2, with the maps of apo "°N NFU1 alone and
in the complex with ISCA1, indicated that NFU1
remains complexed with ISCA1, thus ISCA2 not
being able to extract ISCA1 from the ISCA1-NFU1
complex to form an isolated ISCA1-ISCA2
complex. Indeed, the signals of NFU1 complexad
with ISCA1 were not affected by the addition of
apo ISCA2 and the signals of isolated apo NFU1
were not detected, thus indicating that free apo
NFU1 was not released in solution, as it would
have expected in the case of the formation of an
isolated ISCA1-ISCA2 complex (Figure 4(A)). In
the second titration, when apo ISCA1-'5N ISCA2
complex is titrated with apo SN NFU1 up b a 1:1
ratio, ISCA2 remains complexed with ISCA1, thus
NFU1 not being able to extract ISCA1 from the
ISCA1-ISCA2 complex to form an isolated ISCA1-
NFU1 complex. Indeed, the signals of ISCA2
complexed with ISCA1 were not affected by the
addition of apo NFU1 and the signals of isolated
apo ISCA2 were not detected (Figure 4(B)), thus
indicating that free apo ISCA2 was not released in
solufion, as it would have been expected in the
case of the formation of an isolated ISCA1-NFU1
complex. However, the backbone NH signals of
N NFU1 changed upon its addition to the
ISCA1-ISCA2 complex and, in the final apo
ISCAT-apo N ISCA2:apo "N NFU1 1:1:1
mme‘mQMpmeQofhapo
ISCA1-'>N NFU1 complex, while they differ from
those of apo '°N NFU1 alone (Figure 4(C)).
Overall, from these data we can conclude that (i)
apo 1 interacts with the apo ISCA1-ISCA2
complex via the C-domain of NFU1 similardy to
what happens in the apo NFU1-ISCA1 complex;
(i) apo ISCA1 is the protein medal the
interaction between apo NFU1 and apo ISCA2,
being the latter two not interacting each other, in
agreement with what observed when the two
proteins are mixed (as described above). Thus,
these data indicated that ISCA1, interacting with
both ISCA2 and NFU1, mediates the formation of
a complex.
To further coroborate this model, apo ISCA1 was
stepwise added to a 1:1 mixture containing the two
not- apo "N ISCA2 and apo "N NFU1
proteins. The 'H-'*N HSQC maps showed the
occurrence of the interaction of apo ISCA1 with
both apo ISCA2 and apo NFU1. In the fina
mixture, the NH signals of apo NFU1 overap with
those of apo NFU1 complexed with apo ISCA1,
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Figure 4. Apo ISCA1-SCA2 heterodimeric complex Interacts with the C-domain of apo NFU1. A schematic
carioon depictingthe NMR fitration re lated toeach panelis reporied. (A) Overiay of the *H-""N HSQC acquired
on amixture containing apo "N NFU1-ISCA1 complex and apo ISCA2 at 1:1ratio (green) with the "H-"*N HSQC spectra
acquired onisolated apo "*NNFU1 (black) andonapo "*NNFU1-ISCA1 complex (red). (B) Overlay of the "H-""N HSQC
spectrum acquired ona mixture containing apo "*N ISCA2-ISCA1 complex andapo "*NNFU1 at 1:1 ratio (black) withthe
TH*N PBQCWWmﬁ‘NISG&-BCM compilex (red). (C) Overlay of the "H-"*NHSQC spectrum
acquired on a mixture containing apo "N ISCA2-1ISCA1 complex and apo ™N NFU1 at 1:1 ratio (black) with the 'H-""N
HSQC spectra acquired on isolated apo "*NNFU1 (red) and on apo ™N NFU1-1SCA 1 complex (green).
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and not with those of isolated apo NFU1 (Figure 5S4
(A)), and the NH signals of apo ISCA2 ovedap with
those of apo ISCA2 complexed with apo ISCA1,
and not with those of isolated apo ISCA2
(Figure S4(B)). The observed chemical shift
changes are concurrent on both proteins along the
firation and the chemical shift changes on both
5N ISCA2/™N NFU1 apo proteins are complete
once one equivalent of apo ISCA1 was added to
the 1:1 ISCA2/NFU1 apo mixture. Consistently,
additions up to two equivalents of apo ISCA1 to
the mixture did not significantly affect the 'H-"*N
HSQC map. These results conclusively indicated
that apo ISCA1 interacts with both apo ISCA2 and
apo NFU1, promoting the formation of a ternary
complex that involves the two not ineracting
proteins apo ISCA2 and apo NFU1. The latter
firation also allowed to estimate a dissociation
constant for the apo temary complex lower than
500 M on the basis of the complex concentration
reached once the complex was fully formed. On
the other hand, analytical size exclusion
chromatography of the final mixture did not show
the presence of a peak with an elution volume
smaller than those of the two isolated ISCA1-
ISCA2 and ISCA1-NFU1 apo complexes, as it
would be expected for the presence of a ternary
complex. This resut can be interpreted
considering that the temary complex is readily
released at the lower protein concentrations used
in the analytical size exclusion chromatography
with respect to the higher prolin concentrations
used in he NMR experiments, suggesting its
fransient nature.

Protein-protein interaction studies between
[4Fe-4S] ISCA1-ISCA2 and apo NFU1

Anaerobic purification of ISCA1 and ISCA2 led to
a mixture of apo and [2Fe-2SF* clusterbound
forms (see Materals and Methods for details).
While chemical reconstitution of anaer
purified ISCA2 led b the formation of a [4Fe-4S]
cluster-bound dimeric form,'* chemical reconstitu-
fion of anasrobically purified ISCA1 does not lead
v the formation of a [4Fe-4S] clusterbound form.
Indeed, UV-visible spectrum of chemically reconsti-
uted ISCA1 maintains, with a -20% increase, the
bands of the anaerobically purified ISCA1 at 325,
420 nm and a shoulder at 460 nm (Figure S5(A)),
typical of Cys-bound [2Fe-2S]** clusters.“ ** The
only difference is the presence of a band at
~650 nm in the chemically reconstituted protain
(Figure SS(Q). which is indicative of the presence
of some Fe”*-containing aggregates, that were not
fully removed by the 10 desalting column per-
formed at the end of chemical reconstitufion proto-
col.* The CD-visible spectrum of chemically
reconstituted ISCA1 showed both positive and neg-
ative bands with well-defined peaks accompanied
by shoulders and inflections, which are typical of
2Fe-2SP* proteinbound clusters (Figure S5

(B)).““** The CDwisible spectrum of chemically
reconstituted ISCA1 showed the same bands
detected in anaerobically purified [2F e-2S** ISCA1
(Figure S5(B)) and is also very similar to CD-visible
spectrum of the gF&ZSP‘ form of Azotobacter
vinelandii NiflscA.'* No formation of a [4Fe4S]
cluster-bound ISCA1 species was corfirmed by
the 1D 'H ic NMR spectrum of chemi-
cally reconsfituted ISCA1, which has indeed the
same signals of anaerobically purified [2Fe-2SF*
ISCA1, which are typical of [ protein-
bound clusters (Figure S5(D) and SS(E)). On the
other hand, chemical reconstitution of the 1:1
ISCA1-ISCA2 helrodimer (see Matedals and
Methods for details) led to the formation of a [4Fe-
4S] clusier-bound, heterodimeric species ([4Fe-
4S] ISCA1-ISCA2, hereafter), as shown by param-

'H 1D NMR and UV-visibl -visible
spectra. The UV-visible spectrum of the chemically
reconstituted ISCA1-ISCA2 complex differs from
that of anaerobically purified ISCA1, as it shows
only a broad band at 420 nm characteristic of
Cysbound [4Fe-4S] clusters (Figure S5(A)).
[42,46] The CD-visible spectrum of the chemically
reconstituted ISCA1-ISCA2 complex exhibits negli-
gible CD intensity compared o thes s of anaer-
obically purified ISCA1 (Figure S5(B)), consistent
with [4Fe4S] cluster formation in the ISCA1-
ISCA2 complex “* In agreement with the latter con-
clusion, the CD-wisible spectrum of the chemically
reconstituted ISCA1-ISCA2 complex is also very
similar to that of the | form of Azotobacter
vinelandii IscA and differs from that of the [2Fe-
2SF* form of A. vinelandii IscA. '™ The 1D 'H para-
magnetic NMR spectrum of [4Fe-4S] ISCA1-
ISCA2 (Figure 5(A)) has down-field shifted signals

g from BCHz of the Cys and is sim-
ilar to that of homodimeric [4Fe-4S] ISCA2, " while
it differs from that of [2Fe-2S]** cluster-bound spe-
cies of both ISCA1 and ISCA2 (compare Figure 5
(A) with 1D 'H paramagnetic NMR spectra of
2Fe-2S** ISCA1 and [2Fe-2S]** ISCA2 reported

Figure S5(D) and in o et al.'* respec-
tively). In conclusion, all the spectroscopic data indi-
cated that ISCA1 binds a dFe-4S] cluster only
when it is in the ISCA1-ISCA2 heterodimeric
complex.

Analytical size exclusion chromatography of the
[4Fe-4S] ISCA1-ISCA2 complex showed the
presence of a single peak containing both ISCA1
and ISCA2 proteins, as detected by SDS-PAGE
(Figure S1), and ing at a volume very similar
to that of the dimeric with no presence of
monomeric ISCA1, consistert with the complete
formation of a dimeric hetero-complex (Figure 5
(B)). The 'H'SN HSQC spectra of the 1:1
ISCA1-*N ISCA2 midure before and after
chemical reconstitution showed that the chemical
shifts of most of the backbone NH signals did not
vary, consistent with ISCA2 being sl complexed
with ISCA1 upon chemical reconstituion.
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Figure 5. The ISCA1-SCA2 heterodimer binds a [4Fe-4S] cluster. (A) 1D *H paramagnetic NMR spectrum at
283 K of 4 Fe-4S] ISCA1-ISCA2, obtained by chemically reconstituting a 1:1 mbdure of anaerobically purified ISCA1
and ISCA2. (B) Analytical size exclusion chromatography of [4Fe-4S] ISCA1-ISCA2 (red), apo ISCA2 (black) and apo
ISCA1 (violet). (C) A schematic cartoon the NMR titration related 10 tis panel is reported. Overlay of the
"H-"*N HSQC spectra acquired on isolated apo "N ISCA2 (black), on apo "N ISCA2-ISCA 1 complex (red), on [4Fe-
4S)] "*N ISCA2-ISCA1 complex (blue) and on a mixture containing [4Fe-4S] ™N ISCA2-ISCA 1 complex and apo "N
NFU1 at 1:1 ratio (green). The backbone NH signals of ISCA2 residues (Gly 46, Gly 48, lle 63, Gly 76, Gly 77, Gly 78,
Gly 81 and Gly 143) are shown, and those of the N-domain, the linker and the C-domain of NFU 1 are indicated as N-,
L- and C-NFU1, respectively.

However, the residues of ISCA2 su the upon chemical reconstitution (in Figure 5(C)
cluster binding cysieines (Cys 79, Cys 144 and compare Gly residues in red with those in blue),
Cys 146), such as Gly 76, Gly 77, Gly 78, Gly 81,  due to the binding of the paramagnefic [4Fe-4S]
Gly 143 and Gly 147, broaden beyond detection  cluster. This indicates that the C-Xese-C-G-C
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conserved sequence motif of ISCA2 is involved in
[dFe4S] cluster binding in the ISCA1-ISCA2
complax.

When the [4Fe-4S] ISCA1-'SN ISCA2 complex
was stepwise titrated with apo SN NFU1 wp to a
1:1 ratio, the backbone NH signals of ISCA2 did
not show chemical shift changes, with the
exception of the residues close to the Cys cluster
ligands, whose backbone NH signals, at the end
of the fitration, became detectable again in the
"H-"SN HSQC map at the chemical shift values of
the apo ISCA1-ISCA2 complex (in Figure 5(C)
compare Gly residues in green with those in blue
and red). On the contrary, many spectral changes
(mooﬁylinbtoaierhgelo&)werednervedlor

the backbone NH signals of the C-domain of
NFU1, and the affected residues are located on
the same inlracti egion mapped in the ISCA1-
NFU1 and ISCA1-ISCA2-NFU1 apo complexes.
Owerall, these NMR data indicate that: (i) NFU1
interacts with the [dFe-4S] ISCA1-ISCA2 complex
via its C-domain similardy to what found in the apo
femary complex, thus with ISCA1 in the complex
with ISCA2 mediating the interaction with NFU1
and promating the formation of a ternary complex;
(i) the cluster is no | bound to ISCA2
possibly being shared by ISCA1 and NFU1 in the
femary ISCA1-ISCA2-NFU1 complex.

To further support this model, [4Fe4S]
ISCA1-'5N ISCA2 complex was titrated with a >N

Figure S6) and on NFU1 (the observed changes
map on the same region of C-domain of NFU1

interacting with ISCA1, as identified in the apo
ISCA1-apo NFU1 11 m imre. compare inset of
Figue S6 with Figure 3(C)). These data
corroborate  the model that ISCA1

promotes the formation of a EBmary complex
between NFU1, via its the C-domain, and dFe-
4S] ISCA1-ISCA2.

The still remaining question b be addressed is
which kind of cluster is present in the ISCA1-
ISCA2-NFU1 temary complex and its redox state
as well as which among the three proteins
coordinate it. The paramagnetic 1D 'H NMR
spactrum of the 1:1 mixture of [4Fe-4S] ISCA1-
ISCA2 and apo NFU1 showed the presence of
two hyperfine-shifted signals at 19.3 and 12.9 ppm
and two close signals at around 105 ppm
(Figure 6(A)), all having an anti-Curie (ie. the
chemical

The
chemical shift values of these signals, their anti-
Curie temperature dependence and their

linewidths are typical of
residues bound to a [4
s 0 eectronic ground state, with the
paramagnetism arising from excited states of the
elecron spin ladder, whose populaion is
increased with temperature.*”“® In parficular, the
anti-Curie temperature dependence of the param-
agnefic signals allows to establish that the

bwndbheoo«pbxananondmd[‘

NMR spectrum of the 1:1 dFe4S] &‘M ISCA2/
apo NFU1 mixture is completely different with
respect to that of the [4Fe-4S] ISCA1-ISCA2 com-
plex while it is closer, alhal.ug- rimposable,
to that of dimeric [4 NFU1 ,oon'pam Fig-
ure 6(A) with Figures 6(B) and 5(A)). These com-
parisons indicated that the [4Fe-dSF* cluster
coordination in the ternary ISCA1-ISCA2-NFU1
complex differs from both of those observed in the
ISCA1-ISCA2 complex and in dimernc NFU1,
although it is more similar to the latter case. The
TH-SN HSQC NMR data described above (Figure 5
(C)), showing that ISCA2 is not involved in cluster
binding in the temary complex, suggested that the
[4Fe-4SP** cluster in he complex is bridged
between NFU1 and ISCA1. In order to validate this
model, the helerodmerc ISCA1-NFU1 complex,
obtained by mixing anasrobically purified ISCA1
and apo "N NFU1, was chemically reconstituted.
Its paramagnetic 1D 'H NMR spectrum (Figure 6
(C)) showed the presance of the same anti-Curie,

hyperfine-shified signals observed when te [4Fe-
4SF* cluster is bound to the temary ISCA1-
ISCA2-NFU1 complex. This data provides strong
hints to the model that the [4Fe-4ST™* cluster is
shared by ISCA1 and NFU1 in the iemary complex.
In addition, the latter data showed that the ISCA1-
NFU1 complex can bind the [4 cluster,
independently dmepreoemaolSCAz To provide
conclusive ptods the [4Fe-d4SP* cluster is
shared by ISCA1 and NFU1 in the emary complex,
1D 'H param NMR data were acquired on
[4Fe-4SP** 1SN NFU1 fitrated with apo ISCA1 (Fig-
ure 6(D)). Once the 1:1 [4Fe-4SP** NFU1-apo
ISCA1 ratio was reached, the 1D 'H paramagnefic
NMR spectrum displayed the mﬁ:gﬁ\o
shifted signals observed when the [4/ clus-
ter is bound to the ternary ISCA1-ISCA2-NFU1
complex (compare Figure 6(A) with Figure 6(D)),
conclusively proving that the [4Fe-4SP** cluster is
shared by ISCA1 and NFU1 in the temary ISCA1-
ISCA2-NFU1 complex.

Discussion
The late-acting steps of the maturaion of
mitochondrial [4f proteins, consisting of the

assembly and insertion of [4Fe-4S] clusters into

10
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Figure 6. A[4Fe-4S]™ cluster is bound to the temary ISCA1-4SCA2-NFU1 complex. 1D *H paramagnetic NMR
spectra acquired on (A) a mixture containing [4Fe-4S] ISCA1-ISCA2 complex and apo NFU1 at 1:1 ratio, (B) dimeric
[ Fe-4SF* NFU1, (C) a chemically reconstituled mixture of anaerobically purified ISCA1 and apo NFU1 at 1:1 ratio,
(D) a 1:1 dimeric [4Fe-4S)** NFU 1-apo ISCA1 mixure. The aows in panel C indicate signals with the same chemical
shift values of [dFe-4S]** NFU1 (compare them with signals of panel B), indicating that upon the chemical
reconstituion, a small fracion of dimeric [4Fe-4SF* NFU1 is formed.

apo proteins, are not yet
undersibod. The available genetic, biochemical
and proteomic data do not yet provide a definitive
picture on how the proteins that are essenfial for
the assembly and insertion of the [4Fe4S]
clusters into the final proteins operate. Depending
on the type of human cells or of the eukaryotic
organisms, mmﬁcmdummmldahpomd
oumafaant mechanisms where either ISCA1
only,"® or both ISCA1 and ISCA2,*“** are essen-
Mfaﬁamwofwuwpmnm
sis in vivo (Figure 1). Flooomy an in vitro
biochemical study mimicking ph condi-
tions strongly supported the model that both human
ISCA1 and ISCA2, with the assistance of IBAS7,

"

are required to assemble a [4Fe-4S] cluster.”' A
significant discrepancy was also observed in the
proteomic data. Indeed, human NFU1 was found
to interact with ISCA1, but not with ISCA2,? while
yeast IFU1 interacts with both yeast ISCA1 and
ISCA2.*

The here presented NMR-based study provides a
molecular model for the succession of events
orchestrated by ISCA1, ISCA2 and NFU1 to make
[4Fe-4S] clusters available © mibbchondrial apo
proteins. We have shown that ISCA1 is the key
player, being able to interact either individually
with ISCA2 or NFU1 or with both protains,
pmmc% the formafion of a transient ISCA1-
ISCA2-NFU1 temary complex. ISCA1 works as
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the promoter of the interaction between ISCA2 and
NFU1 that otherwis e do not interact each other. The
interaction between ISCA1 and NFU1 involves the
C-domain of NFU1, while the N-domain of NFU1
does not take pat to the protein-protein
recognition. Specifically, the two helices of the C-
domain of NFU1 encasing the cluster unﬁ'sg
CXXC motif are involved in the
ISCA1. WGahofoummme[AFe-ﬁ]cwr
bound form of the ISCA1-ISCA2 complex, which
is the mysiow mitochondrial [4Fe-4S] cluster
A2 imteracts with apo NFU1. Upon
hmeraeﬂon the cluster is not transferred from
the ISCA1- ScmeonpbxhoNFUI to form dimeric
[4Fe4SF* NFU1. On the contrary, a ternary
ISCA1-ISCA2-NFU1 complex, the same formed
by the interaction the three protains, is
formed. In the temary complex, the cluster is trans-
ferred from a bridged ISCA1-ISCA2 coordination to
a bridged ISCA1-NFU1 coordination, thus leaving
ISCA2 no more involved in cluster binding. The
same cluster coordination mode is also present in
a ISCA1-NFU1 complex isolated in different ways
(Figure 6(C) and (D)), suggesting that ISCA2 might
not be required in the following step of cluster
release to the mitochondrial [4Fe-4S] proteins. On
the basis of these overall findings, the pathway of
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the maturation of mitochondrial [4Fe-4S] proteins
(Figure 7) can thus be outlined as it follows: (i) the
[4Fe-4S]** cluster is assembled on the ISCA1-
ISCA2 heterodimer by reductively eoq:ing two
[2Fe-2SP** clusters donated by GLRXS, ngo
two required electrons provided by FDX2'*

(i) [4Fe-4SP** ISCA1-ISCA2 complex can ranster
the cluster to proteins that do not regzlmNFUI for
their maturation, such as aconitase™ = (iii) ISCA1,
mmlnmeﬁcnemlmmmcmmol
NFU1, medates the [4Fe-4S]™ cluster transfer
fromtfalSCAl -ISCA2 cluster binding site to the
ISCA1-NFU1 cluster binding site upon the forma-
tion of a transient, temary ISCA1-ISCA2-NFU1
complex; (iv) the latter complex, coordinating the
[4Fe-4S]™" cluster via ISCA1 and NFU1, specifically
directs the [4/ cluster to mitochondrial pro-
teins that require NFU1 for their maturation, that
are the respiratory complexes | and |l and the radi-
cal SAM protein lipoy! synthase®’** % (v) upon
ISCA2 release from the ternary complex (consistent
with the fransient nature of the temary complex,
which might then be a transient intermediate in the
pathway), the [4Fe-4SP** NFU1-ISCA1 adduct can
also be able to transfer the [4Fe-4SP* cluster to
mitochondral protains. Along this pathway
(Figure 7), the cluster can be safaly moved from
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Figure 7. Iron-sulfur cluster assembly pathways for the maturation of mitochondrial [4Fe-4S] proteins. The
ISCAs-dependent pathway requires ISCA1 and ISCA2 to mature [4Fe-4S] mitochondrial proteins: 1) the ISCA1-
ISCA2 complex receives wo [2Fe-2SF* dusters from GLRX5' and wo electrons (2¢7) from FDX2*" 1o assemble a
[#Fe-4S]** cluster by means of IBAS7, whose molecular role is still undefined and for this reason is not shown in the
figure; 2) the [4Fe-4S)** ISCA1-ISCA2 complex can transfer the duster 1o aconitase maturing it or can specifically
interact with the C-domain of apo NFU1 forming a transient temary [4Fe-4S]** NFU1-ISCA1-1SCA2 complex; 3) the
[#Fe-4S]** duster is moved within the temary complex from a bridged ISCA1-1SCA2 coordination to a bridged ISCA 1-
NFU1 coordination; 4) the [4Fe-4S]™ ISCA1-ISCA2-NFU1 complex might ransfer the duster 1o mature respiratory
complexes | and || and lipoyl synthase (LIAS), with the help of other accessory proteins when required (not shown in
the Figure); 5) upon ISCA2 release by the ransient temary complex, a [4Fe-4S]** NFU1-ISCA1 adduct is formed and
it might be another species directing the [4Fe-4SF* cluster to mitochondrial proteins. The N and C letters of NFU1
indicate the N-terminal and C-terminal domains, respectively.
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where it is assembled on the ISCA1-ISCA2 com-
plax towards the final proteins in a selective man-
ner, with no risk of being released free in the
mitochondrial matrix where it might damage the cel-
lular environment. This pathway is in agreament
with the in vivo proteomics data showing that ISCA2
interacts with ISCA1, but not with NFU1, and that
ISCA1 interacts with both ISCA2 and NFU1 pro-
teins."” In conclusion, our results support the phys-
iological relevance of the ISCAs-dependent
pathway shown in Figure 1(A). We have indeed
defined for the first ime the malecular function of
the in vivo-detected ISCA1-ISCA2-NFU1 interac-
tions: the ISCA1-ISCA2 inleraction produces a
complex, which, in its [4Fe-4S] bound form, is able
tomraetwlhapoNHn to form a temary

teins requiring NFU1 for their maturation.

Materials and Methods
Protein expression and purification

pDONR221 plasmid containing full-length ISCA1
gene (UniProt Q9BUEG) was purchased by
Genscript. Gateway
(In

40 mg!l MnCl, 4H,0) and

liter of sterile LB untii ODgy, meached 0.8-1.
Prokin expression was induced with 0.2 mM
IPTG at 18 °C for 16 h. The cells were harvesed
by centrifugation at 5000 rpm for 20 n(JA-IO

Beckman Coulter) and then r

b‘.ﬁqubf(SOrrMTh-l-O. 500n'MN£I,
15 mM Imidazole, pH 8
by sonication at 4 °C. The

LBeumIa Apo ISCA1 was obtained

paramagnetic NMR spectroscopies, analytical size
exclusion chromatography (Figure S5), and iron
and aciddabile sulffide conent Protein
quantificaion was camied out with the Bradford
protein assay, using BSA as a standard. Non-
heme ion and aciddabile sulfide content was
delemined as described pmvmdy “* In the UV~
visible absomption spectrum of anaerobically puri-
fied ISCA1, the extinction coefficients at 325 and
420 nm (ranging from 4200 to 5700 and from
2100 to 3900 M~' c¢m™' on protein
preparation, respectively) are far from the lower
end of he range of values that are considered typ-
ieel for [2Fe-2S5] clusters (11000 and 8000 M
', respectively),”’ indicating a partial [2Fe-2S]
clmfoowpmcyinhhotmdnef lron and
acidabile sulfide analyses of anasrobicall
ISCA1 samples indicate -0.3 [2Fe25* ¢ per
homodimer (Fe, 0.6 = 0.1; acid-labile S, 0.5 = 0.1
per mol of homodimer; Fe and S measurements
are the averages of three independent samples).
The production of human ISCA2, and of full-
length and C-domain NFU1 in their apo and Fe-S
clusterbound forms were obtained as previously
described in literature.’** As previously
reported, ' te purificaion under anaerobic condi-
tions of ISCA2 resulted in a dimer, which is com-
posed by a Mmofapomdlzﬁ-zsf‘wsw
bound dimeric species with a [2Fe-2SP** cluster
occupancy of 0.1-0.2 cluster per homodimer.

Production of Fe-S dluster-bound species

A 1:1 mixture of ISCA1 and ISCA2 was produced
by stepwise titraing anaercbically purified N
ISCA2 with anae ;.mlied ISCA1 and
mon H-"SN HSQC NMR
maps. Chemical shift changes occur in a slow
exchange regime on the NMR fime scale, which
were completed once the 1:1 protain ratio was
reached, indicating that an ISCA1-ISCA2 hetero-
complex is fully formed at this stoichiometric rafio.
The ISCA1-ISCA2 complex was then chemically
reconstituted to obtain the [4Fe-4S] cluster-bound
helero-complex. Chemical reconstitution was
anasrobically performed in 50 mM Tris-HCl,
100 mM NaCl and 5 mM DTT buffer at pH 80
adding eight equivalents of FeCls and Na:S b a
protein solution of -40-80 M. The reaction was
incubated for 16 h at room temperature.
Anasrobic conditions were obtained performing
the chemical reconstitution in glove-box (MBraun
Labstar 130) with less than 2 ppm of oxygen and

u al buffers ed. The excess of
'lgycacl:h° Na,s“%r‘ wel as FesS
aggagﬂea/pteqﬂam were mmwed by PD-10

menmmrm
Anaerobically purified ISCA1 and a
11nix1umofanaemhedywﬁed ISCA1 and
apo NFU1 were chemically reconstituted following
the same procedure. This led to dimeric
<]
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[2Fe-2SP* and dimeric [4Fe-4SP* clusterbound
spacies, respectively. ron and acid-labile sulfide
analyses indicated an Fe:§*" rafio close to 1:1 for
both chemically reconstituled ISCA1-ISCA2 and
ISCA1-NFU1 complexas. Moreover, the analytical
data on three independent preparations of both lat-
fer complexes indicateda3.5+0.1 Feand 37 =0.1
S* content per heerodimer, consistent with the
presence of -0.9 [4Fe-4S] cluster per heterodimer.
Dimeric [4 NFU1 with 90% of cluster load-
ing was W following the protocol previously
reported.

Analytical size exclusion chromatography and
SEC-MALS

In the analytical size exclusion chromatography,
purified samples were loaded on a Superdex 200
Increase 10300 GL column attached to an AKTA
pure chromatography unit with a continuous flow
rate of 065 mU/min. The column was calibrated
with gel filtration marker calibration kit, 6500-
66000 Da (Sigma-Aldrich), 1o obtain the apparent
molecular masses of the detected species. The
column was equilibrated with phosphate
buffer 50 mM, 150 mM NaCl, 5 mM DTT and pH
7.0. SEC-MALS data were acquired by ing a
Superdex™ 200 Increase 10/300 GL column to a
DAWN HELEOS systern with a continuous flow
rale of 0.6 mL/min using a filtered buffer (50 mM,
150 mM NaCl, 5 mM DTT and pH 70). Each
axperiment was successfully repeated at least
three times.

UV- and CD-visible spectroscopy

UV- and CD-isble spectra were performed to
characterize the cluster bound to anaerobically
purified and chemically reconstituted ISCA1 as
well as chemically reconstituted ISCA1-ISCA2
heterodimerc complex. The experments were

degassed buffers and using a gas-
fight cuwette. UV- and CD-visible spectra were
performed at room temperature (25 °C) in 50 mM
phosphate buffer, 150 mM NaCl, 5 mM DTT and
pH 7.0 on a Cary 50 Edlipse spectrophotometer
and JASCO J810  circdar dichroism
spactropolarimeter, respectively. Each experiment
was successfully repeated three times.

NMR spectroscopy

TH-'SN HSQC spectra were acquired at 208 K in
50 mM phosphate buffer, 150 mM NaCl, 5 mM
DTT pH 7.0, 10% (v/v) D,O. Diamagnetic NMR
spectra were recorded on Bruker AVANCE 700,
900 and 950 MHz, processed using the standard
Bruker software (Topspin) and analyzed with
CARA program.*® To monitor the possible interac-
fion among ISCA1, ISCA2 and NFU1 in their apo

1

and Fe-S cluster-bound states, >N labeled protein
(s) were stepwise titrated in anaerobic conditions
with increasing amounts of unlabeled or SN-
laballed protein(s). Chemical shifts of the backbone
NHs abserved in the 'H >N HSQC spectra along
the additions of the unlabeled or "*N-labelled pro-
tein(s) were compared with chemical shifts of '5N-
labelled protein(s) in the initial state(s). The
observed chemical shift changes were reported as
backbone weighted aver chemical shift differ-
6nces Adag(HN), i.e. ((AH)* + (AN/5)°V2)'? where
AH and AN are chemical shift differences for back-
bone amide 'H and "N nudlai, . Chem-
ical shift assignment of full-length NFU1 and of the
C-domain of NFU1 were available in the Biological
:gaﬁ:ﬁmmeﬁarﬁ (under accession codes
B: 26801 [full- NFU1] and BMRB: 19068
[NFU1 C-domain].*' ical shift assi
apo ISCA2 was also already available.'*
tion was successfully repeated three times.
1D 'H pa ic NMR experiments were
acquired at 400 MHz with a 'H optimized 5 mm
probe at temperatures ranging from 283 K and
298 K, with prokin samples in 50 mM phosphate
buffer, 150 mM NaCl, 5 mM DTT pH 7.0, 99% (v
v) D;O. The prokin concentration was 0.5-
0.8 mM. Water signal was suppressed via fast
repetition experiments and water sealective
irradiation. " * Experiments were typically per-
formed using an overall recycle delay of 90 ms.
Squared cosine and exponential multiplicatons
were applied prior to Fourier transformation.”’ Man-
ual baseline correction was performed, using poly-
nomial functions. Each experiment was
successiully repeated three times.
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Figure S1. SDS-PAGE of SEC peaks to identify the constituents of the protein complexes. 1.
apo ISCA1; 2. apo NFU1; 3. diluted apo NFU1; 4. apo ISCA2; 5. peak of analytical size exclusion
chromatography performed on [4Fe-4S] ISCA1-ISCA2 (red peak in Figure 5B); 6. peak of
analytical size exclusion chromatography performed on a 1:1 apo NFU1-apo ISCA1 mixture (red
peak in Figure 3B); 7. peak of analytical size exclusion chromatography performed on 1:1 apo
ISCA2-apo ISCA1 mixture (red peak in Figure 2D).

116.0 kDa
66.2 kDa
45.0 kDa
35.0 kDa

25.0 kDa

18.4 kDa
14.4 kDa

40



Figure S2. Apo ISCA1 and apo ISCA2 form a heterodimeric complex. Weighted-average
chemical shift differences Adavg (that is, ([(Sun)* + (88/5)%])/2)'"%, where Sun and x are chemical
shift differences for "HN and '°N, respectively) between apo '*N-labeled ISCA2 alone and in a 1:1
mixture with unlabeled apo ISCA1. The cyan bars represent proline residues. The blue bars
represent residues whose NHs are not detected or too broad to be analyzed. The dotted horizontal
line indicates the threshold to consider chemical shift changes as meaningful (16 Adavg > 0.04
ppm). In the inset, meaningful chemical shift changes for the backbone NHs of apo '°N-labeled
ISCA2 upon the addition of 1 equivalent of unlabeled apo ISCA1 are mapped on the structural
model of monomeric ISCA2. In red are the sidechains of the residues showing meaningful
chemical shift changes. The protein stretches in blue and cyan represent residues whose NHs are
not detected or too broad to be analyzed and proline residues, respectively.
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Figure S3. Apo ISCAT1 interacts with the C-domain of apo NFU1 forming a heterodimeric
complex. (A) Weighted-average chemical shift differences Aave (that is, ([(Sun)? + (88/5)%])/2)2,
where dun and S~ are chemical shift differences for "THN and '°N, respectively) between apo "N
NFUI alone and in a 1:1 mixture with apo ISCA1. The cyan bars represent proline residues. The
yellow bars represent residues whose NHs broaden beyond detection or are very broad upon
additions of apo ISCAI1. The dotted horizontal line indicates the threshold to consider chemical
shift changes as meaningful (16 Adavg > 0.03 ppm). (B) SEC-MALS ofa 1:1 apo NFU1-apo ISCA1
mixture.
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Figure S4. Apo ISCA1 promotes the formation of a ternary complex between apo ISCA2
and apo NFUI1. A schematic cartoon depicting the NMR titration related to each panel is
reported. (A) Overlay of the 'H-">"N HSQC spectrum acquired on a 1:1:1 '°N apo ISCA2-apo '°N
NFU1-apo ISCA1 mixture (black) with the 'H-""N HSQC spectra acquired on isolated apo '°N
NFUI (red) and on a 1:1 apo "N NFU1 and apo ISCA1 mixture (green). (B) Overlay of the 'H-
SN ' HSQC spectrum acquired on a 1:1:1 apo "N ISCA2-apo "N NFU1-apo ISCA1 mixture
(black) with the 'H-""N HSQC spectra acquired on isolated apo "N ISCA2 (cyan) and on a 1:1
apo '’N ISCA2-apo ISCA1 mixture (red). In the inset, an overlay of a region of the here
overlapped 'H-'N HSQC spectra is shown. The arrow indicates a backbone NH signal of ISCA2
that monitors the formation of ISCA2 complexed with ISCAT1 at the 1:1:1 mixture. The 'H-'>N
HSQC spectrum of the 1:1 apo >N NFU1-apo ISCA1 mixture is shown in green to identify in
the inset the NH signals of NFU1 complexed with ISCAL.
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Figure S5. Dimeric ISCA1 binds [2Fe-2S]** cluster. UV-visible (A) and CD-visible (B) absorption spectra of “as purified” (black),
chemically reconstituted (red) ISCA1 and chemically reconstituted 1:1 ISCA1-ISCA2 mixture (green). (C) Analytical gel filtration of
“as purified” ISCA1. Paramagnetic 1D "H NMR spectra of “as purified” (D) and chemically reconstituted (E) ISCA1 at 298 K. The
signal-to-noise ratio of the NMR spectrum is worse in (E) than in (D) because the protein largely precipitates during the acquisition time
of the NMR experiment in (E). All data were recorded in 50 mM phosphate buffer pH 7.0, 150 mM NaCl, 5 mM DTT.
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Figure S6. [4Fe-4S] ISCA1-ISCA2 interacts with apo NFUI1 via its C-domain. A schematic
cartoon depicting the NMR titration related to each panel is reported. (A) Overlay of the 'H-'"N
HSQC spectrum acquired on apo >N ISCA2-ISCA1 complex (red) with the 'H-">"N HSQC spectrum
acquired on a 1:1 mixture of [4Fe-4S] "N ISCA2-ISCA1 complex and C-domain of apo '’N NFU1
(black). (B) Overlay of the "H-'>N HSQC spectrum acquired on the C-domain of apo "N NFU1 (red)
with the '"H-'"N HSQC spectrum acquired on a 1:1 mixture of [4Fe-4S] "N ISCA2-ISCA1 complex
and C-domain of apo '’N NFU1 (black). The residues of the C-domain of NFU1 whose backbone NH
chemical shifts were affected (in terms of line broadening beyond detection effects and/or meaningful
chemical shift changes) in the final mixture when compared to those of isolated apo NFUI are
indicated in the 'H-""N HSQC spectrum and are shown in the inset on the structure of the C-domain
of NFU1 (PDB ID 2M50) as orange sidechains. The sidechains of proline residues are shown in gray.
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Figure S7. Temperature dependence of hyperfine-shifted signals of cluster ligands in the
paramagnetic 1D 'H NMR spectrum acquired on the 1:1 mixture of [4Fe-4S] ISCA1-ISCA2
and apo NFUIL. The paramagnetic 1D 'H NMR spectra were recorded on a Bruker NMR
spectrometer operating at 400 MHz at 283 K (black) and 298 K (red) in degassed 50 mM phosphate,
150 mM NacCl buffer pH 7.0, and 5 mM DTT.
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Abstract

Recently, a novel phenotype for MMDS2 with complete clinical recovery and partial resolution of

the MRI abnormalities was reported for a patient®

. Whole genome sequencing on the latter MMDS2
patient identified heterozygous variants in BOLA3: one previously reported (c.136C > T, p.Arg46*,
paternally inherited’!"’?) and one novel variant (c.176G > A, p.Cys59Tyr, maternally inherited). These
heterozygous variants determined a much milder phenotype with respect to homozygous ¢.136C > T
(p.Arg46*) variants reported by Baker et al. in three unrelated patients’?. The essential discrepancy
is the different life span: while the phenotypes at 18 months are comparable, the grown patients (after
8 years old) regained normal neurological and cognitive functions until a complete clinical recovery
only in the heterozygous BOLA3 variants. Cysteine-59 in BOLA3 was shown to be a coordinating
ligand of a [2Fe-2S]** cluster bound to a hetero-dimeric complex formed by BOLA3 and its protein
partner GLRX5%. Specifically, the [2Fe-2S]*" cluster is bridged between the two proteins being
coordinated, from the GLRXS5 side, by Cysteine 67 and by the cysteine of a GLRXS5-bound
glutathione (GSH) molecule, and, from the BOLA3 side, by Cys59 and His96. The aim of this work
was to unravel the molecular basis of the Cys59Tyr BOLA3 pathogenic mutation in MMDS?2 in order
to rationalize its novel and unique phenotype, never documented before in MMDS, i.e., associated
with a complete clinical recovery. To do so, we first investigated the structural impact of the
Cys59Tyr mutation on BOLA3 by NMR, and then we analysed the mutation impact on BOLA3—
GLRXS5 complex formation and on the hetero-complex cluster-binding properties, through various
spectroscopic techniques, including NMR, UV-vis Circular dichroism, UV—vis and fluorescence
spectroscopies, as well as by experimentally-driven molecular docking. The 'H "N HSQC spectrum
of N labeled C59Y BOLA3 mutant showed, indeed, a well-folded protein, in agreement with all the
cross-peaks having wide dispersions and sharp linewidths. The '"H-'""N HSQC spectrum of '°N-
labeled C59Y BOLA3 showed some differences when compared to that of the wild-type protein, but
the same protein fold was maintained. Successively, the Cys59Tyr mutation impact on the GLRXS-
BOLA3 complex formation and on the [2Fe-2S] cluster binding and trafficking was investigated. All
the observed spectroscopic data were consistent with the presence of a [2Fe—2S]** cluster bound to
the Cys59Tyr BOLA3-GLRXS5 complex, as it occurred in the wild-type hetero-complex. However,
they also showed that the Cys59Tyr mutation determined a perturbation in the chemical environment
of the [2Fe-2S]** cluster due to the absence of the Cysteine 59 iron sulfur cluster ligand. In order to
further examine the potential involvement of Tyr59 in cluster-binding in place of Cys59, we
performed fluorescence emission spectroscopy, which has been extensively applied to discriminate

between a tyrosine having a protonated or a deprotonated phenolic side-chain group in proteins. The
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acquired fluorescence emission data strongly support the idea that Tyr59 is not involved in the [2Fe-
2S] cluster coordination. Finally, considering that we have recently shown the transfer of [2Fe-2S]**
clusters bound to BOLA3-GLRXS5 to apo NFUI to form a [4Fe—4S]** cluster-bound NFU1 dimer®’,
we investigated by NMR the effect of the Cys59Tyr mutation on this process. Specifically, by
replicating on the Cys59Tyr mutant the "TH-'"N HSQC NMR experiments previously performed on
the wild-type protein®’, we found that, although the [4Fe—4S] cluster assembly on NFU1 was not
abolished, a significant lower efficiency was observed for the mutant with respect to the wild-type
protein. Specifically, the amount of [4Fe—4S] NFU1 that was formed in the final mixture was 25%
(C59Y mutant) vs. 65% (wild type). Concluding, we have shown that the mutation structurally
perturbed the iron—sulfur cluster-binding region of BOLA3, but without abolishing [2Fe—2S]*"
cluster-binding on the hetero-complex; tyrosine 59 did not replace cysteine 59 as iron—sulfur cluster
ligand; and the mutation promoted the formation of an aberrant apo C59Y BOLA3-GLRXS5 complex.
All these aspects allowed us to rationalize the unique phenotype observed in MMDS?2 caused by
Cys59Tyr mutation.
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1

Abstrack Multiple mitochondrial dysfunctions synd: (MMDS) is a rare neurodegenerative
disorder associated with mutations in genes with a vital role in the biogenesis of mitochondrial
[4Fe-45] proteins. Mutations in one of these genes encoding for BOLAS progein lead to MMDS type 2
(MMDS2). Recently, a novel phenotype for MMDS2 with complete clinical recovery was observed
in a patient containing a novel variant (. 176G > A, p.Gys59Tyr) in compound heterozygosity. In
this work, we aimed to rationalize this unique phenotype observed in MMDS2. To do so, we first
investigated the structural impact of the Cys59Tyr mutation on BOLA3 by NMR, and then we
analyzed how the mutation affects both the formation of a hete dex between BOLAS and

its protein partner GLRXS and the iron-sulfur cluster-binding properties of the hetero-complex by
various spectroscopic techniques and by experimentally driven molecular docking. We show that (1)
the mutation structurally perturbed the iron-sulfur cluster-binding region of BOLA3, but without
abolishing [2Fe-25]** cluster-binding on the hetero-complex; (2) tyrosine 59 did not replace cysteine
59 as iron-sulfur cluster ligand; and (3) the mutation promoted the formation of an aberrant apo
(59Y BOLA3-GLRXS complex. All these aspects allowed us to rationalize the unique phenotype
observed in MMDS2 caused by Cys59Tyr mutation.

Keywords: BOLA3; GLRXS; multiple mitochondrial dysfunctions synd

iron-sulfur protein;

1. Introduction

Multiple mitochondrial dysfunctions syndrome (MMDS) is a ram, severe autosomal
recessive disorder of the energy metabolism with onset in early infancy, characterized by
markedly impaired development, weakness, respiratory failure, lactic acidosis,
hyperglycinemia, and early fatality [1-4]. Mutations in genes encoding for NFU1, BOLA3,
IBAS7, ISCA2, and ISCA1 prokeins lead to MMDS types 1 to 5, respectively. All these five
genes play an essential role in the biogenesis of mitochondrial [4Fe—45] cluster-binding
proteins [5-10], which, in humans, consist of the respiratory chain complexes I and I,
aconitase, the lipoic add synthase, the molybdenum cofactor biosynthesis protein 1, and
the electron transfer flavoprotein-ubiquinone oxidoreductase involved in the f-oxidation
of lipids [2]. Thus, MMDS types 1-5 induce impairment of cellular respiration and lipoic
acid metabolism [5,6,8].

Bi-allelic variants in BOLA3 cause MMDS type 2 with hyperglycinaemia (MMDS2;
MIM#614299), typically characterized by infantile encephalopathy, leukodystrophy, lactic
acidosis, non-ketotic hy perglycinemia and death in early childhood [5,7,11]. Six missense
and six non-sense disease- variants in BOLA3 have been identified to date in
patients affected by MMDS2 [5,7,11-21]. Recently, a novel phenotype for MMDS2 with
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complete dinical recovery and partial resolution of magnetic resonance imaging abnormal-
ity was observed in a patient [ 18] Whole genome sequencing on the latter MMDS2 patient
identified compound heterozy gous variants in BOLA3: one previously reported (c.136C
> T, p.Arg46®, patemally inherited [7,12]) and one novel variant (c.176G > A, p.CysS9Tyr,
maternally inherited). These heterozy gous variants determine a much milder phenotype
with respect to homozygous ¢.136C > T (p.Arg46®) variants eported by Baker et al. in
three unrelated patients [7]. The essential discrepancy is the different life span: while the
phenotypes at 18 months are comparable, the grown patient (after 8 years old) regained
normal reurological and cognitive function until a complete clinical recovery only in the
heterozygous BOLA3 variants.

Cysteine-59 in BOLA3 was shown to be a coordinating ligand of a [2Fe-2S]**+ cluster
bound to a hetero-dimeric complex formed by BOLA3 and its protein partner GLRX5 [22].
Specifically, the [2Fe-2S]** cluster is bridged between the two proteins being coordinated,
from the GLRXS5 side, by Cys67 and by the cysteine of a GLRX5-bound glutathione (GSH)
molecule, and, from the BOLA3 side, by Cys59 and His%. A combination of in vitro and
in vivo studies support that BOLA3 complexed with GLRX5 could function in [2Fe-25]
duster trafficking and/or insertion reactions in the mitochondrial iron-sulfur protein
biogenesis [23]. Recently, the BOLA 3-GLRX5 complex in its [2Fe-25]** bound state was
shown to transfer the cluster to both apo human ferredoxins FDX1 and FDX2 with rate
constants comparable to other cluster donors to FDX proteins [24,25], as well as to transfer
its cluster to apo NFU1 to form a [4Fe-4S|* duster-bound NFU1 dimer [26]. However,
considering that the yeast homologue of human BOLA3 was shown not to be required for
the maturation of mitochondrial [2Fe-25] proteins [23], the cluster transfer to FDXs is very
likely not physiologically relevant. On the contrary, the BOLA3-driven cluster assembly on
NFU1 is supported by in vivo studies. NFU1 is the protein of the mitochondrial iron-sulfur
cluster (1SC) assembly machinery implicated in inserting the [4Fe—4S[** cluster into specific
mitochondrial client proteins, ie, lipoic acid synthase and components of respiratory
complexes I and II [6,27,25]. Recently, a molecular view of how NFU1 cooperates with
ISCA1 and ISCA2 proteins in the maturation of mitochondrial [4Fe—4S] proteins has been
chﬁned[’ﬂMMDStypelpahmlsharbormga&amednﬁmuhbmmmeNFUl
presented with a biochemical phenotype similar to BOLA3-defident individuals affected
by MMDS2 [20-32], suggesting that the two proteins take part to the same cellular pathw ay,
in agreement with the invitro BOLA3-GLRX5-NFUl-dependent pathway previously
reported [26]. Following this molecular picture, the impairment of the latter [4Fe—4S]
protein assembly pathway, caused by the pathogenic mutations found in MMDSI1 and
MMDS2, might explain the cellular functional defects assodiated to the lack of an efficent
biogenesis of lipoic acid synthase and components of respiratory complexes I and II [5].
Mwu,wmwmlwmmwwamwduw

that does not involve GLRX5. Indeed, BOLA3was proposed to drive the transfer
of the [4Fe—4S[** cluster bound to NFU1 into specific mitochondrial target proteins [25].
On the other hand, the interaction between NFU1 and BOLA3 was not clearly detected
in vivo [28], and recent in vitro data showed that BOLA3 and NFU1 do not interact each
other in both apo and holo forms [24,26]. Thus, these in vitro data suggest that BOLA3
might be not involved at this stage of the mitochondrial ISC assembly machinery, but only
when it works in the complex with GLRX5.

The aim of this work was to unravel the molecular basis of the Cys59Tyr BOLA3
pathogenic mutation in MMDS2 in order to comprehend its novel and unique phenotype
never documented in MMDS, ie,, associated with a complete clinical recovery. To do so,
we first investigated the structural impact of the Cys59Tyr mutation on BOLA3 by NMR,
and then we analyzed how the mutation impacts on BOLA 3-GLRX5 complex formation
and on the hetero-complex cluster-binding properties by various spectroscopic techniques,
including NMR, UV-VIS circular dichroism, UV-VIS and fluorescence spectroscopies, as
well as by experimentally driven molecular docking. We show that 1) the mutation does
not modify the overall structure of BOLA3, but it structurally perturbs the iron-sulfur
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(Fe-5) cluster-binding region; 2) the mutation promotes the formation of an aberrant apo
C59Y BOLA3-GLRXS5 complex structurally different from that formed by the wild-type
proteins; 3) although the mutation does not abolish [2Fe-25]** cluster-binding on the
hetero-complex, it determines a perturbation in the chemical environment of the [2Fe-25]*
duster due to the lack of the Cys59 Fe-S cluster ligand, which it is not replaced by the
tyrosine. All these aspects allowed us to rationalize the unique phenotype observed for the
Cys59Tyr BOLA3 pathogenic mutation in MMDS2
2 Results
21. Cys59Tyr Mutation Structurally Perturbed Only the Fe-S Quster-Binding Region of BOLA3

ﬂ\epaﬂugrﬁcmmaﬁmoquwne-ﬂmal{‘:dmdidmdmﬁmn affect the
structural properties of BOLA3 protein. The 'H-"*N HSQC spectrum of '*N labelled
Cys59Tyr BOLA3 mutant (C59Y BOLA3, hereafter) showed, indeed, a well-folded protein,
in agreement with all the cross-peaks having wide dispersions and sharp linewidths
(Figure 1A). The "H-15N HSQC spectrum of *N-labelled C59Y BOLA3 experienced some
differences when compared to that of the wild-type protein, but the same protein fold
was maintained (Figure 1A). The backbone chemical shift differences between wild-type
and C59Y BOLAS3 proteins indicated that the Cys59Tyr mutation in BOLA3 affected some
residues of the loop containing the mutation and the spatially close, fully conserved His96
(Figure 1B), which is the other [2Fe-25] cluster ligand of BOLA3 in the BOLA3-GLRX5
hetero-dimeric complex [22]. When, in a previous study [22], Cys59 was mutated to
Ala, the residues with significant backbone chemical shift differences were similar (when
calculated applying the same chemical shift threshold value of 0.06 on both C59A and
C59Y BOLA3 mutants). The only differences consisted of two less residues perturbed in
the loop containing the mutation, once Ala 59 was present, and of the loop containing
the His9% ligand that was not perturbed by the C59A mutation. This indicates that the
introduction of a tyrosine with respect to an alanine perturbed slightly more the local
structural environment of the duster-binding region of BOLA3, in agreement with the
bulky steric hindrance of the tyrosine vs. that of the alanine that has a steric hindrance
similar to that of the cysteine.

In conclusion, the NMR data showed that the Cys59Tyr mutation did not affect the protein
fold, but that only the Fe-S cluster-binding megion resulted in being structurally perturbed.
2.2 Cys59Tyr BOLA3 Mutation Modified the Interaction of BOLA3 with Apo GLRX5

BOLA3 is known to form a hetero-dimeric complex with apo GLRX5 with an affinity
constant of 1.2 x 105 M—1 [22-25]. To test whether the Cys59Tyr mutation affected the
fomnﬁmo‘hapoBOLAS-GLRXScomplex,wesmpwimaddedapoGLRXSmuN-
labelled C59Y BOLA3, or vice versa adding C59Y BOLA3 to apo 1*N-labelled GLRX5, and
the interaction was followed through 'H—"N HSQC NMR experiments (see the Materials
and Methods section for details). Spectral changes occurred on both titrations, and the
NMR signals of the free and the bound proteins were in fast and intermediate exchange
regimes relative to the NMR time scale (Figure 2). These data indicate that the Cys59Tyr
mutation did not impair apo hetero-complex formation. Moreover, the NMR titration data
(see the Materials and Methods section for details) showed that the two proteins interacted
both in the absence and in the presence of GSH, and that GSH, which bound to the GLRX5
subunit of the hetero-complex, was involved at the protein-protein interface, as it occurred
for the wild-type protein.
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Figure 1. C59Y mutation structurally perturbed only the Fe-S cluster-binding region of BOLA3. (A)
Overlay of the "H—""N HSQC spectra of *N-labelled BOLA3 (black) and "*N-labelled C59Y BOLA3
(red). The "H—'SN HSQC spectra wene acquired at 298 K in 150 mM NaCl, 5 mM GSH, 5mM DTT,
50 mM phosphate buffer (pH 7.0), and 10% (/) D;0. (B) Backbone weighted average chemical shift
differences (ABuwy (HN)) between BOLAS and C59Y BOLA3. A chemical shift threshold value of 0.06,
indicated as a dashed line, was estimated to define meaningful chemical shift differences (see the
Materials and Methods section). The green bars indicate proline residues or unassigned NHs. The
ingful chemical shift diffe are mapped in red on the solution structure of BOLA3 (PDB
2INCL). The side-chains of Cys59 and His% Fe-S duster ligands are depicted in red sticks.

As following step, chemical shift perturbations and line broadening analyses were
performed by comparing the "H—1*N HSQC spectra of *N-labelled BOLA3 and N-
labelled C59Y BOLAS3, respectively, with those recorded in presence of equimolar amounts
of apo GLRX5, at two different starting concentrations of N-labelled BOLA3 and *N-
labelled C59Y BOLAS3 (100 and 800 uM). The observed spectral changes were then mapped
on the solution structures of BOLA3 (PDB 2NCL) and on a structural model of C59Y
BOLA3, obtained by homology modelling through MODELLER 9.10 software followed
by energy minimization in water through AMBER 12.0 program (see the Materials and
Methods section for details).
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Figure 2. NMR showed apo hetero-complex formation between C59Y BOLA3 and GLRXS. (A)
Overlay of the TH—15N HSQC spectra of SN-labelled C59Y BOLA3 (starting pro#in concentration
800 M, black) and of a 1:1 N-labelled C59Y BOLA3-unlabelled apo GLRXS mixture (red). In the
insets, the overlay of "H—"N HSQC spectra of "N-labelled CS9Y BOLA3 at 0.0 (black), 05 (cyano),
and 1.0 (red) equivalents of unlabeled apo GLRXS is reported, showing backbone NHs of residues
in fast (Q79) and intermediate (G57 and G97) exchange regimes relative to the NMR time scale. (B)
Overlay of the "TH—15N HSQC spectra of 15N-labelled apo GLRXS (starting protein concentration
800 M, black) and of a 1:1 *N-labelled apo GLRX5-unlabelled C59Y BOLA3 mixture (red). In the
inset, the overlay of TH—15N HSQC spectra of 15N-labelled apo GLRXS at 0.0 (black), 05 (cyano),
and 10 (red) equivalents of unlabeled apo C59Y BOLA3 is reported, showing backbone NH of N115
in a fast exchange regime relative to the NMR time scale and the NH of the indole ring of W106 in
an intermediate exchange regime relative to the NMR time scale. The "TH—"5N HSQC spectra were
acquired at 298 K in 150 mM NaCl, 5 mM GSH, 5 mM DTT, 50 mM phesphate buffer (pH 7.0), and
10% (/o) D,0.
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In the titrations performed at 100 pM protein concentration, the spectral analyses
showed that very similar interacting regions were identified on both BOLA3 proeeins, ie.,
wild-type and Cys59Tyr mutant (Figure 3A, B, respectively). These regions included helix
@y; strand Ba; the loop connecting the latter two elements, which contains His% Fe-S
duster ligand; and a few residues following the Cys59 Fe-S cluster ligand (Figure 3A,B).
Comparing the chemical shifts of the backbone NH signals that werm in fast
on the NMR time scale on the 'H—*N HSQC spectra of "*N-labelled BOLA3 and *N-
labelled C59Y BOLA3 acquired at the final 1:1 ratio, we found that they had the same
values, suggesting that the hetero-complex was formed in both cases at the same level
and thus that the Cys59Tyr mutation of BOLA3 did not significantly affect the affinity
Maﬁvemmm“ﬁxbmaﬁmwiﬂ\apom.miswmmﬁmmdbymm
titration, where a 1:1 "*N-labelled BOLA3-"N-labelled C59Y BOLA3 mix ture was titrated
with unlabeled apo GLRX5. Indeed, in the latter experiment, we were able to follow the
stepwise interaction of apo GLRX5 concomitantly occurring with both *N-labelled BOLA3
and YN-labelled C59Y BOLA3, mixed at a 1:1 ratio. We found that apo GLRX5 interacted
at the same extent with both BOLA3 prokeins from substoichiometric ratios up to when the
final 2:1 ratio was reached, indicating that the added apo GLRX5 was equally partitioned
between the two BOLA3 proteins along the additions (Supplementary Figure S1).

The spectral analysis performed at 800 uM starting protein concentration also showed
that, in addition to the interacting regions mentioned above in the titrations performed
at 100 uM protein concentration, the loop of BOLA3 containing Cys59Tyr mutation was
also affected in the C59Y BOLA3-GLRXS5 interaction, experiencing all its backbone NHs
line broadening beyond detection, while the same loop was not involved in the wild-type
BOLA3-GLRXS5 interaction (Figure 3C,D). This result indicates that the Cys59Tyr mutation
can promote the formation of an aberrant interaction in the heero-complex characterized
by profein-protein contacts that involve the loop region containing the Cys59Tyr mutation
and that are not present in the wild-type protein-protein interaction.

Spectral changes were also analyzed on the TH—15N HSQC map of 1*N-labelled apo
GLRXS5 at a starting protein concentration of 800 uM upon the interaction with BOLA3 or
C59Y BOLA3 and mapped on the solution structure of GSH-bound GLRX5 (PDB 2WUL)
(Figure 4). Similar interaction regions were observed in both wild-type and C59Y BOLA3-
GLRX5 titrations. They involved the residues in contact with GSH and with the Cys67
Fe-S cluster ligand of GLRXS5, indicating that GLRX5 interacted with both BOLA3 and
C59Y BOLAS3 proteins via the same Fe-S cluster binding site region (Figure 4). However, a
higher number of signals of GLRX5, which specifically display line broadening beyond
signal detection, were observed in the Cys59Tyr BOLA3 mutant interaction with respect to
the wild-type BOLAS3 interaction (Figure 4), similarly to what was observed on the BOLA3
side (Figure 3C,D).

In order to structurally visualize the aberrant protein-protein interaction induced by
the Cys59Tyr mutation, we carried out a protein-protein docking modeling to obtain the
structural models of apo BOLA3-GLRX5 and apo C59Y BOLA3-GLRX5 complexes, using,
as experimental data, the chemical shift perturbations observed on C59Y BOLA3, BOLA3,
and apo GLRX5 proteins for the NMR titrations performed at 800 pM starting protein
concentration. Structural models of apo BOLA3-GLRX5 and apo C59Y BOLA3-GLRX5

weme calculated following the standard protocol of HADDOCK 2.2 docking
program [13,34] and considering the GSH Fe-S cluster ligand bound to GLRX5, according to
what has been previously reported [22] (see the Materials and Methods section for details).
The docking models were clustered on the basis of common contacts following the standard
HADDOCK scoring approach [35] (Supplementary Figure S2). From the comparison of the
two best models, we found that once the GLRX5 structure in the two hetero-complexes
was superimposed, it appeared that C59Y BOLA3 had a different orientation with respect
to BOLA3, with the latter hetero-complex being more compact than that with C59Y BOLA3
(Figure 5). Specifically, the loop between the Bl and B2 strands, wheme Tyr59 of C59Y
BOLA3 was located, became closer to the [2Fe-25] duster ligands of GLRXS5 (Cys67 and
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GSH), with respect to what occurred for Cys59 of BOLA3 in the BOLA3-GLRX5 complex.
Overall, these NMR-based docking models showed that the Cys to Tyr mutation triggered
a close interaction between the C59Y-mutated loop and the Fe-S dluster ligands of GLRX5.
This turned out in a significant alteration of the structural arrangement in the apo C59Y
BOLA3-GLRX5 complex, which is, indeed, less compact and more elongated with respect
to that of the wild-type hetero-complex.
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Figure 3 C59Y mutation p ted the fi tion of an aberrant profein-protein interaction. (A)
Backbone weighted average chemical shift diffe (Mg (HN)) on “N-labelled BOLA3 (100 uM
starting proéein concentration) upon hetero-complex formation with apo GLRXS (left panel). Mean-
ingful chemical shift diff are mapped on the solution structure of BOLA3 (PDB 2NCL) (right
panel). (B) A, (HN) on "N-labelled C59Y BOLA3 (100 uM starting protein concentration) upen
hetero-complex formation with apo GLRXS (left panel). Meaningful chemical shift diff are
mapped on the structural model of C59Y BOLAS (right panel). (C) Afuuy(HN) on 5N-labelled
BOLAS3 (800 uM starting protein concentration) upon hetero-complex formation with apo GLRX5
(left panel). Meaningful chemical shift diffe are mapped on the solution structure of BOLA3
(PDB 2NCL) (right panel). (D) A8, ,(HN) on 'SN-labelled C59Y BOLA3 (800 uM starting protein
concentration) upon hetero-complex formation with apo GLEXS (left panel). Meaningful chemical
shift differences ame mapped on the structural model of (59Y BOLAS3 (right panel). Red bars with
Abuwg(HN) = 1 indicate mesidues whose backbone NH signals broaden beyond detection The green
bars indicate proli idues or igned NHs. Chemical shift threshold values (see the Materials
and Methods section) are indicated as dashed lines On the blue ribbon diagrams, backbone NHs
showing line broadening beyond detection are depicted as red spheres, while backbone NHs with
chemical shifts above the thresholds ame depicted as yellow sph Sidechains of CysS9, Tyr59, and
His96 are shown as green sticks.
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chemical shift diffe were mapped on the solution structuse of GSH-bound GLRXS (PDB 2WUL)
(right panel). (B) Afuy 4 (HN) on "N-labelled GLRXS5 (800 1M starting protein concentration) upon
hetero-complex formation with C59Y BOLA3 (left panel). Meaningful chemical shift differences
were mapped on the solution structure of GSH-bound GLRXS (PDB 2WUL) (right panel). Red bars
thA&,,.(HN) 1indicate residues whose backbone NH signals broaden beyond detection. The
green bars i e proli idues or igned NHa. Chemical shift theeshold values (see the
Materials and Methods section) ame indicated as dashed lines On the blue ribbon diagrams, backbone
NHs show ing line broadening beyond detection ane depicted as red sph and the backbone NHs
with chemical shifts above the thresholds are depicted as yellow spheres. The sidechain of Cysé7 is
depicted as green stick, and the GSH molecule is depicted as CPK mode in gray.

GLRXS

Figure 5 Visualizing the structure of the aberrant profein-protein complex by data-driven biomolec-
ular docking. Structural models of apo BOLA3-GLRXS (A) and C59Y BOLA3-GLRX5 (B) complexes
Ribbon diagrams of GLRXS, BOLA3, and C59Y BOLAS structunes are in red, oyan, and green, nespec-
tively. Sidechains of His% and Cys59 in BOLA3, His96 and Tyr59 in C59Y BOLA3, Gys67 in GLRXS,
and the GSH molecule bound to GLRXS are shown as sticks.
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In conclusion, the NMR data indicate that the Cys59Tyr mutation did not abolish
the formation of an apo hetero-complex between BOLA3 and GLRXS5, but it significantly
maodified the interaction between the two promoting the formation of a hetero-
complex structurally different from that formed by the wild-type protein.

23 C59Y BOLA3-GLRX5 Camplex Bound a [2Fe-25]%* Cluster

In light of the different interaction properties of the C59Y BOLA3 mutant with apo
GLRX5 in comparison with those of wild-type BOLA3, we investigated whether the C59Y
BOLA3-GLRX5 complex is still able to bind a [2Fe-25]** cluster, as the BOLA3-GLRX5
complex does [22,23]. To address this question, we chemically reconstituted the apo C59Y
BOLA3-GLRX5 complex, obtained by mixing equimolar amounts of apo GLRX5 and C59Y
BOLA3, and then analyzed the chemically reconstituted mixture by UV-VIS, UV-VIS
am:lardldumsm(CD),arﬂpaumgmnchlHNMRqJectlmoupm

The data showed that the C59Y BOLA3-GLRX5 complex was still able to bind a
[2Fe-2S]** cluster: indeed, the UV-VIS spectrum had absorption bands between 300 and
600 nm, typical of biological oxidized [2Fe-25]* centers [36,37] (Figure 6A); the UV-VIS
CD spectrum showed well-structured, intense bands typical of protein-bound [2Fe-25]
cluster [38,39] (Figure 6B); and paramagnetic 1D 'H NMR spectrum showed broad signals
in the 35-20 ppm range and of a sharper one at 13 ppm, all of them typical of residues
bound to an oxidized [2Fe-25F* duster [40-42] (Figure 6C).
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Figure 6 C9Y BOLA3-GLRXS complex bound a [2Fe-25* cluster UV-VIS (A), UV-VIS CD (B), and paramagnetic 1D 'H

NMR spectra (C) of ch

lly reconstituted C59Y BOLA3-GLRXS (black) and BOLA3-GLEXS (orange) apo complexes.

the UV-VIS, UV-VIS CD), and paramagnetic 1D 'H NMR spectra of the
[2Fe2SF*C59YBOLA3-GLR)6mmpIuwm\themuzspmdmg obtained on the
[2Fe-25** BOLA3-GLRX5 complex, we observed significant differences, indicating that
the Cys-to-Tyr mutation perturbed the cluster-binding environment. Specifically, the ab-
smpﬁmbaMsatM,W,SlZMMmhﬂ![Zk—B]z‘mSWMWm
shifted to 407, 459, 507, and 540 nm in the [2Fe-25]%* C59Y BOLA3-GLRX5 (Figure 6A).
that it has previously been shown that the UV-VIS absorption spectra of

[2Fe-25]** ferredaxins display hypsochromic shifts in the 400-500 nm region upon the
replacement of a sulfur by an axygen ligand [43,44], the bathochromic shifts observed in
the UV-VIS spectrum of the C59Y BOLA3-GLRX5 complex, as compared to the spectrum
of the wild-type hetero-complex, suggests that the tyrosine did not coordinate the cluster.
This is consistent with the fact that the coordination of a Tyr to an Fe-S cluster is extremely
rare and previously detected only for a [4Fe-4S] duster of the hydrogenase maturase HydE
from Thernmotoga maritima and for the P-cluster in G. dinzofrophicus nitrogenase [45,46], but
never for a [2Fe-25] cluster. Moreover, the UV-VIS CD and paramagnetic 1D 'H NMR
spectra indicated that the Cys-to-Tyr mutation affected the cluster-binding environment.
Indeed, the UV-VIS CD spectrum of the [2Fe-2S]** C59Y BOLA3-GLRX5 complex differed
from that of the [2Fe-25]** BOLA3-GLRX5 complex, showing an opposite trend of the
intensities of the two bands in the region 350425 nm (Figure 6B), as well as the hyperfine-

58



Int | Mol Sci 2021, 22, 4848

100f18

shifted NMR signals, which are typical of BCH; and «CH protons of the residues bound
to a [2Fe-2SF** cluster, show changes in the chemical shift values when comparing the
paramagnetic 1D 'H NMR spectra of the two [2Fe-25]** hetero-complexes (Figure &C).

In order to further examine the potential involvement of Tyr59 in cluster-binding in
place of Cys59, we performed fluorescence emission spectroscopy, which has been exten-
sively applied to discriminate between a tyrosine having a protonated or a deprotonated
phenolic side-chain group (ie,, phenol or phenoxide-tyrosine hereafter, respectively) in
proteins [47-50], with the phenoxide state of the tyrosine being the only one able to coor-
dinate a metal cofactor. A phenoxide-tyrosine has an emission maximum at 345 nm [51]
while a phenol-tyrosine has an emission maximum at 303 nm [52]. Fluorescence emission
spectra of native proteins containing Trp, Ty, and Phe residues (as it occurs in the BOLA3-
GLRX5 complex) typically show an emission maximum in the range of 331 to 343 nm [53]
as a consequence of the predominant contribution of fluorescence emission of Trp [54]
over that of Tyr and Phe residues [55]. The fluorescence emission spectrum of apo C59Y
BOLA3-GLRX5 complex shows a band with a maximum at 335 nm (Figure 7) due to the
presence of a Trp in GLRX5, while the fluorescence emission spectrum of [2Fe-25]** C59Y
BOLA3-GLRXG5 is significantly different, show ing, in addition to the band at 335 nm due to
the Trp, an intense band at 308 nm in the fluorescence region typical of a phenol-tyrosine
(Figure 7). On the contrary, no apparent changes were observed in the fluorescence region
typical of a phenaxide-tyrosine at 345 nm. This is better visualized by the difference of
the two flucrescence emission spectra (Figure 7, inset), which resulted in a positive band
with a maximum at 303 nm, typical of a phenol-tyrosine, and with no positive band with a
maximum centered at 345 nm, typical of a phenoxide-tyrosine. Therefore, the fluorescence
emission data strongly support the idea that Tyr59 is not involved in cdluster coordination.
A possible alternative Fe-S cluster ligand in place of Cys59 might be the cysteine of a
GSH molecule additionally bound to the hetero-complex. However, it is highly unlikely
considering that we previously showed that the C59A mutation, which provides structural
perturbations on BOLA3 quite similar to those determined by the C59Y mutation (see
Section 2.1), do not promote the binding of a second GSH molecule to the [2Fe-25] cluster
bound to the hetero-complex [22].

300 -
pry —~
3 S
;2504 / v
- / / \ o:_- 4 \'-'
sl / % P
g ’ I,' // Y .fs,\ gu }
E 50 / B
3 : N % aariaim
g .‘l W T
8 100 ! 1.}. o A — “
@ 4 \
! -A..‘\
Q 501 S
2 oy
[ o R
300 350 400 450 500
Wavelength (nm)
Figure 7. Flu emission spectroscopy indicated that tyrosine 59 was not involved in cluster
coordination in the C59Y BOLA3-GLRXS plex. Fl emission spectra of apo C59Y

BOLA3-GLRX5 complex before (black) and after (orange) chemical mconstitution recorded upon ex-
citation at 280 nm. In the inset, fluonescence emission difference spectrum (A) obtained by subtracting
the trum of the chemically reconstituted hetero-complex from that of the apo hetero-complex.
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Finally, considering that we have recently shown the transfer of [2Fe-25] clusters
bound to BOLA 3-GLRXS5 to apo NFU1 to form a [4Fe—4S[** duster-bound NFU1 dimer [26],

weuwestlgamdbymwefbddthe mutation on this process. Specifically,
by replicating on the Cys59Tyr mutant the "H— KHSQCNMRe(pmw\Bpmwmly
performed on the wild-type protein [26] (see the Materials and Methods section for details),

we found that, although the [4Fe-4S] cluster assembly on NFU1 was not abolished, a
significant lower efficiency was observed for the mutant with respect to the wild-type
protein. Specifically, the amount of [4Fe-4S] NFU1 that was formed in the final mixture
was 25% (C59Y mutant) vs. 65% (wild-type).

In conclusion, all the observed spectroscopic data were consistent with the presence
of a [2Fe-25]** cluster bound to the C59Y BOLA 3-GLRX5 complex, as it occurred in the
wild-type hetero-complex. However, they also showed that (1)the Cys59Tyr mutation
maMMnhdmdmnmndhmB]”dmdmmﬂe
absence of the Cys59 Fe-S cluster ligand, (2) Tyr 59 did not replace Cys59 as Fe-S cluster
ligand, and (3) the Cys59Tyr mutation reduced the efficiency of [4Fe-4S] cluster assembly
on NFUL

3. Discussion

BOLAZ3 is a protein required in human cells for the assembly of mitochondrial [4Fe-
4S] duster-binding target proteins that are involved in central pathways of mitochondrial
energy production and carbon metabolism [5,11,23,28]. As a result of this, the impairment
ofm3ﬁmﬁmmmsmodmhrde&ds,whid\mmwwhhamimﬁd
human disease identified as MMDS2 [1,5,7,15]. The number of disease-causing variants
found in BOLA3 has recently increased and, among them, a novel phenotype for MMDS2,
with complete clinical recovery after 8 years old, was observed in a patient [15]. This
patient was characterized by heterozygous variants in BOLA3, ie, c.136C > T, p.Arg46*
(paternally inherited) and ¢ 176G > A, p.Cys59Tyr (maternally inherited). The peculiarity of
these heterozygous variants is that they determine a much milder phenotype with respect
to homozygous ¢.136C > T (p.Arg46®) variants reported by Baker et al. in three unrelated
patients [7]. The latter variant resulted, indeed, incompatible with life, due to the fact
that the absence of BOLA3 cannot be compensated by other systems in the metabolic cell
request. This suggested us that Cys59Tyr BOLA3 variant might, on the contrary, maintain
some functional activity and thus might compensate, at least partially, the effect of the
other p.Arg46* BOLA3 heterozygous variant. In order to characterize at the molecular
level this novel and unique heterozy gous phenotype never documented in MMDS2, we
here investigated the impact of the Cys59Tyr mutation on BOLA3 structure, on the hetero-
complex formation between BOLA3 and its partner protein GLRX5 and on the Fe-S cluster
binding and transfer properties of the hetero-complex.

We showed that the Cys59Tyr mutation did not have severe effects on the overall
protein fold of BOLA3. C59Y BOLAS3 resulted indeed as a well-structured protein with
the same fold of the wild-type protein. These data suggest that the pathogenic effects of
the mutation did not promote increased folding instability and thus the protein tumover
in cells is expected to not be altered with respect to that of the wild-type protein. We
also found that the mutation did not impair apo protein-protein interaction between
BOLA3 and GLRX5 and did not significantly affect the affinity constant for the hetero-
complex formation. C59Y BOLA3 indeed maintained the same ability to interact with
GLRX5 as wild-type BOLA3. However, NMR protein-protein interaction data showed that
tyrosine 59 promoted the formation of an aberrant interaction with GLRX5, which was
not present in wild-type BOLA3. This effect can be structurally rationalized considering
both the high solvent exposure of the mutated position and that the mutation did not
dramatically modify the protein surface between the two proteins. Indeed, Cys59 is highly
solvent-exposed, being located in at the edge of an extended loop of BOLA3 [23]. When
substituted by a tyrosine, the latter residue, which remained still solvent-exposed in the
C59Y BOLAS3 structure (Supplementary Figure S3), had the ability, thanks to its aromatic
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ring, to trigget, in the apo C59Y BOLA3-GLRX5 complex, an intermolecular protein—protein
interaction not occurring in the wild-type hetero-complex. The structural model of the
apo C59Y BOLA3-GLRXS5 complex showed, indeed, that Tyr59 dosely interacted with the
glutathione molecule bound to the hetero-complex as well as with the Cys67 Fe-S cluster
ligand of GLRX5, causing a structural conformation of the apo hetero-complex different
from that observed when Cys59 was present The formation of this aberrant hetero-
complex might represent the cause of the pathogenic effects induced by the Cys59Tyr
mutation. mmmmdmmmmdmmmmmm
depended on protein concentration, thus indicating the presence of an equilibrium between
anative-like hetero-complex conformation and an aberrant hetero-complex conformation.
Specifically, the NMR data support that this equilibrium occurred involving multiple
binding states of comparable energy. Indeed, the majority of the backbone NHs of the
residues at the proein-protein interface of the apo C59Y BOLA3-GLRX5 complex showed
line broadening beyond detection on both interacting proteins that was not recovered by
adding an excess of the protein titrant, as it would be expected in the case of a single-
mode binding [56]. This effect was accompanied by a higher number of signals being
involved at the interacting interfaces of the two proteins, when the Cys59Tyr mutation was
present (Figure 3B,D and Figure 4), suggesting that the mutation had the following effect:
the interacting proteins in their associated state sampled each other’s surfaces, increasing
the number of contacts to find optimal binding geometry, which is, however, prevented by
the mutation, thus mimicking a condition commonly known as encounter complex [57].
Owerall, our data suggested that the Cys59Tyr mutation does not impair the formation
of a native-like hetero-complex, but it can substantially modify it. This model allows
the “reversible” phenotype observed in the patient affected by the p.Arg46*/Cys59Tyr
heterozy gous variants to be explained [18]. We can suggest, indeed, that the Cys59Tyr
mutation does not completely abolish the physiological function performed by wild-

BOLA3-GLRX5 complex, in such a way partially compensating the complete lack
of function of the other p.Arg46* BOLA3 heterozygous variant [7]. In the early human
development phases during which the functional processes performed by BOLA3 are much
more critical, the performance of the native-like hetero-complex formed by C59Y BOLA3
might not be sufficient to sustain the correct human development in that period of life,
as the aberrant non-functional complex is also formed. Once a less metabolic demand
of the hetero-complex is needed after the early stages of human development, such as
it occurs at the age of eight years, a complete clinical recovery can occur as the levels of
native-like hetero-complex formed by C59Y BOLA3 can fully satisfy the BOLA3-dependent
physiological processes.

It has been proposed, on the basis of a combination of in vitro and in vivo stud-
ies [23,28], that the BOLA3-GLRX5 complex transfers its [2Fe-2S]** cluster to protein
partners, such as NFU1 [26], which are involved in the final steps of the maturation
of mitochondrial [4Fe—4S] cluster-binding target proteins [25,58]. On this respect, it is
also melevant to investigate how the Cys59Tyr mutation affects the Fe-S cluster-binding
properties of the hetero-complex, as Cys59 is a ligand of the [2Fe-25]** cluster in the
hetero-complex [22]. Spectroscopic data showed that the C59Y BOLA3-GLRX5 complex
maintained its ability to bind a [2Fe-25]?* cluster even if the tyrosine did not substitute the
cysteine in [2Fe-25] cluster-binding. Thus, the Cys59Tyr mutation, in addition of altering
the apo BOLA3-GLRX5 complex conformation, modified the coordination mode of the
duster with respect to the wild-type hetero-complex. This aspect might also play a key
role in the pathogenic effects of the Cys59Tyr mutation. Specifically, the ability of the
BOLA3-GLRX5 complex in transferring its [2Fe-2S]** cluster to protein partners might be
altered in the Cys59Tyr mutant, as well as the cluster stability towards its degradation in
the cellular environment might be affected. In agreement with this view, NMR data showed
a lower efficiency of [4Fe—45] cluster assembly on NFU1 by [2Fe-2S] C59Y BOLA3-GLRX5
with respect to the wild-type hetero-complex, suggesting that the BOLA3-GLRX5-NFU1

cellular pathway might be negatively perturbed by the Cys59Tyr mutation. The fact that
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[2Fe-25] cluster-binding is not abolished by the Cys59TyT mutation, but it is only modified,
again agmees with the MMDS2 phenotype indeed, the modified coordination
of the hetero-complex might reduce the BOLA3 function in a period of the human body
development with a high BOLA3-dependent metabolic demand. However, the ability
of the hetero-complex to still coordinate the duster guarantees a certain level of cellular
functionality of the hetero-complex, which can thus rationalize the observed complete
dlinical recovery when the BOLA 3-dependent metabolic requirements are less demanding.
In conclusion, our in vitro study investigating the e ffects of the Cys59Tyr mutation on
the structural, protein-protein interaction, and duster-binding and -transfer properties of
BOLA3/BOLA3-GLRXS5 complex sheds light on the molecular grounds of the Cys59Tyr
variant-dependent MMDS2, explaining its novel phenotype associated with a complete
dinical recovery.

4. Materials and Methods
4.1. Protein Expression and Purification

Sie-directed mutagenesis (QuickChange Site-directed Mutagenesis Kit, Agilent Tech-
nologies, Milan, Italy) was applied on the pETG20A /wild-type BOLA3 expression vector,
already available in the lab [22], to produce recombinant C59Y BOLA3 mutant.

Escherichia coli BL21(DE3)-Gold (A gilent Technologies, Milan, Italy) competent cells
were transformed with pETG20A plasmid containing N-terminal-tagged (N-terminal TRX-
6His-tag) C59Y BOLA3. Cells weme cultivated at 37 °C in 1 L of Luria-Bertani (LB) media
adding ampicillin (100 pg/ mL) until the ODgy reached 0.6-0.8. The protein expression was
induced by adding 0.5 mM of isopropyl -D-1-thiogalactopyranoside and shaking for 5 h
at 30 °C, 200 rpm. The cells were harvested by centrifugation at 5000 rpm for 20 min (JA-10,
Beckman Coulter, Milan, Italy). The cell pellet was resuspended in the binding buffer
(50 mM phosphate buffer, 300 mM NaCl, 20 mM imidazole (pH 8.0)), and the cells were
lysed by sonication (30 min, 2” ON and 9.9 OFF). The N-terminal TRX-6His-tag C59Y
BOLAS3 protein was purified from the lysate using a HisTrap HP column (GE Healthcare,
Milan, Italy). The TRX-6His-tag was cleaved by tobacco etch virus protease overnight
at room temperature in 50 mM phosphate buffer, 300 mM Na(l, and 20 mM imidazole
(pH 8.0). HisTrap HP column was then performed to separate C59Y BOLA3 cleaved by the
TRX-6His-tag from uncleaved TRX-6His-tag C59Y BOLA3. The final yield of C59Y BOLA3
was =240 mg per lier of LB culture. Recovered C59Y BOLA3 was pure enough to be used
for spectroscopic and biochemical studies. All the expression and purification steps were
performed in aerobic conditions. 1N-labelled C59Y BOLA3 was produced in M9 minimal
meppkwﬂwnﬁ\um{;ﬂfdlmughsmm&saﬂndbrﬂcdx
cells grown in LB medium. The expression and purification of wild-type BOLA3, apo
GLRXS5, and apo NFU1 were obtained as previously described [23,26,59].

4.2 In Vitro Chemical Reconstitution of the Hetero-Complexes

The apo BOLA3-GLRX5 and apo C59Y BOLA3-GLRX5 hetero-complexes were chem-
ically reconstituted in anaerobic conditions in 50 mM Tris-HCI, 100 mM NaCl, and 5 mM
DTT buffer at pH 8.0 with eightfold FeCl; and Na,S for 16 h at room temperature. Fe-S
duster chemical reconstitution was performed with hetero-complex concentrations of
7240-80 uM. Excess of FeCl; and Na,S was anaerobically removed by passing the mixture
on a PD-10 desalting column, and the holo hetero-complex was recovered. Anaerobic
conditions were obtained performing the chemical reconstitution in an anaerobic chamber
(O; <1 ppm) and by using all buffers degassed.
4.3 NMR Spectroscopy to Characterize Proteins and Hetero-Complexes in Ther Apo Forms

NMR experiments were acquired at 298 K in 150 mM NaCl, 5 mM GSH,

5 mM DTT, 50 mM phosphate buffer (pH 7.0), and 10% (v/v) D;O. Diamagnetic NMR
spectra were recorded on Bruker AVANCE 700 and 950 MHz spectrometers, processed
using the standard Bruker software (Topspin), and analyzed with CARA program. Back-
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bane weighted chemical shift differences (AS,y,(HN)) were calculated by the equation
A8y (HN) = (((AH)? + (AN/5)%)/2)Y/2. The estimation of a chemical shift threshold value
to define meaningful chemical shift differences was obtained by averaging Aduwg(HN)
values plus lo.

The formation of the apo C59Y BOLA3-GLRX5 complex was monitored by running
1H-15N HSQC NMR iments 1N-labelled C59Y BOLA3 at 100 or 800 pM starting
protein concentration or *N-labelled apo GLRX5 at 800 uM starting protein concentration
was titrated with increasing amounts of unlabeled partner until the 1:2 protein ratio was
reached. Spectral changes were monitored upon the addition of increasing amounts of the
unlabeled partner. NMR data weme analyzed following standard procedures [60,61]. The
same set of NMR data were collected to monitor the formation of the apo BOLA3-GLRX5
complex. A 1:1 *N-labelled BOLA3-"*N-labelled C59Y BOLA3 mixture was also titrated
with unlabeled apo GLRX5 up to a 1:1:2 5N-labelled BOLA3-*N-labelled C59Y BOLA3-
GLRXS5 ratio to compare the melative affinity of GLRX5 versus the two BOLA3 proteins.

The experimental procedure followed in each NMR titration and the melative data
analysis are reported hereinafter. In a first step, the '*N-labelled protein was titrated with
the unlabeled protein partner in the absence of GSH but in the presence of 5 mM DTT,
s0 as to avoid oxidative processes potentially occurring during the titration experiment.
This allowed for exclusively following the effects of the protein-protein interaction on
interaction. Indeed, while GSH does not interact with both wild-type and C59Y BOLA3
(Supplementary Figure S4), GSH additions at millimolar concentration largely affects the
chemical shifts of backbone NHs of apo GLRX5 [3], indicating a specific binding of GSH
for GLRX5 and not for BOLA3. Once the end of the titration was reached, ie, when no
formation, 5 mM GSH was added to the final mixture The chemical shift perturbations
that were observed comparing the 'H-'"N HSQC maps before and after the addition of
5mM GSH exclusively monitored the interaction of GSH with the *N-labelled protein
in the final mixture. The 'H-'*N HSQC spectrum of the final mixture (ie., with 5 mM
GSH) was also compared with the 'H-'*N HSQC spectrum of the starting *N-labelled
protein containing 5 mM GSH. The 'H-1¥N HSQC spectra showed 1) chemical shift changes
exclusively due to the protein—protein interaction in the absence of GSH, and 2) further
chemical shift changes upon 5 mM GSH addition Moreover, when we compared the
TH- N HSQC NMR spectrum of the final mixture (ie., with 5 mM GSH) with the 'H-"*N
HSQC spectrum of the starting *N-labelled protein containing 5 mM GSH, we found that
they did not overlap. Collectively, all the NMR data indicated the formation of an apo
hetero-complex in the absence of GSH and that GSH, which binds to the GLRX5 subunit
of the hetero-complex, interacts at the protein-protein interface without promoting the
releasing of the free proteins. The data reported in Figures 3 and 4 were obtained through
comparing the NMR spectra of the final mixtures with the starting 1*N-labelled proteins,
all containing 5 mM DTT and 5 mM GSH. These data thus included chemical shift changes
due to two contributions, i.e., protein-protein and GSH-hetero-complex interactions.

44. Spectroscopic Methods to Characterize Fe-S Cluster- Binding and Transfer

All the spectroscopic experiments were performed under anaerobic conditions, prepar-
ing the samples in an anaerobic chamber (O; < 1 ppm) and using degassed buffers, gas-tight
cuvette, and gas-tight NMR tubes.

UV-VIS and UV-VIS CD spectra were performed at room temperature in 150 mM
NaCl, 5 mM GSH, 5 mM DTT, and 50 mM phosphate buffer (pH 7.0) on a Cary 50 Eclipse
spectrophotometer and JASCO [-810 spectropolarimeter, respectively.

Fluorescence emission measurements w ere performed at 298 K in 150 mM NaCl, 5mM
GSH, 5mM DTT, and 50 mM phosphate buffer (pH 7.0) on a Cary 50 Edipse spectropho-
tometer supplied with a single-cell Peltier thermostatic cell holder. After excitation at

63



Int | Mol Sci 2021, 22, 4848

150618

280 nm, an emission scan was recorded between 200 and 600 nm. The emission spectra
werme corrected for the buffer baseline.

Paramagnetic 1D 'H NMR experiments were performed at 400 MHz with a 'H opti-
mized 5 mm probe at 298 K in 150 mM NaCl, 5 mM GSH, 5 mM DTT, 50 mM phosphate
buffer (pH 7.0), and 99% (v/v) D20. These spectra were acquired by means of the super-
WEFT sequence with a recycle time of 65 ms [62].

H- N HSQC NMR experiments were performed to follow the formation of [4Fe-
4SP* NFU1 by mixing unlabeled [2Fe-25]2* C59Y BOLA3-GLRX5 and apo *N-labelled
NFUI1 at a 1:1 ratio in the presence of 5 mM DTT and 5 mM GSH using the same experi-
mental conditions previously applied to the wild-type hetero-complex [26].

4.5 Data-Driven Biomolecular Docking

Structural models of the apo BOLA3-GLRX5 and apo C59Y BOLA3-GLRX5 com-
plexes weme calculated using the protein-protein docking program HADDOCK 2.2 by
following the standard HADDOCK procedure and employing the HADDOCK2.2 Web
Server (https: / /alcazarscience.uunl /services/ HADDOCK2.2/) [34,63]). Specifically, the
structural models of the apo hetero-dimers were built from the structures of individual
proteins (monomeric apo GLRX5 with a bound GSH molecule obtained from PDB entry
2WUL [64] and BOLA3 from PDB entry 2NCL [23]). The structure of the C59Y BOLA3
was obtained with Modeller 9.20 (https / /salilab.org/ modeller/) [65], using as template
the existing NMR solution structure of BOLA3. The C59Y BOLA3 structure obtained by
Modeller 9.20 was then energy minimized in explicit water using an AMBER 12.0 molecu-
lar dynamics program [66]. The NMR chemical shift mapping data obtained for the two
hetero-complexes in the titrations performed at 800 M starting protein concentration
werm used to define ambiguous interaction restraints for the residues at the interface. The
"active” residues were defined as those having a chemical shift perturbation upon hetero-
complex formation larger than the average of Ay ,(HN) plus 10, as well as those residues
whose backbone NHs broaden beyond detection upon the interaction with the protein
parmer, and all having a solvent accessibility higher than 50%; the “passive” residues
werm defined as those being surface neighbors to the active residues and having a solvent
accessibility higher than 50%. NACCESS is the program used to calculate the atomic and
residue accessibilities from the PDB file. GSH molecule was also included as active residue
on the basis of the NMR data described in Section 43. The ensemble of 200 solutions
was analyzed and clustered on the basis of the pairwise RMSD matrix calculated over the
backbone atoms of the interface residues of GLRXS5 after fitting on the interface residues of
BOLA3 or C59Y BOLA3. This way of calculating RMSD values in HA DDOCK resulted in
high values that emphasized the differences between docking solutions. For this reason,
we performed clustering using a 7.5 A cut-off. The water-refined models were clustered
on the basis of the default fraction of common contacts, FCC = 0.75, with the minimum
number of elements in a cluster of 4. The dusters were ranked on the basis of the averaged
HADDOCK score of their top 10 members and plotted against RMSD from lowest energy
structure (Supplementary Figure S2, Tables 51 and S2).

Supplementary Materials The following a= availsble online at https:// www.mdpi.com /article/10
3390/ ijme2 2094848/ 51, Figure S1: Estimating the melative affinity of apo GLRX5 versus BOLA3 and
(59Y BOLA3 by NMR. Figure 52: Clustering the HADDOCK-generated hetero-complex structural
models Figume 53 Structural changes of the loop containing the CS9Y mutation. Figure S4: GSH did
not interact with C59Y BOLA3 and BOLA3. Table S1: Cluster statistics of the HADDOCK docking
run for the apo BOLA3-GLRXS complex. Table 52: Cluster statistics of the HADDOCK docking run
for the apo C59Y BOLA3-GLRXS complex.
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Figure S1. Estimating the relative affinity of apo GLRXS versus BOLA3 and
C59Y BOLA3 by NMR. The *H-*SN HSQC spectra of a 1:1 mixture of N-
labelled C59Y BOLA3 and SN-abelled BOLA3 in the presence of 0 (black), 1
(green) and 2 (purple) equivalents of unlabelled apo GLRXS. The signals of
isolated *N-labelled C55Y BOLA3 and *N-labelled BOLA3 are in red and
cyan, respectively. In (A) the backbone NH signals of the indicated residues
of the two BOLA3 proteins are fully overlapped, while (B) the backbone NH
signal of Y63 has a different chemical shift in the two BOLA3 proteins.
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Figure S2. Clustering the HADDOCK-generated
hetero-complex structural models. The plot is based
on water-refined models of apo BOLA3-GLRXS (A) and
apo C59Y BOLA3-GLRXS (B), generated by HADDOCK
runs. The clusters (indicated with different colors in
the plot) are plotted on the RMSD from lowest energy
structure against the HADDOCK score.
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Figure S3. Structural changes of the loop
containing the C59Y mutation. Ribbon diagram
of the loop containing the C59Y mutation in the
two structures of BOLA3 (blue) and C59Y BOLA3
(red). The side-chains of Cys 59 and Tyr 59 are
shown as yellow and red sticks, respectively.
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Table S1. Cluster statistics of the HADDOCK docking run for the apo BOLA3-GLRXS5 complex.?

Cluster HADDOCK Cluster RMSD from the Van der Waals Electro- Desolvation Restraints Buried
score (a.u) | population | overall lowest energy | energy (Kcal static energy (Kcal violation Surface
structure (A) mol?) energy (Kcal mol™*) energy (Kcal | Area(A?)
mol?) mol?)
1 -116.72

82 21 -85.52 -265.83 -11.75 37 1469.84

#4.51 10.78 16591 127.37 1821 136.87 168.03

2 -97.22 2 1243 -67.87 -232.85 931 3245 1252.01
13.65 10.67 #M.74 1308 17.02 +18.63 160.84

3 -105.48 19 31 -69.04 -202.88 -25.68 95.27 129524
15.08 1051 .37 13191 1719 136.04 193.64

. -93.91 9 127 -64.65 -188.58 -18.45 B80.44 134918
19.45 10.46 16.66 164.62 110.17 1326 .93

s -80.66 8 1335 -59.48 -219.24 -37 4437 1193.85
7.2 10.48 13.99 +41.37 15.62 126.26 170.89

6 -103.17 7 13.08 -713.97 -133.24 -24.28 B4.05 1435.05
$15.15 10.43 #1113 $42.63 16.88 146.25 $105.65

7 -98.99 6 4.67 -62.03 -150.3 -2631 43.78 142837
1935 1034 153 128.33 +4.81 12523 176.74

8 -79.98 5 212 -56.57 -118.88 -21.68 10158 1260.05
11574 10.41 16.97 125.63 1642 13476 110164

9 -83.79 5 2.56 -64.52 -208.48 -8.43 100.08 123225
18.19 10.39 18.66 138.07 13.58 120.84 #1132

10 -98.27 5 253 -61.73 -161.13 -29.95 8531 1395.96
114 10.24 16.62 114.66 +4.69 12448 i72.04

1 -69.7 a 7.06 -48.26 -89.61 -28.3 158.18 114177
19.5 10.28 531 137.78 12.53 12871 140.72

2 -76.34 . 14.66 -60.13 -100.78 -21.79 156.63 114225
124 1011 16.58 1331 15.67 12632 110047

B -77.99 a 5.24 -56.76 -77.89 -26.34 128.93 119831
110.6 10.07 18.26 132.86 13.81 122.28 180.82

* All values are averages and standard deviation calculated from the best scoring ten models of each duster.
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Table S2. Cluster statistics of the HADDOCK docking run for the apo C59Y BOLA3-GLRX5 complex.?

Cluster | HADDOCK Cluster RMSD from the Van der Waals Electro- Desolvation Restraints Buried Surface
score (a.u) | population overall lowest energy (Kcal | static energy energy violation Area (A2)
energy structure (A) mol?) (Kcal mol™? ) (Kcal mol™* ) energy
(Kcal mol™)
5 -103.56 — 175 -65.11 -296.01 -20.31 11456 1010.83
16.73 071 .72 $42.13 437 155.07 146.1
2 -65.83 2 1053 2022 -54.99 -36.01 168.97 87772
16.08 1034 8571 $15.92 16.13 13377 157.52
- -101.41 - 1139 -65.92 -126.12 -32.41 9533 1386.17
1053 1025 19.03 138.47 1826 133.01 154.18
- 9732 ~ 738 -65.87 -15035 -26.55 10126 1482.16
#1582 031 #1031 132,03 1872 13446 $115.73
s -89.78 . 10.65 -58.46 -189.33 -27.02 14637 1120.22
1188 1039 18.78 2225 17.85 156.88 113492
= -62.65 = 874 -20.71 -96.36 -20.14 7835 964.01
#1114 10.45 15.46 126.56 15.6 2177 186.93
7 -61.16 E 12.04 -39.5 -84.98 -29.51 163,52 893.79
#1192 103 16.38 $23.88 5.92 17045 +46.77
- -8138 - 6.83 -4s.14 -83.54 -36.74 98.52 11418
£2.49 10.16 14.83 £15.55 16.86 137.59 $41.01
- -86.73 - 13.45 -56.49 -124.97 -33.04 162.03 131144
#1822 10.73 183 12801 1778 155.53 150.84
- -79.07 - 872 -48.14 -79.42 -39.08 160.93 1169.44
18.73 1029 15 1733 16 152 14635
1 -86.91 a 1295 -60.26 -123.97 -25.6 11338 1406.48
1924 011 15.00 2439 11.89 1523 160.22

* All values are averages and standard deviation calculated from the best scoring ten models of each duster.
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Introduction

Iron-sulfur (Fe-S) proteins are required in a variety of biological processes. Biogenesis of Fe-S
proteins includes assembly of Fe-S clusters (ISC) on scaffold complexes and their transfer to the
recipient apo proteins with the assistance of Fe-S cluster carriers 73, Among these carriers, there are
the Nfu-type proteins®>’#. They are multi-domain proteins, which are formed by a fully conserved C-
terminal domain harbouring a CysXXCys sequence motif involved in Fe-S cluster binding required
for the carrier function, and by one or more N-terminal domains, which show a large sequence and
structural variability depending on the organism5. In some prokaryotic Nfu proteins, the functional
role of the N-terminal domain was shown to be that of selecting the recipient apo protein via a specific
protein-protein mediated recognition mechanism’>’®, On the other hand, the function of the N-
terminal domain in eukaryotic organisms is still not well-defined. For example, in humans the N-
terminal domain of NFU1 was found to be involved in the interaction with the recipient apo protein

succinate dehydrogenase but not with lipoyl synthase®.

Recently, the mechanism of action of NFU1 in the biogenesis of mitochondrial Fe-S cluster binding
proteins has been deeply investigated*>>748397%.78 ‘hyt a definitive molecular model is still missing.
All the data agree on the fact that NFUT is involved in the delivery of [4Fe-4S] clusters to recipient
apo proteins but two main molecular mechanisms to achieve this have been proposed. In a model, it
was proposed that NFU1 receives a [4Fe-4S] cluster from a ISCA1-ISCA2 dimeric complex, which
assembles it with the assistance of two other proteins IBA57 and FDX2, and then transfers it to

selected recipient apo proteins?®-323437:43:44.70.79-81

. Specifically, FDX2 provides two electrons to
reductively couple two [2Fe-2S]** clusters, donated by GLRXS, forming a [4Fe-4S]** cluster on the
ISCA1-ISCA2 complex®®. IBAS57 assists this process but its molecular role is still undefined.
Recently, we also showed that ISCA1, thanks to its specific interaction with the C-terminal cluster-
binding domain of NFUT, drives [4Fe-4S] cluster transfer from the site in the ISCA1-ISCA2 complex
where it is assembled to a cluster-binding site formed by a ISCA1-NFU1 complex via the formation
of a transient, ternary ISCA1-ISCA2-NFU1 complex*. Such process guarantees that the [4Fe-4S]

cluster is safely moved from where it is assembled to NFUI, thus being available for the

mitochondrial recipient apo proteins specifically requiring NFU1 for their maturation.

Another model proposed that i) the [2Fe-2S]*" cluster-bound forms of ISCA1 and ISCU2 donate their
clusters to dimeric NFU1, which then reductively couple them to form a [4Fe-4S]*" cluster upon the
provision of two electrons by FDX2; ii) a multi-protein complex, composed by ISCA1, ISCU2, FDX2
and dimeric [4Fe-4S] NFU 1, then interacts with mitochondrial recipient apo proteins to transfer them

the assembled [4Fe-4S]*" cluster*®>°. It should also be considered that, since NFU1 is found in vivo
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as a dimer’®, the latter species alone could be the species responsible of inserting the bound [4Fe-4S]

cluster into recipient apo proteins.

In order to shed light on this still largely debated topic, we have here investigated the molecular basis
of the NFU1-dependent insertion of [4Fe-4S] clusters into human lipoyl synthase (LIAS), a radical

S-adenosylmethionine enzyme catalyzing the final step in the biosynthesis of the lipoyl cofactor 2.
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Materials and Methods

Protein production

Human NFU1, LIAS, ISCAT1 and the triple C137/C141/C144 and C106/C111/C117A LIAS variants

323783 with the exception that, for

were expressed and purified as previously described in literature
the LIAS proteins production, no FeCls was added in the culture in order to decrease the Fe-S cluster
content. Following these procedures, NFU1 was isolated in the apo form, LIAS (both wild-type and
C106/C111/C117A LIAS variant) was isolated in a [4Fe-4S] form with a partial cluster occupancy
(Table S1, named as-isolated (Al) hereafter), C137/C141/C144 LIAS variant was isolated in a [4Fe-
4S] form with a complete cluster occupancy (Table S1) and ISCAL1 in the apo form but with 30% of
[2Fe-2S] cluster occupancy per homodimer??. The [4Fe-4S] cluster bound forms of NFU1 and NFU1 -

ISCA1 complex were obtained as already reported in the literature*>’. Non-heme iron and acid-labile

sulfide content on the as-isolated proteins was determined as described previously®*.
Analytical size exclusion chromatography and SEC-MALS

Analytical size exclusion chromatography was performed on purified samples with a Superdex 200
Increase 10/300 GL column attached to an AKTA pure chromatography unit using a continuous flow
rate of 0.6 mL/min. The column was calibrated with gel filtration marker calibration kit, 6500-66000
Da (Sigma-Aldrich), to obtain the apparent molecular masses of the detected species. The column
was equilibrated with degassed 50 mM phosphate buffer at pH 7.0 containing 150 mM NaCl and 5
mM DTT. SEC-MALS data were acquired by attaching a Superdex 200 Increase 10/300 GL column
toa DAWN HELEOS system with a continuous flow rate of 0.6 mL/min using a filtered and degassed
50 mM phosphate buffer at pH 7.0 containing 150 mM NaCl and 5 mM DTT. Each experiment was

successfully repeated at least three times.
NMR spectroscopy

"H-">N HSQC experiments were performed at 298 K in 50 mM phosphate buffer, 150 mM NaCl, 5
mM DTT, pH 7.0, 10% (v/v) D20. These NMR spectra were recorded on Bruker AVANCE 900 and
950 MHz, processed using the standard Bruker software (Topspin) and analyzed with CARA
program. In order to monitor both cluster transfer and protein-protein interaction events, NMR
titration experiments were performed using '°N-labeled NFU1, unlabeled ISCA1 and unlabeled Al
LIAS proteins (both wild-type and C106/C111/C117A LIAS variant). Specifically, '*N-labeled
NFU1 in its free or complexed form with ISCA1 (in both apo and [4Fe-4S] states) were stepwise
titrated in anaerobic conditions with increasing amounts of unlabeled AI LIAS (both wild type and
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C106/C111/C117A AI LIAS variant). The titrations were also performed in the reverse direction, i.e.
adding "*N-labeled NFU1 or complexed with ISCA1 to unlabeled AI LIAS. The NMR titration data
were analyzed comparing the '"H-'"N HSQC spectra recorded along the additions of the protein
partner with that of the initial state as well as with 'H-">"N HSQC spectra of the appropriate proteins
and complexes in their apo and holo forms. The observed chemical shift changes were reported as
backbone weighted average chemical shift differences Adavg(HN), i.e. (((AH)? + (AN/5)?)/2)"2, where
AH and AN are chemical shift differences for backbone amide 'H and "N nuclei, respectively.
Chemical shift assignment of full-length NFU1 was available in the Biological Magnetic Resonance

Bank (under accession codes BMRB: 26801)*®. Each titration was successfully repeated three times.

'H 1D paramagnetic NMR experiments were acquired at 400 MHz with a 'H optimized 5 mm probe
at temperatures ranging from 283 K and 298 K, with protein samples in 50 mM phosphate buffer,
150 mM NaCl, 5 mM DTT pH 7.0, 99% or 10% (v/v) D20. Protein concentration was in the range of
0.3-0.6 mM. Water signal was suppressed via fast repetition experiments and water selective
irradiation®®. Experiments were typically performed using an overall recycle delay of 60 ms. Squared
cosine and exponential multiplications were applied prior to Fourier transformation®®. Manual
baseline correction was performed, using polynomial functions. Each experiment was successfully

repeated three times.
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Results

Apo NFUI interacts with LIAS via its C-terminal domain forming a heterodimeric

complex

The interaction between apo NFU1 and LIAS was investigated by analytical gel filtration and NMR.
Specifically, analytical gel filtration was applied to investigate complex formation and 'H-""N HSQC
NMR experiments, performed on '*N-labeled apo NFU1 titrated with unlabeled as-isolated LIAS (Al
LIAS, hereafter) or vice versa, were used to identify the residues of NFU1 interacting with AI LIAS,
which is monomeric and with a 50% of [4Fe-4S] cluster occupancy (Table S1).

Since apo NFUI is a monomer with a small fraction of dimer’’ and AI LIAS is fully monomeric®,
we can easily follow complex formation between the two proteins by analytical gel filtration. In the
chromatogram of'a 1:1 apo NFU1-AI LIAS mixture, a peak, which contains both proteins (as detected
by SDS-PAGE), is present with an elution volume smaller than those of the two isolated proteins,
while the peaks of isolated apo NFU1 and AI LIAS proteins are essentially not present (Figure S1).
Thus, the single peak containing both apo NFUI and AI LIAS identifies a heterodimeric complex,
which is fully formed at the 1:1 apo NFU1-AI LIAS ratio. SEC-MALS indicated that this single peak
has a molar mass of 51 + 0.5 kDa. This value is 10-kDa less than that expected for a heterodimeric
apo NFU1-LIAS complex (61 kDa), suggesting that the two domains of NFU1 are not completely
packed to LIAS to form a globular shape but they could be independently moving, possibly taking a

dumbbell-like two-domain structure, as previously observed in the apo ISCA1-NFU1 complex™.

When apo '"N-labeled NFU1 was stepwise titrated with AI LIAS up to a 1:1 protein ratio, chemical
shift changes were observed in the 'H-"N HSQC maps of apo NFUI in intermediate/slow exchange
regimes on the NMR time scale, indicating protein-protein interaction (Figure 1A). The majority of
the resonances of apo NFU1 shift and concomitantly broaden beyond detection upon additions of Al
LIAS, consistent with an intermediate exchange regime on the NMR time scale. A few residues
displayed a slow exchange regime that allowed to monitor the formation of a new species, which was
complete when the 1:1 NFU1-AI LIAS ratio was reached. This NMR data are in full agreement with
the analytical gel filtration data. Meaningful chemical shift changes were observed only for residues
of the C-domain, with the exception of residues 90-96 of the N-terminal domain (Figure 1B). The
latter residues are the same as those affected in the apo NFUI-ISCA1 complex formation, supporting
the previously proposed model***’, namely that these residues are likely located at an interacting
region between the N- and C-domains in apo NFU1 and that complex formation (for both ISCA1-
NFUI and AI LIAS-NFUI1 complexes) induces the release or modification of this intra-domain
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interaction. By mapping the meaningful chemical shift changes (both broadening beyond detection
effects and chemical shift changes with 16 Aavg(HN) > 0.033 ppm) on the structure of the C-terminal
domain of apo NFU1, we observed that the two helices of the C-terminal domain of apo NFUI are
completely affected by the protein-protein interaction, while the B-sheet are essentially unaffected
(Figure 1C). The cluster binding CXXC motif of apo NFU1, encased between the two helices of the
C-terminal domain, is also involved in the interaction with Al LIAS, indicating that LIAS in the

complex with NFUI is positioned close to the cluster binding region.

To more accurately follow complex formation, we have concomitantly collected 'H-'>"N HSQC
spectra and analytical gel filtrations on protein mixtures containing various protein:protein ratios,
obtained by adding one or more equivalents of '*N-labeled apo NFUI1 to unlabeled AI LIAS. On the
left side of Figure 2, a signal in slow exchange regime on the NMR time scale, which allow efficiently
monitoring the presence of apo NFU1 isolated or complexed with Al LIAS, is reported. On the right
side of Figure 2, the analytical gel filtration chromatograms of the same mixtures analyzed by NMR
are shown together with SDS-PAGE:s of the fractions of the eluted peaks. Both NMR and analytical
gel filtration data showed that, at the 1:1 protein ratio, apo NFUI is fully complexed with AI LIAS.
No signal of isolated apo NFU1 was indeed observed in the NMR spectrum and no peaks of isolated
monomeric and dimeric apo NFU1 were observed in the analytical gel filtration chromatogram. Upon
addition of two equivalents of apo NFU1, the NMR signal of isolated apo NFU1 accounts for ~40%
of intensity. This result excludes the formation of a heterotrimeric complex composed by two
molecules of NFUI and one molecule of AI LIAS, thus corroborating the formation of a
heterodimeric complex. This model is confirmed by the analytical gel filtration performed on the
same mixture (Figure 2), which maintains the peak of the heterodimeric complex and additionally
showed the peaks of monomeric and dimeric isolated apo NFU1. Upon addition of three and four
equivalents of apo NFUI, the NMR signal of isolated apo NFUI1 increases in intensity and
concomitantly in the profile of the analytical gel filtration the peaks of monomeric and dimeric
isolated apo NFU1 gradually increase their intensity with respect to the peak of the heterodimeric
complex (Figure 2). In line 2 of the SDS-PAGE:s (Figure 2), we can consistently observe the increase
of the intensity of NFU1 band with respect to that of AI LIAS along the addition of more equivalents
of apo NFUI.
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LIAS displaces ISCAI from the apo ISCAI-NFUI complex to form a heterodimeric
complex with apo NFUI

As we have shown that LIAS interacts with the C-domain of NFU1 similarly to what ISCA1 does in
its interaction with NFU132, we have then investigated whether a ternary complex is formed with
these three proteins or LIAS can displace ISCA1 forming a binary complex with NFU1. The binary
complex between '"N-labeled apo NFU1 and unlabeled ISCA1 was first formed, as previously
described®?, and then AI LIAS was stepwise added to the apo "N-labeled NFU1-ISCA1 complex.
The reaction mixtures were analyzed by analytical gel filtration and NMR. The 'H-'"N HSQC map
of the binary complex between apo '"N-labeled NFU1 and unlabeled ISCA1 (Figure 3A) clearly
identifies the fingerprint of the signals of the C-domain of NFUI affected by binary complex
formation with ISCA1. Upon addition of one equivalent of AI LIAS, several signals broaden beyond
detection or change their chemical shifts (Figure 3B), indicating that apo NFU1 changes its
interaction patterns. When this spectrum is compared with that of the heterodimeric complex between
apo NFU1 and AI LIAS (Figure 3C), it results that the two spectra are essentially fully
superimposable, indicating that NFUI is now interacting with LIAS, forming a heterodimeric
complex. Consistently, no NMR signals of free apo NFU1 are observed (compare black spectrum in
Figure 3A with green spectrum in Figure 3B), indicating that NFU1 remains in a complexed form.
The analytical gel filtration of this final mixture, containing the apo ISCA1-NFU1 complex to which
AI LIAS has been added at a 1:1 ratio, showed an intense peak with an elution volume smaller than
those of the three isolated monomeric proteins and of that of the heterodimeric ISCA1-NFU1 complex
(Figure 3D), indicating that a large MW complex is formed. Its elution volume is similar to that of
the apo NFUI1-LIAS heterodimeric complex (Figure S1), indicating that no ternary complex is
formed. Furthermore, a peak with the elution volume of monomeric ISCA1 (~17.7 mL) and
containing ISCA1, as detected by SDS-PAGE, is formed upon addition of AI LIAS to the apo NFU1-
LIAS complex (compare green, red and violet chromatograms in Figure 3D), indicating that ISCA1
is released in solution as a free protein. In conclusion, NMR and analytical gel filtration data indicate
that LIAS displaces ISCA1 complexed with NFU1 via the competition with the same binding site,
i.e. the C-domain of NFU1, thus LIAS resulting a stronger interactor with respect to ISCA1 versus

the latter domain. This model also excludes ISCA1-LIAS protein-protein recognition.

[4Fe-4S] NFUI transfers the cluster to the FeSgs site of LIAS

Human NFUI fully dimerizes upon [4Fe-4S]** cluster binding®’. The cluster is bridged between the

two C-domains of the dimer and is coordinated by the CXXC motif of each subunit of the dimer®"*.
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This species has been proposed to transfer the cluster in vivo to recipient apo proteins including
LIAS*%that contains two [4Fe-4S] clusters that are both involved in the catalytic mechanism®?. One
of them is typical of all radical SAM enzymes (hereafter named FeSrs), while the other cluster
(usually defined as auxiliary cluster and named FeSaux hereafter) provides the inorganic sulfides to
the substrate, thus being destroyed in each turnover of the enzyme®’. The FeSgs cluster is bound to a
CX3CX2C motif, i.e. three iron ions are coordinated to three Cys residues of the motif (Cys 137, Cys
141 and Cys 144 in LIAS) and the fourth iron ion is exposed for the binding of SAM?>!%. The FeSaux
cluster is bound by a conserved CX4CX5C motif (Cys 106, Cys 111 and Cys 117 in LIAS) and a
serine (Ser 345 in LIAS) 14,

In order to investigate on the [4Fe-4S] cluster transfer process between the two proteins, we have
produced [4Fe-4S] NFU1 as previously reported’” and mixed it with AI LIAS. It was not possible to
directly use the apo form of LIAS, since the removal of the [4Fe-4S] clusters from AI LIAS,
performed through standard protocols, resulted in protein precipitation. However, since the
quantification of iron and acid-labile sulfide indicated that ~1 equivalent of [4Fe-4S] clusters are
bound per monomeric LIAS (Table S1), we can follow the cluster transfer from dimeric [4Fe-4S]

NFUI to AI LIAS required to fully saturate the cluster binding sites of LIAS.

Unlabeled Al LIAS was added to 'N-labeled [4Fe-4S] NFU1 or vice versa and '"H-'">N HSQC and
'H 1D paramagnetic NMR experiments were recorded. In the NMR spectra of the mixtures in both
titrations, the signals typical of the [4Fe-4S] NFUI species disappeared (inset of Figure 4A). This
result indicates that the [4Fe-4S] cluster is released from NFU1 and presumably acquired by AI LIAS.
On the other hand, the signals of the apo form of NFU1 were not detected (Figure S2), suggesting
that the apo form of NFU1 become complexed to LIAS in all steps of both titrations, consistent with
the interaction observed between apo NFU1 and Al LIAS (Figure 2). In agreement with this model,
the 'H-">"N HSQC maps of the final mixture of both titrations are well superimposable with the 'H-
SN HSQC map of the apo NFU1-LIAS complex (Figure 4A). Along the steps of the titrations, the
NFUI protein is thus present in solution as two species, i.e. the [4Fe-4S] dimeric form (starting
material) and the apo form complexed with LIAS (product of the cluster transfer reaction). '"H 1D
paramagnetic NMR spectra were then acquired on the final mixture of the titration and compared
with those of [4Fe-4S] NFU1 and AI LIAS in order to monitor the cluster transfer process. The
hyperfine shifted signals at 20.3 and 10.6 ppm, typical of the [4Fe-4S] NFU1%’, disappear in the final
mixture, indicating that the [4Fe-4S] cluster is no more bound to NFU1. The hyperfine shifted signals
at 17.9 and 13.9 ppm typical of AI LIAS, which have been assigned to BCHz of the ligands of both
FeSrs and FeSaux clusters®’, change their relative intensity ratio upon addition of [4Fe-4S] NFU1 to
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AI LIAS. In particular, the signal at 13.9 ppm significantly increases in intensity with respect to that
of the signal at 17.9 ppm upon the addition of [4Fe-4S] NFUI. The hyperfine shifted signal at 13.9
ppm contains three proton resonances, one of a cluster ligand bound to the FeSaux and two of cluster
ligand(s) bound to FeSaux, while the signal at 17.9 ppm contains one proton resonance due to a cluster
ligand bound to the FeSaux. Thus, the large increase of the 13.9 ppm signal intensity with respect to
the intensity of the signal at 17.9 ppm suggests that the [4Fe-4S] cluster is predominantly transferred
to the FeSrs site. The data do not allow to clearly define whether NFUI can transfer its cluster also
to FeSaux site, since we do not have information on the percentage of the cluster occupancy of the
FeSaux site vs. that of the FeSrs site in AI LIAS. It would be possible indeed that, in Al LIAS, the
FeSaux site 1s largely occupied and thus, just for this reason, the cluster transfer cannot be monitored.
In order to corroborate this model, a triple C137/C141/C144 LIAS variant, which lacks the cysteine
ligands of the FeSrs cluster and can thus bind only the FeSaux cluster, was produced and its iron and
acid-labile sulfide content estimated. It results 95% of [4Fe-4S] cluster occupancy (Table S1),
suggesting that, in wild-type AI LIAS, the FeSaux cluster binding site is more occupied with respect

to the FeSrs cluster binding site.

In conclusion, we found that dimeric [4Fe-4S] NFUI1 is able to transfer its cluster to the FeSrs site.

[4Fe-4S] NFUI-ISCAI complex can transfer the cluster to the FeSgs site of LIAS

We have recently showed that the NFU1-ISCA1 complex coordinates a bridged [4Fe-4S] cluster and
suggested that this complex can specifically direct the [4Fe-4S] cluster to mitochondrial proteins
requiring NFU1 for their maturation, such as LIAS*. Thus, in order to investigate the ability of the
[4Fe-4S] NFU1-ISCA1 complex to transfer the cluster to LIAS, we produced the [4Fe-4S] NFU1-
ISCA1 as previously reported®? and mixed it with AI LIAS. Cluster transfer between [4Fe-4S] NFU1 -
ISCA1 and AI LIAS was followed by 'H-'>N HSQC NMR experiments performing a titration in
which >N labeled [4Fe-4S] NFU1-ISCA1 was added to unlabeled AI LIAS up to a 1:1 ratio was
reached. In the NMR spectra acquired along the titration, we have analyzed signals that allow to
monitor complex formation and/or cluster release. Some signals, such as that the two indicated in
Figure S5A, can address whether a [4Fe-4S] NFU1-ISCA1 complex or a [4Fe-4S] NFUI-LIAS
complex is formed. Two of this kind of signals having a different chemical shift depending on the
formation of [4Fe-4S] NFUI1-ISCA1 complex or a [4Fe-4S] NFUI-LIAS complex are shown in
Figure SA. In the final mixture of the titration, these signals overlay with the signals corresponding

to the [4Fe-4S] NFU1-LIAS complex, thus indicating that Al LIAS displaces ISCAT1 as depicted in
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the cartoon of Figure 5. This data reproduces the same outcome that have been observed in the apo
interaction (Figure 3). Other signals, such as that those indicated in Figure 5B, can allow to
exclusively monitor cluster release, as their chemical shift strictly depend on the presence or absence
of the [4Fe-4S] cluster bound to free or complexed NFU1. In the final mixture of the titration, these
signals overlay with those corresponding to the formation of the apo form, thus supporting that the

[4Fe-4S] cluster is transferred to AI LIAS, as depicted in the cartoon of Figure 5.

Since we showed here that [4Fe-4S] NFUI1 transfers the cluster to the FeSrs site of LIAS, we have
investigated whether the [4Fe-4S] NFU1-ISCA1 complex can similarly work. To follow the cluster
transfer to the FeSrs site of LIAS, we have produced a triple C106/C111/C117A LIAS variant that
lacks the cysteine ligands of the FeSaux cluster and can thus bind only the FeSrs cluster. The
quantification of iron and acid-labile sulfide indicated that the AI LIAS variant contains ~0.5
equivalents of [4Fe-4S] clusters bound per monomeric LIAS (Table S1). Upon addition of one
equivalent of [4Fe-4S] NFU1-ISCA1 complex to the C106/C111/C117A AI LIAS variant, the '"H 1D
paramagnetic NMR spectra (Figure SC) showed that the intensities of the signals at 15-11 ppm,
assigned to BCH: of the ligands of the FeSrs cluster, increase in intensity, indicating that cluster
transfer occurred from the NFU1-ISCA1 complex to the FeSrs site. The anti-Curie temperature
dependence and the chemical shifts of the signals at 15-11 ppm are consistent with the presence of an
oxidized [4Fe-4S]*" cluster. Moreover, we observed the presence of two other signals in the 46-36
ppm region with Curie temperature dependence (inset of Figure 5). The Curie temperature
dependence of these signals and its chemical shift are typical of protons of a cysteine residue bound
to a reduced [4Fe-4S]" cluster, thus indicating that a fraction of the FeSrs cluster is in the reduced
state. The presence of protons of cysteine residues with chemical shifts typical of both reduced and
oxidized [4Fe-4S] clusters indicate that the FeSrs cluster can be partially reduced by 5 mM DTT
present in the mixture. This result is in agreement with what previously observed in wild-type LIAS®}

and consistent with the electron transfer function of the FeSrs cluster in the catalytic mechanism®®.
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Discussion

The biogenesis of mitochondrial [4Fe-4S] cluster-containing proteins is governed by a complex
biochemical process that comprehends up to 18 different components’”. This high mechanistic
complexity is further enhanced by the fact that the insertion of the [4Fe-4S] cluster into the recipient
proteins is differently affected by the proteins involved in the biogenesis process. For example, no
crucial in vivo role has been found for some late-acting mitochondrial ISC components in aconitase
maturation, and this includes the [4Fe-4S] cluster carrier protein NFU1 and BOLA33°. On the other
hand, the maturation of most other mitochondrial [4Fe-4S] proteins, especially of complex Fe-S
proteins with several clusters such as respiratory complexes I and II and the radical SAM protein
lipoyl synthase (LIAS) require NFU1 and BOLA33*38, Furthermore, divergent models depicting how
late-acting mitochondrial ISC components operate in the maturation of mitochondrial [4Fe-4S]
cluster-containing proteins have been recently proposed*®*°. As a whole, a clear picture of how [4Fe-

4S] clusters are inserted into target proteins has thus far remained elusive.

Here, we have investigated the molecular mechanism of [4Fe-4S] cluster insertion in human LIAS.
The latter is a member of the radical S-adenosylmethionine (SAM) superfamily, which coordinates a
[4Fe-4S] cluster (FeSrs) which, in its reduced state, is used to fragment SAM to methionine and a 5'-
deoxyadenosin 5'-radical®’. This radical catalyzes the last step of the biosynthesis of the lipoyl
cofactor, which is the attachment of sulfur atoms at C6 and C8 of an n-octanoyl-lysyl chain on a
lipoyl carrier protein. The source of these two sulfur atoms is an additional [4Fe-4S] cluster (FeSaux)
bound to LIAS, which has been shown to be cannibalized by the protein during catalysis to provide
the sulfur atoms in the lipoyl product %2. Recently, the E. coli homolog of human NFU1 (NfuA) was
shown to restore FeSaux in E. coli LIAS (LipA) after each turnover in a process that does not limit the
overall rate of catalysis'”. On the other hand, no information is available on the role of NFU1 in the
insertion of the [4Fe-4S] cluster into FeSrs. Our data provide the first evidence of the role of NFU1
in inserting a [4Fe-4S] cluster into the FeSrs site of human LIAS.

As first finding of our study, we showed that NFUI1 is a tight interactor of LIAS forming a
heterodimeric complex and that the C-domain of NFU1 is in charge of specifically recognizing LIAS,
while the N-domain is not directly involved in the protein-protein recognition. This result agrees with
what found by yeast-two-hybrid assays that showed that the N-terminal domain of NFU1 was not
found to be involved in the interaction with LIAS*. This result differs from what found for bacterial
NfuA. Indeed, in the latter case it has been found that the N-terminal domain of NfuA tightly interacts
with LipA while the C-terminal domain is unable to recognize LipA”. This divergent behaviour

indicates that bacterial NfuA has a different mechanism of action in inserting the [4Fe-4S] clusters
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into lipoyl synthase with respect to eukaryotic LIAS. In addition, LIAS by interacting with NFU1 is
able of displacing the NFU1-protein partner ISCA1. LIAS replaces, indeed, ISCA1 complexed with
NFUI via the competition with the same binding site, i.e. the C-domain of NFU1. Thus, LIAS results
a stronger interactor with respect to ISCA1 versus the C-domain of NFUI. In this process, ISCA1 is
released as free form as no ternary complex has been observed, thus excluding that ISCA1 and LIAS
recognize each other. This comprehensive protein-protein interaction network supports a model in
which sequential events are involved in the [4Fe-4S] cluster insertion to LIAS with respect to a model
involving a multi-protein complex, that is: i) NFU1 interacts with ISCAI to receive the [4Fe-4S]
cluster assembled on ISCA1-ISCA2 platform®*”3, and then ii) NFU1 interacts with LIAS promoting
the release of ISCA1 to deliver the [4Fe-4S] cluster to LIAS. The interaction of the C-domain of
NFUI with both proteins, which increases in affinity going from ISCA1 to LIAS, is the means by
which the cluster can be specifically transferred to the final target LIAS.

The second main finding of our study is that the insertion of the [4Fe-4S] cluster into the FeSrs site
of human LIAS occurs both when the cluster donor is homodimeric [4Fe-4S] NFU1 and when the
cluster donor is heterodimeric [4Fe-4S] ISCA1-NFU1. This suggests that both the latter species can
be physiological components inserting the cluster in the FeSrs site of LIAS. Therefore, it is possible
that two pathways might be operative in vivo in the FeSrs cluster formation. One is activated once
the homodimeric [4Fe-4S] NFU1 is formed, while the other works with no necessity of forming
homodimeric [4Fe-4S] NFU1, but it directly involves the heterodimeric [4Fe-4S] ISCA1-NFU1 that
it is formed by the transfer of the [4Fe-4S] cluster from the ISCA1-ISCA2 complex to NFU1. The
existence of both pathways in vivo is supported by the findings that NFU1 in mitochondria is present
both as homodimeric [4Fe-4S] NFU1 and as ISCA1-NFU1 complex*?3*%°, Moreover, the two
pathways can be strictly connected, as we have previously showed in vitro®? that the addition of
ISCA1 to homodimeric [4Fe-4S] NFU1 promotes the formation of the heterodimeric [4Fe-4S]
ISCA1-NFUI.

In conclusion, we have showed that NFUT1 is the trigging factor for the insertion of a [4Fe-4S] cluster
into FeSrs site of human LIAS by promoting a specific interaction with LIAS via its C-domain. The
latter domain is indeed the key structural component since it is able to bind a [4Fe-4S] cluster via
homo-dimerization and hetero-dimerization with ISCA1 to form [4Fe-4S] NFU1 and [4Fe-4S]
ISCA1-NFUI, respectively, and then both these species, as shown here, can deliver the cluster to
FeSrs site of human LIAS.
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Figure 1. Apo NFU1 interacts with LIAS via its C-terminal domain. (A) Overlay of "H-'>'N HSQC
NMR maps of '’N-labeled apo NFU1 (black) and the 1:1 *N-labeled apo NFU1-unlabeled AI LIAS
mixture. (B) Backbone weighted average chemical shift differences Aavg(HN) (ie., (((AH)* +
(AN/5)?)/2)!2) (red bars), between apo NFU1 and the 1:1 'N-labeled apo NFU1-unlabeled Al LIAS
mixture. The indicated threshold values (obtained by averaging Aave(HN) values plus 16) were used
to define meaningful chemical shift differences. The green bars represent proline residues. The
secondary structure elements of the C-domain of apo NFUI are also shown. (C) The meaningful
chemical shift changes are shown in green on the surface of the structure of the apo NFU1 C-domain.

The cluster binding cysteines (C172 and C175) are depicted.
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Figure 2. Apo NFU1 and LIAS form a heterodimeric complex. On the left, a region of the 'H-'°N
HSQC NMR maps at different AI LIAS/NFUI containing a signal of '*N-labeled NFU1 in slow
exchange regime on the NMR time scale are shown. The relative percentages of apo NFUI and of
the heterodimeric apo NFU1-LIAS complex are indicated. On the right, the analytical gel filtration
chromatograms of the same mixtures analyzed by NMR are shown. SDS-PAGEs of the fraction 1
eluted between 16.0-16.5 mL and of fraction 2 eluted at 16.5-17.0 mL are reported on the right of

each chromatogram.
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Figure 3. LIAS displaces ISCA1 from the apo ISCA1-NFU1 complex to form a heterodimeric
complex with apo NFUL1. (A) Overlay of 'H-"’N HSQC NMR maps of !*N-labeled apo NFU1 (black)
and of the apo ’N-labeled NFU1-unlabeled ISCA1 complex (red). (B) Overlay of 'H-"N HSQC
NMR maps of the apo '"N-labeled NFU1-unlabeled ISCA1 complex (red) and of a 1:1 mixture
between the apo NFU1-ISCA1 complex and unlabeled AI LIAS (green). (C) Overlay of 'H-'"N
HSQC NMR maps of the apo 'N-labeled NFU1-unlabeled AI LIAS complex (blue) and of a 1:1
mixture between the apo NFU1-ISCA1 complex and unlabeled Al LIAS (green). (D) Analytical gel
filtration chromatograms of apo ISCA1 (violet), apo NFU1 (black), apo NFU1-ISCA1 complex (red)
and a 1:1 mixture between the apo NFU1-ISCA1 complex and unlabeled AI LIAS (green) are shown.
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Figure 4. [4Fe-4S] NFU1 transfers the cluster to the FeSgs site of LIAS. (A) Overlay of 'H-°N
HSQC NMR maps of '*N-labeled [4Fe-4S] NFU1 (black), of the apo '"N-labeled NFU1-LIAS
complex (green) and of a 1:1 mixture of "N-labeled [4Fe-4S] NFU1 and unlabeled AI LIAS (red).
In the inset, a region of the 'H-'’N HSQC NMR map that identifies signals monitoring the [4Fe-4S]
cluster release from [4Fe-4S] NFU1 is shown. (B) 1D '"H NMR spectra tailored for the detection of
hyperfine-shifted signals of [4Fe-4S]** NFU1 (black), AI LIAS (blue) and 1:1 mixture of '’'N-labeled
[4Fe-4S]** NFU1 and unlabeled AI LIAS (red) were acquired at 298 K in 50 mM phosphate buffer
pH 7.0, 150 mM NaCl and 5 mM DTT.
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Figure 5. [4Fe-4S] ISCA1-NFU1 transfers the cluster to the FeSgrs site of LIAS. (A and B)
Overlay of two different regions of 'H-'>N HSQC NMR maps of '’N-labeled [4Fe-4S] NFU1-ISCA1
complex (black), of ’'N-labeled [4Fe-4S] or apo NFUI-LIAS complex (blue) and of a 1:1 mixture of
>N-labeled [4Fe-4S]NFU1-ISCA1 complex and unlabeled AI LIAS (red). The signals changing their
chemical shifts upon cluster transfer or different complex formation are indicated. On the bottom, a
cartoon of the reaction, proposed on the basis of the NMR data, is reported. (C) 1D 'H NMR spectra
tailored for the detection of hyperfine-shifted signals of [4Fe-4S]** NFU1-ISCA1 (on the bottom),
C106/C111/C117A Al LIAS variant (on the middle) and 1:1 mixture of "N-labeled [4Fe-4S]*
NFU1-ISCAT1 and unlabeled C106/C111/C117A AI LIAS variant (on the top) were acquired at 298
K in 50 mM phosphate buffer pH 7.0, 150 mM NaCl and 5 mM DTT. In the inset, a far-shifted 50-
30 ppm region of the NMR spectrum is showed at two different temperatures, 298 K (black) and 290

K (red). The assignment of the signals is based on what previously reported®’.

97



Supplementary Materials

Molecular basis of [4Fe-4S] cluster insertion in human
lipoyl synthase

Giovanni Saudino ', Simone Ciofi-Baffoni!* Lucia Banci **

"Magnetic Resonance Center CERM, University of Florence, Via Luigi Sacconi 6, 50019, Sesto

Fiorentino, Florence, Italy.

’Department of Chemistry, University of Florence, Via della Lastruccia 3, 50019 Sesto Fiorentino,

Florence, Italy.

3Consorzio Interuniversitario Risonanze Magnetiche di Metalloproteine (CIRMMP), Via L. Sacconi

6, 50019 Sesto Fiorentino, Italy.

98



50

40

30

Abs (mAU)

20

10 -

14 15 16 17 18
Volume (mL)

Figure S1. Analytical gel filtration of the the heterodimeric complex formed by apo NFU1 and
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Sample Fe? S [4Fe-4S] cluster

occupancy
Wild-type LIAS 3.940.1 4.1+0.1 50%
C137/C141/C144 LIAS variant | 3.3 +0.1 3.9+0.1 95%
C106/C111/C1174 LIAS 2.0£0.1 2.1+0.1 50%

variant

%Fe and acid-labile S measurements are reported as mol Fe or S per mol of monomeric protein. Data

are the average of three independent samples.

Table S1. Iron and acid-labile sulfide quantification of as-isolated LIAS proteins.
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2.4 Structural characterization of FDX2: the electron donor
of the ISC assembly machinery.

Introduction

Ferredoxins are iron sulfur proteins extensively investigated for their fundamental role as electron
donors in all kingdoms of life, from bacteria to mammals. Ferredoxins provide electrons to
cytochrome P450 enzymes, acting as electron shuttle between the ferredoxin reductase and P450
enzymes*’%’. The ferredoxins are also fundamental in the mitochondrial iron sulfur cluster assembly
machinery being involved in the [2Fe-2S] and [4Fe-4S] clusters de novo synthesis. Recently, in vivo
studies showed that mitochondria possess two functionally independent ferredoxins with highly
specific roles in distinct biochemical pathways: 1) FDX1 that reduces mitochondrial cytochrome P450
enzymes that are crucial in adrenal steroidogenesis and vitamin D biosynthesis®®!, ii) FDX2 that
specifically contributes to both heme A and iron sufur clusters biosynthesis®**. The mitochondrial
iron sulfur cluster assembly machinery involves up to 18 different proteins and is divided in three
steps. The [2Fe-28S] cluster is first assembled on the ISCU2 scaffold protein, forming a large complex
with NFS1, ISDI11, FXN, ACP and FDX2. The latter gives two electrons required for the [2Fe-2S]
cluster assembly?’. Then, the [2Fe-2S] cluster is released from ISCU2 to GLRXS assisted by the
HSPA9 chaperone and Hsc20 co-chaperone that are required for a safe cluster trafficking. GLRXS
can then donate two [2Fe-2S] clusters to the ISCA1-ISCA2-IBAS57 hetero complex that perform the
reductive coupling of two [2Fe-2S] clusters to assembles a [4Fe-4S] cluster®-*, It was proposed that
FDX2 supplies the electrons required to reduce two [2Fe-2S] clusters to form a [4Fe-4S] cluster.
Although, the FDX2 role in the ISC assembly machinery is well-known, the molecular mechanism
and the interaction pattern between ISCA1, ISCA2 and FDX2 that lead to the formation of the [4Fe-

48S] cluster is still unclear.

In this study, we have optimize the production protocol of the recombinant FDX2 in its apo, [2Fe-
2S]*" and [2Fe-2S]" bound form. Subsequently, we structurally characterized the reduced and
oxidized form of [2Fe-2S] FDX2 through diamagnetic and paramagnetic NMR and UV-visible
spectroscopy. Finally, we have investigated the interaction pattern between FDX2 and ISCA1 and
ISCAZ2 in order to elucidate protein-protein interaction network and to clarify which proteins of the
ISCA1-ISCA2 hetero-complex is the preferential electron receiver. Our data provide a preliminary

clue that [2Fe-2S]*" FDX2 does not interact with as purified ISCA1 and ISCA2 free proteins.
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Materials and Methods

Protein production

We have set up and optimized a protein expression and purification protocol of FDX2 reaching a final
yield of 25 mg of protein per liter of culture. pET28a plasmid containing full-length FDX2 gene
(UniProt: Q4P4F2) was purchased by Twist Bioscience in order to express N-terminal 6His-tag-
FDX2 protein. The latter plasmid was transformed in Escherichia coli BL21-Gold(DE3) (Agilent)
competent cells. Cells were cultivated at 37 °C in LB media adding Kanamycin (50 lg/mL), 6 mL of
Solution Q (40 mM HCI, 50 mg/l FeCl2 4H20, 184 mg/1 CaCl: 2 H20, 64 mg/l H3BOs3, 18 mg/l CoCl2
6 H20, 4 mg/l CuClz 2 H20, 340 mg/l ZnClz, 355 mg/l Na2MoO4 2 H20, 40 mg/l MnCl2 4 H20) per
liter of LB medium until ODesoo reached 0.8. Protein expression was induced with 0.5 mM IPTG at
37 °C for 5 h. The cells were harvested by centrifugation at 5000 rpm for 20 min (JA-10, Beckman
Coulter), and then resuspended in binding buffer (50 mM Tris-HCI, 500 mM NacCl, 15 mM Imidazole,
pH 8.0) and were lysed by sonication at 4 °C(2’” ON, 9.9°” OFF for 40 minutes). After sonication,
the cell lysate was ultracentrifuged at 40000 rpm for 40 minutes in order to remove cellular organelles
and membranes. N-terminal 6His-tag-FDX?2 was purified from the lysate using a HisTrap HP column
(GE Healthcare) and the 6His- tag was cleaved by thrombin protease treatment over-night at room
temperature in binding buffer. HisTrap column were performed to remove the 6His-tag from the
digested FDX2. A mixture of apo and [2Fe-2S]** FDX2 (as purified FDX2) was purified performing
all the purifications steps under anaerobic conditions. The anaerobically purified FDX2 protein was
characterized by UV-visible, paramagnetic and diamagnetic NMR spectroscopies and analytical size
exclusion chromatography. Protein quantification was carried out with the Bradford protein assay,
using BSA as a standard. The production of human ISCA2, and human full length ISCAT1 in their apo
and Fe-S cluster-bound forms were obtained as previously described in literature?’>2, As previously
reported?’, the purification under anaerobic conditions of ISCA2, named as purified ISCA2, resulted
in a dimer, which is composed by a mixture of apo and [2Fe-2S]** cluster-bound dimeric species with
a [2Fe-2S]*" cluster occupancy of 0.1-0.2 cluster per homodimer. As already published®, the
purification under anaerobic conditions of ISCA1, named as purified ISCA1, resulted in a mixture of

monomer and dimer in both apo and [2Fe-2S]** cluster-bound state with a [2Fe-2S]** cluster

occupancy of 0.3 cluster per homodimer.
Analytical size exclusion chromatography

In the analytical size exclusion chromatography, purified samples were loaded on a Superdex 200.
Increase 10/300 GL column attached to an AKTA pure chromatography unit with a continuous flow

rate of 0.60 mL/min. The column was calibrated with gel filtration marker calibration kit, 6500—
103



66000 Da (Sigma-Aldrich), to obtain the apparent molecular masses of the detected species. The
column was equilibrated with degassed phosphate buffer 50 mM, 150 mM NaCl, 5 mM DTT and pH
7.0. SEC-MALS data were acquired by attaching 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 buffer (50 mM,
150 mM NaCl, 5 mM DTT and pH 7.0). Each experiment was successfully repeated at least three

times.
Chemical Reconstitution

Chemical reconstitution of as purified FDX2 was anaerobically performed in 50 mM Tris-HCI, 100
mM NaCl and 5 mM DTT buffer at pH 8.0 adding six equivalents of FeCls and NaxS to a protein
solution of ~60-100 uM. The reaction was incubated overnight at room temperature. Anaerobic
conditions were obtained performing the chemical reconstitution in glove-box (MBraun Labstar 130)
with less than 2 ppm of oxygen and by using all buffers degassed. The excess of FeCls and NaxS as

well as Fe-S precipitates were removed by PD-10 desalting column®?.
[2Fe-2S] cluster removal

As purified FDX2 was treated with ferricyanide and EDTA to totally remove the cluster from the
protein and obtain apo FDX2. 100 uM of EDTA and 10 uM of ferricyanide were added to the protein
solution and then incubated for 1 hour. Later, the EDTA and ferricyanide were removed by PD-10
desalting column. The apo FDX2 was stored in 50 mM phosphate buffer, 150 mM NaCl, 5 mM DTT
and pH 7.0 buffer.

UV- and CD-visible spectroscopy

UV-visible spectra were acquired to characterize the cluster bound form of anaerobically purified and
chemically reconstituted FDX2. The experiments were performed under anaerobic conditions,
preparing the samples in glove-box with degassed buffers and using a gastight cuvette. UV-visible
spectra were executed in 50 mM phosphate buffer, 150 mM NaCl, 5 mM DTT and pH 7.0 at room
temperature on a Cary 50 Eclipse spectrophotometer. Each experiment was successfully repeated

three times.
NMR spectroscopy

Diamagnetic NMR spectra were recorded on Bruker AVANCE 700 and 950 MHz, processed using
the standard Bruker software (Topspin). 'H-">’N HSQC spectra were performed at 298 K in 50 mM
phosphate buffer, 150 mM NaCl, 5 mM DTT pH 7.0, 10% (v/v) D20. To characterized the structural
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properties of the [2Fe-2S] FDX2, the 'H-'N HSQC spectra were acquired using degassed buffer and
5 mm gastight NMR tube. To monitor the possible interaction among ISCA1, ISCA2 and FDX2, N
labeled [2Fe-2S]*" FDX2 was stepwise titrated in anaerobic conditions with increasing amounts of
unlabeled as purified ISCA2 or ISCA1. Chemical shifts of the backbone NHs observed in the 'H °N
HSQC spectra along the additions of the unlabeled were compared with chemical shifts of '°N labeled
FDX2 in the initial state. '"H 1D paramagnetic NMR experiments were acquired at 400 MHz with a
'H optimized 5 mm probe at temperatures ranging from 283 K and 298 K, with protein samples in 50
mM phosphate buffer, 150 mM NaCl, 5 mM DTT pH 7.0, 99% (v/v) D20. In the case of the cluster
reduction experiments by dithionite, the protein was in 50 mM TRIS 100 mM NaCl and 5 mM DTT,
pH 8, 99% (v/v) D20. The protein concentration was 0.5-0.6 mM. Water signal was suppressed via
fast repetition experiments and water selective irradiation®>**. Experiments were typically performed
using an overall recycle delay of 60 ms. Squared cosine and exponential multiplications were applied
prior to Fourier transformation®. Manual baseline correction was performed, using polynomial

functions. Each experiment was successfully repeated three times.
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Results

Structural characterization of FDX2

FDX2 production performed under anaerobic conditions lead to a mixture of apo FDX2 and [2Fe-
2S1** cluster bound forms (as purified FDX2, hereafter). The anaerobically purified FDX2 were
chemically reconstituted ([2Fe-2S]** FDX2 hereafter) in order to increase the holo FDX2 fraction
(see Material and Methods). The cluster bound species were analysed by UV-visible and
paramagnetic NMR spectroscopy to explore the cluster coordination environment and oxidation state.
The UV-visible spectra of the [2Fe-2S]*" FDX2 indicated a significant increase in the cluster-bound
fraction, upon chemical reconstitution (Figure 1A). This is shown by the intensity of the peaks at 410
and 320 nm, that are characteristic of the [2Fe-2S]** cluster bound to the proteins, which significantly
increased. The 'H 1D paramagnetic NMR spectrum [2Fe-2S]*>" FDX2 showed a broad signal between
35 and 25 ppm and a sharper one at 12.5 ppm (Figure 1B). The chemical shift values of these signals
and their linewidths are typical of BCH2 and a.CH signals of cysteine bound to a [2Fe-2S]** cluster
with an S = 0 electronic ground state!***. In the “diamagnetic” '"H 1D NMR spectrum of [2Fe-2S]2*
FDX2 (Figure 1C) the backbone NH signals (10-6 ppm range) are well distributed and narrow in
agreement with a folded protein. FDX2 fold was additionally investigated via '"H-'>N HSQC NMR
spectrum (Figure 1D, black spectrum) that is consistent with a monomeric protein having a well-
folded and globular structure. In fact, the latter spectrum shows all the cross-peaks having wide
dispersions and sharp linewidths. Analytical gel filtration of as purified FDX2 showed a single and
symmetric peak at 17.15 ml, consistent with a globular folded protein of 16 KDa (Figure 2).

In order to characterize the apo form of FDX2, the as purified FDX2 species were treated with EDTA
and ferricyanide (see Material and Methods) to remove the cluster, and the 'H-">’N HSQC NMR
spectrum was acquired (Figure 1D, red spectrum). In the latter NMR spectrum, all the signals are
mostly concentrated on the central area within 8.6-7.8 ppm range, indicating that the tertiary protein
structure of apo FDX2 is lost. This indicates that [2Fe-2S] cluster is fundamental for the correct

protein folding in addition to its well-known electron transfer role.

[2Fe-2S] FDX?2 redox properties

The chemically reconstituted [2Fe-2S]>" FDX2 was titrated with sodium dithionite, a reductant
extensively used for reducing iron sulfur clusters. The reduction process was followed via UV-vis

spectroscopy and 'H 1D paramagnetic NMR spectroscopy. By adding two equivalents of dithionite
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with respect to protein concentration, the peaks at 420 and 460nm of the UV-vis spectrum of the [2Fe-
2S]*" FDX2 were almost totally quenched, indicating the reduction of the cluster (Figure 3A). Once
the final mixture (light blue spectrum in Figure 3A) was air exposed the latter peaks reappear
indicating partial re-oxidation of the [2Fe-2S] cluster (black bold spectrum in Figure 3A),
demonstrating the chemical reduction/oxidation is possible avoiding the cluster destruction. The
reduction process has been also followed via 'H 1D paramagnetic NMR. The 'H 1D paramagnetic
NMR spectrum of [2Fe-2S]?>" FDX2 acquired (on the top of Figure 3B) shows the characteristic broad
peak of a oxidized [2Fe-2S]*" clusters. Along the dithionite addition the latter signals disappear and
new sharper signals at lower ppm values appear, indicating the formation of a reduced [2Fe-
2S] cluster species. After the reduction the electron spin relaxation rates of both iron ions increase,
and consequently, the coupled nuclear spins relax slower and the NMR signals of the BCH2 bound to

the cluster became sharper than those in the oxidized cluster!*%>.

FDX?2 interaction pattern in the third step of the ISC assembly machinery

In order to identify possible protein-protein interactions between [2Fe-2S]>" FDX2 and as purified
ISCA1 or/and as purified ISCA2, which have 0.2/0.3 [2Fe-2S]*" cluster occupancy (see Materials
and Methods), a 'H-">’N HSQC NMR titration was performed. First, unlabeled as purified ISCA1 was
stepwise added to the '°N labeled chemically reconstituted [2Fe-2S]*" FDX2 up to 1:1 ratio, and
along the as purified ISCA1 additions no chemical shift changes were observed (Figure 4A). The
final 'H-""N HSQC map is totally superimposable with the "H-'>N HSQC map of the starting material,
indicating that the two proteins do not interact each other. An analogous 'H-'"N HSQC NMR titration
was performed with unlabeled as purified ISCA2, which was stepwise added to N labeled
chemically reconstituted [2Fe-2S]** FDX2. Reaching the 1:1 protein ratio, no chemical shift changes
were observed in the spectrum (Figure 4B). The final 'H-"N HSQC spectrum is highly
superimposable with the one of the starting material. These data lead to the conclusion that there is

no protein-protein interaction between [2Fe-2S]*" FDX2 and as purified ISCA1 or ISCA2.
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Discussion

The structural characterization of FDX2 was performed through NMR spectroscopy, UV-vis
spectroscopy and analytical gel filtration. The collected data showed that [2Fe-2S]** FDX2 is a well
folded and globular protein. On the contrary, apo FDX2 is partially unfolded. In fact, after the cluster
removal, most of its signals in the 'H-">’N HSQC spectrum are overlapped and mainly grouped in the
8.5-7.5 ppm range (Figure 1D), indicating a loss of tertiary structure. Therefore, the [2Fe-2S] cluster
is essential for FDX2 to obtain the correct folding. Paramagnetic NMR and UV-vis spectroscopy
were then applied in order to explore the [2Fe-2S] redox properties. Both, '"H 1D paramagnetic NMR
and UV-vis spectra of [2Fe-2S] FDX2 (Figure 1) are typical of the oxidized [2Fe-2S]*" form.
However, areduced [2Fe-2S]" cluster of FDX2 is required to perform the electron transfer mechanism
in the [4Fe-4S] cluster synthesis by ISCA1, ISCA2 and IBA57. [2Fe-2S]" FDX2 was thus produced
through the reduction of the oxidized FDX2 by sodium dithionite. The 'H 1D paramagnetic spectrum
of reduced FDX2 showed the signals characteristic of the [2Fe-2S]" cluster (Figure 3A). Moreover,
once reduced FDX2 is exposed to air, the UV-vis spectra showed the rea-appearance of signals at 420
and 460 nm indicating the re-oxidation of the [2Fe-2S] cluster. This data clearly indicated that the in
vitro redox reaction on the [2Fe-2S] cluster of FDX2 is reversible. Finally, the FDX2 interaction
pattern with ISCA1 and ISCA2 was analysed. We have performed two 'H-""N HSQC NMR titrations
using '°N labeled [2Fe-2S]** FDX2 and unlabeled as purified ISCA1 or unlabeled as purified ISCA2.
In both cases, no chemical shift changes were observed demonstrating that FDX2 does not interact
with apo ISCAL1 or apo ISCA2 suggesting that other protein partner(s) are required in the electron
transfer process, for example the heterocomplex ISCA1-ISCA2 and IBAS57. Further studies are thus

required to investigate how FDX2 provides the electrons required to assemble a [4Fe-4S] cluster.
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Conclusion

We have provided a structural characterization of human FDX2 and analysed the redox properties of
the [2Fe-2S] bound to the protein. Moreover, we have set the stage for the [4Fe-4S] cluster synthesis
study discovering that isolated ISCA1 and ISCA2 are not involved in the electron transfer process,
and thus suggesting that they should operate in the process in a complexed form with each other
and/or with IBAS57. In this scenario, IBA57 could thus play an essential role in the [4Fe-4S] cluster
formation acting as an electron shuttle between FDX2 and ISCA1-ISCA2 hetero-complex. However,
further characterization is required to deep comprehend the [4Fe-4S] cluster formation. The following

experiments are now underway:

e A 'H-PN HSQC titration between [2Fe-2S]*>" FDX2 and apo ISCA1-ISCA2 hetero-complex
alone or with IBA57 in order to investigate the interaction network.

e Mix the reduced [2Fe-2S]" FDX2 with the [2Fe-2S]>" ISCA1-ISCA2 hetero-complex in order
to follow the electron transfer for the [4Fe-4S] synthesis. Repeating the experiments with and

without IBAS57 to understand its role in this process.
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Figure 1. (A) UV-visible spectra of [2Fe-2S]** FDX2 after (black) and before chemical reconstitution
(red) (B) 'H 1D paramagnetic NMR spectrum of [2Fe-2S]** FDX2 (C) 'H 1D NMR spectrum of
[2Fe-2S]*" FDX2 (D) Overlay of the '"H-'>N HSQC spectrum acquired on '°N labeled [2Fe-2S]**
FDX2 (black) with the 'H-'>N HSQC spectra acquired on N labeled apo FDX2 after the cluster

removal (red).
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Figure 2. Analytical gel filtration profile of [2Fe-2S]** FDX2 in phosphate 50 mM, 150 mM NaCl,
DTT 5 mM degassed buffer at pH 7.0.
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Figure 3. (A) UV-visible spectra of the [2Fe-2S]*>" FDX2 titrated with sodium dithionite, the red

spectrum is the starting [2Fe-2S]** FDX2 before the sodium dithionite addition, the light blue dash

spectrum is the [2Fe-2S]" FDX2 after two equivalent of sodium dithionite were added, the black

bold spectrum is the [2Fe-2S]** FDX2 after the air exposure and re-oxidation. (B) On the top: 'H 1D

paramagnetic NMR spectrum of [2Fe-2S]** FDX2, on the bottom: 'H 1D paramagnetic NMR

spectrum of [2Fe-2S]" FDX2.
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Figure 4. (A) Overlay of the 'H-'>N HSQC spectrum acquired on '°N labeled [2Fe-2S]** FDX2
(black) with the "H-'>N HSQC spectrum acquired on 1:1 °N labeled [2Fe-2S]** FDX2 - apo ISCA1
mixture. (B) Overlay of the 'H-'>N HSQC spectrum acquired on >N labeled [2Fe-2S]** FDX2 (black)
with the 'H-"’N HSQC spectrum acquired on 1:1 °N labeled [2Fe-2S]** FDX2 - apo ISCA2 mixture.
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2.5 Structural investigation of hetero-complexes formed by
ISCAI, ISCA2 and NFU1

The late-acting step of the maturation of mitochondrial [4Fe-4S] proteins, consisting of the assembly
and insertion of [4Fe-4S] clusters into mitochondrial apo proteins, are recently well characterized by
NMR spectroscopy and size exclusion chromatography*?. Our data have demonstrated that ISCA1 is
the key player of the third step of the ISC assembly machinery interacting with both NFU1 and
ISCA2, which are the other actors of the [4Fe-4S] cluster maturation. Specifically, ISCA1 tightly
interacts with both ISCA2 and NFU1 forming a heterodimeric complexes that are required for the
[4Fe-4S] cluster assembly and delivery. We have also shown that ISCA1, by its recognition with the
C-terminal domain of NFU1, moves the [4Fe-4S] cluster from the ISCA1-ISCA2 heterocomplex to
the NFUI-ISCALI cluster binding site. During this process the three latter proteins act together
forming a transient ternary hetero-complex. We have also newly revealed that the [4Fe-4S] ISCA1-
NFUI hetero-complex is involved in the maturation of the FeSrs cluster binding site of LIAS. NMR
and SEC data acquired clearly shown that both [4Fe-4S] ISCA1-NFU1 and [4Fe-4S] NFU1 are
needed for the LIAS maturation.

In order to corroborate these new data on apo ISCA1-NFU1 hetero-complex and apo ISCA1-ISCA2-
NFUI transient ternary hetero-complex we have performed an integrative approach, utilizing
information from small-angle X-ray scattering (SAXS) and NMR spectroscopy, to determine a low-
resolution structural model of these complexes. The apo ISCA1-ISCA2, apo ISCA1-NFUland apo
ISCA1-ISCA2-NFU1 hetero-complexes were obtained through 'H-'"N HSQC NMR titrations, and
then the latter were analysed by SEC-SAXS experiments. The SEC-SAXS data achieved are now
under investigation, and they require a multiple level of fitting to obtain ISCA1-NFU1 and ISCAI-
ISCA2-NFU1 low resolution structures. The structural data that will be obtained through SEC-SAXS
analysis would achieve new important details on the characterization of the final step of the ISC

assembly machinery.
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3. Methodology

3.1 Protein production

Protein production is a biotechnological process leading to the expression and isolation of
recombinant proteins. This process start from the insertion of a recombinant DNA in a host/expression
system, and followed by the over expression of the chosen protein and its isolation from the rest of
the proteosome. The possible host systems that include insect, yeast, bacteria or mammalian cells are
chosen based on the characteristic of the proteins that have to be expressed. All the proteins used for

the PhD thesis work were expressed in bacteria cells.

Commonly, the starting point for the production of new proteins are the expression test, where
different conditions are tested in order to define the best protein expression and purification protocol.

The preliminary conditions normally tested in a small volume are:

e Cell strains: BL21 (DE3) and BL21(DE3) Gold a protease deficient strains, Rosetta (DE3) for
rare codons containing genes and Origami (DE3) for disulphide containing proteins.

¢ Fusion proteins: the fusion proteins are required in order to increase the protein solubility
(e.g.: MBP, TRX, GST and GB1)

e Expression temperatures: usually 37, 25 and 20 °C.

e IPTG concentration: normally 1, 0.5 and 0.2 mM.

Exploring this large set of conditions is possible to identify the best expression protocol for many

different proteins.

In order to be analysed by spectroscopic techniques, the protein isolation from the whole host
proteosome is required. Protein purification is a series of processes aimed to isolate one protein from
a complex mixture. The latter protocol usually take advantage of differences in protein size, physico-
chemical properties, binding affinity and biological activity. When the protein of interest is not
secreted by the organism into the surrounding solution, the first step of each purification protocol is
the disruption of the cells containing the protein. Commonly, are used the following techniques: 1)
repeated freezing and thawing, ii) sonication and iii) homogenization by high pressure (French press).
Next, the cell debris can be removed by ultracentrifugation. After this separation steps the real
purification process can starts. In order to simplify the latter process and increase the protein purity,
affinity purification tags can be fused to the recombinant protein of interest. The most commonly

used tag is the poly histidine tag (6 or 12 histidine) that relies on the affinity of histidine residues for
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immobilized metals, such as nickel. The histidine tag fused with the protein can tight bound the nickel
metal adsorbed on the column. The histidine tag offers several advantages such as the small size that
not interfere with the protein structure and the high affinity with metals allowing the specific protein
separation. In this work it was always used proteins functionalized by N-terminal 6xHistag and

HisTrap column loaded with nickel.

The cDNAs coding for human LIAS, C106/C111/C117A LIAS, C137/C141/C144 LIAS, NFU1,
BOLA3 and ISCA2 were already available in our laboratory and their production was performed as
previously reported in literature?’-*3*3783 BOLA3 C59Y mutant was expressed and purified

following the BOLA3 wild type protocol®.

For the PhD work, I have developed and optimized the full length ISCA1 and FDX2 expression and

purification protocol that are extensively reported below.
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3.1.1 ISCAI expression and purification protocol

Uniprot Reference code: QIBUE6

Construct: full length 1-130

N-term tag: His-Tag MBP

C-term tag: none

Number of amino acids: 131

Molecular weight: 14,236 KDa

Theoretical pl: 9.20

Ext. coefficient at 280 nm: 4595 M™! cm’!, at 280 nm measured in water
Protease for tag cleavage: TEV

Final protein aminoacidic sequence:

MSASLVRATVRAVSKRKLQPTRAALTLTPSAVNKIKQLLKDKPEHVGVKVGVRTRGCNGL
SYTLEYTKTKGDSDEEVIQDGVRVFIEKKAQLTLLGTEMDYVEDKLSSEFVFNNPNIKGTC
GCGESFNI

Yield
Yield in rich medium (e.g. LB, TB, Silantes): 7-9 mg/L
Yield in chemically defined mediumee.g. M9): 7 mg/L

Growth media
LB, M9
Protocol for the production in rich medium

Material:

e FE.coli cell strain: BL21 GOLD

e Plate for transformation or colonies propagation: LB-agar and ampicillin (100 mg/L)
e Purification column 1: His-trap

e Purification column 2: Amylose resin column

¢ Binding buffer: Tris 50 mM, NaCl 500 mM, Imidazole 15 mM and pH=S.
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Elution Buffer: Tris 50 mM, NaCl 500 mM, Imidazole 500 mM and pH=8.
Buffer 3: To clean the Amylose resin column using 10 mM Maltose buffer
Protease for tag cleavage: TEV protease

Storage buffer: Pi 50 mM, NaCl 150 mM, DTT 5 mM and pH=7

Preculture

15/20 mL (falcon 50 ml ) of LB fresh medium with Amp(100 mg/L), one preculture per each
liter of culture. Add the colonies from a plates or glycerol stock. Growth O/N at 37 °C and
260 rpm.

Culture:

Lysis:

Inoculate all the preculture volume in one liter of fresh medium. Minimum 2 L of culture per
each purification. Add the antibiotic in the fresh medium. Grow at 37 °C and 160 rpm until
the OD reach the value between 0.8-1. Induce the expression with 0.2 mM (final
concentration) of [IPTG and move the flasks at 18°C, 160 rpm, O/N. Harvest the cells at 4°C,
5000 x g, 15 min. Store the pellet at -20°C.

Resuspend the pellet with 50 mL of Binding buffer (add DTT 2 mM). Sonicate 40 minutes, 2
sec ON and 9.9 sec OFF

Purification:

Use a HisTrap FF 5SmL loaded with nickel. All the purification steps are carried out at room
temperature, SmL/min system flow.

After the sonication centrifuge the solution using a ultra-centrifuge at 40000 RPM for 40
minutes at 4°C.

Equilibrate the His-trap column with the binding buffer.

Load the supernatant to the column. Put in reload for at least 1 hour.

Wash the column with at least 75 mL of binding buffer.

Elute the protein (ISCA1-MBP-Histag) with the elution buffer, collect this fraction. Check
the protein elution with the Bradford assay.

Add TEV protease to the protein solution eluted from the HisTrap. Put all the solution in
dialysis against binding buffer, O/N.

Equilibrate the HisTrap column with the binding buffer.

Reload the protein solution at least 30 minutes.

Wash with binding buffer and collect this fraction that contain ISCA1 alone.
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e Concentrate the proteins solution until 5/3 ml with 10 KDa centricon. Equilibrate the amylose
resin column with the binding buffer.

e Load the solution in the amylose resin column(this step is not always needed, but the protein
purity is increased)

e Concentrate the protein solution until 2.5 mL and change the buffer of the protein to the
storage buffer with a PD10.

e Freeze the sample in liquid nitrogen and stored a -80 °C
Protein concentration:

e Usually 3.5 mL at 0.25/35 mM.

Protein storage:

e Freeze the sample in liquid nitrogen and stored a -80 °C. Is recommended to use the protein
in maximum one month, after this time the protein could be unfolded and precipitate.

The expression and purification protocol is the same for M9 medium.
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3.1.2 FDX2 expression and purification protocol

Uniprot Reference code: Q6P4F2

Construct: 53-183

N-term tag: His-Tag

C-term tag: none

Number of amino acids: 147

Molecular weight: 16,093 KDa

Theoretical pl: 5.20

Ext. coefficient at 280 nm: 3230 M! cm’!, at 280 nm measured in water
Protease for tag cleavage: Thrombin

Final protein aminoacidic sequence:

AGEEDAGGPERPGDVVNVVFVDRSGQRIPVSGRVGDNVLHLAQRHGVDLEGACEASLAC
SCHVYVSEDHLDLLPPPEEREDDMLDMAPLLQENSRLGCQIVLTPELEGAEFTLPKITRNFY
VDGHVPKPH

Practical aspects

To obtain the holo form of the protein it is necessary perform all the purification steps in glovebox
except the sonication and ultracentrifugation steps. Adding 4 ml of Solution Q and 250 uM of FeCls

per liter of LB is required to increase the expression of holo form directly from the cells.

Yield
Yield in rich medium (e.g. LB, TB, Silantes): 20-25 mg/L
Yield in chemically defined mediume.g. M9): 12 mg/L

Growth media
LB, M9
Protocol for the production in rich medium

Material:

120



e FE.colicell strain: BL21(DE3)

e Plate for transformation or colonies propagation: LB-agar and kanamycin (50 mg/L)

e Purification column 1: His-trap

¢ Binding buffer: Tris 50 mM, NaCl 500 mM, Imidazole 15 mM and pH=S8.

e Elution Buffer: Tris 50 mM, NaCl 500 mM, Imidazole 500 mM and pH=8.

e Protease for tag cleavage: Thrombin protease

e Storage buffer: Pi 50 mM, NaCl 150 mM, DTT 5 mM and pH=7

Preculture

e 15/20 mL (falcon 50 ml ) of LB fresh medium with Kan (50 mg/L), one preculture per each
liter of culture. Add the colonies from a plates or glycerol stock. Growth O/N at 37 °C and
260 rpm.

Culture:

e Inoculate all the preculture volume in one liter of fresh medium. Add the antibiotic in the fresh
medium. Grow at 37 °C and 160 rpm until the OD reach the value between 0.8-1. Induce the
expression with 0.5 mM (final concentration) of IPTG and wait 5 hours. Harvest the cells at
4°C, 5000 x g, 15 min. Store the pellet at -20°C.

Lysis:

e Resuspend the pellet with 50 mL of Binding buffer (add DTT 2 mM). Sonicate 40 minutes, 2
sec ON and 9.9 sec OFF

Purification:

e Use a HisTrap FF 5SmL loaded with nickel. All the purification steps are carried out at room
temperature, SmL/min system flow.

e After the sonication centrifuge the solution using a ultra-centrifuge at 40000 RPM for 40
minutes at 4°C.

e [Equilibrate the HisTrap column with the binding buffer.

e Load the supernatant to the column. Put in reload for at least 1 hour.

e Wash the column with at least 75 mL of binding buffer.

e FElute the protein(FDX2-6xHistag) with the elution buffer, collect this fraction. Check the
protein elution with the bradford assay.

e Add Thrombin protease to the protein solution eluted from the HisTrap. Put all the solution
in dialysis against binding buffer, O/N.

e Equilibrate the HisTrap column with the binding buffer.
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e Reload the protein solution at least 30 minutes.

e Wash with binding buffer and collect this fraction that contain FDX2 alone.

e (Concentrate the protein solution until 2.5 mL and change the buffer of the protein to the
storage buffer with a PD10.

e Store at4 °C

The expression and purification protocol is the same using M9 medium for the production of °N

labeled FDX2

3.1.3 Determination of protein concentrations

Protein concentrations were estimated from measuring the absorbance at 280 nm (A280) applying
the Lambert and Beer law. Theoretical molar extinction coefficients were obtained from ProtParam

(Expasy tool) software.

3.1.4 Chemical reconstitution

Full length [4Fe-4S] NFUI1, [4Fe-4S] NFU1-ISCA1 and [4Fe-4S] ISCA2-ISCA1 were obtained
through chemically reconstitution performed under anaerobic conditions in 50 mM Tris- HCI, 100
mM NaCl, 5 mM DTT buffer at pH 8.0 adding eight-fold FeCls and Na:S for 16 h at room
temperature. [2Fe-2S] BOLA3-GLRXS5 and [2Fe-2S] BOLA3 C59Y-GLRXS5 were chemically
reconstituted as it is already reported for the wild type complex®®. [2Fe-2S] FDX2 was obtained
through chemically reconstitution performed under anaerobic conditions in 50 mM Tris- HCI, 100
mM NaCl, 5 mM DTT buffer at pH 8.0 adding six-fold FeCls and NaxS for 16 h at room temperature
starting from as purified FDX2 ( mixture of holo and apo species). The protein concentration used
for the chemical reconstitution experiments were in the range of ~40-80 pM. Anaerobic conditions
were obtained by degassing all buffers and performing the chemical reconstitution in anaerobic

chamber with less than 2 ppm of oxygen.
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3.2 Protein characterization

3.2.1 Analytical gel filtration

Analytical gel filtration, also called size exclusion chromatography, is a technique widely used in the
biochemical studies required to separate macromolecules based on the molecular mass or
hydrodynamic radius. The protein solutions are loaded in the resin (composed by porous beads). The
larger the particles, the faster the elution, indeed the biggest molecules bypass the pores because those
molecules are too large to enter the pores. Larger molecules consequently flow through the column
more quickly than smaller molecules, the molecules are separated by their size. This technique can
be used for high efficient protein purification and for the investigation of protein complexes
formation. Often, size exclusion chromatography can be coupled with multi angle light scattering
(MALS), named SEC-MALS, in order to better characterized the molecular weight of the proteins or
the protein complexes. The MALS is used in order to determinate, both the absolute molar mass and
the average size of molecules in solution, by detecting the scatter of light from a laser source. Multi

angle is referred to the detection at different discrete angles.

In this PhD work, analytical gel filtration and SEC-MALS are performed in Pi 50 mM, NaCl 150
mM, DTT 5 mM and pH=7. The flow rate applied was 0.65 ml/min.

3.2.2 Uv-visible spectroscopy

UV-visible spectroscopy is a quantitative technique used to measure the quantity of chemicals
detecting the intensity of light that passes through a sample with respect to the intensity of light

through a reference sample or blank.

In the PhD thesis work, the UV-vis spectroscopy was widely used in order to quantify proteins and
characterized the cluster type bound to the proteins. The UV-vis experiments on the holo proteins and
holo complexes were performed under anaerobic conditions, preparing the samples in glove-box with
degassed buffers and using a gastight cuvette. UV-visible spectra were executed in 50 mM phosphate
buffer, 150 mM NaCl, 5 mM DTT and pH 7.0 at room temperature on a Cary 50 Eclipse

spectrophotometer.

3.2.3 Circular Dichroism spectroscopy

Circular dichroism spectroscopy is a technique where the difference in the absorption of left and right

circularly polarized light in optically active substances is measured. CD signals are observed for
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optically active materials. CD in the region of 190-250 nm is typically used to investigate protein
secondary structure being able to discriminate folded and unfolded proteins. Visible CD spectroscopy
is a very powerful technique to study metal-protein interactions resolving individual d—d electronic
and charge transfer transitions as separate bands. CD spectra in the visible light region are only

produced when a metal ion is in a chiral environment.

In the PhD thesis work, the CD-vis spectroscopy was used to characterize the cluster type bound to
different proteins. CD-vis analyses of holo-proteins and holo-heterocomplexes were performed in 50
mM phosphate, NaCl 150 mM, pH 7.0 on a Jasco J-810 spectropolarimeter at 298K using a 1-mm
path-length cell. Spectra were recorded with an average of 5 accumulations at a scan speed of 100

nm/min and at a response time of 1 s. The proteins concentrations used are in the range of 10-70 uM.

3.2.4 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is an essential technique for structural and
functional characterization of biological macromolecules. The principle behind NMR spectroscopy
is that many nuclei have spin and all nuclei are electrically charged. When an external magnetic field
is applied, an energy transfer is possible between the base energy to a higher energy level. The energy
transfer takes place at a wavelength that corresponds to radio frequencies and when the spin returns
to its base level, energy is emitted at the same frequency. The signal that matches this transfer is
measured in many ways and processed in order to yield an NMR spectrum for the nucleus. Each
NMR active nucleus gives rise to an individual signal in the spectrum that, proteins contain hundreds
of atoms and required to be resolved through multi-dimensional NMR experiments. Developments in
NMR hardware and NMR methodology, combined with the development of biochemical approaches
for preparation and labelling of recombinant proteins, have radically increased the use of NMR for

the functional and structural characterization of biological macromolecules.

In this PhD thesis work, it was used principally 'H 1D and 'H-'"N HSQC NMR experiments in order
to structurally and functionally characterize the proteins and to explore the protein-protein interaction
and hetero complexes formation. In addition, we have deeply applied 'H 1D paramagnetic NMR

experiments in order to explore the iron sulfur cluster coordination, environment and oxidation state.

HSOC: heteronuclear single guantum coherence

HSQC experiments determine the correlations between two different types of nuclei, generally 'H
with 13C or >N, which are separated by one bond. Each cross-peaks of the HSQC spectrum is

representative of one N-H or C-H, in fact for the '"H-'"N HSQC spectrum each peaks are characteristic
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of each aminoacidic residues (excluding the prolines) of the proteins. Thus, HSQC offers a very
informative approach for signal assignments’’. The HSQC experiment is also useful for detecting
binding interface in protein-protein interaction, indeed amino acids involved in the interface will
suffer residue-specific chemical shift perturbations. Comparing the HSQC spectrum of the free
protein with the one bound to the ligand changes in the chemical shifts of some peaks may be
observed, and this is powerful information to detect complexes formation and protein structural

rearrangement.

In this thesis work, 'H-’N°. HSQC NMR experiments were widely used for the structural
characterization of the proteins involved in the third step of the ISC assembly machinery and for
monitoring their protein-protein interactions. Diamagnetic NMR spectra were recorded on Bruker
AVANCE 700, 900 and 950 MHz, processed using the standard Bruker software (Topspin). 'H-’N
HSQC spectra were performed at 298 K in 50 mM phosphate buffer, 150 mM NaCl, 5 mM DTT pH
7.0, 10% (v/v) D20. To characterize the structural properties of proteins and complexes with bound
iron sulfur cluster(s), the "H-'""N HSQC spectra were acquired using degassed buffer and 5 mm
gastight NMR tube. The 'H-">’N HSQC spectra chemical shift perturbation occurred after the

complexes formation were analysed with CARA software.

Paramagnetic NMR

Paramagnetic nuclear magnetic resonance (NMR) has been widely used to characterize
metalloproteins. This spectroscopy is powerful technique for the characterization of iron sulfur
clusters proteins®®. In fact, the hyperfine shifts and the temperature dependencies of the paramagnetic
signals in the NMR spectra provide an efficient fingerprint of oxidation state and of the type of iron
sulfur cluster bound to the protein®. The magnetic coupling constants determines various electron
spin energy levels for iron ions, and the coupling of the nuclear spins of the protons of the proteins
with these multiple electron spin levels significantly modify the chemical shifts and the relaxation
rates. For these reason, paramagnetic NMR spectra of iron sulfur proteins are different based on the
cluster coordination and oxidation state. Paramagnetic NMR is unique technique to characterize the

iron sulfur cluster environment at atomic level.

In this thesis work, paramagnetic NMR experiments were extensively used to investigate iron sulfur
clusters bound to the protein of interest and to characterize cluster transfer among proteins/complexes.
'H 1D paramagnetic NMR experiments were acquired at 400 MHz with a 'H optimized 5 mm probe
at temperatures ranging from 283 K and 298 K, with protein samples in 50 mM phosphate buffer,
150 mM NaCl, 5 mM DTT pH 7.0, 99% (v/v) D20. The protein concentration was in the range of

0.2-0.8 mM. Water signal was suppressed via fast repetition experiments and water selective
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irradiation®>%*, Experiments were typically performed using an overall recycle delay of 50-90 ms.
Squared cosine and exponential multiplications were applied prior to Fourier transformation®.
Manual baseline correction was performed, using polynomial functions. Each experiment was

successfully repeated three times.

3.2.5 Molecular docking: HADDOCK 2.2

In this PhD work, molecular docking have been investigated through the program HADDOCK 2.2
that define models based on interaction data such as chemical shift perturbation from NMR titration
experiments®>!'%. In this software, the docking process is driven by ambiguous interaction restraints
(AIR) that include the solvent exposed residues involved in the protein-protein interaction.
HADDOCK 2.2 distinguish active and passive residues in the set of residues that have significant
chemical shift perturbations after the complex formation. The chosen residues are grouped by the
solvent accessibility that is calculated by NACCES tool'’!. The docking protocol consists of three

consecutive steps:

¢ Randomization of orientations and rigid body energy minimization.
e Semirigid simulated annealing in torsion angle space.

¢ Final refinement in Cartesian space with explicit solvent.

Successively, the best structures are grouped in cluster with a threshold of 7.5 A of RMS each cluster
contain at least 4 structures that are analysed on the basis of HADDOCK score value
(1.0*Evawt0.2*Ee1c+0.1*Edist+1.0*Esolv, respectively: van der Walls energy, electrostatic energy,

distance restrains energy and desolvation energy), Buried Surface Area and RMSD.

In this PhD work, the structural models of the apo BOLA3-GLRXS5 and apo C59Y BOLA3-GLRXS5
complexes were calculated following the standard HADDOCK procedure and employing the
HADDOCK2.2  Web  Server (https://alcazar.science.uu.nl/servicess HADDOCK?2.2/)%%1%0,
Specifically, the structural models of the apo hetero-dimers were built from the structures of
individual proteins (monomeric apo GLRXS with a bound GSH molecule obtained from PDB entry
2WUL'?® and BOLA3 from PDB entry 2NCL**). The structure of the C59Y BOLA3 was obtained
with Modeller 9.20 (https://salilab.org/modeller/)'*?, using as template the existing NMR solution
structure of BOLA3. The C59Y BOLA3 structure obtained by Modeller 9.20 was then energy
minimized in explicit water using an AMBER 12.0 molecular dynamics program!'®. The NMR
chemical shift mapping data obtained for the two hetero-complexes in the titrations performed at 0.8

mM starting protein concentration were used to define ambiguous interaction restraints for the
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residues at the interface. The “active” residues were defined as those having a chemical shift
perturbation upon heterocomplex formation larger than the average of Aavg(HN) plus 1o, as well as
those residues whose backbone NHs broaden beyond detection upon the interaction with the protein
partner, and all having a solvent accessibility higher than 50%; the “passive” residues were defined
as those being surface neighbors to the active residues and having a solvent accessibility higher than
50%. NACCESS is the program used to calculate the atomic and residue accessibilities from the PDB
file. GSH molecule was also included as active residue on the basis of the NMR data. The ensemble
of 200 solutions was analysed and clustered on the basis of the pairwise RMSD matrix calculated
over the backbone atoms of the interface residues of GLRXS after fitting on the interface residues of
BOLA3 or C59Y BOLA3. This way of calculating RMSD values in HADDOCK resulted in high
values that emphasized the differences between docking solutions. For this reason, we performed
clustering using a 7.5 A cut-off. The water-refined models were clustered on the basis of the default

fraction of common contacts, FCC = 0.75, with the minimum number of elements in a cluster of 4.
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4. Conclusions

The data described in this thesis provide a detailed model of the molecular snapshots driving the [4Fe-
4S] cluster maturation and transfer to apo recipient proteins along the third step of ISC assembly

machinery.

First, the [4Fe-4S] cluster assembly and transfer by ISCA1, ISCA2 and NFU1 was explored. It was
demonstrated that ISCAT is the key player of the [4Fe-4S] maturation process because of its ability
to interact with both NFU1 and ISCA2 working as the promoter of the interaction. We also show that
ISCAL, thanks to its specific recognition with the C terminal cluster-binding domain of NFU1, drives
[4Fe-4S] cluster transfer guaranteeing its safely movement from where it is assembled on the ISCA1-
ISCA2 complex to NFUI-ISCA1 complex. In this way, the [4Fe-4S] cluster is available for the
mitochondrial apo proteins specifically requiring NFU1 for their maturation. In order to better
characterize the biosynthesis of the [4Fe-4S] cluster, FDX2, the electron donor required for the
reductive coupling of two [2Fe-2S]** cluster performed by the ISCA1-ISCA2 hetero-complex, was
produced and characterized. We have presented a structural characterization of the human FDX2 by
solution NMR and analysed the redox properties of the [2Fe-2S] bound to the protein. Moreover, we
have set the stage for the [4Fe-4S] cluster biosynthesis study showing that the isolated ISCA1 and
ISCAZ2 are not involved in the electron transfer process, suggesting that they should recognize FDX2
operating as heterodimer or complexed with IBA57. In this scenario, further characterization is

required in order to better explore the IBAS57 role in the [4Fe-4S] cluster formation, which could act

as an electron shuttle between FDX2 and ISCA1-ISCA2 hetero-complex.

Successively, we have investigated the [4Fe-4S] NFU1 and [4Fe-4S] NFUI-ISCA1 complex role in
the maturation of LIAS, one of the apo recipient proteins that required NFUT1 for its maturation. We
have demonstrated that NFUI1 tightly interacts with LIAS forming a heterodimeric complex
specifically recognize the C-domain of NFU1. In addition, our data suggests that LIAS by interacting
with NFU1 is able to displace the NFU1-protein partner ISCAT1 that is released as a free form, no
ternary complex has been observed, thus excluding that ISCA1 and LIAS recognize each other.
Moreover, our study present the first evidence of the insertion of the [4Fe-4S] cluster into the FeSrs
site of human LIAS by the [4Fe-4S] NFU1, and we have revealed that the recently discovered hetero-
dimeric [4Fe-4S] ISCA1-NFU1 complex is also able to maturate the FeSrs site of human LIAS. In
this way, we proved that both [4Fe-4S] NFUI and [4Fe-4S] ISCA1-NFUI species can act

physiological inserting the cluster in the FeSrs site.
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Finally, we have investigated the Cys59Tyr mutation on BOLA3 protein that lead to MMDS type 2.
The latter mutation shows a new interesting phenotype characterized by a full clinical recovery. In
this scenario, we have demonstrated that the mutation structurally perturbed the iron-sulfur cluster-
binding region of BOLA3, but without abolishing [2Fe-2S]** cluster-binding on the physiologically
relevant hetero-complex formed with GLRXS5. We have also proved that tyrosine 59 did not replace
cysteine 59 as iron-sulfur cluster ligand; and that the mutation promoted the formation of an aberrant
apo C59Y BOLA3-GLRXS complex, which could be the molecular basis of the disease. Overall, the

obtained data allow us to rationalize the rare phenotype caused by Cys59Tyr mutation.

All these aspects address new fundamental molecular details of [4Fe-4S] cluster maturation,
enhancing the knowledge on its characterization and contributing to the discovery of a new intriguing

scenario at the basis of the third step of the ISC assembly machinery.
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