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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. 

   



4 
 

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 

evolution1. 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 

cofactors2. 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 functions3. 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 

concentration4. 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 cofactors5. 

 

1.1 Iron sulfur clusters structure and function 
 

The composition of iron-sulfur metal sites is relatively simple6. They are made of iron atoms 

bonded with sulfide atoms creating three main forms of clusters (Figure 1)7,8, which are the 

rhomboid [2Fe-2S] (Figure 1B) cluster, the cuboidal [3Fe-4S] cluster (Figure 1C), and the cubane 

[4Fe-4S] cluster (Figure 1D), all containing iron ions (Fe2+/3+) and inorganic sulfide (S2−), with 

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 coordination9,10. After S2− is incorporated into the cluster, it does not 

undergo redox transitions, while, Fe3+ in the cluster may be reduced to Fe2+ and vice versa. In this 

way, the iron sulfur clusters achieve the ability to accept or donate single electrons to carry out 

complex enzymatic reactions11. These clusters have thus versatile electrochemical properties with 
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reduction potentials ranging from over 400 mV to below –400 mV12. A [2Fe-2S] cluster bound to 

the proteins can be present in two oxidation states [2Fe-2S]2+ and [2Fe-2S]+. On the contrary, a 

[4Fe-4S] cluster can exist in three oxidation states, i.e. [4Fe-4S]3+, [4Fe-4S]2+, [4Fe-4S]+ 13. 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 state14. 

 

Figure 1. Schematic representation of iron sulfur cluster geometry bound to cysteines residues: 

A)Fe3+; B) [2Fe-2S] 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 

strategies3,15,16. Furthermore, iron sulfur clusters can operate as a sulfur donor for other sulfur-

containing protein cofactors such as biotin and lipoic acid17,18. Finally, iron sulfur clusters may 

help stabilizing protein domains, thereby regulating the dynamic interaction with other proteins as 

proposed for nuclear DNA polymerases19. 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 cytosol5 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 proteins20. 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 proteins2122. 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): 

 1st step: A [2Fe-2S] cluster is assembled on the ISCU2 scaffold protein via a large protein 

complex formed by NFS1, ISD11, FXN, ACP and FDX223. Fe2+ ions are imported in the 

mitochondrial matrix by the intermembrane transporters mitoferrin-1 and mitoferrin-2 

making available free iron source24. The sulfide ions are provided by the conversion of two 

cysteines in alanine by the subcomplex composed by NFS1, ISD11 and ACP proteins25. 

 

 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 GLRX5 or directly 

inserts it into the target enzymes26. These processes are assisted by the HSPA9 chaperone 

and Hsc20 co-chaperone required for the safe trafficking of the [2Fe-2S] cluster from 

ISCU2 to the targeting proteins. Then, GLRX5 is able to maturate apo targeting proteins 

that demanded [2Fe-2S] cofactors27,28 and it is also essential for the distribution of [2Fe-

2S] cluster to the proteins involved in the final step of the ISC assembly machinery for the 

maturation of [4Fe-4S] target29. 

 

 3rd step: ISCA1, ISCA2 and IBA57 are involved in the [4Fe-4S] cluster formation and 

trafficking. In this step, GLRX5 donates two [2Fe-2S] clusters to the ISCA1-ISCA2 



7 
 

complex that performs the reductive coupling of two [2Fe-2S] clusters to assembles a [4Fe-

4S] cluster29,30 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 IBA57 is strictly required for the synthesis30,31. Finally, the assembled [4Fe-4S] cluster 

is released to NFU1 that is needed for cluster insertion into some targeting mitochondrial 

proteins32,33. How the [4Fe-4S] cluster is transferred to these apo targeting proteins is still 

not defined. 

 

 

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 GLRX5 can act in [2Fe-2S] 

cluster trafficking and/or insertion process was also suggested34. This hetero complex in its [2Fe-

2S] bound state was shown to be able to transfer the cluster to both apo FDX1 and FDX2 35,36, as 

well as to apo NFU1 that assembles a [4Fe-4S] cluster acting as a dimer37. The maturation pathway 
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of mitochondrial targeting proteins dependent by BOLA3-GLRX5 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 machinery38,39.  

 

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 biosynthesis27,40,41. 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-Xn-C-G-C sequence motif42. In vivo studies, performed in S. 

cerevisiae on the Isa1 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-

4S] cluster biosynthesis40. Depletion of the Isa1 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 function43. 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 aconitase44. Brancaccio et al. 

through NMR experiments demonstrated that the two ISCAs proteins are able to synthetize a [4Fe-

4S] starting from two [2Fe-2S] clusters given by GLRX527,32. 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-

4S] 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)30,45. 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] cluster46. FDX1 is 

recognized as a versatile electron donator involved in several reactions such as steroid hormone 

biosynthesis and vitamin D metabolism47. 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 IBA57 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 required32,33. 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 Nfu1 are partially deficient in the [4Fe-4S] enzymes aconitase, succinate 

dehydrogenase and lipoic acid synthase. Nfu1 depleted cells do not show any defects in enzymes 

dependent on [2Fe-2S] clusters, suggesting that Nfu1 acts only in the [4Fe-4S] cluster transfer 

pathway38. The human NFU1 is involved in the maturation of apo targeting proteins preferring 

respiratory complexes I and II, and lipoyl synthase17. A recent structural characterization of human 

NFU1 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 linker38,48. 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 

conformation48. 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 

domains38,49. 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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yeasts40,44, 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 FDX249. 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 molecules49, 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 NFU150. 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 complex37. This alternative pathway have been proposed to 

be activated exclusively under cellular oxidative conditions37. These different postulated models 

depict the NFU1 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 

NFU1, 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 51. LIAS 

attaches two sulfhydryl groups to C6 and C8 of an octanoyl chain51. 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)52,53. The second [4Fe-4S] clusters 

(FeSRS hereafter) performs a reductive cleavage of a SAM molecule to obtain methionine and a 

5’-deoxyadenosyl radical (5-dA•) that is necessary to generate a radical on the octanoyl chain18. 

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 CX4CX5C motif (Cys 106, Cys 111 and Cys 117 in LIAS) and a serine (Ser 345 in 

LIAS)51,54.  

 

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]2+FDX2 

structure derived from X-ray diffraction data C) apo NFU1 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 NfuA17. 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 
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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. 
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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] cluster55. 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 propension56. 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 

gene57,58. 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 conditions59. 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 ISCU2 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 aconitase60,61. 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 

II/III deficiency 
Missense mutation 
c.251G>A, 
p.Arg72Gln 

Frataxin [2Fe-2S] assembles Friedreich’ ataxia FXN gene 
suppression, due to 
expansion of the 
intronic GAA repeat 

FDX2 Fe-S biogenesis 
electron donor 

Mitochondrial muscle 
myopathy 

Homozygous 
mutation c.1A>T 

GLRX5 [2Fe-2S] cluster 
carrier  

Sideroblastic anemia Non correct splicing 

ISCU2 [2Fe-2S] assembles ISCU myopathy Missense mutation 
c.149G>A, p.G50E 

BOLA3 [2Fe-2S] cluster and 
[4Fe-4S] cluster 
delivery 

MMDS2 Homozygous 
missense mutation 
c.200T>A in exon 3, 
p.167N 

NFU1 [4Fe-4S] cluster 
delivery 

MMDS1 Homozygosity for 
c.622G>T 
(p.Gly208Cys), or 
compound 
heterozygosity for 
c.622G>T 

ISCA1 [4Fe-4S] cluster 
assembles 

MMDS5 homozygous 
missense mutation 
c.29T>G p.V10G 

ISCA2 [4Fe-4S] cluster 
assembles 

MMDS4 Homozygous 
missense mutation 
c.229G>A, 
c.334A>G 

IBA57 [4Fe-4S] cluster 
assembles 

MMDS3 Homozygous 
mutation c.941A>C, 
p.Gln314Pro 

Mitoferrin 1 Mitochondrial iron 
importer 

Variant erythropoietic 
protoporphyria 

Aberrant splicing of 
MFRN1 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 62,63. Clinical and biochemical investigations on patients 

revealed that these symptoms are related to single point mutations on NFU1, BOLA3, IBA57, 

ISCA1 or ISCA2 genes. These mutations are characterized by deficiency of respiratory complex I 

and III, pyruvate dehydrogenase (PDH), a-ketogluterate dehydrogenase (KGDH), and lipoate 

synthase62,64,65 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 MMDS2: 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 glutaredoxins66. 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 GLRX5 forming an hetero 

complex37. An in vitro study showed that BOLA3 helps GLRX5 in the delivery of two [2Fe-2S] 

clusters to NFU1 in order to assemble a [4Fe-4S] cluster on NFU137. 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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activity67. Similarly, NFU1 is involved in the lipoic acid maturation pathway17,67. All these data 

suggest an important BOLA3 role in the iron sulfur clusters delivery and assembly37,38,64. 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 childhood64,67,68 . 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 chain64. Additionally, nonketotic hyperglycinemia, a disorder of glycine metabolism 

defined by deficient enzyme activity of the glycine cleavage enzyme system, is associated with 

homozygous c.136C>T(p.R46X) mutation on the BOLA3 gene that leads to truncating and 

inactive protein64,67. Lately, a novel phenotype for MMDS2 with complete clinical recovery and 

partial resolution of magnetic resonance imaging abnormality was observed in a patient69. Whole 

genome sequencing identified compound heterozygous variants in BOLA3: one previously 

reported (c.136C > T, p.Arg46* 64,67) and one novel variant (c.176G > A, p.Cys59Tyr). These 

heterozygous variants determine a much milder phenotype with respect to homozygous c.136C > 

T (p.Arg46*) variants reported by Baker et al. in three unrelated patients67. 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, ISCA1, 

ISCA2, IBA57, FDX2, GLRX5 and BOLA3. Previous studies reported that: (i) GLRX5, the [2Fe-

2S] metallochaperone of the mitochondrial matrix, donates two [2Fe-2S] clusters to the ISCA1-

ISCA2 complex29; (ii) Ferredoxin-2 (FDX2) supplies the two electrons required for the reductive 

coupling of two [2Fe-2S] clusters to form a [4Fe-4S] cluster30; iii) IBA57 is required in the latter 

process, although its role is not clear yet2; (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)17. In vitro 

studies described also a parallel pathway where BOLA3, forming an hetero complex with GLRX5, 

transfers two [2Fe-2S] clusters to NFU1 in order to assembles a [4Fe-4S] cluster bypassing the 

ISCAs dependent pathway37. 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 

NFU1 receives a [4Fe-4S] cluster assembled on the ISCAs proteins system and then transfers it to 

selected apo target proteins with the assistance of BOLA338. In this scenario, a ISCA1, ISCA2 and 

NFU1 structural and functional characterization, performed exploiting NMR and SEC 

chromatography techniques, can clarify the steps leading to the formation and transfer of the [4Fe-

4S] cluster. The collected data define a detailed molecular model of the succession of events 

performed in a coordinated manner by ISCA1, ISCA2 and NFU1 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 protein30,45. 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 

IBA57 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 269. 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 complex34. 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]2+ cluster-binding on the hetero-complex, and it promotes the formation of an 

aberrant apo C59Y BOLA3-GLRX5 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. 

  



19 
 

2. Results  
 

2.1 ISCA1 orchestrates ISCA2 and NFU1 in the 
maturation of mitochondrial [4Fe-4S] proteins 

 

Dafne Suraci 1,2,†, Giovanni Saudino 1,2,†, Veronica Nasta1,2, Simone Ciofi-Baffoni1,2,* Lucia 

Banci 1,2* 

1Magnetic Resonance Center CERM, University of Florence, Via Luigi Sacconi 6, 50019, Sesto 
Fiorentino, Florence, Italy. 

2Department of Chemistry, University of Florence, Via della Lastruccia 3, 50019 Sesto Fiorentino, 
Florence, Italy. 

†Equally contributed authors. 

 

Published: 10.1016/j.jmb.2021.166924  

  



20 
 

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) GLRX5, the [2Fe-2S] metallochaperone that 

gives two [2Fe-2S]2+ clusters to the ISCA1-ISCA2 complex27; (b) FDX2, which supplies the two 

electrons required for the reductive coupling of two [2Fe-2S]2+ clusters to form a [4Fe-4S]2+ 

cluster30,70; (c) NFU1, 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 pathway33. Within this perspective, this work aimed at elucidating the ISCA1, ISCA2 and 

NFU1 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 

ISCA1 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 15N 

apo NFU1 with [4Fe-4S] ISCA1-15N ISCA2, it resulted that the final 1H-15N HSQC map of the 

mixture is essentially superimposable to 1H-15N HSQC map of the apo 15N apo NFU1, apo ISCA1-
15N ISCA2 mixture, indicating that the final interaction network is highly similar. However, the 
1H 1D paramagnetic spectra acquired on the [4F-4S] NFU1- ISCA1-15N 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 NFU1 together bind the cluster even though ISCA2 

still interacts with ISCA1 forming a trimeric complex. ISCA1 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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 The [4Fe-4S] cluster is assembled on the ISCA1-ISCA2 heterodimer by reductively 

coupling two [2Fe-2S] clusters donated by GLRX527.  

 [4Fe-4S] ISCA1-ISCA2 complex can transfer the cluster to client proteins independently 

from NFU1. 

 ISCA1, by its specific recognition with NFU1, mediates the [4Fe-4S] cluster shift from 

ISCA1-ISCA2 to ISCA1-NFU1 forming ternary ISCA1-ISCA2-NFU1 complex; 

 The formed [4Fe-4S] ISCA1-NFU1 complex can then specifically direct the [4Fe-4S] 

cluster to mitochondrial client proteins. 

ISCA1 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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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). 
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Figure S2. Apo ISCA1 and apo ISCA2 form a heterodimeric complex. Weighted-average 
chemical shift differences δavg (that is, ([(δHN)2 + (δN/5)2]/2)1/2, where δHN and δN are chemical 
shift differences for 1HN and 15N, respectively) between apo 15N-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 (1σ Δavg > 0.04 
ppm). In the inset, meaningful chemical shift changes for the backbone NHs of apo 15N-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 ISCA1 interacts with the C-domain of apo NFU1 forming a heterodimeric 
complex. (A) Weighted-average chemical shift differences δavg (that is, ([(δHN)2 + (δN/5)2]/2)1/2, 
where δHN and δN are chemical shift differences for 1HN and 15N, respectively) between apo 15N 
NFU1 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 ISCA1. The dotted horizontal line indicates the threshold to consider chemical 
shift changes as meaningful (1σ Δavg > 0.03 ppm). (B) SEC-MALS of a 1:1 apo NFU1-apo ISCA1 
mixture. 

15 16 17 18 19
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

m
o

la
r

m
a

s
s

(D
a

x
1

0
4
)

Volume(ml)  

40 60 80 100 120 140 160 180 200
0.00

0.05

0.10

0.15

0.20


 a

v
g
 (

p
p

m
)

Residue number

A

B



43 
 

Figure S4. Apo ISCA1 promotes the formation of a ternary complex between apo ISCA2 
and apo NFU1. A schematic cartoon depicting the NMR titration related to each panel is 
reported. (A) Overlay of the 1H-15N HSQC spectrum acquired on a 1:1:1 15N apo ISCA2-apo 15N 
NFU1-apo ISCA1 mixture (black) with the 1H-15N HSQC spectra acquired on isolated apo 15N 
NFU1 (red) and on a 1:1 apo 15N NFU1 and apo ISCA1 mixture (green). (B) Overlay of the 1H-
15N HSQC spectrum acquired on a 1:1:1 apo 15N ISCA2-apo 15N NFU1-apo ISCA1 mixture 
(black) with the 1H-15N HSQC spectra acquired on isolated apo 15N ISCA2 (cyan) and on a 1:1 
apo 15N ISCA2-apo ISCA1 mixture (red). In the inset, an overlay of a region of the here 
overlapped 1H-15N HSQC spectra is shown. The arrow indicates a backbone NH signal of ISCA2 
that monitors the formation of ISCA2 complexed with ISCA1 at the 1:1:1 mixture. The 1H-15N 
HSQC spectrum of the 1:1 apo 15N NFU1-apo ISCA1 mixture is shown in green to identify in 
the inset the NH signals of NFU1 complexed with ISCA1. 
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Figure S5. Dimeric ISCA1 binds [2Fe-2S]2+ 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 1H 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 NFU1 via its C-domain. A schematic 
cartoon depicting the NMR titration related to each panel is reported. (A) Overlay of the 1H-15N 
HSQC spectrum acquired on apo 15N ISCA2-ISCA1 complex (red) with the 1H-15N HSQC spectrum 
acquired on a 1:1 mixture of [4Fe-4S] 15N ISCA2-ISCA1 complex and C-domain of apo 15N NFU1 
(black). (B) Overlay of the 1H-15N HSQC spectrum acquired on the C-domain of apo 15N NFU1 (red) 
with the 1H-15N HSQC spectrum acquired on a 1:1 mixture of [4Fe-4S] 15N ISCA2-ISCA1 complex 
and C-domain of apo 15N 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 NFU1 are 
indicated in the 1H-15N HSQC spectrum and are shown in the inset on the structure of the C-domain 
of NFU1 (PDB ID 2M5O) 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 1H NMR spectrum acquired on the 1:1 mixture of [4Fe-4S] ISCA1-ISCA2 
and apo NFU1. The paramagnetic 1D 1H 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 NaCl 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 patient69. Whole genome sequencing on the latter MMDS2 

patient identified heterozygous variants in BOLA3: one previously reported (c.136C > T, p.Arg46*, 

paternally inherited71,72) and one novel variant (c.176G > A, p.Cys59Tyr, maternally inherited). These 

heterozygous variants determined a much milder phenotype with respect to homozygous c.136C > T 

(p.Arg46*) variants reported by Baker et al. in three unrelated patients72. 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]2+ cluster bound to a hetero-dimeric complex formed by BOLA3 and its protein 

partner GLRX566. Specifically, the [2Fe–2S]2+ cluster is bridged between the two proteins being 

coordinated, from the GLRX5 side, by Cysteine 67 and by the cysteine of a GLRX5-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 MMDS2 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–

GLRX5 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 1H 15N HSQC spectrum 

of 15N labeled C59Y BOLA3 mutant showed, indeed, a well-folded protein, in agreement with all the 

cross-peaks having wide dispersions and sharp linewidths. The 1H–15N HSQC spectrum of 15N-

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 GLRX5-

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]2+ cluster bound to 

the Cys59Tyr BOLA3–GLRX5 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]2+ 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]2+ 

clusters bound to BOLA3–GLRX5 to apo NFU1 to form a [4Fe–4S]2+ cluster-bound NFU1 dimer37, 

we investigated by NMR the effect of the Cys59Tyr mutation on this process. Specifically, by 

replicating on the Cys59Tyr mutant the 1H−15N HSQC NMR experiments previously performed on 

the wild-type protein37, 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]2+ 

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–GLRX5 complex. 

All these aspects allowed us to rationalize the unique phenotype observed in MMDS2 caused by 

Cys59Tyr mutation. 
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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 16,73. Among these carriers, there are 

the Nfu-type proteins39,74. 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 mechanism75,76. 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 synthase49. 

Recently, the mechanism of action of NFU1 in the biogenesis of mitochondrial Fe-S cluster binding 

proteins has been deeply investigated32,37,48–50,77,78, but a definitive molecular model is still missing. 

All the data agree on the fact that NFU1 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 proteins29–32,34,37,43,44,70,79–81. Specifically, FDX2 provides two electrons to 

reductively couple two [2Fe-2S]2+ clusters, donated by GLRX5, forming a [4Fe-4S]2+ cluster on the 

ISCA1-ISCA2 complex30. IBA57 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 NFU1, 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 complex32. Such process guarantees that the [4Fe-4S] 

cluster is safely moved from where it is assembled to NFU1, thus being available for the 

mitochondrial recipient apo proteins specifically requiring NFU1 for their maturation.  

Another model proposed that i) the [2Fe-2S]2+ cluster-bound forms of ISCA1 and ISCU2 donate their 

clusters to dimeric NFU1, which then reductively couple them to form a [4Fe-4S]2+ cluster upon the 

provision of two electrons by FDX2; ii) a multi-protein complex, composed by ISCA1, ISCU2, FDX2 

and dimeric [4Fe-4S] NFU1, then interacts with mitochondrial recipient apo proteins to transfer them 

the assembled [4Fe-4S]2+ cluster48–50. It should also be considered that, since NFU1 is found in vivo 
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as a dimer38, 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 82. 
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Materials and Methods 

Protein production 

Human NFU1, LIAS, ISCA1 and the triple C137/C141/C144 and C106/C111/C117A LIAS variants 

were expressed and purified as previously described in literature32,37,83, with the exception that, for 

the LIAS proteins production, no FeCl3 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 (AI) hereafter), C137/C141/C144 LIAS variant was isolated in a [4Fe-

4S] form with a complete cluster occupancy (Table S1) and ISCA1 in the apo form but with 30% of 

[2Fe-2S] cluster occupancy per homodimer32. The [4Fe-4S] cluster bound forms of NFU1 and NFU1-

ISCA1 complex were obtained as already reported in the literature32,37. Non-heme iron and acid-labile 

sulfide content on the as-isolated proteins was determined as described previously84. 

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 

to a 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 

1H-15N HSQC experiments were performed at 298 K in 50 mM phosphate buffer, 150 mM NaCl, 5 

mM DTT, pH 7.0, 10% (v/v) D2O. 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 15N-labeled NFU1, unlabeled ISCA1 and unlabeled AI 

LIAS proteins (both wild-type and C106/C111/C117A LIAS variant). Specifically, 15N-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 15N-labeled NFU1 or complexed with ISCA1 to unlabeled AI LIAS. The NMR titration data 

were analyzed comparing the 1H-15N HSQC spectra recorded along the additions of the protein 

partner with that of the initial state as well as with 1H-15N 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 avg(HN), i.e. (((H)2 + (N/5)2)/2)1/2, where 

H and N are chemical shift differences for backbone amide 1H and 15N nuclei, respectively. 

Chemical shift assignment of full-length NFU1 was available in the Biological Magnetic Resonance 

Bank (under accession codes BMRB: 26801)48. Each titration was successfully repeated three times.  

1H 1D paramagnetic NMR experiments were acquired at 400 MHz with a 1H 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) D2O. Protein concentration was in the range of 

0.3-0.6 mM. Water signal was suppressed via fast repetition experiments and water selective 

irradiation85. Experiments were typically performed using an overall recycle delay of 60 ms. Squared 

cosine and exponential multiplications were applied prior to Fourier transformation86. Manual 

baseline correction was performed, using polynomial functions. Each experiment was successfully 

repeated three times. 
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Results 

Apo NFU1 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 1H-15N HSQC 

NMR experiments, performed on 15N-labeled apo NFU1 titrated with unlabeled as-isolated LIAS (AI 

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 NFU1 is a monomer with a small fraction of dimer37 and AI LIAS is fully monomeric83, 

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 NFU1 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 complex32.  

When apo 15N-labeled NFU1 was stepwise titrated with AI LIAS up to a 1:1 protein ratio, chemical 

shift changes were observed in the 1H-15N HSQC maps of apo NFU1 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 AI 

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 NFU1-ISCA1 complex formation, supporting 

the previously proposed model32,37, 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-

NFU1 and AI LIAS-NFU1 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 1σ Δavg(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 NFU1 are 

completely affected by the protein-protein interaction, while the β-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 AI LIAS, indicating that LIAS in the 

complex with NFU1 is positioned close to the cluster binding region. 

To more accurately follow complex formation, we have concomitantly collected 1H-15N HSQC 

spectra and analytical gel filtrations on protein mixtures containing various protein:protein ratios, 

obtained by adding one or more equivalents of 15N-labeled apo NFU1 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 AI 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-PAGEs of the fractions of the eluted peaks. Both NMR and analytical 

gel filtration data showed that, at the 1:1 protein ratio, apo NFU1 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 NFU1 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 NFU1, the NMR signal of isolated apo NFU1 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-PAGEs (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 NFU1. 
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LIAS displaces ISCA1 from the apo ISCA1-NFU1 complex to form a heterodimeric 

complex with apo NFU1 

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 15N-labeled apo NFU1 and unlabeled ISCA1 was first formed, as previously 

described32, and then AI LIAS was stepwise added to the apo 15N-labeled NFU1-ISCA1 complex. 

The reaction mixtures were analyzed by analytical gel filtration and NMR. The 1H-15N HSQC map 

of the binary complex between apo 15N-labeled NFU1 and unlabeled ISCA1 (Figure 3A) clearly 

identifies the fingerprint of the signals of the C-domain of NFU1 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 NFU1 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 NFU1-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] NFU1 transfers the cluster to the FeSRS site of LIAS 

Human NFU1 fully dimerizes upon [4Fe-4S]2+ cluster binding37. The cluster is bridged between the 

two C-domains of the dimer and is coordinated by the CXXC motif of each subunit of the dimer37,49. 
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This species has been proposed to transfer the cluster in vivo to recipient apo proteins including 

LIAS38,49that contains two [4Fe-4S] clusters that are both involved in the catalytic mechanism82. 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 enzyme87. The FeSRS 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 SAM51,54. 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) 51,54. 

In order to investigate on the [4Fe-4S] cluster transfer process between the two proteins, we have 

produced [4Fe-4S] NFU1 as previously reported37 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] 

NFU1 to AI LIAS required to fully saturate the cluster binding sites of LIAS. 

Unlabeled AI LIAS was added to 15N-labeled [4Fe-4S] NFU1 or vice versa and 1H-15N HSQC and  
1H 1D paramagnetic NMR experiments were recorded. In the NMR spectra of the mixtures in both 

titrations, the signals typical of the [4Fe-4S] NFU1 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 AI LIAS (Figure 2). In agreement with this model, 

the 1H-15N HSQC maps of the final mixture of both titrations are well superimposable with the 1H-
15N HSQC map of the apo NFU1-LIAS complex (Figure 4A). Along the steps of the titrations, the 

NFU1 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). 1H 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] NFU137, 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 CH2 of the ligands of both 

FeSRS and FeSaux clusters83, 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] NFU1. 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 NFU1 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 AI LIAS, the 

FeSaux site is 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] NFU1 is able to transfer its cluster to the FeSRS site. 

 

[4Fe-4S] NFU1-ISCA1 complex can transfer the cluster to the FeSRS 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 LIAS32. 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 reported32 and mixed it with AI LIAS. Cluster transfer between [4Fe-4S] NFU1-

ISCA1 and AI LIAS was followed by 1H-15N HSQC NMR experiments performing a titration in 

which 15N 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 5A, can address whether a [4Fe-4S] NFU1-ISCA1 complex or a [4Fe-4S] NFU1-LIAS 

complex is formed. Two of this kind of signals having a different chemical shift depending on the 

formation of [4Fe-4S] NFU1-ISCA1 complex or a [4Fe-4S] NFU1-LIAS complex are shown in 

Figure 5A. In the final mixture of the titration, these signals overlay with the signals corresponding 

to the [4Fe-4S] NFU1-LIAS complex, thus indicating that AI LIAS displaces ISCA1 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] NFU1 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 1H 1D 

paramagnetic NMR spectra (Figure 5C) showed that the intensities of the signals at 15-11 ppm, 

assigned to CH2 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]2+ 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 LIAS83 

and consistent with the electron transfer function of the FeSRS cluster in the catalytic mechanism88. 
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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 components73. 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 BOLA330. 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 BOLA334,38. Furthermore, divergent models depicting how 

late-acting mitochondrial ISC components operate in the maturation of mitochondrial [4Fe-4S] 

cluster-containing proteins have been recently proposed30,49. 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′-radical82. 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 82. 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 catalysis17. 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 NFU1 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 LIAS49. 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 LipA75. 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 

NFU1 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 NFU1. 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 ISCA1 to receive the [4Fe-4S] 

cluster assembled on ISCA1-ISCA2 platform32,73, 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 

NFU1 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 complex32,33,49. Moreover, the two 

pathways can be strictly connected, as we have previously showed in vitro32 that the addition of 

ISCA1 to homodimeric [4Fe-4S] NFU1 promotes the formation of the heterodimeric [4Fe-4S] 

ISCA1-NFU1. 

In conclusion, we have showed that NFU1 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-NFU1, 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 1H-15N HSQC 

NMR maps of 15N-labeled apo NFU1 (black) and the 1:1 15N-labeled apo NFU1-unlabeled AI LIAS 

mixture. (B) Backbone weighted average chemical shift differences Δavg(HN) (i.e., (((ΔH)2 + 

(ΔN/5)2)/2)1/2) (red bars), between apo NFU1 and the 1:1 15N-labeled apo NFU1-unlabeled AI LIAS 

mixture. The indicated threshold values (obtained by averaging Δavg(HN) values plus 1σ) were used 

to define meaningful chemical shift differences. The green bars represent proline residues. The 

secondary structure elements of the C-domain of apo NFU1 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 1H-15N 

HSQC NMR maps at different AI LIAS/NFU1 containing a signal of 15N-labeled NFU1 in slow 

exchange regime on the NMR time scale are shown. The relative percentages of apo NFU1 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. 

  



92 
 

 

 

 



93 
 

Figure 3. LIAS displaces ISCA1 from the apo ISCA1-NFU1 complex to form a heterodimeric 

complex with apo NFU1. (A) Overlay of 1H-15N HSQC NMR maps of 15N-labeled apo NFU1 (black) 

and of the apo 15N-labeled NFU1-unlabeled ISCA1 complex (red). (B) Overlay of 1H-15N HSQC 

NMR maps of the apo 15N-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 1H-15N 

HSQC NMR maps of the apo 15N-labeled NFU1-unlabeled AI LIAS complex (blue) and of a 1:1 

mixture between the apo NFU1-ISCA1 complex and unlabeled AI 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 FeSRS site of LIAS. (A) Overlay of 1H-15N 

HSQC NMR maps of 15N-labeled [4Fe-4S] NFU1 (black), of the apo 15N-labeled NFU1-LIAS 

complex (green) and of a 1:1 mixture of 15N-labeled [4Fe-4S] NFU1 and unlabeled AI LIAS (red). 

In the inset, a region of the 1H-15N HSQC NMR map that identifies signals monitoring the [4Fe-4S] 

cluster release from [4Fe-4S] NFU1 is shown. (B) 1D 1H NMR spectra tailored for the detection of 

hyperfine-shifted signals of [4Fe-4S]2+ NFU1 (black), AI LIAS (blue) and 1:1 mixture of 15N-labeled 

[4Fe-4S]2+ 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 FeSRS site of LIAS. (A and B) 

Overlay of two different regions of 1H-15N HSQC NMR maps of 15N-labeled [4Fe-4S] NFU1-ISCA1 

complex (black), of 15N-labeled [4Fe-4S] or apo NFU1-LIAS complex (blue) and of a 1:1 mixture of 
15N-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 1H NMR spectra 

tailored for the detection of hyperfine-shifted signals of [4Fe-4S]2+ NFU1-ISCA1 (on the bottom), 

C106/C111/C117A AI LIAS variant (on the middle) and 1:1 mixture of 15N-labeled [4Fe-4S]2+ 

NFU1-ISCA1 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 reported83. 
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Figure S1. Analytical gel filtration of the the heterodimeric complex formed by apo NFU1 and 

AI LIAS. The chromatograms of a 1:1 apo NFU1-AI LIAS mixture (green), AI LIAS (blue), apo 

NFU1 (red) are shown.  
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Figure S2. Apo NFU1 is not formed in the cluster transfer from [4Fe-4S] NFU1 to AI LIAS. 

Overlay of 1H-15N HSQC NMR maps of 15N labeled apo NFU1(black) and of a 1:1 mixture of 15N 

labeled NFU1 and unlabeled AI LIAS (red). 
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aFe 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. 

  

Sample Fea Sa [4Fe-4S] cluster 
occupancy 

Wild-type LIAS  3.9±0.1 4.1 ± 0.1 50% 
C137/C141/C144 LIAS variant 3.3 ± 0.1 3.9 ± 0.1 95% 
C106/C111/C117A LIAS 
variant 

2.0 ± 0.1 2.1 ± 0.1 50% 
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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 

enzymes47,89. 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: i) FDX1 that reduces mitochondrial cytochrome P450 

enzymes that are crucial in adrenal steroidogenesis and vitamin D biosynthesis90,91, ii) FDX2 that 

specifically contributes to both heme A and iron sufur clusters biosynthesis30,45. The mitochondrial 

iron sulfur cluster assembly machinery involves up to 18 different proteins and is divided in three 

steps. The [2Fe-2S] cluster is first assembled on the ISCU2 scaffold protein, forming a large complex 

with NFS1, ISD11, FXN, ACP and FDX2. The latter gives two electrons required for the [2Fe-2S] 

cluster assembly23. Then, the [2Fe-2S] cluster is released from ISCU2 to GLRX5 assisted by the 

HSPA9 chaperone and Hsc20 co-chaperone that are required for a safe cluster trafficking. GLRX5 

can then donate two [2Fe-2S] clusters to the ISCA1-ISCA2-IBA57 hetero complex that perform the 

reductive coupling of two [2Fe-2S] clusters to assembles a [4Fe-4S] cluster29,30. 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-

4S] cluster is still unclear. 

In this study, we have optimize the production protocol of the recombinant FDX2 in its apo, [2Fe-

2S]2+ 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 

ISCA2 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]2+ 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 HCl, 50 mg/l FeCl2 4H2O, 184 mg/l CaCl2 2 H2O, 64 mg/l H3BO3, 18 mg/l CoCl2 

6 H2O, 4 mg/l CuCl2 2 H2O, 340 mg/l ZnCl2, 355 mg/l Na2MoO4 2 H2O, 40 mg/l MnCl2 4 H2O) per 

liter of LB medium until OD600 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-HCl, 500 mM NaCl, 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-FDX2 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]2+ 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 ISCA1 in their apo 

and Fe-S cluster-bound forms were obtained as previously described in literature27,29,32. As previously 

reported27, 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]2+ cluster-bound dimeric species with 

a [2Fe-2S]2+ cluster occupancy of 0.1–0.2 cluster per homodimer. As already published32, 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]2+ cluster-bound state with a [2Fe-2S]2+ 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– 



104 
 

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-HCl, 100 

mM NaCl and 5 mM DTT buffer at pH 8.0 adding six equivalents of FeCl3 and Na2S to a protein 

solution of ~60-100 µM. 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 FeCl3 and Na2S as 

well as Fe-S precipitates were removed by PD-10 desalting column92.  

[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). 1H-15N HSQC spectra were performed at 298 K in 50 mM 

phosphate buffer, 150 mM NaCl, 5 mM DTT pH 7.0, 10% (v/v) D2O. To characterized the structural 
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properties of the [2Fe-2S] FDX2, the 1H-15N HSQC spectra were acquired using degassed buffer and 

5 mm gastight NMR tube. To monitor the possible interaction among ISCA1, ISCA2 and FDX2, 15N 

labeled [2Fe-2S]2+ 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 1H 15N 

HSQC spectra along the additions of the unlabeled were compared with chemical shifts of 15N labeled 

FDX2 in the initial state. 1H 1D paramagnetic NMR experiments were acquired at 400 MHz with a 
1H 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) D2O. 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) D2O. The protein concentration was 0.5-0.6 mM. Water signal was suppressed via 

fast repetition experiments and water selective irradiation85,93. Experiments were typically performed 

using an overall recycle delay of 60 ms. Squared cosine and exponential multiplications were applied 

prior to Fourier transformation86. 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-

2S]2+ cluster bound forms (as purified FDX2, hereafter). The anaerobically purified FDX2 were 

chemically reconstituted ([2Fe-2S]2+ 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]2+ 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]2+ cluster bound to the proteins, which significantly 

increased. The 1H 1D paramagnetic NMR spectrum [2Fe-2S]2+ 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 βCH2 and CH signals of cysteine bound to a [2Fe-2S]2+ cluster 

with an S = 0 electronic ground state14,94. In the “diamagnetic” 1H 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 1H-15N 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 1H-15N 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] FDX2 redox properties 

The chemically reconstituted [2Fe-2S]2+ 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 1H 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]2+ 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 1H 1D paramagnetic NMR. The 1H 1D paramagnetic 

NMR spectrum of [2Fe-2S]2+ FDX2 acquired (on the top of Figure 3B) shows the characteristic broad 

peak of a oxidized [2Fe-2S]2+ 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 CH2 bound to 

the cluster became sharper than those in the oxidized cluster14,95.  

 

FDX2 interaction pattern in the third step of the ISC assembly machinery 

In order to identify possible protein-protein interactions between [2Fe-2S]2+ FDX2 and as purified 

ISCA1 or/and as purified ISCA2, which have 0.2/0.3 [2Fe-2S]2+ cluster occupancy (see Materials 

and Methods), a 1H-15N HSQC NMR titration was performed. First, unlabeled as purified ISCA1 was 

stepwise added to the 15N labeled chemically reconstituted  [2Fe-2S]2+ FDX2 up to 1:1 ratio, and 

along the as purified ISCA1 additions no chemical shift changes were observed (Figure 4A). The 

final 1H-15N HSQC map is totally superimposable with the 1H-15N HSQC map of the starting material, 

indicating that the two proteins do not interact each other. An analogous 1H-15N HSQC NMR titration 

was performed with unlabeled as purified ISCA2, which was stepwise added to 15N labeled 

chemically reconstituted [2Fe-2S]2+ FDX2. Reaching the 1:1 protein ratio, no chemical shift changes 

were observed in the spectrum (Figure 4B). The final 1H-15N 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]2+ 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]2+ 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 1H-15N 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, 1H 1D paramagnetic NMR 

and UV-vis spectra of [2Fe-2S] FDX2 (Figure 1) are typical of the oxidized [2Fe-2S]2+ form. 

However, a reduced [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 1H 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 1H-15N HSQC NMR titrations 

using 15N labeled [2Fe-2S]2+ 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 ISCA1 or apo ISCA2 suggesting that other protein partner(s) are required in the electron 

transfer process, for example the heterocomplex ISCA1-ISCA2 and IBA57. 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 IBA57. 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: 

 A 1H-15N HSQC titration between [2Fe-2S]2+ FDX2 and apo ISCA1-ISCA2 hetero-complex 

alone or with IBA57 in order to investigate the interaction network. 

 Mix the reduced [2Fe-2S]+ FDX2 with the [2Fe-2S]2+ ISCA1-ISCA2 hetero-complex in order 

to follow the electron transfer for the [4Fe-4S] synthesis. Repeating the experiments with and 

without IBA57 to understand its role in this process. 
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Figures 

 

 

 

Figure 1. (A) UV-visible spectra of [2Fe-2S]2+ FDX2 after (black) and before chemical reconstitution 

(red) (B) 1H 1D paramagnetic NMR spectrum of [2Fe-2S]2+ FDX2 (C) 1H 1D NMR spectrum of 

[2Fe-2S]2+ FDX2 (D) Overlay of the 1H-15N HSQC spectrum acquired on 15N labeled [2Fe-2S]2+ 

FDX2 (black) with the 1H-15N HSQC spectra acquired on 15N labeled apo FDX2 after the cluster 

removal (red). 

  



111 
 

 

 

Figure 2. Analytical gel filtration profile of [2Fe-2S]2+ 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]2+ FDX2 titrated with sodium dithionite, the red 

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

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

spectrum of [2Fe-2S]+ FDX2. 
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Figure 4. (A) Overlay of the 1H-15N HSQC spectrum acquired on 15N labeled [2Fe-2S]2+ FDX2 

(black) with the 1H-15N HSQC spectrum acquired on 1:1 15N labeled [2Fe-2S]2+ FDX2 - apo ISCA1 

mixture. (B) Overlay of the 1H-15N HSQC spectrum acquired on 15N labeled [2Fe-2S]2+ FDX2 (black) 

with the 1H-15N HSQC spectrum acquired on 1:1 15N labeled [2Fe-2S]2+ FDX2 - apo ISCA2 mixture. 
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2.5 Structural investigation of hetero-complexes formed by 
ISCA1, 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 chromatography32. 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 NFU1-ISCA1 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-

NFU1 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-

NFU1 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-NFU1and apo 

ISCA1-ISCA2-NFU1 hetero-complexes were obtained through 1H-15N 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 ISCA1-

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: 

 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) 

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

 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: i) 

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 literature27,29,34,37,83, BOLA3 C59Y mutant was expressed and purified 

following the BOLA3 wild type protocol96.  

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 ISCA1 expression and purification protocol 
 

Uniprot Reference code:  Q9BUE6 

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 pI: 9.20 

Ext. coefficient at 280 nm: 4595 M-1 cm-1, 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 medium(e.g. M9): 7 mg/L 

Growth media 

LB, M9 

Protocol for the production in rich medium 

Material: 

 E.coli cell strain: BL21 GOLD 

 Plate for transformation or colonies propagation: LB-agar and ampicillin (100 mg/L) 

 Purification column 1: His-trap 

 Purification column 2: Amylose resin column 

 Binding buffer: Tris 50 mM, NaCl 500 mM, Imidazole 15 mM and pH=8.  
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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: 

 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. 

Lysis: 

 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 5mL loaded with nickel. All the purification steps are carried out at room 

temperature, 5mL/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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 Concentrate the proteins solution until 5/3 ml with 10 KDa centricon. Equilibrate the amylose 

resin column with the binding buffer. 

 Load the solution in the amylose resin column(this step is not always needed, but the protein 

purity is increased) 

 Concentrate the protein solution until 2.5 mL and change the buffer of the protein to the 

storage buffer with a PD10.  

 Freeze the sample in liquid nitrogen and stored a -80 °C 

Protein concentration: 

 Usually 3.5 mL at 0.25/35 mM.  

Protein storage: 

 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. 

  



120 
 

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 pI: 5.20 

Ext. coefficient at 280 nm: 3230 M-1 cm-1, 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 FeCl3 

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 medium(e.g. M9): 12 mg/L 

Growth media 

LB, M9 

Protocol for the production in rich medium 

Material: 



121 
 

 E.coli cell strain: BL21(DE3) 

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

 Purification column 1: His-trap 

 Binding buffer: Tris 50 mM, NaCl 500 mM, Imidazole 15 mM and pH=8.  

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

 Protease for tag cleavage: Thrombin 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 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: 

 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: 

 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 5mL loaded with nickel. All the purification steps are carried out at room 

temperature, 5mL/min system flow. 

 After the sonication centrifuge the solution using a ultra-centrifuge at 40000 RPM for 40 

minutes at 4°C. 

 Equilibrate the HisTrap 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(FDX2-6xHistag) with the elution buffer, collect this fraction. Check the 

protein elution with the bradford assay. 

 Add Thrombin 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. 
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 Reload the protein solution at least 30 minutes. 

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

 Concentrate the protein solution until 2.5 mL and change the buffer of the protein to the 

storage buffer with a PD10.  

 Store at 4 °C 

The expression and purification protocol is the same using M9 medium for the production of 15N 

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] NFU1, [4Fe-4S] NFU1-ISCA1 and [4Fe-4S] ISCA2-ISCA1 were obtained 

through chemically reconstitution performed under anaerobic conditions in 50 mM Tris- HCl, 100 

mM NaCl, 5 mM DTT buffer at pH 8.0 adding eight-fold FeCl3 and Na2S for 16 h at room 

temperature. [2Fe-2S] BOLA3-GLRX5 and [2Fe-2S] BOLA3 C59Y-GLRX5 were chemically 

reconstituted as it is already reported for the wild type complex66. [2Fe-2S] FDX2 was obtained 

through chemically reconstitution performed under anaerobic conditions in 50 mM Tris- HCl, 100 

mM NaCl, 5 mM DTT buffer at pH 8.0 adding six-fold FeCl3 and Na2S 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 μM. 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 μM. 

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 1H 1D and 1H-15N 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 1H 1D paramagnetic NMR 

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

HSQC: heteronuclear single quantum coherence 

HSQC experiments determine the correlations between two different types of nuclei, generally 1H 

with 13C or 15N, 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 1H-15N 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 assignments97. 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, 1H-15N 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). 1H-15N 

HSQC spectra were performed at 298 K in 50 mM phosphate buffer, 150 mM NaCl, 5 mM DTT pH 

7.0, 10% (v/v) D2O. To characterize the structural properties of proteins and complexes with bound 

iron sulfur cluster(s), the 1H-15N HSQC spectra were acquired using degassed buffer and 5 mm 

gastight NMR tube. The 1H-15N 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 proteins98. 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 protein83. 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. 
1H 1D paramagnetic NMR experiments were acquired at 400 MHz with a 1H 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) D2O. 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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irradiation85,93. Experiments were typically performed using an overall recycle delay of 50-90 ms. 

Squared cosine and exponential multiplications were applied prior to Fourier transformation86. 

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 

experiments99,100. 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 tool101. The docking protocol consists of three 

consecutive steps: 

 Randomization of orientations and rigid body energy minimization.  

 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 Å of RMS each cluster 

contain at least 4 structures that are analysed on the basis of HADDOCK score value 

(1.0*Evdw+0.2*Eelc+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–GLRX5 and apo C59Y BOLA3–GLRX5 

complexes were calculated following the standard HADDOCK procedure and employing the 

HADDOCK2.2 Web Server (https://alcazar.science.uu.nl/services/HADDOCK2.2/)99,100. 

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 

2WUL102 and BOLA3 from PDB entry 2NCL34). The structure of the C59Y BOLA3 was obtained 

with Modeller 9.20 (https://salilab.org/modeller/)103, 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 program104. 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 avg(HN) plus 1, 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 GLRX5 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 Å 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 ISCA1 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 

ISCA1, 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 NFU1-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]2+ 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 

ISCA2 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 IBA57 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] NFU1-ISCA1 complex role in 

the maturation of LIAS, one of the apo recipient proteins that required NFU1 for its maturation. We 

have demonstrated that NFU1 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 ISCA1 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] NFU1 and [4Fe-4S] ISCA1-NFU1 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]2+ cluster-binding on the physiologically 

relevant hetero-complex formed with GLRX5. 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–GLRX5 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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